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RNA editing underlies geneticrisk of
common inflammatory diseases
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A major challenge in human genetics is to identify the molecular mechanisms of
trait-associated and disease-associated variants. To achieve this, quantitative trait

locus (QTL) mapping of genetic variants with intermediate molecular phenotypes
such as gene expression and splicing have been widely adopted*. However, despite
successes, the molecular basis for a considerable fraction of trait-associated and
disease-associated variants remains unclear>*. Here we show that ADAR-mediated
adenosine-to-inosine RNA editing, a post-transcriptional event vital for suppressing
cellular double-stranded RNA (dsRNA)-mediated innate immune interferon

responses>™!

,isanimportant potential mechanism underlying genetic variants

associated with common inflammatory diseases. We identified and characterized
30,319 cis-RNA editing QTLs (edQTLs) across 49 human tissues. These edQTLs were
significantly enriched in genome-wide association study signals for autoimmune and
immune-mediated diseases. Colocalization analysis of edQTLs with disease risk loci
further pinpointed key, putatively immunogenic dsRNAs formed by expected
inverted repeat Alu elements as well as unexpected, highly over-represented
cis-natural antisense transcripts. Furthermore, inflammatory disease risk variants,
inaggregate, were associated with reduced editing of nearby dsRNAs and induced
interferonresponses ininflammatory diseases. This unique directional effect agrees
with the established mechanism that lack of RNA editing by ADAR1 leads to the
specificactivation of the dsRNA sensor MDAS5 and subsequent interferon responses
and inflammation’"®. Our findings implicate cellular dsRNA editing and sensing as a
previously underappreciated mechanism of common inflammatory diseases.

Genome-wide association studies (GWAS) have led to the discovery
of hundreds of thousands of risk variants involved in trait and disease
aetiology, but understanding their molecular function remains an
ongoing challenge. QTL studies, best exemplified by gene expression
QTLs (eQTLs), have been successful in bridging GWAS variants to their
molecular mechanisms’? Alternative splicing QTLs (sQTLs) have
further expanded discovery of these mechanisms®. However, other
post-transcriptional processes, such as RNA editing, remain largely
unexplored, despite the increasing appreciation of their important
functionsin health and disease'®"*.

One of the most abundant RNA modifications is adenosine-to-inosine
(A-to-1) RNA editing catalysed by adenosine deaminases acting on RNA
(ADARs) that bind to dsRNA substrates and convert adenosines to
inosines’®. Asinosine is recognized as guanosine, RNA editing events can
be accurately identified and quantified by standard RNA sequencing,
unlike most other RNA modifications®™. Previous studies have identified
millions of RNA editing sites in humans, more than 99% of which are
located ininverted repeat Alus (IRAlus) that form dsRNA substrates'® ™,

Key to editingin mammals are two enzymatically active ADAR proteins,
ADAR1and ADAR2, which have distinct physiological functions in vivo®.
ADARI, which is ubiquitously expressed across human tissues, has a
critical roleinsuppressing dsRNA sensing thatis mediated by MDAS, a
cytosolic sensor of ‘non-self’ dsSRNA”® (Fig. 1a). Mice deficientin ADAR1L
editing are embryonic lethal due to elevated innateimmune responses
indicated by the induction of interferon-stimulated genes (ISGs), but
canberescued to full life span when MdaSis knocked out®. In humans,
ADARI loss-of-function and MDAS gain-of-function mutations have
been identified in rare autoimmune diseases such as Aicardi-Gou-
tieres syndrome®?, further establishing the ADAR1-dsRNA-MDAS5
axis as an underlying mechanism in immune disease (Fig. 1a). Protec-
tive, loss-of-function alleles in MDAS have also been found in GWAS of
commoninflammatory diseases such as type 1 diabetes?**, psoriasis®,
inflammatory bowel disease (IBD)*, vitiligo*?, vitamin B, deficiency
anaemia®, hypothyroidism*and coronary artery disease (CAD)***. Fur-
thermore, aberrant editing has been reported in several common auto-
immune diseases, including psoriasis, rheumatoid arthritis, systemic

'Department of Genetics, Stanford University, Stanford, CA, USA. 2Department of Pathology, Stanford University, Stanford, CA, USA. *Biomedical Informatics Training Program, Stanford
University, Stanford, CA, USA. “State Key Laboratory of Genetic Engineering, Department of Biochemistry and Biophysics, School of Life Sciences, Fudan University, Shanghai, China.
°Broad Institute of MIT and Harvard, Cambridge, MA, USA. ®Section of Genetic Medicine, Department of Medicine, University of Chicago, Chicago, IL, USA. 'Department of Biology, Stanford
University, Stanford, CA, USA. ®These authors contributed equally: Stephen B. Montgomery, Jin Billy Li. *e-mail: jin.billy.li@stanford.edu

Nature | Vol 608 | 18 August 2022 | 569



