Long noncoding RNAs in cardiovascular disease
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Purpose of review

Here, we review recent findings on the role of long noncoding RNAs (IncRNAs) in cardiovascular disease
(CVD). In addition, we highlight some of the latest findings in IncRNA biology, providing an outlook for

future avenues of IncRNA research in CVD.

Recent findings

Recent publications provide translational evidence from patient studies and animal models for the role of
specific IncRNAs in CVD. The molecular effector mechanisms of these IncRNAs are diverse. Overall, cell-
type selective modulation of gene expression is the largest common denominator. New methods, such as
single-cell profiling and CRISPR/Cas9-screening, reveal additional novel mechanistic principles: For
example, many IncRNAs establish RNA-based spatial compartments that concentrate effector proteins. Also,
RNA modifications and splicing features can be determinants of IncRNA function.

Summary

IncRNA research is passing the stage of enumerating IncRNAs or recording simplified on-off expression
switches. Mechanistic analyses are starting to reveal overarching principles of how IncRNAs can function.
Exploring these principles with decisive genetic testing in vivo remains the ultimate test to discern how
IncRNA loci, by RNA motifs or DNA elements, affect CVD pathophysiology.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of
death globally. The vast majority of CVD death is
due to myocardial infarction and stroke [1]. Here, we
review recent studies from the last 1.5 years on long
noncoding RNAs (IncRNAs) in CVD that did not
stop with cellular in vitro analyses but stepped for-
ward to investigate the pathophysiological roles of
IncRNAs in vivo. As the IncRNA field is quickly
evolving, we also review novel conceptual
approaches for studying molecular effector mecha-
nisms of IncRNAs.

LncRNAs are a heterogeneous class of thousands
of RNAs (Fig. 1a). Defining them is not trivial. Most
commonly, IncRNAs refer to transcripts more than
200 nucleotides in length that do not appear to
contain a protein-coding sequence and do not
belong to ribosomal, transfer or small nuclear/
nucleolar/microRNA-like species [2"™]. LncRNAs
are predominantly transcribed at low levels by
RNA polymerase II from epigenetically sculptured
start sites. They are frequently encoded interleaved
relative to protein-coding genes (Fig. 1a). An emerg-
ing view is that protein-coding genes and IncRNAs
potentially represent a larger information continuum
because many IncRNAs can regulate protein-coding
genes [2""]. For regulating genes, IncRNAs employ
many effector mechanisms. They can tether,
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scaffold and modulate transcription regulatory com-
plexes (Fig. 1b). Also the genomic orientation and
relation to neighbouring genes may give first hints
at the possible targets of a given IncRNA. On the
basis of this, the large group of IncRNAs can be
divided into subgroups, comprising lincRNAs (long
intergenic noncoding RNAs), as-IncRNAs (antisense
IncRNAs), eRNAs (enhancer RNAs), PROMPT (pro-
moter-upstream transcripts) and uaRNA (noncoding
RNA from 3’UTR of protein-coding genes) (Fig. 1a).
The picture gets even more complex because, apart
from linear IncRNAs, also circular forms of RNA
(circRNAs) may be produced. CircRNAs may also
be functional, as is reviewed separately in this issue.
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KEY POINTS

e A large number of IncRNAs have been implicated
in CVD.

e The molecular effector mechanisms of IncRNAs in CVD
are diverse. Overall, celltype selective modulation of
gene expression is the most common effector.

e Integrating single-cell transcriptomic with epigenomic
profiling is more potent than bulk tissue approaches
when exploring noncoding CVD-risk loci and their
cellular context.

e IncRNAs can turn functional by seeding 3D
compartments that concentrate protein regulators of
transcription, splicing and RNA stability.

o RNA structures, posttranscriptional RNA modifications
and micropeptides are understudied determinants for
IncRNA function.

Over the last years, several IncRNAs from these
diverse classes have been found to be functional in
physiology and disease [3™]. In the cardiovascular
system, dozens of IncRNAs have become known to
affect heart and blood vessel development and path-
ophysiology, including ANRIL, MALAT, MIAT,
Braveheart, Upperhand, Myheart, H19, Meg3, HOTAIR,
Kcnglotl, Fendrr, Chaer, CARL, SENCR, SMILR or
CARMEN, to name a few [4].

FUNCTIONS OF RECENTLY STUDIED LONG
NONCODING RNAS IN CARDIOVASCULAR
DISEASE

Several new IncRNAs have recently been functionally
studied in a cardiovascular context in vivo (Table 1).
Some of these IncRNAs affect the embryonic develop-
ment of the heart and the vasculature. Others are
expressed in cardiomyocytes, vascular endothelial
cells or smooth muscle cells (VSMC) and modulate
cell contractility, cell differentiation status, cell
growth and cell survival (Table 1). Targeted gene
knockouts and more fine-grained genetic manipula-
tions were performed for most of the involved
IncRNA loci, and effects on CVD were studied in
animal CVD models (Table 1). Thereby, it was found
that some cardiovascular IncRNAs aggravated, and
others ameliorated CVD phenotypes, including athe-
rosclerosis, myocardial pressure overload, infarction
and congenital heart disease, as detailed in Table 1.
In the following, we describe the molecular
functions of these recently identified cardiovascular
IncRNAs. We group them by type of molecular
effector mechanism to give an appreciation of the
breadth and complexity of possible functions.
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IncRNAs regulate transcription of target
genes

The range of molecular effector mechanisms of
IncRNAs is broad and cardiovascular IncRNAs are
no exception. A recurrent theme is that IncRNAs
guide, scaffold and regulate transcription factors or
epigenetic regulatory complexes (Table 1, Fig. 1b).
For example, CARMN, which is known for recruiting
the PRC2 complex in cardiomyocytes, was recently
found to transactivate the myocardin/SRF master
regulator of vascular SMC differentiation. Thereby,
CARMN maintained the contractile SMC state, and
this function protected blood vessels from athero-
sclerotic neointima growth [5-7]. Another example
is the cardiac CPhar, which sequestered the tran-
scription regulator C/EBPB. By inhibiting C/EBPB
from repressing targets such as ATF7, CPhar stimu-
lated cardiomyocyte proliferation [8]. Conversely,
the IncRNA RP11-728F11.4 turned out to be pro-
atherosclerotic by preventing EWSR1 from repres-
sing transcription in macrophages [9]. In a different
study, the IncRNA Platr4 stimulated the Hippo path-
way output transcription factors Yapl and Tead4
during cardiogenic differentiation. Interestingly,
Platr4”- knockout mice developed myocardial and
valve degeneration and sudden heart failure [10].
Within the same pathway, IncExACTI1 exhibited
enhancer activity towards its neighbouring gene,
the protocadherin DCHS2, a regulator of Hippo
signalling. Thereby, IncExACT1 protected against
cardiac fibrosis and dystunction during pressure-
overload and dampened myocardial ischemia/
reperfusion injury [11"]. The last two reports merit
specific attention in light of a large body of earlier
work on the Hippo organ size control pathway in
cardiovascular function and response to injury [12].

IncRNAs regulate splicing and mRNA
stability

Apart from transcriptional regulation, IncRNAs also
often control splicing and target mRNA stability.
These processes are more complex to detect and
quantify. For example, Trdn-as, stemming from a
locus linked to heart arrhythmia, recruited the splic-
ing factors SRSF1/10 to Trdn. Thereby, Trdn-as con-
tributed to the efficient splicing of Triadin, and
Triadin promoted cardiac function and exercise
capacity [13"]. In a different study, another asRNA
exhibited a different function: ZNF593-AS scaf-
folded RYRZ mRNA and HNPNPC and increased
the translation to RYR2 protein. By increasing
RYR2 levels, ZNF593-AS beneficially influenced car-
diac excitation-contraction coupling in cardiomyo-
cytes in dilated cardiomyopathy [14].
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FIGURE 1. Classes and conceptual functions of IncRNAs. (a) Major classes of IncRNAs based on genomic orientation and
relation to neighbouring genes. lincRNA (long intergenic noncoding RNA), asIncRNA (antisense IncRNA), eRNA (enhancer
RNA), PROMPT (promoter-upstream transcripts), uaRNA (noncoding RNA from 3’UTR of a protein-coding gene). (b-e) Major
functions of IncRNAs. (b) Stable lincRNAs or more transient enhancer-like eRNAs as transcription and epigenetic regulators

in cis and trans. Also, DNA elements or the processes of transcription and splicing can be functional determinants. (c) Role of
low-abundance IncRNAs in seeding and maintaining different types of 3D-compartments. Shown is a nuclear condensate
(nuclear body/ liquid-liquid phase separated structure) with IDRs/prion-like protein domains of an RBP and/or electrostatics
(-/+) as building principles. (d) IncRNAs can affect protein activity. (e) A variety of other functions: IncRNAs may express
peptides from previously undetected small ORFs, recruit effectors via RNA modifications, or bind other nucleic acids like RNAs
(e.g. affecting stability, splicing or acting as competing endogenous RNA) or DNA (e.g. leading to R-loop formation and
influencing transcription, replication, chromosome topology, damage repair). Ac, acetylation, example of activating histone
tail posttranscriptional modification; IDR, intrinsically disordered domain; LLPS, liquid-liquid phase separated structure; P,
phosphorylation as an example of protein activity change; TF, transcription factor.

0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. www.co-cardiology.com 181



Molecular genetics

J1ossaiddns
saspasip joay |ojusbuod yum (ZgNvH wayj ssaidau Ajjooysusbide wieposaw Aoa ul ssusb Ylw so puo
"*6°8) s10j0py uondiosupyy ojusBolpind jo o} xa|dwod q33/ZD¥d 10} siejowoud s1usbolpiod Buyiqiyut siojo|nBai
uoypIoossb oiausb ayy Aq joalipul yuij aspasip 2uab Ip|N2sAOIPIDD pup dluabolpiod of Aq uoyoyuaiayip soyowird oyusbide
!$DSd! ., | 19H PUP SDSd! pup s|[ed wais AIYVT siebioy [1gH ‘| 7gH Adodousyd sseyy pup 2pIpIDd jo Adusidiye abpauy| puo juswdojersp 1o} 1ayje}
[cz]  upwny ul pup Z@lyVr 10 37 40 ON 6SYD AdSIID ‘suiejoid 7YV PUR Q33 YA spPRIBIUL YNYRY| 8y} suioysal YNYPU| WD Apipg uowny oRIpIoD SO 3jol jong 118H
ApBawolpiod pup sisoiqy
HD3Y $9SNDD OS|0 4 | H Ul sayis Buipuiq /497 Jo auwoupuAs SYNYoIW
uous|ep 6SPD/YdSIND (1) ‘ssO| 6| H ©F @np 81D UUDWSPBIAA 104
synpo ul Buiusyls /uoyp|ip |DLIBKD PUD SIsOIqYy (o3y11-Lwpua) “Yimypoag VNYe2 pup
anissaiBoud ‘uoyssaidxe & | H peonpas pup zybj D73 ul seuab |pwAyoussew ur uoyounysAp wso|dojhd
Ij||oiq Ul synsas z46]/6 [ H o uoiBai joyuod AlljiqojioADOIq 1By} JO UOHPANODAI upay |pjusbuod ui utejoud
[g£1]  Buyuuduw jo uoysjep [pusejoyy (1) :sjepow espasiq SHWI| PUD S\YYNYOIDIW a7 SpuIq YNYIU| & [ H 0} SpP3| 4 [ H 40 5507 o3 asnoyy J|npo aAIssaiBouy jo lojp|nBay 61H
yimoib opipipd
paonpul-asioiaxa 10§ junpiodwil s \NoU| /41y “B8) uonypAioD saush
S} {PY} SMOYS YNIYYS Yim gy 2idoloipiod 4By syquyur puo usjoid g4g3/D siaisanbas sisojdodp usALp -y/dO0
‘|opow ABojoisAyd ‘alosjoidolpind si ‘AydoupiadAy opipipd paonpul-Dy| pup sezjuoBojup ‘azis pup Buyjjspowsas
[8]  1/¥1 ut JO |pa1rouspD didoljolpIpd (japow aspasiq 951019 92UDINPUS JaYD LAY By4 Ul dn siIoY4D uoypisjijoid WD saponwlg WD asnoyy opIpIDD) Buuiaysey 4| 1DY4D
auaB aAlosjoidolpind wsijogpjew juspuadap-ydWy
umowy b st jasy [-diyD ‘esnow O [-dIyD o ul spayo Ajjpyusjod puo YNy 4/ aun|ioy VNYPn
anosal pind s19juod puo Dy Ul AydoupiadAy 497 yim sppIsjul YN, € {[-d1yD Jo uspuadapul uouo|NWINJOD asnow {03y pun so puo
Buninp saiosjoidoipind si (1ejowoud juj to uononpoud ¢y puo wsijogojew [DIpJodoAW pidi| seonpay ‘uoyoiidsal puo AydoupiadAy VNYW so ajou 3N
[eZ]  DHW-P) HpaY sy ul 3O dtusBsupy :jepow asoesi sespaoul 3O ‘spoay Buijiog ur dn yin,e |oLIpUOYdO}IW S8joWOlg WD uowiny opIpI0D) [onp soy [-diyD £ 1dyD
jopow uouoBi| ui uoyosjoidolpind
O 650D/ ¥dSI¥D (1) ‘seziuobojun Aomyipd yposp (92 Xyg 0 [o4uod
3O 041 YPIyM ‘81w /| Ul D3ID UOHIIDyuI 45 DIA s{oaye Ipjn|[82 41 JD3JoUN {0 /N §O ubwiny Ainlui wsp|doyko
pup eBpWwDp WD pPUP UOKOUN) HDBY SUSSIOM podwy Jpsjonu spqiyul pup utejoid g/ Spulq pup uoysnyieda uy utsjold
[o1] JO olusBsupiy ajgioNpulxop (i) :s|epow aspasiq !spI0BY DIWaYds] Ul saspaIoul uoissaldxa TiyyID syojdodo-oiyg WD asnoyy /p1wayos| jo Jojp|nBay i)
uoyduny
asnow Ul A}121X0joIpIRD Padnpul 149SS utetoid Buipuiq pupis-o|Buls sajoAul ssals aAloI|dal J1o)] urejoud
-UIDIQNIOXOP JO [9POW D Ul UOKDUNY DDIPJOD Ajjpiuajod wsiuoydsw 10joays !S|aAs| YNYIID VNQ 494D [oAIAINS ‘asnow Buyoayp
[81] sanoiduwl yNY2I10 Jo JO [pA1rouspD didoljolpin) 10} paiinbal s | yyOyg ‘einjioj posy Buunp umoq  pup wsijogpbjew o} paiinbay WD ‘upwiny AypodoAwoipioD) “Inajoun ISNI-412
sonbo|d s|qoiaujnA
2I0W 9SNDD | UOX3 JO O} SPD/YdSIND PuP uowiny
yowdog) Isisoisjasolayio usALp-piwspidijiadAy (snoo] NWaYD eyt ul Buiddpjiano) aAypIajijoidyuD pup Jw
[ PoNPULEYSDJAVY 19A]] ([opow aspasiq [ /gp [ -yIW jo uoissaldxa ayj seounyua AjeAyping puD aAlDUSISYIP-0I] JWSA asnoyy SISOI9[OS0IaYlY  JO 4SOY 10 YNYR NWIVD
S
sisouoD Yo1ym) dlusbolayipoid st NWYVD .TZN sauab jobio} Jyg 4o sisjowoud uo Aoundnooo uoypyuBIBHIP ubuwny
Joy} BuinBip ‘sisoss|psolayo pPadnpal smoys 43S sespauoul pup uisjold JYS Yim spDISjuL -oud “eAypIBIW puo
[9] _/-IPT Ul SOSY Ym @) d1waisAs :jepow aspasiq NWVD ‘enbojd oyoisjpsosayo ur paspainaq -o1d pup aAyoIsjijoid-014 JWSA asnopy $1S019|2s0IBY}Y Butiayiey 4| NWIVD
yimolB pwiuiosu doIs|RsoIBYiD Woly spajold sNoo| G /S L YIW.
NWayD ‘Ainlui uoojjog A1apip pioiod Yo Buiddojiaro sy} uo Ajayop Jeoupyus ‘|g||piod
Burinp yp1 8y} ut 3O |pi1rouspD ‘uoypBi| Aispp ul ‘seush jobipy Jo uoyoAlD Bulinp xajdwod ubwiny
puoIpd ya| Buunp (z1y3910-| [ YAW) inoxoouy 134S/ADOAW seioaionsupyy ! (basyNyos) aAlpIsyijodiun DWSA 1ol
[s] asnow d1deds-DNS [DUOHIPUOD :|spow aspssiq SUOIS8| DLHOIB|ISOIBYID JO SDWS dHBYJUAS Ul umo( puD sAypHUBIBYIP-0ld WD ‘asnoyy HRCIETRNCIEINIY Buniayyey 41 NWIVD
uoyypiidsal [pLpUOYdOHIW
$1D9J9p HIDAY 919ASS $S3| YHIM JuDjnW saodwi (Ul ‘3O Ul PLpUOYdOHW JO
snoBAzolejey [julp ‘AydoipadAy woy sposjoid slaquInu paspaIoul (Y Ul PaspaIdap SI uoKouNny uoyduny Jojqiyut
JO 2yvadsND 10 usALp-sjowold-OYD ‘O Alojpiidsal [DLIPUOYDOIU {UOKD|SUDI YN YW |DLPUOYDOIW Of pajo[al uoyo|supy
[az1] Ul 21N|ID§ HIDBY B1ASS BIOW 1DV/| [9POW 3sPasI(] [ JUIH siqiyul uaip) ‘1oajoun Jojoaye Aipuillg Ajjouajod AydoupadAy WD WD asnoyy a1n|ipy ooy oidoujorsyg uain)
“3ou OAIA ui sjppow ABojoisAyd oujiA ul oA ur  ad4y |I2d sanadg $xajuod uolPIYISSB|D VNId2Y|
/ABojoyynd ui spayg 1upy; /uolduny InjNd3jOW ad4jousyd apjnjjed aspasiq

$S8NSSl ID|NDSDACIPIND Ul SyYNY Bulpoouou Buoj uo ssipnys oala i jusday °| ajqpL

www.co-cardiology.com Volume 38 o Number 3 ¢ May 2023

182



Long noncoding RNAs in cardiovascular disease Kohlmaier et al.

“adAIp|Im ‘I AA (][99 B|PsNW yjoows IDNOSPA ‘DWSA YNYW jo uoiBai pajojsubiun

41N ‘dojony uoydiosupiy ‘] {UOKOLISUOD) IOy 8SI9ASUDI] ‘DY ‘uoisnpiadas pup uoyoAlidep 8s0on|B usBAXQ /D0 ‘uoissaidxaieno ‘JO YNYoLIW “Yiw ‘seboydoioow ‘G 4noxpouy ‘O ‘umopyoouy ‘g

‘Ainlur uoisnyiedalr-piwayost ‘| /Y] !||@2 [PI[EYIOPUS IDJNISDA ‘DT ‘ejAo0AwolpInd ‘WD) ‘8p1oeanuoBIjo asussHUD ‘OGY ‘SNIIA PaDIOsSD-0USPD ‘AyY ‘(seBoydoiopw ‘DWSA ‘D3J) S||om I0JNISDA By} JO §|[82 O s8jko0AwolpInd
ur Buiuoyouny (paispio Ajjooyeqoydip) s\yyNY2U| Uo st sndoy ay] “Buijjepow oaia uy Buisn espasip 1o ABojoisAyd JpjnaspAolppd Ul (10]n2a1d pub Joaull) syYNY Buipoouou Buoj paipnis Ajjpuoyouny joys spiodau jo s

AyypdoAwoipind pajo|ip

paaNpuI-(Dy]) UOHILISUOD DILIOD SSISASUDY s[on9) (43 woy jsuupyd esosjel aun|ioy
ur Jajowoud | uiuodoy sepun uoissaidxe utejoid ZYAY PUP [9A9] YNIY ZYAY @5D3I0UI pUD +2PD 4O BJo1 umouy ssnow {03y pup Ayijiqols
DJIAOUBPD 1O s1owdoo) Yim ) dlwajsAs wisp|dojAd ayy ul utejol uo w spul U0 up YL 10 |[oA®
_ P dog yiim @ A |doiko ey d DdNANH Pue YNy 24N Ag A4 d P AydoupadAy [or2]
1] woly padnpap SO SAdBj0IdOIPIDD ([opoW 3sDaSIT  ZYAY PIOHOIS YNYOU| Ul sjHow ,G ‘WD Ul umo( b__:oo:cou WD seroiduy WD uowny 2DIpIDD) VNY Bulosyy  SV-£65INZ
jubjnu ysyoigez sjuswa|dwod
Z1V3IA uowny (A1) {(1opqiyur souly POO9 Ulyim sausb Burinoqybieu
Yiim andsai) oA ul AjALRD ZgDMd Buluipysel jo uoissaidxa ayy oodwi jou s80p Z7vIA
DIA suoioun} YNYoU| (i) “upinw dgg Jupjnu Z|DBA JO 8NSBI BY4 JOf [DHUSSSS S| JloW sjoeye sisojdodn AjAlpo
|jows ui omc;:osm; Ui @ Buippaj sjoepep VNY2U| ‘AjiAIOD 8spuIy JIgIyul pup ZgDMyd Ul jo Apuspuadapui uowny swAzus
11Bajul [ossaA poo| uny [DYUSSSD uoiBal oLs)so||o pul D3/ !(193ipWOl sisousBolBup pup up podouel u1a4ol
AquBayuy jossen poojq } | 5 IIP PU9 Z1Y3A/Z[P3A !(123worq o P ghied d 21vIA
SMoYs n} Z|o3, sjopow ABojors. 00|q D SO |nyasn os|o) Ayjodouljas dleqoIP Ul 0aWIS SuIDJUID S1§0Iqge J1eqp! o Jojp|nBa; [
(s 45 O IIn /094 [) siepow ABojoIskug  pooiq o so [njosn osfo) Ayiod qipiutidn d 53 W Daystpige7 9RIq joliolojnBay zIo3A
olwyAYLD “(Buijpupy 0D jo ojojnbes umouy VNV soy
ODIPIDD YHIM OS[D O UIPDLI| “dsnow o ‘utajoud uIpDLI| JO S|9AS| [owou of Buipoa)) Buyoaq W jo Buroyds
O £/zuoxa ul yoop ainpowaid ui Buynsal wiojost | |\ Jolow ayy jo Buioids sajoAl0 pup UoKOLHUOD ‘sny} ‘pup ssnow Buyoayo
1o0dDd Bs1018XS PUD ‘DIWIYAYL ‘uodUN B waud ysoy upi| ayy o sioppy Budi|ds s[ouuDYd BspBRS WNID|D up 21N|10} 40D up SO
Ajood P Yy ! vNywad Jsoy upiy oy } Buioyd [ouupyo 2502 _ P |10} o3y Puo "¥NY
[get] ODIPID supjuIbW sO-UupJ| ([dpow ABojoisAygd Q[ /[4SYS SHNId8I YN YOU| ‘sppay Buljioy ur umoq o1wsp|doa.ps seyp|NPoyy WD uowny puo plwyAyLy SD papoou] SD-up|
‘punciByonq
wo&( up 1o |spouw Aunlur auim Aispo uoydUNy DJR[NSOIKD
pHoIpd Ul m_O oluaBsuniy oi1ads-IWSA [opow Bupipdwi Aqeisyy ‘uoyppoiBap urejoid gHAW asnow wsp|doyko
\C:_c_ Uoo||pq PHOIPD §DI Ul JO [PIIACUSPD spoeyp AjeayoBau pup uisjoid GHAW YHm uoypiBiw [[emsuply pup uy ujejoud
[s1] olwajsAs ‘0l§o0I8|0s0IBYIPHUD S|apOW 8spasI sjopIajul \YN¥oU| ‘senbpd oijois|dsolayo ul dn sejp|nBas AjeaypBaN| DWSA uowny S1S0J9|0s0IBY Y jo topnbey | SV DYdL
punoiByooq _, sody ui 30 QaAXS
|oa1ARUB| DlwaysAs sayp Bu o:m_m\iQoEEo_?_ Jossaidal | YSAAT Buyo|nuwys oia Buijpubis asnow
pup piweppidisAp Buyp|noiid pup dypdey woy oy Bujuibysas pup yNYW 9gAax4 Buipuiq Aq Alojpwwpjjul puo pup vlld
2oNpap sb ‘oljoljososayp-oid (jepow aspasi oyusjod ‘sus $9JDAID Ajjpuondiiosun. oypydn [oIR)s8[0YD saspaIOU P! uown HRJIEINIEN uiqIyul -
6 peonpap [osoJayyo-o.d :jop a Al d ‘eusb 9gAX4 Ajououd L jpidn jossisajoy [ W H ososeyy Bumquyui 41 8z/-1 1dY¥
SOA|DA JO uoypIsusbap snouPNw puo (11> *B°9) sjebiny
01§D [DIPIDDOAW SMOYs “juswdoers woalsumop ajo|nBas o) ypos| pup doy s oBoauljrwieposaw juswdojers
Aydouo [pipipook Ys O Huawdojersp p aipjnBeu o} ypo3) pup doj sy) Booul-uep dojersp
ooy 1oy pauinbai si puplg :jepow ABojols 1opaye Aomyiod oddip syt yim sppIsjul D) -ODIPIDD JO UOHDLUBISYI asnol oDIpID! opos 40|
ol Hiofip=tinbatlsiiziopE[epolifAbololsAlly HiapemtiediedalEotill p40ld RIRal] 4#a WD W 210) Ployeos 41 p4old
VN9
aun|1ny so Bujuoyouny
Dv] Buuinp ainjioy poay 1032 jou Wsiuoydaw asnow HD3Y pup agAow
219A8S B1OW YjIM ‘s3|PWa} Ul BAld3j0IdoIpIDD Jopoaye ‘poojisao ainssaid sspun Ajuo sebuoyd puo AydoipadAy ‘lopaye (ounif>)
[z2] puD B|DIA SI SNOO| JO §NOYDOUY ([epOW BsBSIQ o1woydiosuny ‘sausB BulinoqyBiou uo spays ON 09D JOU WSIUDYOSW 1008 WD upwiny oDIpIDD) umouyun 1SV-6dIO
Buruuiyy
doo snoiqy pasoasoul nq ‘senbpid ui ABojoyjod
DWS Paspa1oap SMOYs noxdouy| ‘e1w O uoydiIdsuDY 74Ty PONPUIJTXO SioayD PW VNY
a|qnop _,_sody _, joipy u1 uoupbi| poiod (i) 1VIW ‘isjowoid 747y ul seyis joBipy pajoipaid JO UOUDKUBISYIPSUDI PUD sBid Buyoo-suoyy
‘@d1u _, s0dy/ ul jusweop|d 4nd pup uoyobi sy pup seboydosopuw ul gy4N PUL DWS [PAIAINS pUD uoHpIsyljold PW ‘asnouw pup JojpjnBai
[qozl Qw_o_Eoo:_ mc::_o O #o1Wy (1) :s|jopow sspasig ur uisjoud | )13 Spulq [yWy ‘Sisossjsosayio ur dn DWSA 1o} paiinbay ‘DWSA ‘upwiny HRIETRNIEINIY -4 2idoyoislg IVIW
AydoupiadAy
|oa1Bojoyod sesnod 3O d1dosolpiod
(A1) ‘uoypisyijoidiano WO pup AydoipadAy
oD|pIPD s95NPD syYNYB drdoorpind
iim HoBY Ssnoul ut O 650D /3dSIAD (1))
‘uoypiauabal pay ysyoiqez ur uoyoisyijoid 3O YNY2U] §0 saye sy} s300[q
paonpas puo Buliipds of sppaj WD Ul aM ZSHOQ ‘siPae YN¥2U| ayy saidooousyd uoypiayijod jou a1n|iny VNYe
ZSHO@ uowny jo 3O (1) ‘Anl /| [o1piodoAw ZSHDQ ‘ausb zgHDg BulnoqyBiau sapoAoD inq 8zis WD sesoaioul 30 ysyoiqaz {o3Y pup so Buiuoyouny
4suipBo pup Hy| Bunnp sisoiqy ooipIod A|jpuonduosupyy | [Dyx3oull ‘8in|ipy 4ibsy ‘s1j04dodp-ijun ‘asnow AydoupiadAy puD YNYsO
[qrt] 4supBo psjoud siewdog) (1) :sjppow espasiq Bulinp pespaidul §nq sppay pasiolexa Ul umoq puo aAypisjijoid-oid st gy WD ‘uowny op|pIpD SD papoou] [1DVX30u)
Joy OAIA ul sjapow ABojoisAyd OoujIA Ul ouyia ur  ad4y 19D sapadg 1Xx3ju0d uolPIYISSD|) VN3]
/ABojoyind ui spay3 1uDYd9W /uol } AD|Nd3joW adAjouayd ip|nj2n aspasiq

(panuyuo)) 1 alqpy

183

www.co-cardiology.com

0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.



Molecular genetics

IncRNAs regulate protein translation and
transport

IncRNAs function not only in the nucleus but can
also bind proteins in the cytoplasm: Cardiovascular
TPRG1-AS1 accelerated the turnover of the cytoske-
letal motor-protein MYH9 in VSMCs and curbed
atherosclerotic neointima growth [15]. In another
study, CIRKIL inhibited the nuclear import of Ku70,
with potential effects on double-strand break con-
trol and cell death pathways. In disease models,
CIRKIL worsened cardiomyocyte damage during
myocardial infarction [16]. Loss of another well
known IncRNA, H19, led to progressive heart fibro-
sis, heart failure and vascular abnormalities, as typ-
ically observed in patients with the Beckwith-
Wiedemann syndrome. The authors mechanisti-
cally implicated H19 in this disease because H19
silenced mesenchymal genes in the endothelium,
affected TGEB-signalling and antagonized Mirlet7
microRNAs [17"]. Finally, a circRNA, circ-INSR, was
cardioprotective by prosurvival signalling during
replicative stress in cells [18]. Whether other cyto-
solic or nuclear effector molecules exist for these
four IncRNAs remains an open question.

IncRNAs regulate signalling pathways

In other cases, the function of the IncRNA is so
pleiotropic that it is hard to pinpoint a single caus-
ative effector: For example, Caren knockout mice
suffered heart failure during pressure overload.
Mechanistically, Caren blocked the translation of
the pleiotropic tumour suppressor Hintl, and
engaged with other unknown factors to control
mitochondrial respiration in cardiomyocytes [19"].
A similarly complex IncRNA is MIAT. MIAT pro-
moted pathological VSMC proliferation and trans-
differentiation, which accelerated atherosclerotic
plaque growth and vulnerability. This effect might
involve NFKB pathway activation and KLF4 tran-
scriptional induction [20"]. As MIAT also promotes
tumorigenesis by binding AEG-1, a protein that
affects diverse pathways [21], it is possible that NFKB
signalling is a central IncRNA effector across diseases
and tissues. Finally, no clear effector mechanism was
defined for OIP5-AS1 during its female-specific car-
dioprotective role [22].

IncRNAs can exhibit more than one role

IncRNA loci sometimes exhibit more than one role:
For example, HBL1 targets JARID2 to repress cardio-
genic gene promoters via PRC2. Independently,
HBL1 also restrains miR-1's from targeting JARID
[19%]. Thus, HBL1 fine-tunes cardiogenesis twofold
in the nucleus and the cytoplasm. HBL1 target genes
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are, thereby, relevant as possible genetic causes of
congenital heart diseases [23]. A similarly complex
scenario happens at the Ckip-1 locus. There, the
3'UTR of Ckip-1 mRNA takes on a life of its own
as uaRNA (Fig. 1a) and sequesters Let-7f microRNAs.
By antagonizing Let-7f, the Ckip-1 3'UTR activates
cardioprotective metabolic remodelling [24]. These
scenarios highlight the complexity of IncRNAs and
show that care should be taken when attributing
phenotypes to a single molecular effector mecha-
nism (Table 1).

IncRNAs bind enzymes and regulate their
activity

IncRNAs may also serve as selective regulators of
protein enzyme activity, which speaks for specific
structural interactions with clients (Fig. 1¢) and goes
far beyond simply tethering or scatfolding interact-
ing partners (Fig. 1b): An instructive example is
Veal2, which was found to be essential for the endo-
thelial barrier function and normal vasculogenesis.
This IncRNA inhibits the kinase activity of Prkcbb
[25™"]. Specifically, the authors established that
Veal2 inhibited lipid activators from access to an
allosteric stretch in Prkcbb protein. To make this
argument, the authors also provided corroborating
structural insights from molecular dynamic simula-
tions [25™]. Astonishingly, this enzymatic regula-
tion was conserved in humans, despite the lack of
conservation in VEALZ sequence. Finally, by rescu-
ing the vascular defects of Veal2 mutants with chem-
ical Prkcbb inhibitors, the study confirmed this
effector mechanism in vivo. Moreover, reintroduc-
ing the IncRNA in frans into a IncRNA mutant
provided formal evidence that the RNA was the
functional moiety in vivo. Thus, at several levels,
this work is a role model study. Importantly, from
a translational perspective, re-expressing VEAL2 is a
therapeutic avenue because VEALZ strengthens cell-
cell junctions and endothelial permeability in dia-
betic retinopathy [25].

Across the reviewed studies (Table 1), cardio-
vascular IncRNAs can bind DNA, RNA or proteins
and affect many different molecular pathways.
This makes it difficult to derive unifying features
of IncRNA function. Also, given the paucity of
bioinformatic methods to systematically predict
effector mechanisms for IncRNAs, studying
IncRNA loci remains often more complex than
studying protein-coding genes. For this reason, it
is important to consider potentially overarching
concepts that can sharpen new experimental
hypotheses and streamline the functional analysis
of new IncRNAs, as discussed in the following
two chapters.

Volume 38 o Number 3 o May 2023



Long noncoding RNAs in cardiovascular disease Kohlmaier et al.

NEW INSIGHTS FROM GENOME-WIDE
STUDIES OF LONG NONCODING RNAs

Important new conceptual insights in IncRNA
effector mechanisms have recently been obtained
from new single-cell technologies and from
CRISPR/Cas9-based genome-wide screens. They
provide novel perspectives on how noncoding
risk loci and IncRNAs expressed from these loci
may be prioritized and functionally studied in
CVD (Table 2).

Single-cell exploration of long noncoding
RNAs from enhancers and of noncoding risk
variants

The majority of genetic variation of disease risk
identified in genome-wide association studies lies
in the noncoding sequence space, most of which is
transcribed at some point. Moreover, in genome-
wide multi-tissue profiling, hundreds of IncRNA loci
were associated with diseases/traits with a higher
likelihood than the nearest protein-coding genes
[26"]. Nevertheless, it has been hard to predict or
systematically test the function of disease-associated
noncoding loci. Towards this goal, new approaches
based on integrative single-cell methods are taking
the lead in their systematic functional annotation:
First, they aim to prioritize potentially causal non-
coding disease risk SNPs by their regulatory poten-
tial. For example, many noncoding loci correspond
to cis-regulatory elements, including enhancers
expressing IncRNAs (eRNAs, Fig. 1b). Second, studies
attempt to identify which cell type is relevant for a
given risk SNP. Third, they try to unveil the target
promoters of risk SNPs. Relevant potent approaches
integrating single-cell transcriptomics and single-
cell epigenomics data have recently been published.
For example, studies have employed chromatin co-
accessibility mapping of enhancers and their puta-
tive target promoters with single-cell/single-nuclear
ATAC-seq to pinpoint CVD-relevant noncoding
RNAs and their cellular context [27"%,28,29]. Simi-
larly, allelic expression analysis in single cells is a
powerful technology [30]. Moreover, regulatory
gene network computation and machine learning
helped infer the biological context for novel candi-
date CVD-driving target genes. Further fruitful
approaches involved population-scale single-cell
profiling and Mendelian randomization [31].

In parallel to correlative approaches, the func-
tion of noncoding risk loci has been tested exper-
imentally with new systematic CRISPR/Cas9-based
screening technologies: For example, it was possible
to pinpoint regulatory DNA elements by tiled and
multiplexed CRISPRi screening over noncoding loci
that were hundreds of kilobases in size. The key to

0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

success was to systematically assay enhancer activity
in these noncoding regions by molecular single-cell
readouts, which can involve FlowFISH [32"] or high-
throughput sequencing [33™].

For the cardiovascular field, the studies
mentioned above revealed new cell-type-disease
phenotype relations (e.g. in fibromyocytes in athe-
rosclerosis), new IncRNAs with potential function-
ality in CVD and maps of epistatic interaction
networks among CVD-relevant enhancers. Not last,
millions of enhancer-gene interactions are now
becoming known, many of which would have been
invisible in bulk tissue analysis.

Unique features of long noncoding RNAs
compared with mRNAs

Many IncRNAs are expressed at lower levels than
mRNAs, show less well defined 3’-end processing
and can stem from bidirectional promoters (eRNAs,
PROMPTs/uaRNAs) (Fig. 1A). Recent single-cell
sequencing and allele-specific measurements carved
out further unique features that allowed new
mechanistic insights: although protein-coding tran-
scription occurs typically in periodic bursts (lasting
1-10min and yielding 1-100 mRNA molecules per
burst), IncRNAs have four-fold lower burst fre-
quency and two-fold smaller burst size. One-third
of IncRNAs burst less than once per day per allele.
This feature has been directly linked to the typically
higher cell-to-cell expression variability of IncRNAs
compared with level-matched mRNAs [34"]. This
finding is relevant in the biomedical context, for
example when using IncRNAs as biomarkers. These
new methods may also allow researchers to address
how the antisense orientation of an asRNA affects
transcription initiation or elongation on its sense
target gene. This task is relevant because several
cardiovascular IncRNAs are encoded in antisense
configuration to protein-coding genes, but there is
no robust framework yet for testing their role
(Table 1).

Conservation of long noncoding RNAs and
impact for functional testing

Genetic conservation between species is often an
indicator of biological function. However, IncRNAs
evolve fast, and recent evolutionary studies con-
firmed that, globally, there is close to zero purifying
selection against point mutations in IncRNA loci [35].
Also, nonconserved lincRNAs have a similar trend of
association with cardiometabolic traits as conserved
lincRNAs [33""]. These findings suggest that simpli-
fied homology-based prioritization of conserved
IncRNAs can skew which IncRNAs become the
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Table 2. Emerging concepts for long noncoding RNA functionality

Single-cell exploration of
IncRNAs from enhancers
and of noncoding risk
variants from GWAS

New insights from genome-
wide studies of IncRNAs

Unique features of IncRNAs
compared with mRNAs

Conservation and function
of IncRNAs are not so
directly related

New insight on IncRNA

numbers

Expectations of IncRNA
functionality on a
genomic scale

IncRNA-dependent spatial
compartments and
nuclear scaffolding

new concepts of IncRNA
function with potential
relevance to the
experimental design in

studying CVD
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Single cell sequencing captures rare cell
subtypes relevant to (CVD) pathophysiology.
Single cell eQTL, chromatin-accessibility
caQTL mapping and allele-specific analysis
are becoming feasible on cohort/
population-scale.

Single cell profiling allows better than bulk
analysis fo pinpoint enhancer-target pairs
and causal noncoding risk SNPs (e.g. lying
in regulatory DNA elements), relevant cell
types and contexts, and likely effector
genes of noncoding risk SNPs.

Tiled multiplexed/combinatorial CRISPRi
screening identifies regulatory regions in
noncoding DNA and crosstalk between
multiple enhancers.

The transcription burst frequency of
IncRNAs is smaller than that of mRNAs,
which contributes to higher variability in
IncRNA abundance.

Often IncRNAs are expressed with < 1
burst per day.

A similar association of conserved and
nonconserved lincRNAs with
cardiometabolic traits.

On the genomic scale, close to zero strong
purifying selection in IncRNAs.

LncRNA function often lies in short
conserved RNA features (possibly
structural).

Discordance in IncRNAs numbers across
databases; eRNAs often not included in
databases.

Expected number of IncRNA transcripts is

higher (400000) than number of IncRNA

genes.
LncRNA exons amount to only 2.3% of the
genome (similar to exons of protein-coding
gene).

Unexpectedly many proteins (20% genome-

wide) could be RNA-binding.

Minority (0.2%) of IncRNAs is essential for
core cell functions (e.g. cell cycle control).
The hit rate for essential roles in genomic
screens is 16x lower than for protein-coding
genes.

Modulatory pro-differentiative roles of
IncRNAs are often unique to a single/few

cell types.

Nascent RNA (primarily noncoding)
bridges to an insoluble nuclear protein
scaffold fo maintain active expression states
(by resisting inherent chromatin
condensation).

[26%,27" 28-31,
32,33

(347]

[33" 35-37]

[2..,38..]

[40™=,41]

(42]
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Table 2 (Continued)

Emerging concept for
IncRNA function

Specific IncRNA function

Ref.

nonstoichiometric
amplification of IncRNA
function

IncRNA splicing can be the
determining effector
mechanism for IncRNA
loci

Functions of
posttranscriptional
modifications in RNA

Noncoding RNAs can
express micropeptides

A maijor function of IncRNAs is to seed and
control RNA-based 3D compartments (also
called bodies/condensates/speckles/
paraspeckles/granules) in the nucleus and
cytoplasm (affecting chromatin looping,
transcription, splicing, polyadenylation).
LncRNA-based nuclear infrastructures serve
to concentrate and spatially organize
diffusible effector protein show different
condensates and scaffolds relate to each
other is not understood.

[4,30]

LncRNAs are multivalent (e.g. multiple RBP
binding motifs).

RBP protein features drive macro-assemblies
(e.g. prion-like domains or IDRs), which can
result in liquid-liquid phase separation (LLPS)
and local reaction centres).

(447

Transcription initiation (low RNA
abundance) stimulates coactivator/RNAP I
condensates, while RNA bursts during
elongation (high RNA abundance) dissolve
condensates.

Among others, this is a model of why
regulatory IncRNA can be functional while
low-abundant.

[457]

Programmed infron-retention drives nuclear
retention of RNA.

Programmed intron-retention can control
mRNA levels and indirectly impact
translation rate.

3‘UTR of mRNA acts as noncoding RNA

[46-48]

(uaRNA) independent of mRNA.

Many more RNA isoforms of IncRNAs than
thought, also among circRNAs.
RNA processing / RBP loading enhances

IncRNA function (e.g. higher eRNA

potency).

>100 RNA modifications known, a
maijority of which are functionally not
understood.

méA is common and can affect the splicing

[49-51]

(and function) of IncRNAs.

LncRNAs can produce small peptides.
Around 7000 small ORFsare predicted

[52-54]

genome-wide, only 10% of which are
already quantifiable by peptidomics.

List of currently discussed mechanisms of how IncRNA can function, many of which still need to be specifically explored in the cardiovascular context.
eRNA, enhancer RNA; IDR, intrinsically disordered domain in a protein; PAS, promoter antisense RNA; RBP, RNA-binding protein.

subject of study in disease modelling [36]. However,
it is also evident that the ‘grammar’ of predicting
IncRNA function from its sequence still needs
improvement. Specifically, negative evidence for
sequence conservation does not preclude the con-
servation of functionality in IncRNAs. Instead, one
emerging view is that IncRNAs do not have

0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

recognizable orthologs across large species distan-
ces, partly because functionality may be due to short
and scattered sequence motifs or hard-to-identify
structural or topological features. Several technical
approaches are evolving to identify such RNA motifs
[37], and these may change how future studies
evaluate IncRNA evolution and function.
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New insight on numbers of long noncoding
RNA genes and transcripts: is there an end
in sight?

RNA sequencing has shown that up to 93% of the
human genome is transcribed at some point, while
protein-coding sequences account for only 1.5%.
These numbers alone do, however, not mean that
RNAs are much more important regulators than
proteins [38""]. Supporting this notion, the majority
(90%) of all cellular RNAPII-dependent transcrip-
tion stems from uncontrolled (spurious) starts at
nucleosome-free foci and not from IncRNA genes.
In contrast, IncRNA genes amount to only 2.3% of
the human genome, which is on par with protein-
coding genes [38""].

Nevertheless, the number of IncRNA transcripts
may still be more extensive than expected: Current
databases list 107039 (https://Incipedia.org) or
173 112 IncRNA transcripts (NONCODE). Moreover,
experts estimate that up to 400 000 different IncRNA
transcripts could exist when including the class of
eRNAs [2""] (Fig. 1a). Similarly, over the years, the
number of proteins annotated as RBP in our genome
increased to 4257 (amounting to ~20% of the
human proteome, which is a surprisingly large frac-
tion) [39]. Although it is not predictable how many
of these would engage noncoding RNA, the large
numbers of RBPs and IncRNAs show the scale of
work ahead.

Expectations of long noncoding RNA
functionality on a genomic scale

Recent genome-scale functional screens give first
hints about how many IncRNAs might eventually
be functional, which is an important consideration
also in a translational dimension: Recent compara-
tive genome-wide CRISPR screening on IncRNAs
and mRNAs showed that surprisingly few IncRNAs
(0.2%) were essential for core cell functions such as
cell cycle, cell growth or apoptosis. This fraction is
16-fold smaller than the hit rate of protein-coding
genes [40™]. Furthermore, not a single IncRNA was
essential for robust cell growth across more cell
types. This observation emphasizes the need to care
about context-specificity when assaying IncRNAs in
disease models [41] (Table 1). About 3.8% (200) of all
IncRNAs scored as essential for differentiation in a
typical stem cell based culture system (which is still
two-fold less than protein-coding hits) [40™].
Thereby, astonishingly, roles were rather pro-differ-
entiative (87%) than antidifferentiative [40™"]. These
findings and rates can guide how to test any new
candidate IncRNA in the cardiovascular context
most meaningfully. Hit rates might eventually be
higher when assaying molecular effects of IncRNAs
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with broad and agnostic omics technologies, which
was not achieved in the above genome-wide screens
that used simplified cellular readouts for practical
reasons.

NEW CONCEPTS OF LONG NONCODING
RNAs FUNCTION WITH POTENTIAL
RELEVANCE TO THE EXPERIMENTAL
DESIGN IN STUDYING CARDIOVASCULAR
DISEASE

Recent work suggests that there are some new over-
arching concepts for IncRNA function that have yet
to be applied to the cardiovascular field but could
simplify future research in CVD. In the following,
we describe important concepts and point out their
relevance for experimental design in studying CVD
(Table 2).

Long noncoding RNA-dependent spatial
compartments and nuclear scaffolding

Several insightful studies recently identified that
many IncRNAs acquire previously unknown func-
tionality by establishing three-dimensional (3D)
infrastructures: One report found that many intron
and repeat-containing RNAs and more than 80% of
robustly expressed IncRNAs bridge to an insoluble
proteinaceous material (e.g. SAF-A) in the nucleus.
Importantly, these RNA-protein contacts served as a
3D scaffold that maintained gene activity by coun-
teracting the inherent condensation properties of
chromatin on a cytological scale [42] (Fig. 1d). Inde-
pendent studies reported on similar but different
roles of IncRNAs in controlling 3D chromatin top-
ology: While physically attached to their DNA loci
during RNA transcription, IncRNAs (including the
cardiovascular Airn, Kcnqlotl or MALAT) seed and
regulate 3D chromatin looping over megabases.
These loops typically coalesce into reaction centres
that allow to concentrate diffusible activator or
repressor proteins [43"]. Thus, in the face of the
dazzling diversity of IncRNA functions in gene
expression control (Table 1), a substantial number
of these functions might be reducible to a few basic
properties related to 3D reaction compartmentali-
zation (Fig. 1d).

Nonstoichiometric amplification of long
noncoding RNA function

Another riddle is how IncRNAs that decay fast and
exist with less than 10 copies per cell could ever be
significant regulators of biochemical reactions.
Remarkably, some functional IncRNAs exist at much
lower levels than their targets. An insightful recent
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review discusses conceptual models that reconcile
this paradox [44™]. First, IncRNAs such as cardio-
vascular NEAT1 contain multiple RNA-binding pro-
tein (RBP) binding sites, which helps to amplify
their impact. Second, even with few RNA copies,
IncRNAs use properties of the bound RBPs to amplify
their function at the protein level. To this end,
specific intrinsically disordered regions (IDRs) or
prion-like domains in the RBPs propel protein struc-
tural state-switches or oligomerization. Surprisingly,
it is these protein switches that drive liquid-liquid
phase separation and other types of 3D compart-
mentalization that functionally support effective
transcription and splicing and other RNA-based
processes [44™] (Fig. 1d). A nonexclusive model
recently highlighted how noncoding RNAs could
also gain impact by the effect of electrostatic forces
from their backbones. In this model, the charge
balance from noncoding RNA appeared to be critical
to forming condensates of coactivators and RNA
Polymerase II (RNAPII) during transcription initia-
tion [45"]. Thinking about these nonlinear reaction
schemes is vital for future experimental design, for
exploiting the therapeutic potential of IncRNAs, and
not lastly, for reinterpreting published results that
drew conclusions from nonphysiological overex-
pression of IncRNAs.

Long noncoding RNA splicing can be the
determining effector mechanism

Although IncRNA sequence is generally not well
conserved, splice-control sequences in IncRNAs sur-
prisingly are. In addition, enhancers that produce
well spliced IncRNAs (eRNAs, Fig. la) are more
potent, and it was long unknown why. Recent stud-
ies show that splicing over a IncRNA locus has
consequences independent of the actual IncRNA
sequence content. Specifically, splicing the first
exon of a IncRNA stimulated RNAPII progression
along the noncoding locus. The transcription proc-
ess then remodels the local chromatin landscape.
For 50% of local eRNAs, this (and not the RNA
moiety itself) might be the actual determinant for
enhancer function [46]. This finding suggests that
IncRNA processing and/or RBP-loading onto
IncRNAs may be an underappreciated factor in
how IncRNA loci become functional. Such consid-
erations will undoubtedly impact the interpretation
of studies that deleted entire IncRNA loci to assess
the role of given IncRNAs for CVD (Table 1). Splicing
of IncRNAs can also have additional consequences:
For example, intron-retention in IncRNAs was iden-
tified as a physiological regulatory process to retain
IncRNAs in the nucleus [47]. Moreover, if occurring
in mRNAs, it can reduce the net translation of

0268-4705 Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

protein-coding genes, as shown for MYH7b in the
heart [48]. New long-range RNA sequencing plat-
forms such as nanopore sequencing are getting a
much better grip on detecting IncRNA splice-iso-
forms and help to expand the number of noncoding
transcript isoforms to be studied.

Functions of IncRNA modifications

Epitranscriptomics is an emerging new field. More
than 150 posttranscriptional chemical RNA modifi-
cations are known to date, and these can affect the
processing, stability or sorting of IncRNAs, yet with
largely untapped therapeutic potential [49]. For
example, conceptually alike histone tail modifica-
tions and chromatin reader-writer systems, region-
selectively deposited m6A methylation in RNA not
only has steric effects on RNA [S0] but can also
recruit readers such as the YTHDC1 protein
(Fig. 1e). Among others, YTHDC1 attracts the splic-
ing factor SRSF3 in the case of ANRIL, a major
IncRNA also in cardiovascular context. Thereby,
m6A implements a local splicing switch from the
short to the long isoform, which determines ANRIL’s
repressor function [51].

Noncoding RNAs can express micropeptides

Synthetic screening, better IRES prediction and
translational profiling revealed that microexons
and small open reading frames (sSORFs) are more
common in IncRNAs than expected (Fig. 1le). Cur-
rent measurements may be undersampling true
micropeptides, as peptidomics is not sufficiently
sensitive for IncRNAs that are typically present at
low copy numbers. However, up to 0.3 micropep-
tides might exist per transcribed IncRNA, which is
significant for a molecular species characterized by
its noncoding character. Up to 7000 micropeptides
can be expected to be expressed in the human
genome [52]. Currently, only 10% of these are
already quantifiable, and most need to be function-
ally tested [53]. An example in the cardiovascular
system is IncCRNA PSR, which produces a 117 amino
acid long peptide (Arteridin) required for SMC phe-
notypic-switching. Surprisingly, PSR additionally
functions as IncRNA because it binds Arteridin in
complex with the atherosclerosis-driving transcrip-
tion factor YBX-1 [54]. This scenario reveals yet
again the multiplicity and repurposing of function
among IncRNAs.

Gold standards for best practices in dissecting
IncRNA functions are currently being formulated
[3%"], and common pitfalls are highlighted [55],
which are particularly important for translational
attempts: First, special care is advised regarding
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RNAseq and PCR artefacts in CLIP experiments
[56,57"] or poor stringency in pulldowns. The latter
is an issue even for well known and often reported
IncRNA-interactors like PRC2 [57*%], which has also
been implicated as an effector of many cardiovas-
cular IncRNAs. Second, frameworks are emerging for
describing best practice approaches in studying
IncRNAs [3"]: Brute force deletion of a IncRNA locus
may still be a pragmatic entry point (as performed
for most studies in Table 1), especially when coupled
to deep in vivo phenotyping [3*"]. In many cases,
further clarifying steps are needed and have not yet
been reported for cardiovascular IncRNAs in typical
CVD disease models (Table 1). Specifically, more
fine-grained CRISPRi/a-based probing, deletions
scanning, insertions of polyA-terminators and res-
cue experimentation (with wildtype and mutant
RNA versions) can determine if a DNA region or
the RNA product in a locus is relevant. This distinc-
tion is essential for identifying the therapeutic target
in a IncRNA locus [3"] (Fig. 1, Table 1). Such a
distinction is specifically relevant because IncRNA
loci can be active at the DNA level, while the IncRNA
molecule itself may be without function. Syntheti-
cally tethering IncRNAs to their proposed effector
molecule (client DNA, RNA or protein) can help to
formally document that RNA is the functional moi-
ety and that it engaged a specific effector [3*%,55].
Last, it is common sense that evidence for molecular
effector mechanisms of IncRNAs should not solely
involve phenocopying, especially not when making
unwarranted use of epistasis experiments with indi-
rect cellular readouts or when involving overexpres-
sion at nonphysiological levels [3"%,38™,55].

CONCLUSION

Some IncRNAs play important roles in the patho-
physiology of CVD. The functions of these IncRNAs
are diverse, and new concepts still emerge. These are
driven by advances in sequencing and genome engi-
neering, interaction profiling and quantitative mod-
elling of RNA-dependent gene regulatory networks.
Some IncRNAs also show therapeutic potential for
ameliorating the functions of cardiomyocytes,
endothelial cells or VSMCs in the heart and vascu-
lature (Table 1). However, the way to IncRNA-based
therapies is still far. On this road, it is reasonable to
expect that IncRNAs exhibit moderate, cell-type
specific, modulatory or combinatorial effects.
Therefore, interrogating IncRNA function in vivo,
either during development or in animal disease
models and in organoids, remains a central avenue
toward unveiling IncRNA functions. Current fron-
tiers for therapeutic exploitation are also related to
remaining technical challenges. One is to pinpoint
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the role of IncRNAs from single cells in their spatial
tissue context. Another is the systematic prediction,
imaging and testing of RNA structural motifs as
functional determinants and as therapeutic drug
targets in vivo. Together, as the decades-long fruitful
research on model IncRNAs like XIST can tell, study-
ing IncRNAs is a challenging multistep and multi-
disciplinary endeavour that bears ever-new surprises
and where decisive mechanistic work pays off.
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