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Abstract

Adenosine deaminases that act on RNA (ADARs) convert adenosine residues to inosine in double-

stranded RNA. In vivo, ADAR1 is essential for the maintenance of hematopoietic stem/

progenitors. Whether other hematopoietic cell types also require ADAR1 has not been assessed. 

Using erythroid- and myeloid-restricted deletion of Adar1, we demonstrate that ADAR1 is 

dispensable for myelopoiesis but is essential for normal erythropoiesis. Adar1-deficient erythroid 

cells display a profound activation of innate immune signaling and high levels of cell death. No 

changes in microRNA levels were found in ADAR1-deficient erythroid cells. Using an editing-

deficient allele, we demonstrate that RNA editing is the essential function of ADAR1 during 
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erythropoiesis. Mapping of adenosine-to-inosine editing in purified erythroid cells identified 

clusters of hyperedited adenosines located in long 3’-untranslated regions of erythroid-specific 

transcripts and these are ADAR1-specific editing events. ADAR1-mediated RNA editing is 

essential for normal erythropoiesis.

Hematopoiesis describes the process of blood cell formation from hematopoietic stem cells 

(HSCs). It has proven a highly tractable system for understanding the role of proteins/genes 

in the maintenance of an organ system and in lineage commitment in vivo. There is now a 

detailed understanding of the roles of a large number of transcription factors, epigenetic 

regulators, and signaling cascades in hematopoiesis; however, one mechanism of gene 

regulation that has not been explored fully are the requirements and consequences of direct 

modification of RNA. It is now becoming apparent that RNA sequences can be modified 

widely by RNA editing.

The deamination of genomically encoded adenosine to inosine (A-to-I editing) in double-

stranded RNA (dsRNA) by adenosine deaminases that act on RNA (ADAR) enzymes is a 

highly abundant form of RNA base modification in higher eukaryotes. Hundreds of 

thousands to millions of A-to-I editing sites have been reported in the human transcriptome 

[1–3]. In the mouse, only tens of thousands of editing events are reported [2,4]. A-to-I 

editing most frequently occurs within repetitive elements such as short interspersed nuclear 

element (SINE; nonprimate mammals), including Alu repeats (primate specific) [1,5,6]. 

RNA editing within retroelements occurs when proximal paired inverted complementary 

repeats hybridize to form dsRNA hairpins after transcription [7,8]. Long dsRNAs with few 

or no mismatches can be subjected to hyperediting, in which up to 50% of the adenosines 

are deaminated in a single transcript [7,9]. Despite the prevalence of A-to-I editing and the 

rapid advances in the appreciation of the extent of editing, our knowledge of the in vivo cell 

types and physiological requirements for ADARs is relatively limited [10–12].

Three ADAR proteins are present in mammals, ADAR (ADAR1), ADARB1 (ADAR2), and 

ADARB2 (ADAR3).

ADAR1 and ADAR2 have editing activity in vitro, but not ADAR3 [13]. ADAR2 and 

ADAR3 are highly expressed in the CNS, whereas ADAR1 is expressed broadly throughout 

mammalian cell types. Although they demonstrate a similar preference for editing sites [14], 

murine Adar1 and Adar2 knockouts have revealed striking differences in in vivo 

requirements. Adar2−/− mice die shortly after birth from seizures and the lack of editing of a 

single adenosine within the Gria2 transcript causes the phenotype of the Adar2−/− animals 

[15,16]. In contrast, no substrate(s) has been identified that accounts for the Adar1−/− 

phenotype.

Adar1 encodes two isoforms, a short, constitutive, nuclear-restricted ADAR1p110 and a 

longer interferon (IFN)-inducible ADAR1p150, which can be both nuclear and cytoplasmic 

[17]. The first mutant mouse model reported suggested a role for ADAR1 in embryonic 

erythropoiesis; however, this model reported a heterozygous phenotype that was likely an 

artifact of the targeting strategy because subsequent models did not confirm this phenotype 

[18]. Homozygous germline deletion of both Adar1 isoforms [10,19] or only the Adar1p150 
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isoform [20], resulted in lethality at approximately embryonic day 12 (E12), indicating an 

essential requirement for ADAR1, especially ADAR1p150, in development. In all of these 

models, heterozygous animals have been normal. A prominent feature of the Adar1 
deficiency was failed fetal liver (FL) hematopoi-esis [10,19]. ADAR1 is dispensable for B-

lymphopoiesis [21]. HSC-restricted deletion of Adar1 resulted in failed hematopoiesis and a 

profound up-regulation of IFN-stimulated gene (ISG) signatures [22,23]. These studies 

showed that ADAR1 is essential for the maintenance of both the fetal and adult HSC 

compartment in a cell-autonomous fashion and that it is a critical negative regulator of the 

IFN response. It is unclear why not all hematopoietic cell types respond to a loss of ADAR1 

in the same manner, and there has not been a detailed assessment of the role of ADAR1 

within more committed hematopoietic lineages [21–23].

Although A-to-I editing is presumed to be the primary function of ADAR1, recent reports 

have proposed editing-independent functions, including microRNA (miRNA) biogenesis and 

RISC loading, through direct protein–protein interactions with DICER1 [24]. Because it is 

plausible that different cell types may use different functions of ADAR1, we have assessed 

the role of ADAR1 systematically in the myeloid and erythroid lineages using in vivo 

lineage-restricted murine deletion models. These studies demonstrate a specific requirement 

for ADAR1 in erythropoiesis and show that the primary in vivo function of ADAR1 is A-to-

I editing.

Materials and methods

Animals

All animal experiments were approved by the AEC (AEC#030/14; St. Vincent’s Hospital, 

Melbourne, Australia). Epor-Cre knock-in mice [25], Rosa26-enhanced yellow fluorescent 

protein (eYFP) reporter mice (strain #006148; The Jackson Laboratory [26]), LysM-Cre 

knock-in mice (strain #004781; The Jackson Laboratory [27]), Adar1+E861A [28] (point 

mutant knock-in of a Glu861 →Ala change E861A homologous to human E912A and 

referred to herein as Adar1E861A/+), Adar1+/− mice [10] (PGK-neocassette replacement of 

exons 2–13 referred to herein as Adar1+/−), and Adar1fl/fl mice [10,23] (loxP sites 

introduced flanking exons 7–9 referred to herein as Adar1fl/fl ) have been described 

previously. Ifnar−/− [29] and Ifngr−/− (strain #003288; The Jackson Laboratory) lines were 

generously provided by Prof. M. Smyth (Peter MacCallum Cancer Centre) on a C57BL/6 

background. All lines were on a backcrossed C57BL/6 background. Congenic B6.SJL-

PtprcaPep3b/BoyJArc mice were purchased form the Animal Resources Centre (Canning 

Vale, Western Australia).

Where indicated “–” refers to the germline-null allele (PGK-neocassette replacement of 

exons 2–13); “fl” refers to a loxP flanked, nondeleted allele (loxP sites introduced flanking 

exons 7–9); “ Δ “ refers to a recombination of the floxed allele, resulting in a deletion of 

exons 7–9; and “E861A” refers to the knock-in point mutation which is expressed in both 

ADAR1 p110 and p150 isoforms.
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Embryo dissection and genotyping

Embryos were derived from timed matings, with noon of the vaginal plug day defined as 

E0.5, and carefully staged by somite counts in combination with morphological criteria. 

Embryos were genotyped by polymerase chain reaction (PCR) of Adar1 allele-specific 

oligonucleotide combinations (Supplementary Table E1, online only, available at 

www.exphem.org) of genomic DNA (gDNA) isolated from tail snips (ISOLATE II Genomic 

DNA Kit, Bioline or DNeasy Blood & Tissue Kit, Qiagen).

Flow cytometry analysis and fluorescent-activated cell sorting (FACS)

Peripheral blood (PB) was analyzed on a hematological analyzer (Sysmex KX-21N, Roche 

Diagnostics). Single-cell FL suspensions were prepared by passing through a 23-gauge 

needle. Bones were flushed, spleens crushed, and single-cell suspensions were prepared 

[30]. Antibodies against murine Ter119, CD71, B220, IgM, Mac-1, Gr1, F4/80, CD43, 

CD19, CD4, CD8, CD44, Sca-1, c-Kit, CD34, FLT3, FcγR (CD16/32), CD41, CD48, and 

CD51, either biotinylated or conjugated with FITC, phycoerythrin, phycoerythrin-Cy5, 

peridinin chlorophyll protein-Cy5.5, phycoerythrin-Cy7, allophycocyanin, or 

allophycocyanin eFluor780, were all obtained from eBioscience. CD105 and CD150 were 

from Bio-Legend. Biotinylated antibodies were detected with streptavidin conjugated with 

Brilliant Violet-605 (BioLegend) [26]. AnnexinV (BD) and 7-aminoactinomycin D (7-AAD, 

Molecular Probes) was used to assess viability as described previously [23]. Cells were 

analyzed on a BD LSRII Fortessa (BD Biosciences). Results were analyzed with FlowJo 

software version 10.0 (TreeStar).

For microarrays, miRNA and identification of novel editing sites analyses, CD71hiTer119− 

(R2), CD71hiTer119+ (R3), CD71medTer119+ (R4), CD71loTer119+ (R5), and YFP+ (all 7-

AAD−) erythrocytes [31] were isolated from Epor-Adar1Δ/– and Epor-Adar1Δ/+ E14.5 FL. 

For microfluidics-based multiplex PCR and deep sequencing (mmPCR-seq) and qRT-PCR 

analyses, hematopoietic fractions were purified without lineage depletion according to the 

following immunophenotypes: CD3−CD4−CD5−CD8a−CD11b−Gr1−B220−Ter119− 

(lineage−) c-Kit+Sca1+ (LKS+) CD34−CD135−, long-term HSC (LT-HSC); 

LKS+CD34+CD135−, short-term HSC (ST-HSC); LKS+CD34+ CD135+, multipotent 

progenitor (MPP); lineage−c-Kit+Sca1−(LKS−) CD34−CD16/32−, megakaryocyte–erythroid 

progenitor (MEP); LKS−CD34+CD16/32−, common myeloid progenitor (CMP); 

LKS−CD34+CD16/32+, granulocyte–macrophage progenitor (GMP); LKS−CD150+CD41+, 

megakaryocyte progenitor (MkP); LKS−CD41−CD16/32−CD150−CD105−, Pre-GM; 

LKS−CD41−CD16/32−CD150+CD105−, pre-megakaryocyte-erythroid (Pre-Meg-E); 

LKS−CD41− CD16/32−CD150+CD105+, pre-colony-forming unit erythroid (Pre-CFU-E); 

LKS−CD41−CD16/ 32−CD150−CD105+, CFUE; CD11b+Gr1lo, Gr1lo; CD11b+Gr1hi, Gr1hi; 

CD71hiTer119−, R2; CD71hiTer119+, R3; CD71medTer119+, R4. CD71 loTer119+, R5 

[31,32] were isolated from the bone marrow (BM) of independent wild-type C57B6/J mice. 

Cells were sorted with either a FACSAria or Influx cell sorter (BD Biosciences).

FL transplantation

A total of 1 × 10 unfractionated E14.5 FL cells (CD45.2) were competitively transplanted 

competitively with 2 × 105 wild-type BM cells (CD45.1/CD45.2) into lethally irradiated (5 

Liddicoat et al. Page 4

Exp Hematol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.exphem.org


Gy split dose 3 hours apart; total of 10 Gy) recipients (CD45.1) through intravenous 

injection. A total of four recipients per genotype were transplanted and the experiment was 

performed in duplicate. For quantification of serum erythropoietin (Epo) levels, ELISA was 

performed according to the manufacturer’s protocol on PB serum obtained from recipients at 

16 weeks after transplantation (Quantikine Mouse Epo Kit, R&D Systems).

Differential gene expression analysis

Complementary DNA (cDNA) library preparations and Affymetrix Mouse Gene 1.0 ST 

Array were performed at the Ramaciotti Centre for Genomics, University of North South 

Wales. Data were RMA normalized in GenePattern using NormalizeAffimetrixST. Genes 

were considered differentially expressed if the false discovery rate was <0.1 and p < 0.05. 

Quantitative Set Analysis for Gene Expression (QuSAGE) was used to determine gene set 

enrichment [33] against the MSigDB collection [34]. The gene ontology (GO) term 

biological phase (GO:0044848) was used to determine enrichment of biological process 

from our array dataset. Datasets are deposited in the Gene Expression Omnibus (GEO 

Accession #GSE710417).

qRT-PCR

LT-HSC, ST-HSC, MPP, CMP, GMP, MEP, Pre-Meg-E, Pre-CFU-E, CFU-E, R2, R3, R4, 

and R5 hematopoietic fractions isolated by FACS from three independent 8- to 12-week-old 

C57BL/6 biological replicates. R2, R3, and R4 erythrocytes were isolated by FACS from 

three independent Epor-Adar1Δ/− and Epor-Adar1Δ/+ E14.5 FL. RNA was extracted as per 

the manufacturer’s instructions (RNeasy Mini Kit, Qiagen). For E14.5 Ifnαr−/− Ifnγr−/− 

Adar1+/+ and Ifnαr−/− ifnγr−/− Adar1−/− embryos, total RNA was extracted with TRIsure 

(Bioline) as per the manufacturer’s instructions from unfractionated FL. cDNA was 

synthesized using AffinityScript QPCR cDNA Synthesis Kit (Agilent Technologies). Real-

time PCR was done in duplicate with Brilliant II SYBR Green QPCR Master Mix (Agilent 

Technologies) and primers (5 µM) from IDT (Supplementary Table E1).

mmPCR-seq identification of A-to-I editing sites

MPP, CMP, MEP, Pre-Meg-E, Pre-CFU-E, CFU-E, R3, R4, R5, and B-lymphocyte 

hematopoietic fractions were isolated by FACS from three independent C57BL/6 biological 

replicates. RNA was isolated using TRIsure (Bioline) as per the manufacturer’s instructions. 

cDNA was synthesized using AffinityScript QPCR cDNA Synthesis Kit (Agilent 

Technologies). A total of 200 ng of cDNA was used for mmPCR-seq [35]. Briefly, 557 loci 

containing 11,103 known A-to-I editing sites were PCR amplified using multiplexed primer 

pools. PCR amplicons were used for high-throughput sequencing and A-to-I editing 

frequencies were determined as described by Zhang et al. [35].

RNA-seq, mapping, variant calling, and identification of A-to-I (G) edited sites

Viable committed erythrocytes (YFP+7-AAD−) were isolated by FACS from two 

independent Epor-Cre Rosa26eYFP E14.5 FL. Total RNA was extracted by TRIsure 

(Bioline) according to the manufacturer’s instructions. cDNA library preparations and RNA-
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seq were performed at the Ramaciotti Centre for Genomics (University of New South 

Wales). Datasets were deposited in GEO (Accession #GSE710417).

RNA-seq reads were aligned to the MM9/NCBIM37 reference genome with BWA [36]. A-

to-I (G) editing sites were determined as follows: paired-end reads were mapped separately 

to the mm9 reference genome and exonic sequences encompassing known splicing 

junctions. Samtools rmdup [37] was used to remove identical reads (PCR duplicates). 

Unique reads were subjected to local realignment and base score recalibration using the 

Genome Analysis ToolKit (GATK) [38]. Subsequently, variants were called with the 

UnifiedGenotyper in GATK and reported at lenient call criteria (stand_call_conf 0, 

stand_emit_conf 0). Variants were removed from the resulting candidate list if they: (1) 

overlapped with known genomic variation [39]; (2) had a variant call quality < 20; or (3) 

were located in the first six bases of a read, within 4 bp of a splice junction, in homopolymer 

runs, or in simple repeats. The resulting list of variants was combined with editing sites 

discovered in previous studies and annotated using ANNO-VAR [40] based on Gencode, 

RefSeq, and UCSC gene models. The editing level at each of these sites was quantified 

using the samtools mpileup. Sites that were covered by >20 reads in the RNA-seq data of all 

Adar1+/+ and Adar1E861A/E861A triplicates were tested for differential editing using ANOVA 

and reported as significant for p < 0.1.

To find hyperedited A-to-I (G) sites, all reads were aligned to the MM9/NCBIM37 reference 

genome using BWA aln 0.6.2 (default parameters) and mem 0.7.4 (minimum seed length 50) 

[7]. Reads with potential sequencing errors, long stretches of simple repeats, or an average 

Phred quality <25 were removed. To be able to realign reads with a large number of 

mismatches caused by A-to-G editing sites, all “A’s” were transformed to “G’s” in both the 

remaining RNA reads and in the genome. Transformed reads were aligned to the 

transformed genome, again using BWA aln 0.6.2. The original read sequences that aligned 

(after the transformation) to multiple locations were treated separately by selecting the 

location with the largest fraction of A-to-G to all mismatches. Low-quality/mismapped reads 

having: (1) a too dense A-to-G mismatch cluster (length < 10% of the read length); (2) a 

cluster too close to the ends of the read (completely contained within either the first or last 

20% of the read; or (3) a cluster with a particularly large percentage (> 60%) of a single 

nucleotide were discarded. Edited PE reads (which were treated throughout the pipeline as 

two separate single-end reads) also required that the mate read was mapped to a nearby 

region (within 500 kbp) and in an opposite orientation. Reads that passed all filters were 

finally designated as hyperedited.

RNA secondary structure prediction

Genomic sequences from Ensembl Genes 75, Mus musculus genes (GRCm38.p2) were used 

to predict RNA secondary structure of lnc-Tbccd1-IT1 using the mfold web server as 

described previously [41], RNAfold version 3.0 with default settings. lnc-Tbccd1-IT1 
sequence was determined by region of Tbccd1 intron 1 with read coverage ≥5.
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miRNA bead-based detection assay

Total RNA was extracted (TRIzol, Invitrogen) from Epor-Adar1Δ/− and Epor-Adar1Δ/+ 

E14.5 FL R3 and R5 erythrocytes. miRNA expression profiling was performed using the 

plate capture method [42,43]. Ninety-six-well PCR plates with an N-oxysuccinimide surface 

(DNA-BIND plates, Corning Costar) were coated at room temperature for 1 hour with a 5 

µM mixture of 5′-amino-antisense oligonucleotides at 20 µL per well according to the 

manufacturer’s protocol. Coated plates were washed successively with 100 mM Tris-HCl, 

pH 8.0, 150 mM NaCl, 1 mM EDTA and 10 mM Tris-HCl, pH 8.0, 1 mM EDTA. Total 

RNA (10 ng or higher) was diluted to 20 µL in 50 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 mM 

EDTA, and 1 × RNAsecure (Am-bion) containing precontrol synthetic miRNA mixture at 

the ratio described previously [42]. miRNAs were captured in the coated wells by denaturing 

at 80° C for 5 minutes and gradually cooling to room temperature for 1.5 hours in a PCR 

machine, followed by three 2× SSC washes. 3′- and 5′-adaptor ligations were carried out as 

described previously [42] in 20 µL reaction volumes with four 2× SSC washes after each 

ligation. Ligated miRNA were denatured for 5 minutes at 80°C in 20 µL of water with 2 µM 

adaptor-specific RT primer, chilled on ice, and reverse transcribed as described previously 

[42]. RT products were denatured at 95°C for 5 minutes before two rounds of PCR 

amplification with previously described conditions [42] for 26 and 27 cycles, respectively, to 

incorporate biotin labels for low-input RNA profiling. Labeled miRNAs were hybridized to 

a bead-based detection platform [42]. Median fluorescence intensities were quantitated on a 

Luminex 100S machine.

Data were normalized as described previously [42] with modifications. Average readings 

from five water-only labeled samples were used for probe-specific background subtraction. 

Linear normalization among different bead sets for the same sample was performed using 

readings from two postcontrol probes with equal contribution. Sample normalization was 

subsequently performed assuming equal total fluorescence readings. To identify markers, all 

Epor-Adar1Δ/− samples were compared with all Epor-Adar1Δ/+ samples with a median-

based t test.

Statistical analysis

For biological experiments, the significance of the results was analyzed using the unpaired 

two-tailed Student’s t test on the basis that highly inbred genetically identical mice have 

been used in all experiments unless otherwise stated. p < 0.05 was considered significant. 

All data are presented as mean ± SEM.

Results

Adar1 is highly expressed in mature granulocytes and throughout erythropoiesis

To assess which cell types express ADAR1, Adar1p110 and Adar1p150 expression was 

mapped in purified hematopoietic populations by qRT-PCR. Adar1 was highly expressed in 

HSCs (Fig. 1A), consistent with our previous findings [23]. Within the myeloid lineage, 

Adar1 was expressed at low levels in the progenitor fractions, but at much higher levels in 

mature granulocytes, whereas both erythroid progenitors and mature erythrocytes expressed 

high levels of Adar1 (Fig. 1A). The Adar1p150 isoform was more highly expressed than the 
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Adar1p110 isoform, particularly in longterm HSCs, granulocytes, and the erythroid lineage 

(Fig. 1A).

ADAR1 is essential for erythropoiesis, but is dispensable for myelopoiesis

Because Adar1 transcript expression increased in parallel with differentiation during 

granulopoiesis (Fig. 1A), we crossed the conditional Adar1 allele (Adar1fl) to LysM-Cre, 

resulting in deletion in the myeloid lineage [27]. We assessed cohorts of both LysM-Cre 

Adar1fl/fl and LysM-Cre Adar1fl/−, with neither displaying any changes in PB parameters 

compared with either heterozygous or wild-type controls (Table 1). These data demonstrate 

that ADAR1 is not required for homeostatic maintenance of myeloid cells.

Because Adar1 was also highly expressed in erythroid cells (Fig. 1A), we investigated 

whether ADAR1 was required for erythropoiesis. Germline Adar1 deficiency resulted in a 

nearly complete absence of mature erythrocytes in the FL [10]; however, it is not possible to 

differentiate the failed erythropoiesis in the Adar1−/− FL from the cell-intrinsic requirement 

for ADAR1 in HSC/progenitors. Therefore, we used an erythroid-specific deletion approach. 

Mice expressing Cre knocked in to the Epor locus (Epor-Cre) [25,26] were crossed with 

Adar1fl/fl mice [10,23]. Epor-CreKI/+ Rosa26-eYFPKI/+ Adar1fl/− (Epor-Adar1Δ/−) mice 

were compared with Epor-CreKI/+ Rosa26-eYFPKI/+ Adar1fl/+ (Epor-Adar1 Δ/+) control 

littermates (Supplementary Figure E1 A, online only, available at www.exphem.org) [26]. 

Epor-Adar1Δ/− mice died in utero at E14.5, ~2 days later than the germline-deficient 

animals, and no viable embryos were recovered at E15.5 (Fig. 1B). Surprisingly, one Epor-
Adar1Δ/− pup survived to birth, but was smaller and pale relative to littermate controls 

(Supplementary Figure E1B, online only, available at www.exphem.org) and died shortly 

thereafter, with analysis revealing inefficient excision of the Adar1fl allele. No Epor-Adar1Δ/

− mice survived until weaning (Fig. 1B). Both the embryo proper and the yolk sac of Epor-
Adar1Δ/− were pale compared with controls (Fig. 1C). The FL of viable Epor-Adar1 Δ/− 

embryos atE14.5 was small with decreased viable cellularity (Fig. 1C and 1D).

Analysis of FL erythropoiesis revealed a loss of cells after the phenotypic 

polychromatophilic erythroblast stage of erythroid differentiation in E14.5 Epor-Adar1 Δ/− 

FL compared with littermate controls (Fig. 1E and 1F). Adar1 -deficient erythroid cells had 

a significant increase in the proportion of dead cells (7-AAD+) within the R4 and R5 

fractions, encompassing reticulocytes and red blood cells (RBCs; Fig. 1G and 1H). Within 

the FL erythroid lineage, Cre-recombinase activity was comparable between genotypes, as 

indicated by eYFP expression (Fig. 1I and 1J).

The proportion of FL cells expressing Sca-1, a known cell-surface-expressed ISG, was 

increased in Epor-Adar1Δ/–FL across all erythroid populations (Fig. 1K and 1L; 

Supplementary Figure E1C, online only, available at www.exphem.org), suggestive of an 

active IFN response within the ADAR1-null erythrocytes.

Adar1 is required for adult erythropoiesis

The ontogeny and transcriptional regulation of fetal and postnatal erythropoiesis are 

disparate [25]. To understand ADAR1 function in adult erythropoiesis, FL transplantations 

were performed. Unfractionated FL from E14.5 Epor-Adar1Δ/– and control littermates (both 
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CD45.2+) was transplanted competitively into lethally irradiated con-genic (CD45.1+) 

recipients (Fig. 2A). Recipients of Epor-Adar1Δ/− FL cells developed a macrocytic anemia 

(Fig. 2B and 2E). PB leukocyte chimerism (CD45.2+) was comparable between genotypes 

from 4 to 12 weeks after transplantation (Fig. 2F). However, mature erythroid cells do not 

express CD45.2 because this marker is lost upon enucleation. Given the high level of 

leukocyte chimerism, the majority of RBCs found in the periphery of reconstituted 

recipients were likely to have stemmed from CD45.2+ donor cells (Fig. 2F). No leukopenia 

or thrombocytopenia was observed in Epor-Adar1Δ/– recipients (Supplementary Figure E2, 

online only, available at www.exphem.org). Consistent with anemia and stress 

erythropoiesis, there were increased serum erythropoietin levels in Epor-Adar1Δ/− recipients 

(Fig. 2G).

Analysis of nucleated CD45.2 cells in the BM revealed significantly decreased cellularity in 

Epor-Adar1Δ/− reconstituted recipients (Fig. 2H). The Pre-Meg-E population is the first to 

express Epor-Cre [26] and therefore would be the first populations to be Adar1 deficient. 

Pre-Meg-E, Pre-CFU-E, and CFU-E phenotypic populations were all decreased significantly 

in Epor-Adar1Δ/− recipients (Fig. 2I). Analysis of Adar1 allelic distribution in 

CD45.1−Ter119+ BM cells revealed a strong selection against excision of the Adar1fl allele 

in recipients of Epor-Adar1Δ/− FL (Fig. 2J), indicating that erythropoiesis could not be 

maintained in the absence of ADAR1. We have reported this previously in HSCs [23]. 

Anemic recipients, reconstituted with Epor-Adar1Δ/− FL donor cells, also had splenomegaly 

and a nonsignificant increase in cellularity despite having chimerism comparable to controls 

at 16 weeks after transplantation (Fig. 2K). Analysis of the erythroid compartment using 

Ter119 and CD44 surface markers [44] revealed a twofold to threefold increase in basophilic 

erythroblasts through to reticulocytes (Figs. 2L and 2M) as evidence of extramedullary 

erythropoiesis in the spleen. Taken together, these data demonstrate that ADAR1 is required 

for both fetal and adult erythropoiesis in a cell-autonomous manner.

Adar1 suppresses the dsRNA-IFN response in erythroid cells

We showed previously that ADAR1 loss induced ISGs in hematopoietic stem and progenitor 

cells (HSPCs) [23]. Transcriptional profiling was performed on purified CD71+Ter119− (R2) 

and CD71+Ter119+ (R3) erythroid populations isolated from independent Epor-Adar1Δ/− 

and Epor-Adar1Δ/+ E14.5 embryos to assess gene expression changes specifically in 

committed erythroid cells. QuSAGE [33] revealed that gene sets involved in various immune 

responses were enriched in Epor-Adar1Δ/− R2 and R3 erythrocytes (Fig. 3A). In addition to 

immune-related signatures, hypoxia-induced genes were enriched within Epor-Adar1Δ/− R3 

erythrocytes (Fig. 3A); however, this may be a secondary consequence of failed 

erythropoiesis.

We next analyzed the individual gene-level deregulation. The majority of upregulated (75% 

and 91% for R2 and R3 fractions, respectively), but not downregulated, genes were ISGs 

(Fig. 3B) [45]. The significant enrichment of ISGs in Epor-Adar1Δ/− erythroblasts 

compared with controls is comparable in direction and magnitude to the IFN signature 

observed in Adar1 -deficient HSCs [23] and mouse embryonic fibroblasts [46] (Fig. 3B; 

Supplementary Table E2, online only, available at www.exphem.org). There was a 
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significant upregulation of genes typically induced upon the presence of dsRNA in the 

cytosol (Fig. 3C). Interestingly, the cytosolic sensors of viral dsRNA, retinoic acid inducible 

gene I (RIG-I, Ddx58), and melanoma-differentiation-associated protein 5 (MDA5, Ifih1) 

were significantly upregulated in Adar1-null erythroid cells (Fig. 3C). Furthermore, 

transcripts downstream of MDA5 and RIG-I, including Irf7 and Ifit1, were upregulated in 

the absence of ADAR1 (Fig. 3C). Therefore, ADAR1 regulation of ISGs is conserved across 

multiple hematopoietic cell types.

ADAR1 can suppress the induction of ISGs via a RIG-I like receptor (RLR)-mediated axis 

[46]. We assessed changes in expression of IFN- and dsRNA-responsive gene sets. IFNα-

responsive signatures were enriched in both Adar1-null erythroid fractions (Fig. 3D). Genes 

induced by dsRNA that are also suppressed by inosine-uracil mismatched RNA (IU-

dsRNA), representative of endogenous hyperediting [47], were significantly enriched within 

Epor-Adar1Δ/− R2 and R3 erythroid cells (Fig. 3D). The significant overlap between the IU-

dsRNA gene set and ADAR1 deficiency in erythropoiesis supports the concept that 

endogenous dsRNA could stimulate the RLR pathway and activate downstream ISGs in the 

absence of inosine generated by ADAR1 (Supplementary Table E3, online only, available at 

www.exphem.org). qRT-PCR validation of genes represented within the RLR pathway and 

downstream ISGs confirmed that these genes were significantly increased in Epor-Adar1Δ/− 

R2, R3, and R4 erythroid cells (Fig. 3E). The most striking feature of ADAR1-deficient 

erythropoiesis was not the number of ISGs, but rather the magnitude by which these genes 

were upregulated (up to 508-fold; Fig. 3E). However, the mechanism by which ADAR1 

regulated this process in erythroid cells was unclear.

In addition to the known roles for ADAR1 (A-to-I editing), it was proposed that ADAR1 is a 

key mediator of miRNA biogenesis through a direct protein–protein interaction with 

DICER1 [24]. Therefore, to investigate the requirement for ADAR1 in erythropoiesis, we 

assessed systematically the contributions of miRNA biogenesis, IFN signaling, and A-to-I 

editing specifically to the phenotype.

ADAR1 is not required for mature miRNA biogenesis during erythropoiesis

The levels and expression of mature miRNAs were quantitated in Adar1-deficient erythroid 

cells. Polychromatophilic erythroblasts (R3) and reticulocytes/RBCs (R5) were isolated 

from independent Epor-Adar1Δ/− and Epor-Adar1 Δ/+ E14.5 FL and profiled. Of the 435 

miRNAs analyzed, 201 were expressed in at least one sample of each genotype. Hierarchical 

clustering resulted in samples clustering by cell type, not genotype (Fig. 3F). Only 10 

miRNAs were expressed differentially between Epor-Adar1Δ/− and Epor-Adar1Δ/+, all of 

which had fold changes of <20% (Supplementary Table E4, online only, available at 

www.exphem.org). The altered miRNAs are not implicated in the regulation of 

erythropoiesis or ISGs [48]. Therefore, ADAR1 does not contribute significantly to the 

generation of mature miRNA in erythropoiesis and this is not likely to contribute to the 

phenotype.
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Type I and type II IFN receptor signaling are not required for the transcriptional response 
in Adar1−/−erythroid cells

Loss of ADAR1 led to a deregulation of ISGs and the production of type I and II IFN, but 

not type III IFN, in vivo [23,46] (Fig. 3). Although it has been demonstrated recently that the 

loss of the type I IFN receptor (Ifnar) genetically does not rescue the phenotype of ADAR1 

deficiency [46], it is possible that type II IFN signaling pathways may contribute in 

Ifnαr−/−Adar1−/− embryos. To determine the role of signaling from both type I and type II 

IFN receptors directly, we generated Ifnαr−/−Ifnγr−/−Adar1−/− triple knockout (TKO) mice. 

Ifnar−/−Ifnγr−/−Adar1+/− intercrosses yielded no viable TKO neonates (Fig. 4A). Analysis of 

embryogenesis revealed that TKO animals were dying in utero at E14.5–E15.5 (Figure 4A), 

2–3 days later than Adar1−/− embryos [10,19]. The extended survival was similar to that 

recently reported for Ifnαrr−/−Adar1−/− embryos, but no hematopoietic analysis was reported 

[46].

At E14.5, TKO embryos, FL size, cellularity, and hema-topoiesis were comparable to 

Ifnar−/−Ifnγr−/−Adar1+/− and Ifnar−/−Ifnγr−/−Adar1+/+ littermates (Supplementary Figure 

E3, online only, available at www.exphem.org). By E15.5, viable TKO yolk sac and embryo 

proper were small and pale compared with controls (Fig. 4B). Consistent with Adar1−/− 

embryos, TKO animals appeared to be developmentally delayed prior to death, with 

significantly reduced FL size and cellularity (Fig. 4B and 4C) [10]. There was a loss of 

polychromatophilic erythroblasts through to reticulocyte populations in the TKO FL (Fig. 

4D). A marked increase in the total number of TKO R5 erythrocytes (Fig. 4D) was observed 

despite reduced total FL cellularity within these mice (Fig. 4C). Fractionation of the LKS+ 

and LKS− fractions revealed a nearly complete absence of HSCs and both early and late 

HSPCs in TKO FL compared with controls (Fig. 4E). The manifestations of TKO embryos 

are highly similar to Adar1−/− mice, albeit with a delayed presentation of the phenotype.

Interestingly, RLR pathway genes were still significantly activated in E14.5 TKO FL cells 

compared with ADAR1 wild-type controls (Ifnαr−/− Ifnγr−/− Adar1+/+; Fig. 4F), albeit at 

reduced levels compared with Adar1 -deficient erythroid cells with intact IFN receptors (Fig. 

3E). Transcript levels of the RLRs Ifih1 (MDA5) and Ddx58 (RIG-I), but not Dhx58 
(LGP2), were significantly upregulated in TKO embryos (Fig. 4F). Irf7 and its downstream 

targets Ifit1, Tgtp1m and Xaf1 were also upregulated compared with controls (Fig. 4F). 

Interestingly, Sca1 expression was normalized in the TKO FL (Fig. 4E), providing evidence 

for a role in IFN signaling in the manifestations of the ADAR1-null phenotype. These data 

establish that: (1) ADAR1 is required to suppress the RLR pathway independently of IFN 

receptor signaling in a cell-intrinsic fashion and (2) IFN signaling amplifies transcriptional 

deregulation in the absence of ADAR1.

ADAR1-mediated RNA editing is required for erythropoiesis

Because we could not attribute a role for miRNA biogenesis nor a necessity for type I and II 

IFN receptor signaling in the ADAR1-deficient phenotype, we focused on the requirement 

for A-to-I editing. We used mice with the erythroid-restricted expression of an editing 

inactive Adar1 allele, ADAR1E861A (Epor-Adar1Δ/E861A) [28]. This approach resulted in 

the deletion of the wild-type Adar1fl allele, leaving only the catalytically inactive allele 
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expressed in erythroid lineage cells. Epor-Adar1Δ/E861A animals were compared with 

Epor-Adar1Δ/+ littermate controls.

Epor-Adar1Δ/E861A embryos were underrepresented from ~E15.5 (Fig. 5A), 1 day later 

than Epor-Adar1Δ/−mice (Fig. 1B). This is consistent with the extended survival of the 

editing deficient compared with the germline-deficient allele [28]. Similar to Epor-Adar1Δ/

−animals, at E15.5, both the yolk sac and Epor-Adar1Δ/E861A viable embryos were pale 

and FL cellularity was significantly reduced compared with controls (Fig. 5B and 5C). 

Analysis of E15.5 erythropoiesis revealed a significant loss of cells from the 

polychromatophilic erythroblast stage in Epor-Adar1Δ/E861A embryos, likely due to 

increased cell death (Fig. 5D, 5E, and 5F). Sca1 expression was elevated (Fig. 5G), 

indicative of an active IFN response and exceedingly similar to the Epor-Adar1Δ/− mice. 

Interestingly, there was a marked reduction in the frequency of eYFP+ R2-R4 erythroid cells 

in Epor-Adar1Δ/E861A FL at E15.5 compared with controls, suggesting selection against 

cells expressing only ADAR1E861A (Fig. 5H). This was confirmed by gDNA 

semiquantitative PCR of whole FL from E15.5 to E17.5 (Fig. 5I). These analyses 

demonstrate that the A-to-I editing function of ADAR1 is essential for fetal erythropoiesis in 

a cell-autonomous manner.

A small number of Epor-Adar1Δ/E861A mice survived after birth (20% of the expected 

number; six Epor-Adar1Δ/E861A compared with 29 controls, Fig. 5A). The surviving adult 

Epor-Adar1Δ/E861A animals had macrocytic anemia with an ~ 10% reduction in RBCs, 

hemoglobin, and hematocrit levels and increased mean corpuscular volume (Fig. 5J). Epor-
Adar1Δ/E861A animals had significantly larger spleens than littermate controls (Fig. 5K). 

There was decreased total cellularity and a significant reduction in the number 

polychromatophilic erythroblasts in the BM of Epor-Adar1Δ/E861A compared with Epor-
Adar1Δ/+ (Fig. 5L and 5M). Collectively, the peripheral anemia, splenomegaly, and reduced 

BM cellularity observed in Epor-Adar1Δ/E861A adults are equivalent to the transplanted 

Epor-Adar1Δ/− FL recipient phenotype (Fig. 2). To determine whether postnatal survival of 

Epor-Adar1Δ/E861A animals is explained by incomplete excision of the Adar1fl allele, BM 

erythroid cells that had expressed Cre were isolated (Ter119+YFP+). A proportion of 

Ter119+YFP+ cells from EpoR-Adar1Δ/E861A animals retained an unexcised Adar1fl allele 

(Fig. 5N). Collectively, these data indicate that normal erythropoiesis cannot occur in the 

absence of ADAR1-mediated A-to-I editing and that RNA editing is the primary 

physiological function of ADAR1 in erythroid cells.

Abundant editing of erythroid-specific transcripts containing retrotransposons

To date, no described editing sites have been able to explain the lethality of ADAR1-null 

animals, in part due to the lack of analysis of specific cell types that require ADAR1 editing. 

The suppression of ISGs by ADAR1 is common to HSPCs and differentiating erythroid 

cells, but not B-lymphocytes and granulocytes. Therefore, we hypothesized that, in the 

absence of ADAR1 editing, cell-type-specific endogenous transcripts are immunogenic; that 

is, self-RNA results in the upregulation of ISGs [28]. We considered two scenarios. First, we 

considered that erythroid cells may have a requirement for an increased level of A-to-I 

editing compared with other cell types that do not require ADAR1, such as B-lymphocytes. 

Liddicoat et al. Page 12

Exp Hematol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



If this were the case, then we would expect differential editing levels in erythroid cells than 

in B-lymphocytes. The alternative possibility was that cell-type-specific transcripts 

expressed in HSCs and/or erythroid cells, but not B-lymphocytes and granulocytes, require 

ADAR1 editing to reduce or suppress their immunogenicity.

To address the first model, editing levels were compared between purified progenitors, 

erythroid, and B cells using mmPCR-seq [35]. We identified 664 adenosines edited at > 1% 

frequency across 150 transcripts that were expressed in all cell types (Fig. 6A; 

Supplementary Table E5, online only, available at www.exphem.org). When assessing the 

frequency of editing at these loci, a consistent pattern of A-to-I editing was observed 

between all cell types independently of a cell type’s requirement for ADAR1 (Fig. 6A; 

Supplementary Figure E4, online only, available at www.exphem.org). A total of 94 and 133 

A-to-I sites were edited at significantly different levels between erythroid cells and B cells 

(Fig. 6B) and hematopoietic progenitors and B cells (Fig. 6C), respectively. The observed 

editing frequencies differed by <7%, on average, and targeted substrates are not known to be 

critical for hematopoiesis or the regulation of RLR/ISG pathways. Therefore, A-to-I editing 

of known substrates does not differ substantially between cells that require ADAR1 function 

and those that do not.

To address the second model of a cell-type-specific requirement for ADAR1, we performed 

RNA-seq of viable committed FL erythroid cells (YFP+) of two independent Epor-Cre R26-

eYFP E14.5 littermates. We mapped A-to-I mismatches comprehensively, including 

hyperedited regions and editing within repetitive elements, from these data [1,7]. A total of 

11,332 A-to-I editing sites were identified, 6,894 of which were novel (Fig. 7A). In parallel 

studies, we had determined that >95% of A-to-I editing in whole FL is ADAR1 specific 

[28]. After filtering out low coverage regions, strain-specific single-nucleotide 

polymorphisms, and editing sites with a mean editing frequency of < 1%, 2,190 high-

confidence A-to-I editing sites located across 514 transcripts remained (Fig. 7A). The 

majority of editing was located within 3’-untranslated regions (3′-UTRs; 1,467, 67%, Fig. 

7A). Editing was most dense in 3′-UTRs and noncoding RNAs (ncRNAs), with an average 

of 6.5 and 7.7 editing sites per targeted substrate respectively (Fig. 7A). The editing 

frequencies of the 2,190 sites in each biological replicate significantly correlated with one 

another (Pearson correlation coefficient of 0.70, p < 0.0001; Fig. 7B). Notably, the majority 

of editing occurred at low frequencies with only 4% edited at ≥50% (94 of 2,190 sites; Fig. 

7B; Supplementary Table E6, online only, available at www.exphem.org).

Only 5 of 2,190 defined sites were in exonic regions, resulting in predicted nonsynonymous 

coding changes of 4 genes (Cog3, Cdk13, Flna and Blcap), none of which could explain the 

observed phenotype of ADAR1-deficient erythroid cells (Supplementary Table E6). A 

potential consequence of A-to-I editing within introns is perturbed splicing [49]. However, 

none of the 580 sites located within introns were edited at known acceptor splice sites. 138 

A-to-I editing sites were found in 18 ncRNAs (Fig. 7A). Fourty four of these sites were 

identified in a novel lncRNA within the first intron of Tbccd1, which we termed lnc-Tbccd1-
IT1 (Fig. 7C). Furthermore, all 44 editing sites were restricted to the long terminal repeat 

(LTR) ORR1A (RepeatMasker; Supplementary Table E6), which is tan-demly duplicated on 
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opposite DNA strands and therefore is capable of forming a 396bp dsRNA structure when 

transcribed (Supplementary Figure E5, online only, available at www.exphem.org).

A similar pattern of editing was observed within 3’-UTRs: 511 of 1,467 A-to-I sites 

identified were largely located in SINEs of only 10 hyperedited transcripts (Supplementary 

Table E6). A total of 82 and 126 A-to-I sites were located in long 3′-UTRs of Klf1 and 

Optn, respectively (Fig. 7C), both of which are restricted in expression to the erythroid 

lineage (Supplementary Table E6; Supplementary Figure E6, online only, available at 

www.exphem.org) [50]. Editing within these erythroid-specific transcripts, including lnc-
Tbccd1-IT1, is more extensive than other hyperedited transcripts such as Mad2l1 (Fig. 7C), 

which is expressed in multiple cell types. All 82 editing sites in the 3′-UTR of Klf1 are 

restricted to the duplicated SINEs B2_Mmt1 and ID_B1. These SINEs are only transcribed 

in the long 3′-UTR of Klf1 (Fig. 7D), which is expressed at ~ 15-fold less than the 

annotated 3′-UTR (data not shown). Taken together, these findings link the cell-type-

specific requirement for ADAR1 with the extensive hyperediting of retrotransposons in cell 

type-specific transcripts. Therefore, we propose that ADAR1-mediated editing of these 

repetitive elements within cell-type-specific transcripts is required to prevent their 

inappropriate activation of the RLR pathway.

Discussion

The requirement for ADAR1 within different mature hematopoietic lineages has not been 

explored in detail outside of the HSC/progenitor populations [22,23]. ADAR1 function is 

required in both mouse and human HSPCs [51]. B-lymphopoiesis was reported to be normal 

is the absence of ADAR1, although no hematological analysis was provided [21]. Through 

assessing the requirement for ADAR1 systematically using lineage-restricted deletion in 

vivo, we define an essential requirement for ADAR1 in erythropoiesis, but not for basal 

myelopoiesis, in a cell-autonomous manner. The complete absence of ADAR1 or the 

editing-deficient ADAR1 allele produced comparable erythroid phenotypes, demonstrating 

that the most physiologically relevant function of ADAR1 in erythropoiesis is RNA editing, 

consistent with our recent report in the whole animal [28]. The deletion of Adar1 from 

committed erythroid cells was accompanied by the activation of transcriptional signatures 

associated with IFN and viral infection, a highly conserved response to loss of ADAR1 

function in diverse cell types [22,23,28,46].

Our data demonstrate that erythroid cells are capable of eliciting an innate immune response 

in a cell-autonomous manner. Because cells of the erythroid lineage do not express cell 

surface MHC, they may be poised to initiate cell death and IFN pathway activation in 

response to viral infection as a means to prevent the spread of infection. B cells and 

granulocytes may not harbor these preprogrammed states because they are key immune 

effector cells. Therefore, the inappropriate activation of the innate immune response and 

subsequent transcriptional changes are the most plausible cause of cell death in both 

ADAR1-null and editing-deficient erythroid cells, but not B cells and granulocytes.

The concurrent deletion of both Ifnar (type I) and Ifngr (type II) IFN receptors extended the 

survival of Adar1−/− embryos to E15.5, consistent with the recent report showing that 
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Ifnar−/−Adar1−/− embryos die at E14.5 [46] and restored Sca1 expression but did not prevent 

intracellular activation of RLR signaling. The data demonstrate that ADAR1 is required to 

suppress RLR activation and that the activation of these proteins leads to the production of 

ISGs, which in turn activate IFN signaling. We interpret this as meaning that IFN-receptor 

signaling amplifies and accelerates the manifestations of the Adar1 -deficient phenotype, but 

that IFN does not initiate the signaling. Consistent with this model, ADAR1-editing-

deficient mice were rescued, both embryonically and as adults, by deletion of Ifih1 (MDA5) 

[28]. Mannion et al. reported that concurrent deletion of Mavs rescued the Adar1−/− to the 

first day of birth [46]. MAVS is the common downstream adaptor of MDA5/RIG-I signaling. 

Pestal et al. recently independently confirmed our findings and elegantly demonstrated that 

the MDA5–MAVS axis is the only pathway involved in the response to unedited endogenous 

dsRNA [52]. We propose that ADAR1 be defined as a suppressor of activation of the innate 

immune system, focused on MDA5-MAVS, rather than as a suppressor of ISGs.

Editing-independent functions for ADAR1 have been proposed, most prominently in 

miRNA biogenesis. The data regarding the participation of ADAR1 in miRNA biogenesis 

are confounding. One report proposed that an editing-independent function of ADAR1, 

through a direct protein–protein interaction with DICER1, was critical in generating normal 

levels of mature miRNAs [24]. Studies from other groups have suggested a more prominent 

role for ADAR2 in miRNA biology, with only relatively subtle effects of ADAR1 deficiency 

on miRNA biogenesis [53]. We did not detect changes in the levels of mature miRNAs in the 

Epor-Cre Adar1Δ/−. Consistent with our findings, it was reported that Epor-Cre Dicerfl/fl 

animals were viable and had largely normal erythropoiesis, which suggests that, at least 

within erythroid cells, these two proteins function independently [54]. In contrast, we 

demonstrate that A-to-I editing is the primary physiological role of ADAR1 in 

erythropoiesis based on the Epor-Adar1Δ/E861A phenotype. ADAR1-mediated RNA 

editing, not functions in miRNA biogenesis, is required to prevent the activation of the 

innate immune response and subsequent cell death during erythropoiesis.

Clusters of hyperediting sites were identified that were restricted to tandemly duplicated 

SINEs within 3′-UTRs of a number of transcripts, including Klf1, Optn, and lnc-Tbccd1-
IT1. KLF1 is a key erythroid transcription factor [55]. A similar pattern of hyperediting was 

observed in the long 3′-UTR of Optn, which, like Klf1, appears restricted in expression to 

the erythroid lineage, thus providing a potential link to the cell-type-specific requirement of 

ADAR1 editing. Nearby duplicated retrotransposons and LTRs are able to form dsRNA 

structures when transcribed [56]. Repetitive, double-stranded regions of endogenous RNAs 

are also enriched in editing sites in Cae-norhabditis elegans, indicating that the requirement 

for hyperediting such sequences is evolutionarily conserved [57]. Distinct dsRNA structures 

are detected in the cytosol of infected cells by RLRs such as RIG-I, MDA5, and LGP2. IU-

dsRNA was shown to inhibit ISG transcription by binding to RIG-I and MDA5 and 

preventing IRF3 phosphorylation [47]. It has now been demonstrated that the key cytosolic 

mediator of the response in ADAR1-editing-deficient cells is MDA5 signaling, not RIG-I 

signaling, via MAVS [28,52]. These results focus attention on a particular class of dsRNAs 

that are critical in the phenotype because MDA5 has a preference for longer dsRNAs of ~ 

0.5–7 kb and its signaling is enhanced by perfectly paired substrates [58,59].
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We propose that, in the absence of ADAR1 editing, duplicated SINEs and LTRs in 

endogenous transcripts form self-dsRNAs capable of activating MDA5 and subsequent 

signaling [28,60,61]. Retrotransposons located within a gene must reside in either the CDS 

or 3′-UTR in order to persist in the cytosol. The majority (>90%) of transcribed duplicate 

SINEs are located within introns and, although they are subjected to hyperediting by 

ADARs [7], editing at these sites are probably not essential because they will be removed by 

splicing in the nucleus. The cell-type-specific requirement for ADAR1 would depend on the 

coordinated expression of endogenous dsRNA transcripts containing regions of perfectly 

paired sequence that would normally be hyperedited together with MDA5. Tissues that 

require ADAR1 function, such as intestine [62] and bone [63], coordinately express MDA5 

and dsRNA transcripts that are normally subjected to ADAR1 editing that we have not 

identified here. MDA5 is most highly expressed in HSPCs, T-lymphocytes, and erythroid 

progenitors [50], consistent with the in vivo hematopoietic requirement for ADAR1. Such a 

model is consistent with results from ADAR1-deficient 293T cells, which are human and 

express low/negligible basal levels of MDA5 [52]. Overexpression of MDA5, but not RIG-I, 

activated an IFN response in ADAR 1-deficient cells, demonstrating that this is a species 

conserved response to a lack of ADAR 1-mediated editing that is not dependent on the 

presence of the primate-specific Alu repetitive elements. Our data indicate that the 

physiological role of ADAR1 is to “detoxify” endogenous dsRNA transcripts in an RNA-

editing-dependent manner.

Supplementary Material
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Figure 1. 
Erythroid-specific deletion of Adar1 causes embryonic death. (A) qRT-PCR of Adar1p110 
and Adar1p150 normalized to Hprt in purified hematopoietic fractions. (B) Survival of Epor-
Adar1Δ/− (Δ/−) embryos. All Epor-Adar1Δ/+ (Δ/+) were viable at indicated time points. (C) 

Representative images at E14.5. Scale bar: Yolk sac/embryo proper = 1 cm; FL = 2 mm. (D–
L) E14.5 FL of Δ/− and D/+. (D) Total viable cellularity. Representative FACS plots (E) and 

enumeration of erythroblast populations (F). Representative FACS plots of 7-AAD staining 

within R5 (G) and frequency in R2–R5 (H) erythroblasts. Representative histogram plots of 
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eYFP expression within R3 (open histogram is eYFP control) (I) and frequencies of viable 

(7-AAD−) YFP+ erythrocytes (J). Representative FACS plots (K) and mean fluorescence 

intensity (MFI) (L) of Sca1 expression in unfractionated FL. Results are mean ± SEM (Δ/+ 

n = 14 and Δ/− n = 18). *p< 0.05, **p< 0.005, and ***p< 0.0005 compared with Δ/+.
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Figure 2. 
ADAR1 is essential for definitive erythropoiesis in transplanted adult mice. (A) Schematic 

representation of transplant experiments. PB enumeration of RBCs (B) and hemoglobin (C), 

hematocrit (D), mean corpuscular volume (MCV) (E), chimerism (CD45.2+) (F), and serum 

Epo levels (G) at 16 weeks after transplantation. BM cellularity (H), enumeration of 

erythroid progenitors (I), and allele distribution (determined by gDNA semi-qPCR) (J). (K) 

Spleen weight, cellularity, and chimerism. Representative FACs plots of Ter119+ 

erythrocytes (L) and quantitation of mature erythroid fractions (M) determined by size and 
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CD44 expression. Results are mean ± SEM (Δ/+ n = 4 and Δ/− n = 7, pooled from two 

experiments). *p < 0.05 and **p< 0.005 compared with Δ/+.
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Figure 3. 
Upregulation of viral responsive genes in Adar1-null erythrocytes. Gene expression analysis 

of EpoR-Adar1Δ/− (Δ/−) and EpoR-Adar1Δ/+ (Δ/+) E14.5 FL erythrocytes. (A) Pathways 

analysis of R2 (left) and R3 (right) erythroid populations. (B) Heat map of the top 50 most 

differentially expressed genes in R2 (left) and R3 (right) erythroblast fractions. Black dots 

indicate ISGs. (C) Volcano plot analysis of differentially expressed genes. Genes above 

dotted line are significant and red dots are p< 0.01. (D) QuSAGE analysis of IU-dsRNA 

stimulated (top) and IFNα responsive (top) gene sets. (R2 n = 3, R3 Δ/+ n = 3 and R3 Δ/− n 
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= 2). (E) qRT-PCR validation of genes that are upregulated in Δ/− R2, R3, and R4 

erythroblasts. Results are mean ± SD (n = 3). *p< 0.05, **p< 0.005, and ***p< 0.0005 

compared with D/+. (F) miRNA profiles of R3 (purple) and R5 (green) erythroblasts from Δ/

− (grey) and Δ/+ (black). Expression was clustered with samples in rows and miRNAs in 

columns.
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Figure 4. 
Absence of IFN receptor signaling partially rescues Adar1−/− mice. (A) Survival table of 

Ifnar−/− Ifngr−/− Adar1−/− embryos. (B) Representative images at E15.5. Genotypes 

indicated. Scale bar: Yolk sac/embryo = 1 cm; FL = 4 mm. (C–E) FL analysis at E15.5. All 

embryos are Ifnar−/− Ifngr−/− and Adar1 genotype indicated. (C) Total viable (7-AAD) FL 

cellularity. Representative FACs plots (top) and enumeration (bottom) of (D) erythrocytes 

and (E) HSC, MPP, and lineage-restricted progenitors (LRP). Results are mean ± SEM (+/+ 

n = 8, +/− n = 17 and −/− n = 3). (F) qRT-PCR of ISGs from +/+ and −/− E14.5 FL. 

Expression was normalized to Hprt. Relative expression refers to fold change of −/− 

compared with +/+. Results are mean ± SEM (+/+ n = 4, +/− n = 8, and −/− n = 4). *p< 0.05, 

**p< 0.005, and ***p< 0.0005 compared with +/+.
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Figure 5. 
A-to-I RNA editing by ADAR1 is required for fetal erythropoiesis. (A) Survival of EpoR-
Adar1Δ/E861A (Δ/E861A) embryos compared with EpoR-Adar1Δ/+ littermate controls 

(Δ/+). (B) Representative images at E15.5. Scale bar: 1.2 cm. (C-H) FL analysis of Δ/E861A 

and Δ/+ at E15.5. (C) Total viable (7-AAD−) FL cellularity. (D) Representative FACS plots. 

(E) Enumeration of erythroid cells. Frequency of (F) dead (7-AAD+) and (G) YFP+ R2-R5 

erythroid cells. (H) Sca1 MFI. (I) Allele distribution of Adar1flAdar1Δ, and Adar1+ or 

Adar1E861A of FL cells at E15.5–17.5 as determined by gDNA semi-qPCR. (J–N) Analysis 
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of ≥ 16-week-old Δ/E861A and Δ/+ mice. (J) PB RBC counts, hematocrit, and hemoglobin 

levels and mean RBC volume. (K) Spleen weights. Cellularity of whole BM (L) and 

erythroid fractions (M). (N) Adar1 allele distribution of FACs isolated Ter1 19+YFP+ BM. 

Results are mean ± SD (E15.5, n = 5; E16.5, D/+ n = 2 and Δ/ E861A n = 1; E17.5, Δ/+ n = 

1 and Δ/E861A n = 2; ≥ 16 week, n = 4). *p< 0.05, **p< 0.005, and ***p< 0.0005 compared 

with Δ/+.
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Figure 6. 
Few RNA editing differences of known editing sites between diverse cell types (A) Editing 

frequencies plotted on y-axis with each editing site ranked from the lowest (rank 0 on the x-

axis) to the highest editing frequency (rank 664 on the x-axis) based on averages at each site 

across each population. Within each cell type, editing sites are ranked in the same order. 

Editing frequencies of (B) 94 of 664 sites differentially edited between erythrocytes (MEP to 

R5) and B-lymphocytes and (C) 133 of 664 sites differentially edited between hematopoietic 

progenitors (MPP and CMP) and B-lymphocytes.
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Figure 7. 
Novel editing sites within long UTRs of erythroid-specific transcripts. A-to-I (G mismatches 

in YFP+ cells isolated from two independent Epor-Adar1Δ/+ E14.5 FL. (A) Summary of A-

to-I editing site analysis. (B) Scatter plot of 2190 high-confidence A-to-I editing frequencies 

from each replicate. (C) Scatter plots (top) and representative screenshots (bottom) of four 

transcripts with hyperedited 3′-UTRs (edited regions are indicated by blue line). See 

Supplementary Table E6 (online only, available at www.exphem.org) for other genes with 

hyperedited 3′-UTRs. n refers to the number of A-to-I sites within each gene. Correlations 
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and statistics were determined by two-tailed Pearson correlation coefficients. (D) Scaled 

schematic representation of hyperedited clusters within the 3′-UTR of Klf1. Two tandem 

duplicated SINEs, ID_B1 (orange) and B2_Mmt1 (green), are located on opposite DNA 

strands downstream of the annotated Klf1 3′-UTR. The number of A-to-I editing sites 

within each SINE is depicted.
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