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 2 

Abstract  25 

 26 

Signaling through retinoic acid inducible gene I (RIG-I) like receptors (RLRs) is tightly 27 

regulated, with activation occurring upon sensing of viral nucleic acids, and suppression 28 

mediated by negative regulators. Under homeostatic conditions aberrant activation of 29 

melanoma differentiation-associated protein-5 (MDA5) is prevented through editing of 30 

endogenous dsRNA by RNA editing enzyme Adenosine Deaminase Acting on RNA 31 

(ADAR1). In addition, ADAR1 is postulated to play proviral and antiviral roles during 32 

viral infections that are dependent or independent of RNA editing activity. Here, we 33 

investigated the importance of ADAR1 isoforms in modulating influenza A virus (IAV) 34 

replication and revealed the opposing roles for ADAR1 isoforms, with the nuclear p110 35 

isoform restricting versus the cytoplasmic p150 isoform promoting IAV replication. 36 

Importantly, we demonstrate that p150 is critical for preventing sustained RIG-I 37 

signaling, as p150 deficient cells showed increased IFN-β expression and apoptosis 38 

during IAV infection, independent of RNA editing activity.  Taken together, the p150 39 

isoform of ADAR1 is important for preventing sustained RIG-I induced IFN-β expression 40 

and apoptosis during viral infection. 41 

 42 
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 3 

Introduction 48 

 49 

Cell intrinsic responses against RNA viruses are primarily mediated through cytoplasmic 50 

retinoic acid inducible gene I (RIG-I) like receptors (RLRs).  RLRs recognize motifs 51 

present in the viral genome, with RIG-I sensing short dsRNA with 5’ triphosphate and 52 

melanoma differentiation-associated protein 5 (MDA5) detecting long dsRNA (Pichlmair 53 

et al., 2006; Hornung et al., 2006; Schlee et al., 2009; Schmidt et al., 2009; Kato et al., 54 

2008; Pichlmair et al., 2009; Peisley et al., 2012). Upon ligand activation, RIG-I or 55 

MDA5 translocate to the mitochondrial membrane and interact with mitochondrial 56 

antiviral signaling protein (MAVS) (Kawai et al., 2005). Tank binding kinase (TBK1) and 57 

inhibitor of nuclear factor kappa B kinase (IKKb) are then recruited to the RLR-MAVS 58 

complex to phosphorylate and activate the transcription factors interferon regulator 59 

factor 3 (IRF3) and nuclear factor kappa B  (NF-kB), which subsequently translocate to 60 

the nucleus to initiate transcription of interferon-b (IFN-b) and other proinflammatory 61 

cytokines, respectively (Xu et al., 2005; Seth et al., 2005; Hou et al., 2011; Goubau et 62 

al., 2013). Secreted IFN signals in an autocrine or paracrine manner by binding to IFN 63 

receptors and activating the Janus kinase (JAK) and signal transducer and activators of 64 

transcription (STAT) pathway, which results in transcriptional upregulation of >300 65 

interferon stimulated genes (ISGs) (Schneider et al., 2014). Through a variety of 66 

mechanisms, these induced ISGs restrict viral replication in infected cells as well as 67 

create an antiviral state in the surrounding cells. 68 

 69 
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 4 

In addition to RLR mediated transcriptional upregulation of antiviral responses, RLR 70 

activation can induce cell intrinsic apoptosis through RLR-induced IRF3 Mediated 71 

Pathway of Apoptosis (RIPA) (Chattopadhyay et al., 2017; Chattopadhyay et al., 2016; 72 

Chattopadhyay et al., 2010; Chattopadhyay et al., 2011). In this pathway, subsequent to 73 

RIG-I activation, IRF3 is activated by linear polyubiqitinylation by the linear ubiquitin 74 

chain assembly complex (LUBAC) (Chattopadhyay et al., 2016). Polyubiquitinylated 75 

IRF3 in complex with proapoptotic factor Bax translocates to the mitochondrial 76 

membrane and stimulates the release of cytochrome C, thereby initiating the cell death 77 

process to restrict viral replication.  78 

 79 

Although viral nucleic acids are potent stimulators of RLRs, recent studies suggest that 80 

endogenous RNA encoded from the host genome can bind and stimulate RLRs. As 81 

such, RLRs are tightly regulated and are prevented from aberrant activation through 82 

negative regulation under homeostatic conditions. The RNA editing enzyme Adenosine 83 

Deaminase Acting on RNA (ADAR1) has been show to suppress MDA5 sensing of 84 

endogenous dsRNA transcribed from the Alu elements in the genome (Mannion et al., 85 

2014; Pestal et al., 2015; Liddicoat et al., 2015). Under physiological conditions, ADAR1 86 

prevents the sensing of endogenous dsRNA ligands by editing and destabilizing dsRNA 87 

structures (Liddicoat et al., 2016; Vitali et al., 2010). As such, ADAR1 deficiency results 88 

in embryonic lethality in mice, with embryos showing higher expression of ISGs and 89 

increased apoptosis of hematopoietic cells (Pestal et al., 2015; Liddicoat et al., 2015; 90 

Mannion et al., 2014; Hartner et al., 2009). In agreement with aberrant MDA5 signaling, 91 

embryonic lethality of ADAR1 KO mice is rescued by concurrent deletion of MDA5 or 92 
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MAVS, with survival extending to shortly after birth (Mannion et al., 2014; Pestal et al., 93 

2015; Liddicoat et al., 2015). Interestingly, mice expressing an editing mutant of ADAR1 94 

are viable under MDA5 or MAVS deficient conditions, suggesting an editing dependent 95 

role of ADAR1 for survival (Liddicoat et al., 2015).  96 

 97 

ADAR1 is expressed as two isoforms: a constitutively expressed short nuclear isoform 98 

p110 and an inducible long cytoplasmic isoform p150, which is induced by viral infection 99 

as well as by treatment with IFN (George et al., 2005; Patterson and Samuel 1995; 100 

Patterson, Thomis, et al., 1995; Shtrichman et al., 2002). Considering the RNA editing 101 

functions of ADAR1 and its role in innate immunity, there is great interest in 102 

understanding the potential proviral and antiviral roles of ADAR1 during viral infection. 103 

As several RNA viral genomes show signatures of ADAR1 editing (AàG mutations), it 104 

is postulated that regulated ADAR1 editing of viral RNA may benefit viral replication, 105 

whereas hyper editing of the viral RNA genome can reduce fitness (Cattaneo et al., 106 

1988; Murphy et al., 1991; Martinez et al., 1997; Tenoever et al., 2007; Zahn et al., 107 

2007; Suspene et al., 2008; Chambers et al., 2009; Taylor et al., 2005). For hepatitis 108 

delta virus, p110 editing of viral RNA is critical for production of the large antigen, 109 

signaling the switch from replication to genome packaging (Jayan et al., 2002; Wong et 110 

al., 2002). ADAR1 has been shown to be proviral for HIV, as knockdown of ADAR1 111 

decreased LTR transcription (Phuphuakrat et al., 2008; Clerzius et al., 2009; Doria et 112 

al., 2009). For measles virus, ADAR1 editing of the genome is suggested to decrease 113 

immune stimulatory RNA (Cattaneo et al., 1988; Cattaneo et al., 1986; Pfaller et al., 114 

2018). Additionally, knockdown or knock out of ADAR1 increased activation of PKR 115 
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upon mutant measles virus infection, indicating a proviral role (Pfaller et al., 2018; Toth 116 

et al., 2009; Li et al., 2012; Okonski et al., 2013). In contrast, ADAR1 is suggested to be 117 

antiviral for HCV, as knockdown of ADAR1 increased viral RNA levels (Taylor et al., 118 

2005). In the context of influenza A virus (IAV), ADAR1 has been proposed to play both 119 

proviral and antiviral roles; knockdown of ADAR1 in human lung epithelial cells (A549s) 120 

reduced viral replication, suggesting a proviral role for ADAR1 in influenza virus 121 

replication (de Chassey et al., 2013). In contrast, IAV showed increased cytopathic 122 

effect in p150 KO mouse embryonic fibroblasts, suggesting an antiviral role for p150 123 

during influenza virus replication (Ward et al., 2011). Interestingly, ADAR1 has been 124 

shown to interact with the IAV non-structural protein 1 (NS1) through yeast two-hybrid 125 

screens (de Chassey et al., 2013; Ngamurulert et al., 2009). While the exact function of 126 

ADAR1 in IAV replication has yet to be fully elucidated, these studies highlight the 127 

potential for ADAR1 as a host factor involved in IAV replication.  128 

 129 

Here, we investigated the role of ADAR1 in IAV infection by generating ADAR1 and 130 

isoform specific KOs in A549s using the CRISPR/Cas9 technology. We demonstrate 131 

that the loss of ADAR1 or p150 isoform increased expression of ISGs under 132 

homeostatic conditions, due to MDA5-mediated sensing of endogenous ligands. 133 

Although concurrent deletion of p150 and MDA5 reduced basal IFN-b  expression, IAV 134 

replication was significantly reduced in p150/MDA5 double KOs (DKOs) due to 135 

sustained IFN-b expression and increased cell intrinsic apoptosis. Both elevated IFN 136 

receptor signaling via the Jak-STAT pathway and increased apoptosis contributed to 137 

restriction of IAV replication in various cells deficient in p150. The restoration of IAV 138 
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replication in p150/MDA5/RIG-I and p150/MDA5/MAVS triple KOs (TKOs) demonstrate 139 

that p150 prevents sustained RIG-I activation induced IFN-b expression and apoptosis. 140 

Importantly, we demonstrate that the RNA binding activity, not the editing activity, of 141 

p150 is critical for the suppression of RIG-I signaling during IAV infection. Together, 142 

these results demonstrate that p150-mediated suppression of RIG-I signaling creates a 143 

more hospitable environment for efficient IAV replication.  144 

 145 

 146 

Results 147 

 148 

ADAR1 is a proviral factor for IAV replication  149 

To assess the role of ADAR1 in IAV replication, we generated CRISPR/Cas9 knockouts 150 

of ADAR1 in A549s (ADAR1 KOs) using a single guide RNA (gRNA) targeting the open 151 

reading frame shared by both isoforms (Figure 1A). Individual ADAR1 KO clones were 152 

identified by Sanger sequencing of the region flanking the sgRNA target site. To confirm 153 

the loss of ADAR1 protein expression, we performed western blot analysis for the p110 154 

and p150 isoforms in ADAR1 KOs, vector control A549s (CTRL), and parental wild-type 155 

A549s (WT A549) under mock and universal interferon (IFN-I) treatment conditions, 156 

which induces p150 expression (Figure 1B). ADAR1 KOs showed loss of expression for 157 

both p110 and p150 under mock and IFN-I treated conditions, confirming successful 158 

knockout of both isoforms. Next, to assess the importance of ADAR1 in IAV replication, 159 

ADAR1 KOs and CTRL A549s were infected at a low MOI with different strains of IAV 160 

(A/Puerto Rico/8/1934 H1N1, A/Vietnam/1203/04 H5N1-low pathogenic, and 161 
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 8 

A/HongKong/1/1968 H3N2) and observed decreased IAV replication in ADAR1 KOs as 162 

compared to CTRL A549s (Figure 1C – Figure Supplement 1A). Interestingly, the 163 

replication of vesicular stomatitis virus (VSV), also an RNA virus, was similar in both 164 

ADAR1 KOs and CTRL A549s (Figure 1C). These results suggest that ADAR1 is 165 

important for optimal IAV replication.  166 

 167 
Figure 1. ADAR1 is an important host factor for IAV replication. 168 
 (A) Schematic representation of the p110 and p150 isoforms of ADAR1, including the 169 
functional domains in each isoform. The red arrow upstream of the third dsRNA binding 170 
domain indicates the region targeted by the sgRNA in ADAR1. (B) Western blot analysis 171 
of ADAR1 expression in ADAR1 KO and control cells. ADAR1 KO, CTRL, and WT 172 
A549s were mock treated or treated with IFN for 24 hours and expression of ADAR1 173 
was examined by western blot. Expression of Ku is shown as a loading control. (C) IAV 174 
replication in ADAR1 KOs. ADAR1 KOs and CTRL A549s were infected with H5N1 175 
(MOI = 0.001) or VSV (MOI = 0.001) and viral titers were measured at 48 hours. Data 176 
are represented as mean titer of triplicate samples ± SD. * denotes p-value £ 0.5. ** 177 
denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data 178 
are representative of at least three independent experiments. See also Figure 179 
Supplement 1. 180 
 181 
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 182 
Figure Supplement 1. IAV strains replicate poorly in ADAR1 KOs 183 
(A) ADAR1 KOs and CTRL A549s were infected with H1N1 (MOI = 0.01) and H3N2 184 
(MOI = 0.01). Viral titers were measured at 48 hours. Data are represented as mean 185 
titer of triplicate samples ± SD. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** 186 
denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least 187 
three independent experiments. 188 
  189 

The p150 isoform of ADAR1 is important for optimal IAV replication 190 

 191 

Next, to identify the isoform of ADAR1 promoting IAV replication, we generated isoform 192 

specific KO A549s by deleting either the p110 or p150 promoter (p110 KOs or p150 193 

KOs, respectively) using sgRNA (Figure 2A). Individual KO clones were identified by 194 

PCR screening for deletion and the loss of specific ADAR1 isoforms was analyzed by 195 

western blot analysis following IFN-I treatment (Figure 2B). Under mock conditions, 196 

p110 expression was abolished in p110 KOs but not in p150 KOs or CTRL A549s. 197 

Following treatment with IFN-I, p150 KOs did not show induction of p150 expression, 198 

confirming successful deletion of the p150 promoter. In the p110 KOs, treatment with 199 

IFN-I led to induction of both p110 and p150 expression, albeit at lower levels as 200 

compared to p150 KOs and CTRL A549s. This is in accordance with a prior study 201 

suggesting that p110 can be expressed from a cryptic promoter present before exon 1C 202 

(Figure 2A) (Chung et al., 2018; Nachmani et al., 2014). 203 
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 204 

Next, we assessed IAV replication in the isoform specific KOs, ADAR1 KOs, and CTRL 205 

A549s (Figure 2C – Figure Supplement 2A). The replication of all three IAV strains was 206 

decreased in p150 KOs to levels similar to ADAR1 KOs, demonstrating that the p150 207 

isoform is critical for optimal IAV replication. In a multi-cycle growth kinetics assay, we 208 

also observed reduced viral titers in the p150 KOs as compared to CTRL A549s at all 209 

tested time points (Figure Supplement 2B). In contrast, IAV replication was increased in 210 

p110 KOs as compared to CTRL A549s, indicating a potential antiviral role for p110 211 

during IAV infection (Figure 2C – Figure Supplement 2A). However, VSV replication 212 

was mostly unaffected by the loss of either the p110 or p150 isoform.  213 

 214 

Next, to confirm that the reduction in IAV replication observed in p150 KOs was due to 215 

loss of p150 expression, as well as to rule out any off-target effects, we complemented 216 

the p150 KO with V5-tagged wildtype p150 (p150 KO/p150)  and confirmed the 217 

expression of exogenous p150 by western blot analysis of clonal cells (Figure 2D). As 218 

anticipated, IAV replication was increased in p150 KO/p150 clones as compared to 219 

empty vector p150 KOs for three different IAV strains, indicating that the decreased IAV 220 

replication observed in p150 KOs was due to loss of p150 expression (Figure 2E – 221 

Figure Supplement 2C). Together, these results demonstrate that the two isoforms of 222 

ADAR1 have opposing roles during IAV replication, with the p150 isoform of ADAR1 223 

being important for efficient IAV replication, and the p110 isoform playing a potential 224 

antiviral role in IAV replication.  225 
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226 
Figure 2. The p150 isoform of ADAR1 is critical for IAV replication   227 
(A) Schematic representation of the promoters for the p110 and p150 isoforms of 228 
ADAR1. The promoter for p110 is upstream of exon 1B and the start methionine for 229 
p110 is within exon 2. The promoter for p150 is upstream of exon 1A and the start 230 
methionine for p150 is within exon 1A. The green arrows depict the sgRNA target sites 231 
for p110 KO and the blue arrows depict the sgRNA target sites for p150 KO. (B) 232 
Western blot analysis of ADAR1 expression in isoform specific KO A549s. ADAR1 KO, 233 
p110 KOs, p150 KOs, and CTRL A549s were mock treated or treated with IFN for 24 234 
hours and ADAR1 expression was examined by western blot. Expression of Ku is 235 
shown as a loading control. (C) IAV replication in isoform specific KO A549s. ADAR1 236 
KOs, p110 KOs, p150 KOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) or 237 
VSV (MOI = 0.001) and viral titers were measured at 48 hours. (D) Western blot 238 
analysis of V5 tagged p150 in complemented p150 KO A549s. Two clones of p150 239 
complements p150 KO (p150KO/p150 #1, #2), p150 KO/Vector and CTRL A549s were 240 
analyzed for expression of ADAR1 and V5 by western blot. Expression of Ku is shown 241 
as a loading control. (E) IAV replication in p150 KO/p150#1. p150 KO/p150#2 , p150 242 
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KO/Vector, and CTRL A549s were infected with H5N1 (MOI = 0.001) and VSV (MOI = 243 
0.001) and viral titers were measured at 48 hours. Data are represented as mean titer of 244 
triplicate samples ± SD. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** denotes 245 
p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least three 246 
independent experiments. See also Figure Supplement 2. 247 
 248 

 249 
Figure Supplement 2. p150 isoform of ADAR1 is critical for IAV replication. 250 
(A) Assessment of viral replication in various KO cells lacking ADAR1 isoforms. ADAR1 251 
KOs, isoform specific KOs, and CTRL A549s were infected with H1N1 (MOI = 0.01) and 252 
H3N2 (MOI = 0.01) and viral titers were measured at 48 hpi. (B) p150 KOs and CTRL 253 
A549s were infected with H1N1 (MOI = 0.01) and H5N1 (MOI = 0.001) and viral titers 254 
were measured at the indicated times post infection. (C) Two clones of p150 KOs 255 
complemented with wildtype p150, empty vector p150 KOs, and CTRL A549s were 256 
infected with H1N1 (MOI = 0.01) and H3N2 (MOI = 0.01) and viral titers were measured 257 
at 48 hpi. Data are represented as mean titer of triplicate samples ± SD. * denotes p-258 
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value £ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value 259 
³ 0.05. Data are representative of at least three independent experiments. 260 
 261 

p150 promotes IAV replication independent of MDA5 suppression  262 

  263 

Prior studies indicate that loss of ADAR1 results in increased upregulation of IFN-b and 264 

ISGs due to MDA5 mediated sensing of endogenous dsRNA (Liddicoat et al., 2015; 265 

Pestal et al., 2015). To test this, we first assessed basal IFN-b expression in ADAR1 266 

and isoform specific KOs by qRT-PCR (Figure 3A). As compared to CTRL A549s, 267 

ADAR1 KOs and p150 KOs exhibited elevated levels of basal IFN-b expression, 268 

confirming the role of p150 in suppressing MDA5 activation by endogenous ligands 269 

(Pestal et al., 2015; Liddicoat et al., 2015; Mannion et al., 2014). To determine whether 270 

the elevated basal IFN-b expression observed in p150 KOs contributed to reduced IAV 271 

replication, we generated p150 and MDA5 double knockout A549s as well as MDA5 272 

single KO A549s (p150/MDA5 DKOs or MDA5 KOs). We confirmed successful 273 

knockout of MDA5 expression by western blot analysis (Figure 3B). As expected, 274 

p150/MDA5 DKOs exhibited reduced basal IFN-b expression as compared to p150 KOs 275 

(Figure 3C), further confirming that p150 suppresses sensing of endogenous ligands by 276 

MDA5. Next, to determine if the reduced basal IFN-b levels rendered p150/MDA5 DKOs 277 

more permissive to IAV replication, we assessed IAV replication in various MDA5 KOs. 278 

Interestingly, IAV replication was reduced in p150/MDA5 DKOs to levels similar to p150 279 

KOs (Figure 3D – Figure Supplement 3A). We observed a similar reduction in IAV 280 

replication in p150/MDA5 DKOs in multicycle replication assays for both H1N1 and 281 

H5N1 strains (Figure Supplement 3B). Complementation of p150/MDA5 DKOs with V5-282 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2020. ; https://doi.org/10.1101/2020.05.23.111419doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.23.111419
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

p150 restored IAV replication to levels similar to CTRL A549s, demonstrating that the 283 

reduction in viral titer in p150/MDA5 DKOs was due to loss of p150 expression (Figure 284 

3E). Taken together, these results demonstrate that p150 promotes IAV replication 285 

independent of MDA5 suppression. 286 

 287 
Figure 3. p150 supports IAV replication independent of MDA5 suppression. 288 
(A) qRT-PCR analysis of basal IFN-b expression in ADAR1 KOs, isoform specific KOs, 289 
and CTRL A549s. Data are represented as fold expression relative to vector control 290 
A549s. (B) Western blot analysis of MDA5 and ADAR1 isoforms in various KOs.  291 
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p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were mock treated or 292 
treated with IFN for 24 hours. ADAR1 and MDA5 expression were examined by western 293 
blot. (C) qRT-PCR analysis of basal IFN-b expression in p150/MDA5 DKOs. Data are 294 
represented as fold expression relative to CTRL A549s. (D) IAV replication in 295 
p150/MDA5 DKOs. p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were 296 
infected with H5N1 (MOI = 0.001) and VSV (MOI = 0.001) and viral titers were 297 
measured at 48 hours. Data are represented as mean titer of triplicate samples ± SD. 298 
(E) IAV replication in p150/MDA5 DKOs expressing wild-type V5-tagged p150. Two 299 
clones of p150/MDA5 DKOs complemented with wildtype p150 were infected with H1N1 300 
(MOI = 0.01) and H7N7 (MOI = 0.01). p150/MDA5 DKOs that have been transduced 301 
with empty vector and CTRL A549s were also infected. Viral titers were measured at 72 302 
hours. Data are represented as mean titer of triplicate samples ± SD. * denotes p-value 303 
£ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 304 
0.05. Data are representative of at least three independent experiments. See also 305 
Figure Supplement 3. 306 
 307 

 308 
Figure Supplement 3. p150 enhances IAV replication independent of its ability to 309 
suppress MDA5 310 
(A) Assessment of viral replication in various KOs. p150/MDA5 DKOs, p150 KOs, 311 
MDA5 KOs, and CTRL A549s were infected with H1N1 (MOI = 0.01) and H3N2 (MOI = 312 
0.01). Viral titers were measured at 48 hours. (B) Viral replication kinetics in various 313 
KOs. p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were infected with 314 
H1N1 (MOI = 0.01) and H3N2 (MOI = 0.01). Viral titers were measured at the indicated 315 
time points post infection. Data are represented as mean titer of triplicate samples ± SD. 316 
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* denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS 317 
denotes p-value ³ 0.05. Data are representative of at least three independent 318 
experiments.  319 
 320 

p150 suppresses exogenous RLR ligand induced IFN-b expression and apoptosis 321 

 322 

Prior studies indicate that RLR-mediated sensing of viral PAMPS activates both IRF3 323 

mediated transcriptional upregulation of antiviral genes as well as apoptosis through the 324 

RIPA pathway as means to control viral replication (Figure 4A) (Chattopadhyay et al., 325 

2010; Chattopadhyay et al., 2011; Chattopadhyay et al., 2016; Chattopadhyay et al., 326 

2017). As we observed decreased IAV replication in p150/MDA5 DKOs, we next 327 

investigated the role of p150 in RIG-I mediated induction of IFN-b expression and 328 

apoptosis. We first examined IFN-b expression in p150/MDA5 DKOs following 329 

transfection of low molecular weight (LMW) pI:C and high molecular weight (HMW) pI:C, 330 

which predominantly stimulate RLRs RIG-I and MDA5, respectively (Figure 4B). 331 

Transfection of LMW pI:C showed elevated IFN-b expression in p150/MDA5 DKO as 332 

compared to CTRL cells; however, transfection of HMW pI:C did not result in higher 333 

IFN-b expression in p150/MDA5 DKOs due to the lack of MDA5. These results suggest 334 

that, in addition to suppressing MDA5 sensing of endogenous ligands, p150 also 335 

suppresses RIG-I mediated induction of IFN-b expression from exogenous stimuli. Next, 336 

we examined the kinetics of IFN-b expression during SeV infection, a potent activator of 337 

RLRs, in various A549 KO cells (Figure 4C). At 8 hpi, IFN-b expression levels were 338 

similar in all cell types analyzed; however, starting at 16 hpi, IFN-b expression remained 339 

elevated in p150/MDA5 DKOs and p150 KOs; in contrast, MDA5 KOs and CTRL A549s 340 
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showed down regulation of IFN-b expression. To rule out altered viral replication 341 

contributing to the observed differences in IFN-b expression, we performed IAV vRNA 342 

transfections and observed sustained IFN-b expression in p150/MDA5 DKOs as 343 

compared to CTRL A549s (Figure 4D). For further validation, we generated human 344 

embryonic kidney cells lacking p150 (p150 KO 293) and examined IFN-β expression 345 

following Sendai virus (SeV) (Figure 4E – Figure Supplement 4A). IFN-b expression in 346 

the p150 KO 293s was elevated at each time point, further confirming the importance of 347 

p150 in suppressing sustained RIG-I mediated induction of IFN-β expression. Taken 348 

together, these results reveal a novel role for p150 in suppressing sustained RIG-I 349 

activation during viral infection.  350 

 351 

To assess the contribution of apoptosis via the RIPA pathway in p150 deficient cells, we 352 

examined the levels of PARP cleavage, a byproduct of apoptosis, by western blot in 353 

p150 KOs and CTRL A549s cells following stimulation with various RLR agonists 354 

(Figure Supplement 4B-D). p150 KOs exhibited increased PARP cleavage in response 355 

to IAV vRNA transfection, H1N1 infection and pI:C transfection; in contrast, little or no 356 

PARP cleavage was observed in CTRL A549s (Figure Supplement 4B-D). Similarly, 357 

p150 KO 293s exhibited increased PARP cleavage following IAV vRNA transfection 358 

(Figure Supplement 4E). These data indicate that loss of p150 results increased 359 

apoptosis upon stimulation with RLR agonists. 360 

 361 

Next, we examined PARP cleavage in p150/MDA5 DKOs following IAV vRNA 362 

transfection or H1N1 infection (Figure 4F-G). p150/MDA5 DKOs also showed increased 363 
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PARP cleavage as compared to CTRL A549s in response to both vRNA transfection 364 

and H1N1 infection. We also examined apoptosis by staining with Annexin V, which 365 

binds phosphatidylserine, an early marker for apoptosis (Figure 4H). Flow cytometric 366 

analysis of ADAR1 KOs transfected with IAV vRNA showed increased binding of 367 

Annexin V as compared to CTRL A549s. Taken together, these results demonstrate 368 

that p150 is critical for suppressing RLR induced apoptosis.  369 
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 370 

Figure 4. p150/MDA5 DKO A549s show elevated IFN-b expression and increased 371 
apoptosis upon RLR stimulation 372 
(A) Schematic representation of the RLR-Induced IRF3-mediated Pathway of Apoptosis 373 
(RIPA) and IRF3 mediated transcriptional upregulation of antiviral genes. (B) qRT-PCR 374 
analysis of IFN-b expression in p150/MDA5 DKOs after poly I:C stimulation. 375 
p150/MDA5 DKOs and CTRL A549s were transfected with LWM and HMW pI:C for 24 376 
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hours and IFN-b expression was analyzed by qRT-PCR analysis. Data are represented 377 
as fold expression relative to mock transfected CTRL A549s. (C) qRT-PCR analysis of 378 
IFN-b expression in p150/MDA5 DKOs following Sendai virus (SeV). p150/MDA5 379 
DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were infected with SeV and mRNA 380 
levels were measured at the indicated hours post infection. Data are represented as fold 381 
expression relative to mock vector control. (D) qRT-PCR analysis of IFN-b expression in 382 
p150/MDA5 DKOs following H1N1 vRNA transfection. p150/MDA5 DKOs and CTRL 383 
A549s were transfected with H1N1 vRNA and mRNA levels were measured at the 384 
indicated hours post transfection (hpt). (E) qRT-PCR analysis of IFN-b expression in 385 
p150 KO and vector control 293s. p150 KO and vector control 293s were infected with 386 
SeV and mRNA levels were measured at the indicated hours post infection (hpi). Data 387 
are represented as fold expression relative to mock vector control 293s. (F-G) Western 388 
blot analysis of PARP cleavage in p150/MDA5 DKOs. (F) p150/MDA5 DKOs and CTRL 389 
A549s were transfected with H1N1 vRNA and cell lysates were collected at the 390 
indicated time points post transfection. (G) p150/MDA5 DKOs and CTRL A549s were 391 
infected with H1N1 (MOI = 1) and cell lysates were collected at the indicated time points 392 
post infection. (H) Flow cytometric analysis of Annexin V+ cells following H1N1 vRNA 393 
transfection. ADAR1 KOs and CTRL A549s were transfected with H1N1 vRNA and 394 
stained with Annexin V-PE 40 hours post transfection. The levels of Annexin V were 395 
analyzed by flow cytometry. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** 396 
denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least 397 
three independent experiments. See also Figure Supplement 4.398 
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 399 
Figure Supplement 4. p150 KOs show increased PARP cleavage following 400 
stimulation of RLRs 401 
(A) Western blot analysis of ADAR1 expression in p150 KOs and CTRL 293s. p150 402 
KOs, and CTRL 293s were mock treated or treated with IFN for 24 hours and 403 
expression of ADAR1 was examined by western blot. Expression of Ku is shown as a 404 
loading control. (B-D) Western blot analysis of PARP cleavage upon RLR stimulation. 405 
(B) PARP cleavage in p150 KOs following IAV vRNA transfection. p150 KOs and CTRL 406 
A549s were transfected with H1N1 vRNA. Lysates were collected at 24 hours post 407 
transfection. (C) PARP cleavage p150 KOs following H1N1 infection. p150 KOs and 408 
CTRL A549s were infected with H1N1 (MOI =1). Lysates were collected at 40 hours 409 
post infection. (D) PARP cleavage in p150 KO following poly I:C transfection. p150 KOs 410 
and CTRL A549s were transfected with LMW or HMW pI:C. Lysates were collected at 411 
24 hours post transfection. (E) PARP cleavage in p150 KO 293s following IAV vRNA 412 
transfection. p150 KOs and CTRL 293s were transfected with H1N1 vRNA. Lysates 413 
were collected at 24 hours post transfection. 414 
 415 
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p150 suppresses induction of IFN-b and apoptosis via the RIG-I-MAVS-IRF3 pathway 418 

 419 

To investigate if the RIG-I signaling cascade through IRF3 results in increased 420 

apoptosis in p150/MDA5 DKOs, we performed siRNA knockdown of RIG-I or IRF3 and 421 

assessed PARP cleavage after IAV vRNA transfection (Figure 5A). Knockdown of RIG-I 422 

or IRF3 in p150/MDA5 DKOs led to reduced PARP cleavage as compared to control 423 

siRNA transfected p150/MDA5 DKOs, demonstrating that the RIG-I signaling cascade 424 

through IRF3 leads to increased apoptosis in p150 deficient cells. To further validate our 425 

findings, we generated p150/MDA5/RIG-I and p150/MDA5/MAVS triple knockout (TKO) 426 

A549s and assessed IFN-β expression and apoptosis. Following SeV infection, both the 427 

p150/MDA5/RIG-I and p150/MDA5/MAVS TKOs showed reduced IFN-β expression as 428 

compared to p150/MDA5 DKOs (Figure 5B). Similarly, both TKOs showed reduced 429 

PARP cleavage during IAV infection as compared to p150/MDA5 DKOs (Figure 5C). 430 

These data demonstrate that p150 is critical for suppressing RIG-I induced IFN-β 431 

expression and apoptosis. As expected, IAV replication in both p150/MDA5/RIG-I and 432 

p150/MDA5/MAVS TKOs increased to levels similar CTRL A549s, while replication 433 

remained lower in p150/MDA5 DKOs (Figure 5D). Taken together, these results 434 

demonstrate that the p150 isoform of ADAR1 promotes IAV replication through 435 

suppression of the RIG-I signaling cascade via MAVS-IRF3. 436 
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 437 
Fig 5. p150 suppresses RIG-I-signaling mediated induction of IFN-b and apoptosis 438 
(A) Western blot analysis of PARP cleavage in p150/MDA5 DKOs following knockdown 439 
of RIG-I or IRF3 expression. RIG-I and IRF3 were knocked down in p150/MDA5 DKOs 440 
via siRNA transfection. Control siRNA were also transfected into p150/MDA5 DKOs and 441 
CTRL A549s. After 24h post siRNA transfection, cells were transfected with H1N1 442 
vRNA for additional 24 hours. The cell lysates were analyzed for expression of RIG-I, 443 
IRF3, cleaved PARP, and Ku by western blot. (B) qRT-PCR analysis of IFN-b 444 
expression in p150/MDA5/RIG-I and p150/MDA5/MAVS TKOs after SeV infection. 445 
p150/MDA5/RIG-I TKOs, p150/MDA5/MAVS TKOs, p150/MDA5 DKOs, and CTRL 446 
A549s were infected with SeV and IFN-b mRNA levels were measured after 24 hours. 447 
Data are represented as fold expression relative to mock vector control A549s. (C) 448 
Western blot analysis of PARP cleavage TKOs following H1N1 infection. 449 
p150/MDA5/RIG-I TKOs, p150/MDA5/MAVS TKOs, p150/MDA5 DKOs, and CTRL 450 
A549s were infected with H1N1 (MO1 = 1) and lysates were collected after 40 hours. 451 
The levels of cleaved PARP and Ku were determined by western blot. (D) IAV 452 
replication in TKOs. p150/MDA5/RIG-I TKOs, p150/MDA5/MAVS TKOs, p150/MDA5 453 
DKOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) and viral titers were 454 
measured at the indicated time points post infection. Data are represented as mean titer 455 
of triplicate samples ± SD. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** 456 
denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least 457 
three independent experiments. 458 
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 24 

Inhibition of apoptosis and Jak-STAT signaling restores IAV replication in p150 deficient 459 

cells 460 

 461 

To determine the relative contribution of elevated IFN-β expression versus increased 462 

apoptosis to IAV restriction in p150 deficient cells, we generated p150/Bax DKO A549s 463 

using the CRISPR/Cas9 technology. Bax is a pro-apoptotic protein in the Bcl-2 protein 464 

family and has also been implicated in the RIPA pathway (Figure 4A) (Chattopadhyay et 465 

al., 2016; Chattopadhyay et al., 2017). We first assessed apoptosis in p150/Bax DKOs 466 

by PARP cleavage following IAV vRNA transfection and observed reduced PARP 467 

cleavage as compared to p150 KOs (Figure 6A). As anticipated, while PARP cleavage 468 

was reduced, IFN-β expression remained elevated in p150/Bax DKOs as compared to 469 

CTRL A549s (Figure 6B). IAV replication was increased in the p150/Bax DKOs as 470 

compared to p150 KOs yet remained lower than CTRL A549s (Figure 6C). These 471 

results indicate that inhibition of apoptosis via Bax deletion partially restores IAV 472 

replication in p150 deficient cells. Next, to assess the contribution of elevated IFN-β 473 

signaling through the IFN receptor to reduced IAV replication in p150 deficient cells, we 474 

treated various A549 KO cells with Ruxolitinib, an inhibitor of Janus kinases 1 and 2 475 

(JAK 1/2), to block IFN receptor signaling. Treatment of p150 KOs with Ruxolitinib 476 

showed a modest increase in IAV viral titers, while Ruxolitinib treatment had no 477 

significant impact on viral replication in CTRL A549s (Figure 6D). In contrast, treatment 478 

of p150/Bax DKOs with Ruxolitinib led to a greater increase in viral titers as compared 479 

to DMSO treated p150/Bax DKOs (Figure 6D). Taken together, these results 480 
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demonstrate that both increased apoptosis and elevated IFN receptor signaling 481 

contribute to the inhibition of IAV replication in the absence of p150.  482 

 483 
Fig 6. Increased type I IFN signaling and apoptosis reduce IAV replication in cells 484 
lacking p150. 485 
(A) Western blot analysis of PARP Cleavage in p150/Bax DKOs following vRNA 486 
transfection. Two clones of p150/Bax DKOs, p150 KOs, and CTRL A549s were 487 
transfected with IAV vRNA for 24 hours. PARP cleavage and Ku expression were 488 
analyzed by western blot. (B) qRT-PCR analysis of IFN-b expression in p150/Bax DKOs 489 
following IAV vRNA transfection. Two clones of p150/Bax DKOs, p150 KOs, and CTRL 490 
A549s were transfected with H1N1 vRNA and IFN-b mRNA levels were determined 24 491 
hours post transfection. Data are represented as fold expression relative to mock vector 492 
control. (C) IAV replication in p150/BAX DKOs. Two clones of p150/Bax DKOs, p150 493 
KOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) and viral titers were 494 
measured at the indicated time points post infection. Data are represented as mean titer 495 
of triplicate samples ± SD. (D) IAV replication in p150/Bax DKOs following inhibition of 496 
Janus kinases. p150/Bax DKOs, p150 KOs, and CTRL A549s were treated with 0.2 µM 497 
Ruxolitinib for 24 hours prior to infection. The following day cells were infected with 498 
H5N1(MOI = 0.001) in the presence of Ruxolitinib and viral titers were measured at 48 499 
hours. Data are represented as mean titer of triplicate samples ± SD. * denotes p-value 500 
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£ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 501 
0.05. Data are representative of at least three independent experiments.  502 
 503 

RNA binding activity of p150 is required for suppression of the RIG-I pathway 504 

 505 

To identify the functional domains in p150 important for suppression of RIG-I signaling, 506 

we generated V5-tagged p150 mutant constructs including (1) Z alpha mutant (p150 Za) 507 

with K169A/Y177A mutations in Z DNA/RNA binding domain, (2)  RNA binding mutant 508 

(p150 RBM) with KKxxKàEAxxA mutations in all three RNA binding domains, and (3) a 509 

catalytic mutant that lacks the deaminase domain (p150 Cat) (Figure 7A) (Valente et al., 510 

2007) (Ng et al., 2013). We first assessed the ability of these mutants to suppress RIG-I 511 

signaling in IFN-β reporter assay in p150 KO 293s. Different p150 mutant constructs 512 

were co-transfected with the IFN-β-firefly reporter and the RIG-I pathway was stimulated 513 

with SeV. As compared to GFP control, wildtype (WT) p150, p150 Za, and p150 Cat 514 

transfected cells showed decreased IFN-β reporter activity (Figure 7B); in contrast, 515 

p150 RBM transfected cells showed increased IFN-β reporter activity. Next, we 516 

complemented the p150/MDA5 DKO A549s with different p150 mutant constructs 517 

(DKO/WT, DKO/ Za, DKO/RBM, and DKO/Cat) and generated clonal populations 518 

(Figure 7C). Following IAV vRNA transfection in complemented DKOs, IFN-β 519 

expression was elevated in DKO/RBMs at levels similar to p150/MDA5 DKOs, 520 

demonstrating that the RNA binding activity of p150 is required for suppression of IFN-β 521 

expression (Figure 7D). Similarly, DKO/RBMs showed increased PARP cleavage 522 

following IAV vRNA transfection, suggesting that the RNA binding activity of p150 is 523 

also required for suppression of apoptosis (Figure 7E). Finally, we assessed IAV 524 
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replication in complemented DKOs and observed increased viral titers in DKO/WTs and 525 

DKO/Cats yet not in DKO/RBMs (Figure 7F). Interestingly, DKO/Zas showed decreased 526 

replication despite showing decreased IFN-β expression and apoptosis upon vRNA 527 

transfection. Taken together, these results demonstrate that the RNA binding activity 528 

and not the catalytic activity of p150 is required for the suppression of RIG-I mediated 529 

induction of IFN-β expression and apoptosis.  530 
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 531 
Fig 7. RNA binding activity of p150 is required for suppression of RIG-I signaling  532 
(A) A schematic representation of different p150 mutants. (B) Analysis of IFN-b-Firefly 533 
reporter activity. A firefly luciferase reporter under the control of the IFN-b promoter was 534 
transfected along with wild-type and mutant p150 constructs into 293s. At 24h post-535 
transfection, cells were infected with SeV and luciferase activity was measured 48 hours 536 
post-transfection. Data are represented as percent luciferase activity relative to 537 
GFP+SeV. (C) Western blot analysis of V5-tagged p150 expression in complemented 538 
cells. Lysates from p150/MDA5 DKOs stably expressing wild-type and mutant p150 539 
constructs were analyzed by western blot using an anti-V5 antibody. (D) qRT-PCR 540 
analysis of IFN-b in V5-p150 complemented p150/MDA5 DKOs. p150/MDA5 DKOs 541 
complemented with different V5-p150 mutants were transfected with H1N1 vRNA and 542 
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IFN-b mRNA levels were measured 24 hours post transfection. Data are represented as 543 
fold expression relative to mock CTRL A549s. (E) Western blot analysis of PARP 544 
cleavage in complemented p150/MDA5 DKOs. p150/MDA5 DKOs complemented with 545 
p150 mutants were infected with H1N1 (MOI = 1) and cell lysates were collected at 40 546 
hours post infection for western blot analysis of cleaved PARP. (F) IAV replication in 547 
complemented p150/MDA5 DKOs. Complemented p150/MDA5 DKOs were infected 548 
with H5N1 (MOI = 0.001) and viral titers were measured at 48 hours. Data are 549 
represented as mean titer of triplicate samples ± SD. * denotes p-value £ 0.5. ** 550 
denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data 551 
are representative of at least three independent experiments.  552 
 553 

Discussion 554 

Here, we investigated the role of ADAR1 in IAV replication and revealed opposing 555 

functions for the two isoforms, with the cytoplasmic p150 isoform acting as a negative 556 

regulator of RIG-I signaling and the nuclear p110 isoform acting as an IAV restriction 557 

factor. We show that p150 promotes IAV replication independent of its role in the 558 

suppression of MDA5 mediated sensing of endogenous dsRNA. Through concurrent 559 

deletion of p150 and RLR pathway components, we demonstrate that p150 suppresses 560 

sustained activation of the RIG-I signaling cascade, resulting in decreased levels of IFN-561 

β expression and apoptosis. In p150 deficient cells, IAV replication was restored by 562 

inhibiting both apoptosis and IFN receptor signaling. p150 mediated suppression of RLR 563 

signaling was dependent on RNA binding functions but independent of RNA editing 564 

activity. Taken together, our studies illustrate a broad role for p150 in preventing the 565 

hyperactivation of innate immune responses, with p150 suppressing both the MDA5 566 

pathway under basal conditions and the RIG-I pathway during viral infection. 567 

 568 

ADAR1, a member of the ADAR family, has been implicated in several cellular functions 569 

including editing of dsRNA from repetitive elements, miRNA biogenesis/processing and 570 
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regulation of cell intrinsic immunity (Athanasiadis et al., 2004; Kim et al., 2004; Blow et 571 

al., 2004; Levanon et al., 2004; Ramaswami et al., 2012; Bazak et al., 2014; Yang et al., 572 

2006; Kawahara et al., 2008; Zipeto et al., 2016; Lamers et al., 2019). Moreover, 573 

ADAR1 has been shown to have both proviral and antiviral roles during viral infection 574 

(Samuel 2011). One well characterized proviral function of ADAR1 is in the hepatitis 575 

delta virus life cycle, where ADAR1 editing of viral RNA is critical for production of the 576 

large delta antigen (Jayan et al., 2002; Wong et al., 2002). Similarly, ADAR1 editing is 577 

critical for polyomavirus replication as it facilitates the switch from early to late gene 578 

expression (Gu et al., 2009; Kumar et al., 1997). As these viruses replicate in the 579 

nucleus, ADAR1 mediated editing of viral RNA has been mostly attributed to the p110 580 

isoform. Our studies with IAV show that p110 isoform of ADAR1 is antiviral, as 581 

evidenced by increased viral titers in p110 KOs. It should be noted that the p110 KOs 582 

showed low levels of p110 induction upon treatment with IFN likely due to a cryptic 583 

promoter, as previously reported (Figure 2B) (Chung et al., 2018; Nachmani et al., 584 

2014). Despite low levels of p110, replication of different IAV strains was 5-10 fold 585 

higher in p110 KOs to CTRL A549s (Figure 2C – Figure Supplement 2A). In agreement, 586 

prior studies suggest that p110 is relocalized from the nucleoplasm to the nucleolus 587 

during IAV infection, perhaps to prevent antiviral activity (de Chassey et al., 2013; 588 

Emmott et al., 2010). Future studies will determine if the RNA editing activity or other 589 

functional domains in p110 is critical for antiviral activity.  590 

 591 

Recently, several studies have focused on understanding the role of ADAR1 in 592 

regulating cell intrinsic immunity (Lamers et al., 2019). Loss of ADAR1 or p150 results in 593 
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embryonic lethality in mice, due to aberrant upregulation of ISGs and increased 594 

apoptosis in hematopoietic cells  (Liddicoat et al., 2015; Pestal et al., 2015; Mannion et 595 

al., 2014; Ward et al., 2011). Embryonic lethality from ADAR1 deficiency can be 596 

rescued by concurrent deletion of RLR components MDA5 or MAVS, as doubly deficient 597 

mice show decreased ISG expression; however, ADAR1/MDA5 DKO mice display early 598 

lethality after birth (Pestal et al., 2015; Liddicoat et al., 2015; Mannion et al., 2014). In 599 

agreement, our studies in p150 KOs showed elevated basal IFN-β expression, which 600 

was reduced with concurrent deletion of MDA5, demonstrating the role of p150 in 601 

suppressing MDA5 mediated sensing of endogenous ligands under physiological 602 

conditions (Figure 3A and 3C). Despite displaying reduced basal IFN-β expression, the 603 

p150/MDA5 DKOs were unable to support robust IAV replication, suggesting that the 604 

role of p150 during IAV replication is independent of MDA5 suppression. Thus, our 605 

studies reveal an additional role for p150 in the suppression of RLR signaling during 606 

viral infection.  607 

 608 

In addition to genetic deletion studies in mice, previous studies show increased ISG 609 

expression upon deletion of ADAR1 or p150 in transformed cell lines (Li et al., 2017; 610 

Chung et al., 2018; Li et al., 2012; George et al., 2016). Furthermore, treatment of these 611 

cells with exogenous type I IFN enhanced endogenous dsRNA induced antiviral 612 

responses, including activation of dsRNA protein kinase (PKR) and the OAS-RNase L 613 

pathway, resulting in shutdown of global protein translation by eIF2a phosphorylation 614 

and indiscriminate RNA degradation, respectively (Chung et al., 2018; Li et al., 2017; 615 

Pfaller et al., 2018). In this system, siRNA KD of PKR in ADAR1 KO cells or concurrent 616 
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deletion of ADAR1 with RNase L resulted in restoration of protein translation and 617 

abrogation of RNA degradation, respectively. However, in our studies in p150 KOs and 618 

p150/MDA5 DKOs without addition of exogenous IFN, VSV replication was mostly 619 

unaffected, suggesting that restriction of IAV replication occurred via a mechanism 620 

independent of PKR and RNase L (Figure 2C and 3D). These results are in agreement 621 

with prior studies demonstrating that VSV replication is unaffected by loss of ADAR1 622 

alone (Ward et al., 2011).  623 

 624 

While several murine genetic studies have described the relationship between ADAR1 625 

and MDA5, these studies were unable to fully examine the relationship between ADAR1 626 

and RIG-I in mice due to the unrelated embryonic lethality associated with RIG-I 627 

ablation (Pestal et al., 2015). A study in human embryonic kidney cells (HEK293) 628 

showed that over expression of p110 or p150 resulted in decreased association of pI:C 629 

with RIG-I, suggesting that ADAR1 may prevent the sensing of dsRNA by RIG-I (Yang 630 

et al., 2014). Our studies in p150/MDA5/RIG-I or p150/MDA5/MAVS TKOs showed 631 

restoration of IAV replication and reduced IFN-β expression to levels similar to CTRL 632 

A549s, demonstrating that the p150 isoform is critical for suppressing RIG-I signaling 633 

during IAV infection (Figure 5D). We observed sustained IFN-β expression in 634 

p150/MDA5 DKOs, whereas IFN-β expression declined after initial induction in CTRL 635 

A549s (Figure 4C-D). Furthermore, differences in IAV replication between p150/MDA5 636 

DKOs and CTRL A549s, were more pronounced at later times during infection (Figure 637 

Supplement 3B). Together, these results indicate that p150 acts as a negative regulator 638 

for ramping down RIG-I signaling during viral infection. 639 
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 640 

In addition to viral restriction through IRF3-mediated transcriptional upregulation of IFN-641 

β and ISGs, viral spread can be restricted by cell death through cell intrinsic and 642 

extrinsic pathways (Elmore 2007). The RIPA pathway is a cell intrinsic apoptosis 643 

process that is triggered by activation of RLRs and subsequent linear 644 

polyubiqutinylation of IRF3 (Chattopadhyay et al., 2016). Polyubiquitinylated IRF3 in 645 

complex with Bax associates on the mitochondrial membrane and initiates apoptosis by 646 

promoting the release of Cytochrome C. Prior studies in ADAR1 deficient mice showed 647 

increased cell death in hematopoietic cell compartments along with elevated ISG 648 

expression (Qiu et al., 2013; Hartner et al., 2009). Moreover, measles virus infection of 649 

ADAR1 KD cells showed increased apoptosis (Toth et al., 2009). In our studies, ADAR1 650 

KOs, p150 KOs, and p150/MDA5 DKOs showed elevated apoptosis upon IAV infection 651 

or stimulation with RLR agonist as compared to CTRL A549 (Figure 4F-H – Figure 652 

Supplement 4B-E). These results demonstrate that loss of p150 predisposes cells to 653 

RLR induced apoptosis. As further validation, concurrent deletion of Bax with p150 as 654 

well as p150/MDA5/RIG-I and p150/MDA5/MAVS TKOs showed decreased apoptosis 655 

upon vRNA transfection or IAV infection, demonstrating that p150 suppresses apoptosis 656 

via the RIPA pathway (Figure 6A and Figure 5C). A recent study shows that concurrent 657 

deletion of Bax with ADAR1 is not sufficient to rescue mice from embryonic lethality 658 

(Walkley et al., 2019). In our studies with p150/Bax DKOs, we observed reduced 659 

apoptosis yet high IFN-β expression upon RLR stimulation (Figure 6A-B). As such, 660 

treatment of p150/Bax DKOs with Ruxolitinib, a JAK inhibitor, resulted in significantly 661 

higher viral replication, demonstrating that restriction of IAV replication in p150 deficient 662 
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cells occurred due to both elevated IFN receptor signaling and increased apoptosis via 663 

the RIPA pathway.  664 

 665 

Both editing dependent and independent ADAR1 functions have been implicated in the 666 

suppression of innate immunity. Previous studies show that the RNA binding functions 667 

and editing functions of p110 and p150 were necessary for suppressing endogenous 668 

dsRNA or pI:C induced RLR signaling (Liddicoat et al., 2015; Yang et al., 2014). 669 

Similarly, in the context of measles virus infection, ADAR1 KO cells complemented with 670 

a catalytic mutant of p150 showed a modest increase in viral replication as compared to 671 

control ADAR1 KO, whereas wildtype p150 completely restored viral replication (Pfaller 672 

et al., 2018). Moreover, murine genetic studies also highlight the importance of ADAR1 673 

mediated editing of endogenous dsRNA in the suppression of MDA5 activation. 674 

However, in another study, overexpression of p110 or p150 catalytic mutants was 675 

sufficient to suppress RIG-I activation upon SeV infection (Yang et al., 2014). Our 676 

studies with p150/MDA5 DKOs complemented with different p150 mutants 677 

demonstrated that the RNA binding ability of p150 but not the catalytic activity was 678 

critical for suppression of RIG-I signaling. We hypothesize that p150 may function 679 

upstream of RIG-I activation, possibly by binding and sequestering cellular or viral RNA 680 

to prevent sustained RIG-I sensing and activation.  681 

 682 

Our data shows that the role of p150 in promoting viral replication is specific to IAV, as 683 

VSV replication was unaffected in p150 deficient cells (Fig 3D). The NS1 of IAV has 684 

been show to interact with ADAR1 in yeast-2-hybrid screening and immunoprecipitation 685 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2020. ; https://doi.org/10.1101/2020.05.23.111419doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.23.111419
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

assays, as well as to increase the editing activity of ADAR1 in reporter assays (de 686 

Chassey et al., 2013; Ngamurulert et al., 2009). However, the significance of these 687 

interactions has yet to be determined. Importantly, NS1 has been shown to antagonize 688 

several host antiviral pathways, including activation of the RIG-I pathway via its 689 

interactions with the E3 ligases TRIM25 and RIPLET (Gack et al., 2009; Mibayashi et 690 

al., 2007; Rajsbaum et al., 2012). Despite the presence of this viral antagonist, we 691 

observed decreased IAV replication in p150 deficient cells due to increased RIG-I 692 

signaling, suggesting that NS1 is likely incapable of suppressing the amplification of 693 

RIG-I signaling in cells lacking p150 (Fig 5B). Future studies will determine the 694 

importance of NS1:ADAR1 interactions in suppression of the RIG-I pathway.  695 

 696 

In conclusion, our studies highlight the importance of p150 as a negative regulator of 697 

RLR signaling. p150 prevents endogenous dsRNA mediated activation of the innate 698 

immune sensor MDA5 under basal conditions (Liddicoat et al., 2015; Pestal et al., 2015; 699 

Chung et al., 2018). Our studies demonstrate that p150 also functions to dampen host 700 

antiviral signaling via suppression of RIG-I during IAV infection. This dampening of RIG-701 

I mediated signaling by p150 enables efficient IAV replication. Future studies are 702 

required to determine the exact mechanism of p150 mediated suppression of the RIG-I 703 

pathway and the significance of NS1-p150 interactions in this process. 704 

 705 

 706 

Materials and Methods 707 

 708 
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Cell Culture and Viruses 709 

 710 

Human lung epithelial (A549) and human embryonic kidney (HEK293) cells were 711 

cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% 712 

penicillin/streptomycin (P/S). Madin-Darby canine kidney (MDCK) cells were cultured in 713 

MEM supplemented with 10% FBS and 1% P/S.  Dr. Adolfo Garcia-Sastre at the Icahn 714 

School of Medicine at Mount Sinai, NY kindly provided the IAV strains A/Puerto 715 

Rico/8/1934 (H1N1), low pathogenic version of A/Vietnam/1203/2004 (H5N1), and 716 

A/Hong Kong/1/1968 (H3N2).  IAV strains were grown in 10-day old specific pathogen-717 

free eggs (Charles River) and titered by standard plaque assay on MDCK cells, using 718 

2.4% Avicel RC-581 (a gift from FMC BioPolmer, Philadelphia, PA). Two days post 719 

infection plaques were quantified via crystal violet staining. Vesicular stomatitis virus 720 

expressing GFP (VSV) was kindly provided by Dr. Glenn Barber at the University of 721 

Miami, FL (Stojdl et al., 2003). VSV viruses were grown in Vero cells and titered by 722 

plaque assay with 1% methylcellulose (Sigma).  723 

 724 

Generation of CRISPR KO and cDNA Complemented Cells 725 

 726 

ADAR1 KO A549s were generated using the lentiCRISPR v2 single vector system, 727 

which has been previously described (Sanjana et al., 2014). Oligonucleotides were 728 

annealed and cloned into the lentiCRISPR v2 vector through BsmBI sites 729 

(Oligonucleotide table). A549s were transduced with lentivirus expressing specific 730 

sgRNA and selected with 2 µg/ml puromycin for 14 days. CTRL A549s were generated 731 
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through the same method using the lentiCRISPR v2 vector without sgRNA. To generate 732 

clonal KO A549s, puromycin selected population were seeded at ~100-150 cells per 733 

15cm plates and individual colonies were isolated using cloning cylinders. 734 

Subsequently, gDNA was extracted from isolated KO cells using the Blood and Cell 735 

Culture Mini kit (Qiagin) per the manufacturers specification and the targeted region was 736 

PCR amplified using EconoTaq and gene specific primers. PCR products were cloned 737 

into pGEM-T vector and approximated 12-15 individual bacterial colonies were 738 

sequenced (University of Chicago DNA sequencing facility). Sequences were analyzed 739 

by SeqMan program (LaserGene). 740 

 741 

To generate isoform specific KO A549s, WT A549s were transduced with lentiCRISPR 742 

v2 containing sgRNA targeting a region 200-300 nucleotides upstream of transcription 743 

start site and lentiCRISPR v2-GFP containing a sgRNA downstream of the transcription 744 

start site. Cells were selected with 2 µg/ml puromycin for 14 days and then selected for 745 

GFP expression by single-cell sorting, to ensure the presence of both sgRNA. Individual 746 

KO clones were identified by PCR analysis of targeted region and confirmed by western 747 

blot for ADAR1 expression. 748 

 749 

To generate p150/MDA5 DKOs, clonal p150 KOs were transduced with a lentiCRISPR 750 

v2-hygro vector containing gene specific sgRNA followed by selection with 600 µg/ml 751 

hygromycin for 14 days. For the p150/Bax DKOs, clonal p150 KOs were transduced 752 

with a lentiCRISPR v2-neo vector containing the gene specific sgRNA followed by 753 

selection in 600 µg/ml neomycin for 14 days. The RIG-I/MDA5/p150 and 754 
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MAVS/MDA5/p150 TKO A549s were generated by transducing the p150/MDA5 DKOs 755 

with the lentiCRISPR v2-neo vector containing gene specific sgRNA followed by 756 

selection in 600 µg/ml neomycin for 14 days. Individual KO clones were isolated as 757 

described above and screened by western blot and Sanger sequencing.  758 

 759 

To generate complemented cell lines, p150 cDNA was cloned into the pLX304 lentivirus 760 

vector. p150 KO and p150/MDA5 DKOs were transduced with lentivirus carrying either 761 

empty vector or p150 cDNA, and selected with 15 µg/ml blasticidin for 14 days. 762 

Polyclonal population were seeded at limiting dilutions and individual clones were 763 

isolated and confirmed via western. After selection, complemented clones were 764 

maintained in 5 µg/ml blasticidin. 765 

Oligonucleotide Sequences for sgRNAs to Generate CRISPR KO Cells 

Target Forward Primer Reverse Primer 

ADAR1 caccgGACTCTGAGATCATACCTTC aaacGAAGGTATGATCTCAGAGTCc 
p110 
promoter 

caccgTATAACGTGGTTGGGCCGGA aaacTCCGGCCCAACCACGTTATAc 

p150 
promoter 

TTACTGGCTGGCATCTGCTTGCTTA TGAGGTTGTAAACGAACCCAGACGG 
 

MDA5  caccgCGAATTCCCGAGTCCAACCA aaacTGGTTGGACTCGGGAATTCGc 
RIG-I  CACCGGGGTCTTCCGGATATAATCC AAACGGATTATATCCGGAAGACCCc 

MAVS caccgTCAGCCCTCTGACCTCCAGCG aaacCGCTGGAGGTCAGAGGGCTGAc 

Bax CACCGTCGGAAAAAGACCTCTCGGG AAACCCCGAGAGGTCTTTTTCCGA 

Primer Sequences for PCR Amplification of sgRNA Target Site 

p110  GCCCCTACCAGCTGCGTCC 
 

CGGGCCATTCAAAGACTACTGGTT 
 

p150 GCCTGAGGTTTTGTGTGCCTTTGTT GGAGACGATGTGTCTGCCTTGACAT 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2020. ; https://doi.org/10.1101/2020.05.23.111419doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.23.111419
http://creativecommons.org/licenses/by-nc-nd/4.0/


 39 

p150  TTACTGGCTGGCATCTGCTTGCTTA 
 

TGAGGTTGTAAACGAACCCAGACGG 
 

ADAR1 CAGGGCTGGACTTGTTTCCC 
 

TTCTACGTGCTTCATCTCCTGTCA 
 

 766 

Virus Infections 767 

 768 

To assess viral replication, CTRL A549s or KOs were seeded at a density of 1.2x106 769 

cells per well in triplicate in a 6-well dish. For IAV infection, cells were washed twice with 770 

phosphate buffer saline (PBS) and 500 µl of infection media (DMEM supplemented with 771 

0.2% bovine serum albumin (BSA) and 1µg/ml TPCK-treated trypsin (T1426, Sigma)) 772 

was added per well. Cells were infected at indicated MOI based on cell numbers 773 

determined prior to infection and incubated for 1 hour at 37°C. After the 1 hour 774 

incubation, the inoculum was removed and the cells were washed twice in PBS and 775 

placed in 2 ml of fresh infection media. Supernatants were harvested at the indicated 776 

times and titered by plaque assay in MDCK cells (Han et al., 2018). For VSV, infections 777 

were performed as described above with DMEM supplemented with 2% FBS. VSV titers 778 

were assessed by plaque assay in Vero cells using 1% methylcellulose. To examine 779 

viral replication following inhibition of IFN signaling, cells were seeded at a density of 780 

1.2x106 cells per well in a 6-well dish in DMEM supplemented with 10% FBS, 1% P/S, 781 

and either DMSO or 0.2 µM Ruxolitinib (INCB018424 Selleckchem). IAV infection was 782 

performed as described above using infection media containing DMSO or 0.2 µM 783 

Ruxolitinib. Viral titers were assessed as described above. All infection experiments 784 

were performed with biological triplicates and data is presented as the mean titer of the 785 

triplicate samples(±SD).  786 
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 787 

For western blotting and qPCR, cells were seeded at a density of 1.2x106 cells per well 788 

in a 6-well dish. Cell numbers were calculated the next day prior to infection. Cells were 789 

mock treated or inoculated with H1N1 at MOI of 1 or SeV at a 1:100 dilution in DMEM 790 

supplemented with 0.2% BSA and 1% P/S at 37°C. Cells were harvested at the 791 

indicated time points for RNA or protein isolation.  792 

 793 

QPCR Analysis of Host Gene Expression  794 

 795 

Total RNA from pooled triplicates was isolated by TRIzol (Invitrogen) extraction method. 796 

Residual genomic DNA contamination was removed by treatment with recombinant 797 

DNAse I (Roche). cDNA was generated using Superscript II reverse transcriptase and 798 

Oligo d(T) (Invitrogen). Using SYBR Green PCR Master Mix (Applied Biosystems), 799 

qPCR was performed with technical duplicates and gene specific primers. Tubulin was 800 

used as an endogenous house housekeeping gene to calculate delta delta cycle 801 

thresholds. Results are represented as fold expression relative to mock vector CTRL 802 

A549s. 803 

RT and qPCR primers: hIFN-b: forward TCTGGCACAACAGGTAGTAGGC and reverse 804 

GAGAAGCACAACAGGAGAGCAA; hTub: forward GCCTGGACCACAAGTTTGAC and 805 

reverse TGAAATTCTGGGAGCATGAC. 806 

Western Blot Analysis 807 

 808 
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To confirm ADAR1 isoform specific KO and MDA5 KOs, CTRL A549s and various KOs 809 

cells were treated with 1000U/ml of universal type I IFN (PBL Assay Science) for 24 810 

hours and lysed for western blot analysis. To confirm RIG-I KO, vector control and KO 811 

cells were infected with SeV for 16 hours and then lysed for western blot analysis. 812 

Whole cell lysates for western blot analysis was prepared using RIPA buffer (50 mM 813 

Tris pH 7.8, 150 mM NaCl, 0.1% SDS, 0.5% Sodium deoxycholate, 1% Triton X-100) 814 

containing protease inhibitors and quantified by Bradford protein assay. Approximately 815 

50-80 µg of total protein was loaded on to SDS gel. Antibodies used for western blot 816 

analysis: ADAR1 (Abcam 88574; Santa Cruz sc-271854 ), MDA5 (Alexis Biochemicals 817 

AT113), RIG-I ((1C3 clone) (Nistal-Villan et al., 2010)), IRF3 (Santa Cruz sc-9082), V5 818 

(Bio-Rad), cleaved PARP (Cell Signaling 5625), total PARP (Cell Signaling 9542), and 819 

Ku (#K2882 Sigma). 820 

 821 

RLR agonist transfection 822 

 823 

For vRNA transfection, IAV vRNA from H1N1 was extracted using the QIAamp Viral 824 

RNA Mini Kit per the manufacturer’s recommendations. Cells were seeded at a density 825 

of 1.2x106 cells per well in a 6-well dish a day prior to transfection. Cells were 826 

transfected with vRNA using polyethylenimine reagent (PEI) in OptiMem (OMEM) and 827 

were collected at the indicated time points for RNA or protein extraction. For low 828 

molecular weight (LMW) and high molecular weight (HMW) poly(I:C) (pI:C) 829 

transfections, 1µg of LMW or HMW pI:C (Invivogen) was transfected into cells 830 

 831 
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For siRNA transfection, cells were seeded at a density of 1.5x105 cells per well in a 12-832 

well dish. 50 nM pooled siRNA (Dharmacon) was transfected using RNAiMAx reagent 833 

(2.4 µl per well). At 48 hours post siRNA transfection, cells were transfected with H1N1 834 

vRNA and cell lysates were collected 24 hours post vRNA transfection for western blot. 835 

 836 

IFN-b reporter assay 837 

p150 KO 293s was transfected with a plasmid mixture containing p150 (100ng), IFN-b-838 

Firefly reporter (100ng), and SV40 Renilla (50ng) using PEI (1:5 DNA:PEI ratio).  A GFP 839 

expressing plasmid was included in place of p150 as controls. IFN-b-Firefly reporter 840 

activity was induced by infecting cells with SeV (1:100) at 6 hours post transfection. At 841 

48 hours post transfection, cells were lysed in 1x Passive Lysis Buffer (Promega), and 842 

firefly and renilla luciferase activity in the lysates were measured using Dual-Luciferase 843 

Reporter Assay System (Promega) in GloMax 20/20 luminometer (Promega). Data from 844 

biological triplicates is presented as percent luciferase activity relative to GFP + SeV 845 

control.  846 

 847 

ANNEXIN V Staining  848 

ADAR1 KOs were seeded at a density of 1.0x106 cells per well in a 6-well dish. The 849 

following day, cells were transfected with H1N1 vRNA as described above. At 40 hours 850 

post transfection, cells were stained with Annexin V-PE (BD Pharmingen) per the 851 

manufacturer’s recommendations. Annexin V staining was analyzed by flow cytometer. 852 

Data analysis was performed using FlowJo Software. 853 

 854 
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Figure legends 1127 

 1128 

Figure 1. ADAR1 is an important host factor for IAV replication. 1129 

 (A) Schematic representation of the p110 and p150 isoforms of ADAR1, including the 1130 

functional domains in each isoform. The red arrow upstream of the third dsRNA binding 1131 

domain indicates the region targeted by the sgRNA in ADAR1. (B) Western blot analysis 1132 

of ADAR1 expression in ADAR1 KO and control cells. ADAR1 KO, CTRL, and WT 1133 

A549s were mock treated or treated with IFN for 24 hours and expression of ADAR1 1134 

was examined by western blot. Expression of Ku is shown as a loading control. (C) IAV 1135 

replication in ADAR1 KOs. ADAR1 KOs and CTRL A549s were infected with H5N1 1136 

(MOI = 0.001) or VSV (MOI = 0.001) and viral titers were measured at 48 hours. Data 1137 

are represented as mean titer of triplicate samples ± SD. * denotes p-value £ 0.5. ** 1138 

denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data 1139 

are representative of at least three independent experiments. See also Figure 1140 

Supplement 1. 1141 

 1142 

Figure 2. The p150 isoform of ADAR1 is critical for IAV replication   1143 

(A) Schematic representation of the promoters for the p110 and p150 isoforms of 1144 

ADAR1. The promoter for p110 is upstream of exon 1B and the start methionine for 1145 

p110 is within exon 2. The promoter for p150 is upstream of exon 1A and the start 1146 

methionine for p150 is within exon 1A. The green arrows depict the sgRNA target sites 1147 

for p110 KO and the blue arrows depict the sgRNA target sites for p150 KO. (B) 1148 

Western blot analysis of ADAR1 expression in isoform specific KO A549s. ADAR1 KO, 1149 
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p110 KOs, p150 KOs, and CTRL A549s were mock treated or treated with IFN for 24 1150 

hours and ADAR1 expression was examined by western blot. Expression of Ku is 1151 

shown as a loading control. (C) IAV replication in isoform specific KO A549s. ADAR1 1152 

KOs, p110 KOs, p150 KOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) or 1153 

VSV (MOI = 0.001) and viral titers were measured at 48 hours. (D) Western blot 1154 

analysis of V5 tagged p150 in complemented p150 KO A549s. Two clones of p150 1155 

complements p150 KO (p150KO/p150 #1, #2), p150 KO/Vector and CTRL A549s were 1156 

analyzed for expression of ADAR1 and V5 by western blot. Expression of Ku is shown 1157 

as a loading control. (E) IAV replication in p150 KO/p150#1. p150 KO/p150#2 , p150 1158 

KO/Vector, and CTRL A549s were infected with H5N1 (MOI = 0.001) and VSV (MOI = 1159 

0.001) and viral titers were measured at 48 hours. Data are represented as mean titer of 1160 

triplicate samples ± SD. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** denotes 1161 

p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least three 1162 

independent experiments. See also Figure Supplement 2. 1163 

 1164 

 1165 

Figure 3. p150 supports IAV replication independent of MDA5 suppression. 1166 

(A) qRT-PCR analysis of basal IFN-b expression in ADAR1 KOs, isoform specific KOs, 1167 

and CTRL A549s. Data are represented as fold expression relative to vector control 1168 

A549s. (B) Western blot analysis of MDA5 and ADAR1 isoforms in various KOs.  1169 

p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were mock treated or 1170 

treated with IFN for 24 hours. ADAR1 and MDA5 expression were examined by western 1171 

blot. (C) qRT-PCR analysis of basal IFN-b expression in p150/MDA5 DKOs. Data are 1172 
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represented as fold expression relative to CTRL A549s. (D) IAV replication in 1173 

p150/MDA5 DKOs. p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were 1174 

infected with H5N1 (MOI = 0.001) and VSV (MOI = 0.001) and viral titers were 1175 

measured at 48 hours. Data are represented as mean titer of triplicate samples ± SD. 1176 

(E) IAV replication in p150/MDA5 DKOs expressing wild-type V5-tagged p150. Two 1177 

clones of p150/MDA5 DKOs complemented with wildtype p150 were infected with H1N1 1178 

(MOI = 0.01) and H7N7 (MOI = 0.01). p150/MDA5 DKOs that have been transduced 1179 

with empty vector and CTRL A549s were also infected. Viral titers were measured at 72 1180 

hours. Data are represented as mean titer of triplicate samples ± SD. * denotes p-value 1181 

£ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 1182 

0.05. Data are representative of at least three independent experiments. See also 1183 

Figure Supplement 3. 1184 

 1185 

Figure 4. p150/MDA5 DKO A549s show elevated IFN-b expression and increased 1186 

apoptosis upon RLR stimulation 1187 

(A) Schematic representation of the RLR-Induced IRF3-mediated Pathway of Apoptosis 1188 

(RIPA) and IRF3 mediated transcriptional upregulation of antiviral genes. (B) qRT-PCR 1189 

analysis of IFN-b expression in p150/MDA5 DKOs after poly I:C stimulation. 1190 

p150/MDA5 DKOs and CTRL A549s were transfected with LWM and HMW pI:C for 24 1191 

hours and IFN-b expression was analyzed by qRT-PCR analysis. Data are represented 1192 

as fold expression relative to mock transfected CTRL A549s. (C) qRT-PCR analysis of 1193 

IFN-b expression in p150/MDA5 DKOs following Sendai virus (SeV). p150/MDA5 1194 

DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were infected with SeV and mRNA 1195 
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levels were measured at the indicated hours post infection. Data are represented as fold 1196 

expression relative to mock vector control. (D) qRT-PCR analysis of IFN-b expression in 1197 

p150/MDA5 DKOs following H1N1 vRNA transfection. p150/MDA5 DKOs and CTRL 1198 

A549s were transfected with H1N1 vRNA and mRNA levels were measured at the 1199 

indicated hours post transfection (hpt). (E) qRT-PCR analysis of IFN-b expression in 1200 

p150 KO and vector control 293s. p150 KO and vector control 293s were infected with 1201 

SeV and mRNA levels were measured at the indicated hours post infection (hpi). Data 1202 

are represented as fold expression relative to mock vector control 293s. (F-G) Western 1203 

blot analysis of PARP cleavage in p150/MDA5 DKOs. (F) p150/MDA5 DKOs and CTRL 1204 

A549s were transfected with H1N1 vRNA and cell lysates were collected at the 1205 

indicated time points post transfection. (G) p150/MDA5 DKOs and CTRL A549s were 1206 

infected with H1N1 (MOI = 1) and cell lysates were collected at the indicated time points 1207 

post infection. (H) Flow cytometric analysis of Annexin V+ cells following H1N1 vRNA 1208 

transfection. ADAR1 KOs and CTRL A549s were transfected with H1N1 vRNA and 1209 

stained with Annexin V-PE 40 hours post transfection. The levels of Annexin V were 1210 

analyzed by flow cytometry. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** 1211 

denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least 1212 

three independent experiments. See also Figure Supplement 4. 1213 

 1214 

Fig 5. p150 suppresses RIG-I-signaling mediated induction of IFN-b and apoptosis 1215 

(A) Western blot analysis of PARP cleavage in p150/MDA5 DKOs following knockdown 1216 

of RIG-I or IRF3 expression. RIG-I and IRF3 were knocked down in p150/MDA5 DKOs 1217 

via siRNA transfection. Control siRNA were also transfected into p150/MDA5 DKOs and 1218 
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CTRL A549s. After 24h post siRNA transfection, cells were transfected with H1N1 1219 

vRNA for additional 24 hours. The cell lysates were analyzed for expression of RIG-I, 1220 

IRF3, cleaved PARP, and Ku by western blot. (B) qRT-PCR analysis of IFN-b 1221 

expression in p150/MDA5/RIG-I and p150/MDA5/MAVS TKOs after SeV infection. 1222 

p150/MDA5/RIG-I TKOs, p150/MDA5/MAVS TKOs, p150/MDA5 DKOs, and CTRL 1223 

A549s were infected with SeV and IFN-b mRNA levels were measured after 24 hours. 1224 

Data are represented as fold expression relative to mock vector control A549s. (C) 1225 

Western blot analysis of PARP cleavage TKOs following H1N1 infection. 1226 

p150/MDA5/RIG-I TKOs, p150/MDA5/MAVS TKOs, p150/MDA5 DKOs, and CTRL 1227 

A549s were infected with H1N1 (MO1 = 1) and lysates were collected after 40 hours. 1228 

The levels of cleaved PARP and Ku were determined by western blot. (D) IAV 1229 

replication in TKOs. p150/MDA5/RIG-I TKOs, p150/MDA5/MAVS TKOs, p150/MDA5 1230 

DKOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) and viral titers were 1231 

measured at the indicated time points post infection. Data are represented as mean titer 1232 

of triplicate samples ± SD. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** 1233 

denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least 1234 

three independent experiments.  1235 

 1236 

Fig 6. Increased type I IFN signaling and apoptosis reduce IAV replication in cells 1237 

lacking p150. 1238 

 1239 

(A) Western blot analysis of PARP Cleavage in p150/Bax DKOs following vRNA 1240 

transfection. Two clones of p150/Bax DKOs, p150 KOs, and CTRL A549s were 1241 
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transfected with IAV vRNA for 24 hours. PARP cleavage and Ku expression were 1242 

analyzed by western blot. (B) qRT-PCR analysis of IFN-b expression in p150/Bax DKOs 1243 

following IAV vRNA transfection. Two clones of p150/Bax DKOs, p150 KOs, and CTRL 1244 

A549s were transfected with H1N1 vRNA and IFN-b mRNA levels were determined 24 1245 

hours post transfection. Data are represented as fold expression relative to mock vector 1246 

control. (C) IAV replication in p150/BAX DKOs. Two clones of p150/Bax DKOs, p150 1247 

KOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) and viral titers were 1248 

measured at the indicated time points post infection. Data are represented as mean titer 1249 

of triplicate samples ± SD. (D) IAV replication in p150/Bax DKOs following inhibition of 1250 

Janus kinases. p150/Bax DKOs, p150 KOs, and CTRL A549s were treated with 0.2 µM 1251 

Ruxolitinib for 24 hours prior to infection. The following day cells were infected with 1252 

H5N1(MOI = 0.001) in the presence of Ruxolitinib and viral titers were measured at 48 1253 

hours. Data are represented as mean titer of triplicate samples ± SD. * denotes p-value 1254 

£ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 1255 

0.05. Data are representative of at least three independent experiments.  1256 

 1257 

Fig 7. RNA binding activity of p150 is required for suppression of RIG-I signaling  1258 

(A) A schematic representation of different p150 mutants. (B) Analysis of IFN-b-Firefly 1259 

reporter activity. A firefly luciferase reporter under the control of the IFN-b promoter was 1260 

transfected along with wild-type and mutant p150 constructs into 293s. At 24h post-1261 

transfection, cells were infected with SeV and luciferase activity was measured 48 hours 1262 

post-transfection. Data are represented as percent luciferase activity relative to 1263 

GFP+SeV. (C) Western blot analysis of V5-tagged p150 expression in complemented 1264 
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cells. Lysates from p150/MDA5 DKOs stably expressing wild-type and mutant p150 1265 

constructs were analyzed by western blot using an anti-V5 antibody. (D) qRT-PCR 1266 

analysis of IFN-b in V5-p150 complemented p150/MDA5 DKOs. p150/MDA5 DKOs 1267 

complemented with different V5-p150 mutants were transfected with H1N1 vRNA and 1268 

IFN-b mRNA levels were measured 24 hours post transfection. Data are represented as 1269 

fold expression relative to mock CTRL A549s. (E) Western blot analysis of PARP 1270 

cleavage in complemented p150/MDA5 DKOs. p150/MDA5 DKOs complemented with 1271 

p150 mutants were infected with H1N1 (MOI = 1) and cell lysates were collected at 40 1272 

hours post infection for western blot analysis of cleaved PARP. (F) IAV replication in 1273 

complemented p150/MDA5 DKOs. Complemented p150/MDA5 DKOs were infected 1274 

with H5N1 (MOI = 0.001) and viral titers were measured at 48 hours. Data are 1275 

represented as mean titer of triplicate samples ± SD. * denotes p-value £ 0.5. ** 1276 

denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data 1277 

are representative of at least three independent experiments.  1278 

 1279 
 1280 
 1281 
 1282 
 1283 
Supporting Information 1284 
 1285 
Figure Supplement 1. IAV strains replicate poorly in ADAR1 KOs 1286 

(A) ADAR1 KOs and CTRL A549s were infected with H1N1 (MOI = 0.01) and H3N2 1287 

(MOI = 0.01). Viral titers were measured at 48 hours. Data are represented as mean 1288 

titer of triplicate samples ± SD. * denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** 1289 

denotes p-value £ 0.001. NS denotes p-value ³ 0.05. Data are representative of at least 1290 

three independent experiments. 1291 
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 1292 

Figure Supplement 2. p150 isoform of ADAR1 is critical for IAV replication. 1293 

(A) Assessment of viral replication in various KO cells lacking ADAR1 isoforms. ADAR1 1294 

KOs, isoform specific KOs, and CTRL A549s were infected with H1N1 (MOI = 0.01) and 1295 

H3N2 (MOI = 0.01) and viral titers were measured at 48 hpi. (B) p150 KOs and CTRL 1296 

A549s were infected with H1N1 (MOI = 0.01) and H5N1 (MOI = 0.001) and viral titers 1297 

were measured at the indicated times post infection. (C) Two clones of p150 KOs 1298 

complemented with wildtype p150, empty vector p150 KOs, and CTRL A549s were 1299 

infected with H1N1 (MOI = 0.01) and H3N2 (MOI = 0.01) and viral titers were measured 1300 

at 48 hpi. Data are represented as mean titer of triplicate samples ± SD. * denotes p-1301 

value £ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS denotes p-value 1302 

³ 0.05. Data are representative of at least three independent experiments. 1303 

 1304 

Figure Supplement 3. p150 enhances IAV replication independent of its ability to 1305 

suppress MDA5 1306 

(A) Assessment of viral replication in various KOs. p150/MDA5 DKOs, p150 KOs, 1307 

MDA5 KOs, and CTRL A549s were infected with H1N1 (MOI = 0.01) and H3N2 (MOI = 1308 

0.01). Viral titers were measured at 48 hours. (B) Viral replication kinetics in various 1309 

KOs. p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were infected with 1310 

H1N1 (MOI = 0.01) and H3N2 (MOI = 0.01). Viral titers were measured at the indicated 1311 

time points post infection. Data are represented as mean titer of triplicate samples ± SD. 1312 

* denotes p-value £ 0.5. ** denotes p-value £ 0.01. *** denotes p-value £ 0.001. NS 1313 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2020. ; https://doi.org/10.1101/2020.05.23.111419doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.23.111419
http://creativecommons.org/licenses/by-nc-nd/4.0/


 58 

denotes p-value ³ 0.05. Data are representative of at least three independent 1314 

experiments.  1315 

 1316 

Figure Supplement 4. p150 KOs show increased PARP cleavage following 1317 

stimulation of RLRs 1318 

(A) Western blot analysis of ADAR1 expression in p150 KOs and CTRL 293s. p150 1319 

KOs, and CTRL 293s were mock treated or treated with IFN for 24 hours and 1320 

expression of ADAR1 was examined by western blot. Expression of Ku is shown as a 1321 

loading control. (B-D) Western blot analysis of PARP cleavage upon RLR stimulation. 1322 

(B) PARP cleavage in p150 KOs following IAV vRNA transfection. p150 KOs and CTRL 1323 

A549s were transfected with H1N1 vRNA. Lysates were collected at 24 hours post 1324 

transfection. (C) PARP cleavage p150 KOs following H1N1 infection. p150 KOs and 1325 

CTRL A549s were infected with H1N1 (MOI =1). Lysates were collected at 40 hours 1326 

post infection. (D) PARP cleavage in p150 KO following poly I:C transfection. p150 KOs 1327 

and CTRL A549s were transfected with LMW or HMW pI:C. Lysates were collected at 1328 

24 hours post transfection. (E) PARP cleavage in p150 KO 293s following IAV vRNA 1329 

transfection. p150 KOs and CTRL 293s were transfected with H1N1 vRNA. Lysates 1330 

were collected at 24 hours post transfection. 1331 
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