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List of abbreviations 
 

Abbreviation Explanation 

RA  rheumatoid arthritis 

A-to-I adenosine-to-inosine 

dsRNA double-stranded RNA 

ADAR adenosine deaminase acting on RNA 

ADAR1p150 long 150kDa ADAR1 isoform 

ADAR1p110 short 110kDa ADAR1 isoform 

GluRB Glutamate receptor subunit B  

miRNA microRNAs 

circRNA circular RNAs 

lncRNA long-non-coding RNAs 

IFN interferon 

ISGs Interferon-stimulated genes 

PRRs pattern-recognition receptors 

TLRs Toll-like receptors 

RIG-I retinoic acid inducible gene I 

MDA5 melanoma differentiation-associated protein-5 

MAVS Mitochondrial Anti-Viral Signaling 

IRF interferon responsive factors 

NF-kB nuclear factor kappa b 

MEFs mouse embryonic fibroblasts 

AZIN1 antizyme inhibitor 1 

HCC hepatocellular carcinoma 
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GLI1 Glioma associated oncogene 1 

CVD cardiovascular disease 

CTSS cathepsin S 

HuR Human Antigen R 

ROS Reactive oxygen species 

HDV Hepatitis Delta Virus 

HIV Human Immunodeficiency Virus 

SLE Systemic Lupus Erythematosus 

AGS Aicardi-Goutières syndrome 

BSN Bilateral striatal necrosis 

RA Rheumatoid Arthritis 

bDMARDs biologic disease-modifying anti-rheumatic drugs 

RF rheumatoid factor 

anti-CCP anti-cyclic citrullinated peptide 

PBMCs peripheral blood mononuclear cells 

csDMARDs 
conventional synthetic disease-modifying 

antirheumatic drugs 
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Summary 
 

Adenosine-to-inosine (A-to-I) RNA editing of Alu retroelements is a primate-specific 

mechanism mediated by adenosine deaminases acting on RNA (ADARs) that 

diversifies transcriptome by modifying selected nucleotides in RNA molecules. Herein, 

we tested the hypothesis that A-to-I RNA editing is altered in rheumatoid arthritis (RA). 

Synovial expression of ADAR1 and its isoforms, ADAR1p110 and ADAR1p150, was 

analysed in 152 RA patients and 50 controls. Peripheral blood mononuclear cells 

(PBMCs) derived from 14 healthy subjects and 19 patients with active RA at baseline 

and after 12-week treatment were examined for ADAR1p150 and ADAR1p110 isoform 

expression by RT-qPCR. RNA editing activity was analysed by AluSx+ Sanger-

sequencing of cathepsin S, an extracellular matrix degradation enzyme also involved 

in antigen presentation. ADAR1 was significantly over-expressed in RA synovium 

regardless of disease duration. Similarly, ADAR1p150 isoform expression was 

significantly increased in the synovium and blood of active RA patients, while 

ADAR1p110 levels were similar between patients and controls. Individual nucleotide 

analysis revealed that A-to-I RNA editing rate in cathepsin S AluSx+ was also 

significantly increased in RA patients. Both baseline ADAR1p150 expression and 

individual adenosine RNA editing rates in cathepsin S AluSx+ decreased after 

treatment only in those patients with good clinical response. Upregulation of the 

expression and/or activity of the RNA editing machinery was associated with a higher 

expression of edited Alu-enriched genes including cathepsin S and TNF receptor-

associated factors 1,2,3 and 5. In conclusion, herein we describe a previously 

unrecognized regulation and role of ADAR1p150-mediated A-to-I RNA editing in post-

transcriptional control of gene expression in RA, which underpins therapeutic 

response and fuels inflammatory gene expression, thus representing an interesting 

therapeutic target. 
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Περίληψη (Summary in Greek) 
 

Η μετα-μεταγραφική επεξεργασία του RNA (RNA editing), με πιο συχνή μορφή τη 

μετατροπή της αδενοσίνης σε ινοσίνη (adenosine-to-inosine RNA editing), είναι μια 

βασική βιολογική διεργασία η οποία λαμβάνει χώρα κυρίως στις Alu περιοχές του 

μεταγραφώματος και διαμεσολαβείται από τα ένζυμα ADAR1 και ADAR2. Το ADAR1 

έχει 2 ισομορφές, μια πιο μακριά (ADAR1p150) και μια βραχεία (ADAR1p110). Η 

σημασία του μηχανισμού αυτού τονίζεται από τον ενδομήτριο θάνατο των ποντικιών 

τα οποία στερούνται της ενζυματικής δράσης του ADAR1. Στην παρούσα μελέτη 

εξετάσαμε  τη συμμετοχή του RNA editing στη Ρευματοειδή Αρθρίτιδα (ΡΑ), μια χρόνια 

φλεγμονώδη (αυτοάνοση) νόσο που επηρεάζει περίπου το 1% του πληθυσμού.  Πιο 

συγκεκριμένα εξετάσαμε το ρόλο του RNA editing στη ρύθμιση των επιπέδων 

φλεγμονωδών μορίων. Για το σκοπό αυτό αναλύσαμε ένα RNA sequencing dataset 

που περιλάμβανε συνολικά 202 βιοψίες αρθρικού υμένα [28 υγιείς, 22 ασθενείς με 

οστεοαρθρίτιδα, 57 ασθενείς με πρώιμη ΡΑ (διάρκεια νόσου<1 έτος) και 95 ασθενείς 

με εγκατεστημένη ΡΑ]. Επίσης, συλλέξαμε αίμα από ασθενείς με ενεργό ΡΑ πριν- και 

3 μήνες μετά την έναρξη νέας θεραπείας και απομονώσαμε λεμφομονοπύρηνα 

κύτταρα (PBMCs). Οι τεχνικές που χρησιμοποιήθηκαν ήταν ποσοτική αλυσιδωτή 

αντίδραση πολυμεράσης (qPCR) και Sanger sequencing. Τα αποτελέσματα της 

μελέτης ανέδειξαν σημαντική αύξηση της ισομορφής ADAR1p150 τόσο στον αρθρικό 

υμένα όσο και στο αίμα των ασθενών, ενώ τα επίπεδα της ισομορφής ADAR1p110 

καθώς και του ενζύμου ADAR2 δε διέφεραν μεταξύ ασθενών και υγιών. Στη συνέχεια, 

εξετάσαμε το RNA editing της cathepsin S, ενός μορίου που εμπλέκεται ενεργά στην 

αντιγονοπαρουσίαση και στην διάσπαση εξωκυττάριας ουσίας και που έχει προταθεί 

ως σημαντικό κομμάτι της παθοφυσιολογίας της ΡΑ ή ακόμη και ως θεραπευτικός 

στόχος. Παρατηρήσαμε ότι το RNA editing στο στοιχείο AluSx+ της cathepsin S ήταν 

σημαντικά αυξημένο στα λεμφομονοπύρηνα κύτταρα ασθενών με ενεργό ΡΑ. Με 

ιδιαίτερο ενδιαφέρον παρατηρήσαμε πως τόσο η έκφραση του μορίου ADAR1p150 

όσο και το RNA editing του AluSx+ της cathepsin S μειώθηκαν σημαντικά μετά τη 

θεραπεία στους ασθενείς που είχαν καλή ανταπόκριση στη φαρμακευτική αγωγή 

(κριτήρια EULAR), ενώ παρέμειναν αμετάβλητα στους ασθενείς με μέτρια ή καθόλου 

ανταπόκριση. Τέλος, η έκφραση της cathepsin S, που ήταν αυξημένη τόσο στον 

αρθρικό υμένα όσο και στα λεμφομονοπύρηνα κύτταρα των ασθενών, συσχετιζόταν 

ισχυρά τόσο με το ADAR1p150 όσο και με τα επίπεδα του RNA editing. 

Συμπερασματικά, προτείνουμε πως το RNA editing μπορεί να δρα ως ένα 

επιπρόσθετο, μετα-μεταγραφικό επίπεδο ρύθμισης της γονιδιακής έκφρασης στη ΡΑ.   
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THEORETICAL BACKGROUND 
(ΓΕΝΙΚΟ ΜΕΡΟΣ) 

 

Introduction 

 

In the 21st century rheumatoid arthritis (RA) remains an incurable disease affecting 

approximately 0.5-1% of the population in Western world. [1] Despite significant 

scientific advances in the past decades, such as the development of monoclonal 

antibodies targeting central components of the auto-immune inflammatory milieu 

(TNF, IL6, IL-1), the percentage of patients who achieve disease remission remains 

unsatisfactorily low, [2]  while life expectancy of patients with RA is significantly 

shortened. In the ongoing quest to better understand the pathophysiology of RA with 

the utter goal to develop biomarkers for disease progression and drug response and 

a “tailored” precision medicine approach, as well as to identify novel therapeutic 

targets, recent technological advancements have contributed significantly to the 

exploration of previously unknown mechanisms, such as RNA modifications. 

 

RNA, historically considered as a passive intermediate between DNA and proteins, is 

increasingly recognized as rather a multi-functional, regulatory molecule dictating the 

fate of the proteome. The current thesis focuses on the role of adenosine-to-inosine 

RNA editing, the most common RNA modification, in RA and its role in regulation of 

proinflammatory gene expression.  
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1. Adenosine-to-inosine RNA editing 
 

1.1 RNA modifications: expanding the RNA alphabet from 4 to >170 nucleotides 
 

According to the central dogma of biology, as it was originally described by Francis 

Crick more than 50 years ago, [3,4] the information of the genetic code (DNA-genome) 

is transcribed into a messenger molecule (RNA-transcriptome) in order to be finally 

translated into a protein (proteome) with certain 3D-structure and function. For many 

years RNA has been thought as a passive intermediate carrier of genetic information. 

However, recent research advances suggest that RNA metabolism actively regulates 

protein expression and function. [5] Of interest, RNA-binding proteins comprise more 

than 10% of the proteome being highly conserved from archaea to higher eukaryotes, 

suggestive of their important role in evolution. [6] 

To add to the complexity of the transfer of genetic information, DNA is subjected 

to various modifications (i.e. methylation), which are collectively termed the 

epigenome. Similarly, RNA is subjected to numerous modifications (as this text is 

being written more than 170 RNA modifications have been described), which expand 

the RNA alphabet from 4 (A, U, C, G) to hundreds of bases, controlling RNA 

metabolism and in consequence protein expression and function. [7] Recent 

technological advances, such as the development of 2nd generation RNA-sequencing 

or long read sequencing technologies (i.e. Oxford Nanopore sequencing), have 

enabled the detection and quantification of RNA modifications allowing researchers to 

explore the “epitranscriptome” and its role from physiology to disease (Figure 1). [8] 
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Figure 1: Schematic representation of the central dogma of biology showing the new field of 

“epitranscriptomics”. 

 

 

RNA modifications can be roughly divided into 2 main categories: substitutional and 

non-substitutional, depending on whether they lead to a nucleotide sequence change. 

Some of the most prevalent non-substitutional RNA modifications include N6-

methyladenosine (m6A), 5-methylcytosine (m5C) and pseudo-uridylation. On the 

other hand, the most common substitutional RNA modification is adenosine-to-inosine 

RNA editing. [9] While non-substitutional RNA modifications such as m6A RNA 

methylation require chemical modification or specific antibodies to be detected, A-to-I 

RNA editing is readily detectable by sequencing. [10] 
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1.2 Alu RNA editing: a primate-specific, post-transcriptional mechanism 

regulating RNA metabolism 

 

Among the numerous RNA modifications, adenosine-to-inosine (A-to-I) RNA editing 

is the most common substitutional modification. [9]  A-to-I RNA editing was initially 

described in Xenopus laevis oocytes and embryos as the unwinding of double-

stranded RNA (dsRNA) by some unknown enzymes, [11] which shortly thereafter 

were identified as the adenosine deaminase acting on RNA (ADAR) family of 

enzymes. [12,13]  

Adenosine Deaminase Acting on RNA (ADAR) family of enzymes 

The ADAR family of enzymes consists of 3 members, namely ADAR1, ADAR2 and 

ADAR3. All three members of the ADAR family share common domains, such as 

double-stranded RNA binding domain (dsRBD), a nuclear localization domain (NLS) 

and a deaminase domain (Figure 2). However, to date only ADAR1 and ADAR2 have 

been shown to induce A-to-I RNA editing, while ADAR3 is considered to be 

catalytically inactive in vivo. [14] Of note, ADAR1 comes in two isoforms, a larger 

150kDa isoform (ADAR1p150) that originates from an alternative interferon-inducible 

promoter and a shorter 110kDa isoform (ADAR1p110). [15,16] ADAR1p110 mainly 

resides in the nucleus and is more abundant than ADAR1p150 under physiological 

conditions. [17] On the other hand, ADAR1p150 has a unique nuclear export signaling 

(NES) domain and therefore is able to shuttle between the nucleus and the cytoplasm. 

[17,18] The potential of ADAR1p150 to localize in the cytoplasm has multiple 

physiologic and pathophysiologic extensions, which I will analyze in the next chapters.  
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Figure 2 

 

 

Figure 2. The adenosine deaminase acting on RNA (ADAR) family of enzymes. ADAR 

family consists of three members: two ADAR1 isoforms, the longer ADAR1p150 (150kDa; 

1226aa) and the shorter ADAR1p110 (110kDa; 931aa), ADAR2 (701aa) and the catalytically 

inactive ADAR3 (739aa- not shown). Z- DNA binding domain(s) present in ADAR1p150 and 

ADAR1p110, but not in ADAR2, are depicted in green. Double stranded RNA (dsRNA) binding 

domain (light blue), deaminase domain (editase- dark red) and nuclear localization signal 

(NLS- grey) are present in both ADAR1 isoforms and ADAR2. On the other hand, ADAR1p150 

harbors a nuclear exportation signal (NES; bright red) accounting for its cytoplasmic 

localization. 
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Alu elements 

As already mentioned, both ADAR1 and ADAR2 possess a dsRNA-binding domain 

which allows them to bind to RNA duplexes and edit the adenosine residues. [19,20] 

Therefore, the most common site where RNA editing takes place are Alu elements. 

Alu elements are endogenous retrotransposons, approximately 200-300 nucleotides 

in length, that belong to the family of SINEs (short interspersed nuclear elements). Of 

note, Alu elements comprise approximately 10% of the human genome and they have 

highly similar sequences, which allows them to form local RNA duplexes, which are 

excellent substrates for RNA editing. [21,22] 

Alu editability 

There are several factors that affect the editability of Alu elements. Eisenberg and 

colleagues analysed two large RNA-seq. datasets consisting of RNA samples derived 

from 16 human tissues and were able to determine 5 different parameters that may 

account for Alu editability: [23] 

a) the distance to the nearest reversely oriented Alu, which accounts for approximately 

30% of Alu editability. 

 b) the  number of reversely oriented repeats in the vicinity of the Alu, which led to 

increased Alu editability. 

c) the number of same-strand repeats in close proximity with the Alu, which negatively 

affected the editability 

d) the length of the Alus 

e) the consensus strand of the Alu repeats is more strongly edited than the reverse 

strand. 
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1.3 The role of RNA editing in physiology and innate immune response 
 

The effect of RNA editing on RNA metabolism 

A-to-I RNA editing consists of the hydrolytic deamination of adenosine at C-6 

converting it into inosine (hence a substitutional RNA modification; Figure 3).  Inosine 

is in turn recognized by the cellular machinery as guanosine with multiple 

consequences for the fate of the RNA molecules depending, among others, on the site 

of RNA editing events. [14] 

 

Figure 3. ADARs bind to double stranded RNAs (dsRNAs) and deaminate adenosine residues 

turning them into inosines. Inosine-uracil pairs form weak bonds and thus dsRNA unwinds 

locally to single-stranded RNA (ssRNA). Inosine shares chemical properties with guanosine, 

therefore being further recognized as guanosine by the cellular machineries. 
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In the rare event that A-to-I RNA editing takes place in the coding sequence of 

mRNA it can lead to recoding events. One of the best described RNA editing events 

in coding regions takes place in Glutamate receptor subunit B (GluRB) precursor 

messenger RNA (pre-mRNA) (Gria2) of the aminomethylphosphonic acid (AMPA) 

receptor family, with biological consequences for the ion flow in glutamate-gated 

channels. [24] Two edited positions within the GluRB pre-mRNA, edited exclusively by 

the second RNA editor, ADAR2, lead to recoding events in exon 11 (CAG: Q/CI/GG: 

R) and exon 13 (CGA:R/GGI/G:G). Of interest, the first recoding event, which is almost 

100% edited, is indispensable for proper function of GluRB and its absence leads to 

post-natal lethality of mice. [25] 

However, the vast majority of RNA editing events take place in non-coding sites 

affecting various aspects on RNA metabolism such as splicing, microRNA (miRNA) 

targeting, biogenesis of circular RNAs (circRNAs), long non-coding RNA (lncRNA) 

re-targeting and finally mRNA stability (Figure 4). [14,19] Interestingly, regulatory 

mechanisms have been mapped within the “dark matter” (the non-coding genome), 

which may account for the complexity in higher primates [26] and be crucially involved 

in several human pathologies. Thus, intensive efforts have been focused on 

unravelling the molecular role of A-to-I RNA editing in dark matter derivatives such as 

miRNAs, circRNAs, lncRNAs and Alu repetitive elements.  
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Figure 4 

 

 

Figure 4. Main molecular consequences of ADAR-induced RNA editing.  

ADAR1- or ADAR2 (ADAR1/2) -induced RNA editing in coding RNA may result in mRNA 

recoding and thus increase the genome diversity. If editing occurs in introns, it may give rise 

to alternative transcripts which may or may not translate into protein, probably with altered 

function. Moreover, RNA editing may affect circular RNA (circRNA) biogenesis. A-to-I RNA 

editing of Alu regions surrounding circRNA inhibits the biogenesis of circRNAs. A-to-I RNA 

editing in the seed region of miRNAs leads to re-targeting events with functional 

consequences. Notably, long non coding RNA (lncRNA) binding to pre-mRNA can create a 

double-stranded RNA (dsRNA), a prerequisite for ADAR1/2-mediated RNA editing. ADAR1 

editing of inverted Alu present in 3’UTR of a transcript may result in unwinding und subsequent 

recruitment of HuR. HuR binding stabilizes transcripts and ensures the proper processing into 

protein.  
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A-to-I RNA editing is essential for life 

ADAR1 is indispensable for life, since its genetic ablation results in in utero lethality of 

mouse embryos by embryonic day 12.5 (E12.5) associated with liver degeneration and 

anemia. [27–29] Histological analysis of these embryos revealed widespread 

apoptosis, fetal liver disintegration and ineffective hematopoiesis, specifically with 

regards to erythroid and myeloid/granulomatous progenitors [27,28]. Taken together, 

these  findings suggested an essential role of ADAR1 in hematopoiesis, organ 

homeostasis and development.  

Given the binary nature of ADAR1, as an RNA-binding protein and as an RNA 

editing enzyme, later studies aimed to dissect the functional role of this enzyme in 

vivo. Using an elegant experimental approach, Liddicoat et al. generated mice bearing 

a constitutive knock-in of an RNA editing-deficient ADAR1 mutant (Adar1E861A/E861A). 

Of note, these deficient mice also died in utero around E13.5 displaying a similar 

phenotype (liver failure, defective hematopoiesis) and a prominent activation of innate 

immune response [30] recapitulating in principle the initially observed phenotype of 

ADAR1 KO mice. [27,28,31] These findings underline that ADAR1-induced RNA 

editing is essential for homeostasis and life itself. 

 Gene expression profiling of Adar1-/- embryos, as well as Adar1-/- fetal liver, 

showed the aberrant expression of interferon (IFN) stimulated genes (ISGs). [27] 

Furthermore, in vitro studies on hematopoietic stem cells and hematopoietic progenitor 

cells revealed the induction of an aberrant innate immune response in absence of 

ADAR1 suggesting a role for ADAR1 as a repressor of the IFN signaling. [31,32]  
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The role of A-to-I RNA editing in innate immune response 

In eukaryotic cells pattern-recognition receptors (PRRs), including Toll-like receptors 

(TLRs) and other cytoplasmic receptors trigger innate immune response and 

inflammation to overcome viral infection. [33] DsRNA may be recognized by TLR-3, 

which is mainly located at the cell surface and at the endosome, or by cytoplasmic 

receptors belonging to the retinoic acid inducible gene I (RIG-I) like receptors (RLRs) 

family, mainly  RIG-I and melanoma differentiation-associated protein-5 (MDA5).  [34] 

An initial in vitro observation that oligonucleotides containing inosine-uracil (I:U) 

base pairs (hallmarks of RNA editing events) suppress expression of interferon-

stimulated genes by binding to MDA5 or RIG-I, [35] suggested that ADAR1 and RNA 

editing may play a primary role in preventing sensing of endogenous dsRNA as “non-

self” by the innate immune system. In contrast, other researchers proposed that 

ADAR1-mediated suppression of innate immune response depends on its ability to 

bind dsRNA and physically contact RIG-I rather than on its catalytic activity. [36]  

In order to rescue the embryonic Adar1-/- lethal phenotype and gain further 

insights on the underlying molecular mechanisms, researchers generated a double 

mutant mouse for Adar1 and Ifnar1 (the common IFN-α and IFN-β receptor) or Stat1 

(a key mediator of systemic IFN responses). [37] In this way, the survival of Adar1-/-

/Ifnar1-/- or Adar1-/-/Stat1-/- embryos was extended by 2-4 days compared to Adar1-/- 

embryos, however the embryos did not make it to birth showing similar deficiencies to 

those observed in Adar1-/-. [37]  

These results suggested that type I IFN is not the sole cytokine responsible for 

the lethal phenotype of Adar1-/- mice. Thus, in order to  potentially achieve a rescue of 
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the  Adar1-/-  lethality researchers turned to blocking a more upstream mediator of the 

dsRNA-induced innate immune response. Mitochondrial Anti-Viral Signaling (MAVS) 

protein is an adaptor protein that resides at the mitochondrial membrane and, when 

activated, triggers in turn the activation of the transcription factors IRF3/IRF7 

(interferon responsive factors) and NF-kB (nuclear factor kappa b) to induce the 

transcription of type I IFNs and proinflammatory cytokines. MAVS is activated upon 

recognition of viral (“non-self”) dsRNA by either RIG-I or MDA5. [38–42] Of interest, 

Adar1-/-/Mavs-/- double mutant embryos survived up to birth, but only to die a day or 

maximum ten days later, [37] with the majority of the neonates dying within the first 

two days. [43] In the first study, histological analysis revealed apparently normal 

morphology of liver, heart and other organs, but blood analysis indicated persistently 

elevated IFN and IL-1 levels. [37] In the second study, severe defects in kidneys’ 

architecture, disturbed intestinal homeostasis, lack of organization in lymphoid follicles 

in both lymph nodes and spleen, and defects in B-cell maturation were present in 

double knockout mutant mice. [43] These findings suggested an MAVS-independent 

role of ADAR1 in hematopoiesis and an essential role of ADAR1 in multiple organs’ 

development and homeostasis. [37,43]  

The overall observations supported the notion that knocking out an upstream 

dsRNA sensor, RIG-I or MDA5, might confer greater protection to aberrant innate 

immune response in the absence of ADAR1. Surprisingly, in the same study, Adar1-/-

/Mda5-/- double KO mutants displayed a similar survival curve as the Adar1-/-/Mavs-/- 

mice and died postnatally within a week. [43] However, when Mda5-/- mice were 

crossed with Adar1E861A/E861A (editing deficient knock-in mutation),  

Adar1E861A/E861A/Mda5-/- mutants not only survived past weaning but also displayed no 

abnormalities, apart from slightly smaller size compared with littermate controls. [30] 
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These breakthrough findings provided the basis for MDA5 to be considered as the 

primary sensor of endogenous unedited dsRNAs. 

In parallel, a key question remained regarding which ADAR1 isoform 

contributes the most to the lethal phenotype. As previously mentioned, two isoforms 

give rise to two ADAR1 proteins with distinct molecular weights, ADAR1p150 (long 

isoform, 150kDa) and ADAR1p110 (short isoform, 110kDa). The long isoform is 

induced by an interferon-responsive promoter utilizing a translational start site in exon 

1A, while the shorter isoform is constitutively expressed using a promoter present in 

exon 1B or 1C and an alternative translational start site residing in exon 2. [15] 

In a first attempt to clarify this point, Ward et al. generated mice lacking the 

ADAR1p150 isoform by exclusively removing exon 1A, thereby preserving the 

ADAR1p110-specific exon 1B intact. Interestingly, these mice displayed the same 

phenotype observed in the double Adar1-knockout mice (embryonic death at E11-12) 

[27] suggesting that the interferon-induced ADAR1p150 isoform may account for the 

lethal phenotype. [44] Some concerns with respect to the applied genetic strategy 

were raised, questioning whether ADAR1p110 protein levels are affected in the 

ADAR1p150-/- mice, participating in the phenotype. [45] The answer to this issue came 

a few years later by Pestal et al. who used the same Adar1p150-/- strain and 

demonstrated that ADAR1p110 protein levels were unaffected in isolated mouse 

embryonic fibroblasts (MEFs). These results corroborated the crucial role of 

ADAR1p150 in the lethal phenotype.  

As a next step, researchers examined the effects of  Adar1p150-/-/Mavs-/- 

double knockout [43]. Of note, these mice survived to weaning with no apparent 

abnormalities, albeit smaller in size than their littermate controls, in line with the 

observations in Adar1E861A/E861A/Mda5-/- mice. [30] Detailed histological examination 
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suggested that the morphological deficiencies present in the kidneys of Adar-/-/Mavs-/- 

mice were no longer manifested in Adar1p150-/-/Mavs-/- mice. Moreover, A-to-I RNA 

editing analysis of an exemplary ADAR1-edited target (5-HT2C receptor) showed no 

decrease in RNA editing levels, indicating that the residual ADAR1p110 expression 

and editing activity in these mice were sufficient for the recovery of kidney 

development. [43] On the other hand, intestinal homeostasis and B-cell development 

were still compromised in Adar1p150-/-/Mavs-/- mice thereby attributing these specific 

roles to ADAR1p150. [43] In conclusion, these experiments suggested that the two 

ADAR1 isoforms have distinct roles with ADAR1p110 being integral for kidney 

patterning, while ADAR1p150 being the major isoform responsible for ADAR1-

knockout lethality (due to aberrant immune response), as well as intestinal 

homeostasis and B-cell development.  

Despite great advancements in the field and intensive research on ADAR1-

knockout lethality several questions remain unanswered (or partially answered) to 

date: 

1) What is the functional role of the ADAR1p110 isoform? An insightful recent study 

by Dr. Nishikura’s group suggests that ADAR1p110, which normally resides in the 

nucleus, under stress conditions gets phosphorylated and exported in the cytoplasm,  

orchestrating apoptosis of stressed cells in a Staufen1-dependent manner.  [46] 

2) Which cells contribute most to the lethal phenotype? Conditional inactivation-based 

strategies of ADAR1 in different cell types may provide further insights in this direction.  

3) Is ADAR1 essential for all cell types and, if so, is the ADAR1p150/MDA5/IFN axis 

conserved in every cell type? For example, there are findings pointing out the 

importance of ADAR1-RNA editing-independent function. [47]  
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4) Is MDA5 the primarily involved dsRNA sensor in every cell type or are other sensors 

involved depending on tissue or even disease context? Of note, Adar1-/-/RIG1-/- double 

mutant embryos were not recovered. [43]  

5) Which are the involved dsRNAs transmitting “danger” signals?  

Further studies are warranted to address these questions in future. 

 

 

 

Figure 5. Simplified schematic representation of the role of ADAR1-induced RNA 

editing in the suppression of innate (auto)immune response. (A) dsRNA is recognized by 

double strand RNA sensors (dsRNA sensors), namely MDA5 and RIG-I. Upon activation, both 

RIG-I and MDA5 receptors signal through MAVS adaptor, which in turn leads to the activation 

of NF-kB and IRF3/7 and subsequent upregulation of type I IFN and other proinflammatory 

genes thereby priming the innate immune response. (B) ADAR1 edits long dsRNAs located 

in the cytoplasm suppressing the downstream recognition by MDA5 or RIG-1. This event leads 

to overall suppression of innate immune response. 
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Table 1. Summary of Adar-knockout mouse phenotypes 

Genetic model Day of 
mortali

ty 

Phenotype Gene 
expression 
profiling 

Ref. 

Adar+/- (genetic deletion of 
exons 12-13 of the 
deaminase domain) 

E12.5-
14.5 

Severe defects in 
erythropoiesis with persistent 
presence of  
nucleated cells at E12.5 

  
  

[29] 

Adar-/- (genetic deletion of 
exons 12-15 of the 
deaminase domain) 

E11-12 Pale appearance of the embryo 
possibly due to hemorrhage or 
defects in erythropoiesis and 
widespread apoptosis 

Induction of 
interferon-
stimulated 
genes (ISGs) 

[28] 

Adar-/- [genetic deletion of 
exons 7-9 (part of dsRNA 
binding domain + 
deaminase) or exons 2-13 
(Z-DNA binding, dsRNA 
binding and part of 
deaminase domain)] 

E11.5-
12.5 

Pale appearance of the 
embryo, liver disintegration and 
hematopoietic cell apoptosis 

Induction of 
ISGs 

[27] 

Adarp150-/-  (genetic 
deletion of exon 1A) 

E11.5-
12 

Embryos show an abnormal 
morphology with disintegration 
of fetal lever and defects in 
erythropoiesis 

Induction of 
ISGs 

[43,44] 

Adar1E861A/E861A  

(knock-in inactivating 
mutation in the catalytic 
domain) 

E13.5 Embryos appear 
developmentally delayed with 
small liver and failure in 
erythropoiesis possibly due to 
the loss of erythroblasts  

Induction of 
ISGs 

[30] 

Adar-/- / Ifnar1-/-   E15.5 Fetal liver disintegration and 
defects in erythropoiesis 

  [37] 

Adar-/- / Mavs-/- and  
Adar-/- / Ifih1-/- 

P1-P5 Alteration of kidney 
architecture, intestinal lesions, 
lack of organization in lymphoid 
follicles and defects in B cells 
development 

ISGs 
expression is 
restored to wild 
type level 

[37,43] 

Adarp150-/- / Mavs-/-  - Double KO mice appear 
smaller than control littermates 
with alteration in intestinal 
homeostasis, lack of lymphoid 
follicle organization and defects 
in B-cell development 

ISGs 
expression is 
restored to wild 
type level 

[43] 

Adar1E861A/E861A  /  Ifih1-/- - Normal phenotype (slightly 
smaller size) 

ISGs 
expression is 
restored to wild 
type level 

[30] 
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Editing of the viral genome and functional consequences in human viral infections 

Except for its role in “marking” endogenous RNA as “self” and preventing the 

inappropriate activation of the innate immune system, ADAR1 has a central role in the 

defense against viral infections. [48] Apart from editing of the genome of dsRNA 

viruses, ADAR1 can also affect any virus that forms dsRNA in some phase of their 

replication. ADAR1 can exert its effects on viral replication either by editing the viral 

genome or by directly binding to the viral dsRNA, as well as by interacting with other 

interferon-induced components of the innate immune system such as Protein Kinase 

RNA-activated (PKR). [49] Of interest, ADAR1-mediated A-to-I editing can have either 

proviral or antiviral effects, depending on the substrate virus as well as on the levels 

of ADAR1 expression. [50]  (Table 2)  In the following section, I will address and briefly 

summarize the best-studied editing-mediated effects of ADAR1 on the replication and 

infectivity of human viruses, as well as their implications for human disease.  

The ability of ADAR1 to edit viral dsRNA was first described in Hepatitis Delta Virus 

(HDV). [51] The majority of editing events in the HDV-antigenome are detected at the 

“amber/W site” (adenosine 1012) localized in the mRNA of the HDV-antigen (HDAg), 

where a substitution of a stop codon by tryptophan leads to the formation of a larger 

isoform of the HDAg (HDAg-L). [52] HDAg-L promotes the packaging of the virus in 

particles and inhibits further viral RNA synthesis proposing a central role for RNA 

editing in viral life cycle. [53]  However, when overexpressed, both ADAR1 and ADAR2 

can inhibit viral replication and viability, underscoring the importance of tight regulation 

of RNA editing for HDV. [54] Normally, ADAR1p110 seems to be the main editor of 

the HDV-antigenome, indicating that HDV-editing mainly occurs in the host cell’s 

nucleus. [55] However, in the case of IFNα treatment, i.e. when dealing with co-

existing Hepatitis B infection, ADAR1p150 becomes the main editor of HDV 
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antigenome. [56,57] In accordance with its antiviral role during IFNα treatment of HDV 

infection, ADAR1p150 has been shown to inhibit HCV replication. In vitro silencing of 

ADAR1 led to substantial increase in HCV replicons, while IFNα treatment of Huh-7 

cells and subsequent upregulation of ADAR1p150-mediated A-to-I editing partially 

inhibited viral protein synthesis and replication. [58] Since pegylated IFNα confers a 

valuable therapeutic option in chronic hepatitis C, an editing-dependent ADAR1-

mediated mechanism of viral control may be of relevance in vivo.  

Another example of the pivotal role of ADAR1 in viral infection comes from studies on 

Human Immunodeficiency Virus (HIV), the majority of which propose a proviral role of 

ADAR1 in HIV protein synthesis, replication and infectivity. [59,60]  Phuphuakrat et al. 

first described that ADAR1 overexpression in HEK293T and COS-7 cells upregulated 

HIV-p24 gag protein expression through an editing-dependent mechanism. Of 

interest, ADAR1 overexpression induced site-specific editing of the env gene, which 

encodes the protein of the viral envelope. [61] Further in vitro and ex vivo experiments 

using immortalized cell lines (HEK293T, Jurkat T cells) or primary cells (peripheral 

blood mononuclear cells, CD4+ T cells) also proposed a role for ADAR1-mediated A-

to-I editing in the release of HIV viral particles and viral infectivity. [59] ADAR1 may 

also render T-cells susceptible to HIV infection, since stimulated CD4+ T cells [ex vivo 

stimulation of primary HC-derived CD4+ T cells  with phytohemagglutinin (PHA)], which 

are more prone to HIV infection compared to resting T-cells, overexpressed ADAR1. 

[61] On the other hand, Biswas et al. proposed that ADAR1-mediated editing has a 

negative effect on HIV protein synthesis and infectivity due to inefficient transportation 

of edited RNA from the nucleus to the cytoplasm and subsequent inhibition of viral 

protein synthesis. [62] Whether ADAR-mediated editing finally exerts a prominent pro- 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Phuphuakrat%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18753201
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or anti-viral effect on HIV or if editing-independent mechanisms such as PKR-inhibition 

are implicated in the control of HIV [63,64] remains to be elucidated in future studies.  

Furthermore, Measles Virus (MV) offers an excellent example of conditional 

manipulation of RNA editing in favor of viral replication and infectivity. While ADAR1-

mediated editing does not seem to affect acute MV infection [65], an important role for 

A-to-I RNA editing has long been suggested for measles viral infection complicated by 

subacute sclerosing panencephalitis (SSPE). In the first report, Baczko et al. isolated 

a defective M protein from the brain of four affected individuals that escaped 

recognition from the immune system, [66] which later on was found to include a large 

number of A-to-G hypermutations (suggestive of ADAR-mediated A-to-I editing). [67]   

Finally, ADAR1-mediated editing has been implicated in the regulation of the 

viral replication of various other viruses including influenza A, vesicular stomatitis 

virus, lymphocytic choriomeningitis virus, Epstein-Barr virus, human herpesvirus 8 and 

respiratory syncytial virus. (Table 2) Overall, a wealth of preclinical evidence (ex vivo, 

in vitro and in vivo) suggest a central role for ADAR1-mediated RNA editing in human 

viral infection. ADAR-induced “mutations” in the viral antigenome alter the structural 

proteins of the viruses affecting their ability to replicate and infect host cells, as well 

as to escape immune recognition. MicroRNAs that may activate or suppress the innate 

immune system comprise also targets of ADAR-mediated editing. [68] Whether A-to-I 

editing could be exogenously manipulated to serve as a therapeutic target in chronic 

viral infections remains to be examined in future studies.   
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Table 2. The role of ADAR1 and ADAR2 in viral infections 

Virus 
Main 

“editor” 
Model of 

study 
Editing 
sites 

Effect 
Treatment - ADAR 
overexpression/ 
silencing 

Key findings Ref. 

EBV ADAR1 

In vitro 
Lymphobla
stoid-
,Daudi 
Burkitt 
lymphoma- 
and 
nasopharyn
geal Ca 
cells, HeLa, 
HEK293T 
cells 

Pri-
miRNAs 

Antiviral 

 

A-to-I editing inhibited wild-type miR-
BART6-5p “loading” in the miRNA-
induced silencing complex. 
Editing of a mutated pri-miR-BART6 
in Burkitt/nasopharyngeal carcinoma 
cell lines inhibited its processing. 

 [68] 

 HCV 
ADAR1
p150 

In vitro 
Huh-7 cells 

Radio-
labeled 
AMP 

Antiviral 

IFNα treatment   
Increased A-to-I editing of 
radiolabeled AMP. 
Inhibition of HCV replicon synthesis. 

[58] siADAR1 5- to 41-fold increase of HCV 
replicons. 

siADAR2 Νo effect on HCV replicons. 

HDV ADAR1 

In vitro 
Huh-7, 

HEK293 
cells 

HDAg 
(A1012) 
(“Amber/
W” site) 

  
HDAg-L production  
Switch from replication to packaging 

 
[51,5
2,69] 
 
 

 ADAR1 

In vitro 
Huh-7, 

HEK293 
cells 

HDAg 
(A1012) 
(“Amber/
W” site) 

 

siADAR2 
No effect on editing of HDV-
antigenome. 

 
[55,7
0] 
 

siADAR1p150 
 

No effect on editing of HDV-
antigenome during replication. 

siADAR1 
Inhibition of HDV-antigenome 
editing. Reduced production of HDV 
virions. 

 
ADAR1/
ADAR2 

In vitro 
Huh-7 cells 

HDAg 
(A1012) 
(“Amber/
W” site) 

 

IFNα treatment 
(ADAR1p150)  

Increased editing of amber/W site. 
 
Increased HDAg-L production. 
 
Inhibition of HDV replication. 
 
ADAR1p150 is mainly responsible of 
IFNα-induced HDV RNA editing. 

 
[54,5
6,57] 

ADAR1 overexpression 

ADAR2 overexpression 

 HHV-8 ADAR1 

In vitro  
PEL, Rat-3 

cells 
 

K12 RNA 
Anti-  
neo 

plastic 

 Increased editing of K12 RNA at 
117990A during the switch from 
latent to lytic replication. 
Rat-3 cells transfected with edited 
K12 RNA showed decreased focus 
formation. 

[71] 
 

In vivo  
nude mice 

Nude mice injected with edited 
kaposin construct developed no 
tumors in contrast with 5/5 mice 
injected with the unedited construct  

HIV ADAR1 

In vitro  
COS-7, 

HEK293T 
cells 

Env Proviral 

ADAR1 overexpression 
Upregulation of p24 gag protein 
expression 

 
[61] 

Catalytically-inactive 
ADAR1 overexpression 

No effect on p24 gag protein 
expression 

siADAR1 
Downregulation of p24 gag protein 
expression. 

 ADAR1 

In vitro 
HEK293T, 
Jurkat-T 

cells   

5’ UTR, 
Rev, Tat 

Proviral
-Viral 

infectivit
y 

ADAR1 overexpression 

Significantly increased release of 
HIV virions. 
Increased viral infectivity in primary 
human CD4+ T cells.  

[59] 



25 
 

Ex vivo  
Primary 
CD4+ T 

cells 

Catalytically-inactive 
ADAR1 overexpression 

No effect on HIV virions’ release or 
viral infectivity. 

 ADAR2 

In vitro 
HEK293T, 
Jurkat T 

cells  

5’ UTR Proviral 

ADAR2  
Significantly increased release of 
HIV virions.  
No effect on viral infectivity. 

 
[72] 

Catalytically-inactive 
ADAR2 

No effect on HIV virions’ release or 
viral infectivity. 

siADAR2 Impaired HIV protein synthesis. 

 ADAR1 

Ex vivo 
PBMCs, 
primary  
CD4+ T 

cells 
na Proviral 

 
Decreased HIV protein synthesis 
and viral replication in AGS- 
compared to HC-derived PBMCs.   

[60] 

In vitro  
Jurkat T 

cells 
siADAR1 

Inhibition of viral protein synthesis 
and replication. 

 
ADAR1
p150 

In vitro 
HEK293T, 
Jurkat T, 

HeLa cells 
Ex vivo 
Primary 
CD4+ T 

cells 

Rev, env Antiviral 

IFNα treatment 
(ADAR1p150)/ADAR1 

Inhibition of HIV protein synthesis 
and viral infectivity. 
  

 
[62] 

catalytically-inactive 
ADAR1 overexpression 

No significant effect on viral protein 
synthesis or infectivity. 

 
ADAR1
p150 

Ex vivo 
Macro- 
phages 

Envelope 
gp120 V3 

Antiviral 

IFN-γ treatment 
Increased editing of the viral 
envelope RNA.  
Inhibition of HIV replication.  [73] 

siADAR1 Increased viral infectivity. 

siADAR2 No effect on viral infectivity. 

Influenza 
A 

ADAR1 
In vitro 

HEK293T, 
A549 cells 

Reporter 
plasmid 

Proviral 

ADAR1 overexpression 
NS1-ADAR1 interaction increases 
ADAR1-mediated editing and viral 
protein expression. 

[74] catalytically-inactive 
ADAR1 overexpression 

Decreased viral protein expression. 

siADAR1 
Decreased viral protein expression 
and viral production. 

 LCMV 
ADAR1
p150 

In vitro , in 
vivo 

L929 cells, 
C57BL6 

mice 

LCMV 
glyco-
protein 

Antiviral  

Editing of LCMV glycoprotein led to 
frequent production of non-functional 
glycoprotein, partially reducing 
LCMV infectivity. 

[75] 

MV-SSPE ? 

In vivo, 
YAC-
CD46xRAG
-/-mice 
expressing 
MV-
receptor  

M protein 
of MV 

Proviral   

Intracerebral transfection of 
engineered-MV viruses with 
hypermutated M protein (resembling 
A-to-I edited protein) caused an 
SSPE-like disease in mice. 

[76] 

Measles 
Virus 

ADAR1
p150 

In vitro 
Vero, HeLa 

cells 

Defective 
Interferin

g  (DI) 
RNAs 

Proviral  

Several MV DIs had a large number 
of A-to-G hypermutations, 
suggestive of ADAR1-mediated A-
to-I editing.  

[77] 
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1.4 A-to-I RNA editing in chronic inflammatory diseases 
 

1.4.1 ADAR1-induced RNA editing in cancer 

Editing of coding transcripts in solid tumors 

In an elegant study, Chen et al. reported that the constitutively expressed nuclear 

ADAR1 isoform, ADAR1p110, edits antizyme inhibitor 1 (AZIN1) pre-mRNA shifting 

the cells towards a more tumorigenic phenotype, as studied in human hepatocellular 

carcinoma (HCC) specimens and in a tumor animal model. [78] In specific, the authors 

provide mechanistic insights supporting that a single recoding event (S367G) in the 

AZIN1 transcript induces a conformational change that leads to enhanced AZIN1-

antizyme direct interaction and thereby increases the levels of two key regulators of 

the cell cycle, ornithine decarboxylase (ODC) and cyclin D1 (CCND1), augmenting in 

this way the tumor cell proliferation. [78] Compelling clinical evidence derived from  94 

patients with HCC demonstrated increased RNA editing levels of AZIN1 mRNA in 

correlation with increased ADAR1 expression levels. [78] Another oncogenic target, 

filamin B (FLNB), is edited by both ADAR1 and ADAR2, promoting uncontrolled 

cancer cell proliferation in vitro. [79] Future studies may elucidate the functional role 

of filamin B in tumor pathogenesis in vivo. 

Glioma associated oncogene 1 (GLI1) also holds a key role in cell proliferation 

during tumorigenesis and in embryonic patterning through Hedgehog signaling. 

[80,81] Of note, the nucleotide 2179 constitutes a highly edited site in GLI1 mRNA that 

results in an amino acid substitution (R→G) and changes the GLI-transcription 

efficiency, thereby reducing GLI-dependent cellular proliferation. [81] Additionally, it 

has been reported that ADAR1-mediated RNA editing regulates GLI1-dependent 

Dyrk1a-mediated phosphorylation, resulting in decreased transcription and reduced 

medulloblastoma cell growth. [81] Another study has shown that ADAR1p110-induced 
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RNA editing of Gabra3 results in the suppression of breast cancer migration, invasion, 

and metastasis due to the lack of active AKT-signaling. [82] Moreover, bladder cancer-

associated protein (BLCAP), which is highly conserved among species, is subjected 

to RNA editing by both ADAR1 and ADAR2 in the highly conserved amino terminus, 

leading to amino acid changes and thus resulting in alternative protein isoforms. [83]  

BLCAP RNA editing levels have been reported to be decreased in astrocytomas, 

colorectal and bladder cancer. [83]  

 

Editing of non-coding RNAs (miRNAs, lncRNAs) 

 It has been previously proposed that loss of ADAR1 promotes tumor growth in 

metastatic melanoma. [84] A few years later, Shoshan et al. documented that ADAR1 

expression and function are impaired in metastatic melanoma by direct binding of the 

transcriptional factor CREB. [85]  More importantly, the authors showed that ADAR1 

edits miR-455-5p with functional consequences in an experimental model of 

melanoma growth and metastasis in mice. Specifically, the study suggested two 

distinct underlying mechanisms suggesting that ADAR1-dependent RNA editing of pri-

miR-455 may result in: a) differential binding of Drosha thereby inhibiting its maturation 

process, and/or in b) altered miRNA targetome (re-targeting) since edited miR-455-5p 

recognizes a different set of transcripts than the unedited miR-455-5p, which targets 

the tumor suppressor CPEB1 and thereby promotes melanoma metastasis. [85] Thus, 

ADAR1-RNA editing promotes CPEB1 expression by inhibiting miR-455-5p targeting 

of the CPEB1 transcript, resulting in the suppression of melanoma growth and 

metastasis. [85] Further studies are warranted to provide evidence whether this 

mechanism is conserved in humans and may be of clinical prognostic value. Given the 

central role of IFN in the treatment of melanoma, [86] which in turn is expected to lead 
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to increased ADAR1 expression, future studies are warranted to examine the 

prognostic role of the IFN/ ADAR1/ CPEB1 axis in metastatic melanoma.  

Salameh and colleagues showed that the intronic long non-coding RNA 

Prostate Cancer Antigen 3 (lncPCA3), a promising biomarker for prostate cancer, 

binds to the pre-mRNA of Prune homolog 2 (PRUNE2) forming in this way a double-

stranded RNA structure, which is edited by ADAR1. [87] A-to-I RNA editing of the 

PCA3:PRUNE2 duplex results in the decreased expression of both RNAs, lncPCA3 

and PRUNE2 mRNA. [87] In accordance with the prior documented PRUNE2 function 

as a tumor suppressor, the authors reported that this ADAR1-induced RNA editing-

dependent mechanism augments malignant cell growth of prostate cancer cells. [87]  

Another long-non coding RNA, NEAT1, which is essential for the paraspeckle 

nuclear body formation, [88,89] has been documented to hold a key role in 

tumorigenesis and chemosensitivity mainly by directly interacting with p53. [90–92] 

Interestingly, it has been previously reported that NEAT1 directly interacts with p54nrb 

and actively participates in an ADAR1-RNA editing-dependent nuclear retention of the 

edited form of Lin28 mRNA, which is preferentially fished out by p54nrb, [93] confirming 

the initial observations of another group. [94] Xist (encoding X-inactive specific 

transcript) and Malat1 (encoding metastasis-associated lung adenocarcinoma 

transcript 1) are two additional lncRNAs with a well-established link with 

tumorigenesis. [95,96] Nevertheless, whether direct RNA editing of these lncRNAs 

alters their molecular repertoire with functional consequences in tumor biology 

remains elusive. 

Collectively, these findings underline the necessity of a balanced ADAR1-

induced RNA editing during cancer progression. More importantly, these studies 

implied that ADAR1 targeting may offer a valuable option in various types of cancer. 
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Indeed, recent preclinical studies showed promising results from ADAR1-deletion in 

various cancer cells in vitro or in vivo. On one hand, cancer cells characterized by 

chronic tumor-derived IFN pathway activation were shown to be “primed” to respond 

to dsRNA accumulation, rendering them susceptible to ADAR1-deletion [97], while on 

the other hand ADAR1-knockout was shown to sensitize tumors to immune checkpoint 

blockade, probably through activation of MDA5 and PKR. [98] Future studies are 

warranted to transfer these findings from bench to bedside taking advantage of the 

multifaceted role of ADAR1 that underlies its great potential as a therapeutic target, 

while applying a targeted approach to avoid the detrimental effects of a global ADAR1 

deletion.  

 

 

1.4.2 ADAR1-induced RNA editing in cardiovascular disease 

In 2020, cardiovascular disease (CVD) remains the primary cause of mortality in the 

world with the Global Burden of Disease study reporting that 1 out of 3 deaths 

worldwide are attributed to CVD, which is double than cancer-related mortality. [99] 

However, only recently RNA editing has been clearly linked to the pathogenesis of this 

important disease. [100]  

 

Endothelial cells 

In specific, our research group has recently described a previously 

unrecognized mechanism regarding ADAR1-induced clustered RNA editing within the 

3’UTR of cathepsin S (CTSS) mRNA, a proinflammatory gene with a well-established 

role among others in vascular function [101] and atherosclerosis, [102] the main cause 

of CVD. The observed clusters of RNA editing lie within the 3’UTR of CTSS and 
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specifically within two inverted Alu repeats [100] which form double stranded RNA 

(dsRNA) regions, a prerequisite for A-to-I RNA editing. [8,103,104] RNA editing of the 

Alu dsRNAs within the CTSS 3’UTR induces bulges enabling Human Antigen R (HuR), 

a known single-strand RNA-binding protein, to bind and confer stability on the bound 

mRNAs. In this way, CTSS expression is increased at both the mRNA and protein 

level with functional consequences for the vascular endothelial cells. Of note, hypoxia 

and inflammation (TNFα, IFN-γ) were shown to increase ADAR1-induced RNA editing 

of CTSS. Due to primate-specificity of Alu elements precluding the use of an animal 

model, our group investigated the clinical implications of this mechanism directly in 

human tissues from >300 human subjects, reflecting various stages of CVD. We 

revealed that ADAR1-induced RNA editing of CTSS is a novel regulatory mechanism 

driving CTSS expression in all stages of CVD, including subclinical atherosclerosis, 

coronary artery disease, aortic thoracic aneurysms and advanced carotid 

atherosclerotic disease. Based on additional observations that a) HuR-binding motifs 

are enriched within the 3’UTRs of edited transcripts in close proximity to RNA editing 

sites and b) the expression of those transcripts is regulated by ADAR1, this 

mechanism may be of relevance for the expression of multiple targets, which remain 

to be identified and studied with regards to their functional role in cardiovascular or 

other chronic inflammatory diseases.  

 

Vascular smooth muscle cells 

A few more studies have reported interesting findings on the potential role of 

ADAR1 and A-to-I RNA editing in the pathogenesis of CVD. Smooth muscle cells show 

plasticity and in response to proatherogenic stimuli switch from a contractile to a 

proliferative phenotype promoting atherosclerotic plaque formation. On the other 
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hand, their presence within advanced atherosclerotic plaques may prevent the rupture 

of the fibrous cap and its tremendous consequences (reviewed in [105]). Interestingly, 

ADAR1-induced RNA editing may partially regulate phenotypic switch of smooth 

muscle cells, [106] but not the contractile SMCs. Specifically, the authors suggested 

that during platelet-derived growth factor (PDGF)-BB-induced phenotypic switch, pre-

mRNAs of smooth muscle cell markers including myosin heavy chain (MYH11) and 

smooth muscle α-actin (ACTA2), undergo intronic RNA editing and are accumulated. 

Simultaneously, they observed that the mature mRNA and protein levels of these 

markers are decreased, potentially due to alternative splicing, leading thus to 

maintenance of SMC phenotypic switch, [106] given the downregulation of these 

genes is a hallmark of this process (reviewed in [107]). However, additional in vitro 

and in vivo studies clarifying the underlying mechanism (e.g. the presence of 

alternative spliced variants) are warranted to consolidate these interesting findings and 

define the role of ADAR1-induced RNA editing in smooth muscle cell biology, which 

could be causatively involved in CVD. 

 

RNA editing-controlled changes in miRNA binding 

RhoA and cell division control protein 42 homolog (Cdc42) are both members of the 

ubiquitously expressed Rho family. [108] Rho GTPase activating protein 26 

(ARHGAP26) regulates the activity of RhoA by converting the active GTP-bound RhoA 

to the inactive GDP bound form. [109]  Thus, it contributes to various Rho-related 

pathologies, such as CVD. [110] Of note, Wang et al. demonstrated that the 3’ UTR of 

ARHGAP26 is extensively edited by ADAR1 disrupting the miR-30b-3p and miR-573 

binding sites onto the transcript and thus upregulating its expression and boosting the 

negative regulatory effect of ARHGAP26 on RhoA, as well as on its other target Cdc42, 
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a regulator of the cell cycle. [109,111] As a result, the absence of ADAR1-induced A-

to-I RNA editing results in higher RhoA-GTP activity. [109]  

Following a similar mechanistic approach, Nakano et al. reported that ADAR1 

edits the 3’UTR of human aryl hydrocarbon receptor (AhR) mRNA [112]. The edited 

form of AhR harbors a recognition motif for miR-378 leading to increased miR-378-

binding to AhR mRNA and ultimately in downregulation of AhR mRNA and protein 

levels. [112] Strikingly, AhR is causatively involved in atherosclerosis, since its 

activation has been shown to induce vascular inflammation and to promote 

atherosclerosis in Apoe-/- mice. [113] The findings of these studies lead us to 

hypothesize that ADAR1-AhR and/or ADAR1-ARHGAP26 axis could represent 

additional mechanisms through which ADAR1-induced RNA editing may be involved 

in the pathogenesis of atherosclerosis.  

Taken together, these studies underline the multifaceted role of RNA editing as 

an additional regulatory layer in CVD. Identification of specific targets (e.g. cathepsin 

S, ARHGAP26, AhR) and editing sites along with recent technological advances (e.g. 

site-directed CRISPR/Cas9 genome editing or CRISPR/Cas13 transcript editing) may 

provide unique and targeted therapeutic opportunities in the era of precision medicine. 

 

1.4.3 ADAR1-induced RNA editing affects DNA repair: implications for aging-

related pathologies 

Reactive oxygen species (ROS) comprise a major source of excessive oxidative 

stress, which is reflected by DNA damage accumulation and eventually cellular 

dysfunction (senescence) [114]. Among the consequences of ROS production is 

increased vascular tone, vascular permeability and in general, vascular endothelial 
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dysfunction, which constitute therapeutic targets for CVD (reviewed in [115]), cancer 

[116,117], systemic autoimmune diseases [118], and aging-related disorders. [119]  

Nei-like enzymes NEIL1-3 serve as DNA repair enzymes by excising oxidized base 

lesions (base excision repair mechanism of DNA), which are generated in excessive 

amounts in response to endogenous metabolic activities and oxidative stress. [120] 

Interestingly, ADAR1 was found to functionally regulate DNA repair by editing NEIL1 

pre-mRNA. [121,122] In specific, ADAR1-induced RNA editing causes an amino acid 

switch (K242R) harbored into the lesion recognition loop of the enzyme. The authors 

suggested that this recoding event renders the edited version of NEIL1 more efficient 

in removing a particular oxidized base lesion, namely guanidinohydantoin (Gh), while 

the unedited form preferentially removes thymine glycol (Tg) oxidized base lesions 

[122]. Nevertheless, it is still unclear how exactly RNA editing facilitates the altered 

properties of the enzyme and therefore further molecular and structural studies would 

deepen the understanding of this important mechanism.  

Given that both forms of the enzyme, bearing distinct properties, are present in 

the cells, [122] RNA editing can be considered as an endogenous on-off switch on 

NEIL1 which can be rapidly accessed in response to cell stimuli and thereby modulate 

DNA repair. Interestingly, Yeo et al reported that NEIL1 RNA editing is significantly 

induced after IFN-α treatment of human glioblastoma cells due to the upregulation of 

the IFN-inducible isoform ADAR1p150. [16,122] Along with a recent observation that 

ADAR1 levels are upregulated by H2O2 in neonatal cardiac myocytes, [123] it would 

be tempting to hypothesize an imperative role for ADAR1 in oxidative stress cascade 

and aging-related disorders.  

Furthermore, in an elegant report, Dr. Nishikura’s group showed that silencing 

of ADAR1 downregulated two central molecules in DNA double strand break repair 
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(DSB/R)- the most significant DNA repair mechanism for cell viability, namely ATM 

and RAD51, promoting apoptosis [46]. Similarly, in a recent report ADAR1 was shown 

to control the stability of multiple DDR components and knock-down of ADAR1 led to 

increased apoptosis of breast cancer cells in vitro. [124] The interplay between RNA 

editing and DNA damage response in the context of chronic inflammatory and 

autoimmune diseases, given the bi-directional relationship of both mechanisms with 

the innate immune response, warrants further investigation.  
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1.5 A-to-I RNA editing and systemic autoimmune diseases: what is known to 

date? 

Systemic autoimmune diseases are classically characterized by auto-antibody 

production (adaptive immune response) against self-antigens (autoantigens) leading 

to tissue damage. However, in the past decades innate immune response has gained 

significant attention as part of systemic autoimmune disease pathogenesis. [125] 

Recognition of nucleic acids by innate immune receptors (TLRs and non-TLRs) 

leading to innate immune response (type I IFN and NF-kB pathway activation) has 

been shown to be implicated in the initiation and perpetuation of the systemic 

autoimmune diseases. [125,126] Specifically, type I IFN pathway activation has been 

implicated in the pathogenesis of various autoimmune diseases including Systemic 

Lupus Erythematosus (SLE), the prototypical autoimmune disease [127], Systemic 

Sclerosis[128] and Sjogren’s Syndrome, [129] while recently it has been recognized 

as a key pathophysiological aspect of early RA [130]. Of note, a monoclonal antibody 

directed against the common type I IFN receptor  (IFNAR) recently showed clinical 

efficacy in a phase III trial in patients with active SLE. [131] 

The pivotal role of ADAR1 in prevention of an aberrant innate immune response 

(as shown in the multiple mouse models presented in earlier chapters) together with 

its induction by inflammatory cytokines such as TNFα or IFN-γ, [100,132] which are 

augmented during systemic autoimmune and other inflammatory diseases, designate 

ADAR1-induced RNA editing as a worth-exploring factor in the pathogenesis of 

autoimmune diseases.   
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ADAR1 and type I interferonopathies 

The potential role of ADAR1 in the pathogenesis of systemic autoimmune diseases 

was first derived from Aicardi-Goutières syndrome (AGS), a rare genetic type I 

interferonopathy, usually manifested as an early-onset encephalopathy, occurring due 

to different genetic causes all of which lead to aberrant type I IFN expression. [133–

135]  In accordance with the role of ADAR1 as a suppressor of type I IFN-signaling, 

Yanick Crow’s group first reported a census of mutations in Adar1 genetic locus in 

patients with AGS, the majority of which resulted in amino-acid substitutions within the 

catalytic (deaminase)  domain of the enzyme. [136] A few years later, the same group 

showed that gain-of-function mutations in IFIH1 (MDA5) gene locus result in an 

induction of type I IFN signaling, [137] in line with the suggested role of 

ADAR1/MDA5/IFN axis in innate immune response. AGS-causing mutations were 

mapped to the ADAR1 deaminase domain enabling the modelling of how exactly these 

mutations interfere with the interaction of ADAR1 with the RNA substrates [138] 

consolidating further the functional consequences of these mutations in AGS. 

Bilateral striatal necrosis (BSN), another pediatric “interferonopathy” which may 

co-exist with AGS, [139] is clinically characterized by dystonic movement and has also 

been recently associated with Adar1 mutations. [140] Strikingly, BSN patients with an 

Adar1 mutation exhibit a prominent type I IFN signature in contrast with those patients 

who had no mutation present in Adar1 locus. [140] Interestingly, a case of unexplained 

spastic paraplegia was also attributed to the presence of Adar1 mutation. [141]  
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Table 3. Mutations in ADAR1 and associated disorders (selected publications) 

Disease 
Main 
editor 

Population 
(patients) 

Effect 
Refer
ence 

Type I 
Interferonopathies 

    

Aicardi-Goutières 
Syndrome (AGS) 

ADAR1 12 

7/8 mutations located in ADAR1 
deaminase domain.  
Increased IFN-induced gene 
expression probably due to 
defective ADAR1-mediated RNA 
editing. 

[136] 

Bilateral Striatal Necrosis 
(BSN) 

ADAR1 13 

Increased IFN-induced gene 
expression in 7/7 assayed BSN 
patients with ADAR1 mutations 
compared with 0/4 BSN patients 
with normal ADAR1 sequence. 

[140] 

AGS+BSN ADAR1 2  
Co-existence of BSN and AGS in 
patients with ADAR1 mutations. 

[139] 

Spastic paraplegia ADAR1 5  

Mutations in ADAR1 (1), IFIH1(1), 
RNASEH2B(3). Same ADAR1 
mutation had previously been 
reported in patients with AGS, 
BSN or DSH. ADAR1/IFIH1 
mutations were associated with 
significantly elevated type I IFN-
induced gene expression, while 
RNASEH2B not. 

[141] 

Dyschromatosis 
symmetrica heredtaria 
(DSH) 

ADAR1 55  
7 ADAR1 mutations detected 
among familial and sporadic DSH 
cases. 

[142] 

 

 

Implications in type I IFN-mediated systemic autoimmune diseases 

Elevated levels of ADAR1 and particularly of ADAR1p150 isoform have been 

previously reported in peripheral blood mononuclear cells (PBMCs), T lymphocytes 

and Natural Killer (NK) cells isolated from patients with SLE. [143–146] 

Laxminarayana et al. described increased ADAR1 expression in lupus T lymphocytes, 

[144] as well as altered RNA editing of ADAR2 mRNA [147] more than 10 years ago, 

however until recently no further studies on the involvement of RNA editing in systemic 

autoimmune diseases were published. 
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Alu editing  

In 2018, Roth et al. performed a transcriptome-wide analysis of RNA editing events 

located in Alu elements (Alu editing index-AEI) in patients with SLE. In their study the 

researchers showed increased expression of ADAR1 in whole blood samples 

(PAXgene tubes) derived from SLE patients compared to controls and specifically in 

those patients where an increased type I IFN signature was present. Further, 

increased Alu RNA editing rate (AEI) was detected in patients with a high type I 

interferon signature, but also in those with low (comparable to controls) type I IFN 

induced gene expression, although to a lower extent. [148] Surprisingly, the same 

research group found a decrease in Alu RNA editing rate in keratinocytes derived from 

psoriasis patients compared to controls, [149] despite significantly increased ADAR1 

expression in association with increased expression of proinflammatory cytokines in 

the same cells. 

These discrepancies between SLE whole blood samples and psoriatic keratinocytes, 

both characterized by an inflammatory environment, may be attributed to various 

factors, including: 

i) the tissue- and cell-specificity of A-to-I RNA editing [150] 

ii) the tissue/cell-specific presence of additional factors that may interfere with the 

ability of ADARs to edit dsRNA [151] 

iii) the possibility that the Alu editing index may reflect not only ADAR1, but also 

ADAR2 editing activity, as described by Eisenberg, Levanon and colleagues recently. 

[152] 

Indeed, another research group recently showed that the RNA binding protein Ro60 

can directly interfere with ADAR1’s editing activity and thus hypothesized that the 

presence of auto-antibodies against Ro60 (often seen in patients with SLE or primary 
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Sjogren’s syndrome) may be partially responsible for the increased RNA editing levels 

observed in the blood of SLE patients. [151] 

 

A-to-I RNA editing as a source of autoantibodies 

As already described earlier the vast majority of A-to-I RNA editing takes place in non-

coding regions and specifically in Alu elements, while only a very small proportion are 

located in coding sequences. However, the presence or absence of a single RNA 

editing event in a coding region can have detrimental effects as suggested by the 

100% lethality of ADAR2 (Adarb1)-knockout mice, which is rescued by reconstitution 

of the edited form of the glutamate receptor. [153] Of interest, in their study Roth and 

colleagues showed that increased RNA editing is also observed in the transcribed 

region of multiple mRNA molecules (recoding events) in SLE patient samples, 

potentially leading to the production of novel proteins falsely recognized by the 

immune system as auto-antigens and thus ultimately to auto-antibody production . 

[148] The same notion has been shown in cancer, where RNA editing has been 

suggested to produce neo-epitopes leading to activation of CD8+ T cells specific for 

the edited peptides. [154] 

 

In conclusion, RNA editing being itself induced by inflammatory mediators may serve 

as “oil on fire” leading to stabilization of proinflammatory molecules as well as 

generation of neo-antigens and auto-antibody production, or in other cases as a 

“break” of the immune response. This complex, multifaceted contribution of RNA 

editing in the chronic, auto-inflammatory response led us to conduct the current study. 
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2. Rheumatoid Arthritis 
 

Introduction 

Rheumatoid Arthritis (RA) is a chronic inflammatory disorder which affects 

approximately 1% of the population. [1] It primarily affects small and medium-sized 

joints in a symmetrical pattern, but also has various extra-articular features including 

lung involvement, rheumatoid nodules, vasculitis, as well as increased co-morbidities, 

such as cardiovascular disease due to accelerated atherosclerosis. [1,155] Despite 

significant therapeutic advances with the introduction of biological treatments and new 

therapeutic approaches (treat-to-target) in the past decades, remission rates in RA 

remain unsatisfactorily low even under treatment with biologic disease-modifying anti-

rheumatic drugs (bDMARDs). [2] Moreover, even when patients achieve drug-free 

remission, approximately half relapse within the next 6 months. [3] Therefore, there is 

an emerging need for identification of the underlying disease mechanisms that may 

help both the development of novel prognostic biomarkers that will predict response 

to current therapies and the discovery of novel therapeutic targets.  
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2.1 Epidemiology and risk factors 
 

RA affects approximately 0.5-1% of the European population, showing a gradual 

increase in prevalence from southern European countries (3.3 cases per 1000 

population) to northern European countries (5.0 cases per 1000 population). [156] RA 

primarily affects women (3:1 women/men ratio) and peak incidence is observed in men 

aged over 70 years and in women between 50 and 60 years of age. [157] In a recent 

analysis of the Greek country-wide prescription electronic database covering 

10.223.000 Greek citizens by Sfikakis et al., among the 9,824 RA patients identified 

to be currently under biological treatment, the mean age was 61 years and a 4:1 

women to men ratio was observed. [158] 

RA is a complex disease with both genetic and environmental risk factors 

contributing to disease development and progression. Twin studies support a strong 

genetic component estimating the heritability of RA (phenotypic variation attributable 

to genetic variation in a certain population) at approximately 60% [159], especially for 

anti-CCP positive patients. The strongest genetic risk factor is HLA-DRB1 (especially 

HLA-DRB1*01 and HLA-DRB1*04), which may account for approximately 30% of the 

total genetic risk of RA. [160] Many more genetic risk factors including PTPN22, [161] 

IL6ST[162] and IRF5 [162] polymorphisms have been identified. Some of these 

genetic predisposing factors are shared among seropositive and seronegative 

patients, while others are specific for only a subgroup.  [155] More importantly, many 

of the genetic predisposing factors also predict a more severe disease course [155], 

or may affect response to currently available treatments. [160] Given the wide 

availability and decreasing cost of NGS (next generation sequencing) a better 

understanding of these polymorphisms and their effect on disease course or therapy 
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response could translate them into useful tools for risk stratification of patients with 

early arthritis.  

On the other hand, environmental risk factors seem to also be integral in RA 

development with smoking being the most important contributing risk factor. Smoking 

is not only associated with increased risk of disease development (>2 times higher risk 

for ≥20 pack-year smoking history among men, reaching up to 4-fold increased risk 

for seropositive disease in current smokers [163]), but is also an adverse prognostic 

factor among RA patients being associated with worse clinical response to current 

therapeutic modalities, such as anti-TNF. [164] Multiple more environmental risk 

factors, such as periodontal disease, have been associated with increased disease 

risk potentially through development of citrullinated peptides that may ultimately lead 

to the production of tissue-damaging anti-CCP antibodies.  [165,166] 

Recently, epigenetic modifications such as DNA methylation, histone 

(de)acetylation and local chromatin (de)condensation have gained significant attention 

as part of the pathogenesis of RA and other systemic autoimmune diseases, acting in 

parallel or interacting with genetic and environmental risk factors (a nice review on RA 

epigenetics can be found in [167,168] ).  
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2.2 RA pathogenesis 
 

RA is a chronic disorder characterised by both systemic and localised (synovial) 

inflammatory response. [155] The primary lesion in RA is synovitis whereby infiltrating 

immune cells and hyperplastic synovial cells form a tissue called “pannus” and invade 

the normally nearly acellular synovium leading to cartilage destruction and later on to 

bone erosions. [169] 

Autoantibodies 

The presence of autoantibodies against an autoantigen is the cardinal feature of 

autoimmune disease. The first  autoantibody detected among RA patients was the 

rheumatoid factor (RF), which is mostly present in the IgM form, and targets the Fc 

part of IgG antibodies. However, RF is quite common among patients with other 

systemic autoimmune diseases and in approximately 10% of the “healthy” elderly 

population, therefore limiting its value in disease diagnosis. [170] 

Anti-cyclic citrullinated peptide (anti-CCP) auto-antibodies are also frequently found 

among patients with RA (60-70%) and have been associated with adverse disease 

prognosis. [171] Anti-CCP antibodies have a high specificity for RA (>95%) and can 

therefore help in differential diagnosis. 

Systemic inflammation- Leukocytes 

RA is characterised by both aberrant innate and adaptive immune responses. The role 

of T lymphocytes, the main components of the cell-mediated adaptive immune 

response, has been extensively studied in RA. A first hint that CD4+ T-cells may be 

central in RA pathogenesis is derived from the strong association of HLA-DRB1 with 

disease development.    
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Currently, an antibody against CTLA4 (cytotoxic T-lymphocyte-associated protein 4) 

is among the biological therapies available for RA.  B lymphocytes, mediating 

humoral adaptive immune response, are also integral components in RA pathogenesis 

being responsible for the production of auto-antibodies. [172] Anti-B-cell therapies 

(anti-CD20) are also currently among the therapeutic options in RA. [173] 

 Moreover, innate immune cells have also gained significant attention in the 

pathogenesis of RA. Neutrophils are central in the pathogenesis of RA through the 

release of cytotoxic and immunoregulatory molecules and have been shown to be 

critical in mouse models of RA, for  initiation and progression of disease. [174] 

Moreover, through the excretion of extracellular traps (NETs) they may contribute to 

anti-CCP formation, [174] while a role as major source of type I IFN in early RA has 

also been suggested. [175]  

Synovial inflammation 

Synovium is the “target tissue” in RA. Normally the synovial membrane consists of a 

1-3 cell-thick layer that produces nutrients and lubrication indispensable for the normal 

function of the joints. [176–178] However, in RA the synovium becomes hyperplastic, 

fibroblast-like synoviocytes proliferate and cluster in an invading tissue called 

“pannus”, [169]  while white blood cells also infiltrate the synovium produce 

inflammatory mediators (TNF, IL-1, IL-6) and matrix degrading enzymes (matrix 

metalloproteinases, cathepsins) further aggravating synovial inflammation. Chronic 

synovial inflammation leads to cartilage degradation and, later on, to bone erosions.  

Recently, researchers identified 3 major histological types of synovitis:  

i) lympho-myeloid (B cells in addition to myeloid cells);  

ii) diffuse-myeloid (myeloid lineage predominance, poor in B cells) and  
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iii) pauci-immune characterised by very few immune cells and prevalence of stromal 

cells.  

Of note, the pauci-immune type was linked to lower disease activity and slower 

radiographic progression after 6 months in a recent large study. [179]  

 Moreover, with the recent development of single-cell RNA sequencing 

researchers were able to delineate the cellular landscape of the arthritic synovium and 

attribute the source of central inflammatory mediators, like IL-6, to specific cell sub-

populations. [180] Moreover, the researchers identified multiple subsets of synovial 

fibroblasts with contradicting roles in synovial inflammatory response. [181] Whether 

therapeutic targeting of specific cell-subpopulations that mediate joint destruction will 

be achieved with modern technologies like liposomal nanocarriers remains to be 

elucidated in the near future.  

Of interest, a recent pioneering study showed that proarthritogenic fibroblasts 

enter the circulation and “metastasize” arthritis to distant joints [182]. These fibroblasts 

increased in number before disease flares and decreased during the flare suggesting 

that they were recruited to the joint [182]. These findings validate previous work in 

mouse arthritis models [183–185] and open a new era, where mesenchymal cells may 

be considered the “drivers” of RA pathogenesis not only locally at the joints but also in 

the systemic circulation.  
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Figure 6 

 

Figure 6. Normal and inflamed joint. A. Normally the synovial membrane consists of a 1-3 

cell-thick layer that produces nutrients and lubrication indispensable for the normal function of 

the joints. B. In RA the synovium becomes hyperplastic, fibroblast-like synoviocytes proliferate 

and cluster in an invading tissue called “pannus”, while white blood cells also infiltrate the 

synovium and start producing inflammatory mediators (TNF, IL-1, IL-6) and matrix degrading 

enzymes (matrix metalloproteinases, cathepsins) further aggravating synovial inflammation. 

Chronic synovial inflammation leads to cartilage degradation and, later on, to bone erosions. 

Certain items on this figure have been adapted from Servier Medical Art by Servier 

(https://smart.servier.com – licensed under Creative Commons Attribution 3.0 Unported 

License) 
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2.3 Proinflammatory gene expression in RA 
 

Rheumatoid arthritis is characterized by chronic activation of immune cells and 

production of proinflammatory cytokines. Until recently, most studies on the regulation 

of proinflammatory gene expression in RA focused on the role of TNF and NF-kB-

mediated transcriptional regulation of proinflammatory genes. Recently, an increasing 

number of studies suggest that type I interferons, the “antiviral” component of innate 

immune response classically associated with SLE, Sjogren’s syndrome and Systemic 

Sclerosis [128,129], may also be an integral part of RA pathogenesis.  

 Type I IFN-induced gene expression, the so called “interferon signature”, is 

detected in the blood of approximately 30-40% of patients with early RA [130,175] and 

polymorphonuclear cells seem to be the main contributors. [175] A high type I IFN-

induced gene expression among patients with early arthritis has also been suggested 

to predict progression to RA. [186] Moreover, low type I IFN score pre-treatment has 

been associated with better response to B-cell depletion therapy in patients with RA,  

[187] while IFNβ/α ratio has had contradicting value for the prediction of anti-TNF 

response. [188,189] 

 Moreover, epigenetic alterations have recently gained significant attention as 

regulators of gene expression in various cell types in RA. A recent genome-wide 

methylation analysis in peripheral blood mononuclear cells  (PBMCs) of RA patients 

revealed 1,046 DNA methylation positions associated with RA. [190] Of interest, when 

DNA methylation data were associated with gene expression, an interferon-inducible 

gene interaction network involving MX1, IFI44L (which are classically measured as 

part of the type I interferon signature) was associated with RA, further supporting the 

potential involvement of type I IFNs in RA pathogenesis. [190] Another recent study 
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showed that site-specific DNA methylation may regulate gene expression in T and B-

cells from RA patients, including the IL6ST subunit of IL6-receptor,[191] a pathway 

with multiple clinical implications in RA and other systemic autoimmune diseases.  

Histone (de)acetylation and its effect on chromatin organization has also been 

extensively studied in RA. Ex vivo anti-TNF treatment of T-cells from RA patients has 

been shown to alter histone acetylation, thus, potentially affecting chromatin 

organization. [192] Accordingly, treatment of fibroblast-like synoviocytes or PBMCs 

derived from RA patients by histone deacetylase inhibitors ex vivo led to significant 

downregulation of IL-6 production, [193–195] while such drugs ameliorate collagen-

induced arthritis. [196] More importantly, Givinostat, an oral histone deacetylase 

inhibitor was beneficial in children with systemic-onset juvenile idiopathic arthritis. 

[197] 
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2.4 Unmet clinical needs in treatment of patients with RA 
 

Multiple therapies have been developed to date to tackle the plurality of immune 

responses and of the different immune cells mediating tissue damage in RA.  Anti-

cytokine treatments (anti-TNF, anti-IL6(R), anti-IL1) and cell-specific treatments (anti-

CD20 for B lymphocytes, anti-CTLA4 for T lymphocytes) have revolutionized the 

course of this debilitating disease. [1] More recently, JAK-inhibitors have gained 

significant ground in the treatment of RA offering an additional choice equal to 

bDMARDS for patients not achieving satisfactory disease control with csDMARDS. 

[198,199]  

Recently researchers have also started to develop synovial-targeted therapies 

either by directly targeting FLS [200] or by “carrying” immunosuppressive drugs with 

specialised carriers such as liposomal nanoparticles coated with tissue-specific 

antigens for local distribution of immunosuppressive drugs in the joints to avoid 

systemic immunosuppression. [201]  

The development of new drugs, a uniform treat-to-target approach and the 

introduction of more sensitive criteria [202] enabling the early detection and treatment 

of RA have significantly improved the outcome of this disabling disease. [155] 

However, despite intensive research efforts, disease remission is only achieved in 

approximately half of patients, with a recent study reporting that only 1 out of 4 patients 

with RA achieved sustained (>1 year) disease-free remission in a large cohort of early 

arthritis. [2]   

Two possible explanations for the limited efficiency of current therapies are that: 

1) current therapeutic modalities have been developed in mouse models of arthritis 

thus disregarding any human-specific regulation of inflammation and  
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2) current biological therapies target specific cytokines (i.e. TNFα, IL-6, IL-1) rather 

than upstream mediators/regulators of the inflammatory response. 

To tackle both aforementioned points herein we set to explore the role of Alu 

RNA editing in RA, a fundamental, primate-specific mechanism controlling 

proinflammatory gene expression at the post-transcriptional level. [14,19] RNA editing 

takes place mainly in non-coding regions of RNA and is a widespread phenomenon, 

particularly in the human transcriptome, largely due to the presence of inverted Alu 

repeats which altogether account for approximately 10% of the human genome. [21] 

The widespread Alu elements have recently emerged as critical regulators of 

inflammation and an enrichment of Alu elements has been recently reported in 

autoimmune diseases. [203,204] However the role of Alu RNA editing in human 

disease remains to date largely unknown. The current study aimed to explore the role 

of Alu RNA editing in regulation of proinflammatory gene expression in RA.  
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EXPERIMENTAL AND CLINICAL DATA 
(ΕΙΔΙΚΟ ΜΕΡΟΣ) 

 

Objectives 
 

The current doctoral thesis aimed to address the following points: 

1) Is A-to-I RNA editing deregulated in a prototypic chronic high-grade inflammatory 

disease such as RA? 

2) Is A-to-I RNA editing involved in the regulation of expression of proinflammatory 

molecules/mediators (cathepsin S) in RA? 

3) Does anti-rheumatic treatment affect RNA editing levels? 

 

 

 

 

 

 

 

 

 

 

 



52 
 

3. Study population and Methodology 
 

3.1 Patient recruitment and follow-up 
 

Peripheral blood was collected in EDTA tubes (BD Vacutainer) from 19 consecutive 

consenting patients with RA fulfilling the 2010 ACR/EULAR criteria [202] and 14 

apparently healthy controls (HC). All patients had active disease (DAS28-ESR: 3.4-

7.1) at the time of sampling. Exclusion criteria included viral or bacterial infection 

during the past month and severe co-morbidities (cancer, heart or kidney failure). 

Clinical and laboratory RA features [28 tender/swollen joint count, erythrocyte 

sedimentation rate (ESR; mm/1st h.), C-reactive protein (CRP; mg/dl), visual analogue 

scale (VAS)-patient global] and rheumatoid factor (RF)/anti-cyclic citrullinated peptide 

(CCP) status were recorded at baseline.  

RA patients were re-examined 12 weeks after initiation of new treatment (scale-

up of treatment, conventional synthetic disease-modifying antirheumatic drugs 

(csDMARDS) ± corticosteroids and/or biological DMARDS) and were categorized in 

responders and moderate/non-responders according to EULAR’s response criteria 

[205]. Treatment modalities and their effect on disease characteristics in EULAR 

responders vs moderate/non-responders are shown in Table 5. For schematic 

representation of study design and patient recruitment see Figure 7. All participants 

gave written 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), as well as by the Hellenic Data Protection 

Authority (Protocol Nr.:ΓΝ/ΕΞ/7901-2/22-12-2016). 
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The EULAR response criteria 

The European League Against Rheumatism  (EULAR) has established certain criteria 

that allow Rheumatologists to evaluate therapeutic response. [205] According to 

DAS28 score at follow-up visit, as well as the change in DAS28 compared to previous 

visit, the patients are grouped in good, moderate and non-responders (see table 

below). 

  

EULAR response criteria  

DAS28 at endpoint Improvement in DAS28 

 >1.2 0.6< ΔDAS28 ≤1.2 ≤0.6 

≤3.2 good moderate none 

3.2 < ΔDAS28 ≤5.1 moderate moderate none 

>5.1 moderate none none 

 

3.2 Isolation of peripheral blood mononuclear cells 
 

Peripheral blood mononuclear cells (PBMCs) were isolated by ficoll density gradient 

centrifugation (Ficoll-Paque PLUS, GE Healthcare) within 2 hours from venipuncture. 

Peripheral blood collected in EDTA tubes was first diluted 1:1 with 1x PBS containing 

no Ca/Mg. After centrifugation at 400g for 30min. (room temperature),  the upper 

phase containing platelet rich plasma was discarded and the PBMCs layer was 

transferred into a new 15ml sterile falcon tube. After two washes with PBS at 200g for 

10min. each cell pellet was finally lysed in Trizol (ThermoFisher Scientific) and stored 

at -80ºC until further use. 
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3.3 RNA extraction and reverse transcription 
 

Total RNA was isolated from patient and control PBMCs using Direct-Zol RNA 

Miniprep kit (Zymo research) according to manufacturer’s instructions with an 

additional step of DNase digestion. One(1) μg of total RNA was reverse transcribed 

into complementary DNA (cDNA) using the MuLV reverse transcriptase kit 

(Invitrogen), as previously described [100]. 

3.4 Quantitative polymerase chain reaction 
 

For the quantification of the two ADAR1 isoforms (ADAR1p110 and ADAR1p150) 

specifically designed Taqman primers were used (ADAR1p110: Hs01017596; 

ADAR1p150: Hs01020780, Applied Biosystems) while TATA-Box binding protein 

(TBP) (Hs00427621, Applied Biosystems) served as the housekeeping gene. 

Quantification of cathepsin S, human antigen R (HuR; ELAVL1) and ADAR2 

(ADARB1) was conducted with Takara SYBR Premix Ex Taq, while RPLP0 served as 

housekeeping gene. The relative expression of each gene was determined according 

to the formula 2-ΔCt (ΔCt=Ct (gene)-Ct (housekeeping gene)).  

Table 4. Primers used for qPCR measurements 

Gene Forward primer Reverse primer 

RPLP0 5'-TCGACAATGGCAGCATCTAC-3' 5'-ATCCGTCTCCACAGACAAGG-3' 

CTSS 5'-TCATACGATCTGGGCATGAA-3' 5'-AGGTTCTGGGCACTGAGAGA-3' 

HuR 

(ELAVL1) 
5'-GAAGACCACATGGCCGAAGA-3' R:5'-CCAAGCTGTGTCCTGCTACT-3' 

ADAR2 

(ADARB1) 
5'-TCCTGCAGTGACAAGATTGC-3' 5'-GTAAATGGGCTCCACGAAAA -3' 
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3.5 Alu Sanger sequencing and RNA editing analysis at single nucleotide 

level  
 

cDNA from PBMCs was subjected to PCR with KOD Hot-start DNA polymerase 

(Millipore) for the amplification of the most edited Alu region in cathepsin S 3' 

untranslated region (UTR), namely AluSx+ (PCR product size: 442bp). [100] Primers 

used for amplification of cathepsin S AluSx+: F: 5’- GGCTCCTTCTCCATAAAGCA – 

3’; R: 5’ – AAAGTAGGCTGGGCTCAGTG - 3’ 

Gel-extracted PCR product (Zymoclean Gel DNA Recovery Kit; Zymo research) was 

subjected to Sanger sequencing. A-to-I RNA editing rate of individual adenosines was 

determined following the analysis of the chromatopherograms as we have previously 

described. [100]  

Analysis of RNA-sequencing dataset of synovial tissues   

A large RNA-sequencing dataset (GSE89408) [206] including in total 202 synovial 

biopsy samples (normal joint=28, osteoarthritis=22, early RA- disease duration <1 

year=57, established RA=95) was accessed through the NCBI database. Aligned data 

on ADAR1 and cathepsin S expression were extracted through the Gene Expression 

Omnibus database.  

3.6. Analysis of RNA-sequencing dataset for ADAR1p110 and ADAR1p150 

isoform expression  
 

RNA-sequencing data (read length 101 bp generated from total RNA) from synovial 

samples of normal (28), osteoarthritis (22), early rheumatoid arthritis (57) and 

established rheumatoid arthritis (95) patients, were downloaded from the NCBI 

Sequence Read Archive (SRP092408) in .sra format and converted in .fastq by means 

of fastqdump program that is part of the SRA toolkit package. Low-quality reads were 
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discarded by filtering with the NGS QC Toolkit [207] and default parameters (cutoff 

read length for HQ=70%, cutoff quality score=20). High quality cleaned reads were 

mapped against pre-indexed human genome GRCh37, transcriptome (pre-processed 

set of known splice junctions from Ensembl annotation), and dbSNP common release 

144 using HISAT2 version 2.1.0 [208] and default parameters. Unique and concordant 

alignments in .sam format were converted in the binary .bam format, sorted by 

genomic coordinates, and indexed by SAMtools. Transcriptome quantification was 

performed for each sample with StringTie v1.3.6 release [209] and differential 

expression was tested with the DESeq2 1.24.0 [210] (FDR≤0.05) R package. 

Reference human transcriptome was obtained from UCSC 

(http://hgdownload.cse.ucsc.edu/goldenpath/hg19/database/). Expression of ADAR1 

isoforms, ADAR1p150 (NM_001111) and ADAR1p110 (NM_001025107), was 

determined for each sample. 

Bioinformatic analysis was performed in collaboration with my colleague Dr. Domenico 

Alessandro Silvestris, whom I want to cordially thank at this point.  

3.7 Statistical analysis 

 

Statistical analysis was conducted with SPSS 24.0. Normality of continuous variables 

was graphically assessed by histograms and P-P plots, as well as by Kolmogorov-

Smirnov and Shapiro-Wilk tests. Pairwise differences were evaluated with two 

independent samples Student's t-test or the non-parametric Mann-Whitney U test for 

continuous variables between groups of RA and controls and Fisher’s exact chi-

squared test for nominal variables. The Kruskal-Wallis test was used when comparing 

more than 2 groups. In order to account for multiple comparisons, Bonferroni 

correction was performed where applicable. Linear regression analysis was used to 
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control for the effect of confounding factors. Correlations between continuous 

variables were explored with Pearson’s test or Spearman’s rank test. Changes in 

continuous variables following treatment (same patients) were examined with the use 

of paired t-test or Wilcoxon signed-rank test for non-normal variables. Results were 

considered statistically significant when P<0.05.  

Sample size calculation 

A first interim analysis of 5 RA patients and 5 controls showed that in terms of power 

considerations, a total sample size of 20 subjects allocated in two equal groups would 

provide adequate power (i.e. over 80%) to detect a difference of  0.45 units of relative 

ADAR1p150 expression levels by the non-parametric Mann-Whitney test 

for independent samples. Measures of dispersion and anticipated differences were 

derived from pilot data from an interim analysis of our study (5 cases and 5 

controls,  mean±SD 2.104±0.363 versus 1.637±0.283, respectively). A priori power 

analysis was performed with G*Power v 3.1.9.4. [211] 
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Table 5: Demographics, clinical and laboratory features of controls and RA patients at baseline and after 
12-week treatment 

 
Rheumatoid 

Arthritis (n=19) 
EULAR          

Responders (n=11) 
EULAR moderate/  
non-responders (n=8) 

Controls 
(n=14) 

 Baseline    Baseline 12 weeks   Baseline  12 weeks     Baseline 

Men/women, n 4/15 2/9 2/6 5/9 

Age (mean±SD, years) 54.2±16.0 47.9±14.8 62.8±14.1 39.0 ± 12.6 

Disease duration 
(mean±SD, years) 

7.3±7.4 6.0±7.2 9.0±7.6 n/a 

Disease activity     

Tender joint count (28), n 7.9±5.3 7.3±5.4 1.0±1.8* 8.8±5.5 5.4±4.7* 0 

Swollen joint count (28), 
n 

5.4±4.0 
3.9±3.8 0.8±1.5* 7.5±3.6 4.0±3.2* 

0 

ESR (mm/1st h) 34±23 33±28 12±15* 36±15 26±7* n/a 

CRP (mg/dl) 1.7±1.5 1.6±1.9 0.3±0.3* 1.9±0.9 0.9±0.6* n/a 

DAS28-ESR 5.2±1.2 5.0±1.3 2.0±0.8* 5.5±1.1 4.5±1.2* n/a 

Auto-antibodies     

RF positivity, n (%) 11 (57.9) 6 (54.5) 5 (62.5) n/a 

anti-CCP positivity, n (%) 12 (63.2) 7 (63.6) 5 (62.5) n/a 

Therapy       

csDMARDs, n (%) 5 (26.3) 3 (27.3) 6 (54.5) 2 (25.0) 4 (50.0) 0 

corticosteroids, n (%) 6 (31.6) 3 (27.3) 5 (45.5) 3 (37.5) 4 (50.0) 0 

anti-TNF, n (%) 0 (0.0) 0 (0.0) 6 (54.5) 0 (0.0) 5 (62.5) 0 

anti-IL-1, n (%) 0 (0.0) 0 (0.0) 2 (18.2) 0 (0.0) 0 (0.0) 0 

anti-CD20, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (12.5) 0 

ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; DAS: disease activity score; RF: rheumatoid 
factor; anti-CCP: anti-cyclic citrullinated peptide; csDMARDS: conventional synthetic disease-modifying 
antirheumatic drugs(methotrexate, leflunomide);  TNF: tumor necrosis factor; IL-1: interleukin 1; *P<0.05 
compared to baseline 
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Figure 7

 

Figure 7. Schematic representation of the study design 
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4. Results 
 

4.1 Increased ADAR1p150 expression in peripheral blood and synovium of RA 

patients 

 

4.1.1 The RNA editor ADAR1 is increased in RA synovium   

Expression analysis of the RNA-sequencing dataset GSE89408 revealed significant 

upregulation of total ADAR1 in synovium of patients with either early RA or established 

RA (P<0.001 for each comparison: early or established RA vs. normal synovium or 

osteoarthritis, Figure 8A). Interestingly there was a trend upregulation of ADAR1 in 

early RA when compared to established RA (P=0.06 early vs. established RA). The 

expression levels of the second RNA editor ADAR2 (ADARB1) were similar in RA 

patients and controls (Figure 8B). 

Figure 8

 

Figure 8. Total ADAR1 and ADAR2 expression in synovium. Bar-graphs showing total 

ADAR1 (A) and ADAR2 (B) mRNA expression levels in the synovium of patients with early 

RA (disease duration<1 year), established RA (est. RA), osteoarthritis (OA) or healthy 

synovium (controls). P-values are derived from Mann-Whitney U test. Bar graphs represent 

mean+SEM (standard error mean).   
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4.1.2 ADAR1p150 isoform but not ADAR1p110 is increased in RA synovium 

ADAR1 has two isoforms, namely ADAR1p110 and ADAR1p150. [15,16] ADAR1p110 

is constitutively expressed, [16] while the interferon-inducible ADAR1p150 has also 

been reported to be induced by the proinflammatory cytokines TNFα and interferon-γ 

[100] . Our analysis showed that expression of ADAR1p150 isoform was significantly 

increased in rheumatoid synovium (Figure 9A), whereas mRNA levels of the 

constitutively expressed ADAR1p110 isoform (Figure 9B) did not differ between 

diseased and control synovium.  

 

Figure 9 

 

Figure 9. ADAR1 isoform expression in RA synovium. Bar-graphs (mean+SEM) 

representing ADAR1p150 (A) and ADAR1p110 (B) mRNA expression in synovial tissue of 

controls, osteoarthritis, early RA (disease duration<1 year) and established RA patients. P-

values are derived from Mann-Whitney test. Abbreviations: OA: osteoarthritis; Est. RA: 

established RA; SEM: standard error of mean. 
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4.1.3 Increased ADAR1p150 expression in PBMCs of active RA 

Similarly, ADAR1p150 isoform was significantly increased in PBMCs of active RA 

patients (Figure 10A) , while no significant difference in ADAR1p110 levels (Figure 

10B)  or the second RNA editor, ADAR2 (Figure 10C), were observed. 

Figure 10 

 

Figure 10. ADAR1 isoforms and ADAR2 mRNA expression in active RA PBMCs. Tukey 

box-plots showing mRNA expression levels of the interferon-inducible ADAR1p150 isoform 

(A) and the constitutively expressed ADAR1p110 isoform (B), as well as of the second RNA 

editor ADAR2 (C)  in PBMCs of patients with active RA (n=19) and controls (n=14) as 

determined by qPCR with specifically designed Taqman primers (ADAR1p110: Hs01017596 

; ADAR1p150: Hs01020780, Applied Biosystems) or SYBR-Green PCR (ADAR2). Expression 
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levels were normalized with the use of TBP as housekeeping gene for TaqMan expression 

assays (Hs00427621, Applied Biosystems) and RPLP0 for SYBR-Green qPCR. **P<0.01 

 

Taken together, these results suggest that ADAR1, and particularly its inducible 

isoform ADAR1p150, is increased in RA in both the target-tissue (synovium) and in 

the peripheral blood (PBMCs), indicating that ADAR1p150 is the only RNA editing 

enzyme induced under proinflammatory conditions in RA patients. 
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4.2 Increased Alu RNA editing rate in active RA  
 

In order to evaluate the RNA editing activity of ADAR1, we sequenced the AluSx+ 

region that is located in cathepsin S mRNA 3' UTR (Figure 11), which is edited only 

by ADAR1 and is responsible for the post-transcriptional regulation of cathepsin S 

mRNA stability and expression. [100] Since inosines are recognized by the reverse 

transcriptase as guanosines, we could detect A-to-I RNA editing levels of modified 

adenosines as A-to-G nucleotide mismatches when we compared the RNA sequence 

with the genome.  

Figure 11

 

Figure 11. Schematic representation of cathepsin S 3' UTR and cDNA sequence of cathepsin 

S AluSx+. All detected edited adenosines are depicted in green, while individual adenosines 

with significantly increased RNA editing rates in active RA PBMCs are depicted in red. HuR 

binding sites are underlined. 

 

We were able to detect more than 20 edited adenosines in cathepsin S AluSx+ (Table 

6), 8 of which had significantly higher editing rates in PBMCs of active RA patients 

compared to controls (6-47% mean increase in editing rate of 8 individual adenosines, 

all P<0.05; Figure 12). 
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Figure 12

 

Figure 12. Chromatopherograms and boxplots depict RNA editing rate of 8 individual 

adenosines in PBMCs of active RA patients (n=19) vs healthy controls (n=14). RNA editing 

rates of individual adenosines were determined following analysis of chromatopherograms. 

*P<0.05 by Mann-Whitney test or independent samples t-test. 
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Both the average of all edited adenosines (P=0.02) in AluSx+ as well as the average 

RNA editing rate of the 8 significantly higher edited nucleotides (from now on referred 

to as mean cathepsin S AluSx+; P=0.003, Figure 13A) were significantly higher in 

active RA PBMCs.  Mean cathepsin S AluSx+ RNA editing rate correlated with the 

expression of the inducible ADAR1p150 isoform (n=19, r=0.623, P=0.004, Figure 

13B), but not with the constitutively expressed ADAR1p110 isoform (r=0.266, 

P=0.271, Figure 13C), further supporting the role of ADAR1p150 as the main RNA 

editor in RA. 

Figure 13 

 

Figure 13. A. Boxplot of mean cathepsin S AluSx+ RNA editing rate of the 8 edited adenosines 

in PBMCs from patients with active RA (n=19) vs. controls (n=14) and scatter-plot showing 

correlation of individual RNA editing rates with ADAR1p150 (B)  or ADAR1p110 (C) mRNA 

levels in RA patients. **P<0.01 by Mann-Whitney test. 
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Moreover, the RNA editing rates of 16 individual adenosines within cathepsin S 3' UTR 

AluSx+ strongly correlated with ADAR1p150 mRNA levels (r= range 0.454-0.754, 

P≤0.05 for all- Table 6).  

 

Table 6. Correlation of RNA editing rate of individual adenosines located in cathepsin S 

3' UTR AluSx+ with ADAR1p150/ ADAR1p110 and cathepsin S mRNA expression in RA 

PBMCs 

 ADAR1p150 ADAR1p110 Cathepsin S 

A1662 r=0.598 (P=0.007) r=0.546 (P=0.02) r=0.249 (P=0.30) 

A1672 r=0.463 (P<0.05) r=0.512 (P=0.03) r=0.446 (P=0.06) 

A1684 r=0.740 (P<0.001) r=0.405 (P=0.09) r=0.498 (P=0.03) 

A1710 r=0.611 (P=0.005) r=0.325 (P=0.18) r=0.318 (P=0.19) 

A1735 r=0.619 (P=0.005) r=0.423 (P=0.07) r=0.449 (P>0.05) 

A1758 r=0.707 (P=0.001) r=0.518 (P=0.02) r=0.472 (P=0.04) 

A1770 r=0.700 (P=0.001) r=0.495 (P=0.03) r=0.558 (P=0.01) 

A1777 r=0.202 (P=0.41) r=-0.08 (P=0.74) r=0.089 (P=0.72) 

A1780 r=0.616 (P=0.005) r=0.386 (P=0.10) r=0.400 (P=0.09) 

A1802 r=0.521 (P=0.02) r=0.325 (P=0.18) r=0.537 (P=0.02) 

A1806 r=0.670 (P=0.002) r=0.393 (P=0.10) r=0.632 (P=0.004) 

A1807 r=0.595 (P=0.007) r=0.344 (P=0.15) r=0.540 (P=0.02) 

A1815 r=0.647 (P=0.003) r=0.388 (P=0.10) r=0.437 (P=0.06) 

A1821 r=0.754 (P<0.001) r=0.493 (P=0.03) r=0.581 (P=0.009) 

A1824 r=0.454 (P=0.05) r=0.263 (P=0.28) r=0.716 (P=0.001) 

A1825 r=0.440 (P=0.06) r=0.254 (P=0.29) r=0.533 (P=0.02) 

A1826 r=0.728 (P<0.001) r=0.446 (P=0.06) r=0.558 (P=0.01) 

A1830 r=0.388 (P=0.10) r=0.188 (P=0.44) r=0.284 (P=0.24) 

A1843 r=0.314 (P=0.19) r=0.005 (P=0.98) r=0.209 (P=0.39) 

A1846 r=0.435 (P=0.06) r=0.186 (P=0.45) r=0.461 (P<0.05) 

A1850 r=0.328 (P=0.17) r=0.018 (P=0.94) r=0.346 (P=0.15) 

A1888 r=-0.019 (P=0.94) r=-0.188 (P=0.44) r=0.000 (P=1.00) 

A1903 r=0.140 (P=0.57) r=0.132 (P=0.59) r=0.260 (P=0.28) 

A1909 r=0.616 (P=0.005) r=0.465 (P<0.05) r=0.628 (P=0.004) 

A signifies the nucleotide position of each adenosine in cathepsin S 3' UTR. Correlations 

were examined with Spearman’s rank test. Statistical significance was set at P=0.05 
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4.3 The effect of antirheumatic treatment on RNA editing  
 

Next, we investigated whether the observed upregulation of ADAR1p150 and AluSx+ 

RNA editing rate in active RA was reversible after 12 weeks of antirheumatic treatment 

with csDMARDS, corticosteroids and/or bDMARDs. Of note, both ADAR1p150 

expression levels and average AluSx+ RNA editing rate decreased post-treatment only 

in EULAR responders (P=0.008 and P=0.02, respectively) (Figure 14A,B), while they 

remained unaffected in those patients with moderate to no response (Figure 14C,D). 

These results indicate that the effect of the antirheumatic treatment on RNA editing 

machinery depends on the clinical response to the given therapy, thus suggesting that 

the dynamic regulation of Alu A-to-I RNA editing reflects the course of RA. 
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Figure 14 

 

Figure 14. Effect of antirheumatic treatment on ADAR1p150 and RNA editing is 

dependent on clinical response. The effect of antirheumatic treatment on ADAR1p150 

mRNA expression levels and cathepsin S AluSx+ RNA editing rate at baseline (week 0) and 

after 12-week treatment in EULAR responders (A,B) and moderate/non-responders (C,D). 

Individual ADAR1p150 expression levels and RNA editing rate of cathepsin S AluSx+ were 

standardized to the baseline median per group to show the effect of treatment (fold-change). 

*P<0.05; **P<0.01 by Wilcoxon’s signed-rank test or paired t-test. 
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4.4 The effect of A-to-I RNA editing on proinflammatory gene expression in RA 

 A-to-I RNA editing of Alu elements disrupts the double-stranded RNA structure 

through the production of weak I-U bonds, unwinding double-stranded RNA secondary 

structure [19]. In this way, double-stranded RNA is regionally converted into a more 

single-stranded structure enabling the binding of single-strand RNA-binding proteins, 

such as HuR (ELAVL1), which can stabilize mRNAs and, thus, increase their 

expression, as we have previously described for cathepsin S mRNA. [100]  

Herein, we used cathepsin S, not only as a well-established target of ADAR1 

[100], but also as an important molecule in RA development [212], to test whether the 

observed upregulation of ADAR1-mediated Alu RNA editing rate was associated with 

increased cathepsin S mRNA expression in RA. First, we confirmed previous reports 

showcasing that cathepsin S mRNA expression was significantly increased in PBMCs 

of active RA patients (1.34-fold increase compared to healthy controls, P<0.05, Figure 

15A), as well as at the synovium of RA patients (6-fold increase compared to normal 

synovium, P<0.001, Figure 15B). More importantly, cathepsin S expression 

significantly correlated with the proinflammatory ADAR1p150 isoform (r=0.623, 

P=0.004), as well as with the RNA editing rate of 12 individual adenosines within 

cathepsin S AluSx+ (r=range 0.461-0.716, P≤0.05 for all; Table 6) and mean RNA 

editing rate (r=0.589, P=0.008, Figure 15C) in active RA. In contrast, no association 

was observed between the constitutively expressed ADAR1p110 isoform and 

cathepsin S mRNA levels (r=0.268, p=0.27; data not shown). Next, we studied the 

association between the expression of ADAR1 and cathepsin S in a large cohort of 

RA synovial tissue. In line with the results in the PBMCs, a correlation between ADAR1 

and cathepsin S mRNA was also observed in synovial tissue derived from RA patients 
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(n=152, r=0.516, P<0.001, Figure 15D) indicating that inflammation-induced Alu A-to-

I RNA editing may augment cathepsin S mRNA. 

Figure 15 

 

Figure 15.  Cathepsin S mRNA expression in RA A. Cathepsin S mRNA expression in 

PBMCs of patients with active RA and controls were quantified by RT-qPCR. B. Expression 

analysis of cathepsin S mRNA levels at synovial biopsies derived from the RNA sequencing 

dataset GSE89408. Aligned RNA-seq. data were downloaded from Gene Expression 

Omnibus. C. Scatterplot showing correlation of individual cathepsin S mRNA levels with RNA 

editing rate in active RA PBMCs. D. Scatterplot showing correlation of ADAR1 and cathepsin 

S mRNA levels at synovial tissue of RA patients from RNA-seq. dataset GSE89408. *P<0.05; 

***P<0.001 by Mann-Whitney test. 
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Correlation of cathepsin S with HuR in RA PBMCs 

Since RNA editing controls cathepsin S expression through increased HuR binding to 

AluSx+, [100] we statistically controlled for the potential involvement of HuR in 

regulation of cathepsin S expression by ADAR1p150-mediated RNA editing in RA. 

Towards this goal, we used a linear regression analysis for cathepsin S mRNA 

expression levels (dependent variable) and ADAR1p150 or average cathepsin S 

AluSx+ RNA editing rate controlling for the effect of HuR expression in these samples. 

Indeed, controlling for HuR abolished the observed relationship between cathepsin S 

mRNA expression and ADAR1p150 (P=0.58) or average AluSx+ RNA editing (P=0.29) 

suggesting that regulation of cathepsin S expression by RNA editing in RA is mainly 

mediated by HuR. In support of this notion, HuR expression significantly correlated 

with cathepsin S in active RA PBMCs (r=0.629, P=0.004; Figure 16). 

Figure 16 

 

Figure 16.  Scatter-plot showing the correlation between HuR and cathepsin S (CTSS) 

expression in PBMCs of patients with active RA.  
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Additional Alu-enriched genes possibly regulated by A-to-I RNA editing in RA 

Of note, cathepsin S is only an example among several Alu-enriched proinflammatory 

genes, which are predicted to be highly edited according to the RNA editing database 

RADAR [213] and whose regulation by RNA editing in inflammatory disease warrants 

further investigation. For example, TNF receptor-associated factors TRAF1, TRAF2, 

TRAF3, TRAF5 have 18-1,135 predicted RNA editing sites in their Alu elements. Of 

interest, when we analysed their expression in rheumatoid synovium, we found a 

significant correlation with ADAR1 expression (n=152, r= range 0.356-0.743, Table 

7). 

 

 

 

 

 

 

 

 

Taken together, our findings imply that Alu RNA editing may be a global primate-

specific mechanism controlling the expression of Alu-enriched inflammatory mediators 

at post-transcriptional level through HuR-mediated RNA processing/stability in 

patients with RA.  The proposed mechanism is summarized in Figure 17. 

Table 7. Alu-enriched molecules involved in TNF-signaling pathway 

predicted to be edited 

 Number of 

predicted editing 

sites in Alus 

Correlation with 

ADAR1 in RNA-

seq.  

(GSE89408, n=152) 

TRAF1 18 r=0.508 (P<0.001) 

TRAF2 292 r=0.732 (P<0.001) 

TRAF3 1135 r=0.743 (P<0.001) 

TRAF5 123 r=0.356 (P<0.001) 

RIPK1 119 r=0.637 (P<0.001) 

Number of  predicted A-to-I RNA editing sites was extracted from 

RADAR RNA editing database (http://rnaedit.com). Correlation of Alu-

enriched genes with ADAR1 was examined in the RA samples of RNA-

seq. dataset GSE89408 using Spearman’s rank test. 
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Figure 17. Proposed mechanism: Increased Alu A-to-I RNA editing fuels inflammatory 

gene expression in RA through post-transcriptional regulation of RNA metabolism. 

Synovial or systemic inflammation induces the expression of the proinflammatory inducible 

ADAR1p150 isoform and consequently A-to-I RNA editing of Alu elements. Increased Alu RNA 

editing may fuel inflammation by controlling the expression of inflammatory mediators through 

post-transcriptional HuR-dependent mRNA stability/processing. Certain items on this figure 

have been adapted from Servier Medical Art by Servier (https://smart.servier.com – licensed 

under Creative Commons Attribution 3.0 Unported License), Abbreviations: IFN: interferon, 

HuR: human antigen R, TRAFs: TNF receptor-associated factors. 
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5. Discussion 
 

The present study provides first evidence that: 1) the RNA editor ADAR1, and 

specifically the ADAR1p150 isoform, is increased in diseased synovium, the target 

tissue in RA, 2) the proinflammatory ADAR1p150 isoform as well as the A-to-I RNA 

editing rates of repetitive Alu elements are increased in PBMCs of patients with active 

RA and 3) after a 12-week antirheumatic treatment reduction of ADAR1p150 

expression and Alu A-to-I RNA editing rate are prominent only in patients with good 

clinical response; 4) the increased Alu RNA editing rate is associated with increased 

proinflammatory gene expression in RA.  

ADAR1-mediated RNA editing is indispensable for life, as mice lacking ADAR1 

or having an editing-deficient knock-in mutation die in utero. [30,37,43] In humans, 

mutations in ADAR1 cause Aicardi-Goutières Syndrome associated with a type I 

interferon signature. [136] Further, ADAR1 and especially its isoform ADAR1p150 is 

a type I interferon-inducible gene. [15] Accordingly, ADAR1 expression has been 

found increased in type I interferon-associated autoimmune diseases, [143,144,146–

149] but also in other inflammatory diseases including acute myocardial infarction, 

atherosclerosis, cancer and viral infections. [49,100,214] More importantly, ADAR1 

expression and activity are increased after stimulation with TNFα, [100] the major 

cytokine that regulates the dynamics of transcriptome in RA, [215] due to a significant 

increase in levels of the ADAR1p150 isoform. [100] Our results herein suggest that 

ADAR1 and specifically the ADAR1p150 isoform is increased in RA through a 

synergistic effect driven by TNF and type I interferon signaling. The upregulation of 

ADAR1 was found at the inflammatory tissues (synovium) as well as in the circulation, 

and, therefore, ADAR1 may have an impact on other autoimmune diseases besides 
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RA. Further studies are warranted to elucidate the systematic and tissue- and cell-

specific regulation and role of ADAR1, and more specifically of the proinflammatory 

ADAR1p150 isoform, in systemic autoimmunity.  

ADAR1-induced A-to-I RNA editing takes place primarily in repetitive Alu 

elements, therefore comprising an upstream regulatory mechanism of RNA 

metabolism specific for primates. [14,19,21,22,104] The widespread Alu elements 

have recently emerged as critical regulators of inflammation [204] and an enrichment 

of Alu elements has been recently reported in autoimmune diseases, potentially 

contributing to type I interferon pathway activation. [203,204] Data in systemic 

autoimmune disease are yet controversial, as studies have shown up-regulation of 

global Alu RNA editing index in peripheral blood of patients with systemic lupus 

erythematosus, [148] but downregulation in keratinocytes of patients with psoriasis. 

[149] Clearly, comparative studies at transcriptome-wide level and especially at a 

single nucleotide or Alu level of individual transcripts in inflammatory and autoimmune 

diseases are warranted to enlighten the tissue-specific and disease-specific effects of 

Alu A-to-I RNA editing. The difference between global and transcript-specific RNA 

editing levels among the inflammatory and especially the autoimmune diseases may 

reflect not only the tissue-specificity of RNA editing, [150] but also the inflammatory 

microenvironment and milieu in each disease. [216] Moreover, we found that effective 

anti-inflammatory treatment was able to decrease RNA editing levels in our patients. 

To the best of our knowledge this is the first report showing the effect of anti-

inflammatory treatment on RNA editing levels in association with clinical response. 

Whether RNA editing is a predictive biomarker of clinical response and/or involved in 

the response to therapy remains to be investigated in future studies. 
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Alu RNA editing can control various aspects of RNA metabolism including 

splicing and mRNA stability, which can ultimately affect expression levels of edited 

genes. [14,19,217] One of the major mechanisms leading to increased mRNA stability 

is the binding of the stabilizing RNA-binding protein HuR to its target motifs TTTTG, 

TTTTT and ATTTA located within the Alu elements. [217,218] Therefore, we also 

checked whether increased RNA editing observed in active RA patients led to aberrant 

gene expression, serving probably as an additional, primate-specific regulatory 

mechanism at the post-transcriptional level. Towards this goal, we used as exemplar 

the well-established ADAR1-target cathepsin S. [100] Cathepsin S belongs to the 

family of lysosomal cysteine proteases, which are critically involved in antigen 

presentation and immune response. [219]  In mice, knockout of cathepsin S prevents 

collagen-induced arthritis, [212] whereas increased circulating cathepsin S protein 

levels have also been detected in  RA patients. [220] Moreover, cathepsin S may 

contribute to autoantibody production since it specifically mediates degradation of the 

invariant chain Ii, thereby promoting MHC-II antigen binding. [221,222] Previous 

studies have also shown a significant upregulation of cathepsin S in RA synovial fluid, 

[223] suggesting a role in synovial inflammation by its elastolytic properties and/or by 

enhancing antigen presentation and autoantibody production.  

Our findings show a significant increase of cathepsin S both at the synovium 

and PBMCs of patients with RA which is significantly associated with the expression 

of ADAR1 and especially of ADAR1p150, as well as with the individual RNA editing 

rate of the adenosines located within the AluSx+ of cathepsin S 3' UTR. These 

associations imply that the disruption of AluSx+ double-stranded RNA structure to a 

more single-stranded one by A-to-I RNA editing reveals the HuR target-sequences 

enabling the single-strand RNA-binding protein HuR to bind to its target cathepsin S, 
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thus increasing its mRNA stability and expression, as previously evidenced in a series 

of mechanistic studies. [100] Of interest, cathepsin S is only one of the many edited 

Alu-enriched genes, e.g. TRAFs, whose expression was found to be associated with 

ADAR1 in a large cohort of RA patients, suggesting that our proposed mechanism 

(Figure 17) may be applicable to a large number of proinflammatory genes in RA or 

other inflammatory diseases. Further studies are warranted to evaluate the role of A-

to-I RNA editing in transcriptome metabolism and cellular function in RA.   

 

Future perspectives 

Certain points of interest remain to be addressed in the future by us and other research 

groups aiming to delineate the role of A-to-I RNA editing in chronic inflammatory 

diseases. First, what is the role of ADAR1p110 and ADAR2 in chronic inflammation? 

Is the observed upregulation of ADAR1-induced A-to-I RNA editing tissue- or cell-

specific? The emergence of single-cell RNA-seq., which is becoming increasingly 

available, will help us identify specific cell subpopulations with unique transcriptional 

and “epi-transcriptional” profiles. Moreover, is increased RNA editing a shared 

mechanism among systemic autoimmune diseases? Do various proinflammatory 

pathways (NF-kB / type I IFN) lead to discrete changes in A-to-I RNA editing events?  

Similarly, how can different anti-inflammatory therapies affect RNA editing levels and 

do changes in RNA editing have a predictive role for therapy response? Finally, what 

is the role of RNA editing in the inflammatory milieu of various chronic inflammatory 

disorders? Does it act as a counteracting mechanism aiming to suppress excessive 

inflammation or is it “fuel on fire”?  
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6. Conclusion 
 

To conclude, our data reveal a previously unrecognized dynamic regulation of Alu A-

to-I RNA editing in RA that underpins therapeutic response and fuels inflammatory 

gene expression. The proinflammatory, inducible ADAR1p150 isoform acts as a 

transcriptome-wide regulator of human-specific Alu-enriched inflammatory gene 

expression and, thus, may comprise an interesting predictive biomarker and a 

potential therapeutic target in patients with chronic inflammatory (auto)immune-

mediated diseases, as supported by recent promising results in preclinical cancer 

models. [97,98] 

 

 

 

 

 

 

 

 

 

 

 

 



80 
 

7. Bibliography 
 

[1] J.S. Smolen, D. Aletaha, I.B. McInnes, Rheumatoid arthritis, Lancet. 388 (2016) 

2023–2038. https://doi.org/10.1016/S0140-6736(16)30173-8. 

[2] G. Akdemir, L. Heimans, S.A. Bergstra, R.J. Goekoop, M. van Oosterhout, 

J.H.L.M. van Groenendael, A.J. Peeters, G.M. Steup-Beekman, L.R. Lard, P.B.J. 

de Sonnaville, B.A.M. Grillet, T.W.J. Huizinga, C.F. Allaart, Clinical and radiological 

outcomes of 5-year drug-free remission-steered treatment in patients with early 

arthritis: IMPROVED study, Ann. Rheum. Dis. 77 (2018) 111–118. 

https://doi.org/10.1136/annrheumdis-2017-211375. 

[3] F.H. Crick, On protein synthesis, Symp. Soc. Exp. Biol. 12 (1958) 138–163. 

[4] F. Crick, Central dogma of molecular biology, Nature. 227 (1970) 561–563. 

https://doi.org/10.1038/227561a0. 

[5] R. Xiao, J.-Y. Chen, Z. Liang, D. Luo, G. Chen, Z.J. Lu, Y. Chen, B. Zhou, H. Li, 

X. Du, Y. Yang, M. San, X. Wei, W. Liu, E. Lécuyer, B.R. Graveley, G.W. Yeo, C.B. 

Burge, M.Q. Zhang, Y. Zhou, X.-D. Fu, Pervasive Chromatin-RNA Binding Protein 

Interactions Enable RNA-Based Regulation of Transcription, Cell. 178 (2019) 107-

121.e18. https://doi.org/10.1016/j.cell.2019.06.001. 

[6] V. Anantharaman, E.V. Koonin, L. Aravind, Comparative genomics and evolution 

of proteins involved in RNA metabolism, Nucleic Acids Res. 30 (2002) 1427–1464. 

[7] S. Dunin-Horkawicz, A. Czerwoniec, M.J. Gajda, M. Feder, H. Grosjean, J.M. 

Bujnicki, MODOMICS: a database of RNA modification pathways, Nucleic Acids 

Res. 34 (2006) D145-149. https://doi.org/10.1093/nar/gkj084. 

[8] G. Ramaswami, R. Zhang, R. Piskol, L.P. Keegan, P. Deng, M.A. O’Connell, J.B. 

Li, Identifying RNA editing sites using RNA sequencing data alone, Nat. Methods. 

10 (2013) 128–132. https://doi.org/10.1038/nmeth.2330. 

[9] A. Gatsiou, K. Stellos, Dawn of Epitranscriptomic Medicine, Circ. Genomic Precis. 

Med. 11 (2018) e001927. https://doi.org/10.1161/CIRCGEN.118.001927. 

[10] J.E. Heraud-Farlow, C.R. Walkley, What do editors do? Understanding the 

physiological functions of A-to-I RNA editing by adenosine deaminase acting on 

RNAs, Open Biol. 10 (2020) 200085. https://doi.org/10.1098/rsob.200085. 

[11] B.L. Bass, H. Weintraub, A developmentally regulated activity that unwinds 

RNA duplexes, Cell. 48 (1987) 607–613. https://doi.org/10.1016/0092-

8674(87)90239-x. 

[12] B.L. Bass, H. Weintraub, An unwinding activity that covalently modifies its 

double-stranded RNA substrate, Cell. 55 (1988) 1089–1098. 

https://doi.org/10.1016/0092-8674(88)90253-x. 

[13] R.W. Wagner, J.E. Smith, B.S. Cooperman, K. Nishikura, A double-stranded 

RNA unwinding activity introduces structural alterations by means of adenosine to 

inosine conversions in mammalian cells and Xenopus eggs, Proc. Natl. Acad. Sci. 

U. S. A. 86 (1989) 2647–2651. https://doi.org/10.1073/pnas.86.8.2647. 



81 
 

[14] A. Gatsiou, N. Vlachogiannis, F.F. Lunella, M. Sachse, K. Stellos, Adenosine-

to-Inosine RNA Editing in Health and Disease, Antioxid. Redox Signal. (2017). 

https://doi.org/10.1089/ars.2017.7295. 

[15] C.X. George, C.E. Samuel, Human RNA-specific adenosine deaminase 

ADAR1 transcripts possess alternative exon 1 structures that initiate from different 

promoters, one constitutively active and the other interferon inducible, Proc. Natl. 

Acad. Sci. U. S. A. 96 (1999) 4621–4626. 

[16] J.B. Patterson, C.E. Samuel, Expression and regulation by interferon of a 

double-stranded-RNA-specific adenosine deaminase from human cells: evidence 

for two forms of the deaminase, Mol. Cell. Biol. 15 (1995) 5376–5388. 

[17] A. Strehblow, M. Hallegger, M.F. Jantsch, Nucleocytoplasmic Distribution of 

Human RNA-editing Enzyme ADAR1 Is Modulated by Double-stranded RNA-

binding Domains, a Leucine-rich Export Signal, and a Putative Dimerization 

Domain, Mol. Biol. Cell. 13 (2002) 3822–3835. https://doi.org/10.1091/mbc.E02-

03-0161. 

[18] H. Poulsen, J. Nilsson, C.K. Damgaard, J. Egebjerg, J. Kjems, CRM1 Mediates 

the Export of ADAR1 through a Nuclear Export Signal within the Z-DNA Binding 

Domain, Mol. Cell. Biol. 21 (2001) 7862–7871. 

https://doi.org/10.1128/MCB.21.22.7862-7871.2001. 

[19] K. Nishikura, A-to-I editing of coding and non-coding RNAs by ADARs, Nat. 

Rev. Mol. Cell Biol. 17 (2016) 83–96. https://doi.org/10.1038/nrm.2015.4. 

[20] K. Nishikura, Functions and regulation of RNA editing by ADAR deaminases, 

Annu. Rev. Biochem. 79 (2010) 321–349. https://doi.org/10.1146/annurev-

biochem-060208-105251. 

[21] A. Athanasiadis, A. Rich, S. Maas, Widespread A-to-I RNA editing of Alu-

containing mRNAs in the human transcriptome, PLoS Biol. 2 (2004) e391. 

https://doi.org/10.1371/journal.pbio.0020391. 

[22] L. Bazak, A. Haviv, M. Barak, J. Jacob-Hirsch, P. Deng, R. Zhang, F.J. Isaacs, 

G. Rechavi, J.B. Li, E. Eisenberg, E.Y. Levanon, A-to-I RNA editing occurs at over 

a hundred million genomic sites, located in a majority of human genes, Genome 

Res. 24 (2014) 365–376. https://doi.org/10.1101/gr.164749.113. 

[23] L. Bazak, E.Y. Levanon, E. Eisenberg, Genome-wide analysis of Alu editability, 

Nucleic Acids Res. 42 (2014) 6876–6884. https://doi.org/10.1093/nar/gku414. 

[24] B. Sommer, M. Köhler, R. Sprengel, P.H. Seeburg, RNA editing in brain 

controls a determinant of ion flow in glutamate-gated channels, Cell. 67 (1991) 11–

19. https://doi.org/10.1016/0092-8674(91)90568-j. 

[25] R. Brusa, F. Zimmermann, D.S. Koh, D. Feldmeyer, P. Gass, P.H. Seeburg, R. 

Sprengel, Early-onset epilepsy and postnatal lethality associated with an editing-

deficient GluR-B allele in mice, Science. 270 (1995) 1677–1680. 

https://doi.org/10.1126/science.270.5242.1677. 

[26] Y. Kawahara, M. Megraw, E. Kreider, H. Iizasa, L. Valente, A.G. Hatzigeorgiou, 

K. Nishikura, Frequency and fate of microRNA editing in human brain, Nucleic 

Acids Res. 36 (2008) 5270–5280. https://doi.org/10.1093/nar/gkn479. 



82 
 

[27] J.C. Hartner, Liver Disintegration in the Mouse Embryo Caused by Deficiency 

in the RNA-editing Enzyme ADAR1, J. Biol. Chem. 279 (2003) 4894–4902. 

https://doi.org/10.1074/jbc.M311347200. 

[28] Q. Wang, Stress-induced Apoptosis Associated with Null Mutation of ADAR1 

RNA Editing Deaminase Gene, J. Biol. Chem. 279 (2003) 4952–4961. 

https://doi.org/10.1074/jbc.M310162200. 

[29] Q. Wang, J. Khillan, P. Gadue, K. Nishikura, Requirement of the RNA editing 

deaminase ADAR1 gene for embryonic erythropoiesis, Science. 290 (2000) 1765–

1768. 

[30] B.J. Liddicoat, R. Piskol, A.M. Chalk, G. Ramaswami, M. Higuchi, J.C. Hartner, 

J.B. Li, P.H. Seeburg, C.R. Walkley, RNA editing by ADAR1 prevents MDA5 

sensing of endogenous dsRNA as nonself, Science. 349 (2015) 1115–1120. 

https://doi.org/10.1126/science.aac7049. 

[31] J.C. Hartner, C.R. Walkley, J. Lu, S.H. Orkin, ADAR1 is essential for the 

maintenance of hematopoiesis and suppression of interferon signaling, Nat. 

Immunol. 10 (2009) 109–115. https://doi.org/10.1038/ni.1680. 

[32] B.J. Liddicoat, J.C. Hartner, R. Piskol, G. Ramaswami, A.M. Chalk, P.D. 

Kingsley, V.G. Sankaran, M. Wall, L.E. Purton, P.H. Seeburg, J. Palis, S.H. Orkin, 

J. Lu, J.B. Li, C.R. Walkley, Adenosine-to-inosine RNA editing by ADAR1 is 

essential for normal murine erythropoiesis, Exp. Hematol. 44 (2016) 947–963. 

https://doi.org/10.1016/j.exphem.2016.06.250. 

[33] T. Kawai, S. Akira, The role of pattern-recognition receptors in innate immunity: 

update on Toll-like receptors, Nat. Immunol. 11 (2010) 373–384. 

https://doi.org/10.1038/ni.1863. 

[34] Y.-M. Loo, M. Gale, Immune signaling by RIG-I-like receptors, Immunity. 34 

(2011) 680–692. https://doi.org/10.1016/j.immuni.2011.05.003. 

[35] P. Vitali, A.D.J. Scadden, Double-stranded RNAs containing multiple IU pairs 

are sufficient to suppress interferon induction and apoptosis, Nat. Struct. Mol. Biol. 

17 (2010) 1043–1050. https://doi.org/10.1038/nsmb.1864. 

[36] S. Yang, P. Deng, Z. Zhu, J. Zhu, G. Wang, L. Zhang, A.F. Chen, T. Wang, 

S.N. Sarkar, T.R. Billiar, Q. Wang, Adenosine Deaminase Acting on RNA 1 Limits 

RIG-I RNA Detection and Suppresses IFN Production Responding to Viral and 

Endogenous RNAs, J. Immunol. 193 (2014) 3436–3445. 

https://doi.org/10.4049/jimmunol.1401136. 

[37] N.M. Mannion, S.M. Greenwood, R. Young, S. Cox, J. Brindle, D. Read, C. 

Nellåker, C. Vesely, C.P. Ponting, P.J. McLaughlin, M.F. Jantsch, J. Dorin, I.R. 

Adams, A.D.J. Scadden, M. Ohman, L.P. Keegan, M.A. O’Connell, The RNA-

editing enzyme ADAR1 controls innate immune responses to RNA, Cell Rep. 9 

(2014) 1482–1494. https://doi.org/10.1016/j.celrep.2014.10.041. 

[38] D. Goubau, M. Schlee, S. Deddouche, A.J. Pruijssers, T. Zillinger, M. Goldeck, 

C. Schuberth, A.G. Van der Veen, T. Fujimura, J. Rehwinkel, J.A. Iskarpatyoti, W. 

Barchet, J. Ludwig, T.S. Dermody, G. Hartmann, C. Reis e Sousa, Antiviral 

immunity via RIG-I-mediated recognition of RNA bearing 5’-diphosphates, Nature. 

514 (2014) 372–375. https://doi.org/10.1038/nature13590. 



83 
 

[39] A. Pichlmair, O. Schulz, C.P. Tan, T.I. Näslund, P. Liljeström, F. Weber, C. Reis 

e Sousa, RIG-I-mediated antiviral responses to single-stranded RNA bearing 5’-

phosphates, Science. 314 (2006) 997–1001. 

https://doi.org/10.1126/science.1132998. 

[40] J. Wu, Z.J. Chen, Innate immune sensing and signaling of cytosolic nucleic 

acids, Annu. Rev. Immunol. 32 (2014) 461–488. https://doi.org/10.1146/annurev-

immunol-032713-120156. 

[41] Q. Sun, L. Sun, H.-H. Liu, X. Chen, R.B. Seth, J. Forman, Z.J. Chen, The 

specific and essential role of MAVS in antiviral innate immune responses, 

Immunity. 24 (2006) 633–642. https://doi.org/10.1016/j.immuni.2006.04.004. 

[42] D. Goubau, S. Deddouche, C. Reis e Sousa, Cytosolic Sensing of Viruses, 

Immunity. 38 (2013) 855–869. https://doi.org/10.1016/j.immuni.2013.05.007. 

[43] K. Pestal, C.C. Funk, J.M. Snyder, N.D. Price, P.M. Treuting, D.B. Stetson, 

Isoforms of RNA-Editing Enzyme ADAR1 Independently Control Nucleic Acid 

Sensor MDA5-Driven Autoimmunity and Multi-organ Development, Immunity. 43 

(2015) 933–944. https://doi.org/10.1016/j.immuni.2015.11.001. 

[44] S.V. Ward, C.X. George, M.J. Welch, L.-Y. Liou, B. Hahm, H. Lewicki, J.C. de 

la Torre, C.E. Samuel, M.B. Oldstone, RNA editing enzyme adenosine deaminase 

is a restriction factor for controlling measles virus replication that also is required 

for embryogenesis, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 331–336. 

https://doi.org/10.1073/pnas.1017241108. 

[45] K.I. Matthaei, M. Frese, C.E. Hill, Is the p150 isoform of the RNA editing enzyme 

Adenosine Deaminase 1 really responsible for embryonic lethality?, Proc. Natl. 

Acad. Sci. U. S. A. 108 (2011) E43; author reply E44. 

https://doi.org/10.1073/pnas.1100419108. 

[46] M. Sakurai, Y. Shiromoto, H. Ota, C. Song, A.V. Kossenkov, J. 

Wickramasinghe, L.C. Showe, E. Skordalakes, H.-Y. Tang, D.W. Speicher, K. 

Nishikura, ADAR1 controls apoptosis of stressed cells by inhibiting Staufen1-

mediated mRNA decay, Nat. Struct. Mol. Biol. 24 (2017) 534–543. 

https://doi.org/10.1038/nsmb.3403. 

[47] H. Ota, M. Sakurai, R. Gupta, L. Valente, B.-E. Wulff, K. Ariyoshi, H. Iizasa, 

R.V. Davuluri, K. Nishikura, ADAR1 Forms a Complex with Dicer to Promote 

MicroRNA Processing and RNA-Induced Gene Silencing, Cell. 153 (2013) 575–

589. https://doi.org/10.1016/j.cell.2013.03.024. 

[48] J.-F. Gelinas, G. Clerzius, E. Shaw, A. Gatignol, Enhancement of Replication 

of RNA Viruses by ADAR1 via RNA Editing and Inhibition of RNA-Activated Protein 

Kinase, J. Virol. 85 (2011) 8460–8466. https://doi.org/10.1128/JVI.00240-11. 

[49] C. Song, M. Sakurai, Y. Shiromoto, K. Nishikura, Functions of the RNA Editing 

Enzyme ADAR1 and Their Relevance to Human Diseases, Genes. 7 (2016) 129. 

https://doi.org/10.3390/genes7120129. 

[50] C.E. Samuel, Adenosine deaminases acting on RNA (ADARs) are both antiviral 

and proviral, Virology. 411 (2011) 180–193. 

https://doi.org/10.1016/j.virol.2010.12.004. 



84 
 

[51] A.G. Polson, H.L. Ley, B.L. Bass, J.L. Casey, Hepatitis Delta Virus RNA Editing 

Is Highly Specific for  the Amber/W Site and Is Suppressed by  Hepatitis Delta 

Antigen, Mol. Cell. Biol. 18 (1998) 1919–1926. 

[52] S. Sato, S.K. Wong, D.W. Lazinski, Hepatitis Delta Virus Minimal Substrates 

Competent for Editing by ADAR1 and ADAR2, J. Virol. 75 (2001) 8547–8555. 

https://doi.org/10.1128/JVI.75.18.8547-8555.2001. 

[53] J.L. Casey, Control of ADAR1 editing of hepatitis delta virus RNAs, Curr. Top. 

Microbiol. Immunol. 353 (2012) 123–143. https://doi.org/10.1007/82_2011_146. 

[54] G.C. Jayan, J.L. Casey, Increased RNA Editing and Inhibition of Hepatitis Delta 

Virus Replication by High-Level Expression of ADAR1 and ADAR2, J. Virol. 76 

(2002) 3819–3827. https://doi.org/10.1128/JVI.76.8.3819-3827.2002. 

[55] S.K. Wong, D.W. Lazinski, Replicating hepatitis delta virus RNA is edited in the 

nucleus by the small form of ADAR1, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 

15118–15123. 

[56] D. Hartwig, L. Schoeneich, J. Greeve, C. Schütte, I. Dorn, H. Kirchner, H. 

Hennig, Interferon-α stimulation of liver cells enhances hepatitis delta virus RNA 

editing in early infection, J. Hepatol. 41 (2004) 667–672. 

https://doi.org/10.1016/j.jhep.2004.06.025. 

[57] D. Hartwig, C. Schutte, J. Warnecke, I. Dorn, H. Hennig, H. Kirchner, P. 

Schlenke, The large form of ADAR 1 is responsible for enhanced hepatitis delta 

virus RNA editing in interferon-alpha-stimulated host cells, J. Viral Hepat. 13 

(2006) 150–157. https://doi.org/10.1111/j.1365-2893.2005.00663.x. 

[58] D.R. Taylor, M. Puig, M.E.R. Darnell, K. Mihalik, S.M. Feinstone, New Antiviral 

Pathway That Mediates Hepatitis C Virus Replicon Interferon Sensitivity through 

ADAR1, J. Virol. 79 (2005) 6291–6298. https://doi.org/10.1128/JVI.79.10.6291-

6298.2005. 

[59] M. Doria, F. Neri, A. Gallo, M.G. Farace, A. Michienzi, Editing of HIV-1 RNA by 

the double-stranded RNA deaminase ADAR1 stimulates viral infection, Nucleic 

Acids Res. 37 (2009) 5848–5858. https://doi.org/10.1093/nar/gkp604. 

[60] E. Cuadrado, T. Booiman, J.L. van Hamme, M.H. Jansen, K.A. van Dort, A. 

Vanderver, G.I. Rice, Y.J. Crow, N.A. Kootstra, T.W. Kuijpers, ADAR1 Facilitates 

HIV-1 Replication in Primary CD4+ T Cells, PLoS One. 10 (2015) e0143613. 

https://doi.org/10.1371/journal.pone.0143613. 

[61] A. Phuphuakrat, R. Kraiwong, C. Boonarkart, D. Lauhakirti, T.-H. Lee, P. 

Auewarakul, Double-Stranded RNA Adenosine Deaminases Enhance Expression 

of Human Immunodeficiency Virus Type 1 Proteins, J. Virol. 82 (2008) 10864–

10872. https://doi.org/10.1128/JVI.00238-08. 

[62] N. Biswas, T. Wang, M. Ding, A. Tumne, Y. Chen, Q. Wang, P. Gupta, ADAR1 

is a novel multi targeted anti-HIV-1 cellular protein, Virology. 422 (2012) 265–277. 

https://doi.org/10.1016/j.virol.2011.10.024. 

[63] G. Clerzius, J.-F. Gelinas, A. Daher, M. Bonnet, E.F. Meurs, A. Gatignol, 

ADAR1 Interacts with PKR during Human Immunodeficiency Virus Infection of 

Lymphocytes and Contributes to Viral Replication, J. Virol. 83 (2009) 10119–

10128. https://doi.org/10.1128/JVI.02457-08. 



85 
 

[64] G. Clerzius, J.-F. Gélinas, A. Gatignol, Multiple levels of PKR inhibition during 

HIV-1 replication, Rev. Med. Virol. 21 (2011) 42–53. 

https://doi.org/10.1002/rmv.674. 

[65] K.M. Okonski, C.E. Samuel, Stress Granule Formation Induced by Measles 

Virus Is Protein Kinase PKR Dependent and Impaired by RNA Adenosine 

Deaminase ADAR1, J. Virol. 87 (2013) 756–766. 

https://doi.org/10.1128/JVI.02270-12. 

[66] K. Baczko, U.G. Liebert, M. Billeter, R. Cattaneo, H. Budka, V. Ter Meulen, 

Expression of defective measles virus genes in brain tissues of patients with 

subacute sclerosing panencephalitis., J. Virol. 59 (1986) 472–478. 

[67] R. Cattaneo, A. Schmid, D. Eschle, K. Baczko, V. ter Meulen, M.A. Billeter, 

Biased hypermutation and other genetic changes in defective measles viruses in 

human brain infections, Cell. 55 (1988) 255–265. 

[68] H. Iizasa, B.-E. Wulff, N.R. Alla, M. Maragkakis, M. Megraw, A. Hatzigeorgiou, 

D. Iwakiri, K. Takada, A. Wiedmer, L. Showe, P. Lieberman, K. Nishikura, Editing 

of Epstein-Barr Virus-encoded BART6 MicroRNAs Controls Their Dicer Targeting 

and Consequently Affects Viral Latency, J. Biol. Chem. 285 (2010) 33358–33370. 

https://doi.org/10.1074/jbc.M110.138362. 

[69] A.G. Polson, B.L. Bass, J.L. Casey, RNA editing of hepatitis delta virus 

antigenome by dsRNA-adenosine deaminase, Nature. 380 (1996) 454–456. 

https://doi.org/10.1038/380454a0. 

[70] G.C. Jayan, J.L. Casey, Inhibition of Hepatitis Delta Virus RNA Editing by Short 

Inhibitory RNA-Mediated Knockdown of ADAR1 but Not ADAR2 Expression, J. 

Virol. 76 (2002) 12399–12404. https://doi.org/10.1128/JVI.76.23.12399-

12404.2002. 

[71] S.Z. Gandy, S.D. Linnstaedt, S. Muralidhar, K.A. Cashman, L.J. Rosenthal, J.L. 

Casey, RNA Editing of the Human Herpesvirus 8 Kaposin Transcript Eliminates Its 

Transforming Activity and Is Induced during Lytic Replication, J. Virol. 81 (2007) 

13544–13551. https://doi.org/10.1128/JVI.01521-07. 

[72] M. Doria, S. Tomaselli, F. Neri, S.A. Ciafre, M.G. Farace, A. Michienzi, A. Gallo, 

ADAR2 editing enzyme is a novel human immunodeficiency virus-1 proviral factor, 

J. Gen. Virol. 92 (2011) 1228–1232. https://doi.org/10.1099/vir.0.028043-0. 

[73] M.D. Weiden, S. Hoshino, D.N. Levy, Y. Li, R. Kumar, S.A. Burke, R. Dawson, 

C.E. Hioe, W. Borkowsky, W.N. Rom, Y. Hoshino, Adenosine Deaminase Acting 

on RNA-1 (ADAR1) Inhibits HIV-1 Replication in Human Alveolar Macrophages, 

PLoS One. 9 (2014) e108476. https://doi.org/10.1371/journal.pone.0108476. 

[74] B. de Chassey, A. Aublin-Gex, A. Ruggieri, L. Meyniel-Schicklin, F. 

Pradezynski, N. Davoust, T. Chantier, L. Tafforeau, P.-E. Mangeot, C. Ciancia, 

others, The interactomes of influenza virus NS1 and NS2 proteins identify new 

host factors and provide insights for ADAR1 playing a supportive role in virus 

replication, PLoS Pathog. 9 (2013) e1003440. 

[75] R.C. Zahn, I. Schelp, O. Utermohlen, D. von Laer, A-to-G Hypermutation in the 

Genome of Lymphocytic Choriomeningitis Virus, J. Virol. 81 (2007) 457–464. 

https://doi.org/10.1128/JVI.00067-06. 



86 
 

[76] J.B. Patterson, T.I. Cornu, J. Redwine, S. Dales, H. Lewicki, A. Holz, D. 

Thomas, M.A. Billeter, M.B.A. Oldstone, Evidence That the Hypermutated M 

Protein of a Subacute Sclerosing Panencephalitis Measles Virus Actively 

Contributes to the Chronic Progressive CNS Disease, Virology. 291 (2001) 215–

225. https://doi.org/10.1006/viro.2001.1182. 

[77] C.K. Pfaller, G.M. Mastorakos, W.E. Matchett, X. Ma, C.E. Samuel, R. 

Cattaneo, Measles Virus Defective Interfering RNAs Are Generated Frequently 

and Early in the Absence of C Protein and Can Be Destabilized by Adenosine 

Deaminase Acting on RNA-1-Like Hypermutations, J. Virol. 89 (2015) 7735–7747. 

https://doi.org/10.1128/JVI.01017-15. 

[78] L. Chen, Y. Li, C.H. Lin, T.H.M. Chan, R.K.K. Chow, Y. Song, M. Liu, Y.-F. 

Yuan, L. Fu, K.L. Kong, L. Qi, Y. Li, N. Zhang, A.H.Y. Tong, D.L.-W. Kwong, K. 

Man, C.M. Lo, S. Lok, D.G. Tenen, X.-Y. Guan, Recoding RNA editing of AZIN1 

predisposes to hepatocellular carcinoma, Nat. Med. 19 (2013) 209–216. 

https://doi.org/10.1038/nm.3043. 

[79] Y.-R. Qin, J.-J. Qiao, T.H.M. Chan, Y.-H. Zhu, F.-F. Li, H. Liu, J. Fei, Y. Li, X.-

Y. Guan, L. Chen, Adenosine-to-Inosine RNA Editing Mediated by ADARs in 

Esophageal Squamous Cell Carcinoma, Cancer Res. 74 (2014) 840–851. 

https://doi.org/10.1158/0008-5472.CAN-13-2545. 

[80] L.A. Crews, Q. Jiang, M.A. Zipeto, E. Lazzari, A.C. Court, S. Ali, C.L. Barrett, 

K.A. Frazer, C.H.M. Jamieson, An RNA editing fingerprint of cancer stem cell 

reprogramming, J. Transl. Med. 13 (2015) 52. https://doi.org/10.1186/s12967-014-

0370-3. 

[81] T. Shimokawa, M.F.-U. Rahman, U. Tostar, E. Sonkoly, M. Ståhle, A. Pivarcsi, 

R. Palaniswamy, P.G. Zaphiropoulos, RNA editing of the GLI1 transcription factor 

modulates the output of Hedgehog signaling, RNA Biol. 10 (2013) 321–333. 

https://doi.org/10.4161/rna.23343. 

[82] K. Gumireddy, A. Li, A.V. Kossenkov, M. Sakurai, J. Yan, Y. Li, H. Xu, J. Wang, 

P.J. Zhang, L. Zhang, L.C. Showe, K. Nishikura, Q. Huang, The mRNA-edited form 

of GABRA3 suppresses GABRA3-mediated Akt activation and breast cancer 

metastasis, Nat. Commun. 7 (2016). https://doi.org/10.1038/ncomms10715. 

[83] F. Galeano, A. Leroy, C. Rossetti, I. Gromova, P. Gautier, L.P. Keegan, L. 

Massimi, C. Di Rocco, M.A. O’Connell, A. Gallo, Human BLCAP transcript: new 

editing events in normal and cancerous tissues, Int. J. Cancer 127 (2010) 127–

137. https://doi.org/10.1002/ijc.25022. 

[84] Y. Nemlich, E. Greenberg, R. Ortenberg, M.J. Besser, I. Barshack, J. Jacob-

Hirsch, E. Jacoby, E. Eyal, L. Rivkin, V.G. Prieto, N. Chakravarti, L.M. Duncan, 

D.M. Kallenberg, E. Galun, D.C. Bennett, N. Amariglio, M. Bar-Eli, J. Schachter, 

G. Rechavi, G. Markel, MicroRNA-mediated loss of ADAR1 in metastatic 

melanoma promotes tumor growth, J. Clin. Invest. 123 (2013) 2703–2718. 

https://doi.org/10.1172/JCI62980. 

[85] E. Shoshan, A.K. Mobley, R.R. Braeuer, T. Kamiya, L. Huang, M.E. Vasquez, 

A. Salameh, H.J. Lee, S.J. Kim, C. Ivan, G. Velazquez-Torres, K.M. Nip, K. Zhu, 

D. Brooks, S.J.M. Jones, I. Birol, M. Mosqueda, Y. Wen, A.K. Eterovic, A.K. Sood, 



87 
 

P. Hwu, J.E. Gershenwald, A. Gordon Robertson, G.A. Calin, G. Markel, I.J. Fidler, 

M. Bar-Eli, Reduced adenosine-to-inosine miR-455-5p editing promotes 

melanoma growth and metastasis, Nat. Cell Biol. 17 (2015) 311–321. 

https://doi.org/10.1038/ncb3110. 

[86] A.A. Tarhini, H. Gogas, J.M. Kirkwood, IFN-α in the Treatment of Melanoma, J. 

Immunol. 189 (2012) 3789–3793. https://doi.org/10.4049/jimmunol.1290060. 

[87] A. Salameh, A.K. Lee, M. Cardó-Vila, D.N. Nunes, E. Efstathiou, F.I. Staquicini, 

A.S. Dobroff, S. Marchiò, N.M. Navone, H. Hosoya, R.C. Lauer, S. Wen, C.C. 

Salmeron, A. Hoang, I. Newsham, L.A. Lima, D.M. Carraro, S. Oliviero, M.G. 

Kolonin, R.L. Sidman, K.-A. Do, P. Troncoso, C.J. Logothetis, R.R. Brentani, G.A. 

Calin, W.K. Cavenee, E. Dias-Neto, R. Pasqualini, W. Arap, PRUNE2 is a human 

prostate cancer suppressor regulated by the intronic long noncoding RNA PCA3, 

Proc. Natl. Acad. Sci. U. S. A. 112 (2015) 8403–8408. 

https://doi.org/10.1073/pnas.1507882112. 

[88] C.M. Clemson, J.N. Hutchinson, S.A. Sara, A.W. Ensminger, A.H. Fox, A. 

Chess, J.B. Lawrence, An architectural role for a nuclear noncoding RNA: NEAT1 

RNA is essential for the structure of paraspeckles, Mol. Cell. 33 (2009) 717–726. 

https://doi.org/10.1016/j.molcel.2009.01.026. 

[89] Y.T.F. Sasaki, T. Ideue, M. Sano, T. Mituyama, T. Hirose, MENepsilon/beta 

noncoding RNAs are essential for structural integrity of nuclear paraspeckles, 

Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 2525–2530. 

https://doi.org/10.1073/pnas.0807899106. 

[90] C. Adriaens, L. Standaert, J. Barra, M. Latil, A. Verfaillie, P. Kalev, B. Boeckx, 

P.W.G. Wijnhoven, E. Radaelli, W. Vermi, E. Leucci, G. Lapouge, B. Beck, J. van 

den Oord, S. Nakagawa, T. Hirose, A.A. Sablina, D. Lambrechts, S. Aerts, C. 

Blanpain, J.-C. Marine, p53 induces formation of NEAT1 lncRNA-containing 

paraspeckles that modulate replication stress response and chemosensitivity, Nat. 

Med. 22 (2016) 861–868. https://doi.org/10.1038/nm.4135. 

[91] M. Huarte, M. Guttman, D. Feldser, M. Garber, M.J. Koziol, D. Kenzelmann-

Broz, A.M. Khalil, O. Zuk, I. Amit, M. Rabani, L.D. Attardi, A. Regev, E.S. Lander, 

T. Jacks, J.L. Rinn, A large intergenic noncoding RNA induced by p53 mediates 

global gene repression in the p53 response, Cell. 142 (2010) 409–419. 

https://doi.org/10.1016/j.cell.2010.06.040. 

[92] D. Chakravarty, A. Sboner, S.S. Nair, E. Giannopoulou, R. Li, S. Hennig, J.M. 

Mosquera, J. Pauwels, K. Park, M. Kossai, T.Y. MacDonald, J. Fontugne, N. Erho, 

I.A. Vergara, M. Ghadessi, E. Davicioni, R.B. Jenkins, N. Palanisamy, Z. Chen, S. 

Nakagawa, T. Hirose, N.H. Bander, H. Beltran, A.H. Fox, O. Elemento, M.A. Rubin, 

The oestrogen receptor alpha-regulated lncRNA NEAT1 is a critical modulator of 

prostate cancer, Nat. Commun. 5 (2014) 5383. 

https://doi.org/10.1038/ncomms6383. 

[93] L.-L. Chen, G.G. Carmichael, Altered nuclear retention of mRNAs containing 

inverted repeats in human embryonic stem cells: functional role of a nuclear 

noncoding RNA, Mol. Cell. 35 (2009) 467–478. 

https://doi.org/10.1016/j.molcel.2009.06.027. 



88 
 

[94] K.V. Prasanth, S.G. Prasanth, Z. Xuan, S. Hearn, S.M. Freier, C.F. Bennett, 

M.Q. Zhang, D.L. Spector, Regulating gene expression through RNA nuclear 

retention, Cell. 123 (2005) 249–263. https://doi.org/10.1016/j.cell.2005.08.033. 

[95] G. Arun, S. Diermeier, M. Akerman, K.-C. Chang, J.E. Wilkinson, S. Hearn, Y. 

Kim, A.R. MacLeod, A.R. Krainer, L. Norton, E. Brogi, M. Egeblad, D.L. Spector, 

Differentiation of mammary tumors and reduction in metastasis upon Malat1 

lncRNA loss, Genes Dev. 30 (2016) 34–51. 

https://doi.org/10.1101/gad.270959.115. 

[96] E. Yildirim, J.E. Kirby, D.E. Brown, F.E. Mercier, R.I. Sadreyev, D.T. Scadden, 

J.T. Lee, Xist RNA is a potent suppressor of hematologic cancer in mice, Cell. 152 

(2013) 727–742. https://doi.org/10.1016/j.cell.2013.01.034. 

[97] H. Liu, J. Golji, L.K. Brodeur, F.S. Chung, J.T. Chen, R.S. deBeaumont, C.P. 

Bullock, M.D. Jones, G. Kerr, L. Li, D.P. Rakiec, M.R. Schlabach, S. Sovath, J.D. 

Growney, R.A. Pagliarini, D.A. Ruddy, K.D. MacIsaac, J.M. Korn, E.R. McDonald, 

Tumor-derived IFN triggers chronic pathway agonism and sensitivity to ADAR loss, 

Nat. Med. 25 (2019) 95–102. https://doi.org/10.1038/s41591-018-0302-5. 

[98] J.J. Ishizuka, R.T. Manguso, C.K. Cheruiyot, K. Bi, A. Panda, A. Iracheta-

Vellve, B.C. Miller, P.P. Du, K.B. Yates, J. Dubrot, I. Buchumenski, D.E. Comstock, 

F.D. Brown, A. Ayer, I.C. Kohnle, H.W. Pope, M.D. Zimmer, D.R. Sen, S.K. Lane-

Reticker, E.J. Robitschek, G.K. Griffin, N.B. Collins, A.H. Long, J.G. Doench, D. 

Kozono, E.Y. Levanon, W.N. Haining, Loss of ADAR1 in tumours overcomes 

resistance to immune checkpoint blockade, Nature. 565 (2019) 43–48. 

https://doi.org/10.1038/s41586-018-0768-9. 

[99] R. Lozano, M. Naghavi, K. Foreman, S. Lim, K. Shibuya, V. Aboyans, J. 

Abraham, T. Adair, R. Aggarwal, S.Y. Ahn, M. Alvarado, H.R. Anderson, L.M. 

Anderson, K.G. Andrews, C. Atkinson, L.M. Baddour, S. Barker-Collo, D.H. 

Bartels, M.L. Bell, E.J. Benjamin, D. Bennett, K. Bhalla, B. Bikbov, A. Bin Abdulhak, 

G. Birbeck, F. Blyth, I. Bolliger, S. Boufous, C. Bucello, M. Burch, P. Burney, J. 

Carapetis, H. Chen, D. Chou, S.S. Chugh, L.E. Coffeng, S.D. Colan, S. Colquhoun, 

K.E. Colson, J. Condon, M.D. Connor, L.T. Cooper, M. Corriere, M. Cortinovis, 

K.C. de Vaccaro, W. Couser, B.C. Cowie, M.H. Criqui, M. Cross, K.C. Dabhadkar, 

N. Dahodwala, D. De Leo, L. Degenhardt, A. Delossantos, J. Denenberg, D.C. Des 

Jarlais, S.D. Dharmaratne, E.R. Dorsey, T. Driscoll, H. Duber, B. Ebel, P.J. Erwin, 

P. Espindola, M. Ezzati, V. Feigin, A.D. Flaxman, M.H. Forouzanfar, F.G.R. 

Fowkes, R. Franklin, M. Fransen, M.K. Freeman, S.E. Gabriel, E. Gakidou, F. 

Gaspari, R.F. Gillum, D. Gonzalez-Medina, Y.A. Halasa, D. Haring, J.E. Harrison, 

R. Havmoeller, R.J. Hay, B. Hoen, P.J. Hotez, D. Hoy, K.H. Jacobsen, S.L. James, 

R. Jasrasaria, S. Jayaraman, N. Johns, G. Karthikeyan, N. Kassebaum, A. Keren, 

J.-P. Khoo, L.M. Knowlton, O. Kobusingye, A. Koranteng, R. Krishnamurthi, M. 

Lipnick, S.E. Lipshultz, S.L. Ohno, J. Mabweijano, M.F. MacIntyre, L. Mallinger, L. 

March, G.B. Marks, R. Marks, A. Matsumori, R. Matzopoulos, B.M. Mayosi, J.H. 

McAnulty, M.M. McDermott, J. McGrath, G.A. Mensah, T.R. Merriman, C. 

Michaud, M. Miller, T.R. Miller, C. Mock, A.O. Mocumbi, A.A. Mokdad, A. Moran, 

K. Mulholland, M.N. Nair, L. Naldi, K.M.V. Narayan, K. Nasseri, P. Norman, M. 



89 
 

O’Donnell, S.B. Omer, K. Ortblad, R. Osborne, D. Ozgediz, B. Pahari, J.D. 

Pandian, A.P. Rivero, R.P. Padilla, F. Perez-Ruiz, N. Perico, D. Phillips, K. Pierce, 

C.A. Pope, E. Porrini, F. Pourmalek, M. Raju, D. Ranganathan, J.T. Rehm, D.B. 

Rein, G. Remuzzi, F.P. Rivara, T. Roberts, F.R. De León, L.C. Rosenfeld, L. 

Rushton, R.L. Sacco, J.A. Salomon, U. Sampson, E. Sanman, D.C. Schwebel, M. 

Segui-Gomez, D.S. Shepard, D. Singh, J. Singleton, K. Sliwa, E. Smith, A. Steer, 

J.A. Taylor, B. Thomas, I.M. Tleyjeh, J.A. Towbin, T. Truelsen, E.A. Undurraga, N. 

Venketasubramanian, L. Vijayakumar, T. Vos, G.R. Wagner, M. Wang, W. Wang, 

K. Watt, M.A. Weinstock, R. Weintraub, J.D. Wilkinson, A.D. Woolf, S. Wulf, P.-H. 

Yeh, P. Yip, A. Zabetian, Z.-J. Zheng, A.D. Lopez, C.J.L. Murray, M.A. AlMazroa, 

Z.A. Memish, Global and regional mortality from 235 causes of death for 20 age 

groups in 1990 and 2010: a systematic analysis for the Global Burden of Disease 

Study 2010, Lancet 380 (2012) 2095–2128. https://doi.org/10.1016/S0140-

6736(12)61728-0. 

[100] K. Stellos, A. Gatsiou, K. Stamatelopoulos, L. Perisic Matic, D. John, F.F. 

Lunella, N. Jaé, O. Rossbach, C. Amrhein, F. Sigala, R.A. Boon, B. Fürtig, Y. 

Manavski, X. You, S. Uchida, T. Keller, J.-N. Boeckel, A. Franco-Cereceda, L. 

Maegdefessel, W. Chen, H. Schwalbe, A. Bindereif, P. Eriksson, U. Hedin, A.M. 

Zeiher, S. Dimmeler, Adenosine-to-inosine RNA editing controls cathepsin S 

expression in atherosclerosis by enabling HuR-mediated post-transcriptional 

regulation, Nat. Med. 22 (2016) 1140–1150. https://doi.org/10.1038/nm.4172. 

[101] G.-P. Shi, G.K. Sukhova, M. Kuzuya, Q. Ye, J. Du, Y. Zhang, J.-H. Pan, M.L. 

Lu, X.W. Cheng, A. Iguchi, S. Perrey, A.M.-E. Lee, H.A. Chapman, P. Libby, 

Deficiency of the cysteine protease cathepsin S impairs microvessel growth, Circ. 

Res. 92 (2003) 493–500. https://doi.org/10.1161/01.RES.0000060485.20318.96. 

[102] G.K. Sukhova, Y. Zhang, J.-H. Pan, Y. Wada, T. Yamamoto, M. Naito, T. 

Kodama, S. Tsimikas, J.L. Witztum, M.L. Lu, Y. Sakara, M.T. Chin, P. Libby, G.-P. 

Shi, Deficiency of cathepsin S reduces atherosclerosis in LDL receptor-deficient 

mice, J. Clin. Invest. 111 (2003) 897–906. https://doi.org/10.1172/JCI14915. 

[103] L.-L. Chen, L. Yang, ALUternative Regulation for Gene Expression, Trends Cell 

Biol. 27 (2017) 480–490. https://doi.org/10.1016/j.tcb.2017.01.002. 

[104] D.D.Y. Kim, Widespread RNA Editing of Embedded Alu Elements in the Human 

Transcriptome, Genome Res. 14 (2004) 1719–1725. 

https://doi.org/10.1101/gr.2855504. 

[105] P. Libby, P.M. Ridker, G.K. Hansson, Progress and challenges in translating 

the biology of atherosclerosis, Nature. 473 (2011) 317–325. 

https://doi.org/10.1038/nature10146. 

[106] J. Fei, X.-B. Cui, J.-N. Wang, K. Dong, S.-Y. Chen, ADAR1-Mediated RNA 

Editing, A Novel Mechanism Controlling Phenotypic Modulation of Vascular 

Smooth Muscle Cells, Circ. Res. 119 (2016) 463–469. 

https://doi.org/10.1161/CIRCRESAHA.116.309003. 

[107] N. Shi, S.-Y. Chen, Smooth Muscle Cell Differentiation: Model Systems, 

Regulatory Mechanisms, and Vascular Diseases, J. Cell. Physiol. 231 (2016) 777–

787. https://doi.org/10.1002/jcp.25208. 



90 
 

[108] H. Shimokawa, A. Takeshita, Rho-kinase is an important therapeutic target in 

cardiovascular medicine, Arterioscler. Thromb. Vasc. Biol. 25 (2005) 1767–1775. 

https://doi.org/10.1161/01.ATV.0000176193.83629.c8. 

[109] Q. Wang, H. Hui, Z. Guo, W. Zhang, Y. Hu, T. He, Y. Tai, P. Peng, L. Wang, 

ADAR1 regulates ARHGAP26 gene expression through RNA editing by disrupting 

miR-30b-3p and miR-573 binding, RNA 19 (2013) 1525–1536. 

https://doi.org/10.1261/rna.041533.113. 

[110] H. Shimokawa, S. Sunamura, K. Satoh, RhoA/Rho-Kinase in the 

Cardiovascular System, Circ. Res. 118 (2016) 352–366. 

https://doi.org/10.1161/CIRCRESAHA.115.306532. 

[111] K. Stengel, Y. Zheng, Cdc42 in oncogenic transformation, invasion, and 

tumorigenesis, Cell Signal. 23 (2011) 1415–1423. 

https://doi.org/10.1016/j.cellsig.2011.04.001. 

[112] M. Nakano, T. Fukami, S. Gotoh, M. Takamiya, Y. Aoki, M. Nakajima, RNA 

Editing Modulates Human Hepatic Aryl Hydrocarbon Receptor Expression by 

Creating MicroRNA Recognition Sequence, J. Biol. Chem. 291 (2016) 894–903. 

https://doi.org/10.1074/jbc.M115.699363. 

[113] D. Wu, N. Nishimura, V. Kuo, O. Fiehn, S. Shahbaz, L. Van Winkle, F. 

Matsumura, C.F.A. Vogel, Activation of aryl hydrocarbon receptor induces vascular 

inflammation and promotes atherosclerosis in apolipoprotein E-/- mice, 

Arterioscler. Thromb. Vasc. Biol. 31 (2011) 1260–1267. 

https://doi.org/10.1161/ATVBAHA.110.220202. 

[114] V.L. Souliotis, N.I. Vlachogiannis, M. Pappa, A. Argyriou, P.A. Ntouros, P.P. 

Sfikakis, DNA Damage Response and Oxidative Stress in Systemic Autoimmunity, 

Int. J. Mol. Sci. 21 (2019). https://doi.org/10.3390/ijms21010055. 

[115] T. Münzel, A. Daiber, S. Steven, L.P. Tran, E. Ullmann, S. Kossmann, F.P. 

Schmidt, M. Oelze, N. Xia, H. Li, A. Pinto, P. Wild, K. Pies, E.R. Schmidt, S. Rapp, 

S. Kröller-Schön, Effects of noise on vascular function, oxidative stress, and 

inflammation: mechanistic insight from studies in mice, Eur. Heart J. 38 (2017) 

2838–2849. https://doi.org/10.1093/eurheartj/ehx081. 

[116] J. Huot, F. Houle, F. Marceau, J. Landry, Oxidative stress-induced actin 

reorganization mediated by the p38 mitogen-activated protein kinase/heat shock 

protein 27 pathway in vascular endothelial cells, Circ. Res. 80 (1997) 383–392. 

https://doi.org/10.1161/01.res.80.3.383. 

[117] S. van Wetering, J.D. van Buul, S. Quik, F.P.J. Mul, E.C. Anthony, J.-P. ten 

Klooster, J.G. Collard, P.L. Hordijk, Reactive oxygen species mediate Rac-induced 

loss of cell-cell adhesion in primary human endothelial cells, J. Cell Sci. 115 (2002) 

1837–1846. 

[118] Y. Sherer, Y. Shoenfeld, Mechanisms of disease: atherosclerosis in 

autoimmune diseases, Nat. Clin. Pract. Rheumatol. 2 (2006) 99–106. 

https://doi.org/10.1038/ncprheum0092. 

[119] D. Muñoz-Espín, M. Serrano, Cellular senescence: from physiology to 

pathology, Nat. Rev. Mol. Cell Biol. 15 (2014) 482–496. 

https://doi.org/10.1038/nrm3823. 



91 
 

[120] S.S. David, V.L. O’Shea, S. Kundu, Base-excision repair of oxidative DNA 

damage, Nature. 447 (2007) 941–950. https://doi.org/10.1038/nature05978. 

[121] A. Prakash, B.L. Carroll, J.B. Sweasy, S.S. Wallace, S. Doublié, Genome and 

cancer single nucleotide polymorphisms of the human NEIL1 DNA glycosylase: 

activity, structure, and the effect of editing, DNA Repair. 14 (2014) 17–26. 

https://doi.org/10.1016/j.dnarep.2013.12.003. 

[122] J. Yeo, R.A. Goodman, N.T. Schirle, S.S. David, P.A. Beal, RNA editing 

changes the lesion specificity for the DNA repair enzyme NEIL1, Proc. Natl. Acad. 

Sci. U. S. A. 107 (2010) 20715–20719. 

[123] Y. Wang, M. Men, B. Xie, J. Shan, C. Wang, J. Liu, H. Zheng, W. Yang, S. Xue, 

C. Guo, Inhibition of PKR protects against H2O2-induced injury on neonatal 

cardiac myocytes by attenuating apoptosis and inflammation, Sci. Rep. 6 (2016) 

38753. https://doi.org/10.1038/srep38753. 

[124] E.A. Sagredo, A.I. Sagredo, A. Blanco, P. Rojas De Santiago, S. Rivas, R. 

Assar, P. Pérez, K. Marcelain, R. Armisén, ADAR1 Transcriptome editing 

promotes breast cancer progression through the regulation of cell cycle and DNA 

damage response, Biochim. Biophys. Acta Mol. Cell Res. 1867 (2020) 118716. 

https://doi.org/10.1016/j.bbamcr.2020.118716. 

[125] R. Baccala, K. Hoebe, D.H. Kono, B. Beutler, A.N. Theofilopoulos, TLR-

dependent and TLR-independent pathways of type I interferon induction in 

systemic autoimmunity, Nat. Med. 13 (2007) 543–551. 

https://doi.org/10.1038/nm1590. 

[126] A.N. Theofilopoulos, D.H. Kono, R. Baccala, The multiple pathways to 

autoimmunity, Nat. Immunol. 18 (2017) 716–724. https://doi.org/10.1038/ni.3731. 

[127] A.N. Theofilopoulos, R. Baccala, B. Beutler, D.H. Kono, Type I interferons 

(alpha/beta) in immunity and autoimmunity, Annu. Rev. Immunol. 23 (2005) 307–

336. https://doi.org/10.1146/annurev.immunol.23.021704.115843. 

[128] S. Assassi, M.D. Mayes, F.C. Arnett, P. Gourh, S.K. Agarwal, T.A. McNearney, 

D. Chaussabel, N. Oommen, M. Fischbach, K.R. Shah, J. Charles, V. Pascual, 

J.D. Reveille, F.K. Tan, Systemic sclerosis and lupus: points in an interferon-

mediated continuum, Arthritis Rheum. 62 (2010) 589–598. 

https://doi.org/10.1002/art.27224. 

[129] A. Nezos, F. Gravani, A. Tassidou, E.K. Kapsogeorgou, M. Voulgarelis, M. 

Koutsilieris, M.K. Crow, C.P. Mavragani, Type I and II interferon signatures in 

Sjogren’s syndrome pathogenesis: Contributions in distinct clinical phenotypes 

and Sjogren’s related lymphomagenesis, J. Autoimmun. 63 (2015) 47–58. 

https://doi.org/10.1016/j.jaut.2015.07.002. 

[130] F.A.H. Cooles, A.E. Anderson, D.W. Lendrem, J. Norris, A.G. Pratt, C.M.U. 

Hilkens, J.D. Isaacs, The interferon gene signature is increased in patients with 

early treatment-naive rheumatoid arthritis and predicts a poorer response to initial 

therapy, J. Allergy Clin. Immunol. 141 (2018) 445-448.e4. 

https://doi.org/10.1016/j.jaci.2017.08.026. 

[131] E.F. Morand, R. Furie, Y. Tanaka, I.N. Bruce, A.D. Askanase, C. Richez, S.-C. 

Bae, P.Z. Brohawn, L. Pineda, A. Berglind, R. Tummala, TULIP-2 Trial 



92 
 

Investigators, Trial of Anifrolumab in Active Systemic Lupus Erythematosus, N. 

Engl. J. Med. 382 (2020) 211–221. https://doi.org/10.1056/NEJMoa1912196. 

[132] J.-H. Yang, X. Luo, Y. Nie, Y. Su, Q. Zhao, K. Kabir, D. Zhang, R. Rabinovici, 

Widespread inosine-containing mRNA in lymphocytes regulated by ADAR1 in 

response to inflammation, Immunology. 109 (2003) 15–23. 

[133] J. Aicardi, F. Goutières, A progressive familial encephalopathy in infancy with 

calcifications of the basal ganglia and chronic cerebrospinal fluid lymphocytosis, 

Ann. Neurol. 15 (1984) 49–54. https://doi.org/10.1002/ana.410150109. 

[134] P. Lebon, J. Badoual, G. Ponsot, F. Goutières, F. Hémeury-Cukier, J. Aicardi, 

Intrathecal synthesis of interferon-alpha in infants with progressive familial 

encephalopathy, J. Neurol. Sci. 84 (1988) 201–208. https://doi.org/10.1016/0022-

510x(88)90125-6. 

[135] G.I. Rice, G.M.A. Forte, M. Szynkiewicz, D.S. Chase, A. Aeby, M.S. Abdel-

Hamid, S. Ackroyd, R. Allcock, K.M. Bailey, U. Balottin, C. Barnerias, G. Bernard, 

C. Bodemer, M.P. Botella, C. Cereda, K.E. Chandler, L. Dabydeen, R.C. Dale, C. 

De Laet, C.G.E.L. De Goede, M. Del Toro, L. Effat, N.N. Enamorado, E. Fazzi, B. 

Gener, M. Haldre, J.-P.S.-M. Lin, J.H. Livingston, C.M. Lourenco, W. Marques, P. 

Oades, P. Peterson, M. Rasmussen, A. Roubertie, J.L. Schmidt, S.A. Shalev, R. 

Simon, R. Spiegel, K.J. Swoboda, S.A. Temtamy, G. Vassallo, C.N. Vilain, J. Vogt, 

V. Wermenbol, W.P. Whitehouse, D. Soler, I. Olivieri, S. Orcesi, M.S. Aglan, M.S. 

Zaki, G.M.H. Abdel-Salam, A. Vanderver, K. Kisand, F. Rozenberg, P. Lebon, Y.J. 

Crow, Assessment of interferon-related biomarkers in Aicardi-Goutières syndrome 

associated with mutations in TREX1, RNASEH2A, RNASEH2B, RNASEH2C, 

SAMHD1, and ADAR: a case-control study, Lancet Neurol. 12 (2013) 1159–1169. 

https://doi.org/10.1016/S1474-4422(13)70258-8. 

[136] G.I. Rice, P.R. Kasher, G.M.A. Forte, N.M. Mannion, S.M. Greenwood, M. 

Szynkiewicz, J.E. Dickerson, S.S. Bhaskar, M. Zampini, T.A. Briggs, E.M. 

Jenkinson, C.A. Bacino, R. Battini, E. Bertini, P.A. Brogan, L.A. Brueton, M. 

Carpanelli, C. De Laet, P. de Lonlay, M. del Toro, I. Desguerre, E. Fazzi, À. Garcia-

Cazorla, A. Heiberg, M. Kawaguchi, R. Kumar, J.-P.S.-M. Lin, C.M. Lourenco, A.M. 

Male, W. Marques, C. Mignot, I. Olivieri, S. Orcesi, P. Prabhakar, M. Rasmussen, 

R.A. Robinson, F. Rozenberg, J.L. Schmidt, K. Steindl, T.Y. Tan, W.G. van der 

Merwe, A. Vanderver, G. Vassallo, E.L. Wakeling, E. Wassmer, E. Whittaker, J.H. 

Livingston, P. Lebon, T. Suzuki, P.J. McLaughlin, L.P. Keegan, M.A. O’Connell, 

S.C. Lovell, Y.J. Crow, Mutations in ADAR1 cause Aicardi-Goutières syndrome 

associated with a type I interferon signature, Nat. Genet. 44 (2012) 1243–1248. 

https://doi.org/10.1038/ng.2414. 

[137] G.I. Rice, Y. Del Toro Duany, E.M. Jenkinson, G.M. Forte, B.H. Anderson, G. 

Ariaudo, B. Bader-Meunier, E.M. Baildam, R. Battini, M.W. Beresford, M. 

Casarano, M. Chouchane, R. Cimaz, A.E. Collins, N.J. Cordeiro, R.C. Dale, J.E. 

Davidson, L. De Waele, I. Desguerre, L. Faivre, E. Fazzi, B. Isidor, L. Lagae, A.R. 

Latchman, P. Lebon, C. Li, J.H. Livingston, C.M. Lourenço, M.M. Mancardi, A. 

Masurel-Paulet, I.B. McInnes, M.P. Menezes, C. Mignot, J. O’Sullivan, S. Orcesi, 

P.P. Picco, E. Riva, R.A. Robinson, D. Rodriguez, E. Salvatici, C. Scott, M. 



93 
 

Szybowska, J.L. Tolmie, A. Vanderver, C. Vanhulle, J.P. Vieira, K. Webb, R.N. 

Whitney, S.G. Williams, L.A. Wolfe, S.M. Zuberi, S. Hur, Y.J. Crow, Gain-of-

function mutations in IFIH1 cause a spectrum of human disease phenotypes 

associated with upregulated type I interferon signaling, Nat. Genet. 46 (2014) 503–

509. https://doi.org/10.1038/ng.2933. 

[138] A.J. Fisher, P.A. Beal, Effects of Aicardi-Goutières Syndrome Mutations 

Predicted from ADAR-RNA Structures, RNA Biol. (2016) 00–00. 

[139] R. La Piana, C. Uggetti, I. Olivieri, D. Tonduti, U. Balottin, E. Fazzi, S. Orcesi, 

Bilateral striatal necrosis in two subjects with Aicardi-Goutières syndrome due to 

mutations in ADAR1 ( AGS6 ), Am. J. Med. Genet. A. 164 (2014) 815–819. 

https://doi.org/10.1002/ajmg.a.36360. 

[140] J.H. Livingston, J.-P. Lin, R.C. Dale, D. Gill, P. Brogan, A. Munnich, M.A. 

Kurian, V. Gonzalez-Martinez, C.G.E.L. De Goede, A. Falconer, G. Forte, E.M. 

Jenkinson, P.R. Kasher, M. Szynkiewicz, G.I. Rice, Y.J. Crow, A type I interferon 

signature identifies bilateral striatal necrosis due to mutations in ADAR1, J. Med. 

Genet. 51 (2014) 76–82. https://doi.org/10.1136/jmedgenet-2013-102038. 

[141] Y. Crow, M. Zaki, M. Abdel-Hamid, G. Abdel-Salam, O. Boespflug-Tanguy, N. 

Cordeiro, J. Gleeson, N. Gowrinathan, V. Laugel, F. Renaldo, D. Rodriguez, J. 

Livingston, G. Rice, Mutations in ADAR1, IFIH1, and RNASEH2B Presenting As 

Spastic Paraplegia, Neuropediatrics. 45 (2014) 386–391. 

https://doi.org/10.1055/s-0034-1389161. 

[142] X.-J. Zhang, P.-P. He, M. Li, C.-D. He, K.-L. Yan, Y. Cui, S. Yang, K.-Y. Zhang, 

M. Gao, J.-J. Chen, C.-R. Li, L. Jin, H.-D. Chen, S.-J. Xu, W. Huang, Seven novel 

mutations of the ADAR gene in Chinese families and sporadic patients with 

dyschromatosis symmetrica hereditaria (DSH), Hum. Mutat. 23 (2004) 629–630. 

https://doi.org/10.1002/humu.9246. 

[143] M.K. Crow, J. Wohlgemuth, Microarray analysis of gene expression in lupus, 

Arthritis Res. Ther. 5 (2003) 279–287. https://doi.org/10.1186/ar1015. 

[144] D. Laxminarayana, I.U. Khan, G.M. Kammer, Transcript mutations of the α 

regulatory subunit of protein kinase A and up-regulation of the RNA-editing gene 

transcript in lupus T lymphocytes, Lancet. 360 (2002) 842–849. 

[145] D. Laxminarayana, I.U. Khan, K.S. O’Rourke, B. Giri, Induction of 150-kDa 

adenosine deaminase that acts on RNA (ADAR)-1 gene expression in normal T 

lymphocytes by anti-CD3-ε and anti-CD28, Immunology. 122 (2007) 623–633. 

https://doi.org/10.1111/j.1365-2567.2007.02709.x. 

[146] S. Toyabe, U. Kaneko, M. Uchiyama, Decreased DAP12 expression in natural 

killer lymphocytes from patients with systemic lupus erythematosus is associated 

with increased transcript mutations, J. Autoimmun. 23 (2004) 371–378. 

https://doi.org/10.1016/j.jaut.2004.09.003. 

[147] D. Laxminarayana, K.S. O’Rourke, S. Maas, I. Olorenshaw, Altered editing in 

RNA editing adenosine deaminase ADAR2 gene transcripts of systemic lupus 

erythematosus T lymphocytes, Immunology. 121 (2007) 359–369. 

https://doi.org/10.1111/j.1365-2567.2007.02582.x. 



94 
 

[148] S.H. Roth, M. Danan-Gotthold, M. Ben-Izhak, G. Rechavi, C.J. Cohen, Y. 

Louzoun, E.Y. Levanon, Increased RNA Editing May Provide a Source for 

Autoantigens in Systemic Lupus Erythematosus, Cell Rep. 23 (2018) 50–57. 

https://doi.org/10.1016/j.celrep.2018.03.036. 

[149] L. Shallev, E. Kopel, A. Feiglin, G.S. Leichner, D. Avni, Y. Sidi, E. Eisenberg, 

A. Barzilai, E.Y. Levanon, S. Greenberger, Decreased A-to-I RNA editing as a 

source of keratinocytes’ dsRNA in psoriasis, RNA. 24 (2018) 828–840. 

https://doi.org/10.1261/rna.064659.117. 

[150] M.H. Tan, Q. Li, R. Shanmugam, R. Piskol, J. Kohler, A.N. Young, K.I. Liu, R. 

Zhang, G. Ramaswami, K. Ariyoshi, A. Gupte, L.P. Keegan, C.X. George, A. 

Ramu, N. Huang, E.A. Pollina, D.S. Leeman, A. Rustighi, Y.P.S. Goh, GTEx 

Consortium, Laboratory, Data Analysis &Coordinating Center (LDACC)—Analysis 

Working Group, Statistical Methods groups—Analysis Working Group, Enhancing 

GTEx (eGTEx) groups, NIH Common Fund, NIH/NCI, NIH/NHGRI, NIH/NIMH, 

NIH/NIDA, Biospecimen Collection Source Site—NDRI, Biospecimen Collection 

Source Site—RPCI, Biospecimen Core Resource—VARI, Brain Bank 

Repository—University of Miami Brain Endowment Bank, Leidos Biomedical—

Project Management, ELSI Study, Genome Browser Data Integration 

&Visualization—EBI, Genome Browser Data Integration &Visualization—UCSC 

Genomics Institute, University of California Santa Cruz, A. Chawla, G. Del Sal, G. 

Peltz, A. Brunet, D.F. Conrad, C.E. Samuel, M.A. O’Connell, C.R. Walkley, K. 

Nishikura, J.B. Li, Dynamic landscape and regulation of RNA editing in mammals, 

Nature. 550 (2017) 249–254. https://doi.org/10.1038/nature24041. 

[151] G. Quinones-Valdez, S.S. Tran, H.-I. Jun, J.H. Bahn, E.-W. Yang, L. Zhan, A. 

Brümmer, X. Wei, E.L. Van Nostrand, G.A. Pratt, G.W. Yeo, B.R. Graveley, X. 

Xiao, Regulation of RNA editing by RNA-binding proteins in human cells, Commun. 

Biol. 2 (2019) 1–14. https://doi.org/10.1038/s42003-018-0271-8. 

[152] S.H. Roth, E.Y. Levanon, E. Eisenberg, Genome-wide quantification of ADAR 

adenosine-to-inosine RNA editing activity, Nat. Methods. 16 (2019) 1131–1138. 

https://doi.org/10.1038/s41592-019-0610-9. 

[153] M. Higuchi, S. Maas, F.N. Single, J. Hartner, A. Rozov, N. Burnashev, D. 

Feldmeyer, R. Sprengel, P.H. Seeburg, Point mutation in an AMPA receptor gene 

rescues lethality in mice deficient in the RNA-editing enzyme ADAR2, Nature. 406 

(2000) 78–81. https://doi.org/10.1038/35017558. 

[154] M. Zhang, J. Fritsche, J. Roszik, L.J. Williams, X. Peng, Y. Chiu, C.-C. Tsou, F. 

Hoffgaard, V. Goldfinger, O. Schoor, A. Talukder, M.A. Forget, C. Haymaker, C. 

Bernatchez, L. Han, Y.-H. Tsang, K. Kong, X. Xu, K.L. Scott, H. Singh-Jasuja, G. 

Lizee, H. Liang, T. Weinschenk, G.B. Mills, P. Hwu, RNA editing derived epitopes 

function as cancer antigens to elicit immune responses, Nat. Commun. 9 (2018) 

3919. https://doi.org/10.1038/s41467-018-06405-9. 

[155] J.S. Smolen, D. Aletaha, A. Barton, G.R. Burmester, P. Emery, G.S. Firestein, 

A. Kavanaugh, I.B. McInnes, D.H. Solomon, V. Strand, K. Yamamoto, Rheumatoid 

arthritis, Nat. Rev. Dis. Primer. 4 (2018) 1–23. https://doi.org/10.1038/nrdp.2018.1. 



95 
 

[156] Y. Alamanos, P.V. Voulgari, A.A. Drosos, Incidence and prevalence of 

rheumatoid arthritis, based on the 1987 American College of Rheumatology 

criteria: a systematic review, Semin. Arthritis Rheum. 36 (2006) 182–188. 

https://doi.org/10.1016/j.semarthrit.2006.08.006. 

[157] J. Carbonell, T. Cobo, A. Balsa, M.A. Descalzo, L. Carmona, SERAP Study 

Group, The incidence of rheumatoid arthritis in Spain: results from a nationwide 

primary care registry, Rheumatology (Oxford) 47 (2008) 1088–1092. 

https://doi.org/10.1093/rheumatology/ken205. 

[158] P.P. Sfikakis, V.-K. Bournia, P. Sidiropoulos, D.T. Boumpas, A.A. Drosos, G.D. 

Kitas, G. Konstantonis, S.N. Liossis, M.N. Manoussakis, L. Sakkas, M. Tektonidou, 

A.G. Tzioufas, P.G. Vlachoyiannopoulos, C. Kani, P. Paterakis, P. Litsa, D. 

Vassilopoulos, Biologic treatment for rheumatic disease: real-world big data 

analysis from the Greek country-wide prescription database, Clin. Exp. Rheumatol. 

35 (2017) 579–585. 

[159] A.J. MacGregor, H. Snieder, A.S. Rigby, M. Koskenvuo, J. Kaprio, K. Aho, A.J. 

Silman, Characterizing the quantitative genetic contribution to rheumatoid arthritis 

using data from twins, Arthritis Rheum. 43 (2000) 30–37. 

https://doi.org/10.1002/1529-0131(200001)43:1<30::AID-ANR5>3.0.CO;2-B. 

[160] J. Kurkó, T. Besenyei, J. Laki, T.T. Glant, K. Mikecz, Z. Szekanecz, Genetics 

of Rheumatoid Arthritis — A Comprehensive Review, Clin. Rev. Allergy Immunol. 

45 (2013) 170–179. https://doi.org/10.1007/s12016-012-8346-7. 

[161] A. Hinks, A. Barton, S. John, I. Bruce, C. Hawkins, C.E.M. Griffiths, R. Donn, 

W. Thomson, A. Silman, J. Worthington, Association between the PTPN22 gene 

and rheumatoid arthritis and juvenile idiopathic arthritis in a UK population: further 

support that PTPN22 is an autoimmunity gene, Arthritis Rheum. 52 (2005) 1694–

1699. https://doi.org/10.1002/art.21049. 

[162] E.A. Stahl, S. Raychaudhuri, E.F. Remmers, G. Xie, S. Eyre, B.P. Thomson, Y. 

Li, F.A.S. Kurreeman, A. Zhernakova, A. Hinks, C. Guiducci, R. Chen, L. 

Alfredsson, C.I. Amos, K.G. Ardlie, A. Barton, J. Bowes, E. Brouwer, N.P. Burtt, 

J.J. Catanese, J. Coblyn, M.J. Coenen, K.H. Costenbader, L.A. Criswell, J.B.A. 

Crusius, J. Cui, P.I.W. de Bakker, P.L. De Jager, B. Ding, P. Emery, E. Flynn, P. 

Harrison, L.J. Hocking, T.W.J. Huizinga, D.L. Kastner, X. Ke, A.T. Lee, X. Liu, P. 

Martin, A.W. Morgan, L. Padyukov, M.D. Posthumus, T.R. Radstake, D.M. Reid, 

M. Seielstad, M.F. Seldin, N.A. Shadick, S. Steer, P.P. Tak, W. Thomson, A.H.M. 

van der Helm-van Mil, I.E. van der Horst-Bruinsma, C.E. van der Schoot, P.L. van 

Riel, M.E. Weinblatt, A.G. Wilson, G.J. Wolbink, P. Wordsworth, C. Wijmenga, 

E.W. Karlson, R.E.M. Toes, N. de Vries, A.B. Begovich, J. Worthington, K.A. 

Siminovitch, P.K. Gregersen, L. Klareskog, R.M. Plenge, Genome-wide 

association study meta-analysis identifies seven new rheumatoid arthritis risk loci, 

Nat. Genet. 42 (2010) 508–514. https://doi.org/10.1038/ng.582. 

[163] D. Sugiyama, K. Nishimura, K. Tamaki, G. Tsuji, T. Nakazawa, A. Morinobu, S. 

Kumagai, Impact of smoking as a risk factor for developing rheumatoid arthritis: a 

meta-analysis of observational studies, Ann. Rheum. Dis. 69 (2010) 70–81. 

https://doi.org/10.1136/ard.2008.096487. 



96 
 

[164] M.K. Söderlin, I.F. Petersson, P. Geborek, The effect of smoking on response 

and drug survival in rheumatoid arthritis patients treated with their first anti-TNF 

drug, Scand. J. Rheumatol. 41 (2012) 1–9. 

https://doi.org/10.3109/03009742.2011.599073. 

[165] F. Mercado, R.I. Marshall, A.C. Klestov, P.M. Bartold, Is there a relationship 

between rheumatoid arthritis and periodontal disease?, J. Clin. Periodontol. 27 

(2000) 267–272. https://doi.org/10.1034/j.1600-051x.2000.027004267.x. 

[166] K. Lundberg, N. Wegner, T. Yucel-Lindberg, P.J. Venables, Periodontitis in 

RA—the citrullinated enolase connection, Nat. Rev. Rheumatol. 6 (2010) 727–730. 

https://doi.org/10.1038/nrrheum.2010.139. 

[167] S. Viatte, D. Plant, S. Raychaudhuri, Genetics and epigenetics of rheumatoid 

arthritis, Nat. Rev. Rheumatol. 9 (2013) 141–153. 

https://doi.org/10.1038/nrrheum.2012.237. 

[168] E. Karouzakis, R.E. Gay, S. Gay, M. Neidhart, Epigenetic control in rheumatoid 

arthritis synovial fibroblasts, Nat. Rev. Rheumatol. 5 (2009) 266–272. 

https://doi.org/10.1038/nrrheum.2009.55. 

[169] N. Bottini, G.S. Firestein, Duality of fibroblast-like synoviocytes in RA: passive 

responders and imprinted aggressors, Nat. Rev. Rheumatol. 9 (2013) 24–33. 

https://doi.org/10.1038/nrrheum.2012.190. 

[170] M.N. Manoussakis, A.G. Tzioufas, M.P. Silis, P.J. Pange, J. Goudevenos, H.M. 

Moutsopoulos, High prevalence of anti-cardiolipin and other autoantibodies in a 

healthy elderly population., Clin. Exp. Immunol. 69 (1987) 557–565. 

[171] O. Meyer, C. Labarre, M. Dougados, P. Goupille, A. Cantagrel, A. Dubois, P. 

Nicaise-Roland, J. Sibilia, B. Combe, Anticitrullinated protein/peptide antibody 

assays in early rheumatoid arthritis for predicting five year radiographic damage, 

Ann. Rheum. Dis. 62 (2003) 120–126. https://doi.org/10.1136/ard.62.2.120. 

[172] H.U. Scherer, T.W.J. Huizinga, G. Krönke, G. Schett, R.E.M. Toes, The B cell 

response to citrullinated antigens in the development of rheumatoid arthritis, Nat. 

Rev. Rheumatol. 14 (2018) 157–169. https://doi.org/10.1038/nrrheum.2018.10. 

[173] S. De Vita, F. Zaja, S. Sacco, A. De Candia, R. Fanin, G. Ferraccioli, Efficacy 

of selective B cell blockade in the treatment of rheumatoid arthritis: evidence for a 

pathogenetic role of B cells, Arthritis Rheum. 46 (2002) 2029–2033. 

https://doi.org/10.1002/art.10467. 

[174] H.L. Wright, R.J. Moots, S.W. Edwards, The multifactorial role of neutrophils in 

rheumatoid arthritis, Nat. Rev. Rheumatol. 10 (2014) 593–601. 

https://doi.org/10.1038/nrrheum.2014.80. 

[175] T.D. de Jong, J. Lübbers, S. Turk, S. Vosslamber, E. Mantel, H.J. Bontkes, C.J. 

van der Laken, J.W. Bijlsma, D. van Schaardenburg, C.L. Verweij, The type I 

interferon signature in leukocyte subsets from peripheral blood of patients with 

early arthritis: a major contribution by granulocytes, Arthritis Res. Ther. 18 (2016) 

165. https://doi.org/10.1186/s13075-016-1065-3. 

[176] J.D. Lever, E.H. Ford, Histological, histochemical and electron microscopic 

observations on synovial membrane, Anat. Rec. 132 (1958) 525–539. 



97 
 

[177] P. Barland, A.B. Novikoff, D. Hamerman, Electron microscopy of the human 

synovial membrane, J. Cell Biol. 14 (1962) 207–220. 

[178] C.W. Castor, The microscopic structure of normal human synovial tissue, 

Arthritis Rheum. 3 (1960) 140–151. 

[179] F. Humby, M. Lewis, N. Ramamoorthi, J.A. Hackney, M.R. Barnes, M. 

Bombardieri, A.F. Setiadi, S. Kelly, F. Bene, M. DiCicco, S. Riahi, V. Rocher, N. 

Ng, I. Lazarou, R. Hands, D. van der Heijde, R.B.M. Landewé, A. van der Helm-

van Mil, A. Cauli, I. McInnes, C.D. Buckley, E.H. Choy, P.C. Taylor, M.J. 

Townsend, C. Pitzalis, Synovial cellular and molecular signatures stratify clinical 

response to csDMARD therapy and predict radiographic progression in early 

rheumatoid arthritis patients, Ann. Rheum. Dis. 78 (2019) 761–772. 

https://doi.org/10.1136/annrheumdis-2018-214539. 

[180] F. Zhang, K. Wei, K. Slowikowski, C.Y. Fonseka, D.A. Rao, S. Kelly, S.M. 

Goodman, D. Tabechian, L.B. Hughes, K. Salomon-Escoto, G.F.M. Watts, A.H. 

Jonsson, J. Rangel-Moreno, N. Meednu, C. Rozo, W. Apruzzese, T.M. 

Eisenhaure, D.J. Lieb, D.L. Boyle, A.M. Mandelin, Accelerating Medicines 

Partnership Rheumatoid Arthritis and Systemic Lupus Erythematosus (AMP 

RA/SLE) Consortium, B.F. Boyce, E. DiCarlo, E.M. Gravallese, P.K. Gregersen, L. 

Moreland, G.S. Firestein, N. Hacohen, C. Nusbaum, J.A. Lederer, H. Perlman, C. 

Pitzalis, A. Filer, V.M. Holers, V.P. Bykerk, L.T. Donlin, J.H. Anolik, M.B. Brenner, 

S. Raychaudhuri, Defining inflammatory cell states in rheumatoid arthritis joint 

synovial tissues by integrating single-cell transcriptomics and mass cytometry, Nat. 

Immunol. 20 (2019) 928–942. https://doi.org/10.1038/s41590-019-0378-1. 

[181] W. Stephenson, L.T. Donlin, A. Butler, C. Rozo, B. Bracken, A. Rashidfarrokhi, 

S.M. Goodman, L.B. Ivashkiv, V.P. Bykerk, D.E. Orange, R.B. Darnell, H.P. 

Swerdlow, R. Satija, Single-cell RNA-seq of rheumatoid arthritis synovial tissue 

using low-cost microfluidic instrumentation, Nat. Commun. 9 (2018) 791. 

https://doi.org/10.1038/s41467-017-02659-x. 

[182] D.E. Orange, V. Yao, K. Sawicka, J. Fak, M.O. Frank, S. Parveen, N.E. 

Blachere, C. Hale, F. Zhang, S. Raychaudhuri, O.G. Troyanskaya, R.B. Darnell, 

RNA Identification of PRIME Cells Predicting Rheumatoid Arthritis Flares, N. Engl. 

J. Med. 383 (2020) 218–228. https://doi.org/10.1056/NEJMoa2004114. 

[183] V. Aidinis, D. Plows, S. Haralambous, M. Armaka, P. Papadopoulos, M.Z. 

Kanaki, D. Koczan, H.J. Thiesen, G. Kollias, Functional analysis of an arthritogenic 

synovial fibroblast, Arthritis Res. Ther. 5 (2003) R140-157. 

[184] S. Lefèvre, A. Knedla, C. Tennie, A. Kampmann, C. Wunrau, R. Dinser, A. Korb, 

E.-M. Schnäker, I.H. Tarner, P.D. Robbins, C.H. Evans, H. Stürz, J. Steinmeyer, 

S. Gay, J. Schölmerich, T. Pap, U. Müller-Ladner, E. Neumann, Synovial 

fibroblasts spread rheumatoid arthritis to unaffected joints, Nat. Med. 15 (2009) 

1414–1420. https://doi.org/10.1038/nm.2050. 

[185] P.P. Sfikakis, N.I. Vlachogiannis, P.F. Christopoulos, Cadherin-11 as a 

therapeutic target in chronic, inflammatory rheumatic diseases, Clin. Immunol. 176 

(2017) 107–113. https://doi.org/10.1016/j.clim.2017.01.008. 



98 
 

[186] J. Lübbers, M. Brink, L.A. van de Stadt, S. Vosslamber, J.G. Wesseling, D. van 

Schaardenburg, S. Rantapää-Dahlqvist, C.L. Verweij, The type I IFN signature as 

a biomarker of preclinical rheumatoid arthritis, Ann. Rheum. Dis. 72 (2013) 776–

780. https://doi.org/10.1136/annrheumdis-2012-202753. 

[187] R.M. Thurlings, M. Boumans, J. Tekstra, J.A. van Roon, K. Vos, D.M. van 

Westing, L.G. van Baarsen, C. Bos, K.A. Kirou, D.M. Gerlag, M.K. Crow, J.W. 

Bijlsma, C.L. Verweij, P.P. Tak, Relationship between the type I interferon 

signature and the response to rituximab in rheumatoid arthritis patients, Arthritis 

Rheum. 62 (2010) 3607–3614. https://doi.org/10.1002/art.27702. 

[188] T. Wampler Muskardin, P. Vashisht, J.M. Dorschner, M.A. Jensen, B.S. 

Chrabot, M. Kern, J.R. Curtis, M.I. Danila, S.S. Cofield, N. Shadick, P.A. Nigrovic, 

E.W. St Clair, C.O. Bingham, R. Furie, W. Robinson, M. Genovese, C.C. Striebich, 

J.R. O’Dell, G.M. Thiele, L.W. Moreland, M. Levesque, S.L. Bridges, P.K. 

Gregersen, T.B. Niewold, Increased pretreatment serum IFN-β/α ratio predicts 

non-response to tumour necrosis factor α inhibition in rheumatoid arthritis, Ann. 

Rheum. Dis. 75 (2016) 1757–1762. https://doi.org/10.1136/annrheumdis-2015-

208001. 

[189] C.P. Mavragani, D.T. La, W. Stohl, M.K. Crow, Association of the response to 

tumor necrosis factor antagonists with plasma type I interferon activity and 

interferon-beta/alpha ratios in rheumatoid arthritis patients: a post hoc analysis of 

a predominantly Hispanic cohort, Arthritis Rheum. 62 (2010) 392–401. 

https://doi.org/10.1002/art.27226. 

[190] H. Zhu, L.-F. Wu, X.-B. Mo, X. Lu, H. Tang, X.-W. Zhu, W. Xia, Y.-F. Guo, M.-

J. Wang, K.-Q. Zeng, J. Wu, Y.-H. Qiu, X. Lin, Y.-H. Zhang, Y.-Z. Liu, N.-J. Yi, F.-

Y. Deng, S.-F. Lei, Rheumatoid arthritis-associated DNA methylation sites in 

peripheral blood mononuclear cells, Ann. Rheum. Dis. 78 (2019) 36–42. 

https://doi.org/10.1136/annrheumdis-2018-213970. 

[191] A.D. Clark, N. Nair, A.E. Anderson, N. Thalayasingam, N. Naamane, A.J. 

Skelton, J. Diboll, A. Barton, S. Eyre, J.D. Isaacs, A.G. Pratt, L.N. Reynard, 

Lymphocyte DNA methylation mediates genetic risk at shared immune-mediated 

disease loci, J. Allergy Clin. Immunol. (2020). 

https://doi.org/10.1016/j.jaci.2019.12.910. 

[192] Y.-C. Lin, Y.-C. Lin, C.-C. Wu, M.-Y. Huang, W.-C. Tsai, C.-H. Hung, P.-L. Kuo, 

The immunomodulatory effects of TNF-α inhibitors on human Th17 cells via RORγt 

histone acetylation, Oncotarget. 8 (2017) 7559–7571. 

https://doi.org/10.18632/oncotarget.13791. 

[193] A.M. Grabiec, O. Korchynskyi, P.P. Tak, K.A. Reedquist, Histone deacetylase 

inhibitors suppress rheumatoid arthritis fibroblast-like synoviocyte and 

macrophage IL-6 production by accelerating mRNA decay, Ann. Rheum. Dis. 71 

(2012) 424–431. https://doi.org/10.1136/ard.2011.154211. 

[194] J. Gillespie, S. Savic, C. Wong, A. Hempshall, M. Inman, P. Emery, R. Grigg, 

M.F. McDermott, Histone deacetylases are dysregulated in rheumatoid arthritis 

and a novel histone deacetylase 3-selective inhibitor reduces interleukin-6 



99 
 

production by peripheral blood mononuclear cells from rheumatoid arthritis 

patients, Arthritis Rheum. 64 (2012) 418–422. https://doi.org/10.1002/art.33382. 

[195] C. Angiolilli, P.A. Kabala, A.M. Grabiec, I.M. Van Baarsen, B.S. Ferguson, S. 

García, B. Malvar Fernandez, T.A. McKinsey, P.P. Tak, G. Fossati, P. Mascagni, 

D.L. Baeten, K.A. Reedquist, Histone deacetylase 3 regulates the inflammatory 

gene expression programme of rheumatoid arthritis fibroblast-like synoviocytes, 

Ann. Rheum. Dis. 76 (2017) 277–285. https://doi.org/10.1136/annrheumdis-2015-

209064. 

[196] L.A.B. Joosten, F. Leoni, S. Meghji, P. Mascagni, Inhibition of HDAC activity by 

ITF2357 ameliorates joint inflammation and prevents cartilage and bone 

destruction in experimental arthritis, Mol. Med. 17 (2011) 391–396. 

https://doi.org/10.2119/molmed.2011.00058. 

[197] J. Vojinovic, N. Damjanov, C. D’Urzo, A. Furlan, G. Susic, S. Pasic, N. Iagaru, 

M. Stefan, C.A. Dinarello, Safety and efficacy of an oral histone deacetylase 

inhibitor in systemic-onset juvenile idiopathic arthritis, Arthritis Rheum. 63 (2011) 

1452–1458. https://doi.org/10.1002/art.30238. 

[198] A. Sepriano, A. Kerschbaumer, J.S. Smolen, D. van der Heijde, M. Dougados, 

R. van Vollenhoven, I.B. McInnes, J.W. Bijlsma, G.R. Burmester, M. de Wit, L. 

Falzon, R. Landewé, Safety of synthetic and biological DMARDs: a systematic 

literature review informing the 2019 update of the EULAR recommendations for 

the management of rheumatoid arthritis, Ann. Rheum. Dis. 79 (2020) 760–770. 

https://doi.org/10.1136/annrheumdis-2019-216653. 

[199] J.S. Smolen, R.B.M. Landewé, J.W.J. Bijlsma, G.R. Burmester, M. Dougados, 

A. Kerschbaumer, I.B. McInnes, A. Sepriano, R.F. van Vollenhoven, M. de Wit, D. 

Aletaha, M. Aringer, J. Askling, A. Balsa, M. Boers, A.A. den Broeder, M.H. Buch, 

F. Buttgereit, R. Caporali, M.H. Cardiel, D. De Cock, C. Codreanu, M. Cutolo, C.J. 

Edwards, Y. van Eijk-Hustings, P. Emery, A. Finckh, L. Gossec, J.-E. Gottenberg, 

M.L. Hetland, T.W.J. Huizinga, M. Koloumas, Z. Li, X. Mariette, U. Müller-Ladner, 

E.F. Mysler, J.A.P. da Silva, G. Poór, J.E. Pope, A. Rubbert-Roth, A. Ruyssen-

Witrand, K.G. Saag, A. Strangfeld, T. Takeuchi, M. Voshaar, R. Westhovens, D. 

van der Heijde, EULAR recommendations for the management of rheumatoid 

arthritis with synthetic and biological disease-modifying antirheumatic drugs: 2019 

update, Ann. Rheum. Dis. 79 (2020) 685–699. 

https://doi.org/10.1136/annrheumdis-2019-216655. 

[200] X. Valencia, J.M.G. Higgins, H.P. Kiener, D.M. Lee, T.A. Podrebarac, C.C. 

Dascher, G.F.M. Watts, E. Mizoguchi, B. Simmons, D.D. Patel, A.K. Bhan, M.B. 

Brenner, Cadherin-11 provides specific cellular adhesion between fibroblast-like 

synoviocytes, J. Exp. Med. 200 (2004) 1673–1679. 

https://doi.org/10.1084/jem.20041545. 

[201] F. Colombo, P. Durigutto, L. De Maso, S. Biffi, B. Belmonte, C. Tripodo, R. 

Oliva, P. Bardini, G.M. Marini, E. Terreno, G. Pozzato, E. Rampazzo, J. Bertrand, 

B. Feuerstein, J. Javurek, J. Havrankova, C. Pitzalis, L. Nuñez, P. Meroni, F. 

Tedesco, D. Sblattero, P. Macor, Targeting CD34+ cells of the inflamed synovial 



100 
 

endothelium by guided nanoparticles for the treatment of rheumatoid arthritis, J. 

Autoimmun. 103 (2019) 102288. https://doi.org/10.1016/j.jaut.2019.05.016. 

[202] D. Aletaha, T. Neogi, A.J. Silman, J. Funovits, D.T. Felson, C.O. Bingham, N.S. 

Birnbaum, G.R. Burmester, V.P. Bykerk, M.D. Cohen, B. Combe, K.H. 

Costenbader, M. Dougados, P. Emery, G. Ferraccioli, J.M.W. Hazes, K. Hobbs, 

T.W.J. Huizinga, A. Kavanaugh, J. Kay, T.K. Kvien, T. Laing, P. Mease, H.A. 

Ménard, L.W. Moreland, R.L. Naden, T. Pincus, J.S. Smolen, E. Stanislawska-

Biernat, D. Symmons, P.P. Tak, K.S. Upchurch, J. Vencovský, F. Wolfe, G. 

Hawker, 2010 Rheumatoid arthritis classification criteria: An American College of 

Rheumatology/European League Against Rheumatism collaborative initiative, 

Arthritis Rheum. 62 (2010) 2569–2581. https://doi.org/10.1002/art.27584. 

[203] M.J. Heinrich, C.A. Purcell, A.J. Pruijssers, Y. Zhao, C.F. Spurlock, S. Sriram, 

K.M. Ogden, T.S. Dermody, M.B. Scholz, P.S. Crooke, J. Karijolich, T.M. Aune, 

Endogenous double-stranded Alu RNA elements stimulate IFN-responses in 

relapsing remitting multiple sclerosis, J. Autoimmun. (2019). 

https://doi.org/10.1016/j.jaut.2019.02.003. 

[204] T. Hung, G.A. Pratt, B. Sundararaman, M.J. Townsend, C. Chaivorapol, T. 

Bhangale, R.R. Graham, W. Ortmann, L.A. Criswell, G.W. Yeo, T.W. Behrens, The 

Ro60 autoantigen binds endogenous retroelements and regulates inflammatory 

gene expression, Science. 350 (2015) 455–459. 

https://doi.org/10.1126/science.aac7442. 

[205] J. Fransen, P.L.C.M. van Riel, The Disease Activity Score and the EULAR 

response criteria, Clin. Exp. Rheumatol. 23 (2005) S93-99. 

[206] Y. Guo, A.M. Walsh, U. Fearon, M.D. Smith, M.D. Wechalekar, X. Yin, S. Cole, 

C. Orr, T. McGarry, M. Canavan, S. Kelly, T.-A. Lin, X. Liu, S.M. Proudman, D.J. 

Veale, C. Pitzalis, S. Nagpal, CD40L-Dependent Pathway Is Active at Various 

Stages of Rheumatoid Arthritis Disease Progression, J. Immunol. 198 (2017) 

4490–4501. https://doi.org/10.4049/jimmunol.1601988. 

[207] R.K. Patel, M. Jain, NGS QC Toolkit: a toolkit for quality control of next 

generation sequencing data, PloS One. 7 (2012) e30619. 

https://doi.org/10.1371/journal.pone.0030619. 

[208] D. Kim, B. Langmead, S.L. Salzberg, HISAT: a fast spliced aligner with low 

memory requirements, Nat. Methods. 12 (2015) 357–360. 

https://doi.org/10.1038/nmeth.3317. 

[209] M. Pertea, G.M. Pertea, C.M. Antonescu, T.-C. Chang, J.T. Mendell, S.L. 

Salzberg, StringTie enables improved reconstruction of a transcriptome from RNA-

seq reads, Nat. Biotechnol. 33 (2015) 290–295. https://doi.org/10.1038/nbt.3122. 

[210] M.I. Love, W. Huber, S. Anders, Moderated estimation of fold change and  

dispersion for RNA-seq data with DESeq2, Genome Biol. 15 (2014) 550. 

https://doi.org/10.1186/s13059-014-0550-8. 

[211] F. Faul, E. Erdfelder, A.-G. Lang, A. Buchner, G*Power 3: A flexible statistical 

power analysis program for the social, behavioral, and biomedical sciences, 

Behav. Res. Methods. 39 (2007) 175–191. https://doi.org/10.3758/BF03193146. 



101 
 

[212] T.Y. Nakagawa, W.H. Brissette, P.D. Lira, R.J. Griffiths, N. Petrushova, J. 

Stock, J.D. McNeish, S.E. Eastman, E.D. Howard, S.R. Clarke, others, Impaired 

invariant chain degradation and antigen presentation and diminished collagen-

induced arthritis in cathepsin S null mice, Immunity. 10 (1999) 207–217. 

[213] G. Ramaswami, J.B. Li, RADAR: a rigorously annotated database of A-to-I RNA 

editing, Nucleic Acids Res. 42 (2014) D109-113. 

https://doi.org/10.1093/nar/gkt996. 

[214] N. Paz-Yaacov, L. Bazak, I. Buchumenski, H.T. Porath, M. Danan-Gotthold, 

B.A. Knisbacher, E. Eisenberg, E.Y. Levanon, Elevated RNA Editing Activity Is a 

Major Contributor to Transcriptomic Diversity in Tumors, Cell Rep. 13 (2015) 267–

276. https://doi.org/10.1016/j.celrep.2015.08.080. 

[215] K. Loupasakis, D. Kuo, U.K. Sokhi, C. Sohn, B. Syracuse, E.G. Giannopoulou, 

S.H. Park, H. Kang, G. Rätsch, L.B. Ivashkiv, G.D. Kalliolias, Tumor Necrosis 

Factor dynamically regulates the mRNA stabilome in rheumatoid arthritis 

fibroblast-like synoviocytes, PLoS One. 12 (2017). 

https://doi.org/10.1371/journal.pone.0179762. 

[216] G. Barturen, L. Beretta, R. Cervera, R. Van Vollenhoven, M.E. Alarcón-

Riquelme, Moving towards a molecular taxonomy of autoimmune rheumatic 

diseases, Nat. Rev. Rheumatol. 14 (2018) 75–93. 

https://doi.org/10.1038/nrrheum.2017.220. 

[217] I.X. Wang, E. So, J.L. Devlin, Y. Zhao, M. Wu, V.G. Cheung, ADAR Regulates 

RNA Editing, Transcript Stability, and Gene Expression, Cell Rep. 5 (2013) 849–

860. https://doi.org/10.1016/j.celrep.2013.10.002. 

[218] N. Mukherjee, D.L. Corcoran, J.D. Nusbaum, D.W. Reid, S. Georgiev, M. 

Hafner, M. Ascano, T. Tuschl, U. Ohler, J.D. Keene, Integrative regulatory 

mapping indicates that the RNA-binding protein HuR couples pre-mRNA 

processing and mRNA stability, Mol. Cell. 43 (2011) 327–339. 

https://doi.org/10.1016/j.molcel.2011.06.007. 

[219] K. Honey, A.Y. Rudensky, Lysosomal cysteine proteases regulate antigen 

presentation, Nat. Rev. Immunol. 3 (2003) 472–482. 

https://doi.org/10.1038/nri1110. 

[220] T. Ruge, A. Södergren, S. Wållberg-Jonsson, A. Larsson, J. Ärnlöv, Circulating 

plasma levels of cathepsin S and L are not associated with disease severity in 

patients with rheumatoid arthritis, Scand. J. Rheumatol. 43 (2014) 371–373. 

https://doi.org/10.3109/03009742.2014.882979. 

[221] R.J. Riese, R.N. Mitchell, J.A. Villadangos, G.-P. Shi, J.T. Palmer, E.R. Karp, 

G.T. De Sanctis, H.L. Ploegh, H.A. Chapman, Cathepsin S activity regulates 

antigen presentation and immunity., J. Clin. Invest. 101 (1998) 2351. 

[222] K. Saegusa, N. Ishimaru, K. Yanagi, R. Arakaki, K. Ogawa, I. Saito, N. 

Katunuma, Y. Hayashi, Cathepsin S inhibitor prevents autoantigen presentation 

and autoimmunity, J. Clin. Invest. 110 (2002) 361–369. 

https://doi.org/10.1172/JCI200214682. 

[223] U. Pozgan, D. Caglic, B. Rozman, H. Nagase, V. Turk, B. Turk, Expression and 

activity profiling of selected cysteine cathepsins and matrix metalloproteinases in 



102 
 

synovial fluids from patients with rheumatoid arthritis and osteoarthritis, Biol. 

Chem. 391 (2010) 571–579. https://doi.org/10.1515/BC.2010.035. 

 


