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Abstract

Adenosine-to-inosine (A-to-I) editing is a highly prevalent posttranscriptional modification of
RNA, mediated by ADAR (adenosine deaminase acting on RNA) enzymes. In addition to RNA
editing, additional functions have been proposed for ADARL. To determine the specific role of
RNA editing by ADAR1, we generated mice with an editing-deficient knock-in mutation
(Adar1E961A \where E861A denotes Glu881—Ala86l). Adar1E861A/E861A embryos died at ~E13.5
(embryonic day 13.5), with activated interferon and double-stranded RNA (dsRNA)-sensing
pathways. Genome-wide analysis of the in vivo substrates of ADAR1 identified clustered
hyperediting within long dsRNA stem loops within 3" untranslated regions of endogenous
transcripts. Finally, embryonic death and phenotypes of Adar1E861A/E861A \were rescued by
concurrent deletion of the cytosolic sensor of dSRNA, MDAS. A-to-I editing of endogenous
dsRNA is the essential function of ADAR1, preventing the activation of the cytosolic dSRNA
response by endogenous transcripts.

Adenosine-to-inosine (A-to-I) editing is the most prevalent form of RNA base modification
in mammals. Hundreds of thousands of A-to-1 editing events have been reported in the
human transcriptome (1-3). A-to-1 editing is catalyzed by ADAR (adenosine deaminase
acting on RNA) enzymes, which deaminate genomically encoded A-to-I in double-stranded
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RNA (dsRNA). A-to-1 editing predominantly occurs in noncoding, repetitive elements such
as inverted Alus and short interspersed nuclear elements (SINES) (3, 4). There are three
mammalian ADAR proteins: ADAR1, -2, and -3. ADARL1 is widely expressed during
embryonic and postnatal development and is present as a predominantly nuclear, constitutive
ADAR1p110 isoform expressed in all tissues and an additional interferon (IFN)-inducible
ADAR1p150 isoform that is found in both the nucleus and the cytoplasm (5). AdarZ™~ (null
for both isoforms) and AdarZp150~~ mice die in utero at E11.5 (embryonic day 11.5) to
E12.5, due to failed erythropoiesis and fetal liver (FL) disintegration (6-8).

Only ADAR1 and ADAR2 demonstrate editing activity in vitro. The AMPA receptor GIUA2
pre-mRNA is edited by ADAR?2 in the brain, converting a glutamine residue to an arginine
in a functionally critical position (9). Adar2”~ mice die from seizures and were rescued by
the genomic substitution of the single edited adenosine for guanosine, mimicking editing of
the transcript (10). In contrast to this elegant single-substrate paradigm that describes the
Adar2”~ phenotype, no such editing site(s) described to date have resolved the
physiological requirement for ADARL.

To directly determine the contribution of A-to-I editing to ADAR1’s biological function, we
generated a constitutive knock-in of an editing-deficient ADAR1 allele in mice (Adar1£861A,
where E861A denotes Glu861—Ala861) (Fig. 1A and fig. S1A), homologous to the human
ADAR1E912A g|lele, which is catalytically inactive in vitro (11) (also see supplementary
materials and methods). In E12.5 whole embryos, ADAR1p110 protein was detected in
Adar]E86IAES61A samples at comparable levels to AdarI*’* and Adar1E561A% controls (Fig.
1B). Additionally, Adar1E861A/E861A embryos had elevated expression of ADAR1p150 (Fig.
1B).

Adar1E861A4%* heterozygous mice were normal, were present at the expected Mendelian ratio,
and had no discernible phenotype. No viable Adar1E861AE861A pyps were born from
Adar1E861A* intercrosses and were found to be dying at ~E13.5 (Fig. 1C).
Adar]E86IA/ES61A yo|k sacs were pale, and embryos appeared developmentally delayed
compared with controls (Fig. 1D), despite being normal at E12.5 (fig. S1, D and E). At
E13.5, Adar1E861A/E861A | was smaller, with eightfold fewer viable cells (Fig. 1D and fig.
S1E). We observed a failure in erythropoiesis with a severe loss of erythroblast populations
(Fig. 1, E and F) and increased cell death (Fig. 1G), also apparent in other hematopoietic
populations (fig. S2). Consistent with our previous analysis of the ADAR1 conditional allele
(12), adult hematopoietic stem cells (HSCs) expressing only the catalytically inactive
ADARL1 could not be maintained in vivo and were lost over time (fig. S3). The A-to-1 editing
activity of ADARL is essential for embryonic development and the maintenance of
hematopoiesis in vivo.

We performed transcriptional profiling on three independent littermate AdarZ*/* and
Adar]E86IAESEIA F|s. An absence of ADAR1 editing resulted in the up-regulation of 383
transcripts (log,FC > 2), 258 of which are IFN-stimulated genes (1ISGs) (Fig. 2A and table
S1). Pathway analysis revealed a profound enrichment of signatures activated after IFN
treatment or viral infection (Fig. 2B and table S1). Of the 50 most differentially expressed
genes, 44 were up-regulated by either type I IFN, type Il IFN, or both (Fig. 2C and table S1).
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The derepression of ISGs was confirmed by quantitative reverse transcriptase polymerase
chain reaction (QRT-PCR) (Fig. 2D). Furthermore, we demonstrated that the transcriptional
response in Adar1E861AES6IA F| s closely parallels that of complete ADAR1 deficiency (12)
(fig. S4A).

Synthetic dsSRNA sequences based on endogenous RNA containing adenosine but not
inosine stimulate I1SGs and apoptosis in vitro by binding to MDAS5 and RIG-I (13). We
defined a gene set associated with the response to IU-dsRNA (inosine-uracil-paired dsRNA)
in human cells (13). Gene signatures of both Adar1E861AE861A B and Adarl™~ HSCs were
highly enriched for the 1U-dsRNA response (Fig. 2E), demonstrating a species-conserved
response to dsRNA that is constrained by the presence of inosine residues. Therefore, the
deamination of adenosine in dSRNA by ADARL is necessary for suppression of the IFN
response under homeostatic conditions. Furthermore, it suggested that the absence of A-to-I
substitutions in endogenous dsRNA may initiate this response.

To define ADAR1-specific editing events in vivo, we analyzed A-to-l (G) mismatches within
the RNA sequencing data. Across all samples, 6167 A-to-I editing sites were identified:
5540 known (14) and 627 previously undiscovered (Fig. 3A). Strain-specific single-
nucleotide polymorphisms were excluded, and only A-to-1 mismatch frequencies that
differed significantly between genotypes were considered (Fig. 3B). Using these criteria,
673 A-to-1 editing sites were defined (Fig. 3A). Of these, 666 sites had reduced editing in
mutants, including hyperedited loci, which had no detectable editing (Fig. 3B and tables S2
and S3). This confirmed that the Adar75961A allele is catalytically inactive and the majority
of FL A-to-1 editing is ADAR1 dependent. We validated 281 of the identified A-to-1 sites on
independent Adar1E861AE861A and Adar1*’* FL samples (15). All tested sites were
confirmed as differentially edited in both FL and mouse embryonic fibroblasts (MEFs)
(table S4). Sanger sequencing validated ADAR1-specific Blcap¥?¢, Mad2l1, Rbbp4, and
KIf1 editing sites from independent FL samples (Fig. 3C).

ADAR1 is required for erythropoiesis (Fig. 1, E to G). Interestingly, 40% (264 of 666) of the
ADAR1-specific editing sites were within hyperedited clusters of only three genes—K/f1,
Oip5, and Optn—which have peak or restricted expression in the erythroid lineage (table
S3). Seventy, 61, and 133 ADAR1-specific A-to-I hyperedited loci were within long 3’
untranslated regions (3" UTRs) of K/f1, Oip5, and Optn, respectively. An example of
hyperediting in K/f1is depicted in Fig. 3D. An absence of ADAR1 editing of these loci
provides a possible link to the FL failure in Agar1E862A/E861A empryos.

Modeling of the predicted secondary structure of the hyperedited 3"UTRs showed that in the
absence of editing there was the potential for long perfect dSRNA segments to be formed
through duplexing of repetitive regions (Fig. 3E and fig. S7, A to C). The thermodynamics
of inosine base pairing is not defined. Therefore, we modeled secondary structures for
hyperedited substrates in two ways: (i) by predicting secondary structures of K/fI (Fig. 3E,
left), Optn, and Oip5 (fig. S7) 3" UTRs with inosine in place of adenosine, assuming no base
pairing, or (ii) by replacing adenosine with guanosine (Fig. 3E, middle), assuming wobble
base paring. In both cases, the predicted dsRNA structures have higher free-energy states in
the presence of A-to-1 or A-to-G substitutions (fig. S7, A to F). Therefore, extensive 1-U
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mismatches would be predicted to destabilize perfect dSRNA stem loops within hyperedited
3’UTRs (Fig. 3E and fig. S7, A to F). Thus, we hypothesized that ADAR1 editing
remodeled the secondary structure of endogenous RNA to abrogate the formation of long
matched dsRNAs.

Thetranscriptionalsignaturesinthe Adar1E861A/E861A E|_ resembled that of RIG-1 and MDAS
activation (13). We postulated that in the absence of ADARL1 editing, endogenous dsSRNAs—
such as the 3"UTRs of K/f1, Oip5, and Optrn—could be bound by MDADS and/or RIG-1 and
could activate the cellular dSRNA response. Short hairpin RNA (shRNA) knockdown of
MDADS rescued proliferation and viability (Fig. 4, A to C) and suppressed ISG induction in
hematopoietic stem and progenitor cells expressing only the Adar1£862A allele to control
levels, using two independent MDA5 shRNAs (fig. S8).

Based on the in vitro rescue, we crossed Adar1E861AE861A 1o MDAS ™/~ (/fih1~") mice.
Initially we assessed embryos at E13.5, a time point when Adar1E862A/E861A empryos are no
longer viable (Fig. 1C). Adar1E861AE861A 1fih 1/~ double mutant yolk sac, embryo, and FL
were comparable to controls and were present at the expected ratio (Fig. 4D and fig. S9A).
Erythropoiesis was completely rescued, and FL 1SGs were equivalent to those of control
littermates (Fig. 4, E to G). Most surprisingly, viable Adar1E861AE861A Ifih 1/~ mutants that
survived past weaning have been identified (fig. S9B). The viable double mutants are
outwardly healthy, albeit slightly smaller than littermate controls, and have not demonstrated
additional phenotypes to date (Fig. 4H). The rescue of both developmental and adult
viability demonstrates that MDAS is the primary sensor of endogenous dsRNA in the
absence of ADARL editing.

Unlike ADAR2, the primary role of ADARL1 has not been clearly defined. Although it was
assumed that RNA editing was its central function, additional RNA editing—independent
roles have been proposed. The murine phenotypes and transcriptional consequences of
complete ADARL1 deficiency and the specific loss of A-to-1 editing are markedly similar,
demonstrating that RNA editing is the primary and physiologically most important function
of ADARL. Adar1E861A/E861A embryos die ~1 to 1.5 days later than AdarZ™~ embryos,
suggesting limited contributions from nonediting functions of ADARL. We believe the
difference in survival is accounted for by the catalytically inactive ADARL retaining the
ability to sequester immunogenic dsRNA (16). ADAR1 sequestration is not sufficient,
however, to completely prevent MDAS recognition of unedited dsRNA and subsequent
signaling. Therefore, the extended survival of the editing-deficient animals reflects a delay
rather than a fundamental difference in the presentation of the same phenotype.

The data from the Adar1£861A mutants are consistent with the type | interferonopathies of
Aicardi-Goutiéres syndrome (AGS) patients bearing ADAR1 mutations (17, 18). Editing of
endogenous transcripts in ADAR1-mutant AGS patients is probably reduced, leading to
retention of paired endogenous dsRNA that can be sensed by MDAS. Consistent with this,
gain-of-function mutations of MDAS have been identified in non—~ADAR1-mutant AGS
patients (18). AGS MDADS mutations caused higher-affinity binding to self-dsRNA, resulting
in the inappropriate detection of self-dsRNA (18). Thus, the physiological function of
ADARL is probably conserved in mammals.
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Approximately half of the mammalian genome is composed of noncoding retrotransposons
such as SINEs and Alus (19, 20), which typically form dsRNA duplexes. Retrotransposons
are subjected to extensive A-to-1 RNA editing (3, 4). The location of repetitive elements may
determine their immunogenicity. Retrotransposons located within introns do not persist in
the cytosol and therefore cannot activate MDADS. Repetitive elements in 3'UTRs, though
rare (4), can be retained and form duplexes, harboring the potential for recognition by
MDAS5. We propose that hyperediting of self-dsRNA by ADAR1 (such as the 3"UTRs of
KIf1, Optn, and Oip5) generates multiple I1-U mismatches that act to prevent MDAS
oligomerization (21). In the absence of ADARL editing, long dsSRNA stem loops can form
that activate MDAGS (fig. S10). However, we cannot rule out an alternate possibility that
edited substrates preferentially bind MDAGS to prevent its activation by other (unidentified
and nonedited) dsSRNA transcripts (13).

Concurrent ablation of MAVS, the downstream adaptor of MDAS and RIG-I, rescues
ADARZ1-null mice to birth (22), demonstrating a role for ADAR1 in the suppression of the
RLR pathway. Our study specifically identifies the critical cytosolic sensor upstream of
MAVS and demonstrates that the Adar1E561A/861A phenotype and, by extension, Adarl ™~
can be ascribed to the lack of editing of multiple substrates, resulting in the inappropriate
activation of MDAS. We speculate that these unedited transcripts are sensed as nonself by
MDADS and activate innate immune signaling. ADAR1’s primary physiological function is to
edit endogenous dsRNA to prevent sensing of endogenous dsRNA as nonself by MDAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Adar1E861A/E861A embryosdiein utero
(A) Schematic of Adar1£961A knock-in allele. (B) ADAR1 protein expression in whole

E12.5 embryos of the indicated genotypes. (C) Survival data at the indicated stages. (D)
Images of viable E13.5 yolk sacs, embryos, and FL. Scale: yolk sac and embryo, 1 cm; FL, 2
mm. Representative (E) fluorescence-activated cell sorting (FACS) profiles, (F) cell
numbers, and (G) frequency of 7JAAD™* FL erythroblasts at E13.5. Results are mean + SEM
(+/+, n=5 embryos; E861A/+, n=18; EB61A/E8B61A, n=3). **P < 0.005 and ***P<
0.0005 compared with AdarI*’*. R2 to R5 denote erythroblast populations.
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(A) MA plot comparing gene expression in WT and E861A E12.5 FL. Red dots,

differentially expressed genes; blue dots, differentially expressed ISGs. (B) QUSAGE
analysis of the top 100 differential pathway signatures ranked by fold enrichment and P
value. (C) Heat map of the 50 most differentially expressed genes. Black dots indicate
known ISGs. (D) gRT-PCR of ISGs in E861A compared with controls in FL and MEFs.
Results are mean + SEM (n=3). *P< 0.05, **P< 0.005, and ***P < 0.0005 compared with
Adar1**. (E) IU-dsRNA response gene set in E861A compared with WT samples (left) and
Adar1™~HSCs compared with controls (right).
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(A) Summary of A-to-I editing site analysis in FL. SNPs, single-nucleotide polymorphisms;
ANOVA, analysis of variance; ncRNA, noncoding RNA. (B) Mean editing difference for
sites with >20 reads (left, 7= 1634). Mean editing frequency of differentially edited sites
between E861A and controls (right, 7=673). (C) Genomic DNA (gDNA) (bottom) and
complementary DNA (cDNA) (top and middle) Sanger sequencing validation of editing
sites. Red arrows highlight edited adenosine. (D) Integrative Genomics Viewer image of
KIf1in WT E12.5 FL and predicted secondary structure of 3"UTR. The red line denotes the
region depicted in (E). (E) Predicted secondary structure ofa 212—base pairdsRNA stem loop
from the 3" UTRof K771, with inosine (IU-dsRNA, left) and guanosine (GU-dsRNA, middle)
in place of adenosine at the edited sites. Right, predicted secondary structure with no A-to-I
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Adar1ES6IA (NJEBB1A) infected with pLKO.1 empty vector, shGFP, or (B) two
independent shMDAS5 [shMDAS5(1) and shMDAS5(2)] were cultured for 8 days. Results are
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significant. (C) Analysis of apoptosis on day 8. (D) Images of viable E13.5 yolk sac,
embryo, and FL of the indicated genotype (all /finZ1™"). Scale: yolk sac and embryo, 5 mm;
FL, 1.6 mm. Representative (E) FACS profiles and (F) numbers of FL erythrocytes at E13.5.
(G) E13.5 FL qRT-PCR of ISGs. Results are mean = SEM (+/+, n=2; E861A/+, n=8;
E861A/E861A, = 4). *P< 0.05 compared with Adarl*/*Ifih17~ controls. (H) Photo of an
Adar1E86IAES6IA [fih 17/~ mouse and an AdarIE862A% [fih1*/~ littermate at 26 days of age.
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