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The phenotype of the most common human
ADAR1p150 Za mutation P193A in mice is partially
penetrant
Zhen Liang1,2 , Alistair M Chalk1,2 , Scott Taylor1 , Ankita Goradia1, Jacki E Heraud-Farlow1,2,*,† &

Carl R Walkley1,2,*,†

Abstract

ADAR1 -mediated A-to-I RNA editing is a self-/non-self-discrimination
mechanism for cellular double-stranded RNAs. ADAR mutations are
one cause of Aicardi–Gouti�eres Syndrome, an inherited paediatric
encephalopathy, classed as a “Type I interferonopathy.” The most
common ADAR1mutation is a proline 193 alanine (p.P193A) mutation,
mapping to the ADAR1p150 isoform-specific Za domain. Here, we
report the development of an independent murine P195A knock-in
mouse, homologous to human P193A. The Adar1P195A/P195A mice are
largely normal and the mutation is well tolerated. When the P195A
mutation is compounded with an Adar1 null allele (Adar1P195A/�),
approximately half the animals are runted with a shortened lifespan
while the remaining Adar1P195A/� animals are normal, contrasting
with previous reports. The phenotype of the Adar1P195A/� animals is
both associated with the parental genotype and partly non-genetic/
environmental. Complementation with an editing-deficient ADAR1
(Adar1P195A/E861A), or the loss of MDA5, rescues phenotypes in the
Adar1P195A/� mice.
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Introduction

One of the most common RNA modifications in mammals is the

deamination of adenosine to inosine, termed A-to-I editing, in

double-stranded regions of RNA (dsRNA) by adenosine deaminase

acting on RNA 1 (ADAR1) and ADAR2 (Eisenberg & Levanon,

2018). A-to-I editing results in the non-reversible conversion of

adenosine to inosine for the targeted nucleotide within RNA. Inosine

is usually interpreted as guanosine during translation. Depending on

where the editing site lies in the transcript A-to-I editing can have a

variety of consequences (Solomon et al, 2013, 2017; Walkley & Li,

2017; Eisenberg & Levanon, 2018). Editing within protein-coding

sequences can change the amino acid codon, and therefore the pro-

tein product, from that genomically encoded (Licht et al, 2019). A-

to-I editing can also impact RNA splicing, stability, translation, and

localisation (Lev-Maor et al, 2007; Shoshan et al, 2015; Stellos et al,

2016; Kapoor et al, 2020) as well as the biogenesis of non-coding

RNAs (microRNAs (Kawahara et al, 2007) and circRNAs (Ivanov

et al, 2015)). Editing alters the base-pairing properties within RNA,

both stabilising and destabilising the RNA secondary structure

depending on context (Liddicoat et al, 2015; Solomon et al, 2017).

A-to-I editing can be readily detected using sequencing methods, as

A-to-I editing can be identified by A-to-G mismatches between the

cDNA and genomic DNA, allowing genome-wide mapping (Levanon

et al, 2004; Li et al, 2009; Ramaswami et al, 2013).

There are millions of A-to-I editing sites across all tissues within

the human transcriptome, with the majority located in repetitive ele-

ments such as Alu repeats (Bazak et al, 2014; Picardi et al, 2015;

Tan et al, 2017; Gabay et al, 2022). In mice, there are between

50,000 and 150,000 editing events, also concentrated in evolution-

arily related repetitive elements (SINE/LINEs) (Pinto et al, 2014;

Pfaller et al, 2018; Licht et al, 2019; Costa Cruz et al, 2020). The key

physiological function of ADAR2 is to recode the Gria2 transcript by

editing a coding region of the mRNA, resulting in an amino acid

substitution and a correctly functioning GluA2 protein (Higuchi

et al, 1993, 2000). In contrast to the recoding of a single mRNA tar-

get for ADAR2, it has been demonstrated by multiple groups that

the physiologically most important function of ADAR1 editing is to

prevent the cells’ own RNA from being mistaken as foreign RNA by

the innate immune system (Mannion et al, 2014; Liddicoat et al,

2015; Pestal et al, 2015). ADAR1’s primary physiological function is

to counteract cytoplasmic innate immune sensing by melanoma

differentiation-associated protein 5 (MDA5) of endogenous RNAs

(Hartner et al, 2009; Liddicoat et al, 2015; Heraud-Farlow et al,

2017; Chalk et al, 2019), a species conserved function (Pestal et al,
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2015; Chung et al, 2018). ADAR1 is expressed as two isoforms, a

constitutive and primarily nuclear p110 protein and an inducible

and mostly cytoplasmic p150 isoform. Recent studies have focussed

attention on the role of the cytoplasmic p150 isoform and how this

intersects with innate immune sensing (Ward et al, 2011; Pestal

et al, 2015; Kim et al, 2021).

ADAR (ADAR1) loss-of-function mutations have been identified

as one of the genetic causes of Aicardi–Gouti�eres Syndrome (AGS)

(Rice et al, 2012, 2017). AGS is an inherited paediatric encephalop-

athy, classed as an auto-inflammatory “Type I interferonopathy,”

characterised by the upregulation of interferon (IFN) and

interferon-stimulated gene (ISG) expression (Crow & Manel, 2015).

AGS patients with ADAR mutations most often have compound

heterozygous mutations, with one mutation impacting the p150

isoform together with a second that affects both p110 and p150

isoforms (Rice et al, 2012, 2017). Mutations in ADAR have also

been identified in bilateral striatal necrosis (BSN), where patients

have a dystonic or rigid movement disorder associated with sym-

metrical abnormalities of the brain (Livingston et al, 2014). Similar

to ADAR mutant AGS, BSN patients with ADAR mutation have a

characteristic “interferon signature.” Recent knock-in mouse

models have begun to address how distinct ADAR1 mutations,

including those reported in AGS and BSN, impact the function of

ADAR1 in vivo (de Reuver et al, 2021; Guo et al, 2021; Inoue et al,

2021; Maurano et al, 2021; Nakahama et al, 2021; Tang et al,

2021).

The most frequently reported ADAR1 mutation is proline 193 to

alanine (p.Pro193Ala; P193A; Rice et al, 2017), which maps to the

unique Za domain of the p150 isoform (Herbert et al, 1995, 1998;

Herbert & Rich, 2001; Herbert, 2021; Nakahama & Kawahara, 2021).

The Za domain is found in only one other protein in the human

genome, Z-DNA-binding protein 1 (ZBP1), that activates cell death

pathways during viral infection (Newton et al, 2016; Jiao et al,

2020; Zhang et al, 2020). Proline 193 contacts the left-handed helix

structure characteristic of Z-form DNA and RNA and is important in

the interaction between ADAR1p150 and Z-form nucleic acid

(Schwartz et al, 1999). Interestingly, unlike other ADAR mutations,

the P193A mutation is present at an allele frequency of 0.002 of the

human population globally (Herbert, 2020; Karczewski et al, 2020),

however, the effects of this mutation are not definitively under-

stood. In human populations, the P193A mutation is nearly always

heterozygous (Karczewski et al, 2020). Maurano et al (2021)

recently reported the development and characterisation of a murine

p.Pro195Ala (P195A) mutant mouse model, homologous to the

human P193A mutation. They reported that the P195A allele was

well tolerated in isolation and was homozygously viable with a nor-

mal lifespan. When combined with a second mutation, either a

p110/p150-deficient allele or p150 null allele, they reported a

completely penetrant shortened lifespan and reduced weaning

weights, with evidence of activation of an innate immune/interferon

and integrated stress response gene expression program in the

Adar1P195A/p150-. They report rescue of the phenotypes by loss of

MDA5 consistent with prior genetic rescue of ADAR1 loss-of-

function alleles (Liddicoat et al, 2015; Pestal et al, 2015; de Reuver

et al, 2021; Nakahama et al, 2021). However, unlike ADAR1-null/

editing dead models (Wang et al, 2004; Mannion et al, 2014; Liddi-

coat et al, 2016b), they also reported normalisation of both survival

and weaning weight by concurrent loss of LGP2, IFNAR or PKR.

Here, we report generation and analysis of an independent

Adar1P195A mutant mouse model. Consistent with the published

model (Maurano et al, 2021), we find that the P195A allele is well

tolerated when heterozygous or homozygous. When the P195A

mutation was combined with a p110/p150 null allele, we observed

approximately normal weaning weights and long-term survival of

~ 45% of Adar1P195A/� mice. Phenotypic (runted and shortened life-

span) Adar1P195A/� animals had evidence of a high ISG signature

and a mild tissue type restricted PKR activation and integrated stress

response (ISR) signature. The unaffected Adar1P195A/� did not show

activation of ISGs or the ISR pathway. However, when non-runted

Adar1P195A/� mice were used for breeding with Adar1P195A/+, the

next generation of Adar1P195A/� were more severely runted with

shortened lifespan, however, this was also partially penetrant. The

loss of Ifih1 (MDA5), the primary sensor of unedited cellular

dsRNA, prevented activation of the ISG response and rescued the

runting, gene expression changes, post-natal lethality, and long-

term survival of all genotypes tested. These data do not support the

conclusion that the compound P195A mutation leads to fully pene-

trant integrated stress response pathway activation and shortened

lifespan in mice. We further demonstrate that expression of an

editing-deficient ADAR1 with P195A (Adar1P195A/E861A) prevented

the pathology seen in the Adar1P195A/� mice in an RNA-editing inde-

pendent manner.

Results

Generation of an Adar1 P195A knock-in mutant allele

The P193A mutation in human ADAR1 maps to the Za domain that

is unique to the ADAR1 p150 isoform. The proline 193 residue of

human ADAR1 is homologous to murine proline 195 (Fig 1A). We

introduced a C-to-G point mutation to generate a proline-to-alanine

substitution at amino acid 195 (p.P195A) into murine Adar1 using

CRISPR/Cas9 on a C57BL/6 background (Fig 1B). This resulted in

the desired mutation that was confirmed by Sanger sequencing and

through restriction digest of genomic PCR products, utilising a silent

unique restriction site that was introduced during targeting to the

modified locus (Fig 1C). After the identification of heterozygous

founder mice (Adar1P195A/+), these were bred to C57BL/6 mice to

confirm germ-line transmission of the mutant allele (Appendix

Fig S1A and B). Second-generation animals were subsequently bred

for all experiments.

To assess the expression of the ADAR1p150 protein from the

mutant allele, we isolated E13.5 mouse embryonic fibroblasts

(MEFs) and treated these with murine interferon beta (IFNb). We

tested MEFs from two independent Adar1+/+ (+/+), Adar1P195A/+

(P195A/+) and Adar1P195A/P195A (P195A/P195A) littermates. Immu-

noblotting demonstrated that the induction and expression of the

p150 isoform following IFNb treatment was intact and equivalent

between Adar1+/+, Adar1P195A/+ and Adar1P195A/P195A cells (Fig 1D).

ADAR1 P195A mutation alone is well tolerated

The heterozygous Adar1P195A/+ mice were inter-crossed, and we

recovered viable heterozygous and homozygous animals at the

expected frequency (Fig 1E), consistent with a previous report
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(Maurano et al, 2021). The homozygous Adar1P195A/P195A mice had

slightly lower weaning weights than the wild-type and heterozygous

mice due to a reduction in the weaning weights of the Adar1P195A/

P195A females (Fig 1F; Appendix Fig S1C). Both Adar1P195A/+ and

Adar1P195A/P195A mice have normal lifespans (Fig 1G). Assessment

of the peripheral blood cell populations and indices (Fig 1H–K;

Appendix Fig S1D and E) demonstrated that the heterozygous and

homozygous P195A animals are comparable to wild-type controls.

There was a slight but significant elevation of platelet number in the

Adar1P195A/P195A mutants (Fig 1L) of undetermined significance.

Broad-based histopathological analysis demonstrated that the

Adar1P195A/P195A animals are microscopically normal (Appendix

Table S1). Overall, the P195A mutation is not pathogenic in isola-

tion, and mice with this mutation have no apparent disadvantage in

normal development and survival.

In vivo expression of P195A alone activates an ISG signature but
is well tolerated

To test the acute effects of the P195A mutation in adult mice, we

undertook an in vivo tamoxifen treatment of R26-CreERT2 Adar1fl/+

and R26-CreERT2 Adar1fl/P195A animals (Heraud-Farlow et al,

2017). Adult (> 8-week-old) animals were fed a tamoxifen-

containing diet for 28 days (Fig 2A). The Adar1 floxed allele (exon

7–9 floxed) is deleted broadly across the body upon tamoxifen

treatment, rendering adult mice expressing only the heterozygous

(D/+) or only P195A (D/P195A) expressing (Fig 2A). Analysis of

the genomic DNA derived from bone marrow cells at Day 28 dem-

onstrated efficient and comparable recombination of the Adar1

floxed allele (Fig 2B; Appendix Fig S2). We did not see evidence

for selection against deletion, evidenced by the retention of the

floxed allele, as we had previously reported with either the R26-

CreERT2 Adar1fl/fl (ADAR1 protein null), R26-CreERT2 Adar1fl/p150-

(ADAR1p150 null) or R26-CreERT2 Adar1fl/E861A (editing dead

ADAR1) in the same experimental model (Heraud-Farlow et al,

2017; preprint: Liang et al, 2022). In contrast to mice with the loss

of the entire protein or impaired editing function that became mor-

ibund and required euthanasia prior to 28 days of treatment

(Heraud-Farlow et al, 2017), both D/+ and D/P195A animals toler-

ated the diet well (Fig 2C). There was no significant difference in

weight change between the cohorts compared to the weight at

Day 0 (Fig 2D).

At day 28 of the tamoxifen diet, we collected peripheral blood

(Fig 2E), bone marrow (Fig 2F–H), spleen (Fig 2I and J) and thymus

(Fig 2K and L) and assessed haematopoiesis. We found modest

changes across these organs in terms of cellularity or lineage distri-

bution/differentiation. The D/P195A mice had a lower total number

of B lymphocytes in peripheral blood (Fig 2E) and granulocytes in

the bone marrow (Fig 2G), neither of which were apparent in the

germline Adar1P195A/P195A (Fig 1I). We also assessed activation of

the ISG response by assessing the expression of Sca-1, an ISG

induced in response to a loss of ADAR1 (Essers et al, 2009; Hartner

et al, 2009; Heraud-Farlow et al, 2017). There was increased expres-

sion of Sca-1 on the cell surface of the D/P195A within the lineage

negative fraction of the bone marrow (Fig 2M). Prompted by the

increased Sca-1 expression, qPCR for the ISGs Ifit1 and Irf7 demon-

strated a six- to eightfold increased expression of these in the D/
P195A bone marrow (Fig 2N). We did not find changes in the

expression of genes in the integrated stress response (ISR) pathway

in the same samples (Fig 2N). The signature of ISR genes was inves-

tigated because a previous report utilising the same Adar1 null allele

(Adar1 exon 7–9 deleted) compounded with the P195A mutation

showed an elevated ISR gene expression as the result of PKR activa-

tion (Maurano et al, 2021). Collectively, these analyses demonstrate

that in vivo Adar1D/P195A animals have a modest acute activation of

an innate immune response following somatic restricted expression

of P195A. This ISG activation is of a relatively low level compared

to the levels seen when animals and cells are engineered to be

ADAR1 null, p150 isoform null or editing deficient (Liddicoat et al,

2015, 2016b; Heraud-Farlow et al, 2017; preprint: Liang et al, 2022),

and is well tolerated without any effects on the animals’ overall

well-being or survival. The active ISG signature was also reported in

the biochemical Za mutants indicating that an impaired Za domain

of ADAR1 may induce spontaneous but relatively low IFN response

(de Reuver et al, 2021; Tang et al, 2021), while the mice’s overall

health and lifespan are unaffected.

ADAR1P195A has a subtle effect on A-to-I RNA editing levels

To understand the effects of this mutation more completely, we

undertook RNA-seq of the brain of adult animals (48–74 days of

age). The brain was chosen as it is the most affected tissue in AGS

patients with ADAR mutation, and we have a detailed understand-

ing in the mouse of the A-to-I RNA editing landscape and ADAR1-

◀ Figure 1. Generation and characterisation of an Adar1P195A knock-in allele.

A Schematic of the murine wild-type ADAR1 isoforms and the location of the P195A mutation.
B Genomic alignment and translation of the WT and P195A allele.
C Sanger sequencing traces and alignments of genomic DNA isolated from animals from Adar1+/+ (WT) and Adar1P195A/P195A.
D Western blot analysis of ADAR1 expression in E13.5-immortalised MEFs of the indicated genotypes +/� interferon-b (IFNb). Data from two independent cell lines per

genotype.
E Results from inbreeding of Adar1P195A/+ animals.
F Weaning weights of mice of the indicated genotypes;
G Survival analysis of mice of the indicated genotypes; number as indicated for each genotype. Statistical difference determined by Log-rank (Mantel–Cox) test.
H Total white blood cell counts (WBC) in peripheral blood (PB).
I Absolute numbers of each lineage in PB. *P < 0.05. Significance was determined by a two-way ANOVA test with multiple comparisons.
J–L Peripheral blood, (J) red blood cell (RBC), (K) haematocrit (HCT) and (L) platelets.

Data information: Data in (F), (H), (J), (K) and (L) represent the mean � SEM. *P < 0.05; **P < 0.01; Significance determined by ordinary one-way ANOVA with Tukey’s
multiple-comparison tests (adjusted P-value).
Source data are available online for this figure.

4 of 23 EMBO reports 24: e55835 | 2023 � 2023 The Authors

EMBO reports Zhen Liang et al



Figure 2.

� 2023 The Authors EMBO reports 24: e55835 | 2023 5 of 23

Zhen Liang et al EMBO reports



specific sites within this tissue from previous studies (Chalk et al,

2019). We did not find any significantly altered gene expression sig-

natures, and there were only very subtle changes in the overall gene

expression programme of the brains of the Adar1P195A/P195A com-

pared to Adar1+/+ controls (Fig 3A). We next assessed the A-to-I

editing landscape. We assessed both site-specific editing levels and

calculated the editing of repetitive sequences using a murine-

modified version of the Alu editing index (AEI) (Roth et al, 2019).

The AEI was not appreciably different when assessed across the

genotypes, although this is a global assessment of editing of repeti-

tive sequences and may not reveal subtle changes at a limited num-

ber of sites (Fig 3B). Therefore, we assessed the editing levels of

individual sites between the Adar1P195A/P195A and Adar1+/+ controls

based on previous analysis (Fig 3C; Dataset EV1) (Zhang et al, 2014;

Heraud-Farlow et al, 2017). This demonstrated that most editing

was unaffected by the P195A mutation, and only a small fraction

(~ 1.8%) of editing was changed in the Adar1P195A/P195A brains (Fig

3D; Appendix Fig S3A–I and S4A–C). Affected sites primarily had

increased editing that was likely due to modestly increased expres-

sion of Adar1 transcript, also reported in the biochemical Za mutant

(Fig 3E and F; Dataset EV2; de Reuver et al, 2021). We additionally

assessed the editing at transcripts known or predicted to be subject

to Z-RNA formation, using the list of transcripts identified as bound

by Z-RNA antibody, Z22 (Zhang et al, 2022). Within this subset of

transcripts, only six sites were significantly under-edited (Fig 3G).

The overall effect of the P195A mutation on physiological homeo-

static editing was subtle and restricted to a small subset of the

editing events in the murine brain.

Compound mutants of P195A with an A-to-I editing-deficient
Adar1 allele are normal

In humans, the P195A mutation is most often reported as a com-

pound heterozygous mutation, with the second allele having muta-

tions in or around the deaminase domain or harbouring a variant

likely to result in an ADAR1 null (Rice et al, 2017). To understand

the consequences of the P195A mutation compounded with a sec-

ond mutation, more similar to the mutational spectrum reported in

AGS, we crossed the Adar1P195A/+ mice to an editing-deficient point

mutant model (Adar1E861A/+) (Liddicoat et al, 2015). The E861A

mutation renders both p110 and p150 editing deficient (Appendix

Fig S1A; Liddicoat et al, 2015). Adar1P195A/E861A mice were viable

and appeared normal (Fig 4A). The Adar1P195A/E861A, both males

and females, had normal weaning weights compared to control

genotypes (Fig 4B; Appendix Fig S5A). Cohorts of mice were

allowed to age and monitored for signs of illness or changes in

health status. The Adar1P195A/E861A animals have survived long-

term (> 600 days) with no apparent phenotypes (Fig 4C). To deter-

mine if there were any microscopic changes, a histopathological

assessment of a cohort of Adar1+/+, Adar1P195A/+ and Adar1P195A/

E861A at 6–7 months of age was undertaken as we have previously

described (Heraud-Farlow et al, 2017; Chalk et al, 2019). There were

no genotype-specific differences or evidence of pathological changes

(Appendix Table S1; Dataset EV3). These analyses demonstrate that

the P195A mutation is well tolerated, even in the presence of a sec-

ond allele that has no A-to-I editing activity but does express an

ADAR1 protein. This is a distinctive difference between the P195A

mutation and the recently reported W197A mutation, where the

E861A mutation worsened the post-natal survival of the W197A Za
mutation (Nakahama et al, 2021).

Compounding the P195A mutation with an Adar1 null results in
partial penetrant runting and shortened lifespan

In parallel to the editing-deficient mutation, we also crossed the

P195A allele to the Adar1+/� mice (Adar1 null allele, exon 2–13

deleted; Hartner et al, 2004). In this case, the Adar1-null allele does

not express any p110 or p150 protein (Appendix Fig S1A), leaving

only P195A-mutated ADAR1p150 expressed with WT ADAR1p110

expressed from the same allele. The A-to-I editing levels in the adult

◀ Figure 2. In vivo expression of P195A is well tolerated and results in a modest induction of interferon-regulated gene expression.

A Schematic outline of the experiment.
B Representative genotyping of recombination of the Adar1 floxed allele at day 28 using genomic DNA isolated from whole bone marrow cells. Recombination

percentage was calculated using LabChip (PerkinElmer)-based quantitation of band intensity compared to the WT/P195A allele and known standard/marker.
C Survival analysis of mice of the indicated genotypes; number as indicated for each genotype. No statistical difference between genotypes by Log-rank (Mantel–Cox)

test.
D Percentage change in body weight of each cohort based on comparison of the weight at day 28 of tamoxifen food compared to day 0 (prior to initiation of

tamoxifen-containing diet).
E Peripheral blood leukocyte populations (by lineage) between genotypes at day 0 and day 28.
F Bone marrow (BM) cellularity.
G Differential analysis of leukocyte populations in the BM.
H BM erythroid cells.
I Splenic cellularity.
J Differential analysis of leukocyte populations in the spleen.
K Thymic cellularity.
L Differential analysis of thymocyte populations in the thymus.
M Representative flow cytometry histography of Sca-1 expression between control (D/+; grey) and P195A only (D/P195A; blue) expressing BM sample. Quantitation of

mean Sca-1 fluorescence intensity within the lineage negative fraction of whole bone marrow.
N qPCR (SYBR green)-based analysis of indicated gene expression in BM. Data expressed as mean � SEM gene expression related to Ppia expression.

Data information: Unless otherwise stated, data expressed as mean � SEM; R26-CreERki/+ Adar1fl/+ (control; n = 3) and R26-CreERki/+ Adar1fl/P195A (P195A; n = 4). All BM,
spleen and thymic analysis at day 28 post-tamoxifen treatment; statistical comparison in plots was done by T-test (panels D, F, I, K and N) or two-way (panels E, G, H, J,
M and L) ANOVA tests with multiple comparisons with statistical significance of **P < 0.01 and ***P < 0.001.
Source data are available online for this figure.
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brain of the Adar1P195A/� were comparable to the Adar1P195A/P195A

(Appendix Fig S3E–H). There was comparable editing of repetitive

regions with a small number of individual sites (n = 12) significantly

differentially edited, only three of which were experimentally

defined Z-RNAs (Appendix Fig S4B).

We recovered mice with all possible genotypes (Fig 4D). When

considered as a population irrespective of parental genotypes, the

Adar1P195A/� animals were runted at weaning, albeit with a more

variable range of weights, compared to Adar1+/+, Adar1P195A/+ and

Adar1P195A/P195A (Fig 4D). This cohort of Adar1P195A/P195A did not

have reduced weaning weight as observed in the Adar1P195A/+

inbreeding (Fig 1F, Appendix Fig S1C). In the crosses to generate

Adar1P195A/�, the gender balance favoured male Adar1P195A/P195A,

and males do not have a reduced weaning weight (Fig 4D; Appen-

dix Fig S6A). The Adar1P195A/� mutants had a weaning weight

reduction that was due to a significantly reduced weaning weight

of females, although a sub-population of runted males was present

(Appendix Fig S6A–D). The Adar1P195A/� animals had reduced

long-term survival with a median of 78 days compared to all other

genotypes (Fig 4E). A significant subset of ~ 45% of the

Adar1P195A/� animals had normal long-term survival, with the

oldest > 480 days of age (Fig 4E). This is consistent with a subset

of Adar1P195A/� animals that were not runted (Fig 4D).

Since it appeared that there were two distinct groups of

Adar1P195A/� mice based on both weaning weight (low vs. normal,

Fig 4D) and survival (died before 120 days vs. long-term survival,

Figure 3. The P195A mutation has a minimal impact on physiological A-to-I editing.

A Analysis of differential gene expression from mouse brains of Adar1P195A/P195A (P195A/P195A) compared to Adar1+/+ (WT). Gene expression changes that result in an
increased relative gene expression in the Adar1P195A/P195A genotype are above the mid-point. Red indicates genes that are significantly different based on abs
(log2FC) > 1, FDR < 0.05.

B Murine modified version of the Alu editing index (AEI) of all samples of the indicated genotype.
C Editing frequency of known sites in P195A/P195A compared to WT by JACUSA. Sites with at least 50 reads and with an editing rate of not < 0.01 (1%). Red indicates

the numbers that are significantly different based on the JACUSA call-2 statistic > 5.
D Summary of the total A-to-I editing sites shared by both WT and P195A/P195A mice and the number of up-edited or down-edited sites in P195A/P195A compared to

WT.
E Total genomic locations of the edited sites in WT or P195A/P195A.
F The genomic distribution of the significant sites in P195A/P195A compared to WT.
G Editing frequency of sites and sites in genes reported to be subject to Z-RNA formation in P195A/P195A compared to WT by JACUSA. Light blue indicates sites that pass

both editing and the Z-RNA threshold, and dark blue dots represent the significantly differentially edited sites in Z-RNA formation genes.
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Fig 4E), we further assessed the outcomes based on the breeding

pair genotypes. We noted a difference in survival and weaning

weights of pups bred from pairs of Adar1P195A/P195A x Adar1+/� (Fig

4F–H) compared to Adar1P195A/� x Adar1P195A/+ (Fig 4I–K).

Adar1P195A/� offspring from the Adar1P195A/P195A x Adar1+/� cross

(Fig 4F), had a modestly reduced weaning weight compared to their

Adar1P195A/+ controls (Fig 4G; Appendix Table S2) and a median

survival of 123 days (Fig 4H). There was ~ 55% mortality in the

first 2 months of life but, after this, the Adar1P195A/� survived long-

term. As with previous crosses, a reduced weight of the female

Adar1P195A/� pups contributed to the lower overall weaning weight

(Appendix Fig S6). When the adult Adar1P195A/� mice were used for

breeding, the Adar1P195A/� offspring from these parents had more

significantly reduced weaning weights and ~ 70% lethality by

80 days of age (Fig 4I–K). In this instance, both male and female

Adar1P195A/� pups had reduced weaning weights while littermates

of other genotypes had a normal weaning weight and survival

(Appendix Fig S6C and D, Table S2). The difference in weaning

weight based on the parental genotype was not observed in the

Adar1P195A/E861A animals (Appendix Fig S5B–D, Table S2). These

results suggested that a contributor to the phenotype of the

Adar1P195A/� animals was the genotype of the parent, with an

Adar1P195A/� parent more often resulting in runting and poor sur-

vival specifically of Adar1P195A/� pups (Appendix Fig S6C and D).

The Adar1P195A/� genotype more closely approximates that of an

AGS patient, and we cannot find literature to indicate if humans

with similar genotypes can successfully rear children. We next

investigated whether the maternal or paternal genotype determined

the offspring’s phenotype. Three Adar1P195A/� females and three

Adar1P195A/� males have been used for breeding in this study. We

found that the death of Adar1P195A/� pups occurred stochastically

and that there was no clear association between the outcomes and

the Adar1P195A/� parents’ gender (Appendix Fig S7A). Similar obser-

vations were seen in pups from the Adar1P195A/P195A x Adar1+/�

breeding pairs (Appendix Fig S7B). The Adar1+/�, Adar1P195A/+ or

Adar1P195A/P195A littermates from these same breeding pairs had no

runting indicating that post-natal maternal care was not a clear con-

tributor to the phenotype (Fig 4I–K).

We undertook an assessment of the normal and runted

Adar1P195A/� animals to understand how and why they were

presenting with distinctive phenotypes despite the same genotype

and environmental conditions (housing, food, bedding, etc.). Histo-

pathology analysis did not identify any genotype-specific defects in

the control C57BL/6, Adar1P195A/+, Adar1P195A/P195A, Adar1P195A/

E861A mice or in the normal size Adar1P195A/� animals in the brain,

liver, kidney and spleen (Appendix Table S1; Dataset EV3–EV5). In

contrast, the runted Adar1P195A/� mice (aged from 29 to 62 days)

had multiple pathological abnormalities (Appendix Table S1;

Dataset EV5). Of four mice assessed, one mouse had evidence of

inflammation in the brain, and three mice had pathologies in the

liver and kidney. As previous studies demonstrated physiological

functions for ADAR1 and for the Za domain of p150 in regulating

murine haematopoiesis (Hartner et al, 2009; Liddicoat et al, 2015;

Nakahama et al, 2021), we collected peripheral blood, bone mar-

row, spleen and thymus for analysis. In the peripheral blood, almost

all parameters and cell populations were significantly reduced in the

runted Adar1P195A/� mice, whereas the non-runted Adar1P195A/�

had populations comparable to the heterozygote Adar1P195A/+ and

homozygous Adar1P195A/P195A mice (Appendix Fig S8A–L). Similar

reductions were seen across the bone marrow, spleen and thymus

(Appendix Fig S9A–S). The reduction in the haematopoietic cell

populations in the runted Adar1P195A/� animals indicated a require-

ment of ADAR1 protein, and potentially its interaction with Z-RNA,

for normal haematopoiesis. These abnormalities were absent in the

normal-size Adar1P195A/� mice that survive long term, suggesting

additional contributors to the development of these phenotypes are

not entirely genotype dependent. Collectively, our results demon-

strate that expression of an ADAR1 protein, even if editing deficient,

is essential to prevent pathology development in an RNA-editing

independent manner. However, the incomplete phenotypic presen-

tation of the Adar1P195A/� animals could be partly attributed to the

parental genotypes, but importantly, other non-genetic factors con-

tribute that remain to be elucidated. Interestingly, these observa-

tions are reminiscent of humans with P193A mutation-related

diseases, where there is variable age and severity of disease onset

(Rice et al, 2017).

Loss of MDA5 prevents runting and premature lethality of
Adar1P195A/� animals

Based on the established role of MDA5 (gene Ifih1) in sensing and

responding to unedited cellular dsRNA (Liddicoat et al, 2015), we

generated Adar1P195A/E861AIfih1�/� animals from different breeding

combinations (Fig 5A and B; Appendix Fig S5E–I). Adar1P195A/

E861AIfih1�/� animals were comparable to control littermates and

had a normal weaning weight and long-term survival. Next, we

sought to determine if loss of MDA5 would prevent the runting and

post-natal lethality of the Adar1P195A/� in the first 100 days of life.

We generated cohorts of animals on both an Ifih1+/� and Ifih1�/�

background. Homozygous deletion of MDA5 completely normalised

◀ Figure 4. Weaning weights and survival of Adar1P195A/E861A and Adar1P195A/� animals.

A–C (A) Results from inbreeding of Adar1P195A/E861A animals, (B) weaning weights and (C) survival analysis of mice of the indicated genotypes.
D, E (D) Weaning weights and (E) survival of mice from inbreeding to generate P195A/� animals.
F–H (F) Results from breeding of Adar1P195A/P195A animals with Adar1+/� animals, (G) weaning weights and (H) survival of pups derived from breeding of an Adar1P195A/

P195A to an Adar1+/� animal; number as indicated for each genotype.
I–K (I) Results from breeding of Adar1P195A/� animals with Adar1P195A/+ animals, (J) weaning weights and (K) survival of pups derived from breeding an Adar1P195A/� to

an Adar1P195A/+ genotype; number indicated for each genotype. Inset photo: 35-day-old Adar1P195A/� male bred from Adar1P195A/P195A × Adar1+/� parents (data in
Panel F); and sibling 29-day-old Adar1P195A/+ and Adar1P195A/� male bred from an Adar1P195A/� × Adar1P195A/+ (data in Panel I).

Data information: The significance of the frequency of genotype (A, F and I) was performed by Chi-square test and weaning weights in (B), (D) and (J) by ordinary one-
way ANOVA with Tukey’s multiple-comparison test (adjusted P-value). Statistical analysis of weights in panel G used an unpaired t-test (two-sided). Significance differ-
ence in survival plots used Log-rank (Mantel–Cox) test. Weaning weights are presented as mean � SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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the weaning weights and prevented the premature death we had

observed in a subset of Adar1P195A/� animals with no statistical dif-

ference in survival across all genotypes assessed (Fig 5C and D;

Appendix Fig S10A–G; Table S2). The Adar1P195A/� Ifih1�/� mice

were generated (Appendix Fig S10A and D). Adar1P195A/-Ifih1�/�

animals derived from Adar1P195A/-Ifih1�/� x Adar1P195A/+Ifih1�/�

(or Adar1P195A/P195AIfih1�/�) breeding pairs were rescued by MDA5

deletion (Appendix Fig S10A–F). Therefore, MDA5 is the primary

physiological sensor of unedited cellular RNA that mediates the

pathology and phenotypes we observed in the subset of Adar1P195A/�

animals. Interestingly, heterozygosity for MDA5 also rescued

weaning weights and extended survival of the Adar1P195A/� mice

(Appendix Fig S11A and B). The Adar1P195A/-Ifih1+/� and

Adar1P195A/-Ifih1�/� weights were not significantly different. Histo-

pathology analysis demonstrated that the abnormalities observed in

the runted Adar1P195A/� mice were largely absent in

Adar1P195A/-Ifih1�/� mice, with two of the three Adar1P195A/-Ifih1�/�

mice having kidney pathology, indicating a potential MDA5 indepen-

dent change (Appendix Table S1; Dataset EV4). These analyses dem-

onstrated that loss of MDA5 alone was sufficient to restore viability

and long-term survival of the Adar1P195A/� animals.

Runted Adar1P195A/� mutants have an elevated ISG expression
and tissue-specific ISR activation

Analysis of ADAR1p150 Za mutations had reported activation of the

interferon-stimulated gene programme and, in the case of the previ-

ously reported P195A mutant, activation of the PKR-related inte-

grated stress response (Maurano et al, 2021; Nakahama et al, 2021).

We assessed the ISG and ISR signatures in the RNA-seq datasets we

had generated (Liu et al, 2019; Wong et al, 2019). When we com-

pared the ISG signature between Adar1+/+, Adar1P195A/P195A and

Adar1P195A/� (non-runted) animals, there was no significant induc-

tion of ISGs in the Adar1P195A/� samples (Fig 6A top panels), or acti-

vation of the ISR signature (Fig 6A lower panels, Appendix Fig

S12A). To determine if other Za mutations impacted these pathways,

we assessed the brain RNA-seq datasets from the W197A mutant

mice (Nakahama et al, 2021), and a recently reported RNA-seq

dataset from spleens of the previously reported Adar1P195A/p150-,

which included a PKR-deficient cohort (Eif2ak2�/�) (Hubbard et al,

2022). The Adar1W197A/W197A mutants display a fully penetrant

runting and the majority die by 40 days of age (Nakahama et al,

2021), a more severe phenotype than that observed with the P195A

mutants we generated. The available dataset was from whole brain

so was more directly comparable to the RNA-seq datasets we gener-

ated. Analysis of the brain transcriptome demonstrated that the

W197A homozygous mutants had an active ISG signature, but no

significant activation of the ISR gene set compared to their Adar1+/+

control samples (Fig 6B, Appendix Fig S12B). The analysis of the pre-

vious P195A model had concluded that PKR activation and the sub-

sequent integrated stress response were responsible for the

immunopathology of the P195A mice (Maurano et al, 2021). We ini-

tially accessed the dataset from Maurano et al (NCBI GEO:

GSE162583) but it was very limited in depth (5 million read targets)

and at 58 bp single-end reads which restricted analysis. The same

group more recently reported a second RNA-seq dataset from the

spleen of 23-day-old mice, and we assessed both the ISG and ISR

transcriptional response in these samples (Hubbard et al, 2022).

Importantly, in the newer dataset, there were WT, Adar1P195A/p150-

and an Adar1P195A/p150-Eif2ak2�/� (PKR null) cohort, allowing a

direct assessment of PKR and the ISR (Hubbard et al, 2022). In these

samples, there was evidence of activation of the interferon-

stimulated gene signature in both the Adar1P195A/p150- and

Adar1P195A/p150-Eif2ak2�/� (PKR null), albeit with a high level of

variability between individuals of the same genotype (Fig 6C, Appen-

dix Fig S12C). There was no significant enrichment of the integrated

stress response gene set by QuSAGE analysis (Fig 6C; Appendix Fig

S12C). The direct comparison of the PKR-sufficient (Adar1P195A/

p150-) and -deficient (Adar1P195A/p150-Eif2ak2�/�) datasets enabled a

conclusion that there is limited evidence in the transcriptome data

that defines a PKR-dependent gene signature, even though it was

shown genetically to be consequential (Maurano et al, 2021).

To broaden our assessment, we isolated RNA from brain, liver

and kidney tissues from C57BL/6 mice (WT; n = 3), Adar1P195A/+

(n = 9), Adar1P195A/P195A (n = 4), Adar1P195A/E861A (n = 5), normal-

size Adar1P195A/� (n = 7), runted Adar1P195A/� (n = 5), Adar1P195A + --

Ifih1
�/�

(n = 3) and Adar1P195A/-Ifih1�/� (n = 3). We used the same

Taqman-based qPCR assays as described in the original P195A mouse

model description (Maurano et al, 2021) to assess the expression of

the ISGs Oas1a, Ifi27 and Irf7 (Fig 6D–F; top panels), and ISRs Asns,

Cdkn1a and Hmox1 (Fig 6D–F; lower panels). In the brain (Fig 6D)

and liver (Fig 6E) but not the kidney (Fig 6F), the Adar1P195A/E861A

mice had mildly elevated expression of one ISG (Oas1a) with vari-

ability in the level of increased expression between individuals and

tissues. ISG expression in the WT, Adar1P195A/+ and Adar1P195A/P195A

mice was not altered in all three organs. While the ISG signature was

absent in the Adar1P195A/� that had normal body weights, the runted

Adar1P195A/� animals had a significantly elevated ISG level (Oas1a

and Ifi27). The activated ISG signature is consistent with that reported

by Maurano et al (2021) and in other Za-domain mutants (de Reuver

et al, 2021; Nakahama et al, 2021; Tang et al, 2021). The ISG

induction in the runted Adar1P195A/� mice was more significant than

in the Adar1P195A/E861A animals, suggesting that the presence of

the editing-deficient ADAR1 protein was modifying the in vivo

response (Fig 6D–F; top panels). The induction of the ISGs was

completely prevented by the deletion of MDA5, as seen in the

Adar1P195A/-Ifih1�/� samples (Fig 6D–F; top panels), consistent with

the known function of MDA5 as the primary physiological sensor of

unedited cellular dsRNA (Mannion et al, 2014; Liddicoat et al, 2015;

Pestal et al, 2015).

Based on the proposed activation of the ISR in the previously

reported P195A model (Maurano et al, 2021), we assessed the

expression of Asns, Cdkn1a and Hmox1 (Fig 6D–F, lower panels).

We saw an increase in Asns and Cdkn1a expression in the runted

Adar1P195A/� mice with large variations between individuals and tis-

sue types, similar to that reported (Maurano et al, 2021). In our ani-

mals, the ISR gene signature was highest in the kidney and to some

extent the liver but absent in the brain. Prompted by the more con-

sistent result from kidney, we performed immunoblotting of kidney

samples from the same cohort of mice used for qPCR. These demon-

strated elevated levels of phosphorylated eIF2a, a substrate of PKR

used in murine samples as a surrogate for PKR activation due to the

lack of an antibody for phosphorylated PKR in mouse (Fig 6G). We

further assessed p-eIF2a levels in the thymus, a tissue that has high

ADAR1p150 isoform expression (Kim et al, 2021). The thymus of

the runted Adar1P195A/� mice had increased MDA5 expression, itself
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an ISG, but there was no increased p-eIF2a (Appendix Fig S12D).

Collectively these analyses indicate a complex and variable pheno-

type in the Adar1P195A/� animals. Those that have a normal size do

not show evidence of either ISG or ISR activation. The runted and

moribund Adar1P195A/� animals show evidence of an MDA5-

dependent ISG response. There is also some evidence of PKR and

ISR activation, however, this is variable within the runted cohorts

and shows differences between tissues even within the same ani-

mals. Importantly, the PKR and ISR activation is dependent on

MDA5 activation, as MDA5 loss prevented activation in the

Adar1P195A/� animals.

Adar1P195A/� cells are sensitised to IFN-induced cell death

To assess the cell-intrinsic effect of the P195A mutation, we estab-

lished HOXA9-immortalised myeloid cell lines (Wang et al, 2006)

using bone marrow from adult (> 8-week-old) R26-CreERT2 Adar1fl/+

and R26-CreERT2 Adar1fl/P195A animals (Fig 7A). We cultured the

cells with and without tamoxifen over a 14-day time course (Fig

7B). As described previously, the Adar1 floxed is deleted upon

tamoxifen treatment, resulting in cells retaining expression of

ADAR1 protein (fl/+ becomes D/+) or expressing only the P195A

form of ADAR1 (fl/P195A becomes D/P195A). Notably, these cells

Figure 5. Loss of MDA5 rescues both the weight and viability of Adar1P195A/�.

A, B (A) Weaning weights and (B) survival of Adar1P195A/E861AIfih1�/� and littermates (all Ifih1�/�).
C, D (C) Weaning weights and (D) survival of Adar1P195A/-Ifih1�/� and littermates (all Ifih1�/�).

Data information: Weaning weights are presented as mean � SEM. No statistically significant difference across any comparison (ordinary one-way ANOVA with Tukey’s
multiple-comparison test) in (A) and (C). No statistical difference between genotypes by Log-rank (Mantel–Cox) test in (B) and (D).
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employ the same Adar1 exon 7–9 allele (floxed in our case,

whereas germ-line deleted in Maurano et al, 2021) used by

Maurano et al (2021). We achieved complete deletion of the Adar1

floxed allele as assessed by genotyping (Fig 7C; Appendix Fig

S13A). The proliferation and viability of three biologically indepen-

dent P195A cell lines were not affected by treatment with tamoxi-

fen, and the cells behaved in a manner comparable to the control

cells (Fig 7D and E). We further assessed if there were changes in

ISG expression as cells transitioned to being Adar1D/P195A. In con-

trast to the somatic deletion model (Fig 2) and germ line mutants

(Fig 6), we did not see changes in the expression of the ISGs Ifit1

or Irf7 by qPCR (Fig 7F). This indicated that in an immortalised

myeloid cell, the expression of P195A alone is not sufficient to

spontaneously activate an innate immune response to cellular

dsRNA. This result suggests that different cell types may respond

differently to the P195A mutation, as was reported for a biochemi-

cal ADAR1 Za mutant model (Tang et al, 2021).

We then challenged the Adar1D/P195A cells with transfection with

high-molecular-weight polyinosinic–polycytidylic acid (polyI:C), a

synthetic dsRNA that can activate MDA5, to determine if the P195A

mutation altered the response to non-cellular dsRNA. The Adar1D/

P195A cells did not have a different response to a dose range of polyI:

C compared to control cells when assessing the induction of ISGs

(Appendix Fig S13B). We additionally treated the cells with either a

low or high dose of IFNb. Unexpectedly, and in contrast to the

results with polyI:C, IFN treatment resulted in significantly lower

cell viability of the Adar1D/P195A cell lines as the IFN concentration

increased (Fig 7G). Despite the increased cell death, there was a

comparable level of ISG induction as assessed by qPCR for Ifit1 and

Irf7 (Fig 7H). Therefore, the P195A, when compounded with a null

allele, sensitises to cell death following treatment with Type I

interferon.

Discussion

Understanding how disease-associated ADAR1 mutations affect the

proteins’ function will be critical to the ultimate goal of developing

effective treatments for the patients. To this end, the development

of preclinical models that mirror human genetics is an important

step. The P193A mutation, which specifically impacts the

cytoplasmic ADAR1p150 isoform, is the most reported ADAR muta-

tion in humans with AGS and BSN (Rice et al, 2012, 2017; Living-

ston et al, 2014). In AGS, the P193A mutation is reported as a

compound heterozygous mutation with a second mutation, most

often one that either compromises expression of the second allele or

is predicted to compromise A-to-I editing by the protein product of

the second allele. Intriguingly, the P193A mutation is also present in

the general human population. As this is the most common human

ADAR1 mutation, it will be important to determine its effect on both

ADAR1’s canonical function in A-to-I RNA editing and in other

protein-dependent functions of ADAR1.

Herein, we describe the independent generation and phenotyping

of a murine model of the human P193A mutation. The homologous

murine mutation, P195A, is well tolerated and compatible with

adult homeostasis when either heterozygous or homozygous. This

is consistent with that previously reported using an independently

generated P195A knock-in allele by Maurano et al (2021). While

homozygosity for P193A is a rare occurrence in the general human

population (Karczewski et al, 2020) and has not been reported in

AGS patients (Rice et al, 2012, 2017), all groups have established

viable and ostensibly normal Adar1P195A/P195A mice. The present

data demonstrate that this mutation is well tolerated and does not

significantly compromise ADAR1p150’s physiological functions in

vivo under normal laboratory conditions. Detailed analysis of the

effects of P195A on A-to-I editing demonstrated that there are very

subtle changes, with < 2% of editing sites having differential

editing. The limited effect of P195A on editing is consistent with the

analysis of editing reported from other murine Za alleles and from

analysis of editing by ADAR1p150 in human cells (de Reuver et al,

2021; Nakahama et al, 2021; preprint: Sun et al, 2022). Direct com-

parisons of the editing changes between the P195A mutant and the

biochemical Za mutant are confounded by the different tissues (for

P195A mutants here, whole adult brain was assessed; and for Za
mutants, P1 brain, spleen and lung or FACS, sorted ling endothelial

cells) and age of animals used in each respective study (de Reuver

et al, 2021; Jiao et al, 2022). It may also reflect a potentially limited

number of physiologically formed Z-RNAs in contrast to Z-RNA

levels when animals/cells are infected or treated with interferon

(Zhang et al, 2022).

The P193A mutation in humans is pathogenic when compounded

with a second mutation that either affects expression of the other

◀ Figure 6. Upregulation of ISGs and tissue-specific elevation of ISR in Adar1P195A/� are MDA5 dependent.

A QuSAGE analysis using ISGs and ISR gene signatures from previous publications (Material and Methods; Gene set testing (QuSAGE and heatmap analysis)) as the gene
set. Every single curve depicts a gene within the barcode. Data from brain samples of Adar1P195A/P195A (P195A/P195A) compared to Adar1+/+ (WT) or Adar1P195A/�(P195A/
�; non-runted) compared to WT (this study).

B QuSAGE analysis of ISGs and ISR genes in the whole-brain RNA-seq data of homozygous Adar1W197A/W197A compared to WT models published by Nakahama et al,
2021.

C QuSAGE analysis of ISGs and ISR genes in the spleen RNA-seq data of Adar1P195A/p150-or Adar1P195A/ -Eif2ak2�/� published by Maurano et al (2021).
D Heatmap representation of the normalised expression of interferon-stimulated genes (Oas1a, Ifi27 and Irf7) and the integrated stress response genes (Asns, Cdkn1a

and Hmox) in the brain of the indicated genotypes using Taqman-based qPCR.
E Heatmap representation of the normalised expression of ISGs and ISR genes in the liver of the indicated genotypes using Taqman-based qPCR.
F Individual plots of the normalised expression of ISGs and ISR genes in the kidney of the indicated genotypes using Taqman-based qPCR.
G Western blot of PKR, phospho-eIF2a and total eIF2a levels in whole kidney lysates derived from the indicated genotypes; same mice as used for panel F. Relative

phospho-eIF2a expression was calculated against total eIF2a normalised to the average of P195A/+ samples using ImageJ Fiji. All images are from the same gel and
re-probed for different antibodies.

Data information: Data presented in panels (D–F) were relative to Hprt expression and normalised to the average value of the WT samples. Statistical analysis for all
qPCR was two-way ANOVA (D, E) or ordinary one-way ANOVA with multiple-comparison test (F); *P < 0.05; ***P < 0.001, ****P < 0.0001.
Source data are available online for this figure.
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allele of ADAR or has mutations predicted to impact editing activity

of the second allele. We tested this in the P195A mice by crossing to

the editing dead, but protein expressing, E861A allele and an

ADAR1 null allele, where both p110 and p150 are deficient (Hartner

et al, 2004; Liddicoat et al, 2015). This yielded distinct outcomes.

The Adar1P195A/E861A animals were essentially normal, with normal

weaning weights and lifespans, albeit with mild ISG activation in

some tissues. This demonstrates that A-to-I editing by the non-

P195A p150 protein is not essential to suppress the observed pheno-

types but is required to prevent MDA5 activation based on ISG

Figure 7.
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expression. By comparison, when the E861A allele was

compounded with the W197A mutation, the Adar1W197A/E861A ani-

mals died earlier than the Adar1W197A/W197A mice (Nakahama et al,

2021). Proline 195 (193 in humans) is not conserved in the Za fam-

ily. It is present in the domain wing and affects the kinetics of bind-

ing to left-handed nucleic acids that differ between species

(Subramani et al, 2016). Interestingly, mutation of the highly con-

served residues involved in binding Z-DNA (N175A/Y179A) (de

Reuver et al, 2021; Tang et al, 2021) was well tolerated in vivo when

homozygous, while the W197A mutant (W195 in human), essential

to stabilising the wing, had a fully penetrant in vivo phenotype char-

acterised by significant runting and the majority of mice dying by

40 days of age (Nakahama et al, 2021). The comparison of the

P195A and W197A results indicates that specific mutations within

the Za domain of ADAR1p150, such as the W197A, reveal specific

functions for Za in vivo that warrants further detailed

understanding.

A more complex phenotype was presented when the P195A

mutation was compounded with an ADAR1 protein-deficient allele

(Adar1P195A/�), a genotype more closely approximating AGS

patients (Rice et al, 2017). In our analysis, the Adar1P195A/�, when

considered as a population, were modestly runted at weaning but to

a lesser extent than that reported by Maurano et al, with an inde-

pendent P195A allele or by de Reuver et al, with the N175A/Y179A

allele that survived < 1 week after birth when compounded with an

Adar1 null allele (de Reuver et al, 2021; Maurano et al, 2021). The

mean weaning weights across all genotypes in our study (both as a

total cohort or separated by gender; Appendix Table S2) are consis-

tent with the reference data for 3- to 4-week-old animals of C57BL/6

background mice from both the Jackson Labs and the International

Mouse Phenotyping Consortium (Dickinson et al, 2016; Appendix

Table S3). The wild-type controls reported by Maurano et al (2021)

weighed more than 20 g at 23 days of age, indicating that they dif-

fered from strains we and others have utilised. Within our colony,

~ 45% of the Adar1P195A/� had normal long-term survival, again a

distinctive finding from the previously reported P195A allele crossed

to the Adar1DEx7–9 allele (Maurano et al, 2021). Maurano et al

(2021) reported that the majority of their Adar1P195A/� mice were

significantly runted and die by 30 days of age, with a single animal

surviving to 84 days of age. Likewise, Adar1P195A/p150- mice, where

only the ADAR1p150 allele was deleted on the other allele, were sig-

nificantly runted and survived only slightly longer (median survival

40 days), with none surviving past 112 days (Maurano et al, 2021).

The basis for this profound difference is not immediately apparent

but is important to understand. While differences in vivariums may

contribute, it seems unlikely that this is the primary driver of the

differences.

We believe that two factors may contribute to the differences.

Firstly, we observe differences in both survival and weights of the

Adar1P195A/� mice based on the breeding pair genotype (Fig 4F–K).

When an Adar1P195A/� was used for breeding, we see significantly

reduced weaning weights and poor survival of both male and

female Adar1P195A/� pups, but not the other pups in the litters of

different genotypes, not dissimilar to that reported by Maurano et al

(2021). This is not an absolute finding, as even within the same lit-

ters, and therefore, the same maternal and physical environment,

there are Adar1P195A/� pups with a normal weaning weight and

those that are severely runted and die before weaning. It is possible

that the runted pups cannot compete with their siblings for milk,

exacerbating the runting phenotype. The data indicate not only a

contribution from parental genotype but also a stochastic effect that

is currently not defined. We speculate that the pups that become

runted and have a shortened lifespan encounter a “trigger” that

results in elevated ISG expression and activation that they are not

able to dampen and resolve. This is supported by the qPCR analysis

of ISGs in the runted versus non-runted Adar1P195A/� animals, but

the precipitating factor has not been defined. One factor may be ele-

vated Type I interferon, as the treatment of Adar1D/P195A myeloid

cells with Type I IFN demonstrated sensitisation and increased cell

death compared to control cells. It is plausible that physiologically,

and under homeostatic conditions, there are limited amounts of

endogenous Z-RNA formed potentially accounting for the tolerance

of being Adar1P195A/P195A and partially penetrant phenotype of

Adar1P195A/�. Type I interferon and specific types of viral infection

induce Z-RNA (Zhang et al, 2020, 2022), possibly stimulating the

formation of endogenous dsRNA substrates that ADAR1P195A is

most compromised in binding. We speculate that higher Type I IFN

in some mice yields a more severe phenotype. While poorly under-

stood, the development of symptoms in patients with ADAR muta-

tions who develop AGS is sometimes associated with a recent

history of prior vaccination or viral infection, both factors could

alter the endogenous immune response and cellular dsRNA load

(Rice et al, 2017). When considered alongside the rescue afforded

by expression of the E861A allele, the runting and early lethality of

Adar1P195A/� mice are due to a protein-dependent editing-

independent function of ADAR1p150. The rescue by loss of MDA5,

however, demonstrates that the initial trigger is most likely an

MDA5 ligand.

◀ Figure 7. P195A/D sensitises to cell death following treatment with IFNb.

A Schematic outline of how the HOXA9-immortalised myeloid cell lines are derived.
B Experimental outline.
C Genomic DNA genotyping demonstrating efficient recombination of the floxed Adar1 allele following tamoxifen treatment.
D, E (D) Average proliferation and (E) viability of cell lines with and without tamoxifen treatment (isogenic pairs) over 14 days of treatment (n = 3 independent lines per

genotype; biological replicates).
F qPCR (SYBR green) analysis of Ifit1 (left) and Irf7 (right) expression on day 14 of analysis.
G Cell viability at IFNb dosages 0, 50 and 1,000 U/ml after 24 h. Statistical analysis was two-way ANOVA with multiple-comparisons correction.
H qPCR (SYBR green) of Ifit1 (left) and Irf7 (right) expression in the cell lines collected at 3 or 24 h post-treatment with 50 or 1,000 U/ml of IFNb. No statistical differ-

ence between genotypes in Ifit1 (left) and Irf7 (right) expression.

Data information: For data in panels (D) through (H), the experiments were performed with three independently derived cell lines per genotype (biological replicates).
The qPCR data are expressed as mean � SEM gene expression relative to Ppia expression. *P < 0.05; ***P < 0.001, ****P < 0.0001.
Source data are available online for this figure.
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Another contributor to the differences in the reported P195A phe-

notypes is the different Adar1-deficient alleles used in the respective

studies. Maurano et al utilised an Adar1-deficient allele derived by

the germ-line deletion of the conditional Adar1fl allele that deletes

exon 7 to 9 (Hartner et al, 2004, 2009; Pestal et al, 2015; Maurano

et al, 2021). Analysis from Maurano et al, and a subsequent study,

also utilised an ADAR1p150-specific knockout allele (Maurano et al,

2021; Hubbard et al, 2022). The consistency between these two

alleles suggests a robustness of phenotype, however, both of these

alleles have caveats that may be critical in this context. The exon 7–

9 allele has recently been demonstrated to yield a truncated, editing-

deficient and mislocalised protein product impacting both p110 and

p150 isoforms (Bajad et al, 2020). The truncated p110 and p150 pro-

teins, while non-functional for A-to-I editing, harbour the potential

to interfere with the activity of the P195A p150 protein in the cyto-

plasm and the wild-type p110 expressed from the P195A allele

through substrate competition or dimerisation (Cho et al, 2003;

Valente & Nishikura, 2007). This could potentially result in a less

functional, effectively hypomorphic, P195A p150 and WT p110

when heterozygous. However, we have used this same genotype in

both the somatic deletion model (Fig 2) and immortalised myeloid

cells (Fig 7), and in both settings, we see tolerance of this genotype.

Likewise, based on available data, there is evidence that the p150

null allele used interferes with the IFN-induced expression of

ADAR1p110 (Steinman & Wang, 2011; Pestal et al, 2015; preprint:

Liang et al, 2022). This could also create a hypomorphic P195A

allele with reduced overall ADAR1 protein. In our study, we have

used an exon 2–13 deletion of Adar1, demonstrated to be a null

allele and not known to express any protein product (Hartner et al,

2004). Based on the more severe phenotypes in all Za mutants when

paired with a null allele compared to those homozygous for a Za
mutation (de Reuver et al, 2021; Jiao et al, 2022), as well as the

P195A/E861A reported here, gene dosage contributes to these phe-

notypes. This is consistent with the difference in survival between

Adar1E861A/E861AIfih1�/� and Adar1�/-Ifih1�/� mice where protein-

dependent editing-independent functions of ADAR1 lead to post-

natal lethality of mice (Heraud-Farlow et al, 2017). It is possible that

the runting and completely penetrant post-natal lethality of the

Adar1P195A/� mice reported by Maurano et al (2021) may be con-

founded by overall ADAR1 protein levels. When crossed to a true

null allele, as we have undertaken, ~ 45% of Adar1P195A/� mice sur-

vive to adulthood. It is also important to note that the more disrup-

tive biochemical Za mutants, not present in humans, caused fully

penetrant post-natal lethality when paired with an Adar1 null allele

(another distinct null allele generated from excision of the Za
domain), and rescued by loss of MAVS (de Reuver et al, 2021; Jiao

et al, 2022). There may also be other strain differences such as those

immune deficiencies previously reported in some lines of C57BL/6

mice (Koehler et al, 2020) or accounting for the high birth weight in

the Maurano et al study. The ultimate cause of death of the runted

Adar1P195A/� mice from our cohorts remains to be determined.

The physiologically most important role of A-to-I editing by

ADAR1 is to edit cellular/endogenous dsRNA to prevent MDA5-

mediated innate immune sensing (Liddicoat et al, 2015, 2016a). This

has been demonstrated in both mouse models and human cells

(Mannion et al, 2014; Liddicoat et al, 2015; Pestal et al, 2015). The

P195A mutation is associated with reduced editing of some sub-

strates in cellulo (Maurano et al, 2021), and we find only a small

percentage of editing sites changed in analysis of whole brain from

Adar1P195A/P195A animals, including considering RNAs bound by

Z22 antibody, categorised as more likely to form Z-RNA (Zhang

et al, 2022). In both human and mouse, the loss of MDA5-MAVS

prevents innate immune activation following the loss of ADAR1 or

loss of A-to-I editing by ADAR1. We see rescue of phenotypes of the

Adar1P195A/� mice by loss of MDA5 with full suppression of ISG

expression to baseline levels in vivo, consistent with a model where

MDA5 is the primary, and initiating, sensor of unedited self-dsRNA.

All of the ADAR1 Za mutants described to date when compounded

with a null allele were rescued by loss of either MDA5 (Maurano

et al, 2021; Nakahama et al, 2021) or MAVS (de Reuver et al, 2021;

Tang et al, 2021; Jiao et al, 2022). Interestingly, we find a dosage-

dependent effect of MDA5 with a degree of genetic rescue afforded

by being Ifih1+/� (Appendix Fig S11A and B). Collectively, these

results demonstrate that the absence of MDA5, and subsequent

innate immune response, is sufficient to rescue the effects of ADAR1

P195A Za mutants.

Previous work has not demonstrated rescue from embryonic

lethality of Adar1�/� animals by concurrent loss of PKR (Eif2ak2�/�)
(Wang et al, 2004) or by loss of IFNAR (Mannion et al, 2014;

Liddicoat et al, 2016b), unlike the rescue to birth or adulthood by loss

of MDA5 (Ifih1�/�) or MAVS (Mavs�/�) of the Adar1�/� or ADAR1

editing-deficient (Adar1E861A/E861A) mice respectively (Liddicoat et al,

2015; Pestal et al, 2015; Heraud-Farlow et al, 2017). Based on the ISR

signature and genetic crosses, it was proposed that PKR activation

was important in the pathology of the P195A mouse models gener-

ated by Maurano et al (2021), and this was genetically tested and

PKR loss rescued the Adar1P195A/DEx7-9 mice. In the tissues of our

runted Adar1P195A/� animals, there was significantly elevated expres-

sion of ISGs and we see some restricted evidence for activation of the

PKR-related integrated stress response, however, it is variable across

tissues even within the same animal. This is particularly apparent in

the RNA-seq analysis. In whole brain transcriptomes, assessed both

in our study and the W197A analysis (Nakahama et al, 2021), there

was no evidence to support a conclusion of an elevated ISR signature.

Interestingly, when we reassessed datasets from spleen transcrip-

tomes of the Adar1P195A/DEx7-9 mice (Hubbard et al, 2022), the same

P195A allele originally reported (Maurano et al, 2021), there was no

statistically significant enrichment of the gene set defined as represen-

tative of the ISR transcriptional response in vivo. This dataset

included a Adar1P195A/DEx7-9Eif2ak2�/� (PKR null) cohort, enabling a

direct comparison of the role of PKR. There was no consistent indica-

tion of a PKR-dependent transcriptional signature. We assessed levels

of p-eIF2a, a marker of PKR activation, in the kidney of the runted

Adar1P195A/� animals and see an ~ 50% increase compared to normal

sized Adar1P195A/� and control animals. It is not clear why only some

tissues in the runted Adar1P195A/� animals show evidence of activa-

tion of PKR, either as p-eIF2a or transcriptional markers of the ISR

response, while the same tissues from a normal-sized Adar1P195A/�

animals do not. Most recently, it has been proposed that the pathol-

ogy of the Adar1P195A/� animals is due to activation of an alternative

protein, ZBP-1 (Hubbard et al, 2022). ZBP-1 is the only other mam-

malian Za-domain-containing protein and has been linked to aspects

of ADAR1 biology (Zhang et al, 2022). It is not at present clear how

this reconciles with the prior model where activation of PKR and the

integrated stress response was proposed as the primary driver of the

phenotypes in their Adar1P195A/� model (Maurano et al, 2021;
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Hubbard et al, 2022). Given that knockout of IFNAR also rescued

Adar1P195A/p150- mice, and Adar1P195A/� cells in this study are more

sensitive to Type I IFN, it may be that PKR and ZBP1 are only acti-

vated once IFN signalling is initiated via MDA5/MAVS activation

(Zhang et al, 2022). Understanding the pathways and how the differ-

ent dsRNA sensors are engaged by endogenous dsRNAs will be

important to reconcile the genetic rescues of Za mutants.

In summary, the P195A mutation, homologous to the most

common human ADAR1 mutation reported in AGS, is well toler-

ated in vivo. We find a complex, partially penetrant phenotype in

the Adar1P195A/� mice that is contributed to by both parental

genotype and non-genetic (e.g. environmental) factors that we

have not yet defined. A significant proportion of the Adar1P195A/�

mice live normally long term without any apparent pathology.

The remainder are runted and have a shortened lifespan. The loss

of MDA5 is sufficient to rescue phenotypes seen in the

Adar1P195A/� mice. These findings are consistent with a role for

ADAR1p150 in downregulating the ISG response but do not clearly

explain the pathology observed in AGS patients outside of MDA5

being the primary in vivo initiator of phenotypes associated with

ADAR1 mutations.

Materials and Methods

Ethics statement

All animal experiments conducted for this study were approved by

the Animal Ethics Committee of St. Vincent’s Hospital, Melbourne,

Australia (Protocol number #016/20). Animal studies were

conducted in accordance with the Australian code for the care and

use of animals for scientific purposes, 8th Edition (2013;

ISBN:1864965975). Animals were euthanised by cervical dislocation

or CO2 asphyxiation.

Animals

Adar1P195A mice were generated using CRISPR/Cas9 targeting in

C57BL/6 zygotes by the Monash Genome Modification Platform

(Monash University, Clayton, Australia). A repair oligo containing a

CCT > GCT point mutation resulting in a p.P195A

(Proline > Alanine) mutation. The repair oligo also had a silent

point mutation (CCT > CCC; Proline > Proline, p.P194P) immedi-

ately upstream and a second silent mutation (TTG > CTG;

Leucine > Leucine, p.L196L) immediately downstream of the P195A

mutation, respectively, that created a BsrBI restriction enzyme site

and prevented Cas9 from cutting the repaired locus and to be used

for genotyping using restriction digest of the genotyping PCR prod-

uct. Introduction of the mutation was confirmed by Sanger sequenc-

ing of the region in both the founders and subsequent generations.

The AdarE861A/+ (Adar1E861A/+; MGI allele: Adartm1.1Xen; MGI:

5805648) (Liddicoat et al, 2015), Adar�/� (Adar1�/�; exon 2–13

deleted; MGI allele: Adartm2Phs; MGI: 3029862) (Hartner et al, 2004),

Adarfl/fl (Adar1fl/fl; exon 7–9 floxed; MGI allele: Adartm1.1Phs; MGI:

3828307) (Hartner et al, 2004, 2009), Ifih1�/� (Ifih1tm1.1Cln) (Gitlin

et al, 2006) and Rosa26-CreERT2 (Gt(ROSA)26Sortm1(cre/ERT2)Tyj)

(Ventura et al, 2007) mice have all been previously described and

were on a backcrossed C57BL/6 background. All animals were

housed at the BioResources Centre (BRC) at St. Vincent’s Hospital.

Mice were maintained and bred under specific pathogen-free condi-

tions with food and water provided ad libitum. For acute somatic

deletion (R26-CreERT2), all animals were ≥ 8 weeks of age at tamox-

ifen initiation; tamoxifen-containing food was prepared at 400 mg/

kg tamoxifen citrate (Selleckchem) in standard mouse chow (Spe-

cialty Feeds, Western Australia).

Weaning age was determined by animal facility staff indepen-

dently of investigators based on animal welfare and facility SOPs.

Animals are typically weaned at 20–25 days of age. Weaning

weights are not available if an animal was found dead before

weaning; all animals where genotype was confirmed are included in

the survival analysis (where possible, any found dead before

weaning were genotyped post-mortem).

Genotyping

Genotyping of the P195A mutants was determined by PCR. The

repair oligo carrying the P195A mutation also introduced a silent

BsrB1 immediately upstream of the P195A mutation. The digestion

of the genomic DNA PCR product was used to determine the pres-

ence of the P195A allele and can discriminate heterozygous and

homozygous mutants. The following primers: Primer P1 (50-ACCAT
GGAGAGGTGCTGACG-30) and P2 (50-ACATCTCGGGCCTTGGT
GAG-30) were used to obtain a 489 bp product from the wild-type

allele, which would yield two fragments (265 and 224 bp products)

when digested with BsrB1 (NEB) for the P195A mutant. The P1

primer was used for Sanger sequencing (Australian Genome

Research Facility (AGRF), Melbourne) of the purified PCR product

as required. Genotyping of all other lines used was performed as

previously described (Liddicoat et al, 2015; Heraud-Farlow et al,

2017).

Histology

Three wild-type (Adar1+/+, 2 female (F)/1 male (M)), three

Adar1P195A/+ (2F/1M) and four Adar1P195A/E861A (3F/1M) animals at

6–7 months of age were used for histopathology examination as pre-

viously described (Heraud-Farlow et al, 2017; Chalk et al, 2019).

The wild-type animals were littermate controls of the mutant-

bearing animals. Tissue collection and histology were performed by

the Phenomics Australia Histopathology and Slide Scanning Service,

University of Melbourne. The wild-type animals were identified by

the pathologists as “controls,” the remaining samples were genotype

blinded to the staff and pathologist assessors. The following organs

were assessed: adrenal glands, bladder, bone marrow, brain, cecum,

cervix, colon, duodenum, epididymes, eyes, gall bladder, harderian

glands, head, heart, hind leg (long bone, bone marrow, synovial

joint and skeletal muscle), ileum, jejunum, kidney, liver, lungs,

mammary tissue, mesenteric lymph node, ovaries, oviducts, pan-

creas, penis, preputial gland, prostate glands, salivary glands and

regional lymph nodes, seminal vesicles, skin, spinal cord, spleen,

stomach, tail, testes, thymus, thyroids, trachea, uterus and vagina.

The full pathology report and genotypes are available in Dataset

EV3.

Additional pathology was performed on the brain, liver, kidney

or spleen isolated from wild type (bred and housed in the same

facility; n = 3), Adar1P195A/+ (n = 6), Adar1P195A/P195A (n = 3),
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normal-size Adar1P195A/� (n = 4), runted Adar1P195A/� (n = 4) and

Adar1P195A/� Ifih1�/� (n = 3). Tissue was fixed overnight in 2%

paraformaldehyde, transferred to 70% ethanol and then processed,

sectioned and stained by the Phenomics Australia Histopathology

and Slide Scanning Service, University of Melbourne. The wild-type

animals were identified by the pathologists as “controls”; the

remaining samples were genotype blinded to the staff and patholo-

gist assessors. The full pathology report and genotypes are available

in Datasets EV4 and EV5.

Mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) were generated from E13.5

embryos of the indicated genotypes. The embryos were dissected,

removing the head (used for genotyping), heart and foetal liver and

the remaining tissue was used to generate MEFs. The tissue was

placed in 1 ml of 0.025% Trypsin–EDTA (Gibco/Thermo Fisher),

drawn through an 18G needle/1 ml syringe and then placed at 37°C

in a 10 cm2 tissue culture plate for 30 min. After 30 min, 10 ml of

media (high-glucose DMEM [Sigma], 10% FBS [not heat inactivated,

Assay Matrix], 1% Penicillin/Streptomycin [Gibco], 1% Glutamax

[Gibco] and 1% amphotericin B [Sigma; 250 lg/ml stock]) was

added to the plate and the contents dispersed. The MEFs were incu-

bated in a hypoxia chamber flushed with 5% oxygen/5% carbon

dioxide in nitrogen at 37°C. Once the cells were 70% confluent, the

cells were trypsinised and passaged onto 10 cm plates in normoxic

conditions for all further cultures. MEFs were immortalised with ret-

rovirus encoding an shRNA-targeting murine p53 (shp53.1224 in

LMP vector) (Dickins et al, 2005) containing 1% polybrene. The

immortalised MEFs of the indicated genotypes were treated with

recombinant murine interferon beta (PBL Assay Science; PBL-

12405) at 250 U/ml for 24 h in normal growth media. After 24 h,

cells were collected by trypsinisation and pellets washed in cold PBS

and resuspended in RIPA buffer (20 mM Tris–HCl, pH8.0, 150 mM

NaCl, 1 mM EDTA, 1% sodium deoxycholate, 1% Triton X-100 and

0.1% SDS) supplemented with 1× HALT protease inhibitor and 1×

PhosSTOP phosphatase inhibitor (Thermo Fisher). Lysates were

used for western blotting as described below.

Western blotting

Protein was quantified using the Pierce BCA protein assay kit

(Thermo Fisher) on an Enspire multimode plate reader (Perkin

Elmer). Lysates from MEFs: indicated genotypes +/� interferon

treatment were used and 20 lg of protein extract per sample was

loaded. Lysates from kidney and thymus: the whole kidney or thy-

mus cells were homogenised in RIPA buffer containing 1× Halt

Phosphatase inhibitor (Thermo Fisher) and 1× Halt Protease inhibi-

tor (Thermo Fisher) and 5 lg (kidney) or 15 lg (thymus) of protein

was loaded. All samples were loaded on precast NuPAGETM 10% or

4–12%, Bis-Tris polyacrylamide gels (Invitrogen) and transferred

onto Immobilon-P PVDF membranes (Merck Millipore). Membranes

were blocked with 5% milk powder in Tris-buffered saline with

Tween (TBST) and incubated at 4°C overnight with rat monoclonal

anti-mouse ADAR1 antibody (clone RD4B11; purified from hybrid-

oma supernatant by MATF, Monash University) (Liddicoat et al,

2015), rabbit anti-MDA-5 (Cell Signalling, D74E4), rabbit anti-PKR

(Abcam, EPR19374), phospho-eIF2a (anti-EIF2S1 [phosphor-S51],

Abcam, ab32157), total eIF2a (Cell Signalling Technology, 5324)

and mouse anti-actin (Sigma, A1978). Membranes were then probed

with HRP-conjugated goat anti-rat (Thermo Fisher, 31470), anti-

rabbit (Thermo Fisher Scientific, 31460) or anti-mouse (Thermo

Fisher, 31444) secondary antibodies and visualised using ECL Prime

Reagent for chemiluminescent detection on Hyperfilm ECL (Amer-

sham) or iBright FL1500 Imaging system (Thermo Fisher).

Peripheral blood analysis

Peripheral blood (approximately 100 ll) was obtained via retro-

orbital bleeding. The blood was red blood cell-depleted using hypo-

tonic lysis buffer (150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM

Na2EDTA, pH7.3) and resuspended in 50 ll of FACS buffer for flow

cytometry analysis.

Flow cytometry analysis

Prior to flow cytometry, PB, bone marrow, spleen and thymus cells

were counted on a Sysmex haematological analyser (Sysmex,

Japan). Antibodies against murine B220 (conjugated to APC-

eFluor780), CD11b/Mac-1 (PE), Gr1 (PE-Cy7), F4/80 (APC), CD4

(eFluor450), CD8a (PerCP-Cy5.5), Ter119 (PE), CD71 (APC), CD44

(PE-Cy7). Sca-1(PerCP-Cy5.5), c-Kit (APC-eFluor780), CD150 (PE),

CD48 (PE-Cy7), CD34 (eFluor660), CD16/32 (eFluor450) and bioti-

nylated antibodies (CD2, CD3e, CD4, CD5, CD8a, B220, Gr-1 and

CD11b/Mac1) were used to quantify cell populations as previously

described (Singbrant et al, 2011; Smeets et al, 2014; Liddicoat et al,

2015; Heraud-Farlow et al, 2017). Biotinylated antibodies were

detected with streptavidin-conjugated Brilliant Violet 605. Anti-

bodies were purchased from eBioscience, BioLegend or BD Phar-

mingen. Cells were acquired on a BD LSRIIFortessa and analysed

with FlowJo software Version 9 or 10.0 (Treestar).

RT–qPCR

Whole bone marrow and myeloid cells +/� tamoxifen treatment

were collected, and RNA was isolated using the RNeasy kit with on-

column DNase digestion (Qiagen). Mouse tissues were collected

(one brain hemisphere, liver and kidney; additional histology was

performed on tissue from these same animals) from independent

biological replicates. Tissues were collected, immediately snap fro-

zen in liquid nitrogen and stored at �80°C. Frozen tissues were

homogenised in Trisure reagent (Bioline) using IKA T10 basic S5

Ultra-turrax Disperser. RNA was extracted using Direct-Zol columns

(Zymo Research) as per manufacturer’s instruction. cDNA was

synthesised using Tetro cDNA synthesis kit (Bioline; used for all

cDNA described).

Real-time–PCR was performed using two methods: SYBR green

method (for myeloid cell lines and in vivo R26-CreER experiments,

normalised to Ppia as previously described; Heraud-Farlow et al,

2017). The sequence of primers used for SYBR green-based qPCR

can be found in Appendix Table S4. Alternatively, predesigned

Taqman probes for Oas1a, Ifi27, Irf7, Asns, Cdkn1a and Hmox1

were used and normalised to Hprt (for mouse organs from germ-

line mutant animals). Duplicate reactions per sample were mea-

sured using an AriaMx Real-time PCR machine (Agilent) using

TaqMan Fast Advanced Master Mix (Applied Biosystems, Thermo
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Fisher) and predesigned/inventory FAM-conjugated Taqman

primer/probe sets (Applied Biosystems, Thermo Fisher) against murine

genes: Oas1a (assay ID Mm00836412_m1); Ifi27 (Mm00835449_g1);

Irf7 (Mm00516788_m1); Asns (Mm00803785_m1); Cdkn1a

(Mm04205640_g1); Hmox1 (Mm00516005_m1) and control gene

Hprt (Mm00446968_m1). Hprt was used as reference genes for rela-

tive quantification using the ΔΔCt method.

Immortalised myeloid cells

HOXA9 immortalised myeloid cell lines (Wang et al, 2006) were

established by retroviral infection of Ficoll-depleted bone marrow

isolated from three independent adult (> 8-week-old) R26-CreERT2

Adar1fl/+ and R26-CreERT2 Adar1fl/P195A donor animals. The cells

were cultured in IMDM (Sigma) containing 10% FBS (Assay

Matrix; non-heat inactivated), 1% Penicillin/Streptomycin (Gibco/

Thermo Fisher), 1% Glutamax (Gibco/Thermo Fisher) supple-

mented with 50 ng/ml recombinant mouse stem cell factor

(rmSCF, Peprotech), 10 ng/ml recombinant mouse interleukin 3

(rmIL-3, Peprotech) and 10 ng/ml recombinant human interleukin

6 (rhIL-6, Amgen) for 48 h. After 48 h in culture, 1 × 106 cells

were spin infected at 1,100 g for 90 min with ectotrophic pack-

aged HOXA9 retrovirus (HOXA9 plasmid was generously provided

by Dr Mark Kamps, University of California San Diego) and 8 lg/
ml hexadimethrine bromide (Polybrene; Sigma). At 48 h post-

infection, the cells were passaged into IMDM containing 10%

FBS, 1% penicillin/streptomycin and 1% glutamax supplemented

with 1% granulocyte-macrophage colony-stimulating factor (GM-

CSF)-conditioned medium (from BHK-HM5 cell conditioned

medium). Cells were maintained in GM-CSF-containing media

after this point. Cell lines were established after 3–4 weeks of

culture.

Once stable cell lines were established, they were treated with

200 nM 4-hydroxy tamoxifen (Merck Millipore) to activate CreER

recombination which results in cells becoming D/+ (fl/+ cells

become Adar1 heterozygous) or D/P195A (fl/P195A cells only

retain expression of P195A after tamoxifen treatment). Cells were

counted with Trypan blue using a Countess II automated counter

(Thermo Fisher) and then passaged every 2–3 days. Viability and

proliferation were assessed by Trypan blue staining and counted

using a Countess II and gene expression on cDNA made from cells

of the indicated genotypes and assessed by SYBR green-based

qPCR as described previously (Heraud-Farlow et al, 2017; Chalk

et al, 2019).

Treatment with pIpC or IFNb: R26-CreER Adar1fl/+ and R26-

CreER Adar1fl/P195A cells were treated for 14 days with tamoxifen,

genotyped and then Adar1D/+ and Adar1D/P195A cells were trans-

ferred to non-tamoxifen supplemented IMDM media for poly(I:C) or

interferon beta testing. Three independent cell lines were used per

genotype. The cells were treated with a dose range of high-

molecular-weight poly(I:C) (1.5-8 kb; 1 mg/ml stock) by nucleofec-

tion following the manufacturer’s instructions (Lonza 4D-

NucleofectorTM Kits). The Adar1D/+ and Adar1D/P195A cells (n = 3/

genotype; biologically independent samples) were treated with

recombinant murine interferon beta (PBL Assay Science; PBL-

12405) at 50 or 1,000 U/ml for 3 or 24 h in normal growth media.

RNA was isolated (Qiagen RNA Minikit with on-column DNaseI

digest) and cDNA was synthesised as described. Gene expression of

the indicated genotypes was assessed by SYBR green-based qPCR as

described previously.

RNA-seq analysis

Samples used for RNA-seq were from whole brain samples of 42- to

74-day-old mice of Adar1+/+ (2F/1M; n = 3); Adar1P195A/+ (2F/1M;

n = 3); Adar1P195A/P195A (3F/1M; n = 4) and Adar1P195A/� (2F/1M;

n = 3; non-runted Adar1P195A/� animals). Brain samples were col-

lected, snap-frozen in liquid nitrogen and stored at �80°C. Frozen

tissues were homogenised in Trisure reagent (Bioline) using IKA

T10 basic S5 Ultra-turrax Disperser. RNA was extracted using

Direct-Zol columns (Zymo Research) as per manufacturer’s instruc-

tion. Each sample contained 2,500 ng RNA and was sent for

sequencing in a dry form (Novogene RNA Ambient Tube). cDNA

library preparation and 150 bp paired-end sequencing were

performed by Novogene (Singapore).

Pre-processing

Sequenced reads (150 bp) were trimmed for adaptor sequence and

low-quality reads using fastp (v 0.19.5) (Chen et al, 2018). Parame-

ters: --trim_front1 10 --trim_front2 10. Reads mapping to rRNA was

removed using Bbmap (parameters: bbsplit.sh minratio = 0.56

minhits = 1 maxindel = 16,000) (Bushnell; BBMap, a short read

aligner, https://sourceforge.net/projects/bbmap/).

External datasets: RNA-seq from the W197A mutant mouse

(DRA011210 and DRA011667; Nakahama et al, 2021) was down-

loaded from DDBJ. Gene counts were determined using Salmon

(v1.6.0) versus mm11 gencode vm28. Salmon data were processed

using tximeta, and summarised to gene using lengthScaledTPM

before formatting for degust (csv). Only Ribo KI and WT brain sam-

ples were kept for further analysis. Normalisation and filtering

(count > 5, min CPM > 1 in at least three samples) were performed

within degust.

Processed kallisto files from Hubbard et al (2022) (GSE200854;

Hubbard et al, 2022), were downloaded and analysed. Data were

input using tximport, and summarised to gene level counts before

formatting for degust (csv). Normalisation and filtering (count > 2,

min CPM > 1 in at least three samples) as well as differential

expression were performed within degust.

Editing analysis

Mapping: Trimmed reads were aligned to the MM10/GRCm38 refer-

ence genome with transcript annotation (gencode.mm10.vM14.anno-

tation.SEQINS.gtf) with STAR (version 2.6.0c) [PMID: 23104886]

using the following parameters: --outFilterType BySJout

--outSAMattributes NH HI AS NM MD --outFilterMultimapNmax 20

--outFilterMismatchNmax 999 --outFilterMismatchNoverReadLmax

0.04 --alignIntronMin 20 --alignIntronMax 1000000 --alignMatesGapMax

1000000 --alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --sjdbScore

1 --sjdbOverhang 149. Duplicate reads were marked with Picard

[“Picard Toolkit.” 2019. Broad Institute, GitHub Repository. http://

broadinstitute.github.io/picard/; Broad Institute].

Known sites: A database of 135,697 murine editing sites was

compiled from published databases (RADAR; Ramaswami & Li,

2014), publications (Liddicoat et al, 2015; Heraud-Farlow et al,
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2017; Chalk et al, 2019) and unpublished murine datasets (JH-F,

AMC and CRW) and the datasets assessed for editing at these sites.

Sites were marked as hyper-edited if there were > 10 editing sites

within 100 bp, no consideration was made about editing level or if

editing occurred in this dataset. See Dataset EV1.

Calling known sites: Editing calling of known sites (RNA vs.

mm10) was performed using JACUSA 2.0.0-RC5 (Piechotta et al,

2017) (https://github.com/dieterich-lab/JACUSA): parameters used:

-F 1024 -filterNH_ 99, -filterNM_ 99 and �c 3 -P RF-FIRSTSTRAND.

Briefly, call-1 was used to determine the RNA editing level for all

known sites for each individual sample replicate. Duplicate reads

were removed. For sites not called by JACUSA, we added read depth

calculated by samtools pileup to reflect the sequence coverage at

those positions. The editing rate for each genotype was calculated

as the sum of edited reads for three replicates/total read depth for

all three replicates. Sites required ≥ 50 read coverage in all samples

(a combined read coverage of ≥ 50 for all genotypes was required)

of the comparison and an editing rate of ≥ 0.01 (≥ 1%) in the WT to

be considered. See Dataset EV1.

Differential editing of known sites: Calling of differential editing

in known sites across genotypes was performed using JACUSA

2.0.0-RC5 (Piechotta et al, 2017). Briefly, call-2 was used to deter-

mine the difference in editing level for all known sites (all replicates

of genotype A vs. all replicates of genotype B). Duplicate reads were

removed. Sites required ≥ 50 read coverage and an editing rate of

≥ 0.01 (≥ 1%) to be considered. See Dataset EV1.

Annotation: Editing sites were annotated with gene and gene part

(promoter, Exon, intron, 30 UTR or intergenic) using Goldmine

(Bhasin & Ting, 2016). B1 and B2 SINE annotation (mm10) was

from UCSC rmsk table (Meyer et al, 2013). Z-RNAs annotated using

Z22-bound RNAs were identified by Zhang et al, 2022 (Zhang et al,

2022). See Dataset EV1.

Gene expression

Current study: Counts were determined by mapping trimmed reads

using Salmon (v1.6.0) versus mm11 gencode vm28 (Patro et al, 2017).

Salmon count data were processed using tximeta (Love et al, 2020),

and summarised to gene using lengthScaledTPM. Normalisation, QC

and filtering were performed in Degust (Powell, 2019). Genes were fil-

tered (count > 1, min CPM > 1 in at least three samples) and differen-

tial expression was performed using edgeR-quasi-likelihood (Robinson

et al, 2010). Each comparison (Adar1P195A/+ vs. WT, Adar1P195A/P195A

vs. WT, Adar1P195A/� vs. WT and Adar1P195A/� vs. Adar1P195A/P195A)

was performed separately. See Dataset EV2.

Heatmaps

Tidyheatmap (Mangiola & Papenfuss, 2020) was used to visualise

datasets.

Gene set testing (QuSAGE analysis)

For gene set testing, Quantitative Set Analysis for Gene Expression

(QuSAGE) (Yaari et al, 2013) was used with n = 218. The interferon-

stimulated gene set was derived from Liu et al (2019) and the inte-

grated stress response from supp file 1D of Wong et al (2019), combin-

ing the CLIC and manual curated lists. See Dataset EV2.

Statistical analysis
To determine statistical significance, Kaplan–Meier survival plots,

log-rank tests, t-tests and ordinary one-way ANOVA tests were

conducted in GraphPad Prism software version 9 (GraphPad; San

Diego, CA, USA). Throughout this study, significance is indicated

using the following convention: *P < 0.05; **P < 0.01; ***P < 0.001

and ****P < 0.0001, and data are presented as mean � SEM. The

number of samples used for each experiment is described in the fig-

ure panels or corresponding figure legends.

Data availability

Raw reads and processed data are available in GEO GSE220628

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220628).

Expanded View for this article is available online.
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