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Abstrakt:

Bunécnd senescence je definovana jako ireverzibilni zdstava bunécného cyklu zplisobena
riznymi faktory a procesy, které Cini zivotaschopné a fungujici bunky nefunk¢nimi, coz brani
normalni homeostaze tkani. Stav senescence mize byt navozen mnoha endogennimi a
exogennimi induktory a je Uzce spojen s vékem, patologiemi souvisejicimi s veékem,
poskozenim DNA, degenerativnimi poruchami, supresi a aktivaci nadord, hojenim ran a
opravou tkéani. Existuji vSak protichidnd zjisténi tykajici se spoustécich mechanismu,
specifickych biomarkeri a postupi detekce senescentnich bunék. To mize byt Castené
zpusobeno existenci Siroké Skaly in vivo zvifecich nebo lidskych modeli akcelerovaného

starnuti, které byly pouzity ke studiu senescence a také k identifikaci a testovani senolytik.

Tato préace je zamétena na optimalizaci a validaci postupu testovani potencialné senolytickych
latek na in vitro i in vivo modelech senescence, konkrétné replikativni senescence (model
piirozeného starnuti) a radiaci indukované senescence (akcelerovany model starnuti). V in vitro
¢asti experimentu byly Otestovany biomarkery senescence na lidskych bunéénych liniich,
3 linie byly nakonec pouzity i pro nasledné testovani latek. Potencialné senolytické latky byly
identifikovany pomoci optimalizované SER (Saddle-Edges-Ridges) spot analyzy obrazu
zalozené na SA-B-galaktosidazové aktivité za pouZiti vysokokapacitniho skriningu. Pti in vivo
experimentech na mySich modelech byly jako biologicky material vyuzity nestandardné buiky
chlupovych folikulii, jejichz moZnosti vyuziti a potencial byl taktéz zahrnut do této prace.
Neinvazivni odbér a nasledna prace s chlupovymi folikuly dba na velmi aktualni tématiku
pravidel 3R (z angl. replace, reduce and refine) a vede k dodrzovani co nejhumannéjsich
podminek p¥ipraci s laboratornimi zvitaty. Mimo to byly identifikovany 3 senolyticky ptisobici

latky (S1, S2 a S3), které maji velky potencial sehrat svou roli na poli senoterapie.

Vsechny uvedené vysledky by mohly v blizké budoucnosti pomoci pti identifikaci senolyticky
aktivnich sloucenin a pfispét k posunu v oblasti vyzkumu starnuti, kterd je velmi zivym a
pulzujicim biomedicinskym tématem a ma potencidl nabidnout personalizovani feSeni

pro zvyseni lidské dlouhovékosti i kvality zivota.



Abstract:

Cellular senescence is described as irreversible cell cycle arrest caused by diverse factors and
processes that turn viable and functioning cells dysfunctional and prevent normal homeostasis.
Senescence is induced by many endogenous and/or exogenous factors and is closely connected
with age, age-related pathologies, DNA damage, degenerative disorders, tumor suppression and
activation, wound healing, and tissue repair. Although, there are inconsistent opinions regarding
trigger mechanisms, specific biomarkers, and senescent cell detection methods. This may be
caused, at least in part, by the existence of a wide variety of in vivo models of accelerated aging

that have been used to study senescence as well as to identify and examine senolytics.

This work focuses on the optimization and validation of the potentially senolytic compounds’
testing procedure using in vitro and in vivo senescence models, specifically replicative
senescence (model of natural aging) and radiation-induced senescence (accelerated model
of aging). In the in vitro part of the experiments, various biomarkers and methods were tested
on human cell lines, of which three were, in the end, also used for high throughput screening
of senolytic compounds. Possible senolytic agents were identified by the optimized SER
(Saddle-Edges-Ridges) spot image analysis based on SA-B-galactosidase activity using high
throughput screening. In in vivo experiments on mouse models, a non-standard biological
material - mouse hair follicle cells - was used, and the possibilities of their use and potential
were also included in this work. Non-invasive sampling and subsequent work with hair follicles
pay attention to the very current topic of the 3R rules (replace, reduce and refine) and lead
to compliance with the most humane conditions when working with laboratory animals.
In addition, 3 senolytic agents (S1, S2 and S3) were identified as having a great potential to

play their role in the field of senotherapy.

All presented results given in this thesis could help to identify senolytically active compounds
and contribute to a shift in aging research that is a very lively and vibrant biomedical topic and
has the possible capability to ultimately offer personalized solutions to increase both human

longevity and quality of life.
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1. Teoreticky uvod

1.1  Senescence

Senescence a starnuti jsou velmi uzce sprazené déje, ne vSak ekvivalentni. Starnuti je
predvidatelna ptirozena postupna reakce v organizmu a dochézi k nému v disledku procest
podporujicich starnuti jako je poskozeni DNA, peroxidace a/nebo chybné skladani proteind,
coz vede k buné¢né smrti nebo k senescenci. Naopak senescence je popisovana jako stabilni
ireverzibilni proces zastavy bunééného rustu, ktery ptfispiva ke starnuti a progresi onemocnéni
souvisejicich se zvySujicim se vékem, ale na druhou stranu také fyziologicky chrani
mnohobunééné organizmy pied neoplazii [1]. Permanentni zastavu proliferace na bunécné
urovni poprvé pozorovali a studovali Hayflick a Moorehead v roce 1961 a prokazali, ze
zivotnost primarnich lidskych bun€k je omezena ptiblizné na 60 déleni [2]. Od této chvile se
senescence stala diskutovanym tématem na poli biomedicinského vyzkumu. Obecné vlastnosti
senescentnich bunék byly detailné¢ popsany jiz diive, v dnesSni dob€ se pozornost ubird
predev$im smérem k lepSimu porozumeéni molekularnich mechanismt vedoucich k indukci
senescence, drahdm spojenym se senescenci a samoziejm¢ k identifikaci potencidlnich
molekularnich cilu terapie [3-5]. Nedavno byly publikovany studie zabyvajici se moznosti
selektivni eliminace senescentnich bun¢k z tkani vedouci ke zmirnéni ptiznaki onemocnéni
a dokonce k regeneraci [6-8]. V duasledku téchto zjisténi se definice senescence z puvodni
charakteristiky dle Hayflicka [2] a nékterych dalSich autort [9,10] vyvinula a zménila.
V soucasnosti je senescence popisovana spise jako bunécny stav, ktery odpovida na rizné
vnitini 1 vnéjsi podnéty (Obrazek 1). Tyto podnéty smétuji a méni vnitini fungovani bunky a
mohou tim navodit senescenci. Piikladem takovych podnéti je napi. aktivace onkogenu,
pusobeni oxidativniho stresu, dysfunkce mitochondridlniho aparatu, ozafeni a expozice
nejriznéjs$im chemoterapeutickym latkam [5]. V nékolika piedchozich letech byla také Cetné
diskutovéna teorie oxida¢niho stresu, ktera je zaloZend na hypotéze, Ze béhem starnuti bunky
ztraci svou funkei v dusledku poskozeni vyvolaného volnymi radikaly (z angl. reactive oxygen
species, ROS) [11]. Nastup senescence neni spojen pouze se zastavou bunééného cyklu, ale i
s morfologickymi a fenotypovymi zménami, k nimZ dochazi v pribéhu tvodni faze. Bunky
ziskavaji novy pozménény tvar, jsou zplostelé a zvétSené. Zména morfologie je doprovazena
typickymi projevy jako remodelace jaderného chromatinu, jeZ vede ke zméndm transkripéniho
profilu bunky, také ztrata laminu B1, coZ vysoce ovliviiuje strukturu jaderné membrany,

spusténi oxidativniho metabolizmu v mitochondriich, a hlavné aktivace drah vedoucich



k rezistenci buiiky na apoptozu (z angl. Senescent Cells Anti-apoptotic Pathway, SCAP).
Bunééna senescence s sebou také piinasi zvyseni lysozomalniho obsahu, coz mtize byt reakce
buiiky na nahromadéni poskozeného organického materidlu nebo jednoduse nasledek zastavy
bunééného déleni. Nejtypi¢téjSim piedstavitelem ztad lysozomalnich enzymid v kontextu
senescence je B-galaktosidaza, jejiz aktivita je ¢asto méfena a povazovana za marker senescence
(z angl. Senescence-Associated f-galactosidase activity, SA-B-gal). V poslednich letech se také
Casto hovoii o sekre¢nim fenotypu senescentnich bunék (z angl. Senescence-Associated
Secretory Phenotype, SASP). Typické znaky senescentnich bunék jsou ilustrovany na Obrazku
2. Navic mizeme zminit autofagii, kterd je zatim ne pfesn¢ znamym zpusobem spojena se
senescenci [9]. Autofagie je proces degradace poskozenych makromolekul a organel probihajici
v bunécnych lysozomech, a to jako nasledek ptisobeni stresovych podnéti, cely proces prispiva
k homeostaze organizmu. MiZe byt spojovana jak s apoptozou, tak se senescenci [12]. Je
zajimavé, Ze zvysSend Uroven autofagie vede k bunééné smrti, zatimco inhibice autofagie mize
vyvolat senescenci [13,14]. Napiiklad proces autofagie probihajici v nadorovych buiikach mtize
interferovat s apoptdzou [15], ale v nékterych ptipadech miize skutecné navodit bunéénou smrt
[16]. Podobné protichiidné dikazy existuji i pro senescenci. V né€kterych ptipadech plisobi
autofagie jako senescenci podporujici induktor [17], zatimco v jinych situacich u ur¢itych typi
bunék mize naruSeni autofagie také vést k progresi senescence [18]. Vétsina recentni literatury
naznacuje, ze vysledek vzdjemného piisobeni autofagie a senescence zavisi na typu bunky,

mikroprostfedi a nejspis i na dalSich okolnostech.

Vyznam a role senescence v organismech je kontroverzni: senescence muze byt povazovana
za velmi uziteCny typ obrany bunc¢k, jelikoz patii mezi dualezité a G¢inné protinddorové
mechanismy, také hraje roli pfi embryonalnim vyvoji a pfi hojeni ran. Nicméné muize byt brana
také jako Skodlivy bunécny stav vzhledem k tomu, Ze pfi akumulaci senescentnich bunék
dochazi ke snizeni funk¢ni a regenerativni kapacity tkani, coz vede ke starnuti, degeneraci tkani
a rakovin¢ [10]. Oba tyto pohledy na senescenci jsou ziejmé spravné, ale vzdy zalezi

na okolnostech, kontextu, véku a zdravotnim stavu jedince.

10
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Obrazek 1: Bunééna senescence miize byt indukovana né€kolika podnéty. Jako prvni bylo identifikovano
zkracovani telomer, které uzce souvisi s tzv. replikativni senescenci. Také genomické zmény véetné
poSkozeni DNA, aktivace onkogenu, aneuploidie a epigenetické alterace mohou vést k senescenci.
Mezi dalsi faktory, které mohou ptispét k nevratné zastavé bunétného cyklu, patéi mitochondrialni

dysfunkce, rozsahla tvorba ROS a metabolicka dysregulace (adaptace obrazku z Ptilohy 1).

11
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Obrazek 2: Hlavni znaky bunééné senescence. Mezi biomarkery silné svdzané se senescenci a
pozorované u vétSiny senescentnich bunék patii zmény velikosti a tvaru. Ostatni rysy uvedené na tomto
obrazku nejsou pro senescenci vyluéné, ale jsou hromadné povazovany za charakteristické znaky.
Senescentni buiky bézné vykazuji aktivaci drah p53 a/mebo p16 vedoucich K ireverzibilni zastavé
bunééného cyklu, zmény chromatinu a naruseni jaderného obalu. Velmi casto byva pozorovana i
zvySena ¢innost a pocet lysozom Gstici v narist aktivity SA-B-galaktosidazy, ktera je zfejme nejcastéji
pouzivanym markerem senescence. Senescentni builky mohou také vykazovat silnou parakrinni sekreci
(SASP), zavazné mitochondrialni poruchy spojené s aktivaci antiapoptickych drah a rizné dalsi

vlastnosti (adaptace obrazku z Ptilohy 1).
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Indukce a pribéh senescence je ovladan dvéma hlavnimi signalnimi drédhami, které mohou byt
aktivovany riiznymi vnitinimi a vn&j$imi stimuly. Jedna se o aktivaci drah p53 a/nebo p16/NK4,
Protein p53 a jeho efektor p21 je zcela esencialni pro spusténi prvni tvodni faze senescence,
béhem niz dochazi k zastavé bunécného déleni, avSak bunky zlstdvaji metabolicky aktivni.
Role p53 se béhem této faze odviji od své koncentrace, post-transla¢nich modifikaci a ptisobeni
mikroprostifedi. Béhem iniciace senescence prudce roste exprese p21, kterd na druhou stranu
velmi rychle klesa s postupujici propagaci senescence do dalsi faze. P21 vyznamné ptispiva
k zastaveni bunécného cyklu v G1/S a G2/M fazi bunééného cyklu specifickou modulaci
aktivity nékterych molekularnich cilti proteinu p53 jako jsou CDC25B (Cell Division Cycle
25B), CDC25C (Cell Division Cycle 25C) a survivin [19-21]. V tuto chvili je senescence stale
reverzibilni. Jakmile bunka projde kritickym bodem a vstoupi do druhé udrZovaci faze,
senescence se stava ireverzibilni. Druh4 faze je fizena drahou p16™<*4/pRb [22,23] (Obrazek
3), koncentrace p16 dramaticky stoupa, tudiz hraje v této fazi hlavni roli. Proteiny p16 a p21
inhibuji aktivitu cyklin-CDK (cyklin dependentni kinaza) komplexd, ¢imz reguluji fosforylaci
proteinti z Rb rodiny a expresi jejich cilového genu E2F [24]. Se senescenci jsou spojovany tii
proteiny z Rb rodiny - Rb/p105, p107, a RbI2/p130. Postupny rozvoj senescence zalezi obzvlast
na funkci RbI2/p130 tvotici komplex s E2F-4, jenz reguluje cilové geny proteinu E2F. Pokud
buiika dostane podnét k progresi bunécného cyklu, komplex RbI2/p130/E2F-4 je inaktivovan
pusobenim CDKs. Nicméné pokud jsou CDKs inhibovany, Rb proteiny zlstavaji aktivni a
potlacuji progresi bunééného cyklu [25-28]. A proto proteiny z Rb rodiny, pifedevsim
RbI2/p130, hraji vyznamnou roli v regulaci bunééného cyklu a senescence. Z recentnich studii
vyplyva, Ze cela Rb rodina je zapojena do fizeni senescence, avSak pfesna funkce vétsiny jejich

¢lent teprve ¢eka na objasnéni [29,30].
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Vnitini podnéty: Vnéjsi podnéty:
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Obrazek 3: Aktivace senescence prostiednictvim drah p53 a p16'K%2, Mnoho vniténich i vngjsich faktort
muze vyvolat senescenci skrz tyto drahy. Za specifickych podminek p16 aktivuje CDK4/6, coz vede
k akumulaci pRb a regulaci transkrip¢nich faktori E2F a nasledné k indukci senescence. Poskozeni
DNA a DDR (angl. DNA-damage response) muze také vést k regulaci ATM-Chk2 (z angl. ataxia-
telangiectasia mutated - Checkpoint Kinase 2) nebo ATR-Chkl (z angl. ATM and Rad3-related -
Checkpoint Kinase 1) a tim k aktivaci p53 a p21 [10] (adaptace obrazku z Ptilohy 1).

Bunécna senescence spusSténa vySe popsanym zpisobem se nazyva senescenci primarni a
muzeme ji odliSit od senescence sekundarni. Buiiky v primarni senescenci jsou totiz schopné
indukovat sekundarni senescenci Vv dalsich doposud proliferujicich bunikach. K tomuto
fenoménu dochézi dvéma zpusoby: (1) Sifeni senescence je mozné skrze sekreci SASP faktori
do okoli senescentnich bunck (parakrinni senescence), (2) nebo kontaktem mezi bunkami
rizného typu (juxtakrinni senescence). Sekundarni senescence tak umoznuje zprvu mensimu
poctu senescentnich bungk s replikacni neschopnosti zvysit sviij pocet, $ifit se do vzdalengjSich
mist v organizmu, a tim i dale pfispivat k projevu patologii souvisejicich s vékem [31].
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1.2 Biomarkery senescence a jejich detekce

Senescentni buiky vykazuji fadu morfologickych a biochemickych charakteristickych rysi,
které je mozné vyuzit k jejich detekci in vitro a/nebo in vivo [32,33]. Jelikoz zadny jednotlivy
marker neni dostatecné specificky, ke zvySeni specificity a jednoznaéné identifikaci
senescentnich bunék se pouziva kombinace markeri i analytickych technik. Nékteré zndmé
markery z riznych skupin jsou uvedeny v piehledu v Tabulce 1 na konci kapitoly. Jak jiz bylo
zminéno, senescentni buiiky jsou obvykle velké a zplostélé, coz Ize jednoduSe pozorovat
pomoci svételného mikroskopu nebo prutokové cytometrie (z angl. flow cytometry, FCy)
[34,35]. Mezi dalsi bézné uzivané zpusoby detekce senescentnich bunék patii
imunofluorescence (IF), imunohistochemie (IHC), westernblot analyza (WB), reportéroveé
analyzy, inkorporace barviv, enzymatické znaceni, polymerazova fetézova reakce (z angl.
polymerase chain reaction, PCR), fluorescenc¢ni in situ hybridizace (FISH) a ELISA (z angl.
enzyme-linked immunosorbent assay). Nejvhodnéjsi zplisob detekce se vzdy odviji

od konkrétnich cild experimentu a zvoleného modelu senescence.

1.2.1 Markery odvozené od morfologickych a strukturnich zmén

Prvni hlavni skupina zahrnuje markery senescence asociované se strukturnimi a
morfologickymi zménami ve starnoucich buiikach. Kromé jiz zminénych zmén ve velikosti a
tvaru senescentnich buné€k, je tento stav velmi Casto doprovazen zvySenou lysozomalni
aktivitou, kterou je mozné detekovat pomoci enzymatického barveni [33]. Zvlasté vyznamna je
aktivita SA-B-galaktosidazy - lysozomalniho enzymu spjatého se senescenci, jehoz optimalni
pH je 6,0 a Ize jej detekovat barvenim [36—38] (Obrazek 4). Jiz velmi dlouhou dobu je SA-B-
gal zlatym standardem detekce senescentnich bunék, ale nékteré recentni studie zpochybiiuji
jeji specificitu. Napi. SA-B-gal je aktivni v neuronech [39] a je exprimovana ve vyvijejicich se
embryich [40], ale ani v jednom ze zminénych pfipadi se nejedna o aktivitu enzymu plynouci
ze starnuti. Jako marker tedy neni dokonala, ale i ptes drobné pochyby ohledné specificity
zlstava celosvétoveé vedoucim markerem senescence. Pro zvySeni piesnosti se ¢asto vyuziva
kombinace vice markert. Dale je mozné barvenim detekovat zvySenou aktivitu enzymu
SA- a- fukosidaza, ktera je soucasti vybavy lysozomu spolecné s SA-B-gal. Dilezité je ale
zminit, Ze i pfes popularitu SA-B-gal, zvySend regulace SA-a-fukosiddza v senescentnich
burikach je mnohem vice specificka [41]. Velmi uzitecnym markerem mutize byt i lipofuscin -
zlutohnédy pigment hromadici se v lysozomech, obsahujici zbytky degradovanych nebo

metabolizovanych lipidli, oxidovanych proteini ¢i kovli - jenz se akumuluje v téle se
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zvySujicim se ve€kem. K jeho detekci postaci svételny mikroskop, lze vyuzit jeho
autofluorescenci nebo pouzit barveni Sudanskou ¢erni B (z angl. Sudan Black B, SBB) [42,43].
Pro vysoce citlivou detekci lipofuscinu byla dokonce navrzena a piipravena nova molekula
obsahujici biotin s navdzanym analogem SBB. Nazyva se GL13 a je mozné ji po navazani

na lipofuscin v bunkach vizualizovat pomoci specifické protilatky namifené proti biotinu [44]
(Obrazek 5).

‘WI38 bunécna linie

nizka pasaz (mladé buiky) vysoka pasaz (senescence)

MCF-7 bunééna linie SA-B-galaktosidaza

kontrola etoposid (senescence)

Obrazek 4: Enzymatické barveni SA-B-galaktosidazy pomoci kitu od Cell Signaling Technology
(#9860). Nazorny ptiklad barveni bunék v replikativni senescenci a senescenci indukované etoposidem.
Obrazek  upraven  znavodu  vyrobce  (https://www.cellsignal.com/products/cellular-assay-
kits/senescence-b-galactosidase-staining-kit/9860).

16



Lidské diploidni plicni fibroblasty
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-
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Obrazek 5: Barveni lipofuscinu pomoci analogu SBB - GL13. Nazorny piiklad barveni bunék

v replikativni senescenci a senescenci indukované radiaci. Obrazek upraven z [45].

Nasledujici tfida indikatorti senescence zahrnuje molekuly odpovidajici na poSkozeni DNA
(DDR), jejich exprese je obvykle vizualizovana imunofluorescen¢ni technikou [33]. V tomto
kontextu nejcastéji vyuzivanou a velmi dobfe znamou molekulou z fad DDR proteint je
bezpochyby YH2AX. Histon H2AX v tomto piipad¢ nese serin fosforylovany na pozici 139
(Ser-139) a v této form¢ se akumuluje v mistech dvouvlaknovych zlomi (z angl. double strand
break, DSB) [46], ¢imz prakticky rekrutuje dalsi ¢leny DDR kaskady a nasledné i umoziuje
detekci ostatnich proteini Gcastnicich se oprav DSBs. V misté vzniku dvouvlaknového zlomu
DNA dochazi k vazbé MRN komplexu, ktery je tvofen tiemi proteiny (Mrel1/Rad50/NSB1),
hraje klicovou roli pfi vyhledavani DSBs [47], vaze a aktivuje proteinkinazy ATM a ATR [48].
Vsechny zminéné proteiny tedy mohou byt vyuZzity jako indikatory bunééného starnuti. DalSimi
vyznamnymi markery v ramci této skupiny jsou ur¢ité¢ 53BP1 (z angl. tumor protein p53
binding protein), ktery kolokalizuje s YH2AX [49]; MDC1 usnadnujici zapojeni ATM kinazy a
tim i dal$i fosforylaci H2AX [50]; Rad17, ktery odpovida na lokalni replikaéni stres [51] a TIFs
(z angl. telomere dysfunction induced foci) tedy ¢asti DNA, kde telomery neplni svou funkeci,

tato mista jsou odhalend a tim padem rozpoznana jako DSBs [52]. Zkracovani zminénych
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telomer a/nebo snizend exprese telomerdzy miize rovnéz slouzit jako jeden z uzite¢nych
markeri replikativniho starnuti bun¢k a navic jsou tyto zmény jednoduse métitelné pomoci

qPCR (kvantitativni PCR, z angl. quantitative PCR) nebo FISH metodou [53].

Pred¢asna senescence miize byt navic indukovana v lidskych i myS$ich butikach, a to ptisobenim
oxidativniho stresu, konkrétn¢ naptiklad vystaveni reaktivnim formam kysliku nebo
peroxidim. Tyto a dalsi stresové faktory podnécuji produkci volnych kyslikovych radikali
Vv bunikach, ¢imz je narusena rovnovaha mezi antioxida¢ni kapacitou buiiky a mnozstvim ROS.
Tato dysbalance vede k poskozeni DNA, nasledné k DDR, coz miize navodit senescenci [54].
A proto neni prekvapenim, ze néktefi autofi spojuji indukci senescence i s mitochondrialni
dysfunkci. Mitochondrie jsou totiz hlavnim producentem ROS. Nicméné je nutné podotknout,
ze vyvolani senescence plisobenim oxidativniho stresu zahrnuje slozité a zatim ne dokonale
popsané procesy. Kazdopadné neddvno byly mitochondrialni ROS oznaceny jako esencidlni
induktor senescence skrze oxidativni stres. Senescentni model suméle navozenou
mitochondridlni depleci prokazal zéastavu bunécéného cyklu, avSak bez projevu hlavnich
klicovych znakii bunééného starnuti: nedoslo ke zvyseni SA-B-gal aktivity, mnoho faktora
SASP absentovalo a navic viibec nebyla prokazana zvySena exprese pl16 a p21 [55]. Vzhledem
k tomu, Ze oxidativni stres muZe vyvolat senescenci i bez projevu klasickych markert, stavaji
se ROS a zejména mitochondridlni ROS potencidlnim kandidatem na specificky marker
senescence vyvolany oxidativnim stresem. Takovéto biomarkery by bylo mozné detekovat
fluorescenéné nebo pomoci prutokové cytometrie [56]. V lidskych buiikach mizeme sledovat i
dalsi slibné markery senescence - epigenetické zmény, tedy zmény genové exprese bez alterace
nukleotidové sekvence DNA [57]. Opravdu vyznamnym piikladem muize byt formovani tzv.
SAHF (z angl. Senescence-Associated Heterochromatin foci). SAHF lze popsat jako
heterochromatinové domény, ve kterych diky epigenetickym zménam dochazi k umlceni genii,
jejichZz produkty jsou za normalni situace proteiny podporujici proliferaci [58]. SAHFs jsou
velmi jednoduSe detekovatelné pomoci barveni DAPI nebo Hoechst 33342 s naslednou
vizualizaci konfokalnim mikroskopem [33]. V takovychto nahusténych strukturach je vazano
velké mnozstvi proteinti véetné heterochromatin proteinu 1 (HP1) a methylované formy histonu
H3K9 [59], jez mohou byt stanoveny pomoci IF a tim padem slouzit jako marker senescence
(Obrazek 6). Dalsi zajimavou strukturni formaci v ramci epigenetickych zmén senescentnich
bun€k jsou bezesporu DNA-SCARS (z angl. DNA segments with chromatin alterations
reinforcing senescence). Jsou to Casti chromatinu s trvalym poskozenim DNA, kde jsou

navazany DDR proteiny a PML téliska (z angl. promyelocytic leukaemia protein). Propojeni
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DNA-SCARS a DDR signalizace je ilustrovano na Obrazku 7. DNA-SCARS mohou byt
fazeny mezi téméf univerzalni markery senescence, jelikoZ jsou pfitomny u vétSiny subtypli
senescence [60]. Také struktura jaderného obalu mtize v pribéhu senescence podléhat zménam,
coz samoziejmé ovliviiuje jak jadernou morfologii, tak genovou expresi. S tim souvisi ztrata
laminu B1, ktera byla pozorovana v lidskych i mysich bunkach podléhajicich senescenci
vyvolané poskozenim, replikacnim stresem nebo aktivaci onkogenu. Navic v mySich tkanich
miizeme sledovat snizenou hladinu mRNA i proteinu laminu Bl po ozéfeni a nasledném
nastupu senescence, coz déla z laminu B1 dalsi velmi cenny biomarker. MnoZstvi laminu B1

V jaderné membrané bunék mize byt detekovana pomoci qPCR, IF nebo WB [61].

DAPI mH2A H3K9Me2 spojeni

kontrola

H-RAS o=

Obrazek 6: Vizualizace SAHF pomoci DAPI. Nazorny ptiklad kolokalizace SAHF s vybranymi
histonovymi variantami v bunkach vykazujicich senescenci indukovanou aktivaci onkogenu H-RAS .

Obrazek adaptovan z [58].
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Obrazek 7: DDR signalni drahy mezi butikami s trvalym poskozenim DNA a jejich mikroprostiedim.
A) Extracelularni signalizace naptiklad pies TGF-f§ drahu (z angl. transforming growth factor ) miize
posilit DDR a spustit tvorbu DNA-SCARS, které nasledné vedou k projevu Senescentniho fenotypu
vcetné sekrece SASP. SASP faktory plisobi pozitivni zpétnovazebnou smyckou a posiluji projevy
senescence. B) DDR kaskada reaguje na pietrvavajici pritomnost DNA-SCARS v burice aktivaci
vybranych transkripénich faktord a tim dochazi k zvysené transkripci SASP faktord. Obrazek upraven
z ptehledového ¢lanku [62].

1.2.2 Markery odvozené od zistavy bunééného cyklu

Existuje nekolik dalezitych markerd exprimovanych pfi bunééném déleni/bunééném cyklu.
Takovyto typ markeru by mél Vv senescentnich buiikach absentovat, jelikoz maji zastaveny
cyklus a dale se ned¢li. Zejména zminme testy zaloZené na inkorporaci bromodeoxyuridinu
(BrdU) [63] a/nebo 5-ethynyl-2"-deoxyuridinu (EdU) [64], jez by mély prokazat snizenou nebo
zadnou uroven syntézy DNA. Senescentni bunky by také nemély vykazovat expresi Ki67 -
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proteinu, ktery je exprimovan vyluéné v proliferujicich bunikach napii¢ vSemi fazemi

bunééného cyklu (kromé GO) [65], Obrazek 8.

Lidské diploidni plicni fibroblasty
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Obrazek 8: Prevraceny vztah mezi GL13 barvenim senescencich bunék a inkorporaci proliferacniho

markeru Ki67 na piikladu bunééné senescence indukované frakcionovanym zaienim. Adaptace z [45].

Jak by se dalo o¢ekavat, také proteiny nalezici do drah spoustéjicich zastavu bunécného cyklu
a senescenci, a to predev§im drahy p16/RB a p53/p21, jsou velmi Casto pouzivanymi markery.
Pfedevsim se jedna o p16'NK4 pRB, fosfo-pRB nebo p21, p53 a fosfo-p53, jejichz nadmérna
exprese V senescentnich bunikach byva detekovana pomoci IF, IHC a/nebo WB [66]. Méné
znamymi proteinovymi markery z téchto drah jsou naptiklad DEC1 a PPP1A. DEC1 je
transkripéni faktor se zakladnim strukturnim motivem helix-smy¢ka-helix (z angl. helix-loop-
helix) a zprostfedkovava nastup piedcasné senescence v zavislosti na expresi p53 [67]. PPP1A
je katalytickd podjednotka PPla, kterd je aktivni soucasti p5S3 drahy v prubéhu senescence

vyvolané aktivaci onkogenu (z angl. oncogene-induced senescence, OIS) [68].

1.2.3 Markery odvozené ze sekre¢niho fenotypu (SASP)

Sekreéni fenotyp senescentnich bunék Ilze charakterizovat jako extenzivni produkci
prozanétlivych latek to okoli, jejichz nedilnou soucasti jsou predevsim cytokiny [69]. Sekrece
SASP faktorti do mikroprostiedi ve tkanich se spousti béhem senescence vyvolané poSkozenim
nebo onkogenem a je detekovana pomoci WB, ELISA nebo specifickymi SASP testy. Velmi
diskutovanym tématem je detekce dalSich latek a struktur, které jsou svym zplsobem

asociovany se SASP faktory. Avsak potvrdit bunéénou senescenci na zdkladé téchto
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pridruzenych markerti je velmi komplikované a vysledky mohou byt zavadéjici, jelikoz
za urcitych podminek mohou byt takové latky produkovany i bunkami nesenescentnimi.
Nedavno byla zvefejnéna databaze shrnujici tyto poznatky pod ndzvem The SASP Atlas protein
database, nalezneme zde idaje jak o solubilnich faktorech, tak o exozomech [70], schématicky
znazornény proces jejich identifikace je na Obrazku 9. V této databazi je mozné hledat podle
riznych kritérii: a) podle bunééného typu - jsou K dispozici informace ziskané z fibroblastl a
epitelidlnich bun¢k, b) podle typu indukce senescence - radiace, aktivace onkogenu, oSetfeni
atazanivirem nebo ¢) mizeme ziskat informace o exozomech produkovanych senescentnimi
buiikami po ozareni ¢i aktivaci onkogenu (http://www.saspatlas.com/). Mezi nejznadméjsi SASP
faktory sekretované senescentnimi bunikami patii signalni molekuly jako interleukiny (pt. IL-6

a IL-8), chemokiny, membranové adhezni molekuly [71] a dalsi ristové faktory [72].
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Obrazek 9: Nazorné schéma procesu identifikace SASP faktort, které bylo pouzito pfi tvorbé The SASP
Atlas Protein Database. Upraveno podle [70].
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1.2.4 DalSi markery

Nakonec mizeme zminit skupinu proteinovych markerd, které plni svou funkci v nebo

na membrané, piikladem jsou béhem senescence siln¢ exprimované proteiny ICAM-1 nebo

DEP1 [73]. Navic senescentni bunky vykazuji zvySenou hladinu anti-apoptickych a pteziti

podporujicich proteini jako Bcl-2 nebo Bcl-X. Blok apoptozy lze potvrdit méfenim annexinu

V, ktery absentuje v senescentnich buikach, nebo detekci Stépenim aktivovanych forem

urcitych kaspaz [6,74].

V dne$ni dob&é panuje neustavajici Usili identifikovat nové a vice specifické markery

senescence, takze by bylo velmi obtizné sestavit kompletni seznam vSech markert a

potencialnich markerd. Avsak tato kapitola v kombinaci s nize uvedenou tabulkou by mohly

pokryt hlavni skupiny biomarkerti senescence i s pfilozenymi ¢etnymi piiklady.

Tabulka 1: Vyznamné biomarkery senescence a metody pouzivané pro jejich detekci.

znak senescence

biomarker

zména hladiny

typ senescence

detekéni metoda

markeru
morfologické zmény morfologie, velikost siroké, zplostelé obecna svételna mikroskopie, FCy
SA-B-galaktosidaza zvyseni obecna enzymatické barveni
lysozomalni aktivita SA-a-fukosidaza zvyseni obecna enzymatické barveni
lipofuscin zvyseni obecna SBB, GL13
YH2AX zvyseni obecnd/vyvolana poskozenim IF
Mrell zvyseni obecnd/vyvoland poskozenim IF
Rad50 zvyseni obecna/vyvolana poskozenim IF
NSB1 zvyseni obecnd/vyvolana poskozenim IF
ATM zvyseni obecnd/vyvoland poskozenim IF
poskozeni DNA, DDR
ATR zvyseni obecnd/vyvoland poskozenim IF
53BP1 zvyseni obecnd/vyvoland poskozenim IF
MDC1 zvyseni obecnd/vyvoland poskozenim IF
Rad17 zvyseni obecnd/vyvoland poskozenim IF
TIF zvyseni obecnd/vyvolana poskozenim IF
BrdU snizeni obecna inkorporace barvy, IF
syntéza DNA
EdU snizeni obecna inkorporace barvy, IF
proliferace Ki67 snizeni obecna IHC, IF
pl6INK4a zvyseni obecna WB, IHC, IF
draha p16/pRB pRB zvyseni obecna WB, IHC, IF
fosfo-pRB zvySeni obecna WB, IHC, IF
p53 zvyseni obecna/vyvolana poskozenim WB, IHC, IF
p21 zvyseni obecna/vyvolana poskozenim WB, IHC, IF
draha p53/p21 fosfo-p21 zvySeni obecna/vyvolana poskozenim WB, IHC, IF
DEC1 zvyseni obecna/vyvolana poskozenim THC, IF, specialni test
PPP1A zvyseni obecna/vyvolana poskozenim THC, specialni test
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Tabulka 1: Vyznamné biomarkery senescence a metody pouzivané pro jejich detekci (pokra¢ovani).

zména hladiny

znak senescence biomarker markeru typ senescence detekéni metoda
. obecna/vyvolana oxidativnim .
ROS ROS zvyseni fluorometrie, FCy
stresem
zkracovani telomer telomery snizeni vyvolana replikacnim stresem gPCR, FISH
e . o . DAPI/Hoechst, konfokalni
formace SAHF zvyseni obecna/vyvolana poskozenim mikroskopie
SAHE HP1-gama zvyseni obecna/vyvolana poskozenim IF, IHC
H3K9-metylace zvyseni obecna/vyvolana poskozenim IF
PML téliska zvyseni obecna/vyvolana poskozenim IF
jaderna membrana lamin B1 sniZeni obecna WB, IF, gPCR
- v vyvolana g
sekrece cytokint SASP zvyseni poskozenim/onkogenem WB, ELISA, SASP-testy
proteiny pla%matlcke ICAM-1, DEP1 Zv{Sen obecna/vyvolana replika¢nim IF, WB, IHC, FCy
membrany stresem/onkogenem
vylouceni apoptézy  annexin V, §tipané kaspazy absence obecna IF, IHC

1.2.5 Proby detekujici senescentni burnky

V nedavné dobé bylo popsdno mnoho nové navrzenych fluorescencnich prob slouzicich
k monitorovani SA-B-gal aktivity in vitro. Ale nejprve byly proby validovany pouze na lidskych
bunkach transfekovanych plazmidem, ktery nesl gen lacZ z Escherichia coli, coz vedlo
k nadmérné expresi bakterialni B-gal v cytoplazmé bunék. Tento model tedy neodrazel
opravdovou endogenni aktivitu enzymu pB-gal zplsobenou senescenci. Uplné prvni
fluorescen¢ni proba na vyhledavani senescentnich bun¢k in vitro byla testovana na lidskych
diploidnich fibroblastech, které podl€¢haly replikativni senescenci. Tato fotostabilni proba
emituje svétlo ve spektru od modré po Zlutou v zavislosti na aktivité B-gal a navic vykazuje
velmi nizkou toxicitu [75]. Dale byla piedstavena sonda Gal-Pro emitujici v téméf
infraGerveném spektru s vysokou fotostabilitou, ktera rychle a piesné odpovida aktivité B-gal
Vv zivych bunikach podstupujicich senescenci vyvolanou oxidativnim stresem [76]. Ob¢ proby
se 1i81 v chemické struktufe, ale podobaji se v principu zapinani. Zprvu jsou v buiikdch
nefluorescencni (OFF rezim), ale aktivitou B-gal mohou byt konvertovany na fluorescencni

formu (ON rezim). Pfepnuti na ON rezim vede k emisi detekovatelného spektra svétla.

Nekolik praci také popisuje moznosti in vivo detekce senescentnich bun€k v mysich tkanich
pravé pomoci prob. Napiiklad proba AHGa je OFF/ON fluorescen¢ni sonda obsahujici ve své
struktufe vazbu, jiz je mozné hydrolyzovat enzymem B-gal. Timto systémem byla prokazana
pfitomnost senescentnich bun¢k v mysich tkanich po podani chemoterapeutik [77]. Dale
miizeme zminit nedavno predstavenou sondu NIR-BG (z angl. near-infrared + -galactosidase)

detekujici senescentni buiiky jak v bunéénych kulturach, tak v mySich modelech senescence.
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NIR-BG velmi dobte reaguje v modelech senescence po indukci nékterymi latkami, radiaci i
chemoterapeutiky, Obrazek 10 [78]. Nicmén¢ momentalné je klinicka aplikace téchto prob
velmi limitovana kvuli jejich nizké schopnosti penetrace, coz znemoziuje detekci

senescentnich bun¢k pomoci MRI nebo PET.

normalni nebo nadorova senescentni bunka
bunka

@ stres

v
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proba v OFF stavu proba v ON stavu

Obrazek 10: Aktivace NIR-BG proby v senescentnich buiikach. Proba je aktivovana uvniti bunék SA-

B-galaktosidazou. Detekce fluorescence: excitaéni A = 660 nm, emisni A = 708 nm. Obrazek podle [78].

1.3 Bunécné modely senescence

In vitro experimenty jsou pouzivany ke studiu biologickych jevi v kontrolovaném a piedem
specifikovaném prostfedi, coz potencialné umoznuje detailni analyzu vice jevl najednou.
Nicméné kultivaéni lahve s butikami a/nebo tkanémi nedokazou dokonale napodobit prostiedi,
podminky a vliv mnoha ocekavanych i neocekévanych faktori, kterym €eli buniky ve tkanich
intaktniho organismu. V podstaté existuji dva pristupy studia senescence: (1) vyvolani
senescence Vv urcité bunééné linii pomoci exogenniho faktoru anebo (2) pouziti modelové

bunécné linie, kterd byla navrZena a pfipravena pravé pro ucely studia starnuti apod.

Replikativni/replikani senescence (neboli senescence vyvolana replikativnim/replikacnim
stresem) mize byt indukovana jednoduSe pasaZovanim bunék v kultufe. Diky konstantnimu
zkracovani telomer ziskdme béhem nékolika dnti nebo tydnt (v zavislosti na bunééném typu a

konkrétni pasézi) senescentni buiiky. Typicky protokol na indukci replikativni senescence
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v lidskych diploidnich fibroblastech (napt. WI-38 nebo IMR-90) zahrnuje popis kultiva¢niho
postupu, dobu déleni bun¢k a doporuceni ohledné konfluence. Kazdopadné vSechny podminky

a parametry je nutné individualné optimalizovat pro konkrétni bunécny typ [33].

Mnoho faktorti miize vést K iniciaci pfed¢asné nebo stresem vyvolané senescenci [5]. Nejcastéji
pouzivanym indukénim faktorem in vitro a in vivo je v tomto piipadé zafeni, jehoz pisobeni
vede k akceleraci senescence Vv nadorovych i normalnich nenadorovych bunkach [79,80].
Klicovym parametrem indukce senescence pomoci zafeni je bezpochyby pouzitd davka:
vSeobecné plati, ze nizsi az stiedni davky (0,5 - 10 Gy) zptsobuji senescenci, ale vyssi davky
(> 10 Gy) mohou vést az k apoptoze. Konkrétni reakce a vysledny stav bunky zavisi na mife
poskozeni DNA vyvolané zafenim a také aktivit¢ DDR drahy [81]. Navic mizeme sledovat
rozdilny efekt zafeni pii pouziti frakcionované davky a davky podané najednou, piestoze
celkova davka by byla v obou piipadech stejna. Napiiklad frakcionované ozatfeni nizkou
davkou aktivuje p53/p21 drahu, coz vede k projevu siln¢jSiho a vyraznéjsiho senescentniho
fenotypu nez v ptipad¢ jednorazového podani vysoké davky o stejné celkové hodnoté [82].
Tudiz senescence indukovana zafenim zavisi na ¢tyiech rozhodujicich faktorech: (1) velikost
davky, jez ovliviiuje typ a miru poSkozeni DNA i naslednou reparacni drahu; (2) stav cilovych
bungk - pi. nadorové a nenadorové buiiky nebo odlisné diferencované buitky mohou reagovat
jinym zpusobem; (3) typ bunék/bunécné linie a (4) rychlost bunééného riistu - progrese
senescence se muze liSit i mezi buikami v témze organu [83]. Klasicky postup indukce
senescence radiaci ve veétSin€ piipadi doporucuje aplikaci davky o velikosti 10 Gy. Nasledné
je potteba buniky monitorovat pomoci svételné mikroskopie a cekat na prvni fenotypovy projev
- morfologické zmény. Poté je mozné analyzovat markery senescence, coz nastava nejdrive cca

7 - 10 dni po ozafeni [33].

ROS molekuly jako naptiklad peroxid vodiku, superoxidové anionty nebo hydroxylové
radikaly patii taktéz k dilezitym indukénim faktorim. Oxidativni stres vychdzejici z plisobeni
ROS vyvolava poskozeni bunék [84], coz miize navodit senescenci jak v lidskych, tak v mysich
burikach [54,85]. Produkce ROS byva spusténa plisobenim exogennich nebo endogennich
faktori. Nejvyznamngj$im zdrojem ROS jsou mitochondrie, jejichZz dysfunkce byla jiz
mnohokrat spojena se starnutim a senescenci [86]. Peroxid vodiku je zfejmé nejCastéji
uzivanym induktorem senescence z fad ROS pro aplikaci in vitro. Aby aplikace H>O2na bunky
nevedla k buné¢né smrti, je potieba optimalizovat koncentraci H2O2ato pro kazdou linii zv1ast’.
Toto lze provést pomoci davkoveé zavislého (angl. dose-response) experimentu, ve kterém

jednoduse sledujeme bunéénou odpoveéd’ na rizné koncentrace testované latky a vybirdme tu
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s kyzenym ucinkem. Vysoké koncentrace ROS navozuji apoptdzu, zatimco nizké davky
aktivuji drahu p53/p21 [87]. Senescenci Ize navodit inkubaci bun€k v ristovém médiu, které
obsahuje pfislusnou koncentraci H.O> (typicky v rozmezi 50 - 800uM) po dobu ¢tyt dnti. Tento
zpusob kultivace bunék se opakuje dokola a ptitom se kontroluje tvar bunék; nastup piredcasné
senescence je indikovan detekci morfologickych zmén, které jsou velmi podobné tém v piipadé

replikativni senescence [88].

Senescence patii k jednomu z anti-neoplastickych mechanismti obrany bunék; namisto
nadorové transformace mohou buiiky vstoupit do jakéhosi mezistadia a stat se senescentnimi.
| tento proces Ize napodobit v laboratornich podminkach, coz umoziuje artificialni indukci
bunééného stavu podobného senescenci aktivaci onkogenu v kombinaci s nahromadénim
nadorovych supresort jako p53 a p16. Pro tento ucel se vétSinou uziva onkogen Ras [89]; tento
protokol popisuje transdukci retroviralniho vektoru HRASv12 s naslednou puromycinovou
selekci buné€k. Postup je navrzen tak, abychom ziskali buiiky obsahujici retrovirus béhem 6 dni,
kdy je mozné detekovat typické markery senescence [90]. Dale existuje tzv. BJ-Ras systém,
ve kterém jsou BJ buiiky osetieny doxycyklinem, coz vede k expresi mutantni formy RASv12
v doxycyklinem indukovatelném konstruktu a k navozeni senescence (OIS) [91]. Bohuzel ale
manipulace s retroviry vyzaduje vyss§i Groven ochrany a k tomu piislusné vybaveni (z angl.
biosafety level 2, BSL-2), takze implementace takového postupu miuze byt pro nékteré

laboratofe komplikaci.

V dnesni dobé je dokonce mozné hledat v existujicich seznamech artificialné ptipravenych

senescentnich bungk, které jsou uréené k okamzitému pouziti v laboratofi [92].

1.4 Zvifeci in vivo modely senescence

In vivo studie slouzi k potvrzeni vysledku ziskanych béhem experiment in vitro a reprezentu;ji
tedy velmi dulezity meziclanek propojujici pokusy na buiikéch a klinické testovani. Zvifeci
modely, zvlasté pak modely mysi a modely dalSich hlodavci, jsou Casto pouzivany jako
pokracovani a ovéfeni zaveéra in vitro testovani. Navic vysledky in vivo experimenti mohou
poskytovat jinak nedostupny pohled na mechaniSmus indukce senescence a usnadnit tim
identifikaci moznych terapeutickych cilt. Nejdulezitéjsi je, ze in vivo modely umoziuji
provadét experimenty na intaktnich organizmech jako na celku, a tim zahrnuji piisobeni vSech
moznych faktorli, kterymi jednotlivé tkané a molekularni drahy plisobi na sebe navzajem.
Obecné Ize Tici, ze uméle pusobici indukéni faktory nebo systémy k vyvolani senescence a/nebo

starnuti v mySich modelech jsou dost podobné az identické s témi pouZivanymi u modell
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bunéénych. Jelikoz mysi modely a metody indukce senescence se 1isi ve vlastnostech i efektu,
je potieba peclivé zvazit, zda vybrany model vyhovuje planovanym experimentim a cilim

prace.

Jako prvni zvifeci model senescence zmiiime Casto pouzivané ptirozeng zestarlé mysi (vétSinou
> 2 roky star¢) [8], ale tento piistup je extrémné Casové naro¢ny. Proto byly navrzeny a
vytvofeny akcelerované mySi modely senescence a starnuti. Tyto modely disponuji
genetickymi vlastnostmi podobnymi tém, které muzeme sledovat u lidskych progeroidnich
syndromd jako Hutchinsoniv-Gilfordiv syndrom (z angl. Hutchinson-Gilford progeria
syndrome, HGPS), Wernertiv syndrom nebo Trichothiodystrofie [93], ¢imz zvitata pfedCasné
zestarnou a jejich stav se podobd piirozenému stafi. Takto geneticky modifikovana zvirata
vykazuji abnormalni expresi genti kodujicich komponenty kontrolnich bodt bunééného cyklu
(Cdkn2a, p53, Bublb atd.), proteiny ucastnici se oprav a udrzby DNA (Ercc geny, Polg, Terc
atd.), proteiny ovliviiujici mechanické vlastnosti jadra bun¢k (Lmna), enzymy zpracovavajici
ROS (Sod2) a komponenty signalnich drah (Gsk3a) [94]. V ptipadé mnoha takovych modela
je mozné detekovat senescentni buiiky pouze v tzv. kone¢né (angl. end-point) analyze, ve které
jako biologicky materidl slouzi tkan¢ utracenych zvitat. Metody méteni senescentnich markert
Vv tomto piipad¢ zahrnuji napiiklad RT-PCR (z angl. reverse transcription PCR), analyzu
proteini pl6 nebo p2l1 vhluboce zmrazenych tkanich, méfeni aktivity SA-B-gal
ve vzorku Cerstvé tkané nebo prikaz p16 pomoci IHC ve fixovanych vzorcich. Také lze pouzit
imunoblotovaci metody na sledovani dalSich markert jako ATM, ATR, H2AX, p53, jiz
zminéné p21 a/nebo SASP faktorti. Jako alternativni biologicky zdroj informaci mtize slouzit
mySi krev. Napiiklad 1ze wuréit miru exprese pl6 zlymfocyti v periferni Krvi.
Modifikace sekre¢niho profilu senescentnich bun¢k se projevuji jako zmény SASP faktori
(chemokiny, cytokiny a metaloproteiny z matrix) a je mozné je sledovat pomoci metody
ELISA, popf. ji podobnymi a to z krevni plazmy nebo séra [95]. Dlouhodobého sledovani
senescentnich markert, jako je p16, u Zivych zvifat je mozné dosdhnout pomoci zobrazovacich
metod. Nejznaméj$im modelem uzivanym k témto Gcelim je tzv. p16-YC mys. V buitkach
téchto mysi je artificialng vlozeny gen kodujici enzym luciferdzu pod promotorem p16'NK4,
Luciferaza je tedy exprimovana po aktivaci promotoru pl6 béhem indukce senescence.
Luciferazu je mozné detekovat po injekci pfislusného substratu (luciferin) mysim, ten je
nasledné zpracovan luciferazou, pticemz dochazi k vyzareni métitelné luminiscence. Na rozdil
od jinych metod, u takového modelu se eutanazie zvifat provadi az po detekci cilového

senescentniho markeru (v tomto ptipadé pl6) a tim se i potvrdi navozeni senescence [96].
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Nevyhodou tohoto modelu je ptedevsim fakt, ze p16 nehraje roli vyluéné v senescenci, ale také
napiiklad v tumorigenezi a pfi hojeni ran (Obrazek 11). Luminiscen¢ni signal tudiz mtize byt
detekovan i v jinych piipadech a pouzita zvitata by neméla mit zranéni na kizi, ani prochazet

ranou ¢i pozdni fazi vzniku nadoru [97].
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Obrazek 11: Vyuziti detekce luminiscenéniho signalu v mysim modelu p16-“. Béhem piirozeného
starnuti se postupné akumuluji senescentni buriky, signal se v prub¢hu ¢asu objevuje rovnomérné
po celém tele. Také je moznd detekce vznikajictho tumoru, pl6 je exprimovéana jak v nddorovych
buiikach, tak buiikach stromatu. V mistech koznich 1ézi 1ze potencidln€ pozorovat pozitivni signal, ktery

odezni s postupnym vyhojenim rany. Vytvoieno a doplnéno podle [97].

Obecné plati, Ze existuje spojitost mezi zafenim a starnutim. U mysi stejné jako u bunéénych
kultur mGizeme pomoci ioniza¢niho zafeni dosahnout indukce predCasné senescence. Nejcasté;ji
se zvifatim aplikuje davka 5 - 10 Gy najednou nebo frakcionované, ale vzdy zélezi

na konkrétnim myS$im kmenu; kmeny se mohou odliSovat v citlivosti a odpovédi na urcitou
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davku zatfeni. Rovnéz zédlezi na ucelu experimentu, ale je mozné ozafovat celd zvifata nebo
pouze cCast jejich téla, coz je vSeobecné mirngjsi pristup. K ozafeni jsou vhodné mysi ve véku 2
- 6 mesicl, neozafené mysi jsou oproti nim pouzity jako kontroly. Alternativn€ je mozné pouzit
dvé skupiny riizného véku, napt. 2 mésice stara zvirata (skupina mladych) a 2 roky stara zvirata
(skupina starych jako kontrola). NejCastéji odebirané a dale vySetfované organy jsou plice, jatra,
ledviny, ackoli mozek mtze nékdy byt také cennym zdrojem informaci. Ke studiu zmén genové
exprese se vyuziva izolace nukleovych kyselin s naslednou PCR analyzou. Pokud chceme
sledovat a objasnit zmény na proteinové tirovni, miZzeme navic pouzit WB analyzu nebo IF.
V nékterych pripadech mize pomoci klasicky test SA-B-gal aktivity nebo analyza inkorporace
BrdU [98-101].

I na naSem pracovisti jsme nedavno vyvinuli k ziskavani mysich a lidskych chlupovych a/nebo
vlasovych folikularnich bunék pro ucely genotypizace, kvantitativni PCR a kvantitativni IF.
Folikularni bunky byly odebrany jednoduse a neinvazivné a déale pouZzity pro rutinni
genotypizaci zvifat a sledovani bunéné senescence v pfirozeném i experimentalné (radiaci)

indukovaném modelu starnuti [102] (viz Ptiloha 2).

Dalsi zpasoby indukce senescence in Vvivo nejsou zdaleka tak bézné. Oxidativni stres byva
pouzivan jen zfidkakdy, s vyjimkou modelu s D-galaktozou. D-galaktéza mize VvV mySim
modelu slouzit jako artificialni induktor senescence. ZvysSena D-galaktdza vyvolava produkci
ROS a zaroven snizuje kapacitu antioxida¢nich enzymi. Toto postihuje zejména mozek, coz
vede ke ztrat¢ paméti, porucham uceni, kognitivnim dysfunkcim, akumulaci senescentnich
bunék v mozkové tkani, zkraceni délky zivota a celkové slabosti, coz dohromady pfipomina
fenotypové projevy starnuti [103-105]. Krom¢ pouziti vysoké davky D-galaktozy k indukci
akcelerovaného modelu starnuti a/nebo modelu akutniho starnuti bylo pomérné nedavno
prokazano, ze zvySena akumulace kone¢nych produkti pokrocilé glykace a ROS muze vyvolat
starnuti v mnoha tkanich i bunikach, naptiklad v erytrocytech [106]. Obvykle se pro tyto Gcely
pouzivaji mysi staré 2 - 3 mésice, denné jim je podavana D-galaktéza v davkovém rozmezi
100 - 500 mg/kg/den a to subkutanné po dobu 7 - 12 tydnl. Tento zvifeci model se nejcastéji
uziva k funkénimu testovani paméti, ktera je ovlivnéna akumulaci senescentnich bunék, a také
ke sledovani pfipadné eliminace senescentnich bun¢k pomoci senolytik [107-110]. Dilezité je,
ze tento model byl také validovan in vitro [111], kde byly detekovany relevantni biomarkery
senescence jako pl16, p21, p53 a/nebo SA-B-gal [112].

Rizena aktivace onkogenu jako induktoru senescence u zvifat s sebou nese né€kolik problém;
vzdy zaleZi na konkrétnim nastaveni a podminkéch, ale obecné plati, Ze mutace aktivujici Ras
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mohou vést jak k proliferaci bun€k, tak k navozeni senescence. Pravé toto bylo demonstrovano
ve studii vyuzivajici transgenni mysi s inducibilnim Ras genem (indukce doxycyklinem).
Vysledky této prace poukazuji na silnou zavislost vysledného stavu bunky na trovni aktivace
onkogenu Ras; zatimco nizka uroven aktivace podpofila proliferaci, vysoka uroven aktivace
spustila senescenci. Ras muze tedy slouzit k umélému vyvolani senescence in vivo, ale jeho
aktivaci je nutné velmi citlivé optimalizovat [113]. Krom& modelu vazaného na podani
doxycyklinu v transgennim modelu, je mozné vyuzit Ras gen pro vyzkum rakoviny plic, kde je

onkogen aktivovan intranazalni aplikaci virovych ¢astic [114].

Zhruba pied 10 lety byly do klinické praxe pro 1écbu solidnich tumorti zavedeny inhibitory
CDKa4/6 (abemaciklib, palbociklib, ribociklib), které vyvolavaji zastavu buné¢ného cyklu v G1
fazi [115-118]. Jejich t¢inek na buniky ovSem zavisi na riznych faktorech, ale obecné Ize fici,
ze indukuji quiescenci nebo senescenci. Quiescentni bunky si zachovavaji schopnost vymanit
se ze zastavy bunécného cyklu, zatimco senescentni buiiky vykazuji vysoce stabilni nebo trvaly
fenotyp. Schopnost indukovat quiescenci nebo senescenci témito inhibitory byla prokéazana jiz
v mnoha studiich in vitro i in vivo [119-128]. Obecné znamy a pouzivany protokol na indukci
senescence pomoci inhibitorit CDK4/6 zahrnuje podavani téchto latek mysim ve véku 14 tydnt.
Abemaciklib se podava intraperitonealné [129], palbociklib [119] nebo ribociklib oralni gavazi
[130]. Ackoli tyto bunétné i zvifeci modely naznacuji specifickou roli senescence jak
Vv ucinnosti, tak v toxicité inhibitortt CDK4/6, jejich vyznam v klinickych podminkach je jesté

nutné objasnit.

1.5 Senolytické a senotoxické latky v terapii predc¢asného starnuti

Starnuti je velmi Gzce spjato se (1) zvySenym rizikem mnoha chronickych onemocnéni (selhani
srdce, infarkt myokardu, demence, mrtvice, mnoho typ nadorovych onemocnéni, metabolické
dysfunkce, plicni onemocnéni, poruchy kosti a slepota), (2) geriatrickymi syndromy (vSeobecna
kiehkost, sarkopénie, ¢asté pady, inkontinence a kognitivni poruchy), (3) celkovym zhorSenim
fyzické kondice (vedouci k dlouhé rekonvalescenci po zranéni a zvySeny vyskyt infekci v téle)
a samoziejm¢ (4) umrtim [131]. ProtoZe proces starnuti velmi intenzivné pfispiva k projevu
mnoha patologii [132], mame velky zajem na oddaleni nebo alespofi zmirnéni jeho projevi.
Tento fakt vedl v poslednich deseti letech ke vzniku nové védecké discipliny nazyvané
senoterapie, ktera se zaméfuje na studium bunécného starnuti, prodlouzeni zivota a také kvalitu
zivota béhem starnuti [133]. Hlavnim cilem senoterapie je prodlouzeni lidského zivota a

obnoveni (omlazeni) funkce nekterych tkani. K tomuto ucelu slouzi senolytické
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latky/senolytika, kterd dokazou selektivné eliminovat senescentni buiiky z bunéénych kultur,
tkani a dokonce z celého organizmu [134]. V soucasné dob¢ se senoterapie zabyva predevsim
(1) hledanim novych potencialnich senolytik, (2) stanovenim G¢innosti, selektivity, vedlejSich
ucinkd a dalsich vlastnosti senolytickych latek in vitro, in vivo a novéji iu lidi, (3) navrhovanim
ucinnych strategii doruceni senolytik na misto urceni, (4) optimalizaci davkovani a schématy
podévani 1éka a (5) identifikaci optimalnich markera senescence zejména kviili monitorovani
terapeutické Gc¢innosti. Zajem odbornikd o tuto oblast rychle roste, jelikoz se objevilo par
potencialnich klinickych aplikaci a mnoho zacinajicich biotechnologickych spole€nosti
investovalo a stale investuje své zdroje, ¢as a penize pravé do vyzkumu senolytickych latek
[135]. Toto odvétvi se extrémné rychle rozviji a kazdy den jsou reportovana nova zjisténi, takze
se objevila i nova terminologie - glosaf uzivanych pojmu souvisejicich se senescenci a

starnutim je uveden v Tabulce 2.
Tabulka 2: Zakladni slovnik novych pojmi spojenych se senescenci a senoterapii.

pojem popis

Biologické starnuti. Proces akumulace senescentnich bun¢k (SB), které
senescence nefunguji, ale jsou metabolicky aktivni a zlistavaji ve tkanich. SB jsou uzce
spojeny s poruchami souvisejicimi s vékem.

senoterapie / senolyza Odstranéni senescentnich bunék.
senolyticka latka / senolytikum Latky specificky indukujici smrt SB.
senoblokatory Latky ovliviujici epigenetické rzg;iifzrznl; reaktivaci programi regenerace
senomorfika Latky potlacujici projevy senescence véetné SASP.
senostatika Latky narusujici vstup bunék do senescence.
senomodulatory Latky zneskodiujici SB potlacenim jejich aberantniho SASP.
senosupresiva Latky zpomalujici rychlost akumulace SB.

1.5.1 Senolytické a/nebo senotoxické malé molekuly

Pokud se zamyslime nad vyzkumem senolytickych latek, mize nas napadnout hned nékolik
hlavnich terapeutickych pfistupti a moznych cilii. Prvni pfistup logicky zahrnuje cileni
senescentnich bunék jako takovych, ptesnéji jejich typickou vlastnost - rezistenci k apoptdze
[136] nebo dalsi drahy zapojené do senescence. Velké usili ovSem bylo vynaloZeno i na studium
a cileni SASP, ktery je klicovym znakem senescentnich bunék a je regulovan nezévisle
na zéastavé bunéného cyklu [137]. Kromé toho lze pfimét imunitni systém, aby se zaméfil
na senescentni buiiky [138]; a také je mozné zvratit ireverzibilni osud senescentnich bun¢k
[139].
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AZ donedavna byla zastava bunééného cyklu senescentnich bunék povazovana za nevratny d¢;j,
ale nové studie prokazaly, Ze senescentni buiiky mohou znovu spustit bunéény cyklus, a to
napiiklad u nadorovych bunék [140] nebo mohou byt pieprogramovany na pluripotentni
kmenové bunky [141]. Jak bylo jiz uvedeno vyse, buiiky reaguji také na aktivaci onkogenu, a
to navozenim bunécné senescence, kterd ale nemusi byt vzdy trvald. Buitkky mohou po urcité
dobé stravené v senescenci znovu nastartovat bunécny cyklus, a to zejména pokud ziskaji
epigenetické zmény, které vedou k derepresi exprese anti-senescentnich genti, napiiklad
hTERT [142]. Senescentni stav navozeny v nadorovych buikach je také jednou z jejich
strategii, jak se vyhnout cytotoxickym uc¢inkiim protinadorové terapie, coz nadorovym buiikam
umoznuje preziti v dormanci. Bohuzel, tato strategie mize vyustit v nahromadéni zasoby
nadorovych bunék pro budouci recidivu onemocnéni [143]. S ohledem na moznou
protinddorovou terapii zaloZzenou pravé na senescenci, muzeme zminit kli¢ové signalni
molekuly senescentnich bun€k p16, p21 a p53, které také funguji jako regulatory kmenovosti,
jelikoz zisk kmenovosti v ptipadé nadorovych bun¢k mize ovlivnit agresivitu nadorti, a tim 1
klinicky vysledek. Ukdzalo se, ze kmenovost spojend se starnutim je vlastné Skodlivou
vlastnosti, kterd napomaha buiikdim vymanit se ze zastavy bunécného cyklu a zptlisobit tak
recidivu nadoru [140,144]. Proto potencialni pouziti senolytickych latek v budoucnosti
zahrnuje i protinadorovou terapii [145,146]. Nejdulezitéjsi doposud znamé cile senolytik jsou
schematicky znazornény na Obrazku 12. V nize uvedenych podkapitolach jsou podrobné
popsany skupiny znamych senolyticky ptsobicich latek. Pro lepsi pfehlednost a orientaci jsou

tyto latky nejprve shrnuty v Tabulce 3.

Jedna z hlavnich charakteristik senescentnich bunék je aktivace anti-apoptickych drah, které
mimo jiné zahrnuji i Bcl-2 proteinovou rodinu, p53 a PI3K/AKkt osu. A pravé kvuli zapojeni
téchto proteini do procesu inhibice apoptézy senescentnich bunck jsou cilem nékterych

aktudlnich senolytik.
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Obrazek 12: Molekularni cile senolytickych latek (upraveno z Piilohy 1).



Tabulka 3: Zakladni ptehled senolytickych latek.

cilova senolyticka konkrétni cil senolytické .
: . . poznamka
skupina latka latky
navitoclax BCL-2, Bcl-XL, a Bcl-W ABT263
ABT-737 BCL-2, Bcl-XL, a Bcl-W paralog a prekurzor ABT263
A1331852 Bcel-XL 2. generace inhibitord BCL-2 rodiny
. o A1155463 Bcel-XL 2. generace inhibitord BCL-2 rodiny
antiapopticka . . . S . o :
dréha piperlongumin apoptoza alkaloid, pfirodni produkt ze stromt rodu Piper
geldanamycin ? analog piperlonguminu
tanespimycin ? analog piperlonguminu
alvespimycin ? analog piperlonguminu
panobinostat Bcel-XL zvyseni aktivitu kaspazy 3/7
dasatinib draha PI3K/Akt mala molekula inhibujici riizné tyrosinkinazy
B quercetin draha PI3K/Akt a mTOR flavonoid
PI3K a jiné —— w . .
., fisetin PI3K/Akt ptirodni flavonoid
kinazy .
luteolin PI3K/Akt flavon
kurkumin PI3K/Akt flavon
deshy 053 FOXO4-DRI interakce FOXO4 a p53 zvyseni mitochondrialni aktivity
”1‘ GVE“;DRa 17-DMAG HSP90/Akt supresor SASP
P=o, KU-60019 ATM inhibitor NF-«B
rapamycin mTORC1 komplex inhibitor Mdm2 nové generace
nutlin-3a Mdm2 stabilizace p53 a redukce SASP
| MI-63 Mdm2 stabilizace p53 a redukce SASP
N'r:eg;aceb UBX0101 Mdm2 odvozen od nutlinu
-Kb nebo . T
C/EBPB metformin SASP !nh!b!ce NF-xB
resveratrol SASP inhibice NF-xB
ruxolitinib JAK INCB18424, represe C/EBP
momelotinib JAK CYT387, represe C/EBPJ
dalsi MCOPPB NOP anxiolyticky opioid

1.5.1.1 Cileni anti-apoptickych drah

Inhibici proteint z Bcl-2 rodiny Ize v senescentnich buiikach nastartovat apoptdzu. Navitoclax
(ABT263) a jeho paralog ABT-737 patii do prvni generace senolytickych latek, které inhibuji
Bcl-2, Bel-XL a Bcel-W, a tim indukuji apoptdzu v rtiznych typech bunék [6,147,148]. U obou
latek byl potvrzen senolyticky efekt in vivo, a to na mySim modelu senescence po indukci
subletalni davkou radiace a/nebo na modelu piirozeného starnuti [6,149]. Navitoclax navic
suprimuje uvoliovani SASP faktort do okoli senescentnich buné€k u piirozené zestarlych zvirat
[149]. Velkou nevyhodou u téchto dvou latek ovsem zlstava jejich toxicky efekt na neutrofily
a krevni desti¢ky, coz velmi omezuje jejich potencial pro klinicky vyvoj [150]. Tento problém
podnitil vyvoj druhé generace inhibitortt Bcl-2 rodiny, mezi néz patii napt. A1331852 a
A1155463. Tyto slouceniny maji schopnost spustit apoptickou drdhu v n€kterych typech
lidskych bunék [151]. Dal§im vyznamnym cilem senolytik je BH4 doména, ktera je funkéni
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slozkou vSech proteinovych ¢leni anti-apoptické rodiny [152]. Tato doména je jednim
z uziteCnych vychozich bodii pro identifikaci a vyvoj novych potencialnich senolytickych
¢inidel. Pravé na tuto doménu cili nedavno objeveny alkaloid piperlongumin (PL) [153] a jeho
analogy geldanamycin, tanespimycin a alvespimycin [154]. PL je ptirodni latka izolovana
ze stromu rodu Piper a preferenéné dokaze odstranit senescentni bunky, a to na modelech
senescence vyvolané aktivaci onkogenu, radiaci nebo replikacnim stresem. Senolyticky u¢inek
PL byl nejprve piipisovan schopnosti spustit apoptézu [155], ale nové vysledky oznacuji jako
cilovou molekulu piperlonguminu protein OXR1 (z angl. oxidation resistence 1). OXR1
vykazuje zvySenou expresi v nékterych lidskych senescentnich bunkach a reguluje produkci
mnoha antioxida¢nich enzymu. PL se pfimo vaze na OXR1 a tim ptivodi jeho degradaci [156].
Poslednim zajimavym anti-apoptickym senolytikem je panobinostat, ktery suprimuje expresi

Bcl-XL proteinti v chemoterapii indukovanych senescentnich bunikach [157].

1.5.1.2 Inhibice PI3K a dalSich kinaz

Prvni generace senolytik také zahrnuje nékteré dobie zndmé latky, jako jsou naptiiklad malé
molekuly dasatinib (D) a flavonoid quercetin (Q), které cili rizné tyrozinkinazy a také PI3K.
Dasatinib byl pivodné uzivan pacienty pro sviij protinadorovy ucinek, ale ukazalo se, ze
piredevsim v lidskych senescentnich progenitorech adipocyti ma senolyticky efekt. Quercetin
je ptirodni latka, jejiz senolyticky uc¢inek byl mimo jiné prokazan na endotelidlnich bunkéch
pupecnikové Zily. Senolyticky efekt po aplikaci latek D a Q individualné i v kombinaci byl
potvrzen jak in vitro, tak in vivo [158]. Fisetin - dalsi ¢len této skupiny latek - je pfirozené se
vyskytujici flavon, ktery inhibuje PI3K/Akt drahu a ma mnohem silnéjsi senolyticky efekt in
vitro nez Q, a navic vykazuje niz$i toxicitu a mnohem vyss§i schopnost selektivni inhibice Bcl-
XL nez navitoclax. Nakonec jesté zminme flavony luteolin a kurkumin, které fungovaly dobie
pfedevsim v kombinaci s fisetinem [151,159]. AvSak kombinace D+Q dosahla vSeobecné

nejefektivnéjSich vysledk, a to ve vSech smérech.

1.5.1.3 Cileni na osu p53/p16 a DDR drahu

Jak jiz bylo zminéno v pfedchozich kapitolach, draha p53 hraje klicovou roli v regulaci
apoptdzy a senescence, tim padem se stava velmi atraktivnim cilem senoterapie. Transkripéni
faktory FOXO (z angl. Fork head box O) se podileji na fizeni mnoha buné¢nych funkei véetné
zastavy bunééného cyklu a indukce senescence skrze interakci s p53 [160]. Nedavno

publikovana data ukazala, ze (DRI)-izoforma faktoru FOXO (z angl. D-retro inverso isoform)
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dokaze narusit interakci mezi FOXO a p53, tim zpisobit vylouceni p53 z jadra bunék a nasledné
i indukci apoptdzy. Tento ucinek byl pozorovan jak v senescentnich buikach in vitro, tak
u starych mysi [153,161]. Jako potencialné¢ velmi efektivni senolytika byly nejprve in vitro
identifikovany inhibitory HSP90. Takovato informace vzesla z vysledki vysokokapacitniho
skriningu mensi knihovny latek na mySich embryonalnich fibroblastech (MEF), které byly pro
tento ucel artificialné upraveny (Erccl”, deficit reparace mezifetézcovych cross-linkit DNA) a
slouzily tak jako buné¢¢ny model vykazujici snizenou schopnost oprav DNA. Zmifime inhibitor
HSP90 17-DMAG, ktery dokaze redukovat expresi p16 jak v MEF buiikach, tak v Erccl”®
(redukovana exprese DNA reparacni endonukledzy) mySim modelu lidského progeroidniho
syndromu [162]. Dale byl identifikovan novy inhibitor ATM kinazy KU-60019, a to jako latka
zmirfujici projevy senescence. ATM reguluje acidifikaci lysozomt a osetfeni bun¢k KU-60019
snizuje aktivitu SA-B-gal, eliminuje nefungujici mitochondrie a v lidskych fibroblastech vede
k metabolickému reprogramovani. Navic 1é¢ba touto slouceninou zjevné usnadnuje hojeni ran

u star$ich mysi [163].

1.5.1.4 Inhibice NF-xB a C/EBPp

Dal$im moznym ptistupem objevovani novych senolytik zahrnuje zacileni na jinou specifickou
vlastnost senescentnich bunék, a to konkrétn¢ na SASP, tzn. na sekreci rastovych faktort,
chemokinii a cytokint. Za urCitych podminek mize byt potlaceni Skodlivého parakrinniho a
cyklu [137]. Mnoho znamych signalnich drah je zapojeno do regulace SASP (mTOR, MAPK,
PI3K a GATA4/p62) a prolinaji se v mist¢ transkripcniho faktoru NF-xB (z angl. nuclear factor-
kappa B) ana draze C/EBPp (z angl. CCAAT/enhancer binding protein beta); NF-kB a C/EBPJ
spolupracuji a tim aktivuji SASP geny. Jiz pied lety byla prokdzéna spojitost mezi aktivaci
drahy NF-xB a progresi senescence. Takze pifimym narusenim této dréhy Ilze
dosdhnout zvraceni procesu zastavy bunééného cyklu. Naptiklad v OIS modelech dochézi
k zastavé senescence pii vypnuti C/EBPP. VSechna tato zjisténi nabizi Sirokou Skalu
senoterapeutickych cilii [69]. NF-kB je hlavni signalni drahou regulujici SASP aktivaci [164].
Senolytické latky tedy mohou byt zacileny také na NF-«B, C/EBPf nebo regulatory NF-«B.
Napftiklad serin/threonin kindza mTOR ovliviiuje expresi IL-lo a aktivuje NF-kB skrze
interakci s drahou MAPK. V souladu stimto bylo neddvno zjisténo, ze mTOR inhibitor
rapamycin ¢asteéné suprimuje nebo degraduje komponenty SASP [165,166]. Pro sviij mozny
senolyticky efekt byly otestovany i MAPK inhibitory (pfevazné inhibitory p38MAPK), ale
alespon néjaky senolyticky efekt byl pozorovan pouze v nékterych typech bunék [166,167].
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Aktivita NF-xB vSak mize byt potlacena nutlinem-3a, a to v zavislosti na p53. Nutlin-3a totiz
inhibuje Mdm2 protein, ktery je pfimym regulatorem koncentrace p53 v buiice, ubikvitinyluje
molekulu p53 a tim ji pfedurcuje k degradaci v proteazomu. Kromé nutlinu-3a byl podobny
efekt pozorovan u dal$ich dvou inhibitort Mdm2 - UBX0101 a MI-63 [127,168,169]. Dale
napiiklad metformin a resveratrol snizuji translokaci NF-kB do jadra, coz vede k inhibici
nékterych komponent SASP, proto byly i tyto latky testovany pro jejich mozny senolyticky
efekt [170,171]. Dal$im jiz zminénym transkripénim faktorem ovliviiujicim expresi SASP je
C/EBPp, ktery je regulovany aktivaci drahy JAK/STAT [172]. JAK/STAT drahu ovliviuji
latky jako ruxolitinib (INCB18424) a momelotinib (CYT387), ¢imz zna¢né redukuji sekreci
SASP. Vliv obou latek byl pozorovan v bunééném modelu lidskych preadipocytt po indukci
senescence radiaci, navic ruxolitinib se stejnym zpisobem projevil i na ptirozené zestarlych
dvouletych mysich [173]. Jesté existuje moznost orientovat se na specifickou slozku SASP (pf.
urcity interleukin nebo jeho receptor) pomoci cilené zaméfené monoklonalni protilatky.

Takovyto typ protilatek s timto zamérem jiz byl vyvinut [174].

1.5.2 DalSi pristupy eliminace starnoucich bunék

Dalsi nové potencidlni senolytikum bylo identifikovano v nedavno provedeném
vysokokapacitnim skriningu komeréni knihovny LOPAC®Pfizer na lidskych senescentnich
fibroblastech indukovanych afidikolinem. Selektivni ligand opioidniho receptoru (z angl.
Nociceptin/orphanin FQ opioid receptor, NOP) - MCOPPB (1-[1-(1-methylcykloocthyl)-4-
piperidinyl]-2-[(3R)-3-piperidinyl]-1H-benzimidazol), diive studovany jako potencialni
anxiolytikum, dosahl nejlepsiho vysledku. In vitro schopnost MCOPPB selektivné eliminovat
senescentni buriky byla dale testovana na my$im modelu i na Caenorhabditis elegans. Ukéazalo
se, ze¢ MCOPPB dokaze snizit pocet senescentnich bunck v perifernich tkéanich, coz se ale
neprokazalo v centralnim nervovém systému. Lécba MCOPPB v buiikach mechanicky aktivuje
transkrip¢ni sit” zapojenou do imunitni odpovédi na vnéjsi stresové podnéty, coz zahrnuje Toll-

like receptory [175].

Jelikoz oxidativni stres je spojovan s mnoha patologiemi souvisejicimi se zvySujicim se vékem
a se senescenci samotnou, nékteré experimenty se vénovaly studiu moZného terapeutického
ucéinku antioxidantd. Pfikladem mohou byt vitaminy A, C a E [176,177], které byly intenzivné
zkoumany kvili potencidlnimu G€¢inku proti starnuti. Tyto studie ale neprokazaly Zadné stabilni
a presvédcivé vysledky, které by potvrdily pozitivni Uc¢inek preventivniho uZivani vitamind

na snizeni mortality [178]. Problém mize byt v cileni antioxidantli na konkrétni tkan a také
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ve vybéru vhodného antioxidantu proti konkrétnim Skodlivym casticim. Dalsi antioxidacni
sloucenina, koenzym Q10, hraje vyznamnou roli v mitochondriadlnim dychacim fetézci [179] a
jeho deficit byl jiz diive spojovan s mnoha patologickymi procesy. Koenzym Q10 je bezpecna,
dobie vstiebatelnd i distribuovatelnd latka. Proto se Casto pouziva v terapii jako antioxidant
s ur¢itymi symptomatickymi benefity [180]. | selenoproteiny jsou fazeny mezi antioxidacni
enzymy, které je mozné piijimat s ostatnimi nutritienty v potravé [181]. Navic nékolik
klinickych studii ukdzalo, Ze suplementace selenem mize piedchazet progresi mnoha
onemocnéni. Nicméné existuji i dikazy 0 neurotoxicité selenu [182]. Proto je nezbytné
optimalizovat podavanou davku selenu, aby se maximalizoval zdravotni pfinos a zaroven
minimalizovaly mozné toxické ucinky [183]. Mezi senolytika s antioxida¢nimi vlastnostmi
patii také polyfenoly rostlinného ptivodu (fadi se sem jiz zminény quercetin a resveratrol) [184].
Kromé antioxidacnich latek 1 fyzickd aktivita nebo trénink balancuje oxidativni stres a
mobilizuje antioxidacni enzymy. Pravidelné cviceni stfedni intenzity je jednim z hlavnich
piedpokladi udrzovani pevného zdravi, snizovani oxidativniho stresu a zamezeni progrese

chronickych onemocnéni [185,186].

Také imunitni systém hraje velmi vyznamnou roli pti eliminaci senescentnich bunék. Starnuti
ale zhorSuje funk¢nost imunitniho systému, ¢imz se proces odstranovani senescentnich bunék
Z organizmu stava nepfesnym. Senescentni buiiky a/nebo buiiky imunitniho systému uvolnujici
SASP faktory s dopadem na progresi rakoviny jsou CD4+ T-lymfocyty, CD8+ T-lymfocyty,
B-lymfocyty, NK bunky (z angl. natural killer) a makrofagy [187]. Eliminace senescentnich
bunék je zprostiedkovana CD4+ lymfocyty a NK buiikami jako souc¢ast kontroly bunék béhem
starnuti [138,188]. V priibéhu tohoto procesu se na receptor NK bun¢k (NKG2D) vazou ligandy
nachazejici se na povrchu senescentnich, poSkozenych a stresovanych bunék [189]. Proto se
NKG2D a dalsi soucasti imunitniho systému staly dulezitym a zajimavym cilem
pro senoterapeutické strategie. Obecné feceno, senescentni burnky ptitahuji slozky vrozeného
imunitniho systému sekreci zanétlivych faktori (soucast SASP), coz vede K aktivaci nebo
naopak potlaceni aktivity urcitého typu makrofagli. Signalizace pomoci téchto zanétlivych
faktord dale rekrutuje NK buriky, které nesou receptory na vazbu ligandii senescentnich bunék
a cely proces je zakoncen smrti senescentni butiky [190]. Interakce mezi senescentnimi bunikami
a makrofagy byly v poslednich n¢kolika letech sice pozorovany, avSak s riznymi vysledky a
vysvétlenim. Jejich pfesnd interakce zavisi na konkrétni exkreci SASP, ligandech
prezentovanych na senescentnich bunkach, bunééném typu a faktoru, ktery senescenci

indukoval [70]. Eliminace senescentnich bunék vylucujicich SASP pomoci NK bunék byla
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prokazana i v my$im modelu [191]. Soucasna potencialni terapie na odstranéni senescentnich
bun€k imunitnim systémem vychazi predevsim z né¢kolika malo bunéénych terapii nadorovych
onemocnéni, které 1ze zvazit jako terapii senolytickou [192]. Pokud jde o senescentni nadorové
buriky, in vivo experimenty prokazaly indukci senescence v nadorovych burikach. Akumulace
senescentnich bunck zbrzdila rist nddoru a také aktivovala imunitni systém exkreci SASP, coz
miize vést jak k odstranéni senescentnich naddorovych bunék, tak pfilehlych neoplastickych
bunék s velmi piiznivym vlivem na regresi nadoru [193-195]. Avsak je velmi dilezité zdiraznit
dvoji funkei imunitniho systému v pfipadé¢ rakoviny. Nékteré chemokiny totiz mohou atrakovat
zanétlivé buiky, které podporuji proliferaci nadoru, angiogenezi a invazivitu. Tudiz se nazory

na roli senescence u nadorovych bungk lisi a zavisi na kontextu a okolnich podminkach [196].

Jak uzZ predchozi text naznacuje, doposud byla identifikovana cela fada slibnych senolytickych
sloucenin. Otazkou ale stale ziistava, zda je rozumné a zadouci snazit se obchdzet nebo dokonce
zvratit bunéénou senescenci. Dnes uz vime, Ze to mozné je; proliferace senescentnich bunék
miuze byt reaktivovana vynucenou telomerazovou aktivitou [139]. Navic napt. OIS lze obejit
vycerpanim specifickych interleukinti nebo inhibici urcitych chemokinovych receptort
[197,198]. Avsak je nutné podotknout, Ze zvraceni senescence muze byt velmi nebezpetné
pro cely organizmus; nedavna studie dokazuje, Ze senescentni buinky, které znovu vstoupi
do proliferacni faze, se Casto vyvinou v lymfom nebo leukemické bunky se zvySenou

kmenovosti, coZz miize potencialné vést ke vzniku vysoce agresivnich nadora [144].

Vzhledem k tomu, Ze senoterapie je pomérné novym terapeutickym oborem, budou zapotiebi
nové strategie k prevedeni vysledkli vyplyvajicich z laboratornich experimentli na Iékové
kandidaty, a to jeSté pied zacatkem klinickych studii. Nicméné identifikace novych senolytik

in vitro nebo in vivo je dulezity, le¢ naro¢ny a slozity proces.

1.5.3 Senolytika v protinadorové terapii

Moznost pouziti senolyticky ptsobicich latek v komplexni protinddorové terapii je v posledni
dobé velkou vyzvou. Zvlasté zajimava by byla kombinovana 1é¢ba indukované senescence
S naslednou eliminaci zbyvajicich na terapii rezistentnich senescentnich bunék pomoci
senolytickych latek [145,199,200]. Jednoduse feceno, V této strategii je potfeba optimalizovat
a provést 2 kroky: (1) indukci senescence v nadorovych buikach a nasledné (2) pouzit piislusné
senolytikum na jejich eliminaci. Tento princip byl jiz demonstrovan naptiklad u ABT263
(navitoclax), kterym byly oSetfeny chemoterapii indukované senescentni buniky [201]. ABT263

byl uspésné otestovan in vitro i ve zvifecich modelech indukovanych etoposidem
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nebo doxorubicinem [158,201-203] a také v bunéénych modelech rakoviny prsu a plic
po indukci radiaci [203]. Aplikace ABT263 ve zvifecim modelu prokazatelné vede ke snizeni
vyvoje metastaz a recidivy [204]. Strukturné podobna latka ABT-737 také dokaze eliminovat
senescentni nadorové buiky vradiaci indukovanych modelech bunéénych linii i1
xenotransplantatech [205], dale byla prokazana jeho ucinnost v buné¢nych liniich rakoviny
prsu po indukci chemoterapii, konkrétné etoposidem [206]. Dalsi inhibitor BCL rodiny, Nav-
Gal (z angl. galacto-conjugated navitoclax) byl velmi efektivni v modelech senescence
indukovanych né¢kolika riznymi protindadorovymi latkami (palbociclib, doxorubicin, cis-
platina) a/nebo radiaci [207]. Také digoxin a ouabain (inhibitory Na*/K* pumpy) ovlivnily
nékolik riznych nadorovych linii a xenotransplantatti pravé po indukci senescence [208,209].
Do nasledujici tfidy protinddorovych a senolytickych latek pouZivanych klinicky patfi
inhibitory mTOR drahy, které prokazuji svou U¢innost v bunéénych 1 mySich nadorovych
modelech po indukci senescence urcitou latkou [210,211]. V neposledni fadé zminime pokusy
o zapojeni imunologickych strategii, jako naptiklad pouziti blokovacich protilatek nebo CAR
T bunék (z angl. Chimeric Antigen Receptor T cells) k cileni senescence v nadorovych buikach
a zvitecich modelech [120,212-215]. Stru¢né feCeno, vySe zminéné prace naznaluji, ze
dvoustupniovy piistup pro-senescentni protinddorové terapie, ktera pokracuje lécbou
senolytiky, je proveditelna a mozna strategie pti 1é¢bé lidskych nadorovych onemocnéni [201].

K implementaci do bézné praxe vSak pottebujeme mnohem vice udaji z klinickych studii.

1.5.4 Nanocastice dopravujici aktivni latky do senescentnich bunék

Pouzivani nano¢astic (NC) nabizi nové moZnosti a otevira otazku inovativniho zpiisobu detekce
a cileni senescentnich bundk. NC patii k moderni strategii, jak dorutovat zadany néklad/latku
do senescentnich bung¢k in vitro a in vivo s velkym diagnostickym a terapeutickym potencialem.
NC slouzi k zapouzdfeni malych molekul, jako jsou v tomto piipadé senolytické latky, a navic
jsou NC obaleny molekulami usnadiiujicimi jejich prostup do specifickych tkani nebo cilovych
bunék ur¢itého typu. V dnesni dobé jsou dostupné nékteré velmi efektivni technologie zaloZené
pravé na schopnosti nanocastic zabalit a transportovat naklad do cilového mista. Avsak v in vivo
prostiedi mohou nastat komplikace, a to hlavné kviili neznAmym a neéekanym interakcim NC,
jejich distribuci, moZznym vedlej§im u€inkiim a také zpisobu, jakym opusti organizmus. Tyto
molekularni nastroje tedy zlstavaji velkou vyzvou ke zdokonaleni, aby mohly byt bezpecné

uzity v praxi.
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Prvni strategie cileni senescentnich bungk pomoci NC byla zaloZena na 100nm sférickych
nosi¢ich, které obsahovaly rhodamin na kiemicit¢ matrici MCM-41, navic byly obaleny
galakto-oligosacharidy (Gos) o rtiznych délkach. Buiiky pfijimaji NC endocytdzou a nasledné
je uvolnuji exocytézou. Zakladem pro cileni senescentnich bunék je preferenéni flizovani
GosNC s lysozomalnimi vacky v senescentnich buitkich. Obal nanoéastic byl postupnd
upravovan a inovovan, konkrétné vyménou pivodnich rizné¢ dlouhych Gos za homogenni
hexamery galakto-oligosacharidai (Gal). Takto upravené NC byly validovany na modelech
senescence indukované poskozenim a chemoterapeutiky [216,217]. Senolyticka aktivita byla
také prokazana u pouziti CaCOs nano&astic nesoucich rapamycin. Tyto NC byly pokryty
konjugatem laktozy a polyethylenglykolu (PEG) spole¢né s monoklonalni protilatkou mifenou
proti CD9 (CD?9 je receptor siln¢ exprimovany v senescentnich buiikach), coz vyrazné zlepsilo
piesnost cileni na senescentni bunky [218]. Jako posledni piiklad uved’'me model senescence,
ktera byla indukovana pisobenim H20-. V tomto ptipadé byly pouzity nanoc¢astice ze sulfidu
molybdenigit¢tho (MoSz NC), jez ovlivnily a utlumily funkci lysozomii a mitochondrii

senescentnich bunék [219]. Piiklady popsanych NC jsou ilustrovany na Obrazku 13.
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Obrazek 13: Nové diagnostické a terapeutické pristupy cileni senescentnich bunék - nanocastice. A)
diagnostické nanocastice nesouci fluorescenéni Gastice (napi. rhodamin). B) terapeutické nanoc¢astice
nesouci 1é&ivo/senolytikum (napf. doxorubicin, navitoclax, rapamycin). NC jsou pouZivany pro riizné
klinické udely. Vétsina NC pouzivanych ke studiu senescence je pokryta nebo konjugovana
se slouceninami odvozenymi od galaktozy, nebo byly navrZzeny tak, aby se vazaly na specificky

receptor. Obrazek adaptovan z [220].

1.6 Klinické testy

Na zdklad¢ slibnych preklinickych vysledki v mySich modelech bylo nékolik latek
vykazujicich potencialni senolyticky ucinek (identifikovanych ze skupiny 46 sloucenin)
zatfazeno do klinickych studii na lidech pro lé€bu patologickych stavli souvisejicich
se zvySujicim se v€kem. Neni zddnym piekvapenim, Ze slouceniny s nejlepsimi vysledky a
nejvetsim potencidlem jsou ptirodni latky a/nebo jiz diive schvélené a pro jiny ucel uzivané
léky. Vyznamné aktivni a/nebo velmi intenzivné testované latky z této skupiny jsou dasatinib
a quercetin (samostatné nebo v kombinaci) spole¢né s metforminem, fisetinem a UBX0101.
Casné preklinické studie vyuzivajici modely starnuti a nemoci poskytly velmi slibné vysledky

[221,222].

D+Q spoust&ji apoptozu v senescentnich buiikach. Ctyii roky po identifikaci jejich senolytické

aktivity bylo zjisténo, ze aplikace kombinace obou latek snizuje celkovy pocet senescentnich
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bunék i v lidském téle, a to v ramci prvni faze klinického hodnoceni u pacientti trpicich
diabetickou nefropatii [223]. Tato studie byla prvni recenzovanou praci, ktera prokazala
ucinnost senolytika na lidskych pacientech. Tomuto testovani predchazela pouze pilotni studie
na 14 pacientech s idiopatickou plicni fibrozou, ve které se senolyticka 1é¢ba teprve zavadéla a
byla hodnocena z hlediska proveditelnosti [224]. V budoucich klinickych studiich zbyva ur¢it,
zda snizeni zatéze senescentnich bunék v lidském téle povede k pozitivnim I€kaiskym
vysledkim u diabetickych pacientii a/nebo dalSich pacientu trpicich s vékem souvisejicimi
nemocemi. Ve stejném roce byla publikovana studie testujici metformin (MILES), ktera
hodnotila potencial oddalit projevy onemocnéni souvisejicich s vékem [225], napf.
kardiometabolické poruchy, neurodegenerace, rakovina, chronické zanéty a stafecka kiehkost.
Metformin je navic kandidatem protinadorové adjuvantni terapie. Dlouhodobé podavani
metforminu je spojeno pouze s minimalnimi nezadoucimi Gi¢inky, ale i pfes to je dale intenzivné
studovan v ramci klinickych studii, jejichz vysledky by potencialn€ mohly umoZnit jeho uZiti
jako geroprotektoru. Fisetin je také zapojen v nékolika klinickych studiich, velkd cast je
momentalné zaméfena na jeho potencial v komplementarni terapii [226]. Prvni fazi klinického
testovani prosel i UBX0101, ve které byl pozorovan jeho potencidlni i¢inek na osteoartrozu.
Vyvoj tohoto inhibitoru byl ale zastaven béhem druh¢ faze klinického testovani, jelikoz nebylo
dosazeno hlavniho cile - sniZeni bolesti kolen u pacientti s osteoartritidou [227]. Podle
ClinicalTrial.gov je napf. dasatinib momentalné¢ zapojen do 11 klinickych studii, z toho 8
zaméfenych na senescenci, starnuti a onemocnéni starSich pacient. Zbylé 3 studie testuji
ucinek dasatinibu na pacientech s ALL (akutni lymfoblastickd leukémie) a CML (chronicka
myeloidni leukémie). Quercetin je podavan pacientim v ramci 7 klinickych studii, z toho 5 je
chorobu srdecni. Existuje 6 studii testujicich fisetin, vSechny zaméfené na senescenci.
Dasatinib, quercetin a fisetin jsou ¢asto testovany v ramci jedné studie jako oddélené skupiny.
D a Q se zaroven objevuji ve 4 studiich, D s fisetinem ve 2 a Q s fisetinem v 1. Metformin je
pak soucasti 14 studii, z toho 13 zaméfenych na stafi, posledni na diabetes melitus. Zminéné
studie jsou provadény po celém svété, klinické testovani je v riznych fazich (vétSinou 1-3,
minoritné 4) a jejich aktudlni stav je riznorody - od navrhu, pfes nabirani pacientti, probihajici
status az po studie Cerstvé ukoncené, popt. s vydanymi vysledky. K objasnéni potencidlu

zminénych (i dal§ich) perspektivnich senolytik vSak bude zapottebi mnoho dalsi prace.
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2. Specifické cile prace

Vysledky piedkladané diserta¢ni prace jsou rozdéleny do 3 ¢asti, kazda z nich postupné prispiva
k identifikaci novych potencialnich senolytickych latek. Testovani latek bylo provedeno in
Vitro a nasledné i in vivo na modelech piirozeného starnuti a také na akcelerovaném radia¢nim
modelu. Odbér mysiho biologického materialu se fidil pravidly 3R a probéhl neinvazivné

S pomoci specializovaného néastroje.

Cil 1: Optimalizace bunéného akcelerované¢ho radiaéniho modelu senescence
S naslednym testovdnim vybranych latek - potencidlnich senolytik - za vyuZiti
vysokokapacitniho skriningu. Ovéteni senolytického efektu 1 na replikativnim modelu

Senescence.

Cil 2: Optimalizace a validace neinvazivniho odbéru mysich chlupti pomoci nové
navrzeného a zkonstruovaného zafizeni. Ovéfeni moZnosti uplatnéni mySich
chlupovych folikularnich bun¢k jako zdroje nukleovych kyselin a dals§iho materialu

pro vyzkum senescence.

Cil 3: Testovani vybranych potencidlnich senolytik na ptirozeném replikativnim mysim
modelu senescence. Optimalizace mysSiho akcelerovaného modelu senescence

S naslednym testovanim vybranych latek.
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3. Material a metody
3.1.Cil1

3.1.1. Bunéé¢né linie a kultivace

Pro zhodnoceni odezvy bunék na radiaci za ucelem indukce senescence bylo pouzito 6
vybranych lidskych bunéénych linii (viz Tabulka 4). Tento vybér zahrnoval jak bunky
nenadorové, tak i odvozené z nadorovych tkani, fibroblasty i epitelidlni buriky, navic byla

pfidana i jedna reportérova linie.

Tabulka 4: Pfehled pouzitych bunéénych linii.

“x zpe s . morfologie/ . ‘. .
bunééna linie  organizmus .~ tkan onemocnéni poznamka
bunécny typ
MRC5 Homo sapiens fibroblast plice zdravy
BJ Homo sapiens fibroblast kaze zdravy
A549 Homo sapiens epitelialni buiika plice karcinom
u20S Homo sapiens epitelialni buitka kost osteosarkom

reportérova linie,
U20S-53BP1 Homo sapiens epitelialni buitka kost osteosarkom GFP-znaceny
protein 53BP1

HCT116 Homo sapiens epitelialni buitka tlusté stievo karcinom

Bunééné linie byly zakoupeny z ATCC (Middlesex, UK): MRC5 (ATCC CCL-171™), BJ
(ATCC CRL-2522™) A549 (ATCC CCL-185™), U20S (ATCC HTB-96™) a HCT116
(ATCC CCL-247™), Pouze reportérovou linii U20S-53BP1 laskavé poskytl Mgr. Martin
Mistrik, Ph.D. (LIG). Linie MRCS5 a BJ byly kultivovany v médiu EMEM (Gibco®, Thermo
Fisher Scientific Inc., Waltham, MA, USA), A549 v Ham's F-12 médiu (Gibco, Thermo Fisher
Scientific), U20S a HCT116 v McCoy’s médiu (Gibco, Thermo Fisher Scientific). VSechna
kultivacni média byla dopInéna o 10 % fetalniho bovinniho séra (FBS, Gibco, Thermo Fisher
Scientific). Bunééné linie byly kultivovany a udrzovany ve standardnim inkubatoru s fizenou
vlhkosti a 5% podilem CO2 v atmosférickém vzduchu pti 37°C. V piipadé delsi kultivace (vice
nez 1 tyden) byla ptidana kombinace antibiotik streptomycin a penicilin o koncentraci 1 %
(Gibco, Thermo Fisher Scientific).
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Vsechny linie byly vysazovany do 96- a/nebo 384-jamkovych paneli. Béhem optimalizace
indukce senescence pomoci IR byla v pfipadé 96-jamkového panelu kazda linie vysazena
Vv koncentracich: 5000, 10 000, 20 000, 30 000 bunék/jamku; kazda linie o dané koncentraci
do 4 jamek. U 384-jamkovych desek byly pouzity koncentrace 1 000, 2 000, 3 000, 5 000,
8 000, 10 000 bunék/jamku; kazda linie o dané koncentraci do 8 jamek. Vzdy byla pfipravena
deska kontrolni a paralelné s ni deska urcena k ozareni. Ruzné linie, koncentrace i panely
slouzily k ziskani co nejvice moznych kombinaci a podrobnych informaci ohledné¢ nejlepsiho

zpusobu kultivace bunck pied, béhem a po indukci senescence.

Pro ucely chromogenniho barveni lipofuscinu a vizualizace p-galaktosidazové aktivity
(bez pouziti kitu) byly bunky MRC5 vysazeny na sklicka 0 koncentraci 150 000 bung¢k/sklicko
atovden 17 (D17) po ozafeni (IR).

Pro zéavére¢né testovani novych skupin latek byl systém naposledy upraven, aby doslo k co
nejvétSimu zjednoduseni, miniaturizaci, urychleni a zvyseni efektivity. Namisto vysazovani
384-jamkovych paneli uréenych k indukci senescence pomoci IR a paralelné paneld
kontrolnich (neozafené bunky), byla optimalizovana paralelni kultivace senescentnich a
proliferujicich bun€k. Vysazeni probéhlo dle vyse uvedeného popisu, nasledovalo ozateni (viz
nize) a 24 hodin pted oSetfenim testovanymi latkami byly do panelu pfidany buiiky parentalni
(MRC5 600 bunék/jamku, U20S a HCTI116 350 bun€k/jamku) pro zajisténi co

nejptirozenéjSich podminek.

Na replikativnim modelu senescence MRCS5 buné¢k Vv paralelni kultivaci p. 46 (pasaz 46) a p.
16 (jako kontrolni proliferujici bunky) bylo otestovano 5 latek vybranych z ptfedeslych
testovani. Nejprve bylo vysazeno 2000 bun¢k/jamku MRCS5 p. 46, po 48 hodinach byly ptidany
kontrolni bunky MRCS5 p. 16 (600 bun¢k/jamku) a inkubovany 24 hodin.

Pro lepsi ptehlednost je na Obrazku 14 schématicky zndzornén pracovni postup v ramci Cile 1.
Finalni metody pro testovani potencidlnich senolytickych latek byly ustaleny diky ziskanym

poznatkiim ze vSech experiment.
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Obrazek 14: Schéma metodického postupu Cile 1. Po vybéru vhodnych bunéénych linii a optimalizaci

IR byl a) IR bunéény model pouzit v ivodnich testech na barveni lipofuscinu a SA-B-gal, ¢imz byly
ziskany reprezentativni obrazky odrazejici senescentni stav bunék, a dale pak k otestovani sady latek
pomoci MTS testu. V dalsi fazi byly pouzity b) IR a replikativni model k testovani skupin latek pomoci

optimalizované a zrychlené metody barveni SA-B-gal kitem s naslednou SER spot analyzou obrazu.
3.1.2. Ozareni bunék (IR)

Po vysazeni bunék do panelii nasledovala inkubace (6 hodin), aby doslo k pfichyceni bun¢k
na dno jamek jesté pred ozarenim. Bunky byly ozafeny celkovou jednorazovou davkou 10 Gy
(2,3 Gy/minutu) pomoci RTG ozafovace (X-ray RS225, Xstrahl, Surrey, UK). Davka 10 Gy
byla pouzita pro optimalizaci IR modelu senescence, ktery byl zakladem pro testovani

vytipovanych latek jak pomoci MTS, tak i SA-B-gal + SER spot analyzy.

Stejnou davkou (10 Gy) byly ozafovany i kultivacni lahve velikosti T150 (Thermo Fisher
Scientific, #TPP™90151) s MRCS5 buikami pro nasledné vysazeni na sklicka. Pfi pfesazeni
senescentnich bunék z 1dhvi na skli¢ka je tfeba inkubovat bunky alespoii 24 hodin, aby doslo
k jejich opétovné adhezi, u senescentnich bunék je tento proces mnohem pomalej$i nez u bunék
proliferujicich. Tento postup byl zvolen pro piipravu bun€k na chromogenni barveni

lipofuscinu a vizualizaci B-galaktosidazové aktivity (metoda bez kitu).
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V priibéhu prace byla pro ucely otestovani SER spot analyzy obrazu radiace k indukci
senescence zvysena na frakcionovanou davku 3x10 Gy (ozatfeni v D1, D3, D5). Toto navyseni

celkové davky pouzité radiace poslouzilo jen jednorazove k danému tucelu.
3.1.3. Mikroskopie

Automaticky mikroskop Cell Voyager CV7000S (Yokogawa, Tokyo, Japonsko) slouzil
k ziskani pribéznych i reprezentativnich snimkt béhem sledovani zmén morfologie vybranych
buné¢nych linii po IR technikou fazového kontrastu (objektiv 40x). VSechny jamky byly

naskenovany nejprve v D1 tésné pred ozafenim a nasledné¢ v D10, D13, D17 a D20.

Filtr BF (z angl. bright field) v kombinaci s filtry fluorescenéniho rezimu na mikroskopu
CV7000S byly pouzity pii skenovani autofluorescence lipofuscinu i pro hodnoceni SA-B-

galaktosidazové aktivity.

Reprezentativni obrazky bun€k z experimentu provedeném na sklicku - chromogenni barveni
lipofuscinu a vizualizace B-galaktosidazové aktivity (metoda bez kitu) byly snimany pomoci
svételného mikroskopu Zeiss Axio Observer D1 a softwareu Zen 2012 - blue edition (Zeiss,

Oberkochen, Némécko), zvétseni 40x a 100x.
3.1.4. Manualni zhodnoceni indukce senescence

Vsechny snimky pofizené béhem procesu indukce senescence pomoci IR byly manualné
vyhodnoceny podle morfologickych alteraci, které béhem 20 dnt nastaly. Jako prukaz indukce
senescence byla akceptovana typicka viditelna markantni zména tvaru. Bunééné linie s rychlou
a velmi dobfe rozpoznatelnou odezvou - zménou morfologie byly vyuzity dale

v experimentech.
3.1.5. Potvrzeni indukce senescence - lipofuscin

Potvrzeni indukce senescentniho stavu radiaci bylo provedeno pomoci pravidelného skenovani
autofluorescence lipofuscinu ve vybranych liniich (fluorescenéni mikroskop CV7000S, 40x)
v 384-jamkovych panelech (3000 bun¢k/jamku) a to prubéZné po dobu 4 tydnl. Tésné
pied samotnym pozorovanim byla bunétna jadra podbarvena roztokem Hoechst 33342
(Molecular Probes®, Eugene, OR, USA) inkubaci 25 minut v 37°C (findlni koncentrace roztoku
Hoechst byla 10 pg/ml 1xPBS). V Tabulce 5 jsou uvedeny kombinace testovanych excita¢nich

a emisnich vlnovych délek pouzitych pro optimalizaci vizualizace lipofuscinu. Ziskané obrazky
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byly importovany do programu na analyzu obrazu Columbus Image Data Storage an Analysis
System (PerkinElmer, Walthman, MA, USA), buiiky byly identifikovany podle nabarvenych
jader. Lipofuscinové granulky byly vyhledavany v oblasti cytoplazmy a nasledné byla
kvantifikovana jejich celkova intenzita fluorescence. Takovato analyza byla nejprve
optimalizovana a ru¢n¢ nastavena, nasledn¢ timto zptisobem prob¢hla analyza vSech ziskanych

dat.

Tabulka 5: Ptehled testovanych vinovych délek pii pozorovani autofluorescence lipofuscinu.

excitacni vinova délka (nm) emisni vinova délka (nm) barva emisniho spektra
405 445/45 modra
405 595/40 zluta-oranzova
488 460/80 modra
488 540/40 zelena
488 620/70 zlutd-oranzova-Cervena

Lipofuscin je mozné také sledovat ve svételném mikroskopu jako malé granulky v okoli jadra
po barveni SBB: buriky vysazené na podloznim sklicku (MRC5, D17) byly 2x opatrné promyty
1xPBS, fixovany 4% formaldehydem/1xPBS po dobu 15 minut, permeabilizovany 15 minut
v 0,25%TRITON X-100 (Carl Roth GmbH + Co. KG, Karlsruhe, Némecko)/1XPBS v pokojové
teploté, nasledné 1x promyty v 1xPBS, ponofeny na 2 minuty do 70% ethanolu, nakonec byly
bunky obarvené roztokem SBB (1% SBB/70% ethanolu, pozvolna otacet pies noc v pokojové
teploté, pak filtrovat pies filtrani papir, sto¢it 5 minut na 4500 rpm, pouZit jen supernatant) a
inkubovany 30 minut v 60°C, nasledné v 70% ethanolu 1 minutu, nakonec byl piidan 1xPBS.

Obrazky byly poiizeny mikroskopem Zeiss (100x) a softwarem Zen 2012 (Zeiss, Némecko).

3.1.6. Potvrzeni indukce senescence - SA-B-gal aktivita

Vedle lipofuscinu bylo provedeno i potvrzeni aktivity senescentniho markeru -galaktosidazy
pti pH 6. MRC5 v D17 po IR byly z lahvi ptesazeny na skli¢ko, po adhezi bun¢k byly bunky
2x opatrné promyty 1xPBS, fixovany po dobu 15 minut v pokojové teploté v 4%
formaldehydu/1xPBS, opét 2x promyty 1xPBS, pak byl k buikam ptidan barvici roztok,
nasledovala inkubace 16 hodin v 37°C v inkubatoru bez CO., vSe uzavieno parafilmem, aby
nedochézelo k odparovani tekutiny (findlni koncentrace reagencii v barvicim roztoku: 40mM
kyselina citronova/NaaHPO4-2H20, 5mM Kas[Fe(CN)g]-3H20, 5mM K3[Fe(CN)g], 150mM
NaCl, 2mM MgCl,, 1 mg/ml X-gal/N-N-dimethylformamid, doplnéno vodou). Po inkubaci
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pfes noc byla sklicka 2x promyta 1xPBS, pak methanolem, nakonec sklicka s barvenymi
bunkami oschla na vzduchu v pokojové teploté a byly pofizeny reprezentativni obrazky pomoci
svételného mikroskopu Zeiss (100x) a softwarem Zen 2012, Zeiss, Némecko (zvétSeni 40x,
100x).

3.1.7. MTS

Pro otestovani latek, jejichz potencidlni senolyticky efekt byl pozorovan v jinych
akcelerovanych in vitro modelech senescence (BJ+DOX/Ras, MRC5+APH) mych kolegt, byl
vyuzit MTS test. MRC5, U20S a HCT116 byly vysazeny do 384-jamkovych paneli a ozafeny
(10 Gy) dle popisu vyse. Nasledovala 4-tydenni inkubace k indukci senescence, pak byly bunky
oSetfeny vybranymi latkami o koncentracich Vv zfed'ovaci fad¢ a inkubovany 3 dny. Finalni
koncentrace latek byly 50; 12,5; 3,125; 0,78125; 0,1953125; 0,048828125; 0,012207031uM.
Paralelng byly vysazeny a oSetieny panely s buitkami kontrolnimi (proliferujicimi). Nasledoval

MTS test.

Koncentrace latek inhibujici buné¢ny rist z 50 % (ICso) byly zjistény pomoci kvantitativniho
metabolického barveni roztokem MTS (3-(4,5-dimethyltiazol-2-yl)-5-(3-
karboxymetoxyfenyl)-2(4sulfonyl)-2H tetrazolium): 1 g MTS/500 ml 1xPBS, ptefiltrovat,
udrzovat ve tmé v -20°C, tésné pfed pouzitim rozmrazit v pokojové teploté, nasledn¢ zahrat
ve vodni lazni na 37°C a ptidat 1 ml PMS (z angl. phenazine methosulfate, fenazin methosulfat;
Sigma-Aldrich, Merck KGaA, Darmstadt, Némecko) o koncentraci 5 mg/ml 1xPBS/100 mi
roztoku MTS. Do kazdé¢ jamky byly ptfidany 4 pul MTS pomoci Multidrop Combi (Thermo
Fisher Scientific, USA), nasledovala inkubace 2 - 4 hodiny. Absorbance byla zmétfena
pristrojem EnVision Multimode Plate Reader (PerkinElmer, USA) pti vinové délce A =490 nm.
Hodnoty absorbanci byly zpracovany do vyslednych hodnot ICso v programu Dotmatics
Ing. Sonou Gurskou, Ph.D. Jako pozitivni kontroly byla pouzita cytostatika aktinomycin D
(1 mg/l ml DMSO; APEXxBIO, Boston, MA, USA) a mitomycin C (10 mg/1 ml DMSO;
APEXBIO, USA) a jako negativni kontrola DMSO (Sigma-Aldrich, Merck KGaA, Némecko).
Testované latky 0 zasobnich koncentracich 10mM, 1mM a 0,1mM byly rozpustény v DMSO a
skladovany pii-20°C.
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3.1.8. Potencidlné senolytické latky testované pomoci MTS

Latky uvedené v Tabulce 6 byly pfipraveny ve 3 zasobnich koncentracich do zdrojovych
desti¢ek (384 LDV, Beckman Coulter, Indianapolis, IN, USA, #001-12782). Pomoci ptistroje
Echo 550 (Labcyte Inc., San Jose, CA, USA) a ptislusného softwaru (CherryPick) byly vSechny
testované latky preneseny do cilovych jamek k bunkam, pienos kontrolnich latek probéhl
pomoci software Plate Reformat (Labcyte Inc., San Jose, CA, USA). Bunky byly s latkami
inkubovany 72 hodin, ndsledoval MTS test a vyhodnoceni.

Tabulka 6: Potencialné senolytické latky testované pomoci MTS.

latka poznamka
quercetin znamé senolytikum
dasatinib znamé senolytikum
D+Q znamé senolytikum
MCOPPB znamé senolytikum
CP-31398 p53 stabilizujici latka
CP-100356 antivirotikum

rrrrr

dequalinium chlorid hydrat

daurisoline ptirodni latka, protinadorova 1é¢ba

decyltrimethylammonium bromid

kationtovy detergent

9-aminoakridin hydrochlorid monohydrat

aktivator p5S3, DNA interkalator

valspodar derivat cyklosporinu D
BMH-21 inhibitor Pol |
1-hexyl-4-amino-2-methylquinolinium dequalinovy fragment
C1 potencialni 1é¢ivo v protinadorové terapii
loperamid hydrochlorid meperidinovy analog
C2 potencialni 1é¢ivo v protinadorové terapii
S1 nukleosidovy analog
S3 nukleosidovy analog
C3 cytostaticky nukleosid
C4 cytostaticky nukleosid
C5 derivat betulinu

Pozn. nové nasyntetizované latky a nékteré dalsi latky jsou anonymizovany pod ¢iselnymi kody.
3.1.9. SA-B-gal kit a SER spot analyza obrazu

Pro testovani dalsich skupin latek, jejichz senolyticky efekt zatim zjistén nebyl, bylo cilem
optimalizovat barveni SA-B-gal aktivity pomoci komer¢né prodavaného kitu, aby se celd
procedura urychlila a také ji bylo jednoduse mozné pouzit pro HTS (z angl. high throughput

screening). Pro tento el byl vybran Senescence -Galactosidase Staining Kit (Cell Signaling
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Technology, Danvers, MA, USA, #9860). Veskeré pipetovani bylo provedeno pomoci
Multidrop Combi (Thermo Fisher Scientific, USA), popt. Biotek EL406 Washer dispenser
(BioTek Instruments, Santa Clara, CA, USA). Barveni bylo realizovano na akcelerovaném
modelu senescence 3 bunéénych linii (IR 10 Gy) v porovnani s kontrolnimi bunikami v 384-
jamkovych panelech podle navodu vyrobce po 3-denni inkubaci s testovanymi latkami. Tésné
pred skenovanim paneld byla jesté podbarvena bunécna jadra a to pridanim roztoku Hoechst
33342 (finalni koncentrace 10 pg/ml 1XPBS) ptimo k buiikam, nasledovala inkubace 10 minut
V pokojové teploté¢ a pak skenovani automatickym mikroskopem CV7000S (zvétseni 20x, laser
405 nm pro Hoechst, svételné pole pro SA-B-gal), obrazky byly importovany do programu
Columbus a zde také zanalyzovany. Senescentni buiky byly kvantifikovany pomoci analyzy
zalozené na textufe jadernych a cytoplazmatickych regionti (algoritmus Saddle-Edges-Ridges
SER vsystému analyzy obrazu Columbus) [228]. ZjednoduSené, bunéc¢na jadra byla
identifikovana na zakladé Hoechst barveni, byla u nich spocitana plocha a kulatost
(pravidelnost okraje) a na zaklad¢ téchto dvou vlastnosti byla selektovana populace bunék. Déle
byla oznafena cytoplazma okolo kazdého jadra z vyselektované populace, v niz doslo
ke kalkulaci texturnich vlastnosti (v BF kanalu) na zakladé SER spot vlastnosti. Buiiky
S hodnotou SER spot vyssi nez treshold byly oznaceny jako senescentni. Pro kazdou pouzitou

linii byl ru¢né nastaven a optimalizovan protokol pro automatickou analyzu.

Po nastaveni protokoli analyzy na vzorovych panelech bylo tieba otestovat analyzu v praxi.
Proto byl proveden jednoduchy experiment, ve kterém byly pfipraveny 2 série paneli. Jedna
sada obsahovala jiz zminéné desky se senescentnimi buiikami po 10 Gy (IR v D1) plus desky
kontrolni. Naproti tomu byly stejnym zpiisobem pfipraveny panely pro senescentni bunky
indukované frakcionovanou davkou 3 x 10 Gy (IR v D1, D3, D5) plus desky kontrolni a to
u vSech 3 linii. Vysledky (po 1, resp. 3 tydnech) byly zpracovany pomoci vyse popsané¢ SER
spot analyzy.

Optimalizovana SER spot analyza byla pouZita i pro identifikaci a kvantifikaci senescentnich
bun¢k (Ptiloha 3) v akcelerovaném senescentnim modelu BJ bungk (10 Gy) v 384-jamkovych
panelech. Uéelem tohoto experimentu bylo posouzeni vlivu normalnich a senescentnich bunék
a jejich kondiciovaného média na bunécnou odpovéd’ kolorektalniho karcinomu na DNA-
demethylujici epi-latky AZA (5-azacytidin) a DAC (5-aza-2'-deoxycytidin), které jsou

zakladem epigenetické 1écby nadord.

54



3.1.10. Testovani latek pomoci SER spot analyzy

Byly vytvoieny 3 skupiny latek: a) vybér latek ze skupiny testované pomoci MTS (11
sloucenin), b) opioidni latky (30 opioidt), ¢) opakované testované latky, které sviij senolyticky

vvvvvv

Tyto latky byly otestovany na IR modelu senescence na vSech 3 vybranych liniich.

V piipadé piedchoziho testovani pomoci MTS bylo nutné drzet oddélené kultury senescentnich
a proliferujicich kontrolnich buné€k, ale u SER spot analyzy je moZné tento krok zjednodusit a
proliferujici kontrolni buiniky den pred oSetienim latkami pfidat do panelid s buiikami
senescentnimi a tim 1 dosdhnout ptirozengjSiho prostiedi podobného tomu ve tkanich, kde je

¢ast bunécné populace v senescenci a ¢ast zlstava funkeni.

Cely postup byl totozny s vySe popsanym protokolem. Z optimalizované SER spot analyzy
obrazu po barveni B-gal aktivity kitem byla vygenerovana data k vypoctu p hodnoty. Statistické
rozdily byly vyhodnoceny pomoci jednocestné ANOVA s naslednym post-hoc Dunnettovym
testem na srovnani oSetfené vs. kontrolni skupiny (p<0,05 bylo povazovano za statisticky
vyznamné). Vzdy byl srovnavan rozdil v poctu senescentnich bunck oSetfenych vybranymi
latkami vs. senescentnich bunék neosetienych. V ptipad¢ prukazu senolytického efektu latky,
tedy dosSlo-li ke statisticky signifikantni zméné (eliminaci) poctu senescentnich bunck
po Setfeni danou latkou, pro kontrolu bylo nutné revidovat, zda nedoslo i ke zméné v poctu

bunék proliferujicich (data neuvedena).

Tabulka 7: Pfehled testovanych latek pro SER spot analyzu.

latka poznamka
vybér latek z MTS
quercetin znamé senolytikum
dasatinib znamé senolytikum
D+Q znamé senolytikum
decyltrimethylammonium bromid kationtovy detergent
9-aminoakridin hydrochlorid monohydrat aktivator p53, DNA interkalator
valspodar derivat cyklosporinu D
BMH-21 inhibitor Pol |
1-hexyl-4-amino-2-methylquinolinium dequalinovy fragment
C1 potencialni 1é¢ivo v protinddorové terapii
loperamid hydrochlorid meperidinovy analog
C2 potencialni 1é¢ivo v protinadorové terapii

Pozn. nové nasyntetizované latky a nékteré dalsi latky jsou anonymizovany pod ¢iselnymi kody.
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Tabulka 7: Ptehled testovanych latek pro SER spot analyzu (pokracovani).

latka poznamka
opioidy
DAMGO agonista p-opioidniho receptoru

(+)-metadon hydrochlorid

lécba zavislosti na opioidech a proti bolesti

levorfanol (+)-tartratova sl
dihydrat

tartratova sl z levorfanolu, synteticky fenantren se silnou opioidni
analgetickou aktivitou

oxykodon hydrochlorid

silny narkoticky 1ék proti bolesti, semi-synteticky opioid

hydromorfon hydrochlorid

lécba stiredné silné az silné bolesti a urcitych typt kasle, analgetikum,
vyroben z morfinu

butorfanol (+)-tartratova sul

synteticky opioidni agonista-antagonista, analgetikum

[Leu5]-enkefalin

endogenni opioidni neurotransmiter/neuromodulator lokalizovany
v mozkovych paralelach a v § receptorech

nalbufin opioidni analgetikum proti bolesti
mabron opiat proti bolesti
dipidolor siln€ Gcinny a bolest tlumici opiat

remifentanyl

silné, kratkodobé pusobici syntetické opioidni analgetikum

kodein opiat pouzivany pro analgetické, antitusivni a protipriijmové ucinky
sufentanyl silny synteticky opioid k tlumeni bolesti
fentanvi synteticky opioid, superpotentni agonista p-opioidnich receptort
y s kratkym biologickym polo¢asem
dolsin silny opioid proti bolesti
morfin alkaloid benzylisochinolinového, resp. morfinanového typu, obsazeny
v opiu, tzv. opiat, silné analgetikum
kokain droga, rostlinny tropanovy alkaloid z jihoamerického kete rudodiev koka,
silné stimulancium a lokalni anestetikum
U-50488 vysoce selektivni k-opioidni agonista, ale bez p-opioidnich
antagonistickych G¢inki
GR 89696 vysoce selektivni k-opioidni agonista
U-69593 K-opioidni agonista
pentazocin opioid k 1é¢be stiedné silné az silné bolesti, aktivuje k-opioidni a

p-opioidni receptory

buprenorfin hydrochlorid

smiSeny opioidni agonista-antagonista, 1écba abstinencnich prfiznaka
pii vysazeni jinych opioidii

SCH 221510 silny a selektivni agonista nociceptinového opioidniho receptoru (NOP)
naloxon zastaveni ucinki opioidi pii predavkovani
antagonista opiatovych receptort, 1écba zavislosti na alkoholu nebo
naltrexon -
opiatech
antagonista opiatovych receptorti, 1é¢ba zavislosti na alkoholu nebo
nalmefen

opiatech

methylnaltrexon bromid

periferné plisobici antagonista p-opioidniho receptoru, 1écba zacpy
vyvolané opioidy u pacientii v paliativni péci

nor-binaltorfimin

silny a selektivni antagonista kappa-opioidniho receptoru

guanidinonaltrindol

selektivni ligand k—08-opioidnich receptort pouzivany ve védeckém
vyzkumu

BAN ORL 24

silny a selektivni antagonista NOP receptoru
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Tabulka 7: Ptehled testovanych latek pro SER spot analyzu (pokracovani).

latka poznamka

opakované testované latky

S1 nukleosidovy analog
S2 nukleosidovy analog
S3 nukleosidovy analog
S4 antipsychotikum
S5 antipsychotikum

Pozn. nové nasyntetizované latky a nékteré dalsi latky jsou anonymizovany pod ¢iselnymi kody.
3.1.11. In vitro replikativni model senescence

K potvrzeni senolytického ti¢inku nékterych latek z testovani SER spot analyzou na IR modelu
byl vyuzit i jednoduchy bunéény model - replikativni model senescence. V prvni fadé bylo
nutné potvrdit pfitomnost senescentnich bunék v MRCS5 kultute. Proto byly otestovany MRC5
bunky ve 3 ruznych pasazich (p. 16, p. 34 a p. 46) pomoci kitu na barveni -gal aktivity a SER
spot analyzy.

Dale bylo vybrano 5 latek (S1 - S5) z piedeslého testovani na IR modelu, které vykazovaly
dobré vysledky, a byly otestovany i na replikativnim modelu v paralelni kultivaci MRCS5 bunék
p. 16 a p. 46. Po vysazeni bunck nésledovalo ptfidani latek, inkubace, barveni, snimani

mikroskopického obrazu a jeho analyza (jako bylo popséano vyse).
3.2. Cil 2

Naplni této Casti experimentalniho zkouméni bylo optimalizovat a validovat neinvazivni
zpusob odbéru mysich chlupti pomoci patentovaného zatizeni. Dale jsou zde piilozeny piiklady
moznosti uziti mySich chlupti jako velmi slibného biologického materialu (genotypizace,
imunofluorescenéni a jiné barveni nebo vyuziti k testovani latek podanych zvifatim topicky).

Mysi chlupové folikuly byly nasledné uzity pro senescentni experimenty in Vvivo.
3.2.1. Etické prohlaseni

In vivo experimenty byly provedeny v souladu s etickymi standardy uvedenymi v Helsinské
deklaraci a dal§imi pfisluSnymi narodnimi i nadndrodnimi smérnicemi, vSe se souhlasem

institucionalni etické komise.
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3.2.2. Neinvazivni odbér mySich chlupi

K neinvazivnimu odbéru vSech vzorkt mysich chlupt bylo pouzito patentované zatizeni
(detailn¢ popsano v EP2928382A1 a US 20150297253). Zjednodusené, zafizeni se sklada
ze dvou plastovych laboratornich Spicek (mensi vsunuta do vétsi, u ubou byla setiznuta Spicka),
vetsi Spicka naseda na pistoli podobnému zatizeni. Zatizeni navic disponuje spousti a vnitinim
nasavacim systémem. Pistol je napojena na vakuum, po jehoz spusténi dochézi k sdni smérem
dovnitt zafizeni. Plastova $picka napojena na pistoli se jemné pfitiskne na kiizi pokusného
zvitete a zmackne se spoust. Systém Spicek je timto odpojen od zbytku zatfizeni za mirného
cvaknuti a zlstava viset na srsti zvifete s trsem chlupii uzamcenym mezi Spickami. Nasledné
sta¢i Spicku chytit a jemné zatdhnout, mysi chlupy se z kize vytrhavaji jednoduse bez nutnosti
vynaloZeni velké sily, vyristaji totiz z mélké oblasti ktize. Schéma odbéru mysich chlupu je
na Obrazku 15. Tlustraéni fotografie z odbéru jsou uvedeny na Obrazku 16. Jednoduchy

pracovni postup - moznosti uZiti chlupovych folikuli pro vyzkum je na Obrazku 17.

poskozeni DNA, kil sant vzducP v . ¢ Spicek
piitozené stérnuti 7e zataZeny systém §pice
nebo indukce senescence — @ ———u—— i :—( _— =
chiupy chlupy s folikuly

Obréazek 15: Schéma odbéru vzorki chlupovych folikuli pomoci specidlné navrzeného zatizeni

(upraveno z Ptilohy 2).

58



Obrazek 16: Tlustracni fotografie z realného odbéru mysich chlupovych folikuli. A) zafizeni k odbéru
chlupti podobné pistoli, b) zafizeni s nasazenym systémem plastovych Spicek, c¢) samotny odbér
z pokusného zvitete, d) ulozeni trsu chlupii zachyceného v systému plastovych §pi¢ek do fixacniho
roztoku / do 5ml zkumavky, e) moznost sterilniho ustfizeni $picek / uloZzeni do 1,5ml mikrozkumavky,

f) vzorek mysich chlupt v QIAzolu.
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Obrazek 17: Schéma experimentalniho pracovniho postupu pfi praci s my$imi chlupovymi folikuly
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jakoZto se vstupnim biologickym materialem (upraveno z Ptilohy 2).
3.2.3. lzolace DNA a RNA

Celkova genomicka DNA z bun¢k mysich chlupovych folikuld a z biopsii mySich ocasku byla
izolovana pomoci kitu Cobas® DNA Sample Preparation Kit (Roche, Basilej, Svycarsko)
podle navodu vyrobce. DNA byla izolovana pro Gcely ovéfeni kvality a mnoZzstvi izolované
DNA a nasledné 1 jejiho vyuziti pro genotypizaci pokusnych zvitat. Vzorky chlupt i ocaskl
byly odebrany celkové ze 152 mlad’at - potomki z kiizeni SXFAD transgennich samcti (B6Cg-
TgTg(APPSWFILon,PSEN1*M146L*L286V)6799Vas/Mmjax) ziskanych z The Jackson
Laboratory a C57BI/6 JOlaHsd samic z Envigo (Huntingdon, Velka Britanie) jako genetického

pozadi.

RNA byla izolovana ze vzorki mysich chlupd, které byly ihned po extrakci z kuze vlozeny
do 700 ul QIAzol Lysis Reagent a okamzité zpracovany dle navodu vyrobce kitem miRNeasy
Mini Kit (Qiagen, Hilden, Némecko). Jedinou odchylkou v postupu bylo vynechani kroku

odstranéni vzorku chlupt pfed pfenosem roztoku na kolony. Kone¢nym krokem byla eluce
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RNA do 30 pul RNase-free vody. Ke zhodnoceni kvality a mnozstvi izolované RNA bylo pouzito
100 vzorkd.

Koncentrace a kvalita DNA i RNA byly zjistény pomoci spektrofotometru Nanodrop ND 1000
(Thermo Fisher Scientific, USA). RIN (z angl. RNA intergrity number) hodnoty pro dalsi
méfeni kvality/integrity izolované RNA byly ziskany z Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA).

3.2.4. Genotypizace - PCR a elektroforeticka separace

Genotypizace pokusnych zvitat byla zalozena na ovéfeni ptitomnosti 2 transgenti: APP (z angl.
amyloid beta precursor protein) a PST (z angl. presenilin 1) v mySich vzorcich DNA
izolovanych z chlupovych folikuli ve srovnani s biopsii tkan€ z ocasku, navic byla u kazdého
vzorku amplifikovana interni kontrola. Pfitomnost APP i PST trangenu byla stanovena
optimalizovanou PCR metodou. Reakéni smés obsahovala 2 pl templatové DNA, 2 ul 10uM
APP nebo PST smési primerti, 2 pl 10uM primerové smési pro interni kontrolu, 5 pl 5x GC
buffer, 0,5 pl 10mM deoxyribonukleotid trifosfatt (ANTP), 0,75 pl DMSO, 0,25 pl Phusion®
High-Fidelity DNA Polymerase and 12,5 ul nuclease-free vody (New England Biolabs,
Ipswich, MA, USA). Sekvence pouzitych primerd jsou piehledné uvedeny v Tabulce 8.
Amplifikace cilovych geni probehla v termocykleru nasledujicim programem: 98°C - 30 s,
nasledovalo 30 amplifika¢nich cyklia 98°C - 10 s, 63°C - 30 s, 72°C - 10 s, pak 72°C - 5 min a
finalni chlazeni vzorkl. PCR produkty byly vizualizovany pomoci elektroforetické separace v
1% agardézovém gelu/TBE v Oddyssey Fc electrophoresis system (LI-COR, Lincoln, NE,
USA). Na zaklad¢ pritomnosti ¢i absence cilovych transgenii byla zvifata (n=152) oznaCena
jako GMO-pozitivni (oba transgeny piitomny) nebo GMO-negativni (absence obou transgent).
Kazdy vzorek musel taktéz obsahovat primery pro interni kontrolu. Timto zpisobem bylo navic
potieba potvrdit moznost nahradit bolestivou biopsii ocaskil neinvazivnim odbérem mysich

chlupi, tzn. vysledky musely byt totozné pro oba pouzité biologické materialy.

Tabulka 8: Primerové sekvence pro genotypizaci.

gen . . ar . - délka
forward primer 5°- 3 reverse primer 3'- 5 amplikonu (bp)

APP AGGACTGACCACTCGACCAG CGGGGGTCTAGTTCTGCAT 377

PST AATAGAGAACGGCAGGAGCA GCCATGAGGGCACTAATCAT 608

k'grt]ﬁglla CTAGGCCACAGAATTGAAAGATCT GTAGGTGGAAATTCTAGCATCATCC 324
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3.2.5. Imunofluorescence

Mysi chlupové folikuly ur¢ené k barveni IF byly odebrany ze zvitat outbredniho kmene
HsdWin:NMRI (Envigo, Velkd Britdanie). VSechny vzorky byly nejprve fixovany v 10%
formalinu (neutral buffered formalin, Sigma-Aldrich, Némecko) po dobu 20 minut a nasledné
permeabilizovany 20 minut v 0,5% TritonX-100 (Carl Roth GmbH + Co. KG,
Némecko)/1xPBS. Nasledovalo 20-minutové blokovani v 1xPBS obsahujicim 1 % BSA
(Sigma-Aldrich, Némecko). Blokovaci roztok byl vyuzit také pro nafedéni protilatek. Vzorky
byly ptes noc inkubovany v roztoku primarni protilatky (4°C). Dalsi den byly vzorky promyty
1xPBS a inkubovany s roztokem sekundarni protilatky po dobu 1 hodiny. Seznam priméarnich
a sekundarnich protilatek je uveden v Tabulce 9. Potom byly vzorky promyty 1xPBS a
na podloznim sklicku zality montovacim médiem s obsahem DAPI (Vectashield antifade
medium with DAPI, Vector Laboratories, Burlingame, CA, USA) nebo obarveny roztokem
Hoechst 33342, promyty 1xPBS a zality montovacim médiem. Snimky takto nabarvenych
mySich folikuli byly ziskdny mikroskopem Axio Observer.Z1/Cell Observer Spinning Disc
microscopic system (Zeiss, Oberkochen, Germany), zvétseni 60X S pouziti olejové imerze.
Vsechny obrazky byly procesovany pomoci ZEN Blue Image software. V ¢asti Cil 2 byly timto
zpusobem vizualizovéany jaderné proteiny (p53 a MDM2) a ribozomalni proteiny (RPS6, RPLS5)
lokalizované v cytoplazmé k demonstraci moznosti IF barveni v chlupovych folikulech a navic

byl timto zptsobem pozorovan i marker poskozeni DNA y-H2AX po topické aplikaci latek.

Tabulka 9: Primarni a sekundarni protilatky pouzité pro imunofluorescenci.

primarni protilatky

antigen druh vyrobce katalogové ¢islo Fedéni
pl6 mys Santa Cruz Biotechnology sc-1661 1:100
p21 kralik Cell Signaling #2947 1:100
H2AX kralik Cell Signaling #9718 1:400
MDM2 mys Abcam ab16895 1:200
p53 kralik Santa Cruz Biotechnology Sc-6243 1:100
RPS6 kralik Cell Signaling #2217 1:100
RPL5 kralik Cell Signaling #14568 1:100
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Tabulka 9: Primarni a sekundarni protilatky pouzité pro imunofluorescenci (pokrac¢ovani).

sekundarni protilatky
hostitel  rozpoznava vyrobce katalogové Cislo  Fedéni fluorofor
koza kralici IgG Thermo Fisher Scientific A-1101 1:1000  Alexa Fluor 568
koza kralici IgG Thermo Fisher Scientific A-11034 1:1000 Alexa fFluor 488
koza mysi [gG Abcam ab150113 1:1000  Alxea Fluor 488

3.2.6. Giemsovo barveni

Ke zviditelnéni obecné morfologie mySich chlupt byly vzorky obarveny pomoci Giemsova
barveni. Ihned po vytrzeni mysich chlupt z kiize byly vzorky inkubovany ve 4% methanolu
po dobu 15 minut, dale promyty 3x po 2 minutach v 1xPBS, pak ponofeny 30 s Vv May-
Grunwald roztoku (Penta, Praha, Ceska republika). Nasledovalo promyti v destilované vodé
po dobu 2 minut, vzorky byly opatrné¢ osuSeny a nakonec inkubovany v 10x zfedéném Giemsa-
Romanowsky roztoku (Penta, Ceska republika). Zbytky roztoku byly odstranény 2-minutovym
promytim vzorkii v destilované vod¢. Konce mysSich chlupt s folikuly byly ustfizeny a
umistény mezi podlozni a kryci sklicka do kapky vody. Snimky (zvétSeni 20 x a 100x) byly

ziskany pomoci transmisniho svételného mikroskopu (Primovert, Zeiss, Némecko).
3.2.7. Topické aplikace chemickych klastogenii

K otestovani moznosti vyuziti mysSich chlupt také k topickym aplikacim latek byly pouzity
3 mysi/skupinu z kmene HsdWin:NMRI (Envigo, Huntingdon, Velka Britanie). Dvé
genotoxickd protinadorova léciva zpusobujici poSkozeni DNA, bleomycin a cis-platina
rozpusténé v DMSO, byly vetfeny do klize zvifat na oznaceném misté (na pravé piilce téla),
leva cCast téla slouzila ke kontrolnimu odbéru. Bylo aplikovano 16,6 ul roztoku bleomycinu
(koncentrace 5 pg/ml) a 30 pl roztoku cis-platiny (koncentrace 0,5 mg/ml). Zvifata oSetfend
bleomycinem byla inkubovéna ve svych domovskych klecich po dobu 1 hodiny, skupina zvitat
oSetfend cis-platinou 5 hodin. Néasledné byly odebrany vzorky chlupt z mista topické aplikace
klastogenti a z opa¢né (kontrolni) strany téla. Tyto vzorky podstoupily IF barveni (postup

popsan vyse) k detekci histonu y-H2AX.
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3.3.Cil3

Utelem posledni ¢asti prace je ovéfeni my$iho modelu piirozeného starnuti a jeho vyuZiti
k otestovani pusobeni potencialnich senolytik. Dale byl optimalizovan postup indukce

senescence v akcelerovaném modelu starnuti in vivo s naslednym testovanim latek.
3.3.1. Invivo model replikativni senescence

Pro validaci mySiho modelu pfirozeného starnuti byly pouzity mysi kmene C57B1/6 (ENVIGO,
Nizozemsko), kazdou testovanou skupinu tvofilo 6 zvifat. Zmény exprese senescentnich
markertt béhem starnuti byly porovnany navzajem mezi 3 skupinami zvifat, které se liSily
vékem: staré mysi (2,5 - 3 roky), dosp¢lé mysi (10 mesicti) a mladé mysi (6 mesicti). Ze vSech
zvitat byly odebrany vzorky chlupt, z nichz byla izolovdna RNA (metodicky dle uvedené¢ho
v Cili 2), nasledovala reverzni transkripce a qPCR senescentnich markert pl6 a p2l.
Pro demonstraci zmén na proteinové urovni béhem starnuti byly reprezentativni vzorky

obarveny IF (metodicky dle uvedeného v Cili 2) a vizualizovany markery p16 a p21.
3.3.2. Reverzni transkripce, JQPCR a analyza dat

Reverzni transkripce slouzila k piepisu izolované RNA (popis izolace v Cili 2) do cDNA
(z angl. complementary DNA). Do reakéni smési pro kazdy vzorek bylo nejprve smichano
18,9 ul RNA a 0,6 ul (0,3 pg) Random Primers (Promega, Madison, WI, USA), celkovy objem
smési 19,5 pl by inkubovan pii 70°C po dobu 5 minut. Pak byly vzorky zchlazeny (1 min) a
nasledn¢ byla ke kazdému vzorku pfiddna smes obsahujici 6 pul RevertAid 5x RT buffer
(Fermentas, Vilnius, Litva), 3 ul 10mM dNTP a 0,75 n140 U/ul RNAsin ribonuclease inhibitor
(Promega, USA). Takto pfipravené smési byly inkubovany pii pokojové teploté po dobu
5 minut. Jako posledni krok bylo pfiddno 150 U (0,75 pl) RevertAid Moloney Murine
Leukemia Virus reverse transcriptase (Fermentas, Litva) ke kazdému vzorku. VSechny vzorky
o findlnim objemu 30 pl byly ndsledné inkubovany 10 min pii pokojové teploté, pak
42°C - 60 min a 70°C - 10 min. Vzorky cDNA byly skladovany v -20 °C.

Na analyzu zmén exprese senescentnich markerti p16 a p21 a kontrolu geni GAPDH a ACTB
ur¢enych k normalizaci byly pfipraveny reakéni smési pro gPCR timto zpisobem: 2 ul cDNA,
10 ul LightCycler 480 Probes Master 2x conc. (Roche, Svycarsko), 7 ul LightCycler 480 Probes
Master H.O PCR grade (Roche, Svycarsko) a 1 ul FAM-MGB Tagman probe (Thermo Fisher

Scientific, USA). Pouzité Tagman proby jsou uvedeny v Tabulce 10. Fluorescencni signal byl
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zachycen béhem amplifikace v programu: 95 °C - 10 min, 50 amplifika¢nich cykli 95°C - 15 s
a 60°C - 60 s. Fold change hodnoty - zmény v genové expresi p16 a p21 byly vypocitany
z vysledki qPCR metodou AACt (do analyzy byly vlozeny prumérné hodnoty 3 technickych
replikati), p hodnoty byly zjistény pomoci t-testu v programu Microsoft Excel. V piipadé
porovnavani vékovych skupin mysi kazdému t-testu piedchazel f-test, jehoz vysledek urcil
rozptyl dat a tim padem kone¢nou formu t-testu. Pokud byl vysledek f-testu > 0,05, byl
proveden t-test s rovnosti rozptylt. Pokud byl f-test < 0,05, byl proveden t-test s nerovnosti

rozptyll. V ptipad€ porovndvani zmén exprese v casovych bodech byl pouZzit parovy t-test.

Tabulka 10: Mysi fluorescenéni proby pro qPCR (Thermo Fisher Scientific).

préba popis
Mm00494449 ml Cdkn2a, p16
Mm04205640_g1 Cdknla, p21
Mm99999915 gl GAPDH
MmO00607939_s1 ACTB

3.3.3. Aplikace latek v in vivo modelu replikativni senescence

Pro otestovani potencialné senolytickych latek, které byly vytipovany v Cili 1, byl nejprve
pouzit model ptirozeného starnuti - mysi C57Bl/6 (ENVIGO, Nizozemsko) starsi
nez 20 mésict. Mysi byly ndhodné rozdéleny po 6 zvitatech do 4 skupin. Skupiny byly
pojmenované podle testované latky (kontrola, S1, S2 a S3).

Experimentalni skupiny:

skupina 1 kontrola/K-  ekvivalentni objem roztoku 50% voda / 50% PEG400

skupina 2 S1 15 mg/kg; i.p.
skupina 3 S2 40 mg/Kkg; i.p.
skupina 4 S3 37,5 mg/kg; i.p.

Z kazdého zvitete byl pravidelné odebiran vzorek chlupovych folikuli zpiisobem popsanym
v Cili 2. Odbéry probehly (vzdy jesté pied podanim latek) v D1, D8, D15 a D21 a vzorky byly
ihned umistény do QIAzol roztoku jako inicialni krok ptipravy na izolaci RNA, nasledovala
reverzni transkripci a qPCR amplifikace p16 a p21 (metodicky dle popsaného v Cili 2). Latky
byly zvifatim podany celkem 10x (I1x/den): D1 - D5 a D8 - DI2 intraperitonedlné (i.p.)

preferenéné¢ do spodniho pravého kvadrantu (celkovy objem podané latky byl v rozmezi
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<40 - 80 ml/kg). Pouzité davkovani odpovidalo pfiblizn¢ polovin¢ maximalni tolerované davce

stanovené v predchozich experimentech.

3.3.4. Indukce senescence pomoci IR v in vivo modelu

K vytvoteni zvifeciho radiacniho modelu senescence bylo ozafeno 10 mysi z kmene
Balb/cOlaHsd (Envigo, Nizozemsko). U kazdého zvitete byla vzdy ozéfena pouze prava zadni
koncetina (zbytek téla byl kryt olovénym brnénim) frakcionovanou davkou 3 x 8 Gy (DO, D2,
D4). Pied ozafenim byla zvifata uspana pomoci anestézie izofluranem (FORANE inhalation
solution, Aesica, Hemel Hempstead, Velka Britanie). Zvitata byla ozafena v RS225M Research

Cabinet (Xstrahl, Suwanee, GA, USA).

Ze vSech zvitat byly odebrany vzorky chlupt, z nichz byla izolovana RNA. Z kazdé mysi byly
odebrany vzdy dva vzorky, jeden z ozaiené koncetiny a druhy z neozarené (kontrolni). Odbér
byl proveden v DO (pted ozafenim) a nasledné v D5, D9, D14, D21, D28 a D35. Nasledovala
reverzni transkripce a qQPCR markerti p16 a p21 a statistické zhodnoceni zmén jejich exprese

(cely postup metodicky popsan jiz v Cili 2).

3.3.5. Aplikace latek v in vivo IR modelu senescence

Nasledn¢ byly otestovany cilové latky i v dal$im in vivo modelu, a to v artificialnim IR modelu,
jehoz indukce byla optimalizovana v piedchozi podkapitole. K aplikaci latek v IR modelu
akcelerovaného starnuti bylo pouzito 10 mysi/skupinu z kmene Balb/cOlaHsd (Envigo,
Nizozemsko) ve véku 13 tydni. Skupiny byly pojmenované podle testované latky (kontrola,

S1, S2a S3).
Experimentalni skupiny:

skupina 1 kontrola/K-  ekvivalentni objem roztoku 50% voda / 50% PEG400

skupina 2 S1 15 mg/kg; i.p.
skupina 3 S2 40 mg/Kkg; i.p.
skupina 4 S3 37,5 mg/kg; i.p.

Z kazdého zvitete byl pravidelné odebirdn vzorek chlupovych folikulid zplisobem popsanym
v Cili 2. V kazdy ¢asovy bod bylo celkové odebrano 4 x 10 vzorkl chlupti z pravych (IR)
koncetin. Prvni odbér probéhl jesté pied ozarenim zvifat (D0O), ihned nasledovalo frakcionované

ozafeni pravych noh vsech zvitat (3 x 8 Gy, metodicky dle predchozi podkapitoly), dalsi odbér

66



probéhl v D30 (tedy v dobu, kdy byla na zakladé piedchozich vysledki ocekavana ptitomnost
senescentnich markerti po IR indukci). Dal§im krokem byla aplikace latek celkem 10x (2 X 5
dni, 1x/den) ato v dny: D30+1 az D30+4 a D30+7 az D30+11. Dalsi odbéry probéhly v D30+7
(po prvnich 5 davkach a tésné pied zacatkem druhého kola aplikace latek), D30+14 (po druhém
kole aplikaci), D30+21 a D30+30. VSechny kroky jsou pro lepsi ptehlednost shrnuty
na Obrazku 18. Vzorky byly ihned ukladany do QIAzol roztoku na izolaci RNA, nasledovala
reverzni transkripce a qPCR markerti p16 a p21 (metodicky dle popsaného v Cili 2). Latky byly
zvitatim podany intraperitonealné (i.p.) preferen¢né do spodniho pravého kvadrantu (celkovy
objem podané latky byl v rozmezi < 40 - 80 ml/kg). Pouzité davkovani odpovidalo pfiblizné

poloviné maximalni tolerované davce stanovené v piredchozich experimentech.

den krok
DO odbér 1
DO, D2, D4 IR .
D30 odbér 2
D30-D30+4  ([ROMMIIOREY A
D30+7  odbér3
D30+7 - D30+11 [JRbGAREY &
D30+14 odbér 4
D30+21 odbér 5
D30+30 odbér 6

Obrazek 18: Casovani odbérd a podani latek v in vivo IR modelu. D = den, IR = ozafeni.
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4. Vysledky
41. Cil1

Ugelem této &asti predkladané prace byl vybér nékolika bunéénych linii s vhodnou odezvou
na indukci senescence pomoci radiace a tim i piiprava artificialniho IR modelu. Celkem 6 linii
bylo ozéieno a nekolik tydnl pravidelné pozorovano z hlediska zmény morfologie, jakozto
prvotniho lehce sledovatelného znaku navozeni senescence. Na vybranych liniich byly nasledné
otestovany uréité markery senescence a piedevsim pak fada potencidlnich senolytik. Uéinek
potencialnich senolytickych latek byl zhodnocen klasicky pomoci cytotoxického MTS testu,
nebo nejpouzivanéjsiho markeru - aktivity B-galaktosidazy, ale netradi¢nim zpusobem, ktery
jsme shledali velmi Gé¢innym. K tomuto ucelu byla pouzita konfokalni skenovaci jednotka
s vysoko-obsahovym skriningovym systémem v kombinaci s analyzou obrazu (SER spot).
Zminény inovativni zpusob testovani potencidlnich senolytik byl ovéfen 1 na replikativnim

modelu senescence.
4.1.1. Morfologicka odezva bunéénych linii na radiaci

K otestovani odezvy bunék na ozafeni a navozeni ptfedCasné senescence byly vybrany linie
MRC5, BJ, A549, U20S, U20S-53BP1 a HCT116, které byly vysazeny ve vice denzitach
na jamku. ldealni pocet bunék na vysazeni u vybranych linii, aby po dobu kultivace
nepiertstaly a zaroven jich bylo dost v kazdé jamce na analyzu vysledkii experimentu, byl
uUMRCS 3000 bunék/jamku, u U20S a HCT116 2000 bunck/jamku. Nasledné byly buiky
v panelech ozafeny, resp. negativni kontroly (K-) neozafeny, a sledovany v priabéhu 20 dnu.
Typicka morfologicka zména bunék byla nejlépe vyhodnocena v den (D) 20 u linii MRCS5,
U20S a HCT116, viz Obrazek 19, na kterém jsou piedstaveny reprezentativni snimky dané
kultury. V ptipadé kontrolnich desek bunééna kolonie piertsta, naopak u desek ozatenych
muzeme sledovat snizeny pocéet bun€k spoleéné se zménou tvaru typickou pro senescenci.
MRCS linie po IR obsahovala odumielé buiiky od D13, dale pak projevila morfologické zmény
od D17, kontrolni butiky MRCS5 v jamkach pterostly jiz béhem prvniho tydne inkubace. U20S
linie na ozafeni reagovala apoptozou nékterych bunék jiz od D10 v kombinaci s drobnymi
morfologickymi zménami dal$ich bun¢k, od D13 jiZ byl pozorovan typicky senescentni vzhled
bunék. Kontrolni U20S pterostly jiz v D4. Buitky HCT116 po IR zménily morfologii v D13,
kdy byly pozorovany jak bunky prochazejici bunénou smrti, tak buniky vstupujici

do senescence, od D17 bylo mozné pozorovat jiz pouze typicky fenotyp bunééného starnuti.
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Kontrolni HCT116 pterostly kulturu jiz v D4. Celkové tedy lze fici, ze ¢ast populace bunck
vybranych linii dosdhne pro senescenci typickych morfologickych zmén od D17, resp. D13.
Kontrolni linie bez pasazovani ptertstaji jamky jiz po 4 dnech od vysazeni. Tento trend byl
pozorovan u bunéénych linii vysazenych jak v 96-, tak 384-jamkovych panelech o riznych
koncentracich. Pro dalsi experimenty bylo tedy mozné vyuzit 384-jamkovych panelt, ¢imzZ se

zvysila propustnost testovani.

a) MRC5

D20

negativni
kontrola

ozafené buiiky
(10 Gy)

Obrazek 19: Indukce senescence radiaci u vybranych linii - zména bunééné morfologie.
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b) U208

D20

negativni
kontrola

ozafené buiiky
(10 Gy)

¢) HCT116

negativni
kontrola

ozafené buiiky
(10 Gy)

Obrazek 19: Indukce senescence radiaci u vybranych linii - zména bunééné morfologie (pokracovani).
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4.1.2. Vizualizace lipofuscinu v senescentnich bunikach

Lipofuscin (resp. jeho autofluorescence) byl vizualizovan v cytoplazmé senescentnich a
kontrolnich MRCS5 bunék (pozorovani fluorescence bylo nejjednodussi u MRC5 diky jejich
velikosti, U20S a HCT116 maji mnohem mens$i plochu cytoplazmy). Pouziti kombinace
excitace 405 nm + emise 445/45 nm, resp. emise 595/40 vedlo k ziskani nedostate¢ného
signalu, ktery se nelisil u senescentnich a kontrolnich bunék, ani v prib&hu experimentu. Uziti
kombinace excitace 488 nm + emise 460/80 nevedla k zadnému signalu. Nejlepsi vysledky a
rozdily v intenzité¢ autofluorescence lipofuscinu v K- a IR buiikach byly sledovany pii uziti
excitace 488 nm + emise 540/40 nm, resp. 620/70 nm, coz koresponduje s dostupnou literaturou
[229]. Na Obrazku 20 je reprezentativni ilustrace postupné akumulace lipofuscinu
pfi pozorovani jeho autofluorescence u IR bunék MRCS5 linie. Grafy shrnujici autofluorescenci
lipofuscinu u MRC5, U20S a HCT116 v prubéhu 4 tydnti po ozafeni naznacuji linearné se
zvySujici miru signalu u MRCS5 az do D21, u U20S a HCT116 do D14 (Obrazek 21). Piiklad

vizualizace lipofuscinu po chromogennim barveni SBB je na Obrazku 22.

Rozdily v autofluorescenci lipofuscinu v prubéhu méfeni sice vidét jsou, ale nejsou statisticky
vyznamné a dokonce se zda, Ze po urcitém Case dochazi opét k poklesu jejich intenzity, resp.
ziejmé k znehodnoceni tohoto typu analyzy. A to ptfedevsim vzhledem k nahromadéni takového
mnozstvi lipofuscinu, Ze béhem obrazové analyzy nedochdzi k preciznimu rozliSeni granul a
tim padem neni piesnd i celkova suma jejich fluorescence. Jesté by bylo mozné nastavit analyzu
tak, aby pocitala celkovou fluorescenci v cytoplazmé bunky, to ale pfindsi soucasné jiny
problém - vzhledem ke zménam morfologie bun¢k béhem piechodu do stadia senescence, tedy
ke zvétSovani plochy bunky, by nastala potiz s piepoctem celkové fluorescence na jednotku
plochy cytoplazmy a opét by doslo k nezddoucimu ovlivnéni analyzy. Navic lipofuscin nemusi
byt jedinou strukturou v bunice, ktera bude v dany okamzik autofluoreskovat. Z téchto divodi
méfeni autofluorescence lipofuscinu (a lipofuscin jako marker) nebylo dale pouzivano

k testovani senolytického ucinku latek, pouze zde slouzi k doplnéni celkového obrazu

0 prub&éhu experimentu.
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Obrazek 20: Nastup senescence dle akumulace lipofuscinu u MRCS5 po IR 10 Gy. 3000 bunék/jamku
v 384-jamkovém panelu. Pouzita kombinace vinovych délek excitace 488 nm a emise 540/40 nm (40X,

fluorescen¢éni mikroskopie). Jadra jsou podbarvena barvivem Hoechst 33342.
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Obrazek 21: Autofluorescence lipofuscinu v ¢ase po ozatfeni bunék vyhodnocena pomoci obrazové

analyzy Columbus. Excitace 488 nm a emise 540/40 nm (fluorescenéni mikroskopie).

Obrazek 22: Lipofuscin obarveny SBB v senescentnich MRC5 buiikich po IR 10 Gy. Sipky ukazuji
do mist akumulace obarveného lipofuscinu Vsenescentnich MRC5 buikach (100x, svételna

mikroskopie).
4.1.3. SA-p-galaktosidazova aktivita v senescentnich bunkach

Jako dalsi ukazatel senescence v modelové bunééné linii byla vizualizovana aktivita typického
senescentniho markeru B-galaktosidazy pomoci klasického protokolu za pouziti v laboratofi

ptipravenych roztokl reagencii. Ptiklad je na Obrazku 23. Vzhledem Kk tomu, Ze dne$ni trh
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nabizi Sirokou Skalu kit na barveni SA-B-gal, které jsou jednoduché a mnohem méné pracné,
pro dalsi testovani latek ve velkém mnozstvi a pro zlepseni reprodukovatelnosti experimentt

byl vybran Senescence -Galactosidase Staining Kit (Cell Signaling Technology, USA)

Obrazek 23: Detekce SA-B-galaktosidazové aktivity v senescentnich MRC5 buiikach. Sipky ukazuji
do mist detekované aktivity SA-B-gal v senescentnich MRCS5 burikach (vlevo 40x, vpravo 100x,

svételna mikroskopie).
4.1.4. Testovani senolytické aktivity chemickych slou¢enin in vitro

Na akcelerovaném radia¢nim (10 Gy) modelu senescence byla otestovana vybrana skupina
sloucenin. Soubor téchto testovanych latek byl vybran tak, aby obsahoval slou¢eniny se znamou
senolytickou aktivitou, déale pak latky, které¢ byly identifikovany s potencidlni senolytickou
aktivitou v naSich pfedchozich experimentech, a také slouceniny, které¢ jsme na zaklad¢
publikovanych praci z preferenéni toxicité vii¢i starnoucim butikam podezirali. 1Cso hodnoty
vypo¢éitané z absorbanci po cytotoxickém MTS testu jsou uvedeny v Tabulce 11 (pozn. nové
nasyntetizované a dosud neznamé latky jsou anonymizovany pod ¢iselnymi kody z divodu
planované ochrany dusevniho vlastnictvi). Quercetin, dasatinib, kombinace D+Q a MCOPPB
byly jiz diive identifikovany jako senolytika [158,175] a vtomto experimentu se tak také
projevily, resp. Jistym zpusobem poslouzily jako pozitivni kontroly. Hodnoty ICso Vv piipadé
bunééné linie MRC5 naznacuji senolyticky efekt u quercetinu a MCOPPB. V pripadé linii
U20S a HCT116 se takto projevila vSechna 4 publikovana senolytika. Z tohoto pohledu by se
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dalo fici, ze je mozné tento systém vyuzit k identifikaci senolyticky pisobicich latek. Z 15

testovanych latek vysly jako senolytické 5 u MRC5, 8 u U20S a 5 u HCT116.

Tabulka 11: ICsp hodnoty potencialné senolytickych latek v modelu radiaéné indukované senescence

(10 Gy), nebo na kontrolnich neozafenych bunkach (K-).

hodnoty ICso (uM)
MRC5 U20sS HCT116

litka 10 Gy K- 10 Gy K- | 10 Gy K-

quercetin 10,77 16,2 29,75 >50 | 21,63 >50
dasatinib 42,92 25,92 1,24 8,02 | 0,95 18,55
D+Q 44,42 19,53 1,3 515 | 1,78 20,51
MCOPPB 6,55 8,33 7,43 45,27 35,42 48,28
CP-31398 11,11 39,66 11,61 >50 >50 >50
CP-100356 >50 7,99 8,47 >50 | 46,91 28,87
dequalinium chlorid hydrat 1,88 1,37 11,82 0,01 3,57 0,13
daurisoline 6,98 10,82 >50 >50 6,61 21,49
decyltrimethylammonium bromid 10,42 2,58 21,77 >50 >50 >50
9-aminoakridin hyd’rochlorid 14.18 6,25 11,47 1,01 10,6 175

monohydrat

valspodar 8,4 7,55 10,4 >50 7,85 >50
BMH-21 >50 7,05 1,66 4,31 | 14,27 0,38

- Zf@’l'qﬁlﬁg}:gf’u; 0,92 0.1 05 50 | 355 >50
C1 22,54 11,78 >50 16,33 >50 15,43

loperamid hydrochlorid >50 >50 19,2 27,07 18,83 24,28
Cc2 16,33 >50 15,83 >50 | 13,13 >50

Sl 14,99 >50 9,07 0,08 | 6,56 0,09

S3 4,22 >50 5,79 0,6 8,27 0,13

C3 >50 >50 >50 >50 >50 >50

C4 >50 >50 >50 >50 >50 >50

C5 >50 >50 >50 >50 >50 >50

Vysledky MTS testu. 10 Gy = bunky s indukovanou senescenci pomoci IR, K- = kontrolni
buniky/neozafené. Zelené jsou vyznaceny ICsp hodnoty niz$i pro populaci senescentnich bunék

nez pro populaci parentalni, tzn. latka ma potencialné senolyticky efekt.
4.1.5. SER spot analyza SA-B-galaktosidazové aktivity

Pro zhodnoceni potencidlniho senolytického plisobeni dalSich testovanych latek byla Gspésné
optimalizovana SER spot analyza v systému analyzy obrazu Columbus. Moznost jejiho vyuziti
pro vizualizaci senescentniho markeru B-gal byla potvrzena srovnanim akcelerovaného modelu

senescence po IR 10 Gy vs. 3 x 10 Gy a to u vSech tfech testovanych linii. Vysledky analyzy
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obrazu naznacuji rychlejsi a silngjsi fenotypovy projev senescence u vSech linii po ozafeni
frakcionovanou davkou, pro lep$i nazornost jsou data zobrazena v grafu (Obrazek 24).
Na Obrazku 25 je srovnani barveni SA-fB-galaktosidazové aktivity pomoci kitu vSech linii (IR
vs. Kontrolni), reprezentativni ukazka snimkt pro SER spot analyzu je na Obrazku 26. Snimky
byly pofizeny automatickym skenovanim na CV7000S (BF + Hoechst 445/45, zvétseni 20X

V rezimu svételné mikroskopie).
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Obrazek 24: Nastup senescence podle SA-B-gal markeru po IR 1 x 10 Gy vs. 3 x 10 Gy. D =dny po IR.

Uvedené hodnoty vyjadiuji priimérné procentualni zastoupeni senescentnich bunék + SD.
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MRCS5 K- U20S K- HCT116 K-

Obrazek 25: Ukazka barveni SA-B-galaktosidazové aktivity pomoci komeréniho Kitu (Senescence B-
Galactosidase Staining Kit, Cell Signaling, #9860). Srovnani barveni SA-B-galaktosidazové aktivity
vybranym kitem u IR a K- buné&cné populace. BF, 20x.

MRCS: 10 Gy (BF) ;

Obrazek 26: Snimky pro SER spot analyzu po barveni SA-B-gal u senescentnich bunék. Senescentni

bunky akcelerovaného modelu po IR. BF a Hoechst 445/45 (20x, svételna a fluorescencéni mikroskopie).

Takto optimalizovanou SER spot analyzu je mozné uplatnit pro analyzu obrazu senescentnich

bunék po SA-B-gal barveni vriznych experimentech. Analyza pomohla i K uspésné
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kvantifikaci senescentnich BJ bunék v 2D kultuie (Obrazek 27, upraveno z Ptilohy 3). Takto
ptipraveny model poslouzil ke stanoveni vlivu normalnich a senescentnich (S tlustym stfevem
neasociovanych) fibroblastii véetné jejich kondiciovanych médii na odpoveéd’ kolorektalniho
karcinomu na AZA a DAC terapii. Bylo potvrzeno, ze fibroblasty akceleruji bunécnou
proliferaci a rdzné ovliviiuji expresi enzymi regulujicich DNA methylaci, coz zvySuje
demethylaci indukovanou DAC v bunkach kolorektalniho karcinomu. Naopak kondiciované
médium senescentnich bunék, které zvysuje aktivitu NF- kB, zménilo hladinu deoxycytidin
kindzy v neléCenych bunkach kolorektalniho karcinomu a zrusilo ¢inek DAC na degradaci

DNA methyltransferazy 1 [57].

Hoechst SA-B-gal spojeni

2.7+ 0.3%

negativni
kontrola

[ . A -

“55+ 0.5% >

buiky 1
den po IR

ty

429+ 3.1%

buiky 3
tvdny po IR

Obrazek 27: Indukce senescence v BJ buiikach pro SER spot analyzu. Reprezentativni obrazky postupné
indukce senescence v kultufe BJ fibroblastii pomoci IR. Bunécna jadra podbarvena Hoechst 33342
roztokem a [-galaktosidazova aktivita zachycena u neozafenych a ozatenych (1, resp. 3 tydny po IR)
bungk. Prostfedni sloupec v panelu uvadi i procentualni zastoupeni senescentnich bunék v kultufe
(pramér+£SD). Zvétseni 20x, meéfitko 100 um, kombinace svételné a fluorescencéni mikroskopie.

Pozménéno z Ptilohy 3.
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4.1.6. Urceni senolytické aktivity latek ze SER spot analyzy

Pro vSechny otestované latky byla vypocitana p hodnota (statisticky vyznamny rozdil vzdy
souvisel se snizenim poctu senescentnich bun¢k po oSetfeni urcitou latku oproti buitkam
Vv kontrolnich jamkéch, kam latky ptidany nebyly, nikdy ne naopak). Nové nasyntetizované a
dosud neznamé latky jsou anonymizovany pod ciselnymi kody z diivodu planované ochrany
duSevniho vlastnictvi. U konzistentnich a opakujicich se vysledkti bylo pro upfesnéni vlivu
latek spocitano primérné zastoupeni senescentnich bun¢k (% senescentnich bunék z celkové
populace) + SD a ptekontrolovan statisticky vyznamné neménny pocet proliferujicich bunék
(data neuvedena). V Tabulce 12 je uvedeno 5 latek (S1-S5), které dosahly vysoké
reprodukovatelnosti vysledkti ve vSech opakovanich. Latky S1, S2 a S3 poskytly velmi
konzistentni data a U¢innost byla potvrzena i pfi velmi nizkych koncentracich u vSech
3 testovanych linii. Tabulka 13 potom vyzdvihuje shody vysledkt testovanych latek napii¢
3 pouzitymi bunécnymi liniemi. Vzhledem k chovani dnes znamych senolytik je ziejmé, ze
senolyticky pusobici latky nemaji stejny ti¢inek na vSechny bunééné linie vychazejici z riiznych

tkani [158,230].

P hodnota vSech ostatnich testovanych latek je uvedena v rozsahlé Tabulce 1 v Suplementu,
vV tomto pripadé dale procentualni zastoupeni senescentnich bunék dopInéno neni. Tabulka 2
v Suplementu porovnava vysledky MTS a f-gal testi u nékolika malo latek, které byly
otestovany v obou experimentech. Primérna shoda obou testi je 58,9+11,7 %. Vzhledem
k rozsahlé optimalizaci pouziti SER spot analyzy se nabizi pfilozit vétsi vahu k vysledktim
praveé z tohoto typu testovani, jehoz validita byla nakonec potvrzena pomoci vysledki z in vivo

experimentu.
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Tabulka 12: Prehled velmi vyznamnych vysledki senolytické aktivity vybranych latek.

MRC5
latka koncentrace (UM) p hodnota p';:::::elz t(:ﬁczl:l;tl?:glfm SD (%)
50 0,003856 45,593 6,232
12,5 0,004490 41,498 5,943
3,125 0,007144 59,486 4,121
S1 0,78125 0,023858 57,158 5,410
0,1953125 0,025650 55,656 2,472
0,048828125 0,014679 58,724 4,469
0,012207031 0,190536 74,517 0,993
50 0,005051 32,421 21,048
125 0,003464 40,898 16,826
3,125 0,003632 61,397 1,602
S2 0,78125 0,003367 65,098 5,142
0,1953125 0,012596 62,706 4,803
0,048828125 0,016286 63,588 9,228
0,012207031 0,065474 77,658 16,694
50 0,003180 52,526 0,117
12,5 0,002672 66,169 6,704
3,125 0,003676 68,135 7,261
S3 0,78125 0,004209 65,483 26,667
0,1953125 0,011932 62,143 18,220
0,048828125 0,009505 65,631 4,723
0,012207031 0,010753 68,235 0,729
50 0,001381 49,143 1,475
12,5 0,033360 56,268 4911
3,125 0,034261 59,741 3,687
S4 0,78125 0,024364 64,175 9,176
0,1953125 0,017066 65,487 3,945
0,048828125 0,206807 70,148 1,487
0,012207031 0,593696 72,641 3,843
50 0,002556 38,172 6,385
12,5 0,030273 60,191 12,175
3,125 0,658165 68,347 4,168
S5 0,78125 0,057930 74,814 14,647
0,1953125 0,111949 70,443 0,981
0,048828125 0,213708 71,473 3,895
0,012207031 0,327535 75,914 9,189
kontrola 0 72,595 5,205

Cervené jsou zvyraznény p hodnoty znadici statisticky signifikantni rozdil mezi poétem senescentnich

bunék po osetfeni konkrétni latkou a bunikami neosetfenymi/kontrolnimi.
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Tabulka 12: Prehled velmi vyznamnych vysledka senolytické aktivity vybranych latek (pokracovani).

U20S
latka koncentrace (UM) p hodnota sel‘::i‘:j:;ilfa;ﬂge(g) SD (%)
50 0,003082 6,514 2,038
12,5 0,005377 1,872 0,748
3,125 0,005855 1,917 0,247
S1 0,78125 0,004730 1,190 0,087
0,195313 0,016086 1,038 0,444
0,048828 0,007452 2,148 0,364
0,012207 0,008730 2,474 0,947
50 0,001457 25,622 24,921
12,5 0,001601 19,704 14,179
3,125 0,002962 13,345 6,017
S2 0,78125 0,005468 2,986 1,171
0,195313 0,827744 81,926 10,994
0,048828 0,070743 74,033 13,162
0,012207 0,537054 79,372 8,343
50 0,000006 1,765 0,789
12,5 0,000009 1,798 1,008
3,125 0,000011 1,991 0,901
S3 0,78125 0,000086 2,647 1,027
0,195313 0,006305 3,648 1,174
0,048828 0,018850 9,745 5,546
0,012207 0,310185 81,382 12,530
50 0,003641 15,178 5774
12,5 0,999976 82,169 7,150
3,125 0,893034 78,647 12,144
S4 0,78125 0,999981 80,749 10,255
0,195313 0,987144 86,318 11,647
0,048828 0,999959 81,566 3,565
0,012207 0,999560 80,657 6,644
50 0,107428 79,565 1,554
12,5 0,999990 82,387 4,185
3,125 0,429491 81,567 10,113
S5 0,78125 0,975231 83,675 7,576
0,195313 0,674721 80,647 3,588
0,048828 0,998879 78,659 3,565
0,012207 0,987962 79,447 2,579
kontrola 0 79,091 4,897

Cervené jsou zvyraznény p hodnoty znaéici statisticky signifikantni rozdil mezi poétem senescentnich

bunck po oSetfeni konkrétni latkou a bunikami neoSetirenymi/kontrolnimi.

82



Tabulka 12: Prehled velmi vyznamnych vysledka senolytické aktivity vybranych latek (pokracovani).

HCT116
latka koncentrace (UM) p hodnota sel‘::i‘:j:;ilfzsﬂge(g) SD (%)
50 0,000167 1,956 1,004
12,5 0,000593 1,354 0,351
3,125 0,001214 9,710 3,213
S1 0,78125 0,002175 6,332 4,644
0,195313 0,999986 78,746 5,618
0,048828 0,895252 77,325 12,258
0,012207 0,989488 86,448 1,201
50 0,012864 9,836 7,518
12,5 0,012980 6,375 1,332
3,125 0,013879 10,044 2,497
S2 0,78125 0,016453 5,819 0,450
0,195313 0,171052 42,437 34,871
0,048828 0,485049 79,598 6,083
0,012207 0,999916 71,103 7,633
50 0,000787 2,983 2,047
12,5 0,009339 6,318 1,041
3,125 0,026143 5,485 1,972
S3 0,78125 0,012883 6,624 0,553
0,195313 0,851701 76,783 6,262
0,048828 0,602493 78,259 6,835
0,012207 0,974621 77,240 3,501
50 0,005702 3,125 1,085
12,5 0,913653 83,542 7,766
3,125 0,686022 76,846 5,953
S4 0,78125 0,999594 72,240 9,118
0,195313 0,996184 77,741 6,160
0,048828 0,999964 72,325 13,115
0,012207 0,951382 87,433 1,721
50 0,005161 2,456480 0,917
12,5 0,982069 75,741 6,597
3,125 0,281655 80,539 7,065
S5 0,78125 0,983853 80,746 6,982
0,195313 0,999998 77,123 11,115
0,048828 0,996569 85,325 1,221
0,012207 1,000000 86,250 1,129
kontrola 0 73,396 21,437

Cervené jsou zvyraznény p hodnoty znadici statisticky signifikantni rozdil mezi poétem senescentnich

bunék po osetfeni konkrétni latkou a bunikami neosetfenymi/kontrolnimi.
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Tabulka 13: Shody vysledkua B-gal + SER spot testu u 3 bunéénych linii.

bunécna linie
latka koncentrace (UM) MRC5 u20Ss HCT116
50
12,5
3,125
S1 0,78125
0,1953125
0,048828125
0,012207031
50
12,5
3,125
S2 0,78125
0,1953125
0,048828125
0,012207031
50
12,5
3,125
S3 0,78125
0,1953125
0,048828125
0,012207031
50
12,5
3,125 * - -
S4 0,78125 * - -
0,1953125
0,048828125
0,012207031
50
12,5
3,125
S5 0,78125
0,1953125
0,048828125
0,012207031
Zelené jsou vyznaceny shody pozitivnich vysledki u v8ech 3 linii, oranzové jsou vyznafeny shody

+
|
|

+
|
+

+
|
|

negativnich vysledka.
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4.1.7. Potvrzeni senolytického ucinku na modelu replikativni senescence

I pro tento model senescence byla nejprve otestovana funkénost SER spot analyzy - bylo
vypocitano procentualni zastoupeni bunék v senescenci v kultufe bunék MRC5 ve 3 rtuznych
pasazich (p.), ziskana data koresponduji s o¢ekavanym vysledkem. Zastoupeni senescentnich
bunék v kultute MRCS5 p. 16 = 4,12+0,94 %, MRCS5 p. 34 = 12,96+4,28 % a MRCS p. 46 =
86,35+1,61 %.

K ovéteni senolytického efektu byly vybrany nejlépe hodnocené latky z pfedchoziho kroku a
to: S1-S5; nasledné otestovany v paralelni kultivaci MRC5 p. 46 versus p. 16. Ziskané velmi
konzistentni vysledky jsou shrnuty pomoci p hodnoty a rozdilu v poctu senescentnich bunék

(%) s a bez oSetieni urcitou latkou (Tabulka 14).

Vzhledem ke vSem uvedenym vysledkim SER spot analyz byly latky S1, S2 a S3 vybrany

pro dalsi testovani a pokraovani v experimentu in vivo.
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Tabulka 14: Vysledky B-gal + SER spot analyzy na modelu replikativni senescence.

primérné zastoupeni

latka koncentrace (uM) p hodnota senescentnich bungk (%) SD (%)
50 0,000300 21,852 2,619
12,5 0,019388 31,465 3,651
3,125 0,011652 30,264 4,670
S1 0,78125 0,020808 41,634 14,403
0,1953125 0,511681 60,727 6,600
0,048828125 0,139393 66,490 3,257
0,012207031 1,000000 78,503 7,673
50 0,000223 21,020 1,443
12,5 0,014638 20,721 2,970
3,125 0,010814 30,007 8,177
S2 0,78125 0,010632 29,968 0,719
0,1953125 0,026774 32,167 9,506
0,048828125 0,039749 33,138 0,639
0,012207031 0,321035 76,983 13,085
50 0,000241 8,775 0,101
12,5 0,004025 39,669 2,796
3,125 0,001930 38,142 3,307
S3 0,78125 0,014202 42,326 0,017
0,1953125 0,000728 36,112 0,427
0,048828125 0,034521 44,264 8,738
0,012207031 0,322767 79,889 8,681
50 0,000641 43,315 0,648
12,5 0,009590 47,221 5,094
3,125 0,435196 5,564 6,214
S4 0,78125 0,976268 71,716 2,426
0,1953125 0,292370 78,603 1,713
0,048828125 0,055825 73,890 5,812
0,012207031 0,143838 76,441 9,108
50 0,001704 30,694 0,982
12,5 0,029832 38,871 12,545
3,125 0,199959 65,052 17,997
S5 0,78125 0,520644 67,753 9,877
0,1953125 0,929009 63,492 8,702
0,048828125 0,310684 76,749 8,993
0,012207031 0,706761 80,802 8,415
kontrola 0 78,407 6,278

Cervené jsou zvyraznény p hodnoty znaéici statisticky signifikantni rozdil mezi poétem senescentnich

bunék po osetfeni konkrétni latkou a bunikami neosetfenymi/kontrolnimi.
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4.2. Cil 2

Obsahem této casti prace byla demonstrace odbéru mysich chlupi a nasledné i uvedeni
moznosti jejich uplatnéni ve vyzkumu jako velmi slibného biologického materialu mimo jiné i

ve studiu senescence.
4.2.1. Uspé&nost odbéru mysich chlupt

Po nasati trsu mySich chlupti mezi mensi a vétsi Spicku zatizeni bylo mozné stisknutim spousté
ziskat chlupy uchycené mezi Spickami, lehkym trhnutim bylo jednoduse mozné chlupy
vytrhnout z ktize. Zhruba 200 mySich chlupt lze ziskat jednim odbérem provedenym timto
zpusobem. Kazdy mysi chlup obsahuje cca 50 folikularnich bunék. Jednorazove klesté tvorené
plastovymi Spickami umoziiuji jednoduchou manipulaci a okamzité zpracovani vzorkl fixaci
nebo lyzou. Cely proces je jednoduchy a rychly, svym provedenim zamezuje kontaminaci
vzorkli mezi sebou nebo prenosem z rukou manipulatora. Velkou vyhodou této metody odbéru
je jeji neinvazivnost, moznost mnoha opakovanych odbérti, odbérii z vice mist na téle zvifete a
piedevsim zplisobeni minimalniho stresu experimentalnim zviratim. Metoda je pouZitelnd 1 pro

odbér vlasovych/chlupovych folikulli u jinych zvitat a také u lidi.
4.2.2. Vytéinost izolace DNA a RNA z mysSich chlupu

Chlupové folikuly jsou morfologicky intaktni a mohou byt jednoduse rozpoznany a

vySetfovany pomoci mikroskopie (ilustra¢ni Obrazek 28).

Odebrané vzorky chlupovych folikuld je mozné skladovat v suchém stavu nebo v piislusném
médiu. Izolaci RNA z trst chlupovych folikulti (n=100) bylo ziskano pramérné 275 ng v 30ul
roztoku, tzn. 9,16 ng/ul. Extrakce DNA z chlupt (n=152) byla také usp&s$na, bylo izolovano
prumérné 486 ng, tzn. 16,2 ng/ul, coz je sice méné nez poskytuje izolace z Klasicky odebraného
materialu (biopsie océaskli, n= 152) 846 ng, tzn. 28,2 ng/ul, ale stale izolace RNA i DNA
poskytla dostatecny vytézek k dalsimu GspéSnému pouziti. Kvalita izolovanych nukleovych
kyselin byla zjisténa pomoci pomért absorbance A260/280. Kvalita RNA byla navic doplnéna
métenim integrity (RIN) na Agilent Bioanalyzer 2100, zjisténa RIN hodnota byla vzdy nad 8,
coz indikuje ptitomnost RNA 0 vysoké kvalité bez znamek degradace. Proto je mozné hodnotit
kvalitu 1 kvantitu izolovanych nukleovych kyselin jako velmi UspéSnou, jak je uvedeno
na Obrazku 29, a vhodnou pro dalsi experimenty. Navic neni potfeba pro zpracovani vzorki

zatazovat zadné specialni kroky jako homogenizace materidlu pro Ucely izolace nebo krajeni
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fezl pro mikroskopickou analyzu. Materidl mtize byt sbiran a zpracovan opakované b&hem

kratkého ¢asového intervalu a ve velkém mnozstvi.

2.

Obrazek 28: Reprezentativni obrazky chlupti po barveni dle Giemsy (zvétSeni uvedeno) ilustrujici

intaktni morfologii po odbéru zafizenim napojenym na vakuum (pfevzato a upraveno z Piilohy 2).
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Obrazek 29: Porovnani uspé&$nosti izolace DNA z biopsii ocaskit a mySich chlupt ziskanych
neinvazivnim odbérovym zafizenim; a vytéZek zizolace RNA z mysich chlupti. Mnozstvi a kvalita
nukleovych kyselin byla zméfena na spektrofotometru ND 1000. Vyslednd data jsou vizualizovana
formou boxploti prezentujicich median naméfenych hodnot, maximalni a minimalni hodnoty, jejich

rozloZeni kvartili a interkvartilovy rozsah a hodnoty odlehlé (pievzato a upraveno z Pfilohy 2).
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4.2.3. Genotypizace pokusnych zvirat

Genotypizace pokusnych GMO je jednim z béznych divodu pro biopsii meékké tkané zvirat
ve vyzkumu i komeréni sféfe. VétsSinou se pro ucely izolace DNA zkoumanym zvitatim
odebere $picka ocasku nebo vyfez z ucha. Aby se minimalizoval stres a bolest téchto zvitat,
etické standardy mnoha zemi vyzaduji pfed samotnym odbérem anestézii zvitat, coz cely proces

prodluzuje a komplikuje, obzvlast’ v ptipadé potieby odbéru velkého mnozstvi vzorkd.

Z experimenti uvedenych v této praci vyplyva, ze mySi chlupové folikuly odebrané vyse
popsanym zpusobem mohou pIné nahradit biopsie tkan¢ za ucelem izolace DNA a napf.
nasledné genotypizace, nebo dalsich pozorovani. K demonstraci moznosti uziti mySich chlupi
pro genotypizaci bylo vybrano 152 potomku z kiizeni samcti my$iho modelu 5XFAD a samic
C57Bl/6. Takovy model je uzivan ke studiu Alzheimerovy choroby a nemoci spojenych
se senescenci [231,232]. DNA ze 152 vzorkt ocaskt a 152 vzorkid chlupovych folikult z tychz
zvitat podstoupilo PCR amplifikaci a naslednou vizualizaci na gelu dvou transgenti: APP
(APP695, kodujici amyloid-beta [A4] mysi/lidsky chiméricky prekurzorovy protein) a PST
(PSENI, kodujici lidsky presenilin 1). Vysledky amplifikace z chlupovych folikuli byly
naprosto konzistentni, shodovaly se s vysledky z océaskti ve vSech 152 vzorcich (pfitomnost
obou transgeni nebo absence obou transgent, zadny vzorek neukézal ptfitomnost pouze
jednoho z transgenti). Z toho vyplyva, Ze chlupové folikuly by mohly plné nahradit biopsie
mekkych tkani minimalné pro ucely genotypizace a to bez ztraty presnosti vysledkt. Priklad
vysledkt elektroforetické separace demonstrujici pfitomnost nebo absenci cilovych transgenua

je na Obrazku 30.
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Obrazek 30: Demonstrace genotypizace vyuzivajici mysi chlupové folikuly jako startovaci biologicky
material. Vysledky elektroforetické separace PCR amplikonll vyjadiujici pfitomnost nebo absenci
transgentt APP a PST (reprezentativni vzorky z mysi €. 111 - 119) v obou testovanych biologickych
materialech - chlupy i ocasky. Na levé strané je zobrazen i velikostni marker 1 kb GeneRuler DNA

ladder (Thermo Fisher Scientific, USA), pfevzato a upraveno z Ptilohy 2.
4.2.4. Barveni jadernych a cytoplazmatickych proteini ve folikulech

Obrazky v této podkapitole obecné dokazuji, Ze mysi chlupové folikularni bunky je mozné
barvit pomoci IF a vizualizovat tak proteiny jaderné i cytoplazmatické, stejn€ jako by se jednalo
o monovrstvu bunék na sklicku nebo v panelu. Tento fakt velmi rozsifuje moznost uplatnéni
tohoto biologického materialu ve vyzkumu. Na Obrazku 31 jsou uvedeny reprezentativni
snimky chlupovych folikulti po IF barveni jadernych proteini. Obrazek 32 pak vizualizuje IF

barveni proteind lokalizovanych v cytoplazmé.
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spojeni

Obrazek 31: Imunofluorescenéni detekce MDM2 a p53 jadernych proteinti v mySich chlupovych
folikulech. Autofluorescence chlupu je viditelna v zeleném i ¢erveném kanalu. Jadra jsou podbarvena
DAPI. A) jaderny protein MDM2 je vizualizovany zelenym kanalem a p53 Cervenym, B) zde nebyla
pouzita zadna primarni protilatka proti p53 k prokazani rozdilu mezi autofluorescenci chlupu a
skuteénym signalem z ¢erveném kanalu ve folikularnich bunkach. Snimky pochazeji z konfokalniho
mikroskopu s rotujicim (z angl. spinning) diskem (Zeiss Cell Observer SD, Zeiss, Némecko) a jsou
zobrazeny s projekci maximalni intenzity po propojeni vice obrazki snimanych v jinych ohniskovych
vzdalenostech (z angl. z-stack scanning). ZvétSeni 60x s olejovou imerzi (pfevzato a upraveno z Piilohy
2).
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Obrazek 32: Piiklad imunofluorescenc¢ni detekce cytoplazmatickych proteind - ribozomalnich proteint
RPS6 a RPL5 v mysich chlupovych folikulech. Jadra jsou obarvena Hoechst 33342 a prezentovana
v modrém kanalu, ribozomalni proteiny v zeleném. Reprezentativni snimky byly pofizeny sloZenim vice
obrazki (z angl. z-stack) z konfokalniho mikroskopu s rotujicim (z angl. spinning) diskem. ZvétSeni 60x

s olejovou imerzi (pfevzato a upraveno z Prilohy 2).
4.2.5. Vliv topicky aplikovanych klastogenii na marker poskozeni DNA

Dale byla otestovana moznost ziskat relevantni informace z mysich chlupovych folikula
po topickém podani latek zptsobujicich DDR. Chemické klastogeny cis-platina a bleomycin
rozpusténé v DMSO byly aplikovany v malém mnozstvi piimo na kiZzi testovanych zvifat.
Bunky mySich chlupt odebranych z exponovanych oblasti skutecné vykazovaly zvySenou
detekci y-H2AX po IF barveni v jadrech v porovnani s kontrolou (Obrazek 33). Tedy lokalni
aplikace riznych chemickych latek a nasledné zhodnoceni jejich U€inki na folikularni bunky
in vivo je realizovatelné a tento fakt velmi obohacuje portfolio aplikaci testovaného

biologického matridlu.
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kontrola
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Obrazek 33: Imunofluorescencni detekce y-H2AX v mysich chlupovych folikulech po topické aplikaci

klastogent bleomycin a cis-platina (upraveno z Piilohy 2).
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43.Cil3

Naplni této casti predkladané prace bylo otestovani potencialn€ senolytickych latek vybranych
v ramci Cile 1 in vivo. Jako model byl uplatnén mysi model replikativni senescence, ktery je
zalozeny na pouziti piirozené zestarlych mysi. Jako biologicky materidl poslouzily mysi
chlupové folikuly, které lze opakovan€ odebirat bezbolestné a neinvazivné, jak bylo potvrzeno
v Cili 2. Pomoci markerd p16 a p21 byly demonstrovany zmény senescentniho stavu bunék.
Nasledné byl optimalizovan a validovan postup indukce akcelerovaného modelu in vivo pomoci

radiace. | v tomto modelu byly otestovany vybrané latky.
4.3.1. Zmény senescentnich markeri v in vivo replikativnim modelu

Alterace v expresi vybranych senescentnich marker (p16 a p21) reflektuji biologicky v&k
testovanych zvifat a to dokonce i v mySich chlupovych folikulech. Senescentni buiiky jsou
vétsinou identifikovany zvysenou aktivitou SA-B-gal [233-235], ale jak jiz bylo zminéno, i
tento oblibeny marker ma své limity [45]. Naproti tomu u markerti pl6 a p21 jsou znamé
funkce, které jsou spojené se senescenci [236-238] a jejich exprese je podstatné zvySena

v siroké Skale lidskych i mySich senescentnich bunék [239-241].

Analyza exprese pl6 a p2l pomoci qPCR prokazala signifikantni zmény exprese obou
sledovanych markerii v mySim modelu replikativni senescence. Logicky nejmarkantnéjsi
rozdily byly potvrzeny mezi skupinou mladych (6 mésici) a starych (2,5 - 3 roky) mysi
(p< 0,05, p < 0,01 nebo p < 0,001 v zavislosti na genu pouzitém k normalizaci dat a na
samotném cilovém genu). Na Obrazku 34 jsou v boxplot grafickém vyjadieni uvedeny ACt
hodnoty obou sledovanych skupin, rozdily v mMRNA expresi daného markeru mezi skupinami
je vyjadien FC hodnotou, pii jejimz vypoctu slouzila jako kontrola skupina mladych zvirat
oproti experimentalni skupiné starych. Pro marker p16 byly vypocitany FC hodnoty 8,03 a
9,59 (p <0,001), pro p21 3,15 (p < 0,01) a 3,76 (p< 0,05). Rozdily mezi expresi sledovanych
markeril senescence nebyly prokazany mezi skupinou mladych a dospélych, jejichz vékovy
rozdil byl pouze 4 mésice (data neuvedena). K potvrzeni vysledkd z qPCR dat, byly vzorky
chlupovych folikuli staré (2,5 roku) a mladé (6 mésicli) mysi porovnany z hlediska zmény
proteinové hladiny markeru p16 i p21 barvenim IF (Obrazek 35). Buiiky pochazejici ze star§iho

zvitete vykazovaly vyssi hladinu proteini p16 i p21.
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Obrazek 34: Analyza exprese markerti senescence. Hladina mRNA p16 a p21 analyzovana z mysich
chlupovych folikuli pochazejicich z mladé a staré mysi je vyobrazena v boxplot grafech, ze kterych
jsou patrné mediany, maximalni a minimalni hodnoty a hodnoty ACt (normalizovany geny GAPDH
nebo ACTB). Vysledky t-testu jsou rovnéz uvedeny (*p<0,05, **p<0,01, ***p<0,001). Obrazek byl

pfevzat a upraven z Ptilohy 2.

DAPI spojeni

stara

mlada

Obrazek 35: Reprezentativni obrazky prokazujici vyssi hladinu proteind p16 a p21 v mysich chlupovych
folikulech starého zvifete (stard) ve srovnani s mladym jedincem (mlada). Jadra podbarvena DAPI jsou
zobrazena v modrém kanalu a signal p16, resp. P21 v zeleném. V samotném chlupu mtiZzeme sledovat
autofluorescenci. Obrazky byly pofizeny konfokalnim mikroskopem s rotujicim (z angl. spinning)
diskem (Zeiss, Némecko) a poskladany z vice snimku (z angl. z-stack). ZvétSeni 60X S olejovou imerzi.

Obrazek byl upraven z Prilohy 2 a ¢aste¢n¢ doplnén.
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DAPI

spojeni

p21

Obrazek 35 (pokracovani): Reprezentativni obrazky prokazujici vys$$i hladinu proteind pl6 a p2l

stara

mlada

v mySich chlupovych folikulech starého zvifete (stard) ve srovnani s mladym jedincem (mlada). Jadra
podbarvena DAPI jsou zobrazena v modrém kanalu a signal p16, resp. p21 v zeleném. V samotném
chlupu muZeme sledovat autofluorescenci. Obrazky byly pofizeny konfokdlnim mikroskopem
s rotujicim (z angl. spinning) diskem (Zeiss, Némecko) a poskladany z vice snimku (z angl. z-stack).

ZvétSeni 60x s olejovou imerzi. Obrazek byl upraven z Piilohy 2 a ¢asteéné doplnén.
4.3.2. Zmény senescentnich markera po aplikaci latek v replikativnim modelu

Systémova aplikace potencialné senolytickych latek (pozn. nové nasyntetizované anebo dosud
neznamé latky jsou anonymizovany pod Cciselnymi kody z diivodu planované ochrany
dusevniho vlastnictvi), které byly vtomto ohledu aktivni piiexperimentech in vitro na
vybranych bunéénych liniich (viz Cil 1), vedla v my$im modelu replikativni senescence
k downregulaci sledovanych senescentnich markeri pl6 a p21. Konzistentnich vysledkt bylo
dosazeno predevsim podanim latky S1, jejiz administrace vedla ke sniZzeni exprese obou gent
a to ve vSech 3 sledovanych ¢asovych bodech v porovnéni se vzorky odebranymi pfed zac¢atkem
aplikace latky. Snizeni exprese bylo stabilni a statisticky signifikantni (p<0,01 nebo p<0,05).
FC hodnoty pro p16 u skupiny S1 byly 0,43 v D8, 0,77 v D15 a 0,43 v D21. V piipadé marker
p21 byly vypocitany hodnoty 0,72 v D8, 0,72 v D15 a 0,74 v D21. Aplikace latky S2 i S3 vedla

u obou cilovych markert k statisticky vyznamnému sniZeni v D15, tedy 5 dni od ukonceni lécby
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(p<0,05). Tento rozdil ale nebyl statisticky vyznamny pted ukon¢enim podavani latky (D8), ani
delsi dobu po ukonc¢eni podavani (D21). Hodnoty FC pro skupinu S2 v D15 byly u p16 0,70 a
u p21 0,77. V piipadé testované latky S3 v D15 byly FC hodnoty pro p16 0,41 a pro p21 0,58.
V kontrolni skupiné€ (K-) ke zménam nedoslo. Data byla normalizovana pomoci méteni exprese

genu GAPDH. Obrazek 36 graficky shrnuje tato pozorovani.

Exprese p16 po aplikaci latek v replikativnim modelu
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Obrazek 36: Analyza exprese senescentnich markert po aplikaci vybranych latek in vivo v replikativnim
modelu (uvedeny hodnoty FC). Hladina mRNA p16 a p21 byla méfena ze vzorkd mysich chlupovych
folikula zvifat o$etfenych vybranymi latkami a srovnavan byl kazdy ¢asovy odbér (D8, D15 a D21) se
stavem pied zacatkem aplikace latek (D1). Naméfené hodnoty byly normalizovany expresi GAPDH.

Vysledky t-testu jsou rovnéz uvedeny (*p<0,05, **p<0,01).
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4.3.3. Zmény senescentnich markeri v in vivo IR modelu

Pocet senescentnich bunck ve tkanich mize byt kromé fyziologického procesu starnuti také
artificidlné zvysen a to napiiklad expozici nejriznéjsim faktorim poskozujicim DNA. Zafeni
gamma je znamym induktorem senescence, dokonce i pii podani nizSich davek -
u experimentalnich zvifat mize dojit k demonstraci detekovatelnych znakli senescence
[242,243]. Navic bylo dokazano, Ze pacienti, ktefi podstoupili protinadorovou terapii (chemo-
a/nebo radio-) maji vyssi pocet senescentnich bun¢k nez neléeni pacienti stejného veku
[244,245]. Timto experimentem je jasn¢ prokazana moznost indukce senescence v zavislosti
na IR v mySim modelu: mekké tkané v ozarené pravé zadni koncCetiné jasné vykazuji znaky
senescence (zvySena exprese P16 a p21) v porovnani s neozafenymi kontrolnimi konéetinami.
Chlupove folikuly byly odebrany v 7 Casovych bodech (prvni jesté pred IR) z obou studovanych
koncetin 10 mysi. Signifikantni navyseni exprese vybranych senescentnich markert p16 a p21
v ozafenych koncetinach byla pozorovana od 21., resp. 28. dne po IR v porovnani se vzorky
odebranymi jesté pred ozarenim. Oba markery zlstaly upregulované az do konce pozorovani
(D35), coz jasné dokazuje indukci senescence v dané tkani. Kvantitativni navysSeni exprese
markert na arovni mRNA nebylo p#ili§ vysoké, nejvyssi primérna FC hodnota byla 2,26 u p16
21 dni po IR. Druhy marker p21 vykazoval slabsi potencial rozlisit senescentni od normalnich
bunék v mysi tkani a to s FC hodnotou na maximu 1,25 (D28). Nicméné zmény byly velmi
vyznamné, v piipadé p1l6 béhem poslednich 3 pozorovani (p<0,001), u p21 béhem poslednich
2 pozorovani (p<0,05). Exprese obou markeri v kontrolnich (neozafenych) vzorcich zistala
béhem experimentu neménna. Vysledek je graficky zndzornén na Obrazku 37. Tato zjiSténi
samoziejmé nabadaji k mySlence pouzit IR model akcelerovaného starnuti v kombinaci
s mySimi chlupovymi folikuly ke studiu senescentnich markerd, starnuti a k identifikaci

senolytickych latek in vivo.

99



*% v

2,5

()

—e— o0zafena koncetina

Fold change

1 kontrolni koné¢etina
0,5 -
0
0 10 20 30 40
Dny po IR
25
2 ®

o—9 —e— 0zafena koncetina

Fold change

kontrolni kond¢etina

£
th

0 10 20 30 40

Dny po IR

Obrazek 37: Zmény v expresi gend pl6 a p2l v ¢ase v mySich chlupovych folikulech po aplikaci
frakcionované davky 3 x 8 Gy in vivo (prava zadni koncetina ozafena, leva zadni koncetina slouzila
jako kontrola). Data jsou vyjadiena jako hodnoty fold change, které byly vztazeny ke vzorkiim z odbéru
DO (kratce pted prvnim IR) a normalizovany pomoci hladin mRNA genu GAPDH. V grafu jsou
zobrazeny pruméry hodnot a smérodatné odchylky. ACt hodnoty z kazdého casového bodu byly
porovnany pomoci parového testu a vysledné p hodnoty jsou vyznaceny na kiivkach pomoci hvézdicek

* p<0,05, ** p<0,01 a ***p<0,001 (ptevzato a upraveno z Prilohy 2).
4.3.4. Zmény senescentnich markeri po aplikaci senolytickych latek v IR modelu

Vsechny 4 skupiny (n =10) mysi podstoupily ozafeni pravé zadni koncetiny frakcionovanou

davkou zareni (IR), ktera dle predchozich vysledk méla vést k navyseni exprese senescentnich
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markertt p16 a p21. Tyto vysledky byly potvrzeny (Obrazek 38), v den D30 doslo k indukci
senescence ve vSech 4 skupinach pokusnych zvifat, resp. ve vzorcich chlupovych folikuli
odebiranych z ozafenych casti téla. Marker pl6 vSeobecné vykazoval vyssi FC hodnoty:
K =3,44, 51 =3,32, S2 = 2,88 a S3 = 2,83. Navyseni exprese v piipad¢ markeru p21 bylo nizsi,
ale i tak statisticky signifikantni: K- = 1,94, S1 = 1,88, S2 =1,70 a S3 = 1,50. Statisticka
prikaznost rozdilit mezi sledovanymi odbérovymi body byla potvrzena u vSech skupin pomoci
p hodnoty (* p<0,05, ** p<0,01 a ***p<0,001), ktera je také soucasti grafii. Timto zptisobem
byl tedy uspésné piipraven in vivo IR model akcelerovaného starnuti, ktery nasledné poslouzil

k aplikaci testovanych latek.
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Obrazek 38: Analyza exprese senescentnich markerti 30 dni po zacatku experimentu (tzn. 30 dni
po zacatku IR 3 x 8 Gy) in vivo na indukci senescence v akcelerovaném modelu starnuti. Hladina mRNA
pl6 a p21 byla métena ze vzorkli mysich chlupovych folikulii zvitat pted (D0) a po (D30) zacatku
ozafeni. Hodnoty ACt byly normalizovany expresi GAPDH a pouzity k vypoctu FC. Vysledky t-testu

jsou rovnéz uvedeny (*p<0,05, **p<0,01).
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Systémova aplikace potencidln€ senolytickych latek (pozn. ndzvy anonymizovany), které byly
v tomto ohledu aktivni pfi experimentech in vitro na vybranych bunéénych liniich (viz Cil 1) a
nasledné se ukazaly byt senolytické i in vivo v my§im modelu replikativni senescence (viz Cil
3), demonstrovaly sviij efekt i v IR modelu akcelerované senescence. Hladiny markerd pl6 a
p21 byly i vtomto ptipadé sledovany pomoci qPCR metody s naslednym statistickym
vyhodnocenim a jako biologicky material byly pouzity odebrané mysi chlupové folikuly.
Kontrolni skupina zvitat, u nichz byla tspé$né indukovana senescence v ozafené Casti téla,
nasledné neprojevila zménu exprese ani v jednom z odbérovych bodu celého experimentu.
Exprese markeru zistala tedy statisticky srovnatelnd se stavem po indukci senescence pomoci
IR (v D30). Srovnani exprese markeri U vSech testovanych skupin Vv dal$im prab&éhu
experimentu je graficky znazornéna na Obrazku 39, ktery demonstruje rozdily v expresi mezi
pocatecnim odbérem 2 (D30) s artificialné navySenou mRNA hladinou p16 a p21 po IR vs.
odbery 3, 4, 5 a 6. Konzistentnich vysledkti po aplikaci latek bylo dosazeno ptedevsim podanim
latky S1, jejiz administrace vedla ke snizeni exprese obou gent asociovanych se senescenci.
Sledovany marker p16 byl aplikaci S1 downregulovan ve 3 (odbér 3,4 a 5) ze 4 odbérovych
bodt, vypocitané FC hodnoty byly 0,74 v D30+7, 0,51 v D30+14, 0,84 v D30+21, posledni
odbérovy den (D30+30, odbér 6) bohuzel neprokazal stabilitu efektu podané latky. FC hodnoty
pro méfeni druhého markeru p21 vykazujici statisticky signifikantni rozdily byly naméteny
v D30+7 0,57 a D30+14 0,57. Latky S2 a S3 prokazaly podobny vzorec ptsobeni u obou
sledovanych genti. Podani obou latek totiz vedlo ke snizeni exprese pii odbéru v D30+7 a
D30+14. FC hodnoty pro skupinu S2 pii sledovani p16 byly 0,69 a 0,71, u p21 byly 0,46 a 0,61.
Systémové podani S3 vedlo ke sniZzeni exprese cilovych markerti, méteno hodnotami FC: pro
pl6 0,51 a 0,47 a pro p21 0,68 a 0,79. Statisticka hladina vyznamnosti byla popsana p
hodnotami jako u ptedeslych vypocta *p<0,05, **p<0,01, *** p<0,001. Vsechny tii sledované
latky prokazaly sviij senolyticky U€inek i v akcelerovaném IR modelu senescence a to v D30+7
a D30+14 se silnou statistkou prukaznosti ptedevs§im v piipad¢ markeru p16. Oba odbéry byly
provedeny tésné po ukonceni prvniho, resp. druhého kola aplikace testovanych latek, z ¢ehoz
vyplyva, ze latky ziejmé nemaji dlouhodoby senolyticky G¢inek a pro udrzeni jejich efektu je

nutné stabilné tyto latky podavat v adekvatnim mnoZzstvi opakovang.
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Exprese p16 po aplikacilatek v IR modelu

1.5

12
% L £ . B o
= % NeE s
g 039 : ***** s _]:_ I BE HS1
) - 1R os2
= 06 x '
= as3
=

0.3

0 'y a'l mEEm ™ "n | EmE

D30+7 D30+14 D30+21 D30+30
Exprese p21 po aplikaci latek v IR modelu

1,5

1.2 1 al
g 09 | 5 - i sl
ﬁ T e * T ey e EHEH ms2

* %

= 0.6 —+ BS3
=]
=

0.3

0

D30+7 D30+14 D30+21 D30+30

Obrazek 39: Analyza exprese senescentnich markert po aplikaci vybranych latek in vivo v IR modelu.
Hladina mRNA pl16 a p21 byla méfena ze vzorkti mysich chlupovych folikuli zvitat oSetfenych
vybranymi latkami a srovnavan byl kazdy ¢asovy odbér (odbér 3, 4, 5, 6) se stavem pred zacatkem
aplikace latek (odbér 2, D30). Hodnoty ACt byly normalizovany podle exprese GAPDH. Vysledky
t- testu jsou rovnéz uvedeny (*p<0,05, **p<0,01, **p<0,001).
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5. Diskuze

Senescence a starnuti jsou v poslednich nékolika letech velmi diskutovanym tématem na poli
biologie 1 mediciny a kazdy den jsou publikovany dal$i nové poznatky, které osvétluji tuto
problematiku. I pres veskeré usili a velké objemy dat, které jsou nyni zvefejiiovany, existuje
spousta nezodpovézenych otazek, nesrovnalosti a nejasnosti ohledné molekularni podstaty
senescence, zpusobu identifikace senescentnich bun€k, univerzdlnosti jednotlivych
biomarkerd, vyuzitelnosti modelii senescence in vitro a/nebo in vivo a v neposledni fadé i
identifikace a aplikace senolytickych latek. Vyznamnou ptekazkou na cesté k lepSimu
pochopeni buné¢ného starnuti je zejména heterogenita jeho fenotypu [246]. At uZ se jedna
0 slozeni SASP, stabilitu a rychlost indukce starnuti a tvorbu SAHF, to vSe je dnes intenzivné
diskutovano v literatufe, ale vSeobecné lze fici, Ze tyto rozdily miiZeme pfipsat zejména
zvolenému typu bunék a/nebo Cinidlu indukujicimu senescenci. Z tohoto divodu potom
sledujeme rozdily mezi primarni a sekundarni senescenci [31], dale rozdily v ramci riznych
tkani nebo v kontextu konkrétniho onemocnéni [247], a v neposledni fadé rozdily v odpovédi
na senescentni terapii, at’ uz se jedna o pro-senescentni nebo anti-senescentni piistup [248,249].
Vsechny zminéné faktory vyznamné komplikuji rozpoznadvani a hodnoceni bunécné

senescence, zejména pak v komplexnich tkanich a zivych organizmech.

V této praci byly pouzity dva modely senescence, jak v in vitro, tak v in vivo experimentech, a
to replikativni model senescence vychazejici z ptirozeného starnuti tkani, resp. organizmu, a
jako druhy model byl vyuzit akcelerovany model senescence zaloZeny na indukci senescentniho
stavu pomoci ionizujicitho zafeni. U lidskych primarnich fibroblastovych linii byla zjisténa
konvergence mezi replikativni a radiaci indukovanou senescenci a to na zaklad¢ identifikace
exprese konzervovanych gent a nékterych drah [250], proto byly v pfedkladané praci vybrany

pravé tyto dva zminéné modely.

(a) in vitro replikativni a radia¢ni model senescence: vybér vhodnych bunéénych linii
pro tento typ studie je velmi obtizny a ovlivnény velkym mnozstvim faktorti. V podstaté
se nedé fict, Ze by nektera linie byla vhodnéjsi nebo lepsi v obecném slova smyslu, resp.
pokud se podivame do literatury, najdeme obrovskou Skalu linii, které byly uZity
jako bunéény model senescence. V piipadé replikativniho modelu se miZe na prvni
pohled zdat, ze zkracovani telomer v diisledku bunééného de€leni, které indukuje prave
replikativni senescenci, je jednoznacny a dobfe popsany proces, ale 1 pfesto mize vést

K ur¢itému stupni heterogenity, pokud srovnavame reakci riznych bunéénych linii.
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Zatimco replikativni senescence je fizena hlavné délkou telomer a expresi telomerazy,
heterogenita jejiho indukce neni stale dobie pochopena. Na zakladé vySe zminénych
limitujicich faktort byla nejprve vybrana lidska bunééna linie MRCS, ktera velmi dobie
reflektuje nastup senescence V zavislosti na bunééné pasazi [251]. Nasledné byly do in
vitro experimentit doplnény i dalsi dvé linie, a to nadorové U20S a HCT116, které
reprezentuji nadory mesenchymalni i epitelialni tkané, u kterych je radioterapie bézné
uzivanym zpusobem lé¢by, s ¢imz souvisi i moznost indukce senescence terapeutickou
davkou IR [252]. Tyto tfi linie byly vybrany na zaklad¢ literatury a doplnény o dalsi
potencialné vhodné bunécné linie. Pii optimalizaci IR indukované senescence bylo
otestovano vice linii, avSak pro dal$i experimenty byly vyuzity pravé tyto 3 zminéné.
Testovani ucinku potencialnich senolytik na buné¢nych liniich v obou modelech bylo
zaloZeno na sledovani nejéastéji uzivaného senescentniho markeru - f-galaktosidazové
aktivity. JelikoZ vétSina bunék exprimuje endogenni enzymaticky aktivni B-gal pfi pH
4,0, SA-B-gal je testovana barvenim pti neoptimalnim pH 6,0, coz zlepSuje schopnost
rozliit normalni a senescentni bunky [253]. Testovani SA-B-gal jako senescentniho
markeru je ale, 1 pfes jeho rozséhlé uZivani, nutné optimalizovat pro kazdou buné¢nou
linii. Pro wurychleni a zefektivnéni testovani SA-B-gal v obou modelech byla
optimalizovana SER spot analyza obrazu a kombinovana s automatickym skriningem a
uzitim 384-jamkovych paneld. Toto nastaveni je inovativni, pracuje s dlouhou dobu
znamym markerem, avSak zafazenym do nového pracovniho postupu, diky ¢emuz
poskytuje v kratkém case velké objemy dat, ktera jsou generovana automaticky. SER
spot analyza obrazu pomoci softwaru Columbus prozatim nebyla k t€émto ucelim uzita,
s vyjimkou publikovaného spoluautorského clanku (Pfiloha 3), kde postup analyzy
obrazu pii identifikaci senescentnich bunék vychazel z nastaveni optimalizovaného pro
tuto praci. VSechny latky testované pro jejich potencialni senolyticky Gc¢inek v ramci
této prace byly jiz diive zatazeny do SirSiho bloku testovani jejich riznych G¢inkt a
biologickych vlastnosti. V této praci jsou zahrnuta pouze data tykajici se senescence a
senolytického efektu. Prozatim nebyla publikovana data popisujici latky S1, S2 ani S3
jako senolytika. Vsechny ti latky jsou derivaty nukleosidi, prokazaly sviij senolyticky
ucinek u vSech 3 linii v IR modelu, coz bylo nésledné potvrzeno v modelu replikativni
senescence na prirozen¢ zestarlych MRCS buiikdch. Chemickou strukturu téchto

kandidétnich senolytik zatim nezvefejiiujeme z diivodu ptipravy patentové prihlasky.
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(b) invivo replikativni a radia¢né¢ indukovany model starnuti: pro udrzeni zptisobu testovani
potencidlné senolytickych latek na replikativnim a IR modelu, byly modely
optimalizovany také wvin vivo nastaveni. Akcelerovana indukce senescence
u laboratornich zvifat je celkem bézné uzivanym postupem [100], avsak v této praci
bylo z etickych divodu ptistoupeno k cilené minimalizaci plochy téla uréené k ozareni
a kazdému zviteti byla aplikovana frakcionovana davka IR (3 x 8 Gy) pouze na jednu
zadni koncetinu, zbytek téla byl ukryt pod olovénym S$titem. Takové experimentélni
uspotadani pak umoznilo sou¢asnou parovou analyzu chlupi z ozafené (senescentni) a
neozafené (kontrolni) casti téla. Pouziti frakcionované déavky zareni k indukci
senescence byla zvolena na zaklad¢ recentni literatury [100,254], klinickych zkuSenosti
a vlastnich pfedchozich poznatcich a optimalizacich. Jednorazova vysoka davka zafeni
nebyla aplikovana, jako tomu je Vv jinych studiich [255], aby se zabranilo vzniku
postiradiacnich koZnich 1€zi, které se pii podani frakcionované davky vitbec neobjevily.
V piipad€ replikativniho modelu se pracovalo se zvifaty ve v€ku 2 - 2,5 roku, coz
koresponduje s prumérnou délkou zivota laboratorni mysi [256]. Pro otestovani
potencialn€ senolyticky aktivnich latek byly vybrany markery p16 a p21, jejichz zmény
exprese na urovni mRNA v obou in vivo modelech byly stéZzejnim vysledkem této prace.
Vseobecné lze fici, Ze vreakci na poSkozeni builka aktivuje fadu molekularnich
signaliza¢nich drah véetné supresorovych drah p16/pRb a p53/p21 (Obrazek 40), které
vedou K tranzientni zastavé bunééného cyklu, aby buika ziskala dostatek casu
na stresovou odpovéd” a opravy zafenim poSkozenych makromolekul. Pokud se
poskozeni podafti opravit, dojde k reaktivaci bunécného cyklu. Pokud si ovSem buiika
s poskozenim poradit nedokaze, nastavaji dvé moznosti, bud’ dojde k apoptdze, nebo
k senescenci, ktera je typicka upregulaci inhibitori cyklin-dependentnich kinaz (p16,
p21), dale SAHF, Bcl-2 proteiny, SA-B-gal, SASP atd. [257]. Zmény exprese obou
pouzitych markerd (p16 a p21) se liSily u riznych vzorkli, model a asovych odbéri,
jelikoz jsou tyto indikatory senescence soucasti riznych signdlnich drah a nastup jejich
exprese tedy mize kolisat a to pfedevsim po aplikaci testovanych latek. NaS ptistup
otevira nové moznosti hleddni novych senolytickych latek a navic monitorovani hladin
mRNA markerit p16 a p21 ve chlupovych folikulech miiZze nahradit jiné pracnéjsi a

méngé piesné metody [258].
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Obrazek 40: Proces indukce senescence v reakci na poskozeni buiky. Pievzato a upraveno

z [257].

Pouziti markeru p16 pro studium senescence je také podpoteno faktem, ze p16'NK4 je velmi
¢asto uzivanym indikatorem tumorigeneze a/nebo starnuti in vivo v my$im modelu p16-YC.
V reakci na vysoce dynamickou indukci pl6 pifi starnuti, byl vytvofen mysi model

6-Y€ [97]. Pro nase ticely byl sice postup uZiti tohoto modelu

S reportérovym systémem pl
optimalizovan (Obrazek 41), ale nakonec pro testovani latek pouzit nebyl. Tento model s sebou
pfinasi i nevyhody a komplikace, v naSem piipadé piedevsim fakt, Ze pozitivni luminiscencni
signal je pozorovan v mistech hojicich se ran [97] (Obrazek 42) a/nebo zanétu [239]. Nektera
zvitata po ozafeni trpéla post-iradianim syndromem a ojedinéle se objevily 1éze na kizi zvitat,

tato mista pak vykazovala pozitivni signal a narusila by tak celkovou analyzu stavu senescence.
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Obrazek 41: Validace p16-“C reportérového systému. A) reprezentativni obrazek spojeni sniméani
reflektance a 5-minutové luminiscence roztoktl bunéénych lyzati z p16-YC homozygotni mysi (biopsie
Spicky ocasku) s/bez ptidavku luciferinu a roztoku luciferinu bez lyzatu. Nejvys$si luminiscenéni signal
byl naméfen v pfipadé pozitivni kontroly. B) porovnani luminiscen¢niho signilu mezi starymi a
mladymi zvifaty vkombinaci se sledovinim sestaveni alel pl16-YC (homozygot vs. heterozygot).
Nejvyssi signal byl nameéten u starého homozygotniho zvitete, podobny signal byl zjistén u starého
heterozygota a mladého homozygota a nejniz$i signal byl nameéfen u mladého heterozygota. Zvifatim
Vv celkové anestézii (inhalace izofluranu) byl 8 minut pfed méfenim injikovan i.p. roztok luciferinu

(15 mg/ml DPBS, v poméru 10 ul/1 g vahy zvitete). U vSech méteni byl po¢itan pramérny signal z ROI

(z angl. region of interest).
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Obréazek 42: Reprezentativni fotografické a luminiscenéni (2-minutovy sbér signalu) obrazky p16-Y¢

mysi s hojicimi se koznimi defekty. Pfevzato a upraveno z [97].

Senolyticky efekt 3 stéZejnich latek byl pozorovan in vivo vobou mySich modelech.
Replikativni model senescence prokazal efekt vSech 3 testovanych latek na pl16 i p21 expresi,
ale az po provedeni obou sérii aplikace latek (odbér v D15). Latky byly podavany ve dvou
sériich v D1-D5 a D8-D12. V piedchazejicim odbéru (D8) doslo ke snizeni exprese markerti
pl6 a p21 pouze po podani latky S1, tzn. po aplikaci prvni série. Pfi poslednim odbéru (D21)
byl pozorovan opét pouze efekt S1. Podle téchto vysledku se zda, Ze nastup efektu S1 je
rychlej$i nez v pfipad¢ ostatnich testovanych latek a jeji G€inek navic pretrvava nejdéle.
Z ¢ehoz také vyplyva, ze pro dlouhodobé pisobeni S2 a S3 je ziejmé poticba jejich
opakovaného podavéani. V IR modelu akcelerované senescence byl pozorovan efekt vSech
3 testovanych latek jiz po podani prvni série (D30+7) a také po podani druhé série (D30+14).
Pfi nasledujicim odbéru (D30+21) pietrval efekt pouze u p16 markeru v S1 skupiné, latky S2 a
S3 sviij ucinek neudrzely stejné jako v pfedchozim modelu a v poslednim odbéru D30+30 jiz
nebyl pozorovan Uc¢inek Z4dné z latek. VSechny tii testované latky sdileji nukleosidovou
strukturu a patii k potencidlnim protinadorovym lé€iviim. Jsou to modifikované nukleosidy,

tzn. nukleobéaze s cukernou jednotkou a neptirodni modifikaci.

Potencialné senolyticka latka s nukleosidovym zdkladem v chemické struktuie se jiz v literatuie
objevila. Jedna se o latku SFURGal, ktera je 5-O-p-D-galaktopyranosylovou modifikaci
toxického nukleosidu 5-fluoruridin (5FUR). V tomto pfipadé bylo vyuZzito zna¢né zvysené
exprese hydroldzy B-galaktosiddza v senescentnich bunikdch jako néstroje k enzymatické
preméné prekurzoru latky na svou aktivni parentalni formu (Obrazek 43). Tento prekurzor byl

testovan pro své pancytotoxické ucinky, byla pozorovéana redukce vedlej$ich u¢inkl v ptipadé
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geriatrickych mysi a navic se podafilo prokazat senolytickou aktivitu. Jak u mladych, starych i
geriatrickych mysi bylo 1é¢ivo dobie sndSeno a prokéazalo senolyticky u¢inek v mnoha tkanich

a to bez zjevné toxicity [259].
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Obrazek 43: Latka SFURGal cili senescenci, aniz by ovlivnila proliferujici nebo quiescentni bunky

in vitro i in vivo. Molekularni struktura prekurzoru a parentalni latky. P¥evzato a upraveno z [259].

Samoziejmé nelze s jistotou fici, Ze vSechny obdobné modifikované nukleosidy budou mit
senolyticky ucinek, ale urcité tato zjiSténi stoji za dalsi prozkoumani a otestovani i dalSich
strukturné podobnych molekul. Je tedy mozné, Ze jisté formy nékterych nukleosidit mohou hrat
vyznamnou roli na poli senoterapie. Je vSak nutné dodat, ze velka Cast znamych senolyticky

aktivnich latek patfi mezi polyfenoly, které jsou od nukleosidl strukturné odlisné.

Pouziti mySich chlupovych folikuli jako biologického materidlu a inovativniho zdroje
informaci je v oblasti prace s laboratornimi zvifaty zndmo jiz del$si dobu. Mysi chlupy se
vyuzivaji ptfedevsim ke genotypizaci GMO zvitat nebo zkratka jako zdroj genomické DNA
pro PCR. O moznostech vyuziti chlupti jako inicidlniho materidlu pro PCR se piSe jak
Vv publikacich [260], tak na konferencich (posterech) [261] a dokonce uz i v navodech vyrobctu
riznych kit slouzicich k témto ucelim (pif. Direct PCR on Hair: A New Animal-Friendly
Genotyping Method, ThermoFisher Scientific). Ve vSech publikacich je ale odbér provadén
pomoci pinzety, soucasti této prace je neinvazivni rychly a jednoduchy zplisob odbéru mysich
chlupii pomoci specidlniho néstroje, ktery extrémné snizuje moznost kontaminace vzork tim,
ze svazek chlupii pevné drzi u sebe po celou dobu manipulace. Velmi dillezitym faktorem
piivyvoji tohoto ndstroje a jeho implementaci do planovanych experimentii bylo dodrZeni
pravidel 3R, humannost pfi praci se zvifaty a co mozna nejvys§i stupeni pohody
experimentalnich zvifat. Mysi chlupy jsou tedy uZivany ke genotypizaci, také na nich bylo
provedeno i napt. IF barveni nebo TUNEL metoda, ale vSechny experimenty vzdy souvisely

s ristem chlupid, zkoumanim rtznych fazi ristu chlupd, atd. [262]. Navic je z piedlozenych
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vysledkl patrné, Ze z mysSich chlupii je mozné ziskat dostatecné mnozstvi nukleovych kyselin
v dobré kvalité. Vétime, Ze tento zptisob odbéru chlupti inspiruje a motivuje dalsi védce k jeho
sirokému uplatnéni v praxi. V této praci jsou mysi chlupy pouzity i jako regulérni biologicky
material slouzici ke studiu senescence (Cil 3), coz je navic doloZeno nékolika zakladnimi
metodickymi priklady (Cil 2). Vyznamnou vyhodou tohoto mikroorganu (chlupovych folikult)
je pritomnost velkého poctu bun¢k na malé ploSe (i rizné typy), které lIze snadno odlisit.
Nejzajimavéijsi a pro vyzkum biomarkerti velmi vhodné jsou zejména buiiky epitelidIni, protoze
napf. vétSina neoplazii ma také epitelidlni ptivod. Posouzeni korelace markeru p16 a starnuti
(senescence) in vivo bylo také provedeno na vzorcich odebrané kize [263] - tkané ze které
chlupy vyrtstaji. Tento fakt uzce souvisi s metodickym postupem, ktery byl v praci pouzit.
V neposledni fadé mize byt tato metoda jednoduse adaptovana na odbéry vzorkti chlupi/srsti
jinych laboratornich zvifat jako jsou potkani, kralici, psi nebo opice a dokonce je mozné odebrat

1 chlupy lidské, coZ otevira fadu moZnosti pro budouci biomedicinské aplikace.
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6. Zavér

Senescence, neboli starnuti na bunécné Urovni, je proces postihujici prakticky vSechny
organismy. Senescence doprovazi ptirozeny proces starnuti a souvisi s fadou patologickych
procesi, které postihuji organizmus v priubeéhu ptirozeného anebo nemoci ¢i Ié¢bou navozené¢ho
akcelerovaného starnuti. S ohledem na rychle starnouci populaci vznikd naléhava potieba
rychle, jednoduse a efektivné detekovat senescentni markery a nasledné identifikovat latky,
které zlepsi stav naSeho zdravi i béhem starnuti a umozni del§i anebo kvalitnéjsi zivot.
V dusledku toho roste zéjem o studium bunééné senescence a vyvoj senolytickych latek, které
mohou eliminovat senescentni buiiky anebo starnuti pozastavit/zvratit jinymi mechanismy.
Tato prace poskytuje detailni informace o moznosti pouziti znamého senescentniho markeru
SA-B-galaktosidazy v novém metodickém nastaveni k detekci senescentnich bunék v bunécné
kultufe - kombinuje se zde totiz pouziti metody pro identifikaci aktivity SA-B-gal, vysoko-
kapacitniho skriningu Vv 384-jamkovych panelech pomoci automatického mikroskopu a
optimalizované SER spot analyzy obrazu. Toto nastaveni umozfiuje rychlou a pfesnou metodu
kvantifikace senescentnich bun€k s moznosti optimalizace na konkrétni bunécnou linii béhem
kratkého cCasu. Predlozené¢ vysledky dokazuji moznost "recyklace" jiz dlouho zndmého a
pouzivané¢ho markeru a jeho vyuziti v novém pftistupu, ktery byl uplatnén ve dvou modelech
senescence (replikativnim a radiaci indukovaném). Diky tomuto postupu byly in vitro
identifikovany senolyticky putsobici latky a jejich uzky vybér byl nasledné¢ zahrnut i
do experimentti provedenych na zvifatech in vivo.

Testovani 3 vybranych latek - S1, S2 a S3 - v replikativnim a artificialnim IR modelu na mySich
potvrdil jejich preferen¢ni cytotoxicky efekt viiéi starnoucim bunikam, coz je dalsi uspésny krok
k identifikaci nového senolytika. Studium senescence a potencialnich senolytik v této praci
bylo navic doplnéno 0 potvrzeni moznosti uzit novy typ biologického materialu - mysi
chlupové folikuly - jako zdroj cennych informaci. Folikuly nemusi slouzit jen k ucelim PCR a
navic byl do rutinniho pracovniho postupu odbéru vzorkl zatfazen specializovany néstroj,
odbérova pistole, umoziujici rychly a reprodukovatelny odbér folikuli bez rizika zkiizené
kontaminace vzorkil. Predkladana préace je prvni, ve které se kombinuje neinvazivni odbér
biologického materidlu a jeho nasledné uziti s experimenty zamétenymi na studium senescence
a identifikaci potencialnich senolytik, a vétim, Ze bude pfinosem pro vyzkum i klinické aplikace

biomarkert a lé¢iv v oblasti nemoci spojenych se starim.
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7. Seznam zkratek

17DMAG
3R
53BP1
SFUR
5FURGal
ACTB
AHGa
Akt

ALL
APH
APP
ATM
ATR
AZA
BCL-2
Bcl-wW
Bcl-X, Bel-XL
BF

BH4

Bp

BrduU
BSA
BSL-2
Bublb
CART
CD9
CDC25B
CDC25C
CDK4/6

17-Dimethylaminoethylamino-17-demethoxygeldanamycin
The 3Rs Rule - replace, reduce, refine

Tumor Protein P53 Binding Protein 1

5-fluoruridin

5'-0-B-D-galaktopyranosylova modifikace SFUR

aktin beta

2-fotonova proba (naphthalimide-based two-photon probe)
AKT serin/threonin kinaza

akutni lymfoblastické leukémie

afidikolin

proteinovy prekurzor amyloidu beta

Ataxia Telangiectasia Mutated, serin/threonin kinaza
Ataxia Telangiectasia And Rad3 Related, serin/threonin kinaza
5-azacytidin

B-Cell CLL/Lymphoma 2, regulator apoptozy

BCL2 Like 2, regulator apoptdzy

BCL2 Like 1, regulator apoptdzy

svételné pole (z angl. bright field)

Bcl-2 homology 4 domain

pary bazi (z angl. base pair)

bromodeoxyuridin

hovézi sérovy albumin (z angl. bovine serum albumin)
biohazard urovné 2 (z angl. biosafety level 2)
serin/threonin kinaza B mitotického kontrolniho bodu
Chimeric Antigen Receptor T cells

¢len proteinové transmembranové rodiny 4 (rodina tetraspanint)
Cell Division Cycle 25B

Cell Division Cycle 25C

cyklin dependentni kinaza 4/6
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CDK, CDKs
Cdknla
Cdkn2a
cDNA
C/EBPp
Chk1

Chk2

CML

D17, D30,...
D

DAC

DDR
DEC1
DEP1
DMSO
dNTP
DOX
DPBS
DRI-FOXO
DSB, DSBs
E2F

E2F-4

EdU

ELFO
ELISA
Ercc

EtOH

FCy

FC

FISH

cyklin dependentni kindza/kinazy

p21, inhibitor 1A cyklin-dependentni kinazy

p16, inhibitor 2A cyklin-dependentni kinazy
komplementarni DNA (z angl. complementary DNA)
CCAAT-enhancer-binding protein f3

Checkpoint Kinase 1

Checkpoint Kinase 2

chronickd myeloidni leukémie

den 17, den 30,...

dasatinib

5-aza-2'-deoxycytidine

odpovéd’ na poskozeni DNA (z angl. DNA-damage response)
deleted in esophageal cancer 1 protein
phosphatidylethanolamine Binding Protein 1
dimethylsulfoxid

deoxyribonukleotid trifosfat

doxycyklin

Dulbecco’s phosphate-buffered saline

D-retro inverso isoform of Fork head box O
dvouvlédknovy zlom/zlomy

E2F transkrip¢ni faktor

E2F transkrip¢ni faktor 4

5-ethynyl-2’-deoxyuridine

elektroforeticka separace

Enzyme-Linked ImmunoSorbent Assay

Excision Repair Endonuclease Non-Catalytic Subunit
ethanol

pratokova cytometrie (z angl. flow cytometry)

fold change

fluorescenéni in situ hybridizace (z angl. fluorescence in situ

hybridization)
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FOXO

Gal

Gal-Pro
GAPDH
GATA4
GFP

GL13

GMO

Gos, GosNC
Gsk3a
H3K9, H3K9Me2
H2AX
HGPS

HP1
HRASv12
HSP90
hTERT

HTS

1Cs0

ICAM-1

IF

IHC

IL-1a, IL-6, IL-8
IR

JAK/STAT

Ki67

lacz

Lmna

LOPAC

Fork head box O
galaktosidaza
proba na detekcei aktivity (z angl. galaktosidazy galactosidase probe)
glyceraldehyd-3-fosfat dehydrogenaza

GATA Binding Protein 4, transkripéni faktor

zeleny fluorescencni protein (z angl. green fluorescent protein)
analog SBB

geneticky modifikované organizmy

galakto-oligosacharidy, galakto-oligosacharidové nanocastice
Glycogen Synthase Kinase 3 Alpha

histon H3K9/methylovany

H2A histone family member X

Hutchinson-Gilford Progeria Syndrome

Heterochromatin protein 1

HRas proto-onkogen, GTPéza, na 12 pozici zména glycin—valin
heat shock protein 90

human telomerase reverse transcriptase,

High throughput screening

koncentrace latky inhibujici buné¢ny rist z 50 % (z angl. The half-
maximal inhibitory concentration)

Intercellular Adhesion Molecule 1

imunofluorescence

imunohistochemie

mterleukin la, 6, 8

ozafeni (z angl. irradiation)

Janus Kinase/ Signal Transducer And Activator Of Transcription
prolifera¢ni marker

gen pro B-galaktosidazu z Lac operonu u Escherichia coli

lamin A/C

knihovna farmakologicky aktivnich latek (z angl. Library of
Pharmacologically Active Compounds)
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MAPK mitogeny aktivovana protein kinaza (z angl. Mitogen-Activated Protein

Kinase)

MCM-41 Mobil Composition of Matter No. 41, mezoporézni material s
hierarchickou strukturou z rodiny silikatovych latek

MDC1 Mediator Of DNA Damage Checkpoint 1

Mdm2 proto-onkogen

MEF mysi embryonalni fibroblasty (z angl. mouse embryonic fibroblast)

mH2A histon makro H2A

MILES The Metformin in Longevity Study

Mrell MRE11 Homolog, reparacni nukledza dvouvlaknovych zlomi DNA

MRI magneticka resonance (z angl. magnetic resonance imaging)

MRN komplex z proteintt Mrell, Rad50 a Nbsl

MRNA messengerova RNA

mTOR Mechanistic Target Of Rapamycin Kinase

MTS kolorimetrickd metoda na stanoveni buné¢né viability

Nav-Gal galakto-konjugovany navitoclax

NC nanocastice

NF-xB nukledrni faktor kappa B

NIR-BG near infrared - B-galactosidase

NK bunky piirozeny zabijak (z angl. natural Killers cells)

NKG2D Killer cell lektin like receptor K1

NOP nociceptinovy opioidni peptidovy receptor

NSB1 Nijmegen breakage syndrome 1 protein

OIS onkogenem aktivovand senescence

OXR1 oxidation resistence 1

p16, p16/NK4a inhibitor 2A cyklin-dependentni kinazy

p16-uc gen pl6 pod luciferdzovym promotorem

p21 inhibitor 1A cyklin-dependentni kinazy

p53 tumor protein P53

p. pasaz

PBS fosfatovy pufr (z angl. Phosphate Buffered Saline)

116



PCR
PEG
PET
PI3K
PL
PML
PMS
Polg
PPP1A, PPla
pPRb
PST

Q
gPCR

Rad17
Rad50
Ras

RIN

ROI
ROS
Rpm
RPS6
RPLS
RT-PCR
SAHF, SAHFs

SASP

SA-B-gal

SB
SBB

polymerazova fetézova reakce (z angl. polymerase chain reaction)
polyethylenglykol

pozitronova emisni tomografie (z angl. Positron emission tomography)
fosfatidylinositol-3-kinaza

piperlongumin

promyelotické leukémie

fenazin methosulfat (z angl. Phenazine methosulfate)

katalyticka podjednotka DNA polymerazy gamma

katalyticka subjednotka a proteinové fosfatazy 1

protein spojeny s retinoblastomem

presenilin 1

quercetin

kvantitativni polymerazova fetézova reakce (z angl. quantitative
polymerase chain reaction)

checkpoint clamp loader component Rad17

reparacni protein dvouvlaknovych zlom Rad50

proto-onkogen Ras

RNA integrity number

cilova oblast (z angl. region of interest)

volné kyslikové radikaly (z angl. reactive oxygen species)
otacky za minutu (z angl. rotates per minute)

ribozomalni protein malé podjednotky 6

ribozomalni protein velké podjednotky 5

reverzné transkriptazova PCR (z angl. reverse transcription PCR)

heterochromatinova ohniska spojena se senescenci (z angl. senescence-
associated heterochromatin foci)

sekre¢ni fenotyp spojeny se senescenci (z angl. senescence-associated
secretory phenotype)

B-galaktosidaza spojena se senescenci (z angl. senescence-associated p-
galactosidase)

senescentni buiky

Sudanska ¢ernn B (z angl. Sudan Black B)
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SCAP/SCAPs anti-apoptické drahy spojené se senescenci (z angl. senescent cell anti-
apoptotic pathway/s)

SCARS segmenty DNA s chromatinovymi zménami posilujicimi senescenci
(z angl. DNA segments with chromatin alterations reinforcing
senescence)

SD smérodatna odchylka (z angl. standard deviation)

SER analyza obrazu Saddle-Edges-Ridges

Sod? Superoxide dismutase 2

Terc Telomerase RNA component

TGF-p transforming growth factor 3

TIF, TIFs mista postizena dysfunkci telomer (z angl. telomere dysfunction-
induced focus)

TUNEL Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling

wWB western blot

B-gal beta galaktosidaza

YH2AX fosforylovany ¢len X z H2A histonové rodiny
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1. Introduction

Senescence and aging are closely connected but not synonymous processes. Aging is
a predictable natural gradual process of the organism and occurs due to pro-aging mech-
anisms such as DNA damage, peroxidation, protein misfolding, resulting in cell death or
senescence. Senescence is the process of the stable and irreversible growth arrest of cells.
This process contributes to aging and age-related diseases, but also physiologically pro-
tects multicellular organisms from neoplasia [1].

The permanent arrest of proliferation at the cellular level was first studied by Hay-
flick and Moorehead in 1961, who showed that the lifespan of primary human cells was
limited to approximately 60 divisions [2]. Since then, senescence has been a popular topic
in biomedical research. Senescent cells have been described in detail along with the mo-
lecular mechanisms underlying senescence as well as associated pathways and/or possi-
ble targets [3-5]. More recently, there have been studies on the selective elimination of
senescent cells and the subsequent tissue rejuvenation or alleviation of disease symptoms
[6-8]. As a result of these efforts, the definition of senescence has evolved from that ini-
tially proposed by Hayflick 2] and others [9,10]. It is currently defined as a cellular con-
dition responding to intrinsic or extrinsic factors (Figure 1), including oncogene activa-
tion, oxidative stress, mitochondrial dysfunction, irradiation, and exposure to chemother-
apeutics [5]. Recently, the oxidative stress theory of aging has been broadly discussed. It
is based on the hypothesis that during aging cells lose their functions due to ROS-induced
damage [11].
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The early stage of senescence is initiated in response to one or more of these stimuli.
During this stage, the senescent cells undergo characteristic morphological changes, be-
coming flat and enlarged. This process is accompanied by nuclear chromatin remodeling
and loss of lamin B1, the induction of an oxidative metabolism in mitochondria, and the
activation of the senescent cells’ anti-apoptotic pathway (SCAP), making the cells resistant
to death. Senescence-associated p-galactosidase activity (SA-f-gal) is also observed due to
an increase in lysosomal activity, and the senescence-associated secretory phenotype
(SASP) is induced. The hallmarks of senescence are illustrated in Figure 2. Autophagy is
also closely connected with senescence, although its precise role is unknown [9]. Autoph-
agy is a process of the degradation of damaged macromolecules or organelles by lyso-
somes in cells after stress stimuli contributing to homeostasis in organisms. It may be as-
sociated with both apoptosis and senescence [12]. Interestingly, an increased level of au-
tophagy leads to cell death, whereas the inhibition of autophagy can trigger senescence
[13,14]. For instance, autophagy in cancer cells can interfere with apoptosis [15], but in
some cases it can actually cause cell death [16]. Similar contradictory evidence can be
found for senescence. Autophagy is a pro-senescence inductor in some cases [17], while
in other situations, impaired autophagy can also lead to senescence progression in certain
cell types [18]. The majority of recent publications indicate that the outcome of autophagy
and senescence interplay depends on the cell type, microenvironment, and perhaps other
circumstances. The importance of senescence in organisms is controversial; it has been
considered beneficial because it was suggested to be an important anti-cancer mechanism
and to play key roles during embryonic development and wound healing. However, it
has also been suggested that it is detrimental because it reduces the regenerative capacity
of tissue, leading to aging, tissue degeneration, and cancer [10]. Both views are likely valid
depending on circumstances, context, age, and health conditions.

Telomere
shortening

x DNA damage
Mitochondrial
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[ &
AQ
Aneuploidy SEsCe 2253333:3
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Figure 1. Cellular senescence can be induced by several stimuli. The first to be identified was telo-
mere shortening, which is closely connected to so-called replicative senescence. Genomic changes,
including DNA damage, oncogene activation, aneuploidy, and epigenetic changes, can also lead to
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SASP

senescence. Other factors that may contribute to irreversible cell cycle arrest include mitochondrial
dysfunction, large-scale ROS generation, and metabolic dysregulation.
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Figure 2. General hallmarks of cellular senescence. Markers strongly associated with senescence and
seen in the majority of senescent cells include an enlarged size and flattened shape. The other fea-
tures shown in this figure are not exclusive to senescence but are collectively considered hallmarks
of the phenomenon. Senescent cells commonly exhibit the activation of the p53 and/or p16 pathways
leading to irreversible cell cycle arrest, chromatin changes, and nuclear envelope disturbance. An
increased lysosomal mass leading to enhanced SA-B-galactosidase activity is also often seen and,
thus, SA-B-galactosidase activity is probably the most frequently used marker of senescence. Senes-
cent cells may also exhibit strong paracrine secretion (SASP), severe mitochondrial disturbance as-
sociated with the activation of anti-apoptotic pathways, and other various characteristics.

Two major senescence-associated pathways have been highlighted in the recent lit-
erature. Both are triggered by various internal or external stimuli and the DNA damage
response (DDR) and lead to the activation of the p53 and/or p16™¥ pathways. The p53
and p21 proteins are essential for the initial phase of senescence, in which cells stop divid-
ing but remain metabolically active. The role of p53 during this phase depends on its con-
centration and post-translational modification as well as the microenvironment. The ex-
pression of p21, which is the main p53 effector, increases dramatically during the initial
phase but then decreases as senescence progresses. P21 contributes to G1/S and G2/M cell
cycle arrest by specifically modulating the activity of the p53 targets CDC25B, CDC25C,
and surviving [19-21]. At this stage, senescence is still reversible. Once the cells pass the
critical point and senescence becomes irreversible, they enter the second phase-senescence
maintenance. This phase is controlled by p16™&é/pRb [22,23] (Figure 3). During senes-
cence maintenance, pl6é expression increases dramatically; accordingly, recent findings
have shown that it plays a major role in this phase. Specifically, p16 and p21 inhibit the
activity of cyclin-CDK complexes and, thereby, regulate the phosphorylation of Rb family
members and E2F target gene expression [24]. Three Rb family members involved in pro-
tein-protein interactions, Rb/p105, p107, and Rbl2/p130, are associated with senescence.
In particular, senescence progression in human cells depends heavily on a complex of
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Rbl2/p130 and E2F-4, which regulates E2F target genes. This complex is inactivated by
CDKs in response to cell cycle progression stimuli. However, if the CDKs are inhibited,
the Rb proteins remain active and repress cell cycle progression [25-28]. Rb family mem-
bers, and especially RbI2/p130, thus, play important roles in cell cycle arrest and senes-
cence maintenance. However, while the entire Rb family appears to be involved in senes-
cence, the functions of most of its members have yet to be fully elucidated [29,30].

Internal factors: External factors:
DNA damage Redox balance
Oncogene activity Nutrition
Telomere shortening Inflammation

Senescence

Figure 3. Senescence activation via the p53 and p16™¥A pathways. Many stress factors can initiate
senescence via the p16 and/or p53 pathways. Under specific circumstances, p16 inactivates CDK4/6,
which leads to pRb accumulation and the regulation of the E2F transcription factors, resulting in
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senescence. DNA damage and DDR can also lead to ATM-Chk2 or ATR-Chk1 regulation with sub-
sequent p33 and p21 activation [10].

2. Senescence Biomarkers and Detection Methods

Senescent cells have several morphological and biochemical characteristics that are
used for their detection in vitro and/or in vivo [31,32]. Because no single marker is suffi-
cient to unequivocally identify a senescent cell, combinations of markers and analytical
techniques are typically used to increase the specificity of detection. Some markers that
are frequently used for this purpose are listed below in Table 1. As mentioned previously,
senescent cells are usually large and flat, and these morphological characteristics can be
observed using light microscopy or flow cytometry (FC) [33,34]. Other techniques com-
monly used to detect senescent cells include immunofluorescence (IF), immunohisto-
chemistry (IHC), Western blotting (WB), reporter assays, dye incorporation, enzymatic
staining, PCR (polymerase chain reaction), FISH (fluorescence in situ hybridization), and
ELISA (enzyme-linked immunosorbent assay). The most suitable detection method will
depend on the objectives of the study and the chosen senescence model. Below we briefly
describe some of the most important markers of each type.

2.1. Structural Change-Based Markers

The first major group of senescence markers consists of markers associated with
structural changes in aging cells. In addition to the previously mentioned changes in cel-
lular size and shape, senescence is often accompanied by an increase in lysosomal activity
that can be detected by enzymatic staining [32]. A particularly notable senescence-associ-
ated lysosomal enzyme is senescence-associated B-galactosidase (SA-B-galactosidase),
which has a pH optimum of pH 6.0 [35-37]. For a long time, SA-f-gal was the gold stand-
ard for senescent cell detection, but recent studies have raised concerns about its specific-
ity. For example, SA-f-gal is active in neurons [38] and expressed in developing embryos
[39], but neither of these observations is thought to be associated with senescence. Conse-
quently, SA-B-gal activity cannot be considered specific enough to identify senescent cells
by itself, although it remains widely used because its activity is closely related to aging
and cellular proliferation status. Another frequently exploited hallmark of senescence is
SA-a-fucosidase activity, which increases with lysosomal activation during aging. Im-
portantly, its upregulation may be more specific than that of SA-B-gal [40]. Additionally
useful as a marker of senescence is lipofuscin—a yellowish-brown residue consisting of
incompletely degraded or metabolized lipids in lysosomes—that accumulates in aging
tissues. Its presence can be detected using light microscopy, by exploiting its autofluores-
cence, or by Sudan Black B (SBB) staining (41,42]. A new biotin-conjugated SBB was de-
veloped for sensitive lipofuscin detection (GL13) that can be visualized using a specific
anti-biotin antibody was also recently reported [43].

Another class of sensitive senescence indicators consists of DDR gene products,
whose expression is usually visualized by immunofluorescence [32]. The DDR protein
most commonly used for this purpose is YH2AX phosphorylated at Ser-139, which accu-
mulates at double-stranded DNA break sites [44] and enables the detection of double-
strand break (DSB) repair pathway proteins. The formation of a DSB leads to the binding
of the MRN complex (Mrel1/Rad50/NSB1), which plays a key role in detecting DSBs [45]
and recruits and activates the ATM (ataxia-telangiectasia mutated) and ATR (ATM and
Rad3-related) protein kinases, [46] which can also be used as markers of cellular aging.
Other notable markers in this group include 53BP1, which co-localizes with YH2AX[47];
MDCT1, which facilitates the recruitment of ATM kinase and, thus, promotes further H2AX
phosphorylation [48]; Rad17, which reacts to local replication stress [49] and telomere dys-
function-induced foci (TIF) [50]. The downregulation of telomerase and telomere shorten-
ing, which can be measured by qPCR or FISH, are also useful markers of replicative cel-
lular aging [51).
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Premature senescence can be induced in human and murine cells by oxidative stress
resulting from exposure to oxygen and certain hydroperoxides. These and other stressors
provoke ROS (reactive oxygen species) production and subsequent DDR, leading to se-
nescence induction [52]. Unsurprisingly, several authors have also linked senescence to
mitochondrial dysfunction because mitochondria are major ROS producers. However, the
induction of senescence by oxidative stress seems to involve complex and poorly under-
stood processes. A recent study identified mitochondrial ROS as essential senescence in-
ducers on the basis that artificial mitochondrial depletion in models of senescence caused
cell cycle arrest without triggering key hallmarks of senescence: there was no increase in
SA-B-galactosidase activity, many SASP factors were absent, and there was no upregula-
tion of p16 and p21 [53]). ROS, and mitochondrial ROS in particular, are thus, potential
biomarkers of oxidative stress-induced senescence that can be detected by fluorimetry or
flow cytometry [54].

Epigenetic changes are also promising markers of senescence in human cells [55]. A
notable example is the formation of senescence-associated heterochromatin foci (SAHF),
which are heterochromatin domains that contribute to the silencing of proliferation-pro-
moting genes in senescent cells [56]. SAHFs are easily detectable by DAPI or Hoechst
33342 staining and subsequent confocal microscopy visualization [32]. These thick struc-
tures bind to several proteins including heterochromatin protein 1 (HP1) and the methyl-
ated form of histone H3K9 [57], which can be detected by IF and could thus also serve as
senescence markers. Another interesting senescence-associated epigenetic change is the
formation of DNA-SCARS (DNA segments with chromatin alterations reinforcing senes-
cence). These chromatin structures may be near-universal senescence markers because
they appear in a majority of senescence subtypes and bind to several proteins related to
DDR and promyelocytic leukemia protein (PML) bodies [58].

The structure of the nuclear lamina changes during senescence, which can affect both
nuclear morphology and gene expression. Accordingly, the loss of lamin B was observed
during DNA damage-, replicative-, and oncogene-induced senescence in human and
mouse cell lines. In addition, lamin Bl mRNA and protein levels in murine tissues fell
during irradiation-induced senescence experiments, making this protein another valuable
senescence marker. The content of lamin B1 in the nuclear membrane can be determined
by qPCR, IF, or WB [59].

Cell Cycle Arrest-Based markers

There are some important negative markers associated with cell cycling that should
be absent in senescent cells. In particular, assays based on the incorporation of bromode-
oxyuridine (BrdU) [60] and/or 5-Ethynyl-2’-deoxyuridine (EdU) [61] should show low or
absent DNA synthesis, and there should be no expression of Ki67, a protein that is exclu-
sively expressed in proliferating cells and is present during all cell cycle phases except G0
[62].

As might be expected, proteins belonging to the p16/RB and p53/p21 senescence in-
duction pathways are also common senescence markers. In particular, the overexpression
of pl6INK4a, pRB, phospho-pRB, or p21, p53, and phospho-p53 can be determined by
WB, IHC, and/or IF [63]. Less well-known molecules from these pathways, such as DEC1
and PPP1A, have also been identified as potential biomarkers. DEC1 is a basic helix-loop-
helix transcription factor that mediates p53-dependent premature senescence [64], while
PPP1A is a catalytic subunit of PPla that is active in the p53-mediated pathway during
oncogene-induced senescence (OIS) [65].

2.2. SASP-Assaciated Markers

Some studies have tracked cytokine secretion associated with the SASP, which is
characterized by the extensive secretion of pro-inflammatory compounds [66]. The secre-
tion of SASP factors into the microenvironment of tissues is induced during damage- or
oncogene-induced senescence and can be detected by WB, ELISA, or SASP-specific assays.
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The detection of several SASP-associated compounds and structures has been discussed
in recent publications, but confirming senescence based on these markers alone is very
challenging and the results obtained can be misleading because these substances are also
secreted by non-senescent cells under some conditions. The SASP Atlas protein database
was recently made available to address this issue [67]. Common SASP factors secreted by
senescent cells include signaling molecules such as interleukins (e.g., IL-6 and IL-8), mem-
brane-shaded adhesion molecules [68], and other growth factors [69].

2.3. Other Markers

A final important group of senescence markers consists of plasma membrane-associ-
ated proteins such as ICAM-1 or DEP1, which are expressed strongly during senescence
[70]. In addition, senescent cells exhibit elevated levels of pro-survival/anti-apoptotic pro-
teins such as Bcl-2 and Bel-X. The suspension of apoptosis can be confirmed by detecting
an absence of Annexin V or the cleaved forms of certain caspases [6,71].

It is important to note that there are ongoing efforts to identify alternative and more
specific senescence markers, so a comprehensive list of all reported markers would be
very difficult to compile. However, the preceding discussion and the table below cover all
of the main biomarker groups and name several important biomarkers from each group.

Table 1. Notable senescence markers and methods used for their detection.

Marker
Senescent Cell Feature ~ Biomarker Level Senescence Type Detection Method
Change
: . wideand ; ;
morphological changes morphology, size fatbened general light microscopy, FC
SA-B-galacto- in- R
i croned general enzymatic staining
lysosomal activity ~ SA-a-fucosidase & 7 general enzymatic staining
Lipofuscin ™ general SBB, GL13
in- 3
yH2AX i general/damage-induced IF
in- 3
Mrell creased general/damage-induced IF
in- :
Rad50 creased general/damage-induced IF
NSB1 crelz:ed general/damage-induced IF
ATM croneq  Beneral/damage-induced IF
DNA damage, DDR A
ATR S general/damage-induced IF
in- P
53BP1 PSRy general/damage-induced IF
in- :
MDC1 creased general/damage-induced IF
in- 3
Rad17 connaed general/damage-induced IF
in- .
TIF creased general/damage-induced IF
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DRI e BrdU i general staining incorporation, IF
s EdU ﬂde- i general staining incorporation, [F
lack of proliferation Kie? ade- i general IHC, IF
PlINKda e general WB, IHC, IF
P16/pRB pathway pRB s general WB, IHC, IF
in-
ho-pRB 1 WB, IHC, IF
phospho-p iy genera C
ps3 e e general/damage-induced WB, [HC, IF
p21 ey general/damage-induced WB, [HC, IF
P53/p21 pathway phospho-p21 " in- general/damage-induced WB, IHC, IF
in- ; .
DEC1 S general/damage-induced IHC, IF, special assay
PPP1A 5 a3 general/damage-induced THC, special assay
in- g 2 )
ROS ROS i i general/oxidative stress-induced fluorometry, FC
telomere length telomere PR replicative-induced gPCR, FISH
in- F DAPIfHoechst, confocal mi-
SAHFs - general/damage-induced sty
in-
HFPl-gamma general/damage-induced IF, IHC
SAHFs i
H3K9-methylation - general/damage-induced IF
PMLbodies £ general/damage-induced IF
; de-
bra 1 Bl 1 WB, IF, R
nuclear membrane amin = genera gPC
cytokine secretion SASPs o - i damage-foncogene-induced WB, ELISA, SASP-assay
plasma me_rnbra.ﬁe in-  general/replicative-/oncogene-in- IF, WB, THC, FC
- proteins creased duced
Apoptosla lOs: cent general IF, IHC

tion

2.4. Probes for Tracing Senescent Cells

Many fluorescent probes have recently been designed to monitor f-gal activity in
senescent cells in vitro. Initially, they were validated only on human cells transfected with
plasmids bearing the Escherichia coli lacZ gene. However, such models cannot reproduce
the endogenous cellular B-gal activity caused by senescence. The first fluorescent probe
for tracking senescent cells in vitro was tested in human diploid fibroblasts in replicative
senescence. This probe emits blue-to-yellow light in response to f-gal activity and exhibits
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excellent photostability as well as low toxicity [72]. A few years later, Gal-Pro was intro-
duced as a highly photostable fluorescent probe that responds rapidly and sensitively to
B-gal activity in living cells undergoing oxidative stress-induced senescence [73]. These
probes have different chemical structures but are similar in that they are initially non-
fluorescent (OFF) in cells but are converted into fluorescent (ON) forms by the activity of
p-gal, leading to the emission of detectable light. For in vivo imaging, one can use AHGa,
which is an OFF/ON fluorescent probe containing a bond that is cleaved by B-gal in chem-
otherapy-induced senescent cells in mice [74]. Another recently developed probe for de-
tecting senescent cells in cell culture and animal models is NIR-BG. This compound re-
sponded very well in drug-/radiation-/chemotherapy-induced senescent cells [75]. How-
ever, clinical applications of these probes are limited by their poor tissue penetration,
which prevents detection by MRI or PET.

3. Cellular Models of Senescence

In vitro experiments are used to study biological phenomena in a controlled environ-
ment, potentially enabling the detailed analysis of multiple events simultaneously. How-
ever, cell and tissue culture flasks cannot perfectly replicate the external environments of
cells in the tissues of an intact organism. There are two main ways of studying senescence
in vitro: (1) by inducing senescence in the target cell line using exogenous factors, and (2)
by using a cell line model designed for use in aging experiments or similar studies.

Replicative senescence in vitro is induced quite easily by simply passaging cells in
culture. Due to constant telomere shortening [50,76), senescent cells are obtained in a few
days or weeks, depending on the cell type and passage. Typical protocols for inducing
replicative senescence in human diploid fibroblasts (e.g., WI-38 or IMR-90) include a cul-
turing method, a splitting time, and confluence recommendations. However, all condi-
tions and parameters must be optimized individually for specific cell types [32].

Multiple factors can initiate stress-induced or premature senescence (5]. The induc-
tion factor most commonly used in vitro and in vivo is radiation, which causes accelerated
senescence in both cancer and normal non-malignant cells [77,78]. A key parameter in
senescence induction by radiation is the dose: lower doses (0.5-10 Gy) cause senescence
but higher doses (>10 Gy) can induce apoptosis. These responses depend on the severity
of the radiation-induced DNA damage and DDR pathway activity [79]. Moreover, the ef-
fects of fractionated radiation can differ from that of the same quantity of radiation deliv-
ered in a single dose. For example, low-dose fractionated radiation-induced the p53/p21
pathway, resulting in a more significant senescence phenotype than a single higher dose
even though the same total dose administered was identical [80]. Therefore, radiation-
induced senescence depends on four crucial factors: (1) the dose rate, which affects the
type and rate of DNA damage and the subsequent DDR; (2) the transformation and/or
differentiation status of the targeted cells, e.g., cancer versus normal somatic cells may
respond differently; (3) the cell type; and (4) the growth rate. Thus, the induction of senes-
cence may differ among various cells in the same organ [81]. A typical protocol for induc-
ing senescence with radiation involves applying a 10 Gy dose followed by light micros-
copy monitoring of morphological changes. Senescence markers are subsequently ana-
lyzed, but no sooner than from 7 to 10 days after irradiation [32].

ROS, such as hydrogen peroxide, superoxide anions, and hydroxyl radicals, are also
important senescence induction factors because the oxidative stress resulting from ROS
exposure causes damage [82] that can provoke senescence in human and rodent cells
[52,83]. ROS production is triggered by exogenous and endogenous sources. The most
important source is mitochondria, whose dysfunction has repeatedly been linked to aging
and senescence [84]. The ROS generator most used to induce senescence in vitro is hydro-
gen peroxide. However, when using Hz0: for this purpose, its concentration must be op-
timized for each cell type individually by performing dose-response experiments to avoid
cell death; high ROS concentrations promote apoptosis whereas lower doses activate the
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P53/p21 pathway [85]. Senescence is induced by incubating cells in a growth medium con-
taining an appropriate H20z concentration (typically in the range from 50-800 uM) for four
days. This treatment is then repeated and the shape of the cells is monitored; the onset of
premature senescence is indicated by the detection of morphological changes resembling
those associated with replicative senescence [86).

Senescence is one of several anti-neoplastic defense mechanisms in cells; instead of
transformation, cells may enter a so-called intermediate state and become senescent. This
process can be imitated in the laboratory, enabling the artificial induction of a senescence-
like state through oncogene activation combined with the accumulation of tumor suppres-
sors such as p53 and p16. The oncogene Ras can be used for this purpose [87]; a Ras-based
protocol producing retrovirus-containing cells within six days has been developed involv-
ing transduction using the HRASv12 retroviral vector followed by puromycin selection
and monitoring of typical senescence markers [88]. It was also reported that oncogene-
induced senescence (OIS) can be triggered by using doxycycline-inducible expression of
mutant RASV12 in a BJ-Ras system [89]. Unfortunately, retrovirus manipulation requires
a biosafety level 2 (BSL-2) facility, making these protocols difficult to implement in some
laboratories. It is also not always easy to obtain ready-to-use senescent cell lines, although
an aging cell repository exists [90].

4, Animal in Vivo Senescence Models

In vivo studies can confirm in vitro findings and represent an important intermediate
step between experiments on cell cultures and clinical trials. Animal models, particularly
murine models, are usually used to follow up on and evaluate in vitro findings. In addi-
tion, the results of in vivo experiments can provide otherwise inaccessible insights into
senescence induction mechanisms and facilitate the identification of possible therapeutic
targets. Importantly, animal models are based on intact organisms and, thus, include all
of the effects that individual tissues and molecular pathways have on each other. In gen-
eral, the artificial induction factors or induction systems used in murine models of senes-
cence and/or aging are very similar or identical to those used in cellular models. Because
different murine models and methods of inducing senescence have different qualities and
effects, care must be taken to ensure that the chosen model is well-suited to the planned
experiments and their objectives.

Animal models of senescence often use naturally aged mice (mostly 2 2 years old) [8],
but this approach is inevitably time-consuming. Consequently, artificial murine models
exhibiting accelerated aging have been developed. These models have genetic character-
istics similar to those seen in human progeroid syndromes, such as Hutchinson-Gilford
progeria syndrome (HGPS), Werner syndrome, XFE progeria, or Trichothiodysthrophy
[91], and undergo premature aging that resembles natural aging. These genetically modi-
fied animals exhibit the abnormal expression of genes encoding cell cycle checkpoint com-
ponents (Cdkn2a, p53, Bublb, etc.), proteins involved in DNA repair and maintenance
(Ercc genes, Polg, Terc, etc.), proteins affecting nuclear mechanical properties (Lmna),
ROS scavenging enzymes (Sod2), and signaling pathway components (Gsk3a) [92]. For
many such models, senescent cells can only be detected during end-point analyses using
euthanized animal tissues. Methods that have been used include gRT-PCR analysis of p16
or p21 in snap-frozen tissues, measurement of SA-f-galactosidase activity in fresh tissue
samples, and ISH of p16 in fixed samples. Other markers such as ATM, ATR, H2AX, p53
or p21, and/or SASP factors are also sometimes examined by immunoblotting. Alterna-
tively, murine blood can be collected to determine the expression of p16 in peripheral
blood T lymphocytes, or plasma/serum can be sampled to evaluate senescence-associated
changes in the secretion of SASP factors such as chemokines, cytokines, and matrix met-
alloproteinases using ELISA-based methods [93]. Long-term in vivo monitoring of senes-
cence markers, such as p16, can also be achieved through imaging. The most famous
model used for this purpose is known as the p16LUC mouse. These animals express the
luciferase gene under the control of the p16INK4a promotor throughout their genome.
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Luciferase is, therefore, expressed whenever the p16 promotor is activated during senes-
cence induction and can be detected by injecting the mice with the substrate luciferin,
whose processing by luciferase generates measurable luminescence. In this case, euthana-
sia is performed only after the target marker is detected and the induction of senescence
has been confirmed, unlike in other methods [94].

Premature aging can also be induced in mice by treatment with ionizing radiation. It
is generally accepted that there is a close relationship between radiation sensitivity and
aging. A dose from 5-10 Gy is typically used, depending on the irradiation susceptibility
of the mouse strain in question. A single or a fractionated dose serves as the senescence
induction factor. Depending on the aims of the experiment, one may irradiate the whole
animal or just a part of the body, which is gentler in general. Two to six-month-old mice
are suitable for irradiation, and non-irradiated mice can be used as controls. Alternatively,
one can use two animal groups of different ages, e.g., 2-month-old animals as a young
group and 24-month-old animals as old controls. The organs most frequently collected for
examination are the lungs, liver, and kidneys, although the brain is sometimes a useful
source of information. The isolation of nucleic acids followed by PCR analysis may be
performed to obtain information on changes in gene expression. In addition, Western blot
analysis may be used to clarify changes in protein levels, IF can be used to perform im-
munological analysis, and classical SA-Bgal assays or measurements of BrdU incorpora-
tion may be helpful in some cases [95-98].

Recently, we have developed the method to obtain mouse and human hair follicular
cells for genotyping, quantitative PCR, and guantitative immunofluorescence. The follic-
ular cells were conveniently and non-invasively used for routine genotyping and the mon-
itoring of cellular senescence in natural and experimentally (radiation)-induced aging
[99].

Other ways of inducing artificial senescence are less commonly used in vivo. Oxida-
tive stress is rarely used as an induction factor in mice, except for the D-galactose model.
D-galactose serves as an artificial senescence inducer in animal models. Increased D-ga-
lactose induces ROS production and decreases antioxidant enzyme capacity. This partic-
ularly affects the brain, leading to memory loss, learning impairment, cognitive dysfunc-
tion, senescent cell accumulation in the brain tissue, shorter lifespan, and weakness, all
resembling the aging phenotype [100-102]. The mechanism of D-galactose-induced aging
is not clear, but recent studies indicate the accumulation of advanced glycation end prod-
ucts and ROS int tissues and cells, for instance, erythrocytes [103]. Usually, 2- to 3-month-
old mice are administrated with a daily injection of D-galactose (100-500 mg/kg/day) sub-
cutaneously for 7-12 weeks. The animal model is most frequently used for the functional
testing of memory affected by senescent cell accumulation and their possible elimination
with senolytics [104-107]. Importantly, the D-galactose senescence induction model was
also validated in vitro [108], and relevant biomarkers such as p16, p21, p53, and/or SA-§-
gal were detected [109]. Controlled oncogene activation to induce senescence in animals
presents several difficulties; depending on the overall conditions, Ras-activating muta-
tions may cause either proliferation or senescence in mice. This was demonstrated in a
study using doxycycline-inducible transgenic mice, in which the outcome was shown to
depend strongly on the Ras activation level, low activation promoted proliferation, while
high activation triggered cellular senescence. These results indicate that Ras can be used
to induce artificial senescence in vivo but its activation must be titrated very carefully
[110]. In addition to the doxycycline-based transgenic model, Ras activation is used in a
model designed for lung cancer research where the oncogene is activated by the intranasal
administration of viral precipitates [111}

A decade ago, the CDK4/6 inhibitors (abemaciclib, palbociclib, ribociclib) were intro-
duced to the clinic for the treatment of solid tumors. Those compounds induce G1 cell
cycle arrest in cells and tissues [112-115]. The effect on treated cells depends on various
factors, but in general, the compounds induce quiescence or senescence. Quiescent cells
retain the capacity to exit the cell cycle arrest, whereas senescent cells perform a highly

158



Int. J. Mol. Sei. 2022, 23, 4168

12028

stable or permanent phenotype. CDK4/6 inhibitors were proven as quiescence and/or se-
nescence inducers in vitro and in vivo in many studies [116-125]. A widely used protocol
for senescence induction in mice consists of 14-week-old mice treated with abemaciclib
administrated intraperitoneally [126] and palbociclib [116] or ribociclib applied by oral
gavage [127]. Although cellular and animal models indicate the specific role of senescence
in both the efficacy and toxicity of CDK4/6 inhibitors, the importance of senescence in
clinical settings remains to be clarified.

5. Premature Aging Therapy

Aging is closely connected to an increased risk of many chronic diseases (including
heart failure, myocardial infarction, dementia, strokes, many cancers, diabetes, blindness,
or metabolic, renal, lung and bone dysfunctions), geriatric syndromes (frailty, sarcopenia,
falls, incontinence, and cognitive impairment), the general deterioration of physical con-
dition (leading to prolonged recovery from injury and increased incidence of infection),
and mortality [128]. Because senescence contributes to many age-related pathologies
[129], there is great interest in alleviating or eliminating the burden of senescence. This
has led to the emergence in the last ten years of a new scientific discipline called senother-
apy that focuses on aging, life extension, and quality of life while aging [130). Key objec-
tives in senotherapy are to increase the human lifespan and rejuvenate the function of
certain tissues. The elimination of senescent cells from cell cultures, tissues, and even
whole organisms may be possible with the assistance of senolytic drugs [131]. At present,
major research areas within senotherapy include (i) searching for new senolytic drugs; (ii)
determining the efficacy, selectivity, side effects, and other features of senolytic drugs in
vitro, in vivo, and more recently, in humans; (iii) identifying effective drug delivery strat-
egies; (iv) optimizing dosing and drug administration schedules; (v) identifying optimal
markers of senescence to monitor therapeutic efficacy. Interest in this field has grown rap-
idly as potential clinical applications have emerged, and many start-ups and biotech com-
panies have invested resources, time, and money into senolytic drug research [132]. Be-
cause this field is evolving rapidly, new findings are frequently reported, and new termi-
nology has emerged. A glossary of commonly used terms relating to senescence is pre-
sented in Table 2.

Table 2. Basic glossary of new terms associated with senescence and senotherapy.

Term Description
Biological aging. Process of senescent cells (SCs) accumulation, SCs do not function,
Senescence but they are metabolically active and remain in tissues. SCs are closely associated with
age-related disorders.
Senotherapy (Senolysis) Removal of senescent cells.
Senolytic drugs (Senolytics) Class of drugs selectively eliminating SCs.
Secbiees Agents affecting epigenetic regulators to reaqivate programs of youthfulness and re-
generation.
Senomorphics Small molecules inhibiting SASP.
Senostatics Drugs interfering cells entering to senescence.
Senomodulators Drugs suppressing SASP activity.
Senosuppressors Therapeutics slowing down SCs accumulation rate.

5.1. Senolytic and/or Senotoxic Small Molecules

When considering senolytic drug research, a few major therapeutic approaches and
targets stand out. Logically, the first approach proposed in this area involved targeting
the senescent cells themselves, in particular their resistance to apoptosis [133] and other
pathways involved in senescence. However, efforts have also been made to target the
SASP, which is a key characteristic of senescent cells that is regulated independently from
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cell cycle arrest. [134] In addition, it is possible to induce the immune system to target
senescent cells [135], and it may be possible to revoke the irreversibility of senescent cell
fate [136]. Until recently, the cell cycle arrest of senescent cells was considered irreversible,
but new studies have demonstrated they can re-enter the cell cycle in tumors [137] or can
be reprogrammed into pluripotent stem cells [138]. As previously discussed, cells respond
to oncogene activation with cellular senescence activation, but it is not always permanent.
Cells may enter cell cycle again after some time spent in senescence, particularly if they
gain epigenetic alterations derepressing the expression of anti-senescence genes, for in-
stance, hTERT [139]. Tumor senescence is also one of the strategies of cancer cells to avoid
the cytotoxic effects of anticancer therapy allowing survival in dormancy. Unfortunately,
this may result in reservoir of tumor cells for future disease recurrence [140]. With regards
to possible anticancer therapy, we can mention senescence key signaling molecules such
as p16, p21, and p53 that also operate as regulators of stemness, because a gain of stemness
in cancer cells can influence tumor aggressiveness and clinical outcome. It was shown that
senescence-associated stemness is a detrimental feature helping cells to exit from cell cycle
arrest and cause tumor recurrence [137,141]. Therefore, potential future use of senolytics
includes anticancer therapies [142,143]. The most important targets of senolytic drugs
identified to date are illustrated in Figure 4.
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Figure 4. Molecular targets of senolytic drugs.

Senescent cells are characterized by the activation of anti-apoptotic pathways involv-
ing the BCL-2 protein family, p53, and the PI3K/AKT axis. Consequently, many current
senolytic drug candidates target these proteins.

5.1.1. Anti-Apoptotic Pathways

The inhibition of BCL-2 family proteins causes selective apoptosis in senescent cells.
Navitoclax (ABT263) and its paralogue ABT-737 are first-generation senolytic drugs that
inhibit BCL-2, BCL-Xt, and BCL-w and thereby induce apoptosis in diverse cell types
[6,144,145]. Both drugs also deplete senescent cells in vivo in sublethal irradiated and/or
naturally aged mice [6,146], and Navitoclax suppresses SASP factor release in cells from
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old mice [146]. An unfortunate drawback of these compounds is their toxicity towards
neutrophils and platelets, which limits their potential for clinical development [147]. This
problem prompted the development of second-generation BCL-2 family inhibitors such
as A1331852 and A1155463, which cause apoptosis in some human cell types [148]. An-
other notable anti-apoptotic target for senolytic drugs is the BH4 domain, which is the
functional component of all anti-apoptotic protein family members [149]. Potentially use-
ful starting points for developing new senolytic agents targeting this domain include the
recently discovered alkaloid Piperlongumine (PL) [150] and its analogs Geldanamycin,
Tanespimycin, and Alvespimycin [151]. PL is a natural compound isolated from trees of
the Piper genus that preferentially kills oncogene activation-/radiation-/replicative stress-
induced senescent cells. Its effects were initially attributed to the induction of apoptosis
[152], but more recent results suggest that it targets OXR1 (oxidation resistance 1), a pro-
tein that is upregulated in some senescent human cells and which regulates the expression
of many antioxidant enzymes. PL binds OXRI directly, leading to its degradation [153]. A
final notable anti-apoptotic senolytic drug is Panobinostat, which suppresses Bcl-Xu ex-
pression in chemotherapy-induced senescent cells [154].

5.1.2. PI3K and Other Kinases

The first generation of hypothesis-driven senolytics includes some well-established
small molecule drugs such as Dasatinib (D) and the flavonoid Quercetin (Q), which target
multiple tyrosine kinases and PI3K, respectively. Dasatinib was originally an anti-cancer
agent but also has senolytic effects in human senescent adipocyte progenitors. Quercetin
is a natural compound with senolytic effects in umbilical vein endothelial cells. Their in-
dividual and combined senolytic effects have been demonstrated in vitro and in vivo
[155]. Another compound in this group is the naturally occurring flavone Fisetin, which
inhibits the PI3K/Akt pathway and has a stronger in vitro senolytic effect than quercetin,
while also displaying lower toxicity and more selective Bel-xL inhibition than Navitoclax.
Other notable flavones are luteolin and curcumin, which performed well when tested to-
gether with Fisetin as a combined senolytic treatment [148,156]. However, the D +Q com-
bination provided better overall senolytic performance.

5.1.3. The p53 and p16 Axis and The DDR Pathway

As mentioned in the preceding sections, the p53 pathway plays a key role in regulat-
ing apoptosis and senescence and is, therefore, an attractive target for senotherapy. FOXO
(Fork head box O) transcription factors are involved in diverse cellular functions includ-
ing the induction of cell cycle arrest and senescence following interactions with p53 [157).
It was recently shown that the D-retro inverso (DRI)-isoform of FOXO4 can perturb the
interaction of FOXO4 with p53 and thereby cause p53 to be excluded from the nucleus,
triggering apoptosis in senescent cells both in vitro and in aged mice [150,158]. High-
throughput screening of a small library of compounds in Erccl mouse embryo fibro-
blasts (MEFs) with diminished repair capacity also revealed HSP90 inhibitors to be poten-
tially useful senolytic agents: the HSP90 inhibitor 17-DMAG reduced p16 expression in
both MEFs and a human progeroid syndrome model (Erccl~* mice) [159]. Another screen
identified the novel ATM inhibitor KU-60019 as a drug that alleviates senescence. ATM
regulates lysosomal acidification, and treatment with KU-60019 reduced SA-f-galacto-
sidase activity eliminated dysfunctional mitochondria and induced metabolic reprogram-
ming in human fibroblasts. In addition, treatment with this compound facilitated wound
healing in aged mice [160].

Another approach to senolytic discovery involves targeting a different characteristic
of senescent cells—the SASP, i.e., their secretion of growth factors, chemokines, and cyto-
kines. Under certain conditions, suppressing the deleterious paracrine and autocrine
SASP effect can be more beneficial than affecting cell cycle arrest [134]. Many signaling
pathways are at least partially involved in SASP regulation (mTOR, MAPK, PI3K, and
GATA4/p62). They intersect in the induction of NF-xB and the CCAAT/enhancer binding
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protein beta (C/EBPP) pathway, which offers a wide range of targets for senotherapy [66]).
NF-xB is the major signaling pathway involved in SASP activation [161].

5.1.4. NF-xB and C/EBPP Regulation

Senolytic drugs can also directly target NF-xB or C/EBPB, or upstream regulators of
NF-xB. For example, the serine/threonine kinase mTOR influences IL-1a expression and
activates NF-xB via its interactions with the MAPK pathway. Accordingly, the mTOR in-
hibitor rapamycin was recently shown to cause the partial suppression or degradation of
SASP components [162,163]. MAPK inhibitors (primarily p38MAPK inhibitors) have also
been tested for senolytic activity but have only shown interesting results in some cell types
or induced at best partial senolytic effects [163,164]. However, the activity of NF-kB can
be suppressed by Nutlin-3a in a p53-dependent manner because it inhibits Mdm2. Similar
results were obtained with two other Mdm2 inhibitors, UBX0101 and MI-63 [124,165,166].
In addition, metformin and resveratrol reduce the nuclear translocation of NF-kB, leading
to the inhibition of some SASP components and have, therefore, been studied as potential
senolytic drugs [167,168]. Another transcription factor influencing the expression of SASP
components is C/EBPB, which is regulated by JAK/STAT pathway activation [169]). The
drugs Ruxolitinib (INCB18424) and Momelotinib (CYT387) target JAK/STAT and, thus,
significantly reduced SASP secretion in radiation-induced senescent human preadipo-
cytes, and Ruxolitinib also had an effect in 2-year-old mice [170]. Another option is to
target a specific SASP component (e.g., a certain interleukin or its receptor) using a target-
directed monoclonal antibody. Such antibodies have already been developed [171].

5.2. Other Approaches to Eliminate Aging Cells

We have recently performed a high-throughput automatized screening HTS of the
commercial LOPAC®Pfizer library on aphidicolin-induced senescent human fibroblasts,
to identify novel senolytics. We discovered the nociceptin receptor FQ opioid receptor
(NOP) selective ligand 1-[1-(1-methylcyclooctyl)-4-piperidinyl}-2-[(3R)-3-piperidinyl]-
1H-benzimidazole (MCOPPB, a compound previously studied as a potential anxiolytic)
as the best scoring hit. The ability of MCOPPB to eliminate senescent cells in in vitro mod-
els was further tested in mice and in C. elegans. MCOPPB reduced the senescence cell bur-
den in peripheral tissues but not in the central nervous system. Mechanistically, MCOPPB
treatment activated transcriptional networks involved in the immune responses to exter-
nal stressors, implicating Toll-like receptors [172].

Since oxidative stress was linked to many age-related pathologies and senescence
itself, some studies researched the possible therapeutic impact of antioxidants. For exam-
ple, vitamins A, C, and E [173,174] were intensively investigated for their possible anti-
aging effects. Unfortunately, those trials did not show any stable and convincing results
supporting preventive vitamin use to reduce mortality [175]. The problem might be in
targeting antioxidants to a particular tissue and also in antioxidant suitability for the dam-
aging species. Another antioxidant compound, coenzyme Q10, plays an important role in
mitochondrial respiration [176] and its deficit was associated with many pathological pro-
cesses. Coenzyme Q10 is safe, well-absorbed, and distributed agent. Thus, it is frequently
used in antioxidant strategies with reported symptomatic benefits [177). Selenoproteins
were also identified as antioxidant enzymes targetable with nutrients [178]. Several clini-
cal trials indicated that selenium supplementation can prevent multiple diseases. How-
ever, there is also evidence of a higher risk of neuronal diseases after selenium admin-
istration as a consequence of its neurotoxic effects [179]. Therefore, it is necessary to bal-
ance selenium intake to maximize health benefits and minimize possible toxic effects
[180]. Senolytics with antioxidant properties are also plant-derived polyphenols (querce-
tin and resveratrol) [181]. In addition to antioxidant agents, physical training balances ox-
idative stress and mobilizes antioxidative enzymes. Regular exercise of moderate inten-
sity is one of the most important preconditions of health maintenance, reducing oxidative
stress and avoiding chronic diseases progression [182,183].
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The immune system also plays a vital role in eliminating senescent cells. However,
aging impairs its functionality, rendering the clearance of senescent cells inaccurate. Se-
nescent cells and/or immune cells releasing SASP factors with impact in cancer progres-
sion are CD4 + T cells, CD8 + T cells, B cells, NK cells, and macrophages [184]. The elimi-
nation of senescent cells is mediated by CD4 * T cells and NK cells in a process known as
senescence surveillance [135,185]. During this process, the NK cell receptor NKG2D binds
ligands found on the surfaces of senescent, damaged, and stressed cells [186]. Conse-
quently, NKG2D and other immune system components have become important targets
in senotherapy.

Generally said, senescent cells attract the innate immune system by inflammatory
factors’ secretion (components of SASP), which triggers the activation or suppression of a
certain type of macrophages. Further, the inflammatory signaling recruits NK cells to se-
nescent cells; NK cells have receptors binding ligands from senescent cells and this pro-
cess ends with senescent cell death [187]. Interactions between senescent cells and macro-
phages were observed with different results and explanations over the past few years.
Their exact interaction depends on precise SASP excretion, ligands presented on senescent
cells, cell type, and the senescence inducing factor [67]. SASP components attract also NK
cells leading to senescent cell clearance, which was proven in the murine model [188].
Current possible therapy for senescent cell clearance by the immune system is based on a
few cell therapies for cancer, which might be considered as senolytic therapy [189]. Re-
garding senescent cancer cells, in vivo studies showed senescence induction in tumor
cells. Senescent cell occurrence hampered tumor growth and also activated the immune
system by SASP excretion, which can lead to the clearance of both senescent tumor cells
and adjacent neoplastic cells with a beneficial impact on tumor regression [190-192]. Ad-
ditionally, it is very important to emphasize the dual function of the immune system in
cancer. Some chemokines can also attract inflammatory cells which promote tumor pro-
liferation, angiogenesis, and invasiveness. Thus, opinions about the role of senescence in
tumors differ and depend on context and surrounding conditions [193].

As the preceding discussion shows, many promising senolytic compounds (Table 3)
have been discovered. However, an important question to consider is whether it is desir-
able to bypass or even revert cellular senescence. We know that it can be achieved; prolif-
eration of senescent cells can be reactivated by enforced telomerase activity[136]. Moreo-
ver, OIS can be bypassed by depleting specific interleukins or inhibiting specific chemo-
kine receptors [194,195). However, reversing senescence may be dangerous; a recent study
found that senescent cells that re-enter the proliferation phase frequently develop into
lymphoma or leukemia cells with enhanced stemness, potentially giving rise to highly
aggressive tumors [141].

Because senotherapy is a rather new therapeutic field, new strategies will be needed
to translate discoveries resulting from laboratory experiments into drug candidates before
clinical trials can begin. However, the discovery of new senolytic compounds in vitro or
in vivo is challenging.

5.3. Senolytics in Anti-Cancer Therapy

Growing evidence supports the use of senolytics in complex anti-cancer therapy. Par-
ticularly interesting would be a combination of therapy-induced senescence and the sub-
sequent elimination of remaining and therapy-resistant aged cells by senolytic drugs
[142,196,197]. Proof-of-concept data were already shown for ABT263 (navitoclax) treat-
ment of chemotherapy-induced senescent cells [198]. ABT263 was successfully tested in
etoposide or doxorubicin-induced in vitro and animal models [155,198-200] and also in
radiation-induced breast and lung cancer cellular models [200]. The application of ABT263
in animal models decreased the development of metastasis and occurrence of relapse
[201]. The structurally similar compound, ABT737, eliminated senescent cancer cells in a
radiation-induced model of cell lines and xenografts [202] and also showed efficacy in
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etoposide-based chemotherapy in breast cancer cell lines [203]. Another BCL family in-
hibitor, Nav-Gal (galacto-conjugated navitoclax), was effective in senescence models in-
duced by several anticancer agents: palbociclib, doxorubicin and radiation, and/or with
cisplatin [204]. In addition, digoxin and ouabain (Na*/K* pump inhibitors) affected many
types of cancer cell lines and xenografts after senescence induction [158,205]. Another
class of anticancer and senolytic agents used clinically are mTOR inhibitors, which
showed efficacy in drug-induced senescent cancer cell lines and xenografts [206,207]. Last
but not least, there are attempts to employ immunological strategies, for instance, block-
ing antibodies and CAR T cells to target senescence in tumor cells and animal models
[117,208-211]. In summary, the abovementioned studies indicate that a two-step approach
of pro-senescence anticancer therapy followed by senolytic treatment is a feasible strategy
in curing human cancers [198]. However, we need to have more clinical trial data to im-
plement those strategies into routine practice.

Table 3. List of senolytic drugs.

Senolytigce[;rug Ter Compound Target Note
Navitoclax ~ BCL-2, BCL-Xt, and BCL-w ABT263
ABT-737 BCL-2, BCL-Xt, and BCL-w ABT263 paralogue and precursor
A1331852 BCL-Xu 2 generation of BCL-2 family inhibitors
A1155463 BCL-Xt 2 generation of BCL-2 family inhibitors
Anti-apoptotic path-  Piperlongu- apoptosis An alkaloid, dietary natural product from Piper
way mine genus trees
Geldanamycin ? Piperlongumine analogue
Tanespimycin ? Piperlongumine analogue
Alvespimycin ? Piperlongumine analogue
Panobinostat BCL-Xt increases 3/7 caspase activity
Dasatinib PI3K/Akt pathway small molecule inhil;i;isr;g various tyrosine ki-
PI3K and other ki- Quercetin  PI3K/Akt and mTOR pathway Flavonoid
nases Fisetin PI3K/Akt natural flavonoid
Luteolin PI3K/Akt Flavone
Curcumin PI3K/Akt Flavone
FOXO4-DRI  FOXO4 and p53 interaction mitochondrial activity boost
P3, P16, and DOR  17.0MAG HSP90/Akt SASP suppressor
isiid KU-60019 ATM NF-B inhibition
Rapamycin mTORCI complex next generation Mdm?2 inhibitor
Nutlin-3a Mdm2 p53 stabilization and SASP reduction
MI-63 Mdm?2 p53 stabilization and SASP reduction
NF-xB or C/EBPB reg-  UBX0101 Mdm2 derived from Nutlin
ulation Metformin SASP NF-xB inhibition
Resveratrol SASP NEF-xB inhibition
Ruxolitinib JAK INCB18424, C/EBPp repression
Momelotinib JAK CYT387, C/EBPP repression
Other MCOPPB NOP anxiolytic opioid
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5.4. Nanoparticles for Delivery of Active Compounds into Senescent Cells

Nanoparticles (NPs) offer anew delivery strategy for targeting senescent cells in vitro
and in vivo with potential diagnostic and therapeutic applications. Importantly, NPs can
be used to encapsulate small molecules such as senolytic drugs, while also being coated
with substances that facilitate their delivery to specific tissues or cell types of interest.
Some very effective NP-based technologies for packaging and transporting loads to tar-
gets are available. However, problems may arise in vivo relating to the interactions, dis-
tribution, side effects, and clearance of the NPs. These tools, thus, remain challenging to
use well and require further study.

The first reported strategy for targeting senescent cells with NPs relied on 100 nm
spherical beads containing rhodamine on an MCM-41 silica matrix that was coated with
galactooligosaccharides (Gos) of various lengths. The beads were taken up into cells by
endocytosis and released via exocytosis, and the GosNPs preferentially fused with lyso-
somal vesicles in senescent cells. The coating was subsequently improved by using ho-
mogenous 6-mer galacto-oligosaccharides (Gal) and the resulting NPs were validated in
damage-/chemotherapy-induced senescence models [212,213]. CaCOs NPs carrying ra-
pamycin also showed senolytic activity. These NPs were coated with a conjugate of lactose
with polyethylene glycol and an anti-CD9 monoclonal antibody (the CD9 receptor is
strongly expressed in senescent cells) to improve their targeting [214]. In addition, molyb-
denum disulfide NPs (MoS:z NPs) inhibited H20z-induced senescence by halting lysoso-
mal and mitochondrial dysfunction [215].

6. Clinical Trials (CTs)

Based on promising preclinical results in murine models, a few senolytics (identified
from a group of 46 compounds showing potential senolytic effects) have been included in
clinical trials in humans for the treatment of age-related pathologies. As the result of
promising preclinical data (on mouse models), currently, some senolytics (from 46 com-
pounds identified as having a possible senolytic effect) undergo clinical trials in humans
for age-related pathology treatment. Unsurprisingly, the compounds with the greatest po-
tential appear to be natural products and/or previously approved drugs. The outstanding
and most heavily studied agents in this group are dasatinib and quercetin (individually
or in combination) along with metformin, fisetin, and UBX0101. Early preclinical studies
using aging and disease models have provided very promising results [216,217]. How-
ever, further work will be needed to clarify the potential of these prospective senolytics.

7. Conclusions

Because of the challenges posed by aging populations, there is a pressing need for
drugs that can enable people to remain healthy as they age and to enjoy a long lifespan
with a good quality of life. Consequently, there is great interest in cellular senescence and
the development of senolytic drugs that can eliminate senescent cells or reverse senes-
cence. This review summarizes current knowledge about senescence biomarkers, cellular
and animal models of senescence, and the early development of senolytics. Challenges
remaining to be overcome and areas where further clarity is needed have been high-
lighted; overcoming these challenges will enable the development and clinical testing of
more effective senolytic medicines. The main barriers that must be overcome to enable the
clinical use of senolytic drugs include our currently limited understanding of their targets
and pathways, a limited range of animal models, a lack of highly selective therapies and
probes, and the limited availability of data on the biodistribution and elimination of both
senolytic drugs and nanoparticle vehicles for their delivery. Despite these challenges, the
field of senescence research is vibrant and has the potential to ultimately offer personal-
ized solutions for increasing human longevity.
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ABSTRACT

In accordance with the 3 Rs principle (to replace, reduce and refine) animal models in biomedical research, we
have developed and applied a new approach for sampling and analyzing hair follicles in various experimental
settings. This involves use of a convenient device for non-invasive collection of hair follicles and processing
methods that provide sufficient amounts of biological material to replace stressful and painful biopsies.
Moreover, the main components of hair follicles are live cells of epithelial origin, which are highly relevant for
most types of malignant tumors, so they provide opportunities for studying aging-related pathologies including
cancer. Here, we report the successful use of the method to obtain mouse hair follicular cells for genotyping,
quantitative PCR, and quantitative immunofluorescence. We present proof of concept data demonstrating its
utility for routine genotyping and monitoring changes in quality and expression levels of selected proteins in
mice after gamma irradiation and during natural or experimentally induced aging. We also performed pilot
translation of animal experiments to human hair follicles irradiated ex vivo. Our results highlight the value of
hair follicles as biological material for convenient in vivo sampling and processing in both translational research
and routine applications, with a broad range of ethical and logistic advantages over currently used biopsy-
based approaches.

INTRODUCTION stressful for the animals [3]. Replacement of blood or

skin tissue collection would also be convenient for
Hair follicles provide a very accessible source of specific examinations in human medicine [4-6]. This
biological material that can be non-invasively obtained micro-organ structure also has other advantages in
from most mammals [1, 2]. Such material is particularly biomarker studies, including suitability for investigations
valuable for experiments with rodent models involving of circadian rhythms [5, 7). and the presence of
repeated sampling that cumently require multiple numerous cell types in a small area, which can be easily
invasive biopsies, which are relatively laborious and distinguished, such as keratinocytes, melanocytes, or
www.aging-us.com 25004 AGING
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perifollicular macrophages and mast cells [8-10].
However, the epithelial component of the follicles is the
most promising for biomarker investigations because
most neoplastic diseases have an epithelial origin.

Here, we present a proof of concept study involving
use of a newly designed and constructed device
allowing collection of large amounts of murine
hairs with their hair roots containing follicular
cells. We also demonstrate that DNA, RNA, and
proteins in the collected hair follicle cells can be
conveniently analyzed using standard cell and
molecular biology methods such as genotyping, gPCR,
and immunofluorescence analyses. The study focused
on changes associated with the DNA damage response
(DDR), especially double-strand breaks, and cellular
senescence both in naturally aged tissue and induced
using ionizing radiation (IR).

DNA damage,
natural aging
or senescence induction

RESULTS
Design of the follicular cells’ collector

The device we developed sucks hair from skin by
vacuum suction. It uses removable disposable forceps of
inert fixation-compatible material; forceps are made
from a pair of modified pipette tips of different sizes
(one inside the other). The bigger pipefte tip is
connected to a pistol-like device and covers the smaller
tip connected to a piston. The smaller tip clicks into the
bigger one by piston push, thereby firmly gripping the
sucked hairs. The tip is removed from the pistol by a
further push of the piston and stays attached to the skin
via the squeezed hair. The forceps with gripped hairs
are then manually removed. The removed hairs include
follicles composed of multiple live follicular cells
(Figure 1). Approximately 200 mice hairs can be

air suction

f locked forceps
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Figure 1. Design of the customized suction-based collector of hair follicle samples and scheme of the experimental workflow

in the study.
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removed in a single sample and each follicle contains
approximately 50 cells. Inert and disposable forceps
allow easy manipulation and immediate processing of
the sample by fixation or lysis. The process is fast, easy,
and does not involve touching the hair (Supplementary
Video 1). Other advantages of the method include
noninvasiveness, allowing many repetitive multi-site
collections with minimal stress to the experimental
animals.

Pre-processing of murine hairs

Hair follicles are morphologically intact and can be
easily recognized during microscopic evaluation (Figure
2A). Collected hairs can be stored in a dry state or
suitable medium, e.g. for nucleic acid extraction. We
obtained median yields of 275 and 486 ng of total
RNA and DNA per pluck of hairs obtained with our
collection device according to analyses with a NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific).
Moreover, the quality of RNA is usually high and
suitable for further analyses with a RIN (RNA integrity
number) of ca. 8 units according to analysis with an
Agilent Bioanalyzer 2100. Thus, we consider DNA and
RNA yields and qualities, presented in Figure 2B,
sufficient for further experiments. There is no need for
any special processing steps such as homogenization for
isolating nucleic acids or cutting slices for microscopic
analyses, and the material can be collected and
processed repeatedly, within short times and m high
amounts, from mice.

Genotyping of collected follicular cells fully replaces
tail biopsies

Genotyping is one of the most common reasons for
biopsy in research and commercial procedures
involving genetically modified mice. Usually, a tip of
the tail or an ear punch is collected from the examined
mice to obtain DNA for analysis. To minimize pain and
stress, the ethical standards of many countries require
anesthesia before the collection, which complicates and
prolongs the procedure. Here we show, that follicles
collected by the specialized device described above can
fully substitute tail tip biopsies. SXFAD mice
commonly used as a model for Alzheimer's and
senescence-related diseases [11, 12], were used for
proof of this concept. We compared the genotyping
results from 151 tail biopsies and 151 hair samples from
the offspring of SXFAD transgenic males and C57BL/6
females. For this, we assessed by PCR the presence or
absence of two genes carried by the transgenic mice:
APP695 (APP, encoding an amyloid-beta [A4]
mouse/human chimeric precursor protein) and PSENI
(PST, encoding human presenilin 1). Results obtained
with DNA samples from hair bunches and tail biopsies
were fully consistent (presence of both transgenes or
absence of both, with no sample showing presence of
only one of the transgenes). Thus, hair follicles could
apparently fully replace tail biopsy for genotyping. with
no loss of accuracy. Results of electrophoretic
separation analysis demonstrating the fransgenes’
presence or absence are shown in Figure 3.

B o
70 o
& -
— 60
e
£5% s
§
g
£ 40 °
]
S n= 100
- 3 o
‘ °
g
* 20
$ 8
=
RNA
0 DNA
0 tail biopsy  hair follicles hair follicles
Average 1774012 1702024 1.56£018
A{260/280)

Figure 2. Murine hair follicles as starting material. (A) Representative images of hairs highlighted with Giemsa ~ Romanowsky staining
(and indicated magnification) showing intact hair follicles obtained by sampling with our vacuum collector. (B) Comparison of DNA isolation
results from hair follicles obtained with our device and common tail biopsies, and ylelds of RNA isolated from hair follicles, The quantity and
quality of all nucleic acid samples, in 30 pl solutions, were measured using a ND 1000 Spectrophotometer. Data are presented as boxplots
showing median, maximum and minimum values, their quartile distribution, interquartile range, and outlier values,
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Downstream transcriptional DNA damage response
in hair follicle cells after gamma irradiation in-vivo

Gamma irradiation, the most common mode of cancer
treatment, causes complex responses in exposed cells
called the DNA damage rtsponse (DDR). The DDR
involves multiple transcriptional and posttranscriptional
changes which are intensively investigated in cancer
studies, and quantitative evaluation of DDR can be used
for quick assessments of radiation exposure, radiotherapy
monitoring, and identification of radiosensitive
individuals [2, 13, 14]. Three commonly used markers
(p21. SESNI, and MDM?) in the ATM/CHEK2/p53
pathway, which directly responds to DNA damage, were
tested for acute radiation response by RT-qPCR. The

111

112 113

stability of their expression in the absence of IR was
checked and p2/ showed the least variability between
samples obtained on multiple occasions (significance of
between-time differences: p = 0.530). Inconuast,ﬂ:ere
were significant between-time differences in SESNI

ion in irradiated samples and even in the absence
of IR (p = 0.025). We also consider SESN/ an
inappropriate marker for monitoring hair follicles after
IR because it has very low basal expression (late Ct
values or negativity). However, there was significant
upregulation of SESN/ 30 minutes after IR and
downregulation after 24 h, especially at the highest
doses (Figure 4). In further contrast, MDM2 showed a
much more stable amplification pattern, but very weak
dependence on IR. Thus, p2] provided the most valuable
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Figure 3. Genotyping using murine hair follicles. Results of PCR-agarose gel electrophoresis showing the presence or absence of APP
and PST transgenes in representative samples (from mice 111 - 119), of both biological materials - hair follicies and tail biopsies. A 1 kb

GeneRuler DNA ladder is presented on the left side.
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amplification pattern, with the lowest variability and
highest potential for distinguishing samples subjected to
different IR doses and/or collected at different times. We
observed a 2.5 median fold change (FCr) 30 min after a
2 Gy dose, followed by a reduction to -1.54 after 24 h
(Figure 4). A 6 Gy dose induced a longer response, with
FC, = 1.81 at 30 min after radiation, and no observed
reduction until the 6 h time-point (FCm = 1.94) and slight
reduction to FCm = 1.24 at the 24 h time point. The 10
Gy dose even induced an increase between the 30 min
and 6 h time points (FCm= 2.25 and 3.71, respectively).
In . p21 showed the most significant increase (p
< 0.01) until 6 h after IR at all tested doses (Figure 4),
with clear between-dose distinctions at some time points
(with higher doses inducing higher FC, values, except at
the initial sampling point, 30 min after IR). In summary,
our data provide some proof of concept by showing

Immunofluorescence (IF) analysis of y-H2AX lesions
after gamma irradiation

In the previously mentioned ATM/CHEK2/p53 pathway
and DDR, ATM kinase is directly recruited to DNA
damage sites, where it phosphorylates histone H2AX on
serine S139, forming y-H2AX detectable as the
immunofluorescent foci pattern in nuclei (Figure 5A -
detail). We identified typical intense foci in the nuclei of
irradiated hair follicles (Figure 5A). An IDD (intensity
of DNA damage) value was calculated, as described in
the methods section, for each hair follicle projection as
averages from z-stack imaging (Figure 5B). Three to
five morphologically intact follicles from each sample
were scanned and analyzed. There were no statistically
significant differences between measurements from
either the same or different mice under defined

that our device and protocols can detect changes in conditions. Thus, we did not detect any inter-individual
expression patterns induced by extemal factors. variability and there was no distinction between
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Figure 4. Gene expression changes (mRNA level) in murine hair follicles after in vivo ionizing irradiation. Data are expressed in
boxplot graphs showing median, first quartile data distribution and maximum and minimum values of fold changes relative to expression at
time zero (immediately before irradiation) normalized using HPRT mRNA levels. Results of paired t-tests of the significance of differences
between indicated groups and times (relative to the zero-time point) are also depicted (*p<0.05, **p<0.01, ***p<0.001).
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biological and technical replicates in further calculations.
The low numbers of subjects in our experiments (n =5
per condition) may have contributed to this, but they
were sufficient for clear quantitative resolution of
samples differing in radiation dose and/or time after IR.
There was a strong increase in IDD shortly after
irradiation, with a gradual reduction during the following
24 h. The IDD was also quantitatively dependent on
dose, with clear separation between samples given 2 Gy
from those given 6 and 10 Gy doses. Thus, the direct
DDR after IR quantitatively differed between doses, but
followed similar dynamic pattemns under all three doses,
in the munne hair follicles (Figure 5C). Not only
recognizable foci were detected, but also areas with
continuous green y-H2AX signal, which we attributed to
apoptotic lesions, based on previous reports [2] and their
general occurrence in samples from mice given the 10
Gy treatment. The 10 Gy treatment also resulted in lower
IDD values than the 6 Gy treatment, possibly due to
cell damage exceeding thresholds allowing proper

DAPI

A y-H2AX

quantification, although there was no significant
difference between 6 Gy- and 10 Gy-treated samples at
any time point The other between-dose differences
in samples collected 30 min, 3 h, and 6 h after IR
were significant according to the Kruskal-Wallis non-
parametric test with multiple comparisons.

Apart from gamma irradiation, we tested also the
possibility to induce DDR after topical application of
chemical clastogens. To address such an option, we
dissolved DNA damaging agents bleomycin and cis-
platin in DMSO and applied them directly to small
areas of the skin of tested animals. Collected hair
follicles from the exposed areas indeed showed
increased y-H2AX staining in the nuclei compared to
the control areas (Supplementary Figure 3). These data
confirm that the topical application of various chemical
compounds and direct assessment of their effects in
follicular cells in-vivo is possible which enriches the
portfolio of applications of the method significantly.
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Figure 5. Immunofluorescent detection of y-H2AX in murine hair follicles. (A) Representative images of a follicle after ionizing
irradiation, extracted as maximum intensity projection from z-stack scanning by confocal spinning disc microscopy. Nuclei stained with DAPI
and y-H2AX foci and hair shaft autofluorescence are visible in the green channel. (B) Representative images used in the computational
analyses of one z-stack layer, the red color of the nuclei (DNA) was selected artificially to maximize the visibility of green y-H2AX foci.
(C) Results of image analyses in terms of IDD (intensity of DNA damage), with each data point representing the area of the y-H2AX signal
related to the area of the nuclel in one scanned hair follicle in z-stack mode. Probability density of the data, maximal and minimal values,
medians, and results of a multiple Kruskal-Wallls test (*p<0.05, **p<0.01, ***p<0.001) are showed in violin plots.
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Expression patterns of selected markers in mice hair
follicular cells reflect their biological age

Senescent cells are commonly identified by increases in
senescence-associated  B-galactosidase  (SA-B-gal)
activity [15-17], but assays of this activity have
multiple limitations [18]. In contrast, p/6 and p2] have
known senescence-associated activities and functions
[19-21], and their expression is highly elevated in a

wide variety of human and mouse senescent cell lines,
so we used them as biomarkers for our age-related
senescence measurements [22-24]. qPCR analyses of
p16 and p2] expression levels using the acquired cDNA
samples revealed significant differences in these two
senescence biomarkers’ expressions. [nfer alia, there
were strong differences in gene expression between
young (6 months old, n=6) and old (2.5-3 years old,
n=6) animals (Figure 6A) with p < 0.05, p < 0.01 or

A p16 p21
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Figure 6. Markers of senescence analysis in hair follicular cells. (A) p16 and p21 gene expression (mRNA level) in hair follicles from
young mice (6 months old) and old mice (2.5-3 years old) in boxplot graphs of ACt values normalized using GAPDH or ACTB. Graphs show
medians, first quartile data distribution, minimal and maximal points, and fold change values as a specifying detail. Results of a t-test are also
shown (*p<0.05, **p<0.01, ***p<0.001). (B) Representative images showing the higher p16 protein levels in murine hair follicles of old
animals relative to those of young animals. Images were obtained from z-stack scanning with a confocal spinning disc microscope. DAPI-
stained nuclei are shown in the blue channel and p16 signals in the green channel. Autofluorescence can be seen in a hair shaft.

Magnification 60x objective with oil immersion.
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p < 0.001 depending on the housekeeping gene used mice. Significant elevation in expression of the

for the data normalization and the target gene. Fold selected p/6 and p2] markers was observed in
change differences in expression between the young irradiated legs from 21 and 28 days after IR,
and old animals of 8.03 and 9.58 (p < 0.001) were respectively, relative to levels in samples collected
calculated for the p]6 marker, and 3.15 (p < 0.01) and directly before IR. Both markers remained constantly
376 (p < 0.05) for p2]. Naturally, no significant up-regulated until the last sampling time (35 days
difference in expression of target senescence markers after IR), clearly indicating that senescence was
was detected using animals with the age difference of induced in the irradiated fissue. The quantitative
just a few months (data not shown). To support our changes were not very strong, the highest observed
gPCR data, we confirmed the changes in pl6 FCyp was 2.26, for the p/6 marker 21 days after IR.
expression at the protein level using immuno- However, the changes were significant (p < 0.01) at
fluorescence assays and the same mice cohort, which all of the last three sampling times for pJ6 expression.
showed that cells from the older animals had higher The other marker, p2/, showed weaker potential for
levels of p16 protein (Figure 6B). discrimination between senescent and normal tissue in
mice using hair follicle samples, with FC, peaking at
Radiation-induced senescence detection in murine 1.25, 28 days after IR (p a 0.05). The expression of
hair follicles both markers remained unchanged in hair follicles of
the control left legs during the experimental
The number of senescent cells in tissues can also be investigations (Figure 7). Those findings prompted
increased artificially by exposure to various DNA the idea of using hair follicle cells as a murine
damaging factors. Gamma radiation is a very well- irradiation-induced senescence model for studying
known inducer, and even mildly dosing of cells or senescence markers, aging experiments, and in vivo
animals can generate detectable senescence features senolytic drug identification.
[25. 26]. In addition, patients who have undergone
anticancer chemo- and/or radiotherapy typically have DISCUSSION
higher numbers of senescent cells than non-treated
counterparts of the same chronological age [27, 28]. To meet ethical standards, experiments involving
We detected clear irradiation-dependent senescence laboratory animals should be designed to obtain
induction in a mouse model, as irradiated soft tissue in maximum information while minimizing stress, and
the right hind leg acquired more senescent cells ideally, they should be replaced wherever possible.
(according to expression levels of the pJ6 and p2I Unfortunately, they cannot currently be replaced by
markers) than control tissue in the left hind leg. Hair alternative assays in numerous applications in basic and
follicles were collected at seven time-points (the first pre-clinical research. However, we present here a
before IR) from the left and right hind legs of 10 simple method for obtaining biological material in the
p16 p21
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Figure 7. Changes with time in p16 and p21 gene expression (mRNA level) in murine hair follicles after a fractionated dose
of 3 x 8 Gy applied in vivo to the right hind leg of a mouse, using each animal’s left hind leg as a control. Data are expressed
as fold changes relative to expression at the zero-time point (shortly before irradiation) normalized using GAPDH mRNA levels. Means and
standard deviations are shown. ACt values from certain time points were compared using paired t-tests and relevant time points on curves
are marked with asterisks (* p<0.05, ** p<0.01 and***p<0.001).
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form of follicular cells from laboratory mmce with
sufficient quanfities and quality for nmltiple analyses
using standard modern molecular biology methods. The
material has numerous advantages, mcluding the
convenience, non-invasiveness, and repeatability of the
sample collection together with its contents of cells of
epithelial ongin and distal tissue, as well as the ease of
exposing follicular tissue to test substances with topical
applications (Supplementary Figure 3). The biggest
limitations of follicular cell collection in the past were
the complex logistics involved in processing the
samples. Ordinary tweezers and forceps used in 1
setups are extremely impractical with a high nsk of
cross-contamunation, thus this material has been used in
relatively few studies. We have circumvented these
limitations by using our simple device, which enables a
fast, convenient collection of follicular cells. The speed
by which the samples can be collected and processed
(e.g. by fixation) is among the biggest advantages of our
solution as if can be performed within seconds. This fact
limits any potential underlying cellular responses and
additional DDR caused by cofounding stressing factors
related to the withdrawal process [2]. To cormoborate the
method’s practical utility, we selected three applications.
First, we proved that a sample of mouse hairs collected
using disposable forceps m less than a mimmte
(Supplementary Video 1) provides emough DNA for
analysis by standard genotyping methods developed for
ta1l tip biopsies or ear punches. As millions of laboratory
mice are routinely genotyped globally every year this
approach represenfs a major ethical and logistic
breakthrough Compared to such standard methods of
biological biopsies (mcluding phlebotomy) the amount
of distress to the laboratory mice is relatively low caused
mostly by the animal hand-grip as there is no visible
pain reaction during the process of hair withdrawal (no
twitching andfor squeaking). The absence of pain is
supported also by the fact that the mice hair roots are,
compared e g. to humans, embedded relatively shallowly
1in upper skin layers [4, 10, 29] and very little strength 1s
necessary for the withdrawal process.

Although hair samples have been previously used for
that purpose [20-31], our sample collection approach
may motivate researchers to use them more routinely
and widely.

As we showed, mRNA can also be obtained from the
collected samples in sufficient quantity and quality, so we
designed another set of expenments im which we
monitored changes in the expression of selected genes
using gPCE. We targeted genes that respond to DNA
damage caused by gamma uraciation and genes whose
expression changes durng oncogenesis. The DDR is
intensively studied m carcinogenesis and cancer treatment
research. IR markers often respond differently in different

biological matenials, so there 15 no universally optimal
marker that consistently provides quantitative responses,
especially on the mRNA level. However, acute DDR has
been detected accurately and by
monitoring the dynamics of p2J m previous studies [14,
32-34]. We dedicated p2] as a suitable marker for gene
expression measurements in hawr follicles. It 1s also
known that responses to IR differ and topically applied
drugs can be more meaningfully evaluated using hair
follicles than blood samples [2, 6]. Moreover, pJ6 mRNA
levels differ between samples of young and old human
skin [35], which supports our use of its qPCR-based
quantification to distinguish follicular cells of young and
old mice. The marker has also been apphed, for more
than 10 years, m analyses of processes associated with
senescence caused by Gl amrest. and thus oncogenesis
[36], as well as for momitoning tissue degeneration (which
can be regarded as premature tissue aging) caused by
gamma tiradiation or cytotoxic dmgs [37]. Irradiation
was used as the inducing factor m our artificially triggered
senescence experiments, in which we applied fractionated
doses of IR based on recent literature [38, 39], clinical
experience together with our previous knowledge and
optimization. We did not apply a single high TR dose as
in previous studies [40] to avoid the formation of post-
radiation skin lesions, which did not develop when using
fractionated doses. Our approach opens new possibilities
for research to find new dmgs that can selectively
eliminate senescent cells from organisms [41]. Thus,
monitoring pi6 and p2] mRNA levels by this method
might replace laborious and less accurate methods, such
as SA-B-gal assays in ‘senolytics” research [42].

We also optimized the immumofluorescent (IF)
approach for analyzing the collected follicular cells and
thus monitoring selected proteins, including quantitative
microscopy-based analysis of the DNA lesion marker
v-H2AX after gamma irradiation (Figure 5). For this,
we developed software for routine evaluation of IDD
by analysis of y-H2AX foel in z-stack images of
mdividual hair follicles and mvestigation of acute DDR
after IR, which was made publicly available
(hitps://doi.org/10.6084/m? fizshare 14822643 v1). The
temporal dynamics we observed m our samples are
consistent with previous results [2, 43] and generally,
we proved that mmrine follicular cells can be used in IF
assays of both nuclear and cytoplasmic proteins
(Supplementary Figures 1, 2). It might be that the
sensitivity of the method will be able to map functional
differences between various GMO animals on the
cellular level [4, 8]. For example, GMO mice harboring
changes i genes involved m DDR could reveal
differences in the DNA repair dynamics within the
nuclei of follicular cells. Moreover, such tests could be
also ex-vivo, because collected follicular
cells are viable [5], without compromising genome

WWW.aging-us.com

25012

184

AGING



integrity [2], and can be kept alive for a significant fime
allowing various functional tests (Supplementary Figure
4). However, further research 1s needed to confirm such
intrigning potential applications.

Last but not least, the method can be easily adapted for
sampling other laboratory mammals, as hairs can be
readily collected from rats, rabbits, dogs, monkeys, and
even humans by the presented device (Supplementary
Figure 4), opening a plethora of fufure research and
biomedical applications.

MATERIALS AND METHODS
Ethics statement

All investigations were conducted following the ethical
standards stated i the Declaration of Helsinki and other
relevant national and international guidelines, with
approval of the author's institutional review board.

Mouse hair collection

We collected each sample using an extraction device
with modified pipette tips (described in patents
EP2928382A1 and US 20150297253). We then placed
the tips with the samples directly into 500 pl portions of
RNAlater (Qiagen, Hilden, Germany) for RT-gPCR
analysis or 500 pl of 10% neutral buffered formalin
solution (Sigma-Aldrich, S5t Louis, MO, USA) for
imnmnofluorescence assays.

Human hair collection and ex-vive irradiation

Hair follicles were collected from surface disinfected
human calves and immediately put into the Dulbecco’s
modified Eagle’s medium confaining 45 g/l glucose
(Biosera, Nuaille, France), supplemented with 10% fetal
bovine serum (Gibco/Thermo Fisher Scientific, Grand
Island, NY. USA) and 1% penicillin-streptomycin
(Sigma-Aldrich). Samples were stored in the cell culture
medium under normal cultivation conditions (5% CO?2,
37° C, 100% humidity) during the necessary incubation
steps until the fixation for mmunofluerescence assays.
Human hair follicle samples were irradiated on Petn
dishes with DMEM culure medmm usmg X-ray
RS225M Research Cabinet (Xstrahl Suwanee, GA,
USA) with a 2 Gy dose. Samples were fixed 30 min
after irradiation and processed in the same way as
described below in the . Immmofluorescence and image
acquisition” chapter.

Irradiation

Thirty C57BlV6 wild-type mice (Envigo, Huntingdon,
UK) were used in the first part of the study, 10 mice for

each dose of 1onizing radiation. An RS225M Research
Cabinet (Xstrahl, Suwanee, GA, USA) was used to
generate X-rays m all expenments. Each mouse was
anesthetized with isoflurane (FORANE inhalation
solution, Aesica, Hemel Hempstead, UK) before and
during the application of the radiation. Only the night
hind leg and adjacent parts of the body were mradiated,
while the rest was covered by lead armor. Additionally,
10 mice Balb/cOlaHsd (Envigo, The Netherlands) were
irradiated to induce senescence in muscle tissue with a
fractionated dose of 3x 8 Gy.

Topical application of chemical clastogens

HsdWinNMRI mice (Envigo, Humtingdon, UK)
females (3 animals per group) were freated with two
clastogens (bleomycin or cis-platin) topically. Both
compounds were dissolved in DMSQO. We applied 16,6
pl of bleomycin solution (5 pg/ml) and 30 pl of cis-
platin solution (0,5 mg/ml). Each mouse was treated on
the right body side by gentle ubbing of the compound
into the skin. The treated spot had approximately 1.5 cm
in diameter, each treated spot was marked Bleomycin-
treated animals were incubated in their homecages for 1
hour and animals treated with cisplatin were incubated
for 5 hours. Then we collected hair samples (treated
samples from the marked spot, control samples from the
left body side). All samples underwent IF starming for y-
H2AX detection.

DNNA isolation and genotyping

We genotyped the offspring (151 ammals) of SXFAD
transgenic males (B6Cg-TgTg(APPSwFILon, PSENL
*M146L*L.286V)6799Vas/Mmjax) obtained from The
Jackson Laberatory and C57BL/6 JOIaHsd females from
Envigo (Huntingdon, UK) as genetic background.
Genomic DNA was isolated from both mouse hair
follicles and mouse tail biopsies with a Cobas® DNA
Sample Preparation Kit (Roche, Basel, Switzerland)
according to the manufacturer’'s mstructions. The
presence of APP and PST transgenes was confirmed by
optimized PCR, the reaction mixture contained 2 pl of
template sample, 2 pl of 10 pM APP or PST pnmer
mix, 2 pl of 10 uM internal control primer mix, 5 pl 5x
GC buffer, 05 pl 10 mM deoxynbomucleotide
triphosphates (dNTPs), 075 pl DMSO, 025 ul
Phusion® High-Fidelity DNA Polymerase) and 12,5 pl
nuclease-free water (reagents from New England
Biolabs, Ipswich, MA, USA). Primers are listed in
Supplementary Table 1. Reactions were

using the following program: 98° C for 30 s, followed
by 30 amphfication cycles of 98° C for 10 s, 63° C for
30 s, 72° C for 10 s, then 72° C for 5 min and cooling
afterward. PCR products were visualized and checked

using 1% agarose/TBE pgels and an Odyssey Fc
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electrophoresis system (LI-COR. Lmncoln, NE, USA).
The presence or absence of target genes was determined

and amimals were categonized as GMO-positive (with
both transgenes present) or GMO-negative (lacking
both genes). Each sample had to contamn a band for
internal control (bp).

RNA extraction and reverse transcription

Total RNA was extracted from hair stacks lysed in 700
pl of QIAzol Lysis Reagent and processed immediately
using a miENeasy Mim Kit (Qiagen. Hilden, Germany)
according to the manufacturer’s recommended protocol,
except the need to discard hair samples before solutions
were transferred mto columns. Finally, RNA from each
sample was eluted into 30 pl RNase-free water. RNA
concentration and quality were assessed by a Nanodrop
ND 1000 Spectrophotometer (ThermoScientific,
Wilmington, DE, USA). To obtain cDNA, fotal RNA
was used for reverse franscription using 18.9 pl of each
sample, mixed with 03 pg of Random Primers
{(Promega, Madison, WL USA) to a final volume of 19.5
!l and incubated at 70° C for 5 min Then, samples were
cooled for 1 min A solution containing 6 pl of
RevertAid 5x RT buffer (Fermentas, Vilnius, Lithuania),
3 pl of 10 mM deoxynbonucleotide triphosphates
(dNTPs), and 0.75 pl of 40 U/ul RNAsmm nibonuclease
mnhibitor (Promega) was added fo each sample. The
mixed solutions were mcubated for > mm at room
temperature. In the last step. 150 U (0.75 pl) of
RevertAud Moloney Murine Leukenua Vims reverse
transcriptase (Fermentas) was added to each sample. The
final 30 pl mixtures were incubated at room

for 10 min, 42° C for 60 min, and 70° C for 10 min The
resulting samples of cDNA were stored at -20° C. RNA
for the subsequent aging experiment was obtained from
mouse hair follicles of the mouse strain used for
genotyping.

Quantitative PCR (qPCR)

For quanfification of p2], SENSI, MDM?2 expression, as
studied markers, and expression of HPRT as a
housekeeping gene for relative quanfification i the
radiation experiment, real-time PCR was performed
using a LightCycler 480 mstrument (Roche). SYBR
Green intercalation chemistry was used to detect the
fluorescence signal and supplied software was used for
Ct data peneration and Tm analyses. An 18 pl volume
solution of each sample was mixed with 12.43 pl DEPC-
treated water (Ambion, Austin, T, USA), 2 wl 10X
Thermo-Start PCR. Buffer, 1.6 pl of 25 mM MgClz and
02 pl of 5 U/ul Thermo-Start Tag DNA Polymerase
(Thermo Fisher Scienfific, Waltham, MA, USA). A 0.61
pl portion of SYBR® Green I nucleic acid gel stain
(10000 x mn DMSQO) diluted in 10 mM Tris-HC1 buffer

pH 8 (Sigma-Aldnch) was added fo each mixture,
followed by 0.16 pl of 25 mM dNTPs (Promega) and 1
ul of a solution of specific primers for the selected
marker and species. Specific oligonucleotides were
custom synthesized by Genen Biotech (Hradec Kralove,
Czech Republic) and are presented in Supplementary
Table 1. Reactions were performed in doublets using 2
uchNATomh—dompmgramsw&dmmfor
murine samples with the following cycling parameters:
95° C for 10 min, then 95° C for 15sand 67° C for 20 5
with a target temperature of 62° C and 1° C steps for the
first touchdown. and 95° C for 15 s and 60° C for 20 s
with a target temperature of 58° C audZ“Cstepsfor
second touchdown. Fluorescence signals were

during 50 cycles of 95° C for 15 s and 54° C (60° C for
MDM?Z) for 45 s. For qPCR analyses of senescence
marker (pl6 o p2I) expression and housekeeping genes
(GAPDH and ACTB), 2 pl of cDNA of each sample was
used within reaction mixtures further containing 10 pl
LightCycler 480 probes Master 2x conc. (Roche), 7 pl
LightCycler 480 Probes Master H20 PCR. grade (Roche)
and 1 pl FAM-MGB Tagman probe (I]manlsher
Scientific). Reactions were using  the
following program: 95° C for 10 min, followed by 50
amphﬁcauon cycles of 95° C for 15 s and 60° C for 60 5.

Immunecfluorescence and image acquisition

Murine hair follicles for IF assays were obtained from
HsdWinNMRI mice (Envigo, UK). All samples were
fixed m 10% neutral buffered formalin (Sigma-Aldnch)
for 20 min and permeabilized with 0.5%Triton3{-100
(Carl Roth GmbH + Co. KG, Karlsrube, Germany) in
phosphate-buffered saline (PBS) for 10 min. After every
step, samples were washed in PBS (2 x 2 min). Then
they were blocked in PBS containing 1% bovine semum
albumin (Sigma-Aldrich) for 20 min The blocking
solution was also used to dilute the antibodies. Samples
were mcubated in primary anfibody solution overmight
at 4° C. After washing with PBS, samples were
mcubated in secondary antibody solution for one hour.
The primary and secondary antibodies are listed in
Supplementary Tables 2, 3. Samples were washed in
PBS and mounted using Vectashield antifade medium
with DAPI (Vector Laboratories, Burlingame CA,
USA). Images of mouse hair follicles were obtained
using an Axio Observer Z1/Cell Observer Spinning
Disc microscopic  system  (Zeiss, Oberkochen,
Germany) with a 63x oil objective. All images were
processed using ZFEN Blue Image processing software
(Zeiss).

Giemsa - Romanowsky staining

To mvestigate the mouse hair follicle cells” general
morphology, we used classical Giemsa-Romanowsky
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staining, as follows. Immediately after collecting
samples of murine hairs in collection tips they were
incubated in 4% methanol solution for 15 min, washed
three times for 2 min in PBS, then soaked for 30
seconds in May - Grinwald solution (Penta, Prague,
Czech Republic) and subsequently rinsed in distilled
water for 2 min, gently dried and finally incubated in
10x diluted Giemsa-Romanowsky solution (Penta). The
rest of the staining solution was discarded by washing
the samples in distilled water for 2 min. Hair endings
with follicles were cut and placed between a
microscopic glass and coverslip in a water drop. Images
were obtained at 20x or 100x magnification with a
transmission light microscope (Zeiss, Primo Vert).

Data processing and statistical analyses

Matlab R2017a and Microsoft Excel were used for all
data processing analyses and visualizations. Fold
changes in gene expression were calculated from gPCR
data using the AACt method, with averages of raw
technical measurements as the inputs. The Kruskal-
Wallis test was used for imradiation-dependence
verification of the results at zero doses. T-tests were
used to investigate differences between irradiated and
non-irradiated samples at each time point. T-tests were
also used to generate p-values describing the
significance of differences between old and young
animals and between variables measured at the zero-
time point and all other time points in both irradiated
and control hind legs in the radiation-induced
senescence experiment. In y-H2AX analyses, green dots
and areas were sought in z-stack images (in tiff format)
of DAPI-stamned tissues. Two median filters were used
for automatic identification of the foci and suppression
of background signals. The intensity of DNA damage
(IDD) was calculated as shares of the signals and DAPI
area, where one data point represents the average value
from z-stack images from one hair follicle. The
software with example 6 Gy data set is publically
available on the Figshare platform at the following
link: https://doi.org/10.6084/m9 figshare.14822643.v1.
The Kruskal-Wallis test was used to test the null
hypothesis that there was no treatment- or sample-
related differences in technical measurements.
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SUPPLEMENTARY MATERIALS

Supplementary Figures

A

MDM2

Supplementary Figure 1. Immunofluorescent detection of MDM2 and p53 proteins in murine hair follicles. (A) Representative
images of a hair follicle as maximum intensity projections from z-stack scanning with a confocal spinning disc microscope. Nuclei are stained
with DAPI, green and red autofluorescence is visible in a hair shaft. (B) Representative images for autofiuorescence estimation in the red
channel. No primary antibody for p53 was used to show the difference between autofiuorescence and real signals in the red channel.
Magnification 60x objective with oil immersion.
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DAPI ribosomal protein merge

RPS6

RPLS

Supplementary Figure 2. Example of immunofluorescent detection of cytoplasmic proteins - ribosomal proteins RPS6 and
RPLS in murine hair follicles. Nuclei are stained with Hoechst 33342 and shown in the blue channel, ribosomal proteins are shown in the
green channel. Representative images were obtained from z-stack scanning with a confocal spinning disc microscope. Magnification
60x objective with oil immersion.
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cis-platin

bleomycin

Supplementary Figure 3. Immunofluorescent detection of y-H2AX in murine hair follicles after the treatment with topically
applied clastogens (bleomycin and cisplatin).
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Supplementary Figure 4. Immunofluorescent detection of y-H2AX in human hair follicles. (A) Scheme of the experimental
workflow. (B) Representative image of human hair follicle ex-vivo irradiated by 2 Gy of ionizing irradiation. Nuclei stained with DAPI (blue), y-
H2AX (green). Hair shaft autofluorescence is also visible in the green channel. (C) Results of image analyses in terms of IDD (intensity of DNA
damage), with each data point representing the area of the y-H2AX signal related to the area of the nuclel in one scanned hair follicle in z-
stack mode and representative images used in the computational analyses of one z-stack layer. NTC1 and 2 are the non-irradiated controls.
NTC1 was fixed immediately after the collection and NTC2 was incubated for 30 min in cell media, as well as the 2 Gy samples after
irradiation,
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Supplementary Tables

Supplementary Table 1. Primers for PCR.

Type Gene Forward primer 5’ - 3’ Reverse primer 5° - 3 Amplicon
mRNA HPRT GGACAGGACTGAAAGACTTG TAATCCAGCAGGTCAGCAAA 114 bps
mRNA p2l GCAAGAGAAAACCCTGAAGTG CACACAGAGTGAGGGCTAAG 100 bps
mRNA SESNI CCATAGGCCTTGGCTGATTA TCCACACTGTGATTGCCATT 246 bps
mRNA MDM2 X1 TGCAAGCACCTCACAGATTC ACACAATGTGCTGCTGCTTC 188 bps

MDM2 X1+X2 ATGAATCCTCCCCTTCCATC CTGTCAGCTTTTTGCCATCA 169 bps
DNA APP AGGACTGACCACTCGACCAG CGGGGGTCTAGITCTGCAT 377 bps
DNA PST AATAGAGAACGGCAGGAGCA GCCATGAGGGCACTAATCAT 608 bps

DNA Internal control CTAGGCCACAGAATTGAAAGATCT  GTAGGTGGAAATTCTAGCATCATCC 324 bps

Two pairs of primers were designed for MDM2. One (MDM2 X1) only covers transcript variant 1 (NM_010786.4) and the
other (MDM2 X14X2) covers both known variants (NM_001288586.2 as well as NM_010786.4). Amplicon lengths for each
marker were verified using an Agilent Bioanalyzer 2100 and Agilent DNA 1000 Kit. Primers for both transgenes (APP and PST)
and internal controls were designed and their sequences were provided by the Jackson Laboratory.

Supplementary Table 2. Primary antibodies.

Antigen Species Company Catalog no. Dilution Application
pl6 Mouse Santa Cruz Biotechnology sc-1661 1:100 IF
H2AX Rabbit Cell Signaling #9718 1:400 IF
MDM2 Mouse Abcam ab16895 1:200 IF
p33 Rabbit Santa Cruz Biotechnology Sc-6243 1:100 IF
RPS6 Rabbit Cell Signaling #2217 1:100 IF
RPLS Rabbit Cell Signaling #14568 1:100 IF

Supplementary Table 3. Secondary antibodies.

Host Recognizes Fluorophore Company Catalog no. Dilution Application

Goat Mouse IgG Alexa Fluor 488 ThermoFisher A-1101 1:1000 IF

Goat Rabbit IgG Alexa Fluor 488 ThermoFisher A-11034 1:1000 IF

Goat Rabbit IsG Alexa Fluor 488 Abcam ab150077 1:1000 IF
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Supplementary Video
Please browse Full Text version to see the data of Supplementary Video 1.

Supplementary Video 1. Collection of hair samples using the vacuum collector invented by our team.
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The advanced-stage colon cancer spreads from primary tumor site to distant organs where the colon-unassociated stromal
population provides a favorable niche for the growth of tumor cells. The heterocellular interactions between colon cancer cells
and colon-unassociated fibroblasts at distant metastatic sites are important, yet these cell-cell interactions for therapeutic
strategies for metastatic colon cancer remain underestimated. Recent studies have shown the therapeutic potential of DNA-
demethylating epi-drugs 5-azacytidine (AZA) and S-aza-Z'-deoxycytidine (DAC) for the treatment of solid tumors. While the
effects of these epi-drugs alone or in combination with other anticancer therapies are well described, the influence of stromal cells
and their secretome on cancer cell response to these agents remain elusive. In this study, we determined the effect of normal and
senescent colon-unassociated fibroblasts and their conditioned medium on colorectal cancer (CRC) cell response to AZA and
DAC using a cell-based DNA demethylation reporter system. Our data show that fibroblasts accelerate cell proliferation and
differentially regulate the expression of DNA methylation-regulating enzymes, enhancing DAC-induced demethylation in CRC
cells. In contrast, the conditioned medium from senescent fibroblasts that upregulated NF-xB activity altered deoxycytidine kinase
levels in drug-untreated CRC cells and abrogated DAC effect on degradation of DNA methyltransferase 1. Similar to 2D cultures,
senescent fibroblasts increased DNA demethylation of CRC cells in coculture spheroids, in addition to increasing the stemness of
CRC cells. This study presents the first evidence of the effect of normal and senescent stromal cells and their conditioned medium
on DNA demethylation by DAC. The data show an increased activity of DAC in high stromal cell cocultures and suggest the
potential of the tumor-stroma ratio in predicting the outcome of DNA-demethylating epigenetic cancer therapy.

1. Introduction

Colorectal cancer (CRC) is one of the most common can-
cers with heterogeneous treatment outcomes [1, 2], and
growing evidence indicates the key role of the stroma in
CRC invasion, metastasis, and response to chemo- and
radiotherapy [3-5]. An image-based quantitative study
conducted in CRC patient samples suggests the abundance
of cancer-associated fibroblasts in tumor stroma as an

indicator of disease recurrence after curative CRC surgery
[6]. In poor-prognosis CRC subtypes that are characterized
by stemness and/or epithelial-to-mesenchymal transition
(EMT), elevated expression of mesenchymal genes is
mainly contributed by tumor-associated stroma [7]. High
Wt signaling activity in tumor cells that are located close
to stromal myofibroblasts further indicates that stemness
of colon cancer cells is partly regulated by the tumor
microenvironment [8].
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The cellular heterogeneity in the tumor microenviron-
ment plays a key role in tumor progression, invasion, metasta-
sis, and the outcome of anticancer therapy [9]. While the
tumor stroma is not malignant per se, stromal cells acquire
abnormal phenotype and support the growth and progression
of cancer [9, 10]. Importantly, the role of senescent stromal
cells in the tumor microenvironment is coming into light
due to their ability to drive the unrestrained growth of tumors,
which cause a differential response of cancer cells to antican-
cer drugs [11, 12]. Senescence is one of the normal cellular
events triggered in cancer cells following genotoxic stress,
such as radiotherapy and chemotherapy [13]. However,
therapy-induced bystander senescence in other noncancerous
cell types of the tumor microenvironment has been suggested
to result in cancer relapse and aggravate the side effects of che-
motherapy [12, 14, 15]. Therefore, there is a growing interest
to understand how senescent stromal cells alter the response
of tumor cells to different classes of anticancer drugs [16].

DNA methyltransferase inhibitors (DNMTIs), such as
5-azacytidine (AZA) and S—aza—zl»deoxycytidine (DAC),
have shown promising activity as priming agents in the treat-
ment of solid tumors in early clinical trials [17-20]. DNMTIs
have been reported to work synergistically in combination
with various other anticancer therapies [21-25] and radio-
therapy [26, 27]. Although the effects of DNMTIs alone or
in combination with radiotherapy are well reported, it is not
known how the senescent and/or normal stromal cells of the
tumor microenvironment influence the response of cancer
cells to DNA-demethylating drugs. Besides tumor-stroma
cross-talk, the colonic fibroblast secretome and senescence-
associated secreted phenotype (SASP) play a crucial role in
regulating the proliferation of cancer cells [11, 28]. Secreted
factors from normal and senescent stromal cells have also
been suggested to contribute to tumorigenesis and differential
drug effects [29].

Since the advanced-stage colon cancers spread from
primary tumor site to distant organs and tissues [30], the
colon-unassociated stromal population may play an impor-
tant role in forming a favorable metastatic niche for CRC cells.
The interactions between CRC cells and noncolon fibroblasts
at the distant metastatic sites are important, yet these hetero-
cellular tumor-stroma interactions for preventive and/or
therapeutic strategies for metastatic colorectal cancer remain
understudied. In this study, we investigated the effect of
colon-unassociated normal human foreskin and lung fibro-
blasts and their radiation-induced senescent counterparts on
CRC cell response to AZA and DAC in two-dimensional
(2D) and spheroid cultures. In addition, we studied the effect
of conditioned medium from normal and senescent fibro-
blasts cells on colon cancer cell proliferation and DAC-
induced DNA demethylation. This study was performed using
our recently described demethylation reporter, HCT116-
pFLJ-H2B cells, henceforth referred to as HCT116 [31].

2. Materials and Methods

2.1. Chemicals, Cell Culture, and Reporter Cells. AZA and
DAC were synthesized as described previously [32]. DMSO
concentration was always less than 0.1% in treated wells.
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Human normal BJ foreskin fibroblasts (ATCC®
CRL-2522™) and human normal MRC-5 lung fibroblasts
(ATCC CCL-171™) were purchased from ATCC (Middlesex,
UK) and cultured in EMEM (Gibco®, Thermo Fisher
Scientific Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific).
Human A549 lung carcinoma cells (ATCC CCL-185™)
were cultured in Ham’s F-12 medium (Gibco, Thermo
Fisher Scientific) supplemented with 10% FBS. All cells were
maintained in a standard humidified incubator in 5%
CO,/atmospheric air at 37°C.

Demethylation reporter HCT116 cells were generated
and cultured as described previously [31]. GFP-expressing
BJ cells (BJ-GFP) were generated by transduction using
Cignal Lenti GFP lentiviral particles, whereas nuclear fac-
tor-kB (NF-xB) reporter A549 cells (A549-NF-«B) were
generated using Cignal Lenti NF-xB Reporter lentiviral
particles from Qiagen (Hilden, Germany) following the
manufacturer’s protocol. Briefly, all cells were infected at a
multiplicity of infection of 10 pfu/cell. To enhance the effi-
ciency of transduction, SureENTRY Transduction Reagent
(Qiagen) was used at a concentration of 8 ug/mL. Trans-
duced cells were subjected to selection pressure of 3 uM
puromycin (Sigma-Aldrich, St. Louis, MO, USA). BJ-GFP
cells were isolated by single-cell sorting in a BD FACSAria
II cell sorter (BD Biosciences, San Jose, CA, USA) in order
to avoid multiple passages and replicative senescence dur-
ing clonal selection.

2.2. Senescence Induction by X-Ray Irradiation, Conditioned
Medium, and Cell Viability Assay. The fibroblast cultures
were exposed to 10 Gy X-ray irradiation in an X-ray RS225
irradiator (Xstrahl, Surrey, UK) at a dose rate of 2.3 Gy/min.
Irradiated cells were then maintained for 1 to 3 weeks before
the collection of conditioned medium or the use of cells for
experiments. Collected conditioned medium was filtered
using a 0.22um sterile syringe filter (Merck Millipore,
Burlington, MA, USA) and diluted to 25% in the complete
fresh medium before experiments to provide the vital
components necessary to support the cell growth.

For cell viability assays, HCT116 were seeded in 96-well
plates and exposed to X-ray irradiation as described
above. After 8 h, irradiated HCT116 were treated with DAC
(0.2-20 uM) either in 25% conditioned medium from irradi-
ated BJ or complete medium for 72 h, and cell viability was
determined by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.

2.3. B-Galactosidase Assay for Senescent Cells. Senescent cells
innonirradiated and 1- to 3-week-old irradiated fibroblast cul-
tures were stained using a f3-Galactosidase (B-Gal) Staining
Kit (Cell Signaling Technology, Danvers, MA, USA) following
the manufacturer’s protocol. Cells were counterstained
with Hoechst 33342 (Molecular Probes®, Eugene, OR, USA)
prior to imaging in a Cell Voyager CV7000S microscope
(Yokogawa, Tokyo, Japan) using a 20x objective and 405/
488/561 nm laser line (Hoechst) and bright field filter for
B-Gal. Captured images were imported to Columbus™
Image Analysis System (PerkinElmer, Waltham, MA, USA).
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Senescent cells were quantified using a texture-based analysis
of the nuclear and cytoplasmic regions by a Saddle-Edges-
Ridges (SER) algorithm in Columbus Image Analysis System
[33]. Briefly, cell nuclei were identified based on Hoechst
staining. Then, the area and roundness of identified nuclei
were calculated, and cell population was selected based on
area and roundness. Next, the cytoplasm around the selected
population of nuclei was identified to calculate the texture
properties (in bright field channel) based on SER spot fea-
tures. Cells with SER spot value higher than the threshold
value were quantified and calculated.

To analyze protein markers of cellular senescence, repli-
cating and senescent fibroblasts were collected and processed
for Western blot analysis as described below.

2.4. Coculture and Conditioned Medium Culture Setup.
Monocultures of HCT116 and cocultures of HCT116 and
nonirradiated or 1- to 3-week-old irradiated senescent fibro-
blasts were established in clear-bottom CellCarrier 384-well
plates (PerkinElmer) at 7:3 and 3:7 ratios, hereafter referred
to as low stromal cocultures and high stromal cocultures,
respectively. The total cell density was always 1000 cells/well.
Note that all cocultures were established in EMEM that
supported the normal growth of all cell types.

For studying the effects of conditioned medium from
senescent fibroblast cultures on HCT116 proliferation and
demethylation, the experiment was set in a way that there
was a free exchange of medium between HCT116 cells and
1- to 3-week-old irradiated fibroblasts in different wells in
the absence of a direct cell-to-cell contact.

2.5. Drug Treatment, Demethylation, and Cell Proliferation
Analysis in 2D Cultures. Cells were treated for 72h with
DAC or AZA at 1uM and 5uM concentrations diluted in
appropriate medium and imaged and analyzed to evaluate
the intensity of EGFP signal as described elsewhere [31].
The rate of HCT116 cell proliferation (72 h/24 h) in untreated
culture types was determined by counting the total number of
RFP-H2B-tagged HCT116 cell nuclei using Columbus Image
Analysis System (PerkinElmer), as described previously [31].

2.6. Spheroid Culture, Drug Treatment, and Imaging. Spher-
oids were generated as described elsewhere [34]. Low stromal
coculture and high stromal coculture spheroids of HCT116
and nonirradiated or 1- to 3-week-old irradiated fibroblasts
were established at ratios described above (see Section 2.4).
Spheroids were grown for at least 1 week before the start of
any treatment. To study the effect of conditioned medium,
spheroids were transferred to a new agarose-coated 384-
well plate containing 25% conditioned medium from irradi-
ated fibroblast cultures. Spheroid imaging and quantification
of EGFP intensity and spheroid size were carried out as
described elsewhere [31, 34]. All drug treatments in spher-
oids were done for 96 h.

Images of DAC-treated spheroids were acquired using a
Light Sheet Z.1 microscope (Carl Zeiss, Jena, Germany).
Prior to imaging, DAC-treated spheroids were collected
and washed in 1x phosphate-buffered saline (PBS). Spheroids
were then stained for 2h with 10 M Hoechst nuclear dye at

room temperature. Spheroids were washed in 1x PBS to
remove residual Hoechst and mounted in 1.5% (w/v) low-
melting agarose (40°C). Spheroids were then drawn into a
0.5 mm glass capillary tube with a metal plunger (Carl Zeiss)
and allowed to polymerize for 5min at room temperature.
The capillary tube was then vertically mounted on a sample
holder and immersed in a sample chamber filled with
phenol-red free EMEM. The polymerized agarose containing
spheroids was then extruded into the sample chamber using
the metal plunger, and multidirectional z-stack images were
acquired using a 20x detection optics and two 10x illumina-
tion optics with appropriate lasers and filters. The captured
images were processed using ZEN Blue image processing
software (Carl Zeiss).

2.7. Cell Sorting and Western Blot Analysis. HCT116 cultured
in 25% conditioned medium from nonirradiated or 1- to
3-week-old irradiated fibroblast cultures and high stromal
cocultures of HCT116 with nonirradiated or irradiated fibro-
blasts were treated with 1 M DAC for 72h. HCT116 from
conditioned medium cultures were collected and immedi-
ately lysed and processed for Western blot analysis following
drug treatment. To analyze the effect of DAC on HCT116 in
cocultures, RFP-expressing HCT116 were first isolated by
sorting in a FACSAria II Cell Sorter (BD Biosciences) and
then processed for Western blotting. Nonfluorescent normal
BJ and sBJ cells from cocultures were also isolated simulta-
neously for Western blot experiments.

Cells were lysed in RIPA buffer (150mM NaCl, 1.0%
NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 50 mM Tris, (pH 8.0)) supplemented
with cOmplete™ Protease Inhibitor Cocktail (Roche Holding
AG, Basel, Switzerland) by sonication on ice. Protein lysates
(20-50 ug) were electrophoresed and transferred onto a
PVDF membrane (Merck Millipore) and probed with anti-
bodies as described elsewhere [35]. Primary antibodies
against DNA methyltransferase 1 (DNMT]1; catalogue num-
ber: 5032, 1:1000 dilution), vimentin (catalogue number:
5741, 1:1000 dilution), f3-catenin (catalogue number: 8480,
1:1000 dilution), and p21**"/“" (catalogue number: 2947,
1:1000 dilution) were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA); p53 (catalogue number:
ab131442, 0.02 ug/mL dilution) from Abcam (Cambridge,
UK); pl6 (catalogue number: sc-759; 1:500 dilution) from
Santa Cruz Biotechnology (Dallas, TX, USA); and Tet
methylcytosine dioxygenase 1 (TET1; catalogue number:
NBP2-15135; 1:1000 dilution) and deoxycytidine kinase
(dCK; catalogue number: H00001633-B01P; 1 ug/mL dilu-
tion) from Novus Biologicals (Littleton, CO, USA). Mouse
anti-B-actin antibody (catalogue number: A5441; 1:4000
dilution) was used as a loading control and was purchased
from Sigma-Aldrich. Blots were developed using either goat
anti-mouse or anti-rabbit Alexa Fluor® 488 secondary anti-
bodies (1:2000 dilution) from Life Technologies (Carlsbad,
CA, USA).

2.8. NF-kB Activity and Cytokine Assays. To determine NF-«B
activity, in-house developed A549-NF-«B reporter cells [36]
were seeded at a density of 10,000 cells/well in Ham’s F-12
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medium in white opaque 96-well plates (PerkinElmer). After
24h, the old medium was replaced with undiluted condi-
tioned medium from nonirradiated or 1- to 3-week-old
irradiated fibroblast cultures, and the cells were further incu-
bated for 24 and 48 h. At the end of each incubation, 100 uL
Britelite Plus luminescent reagent (PerkinElmer) was added
per well, plate content was mixed in a plate shaker, and the
luminescent signal was measured in an EnVision Multilabel
Plate Reader (PerkinElmer).

The proinflammatory cytokines and/or chemokines in
conditioned medium were assayed using a Cytokine Human
Magnetic 25-Plex Panel Luminex™ Kit (Life Technologies)
following the manufacturer’s protocol and analyzed in a
Luminex 200 System Analyzer (Austin, TX, USA).

All assays were performed with samples of condition
medium obtained from three independent cultures of nonir-
radiated or irradiated fibroblast cultures.

2.9. Statistical Analysis. All statistical analyses were per-
formed on at least 2-4 independent biological replicates
using GraphPad Prism (GraphPad Software version 7, San
Diego, CA, USA), and differences were considered significant
at p <0.05. Unless otherwise mentioned, data were analyzed
using one-way ANOVA with Dunnett’s multiple comparison
test. For one-sample ¢-test, data were compared with a hypo-
thetical value of 100%.

3. Results

3.1. Irradiation Increased the Number of P-Gal-Positive
Senescent Fibroblast Cells. Irradiation is a well-reported
inducer of senescence in different cell types [13]. Therefore,
we first determined the number of -Gal-stained senescent
cells in nonirradiated and 1-week-old irradiated BJ fibroblast
cultures by high content image analysis as described in
Materials and Methods. Compared to nonirradiated BJ
cultures, there was a significant increase in the number of
B-Gal-positive senescent BJ (sBJ) fibroblasts post 1 week of
irradiation (Figure Sla; 2.7 +0.3% in nonirradiated BJ versus
5.5+0.5% in 1-wk-IR sBJ cultures, p < 0.001, n = 2, Student’s
t-test, unpaired). Culturing the irradiated BJ fibroblasts for
an additional 2 weeks further increased the percentage of
B-Gal-positive cells to 42.9+3.1% (p <0.001 versus nonir-
radiated BJ, n =2, Student’s t-test, unpaired).

Next, we determined the induction of molecular markers
of senescence in nonirradiated and 1- to 3-week-old irradi-
ated BJ cultures. The nonirradiated BJ fibroblasts showed a
weakly elevated level of p21"*™/“P, In accordance with the
B-Gal staining data, irradiation induced the expression of
senescence markers, p16 and p21*%/“P, in addition to p53,
in 1- to 3-week-old sBJ cultures (Figure S1b).

3.2. Fibroblasts Increased the Susceptibility of HCT116 to
DAC in 2D Cocultures. To examine the effect of senescent
fibroblasts on HCT116 response to DNA-demethylating
drugs, low and high stromal cocultures of HCT116 and
1-week-old irradiated sB] were established. A comparison
of EGFP intensities showed a culture-dependent increase in
the effect of DAC and AZA on HCT116 DNA demethylation
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in the order of high stromal coculture > low stromal cocul-
ture > monoculture (Figure 1(a)). To examine if this effect
was limited to senescent cells, we performed a similar com-
parison following DAC and AZA treatment of HCT116 in
coculture with nonirradiated BJ fibroblasts. Similar to sBJ
fibroblasts, the presence of nonirradiated BJ fibroblasts sig-
nificantly increased DAC-induced HCT116 DNA demethyl-
ation, but there was no difference in the effect of AZA
(Figure 1(a)). Since DAC had a greater effect on HCT116
demethylation in cocultures, we decided to perform all subse-
quent studies with DAC. Also, as evident from the previous
study conducted in HCT116 cells, DAC showed maximum
demethylation at 1M concentration; therefore, we chose
1M DAC concentration for the further studies [37]. Next,
to see if the observed senescent cell effect was reproduced
by other senescent fibroblast types, we treated cocultures of
HCT116 and 3-week-old irradiated senescent MRC-5
(sMCR-5) and sBJ fibroblasts with 1M DAC. The data
showed an increased demethylation effect of DAC on
HCT116 in coculture with both sMRC-5 and 3-week irradi-
ated sBJ fibroblasts (Figure. 1(b)). Overall, the data indicate
that the increase in demethylation of HCT116 by DNMTTIs
is more pronounced in the presence of senescent fibroblasts.

We next examined the effect of SASP on HCTI116
response towards DAC-induced demethylation. Cells were
cultured in a way that there was a free exchange of medium
between HCT116 and sBJ or sMRC-5 cells, but there was
no direct HCT116 to sB] or sMRC-5 cell-cell contact
(Figure 1(b)). The results showed no significant effect of
SASP on 1uM DAC-induced demethylation in HCT116
(Figure 1(b)).

3.3. Fibroblasts and Their Conditioned Medium Affect DAC-
Induced Alteration in DNA Methyltransferase 1 Level. To fur-
ther decipher the effect of normal and senescent fibroblasts,
we analyzed the changes in the protein levels of DNA meth-
ylation and demethylation-regulating enzymes, DNMT1 and
TETI, respectively, in HCT116 isolated from cocultures of
HCT116 and nonirradiated BJ or sBJ fibroblasts. The results
showed significant downregulation of DNMTT1 in untreated
HCT116 that were cocultured with nonirradiated BJ or sBJ
fibroblasts compared to HCT116 monocultures. Although
1uM DAC downregulated DNMT1 levels in monoculture
HCT116, the downregulation was significantly greater in
HCT116 cocultured with sBJ (Figure 2(a); p=0.03, two-
way ANOVA). Although there were alterations in the level
of TET1 in HCT116 following DAC treatment in different
culture types, the difference was statistically nonsignificant
(Figure 2(a)).

We further studied the effect of conditioned medium
from nonirradiated BJ and sBJ fibroblasts on DNMT1 and
TET1 levels in HCT116. While 1 uM DAC inhibited DNMT1
levels in HCT116 when the treatment was done in the pres-
ence of conditioned medium from normal BJ fibroblasts, this
inhibition was abrogated in the presence of conditioned
medium from sBJ cultures (Figure 2(b)). The data relates to
the lack of significant increase in DAC-induced HCT116
DNA demethylation in the presence of conditioned medium
from sBJ cultures (see Figure 1(b)). There was no significant

200



Stem Cells International 5

Coculture effect
(demethylation)

Monoculture Low stromal
Untreated (1 uM DAC)

Non-IR BJ 1-wk-IR sBJ

150 150

%
s
Monoculture _HigH stromal E —§ m* St
(1 tM'DAC) ' (4 1M DAC) E g 1001 .. 100 4-- . n i
o
=)
g
50 50
= =
= =
— [t}
< <
N N
< <

AZA 1 pM | B
]

DAC 1 uM
AZA 5uM
DAC 5 uM

[0 Monoculture
Low stromal coculture
B High stromal coculture

(a)
Coculture effect
(demethylation)
3-wk-IR sBJ 3-wk-IR SMRC-5 Londxl:loned}llllle‘d{um effect
(1 4uM DAC) (1 M DAC) (demethylation)
1 uM DAC

150 p

=)
S

EGEFP inter
(% of untreated control)

(% of untreated control)

) III
50

50

Monoculture

Low stromal coculture _ ¥
High stromal coculture _

Monoculture

Low stromal coculture
High stromal coculture
0% conditioned medium
sBJ conditioned medium

sMRC-5 conditioned medium

(b) (c)

Fiure 1: Effect of fibroblasts and their conditioned medium on HCT116 DNA demethylation in 2D cultures. (a) Representative images
showing RFP nuclear fluorescence but no EGFP fluorescence in the untreated control, and changes in EGFP fluorescence following DAC
treatment in HCT116 monocultures or cocultures with BJ. 20x objective; scale bar: 100 ym. Graphs showing a significant increase in EGFP
intensity in HCT116 cocultured with normal nonirradiated (non-IR) BJ and 1-week-irradiated (1-wk-IR) sBJ fibroblasts in comparison to
HCT116 monocultures following treatment with different concentrations of DAC and AZA. Data are mean + SEM, n=2-4, **p <0.01,
*p<0.05 compared to HCT116 monocultures. (b) A significant increase in EGFP intensity of HCT116 cells cocultured with 3-week-
irradiated (3-wk-IR) sBJ or sMRC-5 cells following treatment with 1M DAC. (c) Schematic diagram of the setup of conditioned
medium culture and graph showing no effect of sBJ or sMRC-5 conditioned medium on EGFP intensity following treatment of HCT116
monocultures with 1 4M DAC. Data are mean + SEM, n=2-4.

difference in TET1 levels in HCT116 cells in condition  phosphoryl group to DAC and is the rate-limiting enzyme
medium cultures (Figure 2(b)). of the overall process of converting DAC to its triphosphate

Radiation elevates dCK mRNA and protein levels [38], form that incorporates into DNA [40]. We next examined
and there is a clear correlation between dCK levels and radio-  the protein levels of dCK in DAC-treated HCT116 isolated
sensitizing effects of gemcitabine [39]. dCK adds the first from cocultures with BJ or sBJ fibroblasts and those cultured
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FiGure 2: Changes in the expression of DNMT1 and TET1. Representative western blots and densitometry analysis of DNMT1 and TET1
levels in untreated or DAC-treated (a) HCT116 monocultures and cocultures with normal BJ or sBJ and (b) HCT116 monocultures grown
in conditioned medium from normal BJ or sBJ cells. DNMT1 and TETI blots in (a) and (b) are taken from different gels. Data are

mean + SEM, n=3, ***p <0.001, *p <0.05.

in conditioned medium from BJ or sB]J cultures. Indeed, our
data revealed an elevated level of dCK in DAC-untreated
HCT116 isolated from cocultures of HCT116 with BJ or sBJ
fibroblasts; however, this expression was higher in HCT116
isolated from cocultures with sBJ fibroblasts (Figure S2a).
The treatment with DAC seemed to further increase the
levels of dCK in coculture-isolated HCT116. Interestingly,
the presence of conditioned medium from sBJ cultures
reduced the level of dCK in HCT116 treated with or without
DAC (Figure S2b).

3.4. Fibroblasts and their Conditioned Medium Increased Cell
Proliferation in 2D Cultures. Since the demethylation by
DAC is more pronounced in proliferating cells [41], we
examined the effects of normal and senescent fibroblasts
and their conditioned medium on HCT116 proliferation.
Compared to monocultures, HCT116 proliferation was
markedly increased when cocultured with either normal,
sBJ, or sMRC-5 fibroblasts or in the presence of conditioned
medium from senescent fibroblasts (Figures 3(a) and 3(b)).

3.5. Senescent Fibroblast Conditioned Medium Increased
DAC-Induced Cytotoxicity and Displayed High Levels of
Proinflammatory Cytokines and Chemokines. To determine
if senescent fibroblast conditioned medium-induced increase
in the proliferation of HCT116 was partly responsible for
increasing the susceptibility of HCT116 to DAC, we next
determined the cytotoxic/cytostatic effects of DAC in

nonproliferating HCT116 in the presence of conditioned
medium. We first irradiated HCT116 to induce cell cycle
arrest [42] and then treated irradiated HCT116 with DAC
(0.2-20 uM) in the absence or presence of conditioned
medium from sB]J cultures. Irradiation of HCT116 attenuated
the cytotoxic/cytostatic effect of DAC in the absence of con-
ditioned medium; however, the addition of sBJ conditioned
medium reversed this effect (Figure 3(c), left). Although
DAC was significantly effective in altering the viability of
nonirradiated HCT116, the addition of conditioned medium
further increased DAC effect (Figure 3(c), right).

The NF-«B pathway is suggested to contribute to senes-
cence program [43], and DNA-demethylating agents induce
apoptosis by inhibiting NF-xB activity [44]. Evidence also
suggests a correlation between NF-«xB and DNMT1 levels
[45]. Besides, a recent study showed the role of inflammatory
cytokines in regulating the activity of enzymes involved in
DNA methylation and demethylation [46]. Given this
correlation, we analyzed the levels of a panel of 25 human
cytokines and chemokines in conditioned medium from nor-
mal BJ and sBJ cultures and the effect of condition medium
on NF-xB activity. Conditioned medium from sBJ showed
a high level of interferon-alpha (IFN-«), interleukin-6 (IL-6)
and interleukin-8 (IL-8), and monocyte chemotactic
protein-1 (MCP-1) compared to conditioned medium from
normal BJ cultures (Figure 3(d)). The conditioned medium
from sBJ significantly increased NF-«B activity in NF-xB
reporter cellular model (Figure 3(d)).
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Figure 3: Coculture effect on HCT116 proliferation and analysis of secretory factors in conditioned medium. (a, b) The effect of normal and
senescent fibroblasts (a) and SASP of senescent fibroblasts (b) on the proliferation of HCT116. Data are mean + SEM, n =2 -4, ***p < 0.001,
**p <0.01, *p <0.05 compared to HCT116 monocultures or 0% conditioned medium, one-sample t-test. (c) Viability of nonirradiated and
irradiated HCT116 following DAC treatment. Data are mean + SEM, n =4, ***p < 0.001, **p < 0.01 comparing cell viability with or without
conditioned medium, Student’s t-test, unpaired. (d) Increased levels of IFN-a, IL-6, IL-8, and MCP-1 in sB] conditioned medium compared
to conditioned medium from normal BJ cells and its effect on NF-«B activity. Data are mean+SEM, n=3, ***p <0.001, **p <0.01
comparing conditioned medium from BJ to sBJ, Student’s t-test, unpaired.

3.6. Increased Susceptibility of HCT116 to DAC in Coculture
Spheroids. Cell-cell interactions in spheroids are closer to
physiological conditions, and therefore spheroids are excel-
lent models to study the effect of tumor-stroma interaction
on tumor cell response to anticancer drugs. We next investi-
gated the effect of normal BJ and sBJ fibroblasts on HCT116
DNA demethylation in coculture spheroids following 1 uM
DAC treatment. First, despite the cell number, BJ fibroblasts
always occupied the center of spheroids surrounded by
HCT116. The GFP-expressing BJ fibroblasts were visible only
after approximately 100 um z-plane height (Figure 4(a)),
indicating a limited stromal-tumor cell contact and underly-
ing the importance of autocrine and/or paracrine factors.
Similar to 2D cultures, the presence of a high number of nor-
mal BJ or sBJ cells increased HCT116 demethylation in
coculture spheroids (Figures 4(b) and 4(c)); however, this
effect was more pronounced in sBJ fibroblast-containing
spheroids (Figure 4(b)).

Next, to determine the effect of conditioned medium on
DAC-induced HCT116 demethylation, we treated monocul-
ture spheroids of HCT116 with 1 uM DAC in the presence of
conditioned medium from normal BJ and sBJ cultures. There
was no significant effect of sBJ conditioned medium on
DAC-induced demethylation on monoculture spheroids
(Figure 4(d)).

Given the fact that DAC is more effective in proliferat-
ing cells [41], we determined whether the increased demeth-
ylation in coculture spheroids is related to the increased
growth of spheroids. We compared the size of HCT116
monoculture spheroids with coculture spheroids of HCT116
and normal BJ or sBJ fibroblasts. The results showed a signif-
icant increase in the size of coculture spheroids compared
to monoculture spheroids (Figure 4(e)). However, there
was no major difference in the effect of 1uM DAC on
coculture spheroid size compared to monoculture spheroids
(Figure 4(e)).
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F1GURE 4: Fibroblasts and conditioned medium-induced effects on HCT116 susceptibility to DAC in spheroid cultures and expression of
EMT markers. (a) Images of high stromal cell coculture spheroids showing the presence of BJ cells in the spheroid interior. The z-plane
heights are indicated on the top of images. HCT116 are nonfluorescent and the exterior of the spheroid is stained blue with Hoechst. 20x
objective; scale bar: 50 gm. (b) Increase in EGFP intensity in coculture spheroids of HCT116 and BJ or sBJ cells compared to HCT116
monoculture spheroids. Data are mean+SEM, n>20 spheroids per group from 3 independent experiments, ***p < 0.001, *p <0.05,
Kruskal-Wallis test with Dunnet’s multiple comparisons test. (c) Representative images showing the effect of DAC on HCT116
monoculture spheroids and coculture spheroids of HCT116 and BJ fibroblasts. 20x objective; scale bar: 10 um. (d) The effect of conditioned
medium from normal and sBJ cultures on DAC-induced demethylation of HCT116 monoculture spheroids. Data are mean + SEM, n > 20
spheroids per group from 3 independent experiments, one-sample (-test. (e) Increase in the size of untreated coculture spheroids of
HCT116 and BJ or sBJ compared to HCT116 monoculture spheroids (left) and no effect of DAC treatment on coculture spheroid size
(right). Data are mean + SEM, n > 20 spheroids per group from 3 independent experiments, ***p < 0.001, *p < 0.05, Kruskal-Wallis test with
Dunnet’s multiple comparison test. (f) Representative Western blots showing the induction of vimentin expression in HCT116 sorted from
high and low stromal cell coculture spheroids of HCT116 and sB]J.

A recently published study elucidated that although cel-  and promote stemness of cancer cells [47]. Therefore, we
lular senescence arrests cell cycle program, the key signaling ~ examined the protein expression levels of vimentin, a typical
components of the senescence machinery, such as p16,  phenotype of EMT, and activation of Wnt/B-catenin in
p21%€P and ps3, critically regulate stem cell functions ~ HCT116 sorted from coculture spheroids of HCT116 and
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sBJ. The results demonstrated an upregulated expression of
vimentin in HCT116 from high stromal coculture spheroids
(Figure 4(f)). The results (Figure S1 and Figure 4(f)) relate
increased growth of coculture spheroids to sBJ-induced
stemness in HCT116.

4. Discussion

Studies indicate potential synergistic effects of DNMTIs and
radiotherapy for the treatment of solid tumors [26, 27].
Given the senescence-inducing property of radiation, it
remains to be seen whether and/or how the senescent stro-
mal cells affect tumor cell response to DNMTIs. Using our
recently developed DNA demethylation reporter cells [31],
we show that senescent fibroblasts increase the demethyla-
tion effects of DAC in HCT116 under coculture conditions
in both 2D and spheroid cultures (Figures 1 and 4). Further-
more, the increased DNA demethylation in high stromal
cocultures than monocultures suggests the increased suscep-
tibility of HCT116 to DAC in a higher stromal microenvi-
ronment. The increased demethylation effect of DAC was
not just limited to cocultures containing senescent fibro-
blasts as the presence of nonirradiated normal fibroblast also
induced a similar effect, albeit smaller, on HCT116 DNA
demethylation in both 2D and spheroid cultures. Neverthe-
less, the demethylation effect was more pronounced in
cocultures of HCT116 with irradiation-induced senescent
fibroblasts that showed increased expression of p21"/<P
and p16 (Figure S1, Figures 1 and 4). Repeated subculturing
has been reported to induce replicative senescence in fibro-
blasts [48]. The increased HCT116 DNA demethylation in
cocultures with nonirradiated fibroblasts could have pre-
sumably resulted due to the presence of presenescent fibro-
blasts. This is evident from the presence of a small fraction
of B-Gal-stained cells and expression of p21**#/“ in nonir-
radiated BJ cells (Figure S1).

Our data also demonstrate the fibroblast-induced down-
regulation of endogenous levels of DNMTI1 in untreated
HCT116. Additionally, the data also show the increased
effect of DAC on DNMT1 levels in HCT116 sorted from
cocultures than monocultures (Figure 2). Exposing cancer
cells to gamma irradiation has been reported to decrease
the protein levels of DNMT1 and DNMT3b [49, 50]. Further,
studies indicate that activation of nucleoside analogs corre-
lates with dCK activity [39, 51]. We show an elevation of
dCK protein levels in HCT116 cocultured with fibroblasts,
in particular, irradiation-induced sBJ cultures (Figure S2).
This increase in dCK levels corresponds to the increased
demethylation effect of DAC on HCT116 in high stromal
cocultures (Figure 1). Overall, the data indicate the potential
role of radiation-induced bystander effect through tumor-
stroma cross-talk in regulating epigenetic changes in tumor
cells in high stromal cocultures.

The stroma has been reported to regulate the growth of
tumor cells, increasing their invasive and metastatic proper-
ties [10]. In line with this, we observed normal and senescent
fibroblast-induced increased proliferation of HCT116 in 2D
and spheroid cocultures (Figures 3 and 4). Since DAC, like
other anticancer drugs, is reported to have a greater effect

in actively proliferating cells [41], the increased proliferation
of HCT116 in both 2D and spheroid cocultures potentially
makes HCT116 more susceptible to DAC (Figures 3 and 4).
This is partly shown by the decreased effect of DAC on the
viability of irradiated HCT116 (Figure 3).

Apart from fibroblast-induced effects in cocultures, we
also studied the effect of conditioned medium from senescent
fibroblasts on HCT116 proliferation in 2D cultures. The
results demonstrated an increased effect of conditioned
medium from senescent fibroblast cultures on HCT116 prolif-
eration only. However, conditioned medium from senescent
fibroblasts abrogated DAC effect on DNMT1 expression in
treated cells and decreased dCK levels in untreated and
DAC-treated HCT116 (Figure S2). Analysis of conditioned
medium from senescent fibroblasts showed upregulation of
proinflammatory cytokine and chemokine levels. This cyto-
kine/chemokine-laden condition medium increased NF-«B
activity in NF-«xB A549 reporter cells. The correlation between
demethylation effects of DNMTIs and NF-«B remains debat-
able in the literature. While one study suggests that the apo-
ptosis induced by DNMTIs via inhibition of NF-«B is not
due to epigenetic reprogramming [44], another study showed
that an increase in NF-xB activity downregulates DNMT1
levels [45]. In our study, we did not observe any direct effect
of senescent fibroblast conditioned medium on the protein
levels of DNMT1 (Figure 2). Nonetheless, the inability of
DAC to reduce DNMT1 levels in cells treated in conditioned
medium from senescent fibroblast cultures (Figure 2) indi-
cates the potential negative effect of SASP on DNA demethyl-
ation. The present study was conducted using established cell
line cultures only; therefore, a further line of evidence from
primary cells and DNMT1 knockout cell types is required.
Also, secretome analysis is clearly required to substantiate
the correlation between NF-«B activity and/or proinflam-
matory cytokines and chemokines on DNA methylation
and demethylation.

5. Conclusions

In agreement with the prognostic significance of tumor-
stroma ratio in different cancer types, the results of our
study indicate the potential of the tumor-stroma ratio for
predicting the outcome of DNA-demethylating epigenetic
anticancer therapy in CRC or other cancer types. The study
further correlates the increased susceptibility of HCT116 to
DAC due to fibroblast-induced increased proliferation and
differential regulation of methylation- and demethylation-
regulating enzymes by senescent stromal cells. In conclu-
sion, this study provides the evidence of the senescent
stromal cell-induced effects on CRC cell response towards
prototypal DNA-demethylating drug, DAC. Further studies
are required to confer the mechanism behind observed
stromal cell-induced alterations in DAC-induced DNA
demethylation effects.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Supplementary Materials

Figure S1: radiation increased senescence in fibroblast
cultures. (a) Representative images showing Hoechst- and
B-Gal-stained cultures of nonirradiated (non-IR) and 1- to
3-week-old irradiation- (IR-) induced senescent B] (sB])
cultures. The values in the middle $-Gal panel show the per-
centage of 3-Gal positive cells. Data are mean+SEM, n> 10
wells per 384-well plate from 2 independent experiments.
20x objective; scale bar: 100 ym. (b) Western blots showing
the expression of p53, p21**!/ Cip’ and pl6 in nonirradiated
(non-IR) BJ and 1- to 3-week-old sBJ cells following irradia-
tion (IR). Figure S2: coculture and conditioned medium effect
on dCK expression. (a) Western blots showing changes in
dCK expression in B] and HCT116 isolated from cocultures
of HCT116 and normal and sBJ cells in the absence () or
presence (+) of DAC. (b) Changes in the expression of dCK
in DAC-treated HCT116 cultured in conditioned medium
from BJ or sBJ cultures. The fold expression of dCK relative
to B-actin loading control is shown below the blots in (a)
and (b) from one experiment. (Supplementary Materials)
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Tabulka S1: Piehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem.

MRC5 U20S HCT116
latka koncentrace (UM) p hodnota p hodnota p hodnota
vybér latek z MTS

50 0,94681 0,000014 0,126959

12,5 0,30617 0,03899 0,999995

3,125 0,69299 0,542252 0,998899

quercetin 0,781 0,65393 0,712389 0,982356
0,195 0,33774 0,169048 0,992906

0,048 0,91502 0,41448 0,157353

0,012 0,50394 0,999931 0,999999

50 0,5702 0,002278 0,000027

12,5 0,92053 0,780104 0,000499

3,125 1 0,000703 0,000103

dasatinib 0,781 0,38977 0,126569 0,000034
0,195 0,99899 0,006142 0,000169

0,048 1 0,996308 0,164586

0,012 1 0,888723 0,23838

50 0,68275 0,036397 0,000429

12,5 0,45131 1 0,000208

3,125 1 0,005075 0,000164

D+Q 0,781 0,99963 0,086085 0,000073

0,195 0,99995 0,486281 0,000032

0,048 0,98745 0,627207 0,985948

0,012 0,99913 0,941281 0,999952

50 0,99944 0,000006 0,015428

12,5 0,98387 0,000112 0,004111

_ _ 3,125 0,64843 0,256551 0,971382
decy'”'mberm%mm"”'“m 0,781 0,61457 0,004103 0,121796
0,195 0,27299 0,016922 0,394054

0,048 0,81671 0,007092 0,962326

0,012 0,38132 0,019597 0,076112

50 0,03621 0,000045 0,000041

12,5 0,06716 0,000042 0,000072

o 3,125 0,80873 0,000108 0,071659

by droi'h"‘l’:r'ir(‘loﬂgl'l‘gﬁy it 0,781 0,9896 0,999799 0,945512
0,195 0,99956 0,958628 0,999608

0,048 0,99817 0,671211 0,151982

0,012 1 0,753497 0,985065
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20S HCT116
latka koncentrace (uM) p hodnota p hodnota p hodnota
vybér latek z MTS

50 0,584 0,0000067 0,010791

12,5 0,50822 0,0000106 0,066673

3,125 0,65469 0,0457531 0,800674

valspodar 0,781 0,98243 0,1912127 0,144254
0,195 0,27321 0,0066792 0,960706

0,048 0,99994 0,1709271 0,916829

0,012 0,99996 0,1551175 0,999931

50 0,03519 0,0000056 0,000322

125 0,05499 0,0000057 0,028621

3,125 0,04726 0,5352815 0,999986

BMH-21 0,781 0,07222 0,0000057 0,000053
0,195 0,21868 0,0000062 0,999916

0,048 0,9352 0,0230906 0,72577

0,012 1 0,1373594 0,922489

50 0,08018 0,0000056 0,000228

12,5 0,25761 0,0000061 0,000075

_ 3,125 0,79264 0,0000073 0,335725

v Zfﬁ))’l'qﬁlﬁg“gf’uﬁ] 0,781 0,99954 0,0000057 0,999999
0,195 1 0,0000865 0,503857

0,048 0,99934 0,0540133 0,984825

0,012 0,99998 0,0607434 0,697099

50 0,27109 0,0000057 0,040378

125 0,73747 0,0434437 0,108369

3,125 0,98666 0,0431746 0,244187

C1 0,781 1 0,0583479 0,354889

0,195 0,96322 0,1261959 0,15972

0,048 0,98666 0,1874854 0,182034

0,012 0,99961 0,1283268 0,282683

50 0,2409 0,0000056 0,000281

12,5 0,92034 0,0000439 0,006482

3,125 0,95092 0,026388 0,995173

loperamid hydrochlorid 0,781 0,93938 0,0344273 0,859721
0,195 0,73324 0,2658099 0,886827

0,048 0,68804 0,8132826 1
0,012 0,90103 0,8195226 0,677029

Pozn. nové nasyntetizované latky a nékteré dalsi latky jsou anonymizovany pod ¢iselnymi kody.
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20S HCT116
latka koncentrace (uM)  p hodnota p hodnota p hodnota
vybér latek z MTS
50 0,67298 0,000152 0,000016
12,5 0,27998 0,000836 0,01322
3,125 0,9187 0,006212 0,01565
c2 0,781 0,98593 0,001585 0,120479
0,195 1 0,000773 0,999991
0,048 1 0,16998 0,494562
0,012 0,59579 0,331468 0,998636
opioidy
50 0,707074 0,006791 0,999993
12,5 0,898644 0,999967 0,938599
3,125 1 0,999982 0,889906
DAMGO 0,781 0,999244 1 0,999997
0,195 0,999939 0,999229 0,928117
0,048 0,998364 1 0,87992
0,012 0,932544 1 0,634925
50 0,985596 0,00458 0,138737
12,5 0,999994 0,995329 0,829567
3,125 0,11932 0,715065 0,999957
ﬁ%r@sﬁgﬁg 0,781 0,918799 0,026126 0,949092
0,195 0,998671 0,269521 1
0,048 0,893167 0,997126 0,999791
0,012 0,99746 0,999934 0,839393
50 0,957009 0,308986 0,283189
12,5 0,956566 0,882573 0,998552
levorfanol (+)- 3,125 0,966548 0,953275 0,99644
tartratova sul 0,781 1 0,463165 0,982778
dihydrat 0,195 0,378651 0,117893 0,999999
0,048 0,543579 0,793104 0,999153
0,012 0,919777 0,947219 0,806698
50 0,530398 0,676057 0,526642
12,5 0,997267 0,999914 0,997488
3,125 1 0,985827 0,998761
h%r{)kcﬁgﬂ ; 0,781 0,501661 0,997343 1
0,195 1 0,99996 1
0,048 0,999953 0,938311 1
0,012 0,980553 0,999577 0,996865

Pozn. nové nasyntetizované latky a nekteré dalsi latky jsou anonymizovany pod ¢iselnymi kody.
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20S HCT116
latka koncentrace (uM) p hodnota p hodnota p hodnota
opioidy
50 0,901539 0,047117 0,351699
12,5 0,94943 0,999965 0,672858
3,125 0,465358 0,999987 0,974874
Ezg';grcnh‘ig?g 0,781 0,999938 1 0,985239
0,195 0,736651 0,999979 0,874586
0,048 0,991476 0,9963 0,890411
0,012 0,999995 0,998793 0,999727
50 0,994551 0,952182 0,748643
12,5 0,992184 0,999996 0,703515
3,125 0,990839 0,99392 0,790572
bt‘fatr‘zgfgfa' 23 0,781 0,881405 0,999655 0,979783
0,195 1 1 0,996893
0,048 0,850027 0,136614 0,586704
0,012 0,969307 0,943936 0,669823
50 0,963183 0,983837 0,999688
12,5 1 0,95814 0,600782
3,125 0,999999 0,982445 0,964611
[Leu5]-enkefalin 0,781 0,999986 0,397643 0,542125
0,195 1 0,992103 0,998987
0,048 0,996656 0,997447 0,917993
0,012 0,999928 0,999695 0,999996
50 1 0,024152 0,998639
12,5 0,996412 0,999745 0,790058
3,125 0,857642 0,967815 0,880783
nalbufin 0,781 0,990557 0,999997 0,999993
0,195 1 0,966524 0,999995
0,048 0,989196 0,998291 0,907109
0,012 0,997739 0,931401 0,951072
50 1 0,551651 0,457191
12,5 0,999436 0,306067 0,866986
3,125 0,835263 0,940408 1
mabron 0,781 0,931602 0,648287 0,999993
0,195 0,469821 0,290233 0,98074
0,048 0,999996 0,996659 0,93403
0,012 0,584111 1 0,993706
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20sSs HCT116
latka koncentrace (uM) p hodnota p hodnota p hodnota
opioidy
50 0,911473 0,531946 0,748
12,5 0,999961 0,98281 1
3,125 0,999998 0,031544 0,995172
dipidolor 0,781 0,983955 0,999983 0,999269
0,195 0,999452 0,999304 0,474298
0,048 0,182189 0,961467 0,708079
0,012 0,873004 0,999699 0,998846
50 0,991943 0,014616 0,999658
12,5 0,813158 0,999418 0,283166
3,125 0,923237 0,999927 0,449571
remifentanyl 0,781 0,646455 0,976825 0,714245
0,195 0,960092 1 0,398084
0,048 0,5192 0,999164 0,575857
0,012 0,110367 0,987111 0,256318
50 0,492818 0,212285 0,840874
12,5 0,999118 0,410585 0,978408
3,125 0,635228 0,962314 0,728747
kodein 0,781 1 0,053879 0,70741
0,195 0,931407 0,472173 0,958563
0,048 0,999821 0,615368 0,291297
0,012 0,237576 0,20966 0,022583
50 0,882374 0,011964 0,999984
12,5 0,995821 0,987937 0,697762
3,125 1 0,999998 0,996309
sufentanyl 0,781 0,765989 0,996352 0,406094
0,195 0,818581 0,999369 0,990172
0,048 0,490488 0,917777 0,241723
0,012 0,119253 0,122754 0,100349
50 0,345256 0,002594 0,014031
12,5 0,949073 0,68274 0,976128
3,125 0,656108 0,390871 0,9086
fentanyl 0,781 0,999056 0,994969 0,994373
0,195 0,965951 0,859599 0,517371
0,048 0,614937 0,492982 0,0617
0,012 0,194176 0,057216 1
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20sSs HCT116
latka koncentrace (uM) p hodnota p hodnota p hodnota
opioidy
50 0,952973 0,57281 0,959644
12,5 0,704405 0,614699 0,997647
3,125 0,971662 0,688491 1
dolsin 0,781 1 0,770328 1
0,195 0,96476 0,972913 0,509471
0,048 0,527348 0,928051 0,465369
0,012 0,040323 0,150644 0,26546
50 0,37214 1 0,231534
12,5 0,365866 1 0,958291
3,125 0,769617 0,999306 0,999999
morfin 0,781 0,436255 0,574524 0,556504
0,195 0,420205 0,999959 0,999992
0,048 0,927992 0,621933 0,960606
0,012 0,819605 0,510114 0,996826
50 0,961561 0,025604 0,999263
12,5 0,819423 0,007567 0,988593
3,125 0,884267 0,999987 0,135591
kokain 0,781 0,84546 0,083163 0,999999
0,195 0,925755 1 1
0,048 0,297618 0,884465 0,828341
0,012 0,578484 0,999659 0,999928
50 0,144099 0,004763 0,123673
12,5 0,914148 0,006579 0,631792
3,125 0,901123 0,454824 0,960121
U-50488 0,781 0,976211 0,228875 0,991355
0,195 0,996868 0,608114 0,929693
0,048 0,957582 0,38102 0,847693
0,012 0,956093 0,836719 0,989271
50 0,659724 0,986627 0,012872
12,5 0,99739 0,998888 0,999932
3,125 0,999217 0,998674 0,99941
GR 89696 0,781 0,999444 0,596099 0,957659
0,195 0,997252 1 1
0,048 0,948501 1 0,934825
0,012 0,999956 0,851355 0,556522
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20S HCT116
latka koncentrace (uM) p hodnota p hodnota p hodnota
opioidy
50 0,992418 0,761437 0,517728
12,5 0,95655 0,487298 0,962276
3,125 0,999994 0,429676 0,994834
U-69593 0,781 0,941756 1 0,910932
0,195 0,451497 0,999999 1
0,048 1 0,955929 0,965975
0,012 0,999785 0,999999 1
50 0,301342 0,929262 0,515443
12,5 0,994472 0,372508 0,931638
3,125 0,289546 0,165993 0,998784
pentazocin 0,781 0,682635 0,788018 0,668489
0,195 0,230699 0,504845 0,927897
0,048 0,556237 0,877168 0,99439
0,012 0,59037 0,998347 0,76686
50 0,003422 0,026987 0,006842
12,5 1 0,173105 0,984007
] 3,125 0,977771 0,559771 0,831775
hb)‘,‘ d"’rfc“h‘}rofr'lnd 0,781 0,999147 0,640245 0,593316
0,195 0,757059 0,999999 0,591788
0,048 1 0,991742 1
0,012 0,938631 0,927999 0,987463
50 0,169274 0,861596 0,008641
125 1 0,420735 0,142753
3,125 0,467215 0,675541 0,305816
SCH 221510 0,781 0,999154 0,675541 0,793305
0,195 0,557117 0,906647 0,720154
0,048 0,999976 1 0,999987
0,012 0,982621 0,999983 0,86773
50 0,049014 0,759599 1
12,5 0,997629 1 0,999275
3,125 0,99812 0,928157 0,999646
naloxon 0,781 0,975464 0,778385 0,999765
0,195 0,999913 1 0,874885
0,048 1 0,759599 0,894155
0,012 1 0,999999 0,982133
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20s HCT116
latka koncentrace (uM) p hodnota p hodnota p hodnota
opioidy
50 0,930608 0,373223 0,96168
12,5 0,431827 0,831041 0,738365
3,125 0,974334 0,979752 0,74498
naltrexon 0,781 0,999586 0,721118 0,999921
0,195 1 0,999796 0,856137
0,048 1 0,881881 0,997765
0,012 0,69916 1 0,999937
50 0,043133 0,001481 0,024605
12,5 0,519869 0,015694 0,994197
3,125 0,87805 0,770356 0,999979
nalmefen 0,781 0,852967 0,999999 0,956572
0,195 0,999771 0,993069 0,999958
0,048 1 0,954877 0,624225
0,012 1 0,504276 0,999991
50 0,999994 0,047662 0,235212
12,5 1 0,206073 0,289173
3,125 0,999773 1 0,400882
methylnaltrexon bromid 0,781 0,999465 0,999999 1
0,195 0,99646 0,732105 1
0,048 0,731067 0,365767 0,973079
0,012 0,347904 0,111627 1
50 0,914918 0,038374 0,016039
12,5 0,091912 0,9133 0,890482
3,125 0,998723 1 0,501653
nor-binaltorfimin 0,781 0,973234 0,213711 0,597453
0,195 1 0,943075 0,964647
0,048 0,979199 0,997203 0,837939
0,012 0,70845 0,172915 1
50 0,004778 0,017932 0,031167
12,5 0,217471 0,002779 0,028867
3,125 0,236531 0,876237 0,898267
guanidinonaltrindol 0,781 0,997886 0,695053 0,793365
0,195 0,999978 0,997264 0,731489
0,048 0,385169 0,627554 0,638673
0,012 0,293651 0,945471 0,999628
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Tabulka S1: Pfehled p hodnot latek testovanych SER spot analyzou po SA-B-gal barveni kitem (pokrag).

MRC5 U20sSs HCT116
latka koncentrace (uM) p hodnota p hodnota p hodnota
opioidy

50 0,038017 0,000303 0,014858

12,5 0,441872 0,990282 0,961407

3,125 0,999977 0,999995 0,999584

BAN ORL 24 0,781 0,996652 0,999986 0,999991
0,195 0,814541 1 0,90149

0,048 0,999993 0,988022 0,777023
0,012 0,055692 0,996611 0,31576

Tabulka S2: Srovnani vysledku latek analyzovanych v obou testech (MTS vs. SA-B-gal).

srovnani MTS a SA-B-gal vysledki
MRC5 U20s HCT116
latka MTS B-gal MTS B-gal MTS B-gal
quercetin * - * * * -
dasatinib - - * * * *
D+Q - - - + + -
decyltrimethylammonium bromid - - * * B *
9-aminoacridine hydrochlorid ~ . ~ . ~ .
monohydrat
valspodar - - * * * *
BMH-21 - * * * B *
haq iodid - - * * * *
C1 - - - * B *
loperamide hydrochlorid - - * * * *
C2 N - - N N +
S1 N N N N N N
S3 ; - N N N N
shoda testii (%) | 61,5 69,2 46,1

Zelené jsou vyznaceny shody pozitivnich vysledkl u obou testdl, oranzove shody negativnich vysledkd.
Pozn. nové nasyntetizované latky a nékteré dalsi latky jsou anonymizovany pod Ciselnymi kody.
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