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SUMMARY

RIG-I-like receptors (RLRs) are involved in the discrimination of self versus non-self via the 

recognition of double-stranded RNA (dsRNA). Emerging evidence suggests that 

immunostimulatory dsRNAs are ubiquitously expressed but are disrupted or sequestered by 

cellular RNA binding proteins (RBPs). TDP-43 is an RBP associated with multiple neurological 

disorders and is essential for cell viability. Here, we demonstrate that TDP-43 regulates the 

accumulation of immunostimulatory dsRNA. The immunostimulatory RNA is identified as RNA 

polymerase III transcripts, including 7SL and Alu retrotransposons, and we demonstrate that the 

RNA-binding activity of TDP-43 is required to prevent immune stimulation. The dsRNAs activate 

a RIG-I-dependent interferon (IFN) response, which promotes necroptosis. Genetic inactivation of 

the RLR-pathway rescues the interferon-mediated cell death associated with loss of TDP-43. 

Collectively, our study describes a role for TDP-43 in preventing the accumulation of endogenous 

immunostimulatory dsRNAs and uncovers an intricate relationship between the control of cellular 

gene expression and IFN-mediated cell death.

In brief

Dunker et al. report that TDP-43 is involved in the regulation of immunostimulatory double-

stranded RNA (dsRNA) homeostasis. TDP-43 associates with select RNA polymerase III 
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transcripts, and its loss results in their increased expression and detection by RIG-I. This study 

furthers our understanding of intrinsic mechanisms regulating immunostimulatory dsRNA 

accumulation.

Graphical Abstract

INTRODUCTION

The regulation of innate immune double-stranded RNA (dsRNA) sensors is paramount for 

initiating a robust antimicrobial gene expression response as well as for preventing an 

aberrant immune response to endogenous dsRNA. The primary cell-intrinsic dsRNA sensors 

include the RIG-I-like receptors (RLRs), Toll-like receptor 3 (TLR3), protein kinase R 

(PKR), and the 2′−5′-oligoadenylate synthetase (OAS) proteins (Bou-Nader et al., 2019; 

Choi et al., 2015; Kawasaki and Kawai, 2014; Loo and Gale, 2011; Reikine et al., 2014). 

Activation of these receptors induces an antimicrobial gene-expression response, including 

the production of interferon (IFN) and other proinflammatory cytokines.

The RLR family members retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation-associated protein 5 (MDA5) recognize distinct structural and chemical 

moieties of RNAs. For example, RIG-I preferentially recognizes short (<1,000 bp) 5′-

triphosphorylated (5′ppp) blunt dsRNAs, although it can also recognize 5′ppp single-

stranded RNA (ssRNA) and circular RNAs at a lower affinity (Chen et al., 2017; Hornung et 
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al., 2006; Kato et al., 2008; Pichlmair et al., 2006; Rehwinkel et al., 2010; Schlee et al., 

2009; Schmidt et al., 2009). Conversely, MDA5 binds long (>1,000 bp) dsRNA independent 

of 5′-end phosphorylation status (Kato et al., 2008, 2006). Activation of either receptor 

drives their association with the adaptor protein mitochondrial antiviral-signaling (MAVS) 

protein. Signaling through MAVS proteins promotes the activation and nuclear translocation 

of the transcription factor complexes IFN regulatory factor (IRF) and nuclear factor κ-light-

chain-enhancer of activated B cells (NF-κB), resulting in the expression of IFNs and 

cytokines (Loo and Gale, 2011; Reikine et al., 2014).

Immunostimulatory dsRNAs are generally not present within the host transcriptome because 

their presence would activate an IFN gene expression response potentially resulting in 

lethality. To circumvent their production, cells employ a diverse collection of incompletely 

understood mechanisms. Recent studies have identified RNA-binding proteins (RBPs) that 

regulate essential junctions of RNA biogenesis, whose deletion results in dsRNA sensor 

activation. For example, depletion of heterogenous ribonucleoprotein (hnRNP) C, which 

regulates pre-mRNA splicing through the binding of proximal Alu elements, results in RIG-

I-dependent cell death from the generation of dsRNA hairpins formed between inverted Alu 
repeats (König et al., 2010; Wu et al., 2018; Zarnack et al., 2013). Additionally, adenosine 

deaminase RNA-specific (ADAR) enzymes recognize and deaminate adenosine to inosine 

within dsRNA, generating imperfect dsRNA structures, and loss of that activity results in 

RLR-dependent sensing of endogenous dsRNA (Kim et al., 1994; Liddicoat et al., 2015; 

Mannion et al., 2014; Melcher et al., 1996; Nishikura et al., 1991; Pestal et al., 2015). These 

connections between RBPs and RLR-dependent innate responses hint toward a deep 

connection between the proper control of gene expression and cell-intrinsic immune 

mechanisms.

TAR-DNA-binding-protein 43 (TDP-43) is an RNA-binding protein that participates in 

multiple steps of RNA metabolism, including transcription, splicing, and transport of 

mRNA, as well as microRNA metabolism (Alami et al., 2014; Buratti and Baralle, 2012; 

Chung et al., 2018; Kawahara and Mieda-Sato, 2012; Lalmansingh et al., 2011; 

Polymenidou et al., 2011; Tollervey et al., 2011). The misregulation of RNA processing has 

been described in a growing number of neurological diseases, and TDP-43 is implicated in 

amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD) (Vanden 

Broeck et al., 2014; Prasad et al., 2019). However, the mechanisms by which TDP-43 

contributes to disease are not completely understood.

Many of the TDP-43-associated functions involve dsRNA structures, whether as products or 

as intermediates. Along that line, previous work has demonstrated that the loss of the TDP43 

homolog, TDP-1, in Caenorhabditis elegans, and small interfering RNA (siRNA) depletion 

of TDP-43 in HeLa and M17 neuroblastoma cells result in dsRNA accumulation (Saldi et 

al., 2014; Shelkovnikova et al., 2018). However, the physiological relevance of these 

dsRNAs is unknown. Given the prominence of dsRNAs as activators of RLR-dependent IFN 

responses, we sought to investigate whether TDP-43 is required to prevent the activation of 

an RLR response to endogenous RNAs. Here, we demonstrate that loss of TDP-43 induces 

cytoplasmic immunostimulatory dsRNA accumulation triggering a RIG-dependent type-I 

and -III IFN response. RIG-I activation is driven in part by the upregulation and 
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mislocalization of TDP-43-bound RNA polymerase III (RNAPIII) transcribed noncoding 

RNAs, including Alu retrotransposons. Moreover, we demonstrate that cell death associated 

with the loss of TDP-43 can be prevented by CRISPR-Cas9 knockout (KO) of either the 

RLR pathway or the type-I IFN receptor IFNAR1. IFN signaling induces expression of the 

pore-forming protein mixed-lineage kinase-domain-like pseudokinase (MLKL), leading to 

cell death, thus, uncovering a link between RBP-mediated control of gene expression and 

necroptosis. Collectively, our study describes a role for TDP-43 in preventing the 

accumulation of endogenous, immunostimulatory dsRNAs and uncovers an intricate 

relationship between the control of cellular gene expression and IFN-mediated cell death.

RESULTS

Loss of TDP-43 is associated with the accumulation of immunostimulatory dsRNA

Knockdown of TDP-43 in HeLa and M17 neuroblastoma cells results in dsRNA 

accumulation (Saldi et al., 2014; Shelkovnikova et al., 2018). However, their effect on 

cellular homeostasis has yet to be determined. Given that dsRNA can serve as a potent 

activator of a cell-intrinsic IFN response, we hypothesized that the loss of TDP-43 would 

result in the accumulation of immunostimulatory dsRNA. To test that, we depleted TDP-43 

using siRNA in the SH-SY5Y neuroblastoma cell line and analyzed dsRNA accumulation 

48 h after knockdown by immunofluorescence (IF) microscopy using the J2 dsRNA-specific 

antibody. The J2 antibody is commonly used to visualize and isolate dsRNA because it 

recognizes RNA helices equal or greater than 40 bp in a sequence-independent manner 

(Weber et al., 2006). Poly(I:C), a synthetic analog of dsRNA, was transfected as a positive 

control. Consistent with previous results in HeLa and M17 cells, TDP-43 depletion in SH-

SY5Y cells resulted in dsRNA accumulation when compared with the nontarget siRNA 

(siCON)-treated cells (Figure 1A). The J2+ dsRNA was only observed in the cytoplasm.

To determine whether the dsRNA is immunostimulatory, we performed J2 or control 

immunoglobulin G (IgG) immunoprecipitations (IPs) on total RNA extracted from cells 

treated with either siCON or siTDP-43 and transfected the immunopurified RNAs into a 

reporter cell line, followed by quantification of IFN-β mRNA levels by qRT-PCR (Figures 

1B and 1C). Although transfections of RNA purified by the control IgG did not induce IFN-

β, regardless of siRNA treatment, J2-purified RNAs from siTDP-43-treated cells resulted in 

a significant increase in IFN-β expression when compared with siCON-treated cells (Figure 

1C). Additionally, removal of the 5′ phosphate structures with calf-intestinal alkaline 

phosphatase (CIAP) treatment prevented IFN-β induction.

Given that the J2 IP enriched immunostimulatory dsRNA, we next sought to determine 

whether depletion of TDP-43 resulted in the induction of an IFN-gene-expression response. 

SH-SY5Y cells were treated with siCON or siTDP-43 for 48 h before RNA extraction and 

quantification of IFN expression (Figures 1D and 1E). As a positive control, we transfected 

poly(I:C). TDP-43 depletion resulted in expression of the type-I IFN, IFN-β, and the type-III 

IFNs, IFN-λ1 and −2/3 (Figure 1E). In contrast, the type-I IFN, IFN-α, and type-II IFN, 

IFN-γ, were not induced. These results mirror the IFN expression profile upon poly(I:C) 

transfection. To further assess the effects of TDP-43 depletion on gene expression, we 

quantified the expression of several IFN-stimulated genes (ISGs) as well as downstream 
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targets of NF-κB. TDP-43 knockdown induced expression of several ISGs (Figure 1F). 

Interestingly, although poly(I:C) induced the expression of multiple NF-κB targets, 

knockdown of TDP-43 did not (Figure 1G).

We next sought to investigate whether the IFN response that was associated with the loss of 

TDP-43 was neuronal specific or was also observed in cell lines derived from other tissue. 

To test that, 786-O clear cell renal cell carcinoma (ccRCC) cells were transfected with 

siCON or siTDP-43, and the IFN-gene-expression response was quantified by qRT-PCR. 

Importantly, we observed that loss of TDP-43 induced an IFN and ISG expression profile 

identical to that observed in SH-SY5Y cells (Figures S1A–S1D). Collectively, these results 

demonstrate that the loss of TDP-43 results in the accumulation of dsRNA, which activates 

an IFN-gene-expression response.

TDP-43 knockdown activates a RIG-I-dependent immune response

To test whether the IFN response was dependent on RLR signaling, we generated CRISPR-

Cas9 KOs of the essential RLR components MAVS, RIG-I, and MDA5 in the SH-SY5Y cell 

line (Figures 2A–2C). Full-length (FL) and truncated (mini) MAVS isoforms can regulate an 

immune response; thus, guide RNAs were designed to target both isoforms (Biacchesi et al., 

2009; Hou et al., 2011). Western blot analysis confirmed KO of both FL and mini MAVS 

(Figure 2B). RIG-I and MDA5 are IFN-inducible proteins; thus, depletion of TDP-43 

induced their expression in wild-type (WT) cells but not in the KO cell lines (Figure 2C). 

We further validated the KOs by identifying the CRISPRCas9-induced mutations by Sanger 

sequencing of the genomic loci from single-cell clones (Table S2).

To investigate the IFN response, we treated the WT and KO cells with siCON or siTDP-43 

for 48 h and quantified IFN and ISG gene expression by qRT-PCR (Figures 2D and 2E). 

Although siTDP-43 resulted in robust IFN and ISG expression in WT and MDA5 KO cells, 

their expression was completely abrogated in both MAVS and RIG-I KOs (Figures 2D and 

2E). These results suggest that TDP-43 depletion induces a RIG-I-dependent IFN response.

To rule out potential off-target effects of the RIG-I single-guide RNA (sgRNA), we 

complemented the RIG-I KO with a doxycycline (DOX)-inducible guide RNA-resistant 

FLAG-tagged RIG-I and evaluated the IFN response in cells transfected with siCON or 

siTDP-43 (Figures 2F and 2G). Western blot analysis confirmed that DOX treatment 

resulted in FLAG-RIG-I expression (Figure 2F). Consistent with a requirement for RIG-I in 

sensing the accumulated dsRNA, IFN-β expression was only observed in cells treated with 

DOX and siTDP-43 (Figure 2G). To determine whether RIG-I was similarly required for the 

IFN response in 786-O cells, we generated MAVS, RIG-I, and MDA5 KO cells and 

quantified IFN and ISG expression by qRT-PCR in siCON and siTDP-43-treated 786-O 

cells. Consistent with results obtained in the SH-SY5Y cells, IFN and ISG expression was 

only observed in WT and MDA5 cells (Figures S2A–S2G).

We further investigated the effect of dsRNA accumulation in HEK293T cells because they 

do not express RIG-I. To test the dependency of the IFN response on RIG-I in HEK293T 

cells, we generated cells harboring a DOX-inducible FLAG-RIG-I. Culturing of HEK293T 

cells harboring the DOX-inducible RIG-I transgene (iRIG-I cells) revealed leaky RIG-I 
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expression (Figure 2H). RIG-I ligand transfection demonstrated that WT HEK293T cells do 

not mount an IFN response, whereas leaky RIG-I expression in iRIG-I cells was sufficient 

for IFN-β induction (Figure 2I). WT and iRIG-I cells were then treated with siCON or 

siTDP-43 for 48 h and IFN-β expression was quantified by qRTPCR (Figure 2J). Consistent 

with a role for RIG-I sensing the accumulated dsRNA, IFN-β was only observed in 

siTDP-43treated iRIG-I cells. Collectively, these results demonstrate that loss of TDP-43 

activates a RIG-I-dependent IFN response.

Lastly, to determine whether the IFN expression resulted in a functional antiviral response, 

we treated SH-SY5Y and 786-O cells with siCON or siTDP-43 for 48 h, followed by 

infection with Kaposi’s sarcoma-associated herpesvirus (KSHV), an oncogenic DNA 

herpesvirus (Giffin and Damania, 2014) The abundance of the KSHV transcript LANA 

(latency-associated nuclear antigen) was used to quantify infection. Loss of TDP-43 

significantly reduced LANA levels compared with that of siCON-treated cells (Figures S3A 

and 3B). Importantly, TDP-43 depletion in the MAVS KO cell lines did not reduce LANA 

abundance, demonstrating that it is an antiviral IFN response and not TDP-43 regulating 

KSHV infection.

IRF3 is required for the IFN and ISG response observed in TDP-43-depleted cells

RIG-I activation of an IFN response canonically proceeds through the adaptor protein 

MAVS, which further recruits and activates the transcription factor IFN regulatory factor 3 

(IRF3). We generated a 15 bp, in-frame deletion of IRF3 in SH-SY5Y cells, which prevents 

it from activating IFN expression after transfection of a RIG-I ligand (Figures 3A and 3B; 

Table S2). To investigate the role of IRF3, we transfected WT or truncated IRF3 SH-SY5Y 

cells with siCON or siTDP-43 and quantified IFN and ISG expression by qRT-PCR. 

Although TDP-43 depletion in WT cells resulted in a robust IFN and ISG response, 

inactivation of IRF3 completely prevented IFN and ISG expression (Figures 3C and 3D). 

Moreover, we generated an IRF3 KO in 786-O cells and observed a similar requirement for 

IRF3 in the IFN and ISG response (Figures S4A–S4E). Collectively, these data demonstrate 

that the loss of TDP-43 activates a RIG-I-, MAVS-, and IRF3-dependent types-I and -III IFN 

response.

TDP-43 knockdown increases the levels of multiple RNAPIII RNAs

We next sought to determine how loss of TDP-43 affects cellular gene expression. 

Leveraging RNA sequencing, we defined the transcriptome of FLAG-RIG-I complemented 

RIG-I KO SH-SY5Y cells treated with either siCON or siTDP-43 (Figure 4A). Differential 

gene expression analysis revealed two distinct clusters of up- and downregulated genes 

(Figure 4B; Table S3). Although multiple ontological terms are present within these clusters, 

many of the most significant terms present among the upregulated genes are involved in 

RNAPIII transcription (Tables S4 and S5). RNAPIII transcribes housekeeping, noncoding 

RNAs, such as tRNAs and a variety of small non-coding RNAs, including 7SK snRNA 

(RN7SK), 7SL RNA (RN7SL), and Alu retrotransposons, which are in the short interspersed 

repetitive elements (SINEs) class of retrotransposons (White, 2011). Aberrant expression of 

RNAPIII transcripts, including 7SL and Alu RNAs, has previously been shown to activate a 

RIG-I-dependent IFN response (Nabet et al., 2017; Wu et al., 2018). Inspection of our RNA-
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sequencing data revealed that, indeed, the 7SK snRNA, 7SL RNA, and H1 RNA 

components of RNase P were expressed significant more in cells depleted of TDP-43, and 

qRT-PCR further confirmed those findings (Figures 4C and 4D). Additionally, Alu loci with 

clear, increased expression were identified, and qRT-PCR analysis confirmed their increased 

expression. Because Alu elements are frequently located within introns and untranslated 

regions of mRNA, we also assessed the expression of independently transcribed Alu RNA 

by northern blot analysis using an oligonucleotide directed at a consensus Alu motif. 

Consistent with our previous analyses, using the consensus Alu motif oligonucleotide, we 

observed increased expression of an RNA migrating at ~300 nt, the expected length of 

independently transcribed Alu RNA (Figures 4D–4F).

Using previously published TDP-43 individual-nucleotide resolution UV-crosslinking and 

immunoprecipitation (iCLIP) sequencing data, we observed that many of the upregulated 

RNAPIII transcripts have prominent TDP-43 iCLIP tags near their 3′ end (Figure 4F) 

(Tollervey et al., 2011). To verify the iCLIP data, we performed IPs using either anti-

TDP-43 or control-IgG antibodies and quantified the enrichment of 7SK, 7SL, and a 

consensus Alu sequence (Figures 4G and 4H). Consistent with the iCLIP data, we observed 

a significant enrichment of all three RNAPIII transcripts over the control IgG (Figure 4H).

Although TDP-43 has not been associated with the regulation of RNAPIII transcript 

stability, it has been linked to the regulation of mRNA half-life. Thus, we investigated 

whether the increased expression of select RNAPIII transcripts was due to alterations in 

RNA half-life. To test that, we determined the half-life of 7SL RNA and a control RNAPIII 

transcript, vault RNA 1–1, which did not exhibit increased expression in TDP-43-depleted 

cells. Loss of TDP-43 extended the half-life of 7SL RNA, whereas the half-life of vault 

RNA was not affected (Figure 4I). We next investigated whether TDP-43 RNA binding was 

necessary for regulating 7SL RNA half-life. To test that, we generated HEK293T TDP-43 

KO cells and transfected them with either an empty vector, WT TDP-43, or an RNA-

binding, defective TDP-43 (mutRRM; W113A/R151A) (Figure 4J). Although expression of 

WT TDP-43 reduced 7SL half-life relative to the empty-vector control, the half-life of 7SL 

RNA was not altered by expression of the RNA-binding, defective TDP-43 (Figure 4K). 

These results demonstrate a role for TDP-43 in the regulation of select RNAPIII transcript 

stability and suggest this contributes to changes in the transcriptome in TDP-43-depleted 

cells.

We also examined the nuclear/cytoplasmic localization of the TDP-43-bound RNAPIII 

transcripts by qRT-PCR because TDP43 has previously been linked to nuclear export of 

mRNA (Chou et al., 2018). After whole-cell fractionation into nuclear and cytoplasmic 

fractions, we observed a significant cytoplasmic relocalization of the primarily nuclear 7SK 

snRNA in TDP-43-depleted cells (Figures 4L and 4M). Moreover, although Alu and 7SL 

RNAs are normally present in the cytoplasm, we observed an increase in cytoplasmic levels 

of both RNAs (Figure 4M). Collectively, these results demonstrate that TDP-43 affects the 

expression, localization, and decay of select RNAPIII-transcribed RNAs.
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RNAPIII RNAs are associated with and activate RIG-I upon loss of TDP-43

7SL and Alu RNAs have previously been demonstrated to activate a RIG-I-dependent IFN 

response (Nabet et al., 2017; Wu et al., 2018). To test whether RNAPIII transcription is 

required to promote activation of RIG-I upon loss of TDP-43, we treated cells with siCON 

or siTDP-43 in the presence of an RNAPIII-specific inhibitor and assessed the IFN-β 
expression by qRT-PCR. Inhibition of RNAPIII transcription was confirmed by measuring 

the levels of cellular vault RNA 1–1 (Figure 5A). Strikingly, inhibition of RNAPIII 

transcription completely prevented the induction of IFN-β expression when TDP-43 was 

depleted (Figure 5A). These results indicate that RNAPIII transcription is required for 

activating RIG-I.

Next, we tested whether TDP-43 RNA binding was required to prevent IFN-β expression. 

HEK293T TDP-43 KO cells were co-transfected with RIG-I and either an empty vector, WT 

TDP-43, or an RNA-binding, defective TDP-43 (mutRRM; W113A/R151A), and IFN-β 
expression was quantified by qRTPCR (Figures 5B and 5C). Supporting our evidence that 

RIG-I is required to sense dsRNA that accumulates when TDP-43 is absent we observed 

IFN β expression in TDP-43 KOs transfected with RIG-I and an empty vector (Figure 5C). 

Furthermore, we observed IFN β expression in cells that expressed RNA-binding defective 

TDP-43 whereas expression of WT TDP-43 rescued IFN β expression. These data 

demonstrate that the RNA-binding capacity of TDP-43 is required to prevent IFN β 
expression.

As our data implicate RNAPIII activity as well as the ability of TDP-43 to bind RNA in the 

induction of IFN β expression we evaluated whether RIG-I interacts with TDP-43-target 

RNAs by IPqRT-PCR (Figures 5D and 5E). TDP-43 knockdown resulted in an increased 

association between RIG-I and several of its RNAPIII transcribed RNA binding partners, 

including 7SK snRNA, 7SL RNA, and Alu RNA (Figure 5E). In contrast, the binding of 

RIG-I to TDP-43 associated spliceosomal snRNAs, noncoding RNAs, and mRNAs were not 

affected by TDP-43 depletion (Figure 5E). These results demonstrate that loss of TDP-43 

facilitates RIG-I recognition of select RNAPIII-transcribed RNAs that can be bound by 

TDP-43.

A defining feature of many RIG-I substrates is the presence of a 5′-triphosphate. Dual-

specificity phosphatase 11 (DUSP11) is an RNA triphosphatase that acts on several 

RNAPIII-derived RNAs, and a reduction in its activity has been shown to activate a RIG-I-

dependent IFN response (Burke et al., 2016; Burke and Sullivan, 2017; Zhao et al., 2018). 

Although we did not observe a reduction in DUSP11 expression in our transcriptomic data, 

we hypothesized the significant increase in RNAPIII RNA levels may result in some 

transcripts escaping the activity of DUSP11 thus enabling their engagement by RIG-I. To 

test that, we transduced SH-SY5Y cells with a DOX-inducible DUSP11 transgene and 

quantified IFN expression in siCON- and siTDP-43-depleted cells (Figures 5F and 5G). 

Consistent with our previous observations, knockdown of TDP-43 resulted in the expression 

of IFN-β mRNA when cells were grown in the absence of DOX (Figure 5G). Although we 

still observed IFN-β mRNA expression when DUSP11 was overexpressed, we observed a 

~50% reduction in IFN-β mRNA levels, indicating that some of the immunostimulatory 

RNAs are triphosphorylated. Together, these data demonstrate that select RNAPIII 
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transcripts are associated with RIG-I upon TDP-43 depletion and reveal a role for TDP-43 in 

limiting the accumulation of triphosphorylated RNAs.

Genetic inactivation of the RLR pathway rescues the IFN-mediated cell death associated 
with loss of TDP-43

Cell culture and animal models have demonstrated that TDP-43 is essential for viability, and 

multiple mechanisms have been proposed, including the dysregulation of Rho family 

GTPases, an accumulation of dsDNA breaks, and defects in autophagy (Bose et al., 2011; 

Iguchi et al., 2009; Kraemer et al., 2010; Mitra et al., 2019; Schmid et al., 2013). Based on 

our observations, we hypothesized that TDP-43 depletion induced an immune-mediated cell 

death. To test that, we treated SH-SY5Y WT, RIG-I KO, MDA5 KO, MAVS KO, and IRF3-

truncation cells with either siCON or siTDP-43 and measured cell viability 5 days after 

transfection by trypan blue staining and ATP production using a Cell-Titer-Glo assay 

(Figures 6A and 6B). TDP-43 knockdown reduced cell viability and ATP production in WT 

and MDA5 KO cells (Figures 6A and 6B). In contrast, in MAVS and RIG-I KOs, and IRF3-

truncation cells, depletion of TDP-43 did not reduce cell viability or ATP production when 

compared with siCON treatment. (Figures 6A–6D). Importantly, TDP-43 depletion-

mediated cell death was also rescued in the 786-O MAVS KO, RIG-I KO, and IRF3 KO 

cells (Figure S5A–S5D).

Because inactivation of IRF3 rescued cell death, we hypothesized that the IRF3-dependent 

type-I or -III IFNs induce cell death via signaling through either the IFN-α/β receptor 1 

(IFNAR1) or IFN-λ receptor 1 (IFNLR1), respectively. qRT-PCR analysis determined that 

IFNAR1 was expressed at significantly higher levels than IFNLR1 was in both SH-SY5Y 

and 786-O cells (Figure 6E; Figure S5E). To test whether signaling through IFNAR1 

contributed to the cell-death phenotype, we generated IFNAR1 KO cells using CRISPR-

Cas9 (Figure 6F; Figure S5F). Treatment of WT and IFNAR1 KO cells with IFN-α or IFN-β 
confirmed that the KO cells do not respond to extracellular IFNs (Figure 6G; Figure S5G). 

Similar to results obtained with the RLR and IRF3 KOs, inactivation of IFNAR1 signaling 

rescued cell viability associated with the loss of TDP-43 (Figures 6H and 6I; Figures S5H 

and S5I). Collectively, these results demonstrate that cell death associated with the loss of 

TDP-43 is mediated in a RLR- and IFNAR1-dependent manner.

IFNAR1 signaling promotes MLKL-dependent necroptosis

Type-I IFN-mediated cell death can occur through a variety of mechanisms. IFN-dependent 

necroptosis is one such pathway and is activated via IFNAR1 signaling and requires the 

serine/threonine-protein kinase 1/3 (RIPK1/3) and the necroptotic effector MLKL. Activated 

MLKL oligomerizes and forms cell-membrane pores to facilitate cell death (Thapa et al., 

2013; Yang et al., 2020). We evaluated the expression of MLKL by western blot analysis of 

extracts from SH-SY5Y cells treated with either siCON or siTDP-43 and observed a striking 

increase in its levels in TDP-43-depleted cells (Figure 7A). MLKL is IFN inducible, and its 

overexpression has recently been observed to promote cell death (Arnež et al., 2015; 

Hildebrand et al., 2014; Knuth et al., 2019; Sarhan et al., 2019). Indeed, MLKL upregulation 

upon TDP-43 knockdown was only observed in WT and MDA5 KO cells, but not in the 
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MAVS KO, RIG-I KO, IFNAR1 KO, or IRF3-truncation cells (Figure 7B). These results 

were corroborated in the 786-O WT and KO cell lines (Figures S6A and S6B).

To determine whether MLKL overexpression is sufficient to promote cell death, we 

generated DOX-inducible FLAG-tagged MLKL SH-SY5Y and 786-O cell lines. DOX 

treatment induced FLAG-MLKL expression (Figures 7C; Figure S6C); 48 h after DOX 

treatment, we observed ~25%–40% reduced cell viability when compared with the no-DOX 

control (Figure 7D; Figure S6D). In addition, we observed ~50% reduction in ATP 

production by CellTiter Glo (Figure 7E; Figure S6E). Next, we generated MLKL KOs in 

SH-SY5Y and 786-O cells and quantified cell viability in siCON- and siTDP-43-treated 

cells (Figure 7F; Figure S6F). Although siTDP-43 resulted in an ~40% reduction in cell 

viability in WT cells, there was only an ~20% decrease in cell viability in MLKL KO cells 

(Figure 7G; Figure S6G). Moreover, MLKL KO significantly restored ATP production in 

cells treated with siTDP-43 (Figure 7H; Figure S6H). These results demonstrate that MLKL 

expression is IFN inducible and that its overexpression is sufficient to induce cell death in 

both SH-SY5Y and 786-O cells. Moreover, necroptosis contributes significantly to the 

mechanism behind cell death in TDP-43-deficient cells.

In summary, loss of TDP-43 results in the accumulation of immunostimulatory dsRNA, 

which activates RIG-I and culminates in IFN-mediated, necroptotic cell death.

DISCUSSION

Although best characterized in the context of host defense, RLRs are also important 

contributors to the efficacy of various anticancer approaches, and their inappropriate 

activation is associated with the development of autoimmunity (Heidegger et al., 2019; Jiang 

et al., 2019; Kato et al., 2017). Thus, the ability to control RLR activation is of importance 

across multiple facets of cellular and organismal homeostasis. TDP-43 is an essential RNA-

binding protein implicated in the development of various pathologies, including ALS and 

FTLD (Mackenzie and Rademakers, 2008). Here, we demonstrate that loss of TDP-43 

results in increased expression and mislocalization of several RNAPIII noncoding RNAs. 

Increased RNAPIII activity facilitates a RIG-Idependent IFN response that can be partially 

suppressed by overexpression of the cellular triphosphatase DUSP11, indicating the 

accumulated immunostimulatory dsRNAs are triphosphorylated. Moreover, RIG-I-

dependent IFN-β production promotes MLKL-dependent necroptosis, which can be rescued 

via the genetic inactivation of the RLR pathway. Thus, our study uncovers an 

underappreciated and intricate relationship between the control of cellular gene expression 

and IFN-mediated cell death.

We have determined that TDP-43 regulates the accumulation of immunostimulatory dsRNA. 

Although we did not attempt to identify the J2+ RNAs in SH-SY5Y cells, previous work in 

M17 neuroblastoma cells identified an enrichment of J2 binding in highly structured intronic 

regions of RNA as well as across the human endogenous retrovirus K (HERV-K) transcript 

in TDP43-depleted cells (Saldi et al., 2014). We anticipate that some of the J2+ signal we 

observed is derived from RNAs previously identified. We have determined that J2+ RNAs 

are immunostimulatory and that loss of TDP-43 potentiates a RIG-I-dependent IFN 
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response. RIG-I primarily discriminates RNA on the basis of a 5′-di or triphosphate 

structure at the end of RNAs, and thus, it is unlikely that J2-enriched HERV-K or intronic 

regions previously identified contribute significantly to RIG-I activation (Hornung et al., 

2006; Pichlmair et al., 2006; Rehwinkel et al., 2010; Schlee et al., 2009; Schmidt et al., 

2009). In support of post-mortem brain-tissue loss of TDP43 is associated with 

decondensation of intergenic chromatin (Liu et al., 2019). A reduction in H3K9me3, a 

repressive chromatin mark for repetitive elements, such as Alus and long interspersed 

elements (LINEs), was also observed. Interestingly, analysis of previously published 

TDP-43 iCLIP-sequencing data revealed that many of the upregulated RNAPIII transcripts 

are bound by TDP-43 (Tollervey et al., 2011). Moreover, we demonstrated that TDP-43 

regulates the half-life of the RNAPIII transcript 7SL RNA and that this regulation requires 

the ability of TDP-43 to bind RNA. Although TDP-43 has been linked to the regulation of 

mRNA stability, our data further suggest that TDP-43 is involved in noncoding RNA decay 

(Tank et al., 2018). Whether this occurs co- or post-transcriptionally, that, the RIG-I-

dependent IFN response is blunted by increasing the expression of the cellular RNA 

triphosphatase DUSP11.

We observed a significant remodeling of cellular gene expression in TDP-43-depleted cells. 

Among the most significant ontological terms associated with the upregulated genes were 

RNAPIII transcription. Indeed, by qRT-PCR, we confirmed the expression of many RNAPIII 

noncoding RNAs, including 7SL and Alu RNA, was significantly greater in cells lacking 

TDP-43. Increased RNAPIII-derived RNAs may stem from effects of TDP-43, either 

directly or indirectly, on chromatin modification and, therefore, RNAPIII transcription. For 

example, in human as well as which RNA decay machineries are involved, is unknown, and 

future studies will clarify this. Collectively, this suggests that increased RNAPIII transcripts 

in TDP-43-depleted cells result from a combination of alterations on transcription and RNA 

stability.

In TDP-43-depleted cells, we observed an increase in the cytoplasmic localization of several 

RNAPIII transcribed RNAs. Although 7SL RNA and Alu RNAs are normally cytoplasmic, 

the levels of the primarily nuclear 7SK snRNA were also increased in the cytoplasm. 

TDP-43 has been demonstrated to participate in the transport and localization of mRNPs in 

neuronal and dendritic cells; however, a role for it in 7SK snRNA localization has not been 

identified (Alami et al., 2014; Chou et al., 2018; Chu et al., 2019; Woerner et al., 2016). 

Additional studies are required to determine the mechanism by which TDP-43 influences 

7SK snRNA expression and nuclear retention.

Regardless of the mechanism facilitating enhanced RNAPIII non-coding RNA expression, 

our work demonstrates that RNAPIII transcription is required for the IFN response in 

TDP43-depleted cells. Although RNAPIII has been identified as a cytoplasmic DNA sensor 

capable of activating RIG-I via the transcription of promoter-independent triphosphorylated 

RNAs, we do not anticipate this contributing too significantly to the cell-intrinsic immune 

response observed (Ablasser et al., 2009; Chiu et al., 2009). Rather, our data support a model 

in which RNAPIII-derived non-coding RNAs that can be bound by TDP43 are engaged by 

RIG-I to facilitate activation of MAVS and an IRF3-dependent IFN response. We speculate 

that the enhanced expression of RNAPIII transcripts results in a failure of their proper 
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processing and/or localization, which, in turn, facilities RIG-I activation. However, we 

cannot exclude the possibility that TDP-43 shields the select RNAPIII transcripts from RIG-

I sensing. Indeed, the unshielding of 7SL RNA and RNA5SP141 transcripts because of the 

loss of their RBPs results in a RIG-I-dependent IFN response (Chiang et al., 2018; Nabet et 

al., 2017).

TDP-43 is associated with multiple neurological disorders, including ALS and FTLD. 

Interestingly, elevated IFN levels have been reported in the brains of patients with ALS and 

FTLD as well as in animal models (Hu et al., 2017; O’Rourke et al., 2016; Taylor et al., 

2014; Wang et al., 2011). Multiple lines of evidence support a role for IFN signaling in 

neurodegeneration, including observations that high-dose IFN treatment can cause 

neurological abnormalities. Moreover, patients with Aicardi-Goutieres, an IFNopathy caused 

by mutations in MDA5, present with childhood neurodegeneration and dysfunction. Our 

demonstration that TDP-43 has a critical role in regulating immunostimulatory dsRNA 

accumulation suggests that activation of the RLR pathway may have a prominent role in 

initiating the neurological dysfunction observed in ALS and FTLD.

Our results here expand on an emerging theme in RLR activation: that host-encoded RNAs 

can be prominent RLR ligands and that cellular RBPs can function as cell-intrinsic 

checkpoints or barriers to RLR activation. Given these observations, we hypothesize that 

gene expression is inherently a dangerous process, not only in that alterations in gene 

expression programs can cause disease but also RNA structures involved in orchestrating the 

programs as well as the intermediates of RNA-processing reactions can be 

immunostimulatory. Moreover, this can be viewed as a proverbial double-edged sword 

because mechanisms that limit immunostimulatory dsRNAs may be pathogenic in the 

context of mutations but also leveraged therapeutically in conditions in which increased IFN 

signaling is desirable. Thus, we anticipate that continued investigations into mechanisms of 

gene expression will provide additional significant insight into the control of RLR activation 

by endogenous RNAs.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents may be directed to, and will 

be fulfilled by the lead contact, John Karijolich.

Materials availability—All reagents generated in this study are available from the Lead 

Contact without restriction.

Date and code availability—The SH-SY5Y siCON/siTDP-43 RNA sequencing data 

have been deposited under accession number GEO: GSE162644.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—786-O (ATCC), HEK293T (ATCC), and iSLK.BAC16 (Brulois et al., 2012) 

were maintained in Dulbecco’s modified Eagle medium (DMEM; Invitrogen) supplemented 

with 10% fetal bovine serum (FBS; Invitrogen). SH-SY5Y (ATCC) were grown in 50:50 
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DMEM: Ham’s F-12 nutrient mixture (Invitrogen) medium supplemented with 10% fetal 

bovine serum (FBS; Invitrogen). All cells were maintained with 100 U of penicillin/ml and 

100 mg of streptomycin/ml (Invitrogen) at 37C under 5% CO2.

METHOD DETAILS

Viruses—KSHV virions were isolated from iSLK.BAC16 cells that were reactivated with 1 

μg/ml of doxycycline (Fisher Scientific) for 120 h by pelleting virus at 20,000 G for 2 h at 

4C. KSHV virions were resuspended in PBS.

siRNA knockdown—SH-SY5Y and 786-O cells were transfected at 60%–80% 

confluency with 50 nM siRNA (sequences in Table S1) or MISSION siRNA Universal 

Negative Control #1 (Sigma) using Lipofectamine RNAiMax (Invitrogen). 48 h post-

transfection cells were collected.

Immunofluorescence microscopy—SH-SY5Y cells, cultured on poly-L-lysine treated 

glass coverslip, were transfected at 60%–80% confluency with siRNAs for 48 h. Cells were 

fixed in 4% paraformaldehyde, permeabilized in 0.25% Triton-X, blocked in blocking buffer 

(3% BSA, 5% Normal Goat Serum (Thermo), 0.1% Tween) and incubated in primary 

antibody (TDP-43: 1:400; J2: 1:100). Slides were incubated with Rhodamine red anti-mouse 

and Cyanine 5 anti-rabbit secondary antibodies (Thermo Scientific; diluted 1:750) and were 

mounted in mounting media (Thermo). Cells were imaged with an Olympus FV1000 

confocal microscope.

J2 immunoprecipitation (IP)—SH-SY5Y cells were transfected with siRNAs for 48 h. 

Cells were washed in PBS and RNA was isolated by TRIzol (Invitrogen) in accordance with 

the manufacturer’s instructions. RNA was DNase I (NEB) treated at 37°C for 20 minutes 

and inactivated with EDTA at 70°C for 10 minutes followed by phenol chloroform 

extraction. 15 μg of RNA was incubated with 2 μg of J2 antibody (Scicons) or control IgG 

(Cell Signaling) in binding buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 1mM EDTA, 1% 

NP-40, 5mM MgCl2) with Ribo-lock (Thermo) at 4°C overnight. IPs were incubated with 

SureBeads Protein G magnetic beads (Bio-rad) at 4°C for 4 h, washed five times in binding 

buffer, and RNA was eluted in TRIzol. J2-isolated RNA was either Mock or CIAP 

(Promega)-treated at 37°C for 1 h, followed by PCA extraction. 100 ng of RNA was 

transfected into 786-O cells at 60%–80% confluency with Lipofectamine RNAiMax. 24 h 

post-transfection cells were collected and analyzed by RT-qPCR.

Nucleic acid isolation and measurement—For analysis of gene expression by RT-

qPCR, total RNA was isolated with TRIzol (Invitrogen) in accordance with the 

manufacturer’s instructions. RNA was DNase I (NEB) treated at 37°C for 20 minutes and 

inactivated with EDTA at 70°C for 10 minutes. cDNA was synthesized from DNase-treated 

RNA with random 9-mer (Integrated DNA Technologies) and M-MLV RT (Promega). qPCR 

was performed using the PowerUp SYBR Green qPCR kit (Thermo Scientific) with 

appropriate primers (Table S1).
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Subcellular fractionation and western blotting—Subcellular fractionation was 

performed using the REAP method with the minor modification of using one 10-cm plate for 

each fractionation condition (Suzuki et al., 2010).

Cell lysates were prepared with lysis buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 0.5% 

NP-40) and quantified by Bradford assay. Equivalent amounts of each sample were resolved 

by SDS-PAGE, electrotransferred to PVDF membrane, and blotted for the indicated proteins 

(Table S1). Primary antibodies were followed by AlexaFluor 680-or −800 conjugated anti-

rabbit and anti-mouse secondary antibodies (Life Technologies; 1:5000) and visualized by 

Li-Cor Odyssey.

KSHV infection—SH-SY5Y and 786-O cells were treated with siRNA for 48 h prior to 

infection. KSHV virions were added to the media and supplemented with 2% polyethylene 

glycol (PEG(VWR)) and 8 μg/ml of polybrene (Sigma). Cells were spun at 1,000 rpm for 30 

min at room temperature. Fresh media was then added, and the cells were incubated for 24 

h, followed by analysis by RT-qPCR.

CRISPR/Cas9 cloning, lentiviral production, and infection—Single-guide RNAs 

(sgRNAs) (sequences in Table S1) were selected by inputting gene sequences into the Broad 

Institute GPP sgRNA CRISPR KO Designer. Two high-score sgRNAs were selected for 

each gene. sgRNA oligos were cloned into the lentiCRISPR V2 (Addgene) lentiviral 

plasmid according to depositor instructions.

Lentivirus was prepared in HEK293T cells. Cells were transfected at 50%–60% confluency 

with lentiCRISPR V2, psPAX2 (lentiviral packaging), and pMD2.G (lentiviral envelope) 

(Addgene) using polyjet (SignaGen). 72 h post-transfection the supernatant was collected, 

mixed with 8 μg/ml of polybrene and 1% PEG, and added to SH-SY5Y, 786-O, or 

HEK293T cells that were spinfected at 1,000 rpm for 1 h at room temperature. Cells were 

selected for 2 weeks in media containing either 300 μg/ml hygromycin B (Invitrogen; rtTA 

doxycycline-inducible element), 5 μg/ml blasticidin (Invivogen; inducible RIG-I), or 5 μg/ml 

puromycin (Sigma; lenti-CRISPR V2 knockouts).

Knockout generation—Cells were infected with lentivirus. Following puromycin 

selection, single cell clones were grown out in 48-well plates. The knockout was verified by 

western blot of the respective protein. CRISPR/Cas9 induced mutations were identified by 

isolation of genomic DNA (Promega), PCR of the genomic region where the guide RNA 

targets, TOPO cloning, and Sanger sequencing of the PCR product (Mutations listed in 

Table S2). For select knockouts, 100 ng/ml of the RIG-I ligand 3p-hpRNA (Invivogen) was 

transfected into cells for 6 h, followed by RNA isolation and RT-qPCR. For IFNAR1 

knockouts, recombinant IFN a and b were added to cells for 8 h, followed by RNA isolation 

and RT-qPCR.

Cloning and cell line generation—RIG-I pLenti-CMVtight-FL-HA-DEST-Blast (Zhao 

et al., 2018) underwent site-directed mutagenesis (SDM) to mutate the RIG-I sgRNA 

recognition sequence to prevent CRISPR/Cas9 cleavage. Lentivirus was produced and used 

to transduce SH-SY5Y and 786-O RIG-I knockout cells followed by antibiotic selection. 
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Cells were then transduced with lentiviral particles produced from pLenti CMV rtTA3 

Hygro (Addgene) to create a Tet-On inducible system, followed by antibiotic selection.

DUSP11 was PCR amplified from SH-SY5Y mRNA and Gateway cloned into the pLenti-

CMV-tight-blast-dest vector. MLKL was PCR amplified from MLKL pF-TRE3G-PGK-puro 

(generously provided by Dr. James Murphy [Petrie et al., 2018]) and Gateway cloned into 

pLenti-CMV-tight-blast-dest vector. HEK293T, 786-O, and SH-SY5Y cells were transduced 

with lentiviral particles produced from pLenti CMV rtTA3 Hygro (Addgene) to create a Tet-

On inducible system, followed by antibiotic selection. RIG-I, DUSP11, and MLKL 

lentivirus was then produced and used to transduce either HEK293T rtTA3 cells (RIG-I), or 

786-O and SH-SY5Y rtTA3 cells (DUSP11, MLKL) followed by antibiotic selection. 

FLAG-TDP-43 pcDNA3 WT and mutRRM (with W113A/R151A mutations) plasmids were 

generously provided by Dr. J. Paul Taylor (Freibaum et al., 2010).

RNA sequencing—SH-SY5Y RIG-I complement cells were treated with siRNA for 48 h. 

Doxycycline was added to induce RIG-I expression for the final 24 h. Total RNA was 

isolated using TRIzol, DNase treated, and rRNA depleted (NEB). RNA sequencing libraries 

were generated using the Collibri Stranded RNA library prep kit (Thermo) according to the 

manufacture recommendations. Libraries were then subjected to paired-end sequencing on a 

NovaSeq 6000 at the Vanderbilt Technologies for Advanced Genomics (VANTAGE). Data 

are submitted in SRA and will be available upon publication.

RNA sequencing data analysis—Raw read quality was assessed using FastQC 

(v0.11.5). STAR (v2.7.3a) was used to align reads to the human genome (GRCh38). The 

transcript quantification was done using featureCounts using the pair-end mode to count 

both reads that uniquely mapped. Differentially expressed genes were called using edgeR 

(v2.26.5) with Benjamini-Hochberg adjusted p value < 0.01 and log2FoldChange > 2. R 

package clusterProfiler (v3.12.0) was used for the gene set over-representation analysis with 

the KEGG database. K-means clustering was applied to gene expression values (normalized 

by count per million) using R function kmeans (from R package stats) and the number of 

clusters was determined by total within sum of square. Heatmaps were generated using 

pheatmap (v1.0.12). For making IGV figures, the bam files were first transformed into 

bigwig file with a bin size of 10bp and normalized by CPM (count per million). Then the 

bigwig files were loaded into IGV viewer to view the read distribution on target genes.

Northern blot—SH-SY5Y RIG-I complement cells were treated with siRNA for 48 h. 

Doxycycline was added to induce RIG-I expression for the final 24 h. Total RNA was 

isolated using TRIzol followed by 1h DNase treatment and PCA extraction. 25 μg of RNA 

was mixed with loading buffer (Formamide, bromophenol blue, xylene cyanol, EDTA), 

denatured at 90°C for 2min, loaded on a 10% TBE-urea gel, and run at 20W for ~2 h. RNA 

was transferred onto nylon membrane in TBE buffer at 4°C overnight followed by twice 

crosslinking at 254 nm. The membrane was incubated with the hybridization buffer (1M 

sodium phosphate [pH 6.5], 20X SSC, 50X Denhardts, 20% SDS) at 42°C for 1h, replaced 

with fresh hybridization buffer, and supplemented with 10% PEG. Labeled probes were 

added to the buffer and incubated at 42°C overnight. The membrane was washed 3X in wash 
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buffer (0.5X SSC, 0.1%SDS) followed by exposure on a film. The film was developed on 

the Typhoon FLA 7000 (GE Healthcare).

Endogenous TDP-43 immunoprecipitation—SH-SY5Y cells were washed twice in 

cold PBS, crosslinked with 0.5% formaldehyde for 10 min in PBS, quenched with 0.3M 

glycine for 5min, and washed twice with cold PBS. Cells were resuspended in RIP buffer 

(150 mM KCl, 25mM Tris [pH 7.4], 5mM EDTA, 0.5mM DTT, 0.5% NP-40) and kept on 

ice for 20min followed by sonication. Protein G beads (Biorad) were washed in RIP buffer, 

followed by the addition of 2.5 mg of IgG (Thermo) or TDP-43 antibody (Proteintech) and 

incubated at room temp for 30min. Excess antibody was removed. Soluble cell extract was 

added to bead-antibody complex and incubated at 4°C for 3 h. Beads were washed three 

times for 10 min with RIP buffer followed by DNase treatment. Protein-RNA crosslinks 

were reversed by adding reverse crosslink buffer (100 mM Tris [pH 8], 10mM EDTA, 1% 

SDS, 0.5% DTT) to samples and heated at 70°C for 45 min. RNA was recovered by TRIzol 

extraction followed by isopropanol precipitation and RT-qPCR analysis. Protein was 

recovered in 300mM glycine [pH 2.5] at RT for 15 min and analyzed by western blot.

RIG-I RNA immunoprecipitation—SH-SY5Y RIG-I complement cells were treated with 

siRNA for 48 h. Doxycycline was added to induce RIG-I expression for the final 24 h. Cells 

were washed twice in cold PBS, crosslinked with 0.5% formaldehyde for 10 min in PBS, 

quenched with 0.3M glycine for 5min, and washed twice with cold PBS. Cells were 

resuspended in RIPA buffer (50mM Tris [pH 8.0], 0.5% sodium deoxycholate, 0.05% SDS, 

1mM EDTA, 150mM NaCl, 1mM DTT, 1% NP-40) and kept on ice for 20min followed by 

sonication. Anti-Flag M2 magnetic resin (Sigma) was washed in RIPA buffer followed by 

the addition of soluble extract and incubation at 4°C for 3 h. Beads were washed three times 

for 10 min at 4°C and then two times for 5 min at room temperature in RIPA buffer with 

0.1%SDS, 1M NaCl, and 1M urea. Resin was eluted with 1X FLAG peptide (Sigma) in 

RIPA buffer for 45 min at 4°C. Crosslinks were reversed by adding 100 mM Tris [pH 8], 

10mM EDTA, 1% SDS and 2% DTT to samples and heated at 70°C for 45 min. RNA was 

recovered by TRIzol extraction, isopropanol precipitation, DNase treatment, PCA extraction, 

and ethanol precipitation. Bound RNAs were analyzed by RT-qPCR.

Cell viability assays—SH-SY5Y and 786-O cells were treated with siRNAs for 120 h 

and 96 h, respectively. Trypan Blue: Cells were trypsinized (GIBCO) and diluted 1:1 with 

trypan blue stain. The mixture was incubated for 1 min, followed by counting by Cell 

Countess II. CellTiter-Glo: Cells were equilibrated at room temperature for ~30 min. An 

equal volume of CellTiter-Glo reagent (Promega) was added to wells, mixed and lysed for 2 

min, incubated for 10 min, and luminescence was read.

Small molecular inhibitor treatment—Cells were treated with 100 mM RNAPIII 

inhibitor CAS 577784–91-9 (Millipore) or vehicle at the same time as siRNA treatment. 

Cells were collected 24 h post transfection followed by RT-qPCR analysis.

RNA decay—SH-SY5Y: Cells were transfected with siCON/siTDP-43 for 48h. 100 mM 

RNAPIII inhibitor was added after 48h and cells were collected at indicated time points. 

RNA was isolated and followed by RT-qPCR analysis. HEK293T TDP-43 KO: Cells were 
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transfected with pcDNA3, WT TDP-43, or TDP-43 RRM for 24h. 100 mM RNAPIII 

inhibitor was added and cells were collected at indicated time points. RNA was isolated and 

followed by RT-qPCR analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters are reported in the figures and corresponding figure legends. Student t 

test was used to determine statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; 

ns: not significant. The results were expressed as mean ± SD. Value of n is depicted in each 

figure legend. Confocal microscopy was performed on the Olympus FV-100 (Olympus) 

microscope and the scale bar on the images is 20um. qPCR was performed using the 

QuantStudio 3 (Thermo). Immunoblots were developed using the Odyssey Li-Cor (Li-Cor). 

RNA sequencing was performed using the NovaSeq 6000 (Illumina). Northern blot was 

analyzed by Typhoon FLA 7000 (GE Healthcare) and signal intensities were quantified 

using ImageJ software. Cell death was analyzed by Countess II (Thermo) and luminomenter 

(Promega).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Loss of TDP-43 causes accumulation of immunostimulatory double-stranded 

RNA (dsRNA)

• Immunostimulatory dsRNA comprises RNA polymerase III transcripts

• Immunostimulatory dsRNA is detected by RIG-I

• Lethality of TDP-43 can be rescued by genetic inactivation of the RIG-I 

pathway
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Figure 1. TDP-43 depletion induces cytoplasmic immunostimulatory dsRNA accumulation and a 
type-I and -III interferon response
(A) Immunofluorescence microscopy of SH-SY5Y cells treated with siCON/siTDP-43 for 

48 h. Poly(I:C) was transfected as a dsRNA positive control. Scale bars: 20 μm.

(B) Schematic of IgG/J2 immunoprecipitation (IP) from siCON/siTDP-43-treated SH-SY5Y 

cells, followed by transfection into 786-O cells.

(C) qRT-PCR analysis of IFN-β levels from 786-O cells transfected with IgG/J2-

immunoprecipitated dsRNA for 24 h. J2-purified RNA was either mock or CIAP treated 

before transfection. siCON IgG was set to 1.

(D) Western blot analysis of SH-SY5Y cells treated with siCON/siTDP-43 for 48 h.

(E–G) qRT-PCR analysis of interferons (IFNs).
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(E) Interferon-stimulated genes (ISGs) (F), and NF-κB-responsive genes (G) from cells in 

(D).

All samples were normalized to 18S rRNA, and mock/siCON levels were set to 1. Student’s 

t test was used to determine statistical significance: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.0005; 

ns, not significant. (C) n = 2 and (E–G) n = 3 biological replicates, and representative qPCR 

with technical triplicates is shown.

See also Figure S1.
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Figure 2. TDP-43 knockdown activates a RIG-I- and MAVS-dependent interferon response
(A) Schematic of RIG-I-like receptor (RLR) signaling pathway.

(B) Western blot analysis of SH-SY5Y MAVS knockout (KO) cells. Two independent-guide 

RNAs are shown, and full length (FL) and mini-MAVS (mini) are depicted.

(C) Western blot analysis of SH-SY5Y RIG-I and MDA5 KO cells. Cells were treated with 

siCON/siTDP-43 for 48 h.

(D and E) qRT-PCR analysis of IFNs (D) and ISGs (E) after siCON/siTDP-43 treatment for 

48 h.
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(F) Western blot analysis of SH-SY5Y RIG-I KO cells complemented with DOX-inducible, 

FLAG-tagged RIG-I. Cells were treated with siCON/siTDP-43 for 48 h and with DOX for 

the final 24 h.

(G) qRT-PCR analysis of IFN-β levels from cells in (F).

(H) Western blot analysis of HEK293T and DOX-inducible RIG-I (iRIG-I) HEK293T cells.

(I) qRT-PCR analysis of IFN-β levels after RIG-I ligand transfection into cells in (H) for 6 h.

(J) qRT-PCR analysis of IFN-β levels after siCON/siTDP-43 treatment of HEK293T and 

iRIG-I HEK293T cells for 48 h.

All samples were normalized to 18S rRNA, and siCON/ Mock levels were set to 1. Student’s 

t test was used to determine statistical significance: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.0005; 

ns, not significant. (n = 3 biological replicates, and representative qPCR with technical 

triplicates is shown).

See also Figures S2 and S3.
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Figure 3. IRF3 is responsible for the TDP-43-depletion-induced interferon response
(A) Western blot analysis of truncated IRF3 (IRF3 trun) cells.

(B) qRT-PCR analysis of IFN b levels after RIG-I ligand transfection for 6 h.

(C and D) qRT-PCR analysis of IFN (C) and ISG (D) levels after siCON/siTDP-43 treatment 

for 48 h.

All samples were normalized to 18S rRNA and mock/siCON levels were set to 1. Student’s t 

test was used to determine statistical significance: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.0005; 
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ns, not significant. (n = 3 biological replicates, and representative qPCR with technical 

triplicates is shown).

See also Figure S4.

Dunker et al. Page 28

Cell Rep. Author manuscript; available in PMC 2021 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. TDP-43 represses RNAPIII-transcribed RNAs to prevent cytoplasmic relocalization
(A) Western blot analysis of SH-SY5Y RIG-I complement cells treated with siCON/

siTDP-43 for 48 h and with DOX treatment for 24 h. Two replicates are shown for each 

condition.

(B and C) Heatmap of global up- and downregulated transcripts (B) and RNAPIII-

transcribed genes (C) from (A).

(D) qRT-PCR analysis of RNAPIII transcripts from SH-SY5Y cells treated with siCON/

siTDP-43. Samples were normalized to 18S rRNA, and siCON levels were set to 1.
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(E) Northern blot analysis of consensus Alu from RNA in (D). U1 snRNA was used as a 

loading control.

(F) Integrative Genomics Viewer (IGV) view of RNAPIII-transcribed RNAs combined with 

TDP-43 iCLIP data. The 3′ end of the genes are marked.

(G and H) Western blot analysis (G) and qRT-PCR analysis (H) of bound RNAs from 

endogenous TDP-43 IP from SH-SY5Y cells. IgG was used as a control. Fold enrichment 

was computed by that percentage of input.

(I) qRT-PCR analysis of vtRNA 1–1 and 7SL RNA decay from SH-SY5Y cells treated with 

siCON/siTDP-43 for 48 h. Cells were treated with RNAPIII inhibitor for the indicated time 

before collection. The 0-h time point was set at 1.

(J) Western blot analysis of HEK293T TDP-43 KO cells. Two independent-guide RNAs 

were used.

(K) qRT-PCR analysis of 7SL RNA decay from 293T TDP-43 KO cells transfected with 

indicated plasmids for 24 h. The 0-h time point was set at 1.

(L and M) Western blot analysis (L) and qRT-PCR analysis (M) of RNAs from fractionated 

SH-SY5Y cells treated with siCON/siTDP-43 for 48 h. Fold induction was calculated by 

comparing nuclear levels to cytoplasmic levels. siCON cytoplasmic-to-nuclear levels were 

set at 1.

Student’s t test was used to determine statistical significance: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 

0.0005; ns, not significant. (D) n = 3; (H, I, K, and M) n = 2 biological replicates, and 

representative qPCR with technical triplicates is shown).
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Figure 5. Induced RNAPIII transcripts bind RIG-I to activate an IFN response that is rescued by 
exogenous TDP-43 expression in an RNA binding-dependent manner
(A) qRT-PCR analysis of vault RNA (vtRNA) 1–1 and IFN-β levels after siCON/siTDP-43 

and RNAPIII inhibitor treatment for 24 h.

(B and C) Western blot analysis (B) and qRT-PCR analysis (C) of HEK293T TDP-43 KO 

cells transfected with FLAG-tagged RIG-I and FLAG-tagged TDP-43 plasmids for 24 h.

(D and E) Western blot analysis (D) and qRT-PCR analysis (E) of bound RNAs from FLAG-

RIG-I IP of SH-SY5Y RIG-I complement cells treated with siCON/siTDP-43 for 48 h and 
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DOX treatment for 24 h. Fold enrichment was computed by the percentage of input, and 

siCON was set to 1.

(F and G) Western blot analysis (F) and qRT-PCR analysis (G) of DOX-inducible FLAG-

DUSP11 treated with siCON/siTDP-43 and DOX for 48 h.

All samples were normalized to 18S rRNA and mock/siCON levels were set to 1. Student’s t 

test was used to determine statistical significance: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.0005; 

ns: not significant. (A and G) n = 2; (C and E) n = 3 biological replicates, and representative 

qPCR with technical triplicates is shown.
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Figure 6. TDP-43 depletion-induced cell death requires activation of the RLR signaling pathway 
and type-I interferon signaling
(A and B) Trypan blue staining (A) and CellTiter-Glo analysis (B) of SH-SY5Y KO cells 

treated with siCON/siTDP-43 for 96 h.

(C and D) Trypan blue staining (C) and CellTiter-Glo (D) of SH-SY5Y truncated IRF3 cells 

similar to (A) and (B).

(E) qRT-PCR analysis of IFNAR1 and IFNLR1 levels from SH-SY5Y cells. All samples 

were normalized to 18S rRNA, followed by the housekeeping gene GusB, where GusB 

levels were set to 1.
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(F) Western blot analysis of IFNAR1 KO SH-SY5Y cells.

(G) qRT-PCR analysis of ISG15 levels from WT and IFNAR1 KO SH-SY5Y cells treated 

with IFN-α or -β for 8 h. Mock levels were set to 1.

(H and I) Trypan blue staining (H) and CellTiter-Glo analysis (I) of SH-SY5Y IFNAR1 KO 

cells similar to (A) and (B).

Student’s t test was used to determine statistical significance: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 

0.0005; ns: not significant. (n = 3 biological replicates, and representative qPCR with 

technical triplicates is shown; n = 3 biological replicates for all trypan blue and CellTiter-

Glo experiments).

See also Figure S5.
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Figure 7. TDP-43 knockdown induces MLKL overexpression to activate necroptosis
(A) Western blot analysis of MLKL levels from SH-SY5Y cells treated with siCON/

siTDP-43.

(B) qRT-PCR analysis of MLKL levels from SH-SY5Y WT and KO cells treated with 

siCON/siTDP-43 for 48 h. All samples were normalized to 18S rRNA, and siCON levels 

were set to 1.

(C) Western blot of inducible MLKL SH-SY5Y cells where doxycycline was added for 24 h.

(D and E) Trypan blue staining (D) and CellTiter-Glo analysis (E) of cells in (D). DOX was 

added for 48 h.

(F) Western blot of MLKL KO SH-SY5Y cells.
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(G and H) Trypan blue staining (G) and CellTiter-Glo analysis (H) of MLKL KO cells 

treated with siCON/siTDP-43 for 96 h.

Student’s t test was used to determine statistical significance: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 

0.0005; ns, not significant. (n = 3 biological replicates, and representative qPCR with 

technical triplicates is shown; n = 3 biological replicates for all trypan blue and CellTiter-

Glo experiments).

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-HSP90 Cell Signaling Technology Cat# 4874S

Mouse monoclonal anti-GAPDH Proteintech Cat# 60004-I-Ig

Rabbit monoclonal anti-IRF3 Cell Signaling Technology Cat# 4302S

Rabbit monoclonal anti-MDA5 Cell Signaling Technology Cat# 5321S

Mouse monoclonal anti-FLAG Sigma Cat# F1804-200UG

Rabbit polyclonal anti-IFNAR1 Proteintech Cat# 13083-I-AP

Rabbit monoclonal anti-MLKL Cell Signaling Technology Cat# 14993T

Rabbit monoclonal anti-H3 Millipore Cat# 05-928

Rabbit polyclonal anti-TDP-43 Proteintech Cat# 10782-2-AP

Rabbit monoclonal anti-RIG-I Abcam Cat# ab180675

Mouse monoclonal anti-ISG15 Santa Cruz Biotechnology Cat# sc-166755

Rabbit polyclonal anti-MAVS Bethyl Cat# A300-782A

Mouse monoclonal anti-J2 Scicons https://scicons.eu/en/antibodies/j2/

Anti-rabbit IgG AlexaFluor-800 Invitrogen Cat# A32735

Anti-rabbit IgG AlexaFluor-680 Invitrogen Cat# A32734

Anti-mouse IgG AlexaFluor-800 Invitrogen Cat# A32730

Anti-mouse IgG AlexaFluor-680 Invitrogen Cat# A32729

Anti-mouse IgG Rhodamine Red-X Invitrogen Cat# R6393

Anti-rabbit IgG Cyanine5 Invitrogen Cat# A10523

Control IgG Sigma Cat# I5006

Rabbit monoclonal anti-RIPKI CST Cat# 3493T

Rabbit monoclonal anti-RIPK3 CST Cat# 13526T

Bacterial and virus strains

KSHV virions from iSLK.BAC16 Brulois et al., 2012 N/A

Chemicals, peptides, and recombinant proteins

Doxycycline Fisher Cat# BP2653-1

Lipofectamine RNAiMAX Invitrogen Cat# 13778-150

Poly-L-Lysine Sigma Cat# P8920-100mL

Paraformaldehyde Ted Pella Cat# 18505

Triton X-100 VWR Cat# 0694-1L

Bovine Serum Albumin Rockland Cat# BSA-1000

Normal Goat Serum Life Technologies Cat# 50062Z

Tween-20 Fisher Cat# BP337-500

Mounting Media with DAPI Invitrogen Cat# P36931

TRIzol Invitrogen Cat# 15596018

DNase I NEB Cat# M0303S
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REAGENT or RESOURCE SOURCE IDENTIFIER

EDTA RPI Cat# E57020-500

Tris Base VWR Cat# 0497-5KG

NaCl Fisher Cat# S271-10

NP-40 Alfa Aesar Cat# J61055

MgCl2 Sigma Cat# M2670500G

Ribo-lock Thermo Cat# EO0381

SureBeads Protein G Magnetic Beads Bio-Rad Cat# 161-4023

M-MLV RT Promega Cat# M170A

PVDF Millipore Cat# IPFL00010

PEG VWR Cat# 0159-500G

Polybrene Millipore Cat# TR-1003-G

Polyjet SignaGen Cat# SL100688

Hygromycin B Invitrogen Cat# 10687010

Blasticidin GIBCO Cat# A11139-03

Puromycin Sigma Cat# P8833

3p-hpRNA Invivogen Cat# tlrl-hprna

IFN Alpha Sigma Cat# SRP4596

IFN Beta Peprotech Cat# 300-02BC

Formaldehyde VWR Cat# M134-500ML

Glycine RPI Cat# G36050-1000

KCl Fisher Cat# BP366-1

DTT VWR Cat# 0281-5G

SDS VWR Cat# M107-500G

Anti-FLAG M2 Magnetic Beads Sigma Cat# M8823-5ML

Urea Fisher Cat# U15-3

1X FLAG Peptide Sigma Cat# F3290

Phenol:chloroform VWR Cat# 0883-400mL

Trypan Blue Corning Cat# 25-900-CI

Dulbecco’s modified Eagle medium (DMEM) Corning Cat# 10-017-CV

Ham’s F-12 nutrient mixture GIBCO Cat# 11765-054

Fetal Bovine Serum (FBS) Invitrogen Cat# 26140-079

Penicillin/streptomycin GIBCO Cat# 15140-122

PowerUP SYBR green Applied Biosystems Cat# 100029284

Halt Protease Inhibitor Thermo Cat# 1861279

Opti-MEM GIBCO Cat# 31985-070

PBS Corning Cat# 21-031-CV

Milk American Bio Cat# AB10109-01000

Formamide VWR Cat# 0606

Bromophenol blue Sigma Cat# B0126

Xylene cyanol Sigma Cat# X4126

10% TBE-Urea gel Invitrogen Cat# EC6875BOX

Sodium phosphate monobasic Amresco Cat# 0571
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REAGENT or RESOURCE SOURCE IDENTIFIER

Sodium deoxycholate Fisher Cat# BP349

CAS 577784-91-9 Millipore Cat#557403

Sodium phosphate dibasic VWR Cat# 0404

CIAP Promega Cat# M182A

Critical commercial assays

QIAquick Gel Extraction Kit QIAGEN Cat# 28706

QIAprep Spin Miniprep Kit QIAGEN Cat# 27106

Bradford Protein Assay Dye Bio-Rad Cat# 5000006

TOPO TA Cloning Kit Thermo Cat # 450641

Gateway BP Clonase II Invitrogen Cat# 11789100

Gateway LR Clonase II Invitrogen Cat# 11791020

NEBNext rRNA Depletion Kit NEB Cat# E6310

Collibri Stranded RNA Library Prep Kit Invitrogen Cat# A38994024

CellTiter-Glo 2.0 Promega Cat# G9241

Kapa HiFi HotStart PCR Kit Kapa Biosystems Cat# KR0369

Deposited data

SH-SY5Y siCON/siTDP-43 RNA Seq This paper GEO: GSE162644

SH-SY5Y iCLIP Tollervey et al., 2011 E-MTAB-530

Experimental models: Cell lines

SH-SY5Y ATCC Cat# CRL-2266

786-O ATCC Cat# CRL-1932

HEK293T ATCC Cat# CRL-3216

iSLK.BAC16 Brulois et al., 2012 N/A

Oligonucleotides

See Table S1 for siRNA Sequences, qPCR 
Oligos, Cloning Oligos, and Northern Blot 
Probes

N/A

Recombinant DNA

Plasmid: lentiCRISPR V2 Addgene Cat# 52961

Plasmid: Scr lentiCRISPR V2 This Paper N/A

Plasmid: MAVS KO lentiCRISPR V2 This Paper N/A

Plasmid: RIG-I KO lentiCRISPR V2 This Paper N/A

Plasmid: MDA5 KO lentiCRISPR V2 This Paper N/A

Plasmid: psPAX2 Addgene Cat# 12260

Plasmid: pMD2.G Addgene Cat# 12259

Plasmid: RIG-I pLenti-CMVtight-FL-HA-
DEST-Blast

Zhao et al., 2018 N/A

Plasmid: pLenti CMV rtTA3 Hygro Addgene Cat# 26730
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pEF-Bos FLAG-RIG-I Addgene Cat# 52877

Plasmid: pLenti-CMV-tight-blast-dest Addgene Cat# 26434

Plasmid: IRF3 KO lentiCRISPR V2 This Paper N/A

Plasmid: IFNAR1 KO lentiCRISPR V2 This Paper N/A

Plasmid: MLKL pF-TRE3G-PGK-puro Petrie et al., 2018 N/A

Plasmid: TDP-43 KO lentiCRISPR V2 This Paper N/A

Plasmid: DUSP11 pLenti-CMVtight-FL-HA-
DEST-Blast

This Paper N/A

Plasmid: MLKL pLenti-CMVtight-FL-HA-
DEST-Blast

This Paper N/A

Plasmid: FLAG-TDP-43 pcDNA3 WT Freibaum et al., 2010 N/A

Plasmid: FLAG-TDP-43 pcDNA3 mutRRM Freibaum et al., 2010 N/A

Plasmid: MLKL KO lentiCRISPR V2 This Paper N/A

Software and algorithms

STAR (v2.7.3a) https://github.com/
alexdobin/STAR

version 2.7.3a

featureCounts http://bioinf.wehi.edu.au/
featureCounts/

version 2.0.0

edgeR (v2.26.5) https://
www.bioconductor.org/
packages/release/bioc/
html/edgeR.html

version 2.26.5

clusterProlifer (v3.12.0) https://bioconductor.org/
packages/release/bioc/
html/clusterProfiler.html

version 3.12.0

R package stats (kmeans) https://stat.ethz.ch/R-
manual/R-devel/library/
stats/html/00Index.html

version 4.1.0

pheatmap (v1.0.12) https://github.com/
raivokolde/pheatmap

version 1.0.12

FastQC (v0.11.5) https://
www.bioinformatics.babra
ham.ac.uk/projects/fastqc/

version 0.11.5
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