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7. WSTEP

Ostre zespoty wiencowe (OZW) nalezg do grupy chorob Kardiologicznych
charakteryzujacych si¢ szerokim spektrum objawowym si¢gajacym od dolegliwosci bolowych
w Klatce piersiowej przy niewielkich wysitkach do zatrzymania akcji serca, spowodowanych
czesciowym lub catkowitym zablokowaniem przeptywu krwi w naczyniach wiencowych [1].
OZW sa schorzeniem wieloczynnikowym o szerokiej etiologii. W zaleznosci od obrazu
klinicznego, powtarzanych zapisow elektrokardiograficznych (EKG) oraz wynikow oznaczen
biochemicznych markeréw martwicy mig$nia sercowego, mozemy wyroznic trzy gtdéwne typy
OZW: zawal migsnia sercowego z uniesieniem odcinka ST (ST-elevated myocardial infarction,
STEMI), zawal mie$nia sercowego bez uniesienia odcinka ST (non-ST-elevated myocardial
infarction, NSTEMI) oraz niestabilng dtawice piersiowa (unstable angina, UA). W przebiegu
zawalu serca obserwowany jest wzrost markeréw biochemicznych uszkodzenia mig$nia serca
przy jednoczesnym wystepowaniu typowych zmian w zapisie EKG (uniesienie odcinka ST
w przypadku STEMI) lub ich braku (w przypadku NSTEMI). U pacjentow z UA, pomimo
wystepowania objawow niedokrwiennych, nie obserwuje si¢ wzrostu markeréw
biochemicznych martwicy mie$nia serca [2].

Mechanizmem lezacym u podstaw patofizjologii OZW jest miazdzyca naczyn
wiencowych, rozwijajaca si¢ pod wpltywem czynnikow patologicznych, prowadzacych do
czynno$ciowej 1 morfologicznej dysfunkcji $rodbtonka naczyn krwiono$nych. Nadmierna
synteza oraz sekrecja zwiazkow pro-zapalnych, pro-zakrzepowych oraz stymulujacych
wazokonstrykcje intensywnie wptywa na zmiany mikrosrodowiska naczyniowego, prowadzac
do zaburzenia réwnowagi hemostatycznej. Mechanizmy pierwotnej dysfunkcji §rodbtonka,
zalezne od typowych czynnikow ryzyka, prowadzace do rozwoju i progresji blaszki
miazdzycowej, sg stosunkowo dobrze poznane. Uszkodzenie srodbtonka powoduje odstonigcie
biatek adhezyjnych, ktore indukujg aktywacje 1 adhezje leukocytow oraz ptytek krwi do $ciany
naczynia. Pobudzone ptytki krwi wydzielaja aktywne biologicznie czasteczki, ktore poprzez
stymulacje interakcji miedzykomoérkowych, uczestnicza w propagacji stanu zapalnego.
Nasilajgce si¢ wewnagtrznaczyniowe procesy patologiczne stymulujg rekrutacje i infiltracje
monocytow oraz przenikanie lipidow z krwiobiegu do przestrzeni podsrodblonkowej, jak
réwniez indukuja proces transformacji monocytdéw w makrofagi. Nadmierna akumulacja
cholesterolu sprzyja jego utlenieniu, a powstajaca silnie toksyczna pochodna (oksycholesterol)
ulega fagocytozie przez zrekrutowane makrofagi. Wzmozona aktywacja uktadu
odpornosciowego oraz uktadu hemostazy przyczynia si¢ do nadmiernej sekrecji komoérkowych
czynnikOw pro-zapalnych oraz aktywacji ptytek krwi, wywotujac samonapedzajaca si¢ kaskade
procesOw zwigzanych ze wzmocnieniem stanu zapalnego oraz indukowaniem potencjatu pro-
zakrzepowego krwi. Makrofagi przepelnione zabsorbowanymi lipidami przeksztatcaja si¢
w komorki piankowate, ktore tracg zdolnos¢ do fagocytozy oksycholesterolu, co stymuluje

aktywacje szlakow apoptotycznych, sekrecje czynnikdw pro-zapalnych oraz zwigzkow
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wplywajagcych na destabilizacj¢ blaszki miazdzycowej. Na powierzchni uszkodzonej blaszki
aktywowana jest kaskada krzepnigcia, a powstajacy skrzep ogranicza przeptyw krwi w swietle
naczynia krwionosnego. Destabilizacja integralnosci blaszki miazdzycowej powoduje
natomiast uwolnienie martwiczego rdzenia lipidowego mogacego stanowi¢ przyczyne okluzji
naczynia. Blokowanie przeptywu krwi w tetnicach wiencowych prowadzi do powstawania
powiktan zakrzepowo-zatorowych [3].

Pomimo wieloczynnikowej etiologii OZW, fundamentalng rolg¢ w ich patofizjologii
mozna przypisa¢ ptytkom krwi, ze wzgledu na ich zdolno$¢ do tworzenia czopu plytkowego,
inicjacji mechanizméw pro-zakrzepowych i propagacji miazdzycy naczyn [4]. Plytki krwi
charakteryzuja si¢ unikatowg budowa morfologiczng determinujaca ich szczegdlng
reaktywnos$¢. W btonie komodrkowej plytek zakotwiczone sa receptory powierzchniowe
odpowiedzialne za indukcje przekaznictwa sygnalowego ,,outside-in”, istotnego dla stanu
czynno$ciowego komorki. Aktywacja plytek wplywa na hemostaz¢ dwutorowo.
Zewnatrzkomorkowo, stymuluje osoczowa kaskade krzepnigcia poprzez m.in. ekspozycje
aminofosfolipidow na powierzchni btony komoérkowej. Wewnatrzkomoérkowo, prowadzi do
reorganizacji cytoszkieletu i zmiany ksztattu ptytek, ekspozycji oraz zmiany konformacji
receptoréw powierzchniowych, degranulacji ziarnistosci i sekrecji zwigzkdw czynnych oraz
indukcji agregacji [5]. Wystepujace w duzej liczbie kopii receptory powierzchniowe réznego
typu stanowig kluczowy element warunkujacy prawidlowe funkcjonowanie plytek krwi.
Znaczenie pltytkowych receptoréw powierzchniowych zostato przede wszystkim wykazane
w badaniach zwigzanych z identyfikacja podtoza patofizjologii skaz krwotocznych, w ktérych
wykryte anomalie byty m.in. wynikiem nieprawidlowosci strukturalnych receptorow ptytek
krwi [6-8]. Co wigcej, badania wskazujg rowniez, ze wystepowanie zmian w sekwencji genow
dla receptorow glikoproteinowych (GP) (m.in. GP Ib, GP Illa) obecnych na powierzchni ptytek
krwi moze by¢ skorelowane z ryzykiem wystapienia zawalu mig$nia sercowego [9-12].
Badania te byly przeprowadzone jednak na niejednorodnych grupach pacjentéw i tylko na
wczesniej zidentyfikowanych wariantach polimorficznych. Analiza zmian w sekwencji gendw
dla plytkowego receptora aktywowanego przez proteazg-1 (protease-activated receptor-1,
PAR-1) [13] oraz receptorow purinergicznych P2Y1 [14] czy P2Y12 [15] réwniez wykazata
réznice w poziomie aktywacji ptytek krwi przez specyficznych agonistow w zaleznos$ci od
genetycznego wariantu receptora.

Obecno$¢ receptorow powierzchniowych znajdujacych si¢ na ptytkach krwi
determinuje ich udziat w procesach hemostazy, w tym fundamentalng rol¢ w tworzeniu si¢
czopu ptytkowego. Wsrod gidwnych receptorow uczestniczacych w procesie aktywacji ptytek
nalezy wymieni¢ kompleks GP Ib-IX-V, integryne allbB3 oraz receptory metabotropowe
PAR-11P2Y12 [16].

GP Ib-1X-V jest receptorem sktadajacym si¢ z czterech podjednostek: GPIba, GPIbp,
GPIX oraz GPV. Wystepuje on wylgcznie w ptytkach krwi oraz megakariocytach 1 jest

odpowiedzialny za adhezje¢ ptytek do biatek macierzy podsrédbtonkowej, co stanowi pierwszy
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etap odpowiedzi ptytek krwi na uszkodzenie $rodbtonka naczyn [17,18]. Kazda z podjednostek
receptora jest biatkiem przezblonowym, natomiast ich domeny zewngtrzkomorkowe
charakteryzuja si¢ wystepowaniem licznych powtorzen leucyny [18]. W przypadku receptora
GP Ib-1X-V, wykryte zaburzenia strukturalne byly zwigzane z nieprawidlowg ekspresja
plytkowego receptora dla czynnika von Willebranda (vWF), czyli podjednostki GPIb
i pozwolity na =zidentyfikowanie syndromu Bernarda-Souliera bedacego genetycznie
uwarunkowanym defektem czynnosciowym plytek krwi zwigzanym z ich nieprawidtows
aktywacja na szlaku sygnalizacyjnym indukowanym przez vWF [6]. W zwiazku
z wystepowaniem zaburzen genetycznych zasocjowanych z funkcjonalnoscig receptora GP
Ib-IX-V, podjeto proby identyfikacji polimorfizméw pojedynczego nukleotydu (single
nucleotide polymorphism, SNP) w genach kodujacych podjednostki GP Ib, IX i V w celu
okreslenia ich potencjalnej roli w wystgpowaniu ryzyka chordb sercowo-naczyniowych.
Polimorfizm T/C w sekwencji Kozaka genu kodujacego GPIba u pacjentéw z udarem
niedokrwiennym mozgu wykazal, iz obecnos¢ chociaz jednej kopii allelu C zwigkszata ryzyko
wystgpienia tego epizodu niedokrwiennego. Co wigcej, nosicielami allelu C byli najczescie)
pacjenci, u ktorych nie okreslono etiologii choroby [19]. Wystepowanie zwigzku pomi¢dzy
obecnoscig wariantow polimorficznych w sekwencji ptytkowej GPIba a zwigkszonym
ryzykiem zachorowalno$ci na zawal migsnia sercowego zostat roOwniez wykazany w pracy
Ozeloa i wsp. [9].

Integryna allbf3 inaczej okreslana jako GP IIb/Illa, jest najliczniej wystgpujacym
powierzchniowym receptorem ptytek krwi (nawet do ~80 000 Kopii receptora na pojedyncza
komorke) [20]. W niepobudzonych ptytkach receptor wykazuje minimalng zdolno$¢ do
wigzania si¢ z VWF oraz osoczowym fibrynogenem. Jednakze, transdukcja sygnatu
komoérkowego prowadzacego do pobudzenia ptytek krwi powoduje zmiany konformacyjne
w strukturze GP IIb/Illa, ktore wpltywaja na zwigkszenie powinowactwa receptora do
czasteczki ligandu (sygnalizacja ,.inside-out”), przez co stymuluja ptytki krwi do tworzenia
agregatow [7]. W praktyce Klinicznej, GP Ilb/llla jest uznanym celem w leczeniu
przeciwptytkowym. W zaleznosci od stanu klinicznego pacjenta, wystgpowania chordb
wspotistniejacych oraz zdiagnozowanego typu OZW, do leczenia moga by¢ wiaczone takie
inhibitory GP lIb/llla jak: abcyksymab, eptifibatyd oraz tirofiban [21,22]. Integryna ollbB3
petni kluczowa role w procesie tworzenia si¢ czopu plytkowego. Zjawisko to potwierdza
wystepowanie dobrze scharakteryzowanego zaburzenia genetycznego, okre$lanego jako
trombastenia Glanzmanna, ktore bedac wrodzong, autosomalnie recesywna anomalig zwigzang
z wystepowaniem mutacji w genach kodujacych podjednostki allb oraz B3, prowadzi do braku
agregacji plytek krwi w odpowiedzi na ich stymulacje [7,8]. Ponadto, badania molekularne
prowadzone na genach kodujacych kazda z podjednostek GP llb/Illa wykazaty, iz jest to
receptor polimorficzny, w ktérym zidentyfikowano wystepowanie dwoch gldéwnych wariantow
genetycznych (P1A1 oraz P1A2) modulujgcych ryzyko wystgpienia epizodow niedokrwiennych.
W badaniach Weissa i wsp. stwierdzono, iz obecno$¢ allelu PIA2 jest zasocjowana
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z zakrzepica naczyn wiencowych [10]. Co wigcej, w pracy Ardissino i wsp. zwigkszone ryzyko
zawalu mieg$nia sercowego prezentowali pacjenci bedgcy heterozygotami PIA1/P1A2 [11].
Podobne wyniki zostaly uzyskane przez Bojesena i wsp. [12]. Wystepowanie korelacji
pomiedzy obecno$cig wariantoéw polimorficznych a zwigkszonym ryzykiem rozwoju zawatu
miesnia sercowego podkresla istotny udzial aberracji molekularnych w patofizjologii OZW.

Receptor PAR-1 nalezy do rodziny przezblonowych receptorow sprzezonych
z biatkami G (G protein-coupled receptor, GPCR). Ich aktywnos¢ biologiczna jest
uwarunkowana proteoliza N-konca, ktora pozwala na ekspozycje sekwencji aminokwasowe;j
umozliwiajacej przylaczenie sie ligandu i przekazanie sygnatu za posrednictwem biatka G do
wnetrza komorki. Najlepiej scharakteryzowanym aktywatorem receptoréw PAR jest trombina,
ktora odgrywa rowniez kluczowa rolg w formowaniu si¢ skrzepu [23]. W badaniach
molekularnych dotyczacych analizy wptywu SNP na receptor PAR-1 wykazano, iz obecno$¢
allelu T dla intronowego SNP 14A/T byla powigzana z obnizong ekspresja powierzchniowg
receptora i zmniejszong odpowiedzig ptytek wzgledem zastosowanego agonisty [13]. Pacjenci
z STEMI bedacy nosicielami chociaz jednego allelu T mieli réwniez znaczaco zmniejszone
ryzyko wystapienia epizodéw niedokrwiennych [24].

Przezbtonowym receptorem GPCR obecnym na powierzchni ptytek krwi jest rowniez
receptor P2Y12, ktorego glownym agonista jest adenozyno-5’-difosforan (ADP).
Jego rola w procesie hemostazy polega na amplifikacji odpowiedzi plytek na czynniki
aktywujace, poprzez wzmocnienie i stabilizacje tworzacych si¢ agregatow oraz zwickszenie
aktywnosci pro-zakrzepowej ptytek krwi [25]. Receptor P2Y12 jest gtéwnym celem leczenia
farmakologicznego. Zgodnie z wytycznymi Europejskiego Towarzystwa Kardiologicznego
(dotyczacymi postepowania u pacjentow z NSTEMI z roku 2020 oraz pacjentow z STEMI
z 2017 roku), podanie inhibitora P2Y 12 wraz z aspiryng stanowi ztoty standard w leczeniu
pacjentow z OZW, co wskazuje na istotna role tego receptora dla funkcjonalnos$ci ptytek krwi
[1,22]. W przypadku badan genetycznych skupiajacych si¢ na okresleniu wptywu
zidentyfikowanych SNP na aktywno$¢ receptora P2Y12 i zdolno$ci do modulacji ryzyka
wystgpienia powiklan zakrzepowo-zatorowych, wystepuje rozbieznos¢ w uzyskanych
wynikach. W badaniach Zoheira i wsp. allel C polimorfizmu T744C wystepowat istotnie
czegsciej u pacjentow z przebytym OZW. Co wiecej, nosiciele allelu C wykazywali zwigkszong
czynnos¢ ptytek krwi w odpowiedzi na stymulacje ADP [15]. Z drugiej strony,
w badaniach Angiolillo 1 wsp. SNP T744C nie wplywal istotnie na funkcjonowanie i proces
aktywacji ptytek krwi [26]. Sprzeczne wyniki uzyskano rowniez w badaniach Cavallari i wsp.
oraz Schetterta 1 wsp., w ktorych analizie poddane zostaly dwa zidentyfikowane haplotypy
(H1 oraz H2) [27,28]. Wystepowanie rozbieznosci w wynikach analiz polimorficznych
receptora P2Y12 wskazuje na potrzebe poszukiwania molekularnych predyktorow
okreslajacych ryzyko wystgpienia OZW w innych — genetycznych, proteomicznych, czy
metabolomicznych obszarach badan nad plytkami krwi.
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Oprdécz oceny objawow podmiotowych, takich jak utrzymujacy si¢ bol w klatce
piersiowej, podstawowym narz¢dziem diagnostycznym w ocenie rozpoznania klinicznego
OZW  jest 12-odprowadzeniowy elektrokardiogram pozwalajacy na  wykrycie
m.in. charakterystycznych zaburzen obejmujacych odcinek ST i zatamek T oraz biomarkery
pozwalajace na wlasciwe rozpoznanie choroby oraz na kwalifikacje konkretnego typu OZW
wsrdd pacjentow. Ztotym standardem w diagnostyce OZW sg oznaczenia st¢zenia troponin
sercowych T lub I (hs-cTn T oraz hs-cTn 1), ktoére wskazuja na uszkodzenie kardiomiocytow.
Zastosowanie oceny dodatkowych biomarkeréw takich jak stezenie: D-dimerow, glukozy,
biatka C reaktywnego (c-reactive protein, CRP), peptydu natriuretycznego typu B (B-type
natriuretic peptide, BNP), kopeptyny; wielko$¢ przesaczania kiebuszkowego (estimated
glomerular filtration rate, eGFR); czy aktywnos$¢ izoformy sercowej Kinazy kreatynowej
(creatine kinase myocardial band, CK-MB), pozwala na dostarczenie szerszego panelu
informacji, w tym danych rokowniczych pomocnych w ocenie ryzyka wystapienia punktow
koncowych, takich jak zgon [1]. Aktualnie, wcigz jednak prowadzone sg badania majace na
celu wykrycie nowych, wysokoczutych biomarkerow, ktore pozwolilyby na uwiarygodnienie
I poszerzenie dotychczasowej diagnostyki pacjentow.

W 2021 roku, Yang i wsp. przeprowadzili meta-analize, ktorej celem byto okreslenie
zwiazku pomigdzy stezeniem interleukiny 6 (IL-6) a cigzkoscia przebiegu OZW oraz czgstoscia
wystgpowania powaznych, niepozadanych zdarzen sercowo-naczyniowych. Uzyskane wyniki
wykazaly, iz osoczowe stezenie IL-6 jest istotnie podwyzszone wsrdd pacjentow z cigzkim
przebiegiem OZW w porownaniu do pacjentow z lekkim przebiegiem choroby [29].
Stezenie osoczowej IL-6 zostalo rowniez oznaczone wsérdod prawie 5000 pacjentow
uczestniczacych w badaniu klinicznym SOLID-TIMI 52 (Stabilization of Plaque Using
Darapladib-Thrombolysis in Myocardial Infarction 52), ktorzy zostali poddani odleglej
obserwacji przez okres 2,5 roku. Uzyskane wyniki wskazywaly, iz pacjenci, u ktorych
zdiagnozowano wystapienie niepozadanych zdarzen sercowo-naczyniowych charakteryzowali
si¢ znaczaco podwyzszonym stezeniem IL-6 w o0soczu. Zastosowanie modelowania
statystycznego pozwalajacego na dopasowanie parametrow socjodemograficznych oraz
klinicznych  pacjentow do  poziomu IL-6, wumozliwito oszacowanie wartosci
odzwierciedlajacych zwigkszone ryzyko wystgpowania niepozadanych punktow koficowych.
Pacjenci z najwyzszym stg¢zeniem IL-6 posiadali o 57% wigksze ryzyko wystgpienia
powaznych powiktan sercowo-naczyniowych oraz 2-krotnie zwigkszone ryzyko S$mierci
z powodu choréb uktadu krazenia i niewydolnosci serca [30].

Biatko wigzace kwasy ttuszczowe typu sercowego (heart fatty acid-binding protein,
H-FABP) jest jednym z aktualnie intensywnie badanych potencjalnych biomarkerow
uszkodzenia mig$nia sercowego. H-FABP jest malym biatkiem nalezacym do rodziny biatek
wiazacych kwasy tluszczowe. Wystepuje w formie rozpuszczalnej w cytoplazmie
kardiomiocytow, ktore w wyniku uszkodzenia natychmiastowo uwalniajga H-FABP do
krwiobiegu. We wczesnej diagnostyce pacjentow stezenie H-FABP moze by¢ nawet
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100-krotnie wyzsze od stezenia troponin sercowych [31]. W badaniu Ruzgara i wsp. wsrod
pacjentow ze zdiagnozowanym NSTEMI, H-FABP wykazywal wickszg czuto$¢ niz
hs-cTn T w pierwszych 6 godzinach od wystgpienia objawow. Niestety, wraz z uptywem czasu,
poziom H-FABP ulegal znaczacemu obnizeniu, co istotnie wptywato na spadek jego czutosci
w poréwnaniu do hs-cTn T [32]. Podobne wyniki zostaty zaprezentowane przez Cavusa i wsp.,
wedhug ktérych H-FABP wykazywatl najwieksza czuto§¢ w kilku pierwszych godzinach od
wystgpienia OZW, w zestawieniu z CK-MB, mioglobing oraz hs-cTn T [33].

Wedhig danych literaturowych, wcigz podejmowane sg liczne badania majace na celu
weryfikacje wielu innych czasteczek o potencjale biomarkera OZW, wsrod ktorych
wskazywane sg czasteczki charakterystyczne dla uszkodzenia kardiomiocytéw, mediatory
pro-zapalne, jak rowniez niekodujace fragmenty RNA [34,35].

Biomarkery OZW testowane w laboratoriach badawczych oraz aktualnie stosowane
w praktyce klinicznej skupiajg si¢ na diagnostyce pacjentow, u ktoérych wystapit 1 trwa epizod
niedokrwienny, umozliwiajac tym samym monitorowanie dynamiki niedokrwienia mig$nia
sercowego oraz okreslenie potencjalnych powiktan. Zgodnie z aktualnym stanem wiedzy, nie
istniejg specyficzne i czule biomarkery, ktore pozwolilyby na okreslenie predyspozycji
pacjentow do rozwinigcia OZW, przed wystgpieniem objawow niedokrwienia. Opracowanie
biomarkerow  prognostycznych  umozliwitoby wdrozenie odpowiedniego leczenia
profilaktycznego, zmniejszajac tym samym ryzyko wystgpienia OZW.

W ostatnich dwoch dekadach, obiektem intensywnych prac badawczych, skupiajacych
si¢ na wyjasnieniu molekularnego podtoza patofizjologii roznych chordb, staty si¢ mikroRNA
(miRNA). MiRNA sa to krotkie, niekodujace czasteczki RNA, ktore peinig funkcje
potranskrypcyjnych regulatorow ekspresji genéw [36]. W organizmie cztowieka wykryto 2654
dojrzate sekwencje miRNA oraz 1917 prekursoréw o charakterystycznej strukturze ,,spinki do
wlosow” [37], ktore poprzez parowanie si¢ z sekwencjami mRNA regulujg ekspresje ponad
60% genow [36]. Cecha charakterystyczng miRNA jest ich wyjatkowa odpornosc¢ na szkodliwe
warunki takie jak dzialanie endogennych RNaz, zmiany pH, dlugie przechowywanie,
wielokrotne cykle rozmrazania 1 zamrazania, a nawet gotowanie. Dzigki wysokiej stabilnosci
w krazeniu, odporno$ci na czynniki szkodliwe oraz mozliwosci zastosowania nieinwazyjnych
metod poboru probek, miRNA stanowia idealny obszar do poszukiwania potencjalnych
biomarkerow [38].

W przypadku choréb uktadu krazenia wykazano, iz ekspresja osoczowego miR-126,
miR-17, miR-92a, miR-155 i miR-145 byla istotnie obnizona u pacjentow z choroba
niedokrwienng serca, w odniesieniu do prawidtowej kontroli [39]. Zredukowany poziom
0soczowego miR-155 zostat rowniez potwierdzony w pracach Diehla i wsp. [40] oraz Webera
I wsp. [41]. W badaniach przeprowadzonych przez Corstena i wsp. ekspresja miR-208b
I MiR-499 byla istotnie podwyzszona u pacjentow ze zdiagnozowanym zawalem migs$nia
sercowego, w porownaniu do grupy kontrolnej bez choréb ukladu krazenia [42].
Istotny statystycznie wzrost ekspresji miR-1, miR-133a, miR-133b i miR-499-5p zostat
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réwniez wykryty w osoczu pacjentow ze STEMI, w poréwnaniu do zdrowych ochotnikoéw [43].
Podwyzszony poziom miR-1, miR-133a, miR-208b oraz miR-499-5p w osoczu pacjentéw ze
STEMI potwierdzono w pracy Gidlofa i wsp., co wskazuje na wysoka specyficzno$¢ zmiennej
ekspresji wybranych czasteczek osoczowego miRNA wsrdd pacjentow ze zdiagnozowanym
OZW [44]. Analiza zmian w profilu ekspresji dla wybranych miRNA zostata rowniez
przeprowadzona w ptytkach krwi. W badaniu Stratza i wsp. wykazano, iz plytkowy profil
MIRNA mierzony przez 10 dni co 24 godziny u zdrowych mezczyzn, wykazywal wysoce
stabilng ekspresje przez caly czas trwania badania, sugerujac tym samym, iz plytki krwi moga
stanowi¢ idealny obszar poszukiwan biomarkeréw opartych na miRNA [45]. Doniesienia
literaturowe potwierdzajg réwniez wystepowanie zmian w ekspresji niektorych ptytkowych
miRNA skorelowanych z reaktywnos$cig plytek krwi stymulowanych epinefryng [46].
Jednakze, brak jest danych dotyczacych analizy poréwnawczej pelnego profilowania
ptytkowego miRNA u pacjentow z OZW w odniesieniu do zdrowych ochotnikow.

Niewystarczajace dane literaturowe odnoszace si¢ do identyfikacji oraz wyjas$nienia
molekularnego mechanizmu zaburzen funkcjonowania plytek krwi w OZW wskazujg na nie
w petni poznang rolg tych elementow morfotycznych w patofizjologii chordb krazenia.

Charakterystyczna budowa ptytek, na ktora skladaja sie liczne receptory
powierzchniowe, brak jadra komorkowego, dynamicznie zmieniajacy si¢ cytoszkielet, duza
liczba ziarnistosci oraz mitochondriow warunkujacych aktywny metabolizm, pochodzacy
z megakariocytow transkryptom wraz z szerokim zasobem czgsteczek miRNA oraz przekazany
czgsciowo proteom potwierdzaja, iz fizjologia plytek krwi jest znacznie bardziej
skomplikowana niz poczatkowo sadzono, co podkresla ich aktywny udzial w wielu
mechanizmach patofizjologii schorzen sercowo-naczyniowych. Scharakteryzowanie na
poziomie molekularnym czynnosciowych zaburzen plytek krwi mogltoby pomdc w lepszym
poznaniu podloza patologicznej aktywacji tych komoérek zaangazowanych w powstawanie
powiktan zakrzepowo-zatorowych.

W niniejszej pracy doktorskiej przeprowadzona zostala analiza przesiewowa
plytkowego profilu miRNA wraz z analizag bioinformatyczng oraz modelowaniem
statystycznym majacym na celu identyfikacj¢ oraz ocen¢ zmian w ekspresji miRNA, ktore
moglyby postuzy¢ jako potencjalne prognostyczne biomarkery OZW. Analizie porownawczej
poddano réwniez ptytkowy proteom oraz ekspresje wybranych transkryptow, CO za pomoca
fluorescencyjnej elektroforezy dwukierunkowej (two-dimensional fluorescence difference gel
electrophoresis, 2D-DIGE), nano-chromatografii cieczowej sprzgzonej z tandemowsa
spektrometrig mas (nanoscale liquid chromatography coupled to tandem mass spectrometry,
nanoLC-MS/MS) oraz ilosciowej reakcji tancuchowej polimerazy w czasie rzeczywistym
(quantitative  polymerase  chain  reaction, QgPCR), pozwolito na  wykrycie
I identyfikacje  bialek oraz mRNA  wykazujacych  zaburzong  ekspresje
u pacjentow z OZW, wzgledem grupy kontrolnej. W celu rozszerzenia aktualnego stanu wiedzy

dotyczacego nadreaktywnosci ptytek krwi w OZW, szczegdlng uwage zwrdocono na zaburzenia
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ekspresji wybranych powierzchniowych receptoréw ptytkowych na poziomie mRNA oraz
biatka. Wykonano rowniez modelowanie statystyczne majgce na celu wykorzystanie
wykrytych zmian w ocenie ich roli jako potencjalnego prognostycznego biomarkera OZW.

8. CELPRACY

W niniejszej rozprawie doktorskiej wyrdznione zostaly dwa gtowne cele:
1) Okreslenie zaburzen w transkryptomie i proteomie ptytek krwi, ktore mogtyby stanowic
przyczyng ich wzmozonej aktywnosci pro-zakrzepowej w OZW.
2) Identyfikacja czasteczek o potencjale wysokoczutych molekularnych markerow
ptytkowych, okre$lajgcych predyspozycje do wystgpienia OZW.

9. MATERIAL I METODY
e POZYSKANIE MATERIALU DO BADAN

Materiat badawczy stanowita krew pelna uzyskana od pacjentéw z koronarograficznie
potwierdzonym OZW oraz od zdrowych dawcow, u ktorych nie stwierdzono wystepowania
zaburzen ze strony uktadu sercowo-naczyniowego.

Krew od pacjentow byta pobierana z zyly tokciowej, do probowko-strzykawek
z zastosowaniem systemu S-Monovette (Sarstedt, Niimbrecht, Niemcy) z antykoagulantem
CPDA-1 (citrate phosphate dextrose adenine), mozliwie szybko, po wykonaniu niezb¢dnych
czynnosci oraz podaniu lekow majacych na celu zabezpieczenie pacjenta po wystapieniu
incydentu OZW. Do badania wlaczeni zostali pacjenci hospitalizowani w Klinice Kardiologii
Interwencyjnej Katedry Kardiologii Interwencyjnej i Elektrokardiologii Centralnego Szpitala
Klinicznego Uniwersytetu Medycznego w Lodzi. Charakterystyka kliniczna pacjentow zostata
szczegbtowo przedstawiona we wszystkich publikacjach eksperymentalnych wchodzacych
w sktad niniejszej rozprawy doktorskiej. Pacjenci zakwalifikowani do udziatu w badaniach nie
przekraczali 65 roku zycia, nie zdiagnozowano u nich: choroby nowotworowej, cukrzycy,
zaburzen tkanki lacznej oraz niedoczynnosci tarczycy, Wykazywali prawidtowa czynno$é
nerek, nie byli uzaleznieni od narkotykow i alkoholu, a ich wskaznik BMI okreslajacy stosunek
masy ciata do wzrostu podniesionego do kwadratu nie przekraczat 35. Zastosowanie wyzej
wymienionych ograniczen W rekrutacji grupy badanej mialo na celu wyselekcjonowanie
pacjentow, u ktorych przebyte OZW mogly potencjalnie mie¢ podtoze genetyczne, co
stanowito przedmiot niniejszej pracy, w zakresie poznania molekularnych mechanizméow
odpowiedzialnych za wzmozong aktywacj¢ pitytek krwi w OZW oraz opracowania
wysokoczutych biomarkerow molekularnych wskazujacych na predyspozycje do wystapienia
OZW. Ponadto, krew obwodowa pobierano do analiz mozliwie szybko po ustabilizowaniu

stanu pacjenta od wystgpienia incydentu niedokrwienia, w celu ograniczenia wplywu
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zastosowanej terapii przeciwplytkowej/przeciwzakrzepowej/przeciwzapalne] na oznaczane
parametry.

Grupe kontrolng stanowili dawcy, u ktoérych nie zdiagnozowano wystepowania choréb
uktadu krazenia. Grupa kontrolna byla homologiczna wzgledem grupy badanej co do
liczebnosci, pici oraz wieku. Przed wiaczeniem do badania u dawcow oznaczono parametry
pozwalajgce okresli¢ ogdlny stan zdrowia, w tym: morfologi¢, stezenie glukozy, kreatyniny,
CRP, hormonu tyreotropowego (thyroid-stimulating hormone, TSH), cholesterolu catkowitego,
trojglicerydow, frakcji HDL (high-density lipoprotein) i LDL (low-density lipoprotein),
aktywno$¢  aminotrasferazy  asparaginianowej (aspartate  aminotransferase, AST)
i aminotransferazy alaninowej (alanine aminotransferase, ALT), catkowity poziom
immunoglobulin 19G i IgM oraz parametry uktadu krzepnigcia. Dawcy zakwalifikowani do
badan nie przyjmowali zadnych lekéw oraz nie wykazywali objawow infekcji przez co najmniej
2 tygodnie przed pobraniem krwi. Krew obwodowa byta pobierana na czczo, z zyty tokciowej,
do probéwek BD Vacutainer® (Becton Dickinson, New Jersey, Stany Zjednoczone)
zawierajagcych antykoagulant ACD-A (acid citrate dextrose — solution A) w Centrum
Diagnostyki Laboratoryjnej w Lodzi.

Zakwalifikowani pacjenci oraz ochotnicy zlozyli pisemng zgode¢ na uczestnictwo
w badaniach. Wszystkie badania wykonano zgodnie z Deklaracja Helsinska oraz zostaty one
zatwierdzone przez Komisj¢ ds. Etyki Badan Naukowych Uniwersytetu rodzkiego
(23/KBNN-UL/1/2017).

e METODY

e Izolacja plytek krwi metoda wirowania roznicowego z zastosowaniem separacji
magnetycznej

Krew petna zostata poddana wirowaniu réznicowemu, a uzyskane w procesie wirowania
osocze bogatoptytkowe poddano nastepnie inkubacji z kuleczkami magnetycznymi
w celu usunigcia zanieczyszczen erytrocytarno-leukocytarnych na kolumnie separacyjnej
(Miltenyi Biotech, Bergisch Gladbach, Niemcy). Wybor metody izolacji ptytek krwi
podyktowany byt potrzeba osiagnigcia jak najlepszej wydajnosci, co bylo szczegolnie istotne
dla dalszych analiz genetycznych, w ktorych konieczne byto uzyskanie odpowiednio
wysokiego stezenia kwaséw  nukleinowych pochodzenia ptytkowego (Publikacja
eksperymentalna nr 1-3).

¢ |zolacja plytek krwi metoda filtracji zelowej z zastosowaniem zloza Sepharose 2B-BSA

Filtracja zelowa na ztozu Sepharose 2B-BSA, jako jedna z najmniej inwazyjnych metod
preparatywnych, zostata uzyta w celu wyizolowania ptytek krwi do analizy powierzchniowej
dystrybucji receptora P2Y 12 metodg mikroskopii konfokalnej. Wybor metody miat na celu

16



Poszukiwanie w ptytkach krwi molekularnych markerow okreslajgcych predyspozycje cztowieka do
wystgpienia Ostrych Zespotéw Wiercowych

zminimalizowanie na etapie preparatyki ryzyka aktywacji ptytek poddawanych nastepnie
obrazowaniu mikroskopowemu, kosztem wydajno$ci metody (Publikacja eksperymentalna nr 2).

e Izolacja calkowitego RNA z plytek krwi

Catkowite RNA wyizolowano z ptytek krwi za pomoca komercyjnie dostgpnego
zestawu ISOLATE Il RNA Mini Kit (Bioline, Londyn, Wielka Brytania) wykorzystujacego
tiocyjanian guanidyny (zapewniajacy lize komoérek) oraz membrang krzemionkowg wigzaca
izolowane RNA (Publikacja eksperymentalna nr 1-3).

e Synteza cDNA z zastosowaniem matrycy mRNA

Synteza komplementarnej nici DNA (complementary DNA, cDNA) na matrycy
wyizolowanego mMRNA zostata przeprowadzona z zastosowaniem komercyjnie dostgpnego
zestawu Maxima First Strand cDNA Synthesis Kit for RT-gPCR (Thermofisher Scientific,
Waltham, Massachusetts, Stany Zjednoczone) (Publikacja eksperymentalna nr 2 oraz 3).

e Synteza mikro-cDNA z zastosowaniem matrycy miRNA

W celu otrzymania mikro-cDNA na matrycy miRNA zastosowano komercyjnie
dostepny zestaw TagMan™ Advanced miRNA ¢cDNA Synthesis Kit (Thermofisher Scientific,
Waltham, Massachusetts, Stany Zjednoczone) (Publikacja eksperymentalna nr 1).

e Analiza poréwnawcza profilu miRNA w plytkach krwi metodq mikromacierzy

Przesiewowa analiza profilu miRNA w plytkach krwi zostala wykonana na
mikromacierzy SurePrint G3 Human miRNA (Agilent, Santa Clara, Kalifornia, Stany
Zjednoczone). Catkowite RNA zostato spulowane w obrebie grupy OZW oraz grupy kontrolne;j
w celu analizy porownawczej ekspresji czasteczek miRNA (Publikacja eksperymentalna nr 1).

e Pomiar ekspresji plytkowego miRNA oraz mRNA metoda qPCR

Pomiar ekspresji wybranych czasteczek miRNA lub transkryptow mRNA
pochodzacych z ptytek krwi zostat wykonany w probkach uzyskanych od kazdego pacjenta
oraz dawcy za pomocg metody qPCR w celu:

o Walidacji czasteczek miRNA wykazujacych zmienng ekspresje pomigdzy badanymi
grupami  w analizie mikromacierzy. W przeprowadzonej analizie gPCR
wykorzystano sondy TagMan™ Advanced miRNA Assay (Thermofisher Scientific,
Waltham, Massachusetts, Stany Zjednoczone) (Publikacja eksperymentalna nr 1).

o Poroéwnania ekspresji mRNA dla genéow kodujacych wybrane receptory
powierzchniowe ptytek krwi. W przeprowadzonej analizie qPCR wykorzystano
sondy TagMan™ Gene Expression Assay (Thermofisher Scientific, Waltham,
Massachusetts, Stany Zjednoczone) (Publikacja eksperymentalna nr 2).
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o Analizy zaburzen w ekspresji mMRNA dla genow kodujacych biatka ptytek krwi,
ktorych stezenie w OZW 1 grupie kontrolnej wykazywato w analizie 2D-DIGE
réznice na poziomie krotno$ci zmiany wynoszacej >1,5. W przeprowadzonej
analizie gPCR wykorzystano sondy TagMan™ Gene Expression Assay
(Thermofisher Scientific, Waltham, Massachusetts, Stany Zjednoczone)
(Publikacja eksperymentalna nr 3).

e Izolacja frakcji bialkowej z plytek krwi

Osad ptytek krwi otrzymany metodg wirowania réznicowego zawieszono w buforze
lizujacym. W celu oznaczenia st¢zenia biatka w przygotowanych probkach, wykorzystano
komercyjnie dostepny zestaw RCDC™ Protein Assay (BioRad Laboratories, Hercules,
Kalifornia, Stany Zjednoczone) (Publikacja eksperymentalna nr 2 oraz 3).

e Pomiar stezenia bialka dla wybranych receptoréw powierzchniowych plytek krwi
metoda ELISA

Oznaczenie stezenia Dbialka zostalo wykonane dla wybranych receptoréw
powierzchniowych ptytek krwi wykazujacych zmiany ekspresji na poziomie mRNA pomigdzy
grupg OZW a grupa kontrolng. W tym celu wykorzystano komercyjnie dostgpne zestawy:
Human P2RY12 ELISA Kit, Human ITGB3 ELISA Kit oraz Human CD42 ELISA Kit
(FineTest, Wuhan, Chiny) (Publikacja eksperymentalna nr 2).

e Oznaczenie powierzchniowej ekspresji plytkowego receptora P2Y12 za pomoca
metody cytometrii przeplywowej

Pomiar powierzchniowej ekspresji plytkowego receptora P2Y12 zostal wykonany
w krwi pelnej za pomocg metody cytometrii przeplywowej w ukladzie znakowania
dwubarwnikowego, stosujac w celu identyfikacji ptytek krwi przeciwciata Anti-Human CD61
(Beckton Dickinson, Franklin Lakes, New Jersey, Stany Zjednoczone) sprzezone z barwnikiem
fluorescencyjnym BD Horizon Brilliant™ Blue 515 (BB515) oraz przeciwciata skierowane
przeciwko receptorowi P2Y12 Anti-Human P2Y12 (BioLegend, San Diego, Kalifornia, Stany
Zjednoczone) sprzezone z fluorochromem fikoerytryng (PE). Powierzchniows ekspresje
receptora P2Y12 okre§lono na podstawie intensywnosci $wiecenia obiektow P2Y12-
pozytywnych w populacji komoérek CD61-pozytywnych (Publikacja eksperymentalna nr 2).

e Wizualizacja dystrybucji receptora P2Y12 metoda mikroskopii konfokalnej

Wizualizacj¢ receptora P2Y12 w spoczynkowych ptytkach krwi, wyizolowanych za
pomoca ztoza Sepharose 2B-BSA, wykonano za pomoca mikroskopii konfokalnej
z zastosowaniem przeciwcial PE Anti-Human P2Y12 (BioLegend, San Diego, Kalifornia,
Stany Zjednoczone) oraz przeciwciat Anti-Human CD61 wyznakowanych kompleksem biatek
perydyna-chlorofil sprzezonych z cyjaning 5.5 (PerCP-Cy5.5) (Beckton Dickinson, Franklin
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Lakes, New Jersey, Stany Zjednoczone). Ptytki krwi utrwalono w 1% roztworze CellFix
(Beckton Dickinson, Franklin Lakes, New Jersey, Stany Zjednoczone) oraz umieszczono na
szkietku podstawowym wraz z zelem CyGEL™ (Biostatus, Leicestershire, Wielka Brytania)
umozliwiajacym ich immobilizacj¢ przed obrazowaniem (Publikacja eksperymentalna nr 2).

¢ Analiza poréownawcza proteomu plytek krwi metoda 2D-DIGE

Rozdzial proteomu ptytek krwi metodg 2D-DIGE zostal wykonany na zbiorczych
probkach spulowanych w obrebie grupy badanej oraz grupy kontrolnej. Aby zapewni¢ wysoka
jakos¢ rozdzialu elektroforetycznego, frakcje biatkowa poddano selektywnej precypitacji
w celu usunigcia zanieczyszczen takich jak detergenty jonowe oraz zwiazki fenolowe, przy
uzyciu komercyjnego zestawu ReadyPrep™ 2-D Cleanup Kit (BioRad Laboratories, Hercules,
Kalifornia, Stany Zjednoczone). Oczyszczone probki wyznakowano fluorochromami
zawartymi w zestawie DyeAgnostics Refraction-2D QPLEX Kit (NH DyeAGNOSTICS, Halle,
Niemcy). Probke OZW wyznakowano barwnikiem G-Dye300, natomiast probke kontrolng
barwnikiem G-Dye200. W pierwszym etapie analizy 2D-DIGE wykonano ogniskowanie
izoelektryczne na 11 cm pasku IPG o szerokim zakresie pH 3-10 (BioRad Laboratories,
Hercules, Kalifornia, Stany Zjednoczone). Nastegpnie, po zastosowaniu buforow Equillibration
Buffer 11 Il (BioRad Laboratories, Hercules, Kalifornia, Stany Zjednoczone) przeprowadzono
dalszy rozdziat elektroforetyczny biatek pod wzgledem ich mas czasteczkowych
z wykorzystaniem komercyjnie dostgpnego zelu Criterion™ TGX Precast Gel 4-20% (BioRad
Laboratories, Hercules, Kalifornia, Stany Zjednoczone). Wizualizacj¢ spotow biatkowych oraz
pomiar intensywno$ci $wiecenia  zastosowanych fluorochroméw w  uzyskanych
elektroforegramach wykonano przy uzyciu skanera Typhoon FLA 950 GE (GE Healthcare,
Chicago, IL, Stany Zjednoczone) oraz oprogramowania ImageMaster 2D Platinum 7.0
(GE Healthcare, Chicago, IL, USA) w Lodzkim Parku Naukowo-Technologicznym
Bionanopark. Do dalszej analizy wyselekcjonowano spoty biatkowe, ktorych warto$¢ krotnosci
zmiany wynosita >1,5 (Publikacja eksperymentalna nr 3).

¢ ldentyfikacja bialek plytkowych metoda nanoLC-MS/MS

W celu identyfikacji roznicowych plamek biatkowych w OZW oraz grupie kontrolnej,
wykonano analize¢ jakoSciowa z zastosowaniem metody nanoLC-MS/MS. Wybrane spoty
zostaly wycigte z zelu, a znajdujace si¢ w nich biatka poddano trawieniu w trypsynie.
Identyfikacja bialek zostala wykonana za pomocag spektrometrii mas typu ESI-MS/MS
poprzedzonej rozdzialem chromatograficznym przy udziale techniki chromatografii cieczowej
nanoLC-MS dedykowanej do rozdzialu $ladowych ilosci analitow, gtownie w analizach
proteomicznych. Analiza nanoLC-MS/MS zostata wykonana w Lodzkim Parku Naukowo-
Technologicznym Bionanopark (Publikacja eksperymentalna nr 3).
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e Oznaczenie stezenia fibrynogenu w osoczu metodg ELISA

Stezenie fibrynogenu W 0soczu pacjentow z OZW oraz dawcow z grupy kontrolne;j
zostalo 0znaczone za pomoca komercyjnie dostepnego zestawu Human FG(Fibrinogen) ELISA
Kit (Elabscience, Houston, Teksas, Stany Zjednoczone) (Publikacja eksperymentalna nr 3).

¢ Rozdzial elektroforetyczny bialek plytek krwi wraz z immunodetekcja transgeliny-2
metoda Western Blot

Elektroforeze proteomu ptytek krwi przeprowadzono w warunkach denaturujgcych
z zastosowaniem 3% poliakrylamidowego zelu zaggszczajacego oraz 12% poliakrylamidowego
zelu rozdzielajacego. Rozdzielone elektroforetycznie biatka zostaly nastgpnie poddane
transferowi na membrane Immobilon®-P PVDF (Merck, Darmstadt, Niemcy), a proces migracji
biatek z zelu na membrane zostal zweryfikowany za pomoca barwienia odczynnikiem Ponceau
S (Merck, Darmstadt, Niemcy). Immunodetekcje¢ transgeliny-2 na membranie przeprowadzono
z zastosowaniem pierwszorzgdowych, kroliczych przeciwciat poliklonalnych Anti-TAGLN2
(Abcam, Cambridge, Wielka Brytania) oraz drugorzedowych przeciwciat Anti-Rabbit 1gG
(Santa Cruz Biotechnology, Dallas, Teksas, Stany Zjednoczone). Wizualizacje biatek
przeprowadzono z zastosowaniem kliszy fotograficznej przy uzyciu komercyjnego zestawu
SuperSignal™ West Pico PLUS (Thermofisher Scientific, Waltham, Massachusetts, Stany
Zjednoczone), a potilosciowa analiza stezenia biatka zostata wykonana za pomocg analizy
densytometrycznej (Publikacja eksperymentalna nr 3).

¢ Analiza statystyczna
1) Publikacja eksperymentalna nr 1:

Analiza statystyczna wynikdw uzyskanych z profilowania plytkowych czasteczek
miRNA metodg mikromacierzy zostata wykonana za pomocg testu t-Studenta z zastosowaniem
poprawki FDR Benjamini-Hochberga. W przypadku danych uzyskanych w wyniku walidacji
poziomu ekspresji wyselekcjonowanych miRNA metoda qPCR, réznice w ekspresji byly
analizowane za pomocg testu t-Studenta. W celu lepszego dopasowania warto$ci
przedstawiajacych parametry biochemiczne grupy badanej oraz kontrolnej do rozktadu
normalnego, wykonano transformacj¢ Boxa-Coxa.

W celu weryfikacji, czy wykryte zmiany ekspresji czasteczek miRNA w plytkach krwi
sg roznicujgce dla OZW wzgledem kontroli, skonstruowano wieloczynnikowy model regresji
logistycznej z nastepcza analizg krzywych ROC (receiver operating characteristic, ROC), ktora
ilustruje efektywno$¢ modelu predykcyjnego poprzez wykreslenie krzywej charakteryzujacej
jakos¢ klasyfikatorow oraz umozliwia wyliczenie pola pod wykresem krzywej ROC (area under
curve, AUC), umozliwiajagc tym samym ocen¢ poprawnosci predyktora oraz okreslajac
specyficznos¢ i czutos¢ modelu diagnostycznego. W obliczeniach statystycznych zastosowano
95% przedziat ufnosci, a punkt odcigcia zostat zaproponowany na podstawie maksymalizacji
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wskaznika Youdena. Wspotliniowos¢ predyktoréw, bedaca cecha niepozadang, zostata
testowana za pomocg eksploracyjnej analizy czynnikowej (exploratory factor analysis, EFA)
z rotacja czynnikdéw Varimax i analizy macierzy korelacji r Pearsona. Predyktory zostaly
wybrane na podstawie wstecznej analizy krokowej i klinicznej istotnosci zastosowanych
parametréw, a do poréwnania modeli wykorzystano kryteria informacyjne oraz statystyki
pseudo-R? (Cox-Snell oraz Ngelkerke). Jako wewnetrzna technike walidacji modelu
zastosowano 10-krotng walidacj¢ krzyzowa.

2) Publikacja eksperymentalna nr 2:

W pierwszym etapie analizy statystycznej, z pomoca testu Shapiro-Wilka, weryfikacji
poddano normalno$¢ rozktadu danych uzyskanych z pomiaru ekspresji mMRNA i miRNA metoda
gPCR oraz stezenia biatka metoda ELISA. Rozktad sko$ny prezentowaly wartosci okreslajace
stezenie biatka, ktore w celu obnizenia odchylenia od normalnosci zostaly poddane transformacji
logarytmicznej przed dalszg analizg. Roznice w ekspresji miRNA, mRNA i stezenia biatka
miedzy pacjentami z OZW a grupa kontrolng oceniono za pomocg testu t-Studenta. W przypadku
nierdbwnej wariancji, zastosowano test t-Welcha. Korelacje pomiedzy analizowanymi
parametrami (ekspresja miRNA i mMRNA oraz st¢zenie biatka) testowano za pomocg technik
ogolnego modelu liniowego. Oceng potrzeby redukcji wymiarowosci pomig¢dzy analizowanymi
danymi przeprowadzono z wykorzystaniem kryterium Kaisera-Meyera-Olkina oraz testu
% Barletta. Model diagnostyczny stuzacy do roznicowania pacjentow z OZW od dawcow zostat
opracowany przy uzyciu wieloczynnikowej regresji logistycznej z uwzglednieniem zmiennych
wejsciowych nisko ze sobg skorelowanych. Nastepnie, zostal on poddany wewnetrznej
10-krotnej walidacji krzyzowej oraz zilustrowany za pomocg analizy krzywej ROC.

3) Publikacja eksperymentalna nr 3:

W pierwszym etapie analizy statystycznej wykorzystano test Shapiro-Wilka stuzacy do
oceny normalnosci rozktadu zmiennych. Dla zmiennych wykazujacych rozktad Gaussa
zastosowano test t-Studenta, natomiast w przypadku wynikow prezentujacych rozktad skosny,
zastosowano test U Manna-Whitneya.
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10. WYNIKI I DYSKUSJA
Spis publikacji eksperymentalnych wchodzacych w sktad rozprawy doktorskiej:

e Publikacja eksperymentalna nr 1: Rafat Szelenberger, Michat Seweryn Karbownik,

Michat Kacprzak, Karina Maciak, Michat Bijak, Marzenna Zielinska, Piotr Czarny, Tomasz
Sliwinski, Joanna Saluk-Bijak. Screening Analysis of Platelet miRNA Profile Revealed
miR-142-3p as a Potential Biomarker in Modeling the Risk of Acute Coronary Syndrome.
Cells, 10(12): 3526, 2021.

e Publikacja eksperymentalna nr 2: Rafat Szelenberger, Michat Seweryn Karbownik,

Michat Kacprzak, Ewelina Synowiec, Sylwia Michlewska, Michal Bijak, Marzenna
Zielinska, Alina Olender, Joanna Saluk-Bijak. Dysregulation in the Expression of Platelet
Surface Receptors in Acute Coronary Syndrome Patients — Emphasis on P2Y12. Biology,
11(5): 644, 2021.

e Publikacja eksperymentalna nr 3: Rafat Szelenberger, Pawet Jozwiak, Michat Kacprzak,
Michat Bijak, Marzenna Zielinska, Alina Olender, Joanna Saluk-Bijak. Variations in Blood
Platelet Proteome and Transcriptome Revealed Altered Expression of Transgelin-2 in
Acute Coronary Syndrome Patients. International Journal of Molecular Sciences, 23(11):
6340, 2022.

W pierwszym etapie badan wykonanych w ramach niniejszej pracy doktorskiej
przeprowadzona zostatla analiza poréwnawcza plytkowego profilu miRNA metoda
mikromacierzy. Wyniki badan przesiewowych wskazaly 107 czasteczek miRNA, ktore
wykazywaty istotng statystycznie r6znicg¢ w ekspresji pomi¢dzy badanymi grupami. Nastgpnie,
w celu wyselekcjonowania czasteczek miRNA wykazujacych najwigksza krotnos$¢ zmian
w ekspresji pomigdzy grupg badang a grupg kontrolng, zastosowano filtrowanie danych, ktore
pozwolilo na odrzucenie wynikéw najmniej réznicujacych grupy (odrzucono wyniki
posiadajgce mniejszg krotnos¢ zmiany niz 2). Uzyskano w ten sposob 91 czasteczek miRNA
0 wyraznie zmienionej ekspresji w OZW wzgledem grupy kontrolnej. W celu okreslenia
potencjalnych konsekwencji zmiany ekspresji analizowanych miRNA, przy uzyciu 6 baz
danych (miRDB, microRNAorg, PITA, PICTAR, TARBASE oraz TARGETSCAN)
zidentyfikowano docelowe czasteczki mRNA interferujagce z wykrytymi miRNA.

W nastgpnym etapie badan, przeprowadzono szeroka analize bioinformatyczng, ktéra
miata na celu wyselekcjonowanie sposréd wszystkich wykrytych docelowych czasteczek
MRNA, tylko te sekwencje, ktore moga w istotny sposdb wptywaé na funkcje ptytek krwi.
Sekwencje te zostaly wybrane na podstawie ich kluczowej roli w szlakach sygnatowych
odpowiedzialnych za aktywacje ptytek krwi oraz na podstawie ontologii genow, ktora pozwala
okresli¢ ich funkcje biologiczng na poziomie molekularnym (np. transdukcja sygnatow
w szlakach biochemicznych) oraz okresli¢ ich lokalizacje wzgledem struktur komorkowych,
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w ktorych docelowy mRNA peli swoja funkcje (np. btona komoérkowa). Na podstawie

przeprowadzonej analizy bioinformatycznej wyselekcjonowano 15 czasteczek miRNA,

ktorych zaburzona ekspresja pomigdzy grupg OZW a grupa kontrolng zostala poddana

walidacji metodga QPCR (Publikacja 1, Rycina 2). Wyniki

przeprowadzonej analizy zostaty przedstawione w Tabeli 1.

uzyskane w

ramach

Tabela 1. Poréwnanie ekspresji ptytkowych miRNA u pacjentow z OZW wzgledem grupy

kontrolnej. Dane przedstawione w tabeli zawierajg usredniong warto$¢ -ACt (oznaczajaca

wzgledng ekspresje danego miRNA w odniesieniu do zastosowanych czasteczek
referencyjnych: cel-miR-39-3p oraz hsa-miR-191-5p).

ANA OZW (-ACt) Kontrola (-ACt) | krotnosé zmiany Wartosé
Srednia SEM Srednia SEM (95% CI)

hsa-miR-223-3p -0,76 0,19 -1,84 0,23 2,11 (1,40-3,19) 0,0004

hsa-miR-142-3p -1,31 0,28 -3,67 0,42 5,16 (2,59-10,28) <0,0001
hsa-miR-126-3p -1,78 0,35 -2,66 0,29 1,84 (0,99-3,45) 0,056

hsa-miR-21-5p -2,19 0,20 -3,66 0,36 2,77 (1,57-4,87) 0,0005

hsa-miR-107 -6,54 0,25 -8,11 0,27 2,96 (1,78-4,91) <0,0001
hsa-miR-28-5p -10,43 0,23 -10,59 0,44 1,12 (0,56-2,21) 0,75
hsa-miR-221-3p -0,50 0,22 -1,33 0,30 1,78 (1,07-2,98) 0,027
hsa-miR-98-5p -3,83 0,36 -4,67 0,58 1,80 (0,70-4,59) 0,22
hsa-let-7f-5p -3,67 0,43 -3,04 0,31 0,65 (0,31-1,34) 0,23
hsa-let-7d-5p -2,61 0,25 -2,93 0,34 1,25 (0,70-2,23) 0,45
hsa-let-7g-5p -3,27 0,24 -3,23 0,24 0,97 (0,61-1,55) 0,91
hsa-miR-146a-5p | -2,32 0,21 -3,02 0,31 1,62 (0,97-2,72) 0,067
hsa-miR-301a-3p | -7,54 0,37 -10,01 0,87 | 5,52 (1,49-20,42) 0,011

hsa-miR-130b-3p -9,00 0,44 -11,04 0,48 4,11 (1,68-10,09) 0,0023

hsa-miR-338-3p -7,55 0,42 -9,66 0,40 4,31 (1,94-9,58) 0,0004

“Analize statystyczng przeprowadzono przy uzyciu testu t-Studenta.
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Na podstawie wynikow otrzymanych z analizy qPCR przeprowadzono proces
modelowania potencjalnego biomarkera. Opracowanie wielowymiarowego modelu
diagnostycznego wykorzystujacego tylko analizowane czasteczki miRNA nie bylo mozliwe
w tym przypadku, ze wzgledu na ich wysoka, wzajemng korelacj¢ (Publikacja 1, Suplement 2).
W zwigzku z brakiem mozliwosci wykorzystania wiecej niz jednej czgsteczki miRNA
w procesie modelowania potencjalnego biomarkera, w analizie krzywych ROC wykorzystano
réwniez warto$Ci okreslajace poziom AST, ktore na podstawie analizy macierzy korelacji
r Pearsona mogty zosta¢ uwzglednione w projektowanym modelu. Wybrany na podstawie
istotnosci statystycznych oraz krotno$ci zmiany hsa-miR-142-3p pozwalatl na osiggni¢cie 64%
czutosci i 76% specyficznosci w roznicowaniu pacjentow z OZW od dawcow kontrolnych
(AUC (95% CI) = 0.75 (0,65-0,84); p < 0,0001). Krzywa ROC opracowana dla modelu
bazujacego na samym AST wykazywala 70% czulos¢ 1 86% specyficznosé
(AUC (95% CI) = 0,83 (0,75-0,91); p < 0,0001) (Publikacja 1, Rycina 5A). Model
wieloczynnikowy (hsa-miR-142-3p + AST), wykonany w celu poprawy jakosci klasyfikacji
przeanalizowanych zmiennych, wykazywat natomiast 82% czuto$¢ oraz 88% specyficznosé
(AUC (95% CI) = 0,91 (0,85-0,97); p < 0,0001) w roéznicowaniu grupy badanej od kontrolne;j
(Publikacja 1, Rycina 5B). Lepsze dopasowanie wieloczynnikowego modelu diagnostycznego
W réznicowaniu badanych grup (niz modelu opartego wytacznie na AST) potwierdzaja nizsze
warto$ci przedstawione z analizy kryteriow informacyjnych oraz zwigkszone warto$ci
wspotczynnikéw determinacji pseudo-R? (Publikacja 1, Tabela 2). Ponadto, czuto$¢ oraz
specyficzno$¢ uzyskanego modelu byta minimalnie gorsza w procedurze walidacyjnej, ktora
wskazata na brak nadmiernego dopasowania modelu do analizowanych probek (Publikacja 1,
Rycina 5).

Przeprowadzona w niniejszej pracy doktorskiej analiza EFA z rotacja czynnikow
Varimax, wraz z macierza korelacji r Pearsona miata na celu identyfikacje potencjalnych
zaleznosci (co do wystepowania i funkcjonalnos$ci) pomiedzy wyselekcjonowanymi
15 czasteczkami miRNA. Wynik przeprowadzonej analizy pozwolit na rozdzielenie badanych
czasteczek miRNA na dwie niepowigzane ze soba grupy. W Grupie 1, znajdowaty si¢ gtdéwnie
mMiRNA zdolne do rozrézniania pacjentow z OZW od zdrowych dawcow (hsa-miR-301a-3p,
hsa-miR-142-3p, hsa-miR-338-3p, hsa-miR-130b-3p, hsa-miR-107, hsa-miR-21-5p, hsa-miR-
223-3p, hsa-miR-126-3p). Grupa 2 skladata si¢ glownie z czasteczek miRNA, ktore nie
wykazaly zdolnosci do réznicowania porownywanych grup (hsa-let-7d-5p, hsa-let-7f-5p,
hsa-let-7g-5p,  hsa-miR-28-5p, hsa-miR-98-5p,  hsa-miR-221-3p, hsa-miR-146a-5p)
(Publikacja 1, Rycina 4). Zatozenia analizy EFA z rotacja Varimax sugeruja brak
wystepowania wWzajemnej zaleznosci pomigdzy analizowanymi czynnikami. W zwiagzku z tym,
mozna postawi¢ hipoteze, ktora zaktada, iz ekspresja czasteczek MiIRNA znajdujacych sie
w Grupie 1 oraz czasteczek miRNA znajdujacych si¢ w Grupie 2, moze wplywac niezaleznie
na stymulowanie roznych od siebie funkcji biologicznych. W celu okreslenia tych funkcji, za

pomocg bazy DAVID [47] przeprowadzona zostala analiza porownawcza ontologii genow dla
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docelowych mRNA zdolnych do oddziatywania z czgsteczkami miRNA zawartymi w Grupie 1
oraz w Grupie 2 (Publikacja 1, Suplement 3). Dane uzyskane z analizy bioinformatycznej obu
grup wskazuja, iz czasteczki miRNA wchodzace w sklad Grupy 1, zdolne do rozrdézniania
pacjentow z OZW od dawcow, wykazuja asocjacje z 7-krotnie wigksza liczbg genow
odpowiedzialnych za regulacj¢ aktywno$ci GTPaz i fosfolipazy C, z ponad 6-krotnie wigksza
liczbg gendw powigzanych z odpowiedzig na hipoksje, z 5-krotnie wieksza liczbg genow
zwigzanych  z  regulacja  chemotaksji 1  przekaznictwa  sygnalowego  kinazy
3-fosfatydyloinozytolu (Phosphatidylinositol 3-kinase, PI3K), z 2-krotnie wigksza liczba
gendéw odpowiedzialnych za odpowiedz organizmu na dziatanie lekéw i ogolng transdukcje
sygnatow w szlakach komérkowych oraz regulacje biosyntezy tlenku azotu, w poréwnaniu
z Grupa 2. Bioinformatyczna analiza funkcjonalnych lokalizacji dla produktow zgrupowanych
gendw, wskazata przewagg ich aktywnosci zasocjowanych z cytoplazmag, btong komorkowa,
kompleksem integryn oraz cytoszkieletem w Grupie 1, natomiast w Grupie 2 - z wtoknami
kolagenowymi, filopodiami i lamellipodiami (Publikacja 1, Suplement 3).

W kolejnym etapie analizy bioinformatycznej, dla 8 istotnie statystycznych miRNA
wytypowano 43 docelowe sekwencje mMRNA (obecne w ptytkowym transkryptomie), ktore
uczestniczg w szlakach molekularnych istotnych dla funkcjonalnosci ptytek krwi (np. szlak
sygnalizacyjny PI3K-Akt) (Publikacja 1, Tabela 3). Nast¢pnie, sposrod wyodrebnionych
transkryptow, na podstawie dostepnych danych literaturowych, wybrano 28 sekwencji mRNA,
ktorych biatkowe produkty zostaty eksperymentalnie potwierdzone w proteomie ptytek krwi
[48]. W celu okreslenia potencjalnych zaburzen w ptytkowym interaktomie, przy uzyciu bazy
danych STRING [49], przeprowadzona zostata komputerowa wizualizacja interakcji biatko-
biatko, ktora pozwolila na wyodrebnienie 3 grup biatek zwigzanych z funkcjonalno$cig ptytek
krwi (Publikacja 1, Rycina 6). W Grupie 1 wyrdzniono 5 biatek (COL6A3, COL1A2, ITGA2,
ITGB3, P2Y12) bioracych istotny udziat w transdukcji sygnatéw w szlakach receptorowych,
kluczowych dla adhezji i aktywacji ptytek krwi. Biatka zawarte w Grupie 2 (AKT3, MAP2K1,
RAP1B, YWHAQ, BCL2L11, CDKN1A, THEM4 oraz CHUK) wykazujg silne powigzanie ze
szlakiem sygnatlowym PI3K-Akt, ktory w koncowym etapie indukuje zmiany konformacyjne
receptora GP IIb/llla umozliwiajac jego aktywacj¢ determinujaca przylaczenie ligandu.
W przypadku biatek znajdujacych si¢ w grupie 3 (ITPR1, INSR, PLCB1, PRKG1, PIKFYVE,
RDX, ARHGEF12, MYLK, PPP1R12A) wykazano, iz sa one kluczowe dla skurczu migsni
gtadkich, wywotanych zmiang wewnatrzkomoérkowego stezenia jonow Ca?* oraz dla regulacji
cytoszkieletu aktynowego.

Podsumowujac, wybrane czasteczki miRNA wykazuja duza zmienno$¢ pomigdzy
pacjentami z OZW a grupg kontrolng, jednakze w zwigzku z ich wzajemna, istotng korelacja,
nie powinny by¢ uzywane razem w modelu diagnostycznym. Wyniki uzyskane
z przeprowadzonego eksperymentu wskazuja, iz hsa-miR-142-3p wraz z AST posiada istotny,
wysoki wspotczynnik czutosci 1 specyficzno$ci w réznicowaniu porownywanych grup, co

sugeruje, iz wytypowane predyktory, moglyby w przysztosci postuzy¢ jako sktadowe
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wieloczynnikowego modelu biomarkera okreslajagcego predyspozycje cziowicka do
wystgpienia OZW. Ponadto, dane uzyskane z analiz bioinformatycznych pozwolity wskazaé
sekwencje mRNA docelowe dla czasteczek miRNA roznicujacych OZW. Regulacja ekspresji

tych transkryptéw moze zatem stanowi¢ potencjalny element prewencji/terapii OZW.

W nastepnym etapie badan przeprowadzona zostata analiza porownawcza poziomu
ekspresji ptytkowych receptorow powierzchniowych u pacjentow z OZW oraz w grupie
kontrolnej, zarowno na poziomie mRNA jak i czasteczek biatka. Pomiar ekspresji wykonany
metoda qPCR dla 5 genow (P2Y12, GP1BB, ITGA2B, ITGB3 oraz F2R) kodujacych
4 podstawowe receptory powierzchniowe, wykazal istotng statystycznie nadekspresje
4 z 5 analizowanych transkryptow mRNA (Publikacja 2, Rycina 1), a uzyskane wyniki zostaty
przedstawione w Tabeli 2.

Tabela 2. Zmiana ekspresji czasteczek ptytkowego mRNA dla genow kodujacych wybrane
receptory powierzchniowe w grupie pacjentow z OZW wzgledem kontroli.

Gen Krotno$¢ zmiany (FC) Wartosé p*
P2Y12 2,44 < 0,0001
GP1BB 2,93 < 0,0001
ITGA2B 3,77 < 0,0001
ITGB3 3,43 < 0,0001

F2R - 0,074

" Analize statystyczng przeprowadzono przy uzyciu testu t-Studenta lub w przypadku nieréwnych
wariancji — testem t-Welcha.

Dla czasteczek mRNA wykazujacych istotng statystycznie zmiang poziomu ekspresji
w grupie badanej wzgledem grupy kontrolnej, przeprowadzony zostal pomiar stezenia produktu
biatkowego w plytkach krwi metoda immunoenzymatyczng ELISA. Ze wzgledu na
heterodimeryczng budowe receptora GP IIb/Illa, w ktorego sktad wchodza podjednostki:
GP Illa (kodowana przez gen ITGB3) oraz GP I1b (kodowana przez gen ITGA2B), wystgpujace
w réwnowadze molowej, stezenie biatka okreslono tylko dla jednej z podjednostek — GP Illa.
Analiza poréwnawcza wykazala istotny statystycznie wzrost stezenia receptora GP llla
(843,5 (676,8 — 1134) pg/mL w grupie badanej vs. 592,6 (403,3 — 732,7) pg/mL w grupie
kontrolnej, p<0,0001, FC =1,61 (1,34 —1,95)) oraz receptora P2Y12 (149 (108,1—-200,9) ng/mL
w grupie badanej vs. 82,66 (67,2 — 105,3) ng/mL w grupie kontrolnej, p < 0,0001,
FC = 1,78 (1,49 — 2,11)). W przypadku receptora GP Ib nie wykazano réznic istotnych
statystycznie (75,29 (51,09 — 117,3) ng/mL w grupie badanej vs. 65,46 (49,75 — 111,1) ng/mL
w grupie kontrolnej, p > 0,99) (Publikacja 2, Rycina 2).
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Zwigkszone stezenie GP Illa w ptytkach krwi pacjentow z OZW moze wskazywac na
wzrost ich zdolnosci do syntezy obu podjednostek receptora GP IIb/Illa. Fenomen ten zostat
potwierdzony w badaniach Kieffera i wsp. dzigki zastosowaniu znacznikow radioaktywnych [50].
Zdolnos¢ ptytek krwi do nadmiernego generowania podjednostek receptora GP IIb/Illa w OZW
ujawnia pro-zakrzepowy fenotyp tych komodrek i moze stanowi¢ hipotetyczng przyczyne
wystepowania zjawiska ich nadreaktywnosci w patogenezie epizodow niedokrwiennych.
Wskazuja na to rowniez badania Yakushkina i wsp., w ktérych wykazano, iz zwigkszona ekspresja
receptora GP IIb/Illa byta powigzana z silniejszg agregacja plytek krwi [51].

W przypadku receptora P2Y 12, jego zwickszona ekspresja na poziomie mRNA oraz
biatka zostata w literaturze potwierdzona u pacjentow ze zdiagnozowang cukrzyca typu 2 oraz
wsrod pacjentdow z wtérnie postepujacym stwardnieniem rozsianym. Jest to istotne
w przypadku tych jednostek chorobowych, gdyz cechujg si¢ one wyzszym ryzykiem
wystepowania powiktan zakrzepowo-zatorowych [52,53].

W dalszych badaniach skupiono si¢ na szerszej analizie receptora P2Y12, gdyz
stanowi on gléwny cel leczenia w terapii przeciwplytkowej pacjentow z OZW. Poziom
ekspresji transkryptow oraz stezenie biatka dla receptora P2Y12 oznaczane byty w preparatach
lizatow plytek krwi. Natomiast, kolejne etapy badan dotyczyly oceny ekspozycji P2Y12 na
powierzchni plytek krwi metoda cytometrii przeplywowej oraz mikroskopii konfokalnej.
Analiza cytometryczna wykonana w krwi pelnej bez uzycia agonistow komorkowych,
wykazala istotny statystycznie wzrost powierzchniowej ekspresji receptora P2Y12 w OZW
wzgledem grupy kontrolnej (18% =+ 2,95% w grupie badanej vs. 8 =+ 1,26%
w grupie kontrolnej, p < 0,001) (Publikacja 2, Rycina 3). Wyniki te zostaly potwierdzone
poprzez wizualizacj¢ za pomoca mikroskopii konfokalnej. Co wigcej, w przypadku OZW
dystrybucja receptorow obserwowana w obrazie mikroskopowym wykazywata tendencje do
formowania si¢ klastrow na powierzchni ptytek krwi (Publikacja 2, Rycina 4).

W celu identyfikacji potencjalnego podtoza molekularnego odpowiedzialnego za
nadekspresje¢ receptora P2Y12 u pacjentow z OZW, oceniono poziom dwoch ptytkowych
mMiRNA (hsa-miR-223-3p oraz hsa-miR-126-3p), ktore posiadaja zdolno$¢ do asocjacji
z transkryptem dla receptora P2Y 12 [54]. Wyniki otrzymane z analizy qPCR wykazaty istotny
statystycznie wzrost ekspresji hsa-miR-223-3p (p < 0,0001) w grupie badanej wzgledem grupy
kontrolnej oraz brak rdznic w ekspresji hsa-miR-126-3p (p = 0,099) (Publikacja 2, Rycina 5).

Dostepne dane literaturowe odnoszace si¢ do ekspresji ptytkowego hsa-miR-223-3p
nie sg jednoznaczne. Istotny statystycznie wzrost ekspresji miR-223 zostal potwierdzony
w ptytkach krwi pacjentow ze STEMI w poréwnaniu do zdrowych ochotnikow [55] oraz
w krwi pelnej pacjentdéw z ostrym zawalem migénia sercowego [56]. Z drugiej strony,
w badaniach przeprowadzonych przez Shi i wsp. oraz Zhanga i wsp. poziom ptytkowego [57]
oraz osoczowego [58] hsa-miR-223-3p byt znaczaco obnizony u pacjentdéw po zawale serca,
ktorzy otrzymywali farmakologiczny inhibitor receptora P2Y12. Co wigcej, symultaniczna
nadekspresja ptytkowego transkryptu dla P2Y 12 oraz hsa-miR-223-3p zostala po raz pierwszy
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zaprezentowana w niniejszej pracy doktorskiej, a jej przyczyna pozostaje niejasna. Analiza
statystyczna otrzymanych wynikow nie wykazata istotnej korelacji pomiedzy ekspresja
receptora P2Y12 oraz hsa-miR-223-3p, co moze sugerowac, iz czasteczka ta nie jest gtownym
regulatorem ekspresji tego receptora. Potencjalnym wyjasnieniem jednoczes$nie zwickszonej
ekspresji receptora P2Y12 oraz jego ujemnego regulatora - czasteczki hsa-miR-223-3p, moze
by¢ reakcja organizmu na wystgpienie stanu patologicznego, zmierzajaca do przywrdcenia
homeostazy poprzez obnizenie nadreaktywnego stanu plytek krwi spowodowanego nadmierng
aktywno$cig receptora P2Y12.

W przypadku hsa-miR-126-3p, brak jest danych literaturowych dotyczacych poziomu
ekspresji tej czasteczki w ptytkach krwi pacjentoéw z OZW, natomiast wyniki badan odnoszace
si¢ do osocza nie s3 jednoznaczne. W pracy Liu i wsp. wykazano, iz osoczowa ekspresja
miR-126 byta obnizona u pacjentow z OZW, u ktorych reaktywno$¢ ptytek (mierzona za
pomoca tromboelastografii) w trakcie leczenia klopidogrelem (nieodwracalnym inhibitorem
receptora P2Y12) byta istotnie wigksza niz w poréwnywanej grupie kontrolnej, ktorg stanowili
pacjenci prezentujacy obnizong reaktywno$¢ plytek krwi w trakcie leczenia [59].
Z drugiej strony, u pacjentow z ostrym zawalem migsnia sercowego oraz wykonang
przezskorng interwencja wiencowa wykazano wzrost poziomu krazacego hsa-miR-126 [60].
W celu okre$lenia roli hsa-miR-126-3p w wystepowaniu zaburzen zakrzepowo-zatorowych
konieczne jest przeprowadzenie wigkszej ilosci badan, ktorych wyniki stworza szans¢ do
dyskus;ji.

Przeprowadzone w ramach niniejszej pracy doktorskiej badania miaty na celu nie tylko
wykrycie zmian na poziomie molekularnym, ktéore mogg stanowi¢ przyczyne wzmozonej
aktywnosci pro-zakrzepowej plytek krwi, ale rowniez oceng ich uzyteczno$¢ w konstruowaniu
diagnostycznego modelu wieloczynnikowej regresji logistycznej z analiza krzywej ROC.
Predyktorami wykorzystanymi w analizie statystycznej byly wyniki uzyskane z pomiarow
ekspresji receptora P2Y 12 na poziomie mRNA 1 steZenia bialka receptorowego oraz ekspresji
ptytkowego hsa-miR-223-3p. Model zilustrowano za pomocg krzywej ROC wraz
z wewngetrzng, 10-krotng walidacjg krzyzowa. Przeprowadzona analiza wykazata, iz uzyskany
model osiagnat 97% czuto$¢ oraz 74% specyficznos¢ w odrdznianiu pacjentow z OZW od
dawcow bez zaburzen sercowo-naczyniowych (AUC (95% ClI) = 0,93 (0,87-0,99), p < 0,0001)
(Publikacja 2, Suplement 1).

W znakomitej wigkszosci prac, powierzchniowe receptory ptytek krwi stanowia
przedmiot badan wylacznie z perspektywy oceny farmakologicznej, jako glowne cele
terapeutyczne dla nowo testowanych lekow przeciwplytkowych. Istniejgca nisza, zwigzana
z brakiem analizy molekularnych zaburzen wystepujacych w powierzchniowych receptorach
plytkowych, ktére moga prowadzi¢ do wystapienia epizodéow niedokrwiennych, wskazuje
wazny kierunek badan w celu lepszego zrozumienia patofizjologii powiktan zakrzepowo-
zatorowych.
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Roéznice ilosciowe powierzchniowych receptorow plytek krwi pomiedzy OZW a grupa
kontrolng staty si¢ istotng przestanka do wykonania peinej analizy zmian w proteomie plytek
krwi. W ostatnim etapie badan przeprowadzona zostata przesiewowa analiza plytkowego
proteomu za pomocg metody 2D-DIGE oraz identyfikacja biatek wykazujacych zmienng
ekspresje pomiedzy pordwnywanymi grupami, Z Wykorzystaniem metody nanoLC-MS/MS.
Celem badania bylo odnalezienie oraz zidentyfikowanie sygnatur biatkowych, ktérych zmienna
ekspresja moglyby potencjalnie stanowi¢ jeden z elementéw molekularnego mechanizmu
nadreaktywnosci plytek krwi w OZW. Uzyskane wyniki wskazaty 6 bialek, ktorych stgzenie
bylo znaczaco rozne w porownywanych grupach. Stezenie winkuliny i apolipoproteiny A1 byto
obnizone u pacjentow z OZW wzgledem zdrowych dawcoéw, natomiast poziom tancucha
B fibrynogenu, tancucha y fibrynogenu, tancucha  tubuliny oraz transgeliny-2 byt zwigkszony
u pacjentow z OZW wzgledem grupy kontrolnej (Publikacja 3, Tabela 1). Dla sekwencji
kodujacych wszystkie zidentyfikowane biatka wykonana zostata analiza ekspresji genéw na
poziomie mRNA. Otrzymane wyniki wykazaly brak ptytkowych transkryptéw dla genow
kodujacych apolipoproteing A1l (APOAL) oraz tancuchy fibrynogenu (FGB, FGG). Istotng
statystycznie nadekspresj¢ w poziomie mRNA w OZW zaobserwowano dla winkuliny (VCL,
p = 0,0032) oraz transgeliny-2 (TAGLN2, p < 0,0001), natomiast brak réznic w ekspresji
wykazano dla tancucha 3 tubuliny (TUBBL, p = 0,5520) (Publikacja 3, Rycina 3).

Winkulina nalezy do rodziny biatek wigzacych aktyne, stanowigc tgcznik pomiedzy
receptorami integrynowymi a widknami cytoszkieletu. Jej rola w ptytkach krwi nie zostala
jednakze dotychczas jednoznacznie okreslona. Badania przeprowadzone na mysim modelu
z delecja genu VCL wykazaly, ze defekt ten nie wptywa na czynno$ciowa odpowiedz plytek
krwi, co mogloby sugerowaé, iz winkulina nie odgrywa istotnej roli w procesie adhez;ji,
aktywacji i agregacji ptytek krwi [61]. Brak jest natomiast badan okreslajacych rolg ptytkowej
winkuliny u cztowieka. Z tego wzgledu na te chwile nie jest mozliwa interpretacja wynikow
uzyskanych w niniejszej pracy, pod katem potencjalnej roli winkuliny w patofizjologii OZW.
Warto jednak zaznaczy¢, ze zaobserwowany w grupie pacjentow z OZW wzrost ekspresji
plytkowego transkryptu dla genu kodujacego winkuling 1 jednoczesnie obnizone st¢zenie
produktu biatlkowego w tych komoérkach, moze sugerowa¢ wplyw modyfikacji
potranskrypcyjnych indukowanych miedzy innymi przez miRNA. Dost¢pne dane literaturowe
wskazuja, iz ekspresja genu VCL moze by¢ regulowana przy udziale czasteczki hsa-miR-21-5p
[62], ktorej istotnie podwyzszony poziom odnotowano w OZW w prezentowanej pracy
doktorskiej (Publikacja 1, Rycina 2).

Istotnie podwyzszona w ptytkach Krwi pacjentow z OZW byta ekspresja transgeliny-2,
zarébwno na poziomie mRNA, jak i stezenia produktu biatkowego. Sugeruje sig, iz transgelina-
2 jest biatkiem aktywnie zaangazowanym w fizjologiczng czynno$¢ ptytek krwi. Z tego
wzgledu wyniki uzyskane w ramach przeprowadzonej analizy 2D-DIGE zostaly poddane
dalszej walidacji metodg Western Blot, ktora potwierdzita ponad 2-krotny wzrost stezenia tego
biatkka w plytkach krwi u pacjentow z OZW wzgledem grupy kontrolnej
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(p = 0,0007) (Publikacja 3, Rycina 5). Trudno jest jednoznacznie okresli¢ jakie moze by¢
znaczenie zwigkszonego stezenia ptytkowego transgeliny-2 w OZW, z pewnoscig jednak warto
jest rozwazy¢ ten fakt w dalszych badaniach prowadzonych pod katem poszukiwania
molekularnych przyczyn pro-zakrzepowego fenotypu ptytek krwi. W tym wzgledzie funkcja
transgeliny-2 moze wigza¢ si¢ z jej udziatem w procesie polimeryzacji wiokien aktynowych
cytoszkieletu [63], ktore odgrywaja istotng role w remodelingu ptytek krwi, ktory towarzyszy
ich aktywacji. Wedtug danych z baz UniProt oraz GeneCards, transgelina-2 moze uczestniczy¢
w procesach degranulacji i agregacji plytek krwi, w ktorych dochodzi do reorganizacji
cytoszkieletu [64,65]. Co wiecej, wykazano udziat transgeliny-2 w inhibicji ekspresji
metaloproteinazy macierzy zewnatrzkomorkowej 9 (metallo-matrix proteinase 9, MMP9) [66],
ktorej aktywnos¢ w ptytkach krwi wptywala na zmniejszenie stopnia ich agregacji
w odpowiedzi na stymulacj¢ agonistami, takimi jak trombina, kwas arachidonowy czy ADP
[67]. Mozna zatem sugerowac, iz zwigkszone stgzenie transgeliny-2 w OZW moze przyczyniaé
si¢ do zjawiska ptytkowej nadaktywnosci stanowigcej istotny patomechanizm tego schorzenia.

Podsumowujac, wyniki uzyskane w ramach analiz prowadzonych w niniejszej pracy
doktorskiej, pozwolity na opracowanie dwoch modeli diagnostycznych, wykazujacych wysoka
specyficzno$¢ oraz czulo$¢ w rozréznianiu pacjentow z OZW od zdrowych ochotnikow.
Ponadto, wykryte zmiany na poziomie transkryptomicznym oraz proteomicznym, dostarczyty
nowych informacji umozliwiajacych lepsze zrozumienie zaburzonej fizjologii ptytek krwi
w OZW.
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11. WNIOSKI

Wyniki zaprezentowane w niniejszej pracy doktorskiej pozwalajg sformutowaé nastepujace
wnioski:

1)  Zmiany proteomiczne oraz transkryptomiczne (na poziomie mRNA oraz miRNA)
zidentyfikowane w plytkach krwi wskazuja na molekularne podloze ich wzmozonej
aktywnosci pro-zakrzepowej w OZW

o Zidentyfikowane czasteczki miRNA (hsa-miR-223-3p; hsa-miR-142-3p; hsa-miR-21-5p;
hsa-miR-107; hsa-miR-221-3p; hsa-miR-301a-3p; hsa-miR-130b-3p; hsa-miR-338-3p)
wykazujace zaburzenia ekspresji w OZW, sa regulatorami ekspresji genow, ktérych
produkty zaangazowane sa w kluczowe szlaki sygnalowe plytek krwi.

e Plytki krwi u pacjentow z OZW wykazuja wzrost ekspresji (na poziomie mRNA oraz
biatka) receptorow powierzchniowych dla ADP i fibrynogenu.

e Analiza molekularna wykazala wzrost ekspresji (na poziomie mRNA oraz biatka)
transgeliny-2, ktora uczestniczac w reorganizacji cytoszkieletu moze oddzialywaé na

proces degranulacji oraz agregacji ptytek.

2)  Wykryte zaburzenia w ekspresji plytkowych czasteczeck MiRNA pomiedzy
badanymi grupami wykazuja zdolno$¢ do roznicowania pacjentow z OZW od
zdrowych dawcow

e Wilaczenie czasteczek miRNA do modelowania diagnostycznego opartego na krzywej
ROC umozliwia zwigkszenie czulos$ci oraz specyficznosci opracowywanego modelu
w roznicowaniu porownywanych grup.

¢ Predyktory wyselekcjonowane do modelu diagnostycznego (hsa-miR-142-3p oraz AST)
wybrane na podstawie istotnosci statystycznych, krotno$ci zmiany oraz niskiego
wspotczynnika korelacji wykazuja 82% czutos¢ oraz 88% specyficzno$¢é w roznicowaniu
poréwnywanych grup.

e Krzywa ROC wykonana dla modelu opartego na ekspresji czasteczki hsa-miR-223-3p
oraz ekspresji receptora P2Y12 na poziomie mRNA i biatka w plytkach krwi wykazata
97% czuto$¢ oraz 74% specyficzno$¢ w roznicowaniu OZW wzgledem kontroli.
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12. STRESZCZENIE

Ostre zespoly wiencowe (OZW) naleza do grupy schorzen kardiologicznych
cechujacych si¢ zaburzeniami w krazeniu wiencowym spowodowanymi przez nagle lub
narastajgce zmniejszenie droznosci tetnicy wiencowe;.

Wedtug danych przedstawionych przez Swiatowa Organizacje Zdrowia, szacuje sie, iz
32% wszystkich zgonoéw na Swiecie jest spowodowane wystapieniem choréb Sercowo-
naczyniowych, w szczegolnosci zawalu migsnia sercowego oraz udaru moézgu. Za jedna
z glownych przyczyn patofizjologii OZW uznaje si¢ patologiczng aktywacje plytek krwi,
prowadzaca do indukowania zmian zakrzepowych w obrebie tetnic wiencowych.

Celem niniejszej rozprawy doktorskiej bylo okreslenie zaburzen w transkryptomie
1 proteomie ptytek krwi, ktére moglyby stanowi¢ molekularne podioze ich wzmozonej
aktywnosci pro-zakrzepowe] w OZW oraz identyfikacja czasteczek o potencjale
wysokoczutych molekularnych markeréw ptytkowych, okreslajacych predyspozycje cztowieka
do wystapienia OZW.

Przeprowadzone badania pozwolity na zidentyfikowanie 8 czasteczek miRNA
(hsa-miR-223-3p, hsa-miR-142-3p, hsa-miR-21-5p, hsa-miR-107, hsa-miR-221-3p,
hsa-miR-301a-3p, hsa-miR-130b-3p, hsa-miR-338-3p), ktorych poziom ekspresji roznicowat
pacjentow z OZW od grupy kontrolnej. Modelowanie statystyczne, przeprowadzone w celu
identyfikacji  potencjalnego biomarkera OZW, pozwolito wytypowaé czasteczke
hsa-miR-142-3p wraz z AST do laczonego modelu diagnostycznego, ktory roznicowat
poréwnywane grupy z 82% czutoscig oraz 88% specyficznoscig (podczas gdy model bazujacy
na samej wartosci AST pozwala na osiagniecie 70% czutosci i 86% specyficznosci).

Co wigcej, w niniejszej pracy doktorskiej wykazano, iz ws$rdod pacjentow
z OZW obserwowany jest istotnie statystyczny wzrost ekspresji (na poziomie mRNA oraz
biatka) receptorow powierzchniowych dla ADP (P2Y12) i fibrynogenu (GP IlIb/llla).
Krzywa ROC wykonana dla modelu opartego na ekspresji receptora P2Y12 na poziomie
MRNA oraz biatka wraz z ekspresja hsa-miR-223-3p wykazata 97% czulo$¢ oraz 74%
specyficznos¢ w roznicowaniu pacjentow z OZW od grupy kontrolnej.

Wyniki uzyskane z przesiewowej analizy ptytkowego proteomu, a nast¢pnie ilosciowej
oceny transkryptow dla zidentyfikowanych bialek roznicujacych, wskazaly zwiekszong
ekspresje transgeliny-2 jako potencjalng przyczyng wzmozonej aktywnosci pro-zakrzepowej
plytek krwi w OZW.

Podsumowujac, zmiany proteomiczne oraz transkryptomiczne (na poziomie mRNA
oraz miRNA) zidentyfikowane w plytkach krwi wskazuja na molekularne podloze ich
wzmozone]j aktywnosci pro-zakrzepowej w OZW. Ponadto, wykryte zaburzenia w ekspresji
pltytkowych czasteczek miRNA pomigdzy badanymi grupami wykazujg zdolnos¢ do

roznicowania pacjentdéw z OZW od zdrowych dawcow.
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13. SUMMARY

Acute coronary syndromes (ACS) refers to a group of cardiological disorders
characterized by disturbances in the coronary circulation caused by a sudden or progressive
occlusion of the coronary artery lumen. According to the data presented by the World Health
Organization, it is estimated that 32% of all deaths worldwide are caused by cardiovascular
diseases, with an emphasis on myocardial infarction and stroke. A crucial role in the
pathophysiology of ACS is performed by the pathological activation of blood platelets, which
lead to the induction of thrombotic alterations within the coronary arteries.

The main goal of this doctoral dissertation was to determine the transcriptome and
proteome disorders of blood platelets, which could constitute the molecular basis of their
augmented pro-thrombotic activity in ACS, and to identify molecules with the high sensitivity
potential that could determine human predisposition to the occurrence of ACS.

The performed analysis allowed to identify 8 miRNA molecules (hsa-miR-223-3p,
hsa-miR-142-3p, hsa-miR-21-5p, hsa-miR-107, hsa-miR-221-3p, hsa-miR-301a-3p,
hsa-miR-130b-3p, hsa-miR-338-3p), which expression level differentiated ACS patients from
control group. Statistical modeling carried out for the selection of ACS potential biomarker
allowed to designate hsa-miR-142-3p along with AST to a combined diagnostic model that
differentiated the compared groups with 82% sensitivity and 88% specificity (while the model
based on AST only achieved 70% sensitivity and 86% specificity).

Moreover, in the presented doctoral dissertation, results showed a statistically
significant elevation in the expression (on the mRNA and protein level) of blood platelet surface
receptors for ADP (P2Y12) and fibrinogen (GP Illb/Illa) in the ACS group. The ROC curve
performed for the model based on the expression of the P2Y12 receptor at the mRNA and
protein level along with the expression of hsa-miR-223-3p presented 97% sensitivity and 74%
specificity in differentiating ACS from the control group.

Results obtained from the screening platelet proteome analysis followed by the
quantification of transcripts for the identified differentially expressed proteins showed an
increased expression of transgelin-2 as a potential cause of augmented platelet pro-thrombotic
activity in ACS.

To conclude, proteomic and transcriptomic changes (at the mRNA and miRNA levels)
identified in blood platelets, indicate the molecular basis of their increased pro-thrombotic
activity in ACS. Moreover, detected alterations in the expression of platelet miRNAs compared
between studied groups showed the ability to differentiate patients with ACS from healthy
donors.
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Haemostasis is a set of processes whose main task is to prevent blood loss by creating barriers in damaged
vessels. Because of the large number of platelet surface receptors and their many agonists, platelets can be
activated in normal and pathologic states leading to thromboembolic complications. Although age, blood
pressure, LDL and HDL, diabetes, lack of physical activity, obesity and stress are well established risk factors,
recent work has shown that platelet receptor polymorphisms also impact platelet function. The most common

polymorphisms include 14A/T (PAR-1), 139C/T, 744T/C, 52G/T, i-ins801A (P2Y12), 1622A/G, —5T/C (GPIba)
1565C/T (GPIIb/Illa) and 807C/T (GPla/Ila). This review examines the influence of these polymorphisms on
cardiovascular disease including myocardial infarction, deep venous thromboembolism and acute coronary
syndromes. Elucidation of these genetic variations will facilitate our understanding of the complex molecular
mechanisms involved with physiologic and pathophysiologic platelet activation and clot formation.

1. Introduction

Blood platelets are the smallest, un-nucleated morphotic elements of
the blood that play a key role in maintaining normal haemostasis, i.e.
the physiological balance between the processes of pro- and anti-coa-
gulation. Platelets are formed from fragments of the bone marrow's
megakaryocytic cytoplasm. They have a discoidal shape and quantity
ranging from 140 to 440*10°/L. The vitality of the platelet counts lasts
from 8 to 12 days. They are removed from the bloodstream by the re-
ticuloendothelial system in the spleen in the phagocytosis process [1].

Platelets are surrounded by a cell membrane that forms two layers
of lipids in which proteins are distributed. Phospholipids, such as
phosphatidylserine, phosphatidylethanolamine and others, dominate
among the lipids. Some proteins passing through both layers of the cell
membrane are linked to oligosaccharides, thus forming glycoproteins,
which are receptors for many of the factors that activate or inhibit
platelet function [2].

The platelet cytoskeleton is responsible for maintaining the shape of
the platelet and its changes during activation. The primary ingredients
of the cytoskeleton are alpha and beta tubulin, actin polymers, and
proteins mediating their association. In the construction of blood pla-
telets, we can also distinguish intracellular structures such as: an open
canalicular system (OCS); a dense tubular system for storage of calcium
ions; enzymes directing the transformation of arachidonic acid; single
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mitochondria; glycogen particles; peroxisomes, and some Golgi's ap-
paratus. Numerous specific granules dispersed in the cytoplasm include:
a-granules, containing platelet factor 4; fibrinogen; von Willebrand
factor (VWF) or B-thromboglobulin, and various dense granules in
which ADP, ATP, serotonin, and catecholamines are stored [1,2].
Platelets play a pivotal role in primary and secondary haemostasis.
In primary haemostasis, the first stage is known as adhesion and sees
the indirect binding of GP Ib/IX/V and IIb/Illa glycoprotein to the
damaged vessel by vVWF factor and other platelet glycoproteins. These
bind with the collagen in the subendothelial matrix. Releasing the
biologically active substances from a platelet's granules causes re-
cruitment of further platelets, thereby enhancing their activation and
aggregation process [2]. Specialised glycoprotein receptors provide
platelets for adhesion to the proteins, which are exposed in areas of
vascular damage. The process of adhesion and/or the interaction of
soluble agonists with receptors on the platelet activates the platelet
integrin receptors to fibrinogen, and then the platelets are able to ag-
gregate together. This aggregation creates a platelet plug that seals the
breach in the vessel wall and prevents from excess blood loss [3]. Ac-
tivated platelets then facilitate secondary haemostasis, the formation of
a fibrin clot, by carrying coagulation factors and providing a catalytic
surface for the major interactions of the coagulation cascade [4,5].
Activation of the blood platelets is a multi-step process in which various
responses occur: shape change; adherence to vessel walls; secretion of
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biologically active compounds from granules; aggregation; expression
of P-selectin; phosphorylation of specific proteins; exposure of anionic
phospholipids on the extracellular surface of the platelet membrane,
and release of microparticles rich in pro-coagulant activity. Morpho-
logical changes are accompanied by biochemical pathways: the enzy-
matic cascade of arachidonic acid, the change in concentration of cCAMP
and cGMP, activation of kinases and phosphorylation of proteins, the
formation of reactive oxygen species (ROS) and the transformation of
phosphatidylinositols [6,7]. Despite the absence of the nucleus, platelet
activation is very complicated, and is associated with signal transduc-
tion through a number of surface receptors in the cell membrane of
platelets combined with elements of enzymatic signal transduction
chains [1].

Because of the large number of specific membrane receptors, blood
platelets are highly reactive cells, readily activated by many physiolo-
gical and unphysiological agonists [1]. Signalling pathways via specific
receptors are dependent on the type of agonist, but always lead to
physiological responses expressed as platelet activation. Platelet acti-
vation mediated by the complex series of intracellular processes in-
volved in haemostasis, thrombosis, and inflammation is the most cri-
tical risk factor in cardiovascular system disturbance, and is associated
with the occurrence of thromboembolic complications [8]. Throm-
boembolic complications lead to acute ischaemic coronary syndromes,
stroke, and deep vein thrombosis, are a cause of death or chronic
conditions that limit quality of life and generate high therapy and care
costs.

2. The role of platelets in acute coronary syndromes

Acute coronary syndrome (ACS) is any group of clinical symptoms
compatible with acute myocardial ischemia. ACS includes unstable
angina (UA), non-ST-segment elevation myocardial infarction
(NSTEMI), and ST-segment elevation myocardial infarction (STEMI)
[9]. It is well known that acute coronary syndromes with different
clinical manifestations have a common pathophysiology, which is as-
sociated with coronary artery thrombosis [10]. Platelets are known to
play a fundamental role in acute coronary syndromes. Platelets can
form pathogenic, occlusive intracoronary thrombus, leading to acute
ischaemic events. Platelet adhesion and aggregate formation are critical
events that occur in acute coronary syndromes [11].

In the last few years, researchers have described the presence of
activated platelets in systemic circulation in various cardiovascular
disease states, particularly acute coronary syndromes [12]. Patients
with acute coronary syndromes have increased activity and aggregation
of blood platelets inside coronary circulation, resulting in partial or
complete obstruction of the coronary artery [13]. Platelets contribute to
acute thrombosis via a multi-step mechanism. The first step is adhesion
to the endothelium. The constituents of the exposed subendothelium
then interact, including collagen, vWF, fibronectin, and specific platelet
surface membrane receptors. Thus, the platelets overcome the high
blood-shear forces and attach themselves to the target endothelium site.
After attachment, the platelets present an activation process with a
specific conformational change that induces the onset of multiple in-
ternal signalling networks. Hyper-reactive platelets accelerate the for-
mation of an intracoronary thrombus, leading to a cascade of clinical
events [14].

A recent study evaluated the association between the hyper-re-
activity of platelets to ADP and outcomes in patients with stable car-
diovascular disease [15]. However, platelets don't only play a role in
the formation of coronary artery thrombosis — many types of research
indicate that platelets could also play an essential role in the initiation
and propagation of atherosclerosis, potentially through interaction of
activated platelets with endothelial cells and leukocytes, or by stimu-
lating inflammation through the release of various mediators [16].
Atherosclerotic lesions rely on the creation of atherosclerotic plaque in
medium or large arteries, which form a surface for the formation of
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thrombi. This process leads to a reduction in the lumen of the blood
vessels, resulting in partial or complete obstruction. The generation of
atherosclerotic plaque can be an effect of hypercholesterolaemia, dia-
betes, smoking and hypertension. These factors can cause dysfunction
of the endothelium, the disrupted functioning of which plays a major
role in the process of atherosclerosis. All complicated interactions be-
tween the endothelium, inflammatory cells and platelets, contribute to
the pathogenesis of ACS. Ruptures of atherosclerotic plaque could be
the cause of two-thirds of all cases of ACS. This process is dependent on
many factors, such as lipid content of the plaque, blood flow, the pro-
thrombotic and antithrombotic balance in patients, the stability of the
atherosclerotic plaque and intensity of the inflammation [9]. Activated
platelets release an arsenal of potent inflammatory and mitogenic
substances into the local microenvironment, thereby altering the che-
motactic, adhesive and proteolytic properties of endothelial cells. These
platelet-induced alterations of the endothelial phenotype support che-
motaxis, adhesion and the transmigration of monocytes to the site of
inflammation. Different mediators, such as adhesion proteins (e.g. fi-
brinogen, fibronectin, vWF, thrombospondin, vitronectin, P-selectin,
GPIIb-IIIa), growth factors (e.g. PDGF, TGF-f3, EGF, bFGF), chemokines
(e.g. RANTES, platelet factor 4 [PF4], CXC chemokine ligand 4
[CXCLA4]), epithelial neutrophil-activating protein 78 (ENA-78; CXCL5),
cytokine-like factors (e.g. IL-1f3, CD40L, -thromboglobulin) and coa-
gulation factors (e.g. factors V, XI, PAI-1, plasminogen, protein S) are
released from dense granules, a-granules, lysosomes, canalicular
system, and the cytosol of activated platelets. These proteins act in a
concerted and fine-regulated manner, influencing a wide variety of
biological functions, including cell adhesion, cell aggregation, chemo-
taxis, cell survival and proliferation, coagulation, and proteolysis — all
of which accelerate inflammatory processes and cell recruitment [17].

3. G Protein-coupled receptors in blood platelets

G Protein-Coupled Receptors (GPCR) constitute the largest family of
proteins in the human genome responsible for signal transmission
through the lipid bilayer to the effector sites in cells. Comparative
analysis of GPCR receptor sequences has led to their division into five
main families: Rhodopsin, Glutamate, Adhesion, Frizzled/Taste2 and
Secretin [18].

GPCR receptor sequences can be activated by a very chemically
diverse group of ligands, including amines, lipids, peptides, ions, nu-
cleotides and proteases. Because of their ability to specifically interact
with various functionally different heterotrimeric guanine nucleotide-
binding proteins (G proteins), agonist-activated GPCRs can induce dif-
ferent signalling pathways to change their cellular function.

The Gq/G11 family of G proteins couple receptors to the B isoforms
of phospholipase C (PLC), of which the 32 and 33 isoforms are parti-
cularly present in platelets. Activation of PLC results in the formation of
IP3 and diacylglycerol, leading to elevation of free cytoplasmic Ca®*
and activation of protein kinase C (PKC), respectively. Although most
cells in the mammalian organism express both Gq and G11, platelets are
an exception to that, containing only Gq. So far, no physiological sig-
nificance for the lack of G11 in platelets has been reported. G13, a
member of the G12/G13 family, has been shown to regulate several
signalling pathways of which the Rho/Rho-kinase-mediated pathway is
the most well established. Activated G13 binds and activates a subgroup
of Rho-specific guanine nucleotide exchange factors. Gi2, the main
member of the Gi family expressed on platelet-coupled receptors in an
inhibitory fashion to adenylyl cyclase. In addition, Gi-type G proteins
are a significant source of By complexes, which are released upon G-
protein activation and can regulate a variety of channels or enzymes,
including adenylyl cyclase and phosphatidylinositol 3-kinases (PI3K).
The latter enzyme produces phosphatidylinositol-3,4,5-trisphosphate,
which activates a variety of downstream effectors including the serine/
threonine kinase Akt/protein kinase B (PKB) [19].

The GPCR family comprises the most extensive class of
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pharmaceutically relevant target molecules, with > 30% of the total
drugs on the market targeting GPCRs. The great versatility of the G
protein-mediated signalling system could explain why it is the primary
mediator of the second phase of platelet activation during thrombosis
and haemostasis, which requires the fast, coordinated action of a
variety of diffusible mediators to activate platelets and recruit them
into the growing thrombus [19].

Amisten et al. [20] detected in human platelets mRNA of 28 GPCR
genes. Of the 28 verified GPCRs mRNA expressed in platelets, 12 genes
could be quantified. The expression level of evaluated genes were
normalized to P2Y1, whose expression is defined as 1, and fold-change
was converted into percentages. The thrombin receptor PAR1
(1865 * 178%) was the most abundant GPCR mRNA expressed on
platelets, followed by the ADP receptor P2Y12 (459 + 88%), succinate
receptor 1 (257 + 48%) and the ADP receptor P2Y1 (100%; P2Y1 was
chosen as calibrator).

Thrombin is one of the strongest in-vivo platelet agonists. Platelet
activation occurs at a much lower concentration of thrombin than is
needed for the fibrinogen to fibrin conversion. Thrombin-activated
platelets change their shape, secrete the contents of their granules and
finally aggregate [21]. Receptors of the Protease-Activated Receptor
(PAR) family are responsible for platelets' response to thrombin.
Thrombin's attachment with PAR's N-terminus causes its cleavage, thus
this terminus binds permanently with the second loop of PAR. PAR1
and PAR4 are present on the human platelets' surface receptors. PAR1
activation occurs at lower concentrations of thrombin than is required
in the case of receptor PAR4. Therefore, platelet activation is re-
sponsible mainly for PAR1, whereas PAR4 only has ancillary functions.
The number of copies of the PAR1 receptor on the blood platelets'
surface ranges from 1500 to 2000. Thrombin cleaves the N-terminal
extracellular domain of PAR to expose a new N-terminus, which binds
to the central extracellular loop of the same receptor, causing its acti-
vation and initiating the intracellular signalling events. The PAR1 re-
ceptor is associated with three G proteins; G13, Gq and Gi. Thus, acti-
vation of the PAR1 receptor can result in a platelet response, dependent
on a variety of intracellular signal transduction pathways [22,23].

For the PAR1 receptor, three polymorphisms are described: 1426C/
T, 5061/D and 14A/T. In contrast to 14A/T polymorphism, which is
related with PAR1 expression level, studies show that 1426C/T and
5061/D polymorphism are not associated with PAR1 phenotype.
Analysis of the platelets' PAR1 genotype according to the PAR1 phe-
notype shows that the polymorphism 14A/T is associated with platelet
response to the thrombin receptor activating peptide — SFLLRN (TRAP).
Homozygous carriers of the 14A allele have a significantly augmented
level of PAR1 than heterozygous carriers. Volunteers with two copies of
14A allele also had a higher expression level of P-selectin than het-
erozygous. It has been suggested that the phenotype effect of 14A/T
polymorphism of the PAR1 receptor could be related with intron spli-
cing, because of its location in intervening sequence (IVS), 14 nucleo-
tides above the exon 2 start site (Table 1) [24].

Zhang et al. [25] showed that polymorphism 14A/T could sig-
nificantly contribute to the risk of ischaemic events in Chinese patients
with ST-elevation myocardial infarction. Patients with at least one T
allele had a meaningfully lower risk of ischaemic disease than homo-
zygous carriers of the 14A allele. The Zhang et al. study showed that

Table 1
Phenotype effects of 14A/T polymorphism of PAR-1 receptor in platelets in 100
male volunteers.

Genotype  PAR-1 levels in Platelet secretory P-selectin expression on
platelets response to SFLLRN the platelet surface

AA 1297 + 186 11,548 + 1735 11,548 + 1735

AT/TT 1164 + 203 10,160 + 2117 10,530 + 2078

p value 0.013 0.001 0.011
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reduced expression of PARI1 results in decreased platelet reactivity, thus
decreasing the risk of ischaemic disease in patients with T allele
[25,26].

The ability of ADP to promote platelet aggregation has been re-
cognized for nearly half a century. Platelets release dense granules that
contain the nucleotide adenosine diphosphate which activates other
platelets, ADP is also passively released from damaged erythrocytes and
endothelial cells. Platelet activation by ADP is mediated by two G
protein-coupled receptors, P2Y1 and P2Y12. Whereas P2Y1 couples to
Gq, P2Y12 couples to the Gi type of G proteins. Studies using receptor
agonists have suggested that activation of both receptors is required for
a full response by platelets to ADP. P2Y1 is the pathway that initiates
platelet activation, while P2Y12 plays a role in strongly amplifying the
activation process. The P2Y1 receptor initiates platelet shape change
and ADP-induced aggregation through the mobilisation of internal
calcium stores, and the P2Y12 receptor, which is coupled to adenylyl
cyclase inhibition, is essential for a full aggregation response to ADP
and the stabilisation of aggregates [19]. This amplifies not only platelet
aggregation but also expands the other functional consequences of ac-
tivation, including granule release and platelet pro-coagulant activity.
Deletion of either P2Y1 or P2Y12 in mice prolongs their bleeding time
and impairs platelet responses, not only to ADP, but also to thrombin
and TXAZ2, particularly in low concentrations [26]. Platelet responses to
thrombin and TXA2 in low and intermediate concentrations are re-
duced in the absence of ADP receptors. Since platelet TXA2 receptors do
not couple directly to Gi family members, platelet aggregation induced
by TXA2 requires the secretion of ADP to inhibit adenylyl cyclase. Both
P2Y1 and P2Y12 are involved in ADP-induced platelet pro-coagulant
activity. Over the past decade, ADP receptors on the platelet membrane
have also become a target for antithrombotic strategies with thieno-
pyridines. Two existing thienopyridine compounds, Ticlopidine and
Clopidogrel, have irreversibly inhibited P2Y12 and have been shown to
have clinically useful antiplatelet activity for the secondary prevention
of cardiovascular events [26].

In healthy donors, four genetic polymorphisms of P2Y12 receptor
have been described, including three SNPs (139C/T, 744 T/C, 52G/T),
and one nucleotide insertion in the receptor's gene (i-ins801A). This
establishes two haplotypes: H1, with C in position 139, T in position
744, G in position 52 and a lack of i-ins801A; and H2, with T in position
139, C in position 744, T in position 52 and the presence of the i-
ins801A. The frequencies of those haplotypes were 86% for H1 and
14% for H2 [26,27]. Fontana et al. [27] presented a study in the healthy
subjects of which ADP-induced platelet aggregation was associated with
an H2 haplotype of the P2Y12 receptor gene (OR = 3.3 [1.1-10.4]). In
contrast, in a study conducted by Shu-Jun et al. on a Han Chinese po-
pulation, the association between haplotypes and the presence of cer-
ebral infarction was not significant (p > .05), but the H2 allele fre-
quency was meaningfully higher in patients with cerebral infarction
(14.5%), than in the healthy controls (8.6%). The authors suggested
that the results obtained may be linked with H2 haplotype distribution,
which varies depending on the race of the subjects: 8.6% in the Han
Chinese population, 13.8% a in Caucasian population, and 12.8% in a
Mexican population (Fig. 1) [28].

Zoheir et al. had a similar result, in which carriers of the C allele in
744 T/C were associated with augmented platelet activation in response
to ADP. This suggests that there is a positive correlation between P2Y12
receptor and platelet reactivity [29]. Further, although the 744 T/C
polymorphism of the P2Y12 receptor gene has been associated with
enhanced platelet aggregation in healthy volunteers, it has not shown
any influence on clopidogrel response assessed by ADP [30]. The
744 T/C polymorphism of the P2Y12 receptor gene also does not
modulate platelet response to Clopidogrel, either in the early or long-
term phases of treatment. Several P2Y12 polymorphisms were found by
Hetherington et al. [31], but none of them influenced the reactivity of
platelets. In addition, according to Fontana's study, Hetherington et al.
did not see differences between haplotypes. The reason for the
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Fig. 1. Haplotype H2 frequency in different Han Chinese, Mexican and

Caucasian population [28].

divergences in the results are unclear, although the difference in the age
of the volunteers is suspected (Fontana's et al. volunteers had lower
age) [31]. In addition, Zhang et al. [25] showed that 52G/T poly-
morphism is associated with bleeding events (OR = 2.71
[1.298-5.659]). The possible link between the H2 haplotype and aug-
mented platelet aggregation in response to ADP remains unclear. Fon-
tana et al. [27] suggested that the H2 haplotype increases the number of
P2Y12 receptors on the platelet surface, and as such higher respon-
siveness to ADP can occur. They overrule the role of amino acid sub-
stitution and splice variants, because of the valid exon 1 to exon 2
junctions revealed by cDNA analysis.

P2Y1 gene variation 1622A/G has also been associated with platelet
responsiveness to various ADP concentrations (0.1-10 uM). The re-
sponse was 130% higher in GG homozygotes than in AA homozygotes
when platelets were stimulated with 0.1 pM ADP. Increased platelet
response for ADP affects the functioning of the GPIIb-IIla, which is
important in fibrinogen binding. 1622A/G is a silent variation which
means, that this SNP is not affecting on the amino acid sequence in the
genome and don't have an influence on receptor structure. The mole-
cular mechanism explanation of 1622A/G SNP and platelet response to
ADP remains unclear. Hetherington et al. suggested that this poly-
morphism may affect P2Y1 expression and play a potential role in
regulating the promoter region [31]. However, in Fontana et al. [32],
performed on 98 healthy Caucasian men, the 1622A/G polymorphism
of the P2Y1 gene was only weakly associated with maximal ADP-in-
duced aggregation in univariate analysis, and only if GG homozygotes
were pooled with AG heterozygotes. In the same study, none of the
P2Y12 variations were associated with platelet responsiveness to ADP.
Additionally, Galic et al. [33] presented a study suggesting that 18C/T
SNP of the P2Y12 gene may be an independent predictor of pharma-
cological response to Clopidogrel.

4. Platelet membrane glycoproteins

The initial interaction of platelets with the extracellular matrix in-
volves the platelet vWF receptor GPIb/IX/V. During the next stage of
platelet activation, a platelet plug forms through the recruitment of
additional platelets from the circulation, and their integrin GPIIb/Illa-
mediated aggregation. GP Ib/IX/V complex, which is critical to platelet
adhesion, especially in the initial events that tether the platelets to the
subendothelial matrix, binds to vVWF. This adhesive bond has a rapid
dissociation rate, resulting in platelet translocation on the vessel wall
[34]. vWF is multimeric glycoprotein found in 1924 by Erik von Will-
ebrand. In humans, vWF contain 2813 amino acids with 741 amino
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acids pro-polypeptide and 22 amino acids signal peptide. The trans-
formation of vWF into active form requires a cleavage of pro-poly-
peptide, resulting in formation of mature vWF containing 2050 amino
acids. Analysis of the amino acid sequence shows that vWF has many
active domains responsible for its cleavage and functions. For platelets
interaction with the extracellular matrix, A1 domain is essential. It
contains a binding site for GPIba, a subunit of GP Ib/IX/V complex. The
A2 domain contains the cleavage site and A3 domain contain a binding
site for collagen. Very important role in haemostasis is also played by
C1 domain, which is a binding site for GP IIb/Illa (Fig. 2) [35].

Despite the fact that vWF is synthesized and stored in endothelium
cells, platelets and megakariocytes, studies showed that most of the
circulating vWF has endothelial origin, and platelet/megakaryocyte
derived vWF constitute approximately 15%. Under physiological con-
ditions, vVWF do not interact with GPIba. However, high shear forces in
bloodstream results in immobilization of vVWF and exposition of Al
domain, allowing to receptor-ligand interaction. What is more, binding
the vWF with GPIba results in exposition of GP IIb/Illa which binds
fibrinogen, thus increasing aggregation process [36]. Evidence in-
dicating the significance of the functions performed by vWF is von
Willebrand Disease (vWD), which is responsible for bleeding disorders
caused by absence of vWF [37]. Above evidences shows that GP Ib/IX/
V is essential in platelet adhesion to activate endothelial cells. Fur-
thermore, GP Ib/IX/V is important in leukocyte recruitment to sites of
vascular injury, and in thrombin-mediated platelet activation and
coagulation, including microparticle formation. Recently, significant
discoveries about the signalling pathways that regulate GP Ib/IX/V
have been made; these pathways could be potential targets for antith-
rombotic drug development [38]. Kieffer et al. [39] described the
biosynthesis of GPIb in blood platelets.

The GP Ib/IX/V complex plays an essential role in the initial phase
of platelet-vessel wall interaction, which leads to the activation of in-
tegrin GP IIb/Illa and contributes to GP IIb/Illa-dependent platelet
adhesion, spreading and aggregation [38].

Recently, a T/C polymorphism was identified in the Kozak sequence
of glycoprotein Iba gene at position —5 from the initiator ATG codons
[40]. Kozak consensus sequence was originally described by Marilyn
Kozak. His study revealed that all functional AUG triplets, known as
start codons, are preceded by purine in position —3 and after AUG.
Current state of knowledge shows that Kozak sequence is necessary for
efficient initiation of translation process, because the recognition of this
sequence by ribosomes constitute protein translational start site. Amino
acid chain is identified by the following notation: (GCC)GCCAGCCA
UGG [41]. The presence of the -5C allele increases the surface expres-
sion of GP Ib/IX/V complex, and it has been suggested that higher re-
ceptor levels might increase the adhesiveness of the platelets and confer
the risk of thrombosis. Esen et al. [40] suggest that GPIba T/C poly-
morphism might increase the risk of ischaemic stroke, especially in
those with an undetermined aetiology. Blood samples were taken from
231 patients following their first ischaemic stroke event, and from 220
healthy volunteers. After analysis, 156 patients were TT homozygous,
70 patients were heterozygous, and only five patients carried the CC
genotype. In the ischaemic stroke group, at least one C allele was highly
presented (32.5%), compared to the control group (23%) (OR = 0.61
[0.4-0.93]). Esen et al. compared TT genotypes with heterozygous
carriers and the results were important (OR = 0.58 [0.37-0.89]). Data
from the Vienna Stroke Registry shows that carriers of the CC genotype
have a 3.5-fold higher risk of stroke, compared with TT homozygous
and heterozygous. Esen et al. could not confirm this information be-
cause of the low number of CC genotype carriers. The homozygous TT
Kozak genotype could be a significant factor in recognition of coronary
artery disease completed by myocardial infarction. On the other hand,
Croft et al. [42] postulate that Kozak sequence polymorphism of the
GPIba gene is not a major risk factor for myocardial infarction
(OR = 1.03 [0.78-1.36]).

Platelet integrin GPIIb/Illa (allb3), also known as the platelet
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Fig. 2. The role of vWF in haemostasis. Vessel damage caused exposition of collagen and vWF contained in subendothelial matrix. Unique vVWF domains bind with
collagen (by A3 domain), GPIb/IX/V (by Al domain) and GP IIb/Illa (by C1 domain), resulting in blood platelets adhesion, shape change during activation,

exposition of platelet surface receptors and aggregation.

fibrinogen receptor, is the major integrin on platelets and plays a cru-
cial role in platelet accumulation on the activated endothelium - pla-
telets spread and form a surface for the recruitment of additional pla-
telets via fibrinogen bridges between two alIbB3 receptors. The
complex is formed via the calcium-dependent association of subunits
GPIIb and GPIIIa. GPIIb/IIIa is able to take two conformations; active
and inactive. Only the active form is capable of binding protein ligands.
Integrin activation is carried out by exposing the ligand molecule
binding sites. A common feature of the ligands that bind to many in-
tegrins is the presence of the Arg-Gly-Asp (RGD) amino acid sequence,
which was originally identified as the cell-binding domain of fi-
bronectin. This RGD sequence exists in each of the four adhesive pro-
teins that bind to GPIIb/Illa: fibronectin, vWf, vitronectin, and
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fibrinogen. Integrin allbB3 also reacts with the KQAGDV (Lys-GIn-Ala-
Gly-Asp-Val) sequence, that is found only in the C-terminus of the fi-
brinogen y chain [43]. GPIIb/IIIa is the most abundant integrin receptor
on the platelet membrane, ranging from 50,000-80,000 copies per
platelet. This glycoprotein is essential to platelet protein interactions in
plasma and the extracellular matrix during both haemostasis and
thrombosis. The GPIIb/Illa receptor is a target for several antiplatelet
drugs, including Abciximab, Eptifibatide, and Tirofiban. These an-
tagonists block the IIb/IIla receptors and prevent fibrinogen binding to
this receptor, thereby blocking the final common pathway of platelet
aggregation. They also block the ‘outside-in’ signalling that occurs
during platelet aggregation and causes additional amplification of
platelet activation. Defects in glycoprotein IIb/Illa cause Glanzmann's
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thrombasthenia. This is an extremely rare coagulopathy caused by a
point mutation at position 119, in which the Asp residue is replaced by
Tyr residue in GPIlIIa glycoprotein [44]. As a result, fibrinogen bridging
of platelets to other platelets cannot occur, and the bleeding time is
significantly prolonged. In platelets, the presence of mRNA for both
integrin subunits allb and (33 has been observed. This indicates that this
receptor might be synthesized in the platelets [45]. During storage of
platelets, the expression on surface GPIIb/IIla increases after seven days
by 13.4%, and after ten days by 41.9%. The total concentration of
GPIlIa after seven days of storage is doubled, and after ten days is in-
creased four-fold [46].

Glycoprotein IIb/IIla receptors are polymorphic, with the two most
common variants being PIA1 and P1A2 (by haematologists often called
HPA-1a and HPA-1b respectively). These are caused by a single-point
mutation of cytosine to thymidine in exon 2 of the GPIlla gene, re-
sulting in the substitution of proline (P1A1/HPA-1a) for leucine (P1A2/
HPA-1b) at position 33, which results in a single nucleotide 1565C/T
transition in the GPIIla gene and may be associated with thrombotic
cardiovascular complications [47]. PIA2 alleles might increase the risk
of acute coronary syndromes. The association of the Leu33Pro poly-
morphism with the incidence of myocardial infarction was first re-
ported by Marian et al. [48]. The strong association between the P1A2
polymorphism of the glycoprotein Illa gene and acute coronary
thrombosis was observed by Weiss et al. [49]. The relation between
PIA2 and coronary events was higher in patients younger than 60 when
their first coronary event appeared. Carriers of the PIA2 allele are more
exposed to coronary heart disease than PIA1 homozygous. Weiss et al.
examined 139 people and found that this association was most influ-
ential in patients who had unstable angina, or myocardial infarction,
before the age of 60 (68 patients), in whom OR = 6.2 (1.8-22.4)
compared to all ages OR = 2.8 (1.2-6.4). Adrissino et al. [50] showed
that HPA-1b polymorphism is an influence on the higher risk of de-
veloping myocardial infarction at a young age. The odds ratio (1.89
[1.13-3.18]) in this study shows that among 200 patients, 54 had the
HPA-1a/HPA-1b genotype compared to the control group, in which 33
volunteers had the same genotype. HPA-1b homozygosity is associated
with a three- and four-times higher risk of ischaemic cardiovascular
disease and myocardial infarction in young men [51]. Additionally, in a
Scandinavian population polymorphism HPA-1b was significantly as-
sociated with an increased risk of myocardial infarction. Grove et al.
[52] showed that the PIA2 allele was more frequent in patients who
underwent myocardial infraction (187/529) than in patients who did
not undergo MI (138/490) (OR = 1.4 [1.1-1.8]). PIA2 homozygosity
was also associated with an inadequate response to aspirin therapy
[53]. Kucharska-Newton et al. [54] also reported that polymorphism of
the GPIIla glycoprotein could be predisposed to an increased risk of
atherosclerotic plaque rupture, and could be associated with changes in
the structure of atherosclerotic plaques. Khatami et al. created a protein
model of a normal and polymorphic human (33 chain. The model
showed changes in protein structure, and N-terminal structure in a
polymorphic protein that was disrupted [55]. However, there have
been no demonstrations that can explain how 1565C/T SNP affects the
phenotype of platelets. The only reasonable explanation for the in-
creased risk of cardiovascular diseases was an augmented expression of
P-selectin on the platelet surface in a patient with Leu33Pro substitu-
tion [54]. Due to the many sites at which the B3 chain was present,
there is also evidence that 1565C/T polymorphism is associated with
Autism Spectrum Disorders (ASD). Schuch et al. showed that proline
substitution in the 33rd amino acid sequence could be related to ag-
gression in ASD-diagnosed patients [OR = 2.931 (1.138-7.546)], and
that if combined with other SNPs has an impact on echolalia and epi-
lepsy incidents [56]. A study performed by Verdoia et al. [57] shows
that PIA2 polymorphism of GPIIla does not influence the prevalence
and extent of angiographically-defined coronary artery disease in the
general population, although it does play a role in younger patients.
Due to the wide range of reports regarding the effect of Leu33Pro
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polymorphism and its impact on cardiovascular diseases, it is difficult
to determine its unequivocal role in the pathogenesis of CVD.

The glycoprotein Ia/Ila complex, often called integrin a2f1, plays a
pivotal role in collagen binding, which is an essential molecule involved
in adhesion. Glycoprotein Ia/Ila consists of two subunits, a and f,
whose mutual conformation creates the N-terminal extracellular glob-
ular head. This is a surface that binds ligands. The o subunits are
composed of a seven-bladed [3-propeller at the N-terminus [58]. The a2
subunit contains an exceptional domain (I domain), known as MIDAS
(metal ion-dependent adhesion site), that binds Mngr/anJr cations.
Structural studies show that upon ligand binding, MIDAS and adjacent
sides lead to a conformational change of the unique I-domain, from a
closed to open condition. Experiments with soluble collagen and spe-
cific antibodies have shown that a2p1 can exist in multiple activation
conditions. The evolutionarily-conserved unique 3-cytoplasmic tail has
two characteristic motifs, which recognize sequences for phosphotyr-
osine binding proteins (PTB). One of these, Talin, is known as a crucial
integrin activator. As a result of Talin binding, the salt bridge between
the two cytoplasmic integrin tails is disrupted. This consequently leads
to a conformational change that shows the a2-I domain and 3-A do-
main. Recent works show that Talin needs Kindlin, the second motif, to
work properly. Kindlin binds to the 1-cytoplasmic tail, and despite
normal expression of Talin, results in a lack of platelet adhesion to
collagen [59]. The quantity of this integrin on platelet surfaces is highly
variable, but its density is well known to be associated with 807C/T
silent polymorphism (Table 2). In a study conducted by Kunicki et al.
[60] the glycoprotein Ia/Ila level was differed significantly depending
on genotype. Carriers of TT alleles have a higher density of GP Ia/Ila on
platelet surfaces than CC homozygous carriers. This study also showed
that the density level of GP Ia/Ila is inherited (the children of the pa-
tients in Kunicki's study also had augmented GPIa/Ila density on their
platelets' surfaces). Due to the lack of changes in the amino acid se-
quence of the encoded glycoprotein, the explanation for this phenom-
enon remains unclear. Kunicki et al. suggested the potential role of
other polymorphisms within the a2 gene that could have an impact on
the promoter region. The relation between silent polymorphisms and
other genetic mutations within the same gene region has been estab-
lished for different inherited disorders, such as Gaucher disease. On the
other hand, silent polymorphisms can affect mRNA stability, resulting
in disproportions in their level. There are many works that shows the
impact of 807C/T SNP on thrombotic episodes. Carlsson et al. reported
results of their study conducted on 227 stroke diagnosed patients,
proving that presence of T allele in 807C/T polymorphism may con-
stitute an inherited risk factor of stroke in patients younger than
50 years old [OR = 3.02 (1.20-6.61)] [61]. Santoso et al. [62] postu-
late that 807C/T polymorphism is associated with the development of
myocardial infarction and another coronary artery disease in a younger
patient (in patients younger than 49 years old, OR = 2.61 (1.26-5.41)
p = .009). In a study conducted by Reiner et al. [63] 807C/T SNP was
related to augmented risk of ischaemic stroke in women. An increased
density of GPIa/Ila might also have an impact on risk factors for car-
diovascular diseases and platelet-dependent thromboembolic compli-
cations.

Dupont et al. [24] also describe differences in the timing of ag-
gregation, at 10s higher in the carriers of two C alleles (68 + 165),

Table 2
The quantity of GPIa/Ila receptors on platelet sur-
faces, by genotype [24].

Genotype Density

c/C 2810 +/— 756
C/T 3747 +/— 541
T/T 4434 +/— 449
p value < 0.001
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than in the carriers of two T alleles (58 + 165). Bargahi et al. [58]
showed that despite the influence of GPIa/Ila density caused by 807C/
T, this SNP is not related to a higher risk of deep venous thromboem-
bolism.

5. The link between genome-wide association study and
cardiovascular disease

A genome-wide association study (GWAS) is an approach to the
analysis of genotype frequencies in different diseases in a large popu-
lation. It depends on fast scanning of the human genome to find an
association between genetic variation and a particular disease.
Discovery of new mutations is useful in explaining the molecular me-
chanisms of diseases that have not yet been thoroughly investigated
[64].

The first reported association between SNPs and cardiovascular
disease in a GWAS came from McPherson et al. [65]. In that study, the
interval on chromosome 9p21 was scanned to indicate variations in the
genome that contribute to the development of cardiovascular disease.
They found two SNPs (rs10757274 and rs2383206) associated with
cardiovascular disease. McPherson et al. suggested the potential role of
these SNPs in promoting atherosclerotic plaque, thrombogenesis and
augmented tendency of atherosclerotic plaque to rupturing [65]. This
finding motivated other scientists to discover new genetic disorders
having an impact on cardiovascular disease. In 2013, CARDIo-
GRAMplusC4D Consortium et al. [66] reported a study in which 63,746
patients with coronary artery disease and 130,681 controls partici-
pated. The authors of this study identified 15 statistically significant,
new risk alleles associated with cardiovascular diseases. In 2016, Stit-
ziel et al. [67] published the first exome-wide association study. The
scientists identified novel mutations which had not previously been
associated with coronary artery disease, in a study in which > 72,000
patients and 120,000 controls participated. Stitzel et al. found an as-
sociation between protection from coronary artery disease and trigly-
ceride levels which was lower in SNP carriers.

The number of SNPs and other genetic variations linked to cardio-
vascular disease is still growing. Kessler et al. [64] showed almost 60
different SNPs that have an impact on circulatory system disorders.
GWAS is a rapidly growing field that is receiving more and more in-
terest from scientists. All of the information obtained from GWAS has
allowed researchers to find many future, promising, therapeutic targets.
Discovering new variations in the human genome associated with car-
diovascular disease can help with our understanding of the molecular
process of pathological haemostasis.

6. Conclusions

Cardiovascular disease is one of the most common causes of death in
the world. Increasing morbidity among young people without typical
risk factors is a disturbing phenomenon, despite growing awareness of
the need to live a healthy lifestyle, with proper physical activity and
diet. This study shows that some people have an increased predisposi-
tion to cardiovascular disease, associated with changes in the human
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genome (Table 3) (Fig. 3). Many studies have shown that polymorph-
isms of platelet receptors affect the receptor's expression, density, re-
activity and functioning, leading to increasing platelet aggregation and
activation resulting in the formation of blood clots in vessels. On the
other hand, according to the GWAS central database (https://www.
gwascentral.org/), the SNPs described by us have been examined in
cardiovascular disease, but unfortunately did not show statistically
significant results (Table 4).

Explaining why the polymorphisms described in this work have not
been included in large-scale GWAS research remains unclear. We are
not sure whether the problem lies with small or poorly matched po-
pulations. In a study conducted by Matarin et al. patients were collected
from The Ischaemic Stroke Genetics Study and were not excluded for
typical cardiovascular disease risk factors (obesity, diabetes, smoking
etc), but on the basis of diagnosed diseases (such as Alzheimer's, autism
and Parkinson's), thus reducing the impact of genetic factors on the
occurrence of ischaemic events [68]. Furthermore, cases were collected
from 5 medical centres all over the United States on both Caucasian and
African Americans, indicating large diversity in the population. Allele
frequency dependent on ethnicity may be a reason for the variable re-
sults. We also did not find any data on patients who did not survive
their ischaemic events. Perhaps the SNPs listed by us had a large impact
on this? Besides the fact that unknown point mutations found in the
coding regions of the described genes might refer to stroke or other
significant changes in gene expression elements, GWAS studies focuses
on more high-performance candidate genes. Characterized by low effect
size, GWAS studies identify common variants, rarely showing specific
variants in a gene, which results in some genetic variants remaining
hidden. GWAS studies are able to nominate candidate genes for com-
plex diseases, but usually don't identify causative alleles. These causa-
tive variants could contribute to general disease receptivity at a single
locus. Massive populations and genetic variants evaluated in GWAS
studies are burdened with a higher risk of false positives or negative
results. Another interpretation of the variable results is linked with
variation in the link between disequilibrium structures in the studied
populations. The presence of causative alleles close to a particular locus
could signal the association of a selected locus with the occurrence of
cardiovascular disease. This is why reproducing the obtained results is
important to confirming the results [69,70]. On the other hand, for
various reasons epidemiological studies could contain unique popula-
tions, for instance, a particular socioeconomic stratum, or the presence
of only one sex. Using such a rigorous selection of patient types could
affect the ability to generalize results from experiments linked with
genetic association. To conclude, the experimental works described by
us indicate the ambiguous association of the described SNPs with the
frequency of occurrence of various disease entities, and their possible
phenotypic effect. The influence of platelet surface receptors' poly-
morphisms on the presence of cardiovascular disease remains unclear,
but they could be the basis for their selection in more precise, future
studies. If the polymorphisms presented in this study are inherited risk
factors for myocardial infarction and other complications in the circu-
latory system, in the future we could predict the chance of these dis-
eases occurring in young people.

Table 3
Main platelet receptors polymorphisms, with odds ratio.
Receptor Polymorphism Population Cases Controls OR p value Ref.
P2Y12 H2 haplotype 98 - - 3.3(1.1-10.4) Data not shown [27]
Glycoprotein Iba -5T/C 451 231 220 0.61 (0.4-0.93) 0.03 [371
(major allele)
Glycoprotein IIb/Illa PIA2 139 71 68 2.8 (1.2-6.4) Data not shown [45]
(all ages)
PIA2 78 42 36 6.2 (1.8-22.4) Data not shown [45]
(under 60)
Glycoprotein Ia/Ila 807C/T 223 91 132 2.61 (1.26-5.41) 0.009 [58]
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Fig. 3. Distribution of single nucleotide polymorphisms of platelet surface receptors.

Table 4
SNPs listed in the GWAS database and their association with cardiovascular
disease.

Receptor Polymorphism  Gene Association p value
PAR-1 1426C/T F2R Ischaemic Stroke 0.39
Serum cholesterol 0.46
5061/D Lack of association with -
cardiovascular disease
14A/T Lack of association with -
cardiovascular disease
P2Y12 744T/C P2YR12 Lack of association with -
cardiovascular disease
52G/T Lack of association with -
cardiovascular disease
P2Y1 1622A/G P2YR1 Ischaemic stroke 0.056
Serum cholesterol 0.267
Glycoprotein Iba  -5T/C GP1BA  Ischaemic Stroke 0.619
Glycoprotein Ia/  807C/T ITGA2 Ischaemic Stroke 0.546
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ARTICLE INFO ABSTRACT

Keywords: MicroRNAs (miRNAs) are small, single-stranded, endogenous, non-coding RNAs necessary for proper gene ex-
MicroRNAs pression. Their mechanism of action controls translation by base-pairing with target messenger RNA (mRNAs)
Plasma

thus leading to translation blockage or mRNA degradation. Many studies have shown that miRNAs play pivotal
roles in cancer, cardiovascular disease and neurodegenerative disorders. The lack of blood-derived biomarkers
and those markers of poor specificity and sensitivity significantly impact the ability to diagnose in general and at
early disease stage specifically. As such, new, non-invasive and quantifiable biomarkers are needed. As post-
transcriptional regulators of gene expression, miRNAs have been confirmed to be notably stable in cells, tissues
and body fluids. These and other advantages make miRNAs ideal candidates as potential biomarkers and early
experimental findings support this finding. This review examines the use of miRNAs as biomarkers in cancer,
neurodegenerative, cardiovascular and liver disease and viral infection.

Non-invasive
Biomarkers
Diagnosis

1. Introduction

MicroRNAs (miRNAs) are a group of small, endogenous, non-coding
RNAs consisting of 21-23 nucleotides. Mature miRNAs act as post-
transcriptional regulators of gene expression, by base-pairing with
mRNA molecules in the 3’ untranslated region (3’-UTR), controlling the
translation process of the target mRNA. Depending on the degree of
complementarity of the miRNAs and the target mRNA, this leads to
translation blockage, or less frequently, mRNA degradation [1]. Genes
encoding miRNAs have their own regulatory sequences and promoters
that control their expression, but some miRNAs genes are composed in
clusters, and are regulated with other members of the same cluster.
MiRNAs genes are mostly distant from the gene they interfere with,

which suggests that they are from different, independent transcription
units [1,2].

Over the last 20 years, miRNAs has become the object of intense
research, due to its potential participation in the development of var-
ious diseases [3]. At this time, over 1,900 different miRNAs molecules
have been identified in human cells, which all control the expression of
different genes [4]. It has been proved that miRNAs can modulate up to
60% of protein-encoding genes affecting the cellular cycle, differ-
entiation, proliferation and apoptosis [3,5].

Biosynthesis of miRNAs is a complex, multi-step process. The first
step is a nuclear phase, in which miRNAs are transcribed to long pri-
miRNA by RNA polymerases II and III. Pri-miRNA consists of a double-
stranded core (~30 base pairs), two flanking unstructured single-
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stranded tails, a terminal loop, and several thousand nucleotides. In the
next step, pri-miRNA molecules are cleaved into shorter precursor
particles, consisting of ~70 nucleotides, pre-miRNA, that have a char-
acteristic hairpin-shaped structure. Pre-miRNAs are processed by the
Microprocessor complex, which includes the RNase III enzyme Drosha,
and the Di George syndrome critical region 8 (DGCRS8), double
stranded-RNA binding protein [5]. After enzymatic treatment the pre-
miRNAs have ~70 nucleotides in length, and are ready to be exported
to the cytoplasm by the Exportin-5 protein [6]. In the cytoplasm, a
complex consisting of the RNase III enzyme Dicer, protein activator of
PKR (PACT) and trans-activation response RNA-binding protein (TRBP)
process the pre-miRNAs from long to short, double-stranded duplexes.
In the next step of the miRNAs’ biosynthesis, short, double-stranded
miRNAs (ds-miRNAs) inosculate with RNA-induced Silencing Complex
(RISC) [5,6]. RISC belongs to a family of heterogeneous complexes that
play a major role in gene silencing. Several of its mechanisms (repres-
sion of translation, mRNA degradation, heterochromatin formation and
DNA elimination), mean that the construction of its complexes can be
quite diverse. However, there are two invariable themes in every RISC
complex: a core, composed of an AGO protein from the Argonaute fa-
mily, responsible for binding to the small non-coding RNAs (sncRNAs);
and sncRNAs, the function of which is to lead the RISC complex to the
target mRNA. Argonaute proteins not only bind the sncRNAs, but also
position them into a proper configuration that simplifies target re-
cognition [7]. The way in which the RISC complex interacts with the
target mRNA is determined by the AGO proteins, of which four are
distinguished in human cells. miRNAs only bind to an Ago2, resulting in
cleavage of target mRNA [6]. Furthermore, AGO unwinds the ds-
miRNAs, leaving only one strand - a guide strand, which constitutes the
mature miRNA molecule [5]. In gene silencing, the extent of the com-
plementarity between the target mRNA and miRNAs determines the
end result of the silencing. This will be either inhibition of translation,
or mRNA cleavage [6].

MiRNAs particles play a pivotal role in the regulation of biological
processes, which creates the opportunity for their use as predictive
markers in different diseases. One of the more general groups of dis-
eases in which miRNA sequences are used to identify and diagnose
patients, is cancer. Diversity in miRNAs expression levels in cancer cells
shows specific changes, pointing to the idea that miRNAs regulation
could be linked with genetic mutations, such as deletion or insertion. It
suggests the potential role of microRNA as oncogenes, leading to
transformation of normal cells into cancerous cells, or suppressor genes,
which are responsible for the genetic stability of the cell and for the
inhibition of cell division and tumor development [8].

It is now thought that the miRNA expression profile in tumor cells
helps with diagnosis and monitoring of patient responses to the type of
therapy used. A study by Iorio et al. showed that the expression profile
of just 15 miRNAs allowed for the correct distinguishing of 76 samples
of breast cancer from 10 normal tissue samples. Furthermore, varied
miRNAs expression was also found to be a marker for important his-
topathological features, such as metastasis ability, angiogenesis and the
stage of cancer [9]. In Rosenfeld et al.’s study, scientists linked 48
miRNAs sequences to 22 types of tumor with an accuracy of 90% over
253 samples [10]. Based only on expression of 3 miRNAs (miR-21, miR-
155 and miR-221), it is possible to divide Diffuse Large B Cell Lym-
phoma (DLBCL) into two classes: germinal center B cell-like (GCB), and
activated B cell-like (ABC) [11].

The MiR-15a and miR-16-1 genes are well-known miRNA se-
quences, located in chromosome 13 (13q14) where deletion often oc-
curs. A lack of these genes or highly reduced gene expression is often
observed in patients with B-cell Chronic Lymphocytic Leukemia (B-
CLL), because of a disproportion in the level of the B-cell Lymphoma 2
protein (BCL-2), which has antiapoptotic properties and protects tu-
mors from death. In a normal, physiological state, miR-15a and miR-16-
1 act as suppressors of tumor development. Low concentrations of miR-
15 and miR-16 have been also seen in patients with mantle cell
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lymphoma, prostate cancer and multiple myeloma [12]. Another ex-
ample of disproportion in the expression level of microRNAs is miR-21,
the overexpression of which has been confirmed in lung, prostate,
breast, colon, head and neck, stomach, esophagus and pancreatic tu-
mors. miR-21 leads to augmented proliferation and growth of tumors
and a decreased response to apoptosis [13]. Clustered miRNAs se-
quences also play an important role in cancer development. The miR-
17-92 cluster is well known as an oncogene, because of its over-
expression in lung cancer, malignant lymphoma and many other types
of cancer [14]. This cluster is located in chromosome 13 (13q31), which
is known to be amplified. High expression of miR 17-92 contributes to
accelerated and more aggressive tumor development, especially ma-
lignant tumors [15].

Fast-growing progress in technology and science has allowed sci-
entists to identify 200 miRNAs expressed in cardiomyocytes. Because
miRNAs mostly have tissue-specific expression, scientists have decided
to use them in diagnosis of tissue-specific diseases. In the case of the
heart’s miRNAs, many participate in pathogenesis of cardiac hyper-
trophy, heart failure and ischemia [16]. In a study conducted by Ikeda
et al. miRNAs were collected from the ventricular myocardium of 67
donors. Out of 428 miRNAs measured (of which 13 miRNAs sequences
had differential expression in aortic stenosis (AS)), 8 miRNAs had dif-
ferential expressions in ischemic cardiomyopathy (ICM) and dilated
cardiomyopathy (DCM). MiR-19a and miR-19b were downregulated 2
to 2.7 times in DCM and AS. Furthermore, miR-214 was 2 to 2.8 times
higher in all three disorders (DCM, ICM and AS) [17].

miR-1 and miR-133a, which are responsible for direct cardiomyo-
cyte differentiation from stem cells and cardiac development, have been
shown to have a very important role in the development of heart dis-
ease. Dysregulation of miR-1 and miR-133a can lead to pathological
hypertrophy, and to ventricular septal defects and DCM. Inhibition of
miR-1 in adults causes augmented regulation of twinfilin-1, an actin-
binding protein that regulates cytoskeleton, inducing hypertrophy
[16,18].

2. Plasma microRNA as a potential diagnostic biomarker

Advancing scientific progress has allowed scientists to study
miRNAs with greater precision. Nowadays, miRNAs are considered as
potentially useful diseases biomarkers. In the past few years, scientists
have focused on the profile of miRNAs in plasma, due to its remarkably
high stability in body fluids and resistance to endogenous RNase ac-
tivity, a wide range of pH, multiple freeze-thaw cycles and prolonged
storage times. They are also easy to obtain through non-invasive
methods, are highly sensitive to early detection and have high specifi-
city to different disease entities [19,20].

It is well known that expression levels of certain miRNAs are altered
in many disease states. About 10% of all human miRNAs particles can
be found in plasma, and the differences in expression of miRNAs can be
observed in various stages of disease development. Many genome-wide
associated studies show that miRNAs genes are often located in fragile
sites of cancer-associated genomic regions, suggesting its potential roles
in tumorigenesis [21].

2.1. Use of plasma microRNAs in diagnosis of cancers

According to data from the World Health Organization, prostate
cancer is the most common malignancy among adult men, with almost
1.3 million cases per year. The occurrence of prostate cancer correlates
with their age and race [22]. The first-line test in the diagnosis of
prostate cancer is measurement of the prostate-specific antigen level
(PSA). Because of the lack of specificity for early detection of prostate
malignancies, and high rates of excessive treatment and diagnosis
linked with PSA testing, there is an urgent clinical need for better di-
agnostic tools that will help in diagnosis and prediction of prostate
cancer. At this time, the gold standard in diagnosis of prostate cancer is
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prostate biopsy, but it is burdened with some limitations that can
generate false negatives. Randomly collected samples can indicate an
abnormal biopsy result and require repeated biopsies with more ad-
vanced equipment (i.e. MRI). In recent years, scientists have developed
several molecular assays that provide new possibilities for the non-in-
vasive diagnosis of prostate cancer [23]. A study conducted by Matin
et al. investigated the plasma levels of cancer-associated miRNAs. Of
372 cancer-associated miRNAs, Matin et al. showed dysregulation of 11
in patient samples in comparison to healthy controls, indicating that 4
have potential meaning: miR-4289; miR-326; miR-152-3p and miR-98-
5p. Based on these 4 miRNAs, a diagnostic test was performed in pa-
tients diagnosed with prostate cancer in comparison to healthy control.
In most cases, the sensitivity and specificity of the testing exceeded the
accuracy of the PSA test. The direct mechanism of action of these
miRNAs remains unclear, despite the fact that circulating miRNAs are
associated with cell-to-cell communication and play an important role
in processes such as proliferation, metastasis and angiogenesis [24].
Bai et al. conducted a study in which they investigated plasma miR-
19a in patients diagnosed with esophageal squamous cell carcinoma
(ESCCQ), one of the most aggressive malignancies in the world. Imaging
exams and biopsies are the gold standard in the diagnosis of esophageal
cancer and significantly improve the detection of these malignancies,
but are still very invasive or demand radiation. A less dangerous
method of patient diagnosis is the use of traditional tumor markers,
cytokeratin 19 (CK-19) and Cyfra21-1. However, their sensitivity leaves
a lot to be desired, and so the search for less invasive and more sensitive
methods of diagnosing esophageal cancer became the basis for Bai
et al.’s research. MiR-19a is a member of the miR-17-92 cluster, which
is highly expressed in ESCC. The data obtained by Bai et al. showed that
in comparison to healthy controls, the plasma concentration of miR-19a
in diagnosed patients was significantly augmented (p < 0.001). They
also investigated the potential role of miR-19a as a diagnostic marker
for ESCC. In comparison to Cyfra21-1, miR-19a was more sensitive and
specific. The best results were obtained with a combination of miR-19a
and Cyfra21-1, which achieved a sensitivity of 92.37%. The most im-
portant discovery in the study by Bai et al. was a decrease in the level of
plasma miR-19a after surgical removal of cancer (p < 0.001). This
suggests that miR-19a could be secreted by ESCC cells and could be an
important indicator in the evaluation of therapeutic effects [21].
Lymphoid neoplasms are a type of cancer caused by transformation
of normal lymphoid cells. Diagnosis is based on biopsy and PET-CT
(positron emission tomography-computed tomography) imaging. Due
to the high percentage of false-positive diagnoses (over 20%), patients
are being unnecessarily exposed to radiation, having unnecessary
biopsies and surgical investigations, and are having to settle the high
financial costs of their treatment and diagnosis. Thus, as with other
cancers, new, less invasive and more sensitive and specific tests are
always being sought [25]. Lawrie et al. reported that miR-155, miR-210
and miR-21 had different expression in DLBCL patients in comparison
to healthy controls, suggesting the potential role of these 3 miRNAs as
biomarkers of lymphoma. Furthermore, they have been found that miR-
21 has an anti-proliferative effect on various cancers [26]. Feng et al.
additionally reported five plasma miRNAs that were significantly dys-
regulated in DLBCL, in comparison to healthy volunteers: miR-15a (p =
0.0001); miR-16-1 (p = 0.0003); miR-21 (p=0.0049); miR-29¢c (p =
0.0020), and miR-155 (p = 0.0023) [27]. In a study conducted by
Khare et al., 10 dysregulated plasma miRNAs in DLBCL patients were
identified. In contrast to Lawrie’s and Feng’s studies, Khare et al. ex-
amined all miRs present in the plasma, not only those that were over-
expressed. This method opens the possibility of discovering more sig-
nificant miRNAs associated with DLBCL. Khare et al. reported increased
plasma levels of miR-532-5p and miR-124, and down-regulated levels
of miR-141, miR-425, miR-145, miR-345, miR-197, miR-424, miR-122
and miR-128. In their study, Ingenuity Pathway Analysis (IPA), was
used to define mRNAs targeted by these selected miRs and to determine
in which biological processes they are involved. They found up-
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regulation in different signaling pathways (STAT3, IL8, p13k/AKT and
TGF-B), and potential down-regulation of p53 and PTEN pathways,
which are very important in proliferation, differentiation and tumor-
igenesis. Khare et al. also identified DLBCL patients as having aug-
mented levels of miR-25, miR-26b, miR-30d, miR-182, miR-186, miR-
30a, miR-140 and miR-125a in comparison to a control group, and
down-regulated levels of miR-23a, miR-93, miR-122 and miR-144. IPA
analysis of selected miRNAs in both groups found that the cAMP-
mediated pathway and p53 pathway can be downregulated, such as
with PTEN expression [25].

Lung cancer is the most common and deadliest type of cancer,
causing over 1.7 million deaths worldwide every year [22]. Nearly 90%
of lung cancers are non-small cell lung cancers (NSCLC) that consist of
squamous cell carcinoma (SCC) and adenocarcinoma (AC). The primary
risk factor of NSCLC development is tobacco smoking. Unfortunately,
for most patients the prognosis is bleak, resulting in an approximately
14% chance of a 5-year survival rate. This high mortality rate is caused
by late diagnosis, when the cancer is already at an advanced stage.
Therefore, the development of sensitive, specific biomarkers that can
precisely diagnose the early stages of lung cancer are essential. Many
studies have looked at the same lung cancer-related miRNAs [28]. For
example, Zhang et al. showed upregulation of plasma miR-145, miR-
20a, miR-21 and miR-223 in NSCLC patients in comparison to a healthy
control group [29]. Gao et al. reported upregulation of miR-324-3p and
downregulation of miR-1285 in stage I lung cancer [30]. Zapor-
ozhchenko et al. discovered significant upregulation of miR-19b and
miR-21, and downregulation of miR-25 and miR-183 with p < 0.05 in
all cases. Furthermore, of all the miRs that have been tested, miR-19b
showed the most significant diagnostic value in lung cancer patients
[31]. Leng et al. investigated a whole plasma miRNAs profile showing
dysregulation in the expression level of not only the same miRNAs
discovered previously, but also new miRs that had not previously been
linked with lung cancer. Leng et al. then developed a diagnostic panel
of four-plasma miRNAs (miR-126, miR-145, miR-210 and miR-205-5p),
which showed 91.56% sensitivity and 96.23% specificity in a devel-
opment cohort and 91.18% sensitivity and 96.67% specificity in vali-
dation cohorts. The same research team suggested that the role of
particular miRs consists in their use as diagnostic panels in tumor de-
velopment. miR-145 acts as an inhibitor of lung cancer cell invasion
and migration by targeting PDK1 on the mTOR signaling pathway. MiR-
210 is linked with regulation of the hypoxic response of tumor cells.
The expression of miR-126 and miR-205-5p varies in different types of
cancer that constitute them as a significant biomarker in the diagnosis
and prognosis of various other cancers, not only NSCLC [28].

Early detection of colorectal cancer gives a very good prognosis for
survival. Unfortunately, as with other types of cancer a lack of efficient,
practical tools for diagnosis causes colorectal cancer of the deadliest
malignancies. Current methods are quite reliable, although unpleasant
for patients and cost-ineffective and unprofitable, and reliant on novel
biomarkers that can help diagnosing and identifying colorectal cancer.
Some studies have shown that miRNAs can be good biomarkers for
colorectal cancer [32]. Kanaan et al. developed a diagnostic panel of 8
plasma miRNAs (miR-15b, miR-17, miR-142-3p, miR-195, miR-331,
miR-532, miR-532-3p, miR-652) that shows differences in their ex-
pression levels in patients with colorectal cancer, in comparison to
healthy controls [33]. Wang et al. conducted a study identifying the
dysregulation of miR-409-3p, miR-7 and miR-93 in colorectal cancer
patients, in comparison to healthy persons [34]. Vychytilova-Faltejs-
kova et al. reported a study in which patients with colon cancer were
distinguished from healthy volunteers on the basis of a miRNA-panel
consisting of miR-23a-3p, miR-27a-3p, miR-142-5p and miR-376c-3p.
In comparison to currently-used diagnostic tests, this miRNA-signature
testing has achieved stunning results. In 168 patients diagnosed with
colorectal cancer, CEA testing identified 79 colon cancer patients, thus
achieving 47% efficiency. In comparison, Cal9-9 testing identified only
46 colon cancer patients, for 27% efficiency. Use of the plasma-miRNA-
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based panel then identified 149 cancer cases, thus showing 89% effi-
ciency. The subsequent combination of CEA, CA19-9 and miRs-panel
reached the highest diagnostic efficiency, at a level of 96% [35]. Wik-
berg et al. conducted a study with patients who had donated blood,
even as far back as 20 years previously, before receiving a colorectal
cancer diagnosis. Comparing the plasma concentration of particular
miRNAs in diagnosed patients, healthy controls and pre-diagnostic
samples from the same cases they investigated 4 miRs that differed
between all groups (miR-21, miR-25, miR-18a and miR-22). A diag-
nostic 4-plasma-miRNA-based panel achieved 67% sensitivity and 90%
specificity, and was selected on the basis of previously reported studies
linked with cancer, with the most significant diagnostic value being
miR-21 [32,36-40].

2.2. Use of plasma microRNA in diagnosis of cardiovascular disturbances

Coronary Artery Disease (CAD) is caused by an inflammatory pro-
cess associated with atherosclerosis. Formation of plaques, their growth
and acute rupture lead to blockage of blood flow in coronary arteries,
causing damage to the heart muscle. The unexpected and sudden onset
of the symptoms of CAD make it difficult to predict. That’s why new,
molecular biomarkers are needed for faster prediction and diagnosis of
this disease. Fichtlscherer et al. conducted the very first study showing
differences in circulating miRNAs in patients with angiographically
confirmed CAD, in comparison to healthy controls. They showed that
levels of miR-126, miR-17, miR-92a, miR-155 and miR-145 were sig-
nificantly lower in CAD patients [41]. Furthermore Diehl et al. and
Weber et al. showed that levels of miR-155 in CAD patients are sig-
nificantly reduced, which could indicate the high affinity of miR-155 to
CAD [42,43]. Further analysis showed that patients using angiotensin-
converting enzyme (ACE) inhibitors also resulted in downregulation of
miR-155, which might explain this reduction [43].

Many studies have focused on the association of dysregulation of
miRNAs and development of Myocardial Infarction (MI). In a study
conducted by Corsten et al., circulating miR-208b and miR-499 saw
1,500-fold and 90-fold increases respectively, for patients with MI in
comparison to a control group with no cardiac disease [44]. In their
work, Ai et al. showed significant upregulation of miR-1 in plasma in MI
patients, compared to healthy volunteers [45]. Almost the same results
were confirmed by D’Alessandra’s research team, which found aug-
mented levels of miR-1, miR-133a, miR-133b and miR-499-5p in the
plasma of patients with ST-elevation myocardial infarction (STEMI), in
comparison to healthy controls [46].

In a study conducted by Gidlof et al. the expression of miR-1 was
300 times greater, miR-133a 70 times greater, miR-208b 3,000 times
greater, and miR-499-5p 250 times greater (all with p < 0.01) in pa-
tients with STEMI, compared to healthy controls [47]. Kuwabara et al.
also showed augmented levels of miR-1 and miR-133a in patients with
Acute Coronary Syndromes in comparison to controls without any cir-
culatory disorders [48]. In a study by Olivieri et al., miR-499-5p saw an
80-fold increase in patients with Non-ST-elevation Myocardial Infarc-
tion (NSTEMI), in comparison to a healthy control group. Additionally,
miR-21, miR-133a, miR-1 and miR-423-5p were significantly increased,
but not as much as miR-499-5p [49]. Wang et al. demonstrated in a
study that miR-1, miR-133a and miR-499 were meaningfully aug-
mented in the plasma of patients after MI incidents, in comparison to a
healthy group [50]. As can be seen, many studies shows dysregulation
of the same plasma’s miRNAs in detection of MI. The large number of
repeatable results indicate that miR-1, miR-133a, miR-133b, miR-499,
miR-499-5p and miR-208b could be potential biomarkers for MI. Other
studies have shown that miR-208b was not always detectable, but apart
from this, Wang et al. suggest that miR-208b could be an ideal candi-
date for an MI biomarker, as it showed the highest sensitivity and
specificity, being detectable in over 90% of MI cases [48-50].

Currently, protein-based biomarkers are gold standard in diagnosis
of MI. High sensitive troponins and creatinine kinase (together with CK-
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MB isoenzyme) are main protein-based biomarkers used to detect
myocardial necrosis. Troponins are a group of regulatory proteins lo-
cated in skeletal, cardiac muscle fibers and thin filaments. For myo-
cardial injury, only cardiac troponins T and I are used, because they
differ from skeletal form, in comparison to troponin C which is identical
with skeletal form [51]. Troponins are released into the bloodstream 4
to 12 hours after myocardial necrosis occur, reaching peak at 12-48
hours from first symptoms onset. Unfortunately, troponin elevation
may occur in other conditions, not always linked with myocardial ne-
crosis (i.e. sepsis, acute pulmonary embolism, atrial fibrillation, heart
failure) [52]. Creatinine Kinase (CK), together with CK-MB isoenzyme,
was firstly presented as a cardiac biomarker in 1979. Because its
composition of two subunits M — muscle and B — brain, there are three
different isoenzymes: CK-BB - largely presented in brain and internal
organs, MB - heart and skeletal specific, widely used for the diagnosis
of myocardial necrosis, and CK-MM - skeletal muscle isoform [53].
Beside the fact of usefulness of CK-MB in diagnosis of myocardial ne-
crosis, its specificity is lower to cardiac muscle than troponins, and
cannot be used alone, without any other protein-based biomarker.
Furthermore, elevation of CK-MB may be present in renal disease or
muscular injury [52].

Li et al. conducted a study in which miR-1, -133a, -208b and -499
were compared to troponin T to determine which biomarker is more
sensitive and specific. Results showed, that troponin T was more spe-
cific and sensitive than panel of four miRNAs [54]. Similar results were
obtained from Li et al. where miR-1 was compared to troponin T, also
showing lower specificity and sensitivity than troponin T [55]. How-
ever, combination of miRNAs and troponins could give higher sensi-
tivity and specificity for myocardial infarction patients.

Stroke is the second most common cause of death, and the third
main cause of temporary or permanent disability of patients due to a
lack of oxygen supply to brain cells following blockage of the blood
flow in the cerebral arteries. Stroke causes not only death and disability
but is also a leading cause of depression and dementia [56,57]. In a
study conducted by Sepramaniam et al., statistically significant dysre-
gulation in the expression of miRNAs in plasma in stroke cases was
found in 105 miRNA particles. In their experiments, they selected 32
miRNAs that can distinguish stroke subtypes during the acute phase of
stroke. Subsequently, five plasma miRs (miR-125b-2; miR-27a; miR-
422a; miR-488 and miR-627) were found to be potential biomarkers for
diagnosis of stroke, because of the consistency of the alteration in blood
from stroke patients, independent of age, stroke severity or the presence
of metabolic complications [58]. Long et al. reported that miR-30a and
miR-126 levels in plasma were significantly down-regulated in patients
diagnosed with stroke until 24 weeks. Surprisingly, miRNA levels in
plasma returned to normal 48 weeks after the symptoms began [59].

Venous Thromboembolism (VTE) is a common cardiovascular dis-
order that includes deep vein thrombosis (DVT) and acute pulmonary
embolism (APE), and is initiated with formation of a blood clot in a
deep vein, usually in the lower leg. It is estimated that 60-70% of pa-
tients with symptomatic VTE can go on to develop DVT. Sometimes, the
blood clot is dislodged and travels through the blood vessels to the
lungs, where it limits blood supply, thus causing APE, third most
common cause of death by cardiovascular disorder, after ischemia and
stroke [60,61]. Because VTE can have different clinical manifestations,
diagnosis can be incorrect and/or nonspecific, especially for DVT that
in many cases is silent and do not give any symptoms. Challenging
diagnosis and a lack of sensitive and specific testing has led to a high
mortality rate and poor prognosis for those who experience VTE [61].
However, VTE and its complications are preventable. Proper adminis-
tration of antithrombotic drugs can meaningfully reduce the risk of
death (from 25% to 1.5%). Despite this, VTE remains very dangerous
and is an often overlooked problem. Starikova et al. conducted a study
in which, for the very first time, dysregulated miRNAs were selected for
their potential role as biomarkers in VTE cases, compared with healthy
controls. Of 742 miRNAs, the expression of only 9 were seen to be



R. Szelenberger, et al.

meaningfully different between VTE patients and healthy volunteers
[60].

Advanced PE shows a high mortality rate, in which 25% of patients
with the initial clinical symptoms will die. However, rapidly-spreading
knowledge of miRNAs’ functions has allowed scientists to determine
potential biomarkers for cardiovascular system disturbances. Wang
et al. investigated the utility of plasma miR-134 as a potential bio-
marker for APEs. They found that in comparison to healthy controls, the
miR-134 level was significantly higher in patients with diagnosed acute
and chronic pulmonary embolism (p < 0.05) [61]. Similar research
were made by Xiao et al. In their study, the level of miR-134 in plasma
was significantly higher in patients with APE in comparison to healthy
controls. Despite both studies having small study and control groups,
the fact that the same results were obtained by both research teams
suggests that miR-134 has great potential as a biomarker of pulmonary
embolism (PE) [62]. In a study conducted by Wang et al., the research
team showed that levels of miR-27a and miR-27b in plasma were sig-
nificant in patients with diagnosed APE, in comparison to healthy vo-
lunteers [63].

2.3. Use of plasma miRNAs in diagnosis of neurological disorders

Parkinson’s Disease (PD) is a neurodegenerative disease that results
in difficulties with proper movement, coordination and balance [64]. It
is a highly complex and heterogeneous disease of the central nervous
system, discovered in 1817 by James Parkinson [65]. The main histo-
pathological hallmark of PD are fibril inclusions called Lewy Bodies,
mainly consisting of alpha-synuclein. In genetically determined PD,
with mutation in alpha-synuclein gene, incorrectly build protein is
stored in nerve cells, forcing cells to enter the apoptosis pathway [66].
In this cell loss, along with the duration of the disease and the ad-
vancement of its development, 50-70% of neurons are lost compared to
healthy controls [67,68]. The complexity of PD has caused the current
standard in diagnosis and prognosis to be based on subjective clinical
assessment of motor features, and imaging exams. Finding measurable,
specific and sensitive molecular biomarkers would help in early diag-
nosis of this disease, and thus to extension of the lifetime of, and an
augmented quality of life, for sick patients [64]. Khoo et al.’s study
identified a diagnostic panel consisting of miR-1826, miR-450b-3p,
miR-626 and miR-505, which showed higher dysregulation in PD pa-
tients compared to healthy volunteers. The diagnostic panel achieved
91% in sensitivity, 100% in specificity and 100% in positive predicted
value [64]. Furthermore, miR-1826 has also been found to be increased
in the plasma of multiple sclerosis patients [69]. In a study by Cardo
et al., only miR-331-5p was found to be significant in patients’ plasma
[70]. Later, Li et al. showed the dysregulation of miR-124-3p and miR-
137-3p [71]. Ding et al. conducted a study with a larger population,
assessing 5 serum miRNAs (miR-195, miR-185, miR-15b, miR-221 and
miR-181a) for their use as potential biomarkers in diagnosis of PD, in
comparison to healthy controls [72]. Interestingly, all of these studies
showed different results, which would require confirmation and further
analysis in a much larger population.

Alzheimer’s Disease (AD) constitutes the most common neurological
disorder characterized by memory loss, intellectual disability, psy-
chiatric symptoms and disorientation, caused by neuronal death in the
hippocampus. The exact cause of Alzheimer’s disease is not fully known
and there is non currently available treatments that can stop or reverse
its progression [73-75]. This very complex disease is diagnosed on the
basis of brain imaging tests, neurological exams and mental status as-
sessments [74]. Geekiyanage et al. conducted a study in which miR-
137, miR-181c, miR-9 and miR-29a/b in plasma were downregulated in
AD patients, compared to controls [76]. In Kiko et al. work plasma miR-
34a and miR-146a were significantly reduced in AD patients [77].
Further, Bhatnagar et al. showed that miR-34c is meaningfully in-
creased in AD patients’ plasma, in comparison to a normal elderly
control. They also suggest that because of the association of miR-34c

102

Clinica Chimica Acta 499 (2019) 98-107

with oxidative defense signaling and cellular survival, overexpression
of miR-34c can lead to overall weakening of cell survival and stress
defense [78]. Sorensen et al. conducted a study in which they detected
308 different miRNAs in the blood, with significant up-regulation of
miR-590-5p and miR-142-5p and downregulation of miR-194-5p in AD-
diagnosed patients, compared to healthy volunteers [79]. In a study
conducted by Nagaraj et al., previously reported miRNAs linked with
AD (miR-502-3p, miR-103a-3p, miR-1260a, miR-200a-3p, miR-142-3p,
miR-301a-3p [80-84]), as well as 9 novel miRNAs (miR-320a, miR-18a-
5p, miR-33a-5p, miR-30b-5p, miR-483-5p, miR-320b, miR-320c, miR-
151-5p, miR-486-5p), were identified and suggested as the best candi-
dates for future biomarkers of AD. Results from analyses showed 3 to 4
fold increased plasma’s levels of miR-200a-3p in patients diagnosed
with AD. Previous experimental work showed the same result in
mononuclear cells from blood. This phenomenon might suggest that
miR-200a-3p is secreted by mononuclear blood cells. Nagaraj’s research
team also found that transcripts regulated by miR-200a-3p are located
in the 3’UTR region of BACE1, one of the major enzymes in the amy-
loidogenic proteolysis of amyloid precursor protein. Thus, this miRNA
could be associated with the regulation pathway of BACE1 in the brain
and blood cells, which may then suggest that miR-200a-3p contributes
to development of AD [85].

2.4. Use of plasma miRNA in diagnosis of liver diseases

According to the data from the American Liver Foundation, around
88,000 people (70% men) die of alcoholic liver disease every year in the
United States. Furthermore, over 1 million people in the US live with
Hepatitis B, with 43,000 new diagnoses every year. It is estimated that
2.7-3.9 million individuals in the United States are infected with he-
patitis C, of which 75% are unaware of their condition. Fatty liver
disease is the most common liver disorder, and has been diagnosed in
100 million people in the United States alone [86]. Due to the wide
range of varying factors affecting the promotion of liver inflammation
(such as alcohol abuse, viral infections, bacterial infections, toxins, poor
diet), miRNAs play an important role in regulating the process of fi-
brogenesis [87].

Zhang et al. conducted a study evaluating the potential role of miR-
122 as a biomarker, which is highly specific to the liver, is associated
with differentiation, development and homeostasis of hepatocytes, and
regulates lipid metabolism [88-90]. They found that the miR-122
concentration in patients with chronic HBV infections was significantly
higher than in a healthy control group (p < 0.001). They also found
that the level of miR-122 in plasma correlates with ALT activity
(Spearman r 0.896, p < 0.001). Furthermore, they suggested that
miR-122 can be used as a potential biomarker for liver injury, on the
basis of results obtained from a ROC curve analysis (AUC for miR-122
was 0.989) [88]. Bihrer et al. conducted a study in which serum miR-
122 was increased in patients diagnosed with Chronic Hepatitis C
(CHC) [91]. Bala et al. found that levels of miR-122 and miR-155 are
also increased in alcoholic liver disease. MiR-155 is well known to be
associated with liver fibrosis, mediates cellular growth, and be involved
in inflammatory and immune diseases [92-94]. Their experiment was
performed on alcohol-fed mice, and showed a significant increase of
miR-122 and miR-155 in serum [92]. In a study conducted by Cermelli
et al., four miRNAs were evaluated as a potential biomarker for CHC.
The results showed that in 18 patients diagnosed with CHC, miR-122
saw a 10.8-fold increase (p < 0.0001) and miR-16 a 3-fold increase
(p=0.0002) over the control group. Moreover, miR-34a exceeded the
detection threshold in CHC patients, while the level of miR-21 was not
significant. The same experiments were performed on an independent
group of 35 HCV-infected patients. The results showed that the level of
miR-122 was 7.9 times higher (p < 0.0001), and miR-16 6.3 times
higher (p < 0.0001) in comparison to healthy controls. MiR-34 levels
also exceeded the detection threshold, while miR-21 remained insig-
nificant. The results that Cermelli et al. obtained from experiments on
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CHC patients were very promising, and so the same research team
evaluated the potential role of these four miRNAs in 34 patients diag-
nosed with Non-Alcoholic Fatty-Liver Disease (NAFLD). Cermelli et al.
found that the level of miR-122 increased 7.2 times (p < 0.0001), and
the level of miR-16 5.5 times (p < 0.0001) in NAFLD patients, in
comparison to healthy volunteers. MiR-34 exceeded the detection
threshold and miR-21 was not significant [95]. In order to confirm the
results obtained by Cermelli et al., Salvoza et al. conducted a study
which showed the upregulation of miR-34a and miR-122 in NAFLD
serum patients [96]. Similar results for miR-122 in CHC patients were
obtained by Butt et al. The expression level measured on 123 treatment-
naive CHC patients showed significant up-regulation of serum miR-122,
compared to healthy volunteers (p=1.52*10"%). Furthermore, miR-
122 was positively correlated with ALT, AST, INR, PT, albumin level
and necroinflammation, suggesting its potential role as a biomarker for
liver issues. Butt et al. also showed that serum miR-122 has great di-
agnostic potential (AUC of 0.954 under ROC curve) [97]. The positive
correlation between miR-122 and ALT/AST, and significant upregula-
tion in CHC patients, were both confirmed by El-Hefny et al. [98] In the
case of hepatitis B, Ji et al. conducted a study in which serum miR-122
was significantly higher (p < 0.001) than in the control group. Fur-
thermore, the expression of miR-223, which is important in regulation
of hematopoietic and embryonic stem cell differentiation and regula-
tion of hepatocyte apoptosis, was also meaningfully increased in he-
patitis B patients (p < 0.01) [99,100]. Roderburg et al. focused on
finding potentially useful circulating miRNAs in patients with liver fi-
brosis/cirrhosis. The results obtained from their experimental work
showed significant downregulation of miR-29 in plasma [101]. Zheng
et al. then found that serum miR-21, miR-486-5p, miR-130a, miR-192,
miR-148a, miR-143, miR-200a, miR-194 and miR-122 were all upre-
gulated in HBV-related Acute-on-Chronic Liver Failure (ACLF) patients,
in comparison to healthy controls (p < 0.05) [102].

2.5. Use of plasma miRNA in HIV infected patients

The human immunodeficiency virus (HIV) is part of the Lentivirus
group (of the family Retroviridae), which is characterized by long in-
cubation periods. The ongoing weakening of the organism results in the
creation of favorable conditions for various infections and cancer dis-
eases [103]. The highest modern standard for assessing the develop-
ment of AIDS is the number of circulating CD4+ T cells in peripheral
blood and viral loads, but these predictors are not always highly de-
tectable. As such, discovering new biomarkers for AIDS is necessary for
the early detection, monitoring and therapy of the disease [104].

Munshi et al. conducted a study in which the plasma levels of miR-
150 and miR-146b-5p were evaluated for their potential use as bio-
markers of HIV infection. The results showed that plasma miR-150 and
miR-146b-5p were significantly augmented in patients, compared to
healthy controls. Interestingly, the expression of miR-150 and miR-
146b-5p in peripheral blood mononuclear cells was significantly
downregulated (0.51 + /- 0.08 (p < 0.05) [104]. Qi et al. conducted a
study in which they created a diagnostic panel of miRNAs. Their results
showed that the combination of miR-29a, miR-233, miR-27a, miR-151-
3p and miR-19b demonstrates high sensitivity and specificity in the
detection of HIV-1 infection. Moreover, the same miRNAs were mean-
ingfully associated with CD4+ T cell count, suggesting their potential
role in progression monitoring [105]. In a study conducted by Reynoso
et al., the levels of two miRNAs were altered in HIV patients and
healthy controls. Expression of plasma miR-29b-3p and miR-33a-5p
were then seen to be significantly downregulated (p < 0.05) [106].

3. Application of miRNA profiling techniques in clinical practice
Plasma miRNAs are very interesting candidates for clinical labora-

tories, because of their remarkabely high stability in body fluids and
easy-to-use in clinical routine. On the other hand, miRNA tests has some
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serious limitations that hinder their introduction into clinical practice.
The origin of circulating miRNAs is not fully understood, but it is likely
that it is derived from all body tissues, including white blood cells and
blood platelets. The highest changes in expression patterns of particular
miRNAs are usually observed in body tissues. In circulating miRNAs
expression profiles, changes may be subtle. That is why, the knowledge
about the expression profiles of miRNAs in various tissues is essential
for developing tests based on plasma or serum patterns [107]. What is
more, in comparison to protein-based biomarkers, quantification of
miRNAs need appropriate standardization, which is actually the biggest
limitation. At this moment, there is no one optimal strategy about
normalization. In many studies exogenous oligonucleotides (added in
established concentration) are used as reference gene i.e. cel-miRNA-
39, -54 and -268 obtained from Caenorhabditis elegans. In other studies,
authors use the mean of all the expressed miRNAs or stable small RNAs
(i.e. RNU24, RNU6B) for normalization. Unfortunately, there is no one
accepted normalization strategy use for quantification of miRNA [108].

For many clinical laboratories, detection technology is a serious
limitation. Microarrays were one of the first methods used for miRNAs
gene expression profiling. Based on nucleic acid hybridization, micro-
arrays provide quantification of large numbers of miRNAs simulta-
neously. In contrast to other techniques, microarrays are best used for
comparative analysis between two groups (i.e. patients vs. healthy
controls) [109]. Big advantage of microarray technique is large number
of data obtained from single experiments. On the other hand, there is a
possibility of cross-hybrydization during microarray, resulting in dif-
ferent expression profiles. That is why, results from microarrays can
differ from other miRNA profiling techniques [110].

Quantitative Real-Time PCR (QRT-PCR) is one of the main tech-
nique used for diagnostic tests like viral load testing, or gene expression
profiling. Because of a small amount of miRNAs, the amplification
process during PCR reaction results in the precision and sensitivity of
QRT-PCR, wchich shows even subtle changes in gene expression.
Furthermore, existing commercial kits are very simple, fast and ready-
to-use. Besides the fact that QRT-PCR is excellent technique used for
measurement of particular miRNAs showing the most blanced specifi-
city, reproducibility, sensitivity and accuracy, it is not proper for dis-
covery of novel miRNAs patterns [110].

Next-generation Sequencing, also known as NGS, is modern tech-
nique that provides opportunities to quantify known sequences of genes
and discover potentially novel genes or transcripts simultaneously.
Furthermore, NGS allows to analyze different samples in a single ex-
periment. Those advantages shows that NGS could be a gold standard in
clinical practice for profiling miRNA gene expression. Unfortunately, in
comparison to qRT-PCR, NGS is pricy platform, which consume a lot of
time to perform it properly [110].

Rapidly evolving field in research technology provide many mea-
surement platforms to determine miRNAs gene expression. Any of
available platforms show different sensitivity, reproducibility, specifi-
city an accuracy, causing difficulty in choosing the right method to
perform the experiment. Mestdagh et al. conducted a miRNA quality
control study, in which all common platforms are compared to each
other. To evaluate the accuracy of the studied platforms, authors
compared the expression of samples expressed in two various samples,
A - 100% Universal Human miRNA Reference RNA, and B — 100%
Human Brain RNA mixed in the 4:1 ratio (sample C) and 1:4 (sample
D). Expression of particular miRNAs should be exactly 3-fold higher (in
C sample) or lower (in D sample). The highest accuracy was shown in
platform that presented the lowest fold change difference between
observed expression. Reproducibility was assessed by means of dupli-
cated A-D samples. The highest reproducibility was shown by micro-
array. Detection rate and sensitivity was evaluated on the basis of de-
tected replicates, in which qRT-PCR showed the best results. Further,
authors determine the specificity of analyzed platform by measuring
gene expression of miRNAs showing differences in nucleotide sequence
(vary from one to four nucleotides). On the basis of signal intensity, the
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Table 1
Summary of changes in miRNA expression profile in various disease entities.
Disease miRNA Fold change (244°") Direction of change P value Ref.
Prostate cancer miR-4289 2.15" Upregulation < 0.0004 [24]
miR-326 2.3° < 0.0004
miR-98-5p 2.8% 0.0012
miR-152-3p 3.5° 0.0016
Diffuse large B-cell lymphoma miR-155 5.24 Upregulation 0.009 [26]
miR-210 4.15 0.02
miR-21 2.56 0.04
Non-small cell lung cancer miR-145 21.67 Upregulation 0.0002 [29]
miR-20a 13.39 0.00009
miR-21 6.15 0.00037
miR-223 2.64 0.00148
Lung cancer miR-21 1.36 Upregulation 0.0441 [31]
miR-19b 2.38 < 0.0001
Colorectal adenomas miR-15b 242 Upregulation 0.0009 [33]
miR-17 16 0.0252
miR-142-3p 66 0.0031
miR-195 18 0.0173
miR-331 33 0.0172
miR-532 50 0.0151
miR-532-3p 21 0.0173
miR-625 84 0.0172
Colorectal cancer miR-409-3p 4.5 Upregulation 0.0024 [34]
miR-7 0.2 Downregulation < 0.0001 [34]
miR-93 0.4 0.00022
miR-23a-3p 2.05 Upregulation < 0.0001 [35]
miR-27a-3p 1.69 < 0.0001
miR-142-5p 2.4 < 0.0001
miR-376¢-3p 1.95 < 0.0001
Acute pulmonary embolism miR-134 25.39 Upregulation 0.047 [58]
Stroke miR-125b-2 1.795 Upregulation 0.007 [58]
miR-27a 3.745 0.002
miR-422a 1.755 0.002
miR-488 2.124 0.006
miR-627 3.992 0.003
Coronary artery disease miR-126 0.37¢ Downregulation < 0.001 [41]
miR-17 0.27° < 0.001
miR-92a 0.46" < 0.001
miR-155 0.48 < 0.001
miR-145 0.49* < 0.001
Cardiovascular diseases miR-208b 1500 Upregulation < 0.005 [44]
miR-499 90 < 0.001
Myocardial infarction miR-1 157 Upregulation < 0.01 [46]
miR-133a 140" < 0.01
miR-133b 57° < 0.01
miR-499-5p 105" < 0.01
miR-1 300 Upregulation < 0.01 [47]
miR-133a 70 < 0.01
miR-208b 3000 < 0.001
miR-499-5p 250 < 0.01
miR-499-5p 80 Upregulation < 0.05 [49]
Parkinson’s disease miR-331-5p 217 Upregulation 0.001 [70]
miR-195 1.65 Upregulation 0.000261 [72]1
miR-185 0.41 Downregulation < 0.0001
miR-15b 0.27 < 0.0001
miR-221 0.34 < 0.0001
miR-181a 0.35 < 0.0001
Hepatitis C miR-122 (1st set) 10.8 Upregulation < 0.0001 [95]
miR-16 (1st set) 3 0.0002
miR-122 (2nd set) 7.9 < 0.0001
miR-16 (2nd set) 6.3 < 0.0001
HIV miR-29a 4 Upregulation < 0.01 [105]
miR-27a 16 < 0.01
miR-151-3p 5.65° < 0.01
miR-19b 11.31% < 0.01

2 Estimated value based on the figures, and relative expression data, given by the studies.

specificity was evaluated. The best results were achieved by qRT-PCR rate and specificity. Microarrays and NGS should be use in experimental
[111]. laboratories that focus on finding differences in miRNA expression in
The choice of the right platform should depend on the effect that we various diseases.

expect after the experiment. Many factors (i.e. RNA concentration) may
affect the obtained result. In our opinion, QRT-PCR should be used in
clinical laboratories, because it shows the highest sensitivity, detection
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4. Conclusion

Many studies from last decade have shown that miRNAs - small,
non-coding RNAs that are able to regulate gene expression, cell growth,
tissue differentiation, cell proliferation or apoptosis, are differentially
expressed in various disease entities. Furthermore, it has been shown
that many miRNAs are secreted from cells to body fluids changing the
expression patterns in response to disease state. Also, high stability of
circulating miRNAs to harmful conditions means that miRNAs are
considered to be a potential biomarkers. All studies cited above, shows
very promising result for plasma miRNAs as a biomarker (Table 1).
Unfortunately, replication of similar results obtained for particular
miRNA in various diseases is a common phenomenon, affecting nega-
tively on the specificity of future tests based on those miRNAs. Various
studies have shown that miR-27a is differentially expressed in many
diseases entities, including APE, Stroke, HIV and Colorectal Cancer.
MiR-21 is differentially expressed in DLBCL, NSCLC, CAD and ACLF.
Furthermore, miR-19b has also been significant in the diagnosis of Lung
Cancer and HIV. The lack of specificity to a particular disease could
suggest its use in many other diagnostic panels, with a wide spectrum of
activity. Besides this, many studies have shown expression of various
miRNAs in the same disease, while more and more experiments, large-
scale validation studies and clinical trials are bringing us closer to
finding the ideal biomarker and changing the actual state-of-the-art in
diagnostics. At this moment, development of an suitable test requires
finding several miRNAs, preferably showing differential expression in
this particular disease (or related to it) and constructing appropriate
diagnostic panel. Very promising studies have been performed by Vy-
chytilova-Faltejskova et al. in which combinations of specific bio-
markers in a miRs-panel reached the highest diagnostic efficiency —
96% in patients with Colorectal Cancer (p < 0.0001). Promising results
were also obtained by Ding et al. in which four downregulated miRNAs
were very significant in diagnosis of Parkinson’s Disease (p < 0.0001).
In one study, Cermelli et al. performed two independent experiments on
different populations, which showed repeatable results in diagnosis of
Hepatitis C (p < 0.001).

All of the works described above have shown how great an impact
miRNAs will have in future diagnosis. Finding new, better biomarkers
that could easily replace the current, not highly-specific nor sensitive
biomarkers is a rapidly evolving field in molecular biology. Many stu-
dies have already shown very promising results, highlighting the po-
tential of plasma miRNAs in the diagnosis of various diseases entities.
On the other hand, methodological and technical limitations, the high
cost of experiments and low populations are major impediments to
many scientists. In spite of this, we have a hope that in the next few
decades, scientists from all over the world will overcome these limita-
tions to perform large-scale studies.
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Abstract: Transcriptome analysis constitutes one of the major methods of elucidation of the genetic
basis underlying the pathogenesis of various diseases. The post-transcriptional regulation of gene
expression is mainly provided by microRNAs. Their remarkable stability in biological fluids and
their high sensitivity to disease alteration indicates their potential role as biomarkers. Given the high
mortality and morbidity of cardiovascular diseases, novel predictive biomarkers are sorely needed.
Our study focuses for the first time on assessing potential biomarkers of acute coronary syndrome
(ACS) based on the microRNA profiles of platelets. The study showed the overexpression of eight
platelet microRNAs in ACS (miR-142-3p; miR-107; miR-338-3p, miR-223-3p, miR-21-5p, miR-130b-3p,
miR-301a-3p, miR-221-3p) associated with platelet reactivity and functionality. Our results show
that the combined model based on miR-142-3p and aspartate transaminase reached 82% sensitivity
and 88% specificity in the differentiation of the studied groups. Furthermore, the analyzed miRNAs
were shown to cluster into two orthogonal groups, regulated by two different biological factors.
Bioinformatic analysis demonstrated that one group of microRNAs may be associated with the
physiological processes of platelets, whereas the other group may be linked to platelet—vascular
environment interactions. This analysis paves the way towards a better understanding of the role of
platelet microRNAs in ACS pathophysiology and better modeling of the risk of ACS.

Keywords: blood platelets; acute coronary syndrome; microRNA; biomarker; prognostic modeling

1. Introduction

According to the World Health Organization, cardiovascular diseases (CVDs) are the
leading cause of death worldwide, representing 32% of all global deaths. Epidemiolog-
ical studies have demonstrated that 85% of all deaths caused by CVDs were associated
with stroke and acute coronary syndrome (ACS) [1]. ACS refers to a wide spectrum of
clinical disorders that range from cardiac arrest and cardiogenic shock, with disturbed
hemodynamics or electrical instability, to symptomless manifestations at the time of onset.
The individual course of ACS hinders the initial diagnosis, thus inhibiting the therapeutic
effect of the applied therapy [2]. In the early assessment of symptom presentation, 12-lead
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electrocardiography and the cardiac troponin level are still considered the gold standard
in diagnosis and constitute a strong foundation in the ACS triage [2,3]. ACS biomarkers
in current clinical usage are focused on the diagnosis of patients during ischemic events,
thus enabling monitoring of the dynamics of myocardial ischemia [2]. However, there
are no biomarkers that can be used to evaluate the potential risk of ACS development
before ischemia occurs. The establishment of prognostic biomarkers would enable the
implementation of preventive treatment, thus reducing the risk of ACS.

Increased interest, technological progress, and a rapidly expanding publication base
have focused on novel, potential biomarkers during the last two decades, suggesting
microRNAs (miRNAs) as biological molecules associated with the development of patho-
logical conditions in various disease entities [4,5]. MiRNAs are a class of short, non-coding
RNAs consisting of approximately 18-25 nucleotides. Mature miRNA sequences serve as a
post-transcriptional regulator of gene expression through base-pairing with target mRNAs
in the 3’-UTR region [6]. It has been suggested that about 60% of human protein-encoding
genes are controlled by miRNAs, thus indicating their association with many biological
processes, including proliferation, differentiation, apoptosis, and the cellular cycle [4]. The
primary public repository of miRNA sequences and annotations, miRBase, currently re-
ports that the human genome contains 2654 mature sequences and 1917 annotated hairpin
precursors [7]. The screening analysis of miRNA profiles allows for the discovery of altered
expression patterns, of which the identification may contribute to a better understanding
of the basis of various human diseases. In 2008, Chen et al. showed that miRNAs derived
from different tissues are contained in large amounts in serum with remarkable stability to
harmful conditions, including a wide range of pH, repeated freeze-thaw cycles, boiling,
RNAse activity, and long-term storage at room temperature. Furthermore, the presence
of miRNAs was also found in blood cells [8], thus indicating the possibility of the rapid,
accurate, and specific analysis of the miRNome in a non-invasive manner, emphasizing the
potential role of miRINAs as biomarkers in clinical practice.

Human blood platelets play a central role in the hemostasis process, ensuring vascular
stability and preventing blood loss due to vessel injury [9]. Furthermore, blood platelets
constitute a major implication in thrombosis, leading to the formation of pathogenic blood
clots that reduce blood flow in the vessel lumen [10]. In addition to the fact that human
blood platelets are anucleate, studies have showed that they possess the transcriptome
machinery necessary for maintaining biological processes [11]. It was reported that blood
platelets express a vast amount of miRNAs that control their functions and reactivity [12].
Moreover, platelets contain all necessary protein enzymes delivered from megakaryocytes
to convert pre-miRNA to mature sequences [13], thus constituting an excellent area for
miRNA evaluation.

The main goal of our study was to perform a screening analysis of the platelet
miRNome between patients diagnosed with acute coronary syndromes (ACS) and donors
without any cardiovascular system disturbances via microarray technology to identify a
possible alteration that could be used as a potential prognostic biomarker of ACS.

2. Materials and Methods
2.1. Chemicals

Phosphate-buffered saline (PBS) tablets were purchased from Biosigma (Venice, Italy);
NaCl, NaHCO3, citric acid, sodium citrate, and NaH2PO4 were purchased from POCh
(Gliwice, Poland); bovine serum albumin (BSA), Tris, NH4HCO3, glucose, KCL, and 2-[4-
(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) were purchased from Merck
(Darmstadt, Germany).

2.2. Clinical Characterization of Study and Control Group

Whole blood samples were obtained from 55 patients with coronarographically con-
firmed ACS. However, due to the strong influence of risk factors such as impaired glycemia,
high fibrinogen levels, and a highly elevated lipid profile, 5 patients were rejected from the
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study. Thus, 50 patients were enrolled in the study. All patients were hospitalized, diag-
nosed, treated, and selected for our study in the Department of Interventional Cardiology
at the Medical University of Lodz, according to the current guidelines of the European
Society of Cardiology. Blood samples were collected between 7:00 and 8:00 a.m. from the
ulnar vein via the S-Monovette system (Sarstedt, Numbrecht, Germany) with CPDA-1 as a
stabilizer. Blood was drawn from the patients immediately after the necessary examina-
tions and treatments to ensure the patient’s safety. Patients were eligible to enroll in the
study if they were under 65 years old, were not diagnosed with cancer, diabetes mellitus, or
hypothyroidism, had normal kidney function, BMI < 35, a lack of connective tissue disor-
ders, and were not addicted to narcotics and alcohol. Healthy donors were eligible for the
study after medical tests which included morphology, blood levels of glucose, creatinine,
aspartate transaminase (AST), alanine transaminase (ALT), total cholesterol, high-density
lipoprotein (HDL), low-density lipoprotein (LDL), thyroid-stimulating hormone (TSH),
and triglyceride testing. Healthy volunteers were free from any illness and were free
from any medications administrated at least 2 weeks before blood collection. The study
was approved by the Committee of the Ethics of Research in Human Experimentation
at the University of Lodz, with resolution number 23/KBNN-UL/1/2017. All qualified
subjects signed a written informed consent form before entering the study. All procedures
performed in this study were carried out according to the Helsinki Declaration for Human
Research. All clinical parameters of patients and controls are included in Table 1.

Table 1. Clinical characteristics of the ACS patients and healthy volunteers.

Clinical Parameter Study Group Control Group References
Age 54 (46-59.25) 50 (40.75-57.5) -
Male 43 40 -
Female 7 10 -
Erythrocytes (10°/uL) 4.57 (4.283-4.988) 4.95 (4.545-5.27) 42-6.1
Leukocytes (10%/uL) 8.6 (7.333-9.648) 6.165 (4.828-7.935) 4-11
Blood platelets (103 /L) 251.5 (201.8-281.8) 250 (215-299.8) 150-400
Glucose (mmol/1) 6 (5.365-6.535) 5.055 (4.745-5.563) 41-5.1
Creatinine (pmol/1) 82.5 (74.5-91) 74.26 (68.51-86.85) 64-104
GFR (ml/min/1.73m?) 95.2 (79.13-101) 86.33 (79.93-99.01) >60
Cholesterol (mmol/I) 5.645 (4.475-6.81) 4.8 (4.075-5.303) 3-5
HDL (mmol/1) 1.145 (1-1.333) 1.350 (1.120-1.810) >1
LDL (mmol/1) 3.21 (2.373-4.41) 2.780 (2.220-3.238) -
Triglycerides (mmol/1) 1.805 (1.155-2.815) 1.195 (0.938-1.688) <17
AST (U/I) 32.00 (25.75-43.65) 19.55 (16.30-25.85) 0-50
ALT (U/]) 29 (21-39) 20.85 (14.73-33.35) 0-50
TSH (mIU/1) 1.8 (1.183-2.75) 2.055 (1.413-2.863) 0.27-4.20
BMI <35 <35 <35

Clinical parameters are presented as a median and 1st-3rd quartile of 25th—75th percentile. Abbreviations:
ALT—alanine transaminase; AST—aspartate transaminase; BMI—body mass index. GFR—glomerular filtra-
tion rate; HDL—high-density lipoprotein; LDL—low-density lipoprotein; TSH—thyroid-stimulating hormone;
UA—unstable angina.

2.3. Blood Platelet Isolation

Blood platelets were isolated from 17 mL of fresh, whole-blood samples. Instantly after
transport, tubes were centrifuged at 1200 rpm at room temperature for 15 min. To obtain the
pure samples of platelets, three-quarters of platelet-rich plasma (PRP) was shifted to a fresh
collection tube. Further, a magnetic separation system (Miltenyi Biotech, Bergisch Gladbach,
Germany) was performed. Firstly, PRP was incubated with superparamagnetic microbeads,
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labeled with anti-CD45 and anti-CD235a, to deplete the leukocytes and erythrocytes,
respectively. Positive separation with anti-CD61 microbeads was not recommended by
the manufacturer, because of the high possibility of platelet activation. Secondly, the MS
Columns responsible for the magnetic separation of labeled cells were washed 3 times with
500 uL of buffer (PBS, 0.5% BSA, 2 mM Citrate) and PRP was applied into the MS Column.
Unlabeled, cleaned PRP, which passed through to the new, fresh tube, was then centrifuged
at 1400 rpm at room temperature for 15 min to obtain a blood platelet pellet. Isolated blood
platelets were washed three times with modified Tyrode’s buffer (127 mM NaCl, 2.7 mM
KCl, 0.5 mM NaH;POy, 12 mM NaHCO3, 5 mM HEPES, 5.6 mM glucose, pH 7.4) to remove
potential contamination by plasma. In the final step, each platelet pellet was suspended in
RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) to preserve the integrity of the
RNA. After the collection, samples were stored at —80 °C for further analysis.

2.4. RNA Isolation and Synthesis of Complementary DNA (cDNA)

The extraction of RNA from previously collected and purified platelet samples was
performed using a commercially available Isolate Il RNA Mini Kit (Bioline, London, UK).
Because of the density of the RNAlater Solution (Thermo Fisher Scientific, Waltham, MA,
USA) used during platelet isolation, an equal volume of ice-cold PBS was added and
centrifuged at 5000 rpm for 5 min in 4 °C immediately before the RNA extraction to remove
the RNAlater. All steps were performed according to the manufacturer’s protocols. After
RNA isolation, RNA integrity was examined in TapeStation 2200 using High-Sensitivity
RNA ScreenTape (Agilent, Santa Clara, CA, USA). Study and control samples achieved
~8 points on the 1-10 RINe scale. Subsequently, eluted RNA was reverse-transcribed to
c¢DNA using a Tagman™ Advanced miRNA ¢cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) with cel-miR-39-3p (Thermo Fisher Scientific, Waltham, MA, USA) as
an exogenous control. The final concentration of exogenous control in each sample was
10 pM. Undiluted, transcribed cDNA was stored at —80 °C before real-time quantitative
PCR (RT-gPCR) analysis.

2.5. Microarray Analysis

Microarray analysis was performed using an Agilent miRNA Microarray SurePrint
G3 Human miRNA r21 Array Kit (Agilent, Santa Clara, CA, USA), which ensures a high-
throughput system with optimal sequence discrimination and assessment of sensitivity
and specificity. The applied microarray slide contained 2549 human miRNAs sourced
in the miRBase Database Release 21.0. Unique SurePrint inkjet technology provided a
synthesis of 40 to 60-mer oligonucleotides anchored directly on the slide with an array. The
microarray contained approximately 15,000 printed probes, randomly placed to ensure
the availability of all miRNAs to the tested sample. To perform an experiment, total
RNA samples stored at —80 °C were transferred in dry ice to the Institute of Biology in
Jan Kochanowski University in Kielce, Poland. The protocol consisted of several steps,
including preparing spike-in solutions for the generation of fluorescently labeled miRNAs;
and sample dephosphorylation, denaturation, ligation, and drying were carried out. After
all steps were performed, microarray slides were put into the SureHyb chamber cover
and inserted into the oven’s rotating rack. Samples were hybridized at 55 °C for 24 h and
20 rpm. Microarray slides were then washed and scanned. To avoid possible complications
after washing, slides were immediately put into the ozone-barrier slide cover. Slides were
scanned in Agilent G2565C using Feature Extraction software (FE Version 10.10.1.1) with
grid number 070156_D_F_20141006. Subsequently, detailed bioinformatic analysis was
performed in GeneSpring GX software (Agilent, Santa Clara, CA, USA). All stages were
performed according to the manufacturer’s protocol.

2.6. Validation of Selected miRNAs with Real-Time PCR

RT-gPCR analysis was performed for the selected miRNAs: hsa-miR-223-3p (Assay
ID: 477983_mir), hsa-miR-142-3p (477910_mir), hsa_miR-126-3p (477887_mir), hsa-miR-
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21-5p (477975_mir), hsa-miR-107 (478254_mir), hsa-miR-28-5p (478000_mir), hsa-miR-221-
3p (477981_mir), hsa-miR-98-5p (478590_mir), hsa-let-7f-5p (478578_mir), hsa-let-7d-5p
478439_mir), hsa-let-7g-5p (478580_mir), hsa-miR-146a-5p (478399_mir), hsa-miR-301a-3p
(477815_mir), hsa-miR-130b-3p (477840_mir), hsa-miR-338-3p (478037_mir), hsa-miR-191-
5p (477952_mir), cel-miR-39-3p (Sequence 5’ to 3": (RNA)-Phos-UCACCGGGUGUAAAUC-
AGCUUG). Tagman™ Advanced miRNA Assays (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), Tagman™ Fast Advanced Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA), Molecular-Grade Water (Thermo Fisher Scientific, Waltham, MA,
USA), and 10-times diluted cDNA of the studied samples were used to quantify each
miRNA molecule. To evaluate the quality of cDNA synthesis, the Ct value for an exogenous
control was determined and compared in all analyzed samples. For normalization of the
expression level, the mean value of endogenous (hsa-miR-191-5p) and exogenous (cel-miR-
39-3p) controls was calculated and used as a reference for the ACt calculation. RT-qPCR
analysis was performed using a CFX96TM Real-time PCR Detection System Thermal Cycler
(Bio Rad Laboratories Inc., Hercules, CA, USA). The conditions set for the analysis consisted
of polymerase activation (20 s, 95 °C) followed by denaturation (3 s, 95 °C), and extension
(30's, 60 °C) in 40 cycles. The expression of miRNAs was presented as —ACt. The difference
in miRNA expression between ACS patients and healthy controls was tested with Student’s
t-test. The fold-change of miRNA expression, together with its 95% confidence intervals
(95%CI), was based on the 2~ 22Ct method.

3. Results
3.1. Screening of Platelet miRNome with Microarrays

To obtain the most reproducible and statistically significant findings and to exclude
false-positive or false-negative results, quality control analysis was performed in study
and control groups. Data were normalized using a percentile shift algorithm, without
baseline transformation. Statistical analysis was performed using the moderated t-test
with Benjamini-Hochberg FDR correction with a p-value cut-off of 0.05. The obtained
results showed that 107 miRNA molecules had significantly altered expression in ACS
patients compared to the control group. In the next step, data were filtered by fold-
change value with cut-off of 2. After filtration, we found that 91 miRNAs had significantly
different expression between the groups (Supplementary Figure S1, “The heatmap of
miRNAs expression in microarray analysis”). Obtained results are presented in a volcano
plot (Figure 1). To assess the biological functions (BFs) of the analyzed miRNAs, six
databases responsible for finding target genes were used (miRDB, microRNAorg, PITA,
PICTAR, TARBASE, and TARGETSCAN). To provide the most reproducible results of the
predicted targets, we considered only entities supported by all of the abovementioned
target prediction databases. All genes associated with particular miRNAs were studied in
DAVID Bioinformatics Resources 6.8 [14]. miRNAs and genes were selected based on the
OMIM Database [15], KEGG Pathways [16], Gene Ontology [14], and available publications.
For validation of the obtained results by RT-qPCR, we selected 15 miRNAs presenting
altered expression in ACS patients compared to healthy volunteers and demonstrating an
association with platelet function.

3.2. Validation of Blood Platelet miRNA by RT-gPCR

The results showed that of the 15 selected miRNAs from the microarray analysis, the
expression of eight miRNAs was significantly augmented in ACS patients compared to
healthy controls. Overexpression was found for hsa-miR-142-3p (p < 0.0001); hsa-miR-
107 (p <0.0001); hsa-miR-338-3p (p = 0.0004), hsa-miR-223-3p (p = 0.0004), hsa-miR-21-5p
(p = 0.0005), hsa-miR-130b-3p (p = 0.0023), hsa-miR-301a-3p (p = 0.011), and hsa-miR-221-3p
(p = 0.027). The mean values of —ACt, SEMs, and fold-changes are presented in Figure 2.
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Figure 1. Volcano plot of ACS vs. Control miRNA microarray analysis. The data for all miRNAs are plotted as log, (Fold-
change) vs. the —logjo(p-value). A fold-change threshold is presented as green lines. The 5 most upregulated (miR-301a-3p,
miR-142-3p, miR-146a-3p, miR-130b-3p, miR-338-3p) and downregulated (miR-8069, miR-4299, miR-3656, miR-197-5p,
miR-3162-5p) miRNAs, selected based on fold-change values, are indicated by black arrows. Furthermore, statistically
significant miRNAs, validated by qRT-PCR, are also presented (miR-142-3p, miR-107, miR-338-3p, miR-223-3p, miR-21-5p,
miR-130b-3p, miR-301a-3p, and miR-221-3p). The altered expressed miRNAs between studied groups with the highest
significance (the lowest p-value) are located at the top of the plot. MiRNAs demonstrating large fold-change values are
plotted outside of the vertical threshold lines. A greater distance from the center indicates a greater fold-change. Red square
points on the plot represent upregulated miRNAs, whereas blue square points on plots represent downregulated miRNAs.
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Figure 2. Comparison of miRNA expression in platelets of ACS patients and matched healthy controls. OY axes depict
—ACt values for each given miRNA, presented graphically as the mean, SEM, and 95% CI of expression estimate. Above
individual box-plots, the fold-change (95% CI) of miRNA expression in ACS patients in relation to its expression in healthy

controls is presented. ACS—acute coronary syndrome, SEM—standard error of mean, CI—confidence interval.

3.3. Statistical Analysis and Modeling of Potential Biomarkers

Biochemical parameters were transformed via the Box-Cox procedure to maintain the
normal distribution of the parameters. Receiver operating characteristic (ROC) curves were
used to illustrate model performance to differentiate ACS patients from healthy controls
and areas under the ROC curves (AUC) with 95%CI values were estimated. Cut-off points
were proposed based on the maximization of Youden’s index. The colinearity of miRNAs
was tested with the use of exploratory factor analysis (EFA) and Pearson’s r correlation
matrix analysis. The number of factors in EFA was established based on the scree-plot
analysis and the eigenvalue-more-than-one criterion. The factor differentiation in EFA
was achieved by means of raw varimax factor rotation. Binary logistic regression was
used to build a multivariate model to differentiate ACS patients from healthy controls.
Predictors were selected based on the step-wise procedure and with the help of Pearson’s
r correlation matrix analysis. The models were evaluated with the use of Akaike and
Bayesian information criteria, as well as Cox-Snell and Nagelkerke’s pseudo-R?. To assess
the goodness-of-fit, the Hosmer-Lemeshow chi-squared test was performed. Ten-fold cross
validation was used as an internal model validation technique. p-values below 0.05 were
considered statistically significant. The analysis was performed using STATISTICA 13.3
Software (StatSoft; Tulsa, OK, USA).

Although some miRNAs were able to significantly differentiate ACS patients from
healthy controls (Figures 2 and 3), the development of a multivariate model for that pur-
pose with the use of miRNAs only was not possible due to their high colinearity. Two
orthogonal factors yielded by EFA were able to explain as much as 63.0% of the total
variance and all the miRNAs that well-differentiated patients from controls (miR-301a-3p,
miR-142-3p, miR-338-3p, miR-130b-3p, miR-107, miR-21-5p, miR-223-3p, and miR-126-3p)
substantially loaded the main factor (Figure 4). On the other hand, miRNAs weakly differ-
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entiating patients from controls loaded the second factor, with some of them (miR-98-5p,
let-7f-5p, let-7d-5p, miR-28-5p) negligibly loading the main one (Figure 4). The Pearson’s r
correlation matrix with all the tested miRNAs is presented in Supplementary Figure S2,
“The correlation matrix with all the tested miRNAs”.
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Figure 3. Receiver operating characteristic (ROC) curves for univariate models involving all the tested miRNAs. Cut-off
points were proposed based on the maximization of Youden’s index and their values were presented as —ACt. The
area under the ROC curves (AUQC), their 95% confidence intervals (95%CI), and the tests for AUC differences from 0.5
were displayed.

To test whether the evaluated miRNAs could contribute to the better differentiation
of patients from controls performed using classical biochemical parameters, the binary
logistic regression model was constructed with the use of a step-wise procedure. MiR-
142-3p, together with AST, were selected for this model as their correlation was negligible
(Pearson’s r = 0.067) and both significantly differentiated patients from controls. According
to the information criteria and analysis of the coefficients of determination, the model
enriched with miR-142-3p performed substantially better in comparison to the model
based on AST only (Figure 5 and Table 2). The multivariate model was parsimonious
enough not to be prone to overfitting, as evaluated by the validation sample. The model
exhibited acceptable goodness-of-fit; however, as Hosmer—Lemeshow statistics presented
with borderline p-values, this requires further testing and development.
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Figure 4. Exploratory factor analysis with factor loadings for expression of all the tested miRNAs in the combined
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Figure 5. Receiver operating characteristic (ROC) curves for models differentiating ACS patients from healthy controls.
Model internal validation was performed with a 10-fold cross-validation technique. (A) ROC for the model based on AST
only. (B) ROC for the model based on miR-142-3p together with AST.

Table 2. Characteristics of the binary logistic regression models differentiating ACS patients from healthy controls based on
AST only and miR-142-3p together with AST.

Model Characteristics Model Based on AST Model Based on miR-142-3p and AST
Odds ratio (95%CI), p-value
AST (Box—Cox transformed*100) 1 2.08 (1.54-2.79), p < 0.0001 2.57 (1.73-3.81), p < 0.0001
miR-142-3p (—ACt) N/A 1.91 (1.37-2.67), p = 0.0001
Coefficients of determination:
Cox-Snell R? 32.5% 48.2%
Nagelkerke R? 43.4% 64.2%
Information criteria:
AIC 103.3 789
BIC 108.5 86.7
Goodness-of-fit:
Hosmer-Lemeshow x2(df), p-value 6.60 (8), p =0.58 14.84 (8), p = 0.062
}\AST—Oasg;rtate transaminase, N/A—not applicable, AIC—Akaike information criterion, BIC—Bayesian information criterion; ! Box-Cox
=—0.9071.

3.4. Bioinformatic Analysis of Potential mRNA Targets and Protein—Protein Interactions

To identify the biological significance of tested miRNAs, the bioinformatic analysis
focused on the comparison of gene ontology, searching for predictive mRNA targets, and
the evaluation of protein—protein interactions (PPIs) was carried out. In the first stage,
target genes for statistically significant miRNNA molecules were found in GeneSpring
Software. To obtain the most reproducible results, the predictive targets of which the
presence was confirmed in all studied databases were selected. Furthermore, based on the
DAVID Bioinformatic Resources 6.8 [14] and KEGG Pathways [16], signaling pathways
and gene ontology for nRNA-miRNA targets were evaluated. To avoid an overabundance
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of information unrelated to the manuscript topic, only pathways and genes associated with
the physiology of platelets were selected. All mRNA targets for particular miRNAs are

included in Table 3.
Table 3. Summary of predictive mRNA-miRNA targets associated with the central biological functions of blood platelets.
MicroRNA mRNA Targets ! Kegg Pathway Associated Genes
PI3K-Akt signaling pathway AKT3, CREB1 *, CHUK, FGF2 *, ITGA2, PDGFRA *
miR-223-3p 46
Platelet activation AKT3, RASGRP1 *, ITGA2, P2RY12
Platelet activati AKT3, RASGRP1 *, ARHGEF12, COL24A1 * ITGA2,
atelet activation MYLK, PLCB1, PPP1R12A
miR-142-3p 41 Regulation of actin cytoskeleton ARHGEF12, FGF2 *, ITGA2, MYLK, PPP1R12A
Focal adhesion AKT3, COL24A1 *, ITGA2, MYLK, PPP1R12A
Vascular smooth muscle contraction ARHGEF12, MYLK, PLCB1, PPP1R12A
AKT3, RAP1B, RASGRP1 *, ARHGEF12, COL3A1
Platelet activation COL24A1 * ITPR1, ITGA2, ITGB3, PIK3R1,
miR-21-5p 58 PLCB1, PRKG1
. . AKT3, PHLPP2 *, COL3A1, COL24A1 *, CHUK,
PI3K-Akt signaling pathway FGF2 *, ITGA2, ITGB3, PIK3R1, PDGFRA *,
AKT3, BCL2L11 *, PHLPP2 *, CREB1 *, CHRM?2 *,
PI3K-Akt signaling pathway COL3A1, COL6A3, COL24A1 *, FGF2 *, INSR,
ITGA2, MAP2K1, PIK3R1, VEGFA *
Platelet activation AKT3, COL3A1, COL24A1 *, ITPR1, ITGA2, MYLK,
PIK3R1, PLCB1, PPP1R12A
Focal adhes AKT3, COL3A1, COL6A3, COL24A1 *, ITGA2,
ocatadhesion MAP2K1, MYLK, PIK3R1, PPP1R12A, VEGEA *
. AKT3, ADRB2 *, CREB1*, CHRM2 *, GRIN2A *
R-107 92 ; ; , , , , ,
m cAMP signaling pathway MAP2K1, PIK3R1, PPP1R12A
Reoulati £ acti toskelet CHRM?2 *, FGF2 *, ITGA2, MAP2K1, MYLK,
egulation of actin cytoskeleton PIK3R1, PPP1R12A
Calcium sienaling pathwa HTR2A, ADRB2 *, CHRM?2 *, GRIN2A *, ITPR1,
cium signaling p y MYLK, PLCB1
Circadian entrainment CREB1 *, GRIN2A * ITPR1, PLCB1, PRKG1
Phosphatidylinositol signaling system ITPR1, PIK3R1, PLCB1
Chemokine signaling pathway AKT3, MAP2K1, PIK3R1, PLCB1, PF4V1
AKT3, BCL2L11 *, PHLPP2 *, CREB1 *, CHRM2 *,
PI3K-Akt signaling pathway ITGA2, ITGB3, MAP2K1, PIK3R1, PDGFRA *,
THEM4, YWHAQ
Regulati £ acti toskelet CHRM?2 *,ITGA2, ITGB3, MAP2K1, PIKFYVE,
egulation of actin cytoskeleton PIK3R1, PDGFRA * RDX
miR-221-3p 71 Platelet activati AKT3, RAP1B, RASGRP1 *, ITGA2, ITGB3, PIK3R1,
atelet activation PLCB1, PRKG1
Focal adhesion AKT3, RAP1B, ITGA2, ITGB3, MAP2K1,
¢ es10 PIK3R1, PDGFRA *
cAMP signaling pathway AKT3, RAP1B, CREB1 *, CHRM?2 *,

MAP2K1, PIK3R1
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Table 3. Cont.

MicroRNA  mRNA Targets ! Kegg Pathway Associated Genes
AKT3, BCL2L11, PHLPP2 *, CREB1 *, CHRM2 *,
PI3K-Akt signaling pathway COL1A2, COL6A3, CHUK, CDKN1A, INSR,

MAP2K1, PIK3R1, PDGFRA *

AKT3, ARHGEF12, COL1A2, ITPR1, PIK3R1,
PLCB1, PRKGI1, PLAU *

AKT3, RAPGEF4 *, ADRB1 *, CREB1 *, CHRM2 *,
MAP2K1, PIK3R1

miR-301a-3p 91 . AKT3, COL1A2, COL6A3, MAP2K1,
Focal adhesion PIK3R1, PDGERA *

ARHGEF12, CHRM?2 *, MAP2K1, PIKFYVE,
PIK3R1, PDGFRA *, RDX

Platelet activation

cAMP signaling pathway

Regulation of actin skeleton

Vascular smooth muscle contraction ARHGEF12, ITPR1, MAP2K1, PLCB1, PRKG1
Calcium signaling pathway ADRBI1 *, CHRM2 *, ITPR1, PLCB1, PDGFRA *
Phosphatidylinositol signaling system ITPR1, PIKFYVE, PIK3R1, PLCB1
Arachidonic acid metabolism PTGES3
AKT3, BCL2L11, PHLPP?2 *, CREB1 *, CHRM2 *,
PI3K-Akt signaling pathway COL1A2, COL6A3, CHUK, CDKN1A, INSR,

MAP2K1, PDGFRA *

AKT3, RAP1B, ARHGEF12, COL1A2, ITPR1,
MYLK, PLCB1, PRKG1

ARHGEF12, CHRM2 *, MAP2K1, MYLK,
PIKFYVE, PDGFRA *, RDX

AKT3, RAP1B, RAPGEF4 *, ADRB1 *, CREB1 *,
CHRM2 *, MAP2K1

ARHGEF12M ITPR1, MAP2K1, MYLK,

Platelet activation

miR-130b-3p 93 Regulation of actin cytoskeleton

cAMP signaling pathway

Vascular smooth muscle contraction

PLCB1, PRKG1
Complement and coagulation cascade F3* C1S, C5, PLAU*
Arachidonic acid metabolism PTGES3

AKT3, PHLPP2 *, CREB1 *, CHRM2 *, COL6A3,
FGF2 *, ITGB3, PDGFRA *

ARHGEF12, CHRM?2 *, FGF2 *, ITGB3,
PDGFRA *, RDX

miR-338-3p 58 Platelet activation AKT3, ARHGEF12, ITPR1, ITGB3, PRKG1

ADRB?2 *, CHRM2 *, GRIN2A *,
ITPR1, PDGFRA *

cAMP signaling pathway AKT3, ADRB2 * CREB1 *, CHRM?2 *, GRIN2A *
Focal adhesion AKT3, COL6A3, ITGB3, PDGFRA *

1 Numbers presented in rows show the overall number of mRNA targets found in the 6 databases: miRDB, microRNAorg, PITA, PICTAR,
TARBASE, and TARGETSCAN in GeneSpring software. * The presence of mRNA transcripts was confirmed in blood platelets, without
protein products [17]. Underlined—The presence of protein was confirmed in blood platelets, without mRNA transcripts [17].

PI3K-Akt signaling pathway

Regulation of actin cytoskeleton

Calcium signaling pathway

The obtained results showed that all statistically significant miRNAs may interact
with 43 mRNA transcripts present in blood platelets. To test whether crucial interactions
between proteins associated with platelet functions are present, protein—protein interaction
(PPI) analysis was performed. Of 43 predicted mRNA transcripts, we selected 28 proteins,
which were experimentally confirmed in the platelet proteome. A visualization of the PPI
network is presented in Figure 6.
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Figure 6. Protein—protein interaction (PPI) analysis of selected proteins present in the platelet proteome. PPIs were

determined using the STRING database [18]. The PPI network is presented as lines between nodes, the thickness of which

indicates the strength of the interaction.

Data obtained from the analysis demonstrated that PPIs could be divided into three
separate groups, with a central role of phosphatidylinositol 3-kinase regulatory subunit
alpha (PIK3R1). Based on the KEGG Pathways, proteins included in group 1 (COL6A3,
COL1A2, ITGA2, ITGB3, P2RY12) were shown to influence the extracellular matrix receptor
interaction pathways crucial for platelet adhesion, activation, and aggregation. Proteins
included in group 2 (AKT3, MAP2K1, RAP1B, YWHAQ, BCL2L11, CDKN1A, THEM4,
CHUK) were shown to affect the PI3K-Akt signaling pathway, and proteins in group 3
(ITPR1, INSR, PLCB1, PRKG1, PIKFYVE, RDX, ARHGEF12, MYLK, PPP1R12A) were
shown to be associated with vascular smooth muscle contraction, the calcium signaling
pathway during platelet activation, and the regulation of the actin cytoskeleton. Further-
more, three proteins (PTGS3, HTR2A, PF4V1) were not shown to be associated with the
studied interactome [16].

The final step of the bioinformatic analysis was focused on the comparison of biological
processes and cellular components of predictive mRNA targets of miRNAs included in
cluster 1 via Gene Ontology analysis (Supplementary Figures S3 and S4). Data obtained
from the DAVID Database [14] revealed significant differences in the mRNA targets of
miRNAs in clusters 1 and 2, indicating its multiple roles in the regulation of physiological
processes associated with the activation of blood platelets. To identify the most significant
potential mRNA targets for miRNAs included in cluster 1 and cluster 2, we decided to
verify whether the predictive mRNA targets between both clusters coincided. Furthermore,
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we tested whether there were differences in the linked targets between clusters and whether
particular transcripts were specific to any of the clusters. Based on the obtained results, we
selected ITPR1, PLCB1, and PIK3R1 as potential targets of significant miRNAs, that could
be used to differentiate between the studied groups.

4. Discussion

Our study showed that blood platelets from ACS patients had significantly up-
regulated expression of eight validated miRNAs: miR-142-3p; miR-107; miR-338-3p,
miR-223-3p, miR-21-5p, miR-130b-3p, miR-301a-3p, and miR-221-3p. The presence of
all analyzed miRNAs in blood platelets was confirmed in several studies, emphasizing
their platelet origin [12,19-21]. Due to the complex and multifactorial character of ACS, it
is necessary to better understand the molecular mechanisms of increased platelet activity
in various areas of disease pathogenesis. The analysis of the platelet miRNA profile in our
study was performed with patients presenting the least possible influence of typical risk
factors, allowing for the identification and selection of altered expressed miRNA molecules,
which could be potentially used to determine the human genetic predisposition to ACS.
Furthermore, based on the available literature, we discussed the potential mechanisms
of action of eight significant miRNAs to better understand the genetic basis of thrombus
formation in blood vessels.

MiR-223-3p was shown to be one of the most abundant miRNAs in blood platelets
with a relatively high —~ACt value. Landry et al. demonstrated that miR-223 was associated
with the Ago2 protein and formed a complex with the potential capability to regulate
the expression of the P2Y12 receptor, one of the main targets for the pharmacological
treatment of patients with thrombotic events. The presence of P2RY12 mRNA linked
with Ago2-miR-223 in blood platelets may suggest the potential influence for de novo
protein synthesis, thus influencing the organization of platelet surface receptors through
modification of their concentration [12]. Several studies showed that the level of miR-
223 was associated with the response of antiplatelet therapy administrated to patients,
thus emphasizing its substantial role in the regulation of platelet reactivity [22,23]. Data
presented in the mentioned studies showed the opposite results to ours, demonstrating
a significantly downregulated level of miR-223 in patients with CVDs. Similarly, there
are also other studies presenting the overexpression of miR-223 in CVDs [22-24]. The
variability of results in studies may arise from the close linkage between the expression
of miR-223 and the administration of pharmacotherapy, which influences its level. In our
study, blood samples were collected immediately after necessary medical examinations,
to avoid potential interactions of medicaments. The overexpression of miR-223 may be
thus associated with the short exposition of antiplatelet agents, which could not fully affect
the phenotypic changes of platelets. A possible explanation of the increased expression
of platelet miR-223 may also be associated with an adaptive reaction to the ischemic
event that increases the miR-223 level to inhibit the excessive activation of platelets and
P2Y12 receptors.

The disturbed thrombopoiesis and altered functioning of platelets may be triggered by
the incorrect regulation of the differentiation of hematopoietic cells. In a study conducted
by Chapnik et al., a model of miR-142-knockout mice showed an impaired maturation of
megakaryocytes and proplatelet formation, which resulted in thrombocytopenia. Despite
disturbed platelet biogenesis, nullified miR-142 mice demonstrated a markedly imma-
ture organization of megakaryocytes’ actin and tubulin filaments, the main component of
megakaryocytes’ and platelets’ cytoskeleton [24]. Reorganization of the platelet cytoskele-
ton and the rotation of actin filaments may trigger the release of molecules consisting mostly
of an inactive form, i.e., integrin a2bf33, which is the main receptor for platelet aggrega-
tion. Excessive exposition of fibrinogen and vWF binding sites in the mentioned receptor
may induce pathogenic thrombosis [25]. Our study showed that of the selected miRNAs,
miR-142-3p is one of the most overexpressed in ACS patients compared to healthy controls
(FC =5.16 (95%ClI: 2.59-10.28); p < 0.0001), both in microarray and RT-qPCR analysis. The



Cells 2021, 10, 3526

15 of 21

role of miR-142-3p overexpression remains unclear; however, the possible mechanism may
be analogous to that described by Chapnik et al. [25], indicating that an augmented level of
miR-142-3p relates to the disturbed organization of the platelet cytoskeleton, and may cause
the uncontrollable formation of actin filaments, including lamelli- and filopodia, which are
responsible for recruiting circulating cells during adhesion. Furthermore, stimulated blood
platelets may potentially increase the concentration and release of has-miR-142-3p to induce
interaction with endothelial cells with the simultaneous stimulation of apoptosis [26].

Moreover, blood platelets play an important role in the pathogenesis of CVDs by
disturbing the circadian rhythm. This role may be associated with the genetic background
of cardiovascular complications through the diurnal variation in the frequency of ischemic
events [27]. Based on bioinformatic analysis, Nagalla et al. showed that miR-107 targets
CLOCK gene transcripts, thus significantly reducing its expression [20]. Furthermore,
Ohkura et al. demonstrated in a mouse model that circadian fluctuation is associated
with hemostatic activity. Disturbed circadian rhythm resulted in continuously augmented
hemostatic activity in mice. Interestingly, CLOCK-mutant mice presented a significantly
diminished number of platelets with simultaneous hyperaggregability [28]. The results
of our study showed that the expression of platelet miR-107 in ACS patients was nearly
three-fold higher compared to the control group (p < 0.0001), suggesting that overexpres-
sion of miR-107 in blood platelets may be linked with impaired circadian rhythm, and
may influence the molecular background of the hyperactivity of blood platelets in CVDs,
including ACS.

Highly expressed miRNAs in platelets also include miR-221-3p [29], as was demon-
strated in our study. A recent study showed that miR-221-3p is involved in the pathogenesis
of primary immune thrombocytopenia (ITP) and is differentially expressed before and
after treatment with thrombopoietin receptor agonists (TPO-RAs), indicating its value as
a predictive marker of the platelet response to treatment with TPO-RA [30]. Our results
showed significant overexpression of miR-221-3p in the blood platelets of ACS patients.
Similarly, Ward et al. have reported the significant upregulation of platelet miR-221-3p
in patients with ST-segment elevation (STEMI) compared to non-ST-segment elevation
(NSTEMI) myocardial infarction. Moreover, miR-221-3p was uniquely associated with
platelets and leukocytes in patients with STEMI; however, in NSTEMI patients, miR-221-3p
has been revealed to be downregulated in platelets and upregulated in plasma subcom-
ponents [29]. Furthermore, miR-221-3p has been reported as one of the most upregulated
circulating miRNAs in patients with acute myocardial infarction (AMI), with a fold change
of four and high potential as a prominent predictive biomarker for AMI with AUC = 0.881
(95% CI: 0.774-0.987; p = 0.002) [31]. The possible mechanism of action of miR-221-3p in
regulating platelet function remains unclear; however, its positive correlation with cardiac
troponin in a study by Coskunpinar et al. suggests its high potential of being a biomarker
of ACS [31].

Furthermore, miR-21-5p has recently been proposed as a valuable platelet-associated
candidate for a novel diagnostic and prognostic biomarker of CVDs, including stroke
and pulmonary embolism [32]. Microarray analysis demonstrated that miR-21-5p is one
of the most expressed miRNAs in human platelets, cardiac fibroblasts (CFs), endothelial
cells (ECs), vascular smooth muscle cells (VSMCs), and cardiomyocytes (CMCs) [32].
Upregulation of this miRNA has been associated with atherosclerosis; thus, its possible
application as a diagnostic biomarker for AMI, as well as stroke and pulmonary embolism,
has been suggested. MiR-21-5p demonstrated a comparable tendency to that of plasma
cardiac troponin I (cTnC) during the early phase of myocardial infarction with a peak at
4 h after the onset of symptoms. Furthermore, plasma miR-21 levels exhibited a significant
correlation with cardiac troponin and creatine kinase, which serve as current clinically
established markers [33,34]. Moreover, Cenzis et al. reported a significant upregulation of
plasma miR-21 in the hypertension cohort compared to healthy controls and an association
with systolic and diastolic blood pressure [35]. The direct role of miR-21-5p in platelet
function remains unclear; however, based on the KEGG Pathways [16], mRNA targets of
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miR-21-5p are strongly associated with platelet activation, the PI3K-Akt signaling pathway,
focal adhesion, and the regulation of the actin cytoskeleton by affecting e.g., AKT3, RAP1B,
RASGRP1, ITGA2, ITGB3, PIK3R1, PLCB1, THBS2, PDGFRA genes. Furthermore, the
OMIM Database showed an association between miR-21-5p targets and susceptibility to
myocardial infarction [15].

In the case of miR-301a-3p, miR-130b-3p, and miR-338-3p, there is a lack of reported
information concerning the possible mechanism of action in blood platelets and their role
in thrombosis. Our microarray analysis showed that miR-301a-3p, miR-130b-3p, and miR-
338-3p were substantially upregulated in ACS patients. RTq-PCR confirmed these results,
demonstrating 5.52-fold, 4.11-fold, and 4.31-fold augmented expression within ACS pa-
tients, respectively. To assess their molecular function that could influence thrombosis, we
found possible mRNA targets using GeneSpring software, and based on the Gene Ontology
Database in DAVID [14] we compared the biological processes linked with targeted mRNA.
Our analysis showed that transcripts targeted by miR-301a-3p, miR-130b-3p, and miR-338-
3p in the case of thrombosis are responsible, e.g., for the signal transduction process, the
regulation of GTPase activity, platelet activation, phosphatidylinositol phosphorylation,
response to hypoxia, and wound healing. However, to confirm their association with these
mentioned processes, further detailed analysis is required.

The influence of miRNAs on the post-transcriptional regulation of gene expression
may have a great impact on altering physiological processes to pathological conditions.
To assess the biological significance of those alterations, mRNA targets for statistically
significant miRNAs were found, and the potential PPI network analysis of transcripts
encoded by these genes was performed (Table 3, Figure 6). Our results showed that all
analyzed proteins could be clustered in three separate groups, associated with several
signaling pathways. Group 1 consisted of COL6A3, COL1A2, ITGA2, ITGB3, and P2RY12,
which may influence the extracellular matrix receptor interaction pathways crucial for
platelet adhesion and activation. Collagens (COL6A3 and COL1A2) are key activators of
glycoprotein (GP) VI, and GP Ia/Ila (ITGA2 is an alias for GP Ia), and are considered to be
prothrombotic factors [36]. Their presence at the mRNA and protein level was confirmed in
a study by Huang et al. [17]. Collagens I-1V support the adhesion of platelets in high shear
forces, thus inducing platelet aggregation in small arteries; however, collagens type VI-VIII
are less reactive due to the lower shear rates [37]. The presence of collagens and their
receptors is crucial for the proper adhesion of platelets to the endothelium. ITGB3 (GP Illa)
is one of the two subunits that form the most crucial platelet integrin, GP IIb/Illa, which
plays a key role in the aggregation process. Signal transduction in the activation of blood
platelets from various receptors leads to changes in the conformation of GP IIb/Illa, which
augment its affinity for fibrinogen [16,38]. P2RY12 is one of the most important platelet
surface receptors and constitutes the main target of antiplatelet therapy [2]. Activation by
adenosine diphosphate (ADP) causes the inhibition of adenylyl cyclase, which decreases
the level of cyclic adenosine monophosphate (cAMP) and leads to platelet aggregation.
P2RY12 also influences the PI3K-Akt signaling pathway, thus providing the conformational
changes of GP IIb/IIla [39]. Disturbances in the expression of molecules associated with
the extracellular matrix interaction pathways may result in the alteration of platelet activity,
thus enhancing their impact on thrombosis. Proteins included in group 2 (AKT3, MAP2K1,
RAP1B, YWHAQ, BCL2L11, CDKN1A, THEM4, and CHUK) present a strong association
with the PI3K-Akt signaling pathway. Phosphatidylinositol 3-kinases (PI3Ks) are enzymes
that phosphorylate phosphatidylinositol 4,5-biphosphate (PIP2) to phosphatidylinositol
3,4,5-triphosphate (PIP3). Furthermore, PIP3 links with protein kinase B (Akt) which
induces signal transduction to platelet activation via von Willebrand factor receptor GP
Ib-IX-V, collagen-associated GP VI, and GPCRs (i.e., P2Y12). Signal transduction occurs
downstream by Rap1b to interact with talin and kindlin, two proteins responsible for the
conformational changes of GP IIb/IIla [40]. The occurrence of disorders affecting any
of the factors involved in the complex PI3K-Akt signaling pathway may lead to platelet
dysfunction during physiological hemostasis and/or pathological thrombosis. Group
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3, consisting of ITPR1, INSR, PLCB1, PRKG1, PIKFYVE, RDX, ARHGEF12, MYLK, and
PPP1R12A proteins, was shown to interact with the vascular smooth muscle contraction
calcium signaling pathway during platelet activation, and to participate in regulation of
actin cytoskeleton. Changes in the calcium levels during platelet activation may lead to the
activation of actin-myosin interaction, Rap1 and PI3K-Akt pathway signal transduction,
thromboxane A2 (THX2) synthesis, granule secretion, and phospholipase (PL) activity,
ensuring the occurrence of processes crucial for platelet functions [41]. VSMCs are the most
abundant type of arterial wall cells. Through vasodilatation and vasoconstriction, VSMCs
maintain vascular homeostasis and physiological interactions with morphotic elements.
Dysregulation in the functioning of VSMCs may lead to the pathogenesis of various
cardiovascular diseases, which may directly or indirectly influence ACS [42]. Furthermore,
the disturbed regulation of the actin cytoskeleton in blood platelets may affect the process
of shape change and the secretion of biologically active molecules stored in granules [42].
All proteins included in the three groups may directly or indirectly interact with PI3KR1,
potentially affecting all crucial pathways in platelet activation. The confirmation of our
bioinformatics analysis requires further detailed studies, focused not only on the miRNA
levels but also on other molecular factors with the ability to regulate post-transcriptional
gene expression.

One of the major findings in our study was accomplished through EFA analysis,
which demonstrated that the studied miRNAs could be classified into two unrelated clus-
ters: cluster 1, represented by miRNAs significantly differentiating ACS patients from
healthy donors, and cluster 2, which consisted of miRNAs which did not contribute to
the differentiation of ACS patients from controls, among others. Furthermore, the EFA
analysis suggested that there is no interplay between the expression of miRNAs of both
cluster groups and the groups may provide independent BFs (Figure 2). To determine
these differences, we performed a comparative Gene Ontology analysis of mRNA tran-
scripts controlled by the analyzed miRNAs, with the determination of their BFs. Thus, we
identified and summed up the number of genes responsible for performing a specific BF
and compared the number of genes between both groups using the DAVID Database [14].
Our results showed that mRNAs targeted by miRNAs included in cluster 1, capable of
differentiating ACS patients from healthy donors, presented a seven-fold higher number
of transcripts for genes associated with the positive regulation of GTPase activity and
positive regulation of PLC activity, over a six-fold elevated number of genes linked with
the response to hypoxia, a nearly five-fold higher number of genes related to the regulation
of chemotaxis and signaling of phosphatidylinositol 3-kinase, and a more than two-times
increased number of genes associated with signal transduction, response to drugs, and
the regulation of nitric oxide biosynthesis (Supplementary Figure S3, “Heatmap with
Gene Ontology: biological function analysis”. Moreover, we studied cellular components
(CCs) in the Gene Ontology overview to identify the potential location relative to cellular
structures in which a particular gene performs its function. CC analysis showed that
in cluster 1, a strikingly higher number of genes is associated with cytosol, the plasma
membrane, integrin complex, and cytoskeleton; however, in cluster 2, a significantly ele-
vated number of genes was associated with the endoplasmic reticulum lumen, collagen
trimers, proteinaceous extracellular matrix, filopodia, and lamellipodia (Supplementary
Figure 54, “Heatmap with Gene Ontology: cellular compartment analysis”). Our analysis
demonstrated that the miRNAs that are able to differentiate ACS patients from healthy
donors, included in cluster 1, regulate genes associated with the physiology of blood
platelets, including their activation in various signaling pathways, shape change, response
to pathological conditions, and medications, and overall signal transduction. However,
miRNAs in cluster 2 that do not contribute to distinguishing between the study and control
group may be associated with the interaction of platelets in the vascular environment
without significantly interfering with platelets” physiological processes.

Using the DAVID database, we assigned genes regulated by the analyzed miRNAs to
those BFs for which the difference in the number of genes was from two-fold to seven-fold
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(Supplementary Figure S3). Furthermore, genes belonging to the predictive transcriptome-
proteome profile of blood platelets were selected [17]. Subsequent comparative analysis
of the number of selected genes associated with particular BFs allowed the selection of
mRNA transcripts showing the greatest differences in frequency between cluster 1 and
cluster 2. We decided to select ITPR1, PLCB1, and PIK3R1 transcripts as targets for miRNAs
in Cluster 1.

In the platelet activation pathway, a variety of factors are required for proper cel-
lular responses, including adhesion, degranulation, and the expression of coagulant ac-
tivity [43]. One of the central steps in these processes is the elevation of calcium ions
(Ca®*) which may be initiated by soluble agonists such as thrombin, ADP, and TXA2. The
further stimulation of receptors that bind to G proteins of GPCRs leads to the activation of
PLCR, encoded by PLCB1 [43]. In platelets, PLCf3, together with PLCy2, releases inositol
1,4,5-triphosphate (IP3), which mediates calcium mobilization, acting on the ion channel
of inositol 1,4,5-triphosphate receptor type 1 (IP3R1), encoded by the ITPR1 gene [44,45].
IP3 is generated through PLC-mediated hydrolysis of PIP2 and initiates the release of
calcium ions from the platelet-dense tubular system. PLC3 mediates this process after the
stimulation of GPCRs, whereas PLCy hydrolyzes PIP2 after the stimulation of GP VI by
collagen [46]. PI3K enhances the activation of PLCy and thus increases the hydrolysis of
PIP2 mediated by GP VI [46]. Calcium transporters are very sensitive to oxygen deficiency,
and hypoxia has been shown to modulate IP3R1 gene expression differently [47]. The
PIK3R1 gene is essentially important in the context of our bioinformatic analysis, as it
encodes a protein of which a critical role in cardiovascular physiology and pathology
has been widely proposed [48]. Furthermore, our PPI analysis showed its central role in
the studied interactome. Lurong et al. suggested that PI3K contributes to mediating a
thrombin-stimulated elevation of the cytosolic calcium level in platelets, mediated through
PLCy [46]. PI3K enzymes support platelet activation and thrombosis, thus serving as
promising candidates for the prevention of thrombus formation [48].

Due to the fact that statistically significant overexpressed miRNAs are strongly corre-
lated with each other (EFA analysis and Supplementary Material Figure S2) and gathered
in cluster 1, the construction of a multivariate model composed only of miRNAs would
be incorrect and fail during testing. For this reason, we decided to verify miR-142-3p,
which presents the best sensitivity and specificity in differentiating studied groups (sen-
sitivity: 64%, specificity: 76%, AUC = 0.75 (0.65-0.84); p < 0.0001) in combination with
non-correlated AST. AST is a member of the aminotransferases, a family of enzymes respon-
sible for maintaining the metabolism of amino acids by transferring amino groups. Studies
showed that the AST level starts to increase in post-ACS patients 6-8 h after the ischemic
event occurs, and remains increased up to 36 h. Research over the last two decades has
showed widely varying results concerning its usage as a biomarker of ACS, with gradually
reduced epidemiological interest, especially in the presence of more sensitive biomarkers,
including troponins [49]. However, the role of AST as a predictive marker in combination
with transcriptomic factors, including miRNAs, was not evaluated until the present report.
Our data demonstrated that AST levels were not correlated with miRNA levels and had
promising potential in the diagnostic model (AUC = 0.83). However, the addition of miR-
142-3p to the AST-based model showed substantially improved quality of patient-control
differentiation (AUC = 0.91). The advantage of the combined model (miR-142-3p and AST)
is that it is highly accurate in differentiating ACS patients from control donors, which is
indicated by pseudo-R2 values (Table 3). Moreover, the combined model better describes
our result, which can be proven by the decreased values of information criteria, and a
well-fitted validation set, which simultaneously indicate a very important role of platelet
miR-142-3p as a potential biomarker of ACS predisposition.

Given the study design, it was impossible to avoid certain study limitations. First,
blood platelets contain a very small amount of nucleic acids compared to other blood cells.
Despite taking great caution to avoid possible contaminations of samples, we cannot fully
exclude the presence of non-platelet-origin miRNAs in the screening analysis. Furthermore,
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due to the high correlations of selected miRNAs, we could not fully evaluate their potential
role as biomarkers for ACS prediction. Further studies including a larger number of miR-
NAs and a larger population are required to create a functional model that differentiates
patients from controls. Moreover, there is currently no standardized, documented vali-
dation model for measuring miRNA expression by means of RT-qPCR. Due to the use of
different endogenous and/or exogenous controls, results compared between studies may
not be fully accurate. We are fully aware that using the term “prognostic biomarker” in our
study should also contain results from miRNA profiling in the population of patients before
ischemia occurs; however, the genetic alterations associated with disturbed transcriptomic
processes demonstrated in our study may indicate a molecular background of augmented
platelet reactivity, which may be linked with induced thrombosis, which results in ACS.

5. Conclusions

To conclude, the results of our study showed a significantly increased expression of
miR-142-3p; miR-107; miR-338-3p, miR-223-3p, miR-21-5p, miR-130b-3p, miR-301a-3p, and
miR-221-3p in the group of ACS patients compared to healthy volunteers. Furthermore,
the analyzed platelet miRNAs appear to constitute two unrelated clusters, responsible for
distinct BFs. Bioinformatic analysis showed that miRNAs in cluster 1 may be associated
with the physiological processes of blood platelets, and miRNAs in cluster 2 may be linked
with platelet-vascular environment interactions. Our analysis based on the functional an-
notations and signaling pathways revealed that ITPR1, PLCB1, and PIK3R1 may constitute
predictive targets of miRNAs in cluster 1. Furthermore, PPI analysis showed that proteins,
of which the expression may be regulated by statistically significant miRNAs, form three
groups associated with the extracellular matrix receptor interaction pathways crucial for
platelet adhesion, activation, and aggregation (group 1); the PI3K-Akt signaling pathway
(group 2); and vascular smooth muscle contraction, the calcium signaling pathway during
platelet activation, and the regulation of actin cytoskeleton (group 3). Moreover, based on
the ROC curves, we showed that miR-142-3p presents a high potential to distinguish ACS
patients from healthy donors; however, in combination with AST, the combined model was
able to distinguish ACS patients from controls with 82% sensitivity, 88% specificity with
AUC =0.91 (0.85-0.97); p < 0.0001. The data obtained in our study show that miR-142-3p
has a great potential to be used as a prognostic biomarker of ACS predisposition and/or to
improve the quality of existing biomarkers.
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tary Figure S4: Heatmap with Gene Ontology: cellular compartment analysis.
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Supplementary Figure S2. The correlation matrix with all the tested miRNAs
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The matrix presents the values of Pearson’s r correlation coefficients for all pairs of expressions of the tested miRNAs. The matrix cells are colored according to the Pearson’s r values. The
most top-left set of four miRNAs depicts these with extreme expression fold-change (higher than 4 — corresponding to red-colored miRNAs in Figure 4). The next top-left set of four miRNAs
depicts these with intermediate expression fold-change (1.8-4 — corresponding to yellow-colored miRNAs in Figure 4). The rest of miRNAs presented in the bottom and right part of the matrix
depicts these with expression fold-change lower than 1.8 (corresponding to green-colored miRNAs in Figure 4). The Pearson’s r matrix informs that miRNAs that substantially differentiate
ACS patients from healthy controls are generally more correlated with each other than miRNAs not differing between ACS patients and controls. This corresponds to the exploratory factor

analysis presented in Figure 4.




Supplementary Figure S3. Heatmap with Gene Ontology: Biological Functions
analysis. Numbers in rows presents number of genes associated with particular
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Supplementary Figure S4. Heatmap with Gene Ontology: Cellular Compartment

analysis. Numbers in rows presents number of genes associated with particular function.
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Simple Summary: Acute Coronary Syndrome is a disease of the circulatory system characterized
by the partial or complete blockage of coronary arteries. In thrombosis, a major role is played by
platelets—the smallest, anucleate, morphotic elements in the bloodstream. Platelets are involved
in the process of hemostasis, which ensures the continuity of the blood vessel by forming a clot
that prevents blood loss. Unique structures of blood platelets ensure their high reactivity in the
vascular microenvironment due to the interaction with many biologically active molecules, which
is recognized by the surface receptors. The research carried out in the manuscript is aimed at
detecting potential changes at the molecular level in platelet surface receptors that could constitute
the potential importance of the occurrence of Acute Coronary Syndrome. The obtained results
indicate that the P2Y12 receptor, which is the main target of antiplatelet therapy, is expressed more
frequently among patients. In addition, we have shown that at the genetic level, quantitative
changes also occur in the case of other receptors that are important in the activation of platelets. The
following manuscript suggests the potential mechanisms responsible for the differences between
patients and healthy donors due to a better understanding of the molecular causes of Acute Coronary
Syndrome pathogenesis.

Abstract: The pathological conditions caused by blood platelet activation constitute a fundamental
core in the pathogenesis of Acute Coronary Syndrome (ACS). The hyperactivity of platelets in
ACS is well-documented, but there is still little research into the molecular basis of phenotypic
changes in platelet functionality. To expand the knowledge of this phenomenon, we analyzed the
disturbances in the expression of several key platelet receptors and the aspect of regulating potential
abnormalities. Platelet surface receptors are responsible for maintaining the hemostatic balance,
platelet interaction with immune cells, and support of the coagulation cascade leading to occlusion
of the vessel lumen. Due to their prominent role, platelet receptors constitute a major target in
pharmacological treatment. Our work aimed to identify the molecular alteration of platelet surface
receptors, which showed augmented mRNA expression of P2Y12, GP1BB, ITGA2B, and ITGB3 and
increased protein concentrations of P2Y12 and GP IIb/IIla in ACS. The upregulation of the P2Y12
level was also confirmed by confocal and cytometric visualization. Furthermore, we evaluated
the expression of two microRNAs: miR-223-3p and miR-126-3p, which were suggested to regulate
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platelet P2Y12 expression. Results of our study present new insight into the molecular background
of ACS.

Keywords: blood platelets; acute coronary syndrome; surface receptors; miRNA; P2Y12; GP IIb/IIla

1. Introduction

Acute Coronary Syndrome (ACS) describes the myocardial ischemic events arising
from partial or complete blockage of coronary arteries. ACS can be divided into the three
different clinical manifestations characterized by the occurrence of the various symptoms,
including ST-segment elevation myocardial infarction (STEMI), non-ST-segment elevation
myocardial infarction (NSTEMI), and unstable angina (UA) [1]. The major role in the patho-
genesis of ACS is performed by blood platelets, the smallest morphotic elements that play
a fundamental role in ensuring the hemostasis process. The physiological functioning of
blood platelets is strictly controlled and begins with the adhesion to the injured vessel wall,
which is accomplished with the formation of a blood clot that prevents blood loss. How-
ever, under certain pathological conditions, platelets may spontaneously form pathogenic
aggregates, which constitute a fundamental factor in the development of cardiovascular
diseases, including ACS [2]. Complex processes responsible for the platelet plug formation
require a series of events including initiation, stimulation, and thrombus stabilization. All
phases determine the dynamics of clot formation and are coordinated by a vast amount of
platelet surface receptors [3]. The conditions prevailing in the vascular environment are ex-
tremely important for platelets. The surface-receptor-dependent adhesion process induces
intracellular signal transduction, which leads to the activation of platelets, shape change,
release of biologically active compounds from granules, and aggregation [4]. Activation of
platelet pathways leads to recruitment of cells from the bloodstream; induces accumulation;
enhances secondary aggregation induced by ADP; and provides overall interaction of
platelets with leukocytes, endothelium, and coagulation factors [5]. Multitude platelet
surface receptors ensure all necessary abilities of platelets to carry out hemostasis, thus
emphasizing their important role in the proper functioning of these cells [3-5].

Structural and functional changes in the surface receptors of blood platelets may there-
fore play a pivotal role in the pathogenesis of ACS. Platelet hyperreactivity, the extension of
blood procoagulative potential, development of the inflammatory processes, and increased
interaction between platelet activators and their receptors constitute a complicated network
of mutual relationships. One of the major targets for decreasing platelets reactivity by
pharmacological blockade is the P2Y12 receptor. According to the novel guidelines of The
European Society of Cardiology, the gold standard therapy for patients diagnosed with
ACS include aspirin and a potent P2Y12 receptor inhibitor, with a recommendation for
ticagrelor or prasugrel [6]. However, because of the various clinical presentations and
characteristics of patients, the presence of comorbidities, comedication, and procedural
aspects, the inhibitors of glycoprotein (GP) IIb/Illa also constitute an effective antiplatelet
therapy [6]. Besides the key role of the platelet surface receptors in the pathogenesis and
prevention of ACS, studies related to their activity are largely reduced to testing new
antiplatelet drugs. Our study aims to determine the molecular basis of the observed func-
tional changes in blood platelets in ACS. The research hypothesis in this study assumes
that a hyperreactivity of blood platelets in ACS may be caused by the altered expression
of platelet surface receptors. In this study, we found that the expression on the mRNA
level of major platelet surface receptors (P2Y12, ITGA2B, ITGB3, GP1BB) was significantly
elevated in ACS patients. Furthermore, the concentrations of two main pharmacological
targets, P2Y12 and subunit of GP IIb/Illa, were significantly increased in the study group.
Additionally, to evaluate the potential regulatory mechanism of overexpressed P2Y12 at
the mRNA level, the expression levels of two human blood platelet microRNAs (miRNAs),
miR-223-3p and -126-3p, were determined. Moreover, our study for the first time presents
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the cytometric and confocal visualization of altered expression of platelet P2Y12 receptor
between ACS patients and controls, thus providing novel data that demonstrate observable
characteristics that differentiate the study group from healthy donors.

2. Materials and Methods
2.1. Chemicals

Glucose, KCL, Thiourea, Urea, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid (HEPES), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS),
Bovine Serum Albumin (BSA), Tris, and NH4HCO3 were obtained from Sigma-Aldrich
(Saint Louis, MO, USA). NaCl, NaHCOs3, Citric acid, Sodium Citrate, and NaH,POy,
were obtained from POCh (Gliwice, Poland). PBS tablets were obtained from Biosigma
(Venice, Italy).

2.2. Blood Collection

Blood samples from the study group were taken from 35 patients of both sexes, aged
30-65 years old from the Department of Interventional Cardiology of the Medical Univer-
sity of Lodz with angiographically documented episodes of ACS. Blood was drawn from
the patients immediately after the necessary examinations and treatments to ensure the
patient’s safety. Patients received a one-time dose of antiplatelet drugs based on clinical
characteristics such as age, sex, race, clinical picture, procedural aspects, administered
drugs, and possible comorbidities. ACS patients registered in the study were under 65 years
old; had normal kidney function; were not addicted to alcohol and narcotics; and in the
medical history, had never been diagnosed with connective tissue disorders, hyperthy-
roidism, diabetes mellitus, and/or cancer. Furthermore, enrolled subjects had BMI < 35.
Patients enrolled in the study had not been previously diagnosed with any cardiovascular
diseases and did not receive any antiplatelet drugs before ACS occurred. The control group
consisted of donors without any problems with the circulatory system. All volunteers that
qualified for the study before inclusion were subjected to the following medical tests: mor-
phology, creatinine, TSH (Thyroid-Stimulating Hormone), coagulation, CRP (C-Reactive
Protein), IgG (Immunoglobulin G), and IgM titers, ALT (Alanine Transaminase), AST
(Aspartate Transaminase), and levels of glucose; LDL (Low-Density Lipoprotein), HDL
(High-Density Lipoprotein), cholesterol, and triglycerides. Donors enrolled in the study
were free from any diseases and did not administer any medications at least 2 weeks before
the blood draw. All clinical and demographical characteristics of patients and donors are
included in Table 1. The study was approved by the Committee of the Ethics of Research
in Human Experimentation at the University of Lodz with resolution number 23 /KBNN-
UL/1/2017. All enrolled patients and controls signed an informed consent form before
entering the study. All procedures were performed according to the Helsinki Declaration
for Human Research.

Table 1. Sociodemographic, anthropometric, and blood biochemical characteristics of ACS patients

and healthy controls.
ACS (n = 35) Control (n = 35)
Parameter Reference Range
Median (1st-3rd Quartiles) or Number (Frequency) p-Value
Sociodemographic and Anthropometric Characteristics

Age (years) 50 (45-61) 48 (41-57) - 0.545

Sex (male) 29 (83%) 28 (80%) - 0.999
BMI (kg/m?) 30 (27-33) 29 (28-32) <35 0.876
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Table 1. Cont.

ACS (n =35) Control (1 = 35)
Parameter Reference Range
Median (1st-3rd Quartiles) or Number (Frequency) p-Value
Blood biochemical characteristics
Leukocytes (10%/uL) 8.60 (7.10-9.80) 5.98 (4.83-7.98) 4-11 <0.001
Erythrocytes (100 /L) 4.47 (4.25-4.95) 5.07 (4.61-5.30) 42-6.1 0.0064
Blood platelets (103 /L) 260 (202-287) 249 (208-292) 150-400 0.946
Glucose (mmol /L) 6.00 (5.31-6.35) 4.99 (4.76-5.57) 4.1-5.5 <0.001
Creatinine (umol/L) 81.0 (72.8-90.0) 76.0 (69.9-87.5) 64-104 0.240
GFR (mL/min/1.73 m?) 96.7 (81.0-104.3) 91.5 (81.7-103.1) >60

AST (U/I) 34 (26-38) 19 (17-25) <50 <0.001
ALT (U/]) 29 (21-42) 22 (22-38) <50 0.120
Total cholesterol (mmol/L) 5.12 (4.36-5.96) 4.93 (4.37-5.42) 3-5 0.296
LDL (mmol/L) 3.07 (2.57-4.20) 2.84 (2.35-3.36) - 0.085
HDL (mmol/L) 1.15 (1.02-1.33) 1.29 (1.12-1.67) >1 0.009
Triglycerides (mmol/L) 1.67 (1.01-2.78) 1.24 (0.97-1.79) <17 0.015
TSH (uIU/mL) 1.71 (1.16-2.53) 1.93 (1.31-2.61) 0.27-4.20 0.463

Clinical parameters are presented as a median and 1st-3rd quartile of 25th—75th percentile. Abbreviations:
AlT—alanine transaminase; AST—aspartate transaminase; BMI—body mass index; GFR—glomerular filtration
rate; HDL—high-density lipoprotein; LDL—low-density lipoprotein; TSH—thyroid-stimulating hormone.

2.3. Blood Platelet Isolation and Purification

The whole blood samples were collected by the S-Monovette® CPDA1 system (Sarstedt,
Numbrecht, Germany) and centrifuged (1200 rpm, 12 min, 37 °C). The top layer of platelet-
rich plasma (PRP) was transported to fresh tubes. To avoid leukocyte and erythrocyte
contamination, MACS® magnetic cell separation was used. Obtained PRP was purified
using superparamagnetic particles conjugated with specific antibodies: anti-CD45 and anti-
CD235a (Miltenyi Biotech, Bergisch Gladbach, Germany). Further, PRP with antibodies
was applied on the MS Column (Miltenyi Biotech, Bergisch Gladbach, Germany) and
on the manual separator (Miltenyi Biotech, Bergisch Gladbach, Germany). Antibodies
linked with leukocytes and erythrocytes were retained in the magnetic area of the MS
Column and purified PRP flowed to a fresh tube. All steps were performed according to
the manufacturer’s protocol, except for the wash buffer components, which were changed
to minimize the possibility of platelet activation. For washing steps, a modified buffer
containing PBS, 2-mM Citrate, and 0.5% BSA was used. Platelets were isolated from
purified PRP by density centrifugation (1400 rpm, 15 min). Isolated platelets were washed
2 times with modified Tyrode’s Buffer (127 mM NaCl, 2.7 mM KCl, 0.5 mM NaH,POy,
12 mM NaHCO3, 5 mM HEPES, 5.6 mM glucose, pH 7.4), and suspended in RNAlater
(Thermo Fisher Scientific, Waltham, MA, USA) to stabilize mRNA. Samples were stored at
—80 °C.

2.4. Total RNA Isolation and Synthesis of Complementary DNA

Isolation of total RNA from previously collected and purified blood platelet samples
was performed using Isolate II RNA Mini Kit (Bioline, London, England). In the first
step, RN Alater was removed from the sample by adding ice-cold PBS with a 1:1 ratio
and centrifuged (5000 rpm, 5 min, 4 °C). Further steps were performed following the
manufacturer’s protocol. Total RNA samples were treated with DNase I to digest potential
DNA contamination. In the next step, total RNA was reverse transcribed to obtain cDNA
with Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the included protocol. Obtained cDNA was suspended in nuclease-free
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water and stored at —80 °C in the form of a cDNA library until use. To prepare a cDNA
template for miRNA detection, TagMan™ Advanced miRNA cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used. To the total RNA samples, cel-miR-39-3p
(Thermo Fisher Scientific, Waltham, MA, USA) was added as an exogenous control. The
final concentration of cel-miR-39-3p in each sample was 10 pM. All steps were performed
according to the manufacturer’s protocol.

2.5. Isolation of Protein Fraction from Platelets

Isolated and purified platelet samples (obtained from 2 mL of PRP) were washed
3 times with modified Tyrode’s Buffer to avoid plasma contamination. The cell pellet was
suspended in a lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris) and mixed
until dissolved. Prepared samples were stored at —32 °C for subsequent analysis.

2.6. Gene Expression and miRNA Analysis by the Real-Time Quantitative PCR (RT-gPCR) Technique

For the following genes: P2Y12 (Hs01881698_s1), ITGB3 (Hs01001469_m1), ITGA2B
(Hs00166246_m1), GP1BB (Hs02579226_s1), F2R (Hs05045041_s1), and 185 rRNA
(Hs99999901_s1) expression analysis was performed using RT-qPCR with TagMan As-
says (Thermo Fisher Scientific, Waltham, Massachusetts, USA). As a reference gene, the
expression of 185 rRNA was used. The RT-qPCR thermal cycling conditions were as
follows: polymerase activation (95 °C, 10 min), 40 cycles of denaturation (95 °C, 15 s)
and extension (60 °C, 1 min). For miRNA analysis, the following TagMan™ Advanced
miRNA Assays (Thermo Fisher Scientific, Waltham, MA, USA) were used: hsa-miR-223-
3p (477983_mir), hsa-miR-126-3p (477887_mir), hsa-miR-191-5p (477952_mir), and cel-
miR-39-3p (478293_mir). The RT-qPCR thermal cycling conditions were set according
to the TagMan™ Fast Advanced Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA) and were as follows: polymerase activation (95 °C, 20 s), 40 cycles of denatura-
tion (95 °C, 3 s) and extension (60 °C, 30 s). As a reference miRNA, the expression of
endogenous miR-191-5p and exogenous cel-miR-39-3p was used. Exogenous control was
synthesized by Thermo Fisher Scientific with the following sequence (5" to 3') (RNA)-
Phos-UCACCGGGUGUAAAUCAGCUUG. Data normalization was performed on the
mean value of endo- and exogenous reference controls for the ACt calculation. For miRNA
quantification, cDNA samples were diluted 10 times for analysis.

2.7. Determination of Protein Concentration Using ELISA Technique

Based on the results obtained from gene expression analysis, P2Y12, GPIlla, and GPIb
were selected for the determination of its concentration by ELISA technique (FineTest,
Wuhan, China). All steps were performed according to the manufacturer’s protocol. Ab-
sorbance was measured at 450 nm and protein concentration was calculated from the
standard curve.

2.8. Determination of P2Y12 Platelet Surface Expression by Flow Cytometry Method

Measurement of P2Y12 receptor was performed in whole blood samples from ACS
patients and healthy controls using the flow cytometry method. In the first stage of sample
preparation, erythrocytes were lysed by BD FACS Lysing Solution (Beckton Dickinson, San
Diego, CA, USA). Further, samples were incubated for 30 min in the dark, at 24 °C, with
specific murine monoclonal antibodies: BB515 Anti-Human CD61 (Beckton Dickinson, San
Diego, CA, USA), PE Anti-Human P2Y12 (BioLegend, San Diego, CA, USA). Next, samples
were fixed with 1% CellFix (Beckton Dickinson, San Diego, CA, USA), and centrifuged
(6200 rpm, 12 min, 24 °C). After centrifugation, the supernatant was discarded and the
obtained pellet was dissolved in 800 pL of 0.9% NaCl. Subsequently, samples were im-
mediately analyzed using CUBE6 flow cytometry with CyView Software v.1.5.5.8 (Partec,
Gorlitz, Germany). During all performed measurements, the fluorescence of 15,000 events
was recorded every time. Gates for used fluorochromes were set based on the fluorescence
signal of unstained probes. FSC parameters were used to identify platelet microparticles



Biology 2022, 11, 644

6 of 15

(FSC below 10%) and platelet aggregates (FSC above 103). Surface expression of the P2Y12
receptor on CD61-positive cells was assessed by the fluorescence intensity.

2.9. Visualization of P2Y12 Receptor via Confocal Microscopy

Visualization of the P2Y12 receptor level on the human blood platelets was performed
via confocal microscopy. Due to maintaining platelets in a resting state, Sepharose 2B-BSA
gel was used to isolate pure platelets without any potentially aggressive methods that could
activate them before imaging. To avoid any possibility of false-positive or false-negative
results, no inhibitory substances were added during platelet isolation. In the first stage,
Sepharose 2B-BSA gel was washed to discard the ethanol layer and suspended in the
modified Tyrode’s buffer. Next, the gel was packed in the column and PRP was put on the
top of the column. The platelet fraction was collected in a fresh 2-mL tube. Further, 20 pL of
suspended platelets were transferred to the fresh tube containing 6 uL of antihuman P2Y12
antibody conjugated with PE fluorochrome (BioLegend, San Diego, CA, USA) and 4 uL of
antihuman CD61 antibody conjugated with PerCP-Cy5.5 (BD Biosciences, San Jose, CA,
USA), and incubated in darkness for 30 min. Furthermore, 20 uL of 1% CellFix (Beckton
Dickinson, San Diego, CA, USA) was added and incubated for 1 h at 37 °C. To reduce
the background glow in the confocal microscope, samples were centrifuged (5000 rpm,
5 min, 24 °C) and the supernatant was discarded. Samples were suspended in 30 pL of
PBS for analysis and deposited on glass slides with CyGEL™ (Biostatus, Leicestershire,
UK) to immobilize platelets before imaging. For microscopic imaging, the confocal laser
scanning microscopy platform TVS SP8 (Leica Microsystems, Wetzlar, Germany) with the
objective 100x /1.40 (HC APO CS2, Leica Microsystems, Wetzlar, Germany) was used.
Samples were imaged with the following wavelength values of excitation and emission:
489 and 500-550 nm for PE; 565 and 540-620 nm for PerCP-Cy5.5. Leica Application Suite
X (LAS X, Leica Microsystems, Wetzlar, Germany) was used for cell imaging. Visualization
of the P2Y12 receptor was performed in the Laboratory of Microscopic Imaging and
Specialized Biological Techniques in the Faculty of Biology and Environmental Protection
at the University of Lodz.

2.10. Statistical Analysis

mRNA and miRNA expressions were presented as —ACt, whereas protein concen-
trations were log-transformed to bring their distribution closer to normal. The differ-
ence in miRNA, mRNA expression, and protein concentration between ACS patients and
healthy controls was evaluated with the use of Student’s f-test or, in case of unequal
variance, Welch’s t-test. The correlation between miRNA, mRNA, and protein expres-
sion/concentration was tested with general linear modeling techniques. To assess the
relevance of dimensionality reduction between the measurands of interest, Kaiser-Meyer—
Olkin (KMO) statistics and the Bartlett’s x2 test were used. The model to differentiate ACS
patients from healthy controls was built with the use of multivariate logistic regression
and was internally validated with a 10-fold cross-validation procedure. The model was
further illustrated with the receiver operating characteristic (ROC) curve (data included in
the Supplementary Material Table S1 and Figure S1). p-values below 0.05 were considered
statistically significant. The analysis was performed using STATISTICA 13.3 Software
(StatSoft; Tulsa, OK, USA).

3. Results
3.1. Gene Expression Analysis of Selected Platelet Surface Receptors

In our comparative analysis, we demonstrated a significant increase in the mRNA
levels of P2Y12, GP1BB, ITGA2B, and ITGB3 genes (p < 0.0001) in the ACS group, compared
with healthy volunteers. For the statistically significant results, alterations are presented as
a fold change with 95% CI. For the abovementioned genes, the expression was a 2.44-fold
(1.73-3.42), 2.93-fold (2.04—4.22), 3.77-fold (2.77-5.14), and 3.43-fold (2.56—4.59) increase in
the ACS group compared with healthy donors, respectively (Figure 1). The expression at
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the mRNA level of F2R was not statistically significant; however, the upregulation was
shifted towards the ACS group.
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Figure 1. The mRNA expression levels of P2Y12, GP1BB, ITGA2B, ITGB3, and F2R in platelets
of ACS patients compared with the control group. The relative expression of the selected genes
was illustrated with —ACt value. 18S rRNA was used as a reference gene. Data are plotted as
individual values with horizontal bars presenting the mean. The p-values reported above the graphs
represent the results of the Student’s t-test, or, in cases of unequal variance, Welch's ¢-test. F2R was
not statistically significant with p = 0.074.

3.2. Determination of Protein Concentration by ELISA

Based on the results obtained from the expression analysis of genes encoding platelet
surface receptors, we selected 3 proteins—P2Y12, GPIIla, and GPIb—for concentration
measurement in the study and control group. We decided to determine the concentration
of only one GPIIb/IIla subunit. The GPIIla remains in molar equilibrium with the GPIIb
subunit and its amount is the determinant of the creation of functional GPIIb/Illa.

Our comparative analysis showed an increased concentration of P2Y12 and GPIlla
in blood platelet lysates of ACS patients in comparison with healthy donors, with fold-
changes (95%CI) = 1.78 (1.49-2.11) and 1.61 (1.34-1.95), respectively. The median value
(with 25% and 75% percentile) of concentration for P2Y12 were 149 ng/mL (108.1-200.9) in
ACS patients compared with 82.66 ng/mL (67.20-105.3) in the control group (p < 0.0001).
The concentration of GPIIla in ACS patients was 843.5 pg/mL (676.8-1134) compared with
592.6 pg/mL (403.3-732.7) in the control group (p < 0.0001). The concentration of GPIb did
not show any significant differences between studied groups (ACS patients, 75.29 ng/mL
(51.09-117.3); control group, 65.46 ng/mL (49.75-111.1); p > 0.99) (Figure 2). Despite the
significant results of the two major platelet receptors, our further attention was focused on
the P2Y12 receptor due to its primary role in the antiplatelet therapy assessed by actual
ESC guidelines [6].
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Figure 2. Levels of P2Y12, GPIIla, and GPIb proteins in blood platelet lysates from ACS patients
compared with the control group. Data are plotted as individual values with horizontal bars present-
ing the mean concentration. The p-values reported above the graphs represent the results of ¢-tests
following log-transformation.

3.3. Platelet Surface Expression of P2Y12 by Flow Cytometry

The expression level of surface P2Y12 in nonstimulated samples from ACS patients
was significantly higher compared with the control group. The mean percentage of P2Y12
in CD61-positive, nonstimulated objects for the ACS group was approximately 18% (£2.95)
vs. 8% (£1.26) in the control group (Figure 3).
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Figure 3. Platelet surface P2Y12 expression measured by flow cytometry method using PE Anti-
Human P2Y12. Results presented in the figure show the percentage of P2Y12-positive targets in the
population of CD61-positive subjects. Data are presented as a column bar graph with mean + SD.

3.4. Visualization of Blood Platelets P2Y12 Receptor

Blood platelet samples from ACS patients and the control group were also analyzed
by confocal microscopy using fluorescent-labeled antibodies. In the obtained images, the
stronger fluorochrome emission for P2Y12 can be observed in ACS patients (Figure 4).
Furthermore, receptors showed the tendency to be formed in clusters on the surface of
blood platelets.
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PE - P2Y12 PerCp-Cy5.5 - CD61 Merge

Figure 4. Confocal microscopy of fixed platelets. Samples were labeled with the platelet marker
CD61-PerCP-Cy5.5 and with P2Y12-PE. Control and study platelets were deposited on the glass
slides with CyGEL™. (A) blood platelets obtained from control donor; (B) blood platelets obtained
from ACS patient.

3.5. Elevated Expression of miR-223-3p and miR-126-3p in Blood Platelets of ACS Patients

Data obtained from the RT-qPCR showed significant alteration in the expression of
miR-223-3p. We found that miR-223-3p was 3.48-fold (2.28-5.33) increased in ACS patients
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vs. healthy volunteers. In the case of miR-126-3p, we did not observe any statistical
differences (Figure 5).
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Figure 5. The relative expression of miR-223-3p and miR-126-3p in blood platelets of the study and
control group. Data were calculated using a —ACt value with the means of both miR-191-3p and
cel-miR-39-3p as reference miRNAs. Data are plotted as individual values with horizontal bars
presenting the mean. The p-values reported above the graphs represent the results of Student’s ¢-tests
or, in cases of unequal variance, Welch’s f-test.

3.6. Protein-mRNA-miRNA Correlation in ACS Patients and Healthy Controls

The analysis of correlations between the statistically significant upregulated expres-
sions of miR-223-3p, P2Y12 mRNA, and P2Y12 proteins was performed using a general
linear modeling technique by adjusting for the group (ACS patient vs. healthy control),
to account for its possibly confounding effect on the correlation. In this analysis, none
of the pairs of measurands were significantly correlated: 3 = 0.05 (95%CI —0.20 to 0.30),
p = 0.68 for miR-223 and P2Y12 mRNA pair; 3 = —0.05 (95%CI —0.28 to 0.18), p = 0.66
for miR-223 and P2Y12 protein pair; 3 = 0.10 (95%CI —0.13 to 0.32), p = 0.38 for P2Y12
mRNA and P2Y12 protein pair. Further, the group did not significantly differentiate the
extent of any of these correlations as assessed in the interaction models: p = 0.50, p = 0.48,
and p = 0.92 for miR-223 and P2Y12 pair, miR-223 and P2Y12 pair, and P2YR12 and P2Y12
pair, respectively. As a result, no dimensionality reduction between the tested measurands
was warranted, as further confirmed by the KMO statistics of 0.490 and the Bartlett’s x2
test result: x2(3) = 0.87, p = 0.83. On the other hand, miR-223, P2Y12, and P2Y12 proteins
could be validly included in the model construction to differentiate ACS patients from
healthy controls.

4. Discussion

Human blood platelets are small, anucleate cells with a discoidal shape that freely cir-
culate in blood vessels [7]. Their ultrastructure provides unique functional and behavioral
properties. As a fragment of larger, precursor cells-megakaryocytes, blood platelets are
surrounded by a phospholipid bilayer in which a massive number of surface receptors are
anchored. The arrangement of phospholipids present in the inner layer is asymmetrical,
thus providing the stability of the cell membrane. Surface receptors are mainly responsible
for the activation of blood platelets on various pathways and for triggering the release of
bioactive molecules contained in their «- and dense granules. Unleashed factors maintain
not only the coagulation process but also inflammation, atherosclerosis, angiogenesis, tu-
morigenesis, bacterial interaction, and wound repair [4,8]. Due to the increased state of
knowledge, suggesting that platelet dysfunction and related genetic disorders can have
a decisive importance in ischemic events, we carried out a comparative analysis of gene
expression and protein concentration of blood platelet surface receptors.

In the first stage, the expression of the selected platelet surface receptors on the mRNA
level was evaluated. Results from RT-qPCR showed that P2Y12, GP1BB, ITGA2B, and
ITGB3 mRNA transcripts were significantly upregulated in ACS patients (p < 0.0001) pre-
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senting 2.44-fold, 2.93-fold, 3.77-fold, and 3.43-fold elevation, respectively. Besides the fact
that individual values and medians indicated the growing tendency in the ACS group, the
statistical analysis showed no differences in the relative expression of F2R between studied
groups (Figure 1). Furthermore, for receptors showing an increase in relative expression,
the measurement of P2Y12, GPIb, and GPIIla concentration in lysates obtained from blood
platelets was performed. Results obtained from ELISA tests showed significant upregu-
lation in the concentration of P2Y12 (p < 0.0001) and GPIIla (p < 0.0001) (Figure 2). The
augmented expression and concentration of GPIlla may be associated with the increased
synthesis of both GPIIb and GPIIla subunits in blood platelets. Despite the lack of nuclei,
de novo biosynthesis of proteins in human platelets has been confirmed in several stud-
ies [9-12]. Kieffer et al. [13], using radioactive labels, showed that circulating platelets are
able to synthesize major membrane glycoproteins, including GPIIb and Illa. The increased
generation and presence of GP IIb/Illa receptors may have a great impact on the hyper-
responsiveness of blood platelets in ACS. In a study conducted by Yakushkin et al., the
increased expression of GP IIb/Illa was associated with a higher aggregation response [14],
emphasizing that excessive exhibition of GP IIb/IIla receptors for fibrinogen is an impor-
tant factor of exaggerated aggregation of blood platelets that intensifies the process of
thrombosis. The screening analysis of GP- IIb/Illa and its subunits concentration could
help in identifying a human predisposition to developing thromboembolic complications.

Further analysis performed in our study was focused on the P2Y12 receptor, especially
because of its very important role in the pharmacotherapy of ACS patients. P2Y12 is a
purinergic receptor for ADP that belongs to G-protein-coupled receptors (GPCRs) family.
Its major role in human platelets is to inhibit the adenylyl cyclase, which is a key feature
in the enhancement of platelet activation and stabilization of forming aggregates [15]. In
a study conducted by Hu et al., the expression of human platelet P2Y12 on the mRNA
and protein level was 4-fold higher in Type 2 Diabetes Mellitus (T2DM) than in healthy
donors [16]. Obtained results were confirmed in the rats model that developed T2DM
spontaneously in comparison with wild, Wistar rats. Furthermore, the authors did not
observe statistically significant differences in F2R mRNA level either [16]. The statistically
significant upregulation of mRNA and protein levels of P2Y12 were also observed in
patients with secondary-progressive multiple sclerosis, which presents an increased risk of
ischemic events such as stroke or myocardial infarction [17]. Unfortunately, there is a lack
of studies presenting differences in protein concentration or gene expression of platelet
P2Y12 in cardiovascular diseases. The possible explanation for the increased mRNAs
expression may be associated with the role of splicing in blood platelets. Studies show that
the transformation of blood platelets from the quiescent to the active state may stimulate
the processing of the pre-mRNAs found in platelets into mature mRNAs via the functional
spliceosome [18,19]. This phenomenon could explain the increased expression of mRNAs
and proteins in the ACS group. However, as demonstrated by Nassa et al., in the case of
P2Y12 receptor and GP IIb/Illa subunits, there are no differences in expression depending
on the state of the platelets (quiescent or activated), which may suggest that splicing does
not participate in the mechanism of P2Y12 overexpression [20]. However, the lack of
experimental data confirming the assumed hypothesis should be considered a limitation in
our manuscript, and the explanation of this mechanism requires further research.

To confirm the augmented surface expression of P2Y12 in resting platelets, we decided
to use confocal microscopy visualization. In the obtained images, stronger emission of
P2Y12 PE fluorochrome can be observed in the ACS group. Interestingly, results showed
that P2Y12 in the ACS group is more frequently observed in large clusters than being dis-
tracted in the cell membrane (Figure 4); however, the understanding of this phenomenon
remains unclear. A possible explanation may be associated with the protein synthesis capac-
ity of platelets, especially in the presence of an increased amount of transcripts; nonetheless,
it needs further, detailed analysis. Results obtained from confocal microscopy were also
confirmed in the flow cytometry, which, on the basis of fluorescent intensities, showed a
significant increase in the surface expression of P2Y12 in ACS patients (Figure 3). Our data
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for the first time demonstrate the alteration in the expression of platelet surface receptors
on the mRNA and protein level in patients with ACS compared with healthy controls.

To evaluate the potential mechanism associated with an increased quantity of mRNA
transcripts for P2Y12, we decided to measure the expression of two miRNAs (miR-223-
3p and miR-126-3p), which were shown to be associated with the P2Y12 receptor. Both
miR-223 and -126 are some of the most abundant miRNAs stored in blood platelets [21].
In a study conducted by Landry et al., miR-223 was shown to regulate the expression
of P2Y12 in the megakaryocytes, thus suggesting a concept in which miR-223 may regu-
late the expression of P2Y12 in blood platelets [22]. Our results showed that miR-223-3p
was significantly upregulated in ACS patients compared with healthy controls (Figure 5).
Similar results were shown in a study conducted by Li et al., where the level of platelet
miR-223 was significantly elevated in STEMI patients compared with healthy controls [23].
Furthermore, Hromadka et al. demonstrated that the level of miR-223 in whole blood
samples of Acute Myocardial Infarction (AMI) patients was significantly elevated [24].
Upregulation of miR-223 was also shown in the serum of AMI patients compared with
healthy donors [25]. These findings are important due to the fact that miR-223 was shown
to be exclusive for blood platelets [26]. However, there are also studies staying contrary to
our and the abovementioned results. In studies conducted by Shi et al. and Zhang et al.,
the level of platelet and serum miR-223-3p was shown to be significantly decreased in
post-myocardial infarction patients that received clopidogrel and presented a low response
to used medicament, suggesting the potential role of miR-223 as a biomarker for pharma-
cotherapy monitoring [27,28]. These findings suggest that downregulation of miR-223 may
be associated with the reduced post-transcriptional regulation of P2Y12 expression or be
involved in the mechanisms of clopidogrel resistivity. In contrast, Leireseder et al. showed
that miR-223-deficient mice did not differ in terms of platelet number, lifespan, volume,
and level of platelet surface receptors from wild-type mice, suggesting that miR-223 did not
affect the functionality of P2Y12 and is not associated with the ADP-induced aggregation.
However, their theory may be controversial since bioinformatic analysis did not show a
specific binding site for miR-223 in mice platelets [29]. Unfortunately, there is no clear
explanation of simultaneous overexpression of P2Y12 and miR-223. Statistical analysis
showed no correlation between expression of miR-223-3p, P2Y12 mRNA transcript, and
P2Y12 protein concentration, which may suggest that miR-223-3p is not the key regulator of
P2Y12 expression and finding the possible molecular mechanisms of action requires further
detailed studies. However, a possible explanation for the parallel increase in the expression
of miR-223-3p and P2Y12 may be the organism’s reaction to the appearance of a patho-
logical condition, which, in order to restore homeostasis and reduce the expression of an
excessively stimulated platelet receptor, increases the concentration of associated miRNA.
Furthermore, blood samples of patients enrolled in our study were collected relatively fast
after ACS incidence, where the effect of antiplatelet therapy may not be reflected on the
platelet miRNA profile. In studies presenting downregulation of miR-223 in blood platelets,
patients received antiplatelet agents from 1 to 5 days before blood collection, which might
trigger significant changes at the molecular level of platelets and megakaryocytes. Fur-
thermore, the results demonstrated by Shi et al. and Zhang et al. were not compared with
healthy controls [27,28].

Our study also showed no significant alteration in the level of platelet miR-126-3p
in ACS patients compared with healthy volunteers (Figure 5). In the current state of the
art, there is great controversy regarding miR-126-3p expression. Several studies showed
that circulating miR-126 is downregulated in patients with cardiovascular diseases in
comparison with control subjects [30-32]. Liu et al. showed that the expression of plasma
miR-126 is decreased in ACS patients and its level is associated with platelet reactivity
during clopidogrel treatment [33]. On the other hand, Zampetaki et al. showed that the
level of miR-126 was positively correlated with the incident of myocardial infarction [26].
Furthermore, Kazimierczyk et al. demonstrated that AMI patients with percutaneous
coronary intervention also had elevated levels of circulating miR-126 [34]. The potential
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mechanism of miR-126 and P2Y12 receptor association was studied by Kaudewitz et al.,
where the application of antagomir-126-3p in a mice model caused the reduced expression
of P2Y12 [35]. In a physiological aspect of this model, a reduced amount of miR-126-3p
will be associated with the reduced expression of P2Y12. Taking into consideration the
opposite direction of alteration in our study (despite the lack of statistical significance),
increased expression of miR-126-3p could be linked with increased expression of P2Y12 at
the mRNA level, which was shown in our study. In a study conducted by Garcia et al., the
functionality of miR-126-3p was assessed on a platelet-like structure (PLS) derived from
human hematopoietic stem cells. Results showed that PLS transfected with miR-126-3p
had a 30% increased expression of P-selectin after thrombin stimulation. Furthermore,
overexpression of miR-126-3p resulted in the downregulation of PLXBN2 expression,
thus affecting RhoGTPase activity and actin dynamics regulation, demonstrating that
overexpression of miR-126-3p may be associated with the increased reactivity of blood
platelets [36]. Discrepancies in the results of cited studies may arise from the time of
miRNAs expression measurements and time of blood sample collection after the ACS
incident. Results mainly indicate that the downregulation of miR-126 expression is caused
by antiplatelet therapy. Furthermore, there is a lack of studies that measure the level of miR-
126-3p in blood platelets of patients with cardiovascular diseases. Moreover, it is suggested
that miR-126 mainly originates in endothelial cells [37]; thus, its level in serum may not
reflect the augmented expression in blood platelets. Altogether, miR-126-3p seems to be
not very specific for differentiating ACS patients from healthy controls, and its possible
role as a biomarker should be tested on the larger population.

Our study aimed to indicate the important role of the molecular basis underlying
the observed functional changes in platelet surface receptors, especially P2Y12, in the
pathogenesis of myocardial ischemia, with a possible finding of the potential biomarker.
In a vast number of studies, the role of platelet surface receptors is examined from the
perspective of novel antiplatelet drug introduction in clinical usage. However, there is a gap
in molecular studies of changes in surface receptors, which may lead to the development
of thrombosis. The possible hypothesis that could explain the hyperreactivity of platelets
associated with the augmented expression of the P2Y12 receptor concerns the constitutive
activity of GPCRs. The two-state model establishes that GPCRs existing in the active or
inactive state remain in equilibrium. However, in particular conditions, the effector system
and G-protein activity may be upregulated and cause spontaneous isomerization of GPCRs,
thus changing from the inactive to the active state, in the absence of agonists [38]. In a study
conducted by Zhang et al., transgenic mice expressing constitutively active chimeric P2Y12
showed an increased reactivity of blood platelets, shortened bleeding time, faster and more
stable formation of thrombus, decreased level of platelet cyclic adenosine monophosphate
(cAMP), and constitutive phosphorylation of Akt without agonists [39]. The constitutive
activity of GPCRs with the simultaneous elevation of P2Y12 concentration may be the
main factor of hyperreactivity of blood platelets in ACS patients, and early detection of this
disorder could help in the identification of human predisposition to ischemic events.

5. Conclusions

To conclude, our manuscript presents an attempt to determine the molecular alter-
ations of platelet surface receptors in ACS patients compared with healthy controls, by
assessing changes in the expression level of transcripts, protein concentrations, as well
as visualizing the arrangement of the platelet surface receptor P2Y12 by confocal mi-
croscopy. RTq-PCR analysis showed that mRNAs of P2Y12, GP1BB, ITGA2B, and ITGB3
were overexpressed in the ACS group, such as miR-223-3p. Furthermore, augmented
protein concentration from blood platelet lysates was also found for P2Y12 and GPIlla in
ACS patients. What is more, confocal microscopy and flow cytometry show an elevated
surface expression of P2Y12 in blood platelets of ACS patients in comparison with healthy
donors. The results of our study may suggest the possible role of P2Y12 overexpression in
the increased activity of blood platelets and in the pathogenesis of ACS; however, to fully
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understand this complex association between the overstimulated platelets and the level of
their surface receptors, further molecular studies on larger populations are required.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology11050644/s1, Figure S1: Receiver operating characteristic
curve for the multivariate logistic regression model differentiating ACS patients from healthy controls;
Table S1: Characteristics of the logistic regression model differentiating ACS patients from healthy
controls based on miR-223-3p as well as mRNA and protein levels of P2Y12.
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Supplementary Material S1: Biomarker modeling for differentiating ACS patients from healthy controls

As platelets of ACS patients were found to overexpress miR-223-3p as well as P2Y12
mRNA and P2Y12 protein, and the three measurands were negligibly correlated between
each other, all of them could be included as predictors in the model differentiating ACS
patients from healthy controls. Such a multivariate logistic model was constructed and
internally validated with 10-fold cross-validation. The model appeared accurate and not
prone to overfitting as it presented favorable goodness-of-fit statistics and performed well
even in the validation set reaching high sensitivity with satisfactory specificity (Table S1,
Figure S1). The obtained model reached 97% of sensitivity and 74% of specificity to differ-
entiate ACS patients from donors.

Table S1. Characteristics of the logistic regression model differentiating ACS patients from healthy
controls based on miR-223-3p as well as mRNA and protein levels of P2Y12. Likelihood-ratio x2(3)
=59.65, p < 0.0001. Hosmer-Lemeshow goodness-of-fit x2(8) =2.47, p = 0.96.

) Odds ratio 2
Predictor Wald x2 Point cstimate 95% CI P-value
miR-223-3p 9.69 3.52 1.59-7.78 0.0019
P2Y12 mRNA 491 3.08 1.14-8.31 0.027
P2Y12 protein 10.44 16.85 3.04-93.53 0.0012
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Figure S1. Receiver operating characteristic curve for the multivariate logistic regression model dif-
ferentiating ACS patients from healthy controls. The model was based on protein and mRNA levels
of P2Y12 as well as miR-223-3p. The sensitivity and specificity of the model were proposed based
on the maximization of Youden’s index. Model internal validation was performed with a 10-fold
cross-validation technique.
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Abstract: Proteomic analyses based on mass spectrometry provide a powerful tool for the simul-
taneous identification of proteins and their signatures. Disorders detection at the molecular level
delivers an immense impact for a better understanding of the pathogenesis and etiology of various
diseases. Acute coronary syndrome (ACS) refers to a group of heart diseases generally associated
with rupture of an atherosclerotic plaque and partial or complete thrombotic obstruction of the blood
flow in the infarct-related coronary artery. The essential role in the pathogenesis of ACS is related to
the abnormal, pathological activation of blood platelets. The multifactorial and complex character
of ACS indicates the need to explain the molecular mechanisms responsible for thrombosis. In our
study, we performed screening and comparative analysis of platelet proteome from ACS patients
and healthy donors. Two-dimensional fluorescence difference gel electrophoresis and nanoscale
liquid chromatography coupled to tandem mass spectrometry showed altered expressions of six
proteins (i.e., vinculin, transgelin-2, fibrinogen (3 and vy chains, apolipoprotein al, and tubulin (3),
with the overlapping increased expression at the mRNA level for transgelin-2. Dysregulation in
protein expression identified in our study may be associated with an increased risk of thrombotic
events, correlated with a higher aggregability of blood platelets and induced shape change, thus
explaining the phenomenon of the hyperreactivity of blood platelets in ACS.

Keywords: blood platelets; proteome; transcriptome; acute coronary syndrome; transgelin-2

1. Introduction

Mass spectrometry-based proteomic analysis constitutes a powerful tool that allows
parallel identification of proteins from the cells, tissues, and biological fluids. Current ap-
plications cover and facilitate the evaluation of alterations in protein expression, structure,
and function. A wide range of applications allows for assessing specific protein signatures,
novel biomarkers for disease diagnosis, and progression evaluation as well as new drug tar-
gets. Modern prognostic diagnostics depend on finding the biochemical, cellular, or genetic
alteration by which pathological conditions in the human body can be recognized early
and prevent the disease state from occurring. Recent advances in molecular techniques,
technologies, and bioinformatics opened new possibilities to study genomics, proteomics,
metabolomics, and imaging. These techniques have a tremendous bearing on having a

Int. . Mol. Sci. 2022, 23, 6340. https://doi.org/10.3390/ijms23116340

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23116340
https://doi.org/10.3390/ijms23116340
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-6646-2203
https://orcid.org/0000-0002-1340-6355
https://orcid.org/0000-0002-6728-5632
https://orcid.org/0000-0002-7838-4097
https://orcid.org/0000-0002-0118-8610
https://orcid.org/0000-0002-1197-1713
https://doi.org/10.3390/ijms23116340
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23116340?type=check_update&version=2

Int. J. Mol. Sci. 2022, 23, 6340

2 of 14

better understanding of disrupted cellular mechanisms during an ongoing pathological
state. The etiology of the disease has a great impact on the selection of proper methodology,
which may offer better prognostic, diagnostic, and therapeutic value [1,2].

According to the data presented by the World Health Organization (WHO), acute
coronary syndrome (ACS) and stroke constitute 85% of all cardiovascular diseases and are
the most common causes of death globally, taking 17.9 million lives each year. Although
most cardiovascular diseases can be prevented through appropriate behavior and lifestyle
and high morbidity and mortality rates emphasize their variable, unpredictable, nonlinear,
and clinically silent character [3].

One of the key roles in the thrombosis and pathogenesis of ACS is played by blood
platelets, which are the smallest and anucleate morphotic elements. Under physiologi-
cal conditions, platelets freely circulate in the bloodstream without stimulating pivotal
interactions with the vascular microenvironment. However, in the result of vessel injury,
platelets induce the hemostasis process which includes complex interplay among all el-
ements of the circulatory system [4]. In the first stage of primary hemostasis, platelets
adhere to the damaged vessel wall and interact with the subendothelial matrix proteins.
To ensure the stable contact between platelets and the injured endothelium, via surface
receptors, platelets bind with the collagen and von Willebrand Factor (vWF). Initial binding
is vouched by the glycoprotein (GP) Ib-IX-V, which recruits blood platelets from circulation,
reduces their velocity, and allows them to induce the interaction in multiple directions
(i.e., by stimulating interaction with leukocytes, endothelium, and other platelets). Further,
platelets bind with damaged endothelium by other surface receptors, including GP VI and
GP Ia/Ila, thus enhancing the stability of the mutual connection and initiating platelet
activation [5]. The signal transduction from the agonists released by platelets causes terrific
changes in their physiology. Stimulated platelets change their shape, form numerous
pseudopods, expose more receptors on their surface, and release from the - and dense
granules a vast amount of biologically active molecules that enhance their activation, aggre-
gation, and stimulate the development of inflammation [4]. An ongoing process of platelet
activation promotes the conformational changes in the structure of the most potent platelet
receptor—GP IIb/IIla, which causes the formation of fibrinogen bridges between activated
platelets. During the aggregation process, the platelet response is continuously amplified
to induce the growth of the forming thrombus. The multifactorial hemostatic response
caused by excessive activation of blood platelets, in the final result induces the occlusion of
the vessels and limits the blood flow, causing thrombotic complications such as ACS [6].
ACS patients were shown to present persistent platelet hyperreactivity [7], which may
be strongly associated with the pathological formation of blood clots in coronary arteries.
Thus, a better understanding of the potential alterations on the molecular level may be
crucial for a faster inclusion of preventive approaches and/or assessing the potential risk
of ACS development that could reduce its morbidity and mortality.

Because of the complex, multifactorial character of ACS, the search for potentially
important alterations should be performed at various levels to identify possible interactions
or mechanisms associated with the ischemia. The role of blood platelets in the pathogenesis
of thrombosis is well established; however, their unique properties (i.e., lack of nucleus
and transcription process, which significantly limits the pool of presented proteins; easy,
non-invasive method to collect samples) show that platelet proteome could be an ideal
area for the discovering new targets that could be linked with the ACS development. The
main objective of our study was to find and identify, through the proteomic comparative
analysis, dysregulated platelet proteins along with their expression at the mRNA level that
could provide new insights into the molecular mechanism responsible for hyperreactivity
and spontaneous activation of platelets associated with ACS.



Int. J. Mol. Sci. 2022, 23, 6340

3of 14

2. Results
2.1. Analysis of Fluorescence Intensity in Two-Dimensional Fluorescence Difference
Gel Electrophoresis

To determine the differences in platelet proteome between patients diagnosed with
ACS and the control group, clinical material was first analyzed using two-dimensional
fluorescence difference gel electrophoresis (2D-DIGE). To avoid any unexpected mechanical
and technical problems, two gels were prepared simultaneously as a separate analysis.
Scanned gels for both groups are presented in Figure 1. For each spot, the range ratio
value, which corresponded to the differences in fluorescent intensity between the study
and control group, was assessed. For spots S1-56, the range ratios were 3.05223, 1.72152,
1.99851, 2.38866, 2.12995, and 1.94427, respectively. Furthermore, spots S1 and 5S4 were
downregulated, while other spots were upregulated.

(B)

Figure 1. Fluorescently labeled electrophoretic gels of blood platelets proteome obtained from the con-
trol group (A) and ACS patients (B). Merge spots (C) represent the comparison between proteomes.
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2.2. Identification of Altered Expressed Proteins via Nanoscale Liquid Chromatography Coupled to
Tandem Mass Spectrometry

To identify the protein features, nanoscale liquid chromatography coupled to tandem
mass spectrometry (nanoLC-MS/MS) was carried out for six (51-56) chosen spots. Differen-
tially expressed proteins were divided into four functional groups: actin-binding proteins
(51: vinculin; S5: transgelin-2), cytoskeleton (S3: tubulin 3 chain), lipid metabolism (54:
apolipoprotein al), and blood clot formation (S2: fibrinogen (3 chain; Sé6: fibrinogen y
chain). Altered expressed proteins are visualized in Figure 2 and listed in Table 1.

S1: Vinculin S2: Fibrinogen [ chain S3: Tubulin B chain

S4: Apolipoprotein Al S5: Transgelin-2 S6: Fibrinogen 7y chain

Figure 2. Identification of selected protein spots from blood platelets of ACS patients via nanoscale

liquid chromatography coupled to tandem mass spectrometry.
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Table 1. List of identified proteins with altered expression in ACS patients in comparison to healthy
donors by nanoscale liquid chromatography coupled to tandem mass spectrometry.

Spot Number Protein Molecular Weight (kDa) pI Ratio Range (RR) Scores # Peptides
. . 3.05223
S1 Vinculin 123.7 54 (Downregulated) 767.1 16
I . 1.72152
52 Fibrinogen {3 chain 55.9 9.3 (Upregulated) 556.3 11
. . 1.99851
S3 Tubulin  chain 49.6 4.6 (Upregulated) 202.4 12.2
. . 2.38866
54 Apolipoprotein Al 30.8 55 (Downregulated) 670.3 16
. 212995
S5 Transgelin-2 224 9.3 (Upregulated) 131.3 3
o . 1.94427
56 Fibrinogen y chain 51.5 5.3 (Upregulated) 492.5 11
# Peptides—number of peptides.
2.3. mRNAs Expression Levels in Blood Platelets
Our comparative analysis showed that of the six analyzed genes encoding apolipopro-
tein A1 (APOA1), vinculin (VCL), transgelin-2 (TAGLN2), tubulin (3-1 chain (TUBBI),
fibrinogen  chain (FGB), and fibrinogen vy chain (FGG), three did not show expression
in blood platelets (i.e., APOA1, FGB, and FGG), two were significantly upregulated in
ACS patients (i.e., VCL and TAGLN2), and one did not differ between studied groups
(i.e.,, TUBB1) (Figure 3). The lack of expression was associated with no observed formation
of product and did not exceed the threshold during analysis.
TUBB1 VCL TAGLN2
p =0.5520
—4- —5- = -5
. ] #P=00032 ]l  p<o0.0001
] :
a ° - 1 o> - _104 _.,_' oY '
3 . SRR R I |
| g% r | | ) - -
.0.. . ’ —15-
-10 T T -15 T T 1 I
ACS Control ACS Control ACS Control

Figure 3. The mRNA expression levels of TUBB1, VCL, and TAGLN2 in blood platelets of ACS
patients and healthy donors. The relative expression was assessed by the —ACt value. As a reference
gene, 185 rRNA was used. Data are plotted as individual values with horizontal bars representing
medians and interquartile range. p-Values were calculated using the Mann—-Whitney U test.

2.4. The Concentration of Fibrinogen in Plasma

To verify that the augmented level of fibrinogen is exclusive to ACS blood platelets, the
measurement of fibrinogen concentration was performed on the plasma samples. Obtained
results from the enzyme-linked immunosorbent assay (ELISA) experiment showed that in
the plasma of ACS diagnosed patients, the fibrinogen level was significantly increased in
comparison to the control group: 3.968 4= 0.404 g/L in the study group vs. 3.601 & 0.525 g/L
in the control group (p = 0.018) (Figure 4).
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Figure 4. The comparison of plasma fibrinogen levels in ACS and control groups. Data presented in
the graph show the mean concentration £ SD. Obtained results passed the Shapiro-Wilk’s test, and
the unpaired Student’s f-test was used to calculate the differences.

2.5. Validation of Transgelin-2 Concentration in Blood Platelets by Western Blot

Densitometric analysis of the bands corresponding to the transgelin-2 from blood
platelets showed statistically significant augmented expression in ACS patients with a
median of 1.851 (1.286-2.903) compared to healthy volunteers with a median of 0.885
(0.215-1.835) (p = 0.0007; range ratio = 2.091) (Figure 5).

Reference
samples

ACS

22.4 kDa
Control -—— .

»
]

p=0.0007

w
|

Relative protein level of Transgelin-2
T

o
|

1
ACS Control

Figure 5. Expression of transgelin-2 protein in blood platelets of ACS patients and control subjects.
The integrated optical density (IOD) was analyzed by densitometry and normalized by the protein
concentration and reference sample. The graph demonstrates the median value from IODs with an
interquartile range (25-75%). Data were calculated using the Mann-Whitney U test.
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3. Discussion

The pathophysiology of coronary arteries thrombosis is complex and includes not only
the classic risk factor, such as age, gender, dyslipidemia, arterial hypertension, diabetes,
lack of physical activity, or smoking, but also an interplay between many genes that by
regulating biochemical pathways, modify the risk of developing arterial thrombosis [8].
The role of blood platelets in thrombosis is well known [9]; however, the phenomenon of
hyperreactivity of platelets and its undesirable interactions with other types of cells may
lead to various, life-threatening complications including ACS. The participation of blood
platelets in vasoconstriction, microembolization, and atherosclerotic plaque progression
contributes to inherent persistent platelet hyperreactivity, resulting in the augmented risk
of ischemic events [7,10]. The main goal of our study was to find and identify overlapping
alterations in the proteome and transcriptome of blood platelets that could help in a
better understanding of the molecular mechanisms of thrombosis, platelet behavior, and
contributes to the development of new approaches for evaluating the risk of ACS occurring.

Our comparative analysis showed the presence of six differentially expressed proteins
(i.e., vinculin, tubulin (3 chain, fibrinogen (3 and y chains, apolipoprotein Al, and transgelin-
2) in ACS patients in comparison to donors without any cardiovascular system disturbances.
Vinculin is a membrane-cytoskeletal protein that serves as a linker between membrane-
associated proteins and the actin cytoskeleton, thus regulating cell adhesion and cell—cell
interactions [11]. To evaluate the role of vinculin in blood platelets, Mitsios et al. performed
a study in which platelet functions were studied in vinculin knockout mice. Surprisingly,
the results showed that vinculin-deficient platelets did not reveal any disturbances and
functioned normally [12]. Our 2D-DIGE analysis showed an over three-fold decrease in the
concentration of vinculin (Table 1). A similar result was obtained by Lopez-Ferre et al. in a
study in which proteomic analysis of ACS patients showed a significantly downregulated
expression of vinculin [13]. Although the concentration of vinculin in our study was
reduced, the expression on the mRNA level of VCL was significantly augmented. A
possible explanation may be associated with the post-transcriptional modifications and the
role of microRNA (miR). In our previously published study [14], we showed that blood
platelet possesses an elevated level of hsa-miR-21-5p, which was shown to target VCL
transcripts [15]. The various directions of changes in proteome and transcriptome, and the
lack of a direct effect for platelets in the mice model suggest that the role of vinculin may
not be crucial for thrombosis. Moreover, the decreased concentration of vinculin should be
associated with the lower platelet response to adhesion and cell—cell interactions, which
seems to be contrary to the nature of ACS pathogenesis.

The major components of the platelet cytoskeleton are microtubules, which play an
essential role in maintaining cell shape and its changes and participating in intracellular
transport. The most important components of microtubules are two isoforms of tubulin
protein: «-tubulin, the specific role of which in blood platelets is not fully understood, and 3
tubulin, which is more abundant and essential for microtubule and platelet formation. Their
movement from the center to the cell cortex initiates the creation of pseudopods, which
have elongations that lead to the formation of proplatelets. Furthermore, microtubules
are essential for maintaining the discoid and/or spherical shape of blood platelets [16]. A
study performed on 1-tubulin-deficient mice showed a prolonged bleeding time, weaker
response to thrombin, and a lack of discoid shape [17], thus supporting the important
role of microtubules in platelet function. Unfortunately, there are no studies concerning
the overexpression of tubulins and their potential role in the dysregulation of platelet
function. The increased concentration of tubulin 3 chain (Table 1) was not reflected at the
mRNA level (Figure 3), which suggests that molecular alterations may arise directly in
megakaryocytes. However, it requires further detailed research focus not only on platelets
but also on their precursor cells.

Preventing blood loss by ensuring the continuity of the blood vessel following vascular
injury is the most important process in hemostasis. The activation of the coagulation
cascade and blood platelets leads to the enzymatic conversion of fibrinogen to insoluble
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fibrin, the main component of blood clots. Fibrinogen is a homodimeric glycoprotein
of an acute phase, composed of two sets of three different polypeptide chains (i.e., Ax,
BB, and Yy) linked by 29 disulfide bridges. Fibrin deposition tethers the circulating
cells enhancing the primary platelet plug and extending a fibrin network, eventually
forming a clot, preventing blood extravasation or in pathological conditions leading to a
significant reduction in the vascular lumen or even complete vessel occlusion [18]. Studies
have showed that elevated levels of plasma fibrinogen are associated with an increased
risk of thrombotic events in patients and correlated with higher aggregability of blood
platelets [19-21]. In 2015, Appiah et al. performed a large prospective study in which the
level of the plasma fibrinogen y chain was positively associated with the occurrence of
coronary artery disease, ischemic stroke, heart failure, peripheral artery disease, and even
death (caused by cardiovascular diseases) [22]. Data combined from 53 prospective studies
showed that evaluations of fibrinogen levels in male patients with an intermediate risk of
cardiovascular diseases could significantly increase the efficiency of predicting the disease
and help to prevent one event for every 400-500 people screened over 10 years [23]. Our
comparative analysis showed a statistically significant upregulation in spots identified as
either a fibrinogen (3 and y chain in blood platelets samples from ACS patients (Table 1).
Fibrinogen is synthesized in the liver and released into the bloodstream in concentrations
ranging from 1.5 to 4 g/L [24]. Due to the assessment of the possible molecular disorders
associated with the ability of platelets to synthesize the fibrinogen, the levels of mRNA
transcripts for FGB and FGG were evaluated. The results showed that blood platelets
lacked fibrinogen transcripts, which suggests that its intraplatelet augmented level is not
associated with possible synthesis in platelets. Further, the level of plasma fibrinogen
was assessed between the studied groups. Received data showed a statistically significant
increase in plasma fibrinogen concentration in patients with ACS (Figure 4). Despite the
differences between the studied groups, the mean values fit within the physiological range
of fibrinogen concentration. Unfortunately, the obtained results enable to pinpoint the
direct cause of the increased fibrinogen levels. The overexpression in the 2D-DIGE analysis
may be caused by the presence of plasma fibrinogen residues, as platelets were isolated
from plasma. On contrary, the elevated concentration of plasma fibrinogen may be linked
with the process of releasing the platelet granule content in the response to their activation.
The increased reactivity of blood platelets may also be associated with the elevated level of
fibrinogen receptor, GP IIb/Illa, on the blood platelets’ surface [7]. Augmented exposition
of GP IIb/Illa to the higher fibrinogen level could result in the effective, stronger, and
more willing activation of blood platelets in ACS patients. Due to the lack of the possibility
of a precise explanation of the obtained results, further detailed studies are necessary to
determine the fibrinogen level without the potential background from both sides: platelets
and plasma. Especially, because of platelets” ability to take up proteins from plasma or
other cells [25].

Apolipoprotein Al is a crucial protein that constitutes a functional and structural com-
ponent of high-density lipoprotein (HDL) [26]. Studies showed that HDL and apolipopro-
tein Al possess an ability to block vWF self-association resulting in the formation of
shorter fibers. In patients with hyperadhesive vVWF disorders, apolipoprotein Al was
significantly reduced in comparison to healthy controls, thus suggesting the vWF-specific
antithrombotic property of apolipoprotein Al and HDL. The antithrombotic capacity of
HDL-apolipoprotein Al, however, affected platelet adhesion only to the reduced formation
of vWEF fibers, thus suggesting that they are not influencing the platelet activity directly [27].
In our study, HDL and apolipoprotein Al levels were significantly decreased in ACS pa-
tients (Tables 1 and 2) which, according to Chung et al.’s study, may be implicated with
the decreased level of antithrombotic and antiadhesive properties, thus increasing risk of
thrombosis. A similar result was obtained in the Cevik et al. study, in which apolipoprotein
Al was downregulated in acute ischemic stroke patients [28].

The most interesting and important finding in our study was the significant elevation
in the proteomic and transcriptomic levels of Transgelin-2. Transgelin-2 is a small ~22 kDa
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protein that belongs to the actin-associated protein group and is one of three known trans-
gelin isoforms. The specific function of transgelin-2 in platelets has not yet been determined;
however, available studies have showed that the principle role of transgelin-2 is linked
with actin polymerization [29], which in blood platelets plays a very important role in
shape change, morphogenesis, migration, and apoptosis [30,31]. Moreover, data from the
UniProt and GeneCards databases indicate that transgelin-2 can be involved in processes of
platelet degranulation, platelet activation, signaling, aggregation, and response to elevated
platelet cytosolic Ca?* levels [32,33]. The C-terminal calponin-like repeated region and the
N-terminal single calponin-homolog domain, which is a potential Ca* binding site, can
be distinguished in the structure of transgelins. Furthermore, transgelins can also act as
suppressors for the expression of metallo-matrix proteinase 9 (MMP-9) [34]. In a study con-
ducted by Sheu et al., activated MMP-9 significantly reduced platelet aggregation induced
by thrombin, arachidonic acid, adenosine diphosphate, U46619, and collagen, suggesting
that this phenomenon may be associated with the inhibition of Ca?* mobilization [35].
The suppression of MMP-9 may affect blood platelets to exhibit a poorer mechanism of
natural inhibition, which may result in their hyperreactivity. Furthermore, the ability of
transgelin-2 to bind F- and G-actin resulted in specific localization in the actin structures
such as podosomes or stress fibers [36]. It was suggested by Poulter et al. that platelet
podosome-related structures may be crucial for the platelet—platelet interactions [37]. The
results of our study showed for the first time the altered expression of transgelin-2 in
blood platelets on the proteome (Table 1, Figure 5) and transcriptome levels (Figure 3). The
2D-DIGE and Western blot analyses showed an over two-fold increase in the concentration
of transgelin-2 in the blood platelets of ACS patients in comparison to healthy donors
(p = 0.0007). The expression at the mRNA level also significantly increased in the study
group. We speculate that the increased amount of transgelin-2 may be associated with
the stimulation of changes in the shape of blood platelets by regulating actin polymeriza-
tion and the formation of structures, such as lamellipodia or pseudopodia, which may
contribute to a spontaneous reaction of platelet adhesion, activation, aggregation, and/or
translocation of receptors responsible for interactions with other types of cells.

Similar studies have been carried out over the last 10 years; however, different proteins
were identified [14,28,38—-40]. Our study had a big advantage due to the use of fluorescent
labeling, which shows the most sensitive detection and is the most suitable for use with
mass spectrometry. Moreover, the usage of only one gel limits the need for replicates
because of the co-migration of two different protein samples as a single spot [41]. In
addition to a few overlapping results, our study provides new insights into the molecular
changes in the proteome and transcriptome of blood platelets. For the first time, we showed
an altered expression of transgelin-2, which may contribute to the processes responsible for
the degranulation and shape change of platelets. The role of transgelin-2 in platelets remains
unclear; however, it seems to have a potential impact on thrombosis and may partially
explain the molecular disorders responsible for the hyperreactivity of blood platelets.
Finding new measurable indicators of pathological, unwanted activation of blood platelets
may help in identifying new targets for future therapy, monitoring the medical condition,
and in assessing the probability of the future incidence of ACS in potential patients.

4. Materials and Methods
4.1. Chemicals

KCl, glucose, urea, thiourea, 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid
(HEPES), 3-((3-cholamidopropyl)dimethylammonio)-1-propanesulfonate (CHAPS), Tris,
bovine serum albumin (BSA), K3[Fe(Cn)s], iodoacetamide, trypsin from bovine pancreas
(sequencing grade), and NH4HCO3 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). NaCl, NaH;PO4, NaHCOg, trifluoroacetic acid optima (TFA), and citrate were pur-
chased from POCh (Gliwice, Poland). Na;SO3 was purchased from Alfa Aesar (Haverhill,
MA, USA). Acetonitrile (AcN) LC-MS was purchased from Chempur (Piekary Slaskie,
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Poland). Dithiothreitol (DTT) was purchased from GE Healthcare (Chicago, IL, USA). PBS
tablets were purchased from Biosigma (Venice, Italy).

4.2. Characteristics of Patients and Donors

Blood samples were drawn from 30 patients admitted to the Department of Interven-
tional Cardiology of the Medical University of Lodz via the S-Monovette system (Sarstedt,
Numbrecht, Germany) with CPDA-1 anticoagulant. The ACS incident was confirmed
angiographically. The inclusion and exclusion criteria were the same as previously de-
scribed [14,42]. The control group was homologous to the study group in terms of number,
age, and sex. Blood samples from the control group were collected by BD Vacutainer®
(Becton Dickinson, Franklin Lakes, NJ, USA)probes with ACD-A as an anticoagulant in the
Laboratory Diagnostics Centre in Lodz. All donors qualified for the study were subjected
to the following blood tests: morphology, creatinine, coagulation, TSH (thyroid-stimulating
hormone), IgG and IgM titers (immunoglobulin G and M), CRP (C-reactive protein), AST
(aspartate transaminase), ALT (alanine transaminase), triglycerides, total cholesterol, HDL,
LDL (low-density lipoprotein), and glucose. All registered participants in the control group
did not administer any medications for at least 2 weeks before blood collection and were
free from any illness. Furthermore, patients and donors were not previously diagnosed
with any cardiovascular diseases. The study was approved by the Committee of Ethics of
Research in Human Experimentation at the University of Lodz with resolution number
23/KBNN-UL/1/2017. Patients and volunteers enrolled in the study signed an informed
consent form before inclusion. All procedures were carried out according to the Helsinki
Declaration for Human Research. Clinical characteristic of patients and donors is included
in Table 2.

Table 2. Characteristics of ACS patients and healthy donors.

ACS (n=30) Control (1 = 30) Ref
Parameter Median (1st-3rd Quartiles) or t;{:;c;r;ce p-Value
Number (Frequency)
Age (years) 50 (45-61) 49 (41-57) - 0.594
Sex (male) 25 25 - -
BMI (kg/m?) 30 (26-31) 29 (26-32) <35 0.874
Leukocytes (103 /uL) 8.42 (7.00-9.65) 6.00 (4.83-7.73) 4-11 <0.001
Erythrocytes (10%/uL) 4.42 (4.18-4.95) 5.03 (4.53-5.33) 4.2-6.1 0.011
Blood platelets (103 /L) 246 (200-281) 251 (217-300) 150400 0.478
Glucose (mmol/L) 6.00 (5.31-6.28) 4.96 (4.73-5.46) 4.1-55 <0.001
Creatinine (umol /L) 81.0 (71.7-88.7) 75.6 (69.6-86.8) 64-104 0.291
GFR (ml/min/1.73 m?2) 96.8 (80.3-104.3)  93.4 (81.6-104.2) >60 0.921
AST (U/I) 34 (25-38) 19 (16-24) <50 <0.001
ALT (U/T) 28 (19-39) 20 (14-34) <50 0.116
Total cholesterol (mmol/L) 4.90 (4.21-5.69) 4.93 (4.42-5.31) 3-5 0.783
LDL (mmol/L) 2.86 (2.52-4.04) 2.83 (2.45-3.26) - 0.326
HDL (mmol/L) 1.16 (0.99-1.31) 1.28 (1.12-1.71) >1 0.006
Triglycerides (mmol/L) 1.61 (1.00-2.75) 1.23 (0.95-1.65) <1.7 0.049
TSH (uIU/mL) 1.53 (1.00-2.58) 1.98 (1.34-2.66) 0.27-4.20 0.322

All parameters are presented as the median and 1st-3rd quartile of the 25th-75th percentile. ALT—alanine
transaminase; AST—aspartate transaminase; BMI—body mass index; GFR—glomerular filtration rate; HDL—
high-density lipoprotein; LDL—low-density lipoprotein; TSH—thyroid-stimulating hormone.

4.3. Blood Platelet Isolation

All obtained blood samples were centrifuged immediately after transport (1200 rpm,
15 min, room temperature). Three-quarters of the platelet-rich plasma’s top layer was
transferred to a fresh tube. To prepare pure blood platelet samples, we performed nega-
tive magnetic separation. Platelet-rich plasma was incubated with MicroBeads (Miltenyi
Biotech, Bergisch Gladbach, Germany) conjugated with anti-CD45 (to avoid contamination
by leukocytes) and anti-CD235a (to avoid contamination by erythrocytes). Positive separa-
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tion with anti-CD61 was not recommended as a method for obtaining quiescent platelets.
After cell labeling, MS columns were washed three times with 500 uL of modified wash
buffer (PBS, 2 mM citrate, 0.5% BSA). Further, platelet-rich plasma was passed through
the column. The labeled leukocytes and erythrocytes were retained in the column and
pure platelets passed through to the new, fresh tube. After magnetic separation, purified
platelet-rich plasma was centrifuged (1400 rpm, 15 min, room temperature) to obtain a
blood platelet pellet. Isolated platelets were washed three times with modified Tyrode’s
Buffer (127 mM NaCl, 2.7 mM KCl, 0.5 mM NaH,POy, 12 mM NaHCOj3, 5 mM HEPES,
and 5.6 mM glucose, pH 7.4) to avoid contamination by plasma and suspended in the lysis
buffer intended for 2D-DIGE (7 M urea, 2 M thiourea, 4% CHAPS, and 30 mM Tris) and
in RNAlater (Invitrogen, Carlsbad, CA, USA) for the determination of mRNA expression
levels. Prior to analysis, samples were stored at —80 °C.

4.4. Two-Dimensional Fluorescence Difference Gel Electrophoresis (2D-DIGE)

The 2D-DIGE was performed on the pooled samples from the study and control group.
In the first stage, the protein concentration in the platelet samples was determined by the
RCDC™ Protein Assay (BioRad Laboratories, Hercules, CA, USA). Samples were diluted to
obtain 500 pg of proteins in the final volume of 100 puL and purified from ionic contaminants
by ReadyPrep™ 2-D Cleanup Kit (BioRad Laboratories, Hercules, CA, USA). The protein
concentration was determined one more time by RCDC™ Protein Assay after a clean-up
procedure to prepare the appropriate dilution of samples required for fluorescent labeling
by G-Dye200 and G-Dye300 markers from DyeAgnostics Refraction-2D QPLEX kit (NH
DyeAGNOSTICS, Halle, Germany). After labeling, isoelectric focusing (IEF) of samples
was performed on 11 cm IPG strips of a 3-10 pH gradient (BioRad Laboratories, Hercules,
CA, USA) using PROTEAN 112 IEF Cell (BioRad Laboratories, Hercules, CA, USA). All IEF
parameters were set according to the manufacturer’s protocol. Further, IPG strips were
balanced in the Equilibration Buffer 1 (BioRad Laboratories, Hercules, CA, USA), containing
dithiothreitol (DTT) for the reduction of proteins in the strip, and in Equilibration Buffer
2 (BioRad Laboratories, Hercules, CA, USA), containing iodoacetamide for alkylation of
proteins in the strip. A second dimension separation was performed using Criterion™
TGX Precast Gels 4-20% (BioRad Laboratories, Hercules, CA, USA). All parameters for
separation were set according to the manufacturer’s protocol. The fluorescently stained
gel was scanned using a Typhoon FLA 950 GE scanner (GE Healthcare, Chicago, IL, USA)
(G-Dye300 was used for samples from ACS patients, and G-Dye200 was used for control
samples). Furthermore, a bioinformatics analysis of the obtained images was carried out
using ImageMaster 2D Platinum 7.0 software (GE Healthcare, Chicago, IL, USA). Changes
in protein expression were assessed based on a ratio of 1.5.

4.5. Nanoscale Liquid Chromatography Coupled to Tandem Mass Spectrometry (nanoLC-MS/MS)

Protein spots cut from a gel were decolorized with K;[Fe(Cn)s]/100 mM NaySOs,
rinsed with 100 mM NH4HCO3, shrunk with acetonitrile (AcN), and dried in a vacuum
centrifuge. Next, samples were reduced with 10 mM DTT /100 mM NH4HCOj for 45 min
at 60 °C and alkylated in 55 mM iodoacetamide /100 mM NH4HCO; for 30 min at room
temperature in darkness. Proteins were digested overnight in a buffer containing 0.1 ug/uL
trypsin at 37 °C with gentle shaking (150 rpm). Extraction of peptides from the gel was
carried out in a solution of 50 mM NH4HCO3 and 2.5% TFA in 50% AcN by incubating the
extracts in the ultrasonic bath. The extract was completely dried in a vacuum centrifuge
and the samples were desalted using ZipTip C18 tips (Merck Millipore, Billerica, MA,
USA). Peptides were suspended in a 0.1% TFA solution. Identification of digested proteins
was performed using electrospray ionization tandem mass spectrometry (ESI-MS/MS)
preceded by nanoLC-MS chromatographic separation with the application of the following
conditions: gradient 4-99%; mass range 50-2000 m/z; composition of mobile phase: (A)
100% H,O; 0.05% TFA; (B) 80% AcN, 0.04% TFA. For high-resolution analysis, Acclaim™
PepMap™ and Acclaim PepMap RSLC™ columns were used (Trap column: Acclaim
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PepMap100 C18: particle size—5 pm; diameter—0.1 mm; length—20 mm and pore size—
100 A; Analytic column Acclaim PepMap RSLC C18: particle size—2 um, diameter—
0.05 mm, length—15 cm, pore size 100 A (Thermofisher, Waltham, MA, USA)). Proteins
were identified on the MASCOT server (Swiss-Prot database) using ProteinScape software
(Bruker, Billerica, MA, USA).

4.6. Determination of mRNA Expression Level of Identified Proteins in Platelets

The total RNA samples were isolated from purified blood platelets using the com-
mercial kit ISOLATE II RNA Mini Kit (Bioline, London, UK). All steps were performed
according to the manufacturer’s protocol. To avoid and remove genomic DNA contam-
ination of samples, DNase I was used. The RNA samples were further transcribed into
complementary DNA (cDNA) using Maxima First Strand cDNA Synthesis Kit (Ther-
mofisher, Waltham, MA, USA) according to the attached instruction. The expression on
the mRNA level was determined by Real-Time PCR Detection System Thermal Cycler
CFX96TM (Bio Rad Laboratories Inc., Hercules, CA, USA) using TagMan® Gene Expression
Assays and TagMan® Universal Master Mix, no. UNG. The following TagMan® Assays
were used: 185 rRNA (Hs_99999901_s1), APOA1 (Hs_0098500_g1), VCL (Hs_00419715_m1),
TAGLN2 (Hs_00761239_s1), TUBB1 (Hs_00917771_g1), FGB (Hs_00170586_m1), and FGG
(Hs_00241037_m1). The relative expression levels of mRNA for all studied genes were
calculated using —ACt.

4.7. Determination of Plasma Fibrinogen Concentration

The concentration of plasma fibrinogen in the study and control group was assessed
by ELISA kit (Elabscience, Houston, TX, USA). Plasma samples were obtained after cen-
trifugation of whole blood samples according to the manufacturer’s instructions. The
concentration of fibrinogen was calculated by comparing the absorbance values of the
samples to the standard curve.

4.8. Western Blot Analysis of Transgelin-2

Protein samples were first separated by the 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (30 pg of protein mixture was applied onto the lane) and
electrotransferred onto the Immobilon-P membrane (Millipore, Bedford, MA, USA). To
assess the quality of the transfer, Ponceau S staining was performed. Obtained blots were
incubated with the Anti-TAGLN2 antibody (Abcam, Cambridge, UK) for 2 h at room
temperature with the 1:3000 dilution. Further, blots were washed with Tris-buffered saline
buffer (TBS) containing 0.1% Tween-20 and incubated with the anti-rabbit IgG antibody
(Santa Cruz Biotechnology, Dallas, TX, USA). Visualization of the proteins was performed
on the X-ray film by the SuperSignal™ West Pico PLUS (Thermofisher, Waltham, MA,
USA). Densitometric analysis of the protein bands on blots was carried out by Gel-Pro
Analyzer Software 3.0 (Media Cybernetics Inc., Bethesda, MD, USA). To avoid any possible
changes in the protein concentration, data were normalized by the IOD of total proteins
after Ponceau S staining and also by the reference sample applied on all blots. As a reference
sample, the protein mixture obtained from one patient was used and loaded onto each
performed blot. The result of TAGLN2 is shown as a ratio of the IOD of the bands which
corresponds to a relative protein level.

4.9. Statistical Analysis

All statistical analyses were performed in STATISTICA 13.3 software (StatSoft; Tulsa,
OK, USA). The normality of distribution was assessed by the Shapiro-Wilk test. Depending
on the Gaussian distribution, the Mann-Whitney U test or unpaired Student’s t-test was
performed. A p-value < 0.05 was considered statistically significant. The range ratio was
calculated as the ratio between the means or medians between studied groups.
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