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Abstract

Type | interferons (IFNs) play central roles in innate immunity; however, overproduction of IFN
can lead to immunopathology. Here, we demonstrate that adenosine deaminase acting on RNA 1
(ADAR1), an RNA-editing enzyme induced by interferon, is essential for cells to avoid
inappropriate sensing of cytosolic RNA in an inducible knockout cell model — the primary mouse
embryo fibroblast (MEF) derived from ADAR1 lox/lox & Cre-ER mice, as well as in HEK293
cells. ADAR1 suppresses viral and cellular RNA detection by RIG-1 through its RNA binding
rather than its RNA editing activity. DSRNA binds to both ADAR1 and RIG-I, but ADAR1
reduces RIG-1 RNA binding. In the absence of ADARL1, cellular RNA stimulates type | IFN
production without viral infection or exogenous RNA stimulation. Moreover, we showed in the
ADARL1 inducible knockout mice that ADAR1 gene disruption results in a high level IFN
production in neuronal tissues — the hallmark of Aicardi-Goutiéres Syndrome (AGS), a heritable
autoimmune disease recently found to be associated with ADAR1 gene mutations. In summary,
this study found that ADARZ1 limits cytosolic RNA sensing by RIG-I through its RNA binding
activity; therefore, ADAR1 suppresses type | IFN production stimulated by viral and cellular
RNAs. These results explain why loss of ADARAL causes IFN induction and also indicates a
mechanism for the involvement of ADAR1 in autoimmune diseases such as AGS.
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Introduction

While interferon (IFN) plays crucial roles in the defense against viral infection, excessive
production may lead to pathogenesis of autoimmune diseases (1, 2). An example is Aicardi-
Goutieres syndrome (AGS), a hereditary neurodegenerative disorder characterized by early
onset and progressive encephalopathy with a high level of IFN-a in the cerebrospinal fluid
(3, 4). A subset of AGS was recently found to be associated with gene mutations in ADAR1
loci (5). ADAR1, an RNA editing enzyme, has two isoforms, P150 and P110, due to the
alternative usage of exon 1a or 1b during RNA splicing (6, 7). P150 is located in the
cytoplasm and its expression is induced by IFNs or upon infections, while P110 is mainly
located in the nucleus and its expression is constitutive. Besides the dsSRNA binding and
catalytic deamination domains in ADARL, which are required for RNA editing activity,
P150 also has a Z-DNA binding domain in its N terminus. The function of the Z-DNA
binding domain is not well understood but possibly binds to particular Z-DNA structures
during gene transcription (8, 9). Both isoforms of ADARL convert adenosine to inosine on
its double strand RNA substrates, potentially changing the coding information on mRNAs
(10, 11). However, the majority of RNA editing occurs in noncoding regions with uncertain
biological consequences (12) and the edited RNA molecules constitute the inosine-
containing RNA population in the cells (13).

Besides its role in editing RNAs, ADAR1 exerts additional effects through binding to RNA
(14, 15) or through interacting with other proteins (16, 17). Recent studies found that IFN
signaling was highly activated in hematopoietic (18) and intestine stem cells (19) in the
absence of ADARL in knockout animal models. These results point to a role for ADARL in
the suppression of IFN production. ADARL1 is well-defined as an IFN Stimulated Gene
(ISG) — an IFN-Stimulated Response Element (ISRE) sequence was identified in its
promoter region, which is responsible for the elevated level of ADARL during infections
(20, 21). It plays complicated roles in viral infection through RNA editing (22-24) and
unknown mechanisms (25, 26), which often lead to viral proliferation (26-28). Suppression
of the IFN signaling pathway could be a major role of ADARL in viral-infected cells and in
normal cells to maintain homeostasis. Pathways governing IFN expression in viral-infected
cells have been well-studied (29-31). After viruses enter host cells, viral RNA, either as a
replicating genome or transcribed RNA, acts as a pathogen-associated molecular pattern
(PAMP) that initiates IFN production signaling. The viral RNA usually forms long, double-
stranded hairpin structures and may carry 5’ppp that can be detected by retinoic acid-
inducible gene 1 (RIG-I)-like receptors (RLRs) (32). Upon binding to the viral RNAs, RLRs
associate with the common adaptor MAVS after ubiquitin modifications, which lead to the
activation of transcription factor IRF3 and/or IRF7. Binding of IRFs to ISRE in IFN
promoters activates IFN expression. ADAR1 deficiency leads to increased expression of
ISGs (18), but it is not known whether and how ADARL1 suppresses type | IFN expression.
In this study, we took advantage of utilizing an inducible knockout cell model to clearly
demonstrate that ADARL1 suppresses type | IFN production. Further, we found that ADAR1,
via its RNA binding rather than its RNA editing activity, interacts with the cytosolic
signaling pathway used for detection of viral RNA. Both ADAR1 and RIG-1 bind to cellular
dsRNA, but the former competes with the latter, therefore limiting RNA sensing by RIG-I.
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In the absence of ADAR1, type | IFN is produced without exogenous RNA stimulation.
Deletion of the ADAR1 gene in an inducible knockout mouse model recapitulates the
pathogenic change of excessive IFN production in neural tissues observed in AGS.

Materials and Methods

Mice and mouse embryonic fibroblasts

Plasmids

SiRNA

ADARL1 inducible knockout (iKO) mice were prepared by crossing floxed ADAR1 mice
(33) and Cre-ER transgenic mice (34) as described previously (19). Mouse embryonic
fibroblasts (MEFs) were prepared from each individual E14 embryo of ADAR1 lox/lox;
Cre-ER(+) male and female breeding. Polymerase chain reaction (PCR) genotyping was
used to identify the iKO and control MEFs prepared from embryos from the same litter.
Primary MEFs were used in this study since ADAR1 gene deletion responding to tamoxifen
(TM) induction was ineffective in immortalized cell lines. Procedures for all animal
experiments were approved by the University of Pittsburgh Institutional Animal Care and
Use Committee.

pCMV vector expressing wild type (WT) ADAR1 P150 and E/A mutation were gifts from
Dr. Nishikura (35). ADAR1 P110, ADAR1 AR, and ADAR1 AC were sub-clones derived
from a WT clone with deletions. Flag tag was added to all of the clones and the protein
expressed from the transfected cells could be detected by M2 antibody on Western blot,
except ADARL1 P110, which could be detected by anti-ADAR1 antibody.

siRNAs for ADARL, RIG-I, and MDA-5 were purchased from Dhamacon. A set of four
siRNAs with different sequences for each molecule were used to knock down the protein
levels. For ADAR1, the sequences were CAUCAAAUGCCUCAAAUAA (Cat#
D-008630-02), UAAAUGCUGUGCUAAUUGA (D-008630-03),
GAAACCACCUGUUCAUUAC (D-008630-04), and ACUAAGGAGACAAGCGUCA
(D-008630-17); For RIG-I, the sequences were CAGAAGAUCUUGAGGAUAA (Cat#
D-012511-01); GCACAGAAGUGUAUAUUGG (Cat# D-012511-02);
AGACAUGGGUAUAGAGUUA (Cat# D-012511-03) and
CAACCGAUAUCAUUUCUGA (Cat# D-012511-04) ; For MDA-5, the sequences were
GAGAAUAACUCAUCAGAAU (Cat# D-013041-01); GAAAUCAUCUGCAAAUGUG
(Cat# D-013041-02); GGAAAUGAAUCAGGUGUAA (Cat# D-013041-03) and
GAAUAACCCAUCACUAAUA (Cat# D-013041-04).

Inducible gene deletion in primary MEFs

Primary MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS) and penicillin-streptomycin at 37°C, 5% CO2. Once the cells were
prepared, they were first expanded. For the IFN production experiments, 3.5 x 10° cells
were seeded into each 6 cm dish on the first day. Control and iKO MEFs were split into two
parallel groups: one for TM induction and another as a non-TM treatment control. 10 nM of
4-hydroxytamoxifen (4-OHT) was added to the cells on the second day. Gene deletion and
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ADARL protein depletion were monitored each day after TM addition. As ADARL1 protein
completely disappeared at 48 hours, the cells were stimulated with virus or poly I:C at 48
hours after TM induction. For endogenous RNA stimulation, total RNA samples were
harvested at this time point.

Cell culture and transfection

HEK?293 cells were maintained in DMEM with 10% FBS and penicillin-streptomycin at
37°C, 5% CO2. When cells grew to —60% confluence, transfection was performed in 6-cm
tissue culture dishes or 24-well plates (BD) using Lipofectamine 2000 according to the
manufacturer’s protocol (Invitrogen, CA). Neon™ Transfection System (Invitrogen,
Carlsbad, CA) was used for primary MEF transfection.

Viral infections

Sendai virus stock (SeV, Cantell Strain) purchased from Charles River Laboratories
(Wilmington, MA). The titer was predetermined by the vendor and it was 2,000 HA units/ml
upon arrival to the lab. The virus was aliquoted and kept at —80°C until use. For infections,
cells were washed once with phosphate buffered saline, twice with viral infection medium,
DMEM supplemented with 2% FBS, and then maintained in the above medium. SeV was
added at a concentration of 80 hemagglutinating units/ml to the cell culture and incubated
for the indicated time until the cells were harvested.

Luciferase reporter assays

The RL24 luciferase reporter cell line (36) was derived from HEK293 cells with stable
expression of both IRF3-reporter gene and TLR3. This cell line is used for all the assays to
monitor IRF3 activation leading to type | IFN production (Fig. 3A, 3B, 4A and 5C). For the
reporter assay, the cells were seeded in 24-well plates at a density of 1 x 10° cells per
milliliter. After 48 hours, the cells were lysed in passive lysis buffer (Promega) and reporter
gene activity was measured by using a luminometer. The data were expressed as folds
relative to the control levels. Each experiment was performed at least three times, and all
statistical data are represented as means * standard deviations (SD).

RNA isolation and Real-Time PCR

Total RNA was isolated cultured cell or mouse tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. RNA (1 pg) was reverse
transcribed using SuperScript reverse transcriptase (Bio-Rad) to generate first-strand cDNA.
Real-time PCR experiments were performed using a Stratagene Mx3005P real-time
thermocycler (Stratagene, La Jolla, CA). iTaq™ Universal SYBR® Green Supermix (Bio-
Rad) was used for all reactions with the specific primers. Primers used are listed here:
Human IFN-a Sense, TTGGCTGTGAAGAAATACTTCCG, antisense,
ACCAGATGTTATTCCTTCCTCCTT; human IFN- sense,
GCACTGGCTGGAATGAGACT, antisense, TGCTCATGAGTTTTCCCCTGG; human
IFN-y sense, GGCTTTTCAGCTCTGCATCG, antisense,
AGTTCCATTATCCGCTACATCTGA; mouse IFN-a sense,
CTACTGGCCAACCTGCTCTC, antisense, AGACAGCCTTGCAGGTCATT,; mouse IFN-
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{3 sense, TGACGGAGAAGATGCAGAAG, antisense, ACCCAGTGCTGGAGAAATTG;
mouse IFN- ysense, CACGGCACAGTCATTGAAAG, antisense,
CATCCTTTTGCCAGTTCCTC.

Protein extract and Western blot

Protein extract from cells or tissues was prepared in RIPA Lysis buffer (sc24948, Santa Cruz
Biotechnology, Inc.) supplied with PMSF, protease inhibitor cocktail, sodium
orthovanadate, or RNase inhibitor. Lysates proteins were quantified using a Bio-Rad protein
assay kit. Forty micrograms of proteins were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose
membranes and blocked with 5% nonfat milk in TBS-T (20 mM Tris, 500 mM NacCl, and
0.1% Tween 20) at room temperature for one hour with rocking. The membranes were
probed with primary antibodies overnight at 4°C. After washing with TBS-T, the
membranes were incubated with horseradish-peroxidase-conjugated secondary antibodies
(Thermo scientific) in 5% nonfat milk/TBS-T at room temperature for one hour. The
protein—antibody complex was detected by Western blotting luminol reagent (ECL
substrate,# 32106, Thermo scientific, Rockford, IL). Primary antibodies used were mouse
anti-ADAR1(Cat# sc-73408, Santa Cruz ), rabbit anti-RIG-I (Cat# 3743, Cell Signaling),
rabbit anti-MDADS ( Cat# PA5-20337, Thermo Scientific ), rabbit anti-IRF3 (sc9082, Santa
Cruz), rabbit anti-phospho-1RF3 (cat # 4947, Cell Signaling), rabbit anti-IkB-a (cat# 4812,
Cell Signaling), rabbit anti-phospho 1kB-a (Cat#2859, Cell Signaling), mouse anti-flag

( Cat# F3165, Sigma), mouse anti-B-actin(Cat # sc-47778, Santa Cruz).

Coimmunoprecipitation and protein detection

Protein extracts from HEK293 cells or primary MEF cells were incubated with antibody and
20pl of a 1:1 slurry of protein A/G PLUS-Agarose (Santa Cruz) at 4°C for four hours. Beads
were centrifuged at 1,000g and then washed three times with 0.5 ml of lysate buffer. The
precipitates were separated by SDS-PAGE and transferred to a PVDF membrane for the
immunoblot assay.

In vitro RNA-protein binding assay (including dosage dependent assays)

The agarose beads (Sigma) conjugated to poly(C) were washed several times in 50 mM Tris
(pH 7.0)-200 mM NaCl and then resuspended in 50 mM Tris (pH 7.0)-50 mM NaCl. To
make poly(I-C)-coated agarose beads, poly(C)-coated beads were resuspended in two
volumes of 2 mg of poly(l) (Sigma)/ml prepared in 50 mM Tris (pH 7.0)-150 mM NaCl.
The mixture was then rocked gently overnight at 4°C, collected by centrifugation at 1,000g,
washed with 50 mM Tris (pH 7.0)-150 mM NacCl, and resuspended in the same buffer as a
50% final slurry. For poly(C) and poly(I-C) pull-down assays, poly(C)- or poly(I-C)-coated
beads were equilibrated in binding buffer (50 mM Tris [pH 7.5], 150 mM NacCl, 1 mM
EDTA, 1% NP-40) as a 10% slurry and then combined with an equal volume of whole-cell
extract that was prediluted to contain 300 ug of protein. The cell extracts from primary MEF
cells or HEK293 cells were supplemented with protease and phosphatase inhibitors and 25
U of RNase inhibitor/ml. The mixture was incubated with gentle agitation for one hour at
4°C. Beads were centrifuged at 1,000g, rinsed three times with binding buffer, and then
resuspended in three volumes of 1x SDS-PAGE sample buffer. Samples were incubated at

J Immunol. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Yang et al.

Page 6

95°C for five minutes, centrifuged at 13,0009 for 30 seconds, and loaded immediately onto
SDS-PAGE gels and processed for immunoblot analysis.

In vivo ADAR1 gene deletion by tamoxifen induction

ELISA

For in vivo ADAR1 gene deletion, 120 mg/kg tamoxifen (cat# T5648, Sigma, St. Louis,
MO, USA) was given orally to three-day-old mice on day 1. Mice were sacrificed on day 5
to collect brain and spinal cord tissues for analysis of type | IFN transcription and protein
levels.

IFNa levels of brain or spinal cord tissues from ADAR1 WT and ADAR1 KO mice were
measured by using a mouse IFNa ELISA kit ( Cat#:42120-1, R&D Systems), following the
manufacturer’s protocol.

Statistical analysis

Results

Statistical analysis was carried out using GraphPad Prism V software. Data are presented as
mean + S.D. Statistical significance was calculated with a Student’s t-test. P<0.05 was
considered to be significant. The means + S.D. are shown in the figures where applicable.

ADARL1 suppresses type | IFN expression responding to viral RNA in inducible knockout

cells

We developed a unique mouse primary cell model in which we could easily turn ADAR1
gene expression on or off. This is a primary mouse embryonic fibroblast (MEF) derived
from an inducible knockout (iKO) mouse, referred to as iKO MEF, in which ADAR1
expression is intact until an inducer, tamoxifen (TM), is added to the culture medium. TM
activates the Cre recombinase, leading to deletion of the floxed ADARL1 gene (Fig. 1A, 1B).

Elevated levels of 1SGs observed in ADAR1 knockout cells indicated a suppressive role of
ADARL1 in IFN production; therefore, interaction between ADAR1 and a signaling pathway
regulating IFN production might exist. Since the pathway for viral RNA sensing has been
well-studied, the potential effect of ADAR1 on this pathway was examined. We used the
Sendai virus (SeV) to stimulate iKO MEFs and measure the IFN expression levels. Before
viral infection, TM was added to the medium to induce ADARL1 gene deletion. To exclude
the non-specific effect of TM, control MEFs (cMEFs) derived from embryos carrying only
floxed ADAR1 without the Cre gene were included (Fig. 1C). As expected, viral infection
led to type | IFN gene expression. IFN levels were dramatically elevated in the TM-induced
iKO MEFs compared to the non-TM induced iKO cells and TM-treated cMEFs (Fig. 1D,
1E). To confirm this effect of ADARL1 on the cellular RLR pathway, we also transfected
poly I:C into the cells to stimulate IFN production. The results using poly I:C are consistent
with the observation using SeV (Fig. 1F,1G). IFN-y levels were minimally detected across
all conditions in MEFs (data not shown). Cells made from embryos of independent litters
yielded highly reproducible results. With very strict controls, we demonstrated in these
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experiments that ADARL interacts with the viral RNA sensing pathway to suppress type |
IFN production.

ADARL1 suppresses type | IFN production in human cells

Next, we tested whether the suppressive effect of ADARL on IFN production also occurs in
human cells. We choose to use HEK293 cells to assess the cytosol signaling pathway, as this
cell line is known to lack toll-like receptors (TLRs) on the cell membrane that carry the
extracellular ligand signals. To modify ADAR1 levels in HEK293 cells, ADAR1 siRNA and
ADARL1-expressing plasmids were used to transfect the cells. The protein levels were
confirmed before the IFN production assays (Fig. 2A). Consistent with the observation in
iKO MEFs, knocking down ADARL led to an increase of type | IFN expression in HEK293
cells in response to viral infection or poly I.:C exposure (Fig. 2B, 2C). Furthermore, we
found that overexpression of ADARL inhibits type | IFN expression in response to SeV
infection or poly I:C stimulation (Fig. 2D, 2E). Results from this human cell line further
confirmed the suppressive effect of ADARL on type | IFN production and indicated that
ADAR1 may interact with a molecule in the cytosol viral RNA signaling cascade.

RNA binding activity is required for ADARL’s inhibitory effect

Chemically synthesized dsRNA containing multiple inosine:uridine pairs (1:U pairs) is
known to inhibit IFN production stimulated by poly I:C (37). ADARL1 catalyzes the potential
formation of 1:U pairs through the conversion of adenosine to inosine in cellular RNAs.
Therefore, the increased IFN levels in ADAR1 knockout cells could be due to the decreased
number of edited RNAs. To test this hypothesis, we compared the capacities of cellular
RNAs edited in wild type and unedited in knockout MEFs to stimulate IFN production.
Total RNAs isolated from wild type and knockout MEFs were applied to the RL24
luciferase reporter cell line (36). This cell line was derived from HEK293 cells with stable
expression of both IRF3-reporter gene and TLR3. Luciferase activity was assessed to
monitor the induction of type | IFNs. RNA from either wild type or knockout cells had little
effect if the RNA was added to the medium (Fig. 3A). However, when RNA was introduced
into the cytosol by transfection, both types of RNA stimulated IFN production, but no
significant difference was observed between the effects of the RNAs from wild type and
knockout cells (Fig. 3B). Next, we evaluated the role of RNA editing activity on IFN
production by comparing wild type ADARL to editing-incompetent protein using mutant
ADAR1 where a glutamic acid (E910) is replaced with alanine (A) at the catalytic domain,
completely abolishing its RNA-editing capacity (35, 38). This mutation was found to be
associated with a severe human neuronal autoimmune disease (see the following sections).
Expression of the mutant and wild-type protein in HEK293 cells showed that editing-
incompetent ADAR1 (ADARL E/A) inhibited IFN production to the same extent as did the
wild type ADARL in the setting of viral infection (Fig. 3C), indicating that RNA editing
activity is not required for its inhibitory effects on IFN production. In mammalian cells,
especially human neurons, many potential RNA editing sites were identified on RNA
transcripts. However, A-to-I RNA editing is still a rare event among the vast numbers of
cellular RNA molecules (39, 40). Thus, it is unlikely that RNA editing catalyzed by ADAR1
yields a quantity of inosine containing RNA adequate to suppress IFN expression. We
therefore determined which functional domain of ADARL1 is responsible for its role in IFN
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regulation through testing a series of truncated ADAR1 proteins (Fig. 3D, 3E). Results
showed that all the truncated proteins tested retained their inhibitory effects, except for one,
ADAR1 AR, in which the RNA binding domain was deleted (Fig. 3F). Therefore, these
results support that ADAR1 inhibits IFN production through its RNA binding capacity,
rather than its RNA editing activity.

ADAR1 interacts with the cytosol RIG-I pathway

The above results indicate that ADAR1 binds with dSRNA to regulate the IFN inducing
pathway. Besides cytosol RLRs, viral dsSRNA also can be detected by TLRs as a PAMP,
especially the TLR3 located on the endosome membrane (41, 42). Using the RL24 IRF3-
reporter cell line, we tested whether signal transduction by either membrane bound TLR3,
cytosolic RLRs, or both are affected by ADARL. In addition to the cytosolic RLR pathways,
RL24 cells also stably express TLR3 on its cell membrane (36), therefore, these cells could
respond to poly I:C added to the medium through TLR3 and poly I:C transfected into the
cytoplasm through RLRs. We knocked down ADARL1 expression before applying poly I:C
to test the pathways. IFN activity was significantly increased in the ADARL siRNA
transfected cells stimulated by cytosol poly 1:C compared to the control siRNA transfected
cells, whereas ADAR1 knockdown did not show a significant effect on stimulation from
medium poly I:C (Fig. 4A). This data showed that ADAR1 predominantly affects the RLR
pathway rather than TLR3-mediated IFN production.

Next, we tested whether ADAR1 regulation of IFN expression is RLR-dependent through
knocking down the cellular RNA receptors. As shown in Fig. 4B and supplementary Fig.
1A, RIG-I siRNA attenuated the effect of ADARL on IFN production in non-stimulated and
in virus infected HEK?293 cells. Knocking down MDA-5 showed the same effect as RIG-I
suppression (Supplemental Fig 1B and 1C). We also tested the signal relays downstream of
RIG-I/MAVS activation in iKO MEFs in the absence of ADAR1. Phosphorylation of IRF3
and IkB-a were increased after poly I:C transfection or viral infections in TM-induced cells
compared to cMEFs as shown in supplemental Fig 1D. This data further supports the
presence of an interaction between ADAR1 and the RLR pathways. Next, we tested whether
ADARL1 and RIG-I physically contact each other using co-immunoprecipitation assays.
Interestingly, our results showed that ADAR1 forms complexes with RIG-1. RIG-1 was
detected in the precipitation pulled down by anti-ADAR1 antibody (Fig. 4C). However, the
interaction was shown to be RNA-dependent, as RNase treatment dissociated ADAR1 and
RIG-I (Fig. 4C), while adding dsRNA into the reaction increased the quantity of co-
immunoprecipitated RIG-I (Fig. 4D). Because both ADARL1 and RIG-I are dsRNA-binding
proteins, it is not unexpected that the interaction of ADAR1 and RIG-I is bridged by a
dsRNA molecule. However, it raises the question as to whether ADAR1 prevents RNA
sensing by interfering with RIG-I dsRNA recognition. This possibility was tested by
measuring the quantity of RIG-I that bound to poly I:C in the presence or absence of
ADARL in an in vitro RNA-protein binding assay (Fig. 4E). Protein extract was made from
iKO MEFs either induced or not by TM, and then incubated with poly I:C conjugated to
agarose-beads. The proteins bound to poly I:C were pulled down by the beads and analyzed
by Western blot. The quantity of RIG-I bound to poly I:C was much greater in the lysates in
which ADAR1 is absent. This was true in both viral-infected and non-infected cells,
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although the viral infection dramatically increased the quantity of RIG-1 bound to poly I:.C
(Fig. 4E). In addition, we tested whether the level of ADARL1 correlates with its inhibitory
effect. In the RNA-protein binding assay, we used protein extracts from HEK293 cells with
over-expressed ADARL and gradually increased ADARL levels by controlling the protein
input to the reactions (Fig. 4F). We observed that the inhibition of RIG-I-poly I:C binding
was ADARL concentration-dependent and that RIG-I binding negatively correlated with the
level of ADARL1 protein (Fig. 4F). The same result was observed with protein extracts from
cells transfected with increasing amount plasmids (supplementary Fig. 2), while
overexpression of ADAR1AR that lacks RNA binding domain did not affect RIG-1 binding
at any expression level (supplementary Fig. 3), consistent with its effect on IFN production
(Fig. 3F).

ADARL1 absence causes IFN production without exogenous RNA stimulation

In the context of autoimmune disease, an excessive immune response is caused by
endogenous substances. Such as in AGS, aberrant metabolism of nucleic acid is suspected to
be involved in triggering IFN production (43). We examined if deletion of ADARL in iKO
MEFs leads to IFN production without exogenous RNA stimulation. ADARL1 deletion
induced by TM caused significant increases in IFN-a and —f expression without stimulation
(Fig. 5A). Knocking down ADAR1 in HEK?293 cells showed the same effect (Fig. 5B).
These results indicate that when ADAR1 is suppressed, an endogenous component is
capable of activating the IFN expression signaling pathway. Taken that ADARL1 inhibits
cellular RNA binding to RIG-I, the above results hinted that removal of ADARL1 enables
endogenous RNA to stimulate RIG-I and activates the signaling pathway. To examine if
ADARL plays a role in preventing the immune recognition of endogenous RNA, we tested
whether down-regulation of ADAR1 shows an effect on IFN signaling activity in response
to cellular RNA. We isolated total cellular RNA from the RL24 cell line and used this
cellular RNA to stimulate RL24 reporter cells. While knocking down ADARL in the
reporter cells resulted in activation of the IFN pathway without transfection of the cellular
RNA, it caused a much higher level of reporter activity when total RNA was transfected into
the cells compared to the responses in control cells and non-RNA stimulated cells (Fig. 5C).
These results indicated that ADAR1 prevents cellular RNA to stimulate IFN inducing
pathways in the cells.

Inducing ADARL1 gene deletion causes excessive IFN production in mouse neural tissues

Multiple mutations in the ADAR1 gene loci were recently linked with a subcategory of AGS
(5). The high level of IFN-a in the cerebrospinal fluid of AGS patients (up to 1,000 times
higher in these patients) plays a critical role in the progressive encephalopathy (4). However,
experimental evidence associating ADAR1 mutations with this immune disease is lacking.
Support for this possibility would require data showing that loss of ADARL is sufficient for
excessive IFN production. We tested whether the high level of IFN observed in AGS
patients could be recapitulated in the ADAR1 inducible knockout mouse. Since the onset of
AGS is seen at a very young age and even in newborns, we started to administer TM to iKO
mice in the first week after birth (Fig. 6A). ADAR1 genotype (supplementary Fig. 4) and
protein expression in the brain and spinal cord was confirmed by Western blot after five
days of TM induction (Fig. 6B). Because cerebrospinal fluid is very limited in the newborn
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mouse, we chose to measure the IFN-a level in neural tissues by ELISA. Both the brains
and spinal cords of ADAR1 knockout mice contained a much higher level of IFN-a than
those of the control littermates (Fig. 6C). To verify that the high level of IFN-a was
produced in the neural tissues, we monitored the gene expression of type | IFNs by
measuring the mRNA levels in the tissues. The results showed that neural tissues expressed
significantly higher type I IFN mRNA levels after ADAR1 was deleted (Fig. 6D, 6 E).
These data provide direct evidence that loss of ADARL1 function in vivo leads to AGS-like
pathogenic changes in terms of IFN gene expression.

Discussion

In this study, we found that ADARL1 interacts with the cytosol RNA-sensing pathway to
suppress IFN production responding to exogenous and endogenous RNAs. As demonstrated
with RIG-I, ADARL, through its RNA binding activity, limits the access of dsSRNA to the
RLRs and suppresses the signaling pathway used for viral RNA detection. In the absence of
ADAR1, endogenous RNA stimulates type | IFN production without exogenous stimulation.
Disruption of the ADAR1 gene in mice recapitulates the pathogenic change of AGS in terms
of high-level IFN production in neural tissues.

We developed an inducible gene knockout model for identification of the direct effect of
ADARL1 on IFN production. Adding 10 nM TM to the culture medium effectively eliminates
ADARL1 protein in the cells, which enabled us to compare IFN production and its signaling
pathway in the same cell. The inducible gene deletion did not work well in the immortalized
cell lines; therefore, we used the primary cells for our studies, as it would more closely
reassemble the in vivo mechanism than a cell line. Critical data led us to find the interaction
of ADAR1 and RLR pathway that was originally obtained from this cell model, such as that
ADARL1 deletion increases type | IFN expression (Fig. 1) and ADAR1 competes with RIG-I
to bind dsRNAs (Fig. 4).

Signaling pathways for detecting viral RNA by RLRs that trigger type | interferon
production have been very well-studied (29-31, 44, 45). Each component of this pathway is
well-defined with protein crystal structure information. Besides RLRs, the invaded RNA
also encounters other RNA-binding proteins (46, 47). Less knowledge has been obtained on
whether these proteins interact with RLRs in RNA sensing. We demonstrated here that
ADAR1 acts as an RNA-binding protein to suppress IFN production via interfering with
RNA sensing by RLRs. Both RIG-I and MDA-5 detect viral RNA and analogs. It is well-
known that RIG-I mediates Sendai virus-stimulated IFN production and has a high-affinity
to 5'ppp-RNA and a lower-affinity to longer dsRNAs (>200bp), including poly 1:C (48).
MDA-5 prefers to bind poly I:C and picornavirus RNAs (44). RIG-1 and MDA-5 share the
same pathway to induce IFN production via MAVS (44). Through poly I:C beads pull-down
we demonstrated that ADAR1 limits RIG-I binding to dSRNA therefore inhibits cytosolic
RNA sensing. While poly I:C can be detected by both RIG-I1 and MDA-5, 5'-triphosphate
RNA is the specific ligand of RIG-1. The poly I:C pull-down experiment did not prove that
ADARL interferes with binding of RIG-I with its specific ligand 5’-triphosphate RNA. On
the other hand, MDA-5 preferentially binds to long dSRNA and induces type | IFN
production. It is conceivable that ADARL1 also affect MDA-5 RNA sensing pathway.
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Indeed, when we used siRNA to knock down MDA-5 in HEK293 cells an attenuation of the
effect of ADARL suppression was observed (Supplementary Fig 1B and 1C). Thus, ADAR1
plays a general role in suppressing RNA sensing by RLRs for IFN production. ADAR1,
stimulated by IFN, formulates a negative feedback loop through RLRs. It may act to prevent
the overreaction during viral infection. This notion is consistent with the observation that
overexpression of ADAR1 increases viral replications (27).

Although ADAR1 is an RNA-editing enzyme, emerging evidence shows it also exerts RNA
editing independent functions (14-17, 49). A recent study found that ADAR1 forms a
heterodimer with dicer, increases the maximum rate of pre-microRNA cleavage, and
facilitates miRNA loading onto RNA-induced silencing complexes (RISC) (17). In contrast
to heterodimer formation, our data showed that ADAR1 complexes with RIG-I is bridged by
dsRNA. However, we could not completely rule out the possibility that direct binding of
ADARL1 and RIG-1 may also occur, since a weak signal of RIG-I remained in the pulled
down proteins by ADAR1 antibody after RNase treatment (Fig. 4C). The major form of
ADARL1 and RIG-1 complex was still dependent on the presence of dsRNA (Fig. 4D).

ADAR1 gene mutation is often found in patients with a mild skin disorder, dyschromatosis
symmetrica hereditaria (DSH) (50). However, AGS, a severe hereditary neurodegenerative
disorder characterized by early onset and progressive encephalopathy, has recently been
found to be associated with ADAR1 gene mutations (5). Single nucleotide mutation was
predominantly found in the DSH family, but no neural phenotype likes AGS was associated
with the mutations. In contrast, multiple mutations concur in all AGS patients and both
alleles were affected. The pedigree information and the mutation frequency in normal
population did not support that these mutations are gain-function mutations although
particular exception could not be excluded.

Mutations on the other five genes (TREX1, RNASEH2B, RNASEH2C, RNASEH2A, and
SAMHD1) were identified, showing that each of them is responsible for a subcategory of
AGS. Interactions of these molecules with the IFN pathway were studied and documented
(43). ADARL gene mutation, however, was just found very recently to be associated with
AGS. Whether and how mutations on the ADAR1 gene cause excessive IFN production was
not elucidated. Our present study using an iKO animal model suggested a mechanism by
which ADAR1 regulates IFN production. It may help us to understand the pathogenesis of
AGS caused by ADAR1 mutations. Given the advantage of our inducible ADAR1 gene
knockout model, we provided direct evidence that disruption of the ADAR1 gene can result
in excessive production of type I IFN in neural tissues. Discovering how ADARL regulates
IFN production will likely accelerate the finding of more autoimmune diseases with type |
interferon signatures as just found in bilateral striatal necrosis (51).

Although our data demonstrated that ADAR1 limits cellular RNA sensing by RLRs through
RNA binding activity, competitive binding of the endogenous RNA by ADAR1 might not
be the only mechanism that regulates type | IFN induction. ADAR1 was also found to be
involved in cellular RNA distribution (52), degradation (49) and to interact with other
proteins (16). Directly or indirectly changing the cellular RNA modifications and enhancing
the degradation by ADAR1 could also prevent RLR activation and type | IFN induction by
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directly or indirectly enhancing the degradation or immune recognition of endogenous
RNAs. Further studies of these possibilities will need to be conducted.

In conclusion, our study revealed a mechanism by which ADARL1 suppresses IFN
production and also indicated potential involvement of ADAR1 in autoimmune diseases
with an IFN signature, such as AGS.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. ADARL1 suppressesviral RNA-stimulated type | IFN expression in primary mouse
cells

Mouse primary fibroblasts were prepared from embryos carrying floxed ADAR1 gene and
inducible Cre-ER gene (iKO MEF) or littermates without Cre gene (cMEF). (A) The floxed
ADARL gene allele is illustrated before and after tamoxifen (TM) induction in iKO MEF
and cMEF. (B) ADARL protein was completely depleted in iKO MEFs between 24-48
hours after adding 10nm 4-OH TM to culture medium, but did not affect ADAR1 protein in
cMEFs. (C) iKO MEFs were split into two groups in parallel for TM treatment and non-TM
treatment. IFN production was compared in the exact same cells, except TM induction.
cMEFs were included to exclude the potential effect of TM. (D, E) Sendai virus (SeV) was
used to stimulate the cells for IFN production. SeV infection induced significant IFN-a and
IFN- expression in these primary cells, as shown by the mRNA levels measured by real-
time PCR. TM had no effect on cMEFs, but it caused dramatic increases in IFN-a and IFN-f
expression in iIKO-MEFs. (F, G) Transfection of poly I:C into iKO MEFs caused the same
responses with or without TM induction, as observed in SeV infection. IFN mRNA was
measured after six hours of SeV infection or poly I:C transfection. Expression level of each
sample was normalized by its beta-actin expression and the fold change was relative to the
non-stimulated INF expression level. Data shown in this figure is mean + S.D. (n=3.
Experiments repeated five times with MEFs from different embryos). * indicates p<0.05; **
p<0.01; *** p<0.001.
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FIGURE 2. ADARL1 suppressesviral RNA-stimulated type | IFN expression in human cells
The suppressive effect of ADAR1 on type | IFN production was examined in HEK293 cells.

(A) ADARL protein levels were monitored 48 hours after transfection of the cells with
ADAR1 siRNA or ADAR1-expressing plasmid. (B, C) IFN-a and IFN-f mRNA expression
levels were measured in the cells with ADAR1 siRNA knock down by real-time PCR as
described in Fig. 1. Total RNA was isolated six hours after SeV infection or introducing
poly I:C into the cytoplasm by transfection. Both SeV infection and poly I:C transfection
stimulated IFN expression to a significantly higher level in ADAR1 siRNA transfected cells
compare to those transfected with control siRNA. (D, E) In contrast to ADAR1 knock down,
INF mRNA expression levels were decreased in the cells in which ADAR1 was over
expressed. The conditions for viral and poly I:C stimulation and mRNA measurement were
the same as those used for ADAR1 knock down experiments. Data shown in this figure is
mean + S.D. (n=3. Experiments repeated three times). * indicates p<0.05; ** p<0.01; ***
p<0.001.
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FIGURE 3. Suppression of IFN production by ADAR1 depends on its RNA binding rather than
its RNA editing activity

Total cellular RNA from wild type MEFs (RNA edited by ADAR1) and RNA from ADAR1
knockout MEFs (without ADARL1 editing) were tested for their capacity to induce IFN
production in the RL24 reporter cell line. (A) Neither wild type RNA nor ADAR1 KO RNA
stimulated IFN production when they were added into the culture medium. (B) RNA from
both wild type and knockout MEFs stimulated IFN production when they were transfected
into the cytoplasm. However, the wild type and KO RNAs did not show a significant
difference. Poly I:C was used as a positive control, which stimulated IFN production in both
the medium and cytosol. (C) Wild type and RNA editing incompetent ADAR1 (ADAR1
with E/A mutation in its catalytic domain) were over expressed in HEK293 cells to test the
RNA editing activity for IFN suppression. Both of them inhibited IFN-$ expression to the
same extent. (D) Scheme of serial vectors that were constructed to express ADAR1 proteins
with mutations or deletions of Z-DNA binding domain, RNA binding domain, and catalytic
domain. These vectors were used to map the functional domain for the inhibitory effect on
IFN production. (E) Protein expression of the truncated ADAR1 was confirmed before the
functional assays. Western blot was conducted with anti-flag antibody as a flag tag added to
wild type, AC, and AR ADARL proteins. However, the N terminal truncated form p110 was
detected by anti-ADAR1 monoclonal antibody, as flag tag was not expressed. (F)
Expressions of all of these truncated proteins, except RNA binding domain deletion (AR),
significantly inhibited IFN-{ expression stimulated by SeV in HEK293 cells. Data shown in
this figure is mean £ S.D. (n=3. Experiments repeated three times). *** p<0.001.
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FIGURE 4. ADARL1 interactswith RLR pathways and limits RI G-I binding to dsRNA
(A) RL-24 cells were used to test the signaling pathway regulated by ADARL. Cells were

transfected with control sSiRNA or ADAR1 siRNA for 48 hours. Then, poly I: C (1pg/ml)
was either added to the culture medium or transfected into the cytosol for a further six hours
and cells were harvested for luciferase reporter assay. *** p<0.001. (B) IFN- expression
was measured in HEK293 cells when ADAR1, RIG-I, or both were knocked down. The
knock down of ADAR1 and RIG-I were verified by Western blotting (right panel). (C)
ADAR1 monoclonal antibody was used to pull down protein from HEK?293 cells with or
without viral infection. RIG-1 was co-precipitated with ADAR1, where RNA is preserved.
The co-precipitation of RIG-I was significantly decreased if the protein sample was subject
to RNase treatment before immunoprecipitation. (D) Adding dsRNA to the protein extract
increased the quantity of RIG-I co-precipitated with ADARL. (E) In an in vitro RNA-protein
binding assay, RIG-I could be pulled down by poly I:C conjugated with agarose beads, but
not by poly C. Protein extracts made from iKO MEFs with or without TM induction,
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ADARL1 protein absent or not, showed obvious differences in the quantities of RIG-I pulled
down by poly I:C beads. (F) The effect of different quantities of ADARL on RIG-I RNA
binding capacity. Increasing amounts of ADARL1 input gradually decreased RIG-1 quantity
pulled down by poly I:C. The input proteins were extracts from SeV infected HEK293 cells
with a high level expression of RIG-I1 and ADAR1 plasmid transfected cells with over
expressed ADARL protein.
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FIGURE 5. ADAR1 deletion or down-regulation led to IFN expression without exogenous RNA
stimulation

(A) IFN-a and IFN-B mRNA levels in iKO-MEFs were quantified by real time PCR without
exogenous RNA stimulation. (B) Knockdown of ADAR1 with siRNA in HEK293 cells
increased IFN-a and IFN-B expression without exogenous RNA stimulation. (C) Luciferase
activity in RL24 cells was measured after knocking down ADAR1. RL24 cells were
transfected with ADAR1 siRNA for 48 hours. The total cellular RNA from the same cells
was added to the culture medium or transfected to the cells with Lipofectamine 2000 for six
hours. Then, cells were harvested to measure luciferase activity. Data shown in this figure is
mean £ S.D. (n=3). *** p<0.001.
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FIGURE 6. Inducing ADARL1 deletion in miceincreased type | interferon expression in thebrain
and spinal cord
The inducible ADAR1 knockout mouse was used to test the in vivo effect of ADAR1 on

type | IFN production in neural tissues. (A) The strategy for inducing ADARL gene deletion
and neural tissue analysis. (B) The protein levels of ADARL in the brain and spinal cord
after TM induction were monitored by Western blot. (C) Level of IFN-a protein in the
neural tissues was measured using an ELISA kit and is shown in the pictogram per mg total
protein. (D) IFN-a and (E) IFN-B mRNA levels were measured by real time PCR as
described in Fig. 1. Experiments were done with three wild type and three knockout mouse
newborns. Data shown is the mean £ S.D. ** p<0.01; *** p<0.001.
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