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I[VADAS

mikroRNR (miRNR) — tai 18-25 nukleotidy ilgio trumposios baltymy
nekoduojancios RNR, dalyvaujancios geny raiSkos reguliacijoje. Nors
zmogaus miRNR identifikuotos dar 2000 metais, iki Siol miRNR funkcijos
ir reikSmé intensyviai tiriama. Remiantis Mirbase v22 duomeny bazés
duomenimis, S§iuo metu zmogaus lgstelése identifikuota net 2654
subrendusiy miRNR (1), kurios dalyvauja daugelio lgsteléje vykstaniy
procesy reguliacijoje (2). Nustatyta, kad miRNR raiska kinta esant
véziniams susirgimams, Sirdies sutrikimams, virSkinimo sistemos ir
neurologinéms ligoms. Esant pakitimams lgstelése, vieny miRNR kiekis
lastelésé didéja, o kity mazéja, todél susiformuoja skirtingi miRNR
profiliai, kuriuos nustacius galima identifikuoti ligos mechanizma. Be to,
miRNR pokyc¢iai gali buti panaudoti kaip biozymenys ligy diagnostikai,
prognozei ir gydymo parinkimui (3,4). Tokie biozymenys turi didziulj
potencialg pritaikymui klinikoje, nes miRNR yra identifikuojamos ir ilieka
stabilios visuose kiino skys¢iuose - kraujo plazmoje ir serume, Slapime, seilése
ir motinos piene. Taip pat miRNR lengvai nustatomos ne tik jprastai
uzsaldytuose, bet ir formaline bei parafine uzfiksuotuose audiniuose (3).

Nustatyta, kad miRNR raiska keiciasi krutinés kylanciosios aortos
audiniuose ir kraujo plazmoje, i$sivyséius aneurizmai (5). Aortos aneurizma
susiformuoja, kai aorta i$siple¢ia 1,5 karto, lyginant su sveika aorta (6). Nors
kriitinés kylanciosios aortos aneurizma (KAA) néra daznas susirgimas, tokio
tipo aneurizma vystosi be simptomy ir jei liga nenustatoma laiku, KAA gali
staigiai plysti bei buti mirtina (7). KAA yra skirstoma j gana daug formy -
sindromines (Marfano, Loeys-Dietz, Shprintzen—Goldberg, Ehlers—Danlos
sindromai), $eimyning nesindromine ir atsitikting. Sindromines KAA formas
sukelia skirtingos mutacijos, todél tarpusavyje jos yra labai heterogeniskos.
Iki $iol daugiausia tirtas Marfano sindromas (8). Tuo tarpu, mes tyrimams
pasirinkome tik atsitikting KAA forma, kuri retai yra siejama su geny
mutacijomis.

Atsitiktinés KAA susiformavimo priezastys nagrinétos mazai.
Vystymosi mechanizmo eksperimentai buvo atlikti naudojant kraujagysliy
lygiyjy raumens lasteliy linijas arba pelés modelius, o tai tik dalinai atspindi
tikruosius poky¢ius susiformuojanéius zmogaus audiniuose (9). Taigi, iki $iol
turime mazai ziniy, kodél ir kaip atsitiktiné KAA issivysto (10). miRNR raiska
audiniuose ir kraujo plazmoje, susiformavus atsitiktinei KAA, buvo tirta tik
tikro laiko PGR metodu ir miRNR gardelémis (11-13). miRNR sekoskaitos
tyrimai iki Siol nebuvo daryti, nors tik visumine sekoskaita gali biti
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identifikuojamos naujos su kylanciosios aortos aneurizmos atsiradimu
susietos miRNR. Nustatytos naujos cirkuliuojancios miRNR galéty bati
naudojamos kaip biozymenys $ios ligos nustatymui, o identifikuoti miRNR
pokyc¢iai KAA audiniuose leisty geriau suprasti Sios ligos vystymosi
mechanizma.

Zinoma, kad miRNR gali bresti net tik kanoniniu brendimo keliu,
kuriame svarby vaidmenj atlieka Drosha ir Dicer III tipo egzonukleazés,
taciau ir alternatyviais keliais, kai miRNR brendime nedalyvauja vienas i$ $iy
baltymy. Nustatyta, kad dalis miRNR gali buti lokalizuotos segtuka
formuojanciuose intronuose, vadinamuose mirtronuose. Mirtronus vietoj
Drosha/DGRC8 komplekso kerpa splaisosoma. Tokios subrendusios miRNR
vadinamos mirtroninémis MiRNR. Mirtronai gali biti skirstomi j keturius
tipus - standartinius mirtronus, 5° tipo mirtronus, 3° tipo mirtronus ir 5 - 3¢
tipo mirtronus. Standartiniai mirtronai intronuose sudaro trumpus segtukus,
5¢ tipo mirtronai 5° gale turi nesuporuotas ilgas sekas, 3¢ tipo mirtronai turi
tokias sekas 3‘ gale. O 5° - 3¢ tipo mirtronuose segtuky nesudarancios sekos
yra 5¢ ir 3¢ introno galuose. Nors bioinformatiskai zinduoliuose identifikuota
beveik 1000 potencialiy mirtroniniy seky (14), taciau eksperimentisSkai
parodyta, kad tik dviejy zmogaus hsa-miR-877, hsa-miR-1226 ir vieno pelés
mmu-miR-1224  mirtronines miRNR, lokalizuotas  standartiniuose
mirtronuose, tikrai kerpa splaisosoma (15,16). Taip pat iki $iol tik nustatytas
tik vienas atvejis kai drozofilos 3 tipo mirtrona dme-miR-1017 brendimo
metu vietoj Drosha/DGRCS8 kerpa splaisosoma (17). Taigi, iki Siol néra aisku
ar bioinformatiskai nustatyty tiek lokalizuoty standartiniuose, tiek lokalizuoty
5¢ ar 3 galuose intronuose, turin¢iuose ilgas sekas, mirtrony brendimas i§
tikryjy priklauso nuo splaisingo. Todél norint jsitikinti, ar Sias sekas tikrai
kerpa splaisosoma, biitina tai patvirtinti eksperimentiskai. Taip pat nebuvo
Zinoma, kaip mirtroniniy miRNR brendimg jtakoja splaisingg reguliuojantys
veiksniai.

Nors mirtroniniy miRNR brendimo kelias skiriasi nuo kanoninio,
taciau veikimo mechanizmas islieka toks pats (18). Mirtroniniy miRNR
reik§mé biologiniuose procesuose buvo tirta mazai. ldentifikuota keletas
atvejy, kai tokios miRNR dalyvauja véziniy procesy reguliacijoje (19,20),
taciau apie alternatyviu btidu splaisosomos iSkerpamy mirtroniniy miRNR
raisSkg vézinése lgstelése buvo Zinoma nedaug.

Taigi, $io darbo tikslas buvo istirti visuminius miRNR rai$kos poky¢ius
kraitinés kylancCiosios aortos audiniuose ir kraujo plazmoje, susiformavus
aneurizmai, bei, patvirtinus mirtroniniy miRNR brendimo priklausomybe nuo
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splaisingo, nustatyti mirtroniniy miRNR raiSkos pokycCius virSkinimo
sistemos vézinése lastelése ir navikuose.

UZDAVINIAI

1. Visumine sekoskaita identifikuoti miRNR raiSkos pokycius
Zmogaus aortos audiniuose ir kraujo plazmoje, susiformavus
kritinés kylanciosios aortos aneurizmai, ir tikro laiko PGR metodu
patvirtinti pasirinkty miRNR kiekio pokycius didesnéje méginiy
imtyje.

2. Bioinformatiskai nustacius signalinj kelia, kurj jtakoja miRNR,
kuriy raiSka pasikeité zmogaus kylanéiosios aortos aneurizmos
audiniuose, lyginant su sveikais audiniais, istirti $io signalinio kelio
pasirinkty geny ir baltymy raiska.

3. Eksperimentiskai patvirtinti Zzmogaus potencialiy mirtroniniy
miRNR: penkiy lokalizuoty standartiniuose mirtronuose miR-1226-
3p, miR-1227-3p, miR-1229-3p, miR-1236-3p, miR-1238-3p;
dviejy lokalizuoty 5°¢ tipo mirtronuose - miR-3064-3p, MiR-6515-
5p; dviejy lokalizuoty 3¢ tipo mirtronuose - miR-3940-5p, miR-
6850-3p; priklausomybg nuo splaisingo proceso.

4. Nustatyti splaisingo veiksniy SRSF1 ir SRSF2 jtaka mirtroniniy
miRNR brendimui storosios Zarnos HCT116 vézinése lastelése.

5. ldentifikuoti mirtroniniy miRNR raiSkos poky¢ius zmogaus
virskinimo sistemos vézinése lastelése bei nhavikuose.

MOKSLINIS NAUJUMAS

Siame darbe pirma karta:

1. Visumine sekoskaita nustatyti ir tarpusavyje palyginti miRNR
profilio poky¢iai zmogaus kylanciosios aortos audiniuose bei kraujo
plazmoje, susiformavus kriitinés kylanCiosios aortos aneurizmai
(KAA). Identifikuota, kad kraujo plazmos miRNR profilio poky¢iai,
susiformavus KAA, nepriklauso nuo pasikeitusios miRNR raiskos
KAA audiniuose.

2. Zmogaus KAA audiniuose nustatyta isaugusi TGF-B signalinio kelio
receptoriaus ALK1 geno raiSka. Pirmg kartg nustatyta, kad tik dalyje
- 27% kraujagysliy lygiyjy raumens lasteliy branduoliy padidé¢ja
transkripcijos veiksnio KLF4 kiekis, kai sveikuose aortos audiniuose
aukstas KLF4 raiskos lygis nustatomas tik 10% branduoliy.

Transkripcijos veiksnio KLF4 kiekio padid¢jimas sukelia
12



kraujagysliy lygiyjy raumens lgsteliy fenotipo pasikeitimg j sintetinj,
ir tai gali buti viena i§ priezas¢iy lemianti tokio tipo aneurizmos
vystymasi.

Nustatyta, kad lokalizuoty standartiniuose mirtronuose miR-1227-
3p, mMiR-1229-3p ir miR-1236-3p brendimas priklauso nuo
splaisingo ir Sios naujai jrodytos miRNR priskirtos mirtroniniy
miRNR tipui.

Nustatyta, kad splaisingo veiksnys SRSF1 skatina mirtroninés
miRNR miR-1229-3p, 0 SRSF2 - miR-1227-3p ir miR-1229-3p
brendimg storosios Zarnos HCT116 vézinése lastelése.

Identifikuota skirtinga mirtroniniy miRNR rai§ka virskinimo
sistemos vézinése lastelése, lyginant su su nevézine HEK293A
lasteliy linija, bei vir§kinimo sistemos navikuose, lyginant su
sveikais audiniais. Taigi, vieni pirmyjy nustatéme, kad mirtroninés
mMiRNR gali biiti SUSijusios su véziniais procesais bei turi potencialg
biti naudojamos kaip biozymenys vézio diagnostikai.

GINAMIEJI TEIGINIAI

miRNR dalyvauja Zzmogaus kriitinés kylanciosios aortos aneurizmos
vystymesi. miRNR, kuriy raiska pakinta, esant kylan¢iosios aortos
aneurizmai, j kraujo plazmag patenka ne i§ kylanciosios aortos
aneurizmos audinio.

miRNR raiskos poky¢iai kriitinés Kylanciosios aortos aneurizmos
audiniuose gali jtakoti TGF-p signalinio kelio pakitimus bei
pasikeitusia ~ dalies Kkraujagysliy lygiyjy raumens lgsteliy
diferenciacijos stadijg — dél dalyje lasteliy iSaugusio transkripcijos
veiksnio KLF4 kiekio padaugéja lasteliy, pasizyminciy sintetiniu
fenotipu.

Tik dalies bioinformati$kai nustatyty mirtrony brendimas priklauso
nuo splaisingo.

Splaisingo veiksniai SRSF1 ir SRSF2 storosios Zarnos HCT116
veézinése lastelése jtakoja mirtroniniy miRNR brendima.

Mirtroninés miRNR yra susijusios su véziniais procesais zmogaus
virskinimo sistemos vézinése lgstelése ir navikuose.
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1. LITERATUROS APZVALGA

1.1 miRNR reik§mé, brendimas ir funkcijos

miRNR dalyvauja beveik visuose lgsteléje vykstandiuose procesuose
tokiuose kaip vystymasis, lasteliy diferenciacija, lagsteliy homeostazés
palaikymas ir kiti (2). Sios trumposios RNR yra sutinkamos augaluose ir
gyvinuose (21). miRNR raiskos pokyciai yra susije su daugeliu
neurologiniy, $irdies ir kity organy ligy, taip pat vézio vystymusi (22).
Delecijos miRNR brendime dalyvaujan¢iy RNR karpanciy baltymy - 111
tipo RNaziy, atpazjstanciy ir kerpanciy dvigrandes RNR, Dicer arba
Drosha genuose lemia pelés embrioniy zitj (23,24). Mirbase v22 duomeny
bazéje yra paskelbta, kad zmogaus lastelése yra identifikuotos 1917 pre-
miRNR ir 2654 i$ jy subrendusiy miRNR (1). Nustatyta, kad miRNR gali
reguliuoti daugiau nei 60% lasteléje esanciy geny raiska (25). Taip pat
identifikuota, kad miRNR yra specifiskai sintetinama audiniuose (26).

1.1.1 Kanoninis miRNR brendimo kelias gyvtinuose

miRNR brendimas gyviinuose ir augaluose yra skirtingas (21). Gyvinuose pri-
miRNR (angl. primary miRNA) nuo DNR yra nurasoma RNR polimerazés I
(27). pri-miRNR gali kilti i§ egzony, introny bei tarpgeniniy sri¢iy bei ilgy
nekoduojanc¢iy RNR (1.1 pav.) ir gali bati sudaryta tik i§ vienos miRNR arba
i$ klasterj sudaranciy keliy miRNR (28). pri-miRNR branduolyje yra kerpama
heterotrimerinio mikroprocesoriaus komplekso, sudaryto i§ RNazés Drosha bei dviejy
RNR surisan¢iy DGCRS baltymy. Drosha atpazjsta apating segtuko dalj, kur dvigrandé
RNR pereina j viengrandg. DGCRS8 jungiasi prie virSutinés segtuko dalies (29). Po
kirpimo susiformaves apie 70 nt ilgio pre-miRNR (angl. precursor-miRNA) segtukas
jungiasi su eksportinu-5 ir yra transportuojamas per branduolio poras j citoplazma.
Kadangi uzslopinus eksporting-5, miRNR vis tiek patenka j citoplazmg, manoma, kad
galimi kiti miRNR pernasos keliai (30). Citoplazmoje pre-miRNR saveikauja su Dicer
ir RNR suriSanciais baltymais TRBP ir PACT. Dicer veikia kaip molekuling liniuoté ir
kerpa pre-miRNR, TRBP ir PACT baltymai Sig saveika stabilizuoja. Abi RNazés
Drosha ir Dicer nepasizymi itin tiksliu kirpimu. Todél subrendusios miRNR sekos
tarpusavyje varijuoja ilgiu ir susiformuoja skirtingi izomirai (detaliau aprasyta 1.1.3.2
skyriuje) (31,32). Nukreipancioji miRNR grandiné jungiasi su Argonauto baltymais
(AGO), suformuojamas geny raiskos slopinime dalyvaujantis miRISC kompleksas.
Kita lydin¢ioji grandiné degraduojama (33). I 5 segtuko galo kylanti subrendusi
miRNR zymima 5p, i$ 3 segtuko galo - zymima 3p. Dazniausiai lasteléje viena forma
(5p arba 3p) yra paplitusi labiau nei kita (34).
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1.1 pav. Kanoninis miRNR brendimo kelias. miRNR nuo DNR yra nurasoma
RNR polimerazés II. pri-miRNR branduolyje yra kerpama mikroprocesoriaus
komplekso, sudaryto i§ RNazés Drosha ir RNR suri$anéio DGCR8 baltymo
Susiformavusi pre-miRNR kartu su eksportinu-5 ir yra pernesamas j citoplazma.
Citoplazmoje Rnazé Dicer sgveikauja su TRBP ir kerpa pre-miRNR. Nukreipancioji
miRNR grandiné jungiasi su Argonauto baltymais, suformuojamas miRISC
kompleksas, kita lydin¢ioji grandiné daznai yra degraduojama. miRISC kompleksas
dalyvauja geny raiskos slopinime. Modifikuota pagal (34).

1.1.2 miRNR veikimo mechanizmas

Subrendusi miRNR veikia kartu su AGO baltymais. AGO baltymai
sudaryti i§ keturiy pagrindiniy domeny — N-galinio, PAZ, MID ir PIWI (1.2
pav. A). L1 linkeriné seka jungia N-galinj domeng su PAZ, L2 linkeriné
seka - PAZ su MID. MID ir PIWI domenai surisa miRNR 5° galg, su 3° galu
jungiasi PAZ (35). Zinduoliuose sutinkami keturi AGO baltymai — AGO1,
AGO2, AGO3, AGO4. AGO2 baltymo kiekis lastelése yra didziausias ir
tik 8is baltymas, esant pilnam taikinio komplementarumui, gali kKirpti iRNR.
Kiti AGO baltymai iRNR nekerpa (36). Dauguma miRNR gali jungtis su
visais keturiais AGO baltymais, vis délto yra atvejy, kad jungiasi tik
specifiskai su vienu AGO baltymu (37,38).
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AGO saveika su 2-8 nt ,grado” AGO saveika su
5 miRNR nukleotidu N seka 13-16 nt N 3* miRNR nukleotidu
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iRNR
AGO saveika su t1A
B.

Viena miRNR gali sgveikauti su keliomis iRNR
AGO-miRNR

e @ eee

~~ iRNR 4 7

Viena iRNR gali biti veikiama keliy miRNR

DCP1-DCP2
AGO-miRNR kompleksas

CCR4-NOT [ ¥ N\ /\ elF4G

kompleksas - m7G

PAN2-PAN3 1:@ PBPC elFaALl —elF4E
—_

iRNR
kompleksas elF4A-II

C. iRNR degradacija

3-UTR iRNR transliacijos slopinimas

1.2 pav. miRNR veikimas. A) AGO baltymai sudaryti i§ keturiy domeny — N-
galinio, PAZ, MID, PIWI, ir dviejy linkeriniy seky L1 ir L2. miRNR taikiniai yra
3¢ iRNR gale, miRNR-iRNR saveikai svarbi ,,grtido seka, t1 A nukleotidas bei
papildoma sgveika tarp 13-16 nt; B) Viena miRNR gali veikti $imtus geny, taip pat
vieng gena gali veikti kelios miRNR; C) AGO pritraukia GW182 baltyma, kuris
saveikauja su PABPC ir pritraukia adenilo grup¢ nukerpantj kompleksa PAN2-
PAN3 bei CCR4-NOT kompleksg. DCP1-DCP2 kompleksas pasalina 5°, kepure®
ir iRNR yra sukarpoma 5°-3° egzonukleazés XRNI1. Jei miRNR-AGO slopina
elF4A-1 arba elF4A-Il prisijungima prie iRNR, yra slopinama transliacija.
Modifikuota pagal (39).
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miRNR taikiniai dazniausiai yra iRNR 3° baltymo nekoduojanc¢iame
rajone (3°UTR). Su iRNR saveikauja pirmaisiais 2-8 nukleotidais, $i seka
vadinama ,,grado” seka (40) (1.2 pav. A). miRNR, turin¢ios panaSias
,»griudo* sekas, sudaro Seimas (41). Stipriausia sgveika tarp miRNR ir iRNR
vyksta tada, kai ,,grido* sekos 2-8 nukleotidai komplementariai jungiasi su
iRNR, bei iRNR pirmas nukleotidas (dar vadinamas t1A) prie$ ,,griido*
seka yra adeninas. t1A nukleotidg atpazjsta Ago baltymai (42-44). Kai
sgveika vyksta tarp 2-7 arba 3-8 nukleotidy, grandinés susiriSa Zymiai
silpniau (43). Papildoma saveika tarp 13-16 nukleotidy gali jtakoja iRNR
atpazinimg ir miRNR, su tomis pa¢iomis ,,grado* sekomis, nukreipti prie
skirtingy iRNR (45). Viena miRNR gali veikti §imtus geny, taciau tokiu
atveju poveikis geny raiskai yra silpnas (46), taip pat vieng gena gali veikti
kelios miRNR (1.2 pav. B) (47).

Kai miRNR-AGO kompleksas susirisa su iRNR, yra arba slopinama
transliacija, arba skatinama iRNR degradacija. iRNR sukarpymas vyksta
66-90% atvejy (1.2 pav. C) (48). AGO pritraukia GW182 baltyma, kuris
sgveikauja su adenilo grup¢ prijungianciu baltymu PABPC, ko pasekoje
prisijungia adenilo grupe karpantis PAN2-PAN3 bei transkripcija
skatinantis CCR4-NOT kompleksai. Po adenilo grupés pasalinimo, prie
iRNR jungiasi DCP1-DCP2, kuris nukerpa iRNR 5¢, kepure®. Toliau iRNR
sukarpo 5°-3° egzonukleazé XRN1 (49-52). Kai miRNR-AGO kompleksas
sukelia transkripcijos iniciacijos faktoriy eIF4A-1 arba elF4A-II disociacija
nuo iRNR - transliacija yra slopinama (53).

miRNR biogenezés kelio baltymy Drosha, DGCRS8, Dicer ir AGO
aktyvumas gali bati kei¢iamas prie jy prijungant fosfato grupe, bei
ubikvitino arba SUMO baltymus (1.3 pav).

Su miRNR brendimu yra glaudziai susijgs MAPK signalinis kelias.
MAPK signalo pasekoje yra stipriai fosforilinamas DGCRS, kas lemia
sustipréjusj mikroprocesoriaus, sudaryto i§ Drosha bei DGCRS8 baltymuy,
aktyvuma ir iSaugusig miRNR raiska. Jei fosfato grupé yra prijungiama prie
TRBP, sustipréja Dicer-TRBP komplekso stabilumas ir taip pat yra
aktyvinama miRNR raiSka (54). Galima ir prieSinga reguliacija - streso
atveju MAPK aktyvina p38, kuris prijungia fosfato grupe prie DGCRS,
todél susilpnéja jo saveika su Drosha ir tai lemia Sio baltymo degradacija
bei lasteliy zatj (55).

Taip pat fosfato grupé gali biiti prijungiama ir prie AGO baltymy. Siuo
atveju dazniausiai yra modifikuojamos trys baltymo pozicijos: L2 linkeriné
seka (Ser 387 ir Tyr 393), MID domeno (Tyr 529) ir PIWI (Ser 824, Ser
828, Thr 830, Ser 831 ir Ser 834). Jei fosfato grupé yra prijungiama L2
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linkerinéje sekoje prie Tyr 393 - miRNR raiska gali buti slopinama.
Nustatyta, kad esant hipoksijai ir sustipréjus EGFR signaliniui keliui bei
RAS aktyvumui yra fosforilinama Tyr 393 padétis, kas lemia, kad AGO
suri$a Zymiai maziau miRNR (56). Priesingai, prijungiant fosfato grupe L2
linkerinéje sekoje prie Ser 387 padéties yra skatinamas miRISC komplekso
susiformavimas (39).

DGCR8

Drosha

Dicer

1.3 pav. miRNR brendimo veiksniy modifikacijos. Prie Drosha, DGCRS8, Dicer
ir AGO baltymy gali bati prijungamos fosfato grupés, bei ubikvitino arba SUMO
baltymai, taip aktyvinant arba slopinant miRNR brendima. Su $iy modifikacijy
reguliacija yra susijes MAPK ir EGFR signaliniai keliai. Taip pat svarbi ir
ubivitino ligazé MDM2, slopinanti p53 baltyma. Modifikuota pagal (57).

E3 ubivitino ligazé MDM?2 (slopinanti p53 baltyma) gali prie Drosha
prijungti ubikviting ir lemti §io baltymo degradacija (58). Jei ubikvitino
baltymas yra prijungiamas prie AGO2 tai sukelia visy lastel¢je esanciy
miRNR rai$kos sumazéjimg (59).

Taip pat prie DGRCS gali buti prijungiamas SUMO baltymas. Tokiu
atveju yra blokuojamas ubikvitino prijungimas ir kompleksas
stabilizuojamas (60). Taciau taip modifikuojamas AGO2 baltymas gali biiti
ir destabilizuojamas (61), ko pasekoje sustiprinamas iRNR tildymo
efektyvumas (62).
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1.2 miRNR raiskos reguliacija

MiRNR rai$ka pirmiausia yra reguliuojama transkripcijos lygmenyje.
Taip pat gali biti redaguojamos MiRNR sekos. Be to, miRNR gali bti
laikinai ,,suriSama‘“ konkuruojanciy ilgyjy RNR (ceRNR), taip sumazinant
laisvos miRNR, galincios sgveikauti su komplemetaria iIRNR, kiekj.

1.2.1 miRNR transkripcijos reguliacija

miRNR gali bati lokalizuota geny egzonuose, intronuose bei
tarpgeninése srityse (1.4 pav.). Jei miRNR yra randama geno egzone ar
introne, dazniausiai MiRNR transkripcija vyksta nuo geno, kuriame jos
sutinkamos, promotoriaus. Visgi, miRNR, lokalizuotos geno intronuose,
gali turéti ir savo atskirg promotory ir jy raiska gali bati nepriklausoma nuo
geno. Jei MiRNR sutinkama tarpgenineje sekoje, miRNR yra nura§oma nuo
savo nepriklausomo promotoriaus (63). Ne visy miRNR geny promotoriy
vietos yra zinomos (34).

Nustatyta, kad skirtingy miRNR genai gali bati i$sidéste Salia vienas
kito. Tokios miRNR sankaupos vadinamos miRNR klasteriais. Siems
klasteriams buidinga tai, kad jie yra kartu nuraSomi nuo vieno promotoriaus,
visgi véliau kiekviena miRNR gali biiti reguliuojama skirtingai ir veikti
kartu arba atskirai (64,65).

Taip pat miRNR raiska gali bati reguliuojama epigenetiskai - keic¢iant
DNR metilinimg (66) ar histony modifikacijas (67).

jt it

Paviené miRNR
miRNR klasteris
Promotorius l
Tarpgeninés sritys Geny intronuose Geny egzonuose

1.4 pav.miRNR lokalizacija. miRNR gali biti lokalizuota tarpgeninése srityse,
geny egzonuose bei intronuose. Jei miRNR genai iSsidésto Salia vienas kito
suformuojami miRNR klasteriai.
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1.2.2 miRNR seky redagavimas

mMiRNR seka 5° ar 3° gale gali bati redaguojama dél netikslaus Drosha
arba Dicer kirpimo, egzonukleaziy, nukleotidy transferaziy veikimo. Taip
pat miRNR seka gali keistis veikiant adenozino deaminazei (angl., double-
stranded RNA-specific adenosine, ADAR) (32).

Subrendusi miRNR gali skirtis ilgiu arba/ir seka, ir tokios miRNR
vadinamos izomirais. Izomirai yra skirstomi j 5 izomirus, 3 izomirus arba
vidinius izomirus. Kai papildomi nukleotidai identifikuojami 5° miRNR
gale, sutinkami 5° izomirai, kai 3¢ gale - 3¢ izomirai. Jei miRNR nukleotidai
Dazniausiai lastelése yra sutinkami 3¢ izomirai. Su iRNR miRNR
saveikauja 5° gale esanciais nukleotidais, todél tikétina, kad 3¢ izomirai
negali veikti skirtingy iRNR, ta¢iau tarpusavyje skiriasi savo stabilumu ir
aktyvumu. Parodyta, kad 21 nt ilgio miR-122-5p 3° izomiras silpniau risasi
su hepatito C viruso RNR nei ilgesni 3° izomirai (68).

IS viso zmoguje yra nustatyta 12 nukleotidy transferaziy, i§ juy
septynios yra susijusios su miRNR 3¢ galo modifikacijomis. DaZniausiai
prie miRNR yra jungiamos uridilo ir adenilo grupés. Sios modifikacijos
vyksta specifiskai ir priklauso nuo audinio, Igsteliy tipo, vystymosi stadijos
ir ligy (69). Nustatyta, kad kepeny lastelése GLD2 prie 3 galo
prijungdamas adenilo grupe stabilizuoja miR-122-5p (70). Uridilo grupe
prie miRNR prijungia uridililtransferazés, TUT7, TUT4 ir TUTI1. Ivykus
Siai modifikacijai, prieSingai, nei prijungus adenilo grupe, miRNR gali buti
degraduojama. Nustatyta, kad TUT4 prijungus uridilg prie miR-26b-5p
adenokarcinomos lgstelése, IL-6 iRNR, su kuria §i miRNR sgveikauja,
kiekis iSauga. Nukleazé, kuri Siuo atveju karpo miRNR néra zinoma (71).
Drozofiloje yra nustatyta Nibbler 3°-5° egzonukleazé, kuri sgveikaudama
su AGO, kerpa nukleotidus 3° miRNR gale (72). Neurospora crassa
grybuose rastos dvi §io tipo nukleazés — RNR egzosoma bei QIP (73).
Zinduoliuose iki $iol néra rasta $iy egzonukleaziy homology (39).

Kai papildomi nukleotidai pridedami 5° gale, jvyksta ,,griido” sekos
pasikeitimas, ir tai gali turéti dramati§kg reikSme¢ geny reguliacijoje.
Nustatyta, kad miR-133a-3p ir miR-133a-3p 5° gale turintis uracilg
izomiras veikia skirtingas iIRNR kardiomiocituose (74). PrieSingai 3°
izomirams, kurie néra specifiski lgsteliy tipui, 5° izomirai yra specifiskai
sintetinami Iastelése (75,76).

Taip pat pri-miRNR daznai sgveikauja su ADAR, kuri adenozing
verCia inozinu. Inozinas splaisingo ar iRNR transliacijos metu yra

20



atpazjstamas kaip guanozinas ir taip suformuojami vidiniai izomirai.
ADAR redaguoja net 16% miRNR Zzmogaus smegeny lastelése (77). miR-
376 yra redaguojama visada, nes d¢l to keiciasi ,,grudo” seka (78).

1.2.3 Reguliacija ,,suriSant miRNR

Konkuruojan¢ios RNR (ceRNR, angl. competing endogenous RNAs) —
tai tokios RNR, kurios gali laikinai ,,suri$ti“ miRNR ir sumazinti laisvos
miRNR, galinc¢ios sgveikauti su komplementaria IRNR, kiekj. ceRNR gali
biti ilgos nekoduojancios RNR, Ziedinés RNR, pseudogenai bei iRNR. Vis
délto $i konkuruojan¢iy RNR hipotezé iki Siol iSlicka ginéytina ir daugéja
ja paneigianciy tyrimy. Daznai pakélus ceRNR kiekj lastelése, iIRNR
Kiekis, su kuria sagveikauja MiRNR, sumaz¢ja silpnai (79,80). Taip pat
identifikuota, kad tam, kad ceRNR veikty, reikia Zymiai didesnés ceRNR
koncentracijos nei sutinkama lastelése (79,81).

Buvo identifikuota, kad ziediné RNR CDRI1 kaip kempiné gali suristi
miR-7-5p. HEK293 lastelése identifikuota, kad isveiklinus CDR1 gena,
geno FOS iRNR kiekis, su kuria sgveikauja miR-7-5p, raiSka sumazéja.
Taip pat pelés smegeny audiniuose nustatyta tarpusavyje persidengianti
CDRL1 ir miR-7-5p raiska (82,83). Taciau, i§veiklinus CDR1 geng pelése,
priesingai nei lasteliy linijoje, sumazéjo miR-7-5p raiska, o geno FOS iRNR
— i8augo. Taip pat buvo pazeistos pelés smegeny funkcijos. Manoma, kad
CDRL1 stabilizuoja miR-7-5p, ir tokiu badu yra biitina normaliai smegeny
veiklai (84).

1.3 Cirkuliuojanc¢ios miRNR

miRNR patenka j visus kino skyséius ir juose islieka stabilios.
Cirkuliuojan¢ios miRNR buvo identifikuotos kraujo plazmoje (85), serume
(86), seilése (87), Slapime (88), motinos piene (89). Tokios miRNR kiino
skysCiuose sutinkamos apgaubtos mikropislelémis (90), apoptotiniuose
kiineliuose (91), egzosomose (92) arba susiriSusios su AGO bei su RNR
sgveikaujanciais RNP baltymais ir néra susijusios su mebraninémis
struktiiromis. AGO baltymai pasizymi dideliu atsparumu nukleazéms, todél
apsaugo uzlgstelinge miRNR (93). Manoma, kad daug cirkuliuojan¢iy miRNR
gali buti nesusiriSusios nei su baltymais, nei su puslelémis, taciau tokios
MiRNR yra labai nestabilios ir greitai degraduojamos nukleaziy. Taip pat
maza dalis tokiy laisvy miRNR gali susiristi su didelio tankio lipoproteinais
(94).

Nustatyta, kad cirkuliuojan¢iy miRNR profiliai plazmoje ir serume
skiriasi (95,96). Néra aisku, ar tie skirtumai kyla dél skirtingy serumo ir
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plazmos savybiy, ar RNR gryninimo btidy. Visgi, gali bati, kad dalis miRNR
] serumg patenka trombocity kreséjimo metu, ir tai lemia plazmos bei serumo
cirkuliuojan¢iy miRNR skirtumus (97,98).

Siuo metu vyrauja dvi hipotezés, kodél miRNR patenka j kiino skyséius.
Manoma, kad miRNR gali veikti kaip lasteliy tarpusavio signalas, arba kad
tokia miRNR tiesiog yra “Salutinis™ lasteliy produktas ir j uzlasteling erdve
patenka tiesiog suyrant lasteléms. Abi teorijos yra pagrindZziamos
eksperimentais ir tikétina, kad abu atvejai yra teisingi. Yra nustatyta, kad
cirkuliuojanti miRNR gali turéti itin svarbig reik§me signalo perdavime (99).
Identifikuota, kad miR-105-5p yra sekretuojama véziniy lasteliy ir patekusi j
kraujagysliy endotelio lasteles, slopina glaudziyjy jungciy formavimasi ir taip
palengvina véziniy lasteliy migracija (100). MiR-126-3p apoptotiniuose
kiineliuose patekusi j kraujagysliy lasteles slopina chemokino CXCL12
raiska, taip stabdydama aterosklerozés progresavimg (91). Yra daugybé kity
panasiy pavyzdziy (101,102).
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1.5 pav. miRNR patekimo j egzosomas mechanizmai. | egzosomas miRNR gali
nukreipti ilgos nekoduojancios RNR bei specifiskai ir nespecifiskai su miRNR
sgveikaujantys su ribosomomis susiriSantys baltymai RBP. Taip pat patekimui j
pusleles turi jtakos 3¢ galo modifikacijos bei AGO2 fosforilinimas. Modifikuota pagal
(39).
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miRNR esancios piislelése gali skirtis nuo esanciy lasteliy citoplazmoje
(92,103). Kaip miRNR yra specifiskai ir tikslingai atrenkama bei patenka j
uzlgsteline ertme néra zinoma. ldentifikuota, kad véZinése prostatos lgstelése
ilgosios nekoduojancios RNR gali suristi miRNR ir taip nukreipti miRNR j
egzosomas (104) (1.5 pav.). Nustatyta, kad pislelése esantys su ribosomomis
susiriSantys baltymai RBP gali specifiSkai sgveikauti su miRNR 3° gale
esanciomis sekomis (105,106). Taip pat, nors specifiniy sgveikos seky ir néra
nustatoma, RBP baltymai YB1 arba MVP gali nukreipti miRNR j egzosomas
(107,108). Parodyta, kad miRNR 3° gale esancios modifikacijos gali lemti §j
paskirstyma. Prijungta uridilo grupé skatina miRNR patekimg j pusleles,
adenilo grupé — slopina (109). Taip pat, identifikuota, kad dé¢l MAPK
signalinio kelio sukelto AGO2 fosforilinimo Ser 387 padétyje yra slopinamas
miRNR patekimas j egzosomas (110).

1.4 Nekanoniniai miRNR brendimo keliai

Kanonininiame miRNR brendimo kelyje svarby vaidmenj atlieka Drosha
ir Dicer baltymai, taCiau yra ir alternatyviy miRNR biogenezés keliy, kurivose
gali nedalyvauti bent viena i$ $iy RNaziy (1.6 pav).

1.4.1 Nuo Dicer nepriklausomas brendimas

Nuo Dicer nepriklausomas miRNR brendimo kelias yra labai retas.
Identifikuota, kad eritrocitams specifinés pre-miR-451 segtukas yra
trumpesnis nei jprastai (17 bp vietoj 22 bp), dél to jos negali kirpti Dicer. Pre-
miR-451 saveikauja su AGO2 baltymu, kuris kerpa segtuka ir 3p granding.
Ribonukleazé PARN nukerpa likusios 5p grandinés 3¢ galinius nukleotidus ir
suformuojama subrendusi 23 nt ilgio miR-451. Taip pat, nustatyta, kad ir
nedalyvaujant PARN, susidariusi 30 nt ilgio miR-451 yra aktyvi (111,112).
Kita eritrocity miRNR miR-486 yra kerpama Dicer ir AGO2. AGO?2 pasalina
lydinc¢iaja miRNR granding (113).

1.4.2 Nuo uridilo grupés prijungimo priklausomas brendimas

Jei pre-miRNR 3’ gale turi tik 1 nt iSkysg (II tipo pre-miRNR, let-7,
miR-105 ir kt.), vietoj standartinés 2 nt iSkySos (I tipo pre-miRNR), prie
trumpesnés pre-miRNR TUT2, TUT4 ar TUT7 fermentai prijungia uridilo
grupe. Si modifikacija yra reikalinga Dicer kirpimui (114,115).
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1.6 pav. Nekanoniniai miRNR brendimo keliai. miRNR gali bresti nuo Dicer (MiR-
451) arba Drosha/DGCR8 nepriklausomu keliu (mirtroninés miRNR bei miRNR
kilusios i§ snoRNR ir tRNR). Taip pat, jei miRNR turi tik 1 nt i8kySa, vietoj
standartinés 2 nt, sutinkamas nuo uridilinino priklausomas brendimo kelias.
Modifikuota pagal (34).

1.4.3 Nuo Drosha ir DGCRS nepriklausoma miRNR biogenezé
1.4.3.1 miRNR kilusios i§ mazyjy branduolélio arba transportiniy RNR

miRNR nepriklausomai nuo Drosha ir DGCR8 gali kilti i§ mazyjy
branduolélio RNR (angl., small nucleolar RNA, snoRNR), transportiniy RNR
(tRNR) bei per anksti jvykus transkripcijos terminacijai i§ iIRNR (angl.,
endogenous-shorthairpin RNA, endo-shRNR) (1.6 pav).

snoRNR antring struktiirg sudaro du tarpusavyje sujungti j pre-miRNR
panasus segtukai (Ender et al., 2008). Pirmoji miRNR susiformuojanti i$
snoRNR buvo nustatyta gana seniai ir pavadinta ACA45. Manoma, kad maza
dalis ACA4S5 i§ branduolio perneSama j citoplazma, kur jg iSkart kerpa Dicer,
kad susidaryty subrendusios miRNR dupleksas (116). Véliau buvo atrasta
daugiau i§ snoRNR kylané¢iy miRNR, tarp kuriy yra ankséiau kanoninémis
miRNR laikytos miR-664 (kyla i§ ACA36b), miR-1248 (kyla i§ HBI-61),
mMiR-1291 (kyla i§ ACA34) (117). Toliau tesiant tyrimus identifikuota, kad i$
snoRNR 3° galo gali susiformuoti 20-24 nt ilgio trumposios RNR, 01§ 5° galo
- kilti 17-19 nt ir ilgesnés nei 27 nt RNR. Néra aisku, kaip veikia $ios
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trumposios RNR, nes dauguma tokiy RNR nesaveikauja su AGO baltymais
(118). Visgi, nustatyta, kad trumpoji RNR kilusi i§ snoRNR-93 veikia kaip
MiRNR ir slopina geno PIPOX raiska, taip skatindama kriities véziniy lasteliy
invazyvuma (119).

I miRNR panasios sekos taip pat gali Kilti i§ transportiniy RNR. Nors
tRNR skaidymas j trumpesnius fragmentus yra konservatyvus tarp risiy
(120), visgi, tikslus mechanizmas, kaip tRNR pakeicia savo struktiirg ir ja
kerpa Dicer néra zinomas. Tam, kad susiformuoty teisinga dobilo lapo
struktiira tRNR saveikauja su La Saperonu. Jei Sio Saperono néra, susidaro
strukttra, kurig gali Kirpti Dicer ir susiformuoja ] miRNR pana$ios sekos
(angl., tRNA-derived fragments, tRFs). Taigi Saperonas La reguliuoja
pusiausvyrg tarp dviejy tRNR erdviniy formy (121,122). Identifikuota, kad
tRFs gali sgveikauti su Ago baltymais (38,123,124). Kokius taikinius $ios
sekos reguliuoja ir ar tikrai reguliuoja, informacijos néra daug ir ji yra
priestaringa. Visgi, nustatyta, kad seka CU1276, kilusi i$ glicing pernasancios
tRNR, B lasteliy limfomoje gali slopinti RPAL geno raiskg bei reguliuoti
atsakg | DNR pazaidas (125).

Taip pat miRNR gali subresti ir kai transkripcijos metu dél per anksti
jvykusios terminacijos suformuojama segtuko struktiira (endo-shRNR). 5°
gale prie iRNR yra prijungiama m7G ,kepuré”, kuri padeda susiristi su
eksportinu-1 ir patekti j citoplazma. Segtuko struktiiras atpazjsta Dicer, o m7G
Hkepuré” neleidzia 5p grandinei patekti j RISC kompleksa, todél
nukreipian¢iaja miRNR S§iuo atveju visada tampa 3p grandiné (126).

1.4.3.2 miRNR, kilusiy i§ introny, brendimas

miRNR gali biiti lokalizuotos segtuka formuojanciuose geny intronuose
1§ kuriy gali kilti mirtroninés miRNR, simtroninés miRNR, agotronai, taip pat
miRNR, kuriy brendime gali dalyvauti kanoninio ir nekanoninio kelio
baltymai ir jos néra priskirtos vienai grupei.

Mirtronus brendimo metu vietoj Drosha/DGRCS8 kerpa splaisosoma (1.7
pav.). Tokios subrendusios miRNR pavadintos mirtroninémis miRNR.
Splaisosomos komponentai prisijungia introny ir egzony sandiros vietose,
i8kerpa intronus ir sujungia egzonus, kad susiformuoty subrendusi iRNR.
ISkirpti mirtronai, sudaro kilpas, kurios yra pasalinamos kilpos genéjimo
(Ldbr) fermento vykstant 2°-5¢ fosfodiesterinio jungties hidrolizei (18).

Mirtronai yra randami A. thaliana, C. elegans, D. melanogaster, pelése
ir zmoguje (18,127-129). Taip pat gali buti aptinkami ne tik trumpuose, bet
ir ilgesniuose intronuose. Mirtronai pagal lokalizacija yra skirstomi j
keturius tipus: standartinius mirtronus, 5° tipo mirtronus, 3¢ tipo mirtronus ir
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5¢—3* tipo mirtronus. Standartiniai mirtronai formuoja trumpus segtukus, 5°¢
tipo mirtronai 5° gale turi ilgas segtuky neformuojancias sekas intronuose, 3¢
tipo mirtronai turi tokias sekas 3 gale, 5° — 3 tipo mirtronuose ilgos segtuky
neformuojancios sekos yra abiejuose 5° ir 3 introno galuose (1.6 pav.). 3¢ gale
esancCias sekas brendimo metu nukerpa egzosomos kompleksas. Kaip yra
pasalinamos sekos 5° gale néra zinoma (17). Mirtrony turin¢iy sekas 5° gale
yra Zymiai daugiau nei turin¢iy 3¢ gale (130).

Siuo metu identifikuota §imtai mirtrony, i§ kuriy manoma gali kilti
miRNR (14). Zmoguje identifikuota 585 mirtronai, i§ kuriy kyla 1136
potencialios mirtroninés miRNR (131). Nors kelios miRNR kilusios i$
mirtrony seky yra konservatyvios (128), taCiau dauguma neturi
konservatyvumo tarp rusiy. Tarp nustatyty 500 mirtrony pelése ir zmoguje, tik
keli procentai buvo sutinkami abiejuose zinduoliuose (14).

Mirtronas 5‘ tipo mirtronas 3‘ tipo mirtronas 5° ir 3‘ tipo mirtronas
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1.7 pav. Mirtrony tipai. Mirtronai gali baiti aptinkami ne tik trumpuose, bet ir
ilgesniuose intronuose, kai 5¢ ar/ir 3¢ gale yra segtuky neformuojancios sekos. 3¢ gale
esancias sekas brendimo metu nukerpa egzosomos kompleksas. Kaip yra pasalinamos
sekos 5° gale néra zinoma. Rodykliy storis nurodo kiekvienu keliu subrestanciy pre-
miRNR kiekj. Modifikuota pagal (14).

Lyginant su kanoniniu keliu brestan¢iomis pre-miRNR, i§ mirtrony
susiformave¢ pre-miRNR segtukai dazniausiai yra ilgesni, formuoja daugiau
kilpy ir ,,pGpsniy“ (132), sekos pasizymi didesniu GC nukleotidy kiekiu
miRNR dupleksy vietose. Taip pat tokios MiIRNR nuo kanoniniu keliu
subrendusiy miRNR skiriasi 5° ir 3° iSkySomis. Dél Drosha kirpimo
susiformuoja 2 nt AG iskysa 3 segtuko gale, §i iSkySa yra optimali tam, kad
miRNR jungtysi su eksportinu-5 ir biity perneSama j citoplazmg. Mirtroniniy
miRNR atveju po splaisingo daznai sutinkamos 1 nt ir/arba 2 nt iskysos 5° ir
3¢ galuose (133). Taip pat randamos ir 2 ir 3 nt, bei 0 ir 3 nt iskySy variacijos
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(134). Daznai prie 3p grandinés yra prijungiama uridilo grupé, o 5p grandinés
sekos dél egzonukleaziy veiklos yra heterogeniskos (132). Drozofiloje
mirtroninés miRNR dazniausiai kyla i§ 3° segtuko galo (18), zinduoliuose
tokia miRNR gali kilti i§ abiejy 5° ir 3¢ segtuko galy (16). Visgi, iki §iol dar
tikslinamos mirtrony seky savybés ir bendro susitarimo dél reikalavimy
struktiirai néra (14,133,135).

Dauguma mirtrony yra identifikuoti tik bioinformatiskai analizuojant
MiRNR sekoskaitos duomenis. Tik trijy hsa-miR-877, hsa-miR-1226 ir mmu-
miR-1224 zinduoliy mirtroniniy miRNR priklausomybé nuo splaisingo
jrodyta eksperimentiskai (15,16). Drozofiloje identifikuota, kad 3° tipo
mirtronas dme-miR-1017 priklauso nuo splaisingo (17).

Nustatyta, kad laikytos mirtroninémis miRNR hsa-miR-1225, hsa-miR-
1228 ir hsa-miR-1233 brendimas gali nepriklausyti nuo splaisingo proceso
(16,136). Jei splaisingas yra uzblokuojamas hsa-miR-1225 ir hsa-miR-1228
brendime gali dalyvauti ir Drosha, tac¢iau biogenezé yra nepriklausoma nuo
Dicer, AGO?2 ir eksportino-5. Visgi, Sios miRNR sgveikauja su AGO1-4
baltymais ir pasizymi iRNR tildymu. Sios miRNR pavadintos simtroninémis
miRNR ir tikétina tokiy miRNR brendimas gali vykti ir nuo splaisingo
priklausomu ir nepriklausomu keliu (136).

Taip pat identifikuoti agotronai, intronai, kurie yra iSkerpami
splaisosomos, taciau brendimas néra priklausomas nuo Dicer, kaip mirtrony,
ir citoplazmoje su AGO baltymais risasi pilno ilgio intronas (apie 100 nt), 0
ne trumpa miRNR. Kaip tiksliai agotronai veikia néra zinoma, taciau sekos
yra labai konservatyvios tarp Zinduoliy. Nustatyta, kad agotronai gali veikti
kaip miRNR ir slopinti iRNR (137), visgi, néra tikétina, kad slopinimas vyksta
fiziologinémis salygomis. DidZziausia tikimybé, kad agotronai stabilizuoja ir
apsaugo AGO baltymus nuo degradacijos. Agotronams sgveikaujant su AGO
baltymais, AGO nebesurisa atsitiktiniy RNR. Kadangi sie baltymai be miRNR
yra labai nestabiliis, gali buiti, kad sgveika su agotronais apsaugo nuo
degradacijos ir taip lasteléje yra palaikomas reikalingas kiekis AGO baltymy
(137,138). Manoma, simtronine miRNR laikoma miR-1225 i§ tikryjy gali
veikti kaip konservatyvus agotronas PDK 1. Taip pat pasiiilyta, kad mirtroniné
miR-1236 irgi gali veikti kaip agotronas RDBP. Agotrony atradimas pabrézé
tai, kad tiriant miRNR bitina detektuoti ir jvertinti ne tik subrendusig miRNR
forma, bet ir jos pirmtakus.

Taip pat nustatytos miRNR, kylancios i§ 50-200 nt ilgio segtuko formos
struktiirg formuojanciy trumpy introny, kurie yra iSkerpami alternatyvaus
splaisingo metu (139). Alternatyvaus splaisingo metu tokio introno

iSlaikymas/iskirpimas skirtingose lastelés diferenciacijos stadijose gali lemti
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tai ar miRNR kiekis Igstel¢je padidés ar sumazés. Tiriant tokiy miRNR
priklausomybe nuo Drosha, DGCRS, Dicer, AGO2, genéjimo fermento DBR1
bei splaisinge dalyvaujanciy snRNP70, PRP8, U2AF65 baltymy, nustatyta,
kad i$ tokiy introny miRNR gali kilti kanoniniu bei alternatyviu mirtrony ar
simtrony brendimo keliu. Tac¢iau taip pat identifikuota, kad dalis tokiy miRNR
kyla ir nuo Drosha/DGCRS, ir nuo splaisingo baltymy bei DBR1 priklausomu
keliu. Taip pat nustatyta keletas miRNR kuriy brendimas priklauso nuo Dicer
ir AGO2, taciau nepriklauso nuo likusiy biogenezéje dalyvaujanciy baltymy.
Sie duomenys rodo, kad kanoninis ir alternatyviis brendimo keliai tarpusavyje
yra stipriau susij¢ nei buvo manoma, ir tikétina ta pati miRNR gali bresti
skirtingais budais (139).

1.5 Molekulinis RNR splaisingo mechanizmas

1.5.1 Splaisingo mechanizmas

Splaisingo procesas gali jtakoti miRNR brendima (140). Splaisingas —
tai dviejy pakopy transesterifikacijos reakcija, kurios metu i§ pre-iRNR yra
iskerpami intronai. Sis procesas vyksta susiformavus splaisosomai — 3 MDa
dydzio makromolekuliy kompleksui, sudarytam i§ penkiy snRNP kompleksy
(mazosios branduolio RNR U1, U2, U4/U6 bei U5 ir prie jy prisijunge sSnRNP
baltymai) ir daugiau nei 100 su jais sgveikaujanciy specifiniy baltymy (141).
Splaisosomos kompleksas formuojasi egzono-introno ribose — 5¢- splaisingo
vietoje, Sakojimo taske, bei 3°- splaisingo vietoje (1.8 pav.). 5°- splaisingo
seka yra vadinama donorine seka, GU(G/A)AGU, jg atpazjsta Ul snRNP. 3¢
splaisingo seka vadinama akceptorine ir pasizymi pyrimidinais gausia seka
(Y)n (C/U)AG introno 3°-gale. Taip pat svarbi Sakojimosi vieta, esanti 15-50
nt nutolusi nuo 3° introno galo ir turinti pirmai transesterifikacijos reakcijai
reikalingg adenozing. U2 snRNP atpazjsta Sakojimosi seka, U2AF35 bei
U2AF65 splaisingo veiksniai - 3‘- splaisingo sekg (142,143). Donorinés sekos
5¢ introno pradzioje sutinkami GU nukleotidai, bei akceptorinés sekos 3° gale
esantys AG nukleotidai yra stipriai konservatyviis ir mutacijos juose slopina
splaisingg. Visgi stiprios seky homologijos egzono-introno ribose néra, gausu
nukleotidy variacijy. Maziau nei 5% 5’-gale esanéiy seky identiskai
persidengia su donorine seka, 0 25% - kai sekoje yra su 2-3 nukleotidy
neatitikimai (144).

Splaisingui vykti, be 5° ir 3°- splaisingo ir Sakojimo seky, taip pat
svarbios ir kitos alternatyvios specifinés sekos egzonuose ir intronuose, su
kuriomis sgveikauja pagalbiniai splaisingo reguliatoriai/veiksniai. Sios
specifinés sekos gali biti skirstomos - ESE (egzoninis splaisingo enhanseris),
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ISE (introninis splaisingo enhanceris), ESS (egzoninis splaisingo slopiklis) ir
ISS (introninis splaisingo slopiklis) (1.8 pav.).
+

N
SF N
Sakojimosi seka
ESS
L ——r o
Egzonas ESE 5" splaisingo 188 ISE 3" splaisingo Egzonas
seka seka

/

1.8 pav. Specifinés splaisingo sekos ir reguliacija. Splaisosomos kompleksas
formuojasi egzono-introno ribose — saveika vyksta su donorine 5°- splaisingo,
Sakojimosi, bei akceptorine 3¢ — splaisingo seka. Splaisingui taip pat svarbios ir kitos
specifinés sekos egzonuose ir intronuose, su kuriomis saveikauja pagalbiniai
splaisingo veiksniai (SF). Priklausomai nuo sekos ir jos lokalizacijos splaisingas gali
biiti aktyvinamas (+) arba slopinamas (-). ESE - egzoninis splaisingo enhanseris; ISE
- introninis splaisingo enhanceris; ESS - egzoninis splaisingo slopiklis; 1SS -
introninis splaisingo slopiklis; R — purinai A arba G, Y - pyrimidinai C ir U.
Modifikuota pagal (143).

Splaisingo veiksniy sgveika su $iomis sekomis yra silpnesné nei sgveika
su pagrindinémis splaisingo sekomis ir jei sgveika jvyksta - gali vykti
alternatyvus splaisingas. Jei alternatyvios sekos sutinkamos egzone, dalis
egzono gali buti priskirta intronui. Jei 3°-splaisingo vieta néra atpazjstama,
splaisosoma sgveikauja su kita artimiausia 3°-splaisingo vieta, ir tai lemia, kad
egzonas yra iSkerpamas kaip intronas. Taip pat, jei 5°-splaisingo vieta néra
atpazjstama - intronas gali biti neiSkerpamas (141). Identifikuota, kad
alternatyvus splaisingas gali vykti beveik 95% atvejy. I§ iRNR subresta
skirtingos iRNR izoformos, besiskirian¢ios stabilumu bei lemiancios skirtingg
baltymo funkcionaluma (145). Taigi, i§ mazdaug 24000 geny, koduojanciy
baltymus, subresta apie 100000 skirtingy baltymy (146).

1.5.2 Splaisingo veiksniai

DaZniausiai sutinkamos dvi splaisingg reguliuojanciy veiksniy klasés —
serinu ir argininu turtingi SR ir heterogeniski branduolio hnRNP baltymai.

SR baltymai yra svarbiausi splaisingo proceso reguliatoriai. I$ viso yra
12 SR baltymy tipy zinduoliuose (Zymimi SRSF 1-12). SR baltymai
tarpusavyje yra panaSis savo struktiira. N-gale esan¢iu RNR atpazinimo
domenu SR baltymai sgveikauja su RNR, C-gale esanciu argininu ir serinu
turtingu domenu - su jvairiais baltymais ar RNR (147). Splaisingo metu SR
baltymai yra fosforilinami ir lemia Ul snRNP saveika su 5° donorine seka.
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Taip suformuojama splaisosoma ir iS§kerpami intronai. Dauguma SR baltymy
yra branduolyje, bei kai kurie (SRSF1, SRSF3 ir SRSF7) sutinkami ir
branduolyje, ir citoplazmoje (148).

hnRNP splaisingo veiksniai skirstomi j pagrindinius ir nepagrindinius
hnRNP baltymus. Pagrindiniai hnRNR baltymai identifikuojami abecelés
tvarka nuo Al iki U. Nepagrindiniy hnRNP baltymy kiekis Igsteléje nedidelis,
Sie baltymai patys nesuriSa RNR, taCiau dalyvauja pagrindiniy hnRNP
reguliacijoje (149). Pagal RNR suriSantj domeng hnRNP baltymai skirstomi j
turinius RRM (4 B-lakstai ir dvi a-spiralés (Bofpap)) domena); turinéius
RGG (Arg-Gly-Gly) domena; turin¢ius KH domeng (trys B-lakstai i$sidéste
antiparaleliai trims a-spiraléms (Baappa)) (150). Taip pat daznai Sie
reguliatoriai pasizymi glicinu ar prolinu turtingais papildomais domenais,
kurie yra svarbis jy lokalizacijai lastelése (151).

SR ir hnRNP dalyvauja ne tik splaisingo reguliacijoje, bet ir sgveikauja
su transkripcijoje bei transliacijoje dalyvaujanciais baltymais (150,152).

Kaip jau minéta, su alternatyviomis splaisingo sekomis splaisingo
veiksniai sgveikauja zZymiai silpniau. Jei sgveika nepakankama - splaisingas
nevyksta (1.9 pav. A) (145). SR Seimos baltymai dazniausiai riasi su ESE ir
aktyvina splaisinga pritraukdami splaisosomg. PrieSingai, hnRNP baltymai
saveikauja su ESS arba ISS ir slopina iRNR Kirpima (152) (1.9 pav. B). Taip
pat SR baltymai gali veikti ir slopinanc¢iai — tai priklauso nuo splaisinga
reguliuojanéiy seky pozicijos. Nustatyta, jei SR sgveikauja su egzone esanéia
seka, gali skatinti splaisinga, jei introne — slopinti (1.9 pav. C) (153). Kiti
splaisingo faktoriai pvz. NOVA, taip pat gali veikti dvejopai, priklausomai
nuo prisijungimo padéties. Jei NOVA sagveikauja su sekomis esanc¢iomis
introne ir einanc¢iomis uz egzono, dazniausiai slopina to egzono splaisinga.
Taciau jei Sis splaisingo veiksnys prisijungia prie introno einancio pries
egzona, §io egzono kirpimas yra skatinamas (1.9 pav. C). Be to, du SR
splaisingo veiksniai gali tarpusavyje konkuruoti, kas gali lemti skirtingy
introny splaisinga (1.9 pav. D) (145). D¢l itin didelio kiekio splaisinga
reguliuojanéiy veiksniy ir nehomologiniy seky, su kuriomis Sie ve iksniai
sagveikauja, daZznai bioinformatiskai yra sunku nuspéti alternatyvaus
splaisingo eigg. Vis délto manoma, kad gali egzistuoti splaisingo kodas, pagal
kurj atsizvegiant j lasteliy tipa, splaisingo veiksniy koncentracija bei
specifines sekas, btity galima nuspéti iRNR lemtj (154).
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1.9 pav. Splaisingo veiksniy veikimas. A) Svarbus pakankamas sgveikos tarp iRNR
ir splaisosomos/splaisingo veiksniy stiprumas; B) SR baltymai daZniausiai aktyvina,
hnRNP — slopina splaisingo procesg; C) Priklausomai nuo prisijungimo padéties tas
pats splaisingo reguliatorius gali veikti skirtingai; D) Splaisingo veiksniai gali
tarpusavyje konkuruoti, lemia skirtingg efekta. ESE - egzoninis splaisingo enhanseris;
ESS - egzoninis splaisingo slopiklis; 5°SS - donoriné 5°- splaisingo seka, 3°SS
akceptoriné 3¢ — splaisingo seka. Modifikuota pagal (145).

1.5.3 Splaisingo veiksniai ir MiRNR

SR, hnRNP ir kiti splaisingo veiksniai gali tiesiogiai ir netiesiogiai
reguliuoti miRNR brendima (63).

SRSF1 nepriklausomai nuo splaisingo gali sgveikauti su CGCACAC
seka, esancia pri-miR-7-1, ir taip aktyvinti Drosha kirpima. Visgi, kaip yra
skatinamas Drosha kirpimas néra zinoma. Gali biiti, kad SRSF1 tik palengvina
pre-miR-7-1 pernasa pro branduolio membrang (155).

Taip pat buvo nustatyta, kad SRSF3 ir SRSF7 jungiasi prie pri-miR-16-
1, pri-miR-30a ir pri-miR-223 sgveikaudami su CNNC seka esancia 17-18 nt
nuo Drosha kirpimo vietos ir taip pritraukia Drosha, skatindama $iy pri-
miRNR brendima (156,157).
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hnRNP Al gali tiesiogiai saveikauti su pri-miR-18a (158). miR-18a yra
viena i§ SeSiy miR-17-92 klasterj sudaran¢iy miRNR. Nustatyta, kad
sumazinus hnRNP A1 sumazéja tik pre-miR-18a kiekis, o kity miRNR raiska
nekinta. miR-18a segtukas pasizymi specifine seka, prie kurios ir jungiasi
hnRNP Al. Todél pasikeiCia pri-miR-18a antriné struktiira, kurig stipriau
atpazjsta Drosha. hnRNP A1, hnRNP L ir hnRNP | taip pat jungiasi su pri-
let-7a-1 ir pri-miR-101-1 (159).

SR baltymai gali ir netiesiogiai reguliuoti miRNR brendima, keisdami
transkripcijos veiksniy ar kity baltymy dalyvaujanciy brendime reguliacija.
Identifikuota, kad SRSF3 skatina transkripcijos veiksnio NF-kB rai$ka, o NF-
kB aktyvina miR-1908-5p brendimg (160). Panasiai, SRSF3 kei¢ia REST
transkripcijos veiksnio kiekj lgsteléje, ko pasekoje pakinta miR-132-3p ir
miR-212-3p raiska (161).

1.6 miRNR reik§mé kriitinés kylanc¢iosios aortos aneurizmos
vystymuisi

1.6.1 Kratinés Kylan¢iosios aortos aneurizma ir jos prieZastys

Aortos aneurizma - tai viena dazniausiy aortos ligy, kuri iSsivysto, kai
aorta i$siplecia daugiau nei 1,5 karto lyginant su sveiko Zzmogaus aorta (6).
Formuojantis aneurizmai pacientai dazniausiai nejaucia jokiy simptomy ir $i
liga yra diagnozuojama atsitiktinai, tikrinant dél kity sutrikimy. Jei liga
nenustatoma laiku, aneurizma gali staigiai plysti ir bati mirtina (7).
Aneurizmos yra skirstomos i pilvo, pilvo-krttinés ir kriitinés kylanciosios bei
nusileidzianciosios aorty aneurizmas (1.10 pav.) (162). Kriitinés kylanciosios
aortos aneurizma (KAA) ir pilvo bei kriitinés nusileidzian¢iosios aneurizmos
kyla i§ skirtingy lasteliy embriono vystymosi metu. Nors fiziologiskai Sios
aneurizmos panasios, taciau prieZzastys sukelianCios $ias aneurizmas yra
skirtingos. Aortos sieng sudaro keturi lgsteliy tipai — kraujagysliy lygiyjy
raumeny (angl. vascular smooth muscle cells, VSMC), endotelio, fibroblastai
ir imuninés lastelés. Visos lastelés gali biiti paveikiamos vystantis aneurizmai
(163).

Pilvo aortos aneurizma daZniausiai lemia VSMC lasteliy apoptoze,
tarplastelinio uzpildo suirimas, stipriis uzdegiminiai procesai ir padidéjes
reaktyviy deguonies formy kiekis. KAA labiausiai yra siejama su
tarplastelinio uzpildo pakitimais (elastino, kolageno, glikozaminy-glikany
kiekio sumazé¢jimu/padidéjimu) bei su lygiyjy raumeny lasteliy
diferenciacijos pokyciais. KAA iSsivysto reciau nei pilvo aortos aneurizma,
apie 6-10 atvejy i§ 100000 zmoniy (7) ir dazniausiai pasireiskia vyrams, taciau
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jel iSsivysto moterims, pleciasi 3 kartus greic¢iau (164). Yra nustatyta, kad
KAA atveju motery aorty audinivose yra didesnés tarplastelinio uzpildo
metalo proteinaziy ( angl., matrix metalloproteinase-2) MMP2 ir MMP9, bei
mazesné jy slopikliy TIMP1 ir TIMP2  angl., tissue inhibitor of
metalloproteinases) koncentracija. Taip pat, vyry aortos audiniuose yra
daugiau kolageno ir elastino, kas lemia skirtingg audinio struktirg (165).
Visgi, kodél KAA skirtingai vystosi tarp vyry ir motery néra zinoma (166).

KAA yra skirstoma j sindromines formas (Marfano, Loeys—Dietz,
Shprintzen—Goldberg, Ehlers—Danlos sindromai), Seimyning nesindroming ir
atsitikting. Sindromines KAA formas lemia mutacijos, kurios dazniausiai
identifikuojamos tarplastelinio uzpildo, lygiyjy raumens lasteliy reguliacijoje
bei TGF-f signaliniame kelyje dalyvaujanéiuose genuose. Biitent dél skirtingy
liga sukelian¢iy geny mutacijy sindrominés formos tarpusavyje yra labai
heterogeniskos. Marfano sindromo atvejis siejamas su mutacijomis fibrilino-
1, lizino oksidazés LOX ir biglikano BGN genuose. Loeis-Dietzo sindromas
gali biiti keliy tipy, kuriuos lemia skirtingos mutacijos — SMAD3, TGFB2,
TGFB3, TGFBR1 ir TGFBR2 genuose (8).

Kritinés nusileidzianéiosios
aortos aneurizma

Kriitinés kylanciosios
aortos aneurizma

Pilvo-kratinés
aortos aneurizma

Pilvo aortos aneurizma

1.10 pav. Aortos aneurizmy lokalizacija. Aortos aneurizmos yra skirstomos j pilvo,
pilvo-kraitinés ir kratinés kylan¢iosios bei nusileidZianiosios aorty aneurizmas.
Modifikuota pagal (167).
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Atsitiktineés KAA formoje mutacijos sutinkamos retai: 4,2% atvejy -
fibrilino-1, 1,4% - TGFBR1,1,1% - COL3AL,0,8% - SMAD3, 0,8% -
ACTA2, 0,3% - TGFB2, 0,3% - TGFBR2 genuose (10). Sio tipo KAA atveju
buvo identifikuotas vieno nukleotido polimorfizmas, susijes su fibrilino-1
raiska, rodantis sasaja su liga. Manoma, kad tai gali rodyti, kad atsitiktiné
KAA sukeliama pana$iai, kaip ir sindrominé Marfano forma (168). Taip pat
nustatytos 9 geny (tarp kuriy yra ir miozino sunkiosios grandinés MYH11
genas) duplikacijos chromosomos 16p13.1 regione (169). Identifikuota, kad
atsitiktiné KA A daZnai kyla esant dviburio aortos voztuvo patologijai (163).

1.6.2 Tarplastelinio uzpildo pakitimai, i$sivyscius kriitinés kylanciosios aortos
aneurizmai

Vystantis KAA nustatyti TGF-p signalinio kelio pakitimai, kurie lemia
tarplastelinio uzpildo baltymy (elastino, kolageno, glikozaminy-glikany)
kiekio pokycius. Tarplasteliniame uzpilde TGF-B yra susiriSes su LTBP
baltymu, kas lemia TGF-f neaktyvumg. Atsipalaidaves nuo LRBP baltymo,
TGF-B dimerizuojasi ir jungiasi su Il tipo receptoriu TGFB-RII, pritraukia |
tipo receptoriy TGFB-RI, ir suformuoja stabily receptoriy kompleksa. TGF-f3
signalinis kelias yra labai platus ir jvairiapusis. IS viso identifikuoti 30
skirtingy TGF-B signalinio kelio ligandy, 5 skirtingi II tipo receptoriai, 7
skirtingi | tipo receptoriai. Signalas j lgstele gali baiti perduodamas klasikiniu
keliu, kei¢iant SMAD baltymy aktyvumus, arba nekanoniniu, kai signale
dalyvauja ERK1/2 kinazés (162,170).

Atsitiktingje KAA formoje kanoninio TGF-p signalinio kelio tyrimy
atlikta mazai. D¢l daugelio Siame signaliniame kelyje identifikuoty mutacijy
daug tyrimy atlikta tiriant Marfano sindroma (171). Buvo nustatyta, kad
Marfano sindromo atveju mutacija turintis fibrilinas-1 lemia padidéjusj TGF-
B aktyvumga, kas sukelia TGF-f ir SMAD2 baltymo raiskos padidéjima
(172,173). Taciau neseniai nustatyta, kad §j sindroma turinCioje peléje visgi
néra nustatomi Sio signalinio kelio pakitimai (174). Taip pat parodyta, kad
SMAD4 and TGFBR?2 receptoriaus inaktyvacija, vadinasi TGF- signalinio
kelio slopinimas, gali sukelti KAA, ne tik Marfano bet atsitikingje KAA
formoje (174-176). Be to, sindrominéje ir atsitiktinéje KAA identifikuota, kad
iSauges SMAD?2 aktyvumas yra nepriklausomas nuo TGF-p signalinio kelio
(177). Taigi, vystantis KAA, TGF-p signalo reik§mé lieka neaiski.

Tarplastelinio uzpildo struktiirg keicia ir tarplgstelinio uzpildo metalo
proteinazés, kurios taip pat pasizymi aktyvumo dualumu - gali degraduoti
tarplastelinj uzpildg bei taip pat reguliuoti jj tam, kad stabilizuoty, kai ple¢iasi
aorta. Daug tyrimy atlikta su metalo proteinaze MMP2, ta¢iau gauti duomenys
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taip pat neaiSkiis. Nustatyta, kad MMP2 delecija pelé¢je, susiformavus
angiotenzino sukeltam aortos iSplatéjimui, skatina KAA, taciau, kai peléje
susiformuoja CaCl, sukeltas iSplatéjimas, prieSingai - apsaugo. Taip pat
identifikuota, kad peléje turincioje Marfano sindromg MMP2 inaktyvacija
slopina  KAA plysimg, TGF-B aktyvacija ir ERK1/2 bei SMAD2
fosforilinima, taip prailgindama pelés i§gyvenamuma. Skirtingi duomenys
gauti ir tiriant metalo proteinazés MMP9 reikSmg. Nustatyta, kad Sios
proteinazés kiekis iSauga peléje, esant angiotenzino sukeltam iSplatéjimui,
taciau esant dviburio voztuvo patologijai MMPO raiska nekinta (178,179).

1.6.3 Kraujagysliy lygiyjy raumeny lasteliy pokyciai, iSsivyscius krutinés kylanciosios
aortos aneurizmai

KAA vystymuisi taip pat yra svarbiis VSMC diferenciacijos poky¢iai.
VSMC gali bati dviejose skirtingose diferenciacijos stadijose — kontraktilinio
ir sintetinio fenotipo (1.11 pav). Esant nattraliai ramybés fazei, VSMC
pasizymi kontraktiliniui fenotipui biidingomis savybémis — pailga, verpstés
formos lasteliy morfologija, létai dalinasi ir migruoja. Tokiam fenotipui
budinga lygiyjy raumeny a-aktino (a-SMA), miozino sunkiosios grandinés
(SM-MHC) ir kalponino raiska. a-SMA bei miozinas formuoja skaidulas,
besijungiancias prie glaudZiyjy jungCiy, kurios sgveikauja su elastinu.
Tvarkinga §iy komponenty raiska uztikrina efektyvy VSMC susitraukimg
(180). Kai audinyje jvyksta pazaida, VSMC keiéia savo fenotipg j sintetinj —
VSMC plokstéja, pradeda migruoti ir proliferuoti greiciau, keiciasi
tarplastelinio uzpildo baltymy Kiekis, padidéja metaloproteinaziy raiska,
fragmentuojasi elastinas bei silpnéja kontraktiliniui fenotipui biuidingy
baltymy raiska (181). Panasu, kad KAA vystymosi metu kei¢iasi VSMC
diferenciacijos stadija, mazéja kontraktiliniui fenotipui budingy baltymy
(182,183), tadiau diferenciacijos poky¢iy mechanizmai zmogaus KAA
audiniuose iki $iol néra aiskus (7).

Taip pat nustatyta, kad KAA vystymosi metu silpnai, bet gali vykti ir
VSMC apoptozé. Parodyta, kad KAA audinyje yra sutinkami T-limfocitai bei
makrofagai (184). T-limfocitai ekspresuoja FAS ligandus, kurie skatina
VSMC zitj (185).

1.6.4 miRNR jtaka kriitinés kylanciosios aortos aneurizmos susiformavimui

Nors miRNR, dalyvaujancios pilvo aortos aneurizmos vystymesi, yra
gerai istirtos (186), nustatyta nedaug miRNR raiSkos poky¢iy KAA. miRNR
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kiekis KAA audiniuose tirtas tik tikro laiko PGR metodu ir miRNR
gardelémis (11-13). Sioje disertacijoje pirmg kartg atlikta audiniy ir kraujo
plazmos méginiy, susiformavus KAA, sekoskaita.

Identifikuota, kad su KAA vystymusi yra susijusi miR-143/-145 Seima.
Nors, miR-143-3p ir miR-145-5p raiskos tyrimai aneurizmoje yra priestaringi
ir nustatomas arba sumazgjgs (187), arba padidéjes kiekis, lyginant su
sveikomis aortomis (188), nustatyta, kad miR-143-3p ir miR-145-5p gali
reguliuoti kraujagysliy lygiyjy raumeny lasteliy homeostaze. Nustatyta, kad
iSveiklinus §ias miRNR, VSMC keicia savo fenotipg | sintetinj, ko pasekoje
pakinta aortos strukttra (189). Taip pat identifikuota, kad miR-145-5p gali
tiesiogiai veikti transkripcijos veiksnj KLF4, Kkuris skatina VSMC
diferenciacija j sintetinj fenotipa (190). Be to, miR-143-3p ir miR-145-5p gali
biti perduodama egzosomose i endotelio Igsteliy | VSMC (191).

Nustatyta, kad miR-29a/-29b/-29¢ seimos miRNR taip pat yra susijusios
su KAA. Identifikuota, kad miR-29b-3p kiekis padidéja KAA audiniuose, 0
nuslopinus §ig miRNR pelése, turinCiose angiotenzino sukelta aortos
iSplatéjima, sustipréja tarplgstelinio uzpildo sintezé (192). PrieSingai,
zmogaus KAA audiniuose mazéja miR-29a-3p raiska, ko pasekoje iSauga
MMP2 kiekis (193).

Taip pat daug duomeny sutinkama apie miRNR klasterj sudarancias
miR-1 ir miR-133a. Nustatyta, kad S$iy abiejy miRNR raiska mazéja
susiformavus KAA, ta¢iau tik miR-133a-3p dalyvauja VSMC diferenciacijos
reguliavime. miR-133a-3p tiesiogiai saveikauja su transkripcijos veiksniu
Spl, kurio iSauggs kiekis lemia sintetinj VSMC fenotipg (193,194).

Kontraktilinis fenotipas Sintetinis fenotipas
Ramybes busena Proliferacija ir migracija
Susitraukimo ir prisitvirtinimo Diferenciacija

baltymai

DN

' GF ) —

1.11 pav. Kraujagysliy lygiuju raumens lasteliy fenotipinis plastiSkumas. Jvykus
pazaidai audinyje VSMC diferencijuoja ir kei¢ia savo fenotipg i§ kontraktilinio }
sintetinj. Taip pat Kkinta tarplastelinio uzpildo (ECM) baltymy kiekis, su
prisitvirtinimu prie pavirSiaus susij¢ baltymai (Adh), augimo veiksniai (GF).
Mofikuota pagal (195).
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Taip pat identifikuota, kad i§ kylanciosios aortos fibroblasty, esant
mechaniniui aortos spaudimui, miR-133a-3p egzosomose patenka j kraujo
plazmg (196).

Nedaug duomeny identifikuota apie miRNR pokyc¢ius kraujo plazmoje
ar serume, i$sivyséius KAA. Pakitusi miR-133a-3p, miR-21-5p, miR-29a-3p,
miR-143-3p raiSka nustatyta kraujo plazmoje (5,197). Taip pat identifikuota,
kad kraujo serume, esant KAA, padidéja miR-574-5p kiekis (198).

1.7 miRNR kaip biozymenys vir§kinimo sistemos véziniy
susirgimy detekcijai

Véziniai susirgimai yra vieni pagrindiniy ligy lemianciy sveikatos
problemas ir sukelianc¢iy mirtj. Vieni daZzniausi i§ visy véziniy susirgimy yra
virskinimo sistemos véziniai pakitimai. Tokio tipo navikai gali susiformuoti
virskinimo sistemos organuose bei liaukose. Prie virskinimo sistemos véZiniy
audiniy priskiriami stemplés, skrandzio, Storosios ir tiesiosios zarnos, kepeny,
tulzies ptslies ir kasos navikai. Pagal daZznuma pasaulyje treCioje vietoje
identifikuojami storosios ir tiesiosios zarnos navikai (10,2% susirgusiy véziu).
Daugiausia mir§tama nuo storosios ir tiesiosios Zarnos (9,2% skai¢iuojant nuo
visy vézio sukelty mirc¢iy), skrandzio (8,2%) ir kepeny vézio (8,2%) (199).
I$sivyséius virsSkinimo sistemos tipo navikams, pirmose vézio stadijose
pacientai daznai nejaucia simptomy, todél daznai tokio tipo véziniai pakitimai
yra detektuojami tik navikui stipriai paZengus. Bendras tokio tipo véZiu
serganéiy pacienty 5 mety iSgyvenamumas yra tik 15% (200,201). Kasos
vézys dazniausiai nustatomas tik labai pazengusioje stadijoje, Kkartu
identifikuojamos ir metastazés limfmazgiuose, daugiausia pacientai mir$ta per
pirmus $eSis ménesius ir 5 mety i§gyvenamumas yra Zemesnis nei 5% (202).
Jei vir§kinimo sistemos navikai bty identifikuojami pradinése stadijose, po
tinkamo chemoterapinio ir radioterapinio gydymo, bei vézinio audinio
pasalinimo, tikétina, pacienty 5 mety i§gyvenamumas siekty apie 90% (201).

Identifikuota, kad miRNR dalyvauja visuose vézio vystymosi
procesuose — skatina Igsteliy dalijimasi, slopina augimo slopiklius, dalyvauja
atsparumo vaistams mechanizmo vystymesi, skatina metastazes ir naujy
kraujagysliy formavimasi, taip pat dalyvauja ir naviko mikroaplinkos bei
imuninio atsako reguliacijoje (203,204). miRNR raiSkos poky¢iai gali jvykti
dél miRNR geny delecijy arba amplifikacijos, transkripcijos reguliacijos
pasikeitimy, DNR metilinimo pasikeitimo bei miRNR biogenez¢je
dalyvaujanc¢iy (Drosha, Dicer, eksportinas-5, AGO1-2) baltymy mutacijy
(203). Nustatyta, kad miRNR kiekio pokyciai yra susieti su virskinimo
sistemos naviky metastaziy formavimusi, naviko tirio augimu ir véziniy
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lasteliy piktybiSkumu. miRNR raiska taip pat yra susijusi su vézio
atsinaujinimu, atsaku j chemoterapinj gydyma bei pacienty iSgyvenamuma po
gydymo. Tai rodo, kad miRNR gali buti panaudojamos kaip biozymenys
virskinimo sistemos naviky detekcijai bei nustatymui, kaip vézinés lastelés
reaguos | gydyma (1.1 lentelé) (202,205,206).

Be to, miRNR gali i§ naviko patekti j kraujg ir veikti kaip signaliné
molekulé tarp Igsteliy arba audiniy (207). Tai, kad miRNR yra stabili kraujo
plazmoje ar serume lemia, kad miRNR gali bati pritaikoma kaip neinvazinis
biozymuo. Visgi, kraujo plazmoje ar serume sutinkama gana daug miRNR
izomiry, bei cirkuliuojan¢iy miRNR kiekis yra labai mazas, todél tiriant
miRNR tikro laiko PGR metodu ar mikrogardelémis susiduriama su
detekcijos nespecifiskumo problema (208). Sig problema galima iSspresti
visumine sekoskaita, kurios metu efektyviai yra identifikuojami visi miRNR
izomirai bei miRNR, kuriy raiska Igstelése yra silpna (209).
1.1 lentelé. miRNR, kaip bioZymeny, panaudojimas.

Galimi miRNR pritaikymo badai
Atsako j gydyma prognozé

Metastaziy prognoze arba detekcija

Véziniy lasteliy miRNR profilio nustatymas, siekiant nustatyti vézio vystymosi
mechanizmus

MiRNR, kaip bioZymeny, privalumai
Aukstas miRNR stabilumas audiniuose ir kiino skys¢iuose
Greita ir pakankamai paprasta detekcija ne tik navikuose, bet ir kraujo plazmoje,
serume, Slapime

1.8 Mirtroniniy miRNR reik§mé vézinése lastelése ir jy
panaudojimas geny terapijoje

Nors mirtroniniy miRNR brendimo kelias skiriasi nuo kanoniniy, jy
veikimo mechanizmas yra toks pat. Mirtroninés miRNR kartu su AGO Seimos
baltymais sudaro miRISC ir dalyvauja baltymus koduojanciy geny raiskos
valdyme. Identifikuota, svarbi mirtroniny miRNR reik§mé véZiniuose
procesuose.

miR-1224 kiekio sumazéjimas nustatytas storosios Zzarnos véZzio
navikuose (210), plauciy vézyje (211), bei yra susijes su glioblastoma
serganciy pacienty prastu iSgyvenamumu. Glioblastomos lgstelése miR-1224-
5p tiesiogiai atakuoja CREBI, skatindama lgsteliy proliferacijg ir invazines
savybes bei slopindama apotozés procesus (212).

38



Nustatyta, kad miR-1226-3p, reguliuodamas MUCI raiska, slopina
krities véziniy lasteliy kancerogeneze, paskatindama jy ziitj (20). Taip pat §i
miRNR yra susieta su krities vézio atsparumu tamoksifenui (213) bei
stemplés vézio atsparumu cisplatinai ir 5-FU (214). Nuslopinus miR-1226-5p
raiSka net 27 plaucio vézio lasteliy linijose stipriai sumazéja jy gyvybingumas
(215).

Nedaug duomeny yra apie mirtronines miR-1229 ir miR-1227. miR-
1229-3p padidéjusi raiSka yra susijusi su prastu kriities véZio pacienciy
isgyvenamumu. Identifikuota, kad miR-1229-3p tiesiogiai aktyvuoja Wnt/p-
katenino signalinj kelig, slopindama $io kelio inhibitorius APC, GSK-3,
ICAT (216). O miR-1227-3p yra tiesiogiai susijusi su glioblastomos véZiniy
lasteliy stipresne migracija (217).

Itin placiai iStirtos miR-1236 funkcijos. miR-1236-3p raiska yra
sumazéjusi skrandzio véZiniuose audiniuose (218) bei Sio vézio metastazése
limfmazgiuose. Taip pat §i miRNR yra glaudZiai susijusi su Igsteliy migracijos
procesais. Nustatyta, kad miR-1236-3p slopina Akt signalinj kelig, todél
sumazéjes miR-1236-3p kiekis skatina skrandzio véziniy lgsteliy migracija
(219). Taip pat, miR-1236-3p susijusi su migracija bei invaziskumu kriities,
plauciy ir galvos bei kaklo ertmiy vézinése lgstelése. Nustatyta, kad miR-
1236-3p yra esminé miRNR reguliuojanti epitelinj-mezenchiminj peréjima
(EMT) ir metastazines Iasteliy savybes hipoksijos salygomis. Esant deguonies
trukumui transkripcijos faktorius Twist sumazina miR-1236-3p kiekj ir
padidéja HDAC3 ir SENPI raiska, kas skatina EMT (220).

Taip pat, neseniai nustatyta, kad jvairiy ligy atveju, sickiant lasteléje
nuslopinti mutantinj baltyma sékmingai buvo panaudotos ,,dirbtinés* mirtrony
sistemos (1.12 pav.). Dazniausiai mutacija yra tik viename geno alelyje, todél
panaudojus RNR interferencijag (RNRIi) yra sunaikinama ne tik mutavusi
baltymo forma, bet ir veiklus baltymas. Tokiu atveju geriausia ne tik nutildyti
transliacija, bet kartu j lastelg¢ jvesti slopinimui atsparia geno kopija,
palaikanciag fiziologinj baltymo aktyvumg. Tam puikiai tinka mirtrony
sistema, kai | lastele patenka reikalingas genas, kurio introne yra dirbtinai yra
jterpta mirtroniné miRNR. Identifikuota, kad dirbtinai j geng jvesta mirtroniné
miR-1224-3p efektyviai slopino su Parkinsono liga susijusius genus (221), o
miR-1226-3p — su raumeny distrofija lemiancia kinazg¢ DMPK (222). Taip pat,
VEGFA geny tildymui, lemiané¢iam kancerogenezés slopinimg, sékmingai
pritaikyta ir 3° tipo ,,dirbtiniy“ mirtrony sistema (223).

Lyginant su kanoninémis miRNR sistemomis, naudojamomis geny
tildymui, mirtrony panaudojimas tokio pobtdzio terapijoje turi keletg
privalumy: 1) mirtronai gali buti jterpti j bet kokj gena, kol néra pazeidziamos
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ju splaisingg lemiancios sritys; 2) genas ir mirtronai yra nurasomi to paties Pol
I promotoriaus, o tai uztikrina, kad abu terapijai reikalingi komponentai
visada bus sintetinami kartu; 3) identifikuota, kad galima sukurti audiniui
specifiskas sistemas; 4) nustatyta, kad vienu metu j lastele galima jvesti gena,
turintj kelias to paties mirtrono arba skirtingy mirtrony sekas, taip sustiprinant
to paties mirtrono RNRi arba siekiant vienu metu nutildyti kelis skirtingus
genus; 5) mirtrony brendimas priklauso nuo splaisingo proceso ir jie néra
karpomi Drosha, taigi mirtronai iSvengia kanoninio kelio prisotinimo ir
susidarusiy pre-miRNR toksiskumo, kai i lastele patenka itin didelis kiekis
miRNR (221,223,224). Taip pat identifikuota, kad naudojant 3° tipo
,»dirbtiniy®“ mirtrony sistemg modeliuojant sekas susiduriama su Zzymiai
maziau sekos elementy apribojimy, nei naudojant standartiniy trumpy
mirtrony sekas (223).

Mirtrono seka Fluorescuojanéio
Promotorius ﬁ ﬂ baltymo seka

| II\ ! [

S

Tikslinis genas

1.12 pav. ,,Dirbtiniy“ mirtrony sistemos schema. | lgstele jvedama slopinimui
atspari geno kopija, palaikanti fiziologinj baltymo aktyvuma. Tikslinio geno introne
yra dirbtinai yra jterpiama mirtrono seka, slopinanti mutantinio baltymo raiska.
Vektoriaus stebéjimui Igstelése, $alia gali buti klonuojama fluorescuojanéio baltymo
seka.
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2. MEDZIAGOS IR METODAI

2.1 MedzZiagos ir metodai naudoti, dirbant su kylancéiosios aortos
aneurizmos audiniais ir kraujo plazmos méginiais

2.1.1 Pacienty, kuriems susiformavo kylanciosios aortos aneurizma, audiniy ir kraujo
plazmos méginiai

I§ viso tyrime dalyvavo 40 pacienty, kuriems buvo nustatyta kratinés
kylanciosios aortos aneurizma (KAA). 23 pacientams buvo atlikta aneurizmos
pasalinimo operacija. KAA audiniai surinkti i§ didZiojo aortos lanko radiuso,
kuriame yra stipriausia stebima patologija. I§ visy 40 pacienty paimti kraujo
plazmos méginiai. Taip pat 4 pacienty kraujo plazmos méginiai buvo surinkti
praéjus 3 ménesiams po operacijos.

Kontroliniai sveiki aortos audinio ir kraujo plazmos méginiai, buvo
surinkti i§ trijy kontroliniy grupiy: 1) SeSi Sirdies donory aortos sienos
fragmentai, like po Sirdies transplantacijos operacijos; 2) 72 aortos sienos
fragmentai, ,,iSmusti* i§ aortos sienos pritvirtinant aortos ir vainikiniy arterijy
jungtj (AVAD), ir Siy 28 pacienty kraujo plazmos méginiai; 3) 10 kraujo
plazmos méginiy, paimty i§ neoperuoty asmeny, kuriy kylancioji aorta pagal
echokardiografinius aortos morfometrijos vertinimo duomenis nebuvo
i§siplétusi.

Visumine miRNR sekoskaita i§ viso iSanalizuoti 32 méginiai. Audiniy
atveju — 8 kylanciosios aortos aneurizmos méginiai, 4 sveiki aortos audiniai,
surinkti 1§ Sirdies donory aortos sienos fragmenty, likusiy po Sirdies
transplantacijos ir du méginiai i§ aortos sienos fragmenty, ,,iSmusty* i§ aortos
sienos pritvirtinant AVAJ. Plazmos atveju — 7 kraujo plazmos méginiai,
susiformavus KAA, bei 4 $iy pacienty, plazmos méginiai, praéjus 3
meénesiams po operacijos, ir 7 kontroliniai sveiky pacienty, kai echoskopijos
metu nebuvo nustatyti pakitimai kylanc¢iojoje aortoje, plazmos méginiai.

PGR metodu miRNR raiska audiniy atveju tikrinta naudojant 17
kylanciosios aortos aneurizmos méginiy, 5 Sirdies donory aortos sienos bei 35
»iSmustus‘ i§ aortos sienos, fragmentus. Plazmos atveju — 28 kraujo plazmos
meéginius, i§ pacienty, kuriems nustatyta KAA, ir 34 kontrolinius neoperuoty
pacienty, kuriems nebuvo nustatyta KAA, ir pacienty, kuriems buvo ,,iSmusti*
aortos sienos fragmentai, méginius.

Kadangi isgrynintos i§ audiniy RNR degradacijos laipsnis dazniausiai
priklauso nuo audinio surinkimo sglygy, nei gryninimo biido, kiekvienu atveju
buvo stengiamasi kuo greiciau aortos audinj supjaustyti 0,5 x 0,5 cm dydzio
fragmentais ir kuo trumpiau laikyti kambario temperatiroje. Viena audiniy
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dalis buvo dedama j RNR degradacija stabdantj RNAlater™ tirpalg (Thermo
Fisher Scientific) ir laikoma -80 °C iki RNR gryninimo, o kita dalis ruoSiama
histologiniui vertinimui. Kraujo méginiai buvo renkami naudojant
Venosafe™ K2EDTA (Therumo Europe) mégintuvélius. Kraujo plazmos
meéginiai buvo renkami laikantis aukSty kraujo surinkimo bei plazmos
atskyrimo nuo kity kraujo sudedamyjy daliy reikalavimy.

23 KAA audiniy operacijos

40 KAA pacienty
40 KAA kraujo plazmos méginiai

4 KAA kraujo plazmos méginiai
praéjus 3 mén po operacijos

6 audiniai like i$ Sirdies donory
Sveiki aortos audiniai
72 audiniai po AVAJ

28 pacienty po AVAJ
Sveiki kraujo plazmos méginiai

10 neoperuoty sveiky Zmoniy

8 KAA audiniai + 4 audiniai like i$ Sirdies donory
+ 2 audiniai po AVAJ
Visuminé Sekoskaita

7 KAA kraujo plazmos + 7 neoperuoty sveiky Zmoniy
+ 4 KAA 3 mén. po operacijos kraujo plazmos méginiai

17 KAA audiniy + 5 audiniai like i$ Sirdies donory
+ 35 audiniai po AVAJ
Tikro laiko PGR

28 KAA kraujo plazmos + 34 neoperuoty sveiky Zmoniy
ir pacienty po AVAJ

2.1 pav. Eksperimentams naudoti KAA audiniy ir kraujo plazmos méginiai.
Tikro laiko PGR eksperimentams naudoti 35 aortos audiniai po AVAJ. Dél itin mazy
tokio tipo audiniy dydZio ir mazo i§gryninto RNR kiekio, kiekvienos miRNR atveju
tikro laiko PGR patikrinta po 15 audiniy po AVAJ. KAA — kriitinés kylanc¢iosios
aortos aneurizma. AVAJ - fragmentai, ,,iSmusti* i§ aortos sienos pritvirtinant aortos ir
vainikiniy arterijy jungt;.
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Plazma nuo kity kraujo sudedamyjy daliy buvo atskirta per 24 val. pagal
miRNeasy Serum/Plasma Handbook protokolg. Cirkuliuojanc¢iy miRNR
plazmoje yra labai nedaug, todél labai svarbu, kad kraujo paémimo, laikymo
ir plazmos atskyrimo metu, nebiity pazeidZiamos kraujo lastelés - eritrocitai,
neutrofilai ir makrofagai. Biitent jiems suirus j krauja patenka itin didziulis $iy
lasteliy miRNR kiekis, kurios tyrimo metu gali bati Klaidingai registruojamos
kaip cirkuliuojanc¢ios miRNR. Tai yra viena didziausiy problemy dirbant su
plazmos méginiais (225). Todél surinkta kraujo plazma buvo tikrinama
registruojant hemolizés lygj. Pirmiausia naudojant NanoDrop™ 2000
spektrofotometra (ThermoFisher Scientific) matuojama hemoglobino sugertis
ties 414 nm ilgio banga. Kadangi A(414) sugertj taip pat gali keisti padidéjes
lipidy kiekis kraujyje (226), todél papildomai tikro laiko PGR metodu buvo
identifikuojama ar plazmoje tikrai néra padidéjusio eritrocitams biidingy miR-
16-5p bei miR-451 kiekio (227,228). Tyrimams pasirinkti tik tie méginiai, kai
A(414) nesieké 0,2 vertés ir miR-16-5p bei miR-451a slenkstinio ciklo (Ct)
vertés buvo zemesnés nei 19 ir 22 atitinkamai (p2 lentel¢). Plazmos méginiai
laikomi -80 °C.

Echokardiografinis kylanciosios aortos tyrimas atliktas Lietuvos
sveikatos moksly universiteto Kardiologijos klinikoje. Tyrimas buvo
paruostas pagal ,,The Code of Ethics of the World Medical* asociacijos
reikalavimus (Helsinkio deklaracija) ir patvirtintas Kauno Regioninio
Biomedicininiy tyrimy etikos komiteto (Nr. P2-BE-2-12/2012).

2.1.2 RNR gryninimas i§ KAA audiniy ir RNR kokybés jvertinimas

2.1.2.1 DEPC-H20 ruoSimas

700 pl dietilo pirokarbonato (DEPC) (Roth) skiedziama 700 ml
dejonizuoto vandens, 24 val. inkubuojama maisant ir autoklavuojama 1
atmosferos slégyje 20 min. Laikoma +4°C temperatiiroje.

2.1.2.2 RNR gryninimas

Visuminé RNR i§ aortos sienos audiniy buvo gryninama naudojant
mirVana Ambion rinkinj (ThermoFisher Scientific). RNR gryninimo metu,
meéginj centrifuguojant 1000xg greiciu +4 °C temperatiiroje taip pasalinant i
audinj jsigérusj RNAlater (ThermoFisher Scientific), audiniy gabaliukai buvo
sutrupinami grastuvéje, Saldant skystame azote. Audinio milteliai perkeliami
1 600 pl Ilasteles ardancio buferio, papildomai pridedant 15 pl RNaziy
inhibitoriy Ribolock, inkubuojama 10 min. lede. Pridedama 600 pl fenolio-
choroformo misinio ir maiSoma purtykléje 1 min. MiSinys centrifuguojamas
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5 min 12000xg grei¢iu 16 °C temperatiiroje. Mégintuvélis atsargiai
iStraukiamas i$ centrifugos, j atskirg mégintuvélj atskiriama tirpalo virSutiné
frakcija, pridedama 1,25 tiirio 96% etanolio, tirpalas perkeliamas j kolonéle ir
centrifuguojama 30 s. Kolonélé praplaunama du kartus naudojant 700 pl
MIiRNR praplovimo tirpalg, bei vieng uzpilant 500 pl praplovimo tirpalo,
kiekviena kartg centrifuguojant 30 s. Tada siekiant pasalinti likusj skysti
kolonélé 2 min. centrifuguojama tuscia. RNR yra eliuojama, uzpilant 20-30
pI RNaziy neturincio vandens ir centrifuguojant 1 min. 16000xg greiciu.

2.1.2.3 RNR vientisumo tikrinimas Agilent nanogardeléje

Visuminés RNR integralumas  buvo  patikrintas  Agilent
bioanalizatoriumi iSmatavus RNR integralumo rodiklj RIN, kuris skai¢iuoja
ribosominiy 28S/18S santykj. RNR molekulinés masés zymuo (200 — 6000
nt) pakaitinamas 70°C temperatiiroje 2 min. iSpilstomas po 1,1 ul ir laikomas
— 80°C temperatiiroje. Tiriamos RNR taip pat pakaitinamos 70°C
temperattiroje 2 min., taip sumazinant galimy RNR antriniy struktiiry kiek].
ParuoSiamas Agilent RNA 6000 Nano gelis - 550 pl gelio centrifuguojama
per specialy filtrg 1500xg grei¢iu 10 min. ] 65 pl filtruoto gelio pilama 1 pl
RNA 6000 Nano dazo koncentrato. MiSinys sumaiSomas ir centrifuguojamas
13000xg grei¢iu 10 min. kambario temperatiiroje. Pirmiausia ] visus
pazymétus gardelés Sulinélius neSama po 9 pl dazo ir gelio miSinio, tada
ineSama po 5 ul RNA Nano 6000 zymens (25 nt ilgio vidinio Zymens, nuo
kurio bus pradéta fiksuoti méginiy fluorescencija) ir po 1 pl pakaitinty tiriamy
RNR, isskyrus i pazyméta Sulinélj jneSamas 1 pl RNR molekulinés maseés
zymuo. Naudojama 250 ng/ul RNR koncentracija. Gardelé purtoma 2000
apsisukimy per minute greic¢iu 60 s. IKA purtykléje ir patalpinama j Agilent
2100 bioanalizatoriy (Agilent Technologies), kur vykdoma kapiliariné
elektroforezé. Gavus duomenis jvertinamas RNR vientisumo skaicius (RIN).

2.1.3 miRNR sekoskaitos biblioteky ruosimas

2.1.3.1 RNR koncentracijos matavimas

Ruosiant miRNR sekoskaitos bibliotekas, siekiant uztikrinti vienodus
RNR kiekius, nesamus j reakcijas, tiksli RNR koncentracija, buvo matuojama
Qubit RNA HS (ThermoFisher Scientific) reagentu, specifiskai susiriSanciu
su RNR, ir itin tiksliai nustatan¢iu RNR kiekj. Pirmiausia buvo paruo$iamas
tirpalas, kai 1 pl dazo sumaiSoma su 199 ul reakcijos buferio. Siame dazo-
buferio tirpale 20 karty praskiedziami RNR kiekio standartai, bei 200 karty
praskiedziami meéginiai, sumaiSoma ir inkubuojama 2 min. kambario
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temperatiiroje. Koncentracija nustatoma su Qubit fluorimetru (ThermoFisher
Scientific).

2.1.3.2 miRNR sekoskaitos biblioteky paruosimas

miRNR, iSgrynintos i§ audiniy arba kraujo plazmos, sekoskaitos
bibliotekos ruostos, naudojant NEXTflex Small RNA-Seq Kit v3
(PerkinElmer) rinkinj. Vykdomi zingsniai - 3° Adapterio ligavimas, 3°
adapteriy pertekliaus pasalinimas naudojant magnetines daleles, 3° adapterio
pertekliaus inaktyvacija, 5° adapterio ligavimas, kDNR sintezé, medziagy
likusiy po kDNR sintezés pasalinimas, PGR reakcija, tinkamo ilgio PGR
produkty gryninimas naudojant magnetines daleles bei PAGE gelj. 3¢
adapteriai buvo liguojami j reakcija nesant 1,6 ug visuminés RNR arba 10,5
pL RNR isgrynintos i$ aortos sienos audiniy arba kraujo plazmos, atitinkamai.
RNR, iSgrynintos i§ audiniy atveju, 3’ ir 5° adapteriai buvo skiedziami 1/3,
iSgrynintos i§ plazmos — 4 kartus. Adapteriy pertekliaus paSalinimas ir
inaktyvacija, KDNR sintezé vykdyta pagal gamintojo rekomendacijas. RNR,
iSgrynintos i$ audiniy arba plazmos méginiy atvejais KDNR dauginama 18
arba 23 PGR cikly atitinkamai. miRNR sekoskaitos bibliotekos, paruostos i$
plazmos méginiy, buvo frakcionuojamos 6% akril-amidiniame gelyje,
pasalinant 130 bp (susiformavusius adapteriy dimerius) ir 160 bp priemaisas,
ir iSpjaunant ir iSgryninant tikslinj 150 bp produkts pagal gamintojo
rekomendacijas.

Sekoskaitos biblioteky paruo$imo efektyvumas jvertintas Agilent
bioanalizatoriumi (Agilent technologies), naudojant Agilent High Sensitivity
DNA (Agilent technologies) rinkinj. Visais miRNR sekoskaitos biblioteky
ruo$imo atvejais gautos tikslinés miRNR frakcijos, kuriy koncentracija buvo
pakankama sekoskaitai. Tiksli biblioteky koncentracija buvo nustatoma
naudojant KAPA Library Quantification (Rosche) rinkinj, idenfikuojantj tik
abu sekoskaitos pradmenis turinCius, t.y. sekoskaitai tinkamus DNR
fragmentus. miRNR sekoskaitos bibliotekos hibridizuotos prie Illumina
MiSeq sekoskaitos lusto (Illumina) ir visuminé sekoskaita buvo atlikta su
Illumina MiSeq sekoskaitos platforma, naudojant MiSeq™ Reagent Kit v2
reagentus (Illumina) ir sekvenuojant 50 cikly.

Sekoskaitos biblioteky paruo$imo optimizacija naudojant i§ kraujo
plazmos iSgryninta RNR buvo atlikta doktorantés S. Gasiulés. Toliau
bibliotekas, naudojant i§ kraujo plazmos i$grynintg RNR, paruosé dr. V.
Stankevi¢ius, DNMTS, BTI.

miRNR sekoskaitos duomeny analizé bei miRNR taikiniy paie$ka dr.
R.Razanskas, EGIS, BTI.
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2.1.3.3 miRNR sekoskaitos biblioteky jvertinimas Agilent nanogardeléje

Visy sekoskaitos biblioteky tiksliniy produkty ilgis ir priemaiSos
jvertintos Agilent bioanalizatoriumi (Agilent technologies), naudojant Agilent
High Sensitivity DNA (Agilent technologies) rinkinj. | High Sensitivity DNA
gelj pridedama 15 pl High Sensitivity DNA dazo koncentrato ir
centrifuguojama per specialy filtrag 2240 x g greic¢iu 10 min. [ visus pazymétus
gardelés Sulinélius neSama po 9 ul dazo ir gelio miSinio, tada jneSama po 5 ul
High Sensitivity DNA zymens (35 nt ilgio vidinio Zymens, nuo kurio
pradedama fiksuoti méginiy fluorescencija, bei 10380 nt ilgio, ties kuriuo
baigiasi méginiy detekcija) ir po 1 pl tiriamos sekoskaitos bibliotekos,
i8skyrus | pazyméta Sulinélj jneSamas 1 pl DNR molekulinés masés zymuo.
Gardelé purtoma 2000 apsisukimy per minute greic¢iu 60 s IKA purtykléje ir
patalpinama j Agilent 2100 bioanalizatoriy, kur vykdoma kapiliariné
elektroforezé. Gavus duomenis jvertinamas sekoskaitos bibliotekos
grynumas, t.y kiek produkty yra 150 bp ilgio.

2.1.3.4 miRNR sekoskaitos biblioteky koncentracijos nustatymas

Tiksli sekoskaitos biblioteky koncentracija nustatoma tikro laiko PGR
metodu naudojant KAPA Library Quantification (Rosche) rinkinj. Pirmiausia
5 ml 2 x KAPA SYBR FAST qPCR master Mix sumaisomas su 1 ml 10 x
specifiniy pradmeny misinio. Tirpalas iSpilstomas mazais kiekiais, vengiama
Sildyti/Saldyti ir laikoma -20°C temperatiiroje. Priklausomai nuo pradinés
koncentracijos méginiai yra skiedziami 100000-500000 karty RNaziy
neturin¢iame vandenyje (ThermoFisher Scientific) arba 10mM Tris-HCI
(Roth), pH = 8.0, buferyje. 12 ul paruosto buferio maiSoma su 4 ul vandens ir
4 ul méginio. Taip pat supilstomi standartai — nurodantys 0.0002 pM, 0.002
pM, 0.002 pM, 0.02 pM, 0.2 pM, 2 pM, 20 pM DNR koncentracijas.
Vykdoma tikro laiko PGR. Salygos: 1) 95°C 5 min., 2) 95°C 30 s., 3) 60°C
45 s., 2-4 zingsniai kartoti 35 kartus. PGR laikomas tinkamu, jei apskai¢iuotas
reakcijos efektyvumas svyruoja 90-110%, R?>0.99. I3 standartinés kreivés
paskai¢iuojama sekoskaitos biblioteky koncentracija ir normalizuojama pagal
tikslinés bibliotekos nukleotidy skai¢iy. Standartinei kreivei naudojami DNR
produktai yra 452 bp ilgio, misy tiksliné biblioteka - 150 bp ilgio. Tam
koncentracijos yra padauginamos i§ 452/150 santykio.

2.1.35 Sekoskaitos biblioteky paruosimas Illumina sekoskaitai

Pries pat sekoskaitg 6 sekoskaitos bibliotekos proporcingai sumaiSomos
1 bendra misinj, 15-30 pl Rnaziy neturin¢iame vandenyje (ThermoFisher
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Scientific), kad galutiné visy biblioteky koncentracija buty 2 nM. Naujai
paruoSiamas 0,2 N NaOH (Roth). 200 pl 1 N NaOH sumaiSoma su 800 pl
Rnaziy neturin¢iu vandeniu (ThermoFisher Scientific). AtSildomas HT1
buferis (Illumina) ir laikomas +4°C. 5 pl 2 nM sekoskaitos bibliotekos
sumaiSoma su 5 pl 0,2 N NaOH, nucentrifuguojama ir inkubuojama 5 min.
kambario temperatiroje. Tada j miSinj pridedama 990 pl HT1 buferio,
gaunama galutiné 10 pM bibliotekos koncentracija.

Sekoskaitos klasteriy formavimo, sekoskaitos ir prisilyginimo
efektyvumui nustatyti bei esant dideliam vienody nukleotidy persidengimui
kompensuoti yra naudojama bakteriofago PhiX genomo biblioteka (Illumina),
kuri yra sumaiSoma su sekoskaitos bibliotekomis. Pirmiausia 2 il 10 nM PhiX
sumaiSoma su 3 pl vandens ir denatiiruojama su 5 il 0,2 N NaOH, inkubuojant
5 min. kambario temperattroje. Tada j misinj pridedama 990 pl HT1 buferio.
375 pl $io tirpalo sumaiSoma dar su 225 pl HT1 buferio, ir gaunama galutiné
12,5 pM PhiX bibliotekos koncentracija.

Paruosiamas sekoskaitos lustas (Illumina), reagentus sumaisant, lusta
vartant 10 karty. Sekoskaitos gardelé (Illumina) yra atplaunama nuo drusky,
su 250 ml vandens, leidziant vandens srove i§ virSaus ir sausai nuvaloma su
servetélémis nepaliekant jokiy atplais$y. 600 ul 10 pM sekoskaitos biblioteky
sumaiS$oma su 5 pl 12,5 nM PhiX bibliotekos, ir neSama j sekoskaitos lustg.

2.1.4 Tikro laiko RT-PGR

2.1.4.1 Komplementarios DNR (kDNR) sintezé

Kad biity iSvengta uzterSimo genomine DNR, visuminé RNR pirmiausia
veikiama dsDNase (ThermoFisher  Scientific) pagal gamintojo
rekomendacijas. Toliau vykdoma miRNR arba informacinés iRNR kDNR
sintezé. Reakcijos turis — 20 pl. MiSinj sudaré 4 pl 5x RT reakcijos buferio,
0,4 ul 25 mM dNTP misinio (ThermoFisher Scientific), 0,4 ul 40 vnt/ul
RNaziy slopiklio RiboLock (ThermoFisher Scientific), 1 pl 200 vnt/pl
RevertAid (M-MuLV) atvirkstinés transkriptazés (ThermoFisher Scientific),
0,8 ul 0,25 uM miRNR specifisko (Metabion) arba 1 pl 100 uM jvairiy
atsitiktiniy heksamery pradmeny misinio (ThermoFisher Scientific).
Visuminés RNR j reakcijg neSama 100 ng. miRNR atvirkstinés transkripcijos
reakcijos salygos: 1) 25°C 20 min., 2) 37°C 60 min., 3) 70°C 10 min. iRNR
atvirkstinés transkripcijos antras zingsnis vykdytas 42°C. miRNR specifiski
pradmenys pateikiami p12 lenteléje.
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2.1.4.2 Tikro laiko PGR

Tikro laiko PGR reakcija vykdyta naudojant SYBR Green PGR rinkinj
(ThermoFisher Scientific). Kiekybiné PGR atlickama po kDNR sintezés.
Bendras reakcijos tiiris — 20 pl. Kiekvienai reakcijai naudojama 10 pl 10-32
kartus skiestos KDNR (priklausomai nuo tiriamos miRNR ar iRNR) ir 0,3 uM
tiesioginio ir atvirkStinio pradmeny miSinio bei 10 pl Maxima SYBR
Green/ROX gPCRMaster (2X) misinio. Kiekybiné PGR vykdoma 0,1 ml
meégintuvéliy juostoje naudojant Rotor-Gene (Qiagen) aparata. Reakcijos
salygos: 1) 95°C 10 min. - pradiné denatiiracija, 2) 95°C 15 s, 3) 55°C 1 min.,
4) 60°C 30 s (2-4 Zingsniai kartoti 3 kartus), 5) 95°C 10 s, 6) 60°C 30 s 5-6
zingsniai kartoti 32 kartus. iRNR atveju vykdyta standartiné trijy Zingsniy
PGR reakcija.

MiRNR/IRNR raiSka vertinama lyginamojo Cr metodu. Tiriamos
miRNR raiska lygi 244, kur AAC; yra (CtmiRNR/RNR - Ctendogenine) - (Ctkontrole
- Ct endogenine). MIRNR atveju audiniy atveju endogeniné kontrole naudota
miR-152-3p. iRNR atveju endogenine kontrolé naudota GAPDH. Kiekybiné
PGR vykdoma naudojant Rotor-Gene (Corbett Life Science) aparatg.
Pradmeny sekos pateikiamos lentelése p13 ir p14.

2.2 Medziagos ir metodai naudoti, dirbant su vir§kinimo sistemos
véziniais bei sveikais audiniais

2.2.1 Virskinimo sistemos véZiniai bei sveiki audiniai

Véziniai audiniai buvo surinkti naviky S$alinimo operacijy metu.
Pacientams prie§ ir po operacijos nebuvo taikoma nei radioterapija, nei
chemoterapija. Méginys surinkimo metu padalintas j dvi dalis, viena dalis
uzfiksuota formaline ir iSanalizuota histologiskai jvertinant naviko stadijg bei
diferenciacijos laipsnj, antra dalis Saldoma skystame azote ir laikoma —80°C
iki RNR gryninimo.

I$ viso surinkta 12 kasos, 13 skrandzio ir 12 storosios zarnos naviky. Visi
kasos ir storosios zarnos naviky méginiai buvo paimti i§ T3 naviky stadijos
(pagal TNM Kklasifikacijg). Visi véziniai audiniai pasizyméjo arba vidutiniskai
(G2), arba silpnai (G3) diferencijuotomis lastelémis. Kontroliniai kasos
audiniai (n=8) buvo surinkti i§ sveiky donory organy transplantacijos metu;
kontroliniai skrandZio audiniai (n=15) - skrandZio mazinimo operacijos metu;
kontroliniai storosios Zarnos audiniai (n=6) - Zarny $alinimo operacijy metu
arba esant kitiems Zarnyno susirgimams.
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Meéginiai buvo surinkti LSMU VirSkinimo sistemos tyrimy instituto,
Chirurginés gastroenterologijos laboratorijoje. Navikai ir sveiki audiniai buvo
paimti i§ pacienty gavus jy rastiska sutikimg. Tyrimas buvo paruostas pagal
»The Code of Ethics of the World Medical* asociacijos reikalavimus
(Helsinkio deklaracija).

2.2.2 RNR gryninimas i§ véziniy ir sveiky virSkinimo sistemos audiniy

RNR i$ naviky ir sveiky kontroliniy audiniy buvo gryninama naudojant
mirVana PARIS rinkinj (ThermoFisher Scientific). Audinys buvo sutrinamas
naudojant mazg grastuvg 300 pl Igsteles ardanciame buferyje, papildomai
pridedant 15 pl RNaziy inhibitoriy Ribolock. Tada uzpilama 300 pl
denattruojancio buferio, sumaiSoma ir inkubuojama 5 min. lede. Toliau
pridedama 600 pl fenolio-choroformo misinio ir maiSoma purtykléje 1 min.
Misinys centrifuguojamas 5 min. 12000xg greic¢iu 16 °C temperatiiroje. |
atskirg mégintuvélj atskiriama tirpalo virSutiné frakcija, pridedama 1/3 tiirio
96% etanolio, tirpalas perkeliamas j kolonélg¢ (ant jos surenkama ilgyjy (>200
nt) RNR frakcija) ir centrifuguojama 30 s. Filtratas surenkamas, j ji pridedama
2/3 turio 96% etanolio ir neSama j kitg kolonélg (ant jos surenkama trumpyjy
(<200 nt) RNR frakcija, centrifuguojama 30 s. Abi kolonélés praplaunamos
du kartus naudojant 700 I miRNR praplovimo tirpalg, bei vieng uZpilant 500
ul praplovimo tirpalo kiekvieng kartg centrifuguojant 30 s. Siekiant paSalinti
likus;j skystj kolonéles centrifuguojamos tuscios. RNR yra eliuojama, uzpilant
20-30 pl RNaziy neturinéio vandens (ThermoFisher Scientific) ir
centrifuguojant 30 s 16000xg greiciu. Isskiriamos dvi RNR frakcijos: iki 200
nt ir ilgesnés nei 200 nt.

Trumpyjy RNR (<200nt) frakcija buvo naudojama mirtroniniy miRNR
atvirkstinei transkripcijos reakcijai ir tikro laiko PGR eksperimentams. Ilgyjy
RNR (>200nt) RNR integralumas patikrinamas Agilent bioanalizatoriumi
(Metodas 2.1.2.3).

2.2.3 kDNR sintez¢ ir tikro laiko PGR, tiriant mirtronines miRNR

Kad buty i$vengta uzter§imo genomine DNR, visi trumpyjy (<200 nt)
RNR frakcijos miRNR méginiai veikiami DNazel (ThermoFisher Scientific)
pagal gamintojo rekomendacijas.

mMiRNR kDNR sintezés ir tikro laiko PGR reakcijos vykdytos kaip ir
2.1.4.1 ir 2.1.4.2 metoduose, su keliais pakeitimais. | reakcija buvo neSama
200 ng trumpyjy RNR (<200 nt) frakcijos, iSgrynintos i$ vir§kinimo sistemos
audiniy. | tikro laiko PGR reakcijg neSama neskiesta kDNR. Endogeniné
kontrole naudota RNU4S raiSka. Pradmenys pateikiami lentelése p13 ir p14.
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2.3 Medziagos ir metodai naudoti, dirbant su vir§kinimo ir
Salinimo sistemos vézinémis lgstelémis

2.3.1 Eukariotiniy lasteliy linijos

HEK 293A - Zmogaus embrioninés inksty lastelés;

Panc-1 - zmogaus kasos latako epiteliné karcinoma;

SU.86.86 - Zmogaus kasos latako karcinoma; metastaze i§ kepeny;
T3M4 - Zmogaus kasos latako karcinoma; metastaze;

Caki-1 - zmogaus inksty $viesiy lasteliy karcinoma, metastazé i§ odos;
786-0 - zmogaus inksty Iasteliy adenokarcinoma;

HCT116 - Zmogaus storosios Zarnos karcinoma;

Kato I1l - zmogaus skrandzio karcinoma; metastaze i§ limfmazgiy.

2.3.2 Medziagos eukariotiniy lasteliy kultivavimui

RPMI 1640 — Roswlell Park memorial Institute Igsteliy auginimo terpé
(ThermoFisher Scientific);

FBS — jaucio vaisiaus serumas (ThermoFisher Scientific);

Antibiotikai — 50 mg/ml penicilinas ir streptomicinas (ThermoFisher
Scientific);

200mM L-Glutaminas (ThermoFisher Scientific);

Tripsinas (ThermoFisher Scientific);

PBS — lasteliy praplovimo buferis, pH=7,4, 137mM NaCl, 2,7mM KCI, 8,1
mM Na;HPO,, 1,47mM KH2PO4 (cheminiai reagentai i§ Roth);

DMSO (Sigma);

Kultivavimo indai - 75cm? pavirsiaus ploto flakonai, 21,2 cm? lékstelés
(Orange Scientific);

Sterilios 5 ml, 10 ml, 25 ml pipetés (Orange Scientific);

2ml Kkriogeniniai mégintuvéliai (ThermoFisher Scientific).

2.3.3 Lasteliy linijy kultivavimas

Eukariotinés lgstelés auginamos RPMI 1640 terpéje su 10 % FBS,
pridéjus 100 U/ml penicilino, 100 pg/ml ir 2 mM L-glutamino iki kol
padengia 70-80% flakono auginimo pavirSiaus ploto. Tada nuo flakono
pavirSiaus atkeliamos praplaunant PBS tirpalu ir uZpylus 0,02 mM tripsino/0,4
mM EDTA tirpalu, inkubuojant 37°C temperattroje 2-7 min. priklausomai
nuo lgsteliy linijos. Tripsinas inaktyvuojamas uzpilant RPMI 1640 su serumu
terpés, lastelés nusodinamos centrifuguojant 1000 x g grei¢iu 5 min. kambario
temperatiiroje, suspenduojamos augimo terpéje, skai¢iuojamos ir perséjamos.
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2.34 Lasteliy atSildymas/ uzSaldymas

Lastelés atSildomos jas laikant 2 min. 37°C temperatiiros vandens
voneléje. Lasteliy suspensija pamazu sulasSinama j 15 ml RPMI 1640 augimo
terpés su priedais 75 cm?flakone ir auginamos 37°C temperatiiroje ir 5% CO>
bei 95% drégmes atmosferoje. Pra¢jus 24 val. pakei¢iama terpe.

Saldant lastelés nucentrifuguojamos ir suspenduojamos 10% DMSO
jaucio vaisiaus serumo tirpale. Laikomos leduose, atSalusios iSpilstomos j
kriogeninius mégintuvélius. Mégintuvéliai laikomi -80°C temperatiiroje,
véliau perkeliami j duiarg su skystu azotu ilgalaikiam saugojimui.

2.3.5 Lasteliy skaiciavimas

Lastelés skaiCiuojamos naudojant ,,CedexHires* (Nexelom) lasteliy
skaiiavimo aparatg. Lasteliy suspensija sumaiSoma su 0,2 % tripano
mélynuoju dazu (Roche). | gyvybingas lasteles dazas nepatenka, 0
negyvybingos lastelés nusidazo mélynai. Automatiskai paskaiciuojamas
gyvybingy ir negyvybingy lgsteliy skai¢ius 1 ml suspensijose.

2.3.6 Mikoplazmos uzkrato nustatymas

Naudojant mikoplazmai specifinius pradmenis GPO3 ir MGSO
atliekama PGR. Pradmenys pateikiami lenteléje p15. Reakcijos turis - 20 pL,
vienai reakcijai naudojama 2 uL 10x DreamTaq buferio (ThermoFisher
Scientific), 0,4 puL 10 mM dNTP (ThermoFisher Scientific), po 0,16 uL 100
UM tiesioginio ir atvirkStinio pradmeny, 0,2 pL 5 U/pL DreamTaq DNR
polimerazés (ThermoFisher Scientific). ] PGR miSinj jdedama RPMI terpeé,
kurioje lastelés yra kultyvuojamos. Reakcijos salygos: 1) 98°C 30s, 2) 98°C
10s 3) 58°C 15s, 4) 72°C 45 s, 5) 72°C 5 min. 2-4 Zingsniai kartojami 40
karty. PGR produktai analizuojami 1% agaroziniame gelyje.

2.3.7 Transfekcija

Vektoriai, pcDNA3-SRSF1, pcDNA3-SRSF2, bei laukinio tipo ir
mutacijas turintys vektoriai pcDNA3-DHX30, pcDNA3-PLEKHJ1,
pcDNA3-MGAT4B, pcDNA3-NELFE, pcDNA3-ATG4D, pcDNA3-DDX5,
pcDNA3-KHSRP, pcDNA3-CARL ir pcDNA3-RPL8 transfekuojami j
eukariotines HCT116 storosios Zarnos vézio lgsteles naudojant Lipofectamine
LTX ir PLUS reagentus (ThermoFisher Scientific). 24 val. prie$ transfekcija
uzséjama 0,9 mln. HCT116 lasteliy j 21,2 cm? IékStutes. Paruo$iamas
transfekcijos misinys - 3,5 pg plazmidinés DNR sumai$oma su 3,5 pl PLUS
reagento ir praskiedZiama RPMI 1640 terpe be serumo iki 300 ul. Kitame
mégintuvélyje 18 pl Lipofectamine LTX reagento praskiedziama iki 300 pl
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RPMI 1640 terpe be serumo. Misiniai sumaiSomi ir inkubuojami 5 min.
kambario temperatiiroje. PakeiCiama auginimo terpé ir transfekcijos miSinys
sulaSinamas ant HCT116 lasteliy. Lastelés auginamos 24 val., tada terpé su
transfekcijos miSiniu pakei¢iama nauja. RNR bei baltymy raiska stebima
praéjus 48 val. Atlikti maziausiai trys nepriklausomi biologiniai pakartojimai.

2.3.8 RNR gryninimas i§ lgsteliy linijy

RNR i Iasteliy linijy buvo gryninama naudojant RNAzol RT (Molecular
Research Center). Lastelés lizuojamos 21,2 cm? auginimo flakonuose uZpilant
2 ml RNAzol RT reagento, suspensija iSpilstoma po 1 ml ir laikoma -20°C
temperatiiroje. Lasteliy lizatai atSildomi 37°C. Ant jy uzpilama po 400 pl
DEPC paveikto vandens, inkubuojama kambario temperatiiroje 15 min.,
centrifuguojama 16000 x g grei¢iu 4°C temperatiiroje 15 min. Po 1 ml
supernatanto nusiurbiama j naujus mégintuvelius su 0,4 ml 75% etanolio,
inkubuojama 4°C temperatiiroje 10 min., tada centrifuguojama 12000 x ¢
greiiu 4°C temperatiiroje 8 min. Supernatantai (po 1 ml), kuriuose yra
trumpyjy RNR (< 200 nt) frakcijos nusiurbiami | naujus mégintuvélius su 0,8
ml 100% izopropanolio, inkubuojami 4°C temperatiroje 30 min., tada
centrifuguojami 12000xg greiciu 4°C temperatiiroje 15 min. Kol supernatantai
laikomi su izopropanoliu, susidariusios ilgyjy RNR (>200 nt) frakcijos
nuosédos 2 kartus praplaunamos 0,5 ml 75% etanoliu centrifuguojant 8000xg
grei¢iu 4°C temperatiroje 3 min. ir iStirpinamos RNaziy neturin¢iame
vandenyje (ThermoFisher Scientific). Po centrifugavimo | nuosédas
i8kritusios trumposios RNR 2 kartus praplaunamos 0,5 ml 70% izopropanoliu
centrifuguojant 8000xg greiciu 4°C temperatiiroje 3 min., tada iStirpinamos
RNaziy neturin¢iame vandenyje (ThermoFisher Scientific), iSpilstomos
mazesniais kiekiais, uzSaldomos skystame azote ir saugomos -80°C
temperatiiroje.

Isskiriamos dvi RNR frakcijos: iki 200 nt ir ilgesnés nei 200 nt.
Trumpyjy RNR (<200nt) frakcija buvo naudojama mirtroniniy miRNR
atvirkstinei transkripcijos reakcijai ir tikro laiko PGR eksperimentams. Tlgyjy
RNR (>200nt) frakcija — splaisingo efektyvumo nustatymui. Tikro laiko PGR
eksperimentai atliekami kaip apras$yta metode 2.2.3
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2.4 Medziagos ir metodai naudoti, dirbant su E.coli bakterijomis

2.4.1 E coli bakterijy kamienas

ER2267 genotipas: F* proA*B* laclq A(lacZ)M15 zzf::mini-Tn10 (Kan®)/
A(argF-acZ)U169 glnV44eld (McrA’) rfbD1? recAl endAl spoT1? thi-1
A(merC-mrr)114::1S10

2.4.2 Medziagos E.coli bakterijy kultyvavimui

LB terpé — 1% peptono (BD-Difto), 0.5% mieliy ekstrakto (BD-Difto), 0,5%
NaCl (Roth)

Agarizuota LB terpé — 2% agaro (BD-Difto), 1% peptono(BD-Difto), 0.5%
mieliy ekstrakto (BD-Difto), 0,5% NaCl (Roth)

Antibiotikai — Ampilicilinas ir kanamicinas (Roth)

HMCK buferis — 10mM HEPES, 55mM MnCl,, 15mM CaCl,, 250mM KClI
(cheminiai reagentai i$ Roth);

2.4.3 Elektroforezés buferiai

Boratinis buferis, pH 8,2 - 100 mM H3B0sxNaOH (Amresco), 2 mM EDTA
(Roth), 15 mM CH3COOH (Roth);
5x TBE pH 8.3 - 54 g/L Tris-HCI (Roth), 27,5 g/L H3B03xNaOH (Amresco).

2.4.4 Geny inzinerijos metodai, naudoti klonuojat geny dalis, kuriose lokalizuoti
tiriami mirtronai

pSF2/ASF and pSC35 baltymo raiskos plazmidés buvo sukonstruotos dr.
A. Kanopkos grupé¢je, ILBS, BTI. Sukonstruoty plazmidziy DNR nukleotidy
sekos nustatytos Sekvenavimo centre, BTI. Geny inzinerijos metodams, jei
neparaSyta kitaip, naudoti ,,Thermo Fischer Scientific® preparatai.

24.4.1 Geny fragmenty padauginimas

Pirmiausia buvo padauginami fragmentai, kuriuose lokalizuoti tiriami
mirtronai, ir naudojant restriktazes klonuojami j pcDNA3 vektoriy. Geny
fragmentai, kuriuose yra tiriami mirtronai, padauginami vykdant PGR
reakcijg. Mirtroniné miR-1226 lokalizuota DHX30, miR-1227 - PLEKHJ1,
miR-1229 — MGAT4B, miR-1236 — NELFE, miR-1238 — ATG4D, miR-3064
— DDX5, miR-3940 — KHSRP, miR-6515 — CARL, miR-6850 — RPLS8 geny
intronuose (pl pav). DHX30 atveju padauginama sritis nuo 19 iki 21 egzono
(padauginto fragmento ilgis — 578 bp), PLEKHJ1 - 5-7 egzono (fragmento
ilgis — 401 bp, 7 egzone padauginama tik baltyma koduojancig dalis,
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nejtraukiant 3' UTR sekos), MGAT4B — tarp 11-13 egzony (fragmento ilgis
— 427 bp), NELFE - tarp 3-4 egzony (fragmento ilgis — 318 bp), ATG4D —
tarp 7-9 egzony (fragmento ilgis — 428 bp), DDX5 - tarp 10-12 egzony
(fragmento ilgis 1675 bp), KHSRP — tarp 13-15 egzony (fragmento ilgis - 585
bp), CARL — tarp 5-7 egzony (fragmento ilgis - 645 bp), RPL8 — tarp 2-4
egzony (fragmento ilgis — 864 bp) (pl pav.). Naudojami pradmenys, 5° gale
turintys sekas, kurias atpazjsta Hindlll arba EcoRlI ir 3° gale esancias sekas,
kurias atpazjsta BamHI, EcoRI arba Notl (p8 lentelé)

PGR reakcijos ttiris — 50 pl, kiekvienai reakcijai naudojama5 pl 1x High
Fidelity polimerazés buferio, 5 pl 2 mM dNTP miSinio, po 2,5 ul 10 uM
tiesioginio ir atvirkstinio pradmeny (Metabion), 2 ul 100ng/pl Jurkat lasteliy
genominés DNR, 1 pl 1 vnt./ul Phusion High Fidelity DNR polimerazés.
Reakcijos salygos: 1) 98°C 30 s, 2) 98°C 10 s 3) prilydimo temperatiira
naudojama 5°C mazesné uz pradmeny lydymosi temperatira, 15 s, 4) 72°C
45, 5) 72°C 5 min. 2-4 zingsniai kartojami 40 karty.

2.4.4.2 DNR iSsodinimas

Gauti padauginti geny fragmentai iSsodinami 4°C temperatiroje,
centrifuguojant 16000 x g grei¢iu. Po PGR reakcijos miSiniai praskiedziami
vandeniu iki 200 pl ir sumaisoma su 200 pl fenolio-chloroformo misinio
(25:24) (Fluka), centrifuguojama 1 min. Susidariusios virSutinés frakcijos
nusiurbiamos | naujus megintuvélius, sumaiSomos su 200 pl chloroformo
(Fluka) ir 40 pul 3M CH3;COONa (Sigma), pH 5,2 ir centrifuguojama 1 min.
VirSutinés frakcijos vél nusiurbiamos, sumaiSomos su 500 pl 96% etanolio
(Vilniaus degtiné) ir 3 pl glikogeno, uzsaldomos skystame azote 30 s ir
centrifuguojamos 10 min. ISkritusios nuosédos praplaunamos 200 pl 75%
etanolio ir centrifuguojamos 5 min. Plovimas kartojamas 2 kartus. Po etanolio
pasalinimo DNR nuosédos dziovinamos 37°C temperatiiroje 5 min. ir
iStirpinamos 20-25 pl vandens. DNR koncentracija nustatoma naudojant
NanoDrop 2000 (ThermoFisher Scientific) spektrofotometra.

2.4.4.3 DNR karpymas restrikcijos endonukleazémis

2 pg DNR hidrolizé vykdoma naudojant restrikcijos endonukleazes 5°
gale esancias sekas atpazjstancias HindlIIl ir EcoRI ir 3° gale esancias sekas
atpazjstanCias BamHI, EcoRI ir Notl. Reakcijos ttris — 20 pl, kiekvienai
reakcijai naudojama 2 pl 10x Tango (R arba O) buferio, 2 ug DNR, po 1pl 10
vnt./ul Hindll (EcoRl) ir 10 vnt./ul BamHI (EcoRI arba Notl) endonukleaziy.
Inkubuojama 37°C temperatiiroje 1 val., inaktyvacija vykdoma 80°C
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temperatiiroje 20 min. Sukarpyti produktai iSfrakcionuojami agaroziniame
gelyje ir gryninami.

24.4.4 DNR gryninimas i§ agarozinio gelio

DNR elektroforezé agaroziniame gelyje vykdoma horizontaliame
elektroforezés aparate. Naudojamas 1-1,5% agarozinis gelis ir boratinis
buferis. DNR méginiai paruo$iami juos sumaiSius su DNR uzne$imo dazu
santykiu 1:6, uzneSami ] agarozinio gelio Sulinélius ir frakcionuojami. DNR
fragmenty dydziui nustatyti naudojami GeneRuler™ 100bp Plus DNA Ladder
ir GeneRuler™ 1 kb DNA Ladder molekulinés masés zymenys. PO
elektroforezés iSfrakcionuoti DNR fragmentai iSrySkinami agarozinj gelj
laikant 2 pg/ml etidzio bromido tirpale 20 min. ir gryninami naudojant Gene
JET Gel Extraction Kit pagal gamintojo rekomendacijas.

2.4.4.5 DNR fragmenty susiuvimas

Padauginti DNR fragmentai susiuvami su klonavimo vektoriumi
pcDNA3. Bendras reakcijos tiris — 20 pl. Kiekvienai reakcijai naudojama 2
ul 10x T4 DNR ligazés buferio, pcDNA3 ir/farba DNR fragmentai, 1 pl 5
vnt./ul T4 DNR ligazés. Jei siuvami lipnis galai, reakcija vykdoma kambario
temperatiroje 15 min., jei buki — 60 min. Fermentas inaktyvuojamas 70°C
temperatiiroje 5 min. Pusé reakcijos miSinio naudojama E. coli ER2267
imliyjy lasteliy transformacijai.

2.4.4.6 Imliyjy lasteliy paruosimas ilgalaikiam saugojimui

Imliosios E. coli ER2267 kamieno lastelés biologine Kkilpele
atbraukomos ant agarizuota LB terpe uzpiltos leékstelés ir auginamos per naktj
37°C termostate. Parenkamos atsitiktinés iSaugusiy bakterijy kolonijos ir
atbraukomos ant agarozuots LB terpés. Kita dieng bakterijy biomasé
perkeliama j 250 mL LB terpe. Auginama purtykléje 210 RPM greic¢iu 16°C
temperatiroje, kol terpés optinis tankis ties 600 nm banga pasiekia 0,6.
UZzaugusi biomasé surenkama centrifuguojant 1500 x g greiciu 10 min. 4°C
temperattiroje. Biomasés nuosédos suspenduojamos 80 mL steriliame, ledo
Saltumo HMCK buferyje ir inkubuojamos 10 min. ledo vonioje. Lasteles
centrifuguojamos taip pat kaip praeitame zingsnyje ir suspenduojamos 20 mL
HMCK buferyje. ] suspensija jdedama DMSO, kad galutiné koncentracija
tirpale bty 7%, inkubuojama 10 min. ledo vonioje ir Saltame kambaryje
iSpilstoma | sterilius 1,5 mL mégintuvélius, uzsaldoma skystame azote ir
laikoma -80°C saldiklyje.
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244.7 E. coli imliyjy lasteliy transformacija

Vektoriy padauginimui 200 pl imliyjy E. coli ER2267 kamieno lasteliy
suspenduojamos su puse tiirio susiuvimo misinio, inkubuojama ledo vonel¢je
25 - 30 min., tada 1,5 min. laikoma 42°C temperattros vandens voneléje ir vél
inkubuojama 2 min. lede. | mégintuvélj su lasteliy misiniu jpilama apie 1 ml
LB terpés ir inkubuojama 37°C temperataroje 1 - 1,5 val. Po inkubacijos
lastelés iSséjamos ant agarizuotos LB terpés lékstelése su 100 pg/ml
ampicilino ir 15 pg/ml kanamicino, auginamos 37°C temperatiiroje per naktj.

2.4.4.8 Diagnostiné¢ PGR

Po imliyjy lasteliy transformacijos atliekama diagnostiné PGR, taip
atrenkant E.coli bakterijy kolonijas, j kurias buvo sékmingai buvo
transformuoti vektoriai, turintys geny fragmentus. Bakterijy biomasé imama
nuo vienos izoliuotos kolonijos ir dedama j PGR reakcijos misinj. Bendras
reakcijos taris — 15 pl. Kiekvienai reakcijai naudojama 1,5 pl 10x Tagq buferio
be MgCly, 0,9 ul 25mM MgCly, 1,5 ul 20 mM dNTP misinys, po 0,15 pl 100
uM atvirkStinio ir tiesioginio pradmeny, 0,15 pl 5 wnt./ul Taq DNR
polimerazés. Reakcija vykdyta kaip metode 2.9.2.1. Pradmenys pateikiami
pl6 lenteléje.

2.4.49 Plazmidinés DNR i$skyrimas

Po transformacijos atrinktos E.coli kolonijos uzséjamos j 5 ml LB terpés
su 100 pg/ml ampicilino ir auginamos 37°C temperaturos purtykléje 14-16
val. Lasteliy biomasé surenkama centrifuguojant 1 min. maksimaliu greic¢iu
kambario temperatiiroje. Plazmidiné DNR skiriama i§ surinktos bakterijy
biomasés. I$skyrimui naudojamas Gene JET Plasmid Miniprep rinkinys,
remiantis gamintojo rekomendacijomis.

2.4.4.10 Tiksliniy mutacijy konservatyvose stityse jvedimas

Naudojant pradmenis, su pakeistu nukleotidu, vieno apsisukimo PGR
metodu j plazmides jvedamos dvi tikslinés mutacijos tiriamo introno 5° ir 3°
konservatyvose splaisingo srityse, egzono — introno riboje. Nukleotidy
pakeitimai vykdomi dviejomis stadijomis, pirmiausia pakei¢iant 5 gale esantj
konservatyvios introno srities GT guanino nukleotida j citozino nukleotidg.
Antros stadijos metu — 3¢ gale konservatyvios srities AG guanino nukleotida
pakeiéiant j citozing. Po kiekvienos mutacijos jvedimo prie linijinés plazmidés
buvo prikabinama fosfato grupé, plazmidés 5° ir 3 galai susiuvami
tarpusavyje ir transformuojamos j E. coli ER2267 lasteles. Naudojami
metodai analogiski 2.4.4.1-2.4.4.9. Pradmenys pateikiami p9 ir p10 lentelése.
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Padaugintos ir iSgrynintos plazmidés transfekuojamos j HCT116 lgsteles
(metodas 2.3.7), tiriamas splaisingo efektyvumas ir galimy mirtroniniy
miRNR rai$ka (metodas 2.2.3).

2.4.4.11 Splaisingo efektyvumo nustatymas

Ar | vektorius jvedus mutacijas vyksta tiriamy DHX30, PLEKHJ1,
MGAT4B, NELFE, ATG4D, DDX5, KHSRP, CARL, RPL8 geny fragmenty,
kuriuose yra tiriami mirtronai, splaisingas buvo nustatyta kokybiniu PGR
metodu. Po atvirkstinés transkripcijos reakcijos (Metodas 2.1.4.1) vykdoma
kokybiné PGR reakcija. Reakcijos misinj sudaré 5 pl 10x TrueStart Hot Start
Taq polimerazes buferio, 5 ul 2 mM dNTP miSinio, 3 pl 25mM MgCly, po 1
ul tiesioginio ir atvirkstiniy pradmeny, 0,25 pl TrueStart Hot Start Tag DNR
polimerazé (karsto starto polimerazé), 10 ul 10 karty skiestos ilgyjy frakcijos
kDNR. Reakcijos salygos: 1) 98°C 1 min., 2) 98°C 30 s 3) prilydimo
temperatira naudojama 5°C mazesné uz pradmeny lydymosi temperatiira, 30
S, 4) 72°C 45 s, 5) 72°C 5 min. 2-4 zingsniai kartojami 20 karty. Padauginti
produktai atskiriami 1% agaroziniame gelyje ir jvertinami fragmenty ilgai.
TBP geno raiska buvo naudojama kaip endogeniné kontrolé (p11 lentelé).

2.5 Statistiné analizé

Statistiné analizé¢ atlikta naudojant t-testa statistikos programose
»SigmaPlotl11“ arba GraphPad v6.0. Duomenys laikomi patikimais, Kai
p=<0,05.
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3. REZULTATAI

3.1 Visuminiy miRNR raiskos pokyc¢iy audinyje ir kraujo
plazmoje, susiformavus kriitinés kylan¢iosios aortos aneurizmai,
identifikavimas

Iki Siol miRNR kiekis kriitinés kylancCiosios aortos aneurizmos
(disertacijoje naudojamas sutrumpinimas KAA arba tiesiog kylanciosios
aortos aneurizma) audiniuose buvo tirtas tikro laiko PGR metodu ir miRNR
gardelémis (11-13). Visuminiai miRNR sekoskaitos tyrimai KAA
audiniuose nebuvo atlikti, nors tokiu budu gali buti identifikuojamos naujos
iki 8iol kylan¢iosios aortos aneurizmoje netirtos miRNR. Be to §iuo metodu
yra nustatomi visi miRNR izomirai bei efektyviai detektuojamos tos miRNR,
kuriy raiska méginyje yra zema (229,230). Taip pat siekdami nustatyti, ar
esant kylanciosios aortos aneurizmai i§ audinio j krauja patenka miRNR,
atlikome ne tik audiniy, bet ir kraujo plazmoje cirkuliuojan¢iy miRNR
sekoskaita. Naujos identifikuotos cirkuliuojancios miRNR ateityje gali buti
naudojamos kaip biozymenys $ios ligos nustatymui.

Zinoma, kad KAA yra skirstoma j sindromines formas (Marfano, Loeys—
Dietz, Shprintzen—-Goldberg, Ehlers—Danlos sindromai), Seimyning
nesindroming ir atsitikting. Sindrominés KAA formos i$sivysto dél geny
mutacijy ir tarpusavyje yra labai skirtingos (8). Savo tyrimams pasirinkome
tik atsitikting KAA forma, kuri retai yra siejama su geny mutacijomis ir néra
aiSku, kokios priezastys lemia §ios aneurizmos atsiradima (10).

Siekdami nustatyti visuminius miRNR profilio poky¢ius atsitiktinés
KAA audiniuose bei kraujo plazmoje, visumine sekoskaita naudodami
[Nlumina sekoskaitos platformg iSanalizavome 14 KAA audiniy bei 18
plazmos méginiy. Sekoskaitos schema pateikiama 3.1 pav. A.

Svarbu pabrézti, kad $io tyrimo metu buvo tiriamas iSorinis, stipriausiai
ligos pazeistas ir labiausiai iSsiplétgs krutinés Kylanciosios aortos radiusas.
Kontroliniai sveiki aortos audiniai buvo surinkti i§ Sirdies donory aortos
sienos fragmenty, likusiy po Sirdies transplantacijos (n=4), bei i§ aortos sienos
fragmenty, ,,iSmusty i§ aortos sienos pritvirtinant aortos ir vainikiniy arterijy
jungtj (AVAJ) (n=2). Kontroliné plazmos méginiy grupé buvo surinkta i$
sveiky pacienty, kai echoskopijos metu nebuvo nustatyti pakitimai
kylanciojoje aortoje (n=7). I§ dalies Siy pacienty, norint nustatyti, kaip
pasikei¢ia miRNR rai8kos profilis plazmoje po aneurizmos audinio
pasalinimo, plazmos méginiai buvo surinkti praé¢jus 3 ménesiams po
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operacijos (n=4). Demografiniai pacienty, kuriy audiniai bei kraujo plazma
buvo naudoti sekoskaitai, duomenys pateikiami p1 lenteléje.

Nors miRNR audiniuose yra gana stabili (231), sickdami iSvengti ilgyjy
RNR degradacijos seky sekoskaitos metu, jvertinome RNR, iSgrynintos i$
audiniy, kokybe (Metodai 2.1.1 ir 2.1.2.3). Isgrynintos i§ KAA audiniy RIN
reikSme svyravo nuo 6,8 iki 7,9. Didesné RIN reikSmés variacija stebéta RNR,
iSgrynintos i$ sveiky aortos audiniy, atveju - RIN svyravo nuo 6,0 iki 8,2,
i§skyrus vieng audinj, kai RIN reik§mé buvo nukritusi iki 4,2 (p3 lentelé).
Taigi, didZioji dalis RNR méginiy, iSgryninty i§ KAA ir sveiky audiniy,
pasizymeéjo auksta kokybe ir buvo tinkami sekoskaitai.

Svarbu pabrézti, kad kraujo plazmos méginiai buvo renkami laikantis
auksty kraujo surinkimo bei plazmos atskyrimo nuo kity kraujo sudedamyjy

A B

miRNR sekoskaitos schema

. 2 604 [JAudinia
_* 6 sveiki - I Plazma
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2 20
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. 16 18 20 22 24 26 28
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3.1 pav. miRNR sekoskaitos duomeny analizé. A) MiRNR visuminés sekoskaitos
schema; B) miRNR seky kiekis, priklausomai nuo ilgio, audiniy ir plazmos
méginiuose; C) 16-28 nukleotidy ilgio seky prisilyginimas prie RNR ar DNR, audiniy
ir plazmos méginiuose. Sekos, neprisilyginusios prie Zmogaus genomo, Zymimos —
neprisilygino; D) Unikaliy miRNR skai¢ius aortos ir plazmos méginiuose. Po
operacijos/OP — zymimi pacientai, i§ kuriy kraujas paimtas praéjus 3 ménesiams po
operacijos. KAA — kriitinés kylan¢iosios aortos aneurizma.
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daliy reikalavimy (Metodas 2.1.1). Sekoskaitai pasirinkti tik tie méginiai, kai
hemoglobino sugertis ties 414 nm, buvo mazesné uz 0,2, bei eritrocitams
specifiniy mir-16-5p bei mir-451a slenkstinio ciklo (Ct) vertés buvo Zzemesnés
nei 19 ir 22 atitinkamai, kas rodo, kad plazmos atskyrimo metu, nejvyko
eritrocity hemolizé ir j plazma nepateko miRNR i$ eritrocity (p2 lentelé)
(analize atliko dr. V. Stankevicius, DNMTS, BTI).

IS viso visuminés sekoskaitos metu buvo gauta 69.1 milijonai seky,
kurios pasizyméjo aukSta nukleotidy identifikavimo kokybe (miRNR
sekoskaitos duomeny bioinformating analize atliko dr. R.Razanskas, EGIS,
BTI). Audiniy atveju vienam méginiui teko nuo 1.5 to 3.7 milijony seky,
plazmos - nuo 1.0 iki 2.5 milijony. 94% seky, gauty i§ KAA ir sveiky aortos
audiniy miRNR sekoskaitos biblioteky, prisilygino su zinomomis miRNR
sekomis, pateiktomis miRBase v22 duomeny bazéje (232). Plazmos atveju,
kai méginyje yra itin mazas kiekis miRNR, taip pat pavyko puikiai gauti
aukstos kokybés sekoskaitos bibliotekas — net 80% seky prisilygino prie
subrendusiy miRNR seky. Likusios 20% seky daugiausia persidengé su
genomine zmogaus DNR, ribosominémis, transportinémis ir ilgosiomis
nekoduojanc¢iomis RNR (3.1 pav. C). Nustatéme, kad plazmoje yra daugiau
trumpesniy ir ilgesniy nei standartinio 22 nt ilgio cirkuliuojan¢iy miRNR. Tai
rodo, kad plazmoje sutinkama daugiau izomiry - mMIRNR dalinai
,hugrauziama“ i§ 3¢ galo arba prieSingai yra papildomai pridedama nukleotidy
(3.1 pav. B). Taip pat nustatéme, kad aortos audinyje i§ viso vidutiniskai yra
sintetinamos 531460, kraujo plazmoje Siek tiek maziau - 332495 unikalios
miRNR (3.1 pav. D).

Siekdami jvertini miRNR raiskos skirtumus KAA audiniuose analize
vykdéme tik su miRNR, kuriy vidutinis seky skai¢ius méginyje buvo didesnis
nei 10. Tokiu biidu atmetéme tas miRNR, kuriy Igstelése yra mazai, jy raiSka
varijuoja tarp méginiy ir sunku identifikuoti tokiy miRNR jtaka bei reikSme
lastelés procesams. Identifikavome 20 miRNR, kuriy raiska skiriasi KAA
audiniuose, lyginant su sveikais aortos audiniais (3.2 pav., 3.1 ir 3.2 lentelés).

Norint palyginti miRNR raiskos profilius kraujo plazmoje, buvo atlikta
trijy tipy analizé: 1) KAA pacienty ir kontroliniy sveiky pacienty grupés; 2)
KAA pacienty ir KAA pacienty, praéjus 3 mén. po operacijos grupés; 3) KAA
pacienty ir grupés, gautos apjungus abi kontrolines grupes kontroliniy sveiky
pacienty grupg ir KAA grupe, praéjus 3 mén. po operacijos. Dél didelés
miRNR seky skaiciaus variacijos tarp pacienty, analiz¢ vykdéme pasirinkdami
miRNR, kuriy vidutinis seky skai¢ius méginyje buvo didesnis nei 20. Toks
kiekis leido patikimiau identifikuoti miRNR plazmoje, o efektyvi detekcija

yra biitina norint naudoti miRNR kaip biozymenis.
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3.1 lentelé. MiIRNR sekoskaita nustatytas statisti$kai patikimai pakitusiy miRNR
kiekis. StatistiSkai patikimu laikytas pokytis, kai rai§ka didé¢ja/mazéja >1.5, p<0.05,

kai miRNR vidutinis seky skai¢ius méginyje daugiau nei 10.

miRNR
Grupés skaicius Padidéjusi raiska Sumazéjusi raiska
Audiniai
KAA vs Sv 20 15 5
Plazma
KAA vs Sv 14 3 11
KAA vs Op 6 4 2
KAA vs SV+Op 10 2 8

3.2 lentelé. miRNR, kuriy rai§ka pakitusi KAA audiniuose, lyginant su sveikomis
aortomis, sgrasas. Statistiskai patikimu laikytas pokytis, kai raiSka didéja/mazéja
>1.5, kai p<0.05, kai miRNR vidutinis seky kiekis daugiau nei 10. KAA — kritinés
kylanciosios aortos aneurizma.

Nr. miRNR Pokytis kartais P reik§mé
Padidéjusi raiska

1 hsa-miR-10a-3p 2,69 2,05E-06
2 hsa-miR-10a-5p 2,45 8,63E-07
3 hsa-miR-150-5p 2,21 2,05E-05
4 hsa-miR-199b-5p 2,12 1,19E-04
5 hsa-miR-126-5p 1,89 7,95E-04
6 hsa-miR-126-3p 1,88 2,10E-05
7 hsa-miR-139-5p 1,74 7,22E-04
8 hsa-miR-148a-3p 1,71 3,44E-05
9 hsa-miR-10b-5p 1,70 7,78E-04
10 hsa-miR-148a-5p 1,70 0,0112
11 hsa-miR-99a-5p 1,68 1,76E-05
12 hsa-miR-21-5p 1,67 1,10E-03
13 hsa-miR-146a-5p 1,67 0,002
14 hsa-miR-142-3p 1,66 0,020
15 hsa-miR-542-3p 1,64 0,009
Sumazeéjusi raiska

16 hsa-miR-1-3p -1,59 0,001
17 hsa-miR-133a-3p -1,64 2,96E-07
18 hsa-miR-1307-3p -1,68 0,011
19 hsa-miR-9-3p -1,79 0,021
20 hsa-miR-155-5p -1,88 7,34E-08
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3.2 pav. miRNR rai§kos analizé KAA audiniuose. KAA audiniuose i§ viso
identifikuotos 20 statistiSkai patikimai pakitusiy miRNR. Pokytis kartais >1.5,
p<0.05, analizuojamy miRNR vidutinis seky kiekis >10. Raudona spalva Zymi
iSaugusig miRNR raiska, mélyna — sumazéjusia (pokycio kartais logaritmas). KAA —
kriitinés kylanéiosios aortos aneurizma.

I8 viso trijose skirtingose palyginimo grupése buvo nustatyta 17 miRNR,
kuriy kiekis mazéjo arba didéjo kraujo plazmoje, iSsivyséius KAA.
Pacientuose esant KAA, lyginant su kontroline sveiky pacienty grupe, keitési
14 miRNR raiska. O pragjus 3 ménesiams po KAA iSpjovimo operacijos kito
Sesiy miRNR kiekis (3.1 ir 3.3 lentelés, 3.3 pav. A.). Svarbu pabrézti, kad trijy
i§ $iy miRNR, miR-1255b-5p, miR-122-3p ir miR-23b-5p kiekis beveik
sugrjzo | sveikuose pacientuose esantj raiSkos lygj (3.3 pav. D). Siekdami
identifikuoti miRNR, kuriy raiSka reik§mingiausiai keitési, analiz¢ atlikome
lygindami su grupe, gauta apjungus abi kontrolines grupes. Nustatéme, kad
stipriausiai Sioje grupéje mazéjo miR-122-3p raiska (3.3 lentelés).

Svarbu pazyméti tai, kad né viena bendra miRNR, kurios kiekis keitési
ir KAA audiniuose, ir plazmoje, esant KAA, nebuvo nustatyta (3.3 pav. B).
Dar daugiau miR-122-3p, kurios kiekis stipriausiai maz¢jo, miR-1255b-5p,
kurios kiekis stipriausiai didéjo, bei kitos keturios miRNR miR-4732-3p, miR-
6803-3p, MmiR-375-3p ir miR-483-3p buvo labai silpnai ekspresuojamos KAA
audiniuose (3.3 pav. C). Tikétina, kad Sios miRNR patenka j kraujg i$ kity
organy, kaip sisteminis atsakas j ligg (233). Taip pat jdomu paminéti, kad
MiR-6803-3p — tai mirtroniné miRNR, kilusi i§ 5° tipo mirtrony. Sios miRNR
raiSka didéja, praéjus 3 ménesiams po operacijos. Sunku identifikuoti, kaip $i
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mirtroniné miRNR ir dél kokios priezasties patenka j kraujo plazma. Visgi,
neseniai nustatyta, kad miR-6803-5p, brestanti i tos pacios pri-miRNR kaip
ir miR-6803-3p, yra detektuojama kraujo serume ir yra puikus biozymuo
galintis identifikuoti bisima insultg (234). Taip pat manoma, kad net 30%
cirkuliuojan¢iy kraujo plazmoje miRNR gali kilti i§ mirtrony (235).

3.3 lentelé. miRNR, kuriy raiSka pakitusi KAA plazmos méginiuose, lyginant su
sveikomis kontrolémis, saraSas. StatistiSkai patikimu laikytas pokytis, kai raiska
didéja/mazéja>1.5, kai p<0.05, kai miRNR vidutinis seky kiekis daugiau nei 20. KAA
— kraitinés kylanéiosios aortos aneurizma. OP — Zymimi pacientai, i§ kuriy kraujas
paimtas praéjus 3 ménesiams po operacijos.

Grupé Nr. miRNR Regulacija  Pokytis kartais P reikSmé
1 hsa-miR-146b-3p didéja 9,11 0,044
2 hsa-miR-1255b-5p didéja 8,87 0,015
3 hsa-miR-889-3p didéja 7,95 0,047
4 hsa-miR-375-3p mazéja -2,38 0,036
5 hsa-miR-30a-5p mazéja -2,54 0,033
5) 6 hsa-miR-483-3p mazéja -2,68 0,015
4 7 hsa-miR-23b-3p mazéja -2,79 0,017
! 8 hsa-miR-140-3p mazéja -4,01 0,010
X 9 hsa-miR-100-5p mazéja -9,17 0,003
10 hsa-miR-145-5p mazéja -17,36 1,44E-04
11 hsa-miR-143-3p mazéja -17,74 3,27E-05
12 hsa-miR-23b-5p mazéja -24,93 0,013
13 hsa-miR-122-3p mazéja 69,32 3,31E-04
14 hsa-miR-34a-5p mazéja -71,95 4,01E-05
1 hsa-miR-1255b-5p didéja 9,7203 0,045
8— 2 hsa-miR-4732-3p didéja 3,9801 0,050
2 3 hsa-miR-6803-3p didéja 3,4495 0,011
g 4 hsa-miR-22-3p didéja 2,5198 0,029
X 5 hsa-miR-122-3p mazéja -18,4085 0,024
6 hsa-miR-23b-5p mazéja -44,7992 0,001
1 hsa-miR-1255b-5p didéja 11,68 0,004
2 hsa-miR-22-3p didéja 1,73 0,034
8— 3 hsa-miR-375-3p mazéja -2,12 0,049
= 4 hsa-miR-483-3p mazéja -2,29 0,035
> 5 hsa-miR-23b-3p mazéja -2,36 0,024
2 6 hsa-miR-143-3p mazéja -3,83 0,012
! 7 hsa-miR-145-5p mazéja -4,83 0,019
x 8 hsa-miR-23b-5p mazéja -29,67 0,003
9 hsa-miR-34a-5p mazéja -48,62 6,26E-05
10 hsa-miR-122-3p mazgéja -53,67 2,31E-04
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Taigi, visumine sekoskaita identifikavome 20 miRNR. kuriy raiska
skiriasi KAA audiniuose, lyginant su sveikais aortos audiniais bei 17 miRNR,
kuriy raiSka skiriasi kraujo plazmoje iSsivys¢ius KAA, lyginant su sveikomis
kontrolémis. Bendra miRNR, kurios raiska keiciasi ir audiniuose, ir kraujo
plazmoje, susiformavus KAA, nebuvo nustatyta.

Audiniai Plazma

A ; C [ N N niR-4732-3p
[ R N iR-6803-3p
1 3 3 I N B iR-375-3p
[ N i -
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: [ I miR-1255b-5p

SV KAA SV KAA OP
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[ ' — I_]_‘
B ; D C T [ ] EEEEEE | niR-25505p
[ | miR-4732-3p
miR-6803-3p
20 0 17 miR-22-3p
Audiniai Plazma N - miR-122-3p
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3.3 pav. miRNR raiskos analizé KAA audiniy bei plazmos méginiuose. VVeno
diagrama rodo: A) statistiskai patikimai pakitusiy miRNR skai¢iy KAA plazmoje
skirtingose palyginimo grupése. Pokytis kartais >1.5, p<0.05, analizuojamy miRNR
vidutinis seky kiekis >20; B) bendrag miRNR, kuriy raiska pasikeité ir audinyje, ir
plazmoje skai¢iy. C) miRNR rai§kos Zemélapis nurodantis SeSias miRNR, kuriy
kiekis pakito plazmos méginiuose, bet nebuvo detektuotos audiniuose. Raudonos
spalvos intensyvumas nurodo miRNR normalizuoty seky skai¢iy méginiuose
logaritmg; D) miRNR raiSkos Zzemélapis nurodantis $eSias miRNR, kuriy kiekis
pasikeité, pragjus 3 ménesiams po KAA operacijos. KAA — kriitinés kylanciosios
aortos aneurizma. OP — Zymimi pacientai, i§ kuriy kraujas paimtas pra&jus 3
ménesiams po operacijos.

3.2 Sekoskaitos budu nustatyty miRNR raisSkos pokyciy
patvirtinimas didesnéje pacienty imtyje tikro laiko PGR metodu

Tiriant audinius bei kraujo plazmos méginius, dél gana didelés duomeny
variacijos, biitina raiSkos pokycius patvirtinti kuo didesnéje pacienty imtyje.
Kadangi sekoskaita buvo vykdyta ribotoje méginiy imtyje, todél toliau
pasirinkty miRNR rai8ka tikro laiko PGR metodu patikrinome 37 audiniuose
(20 kontroliniy ir 17 KAA audiniy) bei 62 kraujo plazmos méginiuose (34
kontroliniai ir 28 KAA plazmos méginiai). Demografiniai pacienty duomenys
pateikiami p4 lenteléje.
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Taip pat svarbu paminéti, kad visumine sekoskaita identifikuoti miRNR
raiSkos skirtumai priklauso nuo duomeny normalizacijos biido bei jy analizés
metu taikomy bioinformatiniy algoritmy. Tuo tarpu tikro laiko PGR metodu
kiekio skirtumai dazniausiai identifikuojami juos normalizuojant su
endogeninés RNR, kurios kiekis nesikeicia tarp tiriamy méginiy, raiska. Dél
skirtingy normalizacijos biidy, sekoskaitos duomenys nevisada koreliuoja su
tikro laiko PGR metodu nustatytais skirtumais (236). Taigi, miRNR raiskos
poky¢iy, identifikuoty visumine sekoskaita, patvirtinimas tikro laiko PGR
metodu leidzia uztikrinti, kad Sios miRNR kiekis lasteléje tikrai keiciasi.

Taigi, siekdami tikro laiko PGR metodu tiksliai jvertinti miRNR raiska
didesnéje méginiy imtyje pirmiausia identifikavome trumpaja RNR, kuri gali
biti naudojama, kaip nekintanti endogeniné RNR, tiriant audinius ar kraujo
plazma, iSsivysCius KAA. Netinkamai parinkta kontroliné RNR, lemia
klaidingus rezultatus. Su didziausiomis problemomis susiduriama, dirbant su
kraujo plazmos arba serumo méginiais (237). I§ visuminés sekoskaitos
duomeny nustatéme, kad miR-152-3p raiSka maziausiai varijuoja tarp sveiky
ir KAA audiniy. Taip pat, miR-185-3p kiekis maZziausiai kito tarp sveiky ir
KAA plazmos méginiy. Taigi, toliau eksperimentuose kaip endogenines
kontroles tiriant audiniy ir plazmos méginius naudojome miR-152-3p ir miR-
185-3p, atitinkamai.

Tolimesniems miRNR raiskos tyrimams KAA audiniuose pasirinkome
mMiR-10a-5p, kurios raiska stipriausiai didéjo KAA audiniuose, lyginant su
sveikais audiniais (3.2 lentel¢). Taip pat su TGF-f signaliniu keliu susijusias
miR-155-5p, miR-148a-3p bei miR-133a-3p (zitréti skyrelj 3.3), bei miR-
126-3p, vieng i§ pagrindiniy literatiiriniais duomenimis su KAA susiety
miRNR (13). miR-148a-3p ir miR-10a-5p rai$kos skirtumai iki $iol nebuvo
identifikuoti KAA audiniuose.

Nustatéme, kad analizuojant visg méginiy imtj statistiskai patikimai kito
miR-10a-5p, miR-126-3p, miR-133a-3p ir miR-155-5p raiska (3.4 pav). Tuo
tarpu, miR-148a-3p kiekis patikimai didéjo tik tarp vyriskos lyties pacienty
(13 sveiky ir 13 KAA audiniy). Taip pat, miR-126-3p (p=0.0062 ir p=0.0225)
ir miR-155-5p (p=0.0003 ir p=0.0017) poky¢iai buvo labiau statistiskai
patikimi vyriSkos lyties pacienty KAA audiniuose, nei bendroje, pagal Iyt
neisskirstytoje, imtyje. Dél nedidelio motery audiniy skaiciaus (7 sveiki ir 4
KAA audiniai) tolimesni tyrimai, kurie leisty patikimiau identifikuoti
skirtingg miRNR raiskg priklausomai nuo lyties turéty biti atlikti praplétus
motery pacienciy skaiciy.
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3.4 pav. miR-10a-5p, miR-126-3p, mir-133a-3p, miR-148a-3p ir miR-155-5p
rai§ka KAA audiniuose, priklausomai nuo pacienty lyties. Pateikiamas slenkstinio
cikly verciy skirtumas (dCt), duomenis normalizuojant su miR-152-3p Ct reikSmémis.
Kuo didesnis ver¢iy skirtumas, tuo maziau miRNR meéginyje. Linijos grafikuose
nurodo vidurkio reiksme, paklaidos rodo — 5 ir 95 duomeny percentilius. Pokytis
kartais Zymimas n.s. — statistiskai nepatikimas; * p<0.05; ** p<0.01 ir *** p<0.001.
SV - sveiki aortos audiniai, KAA — kriitinés kylanc¢iosios aortos aneurizma.

66



Taip pat, toliau atlikome koreliacing skirtingy miRNR raiskos tame
paciame méginyje analize. Nustatéme, kad miR-126-3p raiska yra biologiskai
susijusi su miR-148a-3p (R=0.67) bei miR-10a-5p (R=0.67), miR-148a-3p -
su miR-10a-5p (R=0.49), miR-133a-3p - su miR-155-5p raiska (R=0.67) (p5
lentelé).

Taigi, nustatéme, kad miR-148a-3p raiska KAA audiniuose statistiSkai
patikimai iSauga tarp vyriSkos lyties pacienty. miR-126-3p, miR-155-5p, miR-
10a-5p bei miR-133a-3p reikSmingai keiciasi KAA audiniuose, analizg
vykdant bendroje, pagal lytj neiSskirstytoje, pacienty imtyje, ta¢iau miR-126-
3p ir miR-155-5p atvejais statistiSkai patikimesnis skirtumas identifikuojamas
tarp vyriskos lyties pacienty.

Tyrimams didesnéje kraujo plazmos méginiy imtyje tirti pasirinkome
miR-122-3p, kurios rai$ka stipriausiai mazéjo, kraujo plazmoje, esant KAA.
Taip pat tyréme ir miR-143-3p vieng pagrindiniy miRNR, kurios kiekio
poky¢iai KAA audiniuose lemia aneurizmos vystymasi (190), bei miR-483-
3p ir miR-4732-3p, kurios kiekis stipriai iSaugo plazmoje praé¢jus 3 ménesiams
po operacijos (3.3 lentelé). Svarbu paminéti, kad miR-122-3p, miR-483-3p ir
miR-4732-3p buvo silpnai ekspresuojamos KAA audiniuose (3.3 pav. C), be
to iki Siol nebuvo susietos su KAA vystymusi.

Identifikavome, kad miR-483-3p ir miR-122-3p raiska statistiskai
patikimai sumazéjo, o miR-4732-3p - isaugo (3.5 pav. A). Nors kaip jau
minéta, miR-143-3p yra laikoma viena pagrindiniy su KAA susijusiy miRNR,
ta¢iau remiantis literatfiriniais duomenimis miR-143-3p raiskos tyrimai KAA
audiniuose yra prieStaringi ir nustatomas arba sumazéjes (5,187), arba
padidéjes sios miRNR kiekis (11), lyginant su sveikomis aortomis. Plazmoje
taip pat identifikuojama sumazéjusi (5) arba nepakitusi raiska (197). Dél to
Sios miRNR raiska tyréme ne tik kraujo plazmoje, bet ir audiniuose.
Nustatéme, kad miR-143-3p raiSka statistiSkai patikimai krito plazmoje,

tac¢iau KAA audiniuose buvo stebima tik kiekio didéjimo tendencija, kas ir
atitinka sekoskaitos rezultatus (3.5 pav. B) (plazmos méginiy tikro laiko PGR
reakcijas atliko dr. V. Stankevic¢ius, DNMTS, BTI).

Taip pat nustatéme, kad kraujo plazmoje miR-122-3p raiska koreliuoja
su miR-483-3p kiekiu (R=0.65) (p6 lentel¢). Toliau ROC analize jvertinome
galimybe miR-122-3p, miR-483-3p, miR-4732-3p ir miR-143-3p naudoti kaip
potencialius bioZymenis KAA diagnostikai (3.5 pav. C). Rezultatai parodé,
kad didziausia 78% tikimybé identifikuoti KAA yra radus miR-122-3p kiekio
sumazéjimg plazmoje (p<0.001). Jei bty nustatomi miR-122-3p ir miR-483-
3p raisSkos poky¢iai, patikimumas §ig ligg diagnozuoti iSaugty net iki 84 %
(p<0.001).
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Taigi, miR-122-3p, MiR-483-3p, MiR-4732-3p ir miR-143-3p raiska
patikimai kei€iasi KAA kraujo plazmoje, lyginant su sveikomis kontrolémis.
mir-122-3p__ir _ mir-483-3p gali buti potencialis biozymenys KAA

identifikacijai.
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3.5 pav. miRNR rai§kos analizé KAA plazmos méginiuose tikro laiko PGR
metodu. Tikro laiko PGR analizé KAA plazmoje (A) audiniuose ir plazmoje (B).
Pateikiamas slenkstinio cikly veréiy skirtumas (dCt), duomenis normalizuojant
plazmos atveju su miR-185-5p, audiniy - su MiR-152-3p Ct reik§mémis. Kuo didesnis
veréiy skirtumas, tuo maziau miRNR méginyje. Linijos grafikuose nurodo vidurkio
reikSme, paklaidos rodo — 5 ir 95 duomeny percentilius. Pokytis kartais Zymimas n.s.
— statistiskai nepatikimas; * p<0.05; ** p<0.01 and *** p<0.001. C) Diagnostiné¢ ROC
analizé nurodo cirkulivojanc¢iy miRNR specifiSkumg diagnozuojant kylanciosios
aortos aneurizmg. SV - sveiki aortos audiniai, KAA — kriitinés kylan¢iosios aortos
aneurizma.
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3.3 TGF-B signalinio kelio reik§mé krutinés kylanc¢iosios aortos
aneurizmos vystymesi

Identifikave miRNR, kuriy raiska statistiSkai patikimai keiciasi KAA
audinyje, lyginant su sveikomis aortomis, nustatéme, kokie signaliniai keliai
yra jtakojami §iy poky¢iy. Tam naudodami 8 duomeny bazes RepTar, MirTar,
Miranda, PicTar2, MirMap, miRTarget3, TargetScan7, mirTARbase
identifikavome iRNR, su kuriomis gali sgveikauti $ios miRNR (analiz¢ vykdé
dr. R.Razanskas, EGIS, BTI) ir atlikome KEGG duomeny bazés signaliniy
keliy praturtinimo analize (atliko dr.V.Stankevi¢ius, DMTS, BTI).
Identifikavome, 48 KEGG kategorijas, kai grupéje daugiau nei 15 jtakojamy
geny, p<0,05 (4 priedy lentelé (238)).

Nustatéme, kad net 9 i§ 20 miRNR dalyvauja TGF-B signalinio kelio
reguliacijoje (3.6 pav.). Taip pat identifikuoti $io signalinio kelio genai,
nepersidengé su jokia kita KEGG kategorija, tai rodo aukstesnj miRNR
taikiniy specifiSkumg.

TGF-B signalinis kelias

@ iRNR, kuriy raiska didéjo
B iRNR, kuriy raiska mazéjo
O iRNR
3.6 pav. Molekulinis tinklas, rodantis miRNR ir TGF-p signaliniame Kkelyje
dalyvaujan¢iy iRNR, galimas saveikas. Pilki apskritimai zymi iRNR; raudoni
kvadratai — miRNR, kuriy raiska didéjo KAA audiniuose; mélyni - miRNR, kuriy
raiSka mazéjo KAA audiniuose. Tamsiai oranzinis plotas zymi TGF-f signalinio kelio
ligandus ir receptorius; §viesiai oranziné - SMAD baltymus.
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Dar daugiau, analizé atskleidé, kad miRNR gali reguliuoti ir $io
signalinio kelio receptorius bei ligandus, ir SMAD baltymus, perduodancius
signalg j branduolj. Tod¢l tolimesniems funkciniams tyrimams pasirinkome
TGF-p signalinj kelia.

TGF-B signalinio kelio pakitimai ir reik§mé atsitiktinéje KAA beveik
netirti. Daugausia duomeny atlikta su sindromine, o ne atsitiktine, KAA forma
- Marfano sindromu. Biitent $is sutrikimas yra Siejamas su mutacijomis
fibrilino-1 gene, kas lemia pasikeitusia Sio kelio aktyvacija. Nustatyta, kad
TGF-B signalinis kelias dalyvauja tarplastelinio uZpildo homeostazés
palaikyme bei gali dalyvauti lygiyjy raumeny lasteliy diferenciacijos stadijy
reguliavime (163). Visgi, ar TGF-p signalinio kelio aktyvacija, ar slopinimas
sukelia KAA, lieka neaisku (171,174,175,177).

Kanoninis TGF- signalinis kelias gali vykti dviem kryptimis - TGF-§
saveikaujant su TGFBR1 arba su ALK1 receptoriumi (3.7 pav). TGFBR1
jungiasi su SMAD2/3, kurie kartu su SMADA4 patenka j branduolj, ko pasekoje
miokardinas (MYOCD) stimuliuoja kraujagysliy lygiyjy raumeny lasteliy
(VSMC) kontraktilinio fenotipo raiska.

TGF-B signalinis kelias
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3.7 pav. miRNR reik§mé TGF- signalo perdavime. Supaprastinta schema rodanti
TGF-B signalo perdavimg KAA audinyje. miRNR, kuriy raiska keitési nurodytos
pilkuose rémeliuose. Pajuodintos tos miRNR, kuriy raiska patikrinta tikro laiko PGR
didesnéje imtyje. Sios miRNR gali sutrikdyti TGF-B signalo perdavima
saveikaudamos su TGF-f ligandais, receptoriais ar SMAD baltymais, ko pasekoje yra
sukeliami transkripcijos veiksniy MYOCD ir KLF4 poky¢iai.
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Jei signalas yra perduodamas per ALK1 receptoriy, ALK1 jungiasi su
SMAD1/5/8 ir kartu su SMAD4 netiesiogiai gali aktyvinti KLF4 baltymo
raiSka, taip skatindamas fenotipo pasikeitima i§ kontraktilinio j sintetinj.

Taiqi, atlike KEGG duomeny bazés signaliniy keliy praturtinimo analize,
nustatéme, kad KAA vystymasis gali biiti tiesiogiai jtakojamas: 1) KIL.F4 ir
miokardino raiskos poky¢iy, kas lemia pasikeitusia VSMC diferenciacijos
stadija; 2) Sutrikus TGF-B receptoriy, ligandy bei signalg j branduolj
perduodanciy baltymy SMAD raiskai ir/arba aktyvumui, kas gali sukelti kity
nuo miokardino nepriklausomy signaliniy keliy aktyvacija.

Toliau sickdami iSsiaiSkinti, kaip kei¢iasi TGF-P signalinis kelias KAA
audiniuose, pirmiausia tikrinome TGF-B receptoriy TGFBR1 ir ALK1, bei
transkripcijos veiksniy, MYOCD ir KLF4, geny raiska (21 kontroliniai ir 17
KAA audiniai) (3.8 pav.). Nustatéme, kad ALK1 geno raiska statistiskai
patikimai padidéjo KAA audinyje, lyginant su sveikomis aortomis
(p=0.0244). TGFBR1, KLF4 ir MYOCD reiksmingy geny kiekiy poky¢iy
neidentifikavome.

Koreliaciné miRNR ir tirty geny analizé parodé¢, kad ALK raiska yra
biologiskai susijusi su miR-10a-5p, miR-126-3p ir miR-148a-5p. Taip pat
silpna koreliacija nustatyta tarp miR-148a-3p ir KLF4, bei miR-133a-3p ir
MYOCD (p2 paveikslas, p7 lentelé).
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3.8 pav. KLF4, MYOCD, TGFBR1 ir ALK1 genuy raiska KAA audiniuose ir
sveikose aortose. Pateikiamas slenkstinio cikly veréiy skirtumas (dCt). Raiska
normalizuota endogening kontrole naudojant GAPDH geno raiska. Kuo didesnis
verciy skirtumas, tuo maziau iRNR méginyje. Linijos grafikuose nurodo medianos
reik§me, paklaidos rodo — 5 ir 95 duomeny percentilius. n.s. — statistiSkai nepatikimas
pokytis ; * p<0.05; SV - sveiki aortos audiniai, KAA — kriitinés kylan¢iosios aortos
aneurizma.
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Yra zinoma, kad ne visada miRNR skatina iRNR degradacijg ir iRNR
kiekio mazéjimg lasteléje, daznai tiesiog yra slopinama transliacija (2). Todél
toliau jvertinome TGFBRI1 ir ALK, bei transkripcijos veiksniy MYOCD ir
KLF4 baltymy raiska KAA ir kontroliniuose audiniuose. Imunohistocheminé
analizé buvo atlika viduriniame aortos audinio sluoksnyje, tirtos kraujagysliy
lygiyjy raumeny lgstelés. Du tyréjai jvertino baltymo raiSka skaléje nuo 0
(néra raiskos) iki 3 (stipri raiSka). Duomenys buvo susumuojami ir pateikiami
skaléje nuo 0 iki 6. KLF4 atveju buvo skai¢iuojami visi branduoliai ir tie,
kuriuose matoma padidéjusi Sio baltymo raiSka (analize atliko dokt.
V.Patamsyté ir prof. habil. dr. V. Lesauskaité, Kardiologijos institutas,
LSMU).

Pirmiausia identifikavome KAA biozymens osteopontino baltymo
kiekio padidéjima (p=0.00311), kuris yra susijes su VSMC lasteliy fenotipo
pasikeitimu i§ kontraktilinio j sintetinj (239-241). Parodéme, kad KAA
audiniuose net 27% VSMC lasteliy branduoliy padidéja KLF4 baltymo kiekis
(p=0.0037), kai sveikuose aortos audiniuose iSaugusi KLF4 raiska nustatoma
tik 10% branduoliy. MYOCD kiekio skirtumy neidentifikavome, taciau $io
baltymo yra ne tik branduolyje, bet ir citoplazmoje, kai KLF4 specifiskai
stebimas lasteliy branduoliuose (3.9 pav.). Taip pat buvo pastebéta, kad
MYOCD baltymo lastelése yra zymiai daugiau nei KLF4, tai rodo, kad norint
tiksliau jvertinti nezymius MY OCD raiSkos svyravimus, kaip atsaka | KLF4
poky¢ius, reikalinga tikslesné Kiekio detekcijos sistema. ALK1 ir TGFBR1
baltymy kiekio poky¢iy KAA audiniuose, lyginant su kontroliniais audiniais,
nenustatéme.

Taigi, ALK1 geno raiska statistiskai patikimai iSaugo KAA audiniuose,
lyginant su sveikomis kontrolémis. ISsivysCius aneurizmai net 27%
kraujagysliy lygiyjy raumeny lasteliy branduoliy padidéjo KLF4 baltymo
raiSka, kai sveikuose aortos audiniuose isauges kiekis identifikuojamas tik
10% lasteliy branduoliy.
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3.9 pav. Imunohistologinés ALK1, TGFBR1, MYOCD ir KLF4 baltymy raiskos
nuotraukos ir jvertinimas. Tirtos kraujagysliy lygiyjy raumeny lastelés. Du tyréjai
jvertino baltymo raiska skal¢je nuo O (néra raiskos) iki 3 (stipri raiska). Duomenys
buvo susumuojami ir pateikiami skaléje nuo 0 iki 6. Kiekybiné KLF4 analizé buvo
atlikta suskai¢iavus branduolius su KLF4 raiska. Rodyklés Zymi branduolius su KLF4
raiska. ** p<0.01. KLF4 atveju i§ viso patikrinti 48 audiniai, osteopontino — 46,
MYOCD, ALK1, TGFBR1 - 20.
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3.4 Mirtroniniy miRNR brendimo mechanizmo ir jy raiskos
tyrimas zmogaus vir§kinimo sistemos vézinése lgstelése ir
navikuose

Zinoma, kad miRNR gali biti lokalizuotos segtuka formuojan¢iuose
geny intronuose, vadinamuose mirtronuose, kuriuos brendimo metu vietoj
Drosha/DGRCS kerpa splaisosoma ir susiformuoja mirtroninés miRNR (18).
Mirtronai yra skirstomi j keturius tipus - standartinius mirtronus, 5° tipo
mirtronus, 3¢ tipo mirtronus ir 5° — 3° tipo mirtronus. Standartiniai mirtronai
formuoja trumpus segtukus, 5° tipo mirtronai 5° gale turi ilgas segtuky
neformuojanéias sekas intronuose, 3¢ tipo mirtronai turi tokias sekas 3° gale.
O 5 — 3 tipo mirtronuose ilgos segtuky neformuojancios sekos yra abiejuose
5¢ir 3¢ introno galuose (1.7 pav., 3.10 pav.). Dauguma mirtrony buvo nustatyti
bioinformati$kai analizuojant mazyjy miRNR sekoskaitos duomenis. Tokiu
biidu zinduoliuose identifikuota apie 1000 mirtroniniy miRNR (131).

miR-1227-3p

miR-1229-3p
miR-1236-3p

miR-3064-3p | miR-1238-3p | miR-3940-5p
miR-6515-5p Standartiniai mirtronai miR-6850-3p

3' tipo mirtronai

5' tipo mirtronai

@ |Egzonas m m
Egzonasl
splaisingas splaisingas splaisingas
“-'.;ji | | L—
pre-miRNR -
5'-3' egzonukleazé 3'-5' egzonukleazé
Dicer

mirtroniné miRNR

3.10 pav. Tirti mirtronai ir juy tipai. Standartiniai mirtronai suformuoja trumpus
segtukus, 5° tipo mirtronai 5° gale turi ilgas segtuky neformuojancias sekas
intronuose, 3° tipo mirtronai turi tokias sekas 3¢ gale. 3° gale tokias esancias sekas
brendimo metu nukerpa egzosomos kompleksas. Kaip yra pasalinamos sekos 5° gale
néra zinoma. Raudonai pazymeéti tyrimams pasirinkti galimi mirtronai.
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Taciau tik dviejy zmogaus hsa-miR-877, hsa-miR-1226, vieno pelés
mmu-miR-1224 standartiniy mirtroniniy miRNR ir vieno drozofilos 3° tipo
mirtrono dme-miR-1017 priklausomybé nuo splaisingo buvo jrodyta
eksperimentiskai (15-17). Tuo tarpu laikyty mirtroninémis miRNR hsa-miR-
1225, hsa-miR-1228 ir hsa-miR-1233 brendimas nepriklauso nuo splaisingo
proceso (16,136). Taigi, bioinformatiskai nustatytos introninés MIRNR
nebiitinai yra iSkerpamos splaisosomos ir jy brendimo priklausomybe nuo
splaisingo bei priskyrimo mirtroniniy miRNR tipui bitina patikrinti. Be to
buvo jdomu istirti mirtroniniy miRNR brendimo priklausomybe ir reikSme
biologiniuose procesuose. Pradedant tyrimus mirtroniniy miRNR raiska,
reikSme bei pritaikymas naudojimui kaip bioZymenis praktiSkai nebuvo tirtas.
Buvo nustatyti tik keli atvejai, kai mirtroninés miRNR dalyvauja
kancerogenezés vystymesi (19,20). Taip pat buvo identifikuota kanoniniu
keliu brestancios miRNR svarba bei pritaikymas klinikoje tiriant virskinimo
sistemos (storosios zarnos, kasos ir skrandzio) navikus (242-244). Todél
nusprendéme mirtroniniy miRNR brendima ir raiska tirti virSkinimo sistemos
vézinése lastelése.

3.4.1 Mirtroniniy miRNR identifikavimas ir jy brendimo priklausomybés nuo
splaisingo tyrimas

Savo tyrimams pasirinkome devynias zmogaus intronines miRNR:
penkias lokalizuotas standartiniuose mirtronuose - miR-1226-3p, miR-1227-
3p, miR-1229-3p, miR-1236-3p, miR-1238-3p; dvi lokalizuotas 5p tipo
mirtronuose - mMiR-3064-3p, miR-6515-5p; dvi lokalizuotas 3p tipo
mirtronuose - miR-3940-5p, miR-6850-3p (3.10 pav). Sesios i§ jy - MiR-1229-
3p, miR-1236-3p, miR-1238-3p, miR-3064-3p, miR-3940-5p ir miR-6515-
5p, aptinkamos su véziu susijusiuose genuose, atitinkamai MGAT4B (245),
NELFE (246), ATGA4D (247), DDX5 (248), KHSRP (249) ir CARL (250).

Siekdami nustatyti Siy miRNR brendimo priklausomybe nuo splaisingo,
naudodami geny inzinerijos metodus, pirmiausia | pcDNA3 plazmide
klonavome geny dalis, kuriose yra tiriami mirtronai (3.11 pav., pl pav.).
Visais atvejais, padauginome geny fragmentus sudarytus i§ 3 egzony ir 2
introny, iSskyrus miR-1236-3p atveju dauginome fragmentg, sudarytg i§ 2
egzony ir 1 introno. 3 egzony ir 2 introny geny fragmentai pasirinkti todél,
kad splaisingo metu splaisosomos veikimui jtakos gali turéti ne tik Salia
introno esantys egzonai, bet ir egzonai, esantys toliau nuo iSkerpamo introno
(145). Mirtrona, kuriame lokalizuota miR-1236-3p, supanciy egzony galuose
esantys intronai yra labai ilgi. Per didelis klonuojamo fragmento ilgis sunkina
klonavimo procesa, todél Siuo atveju pasirinkome klonuoti geno fragmenta,
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sudarytg i§ 2 egzony ir 1 introno. Splaisosomos susirinkimui itin svarbas
konservatyviis nukleotidai esantys introno galuose — 5° gale - GU su kuriuo
sgveikauja Ul snRNR, o 3° gale — AG nukleotidai, su kuriuo saveikauja U2AF
veiksniai. Pakeitus bent vieng i$ $iy nukleotidy, susilpnéja RNR sagveika su
splaisosomos komponentais ir intronas néra iSkerpamas. Sutrikdzius
splaisingg, mirtrono brendimas turéty buti nuslopintas. Todél mutacijas
ivedéme egzono ir introno ribose - introno 5° gale, konservatyvios introno
srities GT, guanino nukleotidg ir introno 3¢ gale, konservatyvios srities AG,
guanino nukleotidg keitéme | citozino nukleotidg. Taigi, sukonstravome
vektorius —j pcDNA3 plazmidg jterpémé geny fragmentus, kurie 1gsteléje nuo
plazmidés yra nurasomi kaip atskiri transkriptai.

Siekdami istirti, kaip nuslopintas introny splaisingas veikia introniniy
mMiRNR brendima, vektorius su jvestomis tikslinémis mutacijomis (zymima -
vektorius-MUT) ir be jy (Zymima— vektorius-WT), transfekavome j HCT116
zmogaus storosios zarnos lgsteles. ISskyre RNR, atlikome kokybine PGR,
naudodami pradmenis, kurie specifi§kai jungiasi prie egzony, tarp kuriy yra
tiriamas intronas, galy. Nustatéme, kad RNR, nurasytos nuo vektoriy-MUT,
splaisingas yra blokuojamas — visais atvejais nustatéme ilgesnius fragmentus,
kuriy ilgiai atitinka teorinius fragmenty (introno, kuriame lokalizuotas
mirtronas, ir dviejy gretimy egzony) ilgius (3.12 pav. A, MUT). Taip pat
parodéme, kad RNR, nurasytos nuo laukinio tipo vektoriy-WT, splaisingas
vyksta efektyviai ir intronas yra iSkerpamas, o PGR produktai atitinka
teorinius fragmenty, sudaryty tik i§ dviejy egzony ilgius (3.12 pav. A, WT).

MUT CUgag. .. .couAC
MG1226/DHX30 WT GU] ag. LuAG
Egzonas 19 E zonas 20 D Egzonas 21
DR CEERE MG1227/PLEKHJ1 " Eﬁdaﬂ (u2ehg MG3064/DDX5
Egzonas 5281 g ¢. 7 [0 —11} T2t g Egzonas 12
MUT CUgqg. c M'UT CUugg

MG1229/MGAT4B o WT GU3gg. o WT GUugg \G MG6515/CARL
Egzonas 11 12 69t (E R [ EgzonM 6 G}—| 7

MUT ng-_—ll +v e uccAC 8 < uculAC
o= WT G,”T,?- 102 -Ul‘:f\_ﬁ MG1236/NELFE MG39401KHSRP WT GUS Iq uc U_j,\..G-

3 M-—{ Egzonas4 —Pegzonastal 20 115
Bl |[Egzonas 13
MEL CUgsg. . coche

MG1238/ATG4D -ccchG A MGB850/RPL8
7 —&lﬂl—( Egzonas 9 | Egzonas 3 @L Egzonas g: —+—{ " Egzonas 3

3.11 pav. Klonumamu geny fragmentq schema. Dezutés Zymi egzonus, linijos -
intronus. Raudonai paZzyméti intronai, kuriuose yra mirtronai. WT — laukinio tipo
seka, MUT - splaisingg blokuojan¢ias mutacijas turintys vektoriai, kur 5¢ gale GT ir
3¢ gale AG esantys guaninai pakeisti j citozing. Rodyklémis pazymétos pradmeny
prisijungimo prie tiriamy fragmenty vietos. Raudona spalva pazymétos tikslinés
mutacijos. Schemoje i$laikytas egzony ir introny santykinis ilgis. Pavadinimai vir§
geny fragmenty rodo klonuojamo mirtrono (pvz., hsa-miR-1226) ir geno (pvz.,
DHX30), kuriame jis lokalizuotas pavadinima.
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Kai kuriais atvejais transfekave vektorius-WT, taip pat, nors ir mazesnj
kiekj, detektavome PGR produktus, kuriy ilgiai atitinka geny fragmenty su
neiskirptu intronu ilgius. Manome, kad transfekcijos metu j lastel¢ patenka
labai didelis vektoriaus kiekis ir susidariusiy transkripty yra per daug, kad
splaisosoma spéty efektyviai visus sukirpti. Be to, pacios lastelés gali slopinti
Siy transkripty kirpima, kad apsisaugoty nuo pernelyg didelio miRNR kiekio.
Jog RNR méginiai néra uztersti genomine DNR, jsitikinome PGR reakcijoje
naudodami RNR, pries$ tai neatlik¢ komplemetarios DNR sintezés. Visais
atvejais negavome produkto (3.12 pav. A, RT-).

Transfekave mutacijy neturinéius vektorius | HCT116 lasteles, visais
atvejais nustatéme stipriai, nuo 9 iki 1772 karty, padidéjusig tiriamy miRNR
raiSka (3.4 lentelé, 3.12 pav. B, WT). Tai rodo, kad i§ suklonuoty geny
fragmenty transkripty lasteléje efektyviai subresta visos tiriamos miRNR.
Transfekavus mutacijas turincius vektorius pPcDNA3-1226-MUT, pcDNA3-
1227-MUT, pcDNA3-1229-MUT, pcDNA3-1236-MUT lastelése tiksliniy
miRNR rai8ka beveik nesikei¢ia (3.12 pav. B, MUT). Nuslopinus
splaisosomos kirpima, miR-1226-3p kinta 1,9%, miR-1227-3p - 5,9%, miR-
1229-3p — 0,3%, miR-1236-3p — 0,3% lyginant su kiekiu, subrgstanciu, kai j
lastele patenka laukinio tipo vektoriai (3.4 lentelé). Sie rezultatai rodo, kad
miR-1226-3p, miR-1227-3p, miR-1229-3p, miR-1236-3p, lokalizuoty
standartiniuose mirtronuose, brendimui yra bitinas splaisingas.

3.4 lentelé. miRNR Kkiekio pokyciai Igstelése transfekavus laukinio tipo (WT) ir
splaisingo procesa slopinancias mutacijas (MUT) turindius vektorius. Skaiciai
rodo pokytj kartais lyginant su kontroliniu vektoriumi pcDNA3 (-) transfekuotomis

lastelémis.
miRNR WT vektorius MUT vektorius MUT/WT, %
Lokalizuotos standartiniuose mirtronuose
miR-1226-3p 81 +/- 36 15+/-0.3 1.9
miR-1227-3p 405 +/- 204 24 +/- 8 5.9
miR-1229-3p 1633 +/- 106 41+4/-2.1 0.3
miR-1236-3p 747 +/- 217 2.6+/-05 0.3
miR-1238-3p 1772 +/- 1289 425 +/- 322 24
Lokalizuotos 5 ‘ tipo mirtronuose
miR-3064-3p 27 +/- 13 47 +/- 29 173
miR-6515-5p 875 +/- 162 1541 +/- 576 176
Lokalizuotos 3 ‘ tipo mirtronuose
miR-3940-5p 9.1+/-1.7 13+/-0.3 141
miR-6850-3p 20 +/- 12 57 +/- 38 286
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Ivedus | lgsteles pcDNA3-1238-MUT, miR-1238-3p raiska padidéjo
vidutinisSkai net 425 kartus, o lyginant su kiekiu, kai buvo transfekuojamas
pcDNA3-1238-WT, tai sudaro net 24%. Tai rodo, kad miR-1238-3p
brendimas lasteléje dalinai yra jtakojamas splaisingo, ta¢iau panasu, kad $i
MiRNR gali susiformuoti ir kitu brendimo keliu. miR-3064-3p ir miR-6515-
5p, lokalizuoty 5°¢ tipo mirtronuose, bei miR-3940-5p ir miR-6850-3p,
lokalizuoty 3¢ tipo mirtronuose, atvejais nusloping splaisingg nustatéme
statistiSkai nepatikima, bet tendencingg 1,4-2,8 karty miRNR kiekio didéjima,
lyginant su laukinio tipo vektoriais. Taigi, nei vienai i§ tirty 5° ir 3° tipo
mirtroniniy miRNR brendimui splaisingas neturi jtakos ir §ios miRNR negali
bti priskiriamos mirtroniniy miRNR tipui.

A

Standartiniai 1225’IDHX3D_ 5' tipo mirtronai 3' tipo mirtronai
. . nekirpta
mirtronai kirpta 3064/DDX5
WT MUT RT-
TEP[e—— ] nekirpta
1227/PLEKHJ 1236/NELFE 3940/KHSRP
nekirpta i nekirpta 3 nekirpta
kirpta kirpta kirpta
Te @RS ] Tepl— e | e
1229/MGAT4B 1238/ATG4D 6850/RPL8
nekirpta nekirpta nekirpta nekirpta
kirpta kirpta kirpta kirpta
TP [ e ] TEP [ b ] e | ee
B . . .
» 3500 Standartiniai mirtronai 2500 5' tipo mirtronai 3' tipo mirtronai
£ 3000 mm wr 2000 W WT
£ 25001 mm MUT 15004 T MUT
w 2000 1000
€, 1500 L 1 o
< 1000 100+
a 800 80+
x 600 60
Z 400 40+
X 200 20
£ 0 0
miR-1226-3 miR-1229-3p  miR-1238-3p miR-3064-3p miR-6850-3p
miR-1227-3p miR-1236-3p miR-6515-5p miR-3940-5p

3.12 pav. miRNR, lokalizuoty mirtronuose, brendimo priklausomybés nuo
splaisingo nustatymas. (A) Splaisingo efektyvumo nustatymas vektoriais
transfekuotose HCT116 lastelése. iRNR tirta panaudojus kokybing RT-PGR reakcija.
RT- kontroliné reakcija, rodanti, kad néra DNR uzterSimo. Nekirpta forma rodo
fragmenta, kai splaisingas blokuojamas ir intronas, kuriame lokalizuotas mirtronas,
iSlaikomas; kirpta - rodo fragments, kai splaisingas vyksta. TBP — endogeniné
kontrolé; (B) miRNR raiska HCT116 Igstelése, transfekavus laukinio (WT) ir
splaisingg slopinancias mutacijas turin¢ius (MUT) vektorius. Kiekybiné analizé
vykdyta tikro laiko RT-PGR. Analizé vykdyta lyginant su lgstelémis transfekuotomis
kontroline pcDNAZ3 (-) plazmide.
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Taigi, galime teigti, kad miR-1226-3p, miR-1227-3p, miR-1229-3p,
miR-1236-3p, lokalizuoty standartiniuose mirtronuose, brendimas priklauso
nuo splaisingo proceso ir §ios miRNR gali biti priskiriamos mirtroniniy
MiRNR tipui miR-1238-3p, lokalizuota standartiniame mirtrone, bei miR-
3064-3p ir miR-6515-5p, lokalizuotos 5p tipo mirtronuose, bei miR-3940-5p
ir miR-6850-3p, lokalizuotos 3p mirtronuose, gali bresti ir nevykstant

splaisingui.
3.4.2 SRSF1 bei SRSF?2 splaisingo veiksniy jtaka mirtroniniy miRNR brendimui

Parodg, kad miR-1226-3p, miR-1227-3p ir miR-1229-3p lokalizuoty
standartiniuose mirtronuose, brendimas priklauso nuo splaisingo proceso,
toliau noré¢jome nustatyti, kaip $iy mirtroniniy miRNR brendimg veikia
splaisingg reguliuojantys veiksniai. Tyrimams parinkome dazniausiai
splaisingo reguliacijoje sutinkamus veiksnius - SRSF1 (daznai sutinkamu
pavadinimu SF2/ASF) bei SRSF2 (daznai sutinkamu pavadinimu SC35). Sie
baltymai priklauso SR veiksniy klasei ir dazniausiai aktyvina splaisingo
procesa (63). Taip pat, SRSF1 yra laikomas onkogenu, kurio rai§ka yra daznai
pakitusi vézinése lgstelése (251). Su véziniais procesais susijes ir SRSF2
splaisingo veiksnys (252).

Transfekave SRSF1 ir SRSF2 baltymus koduojanéias plazmides |
HCT116 lasteles (baltymus koduojanéias plazmides konstravo dokt. L. Vilys,
ILBS, BTI), lasteliy branduoliuose nustatéme 3.2 karto SRSF1 baltymo kiekio
iSaugimg, bei 1.6 karto SRSF2 baltymo raiskos padidéjimag (western blot
analize atliko dr. E. Jakubauskiené, ILBS, BTI) (3.13 pav., 3.5 lentel¢). Toliau
tyréme, kaip $iy baltymy poveikyje kinta miR-1226-3p, miR-1227-3p ir miR-
1229-3p raiska. Lastelése, padidéjus SRSF1 kiekiui, specifiSkai 1.7 karto
iSaugo tik miR-1229-3p raiska (p<0.05).

3.5 lentelé. Mirtroniniy miRNR raiskos pokytis kartais, padidinus splaisingo
veiksniy SRSF1 bei SRSF2 raiska HCT116 lastelése. I3 viso SRSF1 atveju buvo
atlikti trys biologiniai pakartojimai, SRSF2 atveju — 5 biologiniai pakartojimai. *
nurodo statistiSkai patikimg skirtuma.

Mirtroniniy miRNR raiskos pokytis, kartais

Splaisingo veiksnys (p-reiksmé)

(pokytis kartais) MiR-1226 MiR-1227 MiR-1229
SRSF1 1506 11204 1.7+04*

(3.2 +0.6) (p=0.23) (p = 0.47) (p = 0.05)
SRSF2 15+0.8 1.9 +0.7* 1.4 +0.3*
(16 +0.5) (p = 0.15) (p = 0.008) (p = 0.008)
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3.13 pav. Splaisingo veiksniy SRSF1 ir SRSF2 jtaka mirtroniy miRNR
brendimui. (A) SRSF1 (pSRSF1) bei SRSF2 (pSRSF2) baltymus koduojanéiy
plazmidziy transfekcija | HCT116 lasteliy linija. Western-blot analizé vykdyta
naudojant lasteliy branduoliy ekstrakts. p-aktinas buvo naudotas kaip endogeniné
kontrolé¢ (B) Mirtroniniy miRNR raiSkos pokytis kartais, padidinus SRSF1 arba
SRSF2 baktymy kiekj lastelése. 1§ viso SRSF1 atveju buvo atlikti trys biologiniai
pakartojimai, SRSF2 atveju — 5 biologiniai pakartojimai. * nurodo statistiskai
patikimg skirtumg, p<0.05. Paklaidos nurodo standartinj nuokrypj. Analizé vykdyta
lyginant su lgstelémis transfekuotomis kontroline pcDNA3 (-) plazmide.

Intronas, kuriame lokalizuotas miR-1226 ir DHX30 21 egzonas

~ GGTGGCCTCACCAG

G GCAGGCCTGGATGGGGCAGCTGGGATGGTCCAAAAGG GGEC CACC!
CC u:uﬂllllll...GGAGGcCACACGGTTACGGAGCCGATGGCTGACGTATTTCATGGC
AGTCAAGTCCAATGGCAGCGTCTTCGTCCGGGACTCCTCTCAGGTGCACCCGCTAGCTGT
GCTGCTGCTGACCGACGGGGACGTGCACATCCGTG

Intronas kuriame lokalizuotas miR-1227 ir PLEKHJ1 7 egzonas

GGGTGGGCACAGCAGCCATGCAGAGCGGGCA

~CTACG_CGGAGAAGCCTCATCTTCT
ACAGGAACGAAATCCGGAAGGTGACGGGCAAG

Intronas kurlame lokalizuotas miR-1229 ir MGAT4B 14 egzonas

i l‘":,;l,-‘/-‘L*L ’\¥ A l ( (*.‘ r:!‘::{z:‘”;"*L ‘{:l:“.‘nln‘lf l { L*/ ".f 1 L l ." L. I.‘I L L “ L 1" :‘\ L
LJLLLHLﬁ7GCTCCTTCTACAAGGGAGTGGCAGAGGGRGAGGTGGACCCAGCCTTCGGCC
CTCTGGAAGCACTGCGCCTCTCGATCCAGACGGACTCCCCTGTGTGGGTGATTCTGAGCG

AG

3.14 pav. SRSF1 bei SRSF2 specifiniy seky identifikavimas naudojant Human
Splicing Finder programa. Sekos su kuriomis jungiasi SRSF1 pazymétos geltonai,
SRSF2 — 7zaliai. Mirtronai pazyméti raudonos spalvos kursyvu, egzonai — juoda
spalva.
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[Saugus SRSF2 raiskai, nustatéme, kad miR-1227-3p kiekis padidéjo 1.9
karto (p=0.008), 0 miR-1229-3p - 1.4 karto (p=0.008).miR-1226-3p raiska
abiem atvejais iSaugo 1.5 karto, taciau stipriai varijavo priklausomai nuo
biologinio pakartojimo (3.5 lentelé, 3.13 pav.). Taigi, SRSF1 ir SRSF2
splaisingo veiksniai skirtingai veikia mirtroniniy miRNR brendima.

Norédami paaiskinti SRSF1 ir SRSF2 skirtingg jtaka mirtroniniy miRNR
raiSkai, naudodami Human Splicing Finder interneting duomeny baze (253)
egzonuose, $alia tiriamy mirtrony, nustatéme specifines sekas, su kuriomis
gali saveikauti Sie splaisingo veiksniai (3.14 pav.). Egzone, $alia mirtrono,
kuriame lokalizuotas miR-1229-3p, identifikavome specifing seka, kurig gali
atpazinti SRSF1. Egzone, $alia mirtrono, kuriame sutinkamas miR-1227-3p,
nustatéme specifing seka, su kuria gali sgveikauti SRSF2. Egzone, $alia
mirtrono, kuriame lokalizuotas miR-1226-3p, identifikavome vieng seka, su
kuria gali sgveikauti SRSF2, ir net dvi sekas, kurias gali atpazinti SRSF1.

Remiantis Siais duomenimis galima daryti prielaidg, kad HCT116
vézinése lastelése miR-1226-3p splaisingas yra jtakojamas abiejy lastelése
esan¢iy SRSF1 ir SRSF2 splaisingo veiksniy ir padidinus vieno raiska jie
tarpusavyje gali konkuruoti, arba sgveikauti su kitais splaisingg slopinanciais
baltymais. Taip pat nustatytos specifinés sekos, su kuriomis gali saveikauti Sie
splaisingo veiksniai, paaiskina tai, kad SRSF2 veiksnys labiausiai skatina
miR-1227-3p, 0 SRSF1 — miR-1229-3p splaisinga.

3.4.3 Mirtroniniy miRNR raiska Zzmogaus virskinimo sistemos vézinése lIastelése ir
navikuose

Pradedant tyrimus, apie mirtroniniy miRNR reik§me kancerogenezés
vystymesi buvo praktiskai nezinoma. Todél toliau siekdami iSsiaiSkinti ar
mirtroninés miRNR dalyvauja véziniuose procesuose, nustatéme mirtroniniy
miR-1226-3p, miR-1227-3p, miR-1229-3p, miR-1236-3p bei nuo splaisingo
nepriklausomu keliu brestancios miR-1238-3p raiskg vézinése virskinimo bei
taip pat salinimo sistemos vézinése lastelése. Tyrimus atlikome trijose kasos
(Panc-1, T3M4, Su86.86), dviejose inksty (Caki-1, 786-0), storosios zarnos
(HCT116) bei skrandzio (KATO III) vézinése lastelése. miRNR raiska
vézinése lgstelése lyginome su §iy miRNR kiekiu zmogaus embrioninése
inksty lastelése HEK 293A.

Nustatéme, kad miR-1226-3p bei miR-1227-3p raiska buvo sumazéjusi
visose tirtose linijose (3.6 lentel¢). DidZiausias beveik 5 karty kiekio pokytis
miR-1226-3p atveju nustatytas inksty Caki-1 bei 786-O vézinése lastelése.
MiR-1236-3p raiska iSaugo kasos T3M4 ir Su.86.86, bei mazéjo inksty 786-O
bei skrandzio KATOIII linijose.
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3.6 lentelé. miRNR raiska kasos, inksty, storosios Zarnos bei skrandzZio véZinése
Iastelése. Visi poky¢iai kartais, didesni uz 1,5 buvo statisti§kai patikimi (p<0.05).

Organas Lasteliy Priklauso nuo splaisingo Nepriklauso
linija
1226-3p  -1227-3p  -1229-3p -1236-3p  -1238-3p
Kasa PANC-1  2g+18 -1,74+03 -284#09 -14:02  -1240,6
SU8B6.86 34109 -21#04  +5042,7 +3,8+06  +2,8+0,9
T3M4 -2,240,4  -2,6480,4 +2,1#0,3 +1,9+0,4  +1,3%0,2
Inksty CaKi-1  49+21 -39+1,6 -12+0,6 +1,3%0,7 1,0£0,8
786-0 -46%2,2  -26%¢0,7  -1,1#0,2 -18+02  -1,10.2
Storosios HCT116
Farnos 2,7¢0,8  -2,2+0,8  -1,3#0,2  1,040,7 -4,2+0,3
Skrandzio KATOIIl -1,9#0,3 -20+04 +27+03 -2,2403  +1,3x0,0
Y
£
S
&
S g
o ”
s 3
T3M4
|: Su.86.86
— HCT116
Panc-1
Kilo i3 Navikas ImiF;NA rzi-*;,kak i
als
.Pirminio naviko DKasos 0g2 (pokytis ka )
Metastazinio .| kst :?%3
naviko n sq. ) E]OE]TUS
DStorosmszarnos ?:gg
. Skrandzio 2125

3.15 pav. Klasteriné mirtroniniy miRNR rai§kos véZinése lastelése analizé.
Lasteliy linijos nurodytos eilutése, miRNR — stulpeliuose. Duomenys pateikiami
logaritminéje skaléje logo (pokytis Kkartais), lyginta su HEK 293A. Raudona spalva
zymi iSaugusj miRNR kiekj; zalia — sumazéjusj; juoda — skirtumo néra. Hierarchinés
klasterizacijos dendrograma pateikta kair¢je. Tamsiai mélyna spalva nurodomos
lasteliy linijos i§ pirmino naviko, $viesiai - i§ metastaziy.
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miR-1238-3p kiekis krito storosios zarnos HCT116 ir didéjo kasos
Su.86.86 vézinése lastelése. Taigi, nustatéme, kad mirtroniniy miRNR raiska

yra skirtinga zmogaus virSkinimo ir Salinimo sistemos vézinése lastelése.

Toliau, atlike hierarching klasterizacija identifikavome, kad lasteliy
linijos kilusios i§ pirminiy naviky ir metastaziy grupuojasi  atskirus klasterius
(3.15 pav.). Stiprus miR-1229-3p raiskos padidéjimas nustatytas trijose i$
keturiy tirty metastaziniy linijy — kasos T3M4, Su.86.86 bei skrandzio
KATOIII. Vienintelése metastazinése inksty Caki-1 lgstelése §i0s mirtroninés
MIiRNR kiekis nesikeité. Taigi, iSkelta prielaida, kad miR-1229-3p gali biti
susijusi su véziniy lasteliy metastazinémis savybémis.

Toliau sickdami jvertinti mirtroniniy miRNR galimybg jas naudoti kaip
biozymenis vézio diagnostikai, tikrinome $iy miRNR raiska storosios Zarnos
(12 naviky ir 6 sveiki), skrandZio (13 naviky ir 15 sveiky) ir kasos navikuose
(12 naviky ir 8 sveiki), lygindami su sveikais audiniais. Nustatéme, kad miR-
1226-3p kiekis statistiskai reik§mingai sumazgjo storosios Zarnos navikuose
(p<0.001) (3.16 pav. A). Priesingai, skrandzio véZiniuose audiniuose miR-
1226-3p raiska iSaugo (p<0.001) (3.16 pav. B). Kasos navikuose $i miRNR
nesikeité, taciau nustatéme, dviejy miR-1227-3p (p<0.028) bei miR-1236-3p
(p<0.017) kiekio sumazéjima (3.16 pav. C).

Taigi, mirtroniniy miRNR raiska skiriasi vir§kinimo sistemos (kasos,
storosios zarnos ir skrandzio) navikuose, lyginant su sveikais audiniais. Tai
leidzia daryti prielaida, kad mirtronines miRNR galima naudoti kaip

bioZzymenis vézio diagnostikai.
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3.16 pav. Mirtroniniy miRNR raiska storosios Zarnos (A), skrandzio (B) ir kasos
(C) audiniuose. AC; reikSmés lygintos su RNU48 reik§me (AC: =ACnmir - ACrnuas),
Linijos grafikuose nurodo vidurkio reikSme, paklaidos rodo — 5 ir 95 duomeny
percentilius. Kuo didesnis veréiy skirtumas, tuo maziau miRNR méginyje Pokytis
kartais Zymimas * p<0.05 ir *** p<0.001. Balta spalva nurodyti sveiky audiniy
duomenys, pilka — véziniy.
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4. REZULTATU APTARIMAS

miRNR reguliuoja daugumg lgsteléje vykstanciy procesy - vystymasi,
lasteliy diferenciacija, lasteliy homeostazés palaikymg (2). Todél
nenuostabu, kad miRNR raiskos pokyc¢iai yra siejami su Sirdies bei
véziniais susirgimais (22), kurie nusineSa daugiausia zmoniy miréiy.
Kanoninés miRNR intensyviai tiriamos §iose abiejose ligy grupése (4,203).
Taip pat miRNR patekusios j kiino skyscius iSlieka stabilios, o tai suteikia
puikig galimybe¢ panaudoti miRNR kaip biozymenis (85).

Sioje disertacijoje pirma karta miRNR profiliai audiniuose ir kraujo
plazmoje, susiformavus KAA, buvo identifikuoti visumine sekoskaita.
Nustatéme, kad pakitusi miRNR raiska KAA audiniuose jtakoja TGF-B
signalinj kelig bei, tikétina, todél dalyje kraujagysliy lygiyjy raumeny Iasteliy
keiCiasi transkripcijos veiksnio KLF4 baltymo raiska. Svarbu pabrézti, kad iki
Siol dauguma tyrimy buvo atlikta su sindromine KAA forma - Marfano
sindromu, kuris i$sivysto dél mutacijy fibrilino-1, lizino oksidazés LOX ir
biglikano BGN genuose. Siame darbe tyrimus atlikome analizuodami tik
atsitikting KAA forma, kuri retai yra siejama su geny mutacijomis ir kurios
atsiradimo priezastys néra zinomos (7,8).

Siame darbe tyréme ne tik kanonines miRNR, bet ir nekanoniniu keliu
brestancias mirtronines miRNR. Tokios miRNR yra lokalizuotos segtuka
formuojanciuose geny intronuose, vadinamuose mirtronuose, Kuriuos jy
brendimo metu vietoj Drosha/DGRC8 kerpa splaisosoma. Nepaisant to, kad
galimy mirtroniniy miRNR bioinformatiskai identifikuota apie tiikstantj
(14), iki $iol néra aiSku ar Sias sekas tikrai kerpa splaisosoma. Todél
pirmiausia nustatéme tyrimams pasirinkty standartiniy, 5¢ ir 3° tipo
mirtroniniy miRNR brendimo priklausomybe nuo splaisingo. Taip pat
jvertinome splaisingo veiksniy SRSF1 ir SRSF2 jtaka mirtroniniy miRNR
raiSkai. Mirtroniniy miRNR raigka ir reik§mé tyrimy metu praktiskai nebuvo
tiriama. Keletas tyréjy buvo nustate, kad mirtroninés miRNR dalyvauja
kancerogenezéje (19,20). Taip pat buvo zinoma, kad kanoniniu keliu brestanti
miRNR labai svarbi ir yra puikiai tinkama kaip biozymenys tiriant virSkinimo
sistemos (storosios zarnos, kasos ir skrandzio) vézinius audinius (242-244),
todel mirtroniniy miRNR profilius nustatéme vir§kinimo sistemos véZinése
lastelése bei navikuose.
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4.1 miRNR raiskos pokyc¢iy audiniuose bei kraujo plazmoje,
susiformavus kriitinés kylanc¢iosios aortos aneurizmai, reik§mé

Visumine sekoskaita nustatéme 20 miRNR, kuriy raiska skiriasi KAA
audiniuose, lyginant su sveikais aortos audiniais. KAA fiziologiskai yra
panasi | pilvo aortos aneurizmg (PAA). Taciau KAA ir PAA kyla i skirtingy
lasteliy embriono vystymosi metu ir priezastys sukelianéios Sias aneurizmas
daznai yra skirtingos. PAA vystymasis, kitaip nei KAA, daznai yra siejamas
su ateroskleroze ir stipriu uzdegiminiu procesu (254). Nors dalis miisy tirty
MiRNR miR-126-3p, miR-155-5p ir miR-133a-3p dalyvauja ir PAA
vystymesi (186), taciau bendrai nustatéme, kad PAA ir KAA miRNR raiskos
profiliai skiriasi.

Siekdami patvirtinti sekoskaitos biidu identifikuotus skirtumus, penkiy
miRNR (miR-126-3p, miR-155-5p, miR-10a-5p, miR-133a-3p, miR-148a-
3p) raiskos pokycius tikro laiko PGR metodu nustatéme ir didesnéje méginiy
imtyje. Parodéme, kad analizuojant visy méginiy imtj miR-126-3p, miR-155-
5p, miR-10a-5p bei miR-133a-3p reikSmingai keitési KAA audiniuose,
lyginant su sveikomis aortomis. Tuo tarpu, nustatéme, kad miR-148a-3p
raiSka statistiskai patikimai iSaugo tik vyry KAA audiniuose. Taip pat, miR-
126-3p ir miR-155-5p atvejais statistiSkai  patikimesnj skirtuma
identifikavome tarp vyriSkos lyties pacienty. Analize vykdant su motery
audiniais, statistikai patikimo tiriamy miRNR skirtumo nenustatéme. Taciau
moteriSkos lyties méginiy imtis buvo maza. Nors $iuo metu kylanciosios
aortos aneurizmos vystymosi vyry ir motery aortos audiniuose mechanizmo
skirtumai néra istirti, vis délto tikétina, kad yra du skirtingi KAA vystymosi
mechanizmai tarp vyry ir motery. Tai netiesiogiai patvirtina tai, kad KAA
vyrams yra nustatoma 6 kartus dazniau nei moterims. Be to, jei KAA
susiformuoja moterims, aorta pleciasi tris kartus greic¢iau (164). Taip pat yra
nustatyta, kad motery KAA audiniuose yra daugiau metalo proteinaziy MMP-
2 ir MMP-9, fermenty skaidanciy tarplastelinj uzpilda ir taip pagreitinanciy
aortos plétimasi (165). Taigi, galime daryti prielaida, kad miRNR raiska gali
skirtis KAA audiniuose priklausomai nuo lyties, ta¢iau tam patvirtinti
reikalingi tolimesni tyrimai praplétus motery méginiy imtj.

PAA audiniuose nustatyta, kad iSauges miR-155-5p kiekis koreliuoja su
makrofagy imuniniu atsaku ir tarplastelinio uzpildo ardymu (254). Priesingai,
KAA audiniuose nustatéme stipriai sumazéjusj Sios miRNR kiekj. Gali biti,
kad miR-155-5p raiskos sumazéjimas rodo silpnesnj imuninj atsakg KAA
audiniuose. Panasu, kad KAA atveju §i miRNR veikia kitaip nei PAA atveju.
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Neseniai identifikuota, kad miR-148a-3p sumazéjusi raiska per STAT3
signalinj kelig stiprina atsakg j citokinus esant dilatacinei kardiomiopatijai
(255). Priesingai, KAA atveju nustatéme Sios miRNR padidéjusia raiska, tai
rodo, kad STATS3 signalinis kelias gali biiti slopinamas. Taip pat identifikuota,
kad PAA padidéjusi raiSka specifinés endotelio miRNR miR-126-3p, Kkuri
palaiko kraujagysliy integraluma bei homeostaze, koreliuoja su sumazéjusiu
uzdegiminj procesg sukelian¢iu citokino TNF-o kiekiu. miR-126-3p kiekis
KAA audiniuose taip pat iSauga (256). Taigi, galime daryti prielaida, kad miR-
155-5p, miR-148a-3p ir miR-126-3p gali slopinti imuninj atsaka KAA
audiniuose.

Taip pat nustatyta, kad miR-126-3p puslelése gali biti perduodama
VSMC lasteléms ir dalyvauti reguliuoti jy diferenciacijos stadija (257).
Identifikuota, kad sumazéjusi miR-133a-3p raiska lemia iSaugusj
transkripcijos veiksnio Spl kiekj, kuris aktyvuoja KLF4, kas lemia VSMC
lasteliy fenotipo pasikeitimg i§ kontraktilinio j sintetinj (194,258). Tuo tarpu
iSaugusi miR-10a-5p raiska slopina histony deacetilaze HDAC4, kas lemia
embrioniniy lasteliy diferenciacija § VSMC (259). Taigi, miR-126-3p, miR-
133a-3p ir miR-10a-5p gali dalyvauti VSMC fenotipo reguliacijoje.

Svarbu paminéti, kad miR-10a-5p ir miR-148a-3p raiskos poky¢iai iki
Siol nebuvo nustatyti KAA audiniuose. Siems duomenims sustiprinti,
parodéme, kad vienos pagrindiniy su KAA susijusiy miR-126-3p raiska
koreliuoja ir su miR-148a-3p (R=0.67) bei miR-10a-5p (R=0.67) kiekiu
méginiuose.

Taigi, galime daryti prielaida, kad tirtos miRNR gali biiti susijusios su
imuninio atsako slopinimu, endotelio lgsteliy homeostazés palaikymu bei
lygiyjy raumeny lasteliy diferenciacija.

Siame darbe identifikavome 17 cirkuliuojanéiy miRNR, kuriy raiska
keitési kraujo plazmoje, susiformavus KAA, lyginant su sveikomis
kontrolémis. Didesnéje pacienty imtyje parodéme, kad yra net 84 % tikimybé
diagnozuoti KAA, kai yra nustatomas miR-122-3p ir miR-483-3p kiekio
sumaz¢jimas plazmoje. Taigi, Sios dvi miRNR gali biiti panaudotos kaip
potencialiis KAA biozymenys. Svarbu pabrézti, kad dauguma visumine
sekoskaita nustatyty cirkuliuojan¢iy miRNR raiskos poky¢iy anks¢iau nebuvo
nustatyti kylanciosios aortos aneurizmos atveju.

Visgi, bendry miRNR, kuriy raika keiciasi ir audiniuose, ir kraujo
plazmoje, susiformavus KAA, nebuvo nustatyta. Taip pat, SeSios MiRNR,
kuriy kiekis keitési plazmoje, buvo labai silpnai sintetinamos KAA
audiniuose. Taigi, pakitusios miRNR patenka j kraujo plazma ne i§ KAA

audinio.
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Mazai yra zinoma apie miR-122-3p, kurios raiska stipriausiai krenta
plazmoje, esant KAA. Vis délto, miR-122-3p kyla i§ to paties pri-miRNR,
kaip ir miR-122-5p - pagrindiné miRNR dalyvaujanti kepeny lasteliy
homeostazés palaikyme ir metabolizmo procesuose (260). miR-122-5p
raiskos sumazéjimas yra siejamas su kepeny ligomis (261), ko pasekoje
i§sivysto metabolinis sindromas ir $irdies sutrikimai (262). Be to, miR-122-5p
raiSkos kritimas kraujo plazmoje buvo identifikuotas esant tokioms Sirdies
ligoms kaip miokardo infarktas, Sirdies sustojimas bei esant dviburio aortos
voztuvo patologijai (263). Sumazéjusi miR-483-3p raiska yra susijusi su
endotelio lgsteliy atsaku j paZaidas (264), bei migracija ir kraujagysliy
formavimu (265). Panasu, kad dalis miRNR, esant KAA, gali patekti j krauja
i§ kity organy, Siuo atveju — i§ kepeny, Sirdies ir endotelio lgsteliy, kaip
sisteminis atsakas j liga. Yra nustatyta, kad cirkuliuojanti miRNR gali veikti
kaip signaliné molekulé tarp atskiry organy — kepeny, kasos, raumeny,
imuniniy ir endotelio 1gsteliy (233).

Identifikave miRNR, kuriy raiska statistiSkai patikimai keiCiasi KAA
audinyje, lyginant su sveikomis aortomis, ir nustate iRNR, su kuriomis gali
sgveikauti Sios miRNR, atlikome KEGG duomeny bazés signaliniy keliy
praturtinimo analizg. Nustatéme, kad KAA vystymesi dalyvauja TGF-f
signalinis kelias. miRNR saveikauja su $io signalinio kelio receptoriais ir
ligandais, bei SMAD baltymais, perduodanciais signalg j branduolj. Jei TGF-
B signalas perduodamas per TGFBR1/Smad2, miokardinas stimuliuoja
VSMC kontraktilinio fenotipo raiSka. Jei signalas yra perduodamas per
ALK1/Smad1/5/8, isauga KLF4 baltymo raiska, kuri skatina VSMC fenotipo
peréjima | sintetinj. Taigi, KAA vystymasis gali biiti tiesiogiai jtakojamas
KLF4 ir miokardino raiSkos pokyc¢iy, kas lemia pasikeitusia VSMC
diferenciacijos stadija.

Buvo nustatyta, kad TGF-f receptoriy ir SMAD baltymy disbalansas gali
sukelti KAA. Marfano sindromo atveju buvo nustatytas padidéjes TGF-B
aktyvumas, kas sukelia TGF-p ir SMAD2 baltymo raiskos padidéjima
(172,173). Taciau neseniai taip pat parodyta, kad §io sindromo atveju néra
nustatomi TGF-f signalinio kelio pakitimai (174). Be to, nustatyta, kad
SMAD4 ir TGRBR2 geny iStrynimas VSMC lemia aortos i$siplétima pelése
(175,176). O isauges SMAD?2 aktyvumas yra nesusijes su TGF-p signalu
(176,266). Taip pat identifikuota, kad signalo pasikeitimas nuo
TGFBR1/Smad2 j ALK1/Smad1/5/8 1émé sintetinio VSMC fenotipo geny
raiSka pelése, vystantis KAA (267). Taigi, iki Siol néra aisku ar TGF-p
signalinio kelio aktyvacija, ar slopinimas sukelia KAA. Taip pat svarbu

pabrézti, kad iki Siol KAA vystymosi mechanizmai buvo atlikti VSMC
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lasteliy linijose arba pelés modeliuose, kas tik dalinai atspindi tikruosius
mechanizmus vykstan¢ius zmogaus audiniuose (9). Todél siekdami tiksliau
atskleisti KAA vystymasi, baltymy ir geny raiSkos tyrimus atlikome zmogaus
KAA audiniuose.

Tyréme TGF-B receptoriy TGFBR1 ir ALK1, bei transkripcijos veiksniy,
MYOCD ir KLF4, geny raiska. Identifikavome, kad KAA audinyje statistiskai
patikimai padidéjo ALK1 geno raiska. Koreliaciné miRNR ir ALK1 geno
analizé parod¢, kad $io geno kiekis koreliuoja su miR-10a-5p, miR-126-3p ir
miR-148a-5p raiska. Reiksmingy TGFBR1, KLF4 ir MYOCD geny raiskos
skirtumy nenustatéme. Kadangi miRNR, sgveikaudama su iRNR, nevisada
kei¢ia jos kiekj, 0 daZnai tiesiog yra slopinama transliacija (2), toliau
imunohistochemine analize buvo nustatytas TGFBR1 ir ALKL, bei
transkripcijos veiksniy, MYOCD ir KLF4 baltymy kiekj audiniuose. Nors
MYOCD kiekio skirtumy neidentifikavome, KAA audiniuose net 27% VSMC
lasteliy branduoliy padidéjo KLF4 baltymo kiekis, kai sveikuose aortos
audiniuose iSaugusi KLF4 raiSka nustatoma tik 10% branduoliy. Butent, Sio
baltymo padidéjes kiekis ir lemia dalies VSMC lgsteliy fenotipo keitimg i
kontraktilinio j sintetinj. Imunohistocheming analizg pasirinkome, siekdami
identifikuoti stipriausius poky¢ius audiniuose, iSsivysCius KAA. Be to §i
analizé leidzia nustatyti baltymy lokalizacija lasteléje, kas yra itin svarbu,
norint jvertinti baltymy veiklumg. MYOCD raiska stebime ir citoplazmoje, ir
branduolyje, tai gali paaiskinti tai, kodél nepastebime kiekio svyravimy, kaip
atsako i KLF4 baltymo kiekio iSaugimg. Taip pat nustatéme, kad ALK1
baltymo kiekis nekito. Tikétina, kad miRNR, su kuriomis $io geno raiska
koreliuoja, miR-10a-5p, miR-126-3p ir miR-148a-5p, gali veikti kaip atsakas
1 padidéjusia ALK1 geno raiska ir ja slopinti, ko pasekoje ALK1 baltymo
raiSka néra nustatoma. Taciau norint tiksliau nustatyti neZymius ALKI1 ir
MYOCD baltymy kiekio svyravimus, tolimesniuose tyrimuose reikéty
jvertinti visy baltymy kiekj toje pacioje lastel¢je bei atlikti analiz¢ naudojant
tikslesne baltymy kiekio detekcijos sistema.

4.2 Mirtroniniy miRNR brendimo mechanizmo ir jy raiskos
zmogaus virskinimo sistemos vézinése lastelése ir navikuose,
analizé

Nors bioinformatiskai analizuojant miRNR sekoskaitos duomenis
mirtroniniy miRNR nustatyta apie tiikstantj (14), iki Siol néra aisku, ar Sios
miRNR tikrai bresta nuo splaisingo priklausomu keliu. Parodéme, kad miR-
1226-3p, miR-1227-3p, miR-1229-3p ir miR-1236-3p, lokalizuoty
standartiniuose mirtronuose, brendimas priklauso nuo splaisingo proceso. Tuo
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tarpu miR-1238-3p, sutinkama standartiniame mirtrone, tik dalinai priklauso
nuo splaisosomos kirpimo. Taip pat, kad ne visi standartiniai mirtronai bresta
nuo splaisingo priklausomu keliu jau buvo parodZiusios keletas tyréjy grupiy.
IStyrus tris introninines miRNR miR-1226, miR-887, miR-1233 — nustatyta,
kad tik miR-1226 ir miR-887 brendime dalyvauja splaisosoma (16). Kitame
tyrime i§ keturiy pasirinkty miR-1226, miR-887, miR-1225, miR-1228 — nuo
splaisingo priklausomos buvo tik tos pa¢ios dvi miRNR - miR-1226 ir miR-
887 (136).

Identifikavome, kad miR-3064-3p ir miR-6515-5p, lokalizuotos 5° tipo,
bei miR-3940-5p ir miR-6850-3p, lokalizuotos 3¢ tipo mirtronuose, gali bresti
ir nevykstant splaisingui. Iki Siol zinduoliuose eksperimentiskai néra nustatyta
né vienos mirtroninés miRNR, lokalizuotos 5° tipo ir 3° tipo mirtronuose,
priklausomybé nuo splaisomos kirpimo. ldentifikuotas tik vienas atvejis
drozofiloje, kai 3° tipo mirtronas dme-miR-1017 bresta nuo splaisingo
priklausomu btidu (17). Tai leidzia manyti, kad i§ daugumos bioinformatiniais
metodais nustatyty 5¢ ir 3¢ tipo mirtrony nesusiformuoja mirtroninés miRNR.
Bei iskelia klausimg ar 5° ir 3° tipo mirtronai i§ tikryjy egzistuoja
zinduoliuose.

Tai, kad ne visi bioinformatiskai nustatyti mirtronai i§ tikryjy yra
kerpami  splaisosomos, paskatino pladiau tirti nekanoniu  keliu
susiformuojané¢iy miRNR brendimg. Kaip jau minéta, nustatyta, kad laikyty
mirtroninémis miRNR miR-1225, miR-1228 ir miR-1233 iskirpimas gali
vykti nepriklausomai nuo splaisingo (16,136). Identifikuota, kad Siy miRNR
brendimas taip pat yra nepriklausomas ir nuo Dicer, AGO?2 ir eksportino-5, ir
tokios miRNR pavadintos simtrominémis miRNR. Manoma, kad simtroniniy
miRNR brendimas gali vykti ir nuo splaisingo priklausomu ir nepriklausomu
keliu (136). Taip pat neseniai identifikuoti agotronai, intronai, kurie yra
iSkerpami splaisosomos, bet jy brendimas néra priklausomas nuo Dicer, kaip
mirtroniniy miRNR, ir citoplazmoje su AGO baltymais risasi pilno ilgio
intronas (apie 100 nt), o ne trumpa miRNR. Agotronai gali veikti, kaip miRNR
ir slopinti iRNR, bet manoma, kad svarbiausia jy funkcija stabilizuoti ir
apsaugoti AGO baltymus nuo degradacijos. Pasiiilyta, kad simtronine miRNR
laikoma miR-1225 ir mirtroniné miR-1236 i$ tikryjy gali veikti kaip agotronai
(137). Taip pat naujai atrastos specifinés miRNR, kylancios i§ 50-200 nt ilgio
segtuko formos struktiirg formuojanéiy trumpy introny, kurie yra iSkerpami
alternatyvaus splaisingo metu. Siuo atveju, identifikuota, kad ta pati miRNR
gali bresti kanoniniu bei alternatyviu mirtrony ar simtrony brendimo keliu
(139). Taigi, Sie duomenys atskleidé, kad tiriant nekanoniniy miRNR raiska,

bitina detektuoti ir jvertinti ne tik subrendusiag miRNR forma, bet ir jos
90



pirmtakus. Taip pat identifikavo, kad kanoninis ir alternatyviis brendimo
keliai tarpusavyje yra stipriau susij¢ nei buvo manoma. Taigi, tikétina, kad ta
pati miRNR gali bresti skirtingais biidais, todél visgi sunku priskirti tik vieng
brendimo kelig tiriamai miRNR (137,139). Tikétina, kad miR-1238-3p, kurios
brendimas tik dalinai priklauso nuo splaisingo, gali bresti ne tik mirtrony, bet
ir kitu alternatyviu arba kanoniniu keliu.

Parodg, kad miR-1226-3p, miR-1227-3p ir miR-1229-3p lokalizuoty
standartiniuose mirtronuose, brendimas priklauso nuo splaisingo proceso
toliau nustatéme, kaip $iy mirtroniniy miRNR brendimg veikia véziniuose
procesuose svarbiis SRSF1 ir SRSF2 splaisingo veiksniai (152,251,252).
Anks¢iau buvo nustatyta, kad SRSF1 gali tiesiogiai ir nepriklausomai nuo
splaisingo sgveikauti su pri-miR-7-1 ir aktyvinti Drosha kirpimg (155).
Identifikavome, kad storosios zarnos HCT116 véziniy Igsteliy branduoliuose
padidéjus SRSF1 baltymo kiekiui statistiSkai patikimai iSauga miR-1229-3p
raiska, o padidéjus SRSF2 kiekiui - miR-1227-3p ir miR-1229-3p raiska.
SRSF1 ir SRSF2 dazniausiai aktyvina splaisingo eigg (152), tai stebime ir $iuo
atveju. Splaisingo veiksniy SF3B1 ir SRSF2 sgsaja su mirtroniniy miRNR
brendimu buvo nustatyta ir esant mielodisplastiniui sindromui, kai SF3B1 ir
SRSF2 genuose esan¢ios mutacijos koreliavo su sumazéjusia galimy 5° tipo
mirtroniniy miRNR miR-3605-5p ir miR-4728-5p raiska, atitinkamai (268).
Taigi, miisy grupé viena i$ pirmyjy nustaté splaisingo veiksniy ir mirtroniniy
miRNR brendimo sarysj.

Siame darbe nustatéme, kad mirtroniniy miRNR miR-1226-3p, miR-
1227-3p, miR-1229-3p ir miR-1236-3p raiska yra skirtinga vir§kinimo ir
Salinimo sistemos vézinése lastelése, lyginant su HEK293A. Taip pat atlike
hierarching klasterizacija identifikavome, kad lasteliy linijos kilusios i
pirminiy naviky ir metastaziy pagal mirtroniniy miRNR raiskg grupuojasi |
atskirus Klasterius. Misy rezultatai leido iskelti prielaida, kad miR-1229-3p
padidéjusi raiSka yra susijusi su véziniy lgsteliy metastazinémis savybémis,
taciau tam patvirtinti reikalingi detalesni tyrimai. Taip pat identifikavome, kad
miR-1227-3p ir miR-1236-3p raiska maz¢ja T3 stadijos kasos navikuose,
lyginant su sveikais kontroliniais audiniais. Taip pat parodéme, kad miR-
1226-3p kiekis mazéja T3 stadijos storosios Zarnos navikuose, ir didéja
skrandzio véZiniuose audiniuose. Taigi, mirtroniniy miRNR raiska yra
skirtinga virskinimo sistemos navikuose, o tai leidZia daryti prielaida, kad
mirtroninés miRNR gali biiti naudojamos kaip biozymenys vézio
diagnostikai. Visgi, tam reikalingi tolimesni tyrimai praple¢iant méginiy
skai¢iy. Pradedant tyrimus buvo tik keli atvejai, kuriuose buvo nustatyta
mirtroniniy miRNR reik§mé véziniams procesams (19,20). Taigi, vieni i$
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pirmyjy identifikavome mirtroniniy miRNR raiskos pokycius vézinése
lastelése ir navikuose. Véliau, kiti tyréjai atliko daug mirtroniniy miRNR
raiskos ir jtakos véziniams procesams tyrimy. miR-1226-3p buvo susieta su
kriities vézio atsparumu tamoksifenui (213) bei stemplés vézio atsparumu
cisplatinai ir 5-FU (214). Identifikuota, kad padidéjusi miR-1229-3p raiska
lemia prastg krities vézio pacienéiy iSgyvenamuma (216). Nustatyta, kad
miR-1227-3p tiesiogiai jtakojo padidéjusig glioblastomos véziniy lasteliy
migracija (217), o sumazéjes miR-1236-3p Kiekis skatino skrandzio (219)
kriities, plauciy ir galvos bei kaklo ertmiy (220) véziniy lasteliy migracijg.

Svarbu paminéti, kad lygiagreciai su mirtroniniy miRNR analize
naudojant tas pacias lasteliy linijas bei navikus ir sveikus audinius taip pat
buvo tirta, kaip keic¢iasi SRSF1 ir SRSF2 baltymy kiekis virskinimo ir
Salinimo sistemos vézinése lastelése bei virSkinimo sistemos navikuose
(tyrimus atliko dr. A. Kanopkos grupé, ILBS, BTI) (269). Nustatyta, kad
SRSF1 ir SRSF2 baltymy kiekis buvo sumazéjes kasos, inksty, storosios
zarnos ir skrandzio vézinése lastelése. Taip pat sumazéjusi SRSF2 raiska buvo
detektuota skrandzio, SRSF1 — kasos, storosios zarnos ir skrandzio navikuose.
Nors transfekave SRSF1 ir SRSF2 baltymus koduojané¢ias plazmides |
HCT116 lasteles identifikavome, kad SRSF2 veiksnys skatina miR-1227-3p,
0 SRSF1-miR-1227-3p ir miR-1229-3p splaisinga, visgi, nustatyti splaisingo
veiksniy kiekio skirtumai silpnai koreliavo su $iy mirtroniniy miRNR
poky¢iais tose paciose vézinése lgstelése bei navikuose. Tai galima paaiskinti
tuo, kad vézinése lgstelése ir navikuose taip pat buvo identifikuoti ir kity
splaisingo veiksniy U2AF35, U2AF65 ir KHSRP kiekiy skirtumai. Nustatyta,
kad tas pats splaisingo veiksnys priklausomai nuo prisijungimo vietos gali ir
aktyvinti, ir slopinti splaisingg (153). Taip pat du splaisingo veiksniai gali
tarpusavyje konkuruoti, kas gali lemti skirtingy introny splaisinga (145).
Biatent dél kompleksisko splaisingo veiksniy veikimo ir dél sgveikos su
nehomologinémis sekomis jvairovés, daznai yra ypatingai sunku nuspéti
splaisingo eigg vézinése lgstelése (154).
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ISVADOS

Vystantis kriitinés kylanc¢iosios aortos aneurizmai (KAA), audiniuose
ir kraujo plazmoje, lyginant su sveiky pacienty méginiais, atitinkamai
keiciasi 20 ir 17 miRNR raiska. Né vienos miRNR, kurios raiska
keitési KAA audiniuose, kiekis nekito kraujo plazmoje, susiformavus
KAA. Tai rodo, kad kraujo plazmos miRNR profilio pakitimai néra
tiesiogiai susije su miRNR raiskos pokyciais aortos audiniuose.
miRNR raiska Zmogaus kylanciosios aortos aneurizmos audiniuose
gali priklausyti nuo paciento lyties. miR-148a-3p kiekis kylanciosios
aortos aneurizmos audiniuose, lyginant su sveikomis aortomis,
statistiskai patikimai iSauga tik tarp vyriskos lyties pacienty. miR-
126-3p ir miR-155-5p atvejais statistiSkai patikimesnis raiskos
skirtumas nustatomas tarp vyriskos lyties pacienty nei analizg
vykdant bendroje, pagal lytj neisskirstytoje, pacienty imtyje.

10 i§ 20 miRNR, kuriy raiSka kei¢iasi KAA vystymosi metu, gali
dalyvauti TGF-B signalinio kelio reguliacijoje. Tikétina, dél miRNR
raiSkos poky¢iy KAA audiniuose, iSauga TGF-f signalinio kelio
receptoriaus ALK1 geno rai$ka ir 2,7 kartus didesnis kraujagysliy
lygiyjy raumens lgsteliy Kiekis turi padidéjusj transkripcijos veiksnio
KLF4 kiekj branduolivose. KLF4 raiskos iSaugimas sukelia
kraujagysliy lygiyjy raumens lgsteliy fenotipo pasikeitima j sintetin;.
miR-1226-3p, miR-1227-3p, miR-1229-3p ir miR-1236-3p,
lokalizuoty standartiniuose trumpuose mirtronuose, brendimas
priklauso nuo splaisingo. miR-1238-3p, lokalizuota standartiniame
mirtrone, bei visos tirtos introninés miRNR, lokalizuotos
bioinformati$kai nustatytuose 5° tipo arba 3° tipo mirtronuose, gali
bresti ir nevykstant splaisingui. Taigi, gali buti, kad zinduoliuose
egzistuoja tik standartinio tipo mirtronai.

Splaisingo veiksnys SRSF1 skatina mirtroninés miR-1229-3p, o
SRSF2 - miR-1227-3p ir miR-1229-3p brendimg storosios Zarnos
HCT116 vézinése lgstelése.

Mirtroniniy miR-1226-3p, miR-1227-3p, miR-1229-3p ir miR-1236-
3p raiska yra skirtinga Zmogaus virSkinimo sistemos véZinése
lastelése, lyginant su nevézine HEK293A lgsteliy linija, bei
virskinimo sistemos navikuose, lyginant su sveikais audiniais. Tali
rodo, kad mirtroninés miRNR gali dalyvauti véziniy procesy
reguliacijoje ir turi potencialg buti naudojamos kaip bioZymenys.
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pl paveikslas. Geny, kuriuose lokalizuoti mirtronai, schema. Zali sta¢iakampiai
zymi baltymus koduojan¢iy geny egzonus, violetiniai staciakampiai —
netransliuojamas sritis, juodos linijos — intronus, raudonos linijos —intronus, kuriuose
yra lokalizuoti mirtronai. Vir§ schemy pateiktos tiriamy introny sekos, raudona spalva
pazyméta dazniau sutinkama subrendusi miRNR, mélyna — reciau sutinkama, zalia
spalva pazymeétos struktiiry nesudarancios sekos. Briik§niai po schemomis nurodo,
kuri geno vieta klonuota. PLEKHJ1 geno atveju padauginta sritis nuo 5 iki 7 egzono,
MGATA4B atveju —tarp 11-13 egzony, NELFE — tarp 3-4 egzony, ATG4D — tarp 7-
9 egzony, DDXS5 — tarp 10-12 egzony, KHSRP — tarp 13-15 egzony, CARL — tarp 5-
7 egzony, RPL8 — tarp 2-4 egzony, kontrolinio geno DHX30 atveju — tarp 19-21
egzony. Pateikiamas mastelis (1000 nt). Islaikytas santykinis egzony ir introny ilgis.
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miR-155-5p

Koreliacija
Vidutiné R=0,5-0,8
Silpna R=0,3-0,5

p2 pav. miRNR ir iRNR raiskos koreliacijos reprezentatyvus paveikslas. Vientisa

linija zymi vidutinj koreliacijos stipruma; punktyriné - silpng koreliacija; skaiciai -
koreliacijos koeficento reiksme. Raudonais kvadratais pazyméta miRNR, pilkais
apskritimais — baltymai.

pl lentelé. Pacienty su kylanciosios aortos aneurizma bei kontroliniy pacienty su
sveika aorta, pasirinkty visuminés sekoskaitai, sveikatos biiklés rodikliai. * Duomeny
truksta i§ 4 Sirdies donory.

Audiniai Plazma
SV KAA SV KAA Op
Rodikliai (n=6)  (n=8) (n=7)  (n=7) (n=4)
Amzius, metai £SD 47 £5 +6120 54 +12 f’fl 64 +12
. . 467 6(75 4(57 5(7
0, 0,
Lytis, vyrai (%) %) %) %) %) 3 (75 %)
Kylanciosios aortos 36 53
diametras, mm +0.7* 50£3 3513 +5 52 +4
Aortos voZtuvo 0(0 3(38 114 229 0
stenozé (%) %) %) % % L@%
Dviburis aortos 0(0 5 (63 o 4 (57 o
voztuvas (%) %) %) 0(0%) %) 2 (50 %)
Aortos voztuvo 0(0 5 (63 1(14 343 1(25%)
nepakankamumas (%) %) %) %) %) 0
Aukstas kraujosptdis 2(100 7 (88 4(57 6(86 o
(%) W %) w o *000%)
o 2(100 1(13 114 1(14
0, 0,
Rakaliai (%) o%)* %) %) %) 0 (0 %)
. 00 1(13 3(43
0, 0, 0,
Diabetas (%) %) %) 0 (0%) %) 1 (25 %)
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p2 lentelé. Hemolizés lygio jvertinimas. Plazmos méginiy, kurie buvo pasirinkti
sekoskaitos biblioteky ruosimui, absorbcijos ties 414 nm ilgiu bei miR-16-5p ir miR-
451a slenkstinio ciklo Ct tikro laiko PGR nustatytos vertés.

Méginiai Sugertis, 414 Ct, miR-16- Ct, miR-
nm 5p 451a

Hemolizuotas meginys 0.36 21.13 17.03
Svi1 0.11 23.21 21.35
SV 2 0.12 23.93 24.39
SV3 0.10 22.97 20.94
SV4 0.13 24.00 23.31
SV5 0.17 24.88 23.24
SV 6 0.20 25.43 24.96
SVv7 0.20 24.94 23.04
KAA 1 0.13 22.93 19.40
KAA 3 0.20 23.40 21.77
KAA 4 0.20 23.02 20.88
KAA 5 0.16 22.03 19.21
KAA 6 0.16 22.57 20.76
KAA7 0.14 23.67 19.59
KAA 8 0.13 23.85 19.62
Op1l 0.13 22.88 20.15
Op2 0.17 22.34 22.36
Op3 0.15 22.73 19.97
Op4 0.18 24.03 20.83

Nehemolizuotas 0.18 24.28 19.92

meginys

p3 lentelé. RNR kokybés, isgrynintos i§ sekoskaitai naudoty KAA ir sveiky audiniy,
jvertinimas RIN reik§me.

KAA audiniai, Nr RIN Sveiki audiniai, Nr RIN
1 1,7 1 8,2
2 7,3 2 6,6
3 7,3 3 6,6
4 7,9 4 4,2
5 6,8 5 6,0
6 7,2 6 7,2
7 7,9

8 6,9

120



p4 lentelé. Pacienty su kylanc¢iosios aortos aneurizma bei kontroliniy pacienty su
sveika aorta sveikatos buiklés rodikliai. * Duomeny triiksta i§ 5 $irdies donory.

Audiniai Plazma
SV KAA p SV KAA P

Rodikliai (n=35) (n=17) reikdmé (n=34) (n=28) reikSmé
Amius, metai £SD  64+12 62+13 0610  69+12 6512 0.161
Lytis, vyrai (%) 3/05)(71 (}/3(76 0.779 (}/3)(50 02/01)(75 0.092
ﬁﬁ‘;ﬁ‘;’:“r’ﬁnﬁoms 36+4* 536 <0001 354 496  <0.001
;*tgg’zsév(‘,jj;uvo 0(0%) 05/0 §29 0.091 04/0512 07/0525 0.379
VD(:IZI&UVZZ "E‘S}: ;OS 0(0%) (}/j) ©® o001 0w 3/01) @9 001
e L DR R
z(AO/I:;étas kraujospudis (Z)’:/OO) £100 3}04) (82 0322 02/?) (85 02/(()5) (93 0.460
Rakaliai (%) %io 03/0318 0.904 ;4/0511 2(7%) 0.857
Diabetas (%) 30%) 2 §12 0928  3(9%) ;‘/0514 0.718

p5 lentelé. miRNR raiskos koreliacija KAA audiniuose. Skai¢iai zymi koreliacijos
koeficiento reik§me R. ** p<0.01; *** p<0.001.

miR- -126-3p | -148a-3p -155-5p -133a-3p -10a-5p
-126-3p X 0.67*** 0.11 0.18 0.67***
-148a-3p X -0.17 -0.01 0.49**
-155-5p X 0.67*** -0.27
-133a-3p -0.25
-10a-5p X

p6 lentelé. miRNR raiskos koreliacija KAA plazmoje. Skaiciai zymi koreliacijos
koeficiento reikSme¢ R. ** p<0.01; ***p<0.001

miR- -4732-3p -483-3p -122-3p -143-3p
-4732-3p X -0.22 -0.33** 0.05
-483-3p X 0.65*** 0.24
-122-3p X 0.14
-143-3p X
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p7 lentelé. miRNR ir geny raiskos koreliacija KAA audiniuose.

Skaiciai zymi

koreliacijos koeficiento reik§me R. ** p<0.01; *** p<0.001.

KLF4 MYOCD TGFR1 ALK1
miR-126-3p 0.27 -0.04 -0.14 0.67***
miR-148a-3p 0.33* 0.21 0.03 0.52**
miR-155-5p -0.22 0.21 -0.08 -0.28
miR-133a-3p -0.22 0.37* 0.09 0.05
miR-10a-5p 0.20 0.03 0.03 0.71***

p8 lentelé. Geny klonavimo pradmenys.

miR-1226-FW CCCTAGAAGCTTACTCATCAAGCAGTTCTC
miR-1226-REV ACCCACGGATCCCACGGATGTGCACGTCCC
miR-1227-FW CCCCAGAAGCTTGCTTCATTGAGGACCCTGAGAGG
miR-1227-REV CTGCGCGGATCCTCACGCCTGCAAGCCACTC
miR-1229-FW CTGCAGCGAAGCTTGTTCTTCTTCCGCAGTGGGAAC
miR-1229-REV CCTCACCGGGATCCCTCGCTCAGAATCACCCACACA
miR-1236-FW TCCCAGAAGCTTAAAAAGGCATTGCTGGCT
miR-1236-REV GCTCACGGATCCCTTTAACTTCCCCTCAAG
miR-1238-FW CTGCAGAAGCTTGAACTCCTGCGTTGCGAGCT
miR-1238-REV GCTCACGGATCCCCTGGTCAGCTCTGAGCAGAGTG
miR-3064-FW ACTTAGAAGCTTGTGGCCTGCCATGGGTAT
miR-3064-REV CCTTACGGATCCCTGAACCTCTGTCTTCGA
miR-3940-FW TTGCAGAAGCTTAGTGGTCCCCCAGGTCCT
miR-3940-REV ACTCACGAATTCTGTGGGGGAGCCCCGGGT
miR-6515-FW CTTCAGAAGCTTGATGATGAGTTTACACACCT
miR-6515-REV TCTCACGAATTCCTGCCAGAGGTCCA

miR-6850-FW CCCCAGGAATTCGACCCGTCGCCATG
miR-6850-REV ACTCACGCGGCCGCCAACCACAGCTCTGTTGGCTG

p9 lentelé. Pirmos tikslinés muta

cijos splaisingo sekoje jvedimo pradmenys.

miR-1226-1-FW ACCATTAACAGCTGAGGGCATGCA
miR-1226-1-REV CGACTTGTGCAGCAGGATGTTGCC
miR-1227-1-FW CGTCGGGCCAGCTGGGGCCAGGCG
miR-1227-1-REV AGAGCCTCCATCCACTCCTGACAC
miR-1229-1-FW CCTCCAGATCGCTGGGTAGGGTTT
miR-1229-1-REV TAGCCGTCGGGGCTCCGAGGGTAC
miR-1236-1-FW TGTCAAACGCTCTGAGTGACAGGG
miR-1236-1-REV CCACCTTGGCTGGTTGTGCTGCTG
miR-1238-1-FW TCCCCCTGGAGCTGAGTGGGAGCC
miR-1238-1-REV AGTCGGCCTGGCTGACATCCACAG
miR-3064-1-FW CAGAGGGCTAGCTTAGTACAAACT
miR-3064-1-REV GAGGCCACATCTGTAGCAATC
miR-3940-1-FW AAAAGATCGAGCTGGGTTGGGGCG
miR-3940-1-REV CCTCGATAAGCTGCTTGGCGTGGT
miR-6515-1-FW CCAAGCCTGAGCTTGGTGTTTGGG
miR-6515-1-REV AGTCTGTGGGATCATCGATCTTGGCC
miR-6850-1-FW GCATCGTCAAGCTGCGGAACGCT

miR-6850-1-REV

CCTTGATGTAGCCGTGCCGCTCAG
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p10 lentelé. Antros tikslinés mutacijos splaisingo sekoje ivedimo pradmenys.

miR-1226-2-FW CTGTGTTCCCTACGGAGGCCACAC
miR-1226-2-REV GGCTGGTGAGGCCACCCTTTTGGA
miR-1227-2-FW TTCCCCACCTACGAGTTCATGCGG
miR-1227-2-REV AAGGGTGGCACGGGGTCAAATGCC
miR-1229-2-FW GCCCTCCCACACGCTCCTTCTACA
miR-1229-2-REV AGTGGTGAGAGGGTGTCCCTGAAC
miR-1236-2-FW TTGTCTCTCCACCACTATCAGAGC
miR-1236-2-REV GGGGAAGAGGCATTATGTTGGCCA
miR-1238-2-FW TGTCTGCCCCACTCCTTCCACTGC
miR-1238-2-REV GACGAGGAAGGCTCAGAGGCTGGG
miR-3064-2-FW AACACCTTACACATGTGGAAGATG
miR-3064-2-REV GCAGTGTGGCAAAATAGCAATGTA
miR-3940-2-FW CCTTCCTTCTACGGTCCTCTCTGC
miR-3940-2-REV AGAGTAACCAAGGTAAGTGGGCTG
miR-6515-2-FW TCTACCCCCCACGACTGGGACAAG
miR-6515-2-REV TGAAGAGATCAGAGTTGGCCCAGA
miR-6850-2-FW CTCTGCCCACACGACATCATCCACGAC

miR-6850-2-REV

GCGGCGTGAGTGCGGCGTT

p11 lentelé. Kokybinés PGR pradmenys.

TBP-FW TTCGGAGAGTTCTGGGATTGT
TBP-REV TGGACTGTTCTTCACTCTTGGC
miR-1226-FW GTGAGGCAGGGCAAGGTCAC
miR-1226-REV CACGGATGTGCACGTCCCC
miR-1227-FW GCTTCATTGAGGACCCTGAG
miR-1227-REV CTTGCCCGTCACCTTCC
miR-1229-FW AACCCTCAGTCAGACAAGG
miR-1229-REV CTCGCTCAGAATCACCCACA
miR-1236-FW AGCTTAAAAAGGCATTGCTG
miR-1236-REV GATCCCTTTAACTTCCCCTC
miR-1238-FW ATGACTTCCTGCTGTACCTG
miR-1238-REV CCTGGTCAGCTCTGAGCA
miR-3064-FW AATTCAAACATGGAAAAGCTCC
miR-3064-REV CTGAACCTCTGTCTTCGACC
miR-3940-FW GTGGCGAGAATGTGAAAGC
miR-3940-REV CTGGTTGAAGGGCCCAGG
miR-6515-FW CCTGTACACACTGATTGTGCG
miR-6515-REV CTTGTACTCAGGGTTCTGAATCAC
miR-6850-FW CCATGGGCCGTGTGATCCG

p12 lentelé. Atvirkstinés transkipcijos pradmenys.

RNU48 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGCTAGAGC
miR-1226-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTAGGGA
miR-1227-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGGGG
miR-1229-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGTGG
miR-1236-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGGAG
miR-1238-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGGGCA
miR-3064-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTGCAC
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miR-3940-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGAGC

miR-6515-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGATGTC

miR-6850-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCCCC

miR-185-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAGGAAC

miR-122-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATTTAGTG

miR-483-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGACGGG

miR-4732-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGAACAG

miR-152-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCAAGTTC

miR-126-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCATT

miR-451a GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTCA

miR-133a-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGCTGGT

miR-10a-5p GCTTGTCGGTTAAACACTGTCACAAATTCG

miR-155-5p CCAGAAACCGATCAGAGTGTACCCCTATCA

miR-148a-3p CCGTTCACGATCCAAAGACACAAAGTTCT

miR-143-3p TCGTCGAGATAAGCTGTGTGTGAGCTACA

miR-16-5p CCTTTGAGGTTGGTACTACGGCGCCAATA

p13 lentelé. MiRNR tikro laiko PGR pradmenys.

Universalus REV GTGCAGGGTCCGAGGT
RNU48-FW GCGTGCCATCACCGCAGC
miR-1226-3p FW GCGTCACCAGCCCTGTGT
miR-1227-3p FW GCGCGTGCCACCCTTTT
miR-1229-3p FW GCGCTCTCACCACTGCCCTC
miR-1236-3p FW GCGCCTCTTCCCCTTGTCT
miR-1238-3p FW GCGCTTCCTCGTCTGTC
miR-3064-3p FW GCGTCTGGCTGTTGTGGT
miR-3940-5p FW GCGGTGGGTTGGGGCGG
miR-6515-5p FW GCGTTGGAGGGTGTGGAA
miR-6850-3p FW GTGCGGAACGCTGGCC
miR-185-5p-FW GCGTGGAGAGAAAGGCAGT
miR-483-3p FW GCGTCACTCCTCTCCTCC
miR-4732-3p FW GGCCCTGACCTGTCCT
miR-152-3p FW CGCGTCAGTGCATGACAGA
miR-126-3p FW CGCGTCGTACCGTGAGTAAT
miR-122-3p- FW CCGCGAACGCCATTATCACA
miR-133a-3p FW GCGTTTGGTCCCCTTCAAC
miR-10a-5p FW AGGCTTGTCGGTTAAACACTGT
miR-10a-5p REV CCGGTACTACCCTGTAGATCCG
miR-143-3p FW GCTCGTCGAGATAAGCTGTGTG
miR-143-3p REV GTTCGCTGAGATGAAGCACTG
miR-155-5p FW TTCCAGAAACCGATCAGAGTGT
miR-155-5p REV CGCCATGTTTAATGCTAATCGTGA
miR-16-5p FW ACCTTTGAGGTTACTACGG
miR-16-5p REV GTGCAGTAGCAGCACGTAAAT
miR-451a FW CGGCGAAACCGTTACCATTAC
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p14 lentelé. iRNR tikro laiko PGR pradmenys.

GAPDH FW GGAGCGAGATCCCTCCAAAAT
GAPDH REV GGCTGTTGTCATACTTCTCATGG
KLF4 FW CAGCTTCACCTATCCGATCCG
KLF4 REV GACTCCCTGCCATAGAGGAGG
MYOCD FW ACGGATGCTTTTGCCTTTGAA
MYOCD REV AACCTGTCGAAGGGGTATCTG
ALK1FW CTCACAGGGCAGCGATTACC
ALK1REV CCAGATGTCAGTCCACTTGTAGG
TGFR1 FW CACAGAGTGGGAACAAAAAGGT
TGFR1 REV CCAATGGAACATCGTCGAGCA

p15 lentelé. Mikoplazmos uzkrato nustatymo pradmenys.

GPO3 GGGAGCAAACAGGATTAGATACCCT

MGSO TGCACCATCTGTCACTCTGTTAACCTC

p16 lentelé. Sekoskaitos ir diagnostinés PGR pradmenys.

T7 TAATACGACTCACTATAGGG
BGH TAGAAGGCACAGTCGAGG
pMTCdirl TGGCACCAAAATCAACGGGAC
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LIST OF ABBREVIATIONS

ALKT1 - activin receptor-like kinase 1

AUC - area under the ROC curve

CABG - coronary artery bypass graft surgery

cDNA — complementary DNA

Ct - The cycle threshold

dCt — cycle threshold normalized to endogenous RNA
IHC - Immunohistochemical analysis

FC - fold change

KEGG - Kyoto Encyclopedia of Genes and Genomes
KLF4 — Kruppel-like factor 4

miRNAS — microRNAs

MRNA — messenger RNA

MUT - minigenes carrying mutations in 5’-donor and 3’-acceptor splice sites
MYOC - myocardin

non-TAA — samples from healthy patients

Op — operated

gPCR - gquantitative real-time PCR

RC — normalized read count

ROC - receiver operating characteristic curve
rSMAD - receptor-regulated Smads

RT - reverse transcription

RT-gPCR - quantitative reverse transcription PCR
TAA - ascending thoracic aortic aneurysm

TGF-B - transforming growth factor-beta

VSMC - vascular smooth muscle cells

WT — wild type
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INTRODUCTION

microRNAs (miRNAs) are single-stranded non-coding RNAs typically
containing 18-25 nucleotides and are involved in the post-transcriptional
regulation of gene expression. Although human miRNAs were identified in
2000, the functions of miRNAs are still extensively under investigation.
miRNAs are involved in the regulation of many cellular processes (1).
Previously it was identified that expression of miRNAs could be altered in all
types of cancer and other diseases, including cardiac, digestive and
neurological disorders (2). Various pathologies usually are characterized by
altered miRNA expression profiles. Therefore, miRNAs can be used as
biomarkers for disease diagnosis, prognosis or treatment selection (3,4).
mMiRNAs are identified in all human body fluids such as blood plasma and
serum, urine, saliva, and human milk. Furthermore, miRNAs are relatively
easily detected not only in frozen but also in formalin-fixed and paraffin-
embedded tissues (3). Hence, miRNAs have a huge potential for applications
during clinical practice.

miRNA expression is altered in ascending thoracic aortic tissues and
blood plasma during the development of an aneurysm (5). An aortic aneurysm
is formed when the aorta diameter expands 1.5 times the size of the healthy
aorta (6). Although ascending thoracic aortic aneurysm (TAA) is not a
common disease, this type of aneurysm develops asymptomatically and if not
diagnosed in time TAA may suddenly rupture and be deadly (7). TAA is
categorized as syndromic (Marfan, Loyes-Dietz, Ehlers-Danlos, etc.), familial
non-syndromic and sporadic. Syndromic forms of TAA are caused by
mutations of different genes and therefore are highly heterogeneous (8).

The development of sporadic TAA, which is rarely associated with gene
mutations, remains weakly investigated. Studies of sporadic TAA were
performed using vascular smooth muscle cell lines and animal models.
However, these experimental models only partially reflect certain changes that
occur in human tissues (9). Thus, until today, there is not enough data about
the development of TAA (10). In order to reveal the impact of miRNAs on
TAA development, we selected only the sporadic form of TAA. Moreover,
most of the previous studies determining the association of the miRNAs with
sporadic TAA tissues or plasma were performed only using PCR or
microarray techniques (11-13). Despite that only high-throughput miRNA
sequencing ensures the discovery of new miRNAs associated with TAA,
miRNA high-throughput sequencing data of sporadic TAA tissue and blood
plasma samples were still missing. Detected alterations in miRNA expression
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could enable us to understand better the development of this disease. In
addition, newly identified circulating miRNAs could be applied as non-
invasive biomarkers to detect TAA or prognose further disease development.

During the canonical miRNA biogenesis pathway, the miRNAs are
cleaved by Drosha and Dicer ribonucleases. However, alternative pathways of
MiRNA biogenesis were lately described in eukaryotes — miRNAs can be
produced in Drosha or Dicer independent manner (14,15). It was shown, that
miRNA can be located in short introns, termed mirtrons. These mirtrons are
spliced and appear to bypass Drosha cleavage. Based on terminal overhangs,
four distinct mirtrons subtypes are recognized: conventional (hairpin without
tails), 3’-tailed, 5’-tailed, two-tailed. Despite that, a large number of mirtronic
miRNAs have been predicted by bioinformatic analysis, only two human hsa-
miR-877-5p and hsa-miR-1226-3p, and one mouse mmu-miR-1224 were
experimentally proven to be directly depended on splicing. Moreover, only
one 3°‘-tailed mirtronic miRNA dme-miR-1017 was experimentally validated
in Drosophila (16). It is still unclear whether biogenesis of conventional, 5'-
or 3'-tailed mirtrons actually depends on splicing. Hence, the biogenesis of
bioinformatically predicted mirtrons must be validated experimentally.
Furthermore, little is known about the impact of splicing factors on mirtronic
miRNA biogenesis.

Although the biogenesis of mirtronic miRNAs differs from the canonical
pathway, mirtronic miRNAs also interact with AGO proteins and regulate
silencing of MRNA expression (17). However, the significance of mirtronic
miRNAs in biological processes was weakly investigated. It was determined,
that such miRNAs could regulate cancerogenesis (18,19). Nonetheless, it is
very little known about mirtronic miRNAs significance in digestive system
cancerous cells.

Aim of the dissertation — to investigate the global expression changes
of miRNA expression in ascending thoracic aortic aneurysm tissues and blood
plasma samples, and experimentally determine the dependency on splicing of
bioinformatically predicted mirtronic miRNAs and evaluate expression
changes of these mirtronic miRNAs in digestive system cancer cell lines and
tissues.
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MAIN TASKS OF THE DISSERTATION

To investigate the expression changes of miRNAs in human aortic
tissues and blood plasma samples during ascending thoracic aorta
aneurysm development using high-throughput miRNA sequencing,
and to validate the altered expression of selected miRNAs in a larger
cohort of samples by gRT-PCR.

To identify the signaling pathway, which is altered by dysregulated
mMiRNAs in ascending thoracic aorta aneurysm tissues compared with
healthy aortas, and to investigate the expression changes of selected
target genes and proteins.

To determine the dependancy of biogenesis on the splicing of
bioinformatically predicted mirtronic miRNAs: five located in
conventional mirtrons miR-1226-3p, miR-1227-3p, miR-1229-3p,
miR-1236-3p, miR-1238-3p; two located in 5°-tailed mirtrons - miR-
3064-3p, miR-6515-5p; two located in 3’-tailed mirtrons - miR-
3940-5p, miR-6850-3p.

To determine the impact of splicing factors SRSF1 and SRSF2 on the
biogenesis of mirtronic miRNAs in colorectal cancer HCT116 cell
line.

To identify the expression changes of mirtronic miRNAs in human
digestive system cancer cell lines and tissues.

SCIENTIFIC NOVELTY

miRNAs, differentially expressed in ascending thoracic aortic
aneurysm tissues and blood plasma samples compared with healthy
samples, were identified. It was determined that the alterations in
blood plasma miRNA profile do not overlap with differentially
expressed miRNAs in tissues.

The significant upregulation of the TGF-f signaling pathway
receptor ALK1 mRNA expression and a nearly three-fold higher
number of cells strongly expressing transcription factor KLF4 in the
nucleus were determined in ascending thoracic aortic aneurysm
tissues compared to healthy aorta. The upregulation of KLF4 could
promote the phenotypic transition of vascular smooth muscle cells
from contractile to synthetic.

The dependency of biogenesis on splicing of three miRNAs miR-
1227-3p, miR-1229-3p, and miR-1236-3p, hosted in conventional
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mirtrons, was experimentally validated. These miRNAs were
assigned to the call of mirtronic miRNAs.

Splicing factor SRSF1 promotes the biogenesis of miR-1229-3p,
SRSF2 - biogenesis of miR-1227-3p and miR-1229-3p in colorectal
cancer HCT116 cell line.

Differentially expressed mirtronic miRNAs were identified in the
digestive system cancer cell lines and tumors. That indicates that
mirtronic miRNAs are related to cancerogenesis and suggests their
potential for exploiting as diagnostic biomarkers.

STATEMENTS TO BE DEFENDED

miRNAs are associated with the development of the human
ascending thoracic aortic aneurysm. Changes of miRNAS expression
in blood plasma do not depend on alteration in miRNAs expression
in ascending thoracic aortic aneurysm tissues.

Differentially expressed miRNAs may regulate the TGF-f signaling
pathway and vascular smooth muscle cells phenotypic transition in
ascending thoracic aortic aneurysm tissues. The increase of
transcription factor KLF4 expression in a part of cells could induce
the phenotypic transition of vascular smooth muscle cells from
contractile to synthetic.

The biogenesis of only a part of bioinformatically predicted mirtrons
is dependent on splicing.

Splicing factors SRSF1 and SRSF2 promote mirtronic miRNA
biogenesis in colorectal cancer HCT116 cell line.

Mirtronic miRNAs are associated with cancerogenesis in the
digestive system of cancer cell lines and tumors.
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MATERIALS AND METHODS

Methods used for experiments with ascending thoracic aortic
aneurysm tissue and blood plasma samples

Samples of patients, with sporadic ascending thoracic aorta aneurysm

All experimental procedures using human tissue and plasma samples
conform to the principles outlined in the Declaration of Helsinki and were
approved by Kaunas Regional Biomedical Research Ethics Committee (Nr.
P2-BE-2-12/2012).

The study included 40 patients with sporadic non-syndromic ascending
thoracic aorta aneurysm (TAA group). Atherosclerosis showing calcified or
ulcerating plaques of the ascending aorta, aortitis, Marfan, Ehlers Danlos and
other syndromes were excluded from the study. TAA group included patients
(n = 23) who underwent aortic reconstruction surgery at the Department of
Cardiac, Thoracic and Vascular Surgery, LUHS and non-operated patients (n
= 17) with ascending aorta aneurysm.

Study subjects without TAA (non-TAA group) included i) heart
transplantation donors (n = 6), ii) patients who underwent isolated coronary
artery bypass graft surgery (CABG) (n = 72) and iii) healthy volunteers (n =
10).

RNA isolation from aortic tissues

Total RNA from aortic tissue was isolated using mirVana Ambion
miRNA Isolation Kit (ThermoFisher Scientific) according to the
manufacturer’s instructions. RNA samples were eluted in nuclease-free water,
aliquoted and stored at -80°C until further analysis. The integrity of total RNA
was assessed using an Agilent 2100 Bioanalyzer. Total RNA isolated from
aortic tissue samples was treated with dsDNase (ThermoFisher Scientific)
according to the manufacturer’s instructions.

cDNA library preparation for Illumina sequencing

cDNA libraries for sequencing were prepared using the NEXTflex Small
RNA-Seq v3 kit (PerkinElmer) according to manufacturer’s instructions.
ligation reactions of 3" and 5" adapters were performed using 1,6 ug of total
RNA or 10,5 pL of each RNA samples isolated from aortic tissues or blood
plasma, respectively. The cDNA was amplified 18 or 23 PCR cycles for tissue
or plasma cDNA samples, respectively. PCR products were analyzed with
Bioanalyzer (Agilent technologies) using a DNA high sensitivity chip. In
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order to deplete adapter dimers, plasma cDNA samples were size-selected
(150 bp fragment) on a 6 % PAGE and purified according to manufacturer’s
protocol. The resulting cDNA libraries were quantified by KAPA Library
Quantification Kit (Rosche), hybridized to Illumina MiSeq flow cell
(Ilumina) and subsequently sequenced using Illumina MiSeq instrument and
MiSeq Reagent Kit v2 chemistry (Illumina) for 50 sequencing cycles.

RT-gPCR analysis using total RNA isolated from aortic tissue

For the miRNA expression analysis, 100 ng of total RNA isolated from
aortic tissue were used for the cDNA synthesis. Each 20 pl of the reverse
transcription reaction in RT buffer contained 200 units of RevertAid Reverse
Transcriptase (ThermoFisher Scientific), 1mM dNTP (ThermoFisher
Scientific), 1uM RT primer mixture (Metabion), 16 units of RNase inhibitor
RiboLock (ThermoFisher Scientific). The mixture was incubated for 20 min
at 25°C and for 60 min at 37°C and then heat-inactivated for 10 min at 70°C.
gPCR was performed with SYBR Green PCR master mix (ThermoFisher
Scientific) (35 cycles): initial denaturation for 10 min at 95°C, followed by
three cycles of amplification 15 sec at 95°C, 1 min at 55°C, and 30 sec at
60°C, then 32 cycles 10 sec at 95°C and 30 sec at 60°C. For mRNA expression
analysis, 100 ng of total RNA isolated from aortic tissue samples used for
cDNA synthesis with RevertAid RT reverse transcriptase (ThermoFisher
Scientific) according to the manufacturer’s instructions. gPCR analysis was
carried out on Rotor-Gene 6000 (Corbett Life Science). The miRNA
expression levels were normalized to the expression levels of miR-152-3p,
mRNA — of GAPDH.

Methods used for experiments with digestive system tumors

Tumors and healthy tissues

The study conforms with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). Patients underwent neither
chemotherapy nor radiotherapy before surgery. Overall, 12 pancreatic, 13
stomach and 12 colorectal cancer tumors were collected. Healthy pancreatic
tissues (n=8) were obtained from healthy donors during the multiorgan donor
explantation operations, healthy tissues of the stomach (n=15) - during the
bariatric surgery, healthy tissues of the colon - from patients with benign
diseases of the colon (diverticulitis, etc.).

133



RNA isolation from tumors

Total RNA from tumors and healthy tissues were purified from the same
sample using mirVana PARIS kit (ThermoFisher Scientific) according to the
manufacturer’s instructions. The fraction of short RNAs (< 200nt) was used
for miRNA reverse transcription (RT) and qPCR experiments. To avoid DNA
contamination before reverse transcription reaction, RNA samples were
treated with DNase | (ThermoFisher Scientific) according to the
manufacturer's instructions.

RT-gPCR analysis using RNA isolated from tumors

cDNA synthesis was prepared as described in Method ,,RT-qPCR
analysis using RNA isolated from aortic tissue“. For the miRNA expression
analysis 200 ng fraction of short RNAs (< 200nt) were used. Relative
quantification was performed with normalization to the expression of
endogenous control RNU48.

Methods used for experiments with digestive system cancer cell
lines

Human cell culture maintenance

HEK 293A (embryonic kidney), HCT116 (colon, colorectal carcinoma),
Kato Ill (stomach, gastric carcinoma; derived from metastatic site: pleural
effusion and supraclavicular and axillary lymph nodes and Douglas cul-de-
sac), Panc-1 (pancreas/duct, epithelioid carcinoma), SU.86.86 (pancreas,
ductal carcinoma; derived from metastatic site: liver), T3M4 (pancreas, ductal
carcinoma; metastasis), Caki-1 (kidney, clear cell carcinoma, derived from
metastatic site: skin), 786-O (kidney, renal cell adenocarcinoma) cells were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum
and penicillin (100 U/ml) - streptomycin (100 pg/ml).

RNA isolation from cell lines

RNA from cell lines was isolated using an RNAzol RT reagent according
to the manufacturer’s instructions (Molecular Research Center). cDNA
synthesis and qPCR analysis were carried out as described in Methods ,,RT-

gPCR analysis using RNA isolated from aortic tissue“ and ,,RT-qPCR
analysis using RNA isolated from tumors*.
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Transfection

Transfections were performed using Lipofectamine LTX transfection
reagent (ThermoFisher Scientific) according to the manufacturer’s
instructions. HTC116 allowed growing for 24 h prior to transfection with
pcDNA3-SRSF1, pcDNA3-SRSF2, pcDNA3-DHX30, pcDNA3-PLEKHJL,
pcDNA3-MGAT4B, pcDNA3-NELFE, pcDNA3-ATG4D, pcDNA3-DDXS5,
pcDNA3-KHSRP, pcDNA3-CARL or pcDNA3-RPLS8 constructs. A pcDNA3
vector was transfected to be used as a reference. RNA and protein were
isolated after 48h. The experiments were repeated at least three times.

Methods used for experiments with E.coli bacteria

Construction of plasmids

Minigenes constructs of 1226/DHX30 (from exon 19 to exon 21;
mirtronic intron — 20), 1227/PLEKHJ1 (exons 5 to 7; mirtronic intron — 5),
1229/MGAT4B (exons 11 to 13; mirtronic intron — 12), 1236/NELFE (exons
3 to 4; mirtronic intron - 3), 1238/ATG4D (exons 7 to 9; mirtronic intron — 8),
3064/DDX5 (exons 10 to 12, mirtronic intron — 11), 3940/KHSRP (exons 13
to 15, mirtronic intron — 14), 6515/CARL (exons 5 to 7, mirtronic intron 5),
6850/RPL8 (exons 2 to 4, mirtronic intron — 2) were amplified from human
Jurkat cells genomic DNA (ThermoFisher Scientific) using Phusion High-
Fidelity DNA Polymerase (ThermoFisher Scientific) according to the
manufacturer’s instructions. PCR products were digested with BamHI and
Hindlll restriction endonucleases, except 3940/KHSRP, 6515/CARL
(digested with Hindlll and EcoRI) and 6850/RLP8 (EcoRI and Notl), and
inserted into pcDNA3 plasmid. 5’- and 3’-splice site mutations were inserted
by PCR using Phusion High-Fidelity DNA Polymerase with primers
containing splicing site mutations. Amplification products were ligated using
T4 DNA ligase (ThermoFisher Scientific).

Total RNA, extracted from HCT116 cells, was converted to cDNA using
RevertAid reverse transcription kit (ThermoFisher Scientific). The genes were
amplified using primers containing Hindl1l and BamHI sites by PCR, digested
with appropriate restriction enzymes and the fragments ligated into pcDNA3.
All final plasmids were confirmed by Sanger sequencing.

Detection of spliced and unspliced forms of mMRNA

Spliced and unspliced DHX30, PLEKHJ1, MGAT4B, NELFE, ATG4D,
DDX5, KHSRP, CARL, RPL8 mRNA isoforms were detected by RT-PCR.
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cDNA synthesis was carried out using RevertAid Reverse Transcriptase and
random hexamer primer according to the manufacturer’s (ThermoFisher
Scientific) instructions. PCR was carried out using TrueStart Hot Start Taq
DNA Polymerase (ThermoFisher Scientific) according to the manufacturer’s
instructions. Amplification products were separated on 1% agarose gel. TBP
was used as a loading control.

Statistical analysis

Statistical analysis was performed using GraphPad v6.0 and Sigma Plot
software v. 11. Student t-test and Mann-Whitney Rank Sum Test were used to
compare the differences in distribution between experimental results. A value
of p<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Differential miRNA expression analysis in ascending thoracic
aortic aneurysm tissue and blood plasma samples

During high-throughput sequencing, new unexplored mMiRNAS
associated with TAA may be identified (20,21). However, to date, the miRNA
expression levels were analyzed only by real-time PCR and microarray
techniques (11-13) and the global high-throughput miRNA sequencing data
of TAA tissues was still missing. Therefore, in order to determine the global
mMiRNA profile, we performed the high-throughput sequencing of TAA tissue
samples. Moreover, to reveal whether miRNAs were transported from TAA
tissues to the blood during TAA development, we also carried out the
sequencing of circulating miRNAs of plasma. Newly identified circulating
mMiRNAs may be used as non-invasive biomarkers for the detection of this
disease.

We evaluated miRNA expression profiles in a set of patient tissue (n=14)
and plasma samples (n=18) using Illumina high-throughput miRNA
sequencing platform. The experimental design of miRNA-Seq is depicted in
Figure S1 A. Study subjects selected for miRNA expression profiling in aortic
tissue consisted of surgical TAA patients (n = 8), donors (n = 4) and CABG
patients (n = 2). miRNA expression profiling in plasma was done in samples
from surgical TAA patients (n = 7) before and 3 months after the aortic surgery
(denoted as operated, n = 4), respectively. Seven volunteers without health
complaints (n=7) were used as non-TAA controls.
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To evaluate differences of miRNAs expression we performed the
analysis only with miRNAs using the base mean higher than 10. miRNA-Seq
data analysis revealed 20 differentially expressed miRNAs (fold change > 1.5,
p <0.05) in TAA tissue samples compared to non-TAA group (Figure S1, B,
Table S1, Table S2). Three types of analysis were performed to compare
MiRNA expression profiles in plasma: 1) surgical TAA patients and healthy
volunteers (non-TAA); 2) surgical TAA patients before and 3 months after the
aortic surgery (Op); 3) surgical TAA patients before and 3 months after the
aortic surgery combine with the data of healthy volunteers (Op+non-TAA).
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Figure S1. Differential miRNA expression analysis in TAA tissue and plasma
samples using high-throughput miRNA sequencing. (A) miRNA-Seq experiment
design. (B) Heat map showing differentially expressed miRNAs (fold change, FC >
1.5, p < 0.05, normalized read count average, RC > 10) in TAA tissue samples (n =
8) compared to normal aorta tissue (n = 6). Red color indicates upregulated log-
transformed miRNAs, blue — downregulated; (C) Venn’s diagram showing the
number of differentially expressed miRNAs (FC > 1.5, p <0.05 and RC > 20) in TAA
plasma samples (n = 7) compared to non-aneurysmal group (n = 7) and plasma
samples obtained 3 months after aortic reconstructive surgery (n = 4); (D) Venn’s
diagram demonstrating the number of differentially expressed miRNAs in TAA tissue
and plasma samples; (E) Heat map demonstrating the expression of six miRNAs,
which were significantly downregulated in TAA plasma samples, but were almost
absent in TAA tissue samples. Color intensity indicates log-transformed normalized
read counts of miRNA.

o
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Because of the large variation in the number of miRNA sequences among
patients in this case, the analysis was performed only with miRNAs which the
base read mean was higher than 20. Such levels of miRNAs expression
allowed us to detect efficiently miRNAs. Accurate and optimal detection is
essential for the use of mMiIRNAs as biomarkers.

Table S1. miRNAs differentially expressed (fold change > 1.5 p value < 0.05, RC

>10) in TAA tissue and blood plasma samples compared to non-TAA controls.
Op — Operated.

Number of
Groups miRNAs Upregulated Downregulated
Tissue
TAA v.s. non-TAA 20 15 5
Plazma
TAA v.s. non-TAA 14 3 11
TAA v.s Op 6 4 2
TAA v.s. non-TAA
+ Op 10 2 8

Table S2. List of differentially expressed miRNAs (fold change > 1.5, p value
< 0.05, RC >10) in TAA aortic tissue samples compared to miRNA
expression levels in non-TAA controls.

No. mMiRNAs Fold change P value

Upregulated

1 hsa-miR-10a-3p 2.69 2.05E-06
2 hsa-miR-10a-5p 2.45 8.63E-07
3 hsa-miR-150-5p 221 2.05E-05
4 hsa-miR-199b-5p 2.12 1.19E-04
5 hsa-miR-126-5p 1.89 7.95E-04
6 hsa-miR-126-3p 1,88 2.10E-05
7 hsa-miR-139-5p 1.74 7.22E-04
8 hsa-miR-148a-3p 1.71 3.44E-05
9 hsa-miR-10b-5p 1.70 7.78E-04
10 hsa-miR-148a-5p 1.70 0.0112
11 hsa-miR-99a-5p 1.68 1.76E-05
12 hsa-miR-21-5p 1.67 1.10E-03
13 hsa-miR-146a-5p 1.67 0.002

14 hsa-miR-142-3p 1.66 0.020

15 hsa-miR-542-3p 1.64 0.009

Downregulated

16 hsa-miR-1-3p -1.59 0.001

17 hsa-miR-133a-3p -1.64 2.96E-07
18 hsa-miR-1307-3p -1.68 0.011

19 hsa-miR-9-3p -1.79 0.021

20 hsa-miR-155-5p -1.88 7.34E—08
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Table S3. List of differentially expressed miRNAs (fold change > 1.5, p value <
0.05-fold, RC > 20) in TAA patient blood plasma samples compared to miRNA
expression levels in non-TAA controls.

Group No. miRNA Regulation  Fold change P value
1 hsa-miR-146b-3p up 9,11 0,044
2 hsa-miR-1255b-5p up 8,87 0,015
3 hsa-miR-889-3p up 7,95 0,047
4 hsa-miR-375-3p down -2,38 0,036
< 5 hsa-miR-30a-5p down -2,54 0,033
Iif 6 hsa-miR-483-3p down -2,68 0,015
S 7 hsa-miR-23b-3p down -2,79 0,017
2 8 hsa-miR-140-3p down -4,01 0,010
b 9 hsa-miR-100-5p down 9,17 0,003
= 10 hsa-miR-145-5p down -17,36 1,44E-04
11 hsa-miR-143-3p down -17,74 3,27E-05
12 hsa-miR-23b-5p down -24.93 0,013
13 hsa-miR-122-3p down -69,32 3,31E-04
14 hsa-miR-34a-5p down -71,95 4,01E-05
1 hsa-miR-1255b-5p up 9,7203 0,045
g 2 hsa-miR-4732-3p up 3,9801 0,050
Q@ 3 hsa-miR-6803-3p up 3,4495 0,011
} 4 hsa-miR-22-3p up 2,5198 0,029
= 5 hsa-miR-122-3p down -18,4085 0,024
6 hsa-miR-23b-5p down -44,7992 0,001
1 hsa-miR-1255b-5p up 11,68 0,004
& 2 hsa-miR-22-3p up 1,73 0,034
) 3 hsa-miR-375-3p down -2,12 0,049
P 4 hsa-miR-483-3p down -2,29 0,035
N 5 hsa-miR-23b-3p down -2,36 0,024
5 6 hsa-miR-143-3p down -3,83 0,012
2 7 hsa-miR-145-5p down -4.83 0,019
} 8 hsa-miR-23b-5p down -29,67 0,003
= 9 hsa-miR-34a-5p down -48,62 6,26E-05
10 hsa-miR-122-3p down -53,67 2,31E-04

Evaluation of miRNA expression changes in plasma samples revealed a
total of 17 differentially expressed miRNAs in TAA samples compared to
non-TAA samples. 14 miRNAs expression changes were identified in TAA
patient plasma samples compared to the non-TAA group. After 3 months after
surgery, the expression of six miRNAs was changed (Figure S1, C, Table S1,
Table S3).
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Surprisingly, the alterations in blood plasma miRNAs profiles did not
overlap with differentially expressed miRNAs in tissues (Figure S1, D).
Moreover, six significantly deregulated miRNAs in TAA plasma samples,
miR-4732-3p, miR-6803-3p, miR-375-3p, miR-483-3p, miR-122-3p and
miR-1255b-5p, were almost absent in aortic tissue samples (Figure S1, E).
Finally, to identify the most significantly dysregulated miRNAs, the analysis
was performed using a combined group of healthy samples (Op+non-TAA).
It was determined that the miR-122-3p was the most significantly
downregulated in TAA plasma samples. According to these findings, we can
propose that changes in miRNAs expression in blood plasma are not directly
associated with miRNAs expression alterations in ascending thoracic aortic
aneurysm tissues.

Validation of Selected miRNAs in TAA Tissue and Plasma
Samples by gqRT-PCR

Due to the variation in high-throughput miRNA sequencing data, it is
necessary to validate the expression changes in a larger cohort of samples.
Because sequencing was performed on a limited number of samples, we
validated the expression of selected miRNAs by gPCR. Overall 37 tissues (20
non-TAA and 17 TAA) and 62 blood plasma (34 non-TAA and 28 TAA)
samples were analyzed. The miRNA expression levels were normalized to the
miR-152-3p or mir-185-3p for tissue or plasma samples, respectively. These
endogenous miRNAs were selected according to our miRNA-Seq analysis
having the lowest expression deviation between samples.

For tissue analysis, we performed gRT-PCR of five selected miRNAS -
miR-10a-5p and miR-155-5p displayed the most significant up/down fold
changes; miR-126-3p according to literature was the main miRNA related to
TAA (13); miR-133a-3p and miR-148a-3p were involved in TGF-f signaling
pathway. Our analysis validated the altered expression of miR-10a-5p, miR-
126-3p, miR-133a-3p and miR-155-5p in the sex-undivided set of TAA tissue
samples compared to the non-TAA group (Figure S2). Although, the changes
in miR-148a-3p expression levels was significant only in male TAA samples
(p=0.0203) (13 TAA and 13 non-TAA samples). Interestingly, a significantly
greater differential expression of miR-126-3p (p = 0.0062 vs. p = 0.0225 for
sex-undivided set) and miR-155-5p (p = 0.0003 vs. p = 0.0017) also was
detected between male patients showing sex-related miRNA expression
variances in the TAA tissue. Because of the small number of female tissues (7

140



non-TAA v.s. 4 TAA), further studies for more reliable data should be
performed in a larger female patients cohort.
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Figure S2. The differential expression of miR-10a-5p, miR-126-3p, miR-133a-3p,
miR-148a-3p and miR-155-5p in non-TAA and TAA patient tissue samples
according to patient’s sex. The expression threshold (Ct) values of each miRNA
were normalized to miR-152-3p as the endogenous control. Lines within boxes
indicate normalized cycle threshold (dCt) mean values; whiskers — 5-95 percentile of
the relative miRNA expression values. Significance between each group is shown as
follows: n.s. — not significant; * p<0.05; ** p<0.01 and *** p<0.001.
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Figure S3. Validation of differentially expressed miRNAs in TAA tissue and
plasma samples by qRT-PCR. The gRT-PCR analysis was used for the comparison
of relative miRNA expression levels between non-TAA and TAA groups in plasma
(A) and both types (B) of samples. The cycle threshold (Ct) values of observed
miRNAs were normalized to miR-152-3p and miR-185-5p for tissue and plasma
samples, respectively, which were revealed as the most reliable endogenous controls
according to miRNA-Seq data. Lines within boxes indicate relative miRNA
expression median values; whiskers — 5-95 percentile of the relative miRNA
expression values. Significance is shown as follows: n.s. — not significant; * p < 0.05;
**p <0.01 and *** p <0.001. (C) Diagnostic ROC curve analysis showing sensitivity
and specificity of miR-122-3p, miR-483-3p, miR-4732-3p and miR-143-3p selected
circulating miRNAs or the combination of miR-122-3p and miR-483-3p together.
AUC denotes area under the ROC curve.

For circulating miRNAs studies we selected four miRNAS - miR-4732-
3p, MiR-483-3p, and miR-143-3p and miR-122-3p. Statistically significant
expression differences of all selected miRNAs were successfully validated by
gPCR (Figure 3A, Figure 3B). The changes in miR-122-3p expression levels
were the most significant (p < 0.0001). Moreover, the diagnostic sensitivity
and specificity of selected circulating miRNAs were performed by ROC curve
analysis (Figure 2C). The results demonstrated that a combined analysis of
miR-122-3p and miR-483-3p miRNAs revealed the most significant
prognostic accuracy (AUC = 0.84, p < 0.001) indicating that these miRNAs
could be applied as TAA non-invasive biomarkers.
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Functional Analysis of miRNA Target Genes Involved in TAA
Development

Next, using a bioinformatics approach, we determined KEGG pathways
enriched in genes targeted by differentially expressed miRNAs in TAA tissue
cells. About half of differentially expressed miRNAs have predicted targets in
17 genes involved in the TGF-p signaling pathway (Figure S4). These
miRNAs could affect two groups of target genes - TGF-§ ligands/receptors
and regulatory SMADs. Dysregulation in the TGF-B signaling pathway can
influence the expression changes of the key downstream regulators, Kruppel-
like factor 4 (KLF4) and/or myocardin (MyoCD). On the other hand, the
disrupted balance between TGF-B receptors, ligands and rfSMADs might
impact MyoCD-independent TGF-f signaling (22).

Indeed, previous reports revealed the important roles of TGF-f signaling
in syndromic TAA (23). However, it still not clear whether activation or up-
regulation of this signaling pathway genes causes the development of TAA
(24-27). During the canonical TGF-p signaling pathway, TGF-B can interact
with TGFBR1 or ALK1 receptors (Figure S5). If the signal is mediated
through the TGFBR1 receptor, TGFBR1 binds to SMAD2/3 and, together
with SMAD4, can activate the expression of the transcription factor
myocardin. Myocardin stimulates the contractile phenotype of vascular
smooth muscle cells (VSMC). If the signal is transmitted through the ALK1
receptor, ALK1 binds to SMAD2/3 and, together with SMADA4, can indirectly
stimulate the expression of transcription factor KLF4 promoting the synthetic
phenotype of VSMC. It was determined, that a signaling switch from
canonical TGFBRI/Smad2-dependent to ALK1/Smadl/5/8 signaling can
activated genes related to synthetic VSMC phenotype in mice model (28).
Moreover, miR-133a-3p, which was significantly downregulated in TAA
tissue samples, could indirectly deregulate KLF4 (29). To further explore the
alteration in TGF-f signaling pathway, we determined the mRNA expression
levels of TGF-p receptors, TGFBR1 and ALK1 (also known as ACVRL1), and
transcription factors, MyoCD and KLF4, in non-TAA (n=21) and TAA (n =
17) tissue samples (Figure S6). A significant change of ALK1 gene
transcription was identified in TAA tissues (p=0.0244) compared to non-TAA
group of normal aortas, but no significant difference in cellular mRNA levels
of TGFBR1, KLF4, and MyoCD was observed.
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Figure S4. Molecular network of miRNAs and their potential target genes
involved in the TGF-p signaling pathway. Grey nodes denote target genes, red and
blue — upregulated and downregulated miRNAs, respectively. The dark orange area
covers TGF-p ligands and receptors; light orange — regulatory SMADs (rSMADS).
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Figure S5. Simplified hypothetical schema of TGF-p signal transduction in TAA
tissue cells. miRNAs, which were differentially expressed in TAA tissue (grey
boxes), could potentially deregulate TGF-$ signaling by targeting TGF-p ligands,
receptors or rISMADs leading to alteration of MyoCD-KLF4 transcription regulator
axis and further TAA progression. miRNAs, which differential expression was
confirmed by qRT-PCR analysis are marked in bold.
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Figure S6. Differential expression of ALK1, TGFBR1, MyoCD and KLF4 mRNA
in non-TAA (n=21) and TAA (n=17) tissue samples. The expression threshold (Ct)
values of each gene were normalized to GAPDH expression levels. Lines within boxes
indicate normalized cycle threshold (dCt) mean values; whiskers — 5-95 percentile of
the relative mRNA expression values. Significance between each group is shown as
follows: n.s. — not significant; * p<0.05.

miRNAs do not always promote the degradation of mRNA, often
mMiRNAs simply inhibits translation of mRNA (2). Therefore, we further
evaluated the protein expression levels of the selected genes in non-TAA and
TAA tissue samples using immunohistochemical analysis (IHC). The
upregulated expression of a positive marker of aortic aneurysms osteopontin
was determined (p=0.0311). Also, it was determined that the increase of
osteopontin stimulates the switch of vascular smooth muscles from contractile
to synthetic phenotype (30-32) (Figure S7). Moreover, the number of cells
strongly expressing the KLF4 factor in the nucleus was shown to be nearly
three-fold higher in TAA tissues compared to non-TAA (27% v.s. 10%) (p =
0.0037). The myocardin expression level remained the same, however, the
myocardin was detected not only in the nucleus but also in the cytoplasm,
whereas, KLF4 is specifically observed in the cell nucleus. Therefore, the
more accurate quantification method is required to evaluate minor fluctuations
in myocardin expression as a response to alteration in KLF4.
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Figure S7. Immunohistochemical (IHC) analysis of KLF4, MyoCD, and
osteopontin expression in non-TAA and TAA tissue samples. The quantity of
proteins was examined by immunostaining and visualized with diaminobenzidine
(brown). The sections were counterstained with hematoxylin (blue). Histological
quantification of KLF4 was performed by counting KLF4 positive cell nucleus (black
arrows; n = 43), whereas osteopontin (n = 46) and MyoCD (n = 20) by IHC score
(graphs in right panel). Lines within boxes indicate KLF4 positive nucleus mean or
MyoCD and osteopontin IHC score median values, whiskers — 5-95 percentile of
KLF4 positive nucleus or MyoCD and osteopontin IHC score values. The significance
of each group is shown as follows: n.s. — not significant; * p < 0.05; ** p < 0.01, ***
p <0.001.

Analysis of splicing dependent mirtronic miRNAs expression in
human digestive system cancer cell lines and tumors

Experimental validation of new splicing-dependent human mirtronic miRNAs

In order to expand the number of validated mirtronic miRNAs for our
study, we selected five miRNAs localized in conventional mirtrons - miR-
1226-3p, miR-1227-3p, miR-1229-3p, miR-1236-3p, miR-1238-3p; two
miRNAs localized in 5°-tailed mirtrons - miR-3064-3p, miR-6515-5p; two
miRNAs localized in 3‘-tailed mirtrons - miR-3940-5p, miR-6850-3p (Figure
S8). Six of them - miR-1229-3p, miR-1236-3p, MmiR-1238-3p, miR-3064-3p,
miR-3940-5p and miR-6515-5p are localized in genes related with
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cancerogenesis, respectively MGAT4B (33), NELFE (34), ATG4D (35),
DDX5 (36), KHSRP (37) and CARL (38).

To determine the dependence of their biogenesis on mMRNA splicing, we
constructed plasmids with minigenes of two or one introns spanned by three
and two coding exons, respectively (Figure S9). Wild type (WT) minigenes
include natural introns. MUT variants of minigenes contained the mutations
affecting the G residues at 5' splice donor (GU changed to CU) and 3' splice
acceptor (AG changed to AC) sites in an intron, in which located potential
mirtronic miRNA.

To investigate the effect of inhibited intron splicing on potential
mirtronic MiIRNA biogenesis, constructed plasmids were transfected in
colorectal carcinoma HCT116 cells. mRNAs from the MUT variants
maintained the unspliced exon-intron-exon structure (Figure S10, A, MUT).
mRNA from WT minigenes were successfully spliced (Figure S10 A, WT). A
significantly high 9-1772 fold upregulation of miRNAs expression was
detected after WT minigenes transfection in HCT116 cells (Figure S10, B,
WT, Table S4). However, after splicing-deficient MUT plasmids transfection,
miR-1226-3p, miR-1227-3p, miR-1229-3p, miR-1236-3p MiRNASs quantity
remained practically the same (Figure S10, B, MUT, Table S4). These results
confirmed that the biogenesis of miR-1226-3p, miR-1227-3p, miR-1229-3p,
miR-1236-3p, located in conventional mirtrons, is strictly splicing-dependent
and can be assigned to the mirtronic miRNA type.

However, the miR-1238-3p expression level in the cell lines after MUT
minigene transfection was 425-fold higher compared to cells lacking the
minigene. Moreover, we determined statistically unreliable 1,4-2,8 fold
upregulation of miRNAs levels in cells maintaining splicing deficient MUT
minigene of 5°- tailed miR-3064-3p, miR-6515-5p and 3‘-tailed mirtrons -
miR-3940-5p, miR-6850-3p. Hence, miR-1238-3p, located in conventional
mirtron, also all investigated miRNAs located in 5’-tailed and 3’-tailed
mirtrons can mature independently from splicing. It is possible that only
conventional mirtrons exist in mammals.
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Figure S8. Mirtrons investigated in this study. miRNA can be located in short
introns, termed mirtrons. These mirtrons are spliced and bypass Drosha cleavage.
Based on terminal overhangs, four distinct mirtrons subtypes are recognized:
conventional (hairpin without tails), 3’-tailed, 5’-tailed, two-tailed. Mirtronic
mMiRNAs selected for study are marked in red.
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Figure S9. Schematic representation of exon-intron structures of analyzed
human minigenes. Boxes and lines indicate exons and introns, respectively. miR-
1226-3p, miR-1227-3p, miR-1229-3p, miR-1236-3p, miR-1238-3p located in
conventional, miR-3064-5p, miR-6515-5p — located in 5’-tailed and miR-3940-5p,
miR-6850-5p located in 3¢-tailed mirtrons. Potential mirtrons are depicted as red lines.
WT - wild type sequences, MUT - minigenes carrying the double mutant with GT to
CT and AG to AC changes (changed nucleotides are marked in red) in 5’-donor and
3’-acceptor splice sites, correspondingly. The position of primers used for RT-PCR
analysis is indicated by white arrows.
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Figure S10. Identification of splicing dependent miRNAs processed from
mirtrons. (A) Splicing analysis of minigene transcripts in transfected HCT116 cells.
Control reactions, RT-, were performed without prior reverse transcription to exclude
DNA contamination. The unspliced form indicates transcript retaining mirtronic
intron, spliced — intron is excised. TBP — loading control. (B) miRNAs expression in
colorectal cancer HCT116 cell line transfected with native (WT) or splicing-deficient

(MUT) minigenes were analyzed using reverse transcription-quantitative polymerase
chain reaction, RT-qPCR

Table S4. Changes of miRNA expression levels in cells transfected with native
(WT) or splicing-deficient (MUT) minigenes.

miRNA WT minigene MUT minigene MUT/WT, %

Hosted on conventional mirtron

miR-1226-3p 81 +/- 36 15+/-0.3 1.9

miR-1227-3p 405 +/- 204 24 +/- 8 5.9

miR-1229-3p 1633 +/- 106 41+/-21 0.3

miR-1236-3p 747 +/- 217 2.6 +/-0.5 0.3

miR-1238-3p 1772 +/- 1289 425 +/- 322 24
Hosted on 5 ““tailed mirtron

miR-3064-3p 27 +/- 13 47 +/- 29 173

miR-6515-5p 875 +/- 162 1541 +/- 576 176
Hosted on 3 ““tailed mirtron

miR-3940-5p 9.1+/-17 13 +/- 0.3 141

miR-6850-3p 20 +/- 12 57 +/- 38 286
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Effect of splicing factors SRSF1 and SRSF2 on the biogenesis of mirtronic miRNAs

In order to evaluate the regulatory function of specific splicing factors
(SF) in biogenesis of mirtronic miRNAs, we overexpressed two splicing
factors of serine-arginine rich (SR) protein family, SRSF1 (also known as
SF2/ASF) and the SRSF2 (also known as SC35) in human HCT116 cells and
determined expression levels of three mirtronic miRNAs, miR-1226-3p, miR-
1227-3p and miR-1229-3p. SRSF1 and SRSF2 splicing factors activate
splicing (39). Moreover, SRSF1 expression is frequently altered in cancer
cells (40). SRSF2 is also associated with cancerogenesis (41).

Western blot analysis revealed an increase in SRSF1 and SRSF2 proteins
yield in the nuclear extracts after the transfection of the pSRSF1 or pSRSF2
constructs in HCT116 cells (Figure S11, A). In response to the upregulation
of SRSF1, we determined a significant increase in miR-1229-3p (Figure S11,
B). After SRSF2 construct transfection, the significant upregulation of miR-
1227-3p (p=0.008) and miR-1229-3p (p=0.008) was detected. Thus, splicing
factors SRSF1 and SRSF2 promote mirtronic miRNAS biogenesis in
colorectal cancer HCT116 cell line.

A -  pSRSF1 - PpSRSF2
s g Anti-SRSF1 w = ANti-SRSF2
- 00 actin — s Anti-f-actin
B SRSF1 overexpression SRSF2 overexpression
31 3] *
*

-+

-

Change of miRNA expression, fold

miR-1226-3p miR-1229-3p  miR-1226-3p miR-1229-3p
miR-1227-3p miR-1227-3p

Figure S11. Splicing factors influence the biogenesis of specific mirtronic
mMiRNAs. (A) The amount of SRSF1 and SRSF2 proteins increased in the transfected
HCT116 cell line. Western-blot analysis was performed on nuclear extracts of cells
transfected with empty vector pcDNA3 (-) or plasmid containing recombinant SRSF1
gene (pSRSF1) or SRSF2 gene (pSRSF2). Beta-actin was used as an internal loading
control. (B) Splicing factor-dependent impact on mirtronic miRNAS expression was
determined using RT-gPCR. The mean values were calculated of three (SRSF1) and
five (SRSF2) biological replicates. * indicates statistically significant results, p<0.05.
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Differential expression of mirtronic miRNAs in digestive system cancer cell lines and
tumors

Mirtronic  miRNA significance in cancerogenesis was weakly
investigated. In order to evaluate whether mirtronic miRNAs are associated
with processes in cancer cells, we determine expression changes of mirtronic
MiRNAs miR-1226-3p, miR-1227-3p, miR-1229-3p, miR-1236-3p, and
splicing-independent miR-1238-3p in different digestive system organs
(pancreas PANC-1, SU.86.86, T3M4, stomach KATO Il11, colon HCT116) or
excretory system (kidney CaKi-1, 786-O) cancer cell lines compared to the
human embryonic kidney HEK 293A cells.

The downregulation of miR-1226-3p and miR-1227-3p expression were
observed in all tested cell lines (Figure S12). miR-1236-3p expression was
upregulated in pancreatic T3M4 and Su.86.86 and downregulated in kidney
786-0 and stomach KATO I11 cancer cell lines.

Su.86.86
HCT116

Derived from Cancer tissue ImIRZI\;? f;p:‘essio?
. o old change
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|:| Colorectal ?:;g
. Stomach 255

Figure S12. Heatmap of mirtronic miRNAs expression in human cancer cell
lines. Cell lines are in rows, miRNAs in columns. Data are presented as log, fold
changes relative to embryonic cell line HEK293A. Red color indicates higher
expression; green, lower expression; black, no difference. The dendrogram of
hierarchical clustering analysis is presented at the left.
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Figure S13. Variability in expression of mirtronic miRNAs in colorectal (A),
stomach (B) and pancreatic adenocarcinoma (C) tissues. The expression threshold
(ACt) values of each miRNA were normalized to RNU48 as the endogenous control.
Lines within boxes indicate normalized cycle threshold (dCt) mean values; whiskers
— 5-95 percentile of the relative miRNA expression values. * p < 0.05.
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Interestingly, hierarchical clustering identified the majority of the cell
lines derived from metastatic sites as a unique group. A high increase in
expression of miR-1229-3p was determined in 3 of 4 metastatic cell lines -
pancreatic T3M4, Su.86.86, and stomach KATO IIl. However, further studies
are required to estimate whether miR-1229-3p is associated with metastatic
cancer cells. Thus, differential mirtronic miRNAs expression was identified
in the digestive system cancer cell lines.

To further identified the significance of mirtronic mMiRNASs in human
cancer development and the possibility to use these miRNAs as biomarkers,
we determine mirtronic miRNAs expression in digestive system tumors
(pancreatic, colorectal and stomach) compared to healthy tissue samples of
the same organ. We identified that miR-1226-3p was significantly
downregulated in the colorectal tumor (p<0.001) (Figure S13, A) and
upregulated in stomach cancer compared to non-tumor tissues (p<0.001)
(Figure S13, B). miR-1227-3p (p=0.028) and miR-1236-3p (p=0.017) were
significantly altered in pancreatic tumors (Figure S13, C). Hence, different
expression profiles of mirtronic miRNAs were observed in digestive organ
tumors. According to these findings, we can indicate, that mirtronic miRNAs
are associated wit cancerogenesis and in the future might be applied as
biomarkers.
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CONCLUSIONS

During the development of the human ascending thoracic aortic
aneurysm (TAA), the differential expression of a total of 20 and 17
mMiRNAs was identified in TAA tissue and blood plasma samples,
respectively, compared to the non-TAA samples. Changes of miRNA
expression in blood plasma were not directly associated with miRNA
expression alterations in ascending thoracic aortic aneurysm tissues.
MiRNA expression profiles in TAA tissues may be influenced by the
patient's sex. It was evaluated that miR-148a-3p varied significantly
only in the male TAA cohort. Also, miR-126-3p and miR-155-5p and
expression changes were more statistically significant in male TAA
patients compared to the sex-undivided group of samples.

10 of 20 miRNAs differentially expressed in TAA tissue potentially
regulate the TGF-p signaling pathway. Differentially expressed
miRNAs could influence the upregulation of the TGF-p signaling
pathway receptor ALK1 mRNA expression. Alterations in miRNA
expression also could evoke the increase of transcription factor KLF4
expression in a nearly three-fold higher number of cells compared to
healthy tissues. The upregulation of KLF4 could promote the
transition of vascular smooth muscle cells phenotypic from
contractile to synthetic.

Biogenesis of miRNAs miR-1226-3p, miR-1227-3p, miR-1229-3p
and miR-1236-3p, hosted in conventional mirtrons, biogenesis is
strictly splicing dependent. miR-1238-3p, located in conventional
mirtron, and all investigated miRNAs located in 5’-tailed and 3’-
tailed mirtrons can mature independently from splicing. It is possible
that only conventional mirtrons exist in mammals.

Splicing factor SRSF1 enhances the biogenesis of mirtronic miRNA
miR-1229-3p, meanwhile SRSF2 — the biogenesis of miR-1227-3p
and miR-1229-3p in colorectal cancer HCT116 cell line.

Differential expression of mirtronic miRNAs was identified in the
digestive system cancer cell lines and tumors. Hence, the mirtronic
MiRNAs are associated with cancerogenesis and potentially might be
applied as biomarkers.
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SANTRAUKA

mikroRNR (miRNR) — tai 18-25 nukleotidy ilgio trumposios baltymy
nekoduojancios RNR, reguliuojancios geny raiska. miRNR raiska keiciasi
esant véziniams susirgimams, Sirdies sutrikimams, vir§kinimo sistemos ir
neurologinéms ligoms. miRNR turi didelj potencialig pritaikymui klinikoje,
nes yra gana lengvai detektuojamos zmogaus audiniuose. Taip pat miRNR
gali patekti j kiino skysCius (kraujo plazma, seruma, Slapimg), kuriuose
iSlieka stabili. Taigi, nustac¢ius miRNR poky¢ius ne tik galima identifikuoti
ligos vystymosi mechanizma, taip pat miRNR gali bati panaudotos kaip
biozymenys ligy diagnostikai naudojant audinius ir kraujo plazma ar seruma.
Zinoma, kad miRNR raiska keiGiasi kriitinés kylan&iosios aortos audiniuose ir
kraujo plazmoje, i8sivyscius aneurizmai. Iki §iol turime mazai ziniy, kodél ir
kaip atsitiktiné kriitinés kylanc¢iosios aortos aneurizma (KAA) issivysto. Nors
tik visumine sekoskaita gali buti identifikuojamos naujos su KAA atsiradimu
susietos MiIRNR, miRNR sekoskaitos tyrimai iki §iol nebuvo atlikti. Taip pat
buvo nustatyta, kad miRNR gali bresti alternatyviu brendimo keliu, kai
miRNR yra sutinkama segtuka formuojanciuose intronuose, mirtronuose,
kuriuos kerpa splaisosoma. Mirtronai gali bati skirstomi j keturius tipus -
standartinius mirtronus, 5° tipo mirtronus, 3° tipo mirtronus ir 5°-3° tipo
mirtronus. Nors bioinformatiSkai zinduoliuose nustatyta beveik 1000
potencialiy mirtroniniy MiRNR seky, ta¢iau eksperimentiskai nustatyta, kad
tik keliy mirtroniniy miRNR brendimas tikrai priklauso nuo splaisingo. Be to,
mirtroniniy miRNR reik8mé biologiniuose procesuose buvo tirta itin mazai.
Todél buvo svarbu iSsiaiskinti, ar mirtroninés miRNR yra susijusios su
procesais vézinése lastelése.

Taigi, Sios disertacijos tikslas buvo visumine sekoskaita nustatyti
miRNR raiskos poky¢ius kratinés kylanciosios aortos audiniuose ir kraujo
plazmoje, susiformavus aneurizmai, ir nustatyti kaip miRNR gali jtakoti KAA
vystymasi. Taip pat eksperimenti§kai jrodZius mirtroniniy miRNR brendimo
priklausomybe nuo splaisingo, identifikuoti tokiy miRNR raiskg virSkinimo
sistemos vézinése lgstelése ir navikuose.

Taigi, visumine sekoskaita identifikavome miRNR profilio pokycius
zmogaus kylanciosios aortos audiniuose bei kraujo plazmoje, susiformavus
aneurizmai. Toliau nustatéme, kad miRNR, kuriy rai$ka pakinta, esant KAA,
1 kraujo plazmg patenka ne i§ KAA audinio. Taip pat identifikavome, kad
miRNR raiska KAA audiniuose gali priklausyti nuo paciento lyties. Be to,
parodéme, kad miRNR kiekio poky¢iai KAA audiniuose gali jtakoti TGF-§
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signalinio kelio poky¢ius bei dalies kraujagysliy lygiyjy raumens lgsteliy
diferenciacijos stadijg — dél dalyje lasteliy iSaugusios transkripcijos veiksnio
KLF4 raiskos, daugiau lasteliy nei sveikuose audiniuose pasizymi sintetiniu
fenotipu.

Toliau nustatéme, kad tik dalies bioinformatiSkai nustatyty mirtrony
brendimas priklauso nuo splaisingo. Parodéme, kad sutinkamas
standartiniuose mirtronuose miR-1227-3p, miR-1229-3p ir miR-1236-3p
brendimo metu tikrai kerpa spaisosoma ir $ios naujai jrodytos miRNR gali
buti priskirtos mirtroniniy miRNR tipui. Taip pat identifikavome, kad
splaisingo veiksnys SRSF1 ir SRSF2 skatina mirtroniniy miRNR brendima
storosios zarnos HCT116 vézinése lgstelése. Be to nustatéme, kad mirtroniniy
miRNR raiska yra skirtinga vir§kinimo sistemos véZinése lastelése, lyginant
su su nevézine HEK293A Iasteliy linija, bei virSkinimo sistemos navikuose,
lyginant su sveikais audiniais. Taigi vieni i§ pirmyjy parodéme, kad
mirtroninés miRNR gali bti susijusios su véZiniais procesais bei turi
potencialg biiti naudojamos kaip bioZymenys vézio diagnostikai.
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Abstract: MicroRNAs (miRNAs) are critical regulators of the functional pathways involved in the
pathogenesis of cardiovascular diseases. Understanding of the disease-associated alterations in
tissue and plasma will elucidate the roles of miRNA in modulation of gene expression throughout
development of sporadic non-syndromic ascending thoracic aortic aneurysm (TAA). This will allow
one to propose relevant biomarkers for diagnosis or new therapeutic targets for the treatment.
The high-throughput sequencing revealed 20 and 17 TAA-specific miRNAs in tissue and plasma
samples, respectively. qRT-PCR analysis in extended cohort revealed sex-related differences in
miR-10a-5p, miR-126-3p, miR-155-5p and miR-148a-3p expression, which were the most significantly
dysregulated in TAA tissues of male patients. Unexpectedly, the set of aneurysm-related miRNAs in
TAA plasma did not resemble the tissue signature suggesting more complex organism response to the
disease. Three of TAA-specific plasma miRNAs were found to be restored to normal level after aortic
surgery, further signifying their relationship to the pathology. The panel of two plasma miRNAs,
miR-122-3p, and miR-483-3p, could serve as a potential biomarker set (AUC = 0.84) for the ascending
TAA. The miRNA-target enrichment analysis exposed TGF-{ signaling pathway as sturdily affected
by abnormally expressed miRNAs in the TAA tissue. Nearly half of TAA-specific miRNAs potentially
regulate a key component in TGF-p signaling: TGF-p receptors, SMADs and KLF4. Indeed, using
immunohistochemistry analysis we detected increased KLF4 expression in 27% of TAA cells compared
to 10% of non-TAA cells. In addition, qRT-PCR demonstrated a significant upregulation of ALK1
mRNA expression in TAA tissues. Overall, these observations indicate that the alterations in miRNA
expression are sex-dependent and play an essential role in TAA via TGF-p3 signaling.

Keywords: aortic disease; aneurysm; miRNA; TGF-p pathway; KLF4; synthetic phenotype

J. Clin. Med. 2019, 8, 1609; doi:10.3390/jcm8101609 www.mdpi.com/fjournalfjem

168



. Clin. Med. 2019, 8, 1609 20f16

1. Introduction

Thoracic aortic aneurysms (TAAs) are usually silent and therefore deadly if not detected and
repaired on time [1]. Most of them are affecting the root or ascending aorta [2]. TAA is categorized
as syndromic (Marfan, Loyes-Dietz, Ehlers-Danlos, etc.), familial non-syndromic and sporadic [3].
The incidence of TAA is permanently increasing and remains much higher in males than females [4].
Similar trends are observed in hospital admissions for TAA [5]. The aortic diseases are more common in
males but the outcome is worse in female patients, although reasons for sex differences are unknown [6].
Therefore, further investigation of molecular mechanisms for these differences are required as well [7].
Vascular smooth muscle cells (VSMC) have been shown to possess a natural plasticity to switch
between contractile and synthetic phenotypes in order to repair small vascular injuries [8]. For the
last few decades, VSMC dedifferentiation has been recognized as one of the key processes involved
in arterial maintenance and development of vascular diseases [9]. This led to the identification of
various regulators of VSMC phenotype including a transcription activator myocardin (MyeCD) [10],
transcription factor Kriippel-like factor 4 (KLF4) [11], and components of a transforming growth factor
beta (TGF-B) signalling pathway [12]. During the formation of TAA, VSMCs are thought to lose their
contractile ability and start secretion of various extracellular matrix proteins and their inhibitors,
but the mechanism of this phenotypic shift remains unknown.

Recent studies have focused on the emerging epigenetic regulation of gene expression and the short
non-coding microRNAs (miRNAs) involved in post-transcriptional regulation of a target messenger
RNA (mRNA) [13]. MiRNAs have been implicated in the pathogenesis of various cardiovascular
diseases [14] and show the potential to be utilised as biomarkers in diagnosis, prognosis, and selection
of treatment [15]. Over the last decade a variety of miRNAs have been identified in the regulation
of VSMC phenotype [16-18] some of which have been associated with the formation of TAA [19,20].
The majority of miRNAs association studies were done using PCR or microarray techniques [21]
and only a fraction of miRNAs have been validated in plasma samples [22]. However, to date,
the global high-throughput miRNA sequencing data of TAA tissue is still missing. Furthermore, most
of miRNA-related mechanistic insights of TAA development are made using cell cultures or knock-out
animal models which only mildly represents human disease and could further lead to misinterpretation
of biological processes occurring in human tissue in vivo [23].

A multidimensional approach is needed in order to uncover the complex mechanisms occurring in
the human aortic wall during the formation of TAA and to evaluate the possibility of using circulating
miRNAs as biomarkers for the development of the disease. In the present study, we aimed to profile
miRNA changes in TAA tissue and blood plasma samples and to assess their role in the pathogenesis
of the disease as well as to evaluate their potential to be used as biomarkers. Using high-throughput
miRNA sequencing we identified 20 and 17 differentially expressed miRNAs in TAA tissue and TAA
plasma samples compared to non-TAA specimens, respectively. Deregulation of selected miRNAs in
TAA samples were further confirmed by qRT-PCR analysis, thus verifying reliability of miRNA-Seq
results. A subsequent pathway enrichment analysis of miRNA target genes revealed significant
relationship between nearly half of dysregulated miRNAs and TGF-p signalling pathway. Finally,
we for the first time showed accumulation of KLF4, a master regulator of VSMC differentiation
state, in TAA tissue obtained from patients. Altogether our results define potential candidates for
TAA diagnostic biomarkers and provide new insights in regulatory miRNA-related mechanisms of
TAA development.

2. Materials and Methods

2.1. Patient Samples

All experimental procedures using human tissue and plasma samples conform to the principles
outlined in the Declaration of Helsinki and were approved by Kaunas Regional Biomedical Research
Ethics Committee (Nr. P2-BE-2-12/2012).
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The study included 40 patients with sporadic non-syndromic ascending thoracic aorta aneurysm
(TAA group). Exclusion criteria were severe atherosclerosis showing calcified or ulcerating plaques of
the ascending aorta, aortitis, phenotypic characteristics of the known genetic disorders such as Marfan,
Ehlers Danlos and other syndromes. The diagnosis was confirmed by two-dimensional thoracic aorta
echocardiography according to the 2014 ESC guidelines on the diagnosis and treatment of aortic
diseases. Echocardiography was performed at the Department of Cardiology, Lithuanian University of
Health Sciences (LUHS). TAA group included patients (n = 23) who underwent aortic reconstruction
surgery at the Department of Cardiac, Thoracic and Vascular Surgery, LUHS and non-operated patients
(n = 17) with ascending aorta aneurysm.

Study subjects without TAA (non-TAA group) included i) heart transplantation donors (11 = 6),
ii) patients who underwent isolated coronary artery bypass graft surgery (CABG) (n = 72) and
iii) healthy volunteers (n = 10). All healthy volunteers were screened using two-dimensional transthoracic
echocardiography to ensure the ascending aorta was not dilated. Detailed preparation of patients’ tissue
and plasma samples can be found in the Supplementary Methods.

2.2. Study Design

Study subjects (n = 32) selected for miRNA expression profiling in aortic tissue consisted of
surgical TAA patients (n = 8), donors (1 = 4) as well as CABG patients (n = 2). miRNA expression
profiling in plasma was done in samples from surgical TAA patients (1 = 7) before and 3 months
after the aortic surgery (denoted as operated, n = 4), respectively. Seven volunteers without health
complaints (n=7) were used as non-TAA controls. Clinical and demographic characteristics of the
groups are summarized in Table 1.

Table 1. Demographic and clinical characteristics of control and thoracic aortic aneurysm (TAA)
patients selected for profiling of microRNA (miRNA) expression.

Tissue Plasma

Variables non-TAA TAA non-TAA TAA Operated

(n=6) (n=8) n=7) n=7) (n=4)

Age, years + SD 47 £5 62+ 10 54 £12 6311 64 +12

Sex, male (%) 4 (67 %) 6 (75 %) 4 (57 %) 5(71 %) 3(75 %)

Ascending aortic diameter, mm 36+0.7% 50+3 35+£3 53+5 52+4
Aortic valve stenosis (%) 0(0 %) 3 (38 %) 1(14 %) 2(29 %) 1(25 %)
Bicuspid aortic valve (%) 0(0 %) 5 (63 %) 0(0 %) 4 (57 %) 2(50 %)
Aortic valve insufficiency (%) 0(0 %) 5 (63 %) 1 (14 %) 3 (43 %) 1(25%)
Hypertension (%) 2 (100 %) * 7 (88 %) 4 (57 %) 6 (86 %) 4 (100 %)

Smokers (%) 2 (100 %) * 1 (13 %) 1(14 %) 1(14 %) 0(0 %)
Diabetes (% 0(0 %) 1(13 %) 0(0%) 3 (43 %) 1(25%)

Notes: * Data is missing from four aorta donors. Operated denotes patient samples collected after aortic surgery.

Validation group for miRNA expression in aortic tissue consisted of TAA surgical patients (7 = 17),
donors and CABG patients (1 = 35). For the miRNA validation in plasma samples, we were able to
collect larger TAA group (n = 28) and non-TAA group (n = 34) which consisted of healthy volunteers
and CABG patients. Clinical and demographic characteristics of each validation group are presented in
Supplementary Table S1. A significant difference in ascending aortic diameter (p < 0.001) was observed
between TAA patients and non-TAA in both miRNA profiling groups supporting the selection criteria.
Patients with bicuspid aortic valve were predominant in both TAA groups (p < 0.001) compared with
non-TAA group.

Total RNA isolation, cDNA library sequencing, and miRNA-Seq differential and functional
analysis are described in detail in Supplementary Methods. miRNA-Seq data are available at GEO
database using accession number GSE122266. Validation of miRNA-Seq data was performed as
described previously [24] and detailed qRT-PCR and immunohistochemistry analysis are depicted in
Supplementary Methods.
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3. Results

3.1. Differential miRNA Expression Analysis in TAA Tissue and Blood Plasma Samples

In order to determine miRNAs which expression levels are potentially deregulated in aorta tissue
and blood plasma during the formation of TAA, in the present study we evaluated miRNA expression
profiles in a learning set of patient tissue and plasma samples (1 = 32) using Illumina high-throughput
miRNA sequencing platform (Table 1; Figure 1A). The overview of miRNA-Seq experimental design
and data quality is depicted in Supplementary Results. miRNA-5eq data analysis revealed a total
of 20 differentially expressed miRNAs (selection criteria were fold change > 1.5, p value < 0.05 and
base mean higher than 10) in TAA tissue samples compared to non-TAA group (Table 2), among
which the majority (15 of 20 miRNAs) were upregulated (Table 3). A detailed differential miRNA-Seq
data evaluation of each sample assessed in the present study is depicted in Supplementary File 1 and
Supplementary File 2. A heat map of expression signature for these dysregulated miRNAs in all 14 samples
clearly clustered aorta tissues according to the presence or absence of aneurysm (Figure 1B).

A B
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Figure 1. Differential miRINA expression analysis in TAA tissue and plasma samples using high-throughput
RNA sequencing. (A) Schematic diagram of miRNA-Seq experiment. (B) Heat map showing a total of
20 miRNAs differentially expressed (fold change, FC > 1.5, p < 0.05, normalized read count average,
RC > 10) in TAA tissue samples (n = 8) compared to normal aorta tissue (1 = 6). Red color indicates
upregulated log-transformed expression level ratios of corresponding miRNAs, blue — downregulated;
(C) Venn's diagram showing the number of differentially expressed miRNAs (FC > 1.5, p < 0.05 and RC
> 20) in TAA plasma samples (n = 7) compared to non-aneurysmal group (n = 7) and plasma samples
obtained 3 months after aortic reconstructive surgery (n = 4); (D) Venn's diagram demonstrating
the number of differentially expressed miRNAs in TAA tissue and plasma samples; (E) Heat map
demonstrating the expression of six miRNAs, which were significantly deregulated in TAA plasma
samples, but were almost absent in TAA tissue samples. Color intensity indicates log-transformed
normalized read counts of corresponding miRNA.
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Table 2. A number of miRNAs differentially expressed (fold change > 1.5) in TAA tissue and blood
plasma samples compared to non-TAA controls.

Groups Number of miRNAs Upregulated Downregulated
Tissue
TAA vs. non-TAA 20 15 5
Plasma
TAA vs. non-TAA 14 3 11
TAA v.s Op 6 4
TAA vs. non-TAA + Op 10 2 8

Notes: TAA—Thoracic Ascending Aneurysm; Op—Operated.

Table 3. List of differentially expressed miRNAs (selection criteria were fold change > 1.5, p value < 0.05
and base mean higher than 10) in TAA aortic tissue samples compared to miRNA expression levels in
non-TAA controls.

No. miRNAs Fold Change p Value
Upregulated
1 hsa-miR-10a-3p 2.69 2.05E-06
2 hsa-miR-10a-5p 2.45 8.63E-07
3 hsa-miR-150-5p 221 2.05E-05
4 hsa-miR-199b-5p 2.12 1.19E-04
5 hsa-miR-126-5p 1.89 7.95E-04
6 hsa-miR-126-3p 1,88 2.10E-05
7 hsa-miR-139-5p 1.74 7.22E-04
8 hsa-miR-148a-3p 1.71 3.44E-05
9 hsa-miR-10b-5p 1.70 7.78E-04
10 hsa-miR-148a-5p 1.70 0.0112
11 hsa-miR-99a-5p 1.68 1.76E-05
12 hsa-miR-21-5p 1.67 1.10E-03
13 hsa-miR-146a-5p 1.67 0.002
14 hsa-miR-142-3p 1.66 0.020
15 hsa-miR-542-3p 1.64 0.009
Downregulated
16 hsa-miR-1-3p -1.59 0.001
17 hsa-miR-133a-3p -1.64 2.96E-07
18 hsa-miR-1307-3p -1.68 0.011
19 hsa-miR-9-3p -1.79 0.021
20 hsa-miR-155-5p -1.88 7.34E-08

Using the same workflow of miRNA-Seq analysis, we found 14 differentially expressed miRNAs
in TAA patient plasma samples compared to non-TAA group. Out of these, 3 were upregulated
and 11 were downregulated (Tables 2 and 4). Next, to determine alterations after the removal of
aneurysm, we compared the miRNA expression levels between TAA plasma samples collected before
and 3 months after aortic surgery. This analysis led to the detection of six differentially expressed
miRNAs (Table 4; Supplementary Figure S1). Remarkably, the expression of three of TAA-specific
plasma miRNAs, miR-1255b-5p, miR-122-3p and miR-23b-5p, returned to near non-TAA levels after
the operation. Finally, to identify the most significantly dysregulated miRINAs in TAA plasma samples,
we pooled data from both non-aneurysmal (non-TAA and TAA samples collected after the surgery)
cohorts and compared to TAA group. The differential analysis determined ten differentially expressed
miRNAs revealing the greatest fold change for miR-122-3p. Thus, the overall evaluation of miRNA
expression changes in plasma samples discovered a total of 17 differentially expressed miRNAs in
TAA samples compared to non-TAA samples, samples collected after aortic surgery or both groups of
samples (Figure 1C).
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Table 4. List of differentially expressed miRNAs (fold change > 1.5, p value < 0.05-fold and base mean = 20)
in TAA patient blood plasma samples compared to miRNA expression levels in non-TAA controls.

Group No. miRNA Regulation Fold Change p Value
1 hsa-miR-146b-3p up 9.11 0.044
2 hsa-miR-1255b-5p up 8.87 0.015
3 hsa-miR-889-3p up 7.95 0.047
4 hsa-miR-375-3p down -2.38 0.036
5 hsa—miR-30a-5p down -2.54 0.033
6 hsa-miR-483-3p down -2.68 0.015
7 hsa-miR-23b-3 down -2.79 0.017
TAA vs. non-TAA 8 hsa-miR-ltLO-Bg down 401 0.010
9 hsa-miR-100-5p down -9.17 0.003
10 hsa-miR-145-5p down -17.36 1.44E-04
11 hsa-miR-143-3p down -17.74 3.27E-05
12 hsa-miR-23b-5p down -24.93 0.013
13 hsa-miR-122-3p down —69.32 3.31E-04
14 hsa-miR-34a-5p down -71.95 4.01E-05
1 hsa-miR-1255b-5p up 9.7203 0.045
2 hsa-miR-4732-3p up 3.9801 0.050
3 hsa-miR-6803-3p up 3.4495 0.011
TAA vs. Operated 4 hsa-miR-22-3p up 25198 0.029
5 hsa-miR-122-3p down -18.4085 0.024
6 hsa-miR-23b-5p down —44.7992 0.001
1 hsa-miR-1255b-5p up 11.68 0.004
2 hsa-miR-22-3p up 173 0.034
3 hsa-miR-375-3p down -2.12 0.049
4 hsa-miR-483-3p down -2.29 0.035
TAA vs. non-TAA 5 hsa-miR-23b-3p down -2.36 0.024
& Operated 6 hsa-miR-143-3p down -3.83 0.012
7 hsa-miR-145-5p down —4.83 0.019
8 hsa-miR-23b-5p down -29.67 0.003
9 hsa-miR-34a-5p down —48.62 6.26E-05
10 hsa-miR-122-3p down -53.67 2.31E-04

Surprisingly, a pattern of aneurysm-related alterations in plasma’s miRNA profiles showed
no resemblance to the tissue set. Indeed, none of the differentially expressed miRNAs overlapped
in Venn's diagram (Figure 1D). Moreover, the expression levels of the six significantly deregulated
miRNAs in TAA plasma samples, miR-4732-3p, miR-6803-3p, miR-375-3p, miR-483-3p, miR-122-3p
and miR-1255b-5p, were negligible in aortic tissue samples (Figure 1E).

3.2. Validation of Selected miRNAs in TAA Tissue and Plasma Samples by qRT-PCR

In order to corroborate the RNA sequencing-based predictions, we performed qRT-PCR analysis
to examine the abundance of five selected miRNAs (mir-10a-5p and miR-155-5p exhibited the greatest
up/down fold changes; miR-126-3p, mir-133a-3p and miR-148a-3p were implicated in TGF-{} signaling
routes, see below) in the independent group of 37 samples containing 20 non-TAA and 17 thoracic
aortic aneurysm tissues (Supplementary Table S1). Our analysis validated the up- and downregulated
expression of miR-10a-5p, miR-126-3p, miR-133a-3p and miR-155-5p, respectively, in the sex-undivided
set of TAA tissue samples compared to the non-TAA group (Figure 2A, Supplementary Figure 52).
Whereas, the difference in miR-148a-3p expression levels was significant among the groups only when
stratifying by sex (p = 0.0203 for a male patient set). Interestingly, a significantly greater differential
expression of miR-126-3p (p = 0.0062 vs. p = 0.0225 for sex-undivided set), miR-155-5p (p = 0.0003 vs.
p = 0.0017) and miR-10a-5p (p = 0.0001 vs. p = 0.0002), except miR-133a-3p (p = 0.0068 vs. p = 0.0031),
also was observed between 13 TAA and 13 normal aorta tissue samples from male patients showing
sex-related miRNA expression variances in the TAA tissue. Because of the scarce representation of
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female samples (7 non-TAA vs. 4 TAA) the extent of involvement of these miRNAs in the thoracic
aneurysm formation in female patients requires further analysis.
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Figure 2. Validation of differentially expressed miRNAs in TAA tissue and plasma samples by qRT-PCR.
qRT-PCR analysis was used for the comparison of relative miRNA expression levels between non-TAA
and TAA groups in tissue (A) and plasma (B) both types (C) of samples. The cycle threshold (Ct) values
of observed miRNAs were normalized to miR-152-3p and miR-185-5p for tissue and plasma samples,
respectively, which were revealed as the most reliable endogenous controls according to miRNA-Seq
data. Lines within boxes indicate relative miRNA expression median values; whiskers—5-95 percentile
of the relative miRNA expression values. Significance between each group was evaluated using
Student’s t test and is shown as follows: n.s.—not significant; * p < 0.05; ** p < 0.01 and *** p < 0.001.
(D) Diagnostic ROC curve analysis showing sensitivity and specificity of mir-122-3p, mir-483-3p,
mir-4732-3p and mir-143-3p selected circulating miRNAs or the combination of mir-122-3p and
mir-483-3p together. AUC denotes area under the ROC curve.

In contrast, the evaluation of the miRNA expression levels in 62 plasma samples (34 non-TAA vs.
28 TAA) demonstrated that all selected miRNAs, miR-4732-3p, miR-483-3p and miR-122-3p, exhibited
statistically significant expression changes in TAA plasma samples compared to non-TAA group
showing a good reliability of our miRNA-Seq data (Figure 2B). Of those, the difference of miR-122-3p
expression levels was the most significant (p < 0.0001) between two plasma sample groups.

RNA-Seq analysis displayed that the difference of miR-143-3p expression was not statistically
significantin TAA tissue samples compared to non-TAA. Consistently with this observation, a significant
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downregulation (p = 0.0051) was observed only in TAA plasma samples (Figure 2C) despite the
decrement of miR-143-3p expression level in both TAA specimen groups compared to non-TAA group.

The diagnostic sensitivity and specificity of selected plasma circulating miRNAs which could
serve as potential biomarkers of TAA was examined by ROC curve analysis (Figure 2D). The results
demonstrated that miR-122-3p reached the most significant prognostic accuracy (AUC = 0.78,
p < 0.001). Moreover, a combined analysis of miR-122-3p and miR-483-3p miRNAs showed even better
diagnostic discrimination (AUC = 0.84, p < 0.001) indicating that these miRNAs could be applied as
TAA biomarkers.

Finally, the statistical analysis showed no significant correlations between selected differential
miRNAs, miR-10a-5p, miR-126-3p, mir-133a-3p miR-155-5p, miR-148a-3p, miR-122-3p, miR-483-3p,
miR-4732-3p, miR-143-3p and chosen patient characteristics such as patients’ age, aorta diameter,
bicuspid (BAV)/tricuspid aortic valves (TAV)-associated aneurysms (data is not shown).

On the other hand, we revealed a significant moderate positive correlations between expression
level of miR-126-3p and miR-148a-3p (R = 0.67) or miR-10a-5p (R = 0.67), miR-148a-3p and miR-10a-5p
(R = 0.49), miR-133a-3p and miR-155-5p (R = 0.67) (Supplementary Table 52). Meanwhile, in plasma
samples, the strongest correlation was observed between the expression of miR-122-3p and miR-483-3p
(R = 0.65) (Supplementary Table S3).

3.3. Functional Analysis of miRNA Target Genes Involved in TAA Development

Next, we performed KEGG pathway enrichment analysis of dysregulated miRNA target genes to
unravel the miRNA-mediated biological processes associated with TAA development. To provide
the best set of relevant candidates for the bona fide miRNA-mRNA interactions, we evaluated
combined scores from eight different miRNA target site prediction databases (see details in Methods).
The examination identified 1133 target genes (exceeding combined score threshold value of 4) for
group consisting of miRNAs which were differently expressed in TAA tissue (Supplementary File 3).
The subsequent pathway enrichment analysis of the defined miRNA target sets revealed 48 KEGG
categories significantly enriched in targeted genes (> 15 target genes in functional category, FDR < 0.05;
Supplementary Table S4). In order to visualize the interconnection between signaling pathways
regulated by miRNAs, we generated KEGG pathway network using Cytoscape plugin ClueGo.
The network analysis clearly exposed three large functional clusters of KEGG categories closely
related to immune response, cancer development and kinase signaling pathways, while any significant
association of the remaining ten pathways to any other category was absent (Figure 3A, Supplementary
Table S5). Transforming growth factor beta (TGF-B) signaling pathway, which plays a key role during
aorta development and subsequent remodeling, was represented among these categories. To make a
more detailed assessment of the miRNA-target interaction network, we additionally introduced target
genes which were significantly related to differentially expressed miRNAs (target score > 4).

The expanded analysis revealed 17 target genes which could be potentially regulated by 9 out of
20 of miRNAs differentially expressed in TAA tissue (Figure 3B). Furthermore, our results defined two
groups of genes sharing the similar functions which could be potentially affected by miRNAs - (i) TGF-B
receptors and ligands and (ii) regulating SMADs (rSMADs) (Figure 3C, grey boxes). As shown above,
the differential expression of two of them, miR-148a-3p and miR-155-5p, were additionally confirmed
by qRT-PCR analysis. Moreover, miR-133a-3p, which was significantly downregulated in TAA tissue
samples, has been previously described as a prominent indirect downregulator of Kruppel-like factor 4
(KLF4) [25]. According to these findings, we hypothesized that the miRNAs related to TAA could
contribute significantly to critical changes in tissue remodeling in diseased aorta through of TGF-
signaling pathway: (i) leading to the functional dysregulation of the key regulators, KLF4 and/for
MyoCD, which determine the differentiation state of aorta smooth muscle cells (Figure 3C); (ii) the
altered signaling balance between TGF-f receptors, ligands and rSMADs could provoke alternative
MyoCD-independent TGF-g signaling routes which could boost TAA development.
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Figure 3. Functional analysis of target genes of miRNAs dysregulated in TAA. (A) Network analysis of
48 KEGG categories specified three clusters of closely related categories including immune response,
cancer, kinase signaling pathways and ten separate groups that were not significantly associated with
any other category. TGF-g signaling pathway is included in a grey box. The size of node represents
gene number in particular, KEGG category, the node color - the significance level value of particular
KEGG category. Edges indicate a statistically significant association between categories. (B) Expanded
molecular network of miRNAs and their potential target genes involved in TGF-f signaling pathway.
Grey nodes denote target genes, red and blue — upregulated and downregulated miRNAs, respectively.
Dark orange area covers TGF-$ ligands and receptors; light orange — regulatory SMADs (tSMADs).
(C) Simplified hypothetical schema of TGF-g signal transduction in TAA tissue cells. miRNAs, which
were differentially expressed in TAA tissue (grey boxes), could potentially disturb TGF-f signaling by
targeting TGF-g ligands, receptors or rSMADs leading to dysregulation of MyoCD-KLF4 transcription
regulator axis and further TAA progression.

3.4. Number of VSMCs Expressing KLF4 Dramatically Increases during TAA Development

To further explore the compelling connection of the reprogramed miRNA network with TGF-f
signaling pathway, we assessed the mRNA expression levels of TGF-f receptors, TGFBR1 and ALK1
(also known as ACVRLI), and transcription factors, MyoCD and KLF4, in non-TAA (n=21) and TAA
(n = 17) tissue samples (Supplementary Figure S3A). We observed a relevant elevation of ALK1 gene
transcription in TAA tissues (p = 0.0244) compared to non-TAA group of normal aortas but found no
significant difference in cellular mRNA levels of TGFBR1, KLF4, and MyoCD. It is noteworthy that
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we revealed a moderate positive correlation between the changes in expression of ALK1, miR-10a-5p,
miR-126-3p and miR-148a-5p (Supplementary Table S6; Supplementary Figure S4) suggesting a putative
biological relationship between these miRNAs and TGF-g signaling pathway. Thus, the obtained data
pointed out to a weak regulation of studied genes, except ALK1, on transcription or mRNA decay level.
However, it has been reported that many human miRNAs control post-transcriptional processes at
the protein translation stage [26]. Therefore, we further evaluated the protein expression levels of
the selected genes in non-TAA and TAA tissue samples using immunohistochemical analysis (IHC)
(Figure 4; Supplementary Figure S3B). The IHC analysis revealed higher expression of ALK1 both in
normal and TAA tissues (IHC score median = 4), whereas the expression levels of TGFBR1 remained
lower in both aortic sample groups (IHC score median = 2). However, the difference of expression levels
of both TGF-B receptors remained insignificant between TAA and non-TAA specimens (Supplementary
Figure S3B). In contrast, although the overall expression levels of KLF4 were low in both groups of
aortic samples, we detected a significant three-fold accumulation (p = 0.0037) of KLF4 positive cells in
TAA tissues compared to non-TAA group (Figure 4). Meanwhile, IHC analysis strongly supported
upregulated expression of osteopontin (p = 0.0311), which is indicating shift of vascular smooth muscles
from contraction to synthetic phenotype and is a positive marker of aortic aneurysms [27,28]. Finally,
despite IHC results displaying high levels of MyoCD in both groups of samples (IHC score median = 6),
a significant expression difference was absent between groups (Figure 4, lower panel).
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Figure 4. Immunohistochemical (IHC) analysis of KLF4, MyoCD, and osteopontin expression in
non-TAA and TAA tissue samples. The abundance of proteins was examined by immunostaining
and visualized with diaminobenzidine (brown). The sections were counterstained with hematoxylin
(blue). Histological quantification of KLF4 was performed by counting KLF4 positive cell nucleus
(black arrows; n = 43), whereas osteopontin (1 = 46) and MyoCD (n = 20) by IHC score (graphs in right
panel). Lines within boxes indicate KLF4 positive nucleus mean or MyoCD and osteopontin IHC score
median values, whiskers — 5-95 percentile of KLF4 positive nucleus or MyoCD and osteopontin IHC
score values. The histological data were assessed using Student’s t test (for KLF4) or non-parametric
Mann-Whitney U test (for MyoCD and osteopontin). The significance between each group is shown as
follows: n.s.—not significant; * p < 0.05; ** p < 0.01, *** p < 0.001.
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4. Discussion

Aneurysm is one of the most frequent diseases of the aorta [29]. The aortic aneurysms rarely
cause any symptoms and thereby are commonly diagnosed incidentally. Consequently, the rupture or
dissection of the aneurysm leads to lethal outcomes in over 15000 cases annually in the USA only [30].
Classification of aortic aneurysms is based on the anatomic location, with thoracic aortic aneurysms
involving the ascending and descending aorta and abdominal aortic aneurysm [31]. The ascending
aorta is derived from distinct embryonic origin defining some specific pathological aspects of aneurysms
appearing in different locations [32]. The distinct disease entities at the molecular level may be regulated
by specific, at least partially, miRNA networks. Previous studies have demonstrated that miRNAs
play key roles during the formation of AAA by dysregulating VSMC homeostasis and extracellular
matrix (ECM) composition or inducing vascular inflammatory response [33,34]. However, a global
high-throughput miRNA-sequencing data of TAA tissue and plasma was still missing, despite some
experimental data obtained by miRNA microarrays [19,20,35].

4.1. miRNA Expression Patterns in Tissues May Be Influenced by Aneurysmal Location and Sex

In the present study we determined a total of 20 miRNAs which were differentially expressed
in ascending TAA tissues compared to non-aneurysmal group. A qRT-PCR testing further validated
the differential expression of four selected miR-10a-5p, miR-133a-3p, miR-126-3p, miR-155-5p and
miR-148a-3p in a larger set of independent samples supporting the reliability of miRNA-Seq results.

Despite a partial overlap (miR-126-3p, miR-155-5p and mir-133a-3p appeared to be involved
in AAA [22,29,30]), our results confirmed previous assumptions indicating a quite distinct
miRNA expression patterns between TAA and AAA tissues. This might be explained by different
pathophysiological mechanism for ascending aneurysm development in comparison to AAA. The latter is
most commonly caused by atherosclerosis [31]. In agreement with the present study, the dysregulated
expression of miR-133a-3p, miR-126-3p and miR-155-5p has been previously associated with TAA [32].
However, the pathophysiological functions of selected miRNAs in TAA formation and how they
modulate disease progression remain poorly understood. A significant upregulation of miR-155-5p
was identified in various cardiovascular diseases including AAA and was linked to the inflammatory
response in aortic wall. It was demonstrated that expression of miR-155 correlated with inflammatory
macrophage response and extracellular matrix destruction in AAA model mice [33]. On the contrary, we
identified miR-155-5p as the most strongly downregulated miRNA in TAA tissue. It might be explained
by the absence of advanced atherosclerosis leading to inflammatory response in the studied ascending
aorta samples obtained during aortic reconstruction. Meanwhile, vascular endothelium specific
miR-126-3p is required for the maintenance of vascular integrity and endothelial cell homeostasis [34].
Reduced in proliferating VSMC miR-133a-3p switch on transcription factor Sp1, which activates KLF4,
thus promoting synthetic phenotype [25,35]. miR-10a-5p, one of the most upregulated miRNAs in this
study, and miR-148a-3p previously were not related to TAA. It was reported that increased miR-10a-5p
expression leads to VSMC differentiation from embryonic stem cells through repression of histone
deacetylase HDAC4 [36]. Thus, we inferred that miR-10a-5p may be a potential modulator of VSMC
phenotype as well.

We identified a positive correlation between expression levels of miR-126-3p and newly predicted
TAA-related miR-10a-5p and miR-148a-3p (Supplementary Figure 54) indicating a possible functional
or regulatory link between these miRNAs. Therefore, further studies of the molecular impact of
miR-148a-3p and miR-10a-5p on TAA development is of interest.

An evaluation of sex-dependence revealed that miR-148a-3p varied significantly only in male TAA
cohort (Supplementary Figure S1). Furthermore, miR-126-3p, miR-155-5p and miR-10a-5p expression
changes were more statistically significant in male TAA patients. Notably, the incidence of TAA is more
prevalent in males than females [4]. Moreover, previous reports emphasized relevant sex differences
in the pathology of TAA, although underlying molecular mechanisms are unknown. Accordingly,
aortic dilation rate was more than 3 times greater in women than in men [6]. This observation was
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associated with different levels of metalloproteinases MMP2 and MMP9, inhibitory enzymes TIMP1
and TIMP2 and overall aortic stiffness highlighting a different ECM remodeling in female aortas [37].
Altogether, these findings suggest that sex-dependent physiological differences could be associated
with different changes of miRNA levels in male aorta tissue during TAA development. Otherwise,
a deregulation of miRNAs in sex-dependent manner could promote distinct pathways leading to
different TAA progression and pathology rates in male patients.

4.2. Circulating miRNA Profile Does Not Match to Aneurysmal Signature of TAA Tissues

Herein we revealed 17 differentially expressed miRNAs in the TAA patients’ plasma samples
compared to the non-TAA group. The combination of two of them, miR-122-3p and miR-483-3p,
allowed to distinguish TAA patients from non-TAA subjects suggesting a novel set of prognostic
biomarkers for TAA non-invasive diagnostic. Notably, the majority of altered miRNAs were associated
with TAA for the first time, and so far, have not been previously identified in AAA samples [22].

Suprisingly, the pattern of aneurysm-related alterations in TAA patients’ plasma miRNA profile
does not overlap with the tissue set (Figure 1D). Moreover, the expression of six miRNAs, which were
among the most strongly deregulated in TAA plasma samples, was almost absent in TAA tissue. We can
speculate that miRNA expression changes in TAA patient’s plasma could be evoked by a complex
physiological organismal response to the aortic aneurysm development passed by circulating miRNAs
that are essential vehicles for organ-to-organ cross-talk between liver, pancreas, muscle, immune and
endothelial cells [38]. For instance, miR-122, the most strongly downregulated miRNA in this study,
is a key factor in liver development, homeostasis and metabolic functions [39]. The downregulation of
miR-122 in the liver cells correlates with hepatic pathology [40], which could be further associated
with metabolic syndrome and cardiovascular diseases [41]. In blood plasma, the downregulation of
miR-122 was previously associated with other cardiovascular diseases including bicuspid aortic valve,
myocardial infarction and cardiac arrest [42—14]. Thus, it seems that the dysregulation of circulating
miR-122, highlighted in our study, is not TAA tissue-associated directly but rather is determined by
response to the TAA. Meanwhile, an altered expression of mir-483-3p was associated with endothelial
cell response to vascular injury [45].

4.3. miRNA Target Analysis Reveals KLF4 As a Key Factor for the TAA Development in vivo

Using bicinformatics approach, we exposed 48 KEGG pathways enriched in genes targeted
by differentially expressed miRNAs in TAA tissue cells. Functional categories annotated by KEGG
displayed overlapping among target genes which were mainly associated with the immune response,
cancer, and kinase activity processes. We emphasized “TGF-f signaling pathway” as individual
pathways of highest importance which could be involved in TAA development (Supplementary
Table S5). Indeed, about half of differentially expressed miRNAs have predicted targets in 17 genes
involved in TGF-p pathway. These miRNAs could interfere with the signal transduction by affecting
two principal groups of target genes - TGF-§ ligands/receptors and regulatory SMADs (Figure 3C).
Based on these findings, we hypothesized that the mis-expressed miRNAs could contribute significantly
to critical changes in diseased aorta via alterations in components of TGF-g signaling pathway. It can
lead to the functional dysregulation of the key downstream regulators, KLF4 and/or MyoCD. On the
other hand, the deregulated balance between TGF-§ receptors, ligands and rSMADs might trigger
alternative MyoCD-independent TGF-f signaling routes promoting further TAA development [46].
As shown in Figure 3, a group of TGF-§ receptors/rSMADs-associated miRNAs was mis-regulated in
TAA tissues. Previous reports revealed that deficiency of SMAD4 and TGFBR2 in VSMCs induced
aortic dilation in TAA mice model indicating that the imbalance of TGF-j receptors and rSMADs
could promote TAA progression [47,48]. On the other hand, the overexpression and over-activation of
SMAD?2 was TGF-f signaling independent in TAA tissue samples suggesting a functional dissociation
between the Smad2 activation and activity of the TGF- receptors [47,49]. A signaling switch from
canonical TGFBRI/Smad2-dependent to ALK1/Smad1/5/8 signaling was shown to activate genes related
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to synthetic VSMC phenotype in mice model [50]. In addition, previous report indicated that the
differentiation state of VSMCs is controlled by miR-26a via suppression of TGF- signaling molecules [51]
demonstrating a link between the dysregulated miRNA expression and aberrant TGF-f signaling
during TAA development.

Herein we demonstrated a significant upregulation of ALKI mRNA expression in TAA tissue cells
compared to non-TAA. The expression of ALK1 positively correlated with the levels of miR-126-3p,
mir-10a-5p and miR-148a-3p indicating a functional connection between these miRNAs and TGF-§
signaling. A follow-up IHC analysis revealed no significant changes in ALK1 protein level in TAA
tissues. However, the discrepancy between mRNA and protein assessments could be related to
insufficient sensitivity of the immunohistochemistry approach that hamper the quantification of the
modest changes at the protein level. Nevertheless, the main advantage of IHC analysis compared to
other methods evaluating total levels of gene expression is the feasibility to visualize precisely the
protein localization in individual cells of tissue. Thereby, the number of cells strongly expressing KLF4
factor in the nucleus was shown to be nearly three-fold higher in TAA tissues compared to non-TAA
(27% vs. 10%). Meanwhile, myocardin expression level appeared to be similar, although the precise
estimation of the nuclear protein is encumbered by rather high myocardin abundance in cytoplasm.
Thus, our in vivo data indicate that upregulation of KLF4 does not directly abrogate the myocardin
expression but rather regulates VSMC phenotypic transition from more differentiated contractile to
synthetic by competing with myocardin-SRF (serum responce factor) complex for the contractile gene
promoters [52]. Thus, KLF4 is an important player in aortic aneurysm morphogenesis by regulating
VSMC phenotypic switching [53]. We suggest that a marked reduction of miR-133a-3p in vivo could be
associated with upregulated KLF4 expression in one third of smooth muscle cells in the TAA tissues
(Figure 3C). This supposition is supported by previous in vitro studies in rodent cell cultures [25,35]
showing that VSMC phenotype switch could be regulated by miR-133a-3p via indirect repression
of KLF4.

This study has some potential limitations: i) In order to thoroughly examine a homogenous
etiological category of aneurysms, we have limited our investigation to the sporadic non-syndromic
TAA cases. The samples of patients with severe atherosclerosis (calcified or ulcerating plagues), aortitis
or phenotypic characteristics of the known genetic syndromes (Marfan, Ehlers Danlos, and other) were
excluded, because these features can lead to skewed results. As a consequence of the abovementioned
restrictions the total number of samples used in the analysis was limited. ii) Female sample size was
small. A larger cohort of female specimens needs to be examined in the future to reliably corroborate
sex-specific variances of miRNA signatures in TAA tissues. iii) We profiled miRNA from TAA and
non-TAA samples which differed by age. However, the sequencing data was then validated by
qRT-PCR performed on larger TAA and non-TAA groups of comparable age. iv) The control group
included heart transplant donors, patients who underwent CABG and healthy volunteers. To diminish
the impact of such diversity on the outcome of the study, a strict clinical testing was performed on the
control group to confirm the normal measurements of ascending aorta.

5. Conclusions

Taken together, these observations point to a critical role of aberrant miRNAs expression in
promoting TAA via imbalanced repression of TGF- signaling pathway components and following
deregulation of KLF4 transcription axis in vivo. The miRNA-mediated gene expression regulatory
networks elucidated herein in clinical samples have paved the ways to further in vitro studies of the
miRNAs functions in controlling of VSMC phenotype switch. Moreover, co-expression analysis of
selected miRNAs, KLF4 and VSMC markers inside the cells should be performed in the future to
extend our understanding of the miRNA-modulated gene activation shift during TAA development.
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Abstract

Background: An abundant class of intronic microRNAs (miRNAs) undergoes atypical Drosha-independent biogenesis
in which the spliceosome governs the excision of hairpin miRNA precursors, called mirtrons. Although nearly
500 splicing-dependent miRNA candidates have been recently predicted via bioinformatic analysis of human
RNA-Seq datasets, only a few of them have been experimentally validated. The detailed mechanism of miRNA
processing by the splicing machinery and the roles of mirtronic miRNAs in cancer are yet to be uncovered.

Methods: We experimentally examined whether biogenesis of certain miRNAs is under a splicing control by analyzing
their expression levels in response to alterations in the 5'- and 3"-splice sites of a series of intron-containing minigenes
carrying appropriate miRNAs. The expression levels of the miRNAs processed from mirtrons were determined
by quantitative real-time PCR in five digestive tract (pancreas PANC-1, SU.86.86, T3M4, stomach KATOII, colon
HCT116) and two excretory system (kidney CaKi-1, 786-0) carcinoma cell lines as well as in pancreatic, stomach, and
colorectal tumors, Transiently expressed SRSF1 and SRSF2 splicing factors were quantified by western blotting in the
nuclear fractions of HCT116 cells.

Results: We found that biogenesis of the human hsa-miR-1227-3p, hsa-miR-1229-3p, and hsa-miR-1236-3p is
splicing-dependent; therefore, these miRNAs can be assigned to the class of miRNAs processed by a non-canonical
mirtron pathway. The expression analysis revealed a differential regulation of human mirtronic miRNAs in various
cancer cell lines and tumors. In particular, hsa-miR-1229-3p is selectively upregulated in the pancreatic and stomach
cancer cell lines derived from metastatic sites. Compared with the healthy controls, the expression of hsa-miR-1226-3p
was significantly higher in stomach tumors but extensively downregulated in colorectal tumors. Furthermore,
we provided evidence that overexpression of SRSF1 or SRSF2 can upregulate the processing of individual
mirtronic miRNAs in HCT116 cells.

Conclusions: An interplay of different splicing factors, such as SRSF1 or SRSF2, may alter the levels of miRNAs
of mirtron origin in a cell. Our findings underline the specific expression profiles of mirtronic miRNAs in colorectal,
stomach, and pancreatic cancer,
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Background

All multi-exon human genes undergo constitutive and
alternative splicing, a very precise process which is cru-
cial for regulation of gene expression and generation of
proteomic and functional diversity [1]. In the cell, RNA
splicing takes place in the nucleus within a large macro-
molecular complex, the spliceosome, which consists of
five small nuclear ribonucleoproteins (snRNPs) and over
a few hundred auxiliary proteins [2]. Somatic mutations
or dramatic alterations in the amount of splicing factors
under pathologic conditions, particularly in human cancers,
have been observed, thus resulting in abnormal expression
of tumor suppressors or oncogenes [3-5]. Furthermore,
various types of cancer have been linked to dysregulation of
microRNAs (miRNAs), short non-coding RNAs that post-
transcriptionally regulate gene expression in mammals [6].
Although the majority of miRNA genes possess their own
internal promoters that are regulated by different transcrip-
tion and epigenetic factors, approximately one third of
them are processed from introns of protein-coding or long
non-coding RNAs genes [7]. That provides means for
coupled regulation of miRNA maturation and mRNA spli-
cing. However, the spatiotemporal control of miRNA
expression by splicing factors has not been elucidated.

Canonical pri-miRNA is cleaved by Drosha/DGCR8
complex to form pre-miRNA hairpin, which is recognized
by Exportin-5 and transferred to the cytoplasm. After pro-
cessing by Dicer ribonuclease, the guide miRNA strand of
mature miRNA/miRNA* duplex is incorporated into a
RNA-induced silencing complex (RISC). An alternative
pathway of miRNA biogenesis was lately described in eu-
karyotes [8, 9]. Short introns containing miRNAs, termed
mirtrons, are spliced and debranched into pre-miRNA
hairpin mimics that appear to bypass Drosha cleavage
(Additional file 1: Figure S1). Debranched mirtrons enter
the canonical miRNA pathway during nuclear export.
Mirtrons were originally described in flies and worms
[10, 11], but similar loci (i.e., short hairpin introns associ-
ated with small RNA reads extending to intronic termini)
were later predicted in a range of plants and mammalians,
including humans [12-14]. Based on the nature of
terminal overhangs, four distinct mirtron subtypes are
recognized: conventional (hairpin without tails), 3'-tailed,
5 -tailed, and two-tailed [14].

Despite the fact that the first splicing-dependent human
mirtrons were annotated in 2007 [15] and a large number
of splicing-derived miRNAs have been predicted by bio-
informatic analysis of deep sequencing data [12, 14], only
two of them, hsa-miR-877-5p and hsa-miR-1226-3p, were
experimentally proven to be directly affected by splicing
[16, 17]. 478 mirtron candidates predicted by Wen et al.
[14] could cover a significant part of the total human
miRNA population (2588 mature miRNA entries accord-
ing to miRBase release 21 [18]), but little is still known
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about their impact on the expression of disease-related
genes. It is currently shown that the mirtronic miRNA
hsa-miR-1226-3p may function as an oncosuppressor by
downregulating the mucin 1 oncoprotein and the hsa-
miR-1226-3p level is decreased in breast cancer cells [19].
hsa-miR-1236-3p processed from a putative mirtron
downregulates alpha fetoprotein, thus leading to the inhib-
ition of the PI3K/Akt pathway in hepatoma cancer cell
lines [20], and negatively regulates the vascular endothelial
growth factor receptor VEGFR-3 during inflammatory
lymphangiogenesis [21]. In addition, a miR-1236-3p anti-
sense oligonucleotide inhibits the glioma tumor cell
growth and proliferation [22]. Overexpression of hsa-miR-
877-5p was observed in metastatic melanoma [23] and
endometrial serous adenocarcinomas [24], but no bio-
logical function was determined. Yet, very little is known
about the expression profiles of mirtron-derived miRNAs
in tumors or cancer cells. There is a high possibility that
the expression levels of splicing factors can not only affect
alternative pre-mRNA splicing but cause changes in mir-
tronic miRNA expression as well.

In this study, we examined eight putative mirtrons and
provided experimental evidence that human hsa-miR-
1227-3p, hsa-miR-1229-3p, and hsa-miR-1236-3p could
be assigned to the class of mirtronic miRNAs. Digestive
and excretory system cancer cell lines, as well as digest-
ive system tumors tissues, display varying expression
profiles of the previously identified hsa-miR-1226-3p
and the two newly validated mirtronic miRNAs. Finally,
we found that overexpression of well-known splicing
factors SRSF1 and SRSF2 increased the abundance of
some mirtron-derived miRNAs in colorectal HCT116
cancer cells.

Results

Experimental validation of new splicing-dependent human
mirtronic miRNAs

The vast majority of nearly 500 mirtron-derived miRNA
candidates, except hsa-miR-887 and hsa-miR-1226-3p
processed from conventional mirtrons, are still listed as
experimentally unverified [14, 16, 17]. In order to ex-
pand the number of comprehensively validated miRNAs
of mirtron origin, we examined eight putative human
mirtrons ascribed to three different subtypes (Additional
file 1: Figure S2). Putative human conventional mirtron-
derived hsa-miR-1227-3p, hsa-miR-1229-3p, hsa-miR-
1236-3p, and hsa-miR-1238-3p [15] and 3’-tailed
mirtron-derived hsa-miR-3940-5p and hsa-miR-6850-5p
were identified in short 69-102 nucleotide introns,
whereas hsa-miR-3064-5p and hsa-miR-6515-5p were
processed from both long (1236 nt) and short (88 nt) 5'-
tailed mirtrons [12]. To establish dependence of their
biogenesis on mRNA splicing, we constructed plasmids
harboring minigenes of two or one intron spanned by
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three and two coding exons, respectively (Fig. 1a). Wild-
type (WT) minigenes encompassed the natural introns
while MUT variants of minigenes contained the intron,
which hosted miRNA, with mutations affecting the G resi-
dues at 5" splice donor (GU changed to CU) and 3" splice
acceptor (AG changed to AC) sites. A plasmid with the
MG1226/DHX30 minigene containing the functionally
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proven mirtronic hsa-miR-1226-3p [16] was used as a
positive control. As shown in Fig. 1b, the introns are ef-
fectively excised in the majority of the analyzed mRNAs
processed from plasmids with WT minigenes in colorectal
carcinoma HCT116 cells. In contrast, mRNAs from the
MUT variants retained the unspliced exon—intron—exon
structure. No reverse transcription (RT)-PCR products
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Fig. 1 Identification of splicing-dependent mifNAs processed from mirtrens. a Schematic representation of exan-intron structures of analyzed human
minigenes. Boxes and lines indicate exons and introns, respectively. Introns containing validated mirtronic miRNA hsa-mir-1226-3p or predicted miRNAs
hsa-mir-1227-3p, hsa-mir-1229-3p, hsa-mir-1236-3p, and hsa-mir-1238-3p processed from conventional; hsa-miR-3064-5p and hsa-miR-6515-5p
from 5"tailed; and hsa-miR-3940-5p and hsa-miR-6850-5p fram 3"-tailed mirtrons are depicted as red lines. WT, wild-type sequences, and
MUT, minigenes carrying the double mutant with GT to CT and AG to AC changes (affected nucleotides are marked in red), in 5™-donor
and 3-acceptor splice sites, respectively. b Splicing analysis of minigene transcripts in transfected HCT116 cells, The position of oligonudlectides
used for RT-PCR analysis of mRNA transcripts produced by minigene constructs is indicated by white arrows in section a, Control reactions, RT, were
performed withaut prior reverse transcription to exclude DNA contamination. Unspliced form indicates transcript retaining mirtronic intron; spliced,
intron is excised. TBP — loading control. € miRNA expression in colorectal cancer HCT116 cell line transfected with native (WT) or splicing-
deficient (MUT) minigenes was analyzed using reverse tanscription-quantitative polymerase chain reaction (RT-qPCR). Expression level of ANU4S
was used as endogenous reference for data normalization. The experiments were performed in at least three biological replicates. The erar bars

represent calculated values for standard deviation

were detected in the control samples obtained from cells
transfected with an insert-less vector (data not shown)
under similar reaction conditions, confirming that the ma-
jority of target mRNAs in cells were synthesized from the
analyzed minigenes.

Simultaneous quantitation of individual miRNAs by
real-time qPCR analysis revealed a 10-2000-fold enrich-
ment of all tested intronic miRNAs when a plasmid with
the WT minigene structure was transfected into the
HCT116 cell line (Table 1 and Fig. lc, brown bars).
These results provide convincing evidence that the
tested intronic regions generate specific miRNAs. A differ-
ent outcome was observed for miRNA formation in cells
transfected with the splicing-deficient MUT minigenes
(Fig. lc, orange bars). The expression levels of hsa-miR-
1226-3p, hsa-miR-1227-3p, hsa-miR-1229-3p, and hsa-
miR-1236-3p dramatically decreased and comprised less
than 5 % of the levels observed for the WT minigenes
(Table 1). These results convincingly confirmed that the
biogenesis of hsa-miR-1226-3p, hsa-miR-1227-3p, hsa-

Table 1 Alterations of miRNA expression level in cells transfected
with native (WT) or splicing-deficient (MUT) minigenes

MicroRNA WT minigene  MUT minigene  MUT/WT, %
line’ line®
Hosted on conventional mirtron
hsa-miR-1226-3p 81436 15+£03 19
hsa-miR-1227-3p 405+ 204 2418 59
hsa-miR-1229-3p 1633+ 106 41%21 03
hsa-miR-1236-3p 747207 2605 03
hsa-mif-12383p 177241289 4254322 24
Hosted on 5"tailed mirtron
hsa-miR-3064-5p 27413 47 +29 173
hsa-miR-6515-5p B875+162 1541 + 576 176
Hosted on 3*tailed mirtron
hsa-miR-30405p 91417 13£03 41
hisa-miR-6850-3p 20+12 5738 286
“Fold change

miR-1229-3p, and hsa-miR-1236-3p is strictly splicing-
dependent, thus the efficiency of the splicing machinery
defines the quantity of these miRNAs. The hsa-miR-1238-
3p expression level in the cell lines containing the intron
excision-deficient MUT variant of minigene was more
than 400-fold higher as compared to that in cells lacking
the minigene. Different results were obtained with 5'- and
3'-tailed mirtrons, where disruption of the splicing sites
did not inhibit the accumulation of hsa-miR-3064-5p, hsa-
miR-6515-5p, hsa-miR-3940-5p, and hsa-miR-6850-5p
(Fig. 1). Due to the observed splicing-independent matur-
ation, these miRNAs cannot be considered bona fide mir-
tronic miRNAs.

Differential expression of miRNAs processed from
conventional mirtrons in cancer cell lines

While a role of canonical Drosha/DGCR8-dependent
miRNAs in human diseases is well recognized, there is
much to be learned about the implications of mirtronic
miRNAs in cancer development and their possible diag-
nostic potential. Carcinoma cell lines derived from vari-
ous digestive system organs (pancreas PANC-1,
SU.86.86, T3M4, stomach KATOIIL, colon HCT116) or
the excretory system (kidney CaKi-1, 786-0) were
chosen to define whether the expression of the human
mirtronic miRNAs hsa-miR-1226-3p, hsa-miR-1227-3p,
hsa-miR-1229-3p, and hsa-miR-1236-3p and canonical
hsa-miR-1238-3p varies between the cancerous cells.
The human embryonic kidney HEK 293A cells were
used as a reference cell line to which the other cell lines
were compared. The results are summarized in Fig. 2,
Table 2, and Additional file 1: Figure 3.

The expression pattern of the tested mirtron-derived
miRNAs revealed a unique miRNA signature of individ-
ual cancer cell lines (Fig. 2). The abundance of two of
them, hsa-miR-1226-3p and hsa-miR-1227-3p, was re-
duced two- to five-fold in all cancer cell lines relative to
the embryonic kidney HEK 293A cells. The highest
downregulation was observed in the kidney carcinoma
CaKi-1 and 786-O cells. In contrast, hsa-miR-1229-3p
and hsa-miR-1236-3p showed significant variations
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Fig. 2 Heatmap of mirtronic miRNA expression in human cancer cell
lines. Cell lines are in rows, miRNAs in columns. The relative expression
of each miRNA was determined by real-time PCR; data are presented
as log; fold changes relative to embryonic cell line HEK293A. The
heatmap colors represent relative miRNA expression as indicated in
the color key: red, higher expression; green, lower expression; and
black, no difference. Dendrogram of hierarchy clustering analysis is
presented at the left

among cancer cell lines and have a potential to be
exploited for profiling specific cancer cell types. Correla-
tions were found between the hsa-miR-1229-3p expres-
sion pattern and tissue origin — a steep increase in the
mirtronic miRNA abundance was detected in three lines
(SU.86.86, T3M4, and KATOIII) derived from metastatic
sites as opposed to those derived from primary tumors,
In particular, the PANC-1 cells (established from pancre-
atic carcinoma of ductal origin) showed a 14-fold reduction
of this mirtronic miRNA as compared to the SU.86.86 cells
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(derived from pancreatic ductal carcinoma metastatic site
in the liver). Moreover, hierarchical clustering based on
relative expression variations for mirtronic miRNAs identi-
fied the majority of the cell lines derived from metastatic
sites as a unique group (Fig. 2). However, further studies
are required to ascertain whether hsa-miR-1229-3p is
selectively upregulated in metastatic tumor tissues.

The levels of canonical hsa-miR-1238-3p expression in
the majority of cancer cells, with the exception of SU.86.86
and HCT116, were similar to embryonic HEK 293A cells.

Expression profiling of mirtronic miRNAs in pancreatic,
colorectal, and stomach tumors

To further explore the impact of mirtronic miRNAs
on human cancer development, we analyzed whether
mirtron-derived miRNAs are differentially expressed
in digestive system tumors (pancreatic, colorectal, and
stomach) as compared to normal solid tissue samples
of the same organ.

The tissue analysis results revealed that tumors of dif-
ferent organs have a characteristic signature of mirtronic
miRNA expression (Fig. 3 and Table 3). We found that
only one out of five tested miRNAs, hsa-miR-1226-3p,
was significantly under-expressed in the colorectal tumor
(p < 0.001). Conversely, the expression level of this miRNA
was profoundly elevated in stomach cancer compared to
that in non-tumor tissues (p <0.001). Whereas steady
levels of hsa-miR-1226-3p were detected in pancreatic
cancer and healthy pancreatic tissues, two other mirtronic
miRNAs, hsa-miR-1227-3p (p = 0.028) and hsa-miR-1236-
3p (p=0.017), were significantly downregulated in this
tumor type. Thus, different expression profiles of mirtro-
nic miRNAs were observed not only in cancerous cell
lines but also in digestive organ tumors.

Effect of splicing factors SRSF1 and SRSF2 on biogenesis
of mirtronic miRNAs

Despite a considerable progress in the study of biogenesis
of mirtron-derived miRNAs, the factors responsible for

Table 2 Differential expression of mirtronic miRNAs in pancreas, kidney, colon, and stomach cancer cell lines

Non-mirtronic miRNA

Organ Cell line miRNAs of mirtren erigin
miR-1226-3p miR-1227-3p
Pancreas PANC-1 -28+18° -17£03°
5U.86.86 -34+09° -2.1£04°
T3ma 22047 -26+04°
Kidney CaKi-1 —49+2.12 -39+16%
786-0 -46+22° -26+£07°
Colon HCT116 -27+08" -22+08
Stomach KATOII -19+03* -20+04°

miR-1229-3p miR-1236-3p miR-1238-3p
2809 1402 -12£06
+50£27° +38+06" +2809°
+21£03° +15+04° +13£02
-1.2£06 +13£07 10£08
-11+02 -18+02° -11£02
-13+02 10+07 -42+£03"
+27+03° -22+03 1300

Fold changes higher than 1.5 were statistically significant (p < 0.05)
"Reduced expression compared to the non-cancerous HEK 293A cells
PEnhanced expression
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mirtronic intron splicing are not known. Commonly, the
A & 5,'39 ,\f-‘-VQ %,"bQ Q)E!Q (h%be efficiency of the macromolecular spliceosome complex is
‘(\\‘73’ \‘f‘.’ \‘Lq’ \‘l?’ INA controlled by associated protein cofactors called splicing

16 - s - - - factors (SFs). However, it is not known whether the spli-

p <0.001 . cing proteins directly affect the biogenesis of mirtronic
i miRNAs in human cells. To evaluate the regulatory func-

. . . tion of specific SF in maturation of mirtron-derived miR-
s} NAs, we overexpressed two essential sequence-specific
< i % SFs of serine-arginine-rich (SR) protein family, SRSF1

8 l;' E (also known as SF2/ASF) and the SRSF2 (also known as
SC35), in human HCT116 cells and measured cellular
4 levels of three splicing-dependent miRNAs, hsa-miR-
Colorectal 1226-3p, hsa-miR-1227-3p, and hsa-miR-1229-3p. These
16 prototypical SR proteins play an important role in the
p < 0.001 . regulation of both constitutive and alternative pre-mRNA

é splicing [25]. In addition, SRSF1 is also involved in pri-
. i
.

® miRNA processing [26].
T Western-blot analysis revealed a 3.2- and 1.6-fold in-
l crease in SRSF1 and SRSF2 protein yield in the nuclear
.

extracts, respectively, after transfection of human HCT116
cells with the pSRSF1 or pSRSF2 constructs (Fig. 4a). Since
4 the RNA splicing occurs within the nucleus, it is plausible
that only biologically active intranuclear fractions of cellu-
lar SF were quantified in our experiments. Concomitant
Stomach evaluation of the miRNA expression levels by RT-qPCR
c showed a statistically significant increase of hsa-miR-1229-

16 0028 0017 3p but not hsa-miR-1226-3p or hsa-miR-1227-3p in re-
PO Pt sponse to SRSF1 overexpression (Fig. 4b, the diagram at
the left, and Table 4). Whereas a significant upregulation of

L]
12 n . . L
— f L SRSF2-dependent expression was observed for hsa-miR-
] %ﬂ @ * R 1227-3p (p = 0.008) and miR-1229-3p (p = 0.008), the hsa-
. .
. é
L

miR-1226-3p did not exhibit statistically different (p = 0.15)
expression levels between the HCT116 line and the line
overexpressing the SRSF2 SF (Fig. 4b, the diagram at the
_ right). A bioinformatic analysis of the splicing signals using
Pancreatic [ Healthy W Tumour the Human Splicing Finder online tool [27] identified
putative consensus motifs typical for SRSF1 and SRSF2
in exons proximal to hsa-miR1227- and hsa-miR1229-

Fig. 3 Variability in expression of mirtronic miRNAs in colorectal (a),
stomach (b), and pancreatic adenacarcinoma (€) tissues. AC, values

are quantified relative to RNU48 (AC, = AC i — Aunuas). The line containing introns, respectively (Additional file 1:
within a box marks the median value, the boundaries of the box Figure $3). These findings are in agreement with the
indicate the 25th and 75th percentiles, the asterisks indicate the 90th observation that the overexpression of SRSF1 had the

and 10th percentiles, and the circles represent outliers. p values on largest impact on the expression of hsa-miR-1229-3
top of the bars mark statistically significant differences between & P P p:

pairs. White vertical boxplots represent data from healthy tissues; gray whereas SRSF2 on hsa-miR-1227-3p. SRSF1-specific
from tumors and SRSF2-specific enhancers established nearby hsa-
miR-1226-3p may point to the presence of a complex

Table 3 Expression of mirtronic miRNAs in colorectal, stomach, and pancreatic cancerous tissues compared to healthy tissues

Cancerous tissue miRMNAs of mirtren origin Non-mirtronic miRNA
miR-1226-3p miR-1227-3p miR-1229-3p miR-1236-3p miR-1238-3p

Colorectal - No change No change No change No change

Stomach + No change No change No change No change

Pancreatic No change - No change - No change

Data were considered significant for p < 0.05
- reduced expression compared to the non-cancerous tissue, + increased expression
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Fig. 4 Different splicing factors can be involved in the biogenesis of specific mirtronic miRNAs. a The amount of SRSF1 and SRSF2 proteins markedly
increased in transfected HCT116 cell line. Western-blot analysis was carried out on nuclear extracts of cells transfected with empty vector
pcDNA3 () or plasmid containing recombinant SRSF1 gene (pSRSF1) or SRSF2 gene (pSRSF2). Beta-actin was used as an internal loading
contral. b Splicing factor-dependent alterations of endogenous mirtronic miRNA expression levels were determined using RT-qPCR. The
mean values were calculated for three (SRSFT) and five (SRSF2) biclogical replicates. *Statistically significant results, p < 0.05

regulatory element with overlapping enhancer and silen-
cer functions causing uneven expression levels of this
miRNA in different biological repeats and high p values.

Overall, our results lead to a conclusion that altered
expression of a particular SF may affect the levels of
mirtronic miRNAs in the cell.

Discussion

To date, nearly 500 human miRNA-containing mirtrons
have been predicted by bioinformatic analysis of deep
sequencing data [14]. Nevertheless, their dependence on
splicing was experimentally validated only for two human
miRNAs located in conventional mirtrons, hsa-miR-877-
5p and hsa-miR-1226-3p [16, 17]. Moreover, there is no
convincing evidence for the participation of splicing ma-
chinery in biogenesis of miRNAs processed from 5'-tailed
mirtrons, the most abundant subtype accounting for 86 %
of all predicted mirtrons [14]. Likewise, for 3'-tailed mir-
tronic miRNAs, the splicing dependency was determined
only in Drosophila [28]. Therefore, direct experimental
evidence is necessary to confirm assignment of miRNAs
to the mirtron pathway. In the present study, we experi-
mentally proved that hsa-miR-1227-3p, hsa-miR-1229-3p,
and hsa-miR-1236-3p derived from conventional mirtrons
are processed by the splicing machinery. Meanwhile,

splicing was not strictly required for the maturation of
hsa-miR-1238-3p, previously annotated as mirtron-
encoded miRNA [12, 15]. Indeed, Wen et al. recently re-
classified the hsa-mir-1238 mirtron in miRBase based on
more stringent bioinformatic criteria applied for mirtron
evaluation [14]. Despite successful experimental validation
of mirtronic miRNAs derived from conventional mirtrons,
analysis of the annotated 5'-tailed mirtrons containing
hsa-miR-3064-5p and hsa-miR-6515-5p or 3'-tailed mir-
trons with hsa-miR-3940-5p and hsa-miR-6850-5p re-
vealed no splicing requirement for the biogenesis of the
intron-derived miRNAs. Thus, it is still an open question
whether 5'- or 3'-tailed mirtrons actually exist in mam-
mals. Overall, five out of nine tested human mirtrons gen-
erate miRNA irrespective of splicing. Similarly, several
groups reported that only two of three [29] and two of
four [16] predicted mirtronic miRNA candidates mature
via a mirtron biogenesis pathway. These observations
highlight the relevance of experimental validation of pre-
dicted mirtrons.

Mirtron-encoded miRNAs were predominantly found
to oceur in young, recently emerged genes [30]. Despite
their relatively short evolution, the newly evolved miRNAs
are incorporated into beneficial regulatory networks [31].
Babiarz et al. suggested that mirtronic miRNAs play

Table 4 Change of mirtronic miIRNA expression levels in response to the overexpression of splicing factors

Overexpressed splicing factor

miR-1226
SRSF1 (3.2 + 06-fold) 15406 (p=023)
SRSF2 (1.6 + 0.5-fold) 15+08 (p=015)

A significance level of 0.05 was applied as a cutoff value
Statistically significant results
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miR-1227
~11+04 (p=047)
19+07* (p=0008)

miR-1229
17 +04° [p=005)
14+03% (p=0008)
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important functional roles in post-mitotic neurons in the
mammalian brain [32]; however, very little is known about
their expression in cancerous cells. In this study, cell line-
specific profiles of miRNAs processed from conventional
mirtrons, hsa-miR-1226-3p, hsa-miR-1227-3p, hsa-miR-
1229-3p, and hsa-miR-1236-3p, in seven various pancre-
atic, kidney, colorectal, and stomach cancer cell lines were
identified (Table 2). The miRNA variability in cancer cell
lines was determined by changes in abundance of two
mirtronic miRNAs, hsa-miR-1229-3p and hsa-miR-1236-
3p, while the expression levels of hsa-miR-1226-3p and
hsa-miR-1227-3p declined in all tested cancer cell lines
compared to those in HEK 293A. Remarkably, hsa-mir-
1229-3p is upregulated in cell lines derived from meta-
static sites and downregulated in primary tumor lines.
However, further studies are required to assess whether
miR-1229-3p is associated with the metastatic potential of
human tumors.

To further increase the predictive value for clinical
applications, we extended studies of these mirtronic
miRNAs to a number of primary pancreatic, colorectal,
stomach cancerous and healthy tissues (Fig. 3). We pre-
sume that analysis of non-paired cohorts of tumoral and
non-tumoral samples allows a better estimation of miRNA
expression changes, since healthy tissues are certainly not
affected by cancerogenesis. Three mirtron-derived miR-
NAs showed organ-specific profiles in cancerous tissues
of the digestive system. T3 stage pancreatic tumors exhib-
ited a decline of the hsa-miR-1227-3p and hsa-miR-1236-
3p expression. The levels of hsa-miR-1226-3p decreased
in the T3 stage colorectal but conversely increased in the
stomach cancer tissues. Remarkably, hsa-mir-1229-3p,
which was upregulated in the metastatic site-derived cell
lines, exhibited no expression change in the primary tu-
mors. Previous studies demonstrated that cellular levels of
hsa-miR-1226-3p and hsa-miR-1236-3p inversely correlate
with cancerogenesis in breast and hepatoma cancer cells,
respectively [20, 33]. Taken together, these results suggest
that dysregulation of conventional mirtronic miRNAs
could lead to the initiation and progression of specific hu-
man cancers. Moreover, the development of new medical
applications can be based on artificial mirtron-mediated
gene silencing platforms. As promising and affordable
tools, they surpass conventional RNA interference (RNAi)
approaches and allow to consolidate the high therapeutic
potential of RNAi and protein-coding genes in specific cell
types [34-36]. For example, hsa-miR-1226-3p processed
from an artificial conventional mirtron effectively silences
aberrant myotonic dystrophy protein kinase [35], mmu-
miR-1224 leucine-rich repeat serine/threonine-protein
kinase 2, and a-synuclein Parkinson disease-associated
genes [36], while an artificial 3'-tailed mirtron knocks
down the expression of the vascular endothelial growth
factor A [34].

Page 8 of 11

It is known from previous studies that canonical
miRNA biogenesis and splicing mechanisms are directly
coupled [37]. The binding of splicing regulatory proteins
SRSF1 and hnRNPALI to the stem loop of pri-miR-7 and
pri-miR-18a, respectively, appears to affect Drosha pro-
cessing of primary miRNA transcripts [26, 33]. Similarly,
KHSPR promotes the maturation of a subset of miRNA
precursors, such as pre-let-7a, pre-mir-1, and pre-mir-15
[38]. Consequently, SFs regulate both splicing and ca-
nonical miRNA processing, but little is known about
their function in the biogenesis of miRNAs hosted on
mirtrons. It has been only observed in patients with
myelodysplastic syndrome that SF3B1 and SRFS2 muta-
tions are associated with a downregulated expression of
miRNAs derived from the putative 5'-tailed mirtrons
hsa-miR-3605-5p and hsa-miR-4728-5p, respectively [5].

Our results revealed that increased nuclear levels of
SRSF1 in tested HCT116 cells significantly enhanced the
hsa-miR-1229-3p expression, while upregulated SRSF2
increased the abundance of the mirtronic miRNAs hsa-
miR-1227-3p and hsa-miR-1229-3p. To our knowledge,
these data, for the first time, demonstrate that an indi-
vidual SF can directly act as a positive regulator for par-
ticular species of mirtronic miRNAs.

To gain insight into the regulation of mirtronic
miRNA by components of splicing machinery, we corre-
lated the mirtronic miRNA levels with the expression
profiles of five SFs in different human digestive and ex-
cretory system cell lines or pancreatic, colorectal, and
stomach tissues. It should be noted that RNA (this
paper) and proteins [39] were purified simultaneously
from the same tissue or cell line samples. The experi-
ments revealed a reduced expression of SRSF1 and
SRSF2 in pancreatic, kidney, colorectal, and stomach
cancer cell lines as well as in cancer tissues — SRSF2
was downregulated in stomach tumors, while SRSF1 was
reduced in all types of tested tumors [39]. Accordingly,
tumor-promoting roles of SRSF1 and SRSF2 have been
reported in various cancer types [40, 41]. Still, reduced
expression of SRSF1 and SRSF2 proteins in the cancer
cells [39] weakly correlated with signature of mirtronic
miRNA expression (Tables 2 and 3). For example, no ob-
vious differences in abundance of hsa-miR-1229-3p were
seen among samples collected from the pancreas, colon,
or stomach, notwithstanding a ~14-fold under-
expression of SRSF1 and a sevenfold of SRSF2 in the
colorectal and stomach cancerous tissues. At a first
glance, these results seem to contradict the finding that
these SFs positively modulate the levels of mirtronic
miRNAs under overexpression conditions in the model
cell line HCT116 (Fig. 4). However, first, a dual role for
SRSF1 as a splicing activator and repressor was pro-
posed [42]. Second, the expression of other factors
involved in the regulation of splicing, U2AF35, U2AF65,
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and KHSRP, also significantly varied among cell lines
and tumors [39]. In addition, the spliceosome mutations
may affect the expression of miRNA genes [5]. Thus,
biogenesis of mirtronic miRNAs could be regulated by
different SFs or by a network of antagonistic and collab-
orative interactions of spliceosome components. In gen-
eral, our data imply that a combination of multiple SFs
may differently affect the biogenesis of mirtron-derived
miRNAs, making it extremely difficult to predict par-
ticular effects of individual spliceosome components on
the mirtron processing.

Conclusions

In this study, we experimentally validated three novel
splicing-dependent miRNAs processed from mirtrons,
hsa-miR-1227-3p, hsa-miR-1229-3p, and hsa-miR-1236-
3p. The expression analysis, for the first time, identified
specific profiles of mirtronic miRNAs in cancerous cells
and tumors suggesting their potential for exploiting as
diagnostic tools. Finally, we demonstrated that the
SRSFI and SRSF2 SFs contribute to the biogenesis of
mirtronic hsa-miR-1227-3p and hsa-miR-1229-3p.

Methods

Human cell cultures

HEK 293A (embryonic kidney), PANC-1 (pancreas/duct,
epithelioid carcinoma), SU.86.86 (pancreas, ductal carcin-
oma; derived from a metastatic site: liver), T3M4 (pancreas,
ductal carcinoma; metastasis), CaKi-1 (kidney, clear cell
carcinoma, derived from a metastatic site: skin), 786-O
(kidney, renal cell adenocarcinoma), HCT116 (colon, colo-
rectal carcinoma), and KATOIII (stomach, gastric carcin-
oma; derived from a metastatic site: pleural effusion and
supraclavicular and axillary lymph nodes and Douglas cul-
de-sac) cells were cultured in the RPMI 1640 medium
supplemented with 10 % fetal bovine serum and penicillin
(100 U/ml) and streptomycin (100 pg/ml).

Tumors and healthy tissues

Collection of surgically removed tumor and healthy tis-
sue samples was described previously [39]. In total 29
healthy (8 pancreatic, 6 colorectal, 15 stomach) ant 37
tumor (12 pancreatic, 12 colorectal, 13 stomach) tissues
were used for the experiments. The experiments were
undertaken with the understanding and written consent
of each subject, and the study conforms to The Code of
Ethics of the World Medical Association (Declaration of
Helsinki).

Construction of plasmids

Minigene constructs of 1226/DHX30 (from exon 19 to
exon 21; mirtronic intron 20), 1227/PLEKH]1 (exons 5 to
7; mirtronic intron 5), 1229/MGAT4B (exons 11 to 13;
mirtronic intron 12), 1236/NELFE (exons 3 to 4; mirtronic
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intron 3), 1238/ATG4D (exons 7 to 9; mirtronic intron 8),
3064/DDX5 (exons 10 to 12, mirtronic intron 11), 3940/
KHSRP (exons 13 to 15, mirtronic intron 14), 6515/CARL
(exons 5 to 7, mirtronic intron 5), and 6850/RPL8 (exons
2 to 4, mirtronic intron 2) were amplified from human
Jurkat cell genomic DNA (ThermoFisher Scientific) using
Phusion High-Fidelity DNA Polymerase (ThermoFisher
Scientific) according to the manufacturer’s instructions.
PCR products were digested with BamHI and HindlII re-
striction endonucleases, except 3940/KHSRP, 6515/CARL
(digested with Hindlll and EcoRlI), and 6850/RLP8 (EcoRI
and Notl), and inserted into pcDNA3 plasmid. PCR intro-
duced 5'- and 3'-splice site mutations by using Phusion
High-Fidelity DNA Polymerase with primers containing
splicing site mutations (Additional file 2: Table S$2). Amp-
lification products were circularized using T4 DNA ligase
(all enzymes were obtained from ThermoFisher Scientific).
All final plasmid constructs were confirmed by Sanger
sequencing.

The expression plasmids pSRSF1 and pSRSF2 were
constructed by insertion of SRSF1 isoform 1 and SRSF2-
coding DNA sequence into the pcDNA3 vector, respect-
ively. Total RNA, extracted from HCT116 cells, was
converted to complementary DNA (cDNA) using Rever-
tAid RT kit (ThermoFisher Scientific). The CDS of genes
were PCR-amplified using primers containing HindIII and
BamHI sites (Additional file 2: Table S1), digested with
appropriate restriction enzymes and the resulting frag-
ments ligated into pcDNA3. Clones were confirmed by
DNA sequence analysis.

Transfection

HTC116 cells were cultured in RPMI 1640 media. Transi-
ent transfections were performed using Lipofectamine
LTX transfection reagent (Invitrogen) according to the
manufacturer’s instructions. For overexpression assay,
HTCI116 cells were seeded in 60-mm plates and allowed to
grow for 24 h prior to transfection with pcDNA3-SRSF1,
pcDNA3-SRSF2, pcDNA3-DHX30, pcDNA3-PLEKH]1,
pcDNA3-MGAT4B, pcDNA3-NELFE, pcDNA3-ATGA4D,
pcDNA3-DDX5, pcDNA3-KHSRE, pcDNA3-CARL, or
pcDNA3-RPLS constructs. A pcDNA3 vector was trans-
fected to be used as a RT-qPCR reference. RNAs and
proteins were isolated after 48 h. The experiments were in-
dependently repeated three times.

RNA isolation

RNA from cell lines was isolated using an RNAzol RT
reagent according to the manufacturer’s instructions
(Molecular Research Center). Native proteins for SF
studies by Jakubauskiené et al. [39] and total RNA used
for the miRNA analysis (present paper) from tumors
and healthy tissues were purified from the same sample
using mirVana™ PARIS™ kit (ThermoFisher Scientific)
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according to the manufacturer’s instructions. Fraction of
short RNAs (<200 nt) was used for miRNA RT and qPCR
experiments. The integrity of long RNAs (>200 nt) was
assessed using an Agilent 2100 Bioanalyzer or agarose
(1 %) gel electrophoresis. To avoid DNA contamination
before RT reaction, the RNA samples were treated with
DNase I (ThermoFisher Scientific) according to the manu-
facturer’s instructions.

Real-time RT-PCR of miRNAs

Each 20 pl of the RT reaction in the RT buffer contained
200 units of RevertAid Reverse Transcriptase (Thermo-
Fisher Scientific), 1 mM dNTP (ThermoFisher Scientific),
1 pM RT primer mixture (Metabion), 16 units of RNase
inhibitor RiboLock (ThermoFisher Scientific), and 200 ng
of RNA. The mixture was incubated for 20 min at 25 °C
and for 60 min at 37 °C and then heat-inactivated for
10 min at 70 °C. Real-time PCR was performed with SYBR
Green PCR Master Mix (ThermoFisher Scientific) (35 cy-
cles): initial denaturation for 10 min at 95 °C, followed by
three cycles of amplification 15 s at 95 °C, 1 min at 55 °C,
and 30 s at 60 °C, then 32 cycles 10 s at 95 “C and 30 s at
60 °C. Relative quantification of changes in the miRNA
expression levels was performed using the comparative C,
(threshold cycle) method with normalization to the ex-
pression of endogenous control RNU48. Specific miRNA
and RNU48 primers are provided in Additional file 2:
Table S3. The RT primer mixture was composed of two
primers: specific miRNA and RNU48. Quantitative PCR
analysis was carried out on Rotor-Gene 6000 (Corbett Life
Science) equipment. Part of RT-PCR products were
inserted into pUCI9 plasmid, and constructs were con-
firmed by sequence analysis.

Detection of spliced and unspliced forms of mRNA
Spliced and unspliced DHX30, PLEKH]J1, MGAT4B,
NELFE, ATG4D, DDX5, KHSRP, CARL, and RPL8 mRNA
isoforms were detected by RT-PCR. ¢cDNA synthesis was
carried out using RevertAid Reverse Transcriptase and
random hexamer primers according to the manufacturer’s
(ThermoFisher Scientific) instructions. PCR was carried
out using TrueStart Hot Start Taqg DNA Polymerase
(ThermoFisher Scientific) according to the manufacturer’s
instructions. Amplification products were separated on
1 % agarose gel. TBP was used as loading control. Se-
quences of primers specific for the outer exons of mirtro-
nic introns are provided in Additional file 2: Table S4.

Protein preparation from cell cultures and western
blotting

The nuclear fractions of proteins for western blotting were
prepared from cell cultures using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents kit (ThermoFisher
Scientific) according to the manufacturer’s instructions.
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Proteins were separated on a 10 % SDS5-polyacrylamide
gel and transferred onto the membrane. The membrane
was incubated with appropriate primary antibody: anti-
SRSF1 (Santa Cruz), anti-SRSF2 (Abcam), or anti-B-actin
(Abcam), and washed and incubated with secondary anti-
body (Dake). The membrane was developed using TMB
reagent (Sigma-Aldrich). All data were quantitated using
MultiGauge software (Fujifilm). B-Actin expression was
used for data normalization.

Statistical analysis

Statistical analysis was performed using Sigma Plot soft-
ware v. 11. Two-tailed unpaired Student’s ¢ test and
Mann-Whitney rank sum test were used to compare the
differences in distribution between experimental results, A
value of p < 0.05 was considered statistically significant.

Additional files

Additional file 1: Figure §1. Splicing-dependent and Drosha-
independent bicgenesis of mirtronic miRNAs, The spliceosome, a multi-
component ribonucleoprotein complex, cuts out the introns from
pre-mRNA transcripts and splices together the exons resulting in the
maturation of messenger RNA. Lariats of the introns are debranched
by lariat debranching enzyme. The produced structures fold into pre-
miRNA hairpins that are exported to the cytoplasm. After the cleavage by
Dicer, the guide miRNA strand of mature miRNA/mIRNA® duplex is loaded
into functional Age complex. Figure $2. Schematic representation

of human genes containing mirtronic miRNAs. Schemes represent
protein-coding genes, harboring reside-verified mirtronic miRNA hsa-miR-
1226-3p, putative conventional mirtronic miRNAs hsa-miR-1227-3p, hsa-miR-
1229-3p, and hsa-miR-1238-3p, mirtronic mikNAs, located in 5'-tailed
mirtrons hsa-miR-3064-5p and hsa-miR-6515-5p and mirtronic miRNAs,
located in 3'-tailed mirtrons hsa-miR-3940-5p and hsa-miR-6850-5p.
Green boxes and lines indicate exons and introns of protein-coding
genes, respectively. Purple boxes indicate 5" and 3’ untranslated regions,
Mirtrons containing previously mentioned mirtronic miRNAs are depicted
as red lines. Full sequence of mirtrons (except of hsa-miR-3064) is written
above each scheme, where sequence of mere abundant miRNA of the
hairpin is marked in red, less abundant in blue, and tail is marked in
green, Dashes beneath the schemes show minigenes positions in the
genes. Figure 53. Expression of mirtronic miRNAs in cancer cell lines.
miRNA expression normalized to RNU48 and compared to HEK 293A
The experiments were performed in at least three biological replicates.
The errer bars represent calculated values for standard deviation. Fold
changes higher than 1.5 were statistically significant (p < 0.05). Figure 54,
The position of splicing signals predicted by online bioinformatics tool
Human Splicing Finder. SRSF I-specific targets are highlighted in yellow,
SRSF2-specific in green. Sequence of mirtrons is written as italicized red
text, exon sequence normal black text. (PDF 750 kb)

Additional file 2: Table 51. Primers for DHX30, PLEKHIT, MGATAR, NELFE,
ATGAD, DDXS5, KHSRP, CARL, and RPL8 gene amplification. Table S2. Primers
used for 5" and 3" splicing site mutagenesis. Table 53, Specific miRNA and
RNU48 primers for RT-gPCR. Table S4. Primers for spliced and unspliced gene
form detection. (PDF 393 kb)
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PADEKA

I$ visos Sirdies dékoju savo disertacijos vadovui prof. dr. Giedriui
Vilkaiciui uz pasitlyta doktorantiiros temg ir priémimg j savo komanda.
Dékoju uz visas eksperimentines bei mokslo Zinias kuriomis dalinosi, uz
galimybe augti ir tobuléti. Uz galimybe dalyvauti LMT projektuose, dirbti Su
pazangiausiomis technologijomis ir jgyti daug vertingos patirties ne tik
eksperimentinéje dalyje, bet ir bendradarbiaujant su skirtingomis darbo
grupémis. Dékoju uz pasitikéjima, uz mano ziniy vertinima, uz padrasinima,
uz tai, kad kritinése situacijose buvau isgirsta. Taip pat dékoju uz situacijas
per kurias uzaugo mano pasitikéjimas savimi ir ramesnis pozitris j darbo eiga.
Didziausias acitl.

Dékoju laboratorijos vedéjui prof. habil. dr. Sauliui Klimasauskui uz
galimybe dirbti vienoje geriausiy Lietuvos laboratorijy.

Dékoju dr. Vaidotui Stankeviciui uz eksperimentinius patarimus, uz
pagalba juos vykdant, uz bendradarbavimg. Taip pat acit uz visg Siluma ir
palaikymg darbo metu.

Aciu studentams Laurynui Ciupui ir Ignui MaZeliui, uz pagalbg
eksperimentuose ir ruo$iant straipsnius. Uz galimybe mokytis kaip biiti gera
vadove. Ir galimybe suprasti, kad vadovauti néra taip paprasta.

Taip pat aciii dr. Arvydo Kanopkos ir prof. habil. dr. Vaivos Lesauskaités
grupiy nariams uz bendradarbiavimg. Dékoju ,,Thermo Fisher Scientific
Baltics“ uz galimybe naudotis Illumina Miseq sekoskaitos aparatu. Zanai
Kapustinai — uz visas pasidalintas Zzinias ir pagalba vykdant visuming
sekoskaita.

Acit visiems laboratorijos nariams, kurie mane palaike.

Taip pat dékoju Dainai Kremensienei, Renatai Bruzaitei, Aidai
Vitkevicienei, Edvinui Rucinskui, Laurai LukSaitei, Vitalijai Butkytei ir
Justinai Kazokaitei uz buvimg Salia visose krizése ir dZziaugsmuose.

Acit Tévams uz tai, kad skatino ir padéjo siekti mokslo aukstumy. Kad
suteiké pagrinda, nuo kurio galéjau kilti auksStyn.

Ir i§ paties Sirdies giliausiy gelmiy sakau aciti savo gyvenimo vyrui
Alvydui ir doktorantiiros metu gimusiam sinui Zygimantui, kurie
besalygiskai visada buvo su manimi. Kurie yra didziausi mano gyvenimo
mokytojai. Kurie mane palaiko, tiki ir myli visada, nepaisant pasiekimy. Jas
man visada biisite patys brangiausi.
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