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RNA editing has long been known to play a critical role in curtailing the immune’s early 

response to foreign RNA viruses, which is also referred to as innate immunity. This process 

of editing cellular premRNAs as endogenous (self) RNAs is instrumental for self-RNA to 

be distinguished from foreign viral (nonself) RNAs. Double-stranded RNA I editors, such 

as ADAR1 (adenosine deaminase acting on RNA 1), are at the heart of this process as they 

catalyze unwinding and adenosine-to-inosine (A-to-I) conversion of the RNA sequence.1 

It is ADAR enzymatic/editing functions that are thought to confer innate immunity as the 

conversion of A to I is interpreted as guanosine (G) upon translation.1 This functional A-to-

G substitution in RNA is what marks the RNA as self RNA and prevents the upregulation 

of cytoplasmic immune-related RNA sensors such as MDA5 (melanoma differentiation-

associated protein 5) and downstream inflammatory (interferon-based) pathways to trigger 

an immune response (Figure). Studies using global ADAR1-deficient mice have highlighted 

the functional importance of ADAR1 in mouse embryonic viability and cell survival in 

numerous organs, including the heart.1,2 ADAR1-deficient mice targeting the embryonic 

(Nkx2.5-Cre) and adult (α-MHCMerCreMer) heart have more specifically shown the 

importance of ADAR1 in cardiomyocyte survival as cardiomyocyte apoptosis was observed 

in these settings.3,4 Loss of ADAR1 in embryonic cardiomyocytes resulted in reduction 

of trabeculation in the embryonic heart (due to loss of cardiomyocyte proliferation and 

presence of apoptosis), while loss in adult cardiomyocytes resulted in lack of endoplasmic 

reticulum stress response and survival (presence of apoptosis) resulting in cardiomyopathy 

and rapid premature death in mice, respectively.3,4 However, the mechanisms driving 

Correspondence to: Farah Sheikh, PhD, Department of Medicine (Cardiology Division), University of California San Diego, 9500 
Gilman Drive, La Jolla, CA, 92093-0613C. fasheikh@health.ucsd.edu.
*J. Zhang and E.J. Gutierrez-Lara contributed equally.

Disclosures
F. Sheikh is a co-founder and shareholder of Papillon Therapeutics, Inc as well as consultant and shareholder of LEXEO Therapeutics, 
Inc.

HHS Public Access
Author manuscript
Circ Res. Author manuscript; available in PMC 2023 April 03.

Published in final edited form as:
Circ Res. 2022 September 16; 131(7): 598–600. doi:10.1161/CIRCRESAHA.122.321777.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cardiomyocyte cell survival deficits in adult ADAR1 deficient mice and whether innate 

immunity is integral in these settings remained unclear. In this issue of Circulation Research, 

Garcia-Gonzalez et al5 provide new insight to the field as they showcase editor dependent 

and independent functions of ADAR1, which target cardiac innate immunity to drive 

cardiomyopathy and premature death in adult ADAR1-deficient mice.

Through an elegant series of compound mutant mouse models targeting cardiac-specific 

loss of ADAR1 or enzymatically deficient ADAR1, Garcia-Gonzalez et al5 highlight a 

critical role for editor and RNA sensor (MDA5-interferon 7 (Irf7)) dependent (canonical) 

and independent (noncanonical) pathways driving ADAR1-based cardiac innate immunity 

and disease in adult mice in vivo. To circumvent the embryonic lethality using Nkx2.5-Cre 
as well as rapid premature death in adult heart using α-MHCMerCreMer,3,4 the authors have 

used a cardiomyocyte Cre driver (α-MHC-Cre) that focuses on the early postnatal period to 

drive ADAR1 loss in the postnatal heart.5 Their studies revealed that cardiomyocyte ADAR1 

was dispensable for early postnatal mouse survival, however, was essential for late onset 

cardiomyocyte innate immunity protection, function and survival of adult mice.5

A critical difference between the Garcia-Gonzalez et al study and previous studies focused 

on cardiac ablation of ADAR1 is the timing of ADAR-1 ablation in mice. The authors 

utilized the α-MHC-Cre driver to constitutively ablate ADAR1 primarily within early 

postnatal cardiomyocytes (with transient effects in the embryo), which resulted in postnatal 

viability of mice.5,6 These findings were distinct from a previous study utilizing the Nkx2.5-
Cre to constitutive deplete ADAR1 as it resulted in embryonic lethality.3 Given that Nkx2.5 
may target other cell types in the heart and embryo,7 Garcia-Gonzalez et al5 exploited the 

cardiomyocyte restricted, Xenopus laevis myosin light chain-2-Cre (XMLC2-Cre) to drive 

ADAR1 loss in the embryonic heart, which also resulted in postnatal viability of mice, 

suggesting that noncardiomyocyte effects of the Nkx2.5 promoter may be responsible for 

driving embryonic lethality. Key findings bridging this study to a previous mouse model 

focused on postnatal deletion of ADAR1,4 are that Garcia-Gonzalez et al5 also demonstrate 

that postnatal loss of ADAR1 drives cardiomyopathy and premature death of mice. These 

data highlight the importance of RNA editing machinery in postnatal cardiomyocyte survival 

and function. Interestingly, the mechanisms likely differ between studies as the authors 

show that postnatal cardiomyocyte ADAR1 loss of function effects were independent of 

effects on cardiomyocyte cytotoxicity (apoptosis), cytokine storm (upregulation of NFkB 

signaling) and engagement of endoplasmic reticulum-stress responsive pathways.5 This 

could likely relate to the timing of ADAR1 ablation (12 weeks old mice) and severity of the 

previous mouse model, where mice exhibited premature death < 3 weeks after tamoxifen 

injection/ADAR1 gene ablation.4 Instead, Garcia-Gonzalez et al5 have mechanistically 

reinforced the sufficiency of ADAR1 in the cardiac innate immunity response during the 

postnatal period as the expression of inflammatory markers, including IRF7 (interferon 

regulatory 7) and interferon-stress genes were upregulated, and found to precede late onset 

of cardiac dysfunction, failure, and premature death. These studies altogether highlight the 

autoinflammatory response of the postnatal cardiomyocyte to even low level alterations 

in RNA editing, which appears to be dynamically regulated during postnatal cardiac 

development.
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To determine if the RNA editing functions of ADAR1 drive cardiac inflammatory pathways 

and disease, Garcia-Gonzalez et al5 studied outcomes from a compound mutant mouse 

model that harbored germline expression of a catalytically inactive ADAR1 in the setting 

of germline loss of the RNA sensor, MDA5 (Adar1ki/ki;Ifih1−/−). This would essentially 

prevent the cell from detecting foreign nonedited/self RNA and thus, no downstream 

inflammatory responses would be triggered. True to the hypothesis, Garcia-Gonzalez et 

al5 showed that hearts from this model did not display an autoinflammatory response and 

did not exhibit cardiomyopathy resulting in a normal lifespan (>50 weeks), suggesting that 

RNA editing (canonical) functions of ADAR1 likely drive the autoinflammatory response 

in the heart. Only when determining whether the RNA sensor, MDA5 could rescue the 

phenotypes driven by postnatal cardiomyocyte specific-loss of ADAR1 did the authors 

reveal that ADAR1 harbored noncanonical functions. Two compound mutant mouse models 

that combined postnatal cardiomyocyte-specific loss of ADAR1 (ADAR1 cm-KO) with loss 

of MDA5 (Adar1 cm-cKO; Ifih1−/−) or loss of IRF7, downstream of the MDA5 pathway 

(Adar1 cm-cKO; Irf7−/−) were instrumental to these findings.5 Both models demonstrated 

that they could not completely rescue but significantly attenuated cardiac inflammation and 

cardiomyopathy as well as prolonged median lifespan of the ADAR1 cm-KO mouse by 6 

weeks (Adar1 cm-cKO; Ifih1−/−) and 10 weeks (Adar1 cm-cKO; Irf1−/−), respectively.5 In 

contrast to classic inflammatory signaling pathways (eg., NFkB, TNF-α, IL-6, etc) found 

immediately upregulated in ADAR1 deficient cells and associated with cytotoxic effects,8,9 

the auto-inflammatory actions of ADAR1 in this study seem to depend on downstream 

IRF7 signaling, as Adar1 cm-cKO; Irf7−/− mouse showed little to no signs of cardiac 

inflammation.5 This pathway may also help explain the late-onset autoinflammation (lack of 

apoptosis) observed in hearts of Adar1 cm-KO mice.

In conclusion, work by Garcia-Gonzales et al provide new insights on editor versus 

noneditor functions of ADAR1 and the importance of IRF7 in driving the graded intolerance 

to inflammation and cardiomyopathy in the postnatal heart over time (Figure). These 

pathways have important implications in better understanding viral-induced myocarditis, 

where ADAR1 appears to be dynamically regulated in the postnatal heart.10,11 ADAR1’s 

known association with Dicer via its Z-DNA and dsRNA binding domains12 may also 

provide important clues on defining other RNA processing (noncanonical) functions of 

ADAR1 in cardiac inflammation and disease in the future. Since low level of editing is 

observed in ADAR1 deficient cardiomyocytes in this study5 and ADAR family members are 

also found in the developing human heart,13 future studies directed at targeting other ADAR 

members in cardiomyocytes, will provide further insight into the distinct roles of ADAR 

family members in cardiac inflammation and function.
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Figure. Canonical and noncanonical role of ADAR1 (adenosine deaminase acting on RNA 1), in 
mediating autoinflammatory cardiomyopathy.
A, left, In the normal heart, endogenous RNA is recognized as “self” by ADAR1 mediated 

A-to-I editing. Thus, “self” dsRNA is not “sensed” by canonical pathways associated with 

the RNA sensor, MDA5 (melanoma differentiation-associated protein 5) to trigger immune 

activation via IRF7 (interferon regulatory factor 7) and interferon stress responsive (ISF) 

gene activation. A, right, ADAR1-deficient cardiomyocytes activate both canonical (via 

MDA5) and noncanonical pathways (undetermined) to trigger autoimmune cardiomyopathy/

myocarditis and premature death in mice. B, Noncanonical pathways of ADAR1 were 

identified when loss of Ifih1 (gene coding for MDA5) and loss of Irf7 (gene coding for 

IRF7) could only partially rescue/attenuate the autoimmune cardiomyopathy/myocarditis 

and premature death in cardiomyocyte-specific ADAR1-deficient mice, resulting in late-

onset cardiomyopathy. C, Canonical pathways of ADAR1 were identified when mice 

expressing a catalytically inactive ADAR1 (disrupted RNA editing functions) and loss 

of Ifih1 (gene coding for MDA5) resulted in the absence (full rescue) of autoimmune 

cardiomyopathy/myocarditis and premature death.
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