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ARTICLE INFO ABSTRACT
Keywords: Objective: Adenosine deaminase acting on RNA-1 (ADAR1) enzyme is a type I interferon (IFN)-stimulated gene
Autoimmunity (ISG) catalyzing the deamination of adenosine-to-inosine, a process called A-to-I RNA editing. A-to-I RNA editing

Type I interferon
Gene expression
A-to-I RNA editing
Systemic sclerosis

takes place mainly in Alu elements comprising a primate-specific level of post-transcriptional gene regulation.
Whether RNA editing is involved in type I IFN responses in systemic sclerosis (SSc) patients remains unknown.
Methods: ISG expression was quantified in skin biopsies and peripheral blood mononuclear cells derived from SSc
patients and healthy subjects. A-to-I RNA editing was examined in the ADAR1-target cathepsin S (CTSS) by an
RNA editing assay. The effect of ADAR1 on interferon-o/p-induced CTSS expression was assessed in human
endothelial cells in vitro.

Results: Increased expression levels of the RNA editor ADARI, and specifically the long ADAR1p150 isoform, and
its target CTSS are strongly associated with type I IFN signature in skin biopsies and peripheral blood derived
from SSc patients. Notably, IFN-o/p-treated human endothelial cells show 8-10-fold increased ADAR1p150 and
23-35-fold increased CTSS expression, while silencing of ADAR1 reduces CTSS expression by 60-70%. In SSc
patients, increased RNA editing rate of individual adenosines located in CTSS 3’ UTR Alu elements is associated
with higher CTSS expression (r = 0.36-0.6, P < 0.05 for all). Similar findings were obtained in subjects with
activated type I IFN responses including SLE patients or healthy subjects after influenza vaccination.
Conclusion: ADAR1p150-mediated A-to-I RNA editing is critically involved in type I IFN responses highlighting
the importance of post-transcriptional regulation of proinflammatory gene expression in systemic autoimmunity,
including SSc.

1. Introduction disease characterized by immune activation, vascular dysfunction and
fibrosis, as principal features of its pathogenesis [1]. A prominent acti-
Systemic sclerosis (SSc) or Scleroderma is a detrimental autoimmune vation of the type I interferon (IFN) pathway has been consistently
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reported in peripheral blood cells and target-tissues (skin, lung) of pa-
tients with SSc [2-8], even from the earliest phases of disease before
overt fibrosis [9]. Moreover, GWAS studies have shown an association
between polymorphisms in interferon regulatory factors (IRFs) and SSc
(reviewed in Ref. [10]). Treatment of SSc patients with IFN-a led to
deterioration of skin and lung function during 1-year follow-up further
supporting the detrimental role of type I IFNs in SSc progression [11].
On the other hand, treatment of SSc patients with a monoclonal anti-
body against the common type I IFN receptor (IFNAR) showed favorable
safety profile associated with decreased IFN- and TGF-p-induced gene
expression in patients’ skin [12,13]. Despite extensive evidence sup-
porting the pivotal role of type I IFN in SSc pathogenesis, it remains
largely unclear how type I IFN may contribute to disease development
and progression [10,14].

Adenosine deaminase acting on RNA-1 (ADAR1) is an [FN-inducible
gene that catalyzes the deamination of adenosine to inosine, a process
called A-to-I RNA editing [15-17]. A-to-I RNA editing controls multiple
aspects of RNA metabolism and can thus fine-tune gene expression at the
post-transcriptional level [16,17]. However, the role of A-to-I RNA
editing in human diseases characterized by type I IFN activation remains
poorly understood [18,19]. RNA editing takes place mainly in Alu ele-
ments, which are dispersed throughout the human transcriptome and
can form local double-stranded RNA (dsRNA) structures due to high
sequence complementarity [20]. RNA editing of Alu elements may
alter this local dsRNA architecture into a more single-stranded confor-
mation [21], due to weak pairing of inosine with uracil. This allows the
recruitment of single-strand RNA binding proteins (RBPs), such as the
stabilizing Human antigen R (HuR; ELAVL1) protein, which may greatly
affect transcript stability [21]. Importantly, Alu elements are conserved
only among primates [22], making Alu A-to-I RNA editing a
primate-specific level of post-transcriptional gene regulation. A-to-I
RNA editing is increased in chronic inflammatory diseases, such as
atherosclerosis [21] and rheumatoid arthritis [23], but returns to
normal levels after successful anti-inflammatory treatment [23]. Herein,
we tested the hypothesis that increased type I IFN may drive
ADARI1-induced RNA editing in SSc, and other disease contexts char-
acterized by chronic or acute type I IFN pathway activation, serving as
an additional post-transcriptional layer of proinflammatory gene regu-
lation shared among systemic autoimmune diseases.

2. Materials and methods
2.1. Demographics and clinical characteristics of the study PBMC cohort

Peripheral blood was collected in EDTA tubes (BD Vacutainer) from
31 patients with SSc (2013 EULAR/ACR classification criteria [24]), 25
patients with systemic lupus erythematosus (SLE) (2012 SLICC criteria
[25]) and 23 healthy controls (HC). Exclusion criteria for the whole
study cohort included viral or bacterial infection during the past month
and severe co-morbidities (cancer, heart or kidney failure). De-
mographics, clinical and laboratory features [interstitial lung disease,
skin involvement, Raynaud’s phenomenon; puffy fingers; digital ulcers;
erythrocyte sedimentation rate (ESR; mm/1st h.)] and disease-specific
auto-antibody status were recorded at baseline (Supplementary Table
1). All participants gave informed consent in compliance with the
Declaration of Helsinki, which had been previously approved by the
Ethics Committee of Laiko Hospital, Athens, Greece (Protocol
Nr.:1368/17-11-2016).

2.2. Influenza vaccination study

In order to examine the effect of acute in vivo type I IFN induction,
peripheral blood was collected from 9 healthy individuals [mean+SD
age: 32 + 6 years, 7 (77.8%) women] before- and 24 h after-vaccination
against influenza. The selection of this time-point was based on a pre-
vious study examining the kinetics of type I IFN response in human
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peripheral blood cells after influenza vaccination up to 48 h post-
vaccination [26].

2.3. Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated by stan-
dard methods (Ficoll density gradient centrifugation, Ficoll-Paque PLUS,
GE Healthcare) within 2 h from venipuncture, as previously described
[23]. Isolated PBMCs were washed twice with phosphate-buffered saline
(PBS) without calcium/magnesium and subsequently lysed in Trizol
(Invitrogen, ThermoFisher Scientific) and stored at —80 °C, as previ-
ously described [23].

2.4. RNA isolation and reverse transcription

Total RNA was extracted from patient and control PBMCs using
Direct-Zol RNA Miniprep kit (Zymo research), including an additional
DNase digestion step, as previously described [23]. One (1) pg of total
RNA was reverse transcribed into complementary DNA (cDNA) using the
M-MLV reverse transcriptase kit (Invitrogen, ThermoFisher Scientific),
as previously described [23].

2.5. Quantitative polymerase chain reaction

The expression of the two ADAR1 isoforms, ADAR1p110 and
ADAR1p150, was quantified by Taqman assays (ADAR1p110:
Hs01017596; ADAR1p150: Hs01020780, Applied Biosystems), as pre-
viously described [23]. TATA-Box binding protein (TBP) (Hs00427621,
Applied Biosystems) served as the housekeeping gene.

Expression of CTSS was quantified with SYBR Premix Ex Taq
(Takara)/PowerUP SYBR Green Master Mix (Applied Biosystems) on
ViiA7/QuantStudio 7 Flex system. RPLPO served as housekeeping gene
(for primer sequence see Supplementary Table 2). For the calculation of
type I IFN score, we measured the expression of 3 genes preferentially
induced by type I IFN (IFIT1, MX1, IFI44), as previously described
[27-29]. The relative expression of each gene was determined according
to formula 2-2C, where ACt = Ct (gene)Ct (housekeeping gene)-

2.6. Transcript-specific RNA editing analysis

A-to-I RNA editing of individual adenosines was examined, as we
have previously described [21,23,30], in AluJo” and AluSx™ elements of
CTSS 3' untranslated region (UTR). Primer sequences are available in
Supplementary Table 2.

2.7. Expression analysis in skin biopsies of SSc patients

2.7.1. RNA sequencing analysis

Expression of interferon-stimulated genes (ISGs), ADAR1 and CTSS
was examined in skin biopsies derived from 47 SSc patients and 33
controls [31,32]. The .sra files were downloaded from NCBI GEO project
GSE130955 and subsequently transformed to .fastq files using the SRA
Toolkit (http://ncbi.github.io/sra-tools/) provided by the NCBI. The
paired-end reads were trimmed for adapters and quality using Trim
Galore version 0.6.6 [33] and subsequently passed an overall quality
control using FASTQC version 0.11.9 [34] and MultiQC [35] version 1.9
tools. The trimmed and quality checked reads were then aligned to
human genome GRCh38.p13 with default options for paired-end read
mapping from Ensembl [36] using STAR [37] aligner version
2.7.0e-foss-2018b and Ensembl [36] GRCh38.99.gtf annotation file. The
generated .bam files were then used as input for htseq-count [38], with
parameters -f bam -a 0 -s no -t exon, to produce tab delimited tables of
read counts for each gene.

2.7.2. Differential gene expression analysis (DGEA)
DGEA was performed using DESeq2 [39] R package from
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Fig. 1. Increased ADAR1 expression in SSc skin and peripheral blood mononuclear cells is associated with type I IFN scores. A. Bar graph shows the levels
(normalized counts) of ADARI in SSc (n = 47) vs control (n = 33) skin biopsies. Expression levels were generated by the publicly available RNA-seq. dataset
GSE130955 with the use of STAR aligner and R package DeSeq2. B. ADAR1p110 and ADAR1p150 expression levels in endothelial cells treated with 2,800U (=10 ng/
ml) IFN-$ (left panel; n = 5) or 1000 U/ml (=3.4 ng/ml) human IFN-a A/D (right panel; n = 7) for 24 h compared to vehicle (PBS for IFN-f and PBS-BSA 0.1% for
IFN-a A/D). C. ADAR1p150 (upper panel) and ADAR1p110 (lower panel) expression levels in PBMCs of healthy individuals (n = 23) and SSc patients (n = 31) as
quantified by TagMan qRT-PCR. D. Bar graphs depict the expression levels (normalized counts) of the 3 type I IFN-induced genes used to calculate type I IFN score in
skin biopsies of SSc patients (n = 47) vs control (n = 33) skin biopsies. Expression levels were generated by the publicly available RNA-seq. dataset GSE130955 with
the use of the R package DeSeq2. E. Scatter plots show the correlation between ADAR1I and ISGs (IFIT1, MX1, IFI44) in skin biopsies of SSc patients (n = 47). F. Type I
IFN score in PBMCs of healthy individuals (n = 23) and SSc patients (n = 31). For the calculation of type I IFN score the relative mRNA expression of 3 genes
selectively induced by type I IFN (IFIT1, MX1 and IFI44) was measured with RT-qPCR. G,H. Scatter plots depict the correlation between individual type I IFN scores
and ADAR1p150 expression levels (G) or ADAR1p110 expression levels (H) in PBMCS of SSc patients (red, left panels) and healthy individuals (black, right panels).
Individual expression levels in PBMCs in all graphs are plotted as fold-change vs HC median. Bar graphs represent mean and SEM. Pairwise comparisons were
performed by Mann-Whitney U test or independent samples t-test. Correlation coefficients r were derived by Pearson’s correlation coefficient test. *P < 0.05, **P <

0.01, ***P < 0.001.

Bioconductor version 3.11 using Rstudio version February 1, 5033 and R
language version 3.6.3. The count tables were read into R using
DESeqDataSetFromHTSeqCount function (default settings) and the
appropriate design of the DESeq data set was applied to take into ac-
count all samples from all conditions hence enabling the inter-sample
comparison of the same gene. Finally, a table of normalized counts per
gene was extracted.

2.8. In silico RNA folding analysis

Using the UCSC browser for the human genome 38, we identified the
3’ UTR of CTSS including the 3 Alu elements (AluSz6°, AluJo, AluSx™).
Subsequently, we used the RNAfold webtool from the Vienna RNA
Websuite [40] to predict the RNA folding structure, as we have previ-
ously described [30]. Folding analysis was performed using the default
parameters and the algorithm ‘minimum free energy (MFE) and parti-
tion function’. The same parameters were used for all folding analyses.

2.9. Cell culture and transfection

Human umbilical vein endothelial cells (HUVECs; Lonza) were
cultured in EBM medium (Lonza) supplemented with 10% FBS (Gibco)
and growth factors (EGM-Bulletkit-no ascorbic acid). Cells were
cultured until passage 5 (P5) and all experiments were performed be-
tween P3-P5.

For gene silencing studies, the endothelial cells were grown until the
fourth passage and then seeded in 60 mm dishes (Greiner). As HUVECs
reached 70-80% confluence, cells were then transfected with an siRNA
targeting specifically ADAR1 or a non-targeting (scrambled) siRNA
using Lipofectamine RNAiMAX (Invitrogen) at 55 nM. Transfection was
carried out in a reduced-serum medium (OptiMEM, Gibco). After
transfection, cells were incubated in growth medium for further 48 h.

For the stimulation studies, we used human IFN-a-2a (11100-1,
R&D) at 1000 U/ml (=2.2 ng/ml) and human IFN-a A/D (11200-1,
R&D) at 1000 U/ml (=3.39 ng/ml) concentration, as had been previ-
ously described for the induction of ADAR1p150 [41,42]. Moreover, we
used human IFN-f (8499-IF-010, R&D) at 2800 U/ml (=10 ng/ml) and
human IFN-a-2a at 4560 U/ml (=10 ng/ml) concentration. All treat-
ments were performed in full EBM medium supplemented with 10%
FBS, after a 2-h serum starvation of the cells in OptiMEM.

2.10. Statistical analysis

Statistical analysis was conducted with SPSS v26.0 and GraphPad
Prism 7. Normality of continuous variables was assessed by D’ Agostino-
Pearson, Kolmogorov-Smirnov and Shapiro-Wilk tests. Pairwise differ-
ences were evaluated with independent samples Student’s t-test (with
Welch’s correction when variances of the groups were unequal) or with
the non-parametric Mann-Whitney U test for continuous variables, and
chi-squared test for nominal variables. Correlations between continuous
variables were explored by Pearson’s correlation coefficient test. Results

were considered statistically significant when P < 0.05.
3. Results

3.1. Increased ADARIp150 expression is associated with type I IFN
signature in SSc skin and peripheral blood

Expression analysis of an RNA-sequencing dataset of skin biopsies
derived from 47 SSc patients and 33 controls showed a significant
upregulation of ADARI in SSc (P < 0.001; Fig. 1A). ADARI has two
isoforms, a shorter 110 kDa-long isoform (ADAR1p110), which is
constitutively expressed, and a longer 150 kDa-long isoform
(ADAR1p150), which is transcribed by an interferon-responsive pro-
moter [41,42]. Treatment of human endothelial cells with IFN-a or
IFN-B led to a 8-10-fold increase in ADAR1p150 isoform expression,
while ADAR1p110 was only slightly affected (1.1-1.2-fold increase)
(Fig. 1B and Supplementary Figure 1). The type I IFN-stimulated genes
IFIT1, MX1 and IFI44 were also measured as control (Supplementary
Figure 2), validating successful induction of a type I IFN response. In line
with these results, isoform specific expression analysis in PBMCs showed
increased ADAR1p150 expression in SSc (P < 0.001; Fig. 1C, upper
panel), while ADAR1p110 was comparable between patients and con-
trols (Fig. 1C, lower panel).

Expression of type I IFN-stimulated genes was also increased in SSc
skin (all P < 0.05, Fig. 1D) showing a strong positive correlation with
ADARI levels (r = 0.832-0.892, all P < 0.001; Fig. 1E). Similarly, 3-fold
increased ISG expression was detected in PBMCs of SSc patients (P =
0.004; Fig. 1F). Of interest, ADAR1p150 expression levels were strongly
associated with type I IFN scores in SSc PBMCs (r = 0.833, P < 0.001;
Fig. 1G, left panel), but not in controls (r = 0.297, P = 0.17; Fig. 1G,
right panel), while ADAR1p110 did not correlate with type I IFN score in
either patients or controls (Fig. 1H). Taken together, these results sug-
gested that ADAR1, and specifically the long ADAR1p150 isoform, is
part of type I IFN responses in both SSc skin and blood cells.

3.2. Type I IFN-driven post-transcriptional regulation of cathepsin S in
SSc

Next, we examined whether cathepsin S (CTSS), a well-established
target of ADAR1 [21,23], was also increased in SSc. CTSS is involved
in antigen presentation [43] and extracellular matrix remodeling and
has been previously shown to correlate with extent of skin involvement
in SSc [6]. We observed 2-fold increased expression of CTSS in SSc skin
(Fig. 2A, left panel) and especially in those patients with high local skin
score (Fig. 2A, right panel). Of interest, treatment of ECs with either
IFN-o A/D or IFN-p led to a striking 25-35-fold increase in CTSS
expression, which was dampened by 58-70% when ADAR1 was silenced
(Fig. 2B) suggesting a predominant effect of ADAR1 on CTSS expression
under IFN-o/p conditions. Similarly, a dose-dependent increase in CTSS
was observed when endothelial cells were treated with 1000 U/ml and
4560 U/ml IFN-o-200 (Supplementary Figure 3). Individual CTSS
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Fig. 2. Increased expression of the ADAR1-target CTSS in SSc skin and peripheral blood mononuclear cells. A. Bar graph shows the levels (normalized counts)
of CTSS in SSc (n = 47) vs control (n = 33) skin biopsies (left) or in SSc patients with highest local skin score vs the rest SSc patients (right). Expression levels were
generated by the publicly available RNA-seq. dataset GSE130955 with the use of the R package DeSeq2. B. HUVECs were transfected with an siRNA targeting ADAR1
or control (scrambled) non-targeting siRNA and incubated for 48 h. Subsequently, cells were treated with 2800 U/ml (=10 ng/ml) human IFN- (n = 5) or 1000 U/ml
(=3.4 ng/ml) human IFN-a A/D (n = 7) or vehicle (PBS for IFN-p and PBS-BSA 0.1% for IFN-a A/D) for additional 24 h. Bar graphs show relative CTSS expression
levels as fold-change vs basal scrambled. C. Scatter plots show the correlation between CTSS and ADAR1 or ISGs (IFIT1, MX1, IFI44) in skin biopsies of SSc patients (n
= 47). D. Bar graph shows the relative CTSS expression levels in PBMCs of SSc patients (n = 31) vs control subjects (n = 23) as quantified by SYBR-Green RT-qPCR. E.
Scatter plots show the correlation between CTSS expression levels and individual type I IFN scores (left), ADAR1p150 (middle) or ADAR1p110 (right) in SSc patients
(n = 31). F. Scatter plots show the correlation between CTSS expression levels and individual type I IFN scores (left), ADAR1p150 (middle) or ADAR1p110 (right) in
PBMC:s of healthy controls (n = 23). Individual expression levels in PBMCs in all graphs are plotted as fold-change vs HC median. Bar graphs represent mean and SEM.
Pairwise comparisons were performed by Mann-Whitney U test or independent samples t-test. Correlation coefficients r were derived by Pearson’s correlation co-

efficient test. *P < 0.05, **P < 0.01, ***P < 0.001.

expression levels in SSc skin correlated with ADAR1 (r = 0.516, P <
0.001) and ISGs (r = 0.441-0.550, all P < 0.01) expression (Fig. 2C).

Similarly, we observed a 2-fold increase of CTSS expression in PBMCs
derived from SSc patients (Fig. 2D). Expression levels of CTSS were
associated with modified Rodnan skin score and were increased in pa-
tients with digital ulcers (Supplementary Figure 4). There was a strong
correlation between CTSS and type I IFN score (r = 0.694, P < 0.001;
Fig. 2E, left panel) or ADAR1p150 expression (r = 0.742, P < 0.001;
Fig. 2E, middle panel) in SSc PBMCs, but not in controls (Fig. 2F- left and
middle panel), suggesting that this may be a disease-specific mechanism
of gene regulation. CTSS expression was not associated with
ADAR1p110 in either SSc or control PBMCs (Fig. 2E and F - right panel).
Finally, a regression analysis showed that type I IFN score in PBMCs of
SSc patients lost its association with CTSS after adjusting for
ADAR1p150 expression, suggesting that the effect of IFN on CTSS was
mainly mediated through ADAR1p150.

3.3. Increased Alu adenosine-to-inosine RNA editing in patients with SSc

Having established that expression of ADAR1p150 and its target
CTSS is increased in patients with SSc, we asked whether this was
accompanied by an increase in A-to-I RNA editing. We next examined
the A-to-I RNA editing of Alu elements in the 3' UTR of CTSS using a
well-established in-house transcript-specific RNA editing assay [21,23]
to determine the editing rate of individual adenosine residues in PBMCs
of healthy individuals and SSc patients. According to UCSC Genome
Browser (Hg38), CTSS 3’ UTR has 3 Alu elements, two on the negative
strand (AluSz6™ and AluJo’) and one on the positive strand (AluSx™)
(Fig. 3A). RNA foldback analysis revealed that AluJo" and the
opposite-oriented AluSx™ form a long dsRNA structure (Fig. 3B), which
is a perfect substrate for ADAR1 binding and editing.

First, we mapped RNA editing events in both Alujo  and AluSx" in a
pilot cohort of 9 SSc patients and 13 HC. We were able to detect RNA
editing in 23 out of 85 adenosines located in AluJo™ (Fig. 3C) and in 39
out of 62 adenosines located in AluSx™. Therefore, we then focused on
RNA editing of AluSx™ (Fig. 3C). In line with the increased expression of
ADAR1p150, we observed an increase in Alu A-to-I RNA editing in 31
SSc patients compared to 23 controls (P < 0.05 for 15 detected editing
sites in AluSx™; Fig. 3C), similar to what we had previously observed in
rheumatoid arthritis [23].

Moreover, we observed that there was a ‘hotspot’ region in CTSS
AluSx* (A1802-A1850), which contained 13 A-to-I RNA editing sites
(Fig. 4A) and 5 binding motifs for the stabilizing RNA-binding protein
HuR (ELAVL1). Inosine residues are in turn recognized as guanosine by
the cellular machinery ultimately leading to an A-to-G base substitution
(Fig. 4B-1, upper panels), which allows its quantification by sequencing.
Increased A-to-I RNA editing in SSc PBMCs was observed in 11 out of
these 13 adenosines (Fig. 4B-I, middle panels), leading to an increase in
average RNA editing rate as well (Supplementary Figure 5A). Of note, A-
to-I RNA editing rate of individual adenosine residues was positively
correlated with ADAR1p150 levels in SSc patients (r = 0.460-0.737, P <
0.05; Fig. 4B-I, lower panels), while only 1 site reached significance in
controls (data not shown). Similar results were obtained when

examining the average editing rate of all 13 adenosine residues (SSc: r =
0.695, P < 0.001; HC: r = 0.302, P = 0.17; Supplementary Fig. 5B and
Q).

We have previously shown that ADAR1-induced A-to-I RNA editing
of CTSS Alu elements regulates transcript stability by facilitating binding
of the stabilizing RNA-binding protein HuR [21]; and this process was
increased in patients with chronic inflammatory diseases such as
atherosclerosis [21] and active rheumatoid arthritis [23]. Indeed, using
an in silico RNA foldback analysis, we observed that the introduction of
the detected A-to-I editing events in this ‘hotspot’ region within AluSx™
revealed an alternative predicted RNA secondary structure, which had
as a result the exposure of the HuR biding sites (UUUUU, AUUUA,
UUUUG) from double-stranded to single-stranded RNA (Fig. 5A). This
disruption of dsRNA into single-stranded RNA (ssRNA) in 3’ UTR is
essential for binding of HuR and controls RNA stability [21]. Impor-
tantly, RNA editing rate of individual adenosine residues located in close
proximity with HuR binding sites strongly correlated with CTSS
expression in patients with SSc (r = 0.357-0.600, all P < 0.05; Fig. 5B-1)
while it showed no correlation in controls (Fig. 5B-I). Moreover, editing
rate of the adenosine residues located within this 50-bp region showed a
much stronger correlation with CTSS transcript levels compared to the
editing rate of adenosine residues located elsewhere in AluSx™ (Sup-
plementary Figure 6). Similar results were obtained when examining the
average editing rate of all 13 adenosine residues of the "hotspot’ (SSc: r
=0.562, P = 0.001; HC: r = -0.190, P = 0.40; Supplementary Fig. 5E,F),
indicating that the bulk conformational changes of this ‘hotspot’ are
important for the regulation of transcript levels. Taken together, these
results suggest that type I [FN-induced increase in A-to-I RNA editing
rate of CTSS 3’ UTR is incremental for CTSS transcript expression in SSc.

3.4. Increased ADAR1p150-induced A-to-I RNA editing in systemic lupus
erythematosus and in healthy controls after influenza vaccination

Next, we asked whether the observed increase of ADAR1p150-
induced A-to-I RNA editing in SSc was also evident in another disease
characterized by chronic type I IFN activation, i.e. in SLE [2]. Indeed,
SLE patients also showed increased type I IFN score (Fig. 6A) and
ADAR1p150 expression (Fig. 6B, left panel), which strongly correlated
with each other (r = 0.868, P < 0.001; Fig. 6B, right panel). On the other
hand, ADAR1p110 expression did not differ between SLE patients and
controls (Fig. 6C). The A-to-I RNA editing rate of 10 out of the 13 edited
individual adenosine residues in the ‘hotspot’ region of AluSx™ was
increased in SLE compared to control subjects (data not shown). Inter-
estingly, the average RNA editing rate of the adenosines located in the
CTSS AluSx™ ‘hotspot’ region was significantly increased in SLE patients
compared to control subjects (Supplementary Figure 5A). No statistical
significant difference was observed between average RNA editing rate of
the ‘hotspot’ region between SLE and SSc patients (Supplementary
Figure 5A). Finally, CTSS expression was also increased in SLE patients
compared to controls (Fig. 6D) showing positive correlation with
ADAR1p150 expression (Fig. 6E). We identified 3 adenosines (A1807,
A1815, A1821) within the AluSx™ ‘hotspot’ region, which presented
with increased RNA editing rate in SLE patients compared to controls
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Fig. 3. Mapping of A-to-I RNA editing events in CTSS AluJo™ and AluSx*. A. Graphical representation of CTSS 3’ UTR depicting the 3 Alu elements (AluSz6,
AluJo’, AluSx™). B. RNA foldback analysis of the secondary structure formed by AluJo™ and the opposite-oriented AluSx™. C. Mapping of the adenosine residues that
undergo RNA editing throughout the two Alu regions of our interest, AluSx* and AluJo". A-to-I RNA editing rate of individual adenosine residues was detected by an
RNA editing assay in PBMCs of healthy individuals (black) and SSc patients (red) in AluJo” (HC n = 13, SSc n = 9) and AluSx™ (HCn = 23, SSc n = 31). *P < 0.05, #p

< 0.10 by Mann-Whitney U test.

and their RNA editing rate was associated with both ADAR1p150 mRNA
(Fig. 6G) and CTSS mRNA expression levels (Fig. 6H). Similarly, a trend
association was observed between average RNA editing rate of the
‘hotspot’ region of the CTSS 3’ UTR with CTSS (r = 0.353, P = 0.098;

Supplementary Figure 5G).

Finally, we examined healthy individuals who were vaccinated
against influenza (Fig. 7A), as this has been previously shown to induce a
specific and transient activation of the type I IFN system in human
leukocytes [26]. Indeed, we validated the upregulation of 3 genes

selectively induced by type I IFN 24 h post-vaccination (Fig. 7B). Of
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Fig. 5. Association between RNA editing of individual adenosine residues in close proximity with HuR binding motifs and CTSS expression in PBMCs of
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levels in all graphs are plotted as fold-change vs HC median. Correlation coefficients r were derived by Pearson’s correlation coefficient test.



N.I Vlachogiannis et al.

A

(@

Relative ADAR1p110

N
ol

Type | IFN score

1
1

[

o0
73

80

3

50
0
0

N
5

A1807 editing rate (%)

A1807 editing rate (%)

Relative CTSS expression

N,
g 2

-
b

.27
.0+
.8
.64
4
.21
.0-

[N
bt

15

=
(=)
1

o
1

o
T

[¢)]
rt

o

controls  SLE

controls SLE

=

con-a'ols SLE

SLE
r=0.450, P=0.03

1 2 3
Relative ADAR1p150
expression

SLE
r=0.539, P=0.007

5 10 15 20 25
A1807 editing rate (%)

Relative ADAR1p150

1.8

1.5
S 1.2
2
o 0.95
o
% 0.6
0.34
0.0-

% %k
controls  SLE

1

*
controls  SLE

© N o 0
P W |

w
1

Relative CTSS expression
e O 9O o = =
(2]

o
T

dkk
L}

w s
b

A1815 editing rate (%)
N
o

1o | .
0 T T
controls  SLE
SLE
~ 507 r=0.675, P<0.001
X
@ 401 o
o
g 304 o R
S 20- %
0 ?
o 104 °
<
0 T )
0 1 2 3
Relative ADAR1p150
expression
SLE
& 57 r=0.456, P=0.03
(723
S 4 o
o
& .
2
E
G 27 % o °
] &0
'3- 11 ®
© ™
¢ 0

0 10 20 30 40 50
A1815 editing rate (%)

E

Relative ADAR1p150
expression in PBMCs

w
)

N
N

N
L

Journal of Autoimmunity 125 (2021) 102755

SLE
r=0.868, P<0.001

L4

0 T T T !
00 05 10 15 20

Type | IFN score (log10)

SLE
& r=0.557, P=0.004
2 4 .
(0]
8 i
& 31 °
(2]
g 21 ° o i
g 1- '. ’ [ ]
5 V.
& 0 . . .
0 1 2 3
Relative ADAR1p150
expression
?50_ kkok
S "
o 404
o
m30- ;
£ ’%]
g 201 "
& 104
<
0 T r
controls  SLE
SLE
= 504 r=0.437, P=0.03
S Ve
o 40+ °
> 30 cex
£ °
= ]
8 201 ° o
& 101
<
0 T T .
0 1 2 3
Relative ADAR1p150
expression
SLE
§ 57 r=0.476, P=0.02
N
8 4. .
o
& .
2] :
(S
O 2 .$'0 < o
g
® l ° o °
6 [ ]
4

0 —_—————
0 10 20 30 40 50
A1821 editing rate (%)

(caption on next page)



N.I Vlachogiannis et al.

Journal of Autoimmunity 125 (2021) 102755

Fig. 6. Increased ADAR1p150-induced A-to-I RNA editing in systemic lupus erythematosus. A. Bar graphs show the levels of type I IFN score in PBMCs of
healthy individuals (n = 23) and SLE patients (n = 25). For the calculation of type I IFN score the relative mRNA expression of 3 genes selectively induced by type I
IFN (IFIT1, MX1 and IFI44) was measured with RT-qPCR. B. Bar graph shows relative expression levels of ADAR1p150 (left panel) as quantified by TagMan RT-qPCR
in PBMCs of SLE patients vs control subjects, while the scatter plot (right panel) depicts the correlation between individual type I IFN scores and ADAR1p150
expression levels in PBMCs of SLE patients. C. Bar graph shows relative expression levels of ADAR1p110 as quantified by TagMan RT-qPCR in PBMCs derived from
SLE patients vs control subjects. D. Bar graph shows the levels of CTSS expression in PBMCs of healthy individuals and SLE patients as quantified by SYBR-Green RT-
qPCR. E. Scatter plot depicts the correlation between ADAR1p150 and CTSS expression levels in PBMCS of SLE patients (n = 25). F. Tukey box plots show editing rate
of 3 individual nucleotides located in the ‘hotspot’ region of CTSS AluSx™ in PBMCS derived from SLE patients vs control subjects. G,H. Scatter plots depict the
relationship between ADAR1p150 (G) or CTSS (H) expression levels with editing rate of 3 individual adenosines located in CTSS AluSx™ ‘hotspot’ in PBMCS derived
from SLE patients. Individual expression levels in PBMCs in all graphs are plotted as fold-change vs HC median. Bar graphs represent mean and SEM. Pairwise
Eomparisons were performed by Mann-Whitney U test or independent samples t-test. Correlation coefficients r were derived by Pearson’s correlation coefficient test.

<

interest, we observed that this acute immune activation led to an in-
crease in ADAR1p150 levels (Fig. 7C, left panel), while it did not affect
ADAR1p110 (Fig. 7C, right panel). ADAR1p150 levels showed a strong
positive correlation with individual type I IFN scores (r = 0.854, P <
0.001; Fig. 7D). The enzymatic activity of ADAR1, as measured by A-to-I
RNA editing of adenosine residues in CTSS AluSx™ ’hotspot’, was also
significantly upregulated (Fig. 7E). Finally, CTSS expression was
increased after influenza vaccination (Fig. 7F) and correlated with type I
IFN score (r = 0.551, P = 0.02; Fig. 7G, left panel), ADARIp150 (r =
0.654, P = 0.003; Fig. 7G, right panel) and RNA editing rate (after
inluenza vaccination, A1825: r = 0.698, P = 0.037).

4. Discussion

The main findings of our study are that: 1) ADARI is increased in the
skin and PBMCs of SSc patients in association with a prominent type I
IFN signature; 2) the ADAR1-target CTSS, a protease involved in antigen
presentation and extracellular matrix remodeling, is also increased in
skin and peripheral blood of SSc patients; 3) increased A-to-I RNA
editing rate of Alu elements in CTSS 3’ UTR is associated with increased
target gene (CTSS) expression; 4) similar results are obtained in SLE
patients suggesting a mechanism shared among autoimmune patients
with chronic type I IFN pathway activation; 5) acute type I IFN pathway
activation by influenza vaccination recapitulates the transcriptional al-
terations observed in patients with SSc and SLE; and 6) silencing of
ADAR1 significantly dampens the type I IFN-induced CTSS upregula-
tion, suggesting a predominant role of post-transcriptional gene regu-
lation by RNA editing.

Deregulation of the type I IFN pathway has been consistently re-
ported in peripheral blood cells and target-tissues of patients with SSc
[2-10]. Moreover, activation of the type I IFN pathway has been asso-
ciated with higher disease severity including extent of both skin and
lung involvement, and presence of pulmonary hypertension [6,7,44,45],
while baseline type I IFN levels were also recently shown to have a
predictive value for response to immunosuppressive treatment (cyclo-
phosphamide, mycophenolate mofetil) in SSc-related interstitial lung
disease [46]. More importantly, SSc patients treated with IFN-« in an
early study showed more rapid lung function decline [11], while a
monoclonal antibody against the common type I IFN receptor, IFNAR,
showed promising results regarding T cell activation and collagen
accumulation in patients’ skin [13]. However, mechanistic links be-
tween increased type I IFN and inflammation/fibrosis in SSc, extending
beyond its direct transcriptional effects of interferon-inducible genes,
are very limited [10,47].

ADARI1-induced RNA editing is a widespread RNA modification,
which can affect literally every aspect of RNA metabolism and thus
comprises a critical post-transcriptional regulator of gene expression
[16,17]. ADARI1 is indispensable for life as shown by the in utero
lethality of ADAR1-knockout mice [48-51], while in humans mutations
in the catalytic region of ADAR1 have been causatively linked to
Aicardi-Goutieres syndrome [52]. While lack of ADAR1 induces an
aberrant immune response partly mediated by type I IFN [50,51],
overexpression of ADAR1 may also exert proinflammatory effects [21,
23], underlying the need for a balanced ADAR1 expression and activity.
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ADARI1, and more specifically the long ADAR1p150 isoform, has been
found increased in chronic inflammatory disorders such as cancer [53],
atherosclerosis [21], SLE [18,54] and rheumatoid arthritis [23]. In line
with these previous studies, we show herein that ADAR1 is increased in
both the skin and peripheral blood of SSc patients, showing a strong
association with individual type I IFN scores.

The enzymatic activity of ADAR1, namely A-to-I RNA editing, was
increased in the Alu elements located in 3’ UTR of CTSS, a well-
established target of ADAR1 [21] with central role in MHC-II antigen
loading and production of autoantibodies [43]. In line with our results, a
previous report by Roth and colleagues showed that Alu editing index,
the weighted mean editing rate of millions adenosine residues located in
Alu elements [55], was increased in the blood of patients with SLE,
especially in those with high type I IFN score [18]. Similarly, we
observed an association between type I IFN signature, ADAR1p150 and
RNA editing of individual adenosines in CTSS AluSx". Of note, vacci-
nation of healthy individuals against influenza, which has been previ-
ously shown to induce an acute type I IFN upregulation [26],
recapitulated the transcriptomic alterations observed in SSc and SLE
patients. In our study both chronic activation of type I IFN responses, as
observed in SSc and SLE patients, and acute induction of a systematic
type I IFN response, as observed in healthy individuals 24 h after
influenza vaccination, led to the upregulation of ADAR1p150-mediated
A-to-I RNA editing and increased CTSS expression. However, we must
acknowledge that an acute response can be different from chronic
interferon signaling, as shown in the context of viral infection [56,57].
Future studies examining how A-to-I RNA editing contributes to regu-
lation of host antiviral gene expression during acute and chronic in-
duction of interferon responses are warranted.

Finally, we showed that A-to-I RNA editing rate of individual aden-
osines is strongly associated with the expression of the target gene
(CTSS). However, CTSS expression seems to be lower in SLE patients
compared to SSc patients despite higher IFN scores, ADAR1p150 and
RNA editing rates. In line with this, the RNA editing rate of only 3 out of
13 adenosine residues in the CTSS AluSx™ ‘hotspot’ correlated with CTSS
expression in SLE patients, in contrast with 9 out of 13 in SSc patients. As
we have previously shown, adenosine-to-inosine RNA editing of AluSx™*
in CTSS is integral for the recruitment of the stabilizing single-stranded
RNA-binding protein HuR to its target motifs in CTSS AluSx* [21].
However, a number of factors may affect final CTSS transcript levels
including: 1) a potential competitive binding of other, destabilizing
RBPs on AU-rich elements in SLE which could restrict HuR binding and
transcript stabilization [58]; 2) a possible deregulation of other RBPs
that may interfere with CTSS mRNA stability; and/or 3) the potential
presence of other concomitant post-transcriptional regulatory mecha-
nisms, such as SLE-induced microRNAs [59] that target CTSS could also
account for the relatively low CTSS expression levels despite the
significantly increased RNA editing rates of CTSS adenosine residues in
SLE (10 out of 13 ‘hotspot’ adenosines were found to be significantly
increased in SLE compared to controls).

More importantly, herein we showed that silencing of ADAR1
reduced the type IFN-induced upregulation of CTSS by 60-70%, sug-
gesting that the contribution of RNA editing in regulation of CTSS
expression outweighs the potential direct transcriptional effects. We



N.I Vlachogiannis et al. Journal of Autoimmunity 125 (2021) 102755

A

Influenza

, _+vaccination -1h Oh 24h

r @ vaccination

PBMCs PBMCs

& 251 * S 251 huk S 257 _*l*_
0 7] ‘»
o 20 T 8 2.0 T 8 2.0-
2 S s
159 © 1.51 T 1.54
T 104 S10q L 1.0
) o %)
2 0.5 % 0.5 % 0.5
© i)
o 3 o)
) : : @ 00 . . & 0.0 . .
baseline Infl. vacc. baseline Infl. vacc. baseline Infl. vacc.
1.4+ il 1.2+ 20+ r=0.854, P<0.001
8 .l - S — 8
3. 3 B s °
4 -0 o
x5 & § o8- x5 °
< @ g < < '®
< 5 06 S5 Py
g 2 X 0.4 Q% o
£ © oM £°° £ © 05
° 0.2 o 024 ©
14 14 4
0.0 T T 0.0 T T 0.0 T T 1
baseline Infl. vacc. baseline Infl. vacc. 0.0 0.5 1.0 15
E Type | IFN score (Iog1g)
—~ 28+ . ~ 321 T = 501 .
s T s s
2 214 2 271 2 T
© 1 © ® 40| -
(o)) (o)) [o)]
£ 14- L £ 22 1 £
8 3 | L 3 3] T
> 7 S 177 @
oo © oo
< 0 . < 12 r r < 20 J_ ;
F baseline Infl. vacc. G baseline Infl. vacc. baseline Infl. vacc.
r=0.551, P=0.02
5 * § 2.0- § 207 r=0.654, P=0.003
‘» 1.24 o ‘B ‘B
3 3 ]
< 1.0 = 1.5 s 1.54
o -IT- al ° a1
3 0. 3 v o 3
3 06 A 1.0 o A 101
N ) %, D)
o %4 0 0.5 0 0.5
2 0.2] 2 ° 2 °
o © ®©
o © ©
r 0.0 T T r 0.0 T T 1 r 0.0 T T T 1
baseline Infl. vacc. 0.0 0.5 1.0 1.5 00 05 10 15 20
Type | IFN score (log1o) Relative ADAR1p150

expression

Fig. 7. Induction of type I IFN by influenza vaccination recapitulates the observed ADAR1-mediated increase in CTSS expression. A. Schematic repre-
sentation of the study design. PBMCs were isolated from 9 healthy individuals before vaccination and 24 h after vaccination against influenza. B. Relative expression
of 3 type I IFN-stimulated genes IFIT1 (left panel), MX1 (middle panel) and IFI44 (right panel) in PBMCs as quantified by RT-qPCR. C. Relative expression of the two
ADARI1 isoforms ADAR1p150 (left panel) and ADAR1p110 (right panel) as quantified by TagMan expression assays. D. Scatter plot showing the relationship between
type I IFN score and ADAR1p150 expression levels. E. RNA editing rate of individual adenosine residues in CTSS AluSx* ‘hotspot’ region. F. Relative expression levels
of CTSS as quantified by RT-qPCR G. Scatter plots show the relationship between type I IFN score (left panel) or ADAR1p150 (right panel) and CTSS expression levels
in PBMCs. Bar graphs represent mean and SEM. Individual expression levels in all graphs are plotted as fold-change vs HC median. In scatter plots shown in D and G,
white points represent individuals before influenza vaccination and gray points the same individuals 24 h after influenza vaccination. Paired comparisons were
performed by Wilcoxon signed-rank test or paired t-test. Correlation coefficients r were derived by Pearson’s correlation coefficient test.
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have previously shown with a series of mechanistic studies that RNA
editing of CTSS Alu elements results in the unwinding of local dsRNA
structure into a more single-stranded conformation facilitating the
binding of the stabilizing RNA-binding protein HuR [21]. In line with
this, we observed herein a strong association between CTSS expression
and editing rate of individual adenosines located in close proximity with
HuR binding sites in CTSS 3' UTR AluSx". Of note, this association was
present only in patients’ cells, suggesting that RNA editing may act as a
disease-specific mechanism of post-transcriptional gene regulation.
CTSS has been linked with systemic autoimmune responses, as inhibi-
tion of CTSS has been shown to reduce autoantibody production and
prevent tissue damage in animal models of Sjogren’s syndrome and
SLE/SLE nephritis [60-62]. On the other hand, CTSS overexpressing
transgenic mice developed lupus-like phenotype associated with
increased type I IFNs [63]. Increased expression and/or activity of CTSS
has been detected in chronic inflammatory conditions, including obesity
[64], atherosclerotic cardiovascular disease [21,65], psoriasis [66],
Sjogren’s Syndrome [67], idiopathic pulmonary fibrosis, pulmonary
arterial hypertension and COPD [68]. In our study, we observed
increased CTSS expression levels both in PBMCs and skin biopsies
derived from patients with SSc as well as in PBMCs derived from SLE
patients and from subjects after influenza vaccination. Further, we
describe a positive association of CTSS expression levels with extent of
skin fibrosis (mRSS and local skin score), as well as with digital ulcers.
We must acknowledge that our study population included mainly pa-
tients at early stages of disease (median disease duration: 2 years) and
mostly patients with limited SSc. Therefore, our findings may not
essentially be extrapolated into patients with diffuse SSc. Indeed, a
single previous study reported decreased cathepsin S serum levels in a
small cohort of patients with diffuse SSc and normal kidney function
[69]. Future studies are called to investigate the role of CTSS in SSc
development as well as the involvement of RNA editing of CTSS and
other ADARI1 targets in early vs. late stages of SSc, as well as in SSc
disease subtypes (limited vs. diffuse).

Of interest, we have previously shown that A-to-I editing events were
often located in close proximity to HuR binding motifs [21]. Whole
transcriptome analysis revealed that A-to-I edited transcripts had a
greater number of HuR binding motifs, especially in the neighboring up-
and downstream 100 nucleotide-sequences of each edited site [21].
These results suggest that ADAR1-induced RNA editing may control the
stability of several RNA transcripts through alteration of HuR binding
[21]. Moreover, a recent study in THP-1 monocytes showed an enrich-
ment of HuR binding in 3’ UTR sites of interferon responsive genes upon
IRF3 stimulation compared to unstimulated cells [70]. Whether RNA
editing could account for this shift to 3’ UTR binding of HuR through
alteration of local structure remains to be elucidated. Future
transcriptome-wide, but also gene-specific, studies are warranted to
determine the contribution of ADAR1-induced RNA editing in shaping
the transcriptome of patients with systemic autoimmune diseases.

5. Conclusions

In conclusion, our results support the role of A-to-I RNA editing as an
additional, post-transcriptional level of proinflammatory gene regula-
tion in SSc, which is shared among patients with systemic
autoimmunity.
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