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Abstract

Variants in the human double-stranded RNA editing enzyme ADAR produce three well-characterized rare Mendelian
Diseases: Dyschromatosis Symmetrica Hereditaria (OMIM: 127400), Aicardi-Goutieres syndrome (OMIM: 615010) and
Bilateral Striatal Necrosis/Dystonia. ADAR encodes p150 and p110 protein isoforms. p150 incorporates the Za domain that
binds left-handed Z-DNA and Z-RNA with high affinity through contact of highly conserved residues with the DNA and
RNA double helix. In certain individuals, frameshift variants on one parental chromosome in the second exon of ADAR
produce haploinsufficiency of p150 while maintaining normal expression of p110. In other individuals, loss of p150
expression from one chromosome allows mapping of Zo p150 variants from the other parental chromosome directly to
phenotype. The analysis reveals that loss of function Za variants cause dysregulation of innate interferon responses to
double-stranded RNA. This approach confirms a biological role for the left-handed conformation in human disease, further
validating the power of Mendelian genetics to deliver unambiguous answers to difficult questions. The findings reveal that
the human genome encodes genetic information using both shape and sequence.

Introduction

The ADAR genes produces three pre-mRNA transcripts,
each initiated from a different promoter (Fig. 1 with exons
numbered as in Kawakubo and Samuel, 2000 [1]). They
code for the p150 and pl110 protein isoforms [1]. The
mRNA for p150 includes exon 1 A with its AUG transla-
tional start site [2, 3]. p110 is encoded by mRNAs incor-
porating either exon 1B or exon 1 C spliced to exon 2 with
its alternative AUG start site. Although only p150 has the
Zo domain, both p150 and p110 have a Zf domain, three
double-stranded RNA binding domains and an enzymatic
domain that catalyzes the deamination of adenosine to form
inosine, which is subsequently readout as guanosine in
RNA processing events (Fig. 1) [4].
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Materials and methods

The strategy for mapping Za variants to phenotypes focuses
on affected individuals who are compound heterozygotes
for the ADAR gene and who produce a haploid
ADAR transcriptome (Fig. 1). The approach exploits var-
iants on one allele that cause nonsense mediated decay of
the RNA they produce. The variants on the other allele then
map directly to phenotype as there is no transcript from the
other chromosome to offset their effects.

Results

Variants that lead to pl150 loss without affecting p110
expression are reported for two cases of Dyschromatosis
Symmetrica Hereditaria (DSH), which is a disease of hypo-
and hyper-pigmentation of the dorsal surfaces of hands and
feet with facial freckling. The disease is most common in
Chinese and Asian populations. Inheritance character-
istically follows an autosomal dominant mode of trans-
mission, indicating that only one of the parental
chromosomes carries the risk allele. Many of the disease
variants introduce a frameshift stop codons (fs*) that leads
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Fig. 1 a Exon structure of the Human ADAR gene with location of
initiator methionine codons [1]. b Transcripts from the Human ADAR
gene endcoding pl50 and pllO protein isoforms. Variants
¢.271_272del and c.556¢c >t (reference sequence NM_001111.4, but
with numbering starting at the translation initiation codon) introduce
frameshifts leading to nonsense mediated decay of the mRNA pro-
duced from that allele, causing haploinsufficiency of p150. ¢ Domain
structure of p150 and p110 proteins. Variants p150N73S and p15071934

to nonsense mediated decay of the transcript [5]. In two well
characterized, three generational pedigrees, frameshifts
produce specific loss of pl50 (“c.271_272del p.
Arg91£s*123”) [6] and (“c.556C>T p.GInl86*” [7])
(databases.lovd.nl/shared/variants/ADAR/unique,  patient
IDs 00230643 and 0000231740), with the RNA numbering
from NM_001111.5, setting position 1 as the adenosine of
the translation initiation codon, and amino acid numbering
from www.uniprot.org, ID P55265-1), while leaving
mRNA [6] and protein expression of pl110’ unaffected.
These cases indicate that allelic insufficiency of a p150 on a
wildtype background is enough to cause this disease, even
when pl10 is expressed at normal levels. The dominant
mode of transmission reflects this diminished expression of
p150 in these individuals.

Aicardi-Goutieres syndrome (AGS) and Bilateral Striatal
Necrosis/Dystonia (BSD) are autosomal recessive diseases.
AGS is classified as a type I Interferonopathy associated
with increased expression of interferon-stimulated genes
[8]. The phenotype is highly variable and overlaps that of
BSD [9]. BSD is an early onset disease, characterized by
developmental regression, dystonia, choreoathetosis, spastic
quadriparesis, and cerebral calcification, often triggered by
an infective or febrile episode [10]. In both diseases, fra-
meshift alleles exist that lead to selective loss of p150
mRNA from one parental chromosome [8, 10] without
affecting expression of wildtype pl110 mRNA (haplotype

lie in the Za domain. There are three double-stranded RNA binding
domains (dRBD) and a catalytic domain (deaminase). The right-hand
panel illustrates the general strategy used for mapping Za function in
compound heterozyotes. The approach exploits variants on one allele
that cause nonsense mediated decay of the RNA they produce. The
variants on the other allele then map directly to phenotype as there is
no normal p150 to offset their effects

p150%"p110*) [6, 7]. This background allows mapping of
the phenotypic effects of Za variants expressed from the
other parental chromosome as there is no normal p150
present to offset them. In contrast, p110 variants are masked
by wildtype p110 expressed from the p150%“p110™ allele as
is true for a disease where transmission is recessive.
Variants of the Za domain on a p150%°p110" back-
ground are reported in one case of AGS [8] and in five cases
of sporadic BSD [10]. The Za variants occur at two dif-
ferent sites, Asnl73 and Prol93 (numbering from
NP_056655.2), both of which are essential to the interaction
with Z-DNA and Z-RNA [11] (Fig. 2): Asnl173 hydrogen-
bonds to the phosphate backbone while P193 forms
hydrophobic contacts with the left-handed helix [12].
The variant NM_001111.4:c.577 C> A(p.(Pro193Ala))
(p150F1%3A dbSNP ID rs145588689), which impairs editing
by pl50 [13], occurs in five patients [8], whereas
NM_001111.4:c.518 A>G(p.(Asn173Ser))  (p150N'73S,
dbSNP ID rs201331183) is present in one individual [10].
In each case, p150 expression from one parental allele
is lost, whereas the variant p150 transcript from the
other parental allele produces a protein that no longer
binds Z-DNA or Z-RNA. pl10 expression from either
parental chromosome is not affected. The AGS and
BSD patient genotypes are either p150°1%345"p110™+ or
p150N17385% 5110** in contrast with DSH individuals who
have a p150+/fs* pl110™" genotype. Any phenotype owing
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Fig. 2 The crystal structure of Za and Z-RNA. The direct contacts
between p150 Asparagine(Asn)173 and p150 Proline(Pro)193 and the
helix are highly conserved and essential for high affinity interaction
(numbering from NP_056655.2 and structure from PDB: 2GXB [20])

to loss of Z-binding then becomes the difference between
the six cases with AGS and BSD and the collection of
individuals with DSH. It is apparent that the loss of Z-
binding by variant Zoa produces the dysregulation of
interferon-stimulated genes found in AGS and BSD, but
absent in DSH.

These findings from the human Mendelian catalog of
diseases are consistent with mouse models where Adar
deletion results in embryonic death attributable to excessive
activation of innate interferon responses (reviewed in [14]).
In mice with either homogeneous null (Adar’/ 7) or with
editing-deficient ADAR alleles (Adar®5/VESSIVE  number-
ing from www.uniprot.org, ID =Q99MU3), the accumu-
lation of endogenous double-stranded RNAs leads to
activation of interferon-stimulated gene responses through a
pathway dependent upon the melanoma differentiation
associated gene 5 (MDAS, encoded by Ifhil). Inactivation
of both Adar and Ifhil rescues the mouse phenotype, but
Adar??P13% mutants that are unable to produce p150 do
not (reviewed in ref. [14]).

The p150°'*** ADAR variant is present in 0.2% of
individuals worldwide [15], and is highest in non-Finnish
Europeans, approaching 0.3%. The pl150™'73% variant is
highest in Finnish Europeans, also with a frequency of ~
0.3%. ADAR is used by a number of viruses to enhance
their virulence, including hepatitis delta virus, human
immunodeficiency virus type 1, vesicular stomatitis virus,
and measles virus [16]. In locations where those infections
are common, diminished ADAR function may favor indi-
vidual survival by allowing a more robust immune response
while diminishing viral replication [17]. Of note are the
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medieval measles epidemics that occurred once European
cities became large enough to sustain outbreaks of disease.
Selection by the measles virus may account for the higher
frequency of Za variants found in Europeans [18].

Discussion

The experiments of nature described here end the long
drawn out dispute as to whether the Z-conformation has any
biological relevance [14]. Clearly, variants in the Zo
domain that diminish Z-DNA and Z-RNA binding causally
affect the regulation of innate immune responses in man.
There remain many open questions: why is the striatum
most vulnerable to diminished p150 function in humans,
why does allelic insufficiency of p150 impact neural crest
derived melanoblast differentiation and is ADAR a ther-
apeutic target for modulation of interferon responses? [19]
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