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syndrome patients with mutations in ADAR1

Aicardi-Goutiéres syndrome (AGS) is a systemic inflamma-
tory disorder caused by mutations in any one of the nine
different genes, whose deficiency provokes a type |
(interferon) IFN response probably central to pathogen-
esis.” ADAR1, one of the genes mutated in AGS (AGS6),
encodes for an enzyme that belongs to the ADAR family
(ADAR1, ADAR2, and ADAR3) that catalyzes the conversion
of adenosine to inosine within double-stranded RNAs
(dsRNAs) (RNA editing A-to-1).>> Two main isoforms of
ADAR1 are expressed in mammals: the full-length p150 that
is interferon-inducible and the constitutively expressed
shorter isoform p110.23

Since inosines are recognized as guanosines by most
cellular machinery, RNA editing mediated by ADARs occur-
ring in the protein-coding sequence can lead to the for-
mation of an altered protein (recoding). Indeed, most RNA
editing occurs in non-coding sequences (including Alu se-
quences) affecting different aspects of the RNA meta-
bolism.? It has been proposed that the ADAR1 p110 isoform
exerts an anti-apoptotic role,” whereas the p150 isoform
plays a role as a suppressor of the IFN signaling and
response.’ In particular, the p150 isoform marks through
RNA editing the endogenous “self” dsRNAs, thus avoiding
their improper recognition by the cytosolic dsRNA receptor
MDA5 that activates innate immune pro-inflammatory re-
sponses.® The molecular mechanisms linking ADART muta-
tions with the AGS pathogenesis are still unclear.

As immortalized patient-derived lymphoblastoid cell
lines (LCLs) were previously successfully used as AGS in
vitro models, we employed four AGS6-LCLs with different
mutations in ADAR1 (Fig. 1A), most of which led to amino
acid substitutions in domains critical for the enzyme ac-
tivity. By Western blotting analysis, we showed the
decrease of both ADAR1 isoforms in AGS6 LCLs compared to

Peer review under responsibility of Chongging Medical
University.

https://doi.org/10.1016/j.gendis.2023.05.020

their levels in control LCLs (Fig. S1A). Thus, some of the
AGS6 mutations may affect protein stability/expression.
This result was further confirmed in fibroblasts isolated
from the skin biopsy of a patient carrying the Gly1007Arg
mutation (Fig. S1B).

To investigate the impact of ADAR1 mutations on global
gene expression and RNA editing, we analyzed the AGS6 LCL
transcriptome. Whole-transcriptome RNA-seq of AGS6 and
control LCLs was performed by Illumina next-generation
sequencing. By using a significance level of Padj < 0.05 and
|Log2fold change| > 1.5, we found a total of 725 differ-
entially expressed genes (DEGs) in AGS6 LCLs compared to
controls, of which 362 were up-regulated and 363 down-
regulated (Table S1). DEGs were subjected to principal
component analysis (Fig. S2A) and different ontology sour-
ces were used to perform enrichment analysis as reported
in Figure S2B—D. When compared to the background data-
set, DEGs presented a different 3’UTR length (Fig. S2E),
thus possibly affecting RNA metabolism. Of note, a signifi-
cant fraction of the DEGs in AGS6 LCLs encodes for IncRNAs
(218 out 725, 35 up-regulated and 183 down-regulated), a
class of RNAs that regulate gene expression at different
levels in various diseases. By applying specific tools (MATS),
we found hundreds of transcripts that are differentially
spliced in AGS6 LCLs compared to control LCLs (Table S2).
This result was expected since a role of ADAR1 in splicing
regulation was reported.?>

It was previously shown that ADAR enzymes may affect
microRNA biogenesis or their target selection,”? thus we
carried out profiling of microRNAs. Twenty-seven differen-
tially expressed (DE) microRNAs were found in AGS6-LCLs
compared to controls with a P value < 0.06 (Table S3). The
expression of miR-320c and miR-181a-2-3p was validated by
RT-gPCR assays (Fig. S3A). Previous in vitro studies showed
that the p150 isoforms of some of the ADAR1 variants
expressed in AGS6 patients are impaired in their catalytic
activity. We assayed RNA editing by performing RNA-seq

2352-3042/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2023.05.020&domain=pdf
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2023.05.020
https://doi.org/10.1016/j.gendis.2023.05.020
http://creativecommons.org/licenses/by/4.0/

2 Rapid Communication

A) B)

2 08

Pro193Ala Lys359Arg*14 Ala870Thr lle872Thr Gly1007Arg Asp1113His

\ /e \/ L ,

[z ol I esrinase ]| AvARtp1s0 "

dsRBD ,
[l I W W [ oceaminase | aparipito o N

AGS093: c[577C>G]+[2608G>A]; p.Pro193Ala/Ala870Thr 02 %
AGS327: c[577C>G]+[1076_1080 dell; p.Pro193Ala/Lys359Arg*14 O = o s =
AGS107: ¢.3337G>C (hom); p.Asp1113His C)
AGS251: c[577C>G]+[2615T>C]; p.Pro193Ala/lle872Thr Chr:position Gene A editing AA change
chr4 77058527 CCNI 24,74 R61G
chrg 102829408 AZIN1 31,5 S367G
chr3 58156064 FLNB 45,6 M2100V
50.
uCTR
uAGS 45 564607007 564607009 564607013 i §64§08§1 .
40 ,/ A
genomic C932 IBVATAN
35 / ¥\
@ 30 ~ % o %
B
> 25 €932
i 20 (‘VlA( l‘(( vv».l<‘n rme o e e o
15 N 1
genomic AGS093| 1, AV N N "naN
b IAYA'RAA VVY W /
5 N ™ . mt o%
AGS093 N/
PAICS chrd:56460709 PAICSChNM&St MRPL 30 chr2:99 196515 \ 1 \ 8 ¥\ p A
F G ADAR1 TIAR
) ADAR1 NUCLEOLIN )
. E .
E 40
O o
£30
2 ]
'. 220
¢ 8
=
o) o 10 Iﬁ
9 = A A
o &
DAPI ES LIS DAPI MERGE
MERGE SIS
¥TYYY

Figure 1 ADAR1 mutations affect enzyme activity and subcellular localization in AGS6 patient-derived cells. (A) Schematic
representation of the p150 and p110 isoforms of ADAR1. The deaminase domain, the dsRNA binding domains (dsRDBs), and the Z
domains are shown. Moreover, the positions of the mutations within the nucleotide sequence and the position of the corresponding
amino acid change in the ADAR1 p150 isoform found in the AGS6-LCLs and AGS6-fibroblasts employed are indicated. (B) RNA editing
analysis of the RNA-seq data. Left panel, Alu editing index (AEIl) distributions (box plot, median); right panel, recoding editing index
(REI) value distributions (box plot, median). Two-tailed Mann—Whitney U test was applied (P < 0.05). (C) RNA editing analysis of the
RNA-seq data. Statistically significant differential recoding sites. For each editing site, we reported the chromosomal position,
target gene, the difference between mean editing levels of AGS6 and control samples, and amino-acid changes induced by RNA
editing. Negative As are associated with lower editing in AGS6 LCLs than in control LCLs (D) RNA editing levels of two sites in the
PAICS and one in the MRPL30 transcripts in AGS6 and control LCLs. The X-axis indicates the transcript name and the chromosomal
position of the editing site. The Y-axis indicates the editing percentage, determined by RT-PCR followed by DNA Sanger sequencing.
Inosine is read as guanosine during reverse transcription; therefore, any A-to-l change in the target RNA appears as an A-to-G
change in the resulting PCR products. n = 3; the P-value was calculated by a student’s t-test and is indicated above each histogram
(*P < 0.05, **P < 0.01). (E) Representative electropherograms showing the RNA editing A-to-l of specific adenosines (the chro-
mosome position is indicated) within the PAICS transcript in AGS6 LCLs, control LCLs, and the corresponding genomic DNA. Total
RNA and genomic DNA isolated from the cells were subjected to RT-PCR and PCR amplification respectively with a specific set of
primers followed by DNA Sanger sequencing. The green peak represents the unedited (A) site, and the black peak represents the
edited (G) site. The percentage of editing efficiency is indicated. (F) Subcellular localization of ADAR1 variants. AGS6-LCLs
(AGS327) were stained with either an anti-ADAR1 (red) or anti-Nucleolin (green) antibody and DAPI (blue) to visualize the nuclei. A
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experiments as described above. RNA editing was profiled
using the REDItools suite, and the Alu editing index (AEIl)
and recoding index (REl) which are relevant metrics to
measure the RNA editing activity, in Alu sequences or at
protein-coding regions, respectively, were calculated. As
expected, we found that both indexes were decreased in
AGS6 samples compared to controls (Fig. 1B), indicating
that the global RNA editing activity is affected in AGS6.
Several statistically significant differentially edited sites
were found in AGS6 LCLs (Table S4), many of which were in
Alu sequences, and a few within protein-coding sequences
(Fig. 1C). We validated the RNA editing reduction in 8
editing sites by RT-PCR followed by DNA Sanger sequencing
(Fig. S3B). In three of them (Fig. 1D, E), this reduction was
statistically significant. RNA editing reduction was
confirmed also in AGS6 fibroblasts (carrying the
pGly1007Arg mutation) (Fig. S3C). By using specific bio-
informatic tools, we identified 60 long dsRNAs embedded
within mature mRNAs that were significantly less edited in
AGS6 LCLs compared to control LCLs (Padj <0.05; Table S5,
6). Interestingly, 13 out of 60 of these long dsRNA-con-
taining transcripts were previously reported among the
most efficient MDA5 ligands (i.e., VHL and PSMB2), sug-
gesting their possible immunogenicity. These results are of
paramount importance since they provide the first evidence
of an overall alteration of the RNA editing mediated by
ADAR1 in patient-derived cells.

To test whether ADAR1 mutations causing AGS6 may lead
to a mislocalization of the two deaminase isoforms, we
performed immunofluorescence assays in the different
LCLs. This showed that ADAR1 is mostly localized in the
nucleus as expected due to the higher expression level of
the p110 nuclear isoform compared to the cytoplasmic p150
isoform (Fig. S1A, 4).%* Strikingly, in the AGS6 LCLs, we
found that ADAR1 forms cytoplasmic granules in about 8%—
33% of the examined cells (Fig. 1F, white arrows). This
phenotype is more evident in the AGS107-LCLs and less in
AGS93-LCLs, indicating that the assembly of these granules
may depend on the specific variant expressed. In contrast,
less than 2% of the examined control LCLs showed similar
granules. As shown in Figure 1G, TIAR, a marker of stress
granules (SGs), co-localizes with some of these granules.
SGs are RNP granules that form as a cellular response to
different stresses.® Notably, the LCLs analyzed were not
previously treated with any type of stressor known to
induce SGs. Transient transfection of HelLa cells with plas-
mids expressing two of the ADAR1 p150 variants (Pro193Ala
and Ala870Thr) harbored in some of the AGS6 LCLs
(Fig. 1A), led to the formation of TIAR-containing granules
(SG-like), most of which overlap with ADAR1 immunofluo-
rescence signal (Fig. S5A, B). This result confirms that
missense mutations in ADAR1 partially disrupt normal

enzyme localization thus leading to the formation of cyto-
plasmic granules, some of which resemble SGs (Fig. 1G). By
using an anti-MDA5 antibody, we also showed co-localiza-
tion between ADAR1 and MDAS5 in some of these granules
(Fig. S6A). This co-localization is not observed in control
LCLs (data not shown). It is worth noting that in 75% of the
AGS6 LCLs showing the ADAR1-containing granules, the co-
localization with either MDA5 or TIAR proteins can be
observed in some of these granules. By performing a UV
crosslinking immunoprecipitation (CLIP) experiment with
an anti-MDA5 antibody using total cell extracts, we showed
that MDA5 co-immunoprecipitates with both ADAR1 iso-
forms in control and AGSé6 LCLs (Fig. S6B). Thus, the phys-
ical association between ADAR1 and MDA5 occurs
independently from granule formation.

Overall, our results clearly showed that mutations in
ADAR1 deeply affect gene expression of AGS6 patient-
derived cells at different layers: non-coding RNA expres-
sion, global RNA editing, alternative splicing, 3'UTR length,
and cytoplasmic granule formation of unknown function.
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high-magnification image of the ADAR1-containing granules is shown. The percentage of the LCLs containing granules in three
independent immunofluorescence experiments is reported on the right. (G) AGS6-LCLs (AGS327) were stained with either an anti-
ADAR1 (red) or anti-TIAR (green) antibody and DAPI (blue) to visualize the nuclei. A high-magnification image of the regions

containing the ADAR1 and TIAR-containing granules is shown.
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