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Single output Multiplex output

Simple system Parallel processing
Prokaryotic gene Eukaryotic gene«------
l ‘‘‘‘‘‘‘ l - Replace eRNA
mRNA --»mRNA and/or eRNA- with any
regulatory
1 l RNA
protein protein «-------cmeeu--

« Comparison of the prokaryotic and proposed eukaryotic genetic operating systems. The left
panel shows the central dogma in which genes code, via mRNA, for proteins, which carry out
the catalytic, structural, signal transduction and regulatory functions of the cell. The right
panel shows the proposed operating system in eukaryotes wherein genes may express two
levels of information: mRNA for proteins, and eRNAs that carry out concomitant networking
and other functions within the organism. Thus there are three types of genes in eukaryotes:
those that encode only protein (which are rare), those that encode only eRNA, and those

that encode both.



The brave new world of RNAs

RNA
| 1 )
P ——
Non-coding Coding
| RNA | RNA
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related RNAs .| coding RNA _fcoding RNA| ||
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{ rRNA J tRNA [ siRNA }}‘[ miRNA ] ‘[ piRNA ] ' | Oncogenic 5 umor | & Tumor
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(HOTAIR ) MEG3 | [ )
MALATI GASS Hio
| ANRIL CCND1
Genes are not so important any more-we look for transcripts. A__SRA__J "LincRNA- p2 V™ by

The rise in RNA-mediated regulation could be concomitant with the evolution of genome complexity.

Stress/inflammation and cancer promotes RNA accumulation

The importance of being RNA in stress, when lowering the energetic cost of induction of stress response is highly
desirable.

The resulting stressed-induced senescence and stress-associated secretory phenotype (pro-inflammatory, pro-cancerous state)
besides accumulating RNA and misfolded proteins, secretes extracellular vesicles to promote or contain systemic stress,
that contain a multitude of ncRNAs.



NCRNAS

ncRNA

IncRNA SRNA

snRNA

ceRNA

miRNA

ALOKUTTOPLKE ETILKOLVWVLAL , , , . :
DUAaEN Tou YOVIOLWHOTOC KOl LETA-UETAYPADLKI KATAOTOAN TOU YOVIOLWUOTOC

Avablopyavwon tou uphva ETILYEVETLKT), OTPEC SXNUOTIOUOC OoyaviSiwy Xwpic HepuBpdvn



ATTELKOVION TWV POAWYV TWV PUBULOTIKWY
NCRNAS

o PARs, promoter-associated RNAs; IncRNAs, long non-coding RNAs; miRNAs,
microRNAs; snoRNAs, small nucleolar RNAs; sdRNAs, sno-derived RNAs;

endo-siRNAs, endogenous SiRNAs; piRNAs, PIWI-interacting RNAs; tiRNAs,
transcription initiation RNAs

Epigenetic Genome integrity / Transcriptional Post-transcriptional Viral defence
modifications transposon defence regulation regulation
] HE ] 1 H N By |
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> > 5 4

. PARs .piRNAS - miRNAs //\\//
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Ol KUPLEC KATNYOPLEC TWV PUOULOTIKWY
NCRNAS

(A) miRNA

W%}

- Produced as longer transcripts
and processed to 22 bp

- mature miRNA are contained in
the RNA-induced silencing complex
(RISC)

- Interact with mRNA resulting in
post-transcriptional gene
regulation

(B) IncRNA

- Nonprotein coding transcripts

- Longer than 200 bp

- Form complex secondary
structures

- Can be post-translationally
processed, (e.g., through splicing or
5’ capping)

- Interact with RNA, DNA, and
proteins

(C) circRNA

- Formed by back-splicing of
pre-mRNA

- Can contain multiple exons
- Stable due to exonuclease
resistance

- Interact with mRNA, miRNA,
proteins, and DNA

Trends in Molecular Medicine




Makpa pun-kwdikortotd RNAs (long ncRNAs,
IncRNAS)

Ta pakpd pun-kwodikorold RNAs (IncRNAs) avtutpoowrelouy TNV Kuplapxn Kol AELTOUPYLKA TILO
TOKIAOpOpdN Katnyopla pn-kwdikomowwy, (>200nts o pRkoc)

Kamowa amo ta ta IncRNAs eivat Peuvdoyovidla ta omola s€attiog petaAAdéewv €xouv
petatparnetl oe pn-kwdikomold. Onwc to PTENP1

EKTOC amo moAu-Asttoupylkd, emnpealouv ToAAamAa emimeda TNG yovidblakng ekdppaonc ta
IncRNAs gival kat moAv-emnineda

AMnAoemidpouv meEpa and RNA/DNA, pe mpwteiveg, Autibia kat mBavwe Kot HE AAAQ
BlortoAupepn (omwc cakyapa).

Elval ta o nmpoodata eEsAlypeva yovidia (mapouvotalouv to Alyotepo Babud ocuvtipnonc)
Kol €xouv Kat auta (0mwce ta miRNAS) Loto-e161k0 11 otadLo-eldLkoO Mpodil Ekppaonc.

Av koL oto TmapeABov Bewpouvtav petaypadlkoc «Bopufoc» n TEXVAHOTA Ao TNV
avadlapopdwon TN xpwpoativng, mAEov Bewpolpe OTL €lval yovidlo OTwE TA TMPWTEIVIKA
yovidLa.



Long non-coding RNAs (LhcRNAs)

Newly evolved low-copy mRNA-like transcripts (>200nts in size) that cover as a class a very large fraction
of the human genome.

Multi-functional (like miRs) Multi-dimensional

Fine-tuners of all steps of gene expression Regulators, modifiers, sensors, scaffolds of
all major biopolymers and source of de-novo

gen 3S.
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Agltoupytkot polot Twv INcRNAs

Yriohoyiletat otL ta IncRNAs avépyovtat anod 20,000 £wg kat 60,000-100,000 yovidia otov avBpwro. Mapola autd, povo nepimouv 200 anod avtd
elvat kKaAd peAetnueéva.

H ékppaon toug sival e€atpeTika LoTo-eOLKN N oTtadLo-el8kn Ekppaocn (meploocdtepo amod ta pKPOoRNAS) Kal auto KaTadelkVUEL TTOAU ONUAVTLIKO
AELTOUPYLKO POAO OTNV OMOLOCTOCN, OTNV KUTTOPLKA OTAVINON TOU OTPEC KAl OTLC acBévele¢ tou avOpwrou, OMwWE TOV KapKivo, Ta
VEUPOEKPUALOTIKA VOO LATA, QUTO-AVOOEG LOBEVELEG KOLL TOL LETABOALKA VOO LOTAL.

Ta IncRNA eilvat eKTo¢ amd moAU-AeltoupyLka Kat ToAU-mnineda otn $puon Toug epyoadeia pUBLLONG KUTTOPLKWY SLEpYACLWV.

Emyevetikn enibpaon péoa amo npoodecn He cUUTAOKA TPOTIOTOLINONG TNG XPWHATIVNG A Tpoodeon pe pubuLotika ototyeia tou DNA yla to €Aeyxo NG Evapéng
™G petaypadn.

PUBULON TNC YOVISLWHOTIKAG AKEPALOTNTOG

Meta-petaypadiky pubuion tng yovidlakng Ekdppaonc.

PUBuULON TG MpwTteivoouvBeong

PUBuULON petafoAilopol

Ta pakpd pn-kwdikomotd RNAs pmopouv va ipocAapBdavouv dsutepotayeic SOUEC KoL EMOUEVWG va TtPocdEévouv A val aAAnAoemidpouv pe elOLIKO
TPOTOo UE €va eVpocg BlomoAupepwy (DNA, RNA, mpwteiveg, Autidia).

Ta entimeda eékdppaong twv INcRNAs pnopet va eival xapnAd aAld pmopouv va PetafAnBoUv moAU amoTteAECUATIKA yLa TN pUOULON TN YOVLOLAKNAG
Ekdppaong.



Agltoupytkot polot Twv INcRNAs

S

i) Intergenic ii) Intronic
5'—{Gene A}l—{lincRNA}—{Gene B}— 3’ 5'—{ Exon X —{IncRNA }— Exon Y }—3*
iii) Antisense iv) Bidirectional

mRNA transcription

mRNA transcription
5° Gene }— 3* {

5
3° — asincRNA 5° 3" —{IncRNA }
bidirectional

IncRNA

transcription

v) Enhancer RNA

General formation of circRNAs

backsplicing
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Katmyoptlomoinon twv INcRNAS

e Tat INcRNAs pmnopouv va katnyoptornotnBouv o dtadopec opadec cuUPwvVa UE TO
YOVLOLWHUOTLKO TOTTO KalL yoviolakn doun.

e [MoOAAQ INcRNA aAAnAemikaAUTITOUV, €V HEPN N TANPWC, TIPWTEIVIKA yovidla.
YrioAoyiletal yupw oto 20% tou peTaypadwHATOC oTov avOpwro oxnuatilet
VONUOTKO-ovTIvonuatika (evyn (sense-antisense pairs).

e Taa meplocotepa OMwC INcRNAs evtonifovtat €&w amo TO OCWHATO TWV
KwOLKOTIOLWV YoVLOLWV.



AMNAETILKAAU

' [) Overlapping IncRNA: A) Sense IncRNA : (“md
JTTOpeva vs. wapping IncRNA: A
Mn_ Coding gene region 1 //// - |
Exson2 Bxsond
AAANAETILKAAU =
‘ o Exson3

’ B)Anti-Sense IncRNA
TtopEva

(_.\_,r'\‘/
Intergenic IncRNA (lincRNA)

, I1) Non- overlapping IncRNA: E)
e Ta IncRNAs OiLaxywpilovtal A

+1 +1

AELTOUPYLKA OF Cis-6paoTIKA Kol . 2 7—_7
, . Genome Vi

trans-6paotika IncRNAs. Ta cis- = 7/ / =

dpaoctikd IncRNAs Aettoupyouv <1000 bp
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Bpiokovtal oe OLadopeTiKka —

DNA IncRNA Protein- coding gene Exons

XPWHUOCWHATA.




AMNAertikaAurttopeva (overlapping) IncRNA

Ta aAAnAeriikadumttopeva IncRNAs opadormolouvtal o€ TPELG KATNYOPLEC:

e« Taa vonuatikd IncRNAs (sense IncRNAs). Auvtda ta IncRNA yovibia aAAnAemikaAUmtouv €va N
TEPLOOOTEPO €EWVLA TIPWTEIVIKWY yovidilwv Kal petaypadovrtal pe tnv idla katevBuvon onweg T
MPWTEIVIKA yovidLa. Mapadeiypata eival ta Gas5 kot to MALATI.

e Taa avtwvonuotikd IncRNAs (antisense INcRNAs) aAAnAemIKOAUTITOUV €va 1 TIEPLOCOTEPA E€EWVLA
KwOLKOTIOlWV Yovidlwv pe avtiBetn petaypadikn. KAaoowko napadeypa anoteAel to HOTAIR.

e Ta wtpovikd IncRNAs (intronic IncRNAs) evtomilovtal o€ vTpOVIO TIPWTIEIVIKWY yovidbilwv (Omwc To
COLDAIR). Eldkny katnyopia twv vtpovikwv IncRNAs eivat ta kukAtka IncRNAs (circular IncRNAs) ta
ortola AOyw SopN¢ eival e€alpeTikd avOeKTLKA evavTiov e€wVOUKAEQOWV.



Mn-aAAnAemnikalurttopeva (non-overlapping)
IncCRNAS

o Ta apdibpopa (bidirectional) IncRNAs mou evtomi{oviol o€ KOVTIV] AITOCTAON
ano Ta Kwdilkomold yovidbla aAAd otnv aviwvonupatikng ¢opd. ZuvnOwg
evtomtil{ovtal o €eVIOXUTEC (oxetwllopeva pe evioXuteg, enhancer-associated
IncRNASs, eRNAS) Kot UTTOKLVNTEC KWOLKOTIOLWY YoVvLOiLwV.

e« Taa oxetwopeva pe umokivntec IncRNAs (promoter-associated IncRNAs) ko
oXeTW(OMEVA HE TO peTaypadlkd TEAOC Twv Kwdlkomowwv yovidbiwv IncRNAs
(terminal-associated IncRNAs) ta omola pmopouUv va petaypadovtal €ite otn
VONUOTLKN ELTE OTNV AVTLVONMOTLKN KatevLBuvaon.

e Ta Stayovidlaka IncRNAs (long intergenic ncRNAs, lincRNASs), tou to kabe akpo
ToU PBploketal oe pokpwvec amootaoelc (>5 Kbp) amod kwdikomoid yovidio.
KAaoowka napadeiypata eivat ta H19, Xist kat lincRNA-p21.



[ovIOlWHATIKN Katnyoplortoinon Twv IncRNAs

E (1)Sense RNA
Sense transcript :
- -
(7)Enhancer and Enhancer ~ (6)Promoter-associated (3)intronic (3)3-UTR-  (#)lntergenic

RNA associated RNA

; RNA: ;

like RNA RNA

=
=\

Enhancer Promoter Exon Telomere repeats
(2)Bidirectional RNA  (1)Antisense RNA (8)Telomeric repcat-
containing RNA
A ————

Antisense transcript

H karnyopiotroinon ye BACN TO TTEPIEXOMUEVO OEV TTAPEXEI ATTAPAITNTA TTANPOPOPIA VIO TN
Acitoupyia Twv INcRNAs trépa atrd evdeXOUEVO va AEITOUPYOUV in cis or in trans
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KDM7A-DT induces genotoxic stress,
tumorigenesis, and progression of p53
missense mutation-associated invasive

breast cancer A

@ Antonis Giannakakis 23" ﬁ Margaritis Tsifintaris’
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XapaAKINPLOTIKA MOKPWYV UN-KWOLKOTTOLWV

RNAS

e JUvtopa (100-300nt) | avimapKta
avoLlxta mAaiola avayvwong

Mn ouvtnpnueva n ouvinpnueva
aAAqu (bevtepotayng kol
TpLrtotayng doun, m.x. tRNA).

Katd peco opo 10 cbopeq Alyotepa
enimeda €kbpaonC oe oxeon HUE T
KwOLKOTIOLAL.

E€alpgoelc IncRNAs mou eival
cuvinpnueva (NORAD) i «kat
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Opolomrteg/AlagpopEg
MRNAs kat IncRNAs

Like mRNAs, many IncRNAs are transcribed by RNA
polymerase Il (Pol II) from genomic loci with similar chromatin

states to mRNAs

They are often 5’ capped, spliced and polyadenylated;

They expressed at relatively low levels and exhibit poorer
primary sequence conservation

Located in all sub-cellular compartments

In most instances, they lack any biochemical distinction from
MRNAs besides the absence of a translated ORF.

mRNAs {in general)
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Yrtohoytotikol pebodol yia tn dtakplon netaéu mRNAs kat IncRNAs
YOVLIOLWV

e To uNKOC Tou avolxtou TAaLloiov avayvwong (>300 voukAeotidla wote va pnv Bewpeital
Tuxaio)

e H ocUotaon voukAeotdiwy, kKwdkoviwv (og oxeon pe T MRNASs tou kaBe opyaviopou).

e H cuyxvotnta kat n tomoBeciao onuelokwy peTaAldéewy (cVoTaoN AUWVOEEWY OE OXEON UE
tot MRNAs tou kaBg opyaviopou).

e H mapoucia aAAnAouxlwv mou KwOLKOTIOLOUV AELTOUPYLKEC SOULKEC TIEPLOXEC TIPWTIEIVWV
(Pfam)

o OpoAoyia pe aAAnAouyiec yvwotwv npwteivwv (GenBank, Ensembl) - ouviBwc dev apkel
KOOwC TIPETIEL VAL UTTIAPXEL KAl TO aapaitnTo avolyto mAaiolo avayvwonc.

o AN KpLtnpla - BaBuoc ouvvtipnonc (ta IncRNAs eéeAlcoovtal 1o ypnyopa -> AlyOteEPO
ocuvtnpnueva amno toa MRNAS — woTO00 UTIAPYXOUV APKETEC EEQALPETELC)



AAANAovyortoinon RNA ermopevng yeviag
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ALaOEOOUEVEC TEXVIKEC Yia TNV ITPOLAedN Kat oxoAlaouo
yovidlakwV Tormwyv INcRNA pe NGS
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Yrtohoytotikol pebodol yia tn dtakpion petaéu mRNAs kat IncRNAs
YoVIOLlwV

Putative IncRNA
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LAKPWV UN-Kwolkortolwv RNAs
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SPENCER

A comprehensive database for small peptides

encoded by ncRNA in cancer patient (spencer.renlab.org)
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http://spencer.renlab.org
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dLEPEUVYVNONG TNC
Aettoupyiag IncRNAs

IncRNA investigation tools

|

Primary or secondary
structures of InNcCRNAs

FragSeq
DMS-Seq
PARS
PARIS
SHAPE

Discovery or identification
of IncRNAs
IncRNAarray
RNA-Seq
SAGE
CAGE
MPSS

'

IncRNAs localization

Cell fractionation
RNA-Fish

Stellaris RNA-FISH
c-KLAN

MS2 Trap assay

IncRNA interactions analysis

'

IncRNAs function
analysis

SIRNA
shRNA
esiRNA
ZNF
TALEN
CRISPR-Cas9 system

|

IncRNA-Chromatin
interactions

3C.4C,5C
ChIP-loop
ChIP-PET
CHART

I

IncRNA-BRNA
interactions
RAP
RAP-Seq
CLASH
dCHIRP

'

IncRNA-Protein
interactions

EMSA

Filter binding assay

SPR

RAP-MS

CLIP & CLIP-Seq

PAR-CLIP

HITS CLIP

iICLIP

eCLIP

HiTS RAP

/

IncRNA-Polysome
interactions
Polysome profiling
Ribosome profiling

TRAP



Table 1 | High-throughput technology used for transcriptome analyses

Technique

SAGE

3-long SAGE

CAGE

ASSAGE

RNA-Seq

GRO-seq

High-resolution

tiling arrays

ChiIP-chip

ChiIP-Seq

Principle

Reverse transcription to <cDNA of the
transcriptome

Short sequence tag production from unique
poly{A)+ transcripts

Cloning and sequencing of sequence tag arrays
Quantitation of tag recovery

Similar to SAGE

Introduction of a recognition site for a [1S
restriction enzyme at the 3' end of cDNA,
recovery of 3' end tags

High-throughput sequencing

Similar to SAGE but from CAP-selected RNAs

Similar to SAGE

RNA treatment with bisulphite {changes
cytosine residues to uracil) before reverse
transcription

Reverse transcription to cDNA of poly(A)+
RNA
High-throughput sequencing

Extension of nascent RNA associated with
engaged RNAPII {nuclear run-on)

Isolation and purification of the RNAs
Reverse transcription to cIDNA
High-throughput sequencing

Reverse transcription of total or selected RNA

followed by hybridization on DNA chip
Probes overlap and cover the entire genome

Chromatin immunoprecipitation of RNAPII
and TFs

Hybridization on DNA array

Chromatin immunoprecipitation of RNAPII
High-throughput sequencing

Aim

Quantitative gene expression data
without prerequisite of sequence
knowledge

Identification of 3" ends
Distinction between overlapping
transcripts

Identification of transcription start sites

Unambiguous strand specificity

Quantitative transcriptome data
High sensitivity, low background,
high resolution

Genome-wide positional mapping,
determination of transcript amount,
orientation of engaged RNAPII

Quantitative transcriptome data from
sequenced genomes
Strand specific

Mapping of chromatin-bound RNAPII
and TFs, genome-wide

Mapping of chromatin-bound RNAPII,
also at low complexity sequences
(such as telomeres and transposons)

Organism

S. cerevisiae

S. cerevisiae

Mouse
Human

Human

S. cerevisiae
S. pombe

Human

S. cerevisiae
S. pombe
Rice
Human

S. cerevisiae
Human

Mouse

MeBodoAoyleC avixveuonC VEWV YOVLIOLWV

Main references

Velculescu er al, 1997

Neil ef al, 2009

Carninci e al, 2006

He et al, 2008

Nagalakshimi ¢f al, 2008;
Wilhelm et al, 2008

Core et al, 2008

David er al, 2006; Xu ef al,
2009; Dutrow er al, 2008;
Wilhelm er al, 2008:;

L. Liefal, 2006;
Kapranov et al, 2007a;
Preker eral, 2008

Steinmetz et al, 2006;
Kim ¢r al, 2005

Seila et al, 2008

The techniques used in the ENCODE and FANTOM projects are not detailed. RNAPIL RNA polyvmerase [1; S, cerevisiae, Saccharomyces cerevisiae; S, pombe, Schizosaccharomyces pombe;
TF, transcription factor,



Agttoupylec INcCRNAs

Fovidlakol tomot IncRNAs og ox€on Ue TOUG PUBLOTLKOUG TOUG
POAOUC OTOV TUPNVA, KUTTOPOTAQCMA KOl TOV €EWKUTTAPLO
xwpo. Ta IncRNAs mou evtomilovtal otov mupnva Spouv «ev
Suvape» we (A) EVIOXUTEG yLa TNV eMaywyn Te Hetaypadnc in
cis i in trans; (B) doAwpata og petaypadlkous MapAyovTeS Kol
puBulotec tng doung tng xpwpativng (C) poplakd onpoata
gvepyomnoinong 1 amnoocwwnnong tng yovidlakng ekdpaong; (D)
odnyol nmpwrteivwv oe eldkeg Béoelg tou DNA yla tn pubutlon
NG netaypadnc N tng doung e xpwuativng; (E) kpiwpata og
TIPWTEIVIKA CUUTTAOKOL  yla TNV OTpATOAOynaon/evepyormnoinon
toug; (F) pmopouv va puBpuilouv to eVOANAKTIKO HATIOMO TWV
pre-mRNAs. 2to kuttapomAaocpa, ta IncRNAs Opouv «ev
Suvape» w¢ (G) odpouyydpla/dolwpata Twv MiRNAs wote va
avaoteilovv tnv Spactikotntd tou¢ (H) og HeTAPPAOTIKEC
Siepyaoiec (aAAnAenidpaon RNA-RNA i mpwteivic-RNA); (1)
otnv aAAnAenidpaon mnpwteivwv (J) otn dwodopuiiwon
TIPWTEIVWV KAl TNV EVEPYOTOLNCN CNUOTOSOTIKWY LOVOTIOTLWY;
(K) otnv wpipavon ptoowutkwv RNA. Téhog kamola LncRNAs
(L) propouv va dpoptwBoulv o€ e€oocwpata Kal va petadpepBouv
o€ @AAa kuttapa Kat (M) kamotla Aettoupyouv amAws we Gopeig
MiRNAs kal AAAwV puBULOTIKWY pKpwv RNA
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Functionally equivalent
RNA and DNA domains

e Despite distinct mechanisms by
which they achieve their
equivalence, RNA domains are
capable of affecting many biological
activities that have traditionally been
ascribed exclusively to proteins.
Much work remains, however, in
identifying common RNA primary,
secondary, and tertiary structures
that comprise orthologous
functional domains and can mediate
these and other subcellular
activities.
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Localization | Signal peptide (SRP) BORG
NLS FIRRE » Zhang, et al.
g PR .‘i % Mol. Cell. Biol., 2014
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Scaffolding A-kinase anchor proteins (AKAPs) Ribosomal RNA + Brimacombe & Stiege,
KSR in MAPK signaling XIST Biochem. J., 1985
HOMER (calcium signaling) HOTAIR )
* Chaumeil, et al.,
__a Genes & Development, 2006
* Yoon, et al.,
[ P2 Nat. Commun, 2013
I\Fyx B « Zappulla & Cech,
- CSH Symp Quant Biol 2006
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HLH H t bind tripl ? :
ks Sogiison ing (i) Developmental Cell, 2013
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\ y RISC * Kretz, et al.,
\/‘ﬂ T _ Nature, 2013
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Enzymatic Protein kinase domain Group | introns
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» Guerrier-Takada, et al.,

Cell, 1983

* Winkler, et al.,

Nature, 2004
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Tortikn puBKLON TC OOUNC TNES XPWHATIVNG 1
NG YOVIOLAKNC EKPPACNG

e Ta cis-6paotikad INcRNAs xpnotpomnolouv Tpeic pnxaviopouc: Mpwtov,
ta IncRNAs otpatoAoyoUv dpeca puOULOTIKA OCUUTAOKQ OE€
VELTOVLKOUC YyovidlakoU¢ Ttomouc;, Aegvtepov, puBuilouv apeoca 1N
uetaypadn N 1o eVOAAAKTIKO patiopa w¢ RNA pubulotika otolxeia

Kot TeEAOC €ppeca mnpoocdevovtac o DNA puBulotika otolxelo
UTTOKLVNTWV, EVIOXUTWV YOVLOLWV.

e To IncRNA petaypado XIST (X-inactive specific transcript), elvat to o
YVWOTO napadeLypa CiS-OpAOTIKOU OTOLXELOU TTOU OUWCE EVEXETOL OTNV
amevepyomnoinon oAOKANPou Tou XpwHoowuatoc X.
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Ta IncRNAs, sival moAvdiaotata Broxnuika
TTOAUMEPT); ETTILYEVETIKO/LETAYPAPLKO ETTUTEDO

a.

Tat IncRNAs-oényot (to povtéAo SEPEVOU LKPLWUATOC;
tethered scaffold model): pUBuon TG yovidLaKkAC
EKPpaong HéEow otTpatoAoynonc n
arnoouvapuoAoynong pubulotwv tTng SO0UAC TNG
xpwpoativng, Me oautov to tpomo €va IncRNA
avayvwpilet kat tpoodevel el8LIkA potifa oto DNA kot
OTN OUVEXELD oTpaToAoyel lOLKA CUUTTAOKO OTIWG TO
PRC2.

. Ta IncRNAs-apxLtéktoveg (To HOVTEAO Kplwpa

védbupag; the bridging scaffold model): pe avtd to
tpomo ta IncRNAs Asttoupyouv avadlapopdwvovtog
NV TpLodlactatn doun NS XpwHaTivng.

Ta IncRNAs mou cuoxetifovrtal e TIEPLOXEC EVIOXUTWV
N 6pouv w¢ evioxutéc (eRNAs, enhancer-like IncRNA):
HE auTO Tov Tporo £va INcRNA mou ekdpaletal amno
EVIOXUTEC N avodlka tou yovidiou, otpatoloyel
HETAYPADLKOUC TIAPAYOVTEC OE PUOULOTIKEG TIEPLOXEC
(EVIOXUTEC 1N UTTOKLVNTEG) MPWTEIVIKWVY YovISiwv.

Epigenetic/Transcriptional Level:

b) Architect ¢) Enhancer

a)Guide IncRNA

/’ RNA polymerase 11

) Coding gene &

‘ Chromatin modifiers

Mediator complex

DNA

Q/‘V@ IncRNA

@ Enhancer- region (eRNA or enhancer-like IncRNA)

l Repressing histone modifications

» Activating histone modifications

\. J




XIST

Xa X Xi Xa Xi
A L7
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: £RepA
Xist: s-kn
Jpx/Enox :l Tsix a 4  Xite
c PRC2
RepA RNA
isty > RepA
bl & Tsix prevents loading of PRC2-RepA
q onto chromatin and blocks
o Tsix X chromosome inactivation,
Xisty® E
— Loss of Tsix production makes
- .J PRC2 complexes available.
i ) Q Tsix
£
Xisty™ .
E PRC2-RepA loads onto chromatin.
PRC2 methylates (§44 ) the future Xi.
(I RYes |
,1‘}\' 3 Xist ANA Production of Jpx RNA (not shown)
TN . and the loss of Tsix synthesis
Xisty¥ - g promotes Xist RNA expression.

. AT%T% = Xist binds to PRC2.

W PRC2-Xist spread along the futura

N Xi and methylates the entire chromosome.
3
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Xi
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Mouse X Chromosome

_________ Xic ==~<__
__________ ~800 Kb Shmi
__________ (Nora et al. 2012) "“—-_§_
Xite
Cdx4 Chic1 Tsx| Tsix Jpx Cnbp2 iy
> > E) —
I V]
o [
Linx Xist Ftx Sic16a2 Rnf12
A Xist RNA structure
AFB c D E Xist is a ~17kb IncRNA essential for mammalian X chromosome

Skb inactivation. Xist RNA spreads along the inactive X chromosome, and

this is followed by induction of a series of PRC2-mediated repressive

chromatin marks. Interestingly, the most conserved regions of Xist

i . correspond to low-copy repetitive elements, where the repetitive

B Xist RNA expression pattern element A (repA) is the most highly conserved. RepA localizes at the 5’

end of Xist, a region which has been found to be essential for X

chromosome inactivation. RepA binds, and recruits the chromatin

remodeling polycomb repressor complex 2 (PRC2), consisting of EZH2,

SUZ12 and EED, which initiate the X inactivation by chromatin
remodeling

Xist RNA
AtrX RNA

DNA The Xist gene is the tool to

deactivate one of the
chromosomes. Xist gene has very
specific function which is to
produce an unusually large cis-
acting RNA transcript and never
translated into a protein. It acts as
RNA transcript to paint the whole
chromosome to be deactivated.
The deactivated chromosomes is
called Barr body after Murray Barr,
the cytologist who discovered it.




Cis-acting scaffold regulation of transcription

« ANRIL acts as scaffold for PRC2-mediated repression of the INK4 locus.
Excess RAS suppresses ANRIL expression, promoting cell cycle arrest.

A PRCZ PRC1
' .
21": Bmll mc

ANRIL m < M2AK115ub
?_nmi‘ axr flin 9 Transcription '--)Cell cyclin
;f repression y g

INK4 locus

Excess RAS signal
|

L
— — P15 @ Cell cycle
ANRIL gen:-l / ]_‘ ]_/‘ l: " PW—_" >;:::;cence

INK4 locus




Cis acting antisense ncRNAs

6 6y

\/ e - TMS1AS
@@@MC}E\”@@ QL |

TMS1/ASC . TMS1/ASC

Fig.2.1 TMSIAS regulates TMS1/ASC at the epigenetic level. Upon being transcribed, TMS1AS
can act in cis to recruit the chromatin repressor proteins DNMTI1 and G9a to TMSI/ASC
promoter



PUBLON TWV KUTTAPLKWY AELTOUPYLWV UE EVA
trans-0paacTIKO TPOTTO.

MoAAa IncRNAs puBuilouv tnv KUTTAPLKN AELTOUPYLO LLE AELTOUPYLEC OL OTTOLEC
elvall EEXWPLOTEC OO TOV YEVETIKO TOTO TIoU peTaypadovtal. AUTEC xwpillovtol
O€ TPELC KATNYOPLEG

1. Ta IncRNAs puBuifouv tn yovidlakn ekppaon peow aAAnAoenidpaonc pe
oL pAoKka xpwpativne n apeonc npoodeonc oto DNA. XapaKTnpLOTLKO
nopadetyua eivat to IncRNAs HOTAIR

2. To IncRNAs opyovwvouv TNV apXLTEKTOVLIKA TOU TIUPNVA AELTOUPYWVTOC WG
LKpLWUOTAL.

3. TeAog, ta IncRNAs eAeyxouv tn evdokuTTapLKN HETADOPA, SLOKUTTOPLKN
ETILKOLVWVLA, KUTTAPLKN ONMAtodoTnon Kol TNV EVEPYOTNTO TWV MPWTEIVWV N
aAAwv RNA rtoAupepwv.



Mnxaviopot trans-0paotikwyv INCRNAS

A Nuclear speckle B Paraspeckle

Paraspec

protems

e (A) To NEAT1 evtoniletal oe mupnNVLKA
paraspeckles omou Bplokovtal moAAol
TIOPAYOVTEC TOU VAAAAKTLKOU HATIOMATOC yLa
N pLOULoN nMpodpopwv petaypadwv MRNAs
(pre-mRNAs). (B) To MALAT1 eivol cuoTtatiko
nupnvikou speckle component, kat
a)\)\n)\oemépa LE npo&poua RNAs «kat
NMPWTEiveC evaAlakTikoU uauouatoq (C) To
Firre petaypadetal ano to xpwuoowua X Kol
deopelel tnv mpwteivn hnRNPU wote va
aAAnAosTidpaostl pe AAAOUC YOVSLWUATIKOUC
TOTOUC AAAWV XpwHoowudtwyv. (D) To Pint c & D ak27mes
aAAnAoemibpa pe tnv PRC2 vyia tnv 3 3
SdtapecoAaPn tng katabeong H3K27me3 «kat g

onuavong tn¢ amoowwnnong yovidiwv tou
pLovoraTtiou p53.

Active chromatin

Condensed
Chr X chromatin



HOTAIR

« HOTAIR is transcribed from the
antisense strand of the HOXC
gene, which is located between
HOXC11 and HOXC12 on
chromosome 12.

« HOTAIR has been shown to be
abnormally expressed in a variety
of cancers and is associated with
pPOOr prognosis.

o« With the emergence of tumor
resistance, HOTAIR has also been
confirmed to be involved in
chemotherapy resistance of
tumors.
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To mapaderypa puBuonc PTEN arto pkpa Kat pokpa
Un-kwdlkorold RNAs (Trans-acting antisense RNA)

PTENPI IncRNA d
§" AN T A
PTENPI IncRNA A {
B AR e
C PTEN mRNA === miRNAs
Coding region v v
VN AFNATANATRARANIA W WY
ZEB2 mRNA
Cytoplasm D
FPERPM PR PR RR IR BRRE AFRPR PP RR IR YRR R R R R SRR R
Nucleus X

Chr 9: PTENPI

7 N

anti-sense RNAs: vwwwvwanannns:

o
/ B
0

Chr 10: PTEN

Chr 2: ZEB2

10 exons



PuBuion ¢ petaypapnc arto IncRNAs

GASS

Genomic context 2ZBTB37 GAS5-AS1 DARS2

HGNC:28365 HGNC:44119 HGNC:25538
i+
SERPINC1 GASS CENPL
———+ HGNC:775 HGNC:16355 HGNC:17879
Exon/intron structure O\
T
Exon: 1 6 —1b 8 1 1 12
SNORNA urd urs ure urr Uaa u7s ure ueo U4y U1
Mature IincRNA Examples of other ESTs (27 identified to-date)
GAS5 18 GASS 28
GASSa (612 b) 9 10 11 12 9 10 N 12
AMERRNCZ Wi IR .
GASS 4A

GASSD (NR_002578.2; 651 b) 27 8 9 10 11 12

IRRRRAECIMATN .

- GASS

.

o Lo
B A C
Glucocorticoid l
miRNA SURRES (7 AR Y GR mRNA
O
1 {“j} GASS
GASS (_2 ~J L JASS
. GRE Gene
miRNA 7. ..‘_U“’._ mRNA

mRNA n Protein
ey | .

Regulate the proliferation, apoptosis, migration, invasion,
EMT, therapeutic resistance of human cancer




PuBuion e petaypapnc arto IncRNAs

e Mapodikn exkPppaon INncRNAs oe meploxec evepywv evioxutwyv. Kamowa IncRNAs
artoteAoUv 1o RNA evioyutéc (enhancer RNAs, eRNAs), ta omoia petaypadovtal
audLlpoTIOl O TIEPLOXEC EVIOXUTWV Kal N €kppaon avtwv Twv RNAs cuoyxetiletal pe
aAAayeC €kPpaAONG VELTOVIKWY Yovidiwv. Exel mpotaBel OTL CUUUETEXOUV OTNV
avadlapopdwaon tnC xpwpativne — dnAadn tng otabepotntac To peTaypadLkoU
Bpoyxou DNA o0& KOVTLVEC QIMTOOTACELC YOVIOLWV OTOXWV.

o Avetaptnta IncRNAs mou O6polv w¢ evioyutec. Autd ta IncRNAs ovopalovrtol

gevepyortotnTika NcRNAs (activating ncRNAs) kat petaypadoviol o mepoxec 1 kb
avoOLKA o€ KwdLKoToLd yovidLa.



Ta IncRNAs, etval moAudiaotata
Bloxnuika rtoAupepr): Meta-
LLETAYPOUPLKO ETILITEDO

a. Ta avtwonuotikd IncRNAs pmopoUv vo puBuicouv €ite To €VAAAOKTIKO
patiopa eite ™ Stadikacio emegepyaociag/tpomnonoinong RNA twv
npodpopwv MRNA-0TOXWV TOUG.

b. PuBuiotikd ncRNAs: MoAAd yovidia IncRNA meptéxouv aAAnAouyieg miRNA
(kOKKvaL kouTLA) eite ota e€wvia TOug (KiTplval KOUTLA) €lTe oTA LVTPOVLA
ToUu¢ (YpappEég). EmumpooBeta, miRNAs pmopouv va dnuioupynBolv péow
avedptnTtwy Hetaypadlkwyv povadwv oto yovibiwpa. Autd ta Tpla
povoratia odnyouv oe SlapopeTikd pwTap)Llka petaypada miRNAs (pri-
MiRNA) aAAd 0Aa £0UV WG CUVETELA TN BloyEveon wpLpwv MiRNA.

c. AMnAemudpaoelc RNA-RNA : H unoBeon evdoyevwg avtaywviotikol RNA
(competing endogenous RNA, ceRNA): Ta miRNAs ocuviotolv Kupiwg
QVOOTOAELG TNC yovidlakng ekppaong. Mpoodévouv cto MRNA 0TOXO TOUG
pEow otolxelwv DNA pe to ovopa oAAnAouxiec MRE (miRNA response
element, oBdaA oxnuata) ot onoie¢ AapBdavouv xwpa KUplwg otnv EPLOXN
3'UTR (untranslated region) tou mRNA. MapoAa auvtd MREs umdpyxouv
emiong kat og aAAouc tumou¢ RNA onwg IncRNAs, circRNAs, peudoyovidia
Kat aveéaptnta/evvadaktika petaypadopsva 3'UTR mRNAs . OAot autol ot
Tumou Twv NcRNAs mou meptéxouv MRE eival edvoyeveig avtaywvioTEG Twv
MRNAs w¢ tpog tnv mpocdeon kat katakpatnon miRNAs (called ceRNA) kat
ETOUEVWG pUBULloUV v Suvapel BeTkA TN yoviSlakn Ekppaaon.

d. AMnAenibpaon pe mpwrteivikd oUpmAoka. Ta IncRNAs pmopolv va
kaBopioouv tn poipa twv MRNA, pubuilovtag tnv déopeuon Toug amo
npwrteiveg mpoodeong tou RNA (RNA-binding protein, RBPs) kat emidpwvtag
£T0L 0TN 0TaBePOTNTA TOUC, HeETadOPA Kal TOMOOETN O TOUG PESA OTO.

e. Ta aviwonuatikd IncRNAs pmopouv va emnpedoouv Tn PETAPPOOn TwV
MRNA oTo)xwV Kal T oTafepOTNTA OTO KUTTOPOTIAACLLAL.

Post-transcriptional level:
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Meta-petaypa@ikn puBuon arto INcRNAS

e Ta INcRNAs w¢ puBpLoTtég tng enetepyacioc twv MRNA A) miRNA sponge

o AAMnAoemidpaoelc IncRNA kat microRNA

e INcRNAs w¢ mtnyn miRNAs

o INcRNAs as doAwpata miRNA (ceRNAs)
e INcRNAs as miRNA-independent regulators of mRNA

e Circular RNAs
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Circular RNAs (CircRNASs)

MRBNA maturation is a seamlessly integrated process of transcription, splicing, capping, polyadenylation,
export and surveillance. Back-splicing of exons for circRNA formation is an unusual type of alternative splicing.

About 25 years ago, circular RNAs (circRNAs) engineered with an internal ribosome entry site (ires) to make
possible cap-independent translation were shown to undergo translation into proteins.
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Biogenesis of circRNAs

Back-splicing

Many protein-coding genes in higher eukaryotes can produce
circular RNAs (circRNAs) through back-splicing of exons, in which
a downstream 5’ splice site is joined to an upstream 3’ splice site
in reverse order across an exon or exons, to form circRNAs with a
3’,5'- phosphodiester bond between the back-spliced exons.

Alternatively, intron lariats excised during conventional splicing
can sometimes escape debranching and retain a circular form
with a 2’,5'-phosphodiester bond between the splice donor and
the branch point.

Back-splicing occurs both co-transcriptionally and post-
transcriptionally.

5
Back-splicing is carried out by the spliceosome and is regulated

by cis-complementary sequences in flanking introns and by
specific proteins. The efficiency of back-splicing is low compared
with that of canonical splicing, but the kinetics of back-splicing
can be altered in some conditions (e.g. in stress). Once produced,
circRNAs are generally stable, largely exported to the cytoplasm
and tend to have different structural conformations from their
cognate linear RNAs. Ongoing investigations have revealed that
circRNAs can regulate gene expression by modulating
transcription and splicing, titrating micro- RNAs (miRNAs),
interacting with proteins and acting as templates for the synthesis
of polypeptides
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Chen LL. The expanding regulatory mechanisms and cellular functions of circular RNAs. Nat Rev Mol Cell Biol. 2020
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Back-splicing vs canonical splicing

Two proposed models of how back-splicing is coupled with
canonical splicing.

-In the direct back-splicing model (left), back-splicing occurs
first and generates a circRNA, followed by the production of
linear RNA from an exon—(multiple) intron—exon intermediate
(box).

-In the lariat intermediate model (right), canonical splicing
occurs first and produces a linear RNA lacking introns, and a
long intron lariat containing the skipped exons that
subsequently undergoes back-splicing

Back-splicing often occurs in middle exons of annotated genes
and theoretically should affect the splicing of linear RNAs.
However, the efficiency of back-splicing is much lower than that
of canonical splicing (less than 1%) in most endogenous human
loci, as revealed by measure- ment of the levels of nascent
circRNAs. Nevertheless, it has been suggested that the use of
5" and 3’ splice sites for back-splicing can compete with linear
RNA splicing, thereby increasing the proportion of linear RNAs
lacking the circularized exons. Although not all alternatively
skipped exons can produce circRNAs, it has been observed
that the more back-splicing an exon under- goes, the less it is
included in the fully processed mRNA51; for example, in the rat
cytochrome P450 2C24 gene

Direct back-splicing model

_______________________
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Alternative back-splicing and alternative splicing (with the same back-splice
site) of circRNAs

f Alternative splicing within circRNAs (with the same back-splice site)

QO O O O

Alternative back-splice site selection produces different single-

retention

exon

splicing splicing

exon circRNAs, in parallel with the common two-exon circRNAs I'”"O”. ‘Casse“e IA“GF”"“V“ IA“er”a“"”

produced fromthe same pre-mRNA.
— e —

Four basic types of alternative splicing in circRNAs that contain < ~_~
multiple exons. l

There are at least three unique aspects of circRNA-specific
alternative splice site selection compared with linear RNA splicing. @
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| |

First, production of circRNAs can somehow bypass the canonical
splice sites used in the production of their cognate mRNAs; for
example, leading to the production of two circRNA isoforms that
either include or do not include a retained intron in the CAMSAP1 e Alternative back-splicing
gene. Second, thousands of previously unannotated cassette

exons are included in circRNAs by alternative (back-) splice site @ o
selection; these exons are frequently undetectable in the cog- nate [

MRNAs. Many such circRNA-specific exons are less conserved
and have not been annotated. Third, circRNA-specific cassette
exons appear to be highly dynamically regulated. For example,
inclusion of some cassette exons is significantly increased in
circRNAs, such as those produced from the XPO1 gene, during
the differentiation of human embryonic stem cells (ES cells) to
neuronal lineages, but are absent in linear RNAs.

Alternative 5 Alternative 3’
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Abundance of circRNAs

Thousands of novel regulators and polypeptides

Owing to the lack of 3’ polyadenylated tails, most circRNAs were not detected in the
classical RNA sequencing (RNA- seq) datasets, which mainly contain polyadenylated
RNAs. More recently, analyses of non-polyadenylated transcriptomes and RNase R-
treated transcriptomes have uncovered how wide-spread the expression of circRNAs is
iIn metazoans, from nematodes, zebrafish and fruitflies to mice, pigs, monkeys and
humans as well as in protists, fungi and plants.

The most recent analyses using computational pipelines to identify back-splice junction
sites from RNA-seq reads or reconstructing full-length circRNAs from long RNA-seq
reads have identified more than 183,000 circRNAs from human transcriptomes, more
than 96,000 circRNAs from macaque tran- scriptomes and more than 82,000 circRNAs
from mouse transcriptomes. In these studies, ~1,334 Gb from 70 human samples, ~443
Gb from 26 macaque samples and ~512 Gb from 28 mouse samples were analysed.



Intronic complementary elements (ICSs) facilitate back-splicing

Although, in general, ICSs boost circRNA
formation, their presence is neither
sufficient nor necessary for it. First, RNA
pairing in the same intron competes with
RNA pairing between flanking introns,
thereby facilitating splicing of linear RNA
and reducing circRNA production from the
same locus. Second, multiple RNA
pairings can presumably form between
different sets of introns in the same gene,
and this com- petition can lead to
alternative back-splicing and the for-
mation of different circRNAs. Third,
repetitive elements are enriched in
mammalian genomes, but in other
organisms ICSs appear to have become
less crucial for circRNA formation
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Regulation of back-splicing efficiency. a | Intronic
complementary sequences (ICSs) in introns flanking
circular RNA (circRNA)-forming exons generally
facilitate back-splicing by pairing and forming RNA
duplexes that closely juxtapose the splice sites. b |
Competition between pairing of sequences in introns
that flank circRNA-forming exons (left) and pairing
within an intron (right) favours back-splicing or
canonical splicing, respectively. ¢ | Competition
between pairings of different introns that flank
circRNA-forming exons modulates alternative back-
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Intronic complementary elements (ICSs) facilitate back-splicing

Regulation of back-splicing in trans. Splicing and alter-
native splicing are regulated also by proteins involved in
spliceosome function and by RNA-binding proteins (RBPs)
that bind to cis elements in flanking introns. In addition to the
role of ICSs in modulating back- splicing, a number of RBPs
control circRNA biogenesis.

RNA-binding proteins (RBPs) can directly bridge distal splice
sites to promote back-splicing. f | RBPs bind to ICSs to
enhance65 or suppress back-splicing by enhancing (left) or
reducing (right), respectively, the pairing capacity of ICSs.
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d | Conditions that limit spliceosome
availability cause a shift from canonical
splicing (left), to back-splicing that
produces single-exon circRNAs (right),
presumably by reducing the formation of
cross-intron exon definition complexes
(not shown)
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Nuclear export of circular RNAs.

Similarly to many lin- ear mBRNAs67, circRNAs containing retained 3
introns are frequently sequestered in the nucleus23,68,69.

However, the majority of annotated back-splicing circRNAs are

primarily localized in the cytoplasm. How nuclear export or @

retention of circRNAs is regulated remained unknown until the DDX39%5 @ DDX39A
recent publication of a study that aimed to identify key factors (5
controlling circRNA export using RNAI screening. This work nicely

Nucl

showed that depletion of the ATP-dependent RNA helicase ——

Hel25E (also known as WM6) in D. melanogaster cells led to spe- Cytoplasm

cific accumulation of long (more than 800 nucleotides) circRNAs

in the nucleus. ikewise, depletion of DDX39B or DDX39A (the two @
human homologues of Hel25E) led to the accumulation of long Long (>1,300 nt) Short (<400 n)

(more than 1,300 nucleotides) or short (fewer than 400 circRNA export circRNA export
nucleotides) circRNAs in the nucleus, respectively.

These results suggest that the lengths of circBRNAs are somehow
involved in the mode of their export




The turnover of circular RNAs.

Back-splicing is inefficient, but circRNAs can accumulate to high levels owing to
their circular structure, which makes them resistant to degradation by RNA decay
machineries. CircRNAs are more stable than their cognate linear tran- scripts, with
the examined circRNAs having a median half-life ranging from 18.8 to 23.7 hours,
compared with 4.0-7.4 hours for their cognate linear RNAs.

Regardless of the innate stability of circRNAs, recent studies have shown they
undergo degradation in normal conditions and in stress conditions.

(@)CircRNA binding by miRNAs can initiate circRNA decay, as exemplified by the
circRNA CDR1as

(b)The cytoplasmic endonuclease RNase L, which is activated during viral infection
by the presence of pathogenic dsRNA, is known to cleave linear RNAs after UN
dinucleotides and can globally degrade circRNAs

(c)A subset of m6A-modified circRNAs can be degraded by the ribonu- clease
complex RNase P/MRP; the degradation is medi- ated by the m6A reader protein
YTHDF2 and HRSP12.

(d)Highly structured circRNAs can be targeted and degraded by the ATP-dependent
RNA hel- icase upstream frameshift 1 (UPF1) and its associated endonuclease
G3BP1 (ReF.83) (Fig. 3e). UPF1 is a key factor of nonsense-mediated mRNa decay
and of other, function- ally diverse mRNA decay pathways.
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