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EuxapioTieg

To 1agidl pyou otnv épeuva &ekivnoe oT1o 2° £€10¢ TNG laTpikig, otav oe éva amod Ta
epyaotipia Puoioloyiog nEBa oe AP Pe TNV KUTTAPIKY BloAoyia Tou Kapkivou. H
€Cawn kal To 8€og TTou alIoBAvOnka pe ékavav va KataAdBw TTwg ABeAa va yivw
EPEUVNTAG, VA PNV OTOUATACW TTOTE VA PWTAW «YIATI» KAl va OIOXETEUW TNV TTAIDIKN)

TTEPIEPYEIN TTOU OIATNPW OE dNUIOUPYIKEG 0O0UG.

Mia ogipd avBpWTTWYV PoU ETTETPEYAV VA EEKIVAOW auTo To Tagidl: o KaBnyntng
Quolohoyiag K. MixdAng KoutolAiEpng pe BEXTNKE OTO £PYQOTHPIO TOU WG QOITNTA-
gEpeEUVNTA Kal Pe PorBnoe va KAvw Ta TTPWTA Mou gpeuvnTikG BAuata. H Av.
KaBnyntpia KAeiw Maupaydvn e pUNoEe yia TTPWTN QOpA OTnV €peuva NG
Avoooloyiag. O1 petadiddkTopeg Adplavog NéCog kal MavayiwTtng XpIoTOTTOUAOG JE
pMUNoav oTnV €MOTNPOVIKA JEBOBO Kal TNV EPYOOTNPIOK AETTTOUEPEIQ. TN CUVEXEIQ,
ol Kabnyntég Kwaotag Z1éANoG Kal Kipwv ZTapateAGTTOUAOG pE BoRbnoav va BeATIWOw
TTEPAITEPW KAl VA ATTOKTAOW OIOPOPETIKEC OTITIKEG YWVIES yIa TO KABE TTPORANUA,
dleupUVvoVTaG TIG YVWOEIS Kal TIG degI0TNTES Wou. O gpeuvnThic BaoiAng ZouAiwTng ue
TIG ETTIOTNMUOVIKEG OUlNTNOEIS JAG OEV OTAUATA VA PE EUTTVEEI KAl VA JOU dNUIOUPYEI
TNV €mMBupia va douAéww 1o okAnpd. TEAOG, aTo 6° £T0C TNG laTPIKAS yvwpIoa ToV
MévTOpA pou kal emBAETTOVTA TNG OlaTPIBAS autig, Kadnynth MéTpo Zoenkdkn, o
oTroiog &ev OTANATNOE va e PonBda va egeAixBw wg emoTAPOvAS aAAd Kal wg

AavepwIrog.

YTTApXEl KAl JIa OEIPpA AKOUN avOpwITTwV TTOU HECA Kal £6W OTTO TO EPYOOTRPIO
ME BonBnoav va cuvexiow. H oikoyéveld Jou Kai ol iAol Jou TTou Je oThpIfav o€ KABE
BAua kai attoyonTeuon. H KaBnyntpia kupia TekTovidou kal 6Aol o1 PeupaTtoAdyol otnv

A’ MpoTtraideuTikn MaBoAoyikr) KAIVIKA TTou e Bobnoav EUTTpaKTa 0Tn OTPATOAOYNOoN



TWV aoBevwyv, aAAG Kal YEVIKOTEPA MOIPACTNKAV TIG YVWOEIG TOUG PJadi pou. To TexVikO
TIPOCWTTIKO TOU EPYACTNPIOU KAl Ol YPANMPATEIG TNG KAIVIKAG TTOU e BonBoucav TTavta

ME XauOYEAO.

2.€ OAOUG TOUG TTAPATTAVW OPEIAW Eva HEYAAO «EUXAPIOTWH!

‘Eva £eXwPIOTO «EUXOPIOTW» OQEiAw oTo 1dpupa Qvdaon TTOU PE UTTOOTAPIEE ME

UTTOTPOQIA YIa TIG OIOAKTOPIKEG UOU OTTOUDEG.

TENOG, euxaploTw EeEXWPIOTA TOV KABEvav aTTO TOUG OOBEVEIC PE PEUMATOEIDN
apBpITIda TTOU CUMMETEIXAV OTN MEAETN POU, OI OTTOIOI €ival N EUTTVEUCT] JOU Kal N TTNYN

duvaung yia va TTpoxXwpw.



O 6pkog Tou ITrrokpdTn (apxaia eAANVIKA YAWo o)

"Opvupl ATréAAwva inTpdv, kai AGKANTTIOV, Kai Yyeiav, kai Mavakeiav, kai Be0Ug TTAVTAG TE Kai
TA00G, I0TOPAG TTOIEUPEVOG, ETTITEAEQ TTOINCEIV KOTA OUVAMIV Kai KPioIv €URv OpKov TOVOE Kai
Euyypaonv Tvde. ‘HynoaoBal pyév Tov dIdALavTd ye TRV TéEXVNV TaUTNV ioa yevETNOIV €UOIOI,
Kai Biou koivwoaoBal, kai Xpewv xpniovt yetddooiv TroingacBal, Kai yévog 10 €€ wuTéou
adeA@OIG ioov EmTIKpIVEEIV APPETT, Kai OI0ALEIV TAV TEXVNV TaUTNV, fv XPNilwaol havBdvelv, Gveu
MIoB00 kai Euyypagfig, TTapayyeAing Te kai akponaolog kai TAG AoImfiig amdong pabnoiog
hETAdooIv TroioacBal uioioi Te éuoiol, kai Toiol To0 £éué dIdAgavTog, Kai PabnTaiol
OUYYEYPAUUEVOITT TE KO WPKITPEVOIG VOUW INTPIK®, GAAW O& oudevi. AlITAPAC TE XPricoual
ETT" WQEAEIN KAPvOVTwY Katd dUvaulv Kai Kpialv éunv, € dnAnoel o8¢ kai adikin €ipeiv. OU
dwow O& oU0E PapuaKkov oudevi aitnBeic Bavaaipov, oUdE uenyrnoopal EUPBOUAInV ToIRVOE.
‘Opoiwg 6 oude yuvaiki TTecadv eBdpIov dwow. Ayvig O¢ Kai 0aiwg diatnpriow Piov TOV EuoV
Kal TéEXvnV TRV éunv. OU Tepéw OE oUOE PRV AIBIGVTAC, ékxwprnow O épydtnaiv avopdal
mpRrgiog THode. 'E¢ oikiag 8¢ OkdoOg Qv €Tiw, EaeAeUoopal ETT WPEAEIN KAPVOVTWY, EKTOG EWV
Tdong adiking £kouaing kai Boping, TAG T€ AAANG Kai APPodIciwy Epywy ETTi TE YUVAIKEIWVY
CWHATWYV Kai avdpwwy, EAeuBépwy Te Kai doUAwv. A &' av év Beparrein f idw, A dkolow, i
Kai dveu BepatTning katda Biov avBpwTTwy, & PN Xer TToTe éKAaAéeaBal EEw, alycoual, dppnTa
AYEUPEVOC €ival T& ToladTa. "OpKov pév oUv pol Tove émTeAéa TroI€ovTl, kai pn Euyxéov, €in
¢mavpacBal kai Biou kai Téxvng dofalouévw TTapd TTACIV AvOPWTTOIG € TOV aigl XpOvov.

TTapapaivovTi O€ Kai ETTIopKoTVTI, TAVAVTIa TOUTEWV.



O 6pkog Tou ITrmrokpdTn (arédoon oTn véa eEAANVIKA YAwooo)

OpkiCopal otov ATTOAWVA TOV 1aTPO Kal oTov AcKANTIS Kai oTnyv Yyeia kail otnv MNMavakeia kai
o€ 6AouGg Toug/TIG BeoUGg Kal TTIKAAOUWAI TN HapPTUPIa TOug OTI Ba UTTNPETACW KaTd Tn dUvapun
KAl TNV KPion PJou Tov OpKOo autov Kal To cUPBOAaio autd. Na Bswpw Tov dACOKAAS UouU TNG
TéEXVNG QUTAG (laTpikn) i00 PE TOUG YOVEIG Pou Kal va PoIpaoTw Padi Tou To BIo pou Kal Ta
XpPnuatd pou. Na Bewpw TOUG ATToydVoUG TOU i00UG JE TOU adEAQIA UOU Kal va TOUG dIDAgW
QuTAV TNV TEXVN av B€Aouv va TNV pabouv Xwpig didakTpa A GAAo cuuBoAaio Kal va JETadwow
TOUG KavOveg NBIKNAG Kal OAEG TIG AAAEG 1OTPIKEG POU YVWOEIS oTa TTaIdIA Jou, oTa TTaIdId Tou
0aO0KAAOU Pou Kal oToug AOITTOUG PaBnTEG TTOU €XOUV KAVEl YPATTTA CUN@WViIa padi Jou Kal
TPav Tov 1aTPIKG OpKOo, aAAA o€ Kavévav GAAO, va xpnaIYoTToIW TN BepaTreia yia va fonbriow
TOUG TTAOXOVTEG KATA TN dUvan Kal Kpion pou, aAAd TToTE yia va Toug BAGWW EKOUCIWG i va
Toug adikAow. Na unv dwow Bavatneopo PApPaKo , oUTE av KATTOIOC Pou To {NTraEl, OUTE Va
OWOoW TTOTE pia TEToIa CUNBOUAR. MNMapopoiwg, va unv dWow TTOTE G€ £YKUO PHECO TTOU TTPOKAAET
atmmoBoAf. Na diatnpw ayvh kal kaBapr TN ¢wn Kal TNV TEXVN HOU KAl va PNV XEIPopyw
TTAoXovTeG atrd AIBiaor, aAAG va TTapaxwpw TNV Epyacia autrh oToug €18IKoUG TNG TEXVNG. Z€
60a OTTiTIa TNYaivw, va PTTw yia va BonBrow Toug acBeveic amTo@elyovTag OTTOI0dNTTOTE
ekouaola BAGRN, kal KABE yeveTrala TTPAEN ME AVOPEG 1) YUVAIKEG, EAEUBEPOUG Kal doUAoUG. Kal
oTIoATTOTE BAETTW ) AKOUW KATA TV ACKNON TWV IOTPIKWY POU KABNKOVTWY 1] Kal TTEpa atrd
TIG ETTAYYEAUATIKEG HOU AOXONIEG OTNV KABNUEPIVH Hou dwr, yia TN wh TwvV avBpwTTwV TToU
Oev TTPETTEl va KOIVOTToINBoUY, Va CIWTTAoW Kal va SI0QUAGEW Ta PJUOTIKA. Av Tnpw Tov 6pKO
auTd TTIoTA Kal Ogv Tov TTapafw, €iBe va xaipw yia TTAVTA TNG EKTIUNONG TWV avBpWTTWYV yia

TN W) KAl yia TNV TéXVN Kou, av OUwG ToV TTapaBw Kal ETTIOPKAOW, OG UTTOOTW Ta avTiBeTa.



The Hippocratic oath

I swear by Apollo Physician, by Asclepius, by Hygeia, by Panacea, and by all the Gods and
Goddesses, making them my withesses, that | will carry out, to the best of my ability and
judgment, this oath and this contract of honour. To hold my teacher of this art (Medicine) equal
to my own parents; to share with them (my teacher) my life and when they are in need
of money to share mine with them; to consider their family equal to my siblings, and to teach
them this art (Medicine), if they want to learn it, without fee or any other contract; to impart
precept, oral instructions, and all my knowledge to my own children, my teacher’s children,
and to indentured pupils who have taken the physician’s oath, but to nobody else. | will use
treatment to help the sick to the best of ability and judgment, but never to injure or perform
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abortion. | will keep pure and honourable both my life and my art (Medicine). | will not perform
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that | enter, | will enter to help the sick, and | will abstain from all intentional wrong-doing or
harm, and | will never engage in any intercourse with men or women, slaves or free. Whatever
| shall see or hear in the course of my profession, as well as outside of my professional life, if
it should not be published, | will never share it with anyone, holding it as a holy secret. If | carry
out this oath, and never break it, may | enjoy forever respect and reputation among all people
for my life and for my art; but if | break this oath and forswear myself, may the opposite befall

me.
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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-gPCR. 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-l 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- 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.



MepiAnyn (Summary in Greek)

H peta-petaypagiki emegepyaoia Tou RNA (RNA editing), ye 1To ouxvh yopen
METATPOTTA TNG adevoaivng o€ Ivooivn (adenosine-to-inosine RNA editing), €ival pia
Baoikn BioAoyikh digpyacia n otroia Aaudavel xwpa Kupiwg oTig Alu TTepIOXEG TOU
METAYPaPWUATOS Kal diapecolapeital atmo Ta éviuua ADARL kai ADAR2. To ADAR1
EXEl 2 100pOPPEG, pia TTIo pakpld (ADAR1p150) kai pia Bpaxeia (ADAR1p110). H
onpacia Tou pnxaviopou autou TovideTal atrd Tov eVOOUNTPIO BAvVATO TWV TTOVTIKIWV
Ta OTToia OTEPOUVTAl TNG evquuatikhig dpdong Tou ADARIL. ZTnv TTapouca PEAETN
e¢etaoaue TN ouppeToxr Tou RNA editing otn Peuparocidry ApBpitida (PA), pia xpovia
@Aeypovwdn (autodvoon) vooo TTou TTNPEAdel TTepITTou T0 1% TOou TTANBUCoU. o
OUYKEKPIPEVA egeTaoape To poAo Tou RNA editing otn puBpion Twv ETTITTEDWV
QAeypovwdwyv popiwyv. MNa 1o okotrd autd avaAucape €va RNA sequencing dataset
TTou TrepIAGUBave ouvoAika 202 Blowieg apBpikou upéva [28 uyieig, 22 aoBeveic e
ooTeoapBpiTida, 57 acBeveig pe Tpwinn PA (didpkeia vooou<1 €106) Kal 95 aoBeveig
Me eykaTeoTnuévn PA]. Ettiong, ouAéCape aipa atmd acbeveic pe evepyd PA tTpiv- Kai
3 MNAVEG PETA TNV €vapén véag BepaTTeiog KAl ATTOPOVWOANE AEPPOPOVOTTUPNVA
KutTapa (PBMCs). Or1 TEXVIKEG TTOU XPNOIMOTIOINBNKAV NTAV TTOCOTIKA GAUCIOWTH
avtidpaon moAupepdong (QPCR) kai Sanger sequencing. Ta atroTeAéouarta Tng
MEAETNG avEDEIEav onuavTIKh augnon TnG Icouop@ns ADAR1p150 1600 oTOV apBPIKO
upéva 600 Kal OTO aipa Twv acBevwy, evw Ta eTTiTTeda NG 1Icopoperic ADAR1p110
Kabwg Kal Tou evUou ADAR2 &g dié@epav HETAEU aOBEVWV KAl UYIWV. 2Tr CUVEXEIQ,
ecetaoaue To RNA editing Tng cathepsin S, evdg popiou TTou EUTTAEKETAI EVEQPYA OTNV
QVTIYOVOTTAPOUTiaon Kal aTnV dIAoTTaon £EWKUTTAPIAG OUCiag Kal TTou £XEl TTPOTADEI
WS OoNUAvTIKG KOPPATI TNG TTaBo@ualioAoyiag Tng PA 1 akOun Kal wg BEPATTEUTIKOG
o1oxo¢. MNMaparnprioaue 611 To RNA editing oto oToixeio AluSx* tng cathepsin S frav
ONMAVTIKA auénuévo ota Aep@opovoTtupnva KUTTapa acBevwyv pe evepyd PA. Mg
IDIITEPO EVOIAPEPOV TTAPATNPIOAUE TTWG TOOO N €KPpacn Tou popiou ADAR1p150
600 kal To RNA editing Tou AluSx* Tng cathepsin S peiwdNKav onUAvTIKA PETA Tn
Bepartreia oTOUG a0BEVEIC TTOU €ixav KOAN avTatmokpIion OTn QAPMOKEUTIKI aywyn
(kpitApia EULAR), evw) TTapépeivav auetaBANTa oToug acBeveic pe pétpia rp kabBoAou
avtatmmokpion. TéAog, n ék@pacn Tng cathepsin S, Tou ATav au¢nuévn 1600 OTOV
apBpIKO UhEva 600 Kal oTa Aeu@opovoTTUpnva KUTTapa Twv acBevwy, ouoxeTifotav
IoXupd 1000 ME TO ADAR1p150 600 kai pe T1a emimeda Tou RNA editing.
2UMTTEPAOMATIKA, TIpoTeEivoupe TTwg TO RNA editing ptropei va dpa wg €va
EMTTPOOOETO, PETA-PETAYPAPIKO ETTITTEDO PUBUIONG TNG YOVIBIOKNG ékppaong oTn PA.



THEORETICAL BACKGROUND
(TENIKO MEPOS)

Introduction

In the 215t 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.



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 2" 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]



Epitranscriptomics: a new level of gene regulation
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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]



1.2 Alu RNA editing: a primate-specific, post-transcriptional mechanism

regulating RNA metabolism

Among the numerous RNA modifications, adenosine-to-inosine (A-to-1) 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
ADARS3. 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-l 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 unigue 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 | will analyze in the next chapters.



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

family consists of three members: two ADARL1 isoforms, the longer ADAR1p150 (150kDa;

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

inactive ADARS3 (739aa- not shown). Z- DNA binding domain(s) present in ADAR1p150 and

ADAR1p110, but notin 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.



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-l 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]

A
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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-1 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 (GIuRB) 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 GIuRB 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 GIURB 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 (IncRNA)
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, IncRNAs and Alu repetitive elements.
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Figure 4
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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-l RNA
editing of Alu regions surrounding circRNA inhibits the biogenesis of circRNAs. A-to-1 RNA
editing in the seed region of mMIRNAs leads to re-targeting events with functional
conseqguences. Notably, long non coding RNA (IncRNA) 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-1 RNA editing is essential for life

ADARL 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 (Adar15861A/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 Adarl’ embryos, as well as Adarl’ 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

ADARL1 suggesting a role for ADARL1 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 | (RIG-I) like receptors (RLRS)

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

An initial in vitro observation that oligonucleotides containing inosine-uracil (1:U)
base pairs (hallmarks of RNA editing events) suppress expression of interferon-
stimulated genes by binding to MDAS 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 Adarl” lethal phenotype and gain further
insights on the underlying molecular mechanisms, researchers generated a double
mutant mouse for Adarl and Ifnarl (the common IFN-a and IFN- receptor) or Stat1
(a key mediator of systemic IFN responses). [37] In this way, the survival of Adarl”
/ifnarl” or Adarl’/Statl” embryos was extended by 2-4 days compared to Adarl”
embryos, however the embryos did not make it to birth showing similar deficiencies to

those observed in Adarl”. [37]

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

the lethal phenotype of Adarl”’ mice. Thus, in order to potentially achieve a rescue of
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the Adarl” 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 | IFNs and proinflammatory cytokines. MAVS is activated upon
recognition of viral (“non-self’) dsRNA by either RIG-I or MDAS. [38—-42] Of interest,
Adarl”/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 ADARL. Surprisingly, in the same study, Adarl’
/Mda5”- double KO mutants displayed a similar survival curve as the Adarl”/Mavs’
mice and died postnatally within a week. [43] However, when Mda5’ mice were
crossed  with  AdarlB861AEBEIA  (editing  deficient  knock-in  mutation),
Adar1E861AEBE1A/NMda5” 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 MDAS 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 ADARL1 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 Adarl-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
ADAR1p1507 mice, participating in the phenotype. [45] The answer to this issue came
a few years later by Pestal et al. who used the same Adarlpl50” 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 Adarlp1507//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 Adar1E8614E861A/NMda5”- 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 Adarlp1507//Mavs”’- mice. Moreover, A-to-| 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 Adarlp1507/Mavs’ mice thereby attributing these specific
roles to ADAR1p150. [43] In conclusion, these experiments suggested that the two
ADARL1 isoforms have distinct roles with ADAR1p110 being integral for kidney
patterning, while ADAR1p150 being the major isoform responsible for ADARL1-
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 Staufenl-dependent manner. [46]

2) Which cells contribute most to the lethal phenotype? Conditional inactivation-based
strategies of ADARL1 in different cell types may provide further insights in this direction.
3) Is ADARL1 essential for all cell types and, if so, is the ADAR1p150/MDAS5/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 MDAS the primarily involved dsRNA sensor in every cell type or are other sensors
involved depending on tissue or even disease context? Of note, Adarl//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.
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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-1 and MDAGS receptors signal through MAVS adaptor, which in turn leads to the activation
of NF-kB and IRF3/7 and subsequent upregulation of type | IFN and other proinflammatory
genes thereby priming the innate immune response. (B) ADARL1 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 | Phenotype Gene Ref.
mortali expression
ty profiling
Adar*" (genetic deletion of E12.5- | Severe defects in [29]
exons 12-13 of the 14.5 erythropoiesis with persistent
deaminase domain) presence of
nucleated cells at E12.5
Adar” (genetic deletion of E11-12 | Pale appearance of the embryo | Induction of [28]
exons 12-15 of the possibly due to hemorrhage or | interferon-
deaminase domain) defects in erythropoiesis and stimulated
widespread apoptosis genes (ISGs)
Adar” [genetic deletion of E11.5- | Pale appearance of the Induction of [27]
exons 7-9 (part of dsRNA 12.5 embryo, liver disintegration and | ISGs
binding domain + hematopoietic cell apoptosis
deaminase) or exons 2-13
(Z-DNA binding, dsRNA
binding and part of
deaminase domain)]
Adarp150” (genetic E11.5- | Embryos show an abnormal Induction of [43,44]
deletion of exon 1A) 12 morphology with disintegration | ISGs
of fetal lever and defects in
erythropoiesis
Adar] FBeTAESSIA E13.5 | Embryos appear Induction of [30]
(knock-in inactivating developmentally delayed with ISGs
mutation in the catalytic small liver and failure in
domain) erythropoiesis possibly due to
the loss of erythroblasts
Adar”/ Ifnar1™” E15.5 | Fetal liver disintegration and [37]
defects in erythropoiesis
Adar” / Mavs™ and P1-P5 | Alteration of kidney ISGs [37,43]
Adar” / Ifih1” architecture, intestinal lesions, expression is
lack of organization in lymphoid | restored to wild
follicles and defects in B cells type level
development
Adarp150™" / Mavs™ - Double KO mice appear ISGs [43]
smaller than control littermates | expression is
with alteration in intestinal restored to wild
homeostasis, lack of lymphoid | type level
follicle organization and defects
in B-cell development
Adar1FBeIAESEIA /- [fin1 /- - Normal phenotype (slightly ISGs [30]

smaller size)

expression is
restored to wild
type level
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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, ADARL1 can also affect any virus that forms dsRNA in some phase of their
replication. ADARL1 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-1 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, | 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 ADARL1 to edit viral dsSRNA 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 (HDAQ),
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 IFNa 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 IFNa 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 IFNa treatment of Huh-7
cells and subsequent upregulation of ADAR1p150-mediated A-to-1 editing partially
inhibited viral protein synthesis and replication. [58] Since pegylated IFNa 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 ADARL1 in viral infection comes from studies on
Human Immunodeficiency Virus (HIV), the majority of which propose a proviral role of
ADARL1 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-1 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 ADARL1.
[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-
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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-1 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

. . Treatment - ADAR
Virus “e'\(/ljia:gr” Mst?fél of E;iilttér;g Effect overexpression/ Key findings Ref.
y silencing
In vitro
Lymphobla
stoid-
,Daudi A-to-1 editing inhibited wild-type miR-
Burkitt BART6-5p “loading” in the miRNA-
lymphoma- Pri- . induced silencing complex.
EBV ADARL and miRNAs Antiviral Editing of a mutated pri-miR-BART6 [68]
nasopharyn in Burkitt/nasopharyngeal carcinoma
geal Ca cell lines inhibited its processing.
cells, Hela,
HEK293T
cells
Increased  A-to-l editing of
IFNa treatment radiolabeled AMP.
. io- Inhibition of HCV replicon synthesis.
Hev ADARL | Invitro IRng'O | antviral = plicon sy o8
p150 Huh-7 cells E}Al\elllg nviral | siADAR1 5- to 41-fold increase of Hcv | [58]
replicons.
SiADAR2 No effect on HCV replicons.
In vitro HDAg (51,5
Huh-7, (A1012) HDAg-L production .
HDV ADARL HEK293 (“Amber/ Switch from replication to packaging 2,69]
cells W’ site)
SIADAR2 gr?ti :Egrﬁe on editing of HDV-
In vitro HDAg - 9 - —
Huh-7 (A1012) SiADAR1p150 No effect on editing of HDV- (55,7
ADAR1 HEK29’3 (“Amber/ ant?g_e‘nome during replicatiqn. 0] '
cells W’ site) Inhibiton  of  HDV-antigenome
siADAR1 editing. Reduced production of HDV
virions.
IFNa treatment Increased editing of amber/W site.
(ADAR1p150)
HDAg Increased HDAg-L production.
ADAR1/ In vitro (A1012) .
ADAR2 | Huh-7 cells | (“Amber/ ADART overexpression | |oiition of HDV replication. (54,5
» o 6,57]
W site)
ADAR?2 overexpression ADAR1p150 is mainly responsible of
IFNa-induced HDV RNA editing.
Increased editing of K12 RNA at
In vitro 117990A during the switch from
PEL, Rat-3 latent to lytic replication.
cells Anti- Rat-3 cells transfected with edited
HHV-8 ADARL K12 RNA neo ;(12 RNA showed decreased focus | [71]
lastic ormation. — - -
P Nude mice injected with edited
In vivo kaposin construct developed no
nude mice tumors in contrast with 5/5 mice
injected with the unedited construct
. Upregulation of p24 gag protein
ADARL1 overexpression expression
In vitro
COSs-7, : Catalytically-inactive No effect on p24 ga rotein
HIV ADAR1 Env Proviral yucally pz4 gag p
HEK293T ADAR1 overexpression | expression [61]
cells
SIADARL Downregulatlon of p24 gag protein
expression.
In vitro Proviral Significantly increased release of
HEK293T, 5 UTR, -Viral . HIV virions.
ADARL Jurkat-T Rev, Tat | infectivit ADART overexpression Increased viral infectivity in primary (59
cells y human CD4+ T cells.
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Ex vivo

Primary Catalytically-inactive No effect on HIV virions’ release or
CcDa* T ADARL1 overexpression viral infectivity.
cells
Significantly increased release of
In vitro ADAR2 HIV virions.
HEK293T No effect on viral infectivity.
ADAR?2 ' 5 UTR Proviral | Catalytically-inactive No effect on HIV virions’ release or
Jurkat T . g [72]
ADAR2 viral infectivity.
cells
SiADAR2 Impaired HIV protein synthesis.
Ex vivo
PBMCs, Decreased HIV protein synthesis
primary and viral replication in AGS-
Ccba* T . compared to HC-derived PBMCs.
ADAR1 cells na Proviral [60]
In vitro - . . .
Jurkat T SIADARL Inh|b|t|or_1 of_ viral protein synthesis
and replication.
cells
In vitro ihiti ; ;
Jurkat T, (ADAR1p150)/ADAR1 Y:
ADAR1 Hela cells -
p150 Ex Vivo Rev, env | Antiviral 62]
Primary catalytically-inactive No significant effect on viral protein
Cba™ T ADAR1 overexpression synthesis or infectivity.
cells
Increased editing of the viral
Ex vivo IFN-y treatment envelope RNA.
AD1A5§1 Macro- Eni’;(l)o\ez Antiviral Inhibition of HIV replication. [73]
P phages 9p siADAR1 Increased viral infectivity.
SiIADAR?2 No effect on viral infectivity.
NS1-ADARL1 interaction increases
ADAR1 overexpression ADAR1-mediated editing and viral
Influenza In vitro Reporter protein expression.
ADAR1 HEK293T, ) Proviral | catalytically-inactive . . . [74]
A A549 cells plasmid ADAR1 overexpression Decreased viral protein expression.
SIADAR1 Decre_ased viral protein expression
and viral production.
Invitro, in Editing of LCMV glycoprotein led to
vivo LCMV . -
ADAR1 - frequent production of non-functional
LCMV L929 cells, glyco- Antiviral ) - . [75]
p150 C57BL6 protein glycoprotein,  partially  reducing
mice LCMV infectivity.
In Vivo,
YAC- Intracerebral transfection of
CD46xRAG M protein engineered-MV viruses with
MV-SSPE ? "mice P Proviral hypermutated M protein (resembling | [76]
. of MV - -
expressing A-to-1 edited protein) caused an
MV- SSPE-like disease in mice.
receptor
In vitro Defective Several MV DlIs had a large number
Measles ADAR1 Interferin . of A-to-G hypermutations,
Virus p150 Vero, Hel.a g (DI) Proviral suggestive of ADAR1-mediated A- (7]
cells >
RNAs to-l editing.
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1.4 A-to-1 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
Dyrkla-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 ADAR?2 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, IncRNAS)

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 ADARL1 expression, future studies are warranted to examine the
prognostic role of the IFN/ ADAR1/ CPEBL1 axis in metastatic melanoma.

Salameh and colleagues showed that the intronic long non-coding RNA
Prostate Cancer Antigen 3 (IncPCA3), a promising biomarker for prostate cancer,
binds to the pre-mRNA of Prune homolog 2 (PRUNEZ2) forming in this way a double-
stranded RNA structure, which is edited by ADAR1. [87] A-to-l RNA editing of the
PCA3:PRUNE?2 duplex results in the decreased expression of both RNAs, IncPCA3
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 p54"®
and actively participates in an ADAR1-RNA editing-dependent nuclear retention of the
edited form of Lin28 mRNA, which is preferentially fished out by p54™®, [93] confirming
the initial observations of another group. [94] Xist (encoding X-inactive specific
transcript) and Malatl (encoding metastasis-associated lung adenocarcinoma
transcript 1) are two additional IncRNAs with a well-established link with
tumorigenesis. [95,96] Nevertheless, whether direct RNA editing of these INcCRNAs
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 ADARL1 targeting may offer a valuable option in various types of cancer.

28



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 ADARL1 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-1 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
MRNASs. 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 (TNFa, IFN-y) 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 ADARL, 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-1 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 a-actin (ACTAZ2), 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 ADARL1 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-1 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-a treatment of human glioblastoma cells due to the upregulation of
the IFN-inducible isoform ADAR1p150. [16,122] Along with a recent observation that
ADARL1 levels are upregulated by H202 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 | 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 | 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 | IFN receptor (IFNAR) recently showed clinical
efficacy in a phase lll trial in patients with active SLE. [131]

The pivotal role of ADARL 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 TNFa or IFN-y, [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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ADARL1 and type | interferonopathies

The potential role of ADARL in the pathogenesis of systemic autoimmune diseases
was first derived from Aicardi-Goutieres syndrome (AGS), a rare genetic type |
interferonopathy, usually manifested as an early-onset encephalopathy, occurring due
to different genetic causes all of which lead to aberrant type | IFN expression. [133—
135] In accordance with the role of ADAR1 as a suppressor of type | IFN-signaling,
Yanick Crow’s group first reported a census of mutations in Adarl 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 (MDAS5) gene locus result in an
induction of type | IFN signaling, [137] in line with the suggested role of
ADAR1/MDAS/IEN 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 Adarl mutations. [140] Strikingly, BSN patients with an
Adarl mutation exhibit a prominent type | IFN signature in contrast with those patients
who had no mutation present in Adarl locus. [140] Interestingly, a case of unexplained

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

Main

Disease editor

Population
(patients)

Effect

Refer
ence

Type |
Interferonopathies

7/8 mutations located in ADAR1
deaminase domain.

Increased IFN-induced gene
expression probably due to
defective ADAR1-mediated RNA
editing.

Aicardi-Goutiéres

Syndrome (AGS) ADARL 12

[136]

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

Bilateral Striatal Necrosis

(BSN) ADAR1 13

[140]

Co-existence of BSN and AGS in

AGS+BSN patients with ADAR1 mutations.

ADAR1 2 [139]

Mutations in ADARL1 (1), IFIH1(1),
RNASEH2B(3). Same ADARL1
mutation had previously been
reported in patients with AGS,
BSN or DSH. ADAR1/IFIH1
mutations were associated with
significantly elevated type | IFN-
induced gene expression, while
RNASEH2B not.

Spastic paraplegia ADAR1 5 [141]

7 ADAR1 mutations detected
among familial and sporadic DSH
cases.

Dyschromatosis
symmetrica heredtaria
(DSH)

ADAR1 55 [142]

Implications in type | 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-AEl) 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 | IFN signature was present. Further,
increased Alu RNA editing rate (AEI) was detected in patients with a high type |
interferon signature, but also in those with low (comparable to controls) type | 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]

i) 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
ADAR?2 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 (Adarbl)-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.

39



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 220 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 | 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);

i) 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
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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 | 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 | 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 | IFN-
induced gene expression among patients with early arthritis has also been suggested
to predict progression to RA. [186] Moreover, low type | IFN score pre-treatment has
been associated with better response to B-cell depletion therapy in patients with RA,
[187] while IFNB/a 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 | interferon signature) was associated with RA, further supporting the

potential involvement of type | 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. TNFa, 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
(EIAIKO MEPOY)

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-1 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?
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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/1sth.), 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
(csDMARDYS) + 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.:I'N/E=/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
DASZ28 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< ADAS28 <1.2 <0.6
<3.2 good moderate none
3.2 < ADAS28 <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 -80°C 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) ug 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 Tagman primers were used (ADAR1pl110: 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 RPLPO served as
housekeeping gene. The relative expression of each gene was determined according

to the formula 2-4Ct (ACt=Ct (gene)-Ct (housekeeping gene)).

Table 4. Primers used for gPCR measurements

Gene Forward primer Reverse primer

RPLPO 5'-TCGACAATGGCAGCATCTAC-3' | 5'-ATCCGTCTCCACAGACAAGG-3'

CTSS 5-TCATACGATCTGGGCATGAA-3' 5-AGGTTCTGGGCACTGAGAGA-3'
HuR

5'-GAAGACCACATGGCCGAAGA-3' | R:5'-CCAAGCTGTGTCCTGCTACT-3
(ELAVLYI)
ADAR?2

5-TCCTGCAGTGACAAGATTGC-3 5'-GTAAATGGGCTCCACGAAAA -3
(ADARB1)
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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 ADARL1 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 fastgqdump 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 HISAT?2 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 DESeg2 1.24.0 [210] (FDR<0.05) R package.

Reference human transcriptome was obtained from UCSC
(http://hgdownload.cse.ucsc.edu/goldenpath/hgl9/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 | 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-
Smirmnov 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, meanzSD 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 EULAR EULAR moderate/ Controls
Arthritis (n=19) Responders (n=11) non-responders (n=8) (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
(Dnifee;sfs?rsggfs) 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 7.3t5.4 1.0+1.8* 8.8#5.5 5.4+4.7* 0
Swollen joint count (28), 54240 3.0+3.8 0.8:15* 7.5:36 4.0£3.2% 0
ESR (mm/1st h) 34423 33+28 12+15*  36+15 26+7* n/a
CRP (mg/dI) 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
csDMARDSs, 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(545) 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
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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 ADARL1 is increased in RA synovium

Expression analysis of the RNA-sequencing dataset GSE89408 revealed significant
upregulation of total ADARL1 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 ADARL1 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).
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Figure 8. Total ADAR1 and ADAR2 expression in synovium. Bar-graphs showing total
ADARL1 (A) and ADAR2 (B) mRNA expression levels in the synovium of patients with early
RA (disease duration<l 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

ADARL1 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 TNFa and interferon-y
[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.
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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<l 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.
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Figure 10. ADARL1 isoforms and ADAR2 mRNA expression in active RA PBMCs. Tukey
box-plots showing mMRNA 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 gPCR with specifically designed Tagman 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 TagMan expression

assays (Hs00427621, Applied Biosystems) and RPLPO for SYBR-Green gPCR. **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.
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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
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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.
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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-1 RNA editing reflects the course of RA.
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Figure 14
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Figure 14. Effect of antirheumatic treatment on ADAR1p150 and RNA editing is
dependent on clinical response. The effect of antirheumatic treatment on ADAR1p150
mMRNA 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).
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4.4 The effect of A-to-1 RNA editing on proinflammatory gene expression in RA

A-to-1 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 mMRNA 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 ADAR1pl110 isoform and
cathepsin S mRNA levels (r=0.268, p=0.27; data not shown). Next, we studied the
association between the expression of ADARL 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-

| RNA editing may augment cathepsin S mRNA.
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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.

71



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).
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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).

Table 7. Alu-enriched molecules involved in TNF-signaling pathway
predicted to be edited

Number of Correlation with
predicted editing ADAR1 in RNA-
sites in Alus 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-l 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.

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.
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Figure 17. Proposed mechanism: Increased Alu A-to-1 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-1 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-1 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 ADARL1 cause Aicardi-Goutieres Syndrome associated with a type |
interferon signature. [136] Further, ADAR1 and especially its isoform ADAR1p150 is
a type | interferon-inducible gene. [15] Accordingly, ADAR1 expression has been
found increased in type | 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 TNFa, [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 | 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-l 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 | 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 mMRNA 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 li, 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
ADARL1 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-1 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-l 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-l 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 | 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-1 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]
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