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IVADAS

Viena didziausiy chemoterapijos problemy yra jos Salutinis poveikis.
Dauguma chemoterapijoje naudojamy vaisty yra nukreipti } DNR replikacijg
arba pagrindinius lasteliy ciklo reguliatorius. Tai neigiamai veikia ne tik
piktybines lasteles, bet ir sveikas besidauginancias lgstelés (tame tarpe ir ka-
mienines lasteles), todél sutrinka jy atsinaujinimas ir sveiky audiniy funkcija
[1]. Siekiant iSvengti ar bent sumazinti Salutinj poveikj, bitina nustatyti
sisteminius navikiniy ir sveiky lasteliy skirtumus bei apskaiciuoti potencialiy
vaistiniy medziagy terapinius langus. Naujos nasios genomikos, transkripti-
kos, proteomikos ir metabolomikos tyrimy technologijos, tokios kaip cDNR
mikrogardelés ir RNR sekoskaita, leido sukaupti duomeny bazése informaci-
Jja, kurig galima panaudoti sisteminiy skirtumy tarp sveiky ir navikiniy lasteliy
nustatymui. Tikimasi, kad $ie transkripciniai skirtumai suteiks pagrindg tera-
pijai, nukreiptai j navikines Igsteles, nepazeidziant sveiky lasteliy.

Navikinés lgstelés yra kilusios 18 sveiky kamieniniy Iasteliy [2, 3], kurio-
se jvyksta mutacijos, sukelian¢ios tumorogeninj fenotipg. Atlikti Zmogaus
naviky RNR sekos tyrimai atskleidé Simtus mutacijy, susijusiy su naviku
atsiradimu [4], taCiau labai mazai mutavusiy geny pasikartojo didelése
tiriamy méginiy frakcijose. Kiekvieno naviko tipo atveju tik mazdaug keturi
mutave genai kartojasi daugiau negu 20 proc. tirty meéginiy [5]. Nustatyta,
kad dazniausiai mutaves biina naviky supresoriaus TP53 genas [6]. Nezitrint
1 didelj piktybines transformacijas sukelian¢iy geny heterogeniskuma, vézj
galima charakterizuoti pagal kelis pagrindinius bruozus: stabilios prolifera-
cijos iSlaikyma; augimo supresoriy i§vengimg; invazijos ir metastazavimo
aktyvinimg; replikacijos imortalizavimg; angiogenezés indukcija; apoptozes
isvengima [7]. Sie bruozai siejasi su transkripciniais poky¢iais, kurie neeg-
zistuoja sveikose Igstelése. Siekdami jvertinti Siuos skirtumus, iSanalizavome
didelj kiekj sveiky ir navikiniy Igsteliy geny raiskos duomeny ir eksperimen-
tiSkai parodéme, kad Sakotosios grandinés aminortgsciy transaminazes 2
(BCAT?2, angl. branched-chain amino acid transaminase 2) slopinimas gali
pasitarnauti, kaip terapinis langas, selektyviai veikiantis navikines lasteles,
nesant poveikio sveikoms Igsteléms.

Kadangi navikiniy lgsteliy gyvybingumas ir proliferacija priklauso nuo
riebaly riig8¢iy sintezeés ir oksidacijos, tolimesniais tyrimais, panaudodami
BC zyméta glutaming, siekéme nustatyti, ar §ie abu procesai koegzistuoja
kraities naviky lastelése.
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DARBO TIKSLAS IR MOKSLINIS NAUJUMAS

Darbo tikslas

Fliuksominiy metody taikymas sveiky ir navikiniy 1asteliy metabolizmo
ir transkripciniy skirtumy analizei ir prieSnavikiniy taikiniy paieskai.

UZzdaviniai

1. Kriities naviko lgsteliy pirminés kulttiros sukiirimas.

2. Terapinio lango paieska, atliekant sveiky ir navikiniy lgsteliy trans-
kripciniy skirtumy analizg.

3. Eksperimentinis terapinio lango jvertinimas, slopinant sveiky ir na-
vikiniy Igsteliy Sakotosios grandinés aminorigsc¢iy transaminaze 2.

4. Istirti riebaly riig8¢iy sintezés ir oksidacijos sgveikos jtaka navikiniy
Igsteliy gyvybingumui, panaudojant *C Zyméta glutaming.

Mokslinio darbo naujumas

Daugumai navikiniy lgsteliy biidinga sustipréjusi aerobiné glikolizé —
Varburgo efektas. Vézinés lastelés pasizymi dideliu gliukozés sunaudojimo
greiiu ir pieno riugsties gamyba, net ir esant didelei deguonies koncentracijai.
Anks¢iau manyta, kad vézinés lgstelés pasizymi sutrikusiu kvépavimu dél
funkciniy mitochondrijy trukumy, ir joms labiau biidinga aerobiné glikolize,
nei oksidacinis fosforilinimas. Ta¢iau naujausi tyrimai parodé, kad véziniy
lasteliy mitochondrijos funkcionuoja gerai, o energijos gamybai svarbus tiek
oksidacinis fosforilinimas, tiek laktiné fermentacija [8].

Mes iSkeléme hipoteze, kad navikinése lastelése didzioji adenozintrifos-
fato (ATP) dalis gaunama naudojant alternatyvius substratus, t. y. aminoriigs-
tis. Siekiant kiekybiskai jvertinti alternatyviy energijos $altiniy jtaka, panau-
dojome genomo apimties metabolinius modelius (GSMM, angl. Genome
Scale Metabolic Model). Remiantis Sios analizés duomenimis, nustatéme, kad
MCEF-7 lgsteliy linijoje ~50 proc. ATP yra gaunama 1§ Sakotosios grandinés
aminoriigsciy (BCAA, angl. branched chain amino acids) valino, leucino ir
izoleucino.

Tyrime naudojame siRNR, slopinanc¢ig fermento BCAT2 raiska, kuris
katalizuoja BCAA, t.y. valino, leucino ir izoleucino, pirmajj degradacijos
etapa. Nustatéme, kad $io geno nutildymas sumazino navikiniy Iasteliy proli-
feracija.

Galimos dvi pagrindinés interpretacijos apie riebaly rugsc¢iy oksidacijos
(FAO, angl. fatty acid oxidation) funkcijas vézinése lastelése. Manoma, kad
FAO apsauging funkcijg gali turéti tik esant metaboliniam stresui, kai prara-
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dus sukibimg su tarplasteliniu uzpildu, susilpnéja gliukozés isisavinimas ir
katabolizmas [9]. Tokiomis sglygomis FAO veikty kaip alternatyvus ATP
[10] arba NADPH [11] Saltinis, o riebaly rugsciy sintezé¢ (FAS, angl. fatty
acid synthesis) daryty neigiamg poveikj lasteliy iSgyvenimui, nes padidéty
ATP ir NADPH suvartojimas [11]. Kaip alternatyva buvo pasiiilyta, kad FAO
ir FAS gali vykti vienu metu ir palaikyty viena kita [12]. Sia hipoteze jrodo
tai, kuomet paveikus lasteles orlistatu (lipidy sintezés inhibitoriumi) sumaze-
jo deguonies suvartojimo greitis [13], kas buvo paaiskinta tuo paciu metu
lastelése vykstancia lipidy sinteze ir oksidacija. FAO ir FAS koegzistavima
jrodo tai, kad tuo pat metu nukreipus FAS ir FAO, sustipréja terapinis povei-
kis prostatos véziui [14] ir mielomai [15]. Taciau turimi jrodymai néra
tiesioginiai. Siame darbe sickéme tiesiogiai patikrinti, ar egzistuoja FAS ir
FAO, atlikdami metaboliniy srauty analizg, panaudojant *C pazyméta gluta-
ming bei geny nutildyma, panaudojant trumpa nekoduojancig RNR (siRNA).
Taip pat parodéme, kad lastelés, kuriose vienu metu vyksta FAO ir FAS yra
maziau jautrios oksidaciniam stresui.
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1. LITERATUROS APZVALGA

1.1. Navikas ir jo aplinka

Navikas — tai pakitusiy, neribotai besidauginanciy organizmo I3steliy
darinys. Daugéja irodymy, kad pasikeites metabolizmas yra vienas i§ skiria-
muyjy navikiniy lgsteliy poZymiy. Naviko mikroaplinka — tai sudétingas tinklas,
kurj sudaro stromos lastelés (mezenchiminés kamienines lastelés (MSC, angl.
mesenchymal stem cells)), su véziu susij¢ fibroblastai (CAF, angl. cancer-
associated fibroblasts), adipocitai, endotelio, imuninés Igstelés ir kitos laste-
lés (1.1.1 pav.), ir tarplastelinio uzpildo (ECM, angl. extracellular matrix)
komponentai, citokinai, augimo veiksniai. Taip pat, naviko mikroaplinkai bi-
dinga hipoksija [16]. CAF ypac gausu daugelio naviky, jskaitant kriities, pro-
statos ir kasos karcinomas, stromoje [17]. CAF yra nevienalytés populiacijos
ir jy santykiné sudétis labai skiriasi tarp skirtingy naviky. Pagrindiniai akty-
vatoriai yra a-lygiyjy raumeny aktinas ir specifinis fibroblasty baltymas. Per
didelé trombocity sukeliamo augimo veiksnio receptoriy 3 ir fibroblasty akty-
vinimo baltymo raiska daznai buvo stebimas solidiniy naviky stromos fibro-
blastuose [18, 19]. Stromos fibroblasty ekspresuojami baltymai turi jtakos
naviky formavimuisi. Bloga prognoz¢ yra susijusi su padidéjusia p53 baltymo
raiSka CAF duktalinés kriities karcinomos atveju [20], padidéjusia karboan-
hidrazes IX raiSka zmogaus plauciy adenokarcinomos atveju [21] ar padide-
jusia periostino raiska cholangiokarcinomos atveju [22]. ECM yra audiniy ir
organy karkasas, susidarantis i§ skirtingy lasteliy komponenty. Transformuo-
jantis augimo veiksnys beta (TGFP, angl. transforming growth factor beta),
kurj i$skiria navikinés lastelés, fibroblastai ar imuninés lgstelés, gali skatinti
tarplastelinio uzpildo metalo proteinaziy (MMP, angl. matrix metalloprotei-
nases) aktyvacija, lasteliy migracija ir navikiniy lasteliy invazija [23]. TGFf
gali paveikti ECM komponenty raiska. TGF-f reguliuoja jvairius ECM genus
per SMAD ir MAP-kinazés signalinius kelius.

13



’ Su véZiu susije fibtoblastai . Kauly &iulpy lastclés

\ Fibloblastai @ Limfocitai/neutrofilai
@;I Navikings lastelés E Epilelinés lastcles

@ Invazinés navikings lasteles @ Endotclio lasicles

S
’ Makrofagai J\ Kraujagyslés

1.1.1 pav. Stromos sandara, is kurios issivysto su véziu susije fibroblastai
Adaptuota i§ Paolo Cirri ir kt. [16]

Bazinés membranos degradacija leidzia navikinéms lgsteléms sgveikauti
su stromos fibroblastais, taip padarydama jy fenotipa panaSy j CAF. Taip pat
CAF gali susidaryti ir 1§ kauly ciulpy MSC, kuriy diferenciacijg skatina
naviko kilmés dirgikliai. Navikinés lastelés iSskiria augimo veiksnius, kurie
stimuliuoja angiogeneze ir uzdegimg, bei suaktyvina endotelio lgsteles,
makrofagus ir neutrofilus. Taigi, Sios aktyvuotos stromos lastelés kartu su
navikinémis lgstelémis iSskiria keletag EMC degradacijos fermenty (MMP,
urokinazes tipo plazminogeno aktyvatorius ir katepsinai), kuriy bendras akty-
vumas tik dar labiau skatina stromos CAF bei véziniy lgsteliy invazyvumag
[16] (1.1.1 pav.).

Makrofagai yra pagrindiniai naviko angiogenezés veiksniai. Stromoje
esantys makrofagai gali iSskirti jvairius citokinus. Svarbiausia makrofagy
funkcija yra dalyvavimas imuningje sistemoje, taciau pateke j naviko aplinka
tampa su naviku susijusiais makrofagais (TAM, angl. tumor-associated
macrophages), kurie neatlicka savo imuninés funkcijos, o palaiko naviko

TAM kiekio ir blogos krities, prostatos, kiausidziy, gimdos kaklelio, endo-
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metriumo, stemplés ir Slapimo piislés vézio prognozés [24]. T, B limfocitai,
naturalios zudikés (NK, angl. natural killer) ir T l1astelés Zudikés (NKT, angl.
natural killer T) aptinkami naviko stromoje ir apie navika esanciuose audi-
niuose. Augant navikui, pazeidziami T ir B limfocitai, kurie turéty biiti
atsakingi uz organizmo imuning apsaugg, tod¢l atsiranda imunosupresija, kuri
yra naviko progresavimo sudedamoji dalis. T reguliacinés Igstelés yra svarbi
imuninés sistemos dalis naviko atzvilgiu, kadangi jos sekretuoja du pagrin-
dinius imunosupresinius citokinus IL-10 ir TGF-f, kurie slopina specifiniy
efektoriniy T limfocity ir jgimto imuniteto NK Igsteliy aktyvuma. Nors NK
lasteliy yra naviko mikroaplinkoje, jos nesugebés atlikti savo naikinimo
funkcijos. Navikinés stromos NK lastelés turi anerginj fenotipa, kurj sukelia
piktybinis lgsteliy gautas TGF-f [25]. Angiogeniniai veiksniai, tokie kaip
kraujagysliy endotelio augimo veiksnys (VEGF, angl. vascular endothelial
growth factor) ir fibroblasty augimo veiksnys, kuriuos gamina piktybinés
lastelés, stimuliuoja endotelio lasteles ir naujy kraujagysliy formavima. Taip
pat jie atsakingi ir uz limfangiogenezg, kuri svarbi naviko metastazavime ir
imuniniame atsake.

1.2. Epitelinis—mezenchiminis virsmas ir naviky metastazavimas

Kancerogeneze yra sudétingas, keliy pakopy procesas, apimantis keletg
mechanizmy, tokiy kaip lgsteliy proliferacija, diferenciacija, apoptozé, epite-
linis-mezenchiminis virsmas (EMT, angl. epithelial-mesenchymal transition)
ir angiogenezé [26, 27]. EMT yra suskirstyta j tris tipus: embriogeneze, fibro-
z¢ ir navikogeneze. 1-o ir 2-o tipo EMT prisideda prie organy vystymosi ir
audiniy regeneracijos. 3 tipo EMT dalyvauja kancerogenezéje ir yra reiks-
mingai susije¢s su invaziSkumu, tolimosiomis metastazémis ir bloga klinikine
baigtimi [28-34]. EMT dalyvauja reguliuojant keleta lasteliy funkcijy, jskai-
tant lasteliy adhezija, migracija, proliferacija, diferenciacija, signalo perdavi-
mga, iSgyvenamuma ir metastazavima [31, 35]. Tai apima hormony receptoriy
ir lasteliy tarpusavio sgveikos baltymy praradimg. In vitro krities naviko
MCF-7 lastelése estrogeno nutildymo modelis parodé, kad estrogeny recepto-
riy (ER) raiSkos praradimas buvo reikSmingai susijes su EMT procesu, buvo
skatinamas lasteliy dauginimasis ir migracija, ECM ir MMP poky¢iai [36].
Pirminio naviko stromos fibroblastai arba kauly ¢iulpy lastelés diferencijuo-
jasi | CAF ir padidina navikiniy lasteliy agresyvuma ir invazijg dél EMT.
Atsiranda atsparumas hipoksijai, riigStinei terpei ar chemoterapiniams vais-
tams, taip pat jy metabolizmas palaiko naviko masés augima, net ribojant
naviko maistines medZziagas. Lastelés, kurios metastazuoja, 1§ pirminio Zidi-
nio keliauja kartu su CAF, kurie apsaugo nuo apoptozés ir palengvina ekstra-
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vazacija. CAF iSskiria citokinus/chemokinus, kurie reguliuoja galutinj meta-
stazavusio naviko jsitvirtinimg, reguliuoja mezenchiminj-epitelinj virsma
(MET) ir leidzia véliau augti kolonijoms [16] (1.2.1 pav.).

J "" Pirminis navikas: metabolinis
@ perprogramavimas ir augimas,
atsparumas stresui, angiogenezé

Cirkuliacija: i$gyvena-
mumas, atsparumas
| apoptozei, ekstravazacija

Metastazavimas: tarplastelinés matricos
formavimasis, chemokiny judéjimas,
epitelinis mezenchiminis virsmas ir augimas

o Chemokinai Tarplastelinés matricos baltymai

1.2.1 pav. Su véziu susijusiy fibroblasty vaidmuo naviko metastazavime
Adaptuota i§ Paolo Cirri ir kt. [16]

EMT aktyvacijai biidingas epiteliniy lgsteliy Zymeny, tokiy kaip E-kad-
herino, okliudino, sandariy jung€iy baltymy ir desmogleino, raiskos sumaze-
jimas, dél ko prarandama adhezija tarp Iasteliy. Be to, tuo pat metu padidéja
mezenchiminiy lgsteliy Zymeny, jskaitant N-kadhering, citokerating, akting ir
fibronekting, kiekis [37]. E-kadherino raiskos sutrikimas tarplgstelinéje adhe-
zijoje sukelia naviko lasteliy metastazes. EMT pasireiSkia keliais signalo per-
davimo keliais, jskaitant TGF-B, PI3K / AKT, Ras / MAPK, Wnt kelius. Sie
signalo perdavimo keliai funkcionuoja aktyvuodami susijusius transkripcijos
veiksnius. Pavyzdziui, TGF-f aktyvina SNAIL2, ,, Twistl“ ir ZEB1 / 2 ir 1§
naujo reguliuoja FOXC2, taip sukeldamas EMT aktyvacija. TGF- kanoninis
ir nekanoninis Wnt signalo perdavimo kelias sinergetiSkai indukuoja EMT
lastelése, po to automatiSkai palaikant intersticiniy lasteliy biikle [38]. VEGF
yra stipriausias §iuo metu aptiktas angiogeninis veiksnys, stimuliuojantis
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endotelio Iasteliy dauginimasi, skatinantis kraujagysliy pralaiduma, Iasteliy
migracijg ir naviko lgsteliy metastazavimg. TGF-B1 yra stiprus VEGF induk-
torius navikinése lastelése. Jis taip pat dalyvauja naviko mikroaplinkoje, re-
guliuodamas naviko lasteliy invazijg ir angiogeneze [39]. Navikiniy lgsteliy
EMT turi jtakos transkripcijos veiksnio (SP1, angl. specificity protein 1) ir
Whnt signalinio kelio sgveika. EMT taip pat yra susijes su fermenty, dalyvau-
janc¢iy BCAA (valino, leucino ir izoleucino) degradacijoje, raiskos padidé-
jimu.

1.3. Kriities navikai

Kruties navikas yra dazniausia motery onkologiné liga, paplitusi tiek
i§sivysciusiuose, tiek besivystanCiuose regionuose, ir uzimanti antrg vieta
tarp visy naviky atvejy (10,9 proc.). 2018 m. diagnozuota 2 mln. naujy kriities
naviko atvejy [40]. Kriities navikas yra kliniSkai ir biologiSkai heterogeniné
liga, pasireiskianti specifiniais morfologiniais ir imunohistocheminiais radi-
niais bei jvairia klinikine eiga [41]. Individualizuotos medicinos epochoje pa-
daryta reikSminga pazanga, atliekant kriity vézio potipiy molekuling analize.
Kruties navikai skirstomi i 5 tipus [42] (1.3.1 lentel¢). Kiekvienas tipas turi
skirtingas biologines savybes, klinikines iSeitis, atsakg | chemoterapijg ir
padeda pasitilyti pacientéms tikétinai efektyviausia gydymo metoda [43].
Biologiniai naviko tipai (subtipai) apibréziami imunohistocheminiu tyrimu
nustacius ER, progesterony receptoriy (PR), epidermio augimo veiksnio re-
ceptoriy 2 (HER2) ir 1asteliy proliferacijos zymens Ki-67 raiskg [44] (1.3.1 len-
veiksniais, tokiais kaip naviko dydis, diferenciacijos laipsnis, piktybinio pro-
ceso invazija  limfagysles bei limfmazgiy bukl¢, svarbiis ir skirstant ligonius
1 prognozines grupes. Iki $iol pripazinti ir kasdieninéje praktikoje rekomen-
duojami tik keli ankstyvajam kriities navikui gydyti svarbiis biologiniai Zy-
menys, turintys patikimg prognozing verte. Vienas svarbiausiy predikciniy
kriities naviko Zymeny yra ER, leidZiantis nustatyti ligos eiga ir numatyti
atsakg ] hormony terapija. PR yra taip pat placiai praktikoje naudojamas Zy-
muo, nors duomeny apie jo verte sukaupta maziau. Sias gretas papildé HER2
biozymuo, leidZiantis patikimai prognozuoti ligos eiga, bei svarbus skiriant
terapijg trastuzumabu [45]. Siekiant pacientams parinkti tinkamiausia gydy-
mg, farmaciniy kompanijy kuriami antiktinai prie$ navika gydymui aprobuo-
jami tik kartu naudojant klinikinj testa, skirta nustatyti konkretaus biologinio
Zymens raiska [46]. Zinoma, kad Vakary pasaulyje taikomas sisteminis po-
operacinis gydymas leido sumazinti mirtingumg nuo kriities naviko [47].
Taciau taip pat zinoma, kad nemazai daliai pacienty taikomas gydymas sutei-
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kia labiau toksinj nei gydomajj poveikj [48]. Nors epidemiologiniy tyrimy
rezultatai rodo, kad mirtingumas nuo krities naviko mazéja, §i liga vis dar
iSlieka dazniausia mirties priezastimi tarp motery, serganciy piktybiniais na-
vikais [49]. Tai skatina ieSkoti naujy diagnostikos ir gydymo galimybiy bei
naujy prognoziniy veiksniy.

1.3.1 lentelé. Kriities naviky tipai

Kriities naviko tipas Biologiniy Zymeny raiska
Luminalinis A ER(+) ir/arba PR(+); HER2(-); Ki67 (<14 proc.)
Luminalinis B ER(+) ir/arba PR(+); HER2(-); Ki67 (>14 proc.)
Luminalinis B HER2+ ER(+) ir/arba PR(+); HER2(+); Ki67 (bet koks)
HER2+ HER2(+); ER(-); PR(-)

Trejopai neigiamas ER(-); PR(-); HER2(-)

MSC yra daugiaplanés mezenchiminés stromos lgstelés, kurios gali kilti
1§ kauly Ciulpy ar normalios kriities stromos. Jrodyta, kad i§ kauly ¢iulpy gauti
MSC gali padidinti kriities vézio kamieniniy lgsteliy (BCSC, angl. breast cancer
stem cells) populiacija, ekspresuojant IL-6 ir CXCL7 (pagrindinis trombocity
bazinis baltymas) [50]. CAF skatina vézio, ypac kriities vézio, progresavima.
CAF gali reguliuoti BCSC dél tokiy veiksniy kaip CCL2 (monocity chemo-
taktinis baltymas-1), IL-6 ir IL-8 [51]. BCSC gali reguliuoti CAF per jvairius
signalo perdavimo kelius. Wnt signalinis kelias susij¢s su navikiniy lasteliy
metabolizmo poky¢iais. Transkripciniai poky¢iai, kuriuos sukelia Wnt, suke-
lia B-katenino stabilizavima, kuris gali perprogramuoti navikiniy Igsteliy
metabolizmg, pvz., padidindamas aerobine¢ glikoliz¢. ROS gamyba 1§ mito-
chondrijy kvépavimo grandinés gali B-katening skatinti prisijungima prie
FOXO transkripcijos veiksniy. FOXO geno transkripcija suaktyvina genus,
kurie kovoja su oksidaciniu stresu, tod¢l skatina lasteliy iSgyvenima [52].
Imuninés Igstelés, ypa¢ TAM, yra glaudziai susijusios su naviko dauginimusi.
Naviko lastelés gamina makrofagy kolonijas stimuliuojantj veiksnj, kad i$plis-
ty TAM, tuo tarpu TAM gamina TNFa ir TGF [53]. Sergant kriities véziu,
TAM gali skatinti BCSC per parakrino EGFR / Stat3 / Sox-2 signalo perdavi-
mo kelig [54]. Tuo tarpu hialurono riigsties sintazés 2 reguliavimas CD44+/
CD24-/ESA+ BCSC gali sustiprinti sgveikg tarp BCSC ir TAM, todel BCSC
auga [55]. Kitos imuninés Igstelés, tokios kaip navikg infiltruojantys limfo-
citai (TIL, jskaitant CD4+, CD8+ ir FOXP3+ TILs), taip pat yra glaudZziai
susijusios su BCSC fenotipais, terapiniu atsaku ir kriities vézio prognoze [56].
Adipocitai yra pagrindiné kriities stromos sudedamoji dalis, teikianti protu-
morogeninius signalus, sergant kriities véziu [57]. Riebalinis audinys iSskiria
adipsing, kad sustiprinty BCSC savybes [58]. Endotelio lastelés yra biitinos
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naviko angiogenezei, kuri svarbi maistiniy medziagy ir deguonies tiekimui
naviko mikroaplinkoje. Taip pat endotelio Igstelés gali praturtinti CD44+/CD24
zymenimis krities navikines Igsteles [59].

1.4. Varburgo efektas ir atvirkstinis Varburgo efektas

Oto Varburgas (Otto Warburg) 1924 m. nustaté pasikeitusj véziniy laste-
liy metabolizmg. Jis apras¢ savo stebéjimus, kad vézinés lgstelés pasizymi
dideliu gliukozés sunaudojimo greiciu ir pieno rugsties gamyba. Panaudoda-
mas savo sukurtg manometrg, Varburgas su kolegomis atrado, kad vézinés
lastelés nesunaudoja daugiau deguonies nei normalios lgstelés, net ir normok-
sijos saglygomis, todél atrod¢, kad vézinés lagstelés mieliau renkasi aerobing
glikolize nei oksidacinj fosforilinimg. Varburgas i$ pradziy teige¢, kad vézinés
lastelés pasizymi sutrikusiu kvépavimu dél mitochondrijy funkcijos sutriki-
my. Véliau buvo nustatyta, kad vézinés lastelés neatsisako ir oksidacinio
fosforilinimo [60, 61]. Po daugiau nei pusés Simtmecio tyrinéjimy, Varburgo
efektas patvirtintas daugumoje véziniy lasteliy tipy, bet tikrosios priezastys,
kode¢l Iagstelés pereina j anaerobinj gliukozés skaidymo kelig ir jo fiziologiné
prasmé néra pilnai suprantami. Manoma, kad Varburgo efektas gali suteikti
vézinéms lgsteléms privalumy dauginantis. D¢l nekontroliuojamo augimo
veéziniy lasteliy metabolizmas, kaip ir visy besidauginanciy lasteliy, turi biiti
pritaikytas tam, kad bity palengvintas maistiniy medziagy jsisavinimas ir
prijungimas | biomas¢ naujy lasteliy gaminimui (tai apima aminortig§¢iy bei
baltymy sintezg, DNR dublikacijg ir biomembrany lipidy sintezg) [62]. Nau-
jausi tyrimai parod¢, kad véziniy lasteliy mitochondrijos funkcionuoja gerai,
o energijos gamybai svarbus tiek oksidacinis fosforilinimas, tiek anaerobinis
kvépavimas [63, 64]. Mikroaplinkos hipoksija ir tarplasteliniai keliai, suakty-
vinantys su hipoksija susijusj geny atsaka, véziniy lasteliy metabolizma per-
kelia i anaerobinius kelius [65, 66]. Daugeliu vézio atvejy nustatytos meta-
boliniy fermenty anomalijos ir mutacijos. Normaliuose audiniuose gliukozé
virsta piruvatu ir perneSama ] mitochondrijas oksidaciniam fosforilinimui
(OXPHOS) Krebso cikle, arba OXPHOS yra reikalingi kvépavimo substratai,
kuriais gali buti piruvatas, malatas, glutamatas, sukcinatas ar kitas Krebso
ciklo tarpinis metabolitas, kurio oksidacijos metu susidaro redukuoti kofer-
mentai (NADH ir FADH») ir ADP.
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A. Sveikas B. Navikinis C. Su naviku susije

audinys audinys fibroblastai
]
o
-0, +0,
Naviko +0,
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A j 4
| Piruvatas ‘ ‘ Piruvatas | Piruvatas Piruvatas
+0,
Laktatas
Lak“ Laktatas Laktatas
s | MCT44
Anaerobing -2
glikolizeé
Oksidacinis Varburgo Atvirkstinis Varburgo
fosforilinimas efektas efektas

1.4.1 pav. Varburgo efektas ir atvirkstinis Varburgo efektas
(A) Sveikuose audiniuose gliukozé virsta piruvatu, kuris perneSamas j mitochondrijas oksi-
daciniam fosforilinimui. (B) Daugelis naviko riisiy dalyvauja glikolizéje, nepriklausomai nuo
deguonies (aerobiné glikolizé arba Varburgo efektas). (C) Kai kurios vézio lastelés perpro-
gramuoja su véziu susijusius fibroblastus, kad jie atlikty aerobing glikolizg ir iSskirty daug
energijos turinias maistines medziagas, kurios, patekusios i vézio Iasteliy mitochondrijas,
dalyvauty oksidaciniame metabolizme. Adaptuota i§ Paolicchi Elisa ir kt. [67]

Navikinése lgstelése glikolizé yra aktyvesné nei sveikose, dél ko susidaro
didelis laktato kiekis. Aerobinés glikolizés reguliavimas susijes su onkogeno
aktyvacija. Manoma, kad beveik kiekvienas pagrindinis onkogenezg¢ skati-
nantis onkogenas taip pat skatina padidejusj gliukozés metabolizmg. Nusta-
tyta, kad aktyvinancios BRAF, PTEN ir KRAS mutacijos aktyvina svarbiau-
siy metaboliniy fermenty transkripcijg ir slopina bei perprogramuoja gluta-
mino metabolizmg [68—70]. Stabilizavus hipoksijos sukeliama 1-alfa veiksnj
(HIF1A), pastebima, kad vézio Igstelés padidina glikolizg, kai nemaza dalis
gliukozés virsta laktatu, o ne patenka j oksidacinj fosforilinima, todél susidaro
rugstiné mikroaplinka ir neefektyviai gaminamas ATP [71]. Gerai Zinoma,
kad S$is pokytis yra svarbus iSgyvenimui hipoksijos salygomis ir koreliuoja su
vézio kamieniniy lasteliy (CSC, angl. cancer stem cells) susidarymu. Pavyz-
dziui, plauciy vézio ir leukemijos CSC turi maza mitochondrijy DNR kiekj,
oksidacinj fosforilinima, deguonies sunaudojimo greitj, tarplastelinj ATP ir
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specifinius biozymenis (ALDH, CD24, CD44, CD133), atsakingus uz jy susi-
darymg ir iSgyvenimg [72]. Taciau Sie jrodymai neturéty klaidinti dél mito-
chondrijy vaidmens CSC. Buvo pastebéta, kad CSC dauginimasis ir iSgyve-
namumas priklauso nuo mitochondrijy biogenezés, o tai rodo, kad mitochon-
drijy metabolizmas, nors ir sumazejes, yra labai svarbus CSC i§gyvenimui.
Visy pirma, jrodyta, kad CSC yra priklausomi nuo oksidacinio fosforilinimo.
Panaudojus ATP-sintazés inhibitorius, CSC paprastai ziiva [72]. Reiskia mi-
tochondrijy aktyvumo pokyciai gali biiti silpnoji vieta CSC [73]. Panaudojus
labiau specifinius mitochondrijy inhibitorius, nustatyta, kad specifinis mono-
karboksilato transporterio (MCT) inhibitorius AR-C155858, kuris blokuoja
mitochondrijy degaly, tokiy kaip laktatas, isisavinima lastelése, galéty veiks-
mingai sumazinti CSC susidarymg [74]. Tiikstanciai geny reguliuojamy lak-
tatu, kartu gali sudaryti transkripcijos tinkla, susijusj su lasteliy perprograma-
vimu, jgalinant laktogeneze ir kancerogeneze [74—76]. Kai kuriy naviky
lastelés néra visiSkai priklausomos nuo pagreitéjusios glikolizés. Jdomu tai,
kad jie ,,maitinami‘ aktyvinant normalias stromos lgsteles, supancias vézio
lasteles [77]. HIF1 A aktyvacija vyksta CAF, ir tai pagerina aerobing glikolize¢
ir laktato gamyba, kuri paverCiama piruvatu ir naudojama mitochondrijy
oksidacinj fosforilinima navikinése Igstelése [78, 79]. Sis reiskinys buvo
vadinamas ,,atvirkstiniu Varburgo efektu®, kuris rodo padidéjusia Salia vézi-
niy lasteliy esanciy stromos CAF aerobine glikolize, iSskirian¢ig daug ener-
gijos turinCias maistines medziagas, kurios maitina navikinés Iasteles, suke-
lian¢ias naviko augima ir piktybiskuma [80]. Siam procesui taip pat badingas
kaveolino-1 molekulés, kuri atsakinga uz HIF1A aktyvavimg stromos laste-
lése, praradimas ir padidéjes MCT aktyvumas, ypa¢ MCT4, kuris atsakingas
uz tiek energijos tiekima, tiek vidulastelinj pH reguliavima [81].

1.5. Krebso ciklas

Trikarboksirtigs¢iy (TCA) arba citrinos riigsties ciklas dar vadinamas
Krebso ciklu. Hansas Krebsas pirmasis aprase $j ciklg ir uz tai 1953 m. buvo
apdovanotas Nobelio medicinos premija. Krebso ciklas — tai pagrindinis me-
tabolizmo kelias, vykstantis mitochondrijose, kur randami ir visi Krebso ciklo
fermentai (1.5.1 pav.). Sio ciklo metu, oksidacijos ir redukcijos reakcijy metu
potenciné energija elektrony forma perduodama elektrony nesikliams (kofer-
mentams). Pagrindinis toks kofermentas yra nikotinamido adenino dinukleo-
tidas (NAD"). Piruvo riigsties junginys ar riebaly riigétys yra oksiduojamos,
o kofermentai — redukuojami. Piruvo riigstis, glikolizés produktas, negali
tiesiogiai patekti ;1 Krebso ciklg. Pereinamojoje reakcijoje i$ piruvo riigsties
pasalinama viena CO> molekulé. Sis procesas vadinamas dekarboksilinimu.
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Tada piruvo rugsties molekulé tampa du anglies atomus turin¢iu junginiu,
vadinamu acetilo grupe. Si grupé per aukstos energijos rysj prisijungia prie
kofermento A. Susidares junginys vadinamas acetil-KoA. Sios reakcijos metu
piruvo rigstis yra oksiduojama, o NAD" yra redukuojamas ] NADH. Acetil-
KoA reaguoja per pirmaja astuoniy reakcijy seka, apimancig Krebso ciklg. Ji
sudaro NADH ir FADH: generuojanciy reakcijy skaicius, kurias paeiliui ga-
lima panaudoti oksidacinio fosforilinimo keliu ATP susidarymui [82]. Rieba-
ly riigStys sintetinamos i citozolio acetil-KoA, kuris pats i§ dalies gaunamas
i§ citrinos rugsties. Citrinos riigstis yra kilusi i§ TCA ciklo ir gabenama ]
citozolj. Riebaly riigs¢iy oksidacija vyksta mitochondrijose, gaunamas mito-
chondrijy acetil-KoA, kuris maitina TCA cikla. Riebaly rugstis i$ citozolio |
mitochondrijas pernesa karnitino Saudyklé, ir jy atomai patenka j TCA cikla.

; Piruvato roigstis

NAD*
@O,

acetil-KoA :

Citrinos ragstis

OAA (40) . (6C)
NAD*

1.5.1 pav. Krebso ciklas

Adaptuota i$ http://americanboard.org/Subjects/general-science/cellular-energetics/
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1.6. Riebaly rugsciy sintezé ir oksidacija
bei ju reguliavimo ypatumai

Riebaly rugsciy biosintez¢ yra svarbi lgsteliy augimui, diferenciacijai ir
homeostazei. Naviko Igsteliy gyvybingumg ir proliferacijg veikia citozoliné
FAS ir mitochondriné FAO. FAS ir mitochondriné FAO [83]. Neoplastiniy
audiniy proliferacija, remiasi de novo FAS [84]. Nustatyta, kad riebaly rigs-
¢iy sintazés (FASN) genas yra prognozinis Zymuo, sergant kriities [83], prosta-
tos [85], kepeny [86] ir kitais epitelio navikais. ATP citrato liaz¢, kuri yra
atsakinga uz zinduoliy lgsteliy citozolinio acetil-KoA ir riebaly riigs§¢iy sinte-
ze, taip pat turi jtakos lasteliy transformacijai ir naviky formavimui. Slopinant
acetil-KoA karboksilaze (ACC), kuri katalizuoja acetil-KoA virsmg | malonil-
KoA ir yra reikalinga riebaly riig8¢iy biosintezei, galima sulétinti naviko
lasteliy dauginimasi [87]. Padidéjusi onkogeninio Ras raiska yra susijusi su
ilgesne riebaly rigsciy grandine [88]. Nesmulkialgsteliniuose plauciy vézio
audiniuose taip pat pastebéta ilgesné riebaly rugsciy grandine [89]. Geny
raiSkos metaanalizé, kurios metu genai buvo suskirstyti | grupes ir sudaré
metabolinius tinklus [90], parod¢, kad metaboliniy tinkly, susijusiy su riebaly
rugsciy sinteze ir pailgéjimu, raiSka teigiamai koreliuoja su Igsteliy prolifera-
cijos greic¢iu (naudojant NCI-60 duomeny kolekcijg) ir neigiamai koreliavo
su storosios zarnos veéZziu serganc¢iy pacienty iSgyvenimo prognozémis. Jdomu
tai, kad tas pats buvo pastebétas metaboliniy potinkliy, susijusiy su riebaly
rag§éiy skilimu ir B-oksidacija, metu. Sie stebéjimai lemé hipoteze, kad abu
reiSkiniai egzistuoja tose paciose lastelése.

FAO jtaka vézio lgsteliy gyvybingumui ir dauginimuisi pritraukia vis
didesnj démesj [91]. Nustatyta, kad FAO slopina leukemijos lasteliy apoptoze
[13]. Irodyta, kad peroksisomos proliferatoriaus aktyvinti receptoriai (PPAR)
skatina FAO, o tai savo ruoZtu skatina ATP gamyba ir apsaugo véZio lasteles
nuo apoptozés, kurig sukelia sukibimo su tarplasteliniu uzpildu praradimas
[92].

Karnitino palmitoiltransferazé¢ 1C (CPT1C) dalyvauja citozoliniy riebaly
rigsciy perneSime i§ citozolio j mitochondrijas, kur vyksta riebaly rugsciy
oksidacija [93]. CPT1C yra nustatytas kaip onkogenas [94, 95]. Manoma, kad
del malonil-KoA, kuris yra FAS tarpinis produktas, slopinamy CPT1 baltymy
vienu metu negali vykti FAS ir FAO. Malonil-KoA gali gaminti du fermentai —
ACC1 ir ACC2 [96]. ACC2 gaminamas malonil-KoA slopina CPT1 baltymus
ir todél blokuoja riebaly rugséiy pernesimg j mitochondrijas ir jo vélesne 3
oksidacija. Tuo tarpu ACC1 gaminamas malonil-KoA neslopina CPT1 balty-
my [97]. Tikriausiai taip yra todél, kad malonil-KoA tiesiogiai i§ ACC1 nu-
kreipiamas ] FASN, nei$laisvinant citozolyje.
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FASN — riebaly riig§¢iy sintazé yra daugelio fermenty baltymas, katali-
zuojantis FAS. Pagrindiné jo funkcija yra katalizuoti palmitato sinteze i$
acetil-KoA ir malonil-KoA, panaudojant NADPH. Bendras skirtingy naviky,
tokiy kaip kolorektalinis [98], kiauSidziy [99], kriities [100], prostatos [101],
minkstyjy audiniy sarkomos [102], gliomy [103] ir melanomos [104] bruozas
yra per didelé FASN raiska. FASN geno slopinimas turi jtakos NADPH kau-
pimuisi. Aktyvuojama NADPH oksidazé¢ slopina AMP-aktyvuoto baltymo
kinaze¢, kuri atlieka svarby vaidmenj, koordinuojant jvairius metabolizmo
kelius. Perteklinis NADPH substrato kiekis d¢l FASN slopinimo skatina
NADPH oksidaze generuoti aktyvig deguonies formg (ROS, angl. reactive
oxygen species) ir yra susij¢s su apoptozés indukcija [105-107].

Trumposios grandinés enoil-KoA hidrataze¢ 1 (ECHSI1, angl. enoyl-CoA
hydratase, short chain 1) mitochondrijose katalizuoja antrajj FAS etapg ir
dalyvauja valino, leucino ir izoleucino metabolizme [108, 109].

ME dalyvauja piruvato metabolizme ir anglies atomy fiksavime. Jis
katalizuoja reakcija, kurios metu gaminamas NADPH, kuris yra biitinas vézio
lasteliy augimui, palaikant redokso pusiausvyrg ir biosintezés procesus cito-
plazmoje [110]. ME1 aktyvumas priklauso nuo NADP, ir jis atlieka svarby
vaidmenj lipidy sintezéje ir riebaly rugsciy desaturacijoje [111]. Sergant
kepeny lasteliy karcinoma, padidé¢ja MEI raiSka ir sumazéja bendras iSgyve-
namumas, lyginant su normaliu MEI lygiu [110]. ME1 raiska koreliuoja su
ligos progresavimu, diferenciacija ir trumpesniu iSgyvenimo laiku.

1.7. Oksidacinis stresas, aktyviosios deguonies formos

Oksidacinis stresas — tai organizmo biisena, kai sutrinka biocheminé
pusiausvyra, padidéja laisvyjy radikaly gamyba arba sutrinka jy neutralizacija
ir dél to vyksta lasteliy bei audiniy pazeidimas. Laisvieji radikalai — tai mole-
kulés, turin€ios neporinj elektrong, tod¢l tai nestabilios molekulés, atakuojan-
¢ios kitas molekules ir prisijungiancios elektrong. Molekul¢ yra stabili tik tuo-
met, jeigu turi porinj elektrony skaiciy. Laisvieji radikalai pazeidzia lastelés
membranos lipidus ir fermentus, baltymus, lastelés branduolio membrana,
DNR. Nors fiziologinés koncentracijos yra nepaprastai svarbios uztikrinant
lasteliy iSgyvenima, ROS perteklius daro zalg lasteléms ir yra laikomas pag-
rindiniu vystymosi veiksniu tokiy ligy, kaip navikai [112], neurodegenera-
cinés ligos bei Sirdies ir kraujagysliy sistemos sutrikimai [113]. ROS yra nor-
malios lasteliy apykaitos produktai ir vaidina gyvybiSkai svarby vaidmenj
stimuliuojant signalinius kelius Igstelése, reaguojant tarplastelinés aplinkos
salygu poky¢ius. Daugiausia ROS lastelése sukuria mitochondrijy kvépavimo
grandiné. Endogeniniy metaboliniy reakcijy metu aerobinémis saglygomis
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lastelés gamina ROS, tokias kaip superoksido anijonas (O27), vandenilio
peroksidas (H202), hidroksilo radikalas (OHe¢) ir organiniai peroksidai, kaip
normaliis biologinio molekulinio deguonies redukcijos produktai. Elektrony
perkélimas | molekulinj deguon;j vyksta kvépavimo grandinés lygyje, o elekt-
rony perneSimo grandinés yra mitochondrijy membranose. Hipoksijos saly-
gomis mitochondrijy kvépavimo grandiné taip pat gamina azoto oksidg (NO),
kuris gali suaktyvinti malondialdehido raiSka sukeldamas per didel¢ lipidy
peroksidacija.

1.8. Mitochondriju membranos potencialas

Eukariotiniuose organizmuose pagrindiné naudojamos energijos forma
yra ATP rySyje sukaupta energija. Pagrindin¢ dalis viso lastelése gaminamo
ATP susidaro oksidacinio fosforilinimo biidu, kuris vyksta mitochondrijose.
ATP lastelése yra ne tik pagrindiné energijos forma, taciau jis reikalingas ir
baltymy fosforilinimo reakcijoms, kuriy pagalba yra kei¢iamas daugybés bio-
loginiy sistemy aktyvumas. Be to gali tiesiogiai dalyvauti signalo perdavime
keisdamas keleto tipy jony kanaly aktyvumg. Krebso ciklo metu susidare
redukuoti NADH ir FADH: perduoda elektronus galutiniam akceptoriui O2
per elektrony transporto granding — vyksta oksidacija. Elektrony transporto
grandiné sudaryta i$ keturiy baltymy kompleksy, kurie yra jsitvirting vidinéje
mitochondrijy membranoje (1.8.1 pav.). Tai vadinamieji kvépavimo grandi-
nés kompleksai: NADH dehidrogenaz¢; sukcinato dehidrogenaze, citochro-
mo C oksido reduktazé ir citochromo oksidazé. NADH ir FADH2 yra oksi-
duojama, kadangi atiduoda savo elektronus, o tuo paciu i§ mitochondrijy
uzpildo j tarpmembranine erdve yra iSstumiami H". Protony iSmetimg vykdo
trys grandinés kompleksai. ISstumty j tarpmembraning erdve protony kon-
centracija ¢ia yra Zymiai didesné nei uzpilde. Labai svarby vaidmenj vaidina
vidiné mitochondrijy membrana — d¢l mazo jos laidumo susiformuoja elek-
trocheminis H" gradientas skirtingose membranos pusése. Protonai j uzpilda
sugrjzta tik per ATP sintaze, kuri panaudoja protony gradiento energija ADP
fosforilinimui iki ATP. Protony gradientas tarnauja kaip kuras ATP sintazei.
Tuo budu redukuoty kofermenty NADH ir FADH2 oksidacija yra glaudziai
susijusi su ADP fosforilinimu, todél Sis kompleksinis procesas vadinamas
oksidaciniu fosforilinimu. Mitochondrijy membranos potencialo ir ATP ly-
giai lasteléje palaikomi gana stabiliis, nors abiejy $iy veiksniy svyravimai gali
biiti riboti, atsizvelgiant ;| normaly fiziologinj aktyvuma. Ilgalaikis mito-
chondrijy membranos potencialo normalaus lygio sumazéjimas ar padidé-
jimas gali sukelti nepageidaujama lgsteliy gyvybingumo praradimg ir biiti
jvairiy patologijy priezastimi. Be kity veiksniy, mitochondrijy membranos
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potencialas vaidina pagrindinj vaidmenj mitochondrijy homeostazéje selekty-
viai paSalinant disfunkcines mitochondrijas. Tai taip pat yra jony (iSskyrus
H") ir baltymy, reikalingy sveikam mitochondrijy funkcionavimui, perne$imo
jéga 114, 115].

.'.'.'.';'.,. sad .‘?'

Kompleksas I || Kompleksas I || Kompleksas 111 || Kompleksas IV || Kompleksas V
NADH Sukcinato Citochromo C Citochromo ATP sintazé
dehidrogenazé || dehidrogenaz¢ || oksidoreduk- okcinaz¢
taz¢

1.8.1 pav. Mitochondrijy kvépavimo grandiné

Oksidacinio fosforilinimo sistema sudaro keturi kvépavimo grandinés kompleksai (I-1V
kompleksai) ir du tarpiniai substratai (kofermentas Q ir citochromas c). Tarpinio meta-
bolizmo metu gaminami NADH™, H" ir FADH, toliau oksiduojami mitochondrijy kvépavimo
grandingje, kad biity sukurtas elektrocheminis protony gradientas, kurj ATP sintazé (V komp-
leksas) galiausiai panaudoja ATP sintezei. Paveikslélis adaptuotas pagal Bellance Nadege ir
kt. [116].

1.9. Sakotosios grandinés aminoriigstys

Sakotosios grandinés aminoriigitys (BCAA)— leucinas, izoleucinas ir
valinas — yra nepakeifiamos aminortigstys. Lastelése BCAA yra tiesiogiai
inkorporuojamos ] baltymus arba metabolizuojamos. BCAT katalizuojant,
BCAA amino grupé virsta | a-ketogrupe, gauname glutamatg ir Sakotosios
grandinés a-ketortigsti (BCKA). BCKA oksiduojama ir paver¢iama j galutinius
produktus (acetil-KoA ir sukcinil-KoA), dalyvaujanc¢ius TCA cikle (1.9.1 pav.)
[117].
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1.9.1 pav. Pagrindiniai BCAA katabolizmo Zingsniai

BCAA katabolinés reakcijos katalizuojamos fermenty, o galutiniai
produktai patenka j TCA cikla. Adaptuota pagal Nie ir kt. [118].

Aminotransferazés katalizuoja a-amino grupés pernesimg i§ aminoraigs-
ties j 2-ketoglutarata, kad susidaryty glutamatas. Sie fermentai reguliuoja
glutamato susidaryma i§ daugelio aminoriigsciy. Alanino aminotransferazé
(ALT) alanino amino grupe pavercia j 2-ketoglutarata, o aspartato amino-
transferazé¢ (AST) — aspartato amino grupe | 2-ketoglutarata, abiem atvejais
pagaminamas glutamatas. Tuo pa¢iu metu alanino aminotransferazé formuoja
piruvata, o aspartato aminotransferazé¢ — oksaloacetata:

L-aspartatas + a-ketoglutaratas = oksaloacetatas + L-glutamatas
L-alaninas + a-ketoglutaratas = piruvatas + glutamatas

BCAT katalizuoja BCAA ir a-ketoglutarato konversijg § BCKA ir gluta-
matg. Tokiu biidu dauguma aminoriig§¢iy gali virsti BCAA per transamini-
nimo reakcijas [117].

a-ketortigStis + glutamatas = a-ketoglutaratas + BCAA

BCAA yra biitinas naviko augimui ir gali veikti kaip mTORC1 agonistas
blokuodamas baltymy sintezg ir tapdamas azoto (neesminéms aminoriigstims
ir nukleotidy biosintezei) ir anglies (TCA ciklui ir energijos gamybai) Saltiniu
[119].
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1.10. Bioinformaciniy metodu taikymas onkologijoje

Bioinformatika naudoja pazangius kompiuterinius metodus ir technolo-
gines platformas duomeny saugojimui, valdymui, analizavimui ir interpreta-
vimui. Biomedicininiy tyrimy metu surinkty biologiniy duomeny kiekis i$
esmés iSaugo dél galingy naujy tyrimy technologijy. Siy duomeny prieinamu-
mas ir jy jzvalgos apie ligos biologija veda prie tiksliosios medicinos: preven-
cijos, diagnozavimo ir gydymo, atsizvelgiant j paciento ligos molekulines
dalis visy duomeny yra gaunama i§ navikais serganciy pacienty. Norint pa-
spartinti pazangg, vézio tyré¢jams reikia prieigos prie daugelio skirtingy insti-
tucijy kuruojamy duomeny baziy. Bioinformatikos tikslas yra sukurti infra-
struktiirg, kuri padéty tyréjams saugoti, analizuoti, integruoti, pasiekti ir
vizualizuoti didelius biologiniy duomeny ir susijusios informacijos kiekius.
Siuo metu tyréjai naudoja daugybe skirtingy jrankiy ir platformy biologi-
niams duomenims saugoti ir analizuoti, jskaitant viso genomo sekoskaita,
pazangigja vaizdy analize, iSsamig biologiniy méginiy baltymy analizg ir kli-
nikinius duomenis. Daznai sunku integruoti ir analizuoti $iy jvairiy platformy
duomenis. Be to, tyréjai daznai neturi prieigos prie kity studijy pirminiy duo-
meny arba jiems triiksta kompiuteriniy pajégumy. Pastaraisiais metais virtua-
lios saugyklos pagerino prieigg prie tyrimy duomeny, taciau daugelis Siy
pastangy vis dar yra pradiniame etape (https.//www.cancer.gov/research/nci-
role/bioinformatics).

1.11. Genomo apimties metaboliniai modeliai (GSMM)

Gerai Zinoma, kad navikiniy lasteliy metabolizmas skiriasi nuo normaliy
lasteliy metabolizmo. Vanderio Heideno apzvalgoje [120] pabréziama, kad
Siuo metu yra apie 30 metaboliniy fermenty, kurie gali buti tinkamais pries-
véziniy vaisty taikiniais skirtinguose vézio vystymosi etapuose. Tai susije su
medziagy apykaitos procesais, tokiais kaip nukleoriig§¢iy sintezé, aminortigs-
¢iy metabolizmas, lipidy sinteze, glikolizé, TCA ciklas ir kt. Naudojant pries-
vézinius vaistus, didelé zala padaroma sveikoms lgsteléms, atsakingoms uz
normaly atsinaujinimo procesa, tod¢l svarbu kurti medziagas, selektyviai
veikiancias navikines Igsteles. Skirtingy pacienty atsakas j tuos pacius vaistus
gali biti labai skirtingas, tod¢l individualizuota medicina tampa nauju tikslu.
Daznai skirtingais medziagy apykaitos keliais galima gauti tg patj galutinj
metabolinj produkta. Taciau nepageidaujamy Salutiniy poveikiy sveikoms
lasteléms biity galima iSvengti, nustacius, kurie metaboliniai apykaitos keliai
tam tikram galutiniam produktui pasiekti sveikose lastelése yra dubliuojami,
o navikinése nedubliuojami. Norimo efekto galima nepasiekti, jeigu yra keli

28



metaboliniai keliai, o blokuojamas tik vienas. Metabolizmas yra labiausiai
zinomas biologinis tinklas, o metaboliniy terapiniy langy radimo problema
galima iSspresti naudojant GSMM. GSMM [121, 122] yra pilnas metaboliniy
reakcijy, vykstanciy tam tikrame organizme, rinkinys. Kiekvieng reakcijg
katalizuoja vienas ar keli fermentai, kiekvienas i§ jy koduojamas genu. Taigi
egzistuoja tiesioginis rySys genas-baltymas-reakcija. Metabolinio tinklo
struktiirg gali atspindéti jo stechiometriné matrica su kiekvienos reakcijos
metabolity stechiometriniais koeficientais. Darant prielaida, kad kiekvieno
metabolito koncentracija yra nusistovejusi, galima apibuidinti tikétinus srauty
pasiskirstymus ir jvertinti lgstelés metabolinius pajégumus. GSMM gali buti
naudojami metaboliniy srauty pasiskirstymams apskaiciuoti, naudojant
linijinj programavima. Siam skai¢iavimui reikia nustatyti vir§uting ir apatine
kiekvieno metabolinio srauto riba, taip pat pasirinkti objektyvig maksimizuo-
jama funkcija. Si funkcija paprastai pasirenkama, kaip biomasés gamyba, kuri
modeliuvose vaizduojama kaip biomasés stechiometriné lygtis, apimanti
biomasés vienetg sudaran¢iy makromolekuliy proporcijas. Vanderis Heide-
nas savo apzvalgoje teigia, kad vézio lasteliy metabolinio tinklo srauty nusta-
tymas gali padéti surasti s€kmingus fermentinius taikinius. Dabartinius meta-
boliniy srauty pasiskirstymo matavimo metodus, tokius, kaip *C pazyméty
substraty panaudojimas, apriboja santykinai nedidelis centrinio anglies meta-
bolizmo srauty skaicius. Eksperimentiskai iSmatuoti srautai gali biiti naudo-
jami nustatant GSMM parametrus, kad buty galima gauti ir srauty, kurie
tiesiogiai neiSmatuoti, apskaic¢iavimus (vidurkius ir standartinius nuokrypius)
[123]. Taciau tiesioginiai ar netiesioginiai metaboliniy srauty matavimai yra
brangesni, ilgiau trunka ir yra maziau iSsamus, negu kai kurie kiti didelio
nasumo eksperimentiniai metodai, tokie kaip RNR sekvenavimas — RNA-seq.
Neseniai sukurtas didelio naSumo vienos lasteles RNR-seq metodas [124]
leidzia greitai nustatyti skirtingy naviky lasteliy populiacijy geny raiskos
profilius. Dél §iy prieZasciy mes siekéme sukurti kompiuterinj metoda, kuris
leisty rasti personalizuotus terapinius langus naudojant GSMM ir RNR-seq
duomentis.
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2. TYRIMU METODIKA

2.1. Lasteliy iSskyrimas

Tirtos iSskirtos i$ operacinés medziagos krities vézio lgstelés. Aprasyti
kriities naviky histologiniai tipai bei ER, PR, HER2 ir Ki-67 raiska. Duome-
nys gauti i§ pacienty medicinos dokumenty iSrasy.

Leidimg atlikti tyrimg iSdavé Kauno regioninis biomedicininiy tyrimy
etikos komitetas (leidimo Nr. P2-137/2006; iSdavimo data: 2017 m. gruodzio
8d.).

2.1.1 lentelé. Naviky histopatologiniai tipai ir Zymeny raiska

[Sskirta !qsteliq Histopatologinis naviko tipas | ER rai§ka | PR raiSka H].EVRZ
kultiira raiska
BCl1 Infiltraciné lobuliné karcinoma + + —
BC2 Infiltraciné duktaliné karcinoma + + —
BC4 Infiltraciné duktaliné karcinoma + + +
BC5 Infiltraciné duktaliné karcinoma - — +
BC6 Infiltraciné duktaliné karcinoma + + -

Operacijos metu gauti audiniai sudéti j 1ekStute, uzpilti 2 ml fosfatinio
buferio druskos tirpalo (PBS) ir susmulkinti zirklutémis. BC4 ir BC5 mégi-
niai tuomet uzpilti 1 ml 0,025 proc. tripsino tirpalo ir perkelti j 15 ml mégintu-
véli. Méginiai 60 min. laikyti kratytuve (37 °C, 350 rpm), po to 5 min. centri-
fuguoti (420 x g). Supernatantas nupilamas, o likusi medziaga perkeliama }
flakonélj ir uzpilama 4 ml auginimo terpés, paruostos i§ DMEM (Dulbeko
modifikuota Eaglo terpé, Sigma) ir 10 proc. FJS (fetalinio jaucio serumo,
Sigma).

BC2 ir BC6 méginiai apdoroti tripsinu (0,025 proc.) ir III tipo kolagenaze
(150 U/ml). Abu méginiai, juos susmulkinus, padalinti ] du mégintuvélius ir
centrifuguoti 5 min. (420 X g). Supernatantas nupiltas, o ant likusios medzia-
gos uzpilta 1 ml tripsino arba III tipo kolagenazés tirpalo. Méginiai tuomet
60-¢iai min. perkelti j kratytuva (37 °C, 350 rpm), tada 5 min. centrifuguoti
(420 x g). Supernatantas nupilamas, o likusi medziaga perkeliama j 1ékstute
ir uzpilama 4 ml DMEM/Ham’s F12 terpés, papildytos 10 proc. FJS. Lasteles
pavyko i$skirti i§ méginiy, apdoroty abiejy fermenty tirpalais.

BC1 méginys apdorotas Siais fermentais: tripsino (0,05 proc.) tirpalu
(1 atvejis), III tipo kolagenazes (125 U/ml) ir proteinazés K (8 U/ml) tirpalu
(2 atvejis) arba III tipo kolagenazés (125 U/ml) ir hialuronidazés IV-S
(408U/ml) tirpalu (3 atvejis). Susmulkintas meéginys i§ pradziy padalintas j
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tris mégintuvelius ir 5 min. centrifuguotas (420 x g). Supernatantas nupila-
mas, o ant likusios medziagos uzpilama skirtingi fermenty tirpalai (po 1 ml).
Meégintuvéliai tada perkeliami j kratytuva (60 min., 37 °C, 350 rpm). Fermen-
ty tirpalai nupilami, o ant likusios medziagos uzpilama po 1 ml PBS (pirmu
ir tre¢iu atveju) arba, antru atveju, 1 ml III tipo kolagenazés tirpalo (125 U/ml).
Mégintuveliai vél 60-¢iai min. perkelti j kratytuvag (37 °C, 350 rpm). Méginiai
10 min. centrifuguoti (420 x g), supernatantas nupilamas, o mégintuvélyje
likusi medziaga perkeliama j l1ékstele ir uzpilama 4 ml DMEM/Ham’s F12
terpés, papildytos 10 proc. FJS. Lasteles pavyko isskirti i§ audinio, apdoroto
0,05 proc. tripsino tirpalu (1 atvejis).

Pirmines lasteliy kultiiros iSskirtos i§ meéginiy, apdoroty 0,025 proc.
tripsino tirpalu, 0,05 proc. tripsino tirpalu arba III tipo kolagenazés tirpalu
(150 U/ml).

Tolimesniems eksperimentams buvo naudojamos BC4 lastelés (infiltra-
ciné duktaliné karcinoma ER(+) PER(+) HER2(+)), kuri toliau vadinama,
kaip BCC lgsteliy linija.

2.2. Lasteliy saugojimas uz$aldant

Nuo lasteliy nupilama terpé, jos du kartus nuplaunamos PBS ir atlipi-
namos 0,05 proc. tripsino tirpalu. Tuomet lgstelés perkeliamos | megintuvelj
ir centrifuguojamos 5 min. 420 x g. Supernatantas nupilamas ir lgstelés uzpi-
lamos 1 ml Saldymo terpés, kurig sudaro DMEM/Ham’s F12, 15 proc. FJS ir
10 proc. dimetilsulfoksido. Lastelés suspenduojamos Saldymo terpéje ir
suspensija perkeliama j kriomégintuvélj, kuris laikomas —20 °C ir, susidarius
ledo kristalams, perkeliamas j —80 °C.

2.3. Lasteliy kultivavimas

Krities vézinés lastelés BCC ir MCF-7 (zmogaus kriities adenokarcino-
mos lasteliy linija; CLS-Cell Lines Service, Eppelheim, Vokietija) auginamos
DMEM/Ham’s F12 terpé¢je, papildytoje 10 proc. FIS ir 1 proc. penicilino /
streptomicino (100 U/ml). Zmogaus kvépavimo taky lygiyjy raumeny lastelés
(ASMC) maloniai dovanotos prof. R. Gosens, Groningeno universitetas, Ny-
derlandai [125]. ASMC buvo auginamos DMEM terp¢je, kurioje yra 10 proc.
FIJS ir penicilino/streptomicino misinio (100 U/ml). MCF-10A Iastelés
(ATCC, Wesel, Vokietija) buvo auginamos DMEM / F-12 terpéje, papildy-
toje 5 proc. arklio serumu (GE Healthcare Life Sciences, Logan, JAV),
20 ng/ml EGF (Life Technologies, Carlsbad, CA). JAV), 10 pg/ml insulino
(,,Life Technologies®“, Carlsbad, CA, JAV), 0,5 pg/ml hidrokortizono ir
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100 ng/ml choleros toksino bei penicilino/streptomicino miSinio. Lastelés
laikomos inkubatoriuje (,,Binder), drégnoje aplinkoje, palaikant 37 °C
temperatirg ir 5 proc. CO2 dujy koncentracijg. Lasteliy monosluoksniui pa-
dengus apie 70 proc. indo dugno ploto, jos pers¢jamos. Nuo lgsteliy nupilama
lasteliy kultiiry auginimo terpé. Lastelés du kartus nuplaunamos naudojant
PBS ir atlipinamos 0,05 proc. tripsino tirpalu 5 min. inkubuojant 37 °C tem-
peratiiroje. Atlipusios Igstelés uzpilamos §viezia auginimo terpe ir 1/5 lgsteliy
suspensijos perkeliama j naujus auginimo indelius.

2.4. Lasteliy proliferacijos tyrimas tripano mélio testu

Lastelés 1,5 x 10% buvo séjamos j 6 sulinéliy ploksteles. Lastelés papildy-
tos skirtingos koncentracijos (20, 50, 100 M) Amb19149142 junginiu
(GreenPharma, Pranciizija), kuris buvo istirpintas 0,1 proc. etanolyje. |
mégintuveli su 50 pl Igsteliy suspensijos pridedama 50 pl 0,4 proc. tripano
melio dazy, iStirpinty fiziologiniame tirpale (Life Technologies, Carlsbad,
CA, JAV). 10 pl Igsteliy suspensijos su dazais perneSama su pipete | hemo-
citometro kamerg (Neubauer), (Sigma-Aldrich, Steinheim, Vokietija). Mata-
vimai atlikti po 120 val.

2.5. siRNR transfekcija

Geny slopinimas su siRNR buvo atliekamas pagal standarting gamintojo
nustatyta procediirg, naudojant Jet Prime reagentg (,,Polyplus-transfection®
SA®, Pranciizija). Buvo naudojamos galutinés 10 nM ECHS1 siRNR
(ATGATGTGTGATATCATCTAT; Qiagen, Germantown, MD, JAV),
FASN siRNR (CAGGCTTCAGCTCAACGGGAA; Qiagen) arba 5nM
BCAT2 siRNR (5-CCAUGAACAUCUUUGUCU; Invitrogen, USA)
koncentracijos. Lastelés tuo paciu metu buvo transfekuotos trimis skirtingais
siRNR prie$ skirtingus malato dehidrogenazés (ME1, ME2 ir ME3) genus:
4nM MEIl (UGCCAUGACUCAGCGUUCtt; Ambion, Waltham, MA,
JAV), 4 1M ME2 (GGGUGUCUAUGGAAUGGGALtt; Ambion) ir 4 nM
(GCCUUUACCCUUGAAGAAALt; Ambion). Visos §ios procediiros buvo
atliktos 24 val. po siRNR transfekcijos. Kaip kontrol¢ buvo naudojama
méginio transfekcija.
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2.6. Metabolity Zyméjimas izotopine anglimi

Lastelés buvo inkubuotos DMEM be gliukozés, L-glutamino ir piruvaty
(Sigma, Schnelldorf, Vokietija), papildytos 10 proc. FJS ir antibiotikais. |
galutine 4 mM koncentracija buvo pridéta L-glutamino-'3Cs (Aldrich, Ham-
burgas, Vokietija). Lastelés buvo inkubuojamos 24 val.

MS metabolity, Zyméty su L-glutamino-'3Cs (Aldrich, cat# 605166), ana-
liz¢ buvo atliekama tandeminiu masés spektrometru Waters Acquity, lasteliy
meéginiai buvo ruoSiami pagal protokolg [126]. Gauti masés spektrai buvo
naudojami metaboliniy srauty pasiskirstymo nustatymui naudojantis elemen-
tariy metaboliniy vienety (EMU) metodu [127]. Tai buvo atlikta pasitelkiant
programavimg Python kalba [128].

2.7. Metabolinio srauto pasiskirstymas

Metabolinio srauto pasiskirstymui naudojome EMU sistema [127]. Mo-
delyje buvo nurodyti septyni nepriklausomy reakcijy greic¢iai. Viena i$ jy —
piruvato dehidrogenazé (PDH) — buvo nustatyta ties 1, o visos kitos reakcijos
buvo palygintos su PDH kiekiu. Likusios nepriklausomos reakcijos buvo rie-
baly riig§¢iy oksidacijos greitis, malato dehidrogenaze, a-ketoglutarato susi-
darymas gautas i§ glutaminolizés, a-ketoglutarato karboksilinimo, piruvato
karboksilazés ir piruvato importo | mitochondrijas. Visas Zyméto malato ir
citrato masés dalis iSmatavome nuo MO iki M6 ir sumazinome santykiniy
skirtumy kvadrating sumg tarp modelio ir eksperimentiniy rezultaty. MaZiau-
sia pavien¢ reikSme, lygi nuliui, reiksty, kad yra daug skirtingy metabolinio
srauto paskirstymy, kurie lemia tuos pacius Zenklinimo modelius, todeél
sistemos negalima nustatyti. Siekiant jvertinti kiekvieno metabolinio srauto
ind¢lj j sistemos identifikuojamuma, buvo apskai¢iuotos naujos Jacobo matri-
cos, atimant stulpelj, atitinkantj patikrinta metabolinio srauto kitima, ir
atliekant naujos matricos pavieniy reikSmiy skilimg. Kuo didesné buvo nauja
maziausia i§imtiné reikSme, tuo sunkiau buvo nustatyti atimtg reikSme¢. FAO
(pats jdomiausias Siame darbe) buvo sunkiausiai nustatomas. Norédami iS-
vengti §ios problemos, mes atlikome visuotinj eksperimenty, atitinkanciy
makety transfekcija ir FASN bei ECHSI nutildyma, optimizavima. Sis
pozitris grindziamas prielaida, kad siRNA neturi jtakos visiems nepriklau-
somiems efektams, i§skyrus FAO. a-ketoglutarato karboksilinimo greitis taip
pat leido pakeisti musy salygas, nes $is metabolinio srauto kitimas yra labai
jautrus maziems a-ketoglutarato ir citrinos riigsties koncentracijy pokyciams.
ReikSmiy, atitinkanc¢iy ME nutildyma, nustatymas buvo atliekamas, fiksuo-
jant FAO rodiklj ir leidZiant pakeisti visus kitus priedus. Po gydymo stauro-
sporinu buvo paskirstymas, leidziantis pasikeisti visoms nepriklausomoms
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reakcijoms. Kiekvienam apipavidalinimui visy metabolinio srauto reikSmiy
vertés buvo paeiliui padidintos arba sumazintos 0,001 (neleidziant joms imti
neigiamy verciy). Jei Sis padidéjimas léme tikslumo funkcijos sumazéjima,
naujos vertés buvo laikomos ir procesas kartojamas. Buvo naudojami skirtin-
gi pradiniai dydziy pasiskirstymo rinkiniai ir i$laikymas, nustatantis maZziau-
sig santykine paklaida.

2.8. Skys¢iuy chromatografija - masiy spektrometrija
(UPLC-ESI-MS)

Masiy spektometriné (MS) metabolity, izotopiskai zyméty naudojant
L-glutaming-"*Cs, analiz¢ buvo atlickama tandeminiu masiy spektrometru.
Organiniy riig§¢iy atskyrimas méginiuose buvo atliktas naudojant Acquity H
klasés UPLC sistemg (Waters, Milford, MA, JAV) su YMC-Triart C18
(100 x 2,0 mm, 1,9 um) kolon¢le (YMC, Kiotas, Japonija). MS duomenims
gauti buvo naudojamas trigubo kvadrupolio tandemo masés spektrometras
Xevo TQD (Waters, Milford, MA, JAV) su elektropurskimo jonizacijos (ESI)
Saltiniu. Kolon¢lés temperatiira buvo palaikoma 40 °C. Gradiento eliuavimas
buvo atliekamas su judancigja faze, susidedancia i§ 0,1 proc. skruzdziy
rugsties vandens tirpalo (tirpiklio A) ir acetonitrilo (tirpiklio B), kai oro srauto
greitis buvo nustatytas 0,4 ml/min. Pradinés saglygos buvo nustatytos 95 proc.
tirpiklio A. Linijinis gradiento profilis buvo pritaikytas tokiomis tirpiklio A
proporcijomis: 0—0,2 min. buvo nustatytas 95 proc., 0,2—1,5 min. — 10 proc.
ir 1,5-1,8 min. — 90 proc., bei grizo ] pradines saglygas. Bendras pusiausvyros
analizés laikas buvo 3 min. Analizei atlikta neigiama elektros purSkimo joni-
zacija esant tokiems parametrams: kapiliary jtampa buvo nustatyta j neigiamag
2 kV, $altinio temperatira buvo naudojama 150 °C, tiekiamy azoto dujy
desulfuravimo temperatiira buvo nustatyta 400 °C, dujy tékmés desolvacija —
700 1/val., dujy apyvarta — 20 1/val. Kiigio jtampa buvo 25 V. MS duomenys
buvo renkami viso nuskaitymo rezimu diapazone nuo 50 m/z iki 250 m/z.
Gauti masés spektrai buvo naudojami metaboliniy srauty pasiskirstymo nu-
statymui, naudojantis EMU metodu [127]. Tai buvo atlikta pasitelkiant prog-
ramavimg Python kalba.
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2.9. Tékmeés citometrija

Lastelés 5 x 10* buvo sé¢jamos j 35 mm léksteles ir uzpilamos 2 ml
DMEM terpés. Mock ir siRNR transfekuotos lastelés 20 min. kambario
temperatiiroje buvo inkubuojamos su terpe, kurioje yra 1 mg/l JC-1 dazy
(Biotium, Fremont, CA USA). Po to lastelés buvo plaunamos PBS, paveiktos
tripsinu ir surenkamos centrifuguojant. Tada lastelés buvo resuspenduotos
PBS su 5 mg/l 7-AAD dazais (Millipore, Burlington, MA, JAV) ir inku-
buojamos 10 min. Teigiamai kontrolei buvo naudojamas 10 uM karbonilo
cianido m-chlorfenilhidrazonas (CCCP). Méginiai buvo kiekybiskai jvertinti
naudojant Guava PCA tékmés citometrg (Millipore). Duomenys buvo ana-
lizuojami naudojant ,,GuavaSoft 2.7 InCyte* programing jranga. Mitochond-
rijy membranos potencialas buvo parodytas kaip JC-1 agregaty (raudonos
fluorescencijos) ir monomery (Zalios fluorescencijos) santykis (R/G).

2.10. Baltymy imunodetekcija

Imunocitochemijos ir imunoblotingo (WB, angl. Western blot) analizei
naudoti Sie pirminiai antikiinai: triuSio prieS PPAR delta (ThermoFisher
Scientific, cat# PA1-823A), triusio prie$ histong H3 (ThermoFisher Scientific,
cat# 702023), pelés pries beta-katening (ThermoFisher Scientific, cat# CAT-
5H10), pelés pries GAPDH (Ambion, cat# AM4300), triusio prieSs BCAT2
(Abcam, cat# ab95976). Naudotas antrinis asilo prie§ triusj IgG H&L
antikiinas sujungtas su Alexa Fluor 488 (Life technologies, cat# A21206).

Baltymy imunoblotingui BCC lastelés (3 x 10°) buvo lizuotos ant ledo
Salty lasteliy ekstrahavimo buferyje (Invitrogen, Carlsbad, CA, JAV), papil-
dytame 20 pl/ml proteaziy slopikliy kokteiliu (Sigma-Aldrich, Vokietija) ir
I mM PMSF (Abcam, Cambridge, JK) 30 min. Lizatai buvo centrifuguoti
13 000 aps./min. 10 min. 4 °C temperatiiroje. Qubit® baltymy analizés rinkinys
(Invitrogen) buvo naudojamas, norint nustatyti bendra baltymy koncentracija
Qubit 3.0 fluorometru (Invitrogen). Lasteliy lizatai (30 pg) buvo atskirti
Bolt™ 4-12 proc. Bis-Tris ir geliais (Invitrogen) MES SDS tekanciame
buferyje ir pernesti j 0,45 um PVDF membranas (GEHealthcare, JK). Balty-
mai buvo nustatyti naudojant pirminius antikiinus, esancius ECHS1 (ab174312),
FASN (ab99359) ir BCAT2 (ab95976) (Abcam), PPAR-3 (PA1-823A), ME1
(MAS5-23524), ME2 (PA5-38007), ME3 (PAS5-36494) ir GAPDH (AM43)
(,,Fisher Science”, JAV) ir ,,WesternBreeze®“ chemiliuminescencinj rinkinj
(,,Invitrogen®) pagal gamintojo instrukcijas. Juostos buvo vizualizuotos
,G:Box Chemi Gel“ dokumentacijos sistema (Syngene, Frederick, MD,
JAV).
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2.11. Statistiné analizé

Visi eksperimentai su lgstelémis buvo atliekami maziausiai 3 pakarto-
jimus (n = 3). Modeliavimo eksperimentuose, duomeny iSsibarstymas pateik-
tas standartine paklaida, kai du eksperimentai buvo lyginami vienas su kitu.
Kai prognozuojami izotopomery pasiskirstymai buvo palyginti su apskai-
Ciuotais, eksperimentiniy verciy paklaidy juostos atitinka 95 proc. pasikliau-
tinuosius intervalus. Dviejy ver¢iy palyginimas buvo atliktas naudojant
Stjudento t testg. Patikimumo lygmuo buvo p<0,05. Statistin¢ analizé¢ buvo
atlikta naudojant ,,Excel” ir ,,scipy.stats biblioteka.
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3. REZULTATAI

3.1. Krities naviko lasteliy pirminés kultiiros
sukiirimas ir charakterizavimas

Lastelés buvo iSskirtos kaip apraSyta Metody skyriuje, naudojantis jpras-
tiniais protokolais [129]. CD44 ir CD24 yra transmembraniniai glikoprotei-
nai. CD24 raiska stebima navikinése lastelése ir Sis Zymuo veikia kaip
specifinis hialurono riigSties receptorius, skatinantis piktybiniy Igsteliy jude-
jima. CD44 Zymuo navikinése krities lastelése yra aktyvios formos ir daly-
vauja daugelyje vidulgsteliniy signaly perdavimo kaskady, taip pat yra susijes
su lasteliy proliferacija, diferenciacija ir judéjimu. Ki-67 yra nehistoninis
branduolio baltymas, naudojamas kaip Igsteliy proliferacijos Zymuo. Padi-
déjusi Ki-67 raiska biidinga navikinéms lasteléms ir siejama su bloga ligos
prognoze bei geru atsaku j chemoterapijg. Atliktos iSskirtos lgsteliy linijos
linijinés Sviesinés mikroskopijos nuotraukos (3.1.1 pav.).

200 ppm

™

100 um 100 pm

3.1.1 pav. BCC lgsteliy linijos $viesinés mikroskopijos nuotrauka

(A) BC4 lIastelés; (B) Ki-67 imunofluorescencija BCC lastelése; (C) CD24
imunofluorescencija BCC lgstelése; (D) CD44 imunofluorescencija BCC Igstelése.
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3.2. Lipoamido struktiirinis analogas

Siame skyriuje eksperimentikai parodome, kaip GSMM gali biiti pa-
naudotas vaisty kiirimui. Prieinamosiose metabolity duomeny bazése galima
atlikti naujy slopikliy, panasiy } metabolitus, paieska. Nauji slopikliai tai mo-
lekulés, kurios jungiasi prie biologinio taikinio ir slopina jo biologing funk-
cijg. Tanimoto balas — tai skai¢iumi iSreikStas panasumas tarp vadinamyjy
molekuliy pirSty antspaudy. Tanimoto balas yra iSreikstas nuo nulio (néra
panaSumo) iki vieneto (aukStas panasumas). Apskaiciavus ir jvertinus Tani-
moto balg, buvo surastas naujas slopiklis, panasus j vieng i§ metabolity, besi-
jungiantis ] tg taikinj, kurio substratas yra minétasis metabolitas. Palyginome
zmogaus metabolity (gauty pagal jy KEGG indeksus) chemines strukturas ir
junginius, esancius ,,DrugBank* duomeny bazéje. Junginiai, kuriy Tanimoto
balas yra didesnis nei 0,9, padidina 29,5 karto tikimybe, kad analizuojamoji
molekulé jungsis prie to paties taikinio, kaip ir panaSus metabolitas, nei
atsitiktinai parinkta molekulé. Naudojant RNR-seq duomenis ir Zmogaus
GSMM, jmanoma jvertinti metaboliniy srauty pasiskirstymag ir iSmatuoti
metaboliniy srauty kitima (pavyzdziui, naudojant vaista, kuris slopina katali-
zuojanéius fermentus). Sis metodas leido numatyti skirtingg lipoamidy ana-
logy poveiki MCF-7 (kriities vézio lasteliy linija) ir ASMC (kvépavimo taky
lygiyjy raumeny lgstelés) dauginimuisi [130]. Norint atlikti eksperimentus,
buvo reikalingas susintetintas junginys, kurj biity galima jsigyti. Lipoamidas
yra tarpinis produktas, susidarantis valino, leucino ir izoleucino skilimo metu,
kuomet pagaminama didelé ATP dalis, reikalinga navikinéms lasteléms, kaip
energijos Saltinis.

Santykinio augimo greitis priklausé nuo reakcijy, kuriy fermentai savei-
kauja su lipoamidu, slopinimo. Jokio skirtumo tarp MCF-7 ir ASMC neste-
béta esant mazesniam nei 0,8 slopinimui, taciau esant didesniems slopini-
mams egzistuoja potencialus terapinis langas (3.2.1 pav.). Tai rodo, kad
tinkamos dozés lipoamido analogai gali smarkiai sumazinti MCF-7 Iasteliy
proliferacijos greitj ir Svelniau paveikti ASMC.
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0.6 Terapinis langas
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3.2.1 pav. Terapinio lango nustatymas

Mes ieskojome junginiy, turin¢iy struktiirin] panasuma j lipoamida. Buvo
patikrintas junginys su penkiakampiu ziedu ir alifatine grandine, uzbaigiancia
poling grupe (http://www.ambinter.com/reference/19149142), remiantis jo
panasumu | lipoamida. ISbandytas junginys Amb19149142 reikSmingai su-
mazino MCF-7 lasteliy augima, taCiau netur¢jo statistisSkai reikSmingo povei-
kio ASMC (3.2.2 pav.). Rezultatai rodo, kad srauto balanso analizé, naudo-
jant GSMM, apdorotus pagal RNR-seq duomenis, galéty biiti naudojama
numatant terapinius langus ir padedant kurti naujus vaistus.
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Lipoamidas Lipoamido struktiirinis analogas
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3.2.2 pav. Lipoamido struktiirinio analogo Amb19149142 poveikis
MCF-7 ir ASMC proliferacijai (n = 3). * p<0,05.

Lipoamido struktiirinio analogo Amb19149142 poveikis tirtas panaudo-
jus tris skirtingas koncentracijas (20, 50 ir 100 uM) ir vertinant po 120 val.
Visos trys tirtos koncentracijos mazino MCF-7 lgsteliy proliferacija, taciau
reik§mingo poveikio ASMC netur¢jo.

3.3. Sakotosios grandinés aminoriigi¢iy degradacija

Naviky lastelés didele dalj ATP pagamina BCAA degradacijos metu.
Norédami kiekybiSkai jvertinti §j procesg, mes panaudojome GSMM ir
eksperimentinius NCI-60 bibliotekos Iasteliy metabolity isisavinimo duome-
nis [131, 132]. Kiekvienai Igsteliy linijai apskai¢iavome srauty pasiskirstyma,
tenkinant] stebima jsisavinimo ir sekrecijos greitj, minimizuojant visy meta-
boliniy srauty suma. IS gauto srauty pasiskirstymo jvertinome bendrag ATP
produkcija. Eksperimentiniai pieno rtigsties pagaminimo greiciai ir kiekvie-
nos BCAA suvartojimo tempai buvo panaudoti palyginti ATP gamyba Siy
procesy metu (3.3.1 pav.). Buvo nustatyta, kad nuo 12 proc. iki 55 proc. viso
ATP susidaro, degraduojant BCAA.
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IGROVI
OVCAR-3
OVCAR-A
OVCAR-S
OVCAR-3
SK-OV3
NCFADR-RES
PC-3
U145
T86-0
A498
ACTIN
CAKI-1
RXT 393
SNI2C |
TK-10
Uo-31

0 10 20 30 40 50 60 70 80 90 100
ATP, proc.

© ATP laktatas, proc. ™ ATP izoleucinas. proc.
m ATP leucinas, proc. ™ ATP valinas, proc.

3.3.1 pav. NCI-60 bibliotekoje esanciose lgsteliy linijose apskaiciuotas
ATP kiekis, gaunamas is pieno riigsties fermentacijos, bei valino, leucino ir
izoleucino degradacijos. Raudonai apibrézta — MCF-7 lgstelése ~50 proc.
ATP gaunama is valino, leucino ir izoleucino
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Navikinés lastelés nuo sveiky skiriasi padidéjusia penkiy fermenty, daly-
vaujanciy valino degradacijoje, raiSka (BCAT2, DBT, dihidrolipoilo transa-
cetilazés (DLT), HADHA ir HIBADH), keturiy i$ jy izoleucino degradacijoje
(BCAT2, DBT, DLT ir HADHA) ir trijy — leucino degradacijoje (BCAT2,
DBT ir DLT). Paminéti penki fermentai néra tiesiogiai reguliuojami SP1,
taciau jy reguliavimo biidas yra identiSkas geny, susijusiy su EMT, kuris
rodo, kad BCAA skilima skatina reguliavimo kaskados, susijusios su EMT.

Atliktos 289 mikrogardeliy analizés rezultatai parodé, kad navikinés Igs-
telés, lyginant su sveikomis lgstelémis, pasizymi dviem reikSmingais trans-
kripcijos pokyciais: Wnt reguliuojamy geny raiskos padidéjimu ir aktyva-
toriaus baltymu 1 (AP-1) reguliuojamy geny raiskos sumaz¢jimu. SP1 ir Wnt
signalinio kelio sgveika turi jtakos navikiniy lgsteliy EMT. SP1 dalyvauja
EMT, kuris Wnt signalo perdavimo kelyje aktyvuoja B-katenino fosforilini-
ma, apjungiant] LEF1 ir FOXO4 koduojamus transkripcijos veiksmus, le-
miancius tiksliniy geny raiskos padidéjima bei navikogeneze (3.3.2 pav.).

EMT taip pat yra susijes su fermenty, dalyvaujan¢iy BCAA (valino,
leucino ir izoleucino) skilime, raiskos padid¢jimu. Tyréme vieno i$ Siy fer-
menty (BCAT2) nutildymo poveikj.
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3.3.2 pav. Koreliacija tarp SP1 ir FOX0O4 bei
tarp SP1 ir LEF'] transkripcijos veiksniy
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BCAT2 katalizuoja pirmajj valino, leucino ir izoleucino degradacijos
zingsnj. BCATI ir BCAT?2 raiskos padidéjimas randamas jvairiose naviki-
nése lgstelése, tatiau BCAT2 raiskos padid¢jimas ir poveikis kriities naviki-
nése lgstelése iSlieka neaiSkus. | savo eksperimentinius tyrimus jtraukéme
BCC, kad nustatytume, ar placiai naudojamy navikiniy lasteliy linijose gautas
iSvadas galima pritaikyti realiy naviky lagsteléms. Kaip sveikas lasteles pasi-
rinkome kvépavimo taky lygiyjy raumeny lgsteliy linija (ASMC) ir kriities
epitelio lgsteliy linijg (MCF-10A). Atliktas imunofluorescencinis tyrimas pa-
rode, kad BCAT?2 kiekis navikinése lastelése yra Zenkliai didesnis, nei svei-
kose lastelése (3.3.3 pav.).

Norint jvertinti Igstelése BCAT2 baltymo raiskg ir siRNR prie§ BCAT2
poveikj, atliktas WB tyrimas. Kontroléje BCAT?2 raiSka navikinése lgstelése
buvo zymiai didesné, negu sveikose. Paveikus siRNR pries BCAT2, Sio bal-
tymo raiska visose Igstelése sumazejo (3.3.4 pav.).

SiRNR prie§ BCAT2 sumazino navikiniy Igsteliy proliferacija, taciau
sveiky lgsteliy proliferacijai jtakos neturéjo. MCF-7 ir BCC skaicius suma-
z¢jo atitinkamai 16,6 += 2,1 proc. ir 11,3 = 1,5 proc. ASMC ir MCF-10A
lasteliy skaicius nepakito (atitinkamai, 99 + 0,8 proc. ir 106 + 3,4 proc.)
(3.3.5 pav.). Reikia turéti omenyje, kad santykinai nedidelis citotoksinis
poveikis gali buti susijes su tuo, kad siRNR geba iSveiklinti tik apie pus¢
taikinio.
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anti-BCAT?2
Kontrolé siRNR BCAT?2

MCF-7

100 pm

BCC

ASMC

MCF-10A

100 pm 100 pm

3.3.3 pav. BCAT2 imunofluorescencija navikinése (MCF-7 ir BCC)
ir sveikose (ASMC ir MCF-10A) lgstelése kontroléje ir po siRNR
pries BCAT?2 transfekcijos

Zalia — antriniai triugio IgG-H & L antikiinai, konjuguoti su Alexa Fluor 488; mélyna —
DAPI dazyti branduoliai. Eksperimentai buvo atlikti 24 val. po transfekcijos.
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BCAT2

GAPDH s s S - S -

3.3.4 pav. Baltymo raiska paveikus navikines
ir sveikas lgsteles siRNR pries BCAT2

Gliceraldehido-3-fosfato dehidrogenazé (GAPDH) — kontrolinis baltymas.

Eksperimentai atlikti 24 val. po transfekcijos.

Lasteliy skai¢ius proc. lyginant su kontrole
L
®

#p<0.05

MCF-7  BCC  ASMC MCF-10A

3.3.5 pav. SiRNR pries BCAT?2 poveikis navikiniy (MCF-7 ir BCC)
ir sveiky (ASMC ir MCF-10A) lgsteliy proliferacijai.

Tékmés citometrijos tyrimas, naudojant aneksing V-PE/7-AAD, parodé,
kad siRNR prie§ BCAT2 netur¢jo poveikio nei navikiniy, nei sveiky lasteliy

gyvybingumui (3.3.6 pav.).
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3.3.6 pav. BCAT?2 baltymo nutildymo jtaka lgsteliy gyvybingumui

Kiekvieno grafiko apatiniame kairiajame kvadrante pateikti skaiciai rodo nepakitusiy lgsteliy
kiekj, apatiniame deSiniajame kvadrante — ankstyvoji apoptozé, virSutiniame deSiniajame
kvadrante — vélyvoji apoptozé. Lasteliy gyvybingumas nesiskyré kontroléje ir siRNR prie§
BCAT?2 paveiktose lastelése.

Sie rezultatai rodo, kad BCAT2 gali biti tinkamas taikinys naujiems
vaistams, siekiant citostatinio poveikio véZzio lasteléms.
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3.4. Vienalaikio FAS ir FAO jvertinimas,
panaudojant 3C Zyméjima

Naviko lgsteliy gyvybinguma ir proliferacijg veikia FAS citozolyje ir
FAO mitochondrijose. Siekiant patikrinti hipotezg, ar naviko lgstelése vienu
metu vyksta FAS ir FAO, naudojome °C Zyméta glutaming FAO lygiui
jvertinti. Riebaly riigStys sintetinamos i$ citozolio acetil-KoA, kuris pats
daugiausiai gaunamas i§ citrinos rugsties. Citrinos rugstis yra kilusi i§ TCA
ciklo ir gabenama | citozolj, tac¢iau gali biiti gaunama ir i§ glutamino redu-
kuojant a-ketoglutarata karboksilinimo metu. FAO vyksta mitochondrijose
(riebaly riigStys i$ citozolio perneSamos per transporterj), gaunamas mito-
chondrijy acetil-KoA, kuris maitina TCA cikla. Vykstant Siems procesams
kartu, dalis acetil-KoA, maitinangio TCA cikla, yra gaunama i citrato. Zy-
métas °C glutaminas per redukuojantj karboksilinima paZymi penkis anglies
atomus citrate ir pazenklina citozolinj acetil-KoA tolimesné¢je lipidy sinte-
z¢je. Jei Sie lipidai tuo paciu metu skaidomi, pazenklintas acetil-KoA pateks
1 TCA cikla ir susidarys visiskai pazenklintos citrinos rtigsties molekulés (M6
izotopomeras) (3.4.1 pav.).
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3.4.1 pav. Metabolizmo modelis su atomy peréjimais
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Metabolinis modelis su atomy peréjimais parodo, kaip riebaly riigstys,
skaidomos dél glutamato ar ME aktyvumo, gali sukurti M6 citrato izotopo-
merg. Schema vaizduoja redokso potencialo perSokima i§ citozolinio NADPH
i mitochondrijas, susidaran¢ia tuo pat metu vykstant FAS ir FAO. Zenklinti
anglies atomai, jeinantys | TCA ciklg i§ FAO, pazyméti geltonai. Stipresné
FAO turéty atitikti didesng¢ citrato frakcijg su 6 zymétais anglies atomais. No-
rédami patikrinti, ar beta oksidacijos greitis gali biiti jvertintas pagal citrato
zyméjimg, panaudodami siRNR nutildéme FASN, ECHS1, kurios dalyvauja
beta oksidacijoje, ir malato dehidrogenaze (ME), kurios déka visi Sesi citrato
anglies atomai pazymimi nepriklausomai nuo lipidy metabolizmo. Tyrimams
naudojome MCF-7, BT-474 ir BCC lasteles (3.4.2 pav.). PaZenklintas piru-
vatas, gautas 1§ malato, veikiant ME, sudaro visiSkai pazenklintg citrata.
Todél, norédami jvertinti, ar lipidy metabolizmas i$ tikryjy vaidina svarby
vaidmen] formuojant visiSkai pazyméta citrata, papildomai atlikome geny
nutildyma, naudodami siRNR. Norint patikrinti FAS ir FAO egzistavima tuo
paciu metu buvo pasirinkta BCC linija, nes kitos dvi lasteliy linijos — MCF-7
ir BT-474 — turéjo zymiai mazesnj visiSkai pazyméto citrato kiekj. M6 citrato
procentin¢ dalis MCF-7 lastelése buvo 1,15 proc., o BT-474 — 0,5 proc.

0,6 1 MCF-7
mBT-474
m BCC

BGs-L-glutaminy zymétas citratas
isotopomery pasiskirstymas

MO M1 M2 M3 M4 M35 M6

3.4.2 pav. Pilnai pazymeéto citrato procentiné dalis trijose
skirtingose kriities vézio lgsteliy linijose (n = 4)

Lastelés buvo inkubuojamos su *C Zymétu L-glutaminu. BCC turéjo 5
ir 10 karty labiau paZenklinto citrato, nei MCF-7 ir BT-474 lastelés, atitin-
kamai, todé¢l didesné tikimybé¢, kad BCC lastelése FAS ir FAO vyks vienu
metu. Si dalis nepasikeité nutildZius bet kurj i§ minéty geny. Taip galéjo biti
dél to, kad Siose Igstelése riebaly ruigsciy sintezé nevyksta vienu metu. Todél
Sis metodas néra tinkamas stebéti lipidy sinteze ir degradacijg Siose lastelése.
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BCC lgstelése ~6 proc. citrato buvo pilnai zyméta *C ir jo kiekis maZzéjo,
nutildant minétus genus (3.4.3 pav.).

0,077 *p = 0,0054

#kkp = (,0001
0.05 7
-+ 0.04 7
0.03
0,02 4
() 01 A
0.00 -

Komrolc FASN ECHSI ME

M6 isotopomery frakcija
BGs-L-glutaminy Zymétas citratas

3.4.3 pav. Eksperimentiniai M6 citrato frakcijos pokyciai, atsirandantys
atitinkamai slopinant FASN, ECHSI ir ME (n = 4)

BCC lastelés buvo transfekuotos siRNR pries FASN ir ECHS1 genus,
kurie atitinkamai dalyvauja FAS ir FAO. Lastelés taip pat buvo transfekuotos
siRNR pries ME (1-3) genus, siekiant jvertinti ME svarbg visiskai pazenklin-
tos citrinos riigSties susidarymui. SIRNR prie§ FASN ir ECHS1 salygojo labai
panasy M6 frakcijos sumazejima, kuris abiem atvejais buvo statistiskai reiks-
mingas. Kontrol¢je M6 frakcija sudaré 5,8 &+ 0,3 proc., o siRNR prie§s FASN
sumazino ja iki 4,2 £ 0,2 proc. (n = 4; p = 0,0054); siRNR pries ECHS1 — iki
4,2 + 0,3 proc. (n = 4; p = 0,0065). Tai patvirtina, kad dalis visiSkai pazyméto
citrato susidaro per hipotetinj FAS ir FAO mechanizma. Dar didesnj kritimg —
iki 2,4 + 0,3 proc. (n =4, p = 0,0001) — suk¢lé siRNR pries ME, kas rodo, kad
abu visiSkai paZenklinto citrato susidarymo mechanizmai yra aktyvis
(3.4.3 pav.).

Baltymo raiskai jvertinti buvo atliktas WB tyrimas — transfekavus siRNR
pries FASN, ECHS1 ir ME (1-3) genus ir lyginant su kontroline transfekcija
(3.4.4 pav.), baltymo raiSka visose lastelése sumazéjo.
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3.4.4 pav. Baltymo raiska paveikus BCC lgsteles siRNR FASN (A),
ECHSI (B), ME1, ME2, ME3 (C-E)

Gliceraldehido-3-fosfato dehidrogenazé (GAPDH) — kontrolinis baltymas.

3.5. Vienalaikio FAS ir FAO jvertinimas pagal mitochondrijy
membranos potencialo poky¢ius (Aym)

FAS ir FAO pasireiskia redukcinio potencialo perkélimu i§ citozolio
(NADPH) j mitochondrijas (NADH ir FADH2). Nuo citozolinio NADPH
priklauso biomasés komponenty sintez¢ ir atsparumas oksidaciniam stresui,
kuris susijes su glutationo reduktaze ir glutationo peroksidaze. D¢l padidéju-
sios ROS gamybos turi sumazéti citozolinio NADPH kiekis ir sustoti FAS bei
kiti procesai, kuriems reikia NADPH. BCC lgsteles paveikus staurosporinu,
kuris smarkiai padidina ROS lygj, smarkiai sumaz¢ja pilnai Zyméto citrato
dél sustabdytos FAS. Reiskia, normos sglygomis BCC lgstelés gamina daugiau
citozolinio NADPH, negu reikia biosintezés procesams. Nedidelio oksidaci-
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nio streso metu redukcinio potencialo perteklius perduodamas mitochondri-
joms, kur panaudojamas ATP gamybai, o didelio oksidacinio streso metu
sunaudojamas citozolinio ROS paSalinimui.

FAS citozolyje metu i§ acetil-KoA metu oksiduojamos dvi NADPH
molekulés. Kita vertus, FAO metu mitochondrijose susidaro acetil-KoA ir po
vieng NADH ir FADH:2 molekule, kurios abi gali biiti naudojamos kvépavimo
grandinei maitinti. Tai lemia redokso potencialo perkélimg i§ citozolio i
mitochondrijas, kuris gali biiti naudojamas iSlaikyti didesnj mitochondrijy
membranos potencialg. ME katalizuoja NADPH gamybos reakcija, kuri negali
vykti kvépavimo grandinéje. Tod¢l, jei tuo pat metu vyksta FAS ir FAO, galima
tiketis, kad nutildzius FASN arba ECHSI1, sumazés Aym, tuo tarpu, ME
nutildymas neturéty paveikti Aym. Mitochondrijy potencialas buvo jvertintas
tekmes citometrija, naudojant JC-1 dazus. Lastelése, transfekuotose siRNR pries
FASN ir ECHSI, pastebimas reikSmingas R/G santykio, atspindincio Aym,
kritimas nuo 10,9 £ 0,7 atitinkamai iki 6,9 +0,7 (n=3; p=0,014) ir 7,5+ 0,1
(n=3;p=0,009) (3.5.1 pav.). Lasteles paveikus siRNR pries ME, R/G santykis
iSliko artimas kontroliniam (9,2 £0,8; n=3; p=0,19). Tokiu budu, FASN ir
ECHI1, bet ne ME, mazino BCC mitochondrijy potencialg.
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Kontrol¢e FASN ECHS1I ME CCCP

3.5.1 pav. FASN, ECHS1 ir ME nutildymo poveikis mitochondrijy
membranos potencialui (n = 3). CCCP yra oksidacinio fosforilinimo
slopiklis, naudojamas Aym pokycio kontrolei

*p= 00014
*Ep = (0,009

R/G santykis
(=3}

3.6. BCC lasteliy metaboliniy srauty analizé

Metaboliniy srauty analizé kontroléje ir panaudojus siRNR pries FASN,
ECHSI ir ME pateikta 3.6.1 pav., o eksperimentiniai ir sumodeliuoti malato
ir citrato izotopomery pasiskirstymai kontrol¢je ir paveikus tomis paciomis
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siRNR pateikti 3.6.2 pav. Citrato ir malato zenklinimo biidai buvo naudojami
koreguoti metabolinio srauto pasiskirstymg centrinéje anglies apykaitoje.
Metabolinio srauto pasiskirstymas buvo apskaiciuotas naudojant modelj,
kuriame dalyvauja TCA ciklas, FAS, FAO, glutaminoliz¢, redukuojantis a-
ketoglutarato karboksilinimas, malato dehidrogenazés, piruvato karboksilazé
ir PDH. Mitochondriniai ir citozoliniai citratai bei a-ketoglutaratai buvo lai-
komi laisvai per mitochondrijy membrang perneSamais junginiais. Manoma,
kad citrato lipazés pagamintas citozolio oksaloacetatas perneSamas atgal |
mitochondrijas. Izotopy pasiskirstymui modeliuoti buvo naudojama EMU
sistema. Pritaikymas buvo atliktas santykiniy paklaidy tarp eksperimentinio
ir numatomo Zenklinimo pavyzdziy minimizavimu. Srauto pasiskirstymas
iSreiSkiamas santykinai su PDH greiciu. Metabolinio srauto pasiskirstymas
stebimas naudojant kontrolinj eksperimentg ir eksperimentus su siRNR
(FASN, ECHSI ir ME) (3.6.1 pav.). Kontrol¢je FAS ir FAO metabolinis
srautas yra 0,69, kaip ir PDH, o ME reakcijoje — 0,48. Lastelése, transfekuo-
tose siRNR pries FASN ar ECHS1, santykinis izotopomery pasiskirstymas
atitiko nulinj srautag FAO reakcijoje. Vienu metu transfekuojant siRNR pries
ME genus, apskaiciuotas ME reakcijos srautas buvo 0,03. Eksperimentiniai
ir sumodeliuoti malato ir citrato izotopomery pasiskirstymai kontroléje ir
paveikus siRNR atitinkamai pateikti 3.6.2 pav.
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3.6.1 pav. Apskaiciuoti BCC lgsteliy metaboliniai srautai kontroléje
ir panaudojus siRNR pries FASN, ECHSI ir ME



Mock

T Ao T o R N1
o R L T = —
sewsysapisised
huawodojosy seyean
SERWAE nunuEns--=),,

=R o =3
oo 0 o 0 o
sewysapysised
pmodo)osy sejeem
ST NUPUEINEE-T- Dy

L
=1

MO M1 M2 M3 M4 M5 M6

j<5]

MO M1 M2 M3 M4

-

siRNA FASH

= 5

[ e
sewssipysised

haawodojost seyeain

SEIQWIAE NUNUEN[E-[-5),,

0.5
0.3

MO M1 M2 M3 M4 M35 M6

03
=

=

MO M1 M2 M3 M4

Hrrr’ 6’ 5’ 4’ 3’ 2’ 1’ 0’

e O e S
sewsaysised
pmodo)osy sejeenn
SERQUIAZ NUNUEINLE-"T- Dy

=

siRNA ECHS1

MO MI M2 M3 M4 M5 M6

ot = O
=T = o S
semA)sapsised
haawodojosy seyean
SERWAZ NUTWEIN]E-T-),, &

MO M1 M2 M3 M4

W=t enol— o

ooocoocaood
sewysapysised
hamodojost sepepenn
SERUWAZ NUIIEIN]E-T- Dy o

MO ML M2 M3 M4 M5 M6

o 0 el = O
S S & O S
seuA)sapysised
huawodojosy sepead

. sww

WAZ NUTWEINS-T-),, =

siRNA ME

MO M1 M2 M3 M4

—own = on ool — O
Soooococog
sewysapysised
amodo)osy sejeenn
SEJQUIAZ NUTEIN]E-T- )y,

D

= Sumodeliuota |

| = Eksperimenting

3.6.2 pav. Eksperimentiniai ir sumodeliuoti malato (A-D)
ir citrato (E—H) izotopomery pasiskirstymai kontroléje ir

paveikus siRNR pries FASN, ECHSI ir ME (n = 4)
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Sumazejusi citrato M6 izotopomery frakcija atspindi sumazéjusj FAS,
FAO ar ME aktyvumg. Tuo tarpu malato izotopomery pasiskirstymus dau-
giausia lemia glutaminolizés greitis, todél FAS, FAO ir ME aktyvumai jiems
jtakos neturi. Diagramos rodo citrato ir malato frakcijas, pazenklintas nuo
nulio (MO) iki Sesiy (M6) anglies atomy.

3.7. Oksidacinio streso poveikis metaboliniams srautams

FAS ir FAO metabolinis ciklas pasireiskia redukcinio potencialo perké-
limu 18§ citozolio (NADPH) j mitochondrijas (NADH ir FADH2). Nuo citozo-
linio NADPH priklauso biomasés komponenty sinteze ir atsparumas oksida-
ciniam stresui, kuris susij¢s su glutationo reduktaze ir glutationo peroksidaze.
Dél padidéjusios ROS gamybos turi sumazéti citozolinio NADPH kiekis ir
sustoti FAS bei kiti procesai, kuriems reikia NADPH. BCC paveikus
staurosporinu, kuris smarkiai padidina ROS lygj, smarkiai sumazéjo pilnai
zyméto citrato kiekis (3.7.1 ir 3.7.2 pav.), ko ir buvo galima tikétis dél
sustabdytos FAS. Reiskia, normos salygomis BCC Igstelés gamina daugiau
citozolinio NADPH negu reikia biosintezés procesams. Nedidelio oksidaci-
nio streso metu redukcinio potencialo perteklius perduodamas mitochondri-
joms, kur panaudojamas ATP gamybai, o didelio oksidacinio streso metu
sunaudojamas citozolinio ROS eliminavimui.
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3.7.1 pav. Malato ir citrato metabolinio srauto
pasiskirstymas BCC paveikus staurosporinu
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3.7.2 pav. Staurosporinu paveikty BCCC malato (A) ir citrato (B)

izotopomery pasiskirstymas (n = 4). Staurosporino poveikis M6 citrato
frakcijos dydziui (C) (n = 4). *p<0,001.

3.8. BCC ir BT-474 Iasteliy atsparumas oksidaciniam stresui

Lastelés, kuriose vienu metu vyksta FAS ir FAO, turi daug NADPH ir
todél gali slopinti oksidacinj stresg. Palyginome staurosporino sukeltg oksi-
dacinio streso poveiki BCC ir BT-474 lasteléms, nes pastarosios turé¢jo
10 karty maziau M6 citrato (3.8.2 pav.), o tai reiskia, jog jose vienu metu
nevyksta FAS ir FAO, kg patvirtina ir '*C tyrimas, parodes, kad FAO srauto
greitis lygus nuliui (3.8.1 pav.).
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3.8.2 pav. Sumodeliuotas ir eksperimentinis malato (A) ir citrato (B)
izotopomery pasiskirstymas BT-474 lgstelése (n = 4)

Staurosporinas sukélé zZymiai didesng mitochondrijy membranos poten-
cialo depoliarizacijg BT-474 lastelése, negu BCC — R/G santykis atitinkamai
pasikeite 3,4 + 0.4 ir 1,8 £ 0,05 karto (p<0,001) (3.8.3 pav.). Sie rezultatai
patvirtina miisy hipoteze, kad BCC yra atsparesnés oksidaciniam stresui, o
FAO galéty biiti vaisty taikiniu kai kuriy tipy navikuose.
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R/G santykis
(kontrolé/staurosporinas)

R/G santvkis

BT474 ~ Kontrolé Stauro- Kontrolé
B sporinas
3.8.3 pav. R/G santykio pokytis BCC ir BT-474 Igstelése
po gydymo staurosporinu (A) ir staurosporino poveikis
BCC ir BT-474 Igsteliy mitochondrijy potencialui (B),
vertinant pagal JC-1 dazy R/G santykj (n = 4). *p<0,001.
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4. REZULTATU APTARIMAS

Navikiniy susirgimy daugéja, todél labai svarbus savalaikis ir adekvatus
naviko gydymas. Siuo metu intensyviai ieSkoma naujy prognoziniy veiksniy
bei diagnostikos ir gydymo galimybiy. Kuo daugiau zinosime apie naviko
metabolizmg ir jo pokycius, tuo tiksliau galésime panaudoti Sias zinias tera-
pijai, nukreiptai j navikines Igsteles, nepazeidziant sveiky lasteliy.

Pries atliekant tyrimus, buvo sukurta pirminé kriities vézio Iasteliy kul-
tura (BCC). Eksperimentuose naudojome véZzines lastelés, kad nustatytume,
ar placiai naudojamy véziniy Igsteliy linijy tyrimy rezultatus galima pritaikyti
realiy naviky Igsteléms.

Vaisto panasumas ] natiiralius metaboliniy fermenty substratus (vertina-
mas naudojant Tanimoto balus) padidina molekulés gebéjima jungtis prie pa-
sirinkto metabolinio fermento. Vienas i§ geriausiai Zinomy zmogaus biologi-
niy tinkly yra metabolizmas, nes sukauptos daugiau nei Simtmecio biochemi-
niy tyrimy Zinios leidzia tiksliai apibrézti metabolizmo reakcijas, kurias kata-
lizuoja kiekvienas fermentas, ir Sios reakcijos turi gerai Zinomg stechiomet-
rijg. Visa §i stechiometriné informacija yra GSMM, kuri apibiidina Igstelés
metabolizmg. GSMM ir RNR sekvenavimo duomenimis bei atlikta sveiky ir
véziniy lasteliy metaboliniy srauty analize galima nustatyti personalizuota
terapinj langa, kuris leisty prieSvéziniams vaistams preferenciskai veikti vézi-
nes lgsteles, maksimaliai iSvengiant nepageidaujamo Salutinio poveikio svei-
koms Igsteléms. Eksperimentiniu buidu parodéme, kad lipoamido struktiirinio
analogo poveikis gali sumazinti navikiniy lgsteliy linijos MCF-7 prolifera-
cijos greit], tuo paciu neturédamas reikSmingo poveikio sveikoms ASMC.

Ilgai buvo manoma, kad FAS ir FAO negali vykti lasteléje tuo paciu
metu. FAO atlieka svarby vaidmenj navikiniy Igsteliy iSgyvenamume. Kita
vertus, FAS taip pat reikalingas navikiniy lgsteliy augimui ir dauginimuisi.
Gali biiti, kad FAO padeda lasteléms iSgyventi, esant metaboliniam stresui,
kai néra kity energijos Saltiniy ir redokso kofaktoriy. Kita vertus, net jei FAS
ir FAO tradiciSkai buvo laikomi nesuderinamais dél malonil-KoA slopinan-
¢io poveikio karnitino transporteriui, atsakingam uz riebaly rigs¢iy gabenimag
1 mitochondrijas, vis daugiau jrodymy patvirtina abiejy reiSkiniy koegzista-
vima navikinése lastelése. Siame darbe mes parodome, kad taip yra BCC
lastelése. FAS ir FAO koegzistavimg patvirtina FASN ir ECHS1 geny nutil-
dymo poveikis pilnai pazyméto citrato kiekiui (kai lasteléms tiekiamas '3C
zymétas glutaminas) ir mitochondrijy membranos potencialui. MCF-7 ir
BT-474 lastelése labai maza citrato dalis buvo pilnai zyméta (apie 1 proc.),
taciau BCC lgstelése apie 6 proc. citrato buvo pilnai zyméta *C ir nutildzius
minétus genus, jo kiekis mazé&jo. Atlikus ME geny nutildyma, *C Zyméto
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citrato kiekis sumaz¢jo dar daugiau, tai rodo, kad visiSkai pazenklinto citrato
susidarymo mechanizmai yra aktyviis. FAS citozolyje metu i§ acetil-KoA
oksiduojamos dvi NADPH molekulés. Kita vertus, FAO metu mitochond-
rijose susidaro acetil-KoA ir po vieng NADH ir FADH2 molekule, kurios abi
gali buti naudojamos kvépavimo grandinei maitinti. Tai lemia redokso
potencialo perkélima 1S citozolio } mitochondrijas, kuris gali biiti naudojamas
iSlaikyti didesnj mitochondrijy membranos potencial3. ME katalizuoja
NADPH gamybos reakcija, kuri negali vykti kvépavimo grandingje. Todé¢l,
atlikus FASN ir ECHS1 geny nutildyma mitochondrijy membranos potencia-
las sumaz¢jo, o ME geny nutildymas mitochondrijy membranos potencialo
nemazino. Uzblokavus FAS, skirtingai nei blokuojant FAO, labai panaSiai
sumazeéja pilnai Zymeto citrato kiekis ir mitochondrijy potencialas. Tai atitin-
ka ankstesnius steb&jimus [133], kuriuose blokuojant lipidy sintezg sumazéjo
deguonies suvartojimas.

Galimas fiziologinis §io vienu metu vykstancio FAS ir FAO pasireiskimo
vaidmuo yra citozoliniame NADPH esancio redukcinio potencialo perkéli-
mas ] mitochondrijas. Tai leisty lgsteléms perdirbti citozolyje pagaminto
NADPH pertekliy ir nukreipti jo redukcinj potencialg j kvépavimo granding.
Jei lgstelés patiria staigy oksidacinj stresa, $i pertekline citozolinio NADPH
gamyba gali biiti nukreipta pasalinti ROS, sustabdant lipidy sinteze¢. Atrodo,
kad $is reiskinys vyksta BCC lastelése, kurias paveikus staurosporinu stebi-
mas pilnai pazyméto citrato frakcijos sumazéjimas.

Jau anks¢iau mikroorganizmuose buvo pastebéti medziagy apykaitos
ciklai, apimantys perteklinio NADPH oksidacija [134], kur §j akivaizdy ener-
gijos Svaistyma galima iSnaudoti didinant atsparuma prie§ staigy oksidacinj
stresg. Miisy pateiktas atvejis leidzia manyti, kad Zzmogaus Igstelés taip pat
galj naudoti analogiS$ka mechanizma. Tuo tarpu lastelés, kuriose tokia FAS ir
FAO saveika nepasireiskia, tokiose kaip BT-474, citozolinio NADPH
produktyvumas yra mazesnis, ir dél to jos yra jautresnés staigiam ROS kiekio
padidéjimui. Tai gali biiti viena i$ stipresnio staurosporino poveikio, paste-
béto BT-474 lastelése, priezasCiy, lyginant su BCC, kuomet sukelé didesng
mitochondrijy membranos potencialo depoliarizacija. Tai rodo, kad BCC yra
atsparesnes oksidaciniam stresui, lyginat su sveikomis.

Analizuodami 289 mikrogardeles ir 50 RNR sekvenavimo méginiy i$
100 skirtingy navikiniy ir 6-iy sveiky besidalijanciy lasteliy linijy, pastebéjo-
me, kad navikiniy Iasteliy linijjoms biidingi du skirtingi transkripcinio regu-
liavimo laukai, apimantys Simtus geny. Pirmasis yra susijes su EMT ir yra
daug intensyvesnis navikinése Igsteliy linijose ir MSC, negu epitelio kamie-
ninése lgstelése. Manoma, kad pagrindiniai $io lauko varikliai yra transkrip-
cijos veiksniai SP1, LEF1 ir FOXO4. Jau Zinoma, kad SP1 dalyvauja EMT,
o misy analizé parod¢, kad tarp geny, kuriy raiSka didina SP1, yra 9 Wnt
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signalo perdavimo kelio komponentai, kuriy aktyvacija lemia -katenino fos-
forilinimg, apjungiant] LEF1 ir FOX04 koduojamus transkripcijos veiksnius,
lemiancius tiksliniy geny raiskos padidéjima. Tai rodo teigiamg aktyvavimo
griztamajj rysj, kuris apima SP1, kanoninj Wnt signalo perdavimo kelig ir
FOXO04, lemiancius plataus masto transkripcijos pokycius. Parodyta, kad
per¢jima tarp dviejy alternatyviy lagsteliy biiseny — epitelinés ir mezenchi-
minés — reguliuoja transkripcijos veiksniy rinkiniai, sudarantys griZztamojo
rysSio struktiras [135].

Penki fermentai (BCAT2, DBT, DLT, HADHA ir HIBADH), dalyvau-
jantys leucino, valino ir izoleucino degradacijoje, priklauso transkripcinio
reguliavimo laukui, susijusiam su EMT, nors jy paciy SP1 tiesiogiai neregu-
liuoja. Sis pastebé¢jimas geny raiskos lygyje buvo patvirtintas fermento
BCAT2 baltymo lygyje navikiniy lasteliy linijoje MCF-7 ir BCC pirming¢je
kulttroje (stebétas aukStas BCAT2 lygis) bei ASM ir MCF-10A Iastelése,
kuriose stebétas zemas BCAT2 lygis. Navikinés Igstelés didele dali ATP (nuo
12 iki 55 proc.) gauna BCAA degradacijos metu. Tai apskaiciuota panaudojus
GSMM ir eksperimentinius NCI-60 bibliotekos lasteliy metabolity jsisavi-
nimo duomenis. BCAT2 geno nutildymas reikSmingai sumazino MCF-7 ir
BCC proliferacija, taciau netur¢jo jtakos ASMC proliferacijai. Taip pat netu-
réjo poveikio nei navikiniy, nei sveiky lgsteliy gyvybingumui. Tai rodo, kad
BCAT?2 veikia selektyviai ir kad egzistuoja terapinis langas, kurj biity galima
panaudoti, kuriant citostatinius vaistus, nukreiptus ] navikines lgsteles, ir
tikintis mazesnio poveikio sveikoms besidalijancioms Igsteléms.

Miisy eksperimentai su BCAT2 parodo, kaip aprasyti transkripcijos po-
zymiai gali buti panaudoti kaip terapinis langas, selektyviai nukreipiant |
navikines Igsteles, iSlaikant nepazeistas sveikas besidalijancias Igsteles.
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ISVADOS

Lastelés, iSskirtos i§ pirminio naviko, pasizyméjo navikinéms Igsteléms
biidingomis sgvybémis — auksta proliferacija ir gyvybingumu, atsparumu
oksidaciniam stresui — bei leido placiai naudojamy navikiniy lasteliy
linijose gautas iS§vadas pritaikyti realiy naviky lasteléms.

Panaudojant GSMM ir RNR sekvenavimo duomenis bei atliekant sveiky
ir navikiniy lasteliy metaboliniy srauty analizg, galima nustatyti perso-
nalizuotg terapinj langa, kuris leisty prieSvéziniams vaistams preferen-
tiskai veikti navikines lasteles, maksimaliai iSvengiant nepageidaujamo
Salutinio poveikio sveikoms Igsteléms. Lipoamido struktiirinis analogas
Amb19149142 buvo naudojamas kaip susintetintas junginys jvertinti
terapin] langg. Junginys MCF-7 lasteliy proliferacija mazino, taciau
ASMC reikSmingo poveikio neturéjo.

SP1 transkripcijos veiksnio ir Wnt signalinio kelio sgveika turi jtakos
veéziniy lasteliy EMT. EMT taip pat yra susijusi su fermenty, dalyvau-
jan¢iy BCAA degradacijoje, raisSkos padidéjimu. Vieno is$ Siy fermenty —
BCAT2 — nutildymas selektyviai veiké navikiniy MCF-7 ir BCC prolife-
racijg ir netur¢jo poveikio sveikoms ASMC ir MCF-10A lasteléms.
BACAT?2 nutildymas netur¢jo itakos lasteliy gyvybingumui.

Eksperimentiskai patvirtinome, kad *C zZyméjimo eksperimentai tinka
riebaly rugsciy oksidacijos pokyc¢iams matuoti. BCC lastelése ~6 proc.
citrato buvo pilnai Zyméta '3C ir jo kiekis mazéjo, nutildant minétus
genus prieS FASN ir ECHS1 kurie atitinkamai dalyvauja FAS ir FAO.
Tai patvirtina, kad dalis visiSkai pazyméto citrato susidaro per hipotetinj
FAS ir FAO mechanizma.
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INTRODUCTION

Side effects caused by chemotherapy are one of the biggest problems.
Most drugs used in chemotherapy target DNA replication or key regulators
of the cell cycle, which adversely affects not only malignant cells, but also
healthy proliferating cells (including stem cells), resulting in impaired rege-
neration and healthy tissue function [136]. To avoid or reduce side effects, it
is necessary to identify systemic differences between tumor and healthy cells
and to calculate therapeutic windows for potential drugs. Genomics, trans-
cription, proteomics, and metabolomics research technologies, such as cDNA
microarrays and RNA sequencing, have accumulated large amounts of infor-
mation in databases that can be used to identify systemic differences between
healthy and tumor cells. Transcriptional differences are expected to provide
a basis for targeted therapy that uses drugs designed to “target” cancer cells
without affecting normal cells.

Tumors originate from the transformation of normal cells through the
accumulation of genetic modifications [2, 3]. Studies on the RNA sequence
of human tumors have revealed hundreds of mutations associated with tumor
occurrence [4], but very few mutated genes have been repeated in large
fractions of test samples. Specifically, in each cancer type about 4 genes were
altered in more than 20% of the tumors analyzed [5]. The TP53 tumor sup-
pressor and DNA damage checkpoint gene was among the most frequently
mutated genes in all tumour types examined [6]. Despite the high heteroge-
neity of genes that cause malignant transformations, cancer can be character-
rized by basic hallmark capabilities, distinct and supplementary: sustaining
proliferative signaling, evading growth suppressors, enabling replicative
immortality, activating invasion and metastasis, inducing angiogenesis and
resisting cell death [7]. These signs are associated with transcriptional
changes that do not exist in healthy cells. To assess these differences we ana-
lyzed large amounts of gene expression data from healthy and tumor cells and
experimentally demonstrated that inhibition of branched chain amino acid
transaminase 2 (BCAT?2) can be used as a therapeutic window to provide a
selective action on tumor cells.

Cytosolic fatty acid synthesis (FAS) and fatty acid oxidation (FAO) have
been shown to play a role in the survival and proliferation of cancer cells.
Further studies using '3C-labeled glutamine sought to determine whether
these two processes coexisted in breast tumor cells.

Aim of the study

Analysis of metabolic and transcriptional differences in healthy and
tumor cells and search of antitumor targets using fluxomic methods.
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Objectives of the study

1. To develop the primary breast cancer cell culture.

2. To identify a therapeutic window by performing analysis of trans-
criptional differences between healthy and tumor cells.

3. To experimentally evaluate the therapeutic window by the inhibition
of branched-chain amino acid transaminases 2 in healthy and tumor
cells.

4. To determine the influence of the interaction of fatty acid synthesis
and oxidation on the viability of tumor cells using '*C-labeled
glutamine.

Novelty of the study

Cancer cells are characterized by the Warburg effect. The Warburg effect
consists in the lactic fermentation of glucose even at high oxygen concentra-
tions. This effect was initially believed to be due to defects in cancer cell
mitochondria; however, this hypothesis has proven to be wrong, as mito-
chondria have been shown to be functional and cancer cells cannot survive in
fully anaerobic conditions, which proves that they are still dependent on
oxidative phosphorylation. Recent studies have shown that the mitochondria
of cancer cells function well and both oxidative phosphorylation and lactic
fermentation are important for energy production [8].

We hypothesized that in cancer cells, most of the adenosine triphosphate
(ATP) is obtained using alternative substrates that are amino acids. We used
Genome Scale Metabolic Model (GSMM) in order to quantify the impact of
alternative energy source. Based on the results of this analysis, we found that
50% of ATP in the MCF-7 cell line is derived from branched-chain amino
acids (BCAAs): valine, leucine, and isoleucine.

We used siRNA that inhibits the expression of enzyme BCAT2, which
catalyzes the first stage of degradation of valine, leucine, and isoleucine. We
found that silencing of this gene reduced tumor cell proliferation. There are
two main interpretations of the functions of FAO in cancer cells. The first is
that FAO can only have a protective function in the presence of metabolic
stress, when the loss of adhesion to the extracellular matrix impairs glucose
uptake and catabolism [9].

Under such conditions, FAO would work as an alternative source of ATP
[10] or NADPH [11] and FAS would have negative effects on cell survival
as it would increase ATP and NADPH consumption [11]. Alternatively, FAO
and FAS have been suggested to occur simultaneously and support each
other. This hypothesis is also supported by the fact that the treatment of cells
with orlistat, an inhibitor of lipid synthesis, resulted in decreased oxygen
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consumption rates [13], which was explained by the simultaneous lipid
synthesis and oxidation in cells. However, the available evidence is still
circumstantial. In this work, we aimed to directly verify the existence of FAS
and FAO by performing metabolic flow analysis using *C-labeled glutamine
and gene silencing using siRNA. We also demonstrated that cells that
undergo FAO and FAS simultaneously were less sensitive to oxidative stress.

METHODS
Cell isolation

Breast cancer cells (BCCs) were isolated from a solid block of tissue.
Data were obtained from patients’ medical records.

The approval to conduct the study was issued by Kaunas Regional Bio-
medical Research Ethics Committee (permission No. P2-137 / 2006; date of
issue: December 8, 2017).

BCCs were prepared from part of the tumor tissue sample taken from a
female patient suffering from invasive ductal carcinoma (T1 NO M0 G2, ER(+),
PR(+), HER2(3+)) during lumpectomy and sentinel lymph node biopsy.

The carcinoma tissue sample was cut with scissors into smaller pieces
with 2 ml phosphate buffer. Cells were treated with 0.025% trypsin or with
0.025% trypsin and 150 U/mL collagenase (type III) or with the following
enzymes: 0.05% trypsin, 125 U/mL collagenase type (III) and 8§ U/mL
proteinase K or 125 U/mL collagenase type (III) and 408 U/ml hyaluronidase
(IV-S). Then they were shaken at 37 °C for 1 h at 350 rpm and centrifuged
(420 g) for 5 min. After washing with the Dulbecco’s Modified Eagle
Medium (DMEM), BCCs were seeded into flasks with a growth medium and
incubated at 37°C in a humidified atmosphere of 5% COx.

Primary cell cultures were isolated from samples treated with 0.025%
trypsin, 0.05% trypsin, or 150 U/mL collagenase (type III). BC4 cells (infil-
trative ductal carcinoma ER(+) PER(+) HER2(+)), hereinafter referred to as
BCC line, were used for further experiments.

Freezing of cells

The medium was discarded from the cells, washed twice with PBS, and
added to 0.05% trypsin solution. The cells were then transferred to a tube and
centrifuged at 420 g for 5 min. The supernatant was discarded, and the cells
were added to a cooling medium consisting of 75% DMEM/Ham’s F12, 15%
fetal bovine serum (FBS) and 10% dimethyl sulfoxide. The cells were suspen-
ded in a cooling medium, and the suspension was transferred to a cryotube,
which was kept at —20°C, and when ice crystals formed, was transferred to —
80°C.
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Cell lines and culture medium

BCC, BT-474 (human breast ductal carcinoma cell line; ATCC HTB-20,
Manassas, VA, USA), and MCF-7 (human breast adenocarcinoma cell line;
CLS-Cell Lines Service, Eppelheim, Germany) were cultivated in DMEM/
F12 medium with 10% FBS and 1% antibiotics (100 U/ml penicillin/strepto-
mycin). Immortalized human airway smooth muscle cells (ASMCs) were
grown in a DMEM medium supplemented with 10% FBS and mix of
antibiotics (100 U/ml penicillin/streptomycin). MCF-10A cells (ATCC,
Wesel, Germany) were grown in DMEM/F-12 medium supplemented with
5% horse serum (GE Healthcare Life Sciences, Logan, USA), 20 ng/ml EGF
(Life technologies, Carlsbad, CA, USA),10 ug/mL insulin (Life technologies,
Carlsbad, CA, USA), 0.5 pg/mL hydrocortisone, and 100 ng/mL cholera,
toxin and penicillin/streptomycin mix. Cells were maintained in a 5% CO2
humidified incubator at 37°C.

For treatment with staurosporine (Calbiochem, Darmstadt, Germany),
cells were incubated for 4 h with 0.25 uM of the latter compound.

Cell proliferation assay by Trypan blue test

Cells (1.5 x 10%) were seeded in 6-well plates. Cells were supplemented
with various concentrations of Amb19149142 (20, 50, 100 uM) (GreenPharma,
France) dissolved in 0.1% ethanol solvent. A volume of 50 ul 0.4% trypan
blue dye dissolved in saline (Life technologies, Carlsbad, CA, USA) was
added to a tube with 50 pl of cell suspension. Cell suspension with the dye
(10 pl) was pipetted into a hemocytometer chamber (Neubauer), (Sigma-
Aldrich, Steinheim, Germany). Measurements were taken after 120 h.

siRNA transfection

We used a jetPRIME transfection reagent (Polyplus-transfection® SA,
France) and siRNAs for gene silencing according to the manufacturer’s
instructions. Final concentrations of 10 nM ECHSI1 siRNA (ATGATGTGTG
ATATCATCTAT; Qiagen, Germantown, MD, USA) or fatty acid synthase
(FASN) siRNA (CAGGCTTCAGCTCAACGGGAA; Qiagen) were used.
Cells were simultaneously transfected with three different siRNAs against the
different malic enzyme (ME1, ME2, and ME3) genes: 4 nM ME1 (UGCCAU
GACUCAGCGUUCTtt; Ambion, Waltham, MA, USA), 4 nM ME2 (GGGUG
UCUAUGGAAUGGGALtt; Ambion), and 4 nM ME3 (GCCUUUACCCUU
GAAGAAALtt; Ambion). All following procedures were performed 24 h after
siRNA transfection. Mock transfection was used as control.
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13C labeling

Cells were incubated in DMEM without glucose, L-glutamine, and
pyruvate (Sigma, Schnelldorf, Germany), supplemented with 10% FBS and
antibiotics. L-Glutamine-'*Cs (Aldrich, Hamburg, Germany) was added to
the final concentration of 4 mM. Cells were incubated for 24 h.

Metabolic flux distribution

We used the elementary metabolic units (EMU) system to distribute the
metabolic flow [126]. Seven independent reaction rates were indicated in the
model. One of them — pyruvate dehydrogenase (PDH) rate — was detected at
1 and all other reactions were compared to the amount of PDH. The remaining
independent reactions were rates of fatty acid oxidation; malate dehydroge-
nase; o-ketoglutarate formation derived from glutaminolysis; a-ketoglutarate
carboxylation; pyruvate carboxylase; and pyruvate import into the mito-
chondria. All parts by weight of the labeled malate and citrate were measured
from MO to M6, and the sum of the relative differences between the model
and the experimental results was reduced. Before determination, identify-
cation analysis was performed by calculating the value of the Jacobo matrix
of the system to measure how linearly the columns of this calculator are. A
minimum single value of zero would mean that there are many different
distributions of metabolic flow resulting in the same labeling patterns;
therefore, so the system cannot be determined. In order to evaluate the
contribution of each metabolic flow to the system identifiable, new Jacobo
matrices were calculated by subtracting the column corresponding to the
verified change in the metabolic flow and performing the decomposition of
the individual values of the new matrix. The higher the new minimum value,
the more difficult it was to determine the value deducted. The FAO (the most
interesting in this work) was the most difficult to identify. To avoid this
problem, we performed a global optimization of experiments corresponding
to mock transfection and FASN and ECHS1 silencing. This approach is based
on the assumption that siRNA does not affect all independent effects except
FAO. The rate of a-ketoglutarate carboxylation also allowed us to change our
conditions, as this change in metabolic flow was reported to be very sensitive
to small perturbations in a-ketoglutarate and citric acid concentrations.

The determination of the values corresponding to the silencing of ME
was performed by fixing the FAO indicator and allowing the modification of
all other parameters. After treatment with staurosporine, there was a distri-
bution that allowed for an exchange of all independent reactions. For each
presentation, the values of all metabolic flow values were sequentially increa-
sed or decreased by 0.001 (preventing them from taking negative values). If
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this increase resulted in a decrease in the objective function, the new values
were considered and the process was repeated. Different initial size distri-
bution sets and retention were used to determine the minimum relative error.

UPLC-ESI-MS conditions

Mass spectrometry (MS) analysis of metabolites labeled with L-gluta-
mine-"*Cs was performed by tandem mass spectrometry. Separation of
organic acids in the samples was performed using an Acquity Class H UPLC
system (Waters, Milford, MA, USA) with a YMC-Triart C18 (100 x 2.0 mm,
1.9 pm) column (YMC, Kyoto, Japan). A Xevo TQD triple quadrupole tandem
mass spectrometer (Waters, Milford, MA, USA) with an electrospray ioni-
zation (ESI) source was used to obtain MS data. The column temperature was
maintained at 40°C. The gradient elution was performed with a mobile phase
consisting of 0.1% aqueous formic acid solution (solvent A) and acetonitrile
(solvent B) at an air flow rate of 0.4 mL/min. Initial conditions were set at
95% solvent A. The linear gradient profile was adjusted in the following
proportions of solvent A: 0—0.2 min was found to be 95%; 0.2—1.5 min, 10%;
and 1.5-1.8 min, 90%, and returned to the original conditions. The total time
for equilibrium analysis was 3 min. Negative ionization of electric spraying
was performed by using the following parameters: capillary voltage was set
to negative 2 kV; source temperature, at 150°C; desulfurization temperature
of supplied nitrogen gas, at 400°C; desolvation gas flow, 700 L/h; and gas
turnover, 20 L/h. The cone voltage was set at 25 V. MS data were collected
in a full scan mode from 50 m/z to 250 m/z. The obtained mass spectra were
used to determine the distribution of metabolic flows using the EMU method
[126]. This was done through programming in Python.

Flow cytometry assay

Initially, 5 x 10* cells were seeded in 35 mm dishes in 2 mL of full media.
Mock-transfected and siRNA-transfected cells were incubated with media
containing 1 mg/L JC-1 dye (Biotium, Fremont, CA, USA) for 20 min at
room temperature. Afterwards, cells were washed with PBS, trypsinized, and
collected using centrifugation. Then cells were resuspended in PBS with
5 mg/L 7-aminoactinomycin D (7-AAD) dye (Millipore, Burlington, MA, USA)
and incubated for 10 min. For positive control, 10 uM of carbonyl cyanide
m-chlorophenylhydrazone was used. Samples were quantified using a Guava
PCA flow cytometer (Millipore). The data were analyzed by the GuavaSoft
2.7 InCyte software. Mitochondrial membrane potential was expressed as the

ratio of JC-1 aggregates (red fluorescence) to monomers (green fluorescence)
(R/G).
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Western blot analysis

Primary antibodies were used for immunocytochemistry and immune-
blotting analysis: rabbit anti-PPAR delta (ThermoFisher Scientific, cat #
PA1-823A), rabbit anti-histone H3 (ThermoFisher Scientific, cat # 702023),
mouse anti-beta-catenin (ThermoFisher Scientific, cat # CAT-5H10), mice
against GAPDH (Ambion, cat # AM4300), rabbit against BCAT2 (Abcam,
cat # ab95976). Secondary donkey anti-rabbit IgG H&L antibody was
conjugated to Alexa Fluor 488 (Life technologies, cat # A21206).

For Western blot, BCCs (3 x 10°) were lysed in ice-cold cell extraction
buffer (Invitrogen, Carlsbad, CA, USA) supplemented with a 20 pl/mL
protease inhibitor cocktail (Sigma-Aldrich, Germany) and 1 mM PMSF
(Abcam, Cambridge, JK) for 30 min. The lysates were centrifuged at 13,000
rpm for 10 minutes at 4°C. The Qubit® protein assay kit (Invitrogen) was
used to determine the total protein concentration with a Qubit 3.0 fluorometer
(Invitrogen). Cell lysates (30 png) were separated by Bolt™ 4%—12% Bis-Tris
and gels (Invitrogen) in MES SDS flowing buffer and transferred to 0.45
polyvinylidene fluoride (PVDF) membranes (GEHealthcare, UK). Proteins
were detected using primary antibodies in ECHS1 (ab174312), FASN
(ab99359) and BCAT2 (ab95976) (Abcam), PPAR-6 (PA1-823A), MEI
(MAS-23524), ME2 (PA5-38007), ME3 (PA5-36494) and GAPDH (AM43)
(Fisher Science, USA) and WesternBreeze®chemiluminescence kits (Invitro-
gen) according to the manufacturer’s instructions. The bands were visualized
using the G: Box Chemi Gel documentation system (Syngene, Frederick,
MD, USA).

Statistical analysis

All experiments with cells were performed in at least 3 replicates (n = 3).
In the simulation experiments, the error bars correspond to the standard errors
when the two experiments were compared to each other. When the predicted
isotopomer distributions were compared with the calculated ones, the error
bands for the experimental values correspond to 95% confidence intervals. A
comparison of the two values was performed using the Student’s t test. The
level of significance was set at P<0.05. Statistical analysis was performed
using Excel and the scipy.stats library.
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RESULTS

Development and characterization of primary culture
of breast cancer cells

Cells were isolated as described in Methods using the standard protocols
[128]. CD44 and CD24 are transmembrane glycoproteins. CD24 expression
is observed in tumor cells and this marker acts as a specific hyaluronic acid
receptor that promotes the movement of malignant cells. The CD44 marker
in BCCs is in active form and is involved in many intracellular signaling
cascades as well as in cell proliferation, differentiation, and motility. Ki-67,
a cell proliferation marker, is a non-histone nuclear protein used as a marker
of cell proliferation. High levels of Ki-67 are characteristic of tumor cells and
are associated with poor disease prognosis and good response to chemo-
therapy.

Lipoamide structural analog

We experimentally showed how Genome Scale Metabolic Models
(GSMMs) can be used as tools for drug design. New metabolite-like inhibi-
tors can be searched in available metabolite databases. New inhibitors are
molecules that bind to a biological target and inhibit its biological function.
The Tanimoto score is a numerical similarity between so-called fingerprints
of molecules. The Tanimoto score is expressed from 0 (no similarity) to 1
(high similarity). After calculating and evaluating the Tanimoto score, a new
inhibitor similar to one of the metabolites was found to bind to the target
whose substrate is a said metabolite.

We compared the chemical structures and compounds of human
metabolites (derived from their KEGG indices) in the DrugBank database.
Compounds with a Tanimoto score greater than 0.9 increase 29.5-fold the
likelihood that the analyte will bind to the same target as a similar metabolite
rather than a randomly selected molecule. Using RNA-seq data and human
GSMM, it is possible to estimate the distribution of metabolic fluxes and
measure changes in metabolic fluxes (e.g., using a drug that inhibits catalytic
enzymes). This method allowed predicting the different effects of lipoamide
analogs on the proliferation of MCF-7 (breast cancer cell line) and ASMCs
(airway smooth muscle cells) [129]. The experiments required a synthesized
compound that could be obtained. Lipoamide is an intermediate product in
the degradation of valine, leucine, and isoleucine, which produces a large
proportion of the ATP required by tumor cells.
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Degradation of branched-chain amino acids (valine, leucine
and isoleucine)

Tumor cells produce a large proportion of ATP during BCAA degrada-
tion. To quantify this method, we used GSMM and experimental data on the
uptake of cellular metabolites by the NCI-60 library [130, 131]. For each cell
line, we calculated a flow distribution that satisfies the observed uptake and
secretion rates, minimizing the sum of all metabolic flows. From the obtained
flow distribution, we estimated the total production of ATP. Experimental
lactic acid production rates and consumption rates of each BCAA were used
to compare ATP production during these processes. It was found that 12% to
55% of the total ATP was formed by the degradation of BCAAs.

Tumor cells differ from healthy ones by increased expression of 5 enzy-
mes involved in valine degradation (BCAT2, dihydrolipoamide branched-
chain transacylase (DBT), dihydrolipoyl transacetylase (DLT), hydroxyacyl-
CoA dehydrogenase trifunctional multienzyme complex subunit alpha
(HADHA), and -hydroxyisobutyrate dehydrogenase (HIBADH)); 4 of them,
in isoleucine degradation (BCAT2, DBT, DLT, and HADHA); and 3, in
leucine degradation (BCAT2, DBT, and DLT). The five enzymes mentioned
are not directly regulated by specificity protein 1 (SP1), but their mode of
expression is identical to that of EMT-associated genes, suggesting that
BCAA cleavage is promoted by regulatory cascades associated with EMT.

The results of the analysis of 289 microarrays showed that tumor cells
showed two significant transcriptional changes compared to healthy cells: an
increase in the expression of Wnt-regulated genes and a decrease in the
expression of activator protein 1 (AP-1)-regulated genes. The EMT of tumor
cells is affected by the interaction of the SP1 transcription factor and the Wnt
signaling pathway. EMT is also associated with an increase in the expression
of enzymes involved in the degradation of BCAAs (valine, leucine and
isoleucine). We investigated the effect of silencing one of these enzymes, i.e.,
BCAT2.

BCAT2 catalyzes the first step of degradation of valine, leucine, and
isoleucine. An increase in BCAT1 and BCAT2 expression is documented in
a variety of tumor cells, but an increase in BCAT2 expression and effects in
BCCs remain unclear. We included BCCs in our experimental design to
determine if the findings obtained in widely used tumor cell lines could be
extrapolated to real tumor cells. ASMC and MCF-10A cell lines were selec-
ted as healthy cells. An immunofluorescence study showed that BCAT2
levels were significantly higher in tumor cells than healthy cells.

SiRNA against BCAT2 reduced tumor cell proliferation, but did not
affect the proliferation of healthy cells. MCF-7 and BCC counts decreased by
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16.6% £ 2.1% and 11.3% + 1.5%, respectively. The number of ASMCs and
MCF-10A cells did not change (99% =+ 0.8% and 106% + 3.4%, respectively).
Flow cytometry using annexin V-PE/7-AAD showed that siRNA against
BCAT?2 had no effect on the viability of tumor or healthy cells.
These results suggest that BCAT2 may be a suitable target for new drugs
to achieve cytostatic effects on cancer cells.

Assessment of simultaneous fatty acid synthesis and oxidation
using 13C labeling

Tumor cell viability and proliferation are affected by cytosolic FAS and
mitochondrial FAO. To test the hypothesis that FAS and FAO occur simulta-
neously in tumor cells, we used *C-labeled glutamine to assess their oxide-
tion level. Fatty acids are synthesized from cytosolic acetyl-CoA, which itself
is mainly derived from citric acid. Citric acid is derived from the tricarboxylic
acid (TCA) cycle and transported to the cytosol, but also can be obtained from
glutamine by reducing the carboxylation of a-ketoglutarate. FAO occurs in
mitochondria (fatty acids are transported from the cytosol via a transporter)
to produce mitochondrial acetyl-CoA, which feeds the TCA cycle. In a
combination of these processes, part of the acetyl-CoA that feeds the TCA
cycle is derived from citrate. Labeled *C glutamine through reductive carbo-
xylation marks five carbon atoms in citrate and labels cytosolic acetyl-CoA
in further lipid synthesis. If these lipids are being simultaneously degraded at
the same time, labeled acetyl-CoA will enter the TCA cycle to form fully
labeled citric acid molecules (M6 isotopomer).

A metabolic model with atomic transitions, showing how fatty acids are
degraded by glutamate or ME activity, can form the M6 citrate isotopomers.
The scheme depicts the jump of redox potential from cytosolic NADPH to
mitochondria resulting from the simultaneous occurrence of FAS and FAO.

A stronger FAO should correspond to a higher citrate fraction with 6
labeled carbon atoms. To test whether the rate of beta fatty acid oxidation can
be assessed by citrate labeling, we silenced FASN, acetyl-CoA hydratase
(ECHS1), which is involved in beta oxidation, and malate dehydrogenase
(ME), which atoms are labeled independently of lipid metabolism. MCF-7,
BT-474, and BCCs were used for the assays. Labeled pyruvate derived from
malate under the action of ME forms a fully labeled citrate.

Therefore, to assess whether lipid metabolism actually plays an impor-
tant role in the formation of fully labeled citrate, we additionally performed
gene silencing using siRNA. To verify the existence of FAS and FAO, a BCC
line was selected at the same time because the other two cell lines, MCF-7
and BT-474, had significantly lower levels of fully labeled citrate. The
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percentage of M6 citrate in MCF-7 and BT-474 was 1.15% and 0.5%, respect-
tively.

Cells were incubated with *C-labeled L-glutamine. BCCs had 5 and 10
times more labeled citrate than MCF-7 and BT-474 cells, respectively,
making FAS and FAO more likely to occur simultaneously in BCCs.

BCCs were transfected with siRNA against the FASN and ECHS1 genes
involved in FAS and FAO, respectively. Cells were also transfected with
siRNA against the ME (1-3) genes to assess the importance of ME for the
formation of fully labeled citric acid. SIRNA against FASN and ECHSI
resulted a very similar decrease in M6 fraction, which was statistically signi-
ficant in both cases (from 5.8% = 0.3% to 4.2% + 0.2%, n =4, P =0.0054;
and 4.2% + 0.3%, n =4, P =0.0065; respectively). This confirms that part of
the fully labeled citrate was formed through the hypothetical mechanism of
FAS and FAO. siRNA against ME induced an even greater drop to
2.4% £+ 0.3% (n=4, P=0.0001), which suggests that both mechanisms of
fully labeled citrate formation are active. In BCCs, ~6% of citrate was fully
3C-labeled and decreased by silencing the aforementioned genes. To assess
protein expression, a WB assay was performed after transfection of siRNA
against FASN, ECHS1, and ME (1-3) genes and a decrease in protein expres-
sion in all cells compared to control transfection was documented.

Assessment of simultaneous FAS and FAO using measurements
of mitochondrial membrane potential

FAS and FAO are manifested by the transfer of reducing potential from
cytosol (NADPH) to mitochondria (NADH and FADH?2). The synthesis of
biomass components and resistance to oxidative stress associated with gluta-
thione reductase and glutathione peroxidase depend on cytosolic NADPH.
Increased ROS production should result in a decrease in cytosolic NADPH
and a halt in FAS and other processes that require NADPH. Exposure of
BCCs to staurosporine, which significantly increases ROS levels, results in a
significant decrease in fully labeled citrate due to arrested FAS. This means
that under normal conditions, BCCs produce more cytosolic NADPH than is
required for biosynthesis processes. During low oxidative stress, excess
reductive potential is transferred to mitochondria, where it is used for ATP
production, and during high oxidative stress, it is used to eliminate cytosolic
ROS.

During FAS, fatty acids are created from acetyl-CoA and two NADPH
molecules. Mitochondrial FAO results in the generation of one NADH and
one FADH2 molecule per acetyl-CoA, both of which can be used to feed the
respiratory chain. This results in a transfer of redox potential from the cytosol
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to mitochondria, which can be used to maintain a higher mitochondrial
membrane potential. ME catalyzes the reaction of NADPH production that
cannot take place in the respiratory chain. Therefore, if FAS and FAO occur
simultaneously, silencing of FASN or ECHSI can be expected to decrease
Aym, while after silencing of ME, Aym should not be affected. Mitochond-
rial potential was assessed by flow cytometry using JC-1 staining. Cells
transfected with siRNA against FASN and ECHS1 showed significant drops
in the mitochondrial membrane potential from 10.9+ 0.7 to 6.9+ 0.7 (n =3,
P=0.014) and 7.5+ 0.1 (n=3, P=0.009), respectively. Cells transfected
with siRNA targeting ME did not show a significant drop in the membrane
potential (9.2 £0.8;n=3; P=0.19). FASN and ECHS1, but not ME, reduced
the mitochondrial potential in BCCs.

Metabolic flux analysis of breast cancer cells

Citrate and malate labeling techniques were used to adjust the distri-
bution of metabolic flow in the central carbon metabolism. Metabolic flux
distribution was calculated using a model involving the TCA cycle, FAS,
FAO, glutaminolysis, reducing a-ketoglutarate carboxylation, malate dehy-
drogenase, pyruvate carboxylase, and PDH. The mitochondrial and cytosolic
pools of citrate and a-ketoglutarate were treated as if these compounds were
freely transferred across the mitochondrial membrane. Cytosolic oxaloacetate
produced by citrate lyase is thought to be transported back to mitochondria.
An EMU approach was used to model isotope distribution. The adaptation
was performed by minimizing the relative errors between the experimental
and predicted labeling samples. The flow distribution is expressed relative to
the rate of PDH flow. The distribution of metabolic flow is monitored using
a control experiment and experiments with siRNA (FASN, ECHS1, and ME).
The metabolic flux of FAS and FAO in the control is 0.69, as in that of
pyruvate dehydrogenase, and 0.48 in the ME reaction. In cells transfected
with siRNA against FASN or ECHS1, the relative distribution of isotopomers
corresponded to zero flux in the FAO reaction. When transfecting siRNA
against ME genes, the calculated flux of the ME reaction was 0.03. The
reduced fraction of M6 citrate isotopomers indicates reduced FAS, FAO, or
ME activity. Distributions of malate isotopomers are mainly determined by
the rate of glutaminolysis and are not expected to be modified by changes in
FAS, FAO, and ME.
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Effects of oxidative stress on metabolic fluxes

The metabolic cycle of FAS and FAO is manifested by the transfer of
reducing potential from cytosol (NADPH) to mitochondria (NADH and
FADH2). The synthesis of biomass components and the resistance to oxidati-
ve stress associated with glutathione reductase and glutathione peroxidase
depend on cytosolic NADPH. Increased ROS production is expected to result
in the depletion of cytosolic NADPH and, subsequently, in the termination
FAS and other processes that require NADPH. BCCs treated with staurospo-
rine, which significantly increases ROS levels, resulted in a significant
decrease in fully labeled citrate, which is consistent with the expected arrest
of FAS. Under normal conditions, BCCs produce more cytosolic NADPH
than it is necessary for their biosynthesis needs. Under conditions of low
oxidative stress, the excess redox potential is transferred to mitochondria,
where it is used for ATP production, while under conditions of high oxidative
stress, it is used to eliminate cytosolic ROS.

Resistance of BCCs and BT-474 cells to oxidative stress

Cells in which FAS and FAO occur simultaneously have high cytosolic
NADPH production rates and can inhibit oxidative stress. We compared the
effects of staurosporine-induced oxidative stress on BCCs and BT-474 cells.
BT-474 cells were used for the comparison as they had 10-times lower
amount of M6 citrate than BCCs, which suggests that the loop formed by
simultaneous FAS and FAO is not active in this cell line as confirmed by 13C
experiments showing that the FAO flow rate is zero.

Staurosporine induced significantly stronger depolarization of mito-
chondrial membrane potential in BT-474 cells than BCCs: the R/G ratio chan-
ged 3.4+ 0.4 and 1.8 £ 0.05 times, respectively (P<0.001). These results are
consistent with our hypothesis that BCCs are more resistant to oxidative stress
and that FAO could be a drug target in some types of tumors.

DISCUSSION

It has been shown that drug similarity to the natural substrates of
metabolic enzymes (measured using Tanimoto scores) is a good predictor of
the ability of a ligand to bind the chosen metabolic enzymes. One of the best
known human biological networks is metabolism, as the knowledge accumu-
lated from more than a century of biochemical research allows the precise
definition of metabolic reactions catalyzed by each enzyme, and these reac-
tions have a well-known stoichiometry. All of this stoichiometric information
is in the GSMM, which describes metabolic capabilities of a cell. GSMM and
RNA sequencing data and analysis of metabolic flows in healthy and tumor
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cells have an important practical application. It is important to determine
therapeutic windows that would allow affecting the metabolic capabilities of
malignant cells while having milder effects on healthy cells. As a proof of
concept, we have experimentally shown that the effect of a structural
analogue of lipoamide can reduce the proliferation rate of the MCF-7 cell line
without having a significant effect on healthy ASMCs.

It has long been thought that FAS and FAO cannot take place in a cell at
the same time. FAO plays an important role in tumor cell survival. On the
other hand, FAS is also necessary for tumor cell growth and proliferation. It
is possible that FAO helps cells survive under metabolic stress in the absence
of other energy sources and redox cofactors. Despite FAS and FAO have been
traditionally considered incompatible due to the inhibitory effect of malonyl-
CoA on the carnitine shuttle responsible for transporting fatty acids to the
mitochondria, there is growing evidence to support the coexistence of both
phenomena in tumor cells. In this work, we have shown that this phenomenon
coexists in BCCs. The coexistence of FAS and FAO is confirmed by the effect
of FASN and ECHSI1 gene silencing on the amount of fully labeled citrate
(when cells are supplied with '*C-labeled glutamine) and mitochondrial mem-
brane potential. Very small proportion of citrate was fully labeled (about 1%)
in MCF-7 and BT-474 cells, but about 6% of citrate was completely '*C-labe-
led and decreased after silencing of the above genes in BCCs. After the
silencing of ME genes, the amount of *C-labeled citrate decreased even
more, which indicates that the mechanisms of fully labeled citrate formation
are active. Two NADPH molecules are oxidized from acetyl-CoA in the
cytosol FAS. On the other hand, during FAO, acetyl-CoA and one molecule
of NADH and FADH> are formed in mitochondria, both of which can be used
to feed the respiratory chain. This results in a transfer of redox potential from
the cytosol to mitochondria, which can be used to maintain a higher mito-
chondrial membrane potential. ME catalyzes a NADPH production reaction
that cannot take place in the respiratory chain. Therefore, silencing of the
FASN and ECHSI1 genes decreased the mitochondrial membrane potential,
and silencing of ME genes did not have any impact on the mitochondrial
membrane potential. Blocking FAS, unlike blocking FAO, reduces the
amount of fully labeled citrate and the mitochondrial potential in a very
similar way. This is consistent with previous observations [132] in which the
inhibition of lipid synthesis reduced oxygen consumption. A possible physio-
logical role for this simultaneous occurrence of FAS and FAO is the shuttling
of the reducing potential from cytosolic NADPH to mitochondria. This would
allow cells to process the excess NADPH produced in the cytosol and direct
its reducing potential into the respiratory chain. If cells are challenged by
sudden increases of oxidative stress, this excess production of cytosolic
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NADPH can be directed to eliminate ROS by stopping lipid synthesis. This
phenomenon appears to occur in BCCs treated with staurosporine when a
decrease in the fraction of fully labeled citrate is observed compared to the
untreated cells. Metabolic cycles involving the oxidation of overproduced
NADPH have been observed in microorganisms [133], where this apparent
waste of energy can be exploited to increase resistance against sudden oxide-
tive stress. The case we present suggests that human cells may also use a
similar mechanism. Meanwhile, cells such as BT-474 in which such an
interaction between FAS and FAO does not occur, have lower production rate
of cytosolic NADPH and are more sensitive to sudden increases in ROS. This
may be one of the reasons for the stronger exposure to staurosporine observed
with BT-474 compared to BCCs, which resulted in greater depolarization of
mitochondrial membrane potential. This suggests that BCCs are more
resistant to oxidative stress compared to healthy ones.

Analyzing 289 microarrays and 50 RNA sequencing samples from 100
different tumor and 6 healthy, dividing cell lines, we found that tumor cell lines
are characterized by two distinct regulatory events involving hundreds of
genes. The first is related to EMT and is much more intense in tumor cell lines
and mesenchymal stem cells than in epithelial stem cells. The major drivers of
this large-scale transcriptional pattern are thought to be the transcription factors
such as SP1, lymphoid enhancer-binding factor 1 (LEF1), and forkhead box
protein O (FOXO4). SP1 is already known to be involved in EMT, and our
analysis revealed that among the genes up-regulated by SP1, there are 9 Wnt
signaling pathway components whose activetion results in -catenin phosphor-
rylation, which combines LEF1 and FOXO4 encoded transcription factors
leading to up-regulation of their target genes. This suggests positive activation
feedback, which includes SP1, canonical Wnt signaling pathway, and FOXO4,
resulting in large-scale transcriptional changes. The transition between two
alternative cell states, epithelial and mesenchymal, has been shown to be
regulated by sets of transcription factors that form feedback structures [134].

Five enzymes (BCAT2, DBT, DLT, HADHA, and HIBADH) involved
in the degradation of leucine, valine, and isoleucine belong to the transcript-
tional regulation associated with EMT, although they are not directly regula-
ted by SP1. This observation at the gene expression level was confirmed at
the level of the enzyme BCAT2 protein in the MCF-7 cell line and BCCs
where high BCAT?2 levels were observed as well as ASMCs and MCF-10A
cells with low BCAT?2 expression. Tumor cells receive a high proportion of
ATP (12% to 55%) during BCAA degradation. This was calculated using
GSMM and experimental NCI-60 library cell metabolite uptake data. Silen-
cing of the BCAT2 gene significantly reduced MCF-7 and BCC proliferation,
but did not affect ASMC proliferation. It also had no effect on the viability of
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either tumor or healthy cells. This indicates that BCAT2 acts selectively. This
suggests that there is a therapeutic window that could be potentially exploited
to develop cytostatic drugs that target tumor cells selectively while keeping
unaffected healthy dividing cells.

Our experiments with BCAT2 show how the described transcriptional
traits can be used as a therapeutic window for selectively targeting tumor cells
while maintaining intact healthy dividing cells.

CONCLUSIONS

1. The cells isolated from the primary tumor were characterized by high
proliferation and viability as well as resistance to oxidative stress
and allowed to extrapolate the findings obtained in widely used
tumor cell lines to real tumor cells.

2. Using GSMM and RNA sequencing data and analyzing metabolic
flows in healthy and tumor cells, a personalized therapeutic window
can be identified. This is the possibility of inflicting damage on a
particular cell type (such as tumor cells) while minimizing the
negative effects on healthy cells. Amb19149142, a lipoamide struc-
tural analogue, was used as a synthesized compound to evaluate the
therapeutic window. The compound reduced the proliferation of
MCEF-7 cells, but had no significant effect on ASMC:s.

3. The EMT of cancer cells is affected by the interaction of the SP1
transcription factor and the Wnt signaling pathway. EMT is also
associated with increased expression of enzymes involved in BCAA
degradation. Silencing one of these enzymes, BCAT2, selectively
affected the proliferation of MCF-7 and BCCs and had no effect on
healthy ASMCs and MCF-10A cells. Silencing of BCAT2 did not
affect cell viability.

4. We experimentally confirmed that '*C labeling experiments are
suitable for measuring changes in fatty acid oxidation. About 6% of
the citrate was fully *C-labeled and decreased by silencing the genes
against FASN and ECHSI involved in FAS and FAO, respectively,
in BCCs. This confirms that some of the fully labeled citrate is
formed through the hypothetical mechanism of FAS and FAO.
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© resulting in 2 tumorigenic phenoty|
- revealed hundreds of somatic mutations assl)uialud with cancer; however, very few genes wi
© mutated in large fractions of the studied samples. In each cancer type, anly about 4 genes were altered in more
- than 20% of the studied s1mj‘lc<‘ ‘The TF53 tumor suppressor is the most frequently mutated gene, but it is

Transcrlptlonal hallmarks of cancer

_celllines reveal an emerging role

of branched chain amino acid

catabolism

- leva Antanavigioté’, Valeryia Mikalayeva®, leva Cesleviéiend !, Gintaré Milagioté!,
© Vytenis Arvydas Skeberdis® & Sergio Bordel*?

© Acomp ive analysis bet cancer cell lines and healthy dividing cells was performed using data
© (289 microarrays and 50 RNA-seq samples) from 100 different cancer cell lines and 6 types of healthy
- stem cells. The analysis revealed two large-scale transcriptional events that characterize cancer cell

- lines. The first event was a large-scale up-regulation pattern associated to epithelial-measenchymal

© transition, putatively driven by the interplay of the SP1 transcription factor and the canonical Wnt

- signaling pathway; the second event was the failure to overexpress a diverse set of genes coding

: membrane and extracellular proteins. This failure is putatively caused by a lack of activity of the AP-1
complex, It was also shown that the apith
- requlation of 5§ enzymes involved in the degradation of branched chain amina acids. The suitability of

© silen cing one of this enzymes (branched chain amino acid transaminase 2; BCAT2) with therapeutic

- effects was tested experimentally on the breast cancer cell line MCF-7 and primary cell culture of breast
: tumor (BCC), leading to lower cell proliferation. The silencing of BCAT2 did not have any significant

: effect on ASM and MCF10A cells, which were used as models of healthy dividing cells.

hymal tr ition was associated with the up-

© Side effects are among the main problems related to chemotherapy. Most of the drugs used i chemotherapy tar-
© et DNA replication or key regulators ol the cell cycle!, which has a negative impact not only on malignant cells
- but also on h

v proliferating cells (stem cells and progenitors), leading to stem cell depletion and impaired
renewal and function of healthy tissues®, Therefore, identifying systematic differences between cancer cells and
healthy dividing cells, is fundamental te identify therapeutic windows that could be exploited 1o target can-
cer cells while minimizing side effects, The development of high throughput omics technologies such as cDNA
microarrays and maore recently, RNA-sequencing, has led to the accumulation of large datasets that constitute rich
sources of information allowing us Lo identi stematic differences that characterize cancer cells. These tran-
seriptional differences are expected o provide keys [or the design of therapies targeting cancer cells specifically

- without damaging healthy dividing cells and therefore to minimize the secondary effects associated with stem cell
depletion caused by chemotherapy.

in healthy stem cells or progenitors™? that undergo a series of mutations
. Recent high-throughput sequencing studies of human cancers™ have
e found to be

Cancer cell lines have their origin i

till far from being present in all sequenced cancers. Despite this large heterogeneity in the mutations that trig-

- ger malignant transformations, cancer has heen characterized in terms of a small sct of hallmarks described by
: Hannahan and Weinberg”. The acquisition of these hallmarks is likely to be associated with well coordinated
< large-scale transcriptional changes that are absent in healthy cells (healthy stem cells and progenitors in particu-
< lar). Here we have analyzed a large sel of gene expression data (microarrays and RNA-seq) from cancer cell lines
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and healthy proliferating cells, with the aim of identifying transcriptional hallmarks present in cancer cell lines
and absent in healthy cells.

Results

Transcriptional hallmarks of cancer cell lines.  In order to identify the transcriptional changes that make
cancer cell lines different from healthy dividing cells, we analyzed 289 micromrmays from the GEO dalabase (the
accession numbers are reported in Supplementary Table 51}, These microarrays correspond to the cancer cell
lines of the NCI-60 collection and 5 types of healthy dividing cells that include: beta cells from pancreatic islets,
hematopoielic stem cells, dental pulp stem cells, endothelial progenitor cells, and mesenchymal stem cells. Adler
micrearray normalization, a principal component analysis was performed in order to visualize the structure of
the data (Fig. 1AB), 1t appears that the fisst principal component discriminates between cells with their origin in
the hematepaietic system (hematopoictic stem cells, endothelial progenitor cells and leakemia cell lines) from the
rest; however, leukemia cells ave strongly displaced toward the proximity of the other cancer cell lines, The second
principal component appears to discriminate cancer cell lines from healthy dividing cells, This suggests that it is
indeed possible te find a distinet transeriptional pattern that characterizes cancer cell lines.

‘We used a linear discrimination analysis'” in erder to identify the plane in the gene expression space that best
separates cancer cell lines from healthy dividing cells, The vector perpendicular to this plane is described as the
characteristic direction (see supplementary material). By projecting the expression prolile of each sample on the
characteristic direction, we can fully discriminate tumerigenic cells from healthy dividing cells {(Supplementary
Fig. 51). The genes with statistically significant contributions (negative and positive) te the characteristic direc-
tion (with false discovery rates lower than 0.05) are reported in Supplementary File 872,

In arder to assess if the identified expression profile is a general characteristic of tumorigenic cells or just an
artifact of our choice of samples, we tested two datasets, each of which contained a stem cell type different from
thase previously used (colon stem cells and mammary epithelial stem cells) and two different cancer cell lines
originated from the same tissue (colon and breast cancer cell lines). The GEO accession numbers and cell lines are
reported in the supplementary material (Table 52). Each validation dataset was normalized individually (inde-
pendently from each other and from the initial microarray set). After normalization, we performed a principal
component analysis showing that the cancer cell lines differ from each other in terms of expression as much as
they differ from the stem cells of their tissue of origin, However, il we project their expression profiles on the
cha racteristic direction (which was obtained independently using different cell lines), both cancer cell lines get

d together and clearly sep d from the stem cells (Fig, 1C-F) These results suggest that the expression
pattern described by the obtained charscieristic direction is a general feature that discriminates cancer cell lines
from healthy dividing cells.

In erder to understand the mechanizms behind the coordinated changes in expression in the idemtified gene
sets, we analyzed the list of genes with significant contributions ta the characteristic direction (0.03 false discov-
ery rates) using GeneCodis'' " for transcription factor enrichment. The top scoring transcription factors were
LEFL (with p-values of 9.3 e-47 for down-regulated genes and 3.33 e-24 for up-regulated genes), NFAT (p-value
of 4.87 e-45 for down-regulated genes), SP1 {p-value of 1.68 ¢-40 for up-regulated genes), and FOXOM (p-values
of 5,56 e-44 for down-regulated genes and 1.61 - 19 for up-regulated genes), The differentially expressed genes
regulated by each of these transcription factors are reported in Supplementary File 812,

Anup-regulation pattern associated with epithelial-mesenchymal transition.  The transcription
factor coded by LEF] interacts with -catenin in the last step of the Wat signaling pathway. This interaction
induces the expression of several key regulators of the cell cycle and results in symmetric division™ %, Mutations
resulting in the constitutive activation of the Wit/ catenin pathway have been reported in many cancer types'®.
1t hias alsa been shown that the activation of LEF1 is enough te induce neaplastic transformation in chicken
embryo fibroblasts’™.

FOXO proteins have been reported to bind 2-catenin', and the transcription level of the FOXO targets has
been shown to increase when fi-catenin binds the FOXO transcription facters™. Therefore, the transcriptional
changes mediated by LEF1 and FOXOM could have a commen origin in the Wat/A-catenin pathway.

SP1is involved in the epithelial hymal transition™, and it is necessary to confer metastatic capabilities
to tumorigenic cells. Inhibition of SP1 has been shown to have antitumor effects®. The results from the enri
ment analysis performed with GeneCodis showed that the SP1 gene is among those up-regulated in cancer cell
lines and controlled by FOXOM, together with other genes invalved in the TGE-3 pathway (see Supplementary
Files and 513). On the other hand, 9 genes (see Supplementary File $F3) belonging to the Wit signaling
pathway are up-regulated in cancer cell lines and controlled by SP1 (according to GeneCodis). This suggests the
existence of a positive feedhack invelving SP1, the Wit pathway, and FOXO4, resulting in a large-scale transcrip-
tional change. SP'1 up-regulation has been recently shown experimentally to activate Wit/3-catenin signaling in
MCF-7 and MCF-104 cells™, which is consistent with our observations. Inactivation of the Wat antagonist WX
has been shown to induce f-catenin activation and result in the accumulation of mesenchymal precursor eells in
mice™, which also suggests that B-catenin is indeed involved in epithelial- mesenchymal transition.

The genes identified as up-regulated in cancer cell lines {using the method described in the section Statistical
Methods in the supplementary material} and regulated by LEF1, FOXO4, and 5P 1. respectively (according Lo
GeneCodis'"), are reported in Supplementary File SF2. Among these genes, 197 are regulated by just one ol the
three transcription factors, while 127 are regulated by two or three (see Venn diageam in Fig, 24}

The characteristic direction was projected (as described in the supplementary material) on the set of 158 genes
putatively regulated by [ This projection was used as an estimation of the activity of the LEF1 transcription
factor in each cell line. The characteristic direction was also projected on the set of 128 genes putatively regulated
by §P1 excluding the 67 genes that are regulated by SP1 and LEFL. These genes were excluded in order to compare
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Figure 1. Exploratory analysis of gene expression profiles. The second principal compenent appears o separale
CICs frem healthy dividing cells (A). The first principal component seems to separate the cells with an origin in
the hematopoietic system: hemalopoietic stem cells, endothelial progenitor cells, and leukemia (B). The colon
cancer cell lines HCT116 and HT29 differ strongly between each other and with respect 1o intestinal stem cells
(C); however, the projection of their expression profiles along the characteristic direction clusters both cancer
cell lines together and separates them from the stem cells (D). The same is chserved for the breast cancer cell
lines MIDA231 and ZRT75 {E} when compared to mammary epithelial stem cells (F).
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Figure 2. Expression of the SP1, FOXO4, and LEF1 regulated genes. Overlap between genes up-regulated
in cancer cell lines and regulated by each of the three transcription factors (according o GeneCodis) (A).

Correlation between the aggregated expressions of SP1 up lated genes and LEF1 up-regulated genes (B).
Correlation between the aggregated expressions of SP1 up-regulated genes and FOXO4 up-regulated genes (C).
Correlation between the aggregated expressions of SP1 up-regulated genes and LEF] up-regulated genes in

colon stem cells and the colon cancer cell line HT29 (D).

gene sets that do not overlap and to avoid finding spurious correlations. A Pearson correlation coefficient of 0,968
was obtained between the projections on each of the gene sets (Fig. 2B). This confirms that the activities of LEF1
and 5P are correlated,

The same procedure was repeated using the set of 122 genes putatively regulated by FOXO4 and 146 genes
putatively regulated by SP1 and not by FOXO4 (Fig. 2C). In this case, a Pearson correlation coefficient of 0.958
was obtained between the projections an both gene sets, suggesting the existence of correlation between the
activities of FOXO4 and SP1,

‘The cancer cell lines appear in the upper right corner of the correlation plots (Fig 2B,C) cIo:\;el)-Y situated to the

mesenchymal stem cells, which suggests that the transcriptional patle:m Iving the d up-regulation
of genes controlled by SP1, LEF1. and FOXO4 corresponds Lo the ph f ithelial chymal transi-
tion {5P1 is known te be involved in epithelial hymal transition®). The samepaltem is abserved on colon

stem cells and colon cancer cells H'T'29, which were not used to compute the characteristic direction and which
were nermalized independently from the previous dataset {Fig. 213, This confirms that the ebserved phenome-
non is not restricted to the dataset of 289 microarrays that we used initially.

A down-regulation pattern associated with loss of intercellular communication and attach-
ment to the extra-cellular matrix. The enrichment analysis revealed not enly sets of up-regulated genes
pulatively controlled by LEF1 and FOXO4, bul alsu large sels of down-regulated genes under the pulalive con-
trol of the same two transcription [actors, In erder o visualize the expression levels of these down-regulated
gene sets in different cell lines, we started by plotting the projection of the characteristic direction (see supple-
mentary material) on the genes down-regulated and controlled by LEF1 (noted as LEF1 down-regulated) versus
the projection of the characteristic direction an the genes up-regulated and controlled by LEF1 {(noted as LEF1
up-regulated} (Fig 3A). In this case, we observe that the global expression of the d lated genes controlled
by LEF1 actually increases in mesenchymal stem cells compared to hematopoictic stem cells and a part of the beta
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Figure 3. Projections of the characteristic direction on the LEF1 and SP1 regulons. Tumorigenic cells show a
consmemly hlgher LEF1 activity, while SP1 actmty differentiates epnhellal and mesenchymal cells.

cells, The same pattern appears if we plot the global expression of the down lated genes controlled by LEF1
and FOXO4 versus the up-regulated genes contrelled by SP1 (Fig. 38,C). This phenomenon is equally cbserved
in the dataset of colon stem cells and colon cancer cells HT29 (Fig. 3D).

The mentioned observations sugg!sl. that both sets of genes (LEFI down-regulated and FOXO4
down-regulated) are actually up lated in normal epithelial hymal transitions, while their expres-
sion remains unmodified or decreas:s in cancer cell lmes\ Under this mtcrprelatmn cancer cell lines would
be Lhe n:sull ol incompl i ssenchymal ransition in which large sets of genes that are normally

lated, fail to get

" “Ihe mentioned hypmhes.ls v\-n.stested using a different technology to quantify gene expression, RMA-seq data
of 44 cancer cell lines from the Human Proteome Atlas (BioProject accession number PRINA182192) and 6
primary cultures of mesenchymal stem cells (3 from placenta and 3 from bane marrow)™ were compared. The
raw sequence fastq files for mesenchymal stem cells were analyzed as described in the methods and a differential
expression analysis was carried out in order to identify genes differentially expressed between cancer cell lines and
healthy mesenchymal stem cells. The results are shown in the form of a volcano plot (Fig. 4A). Among the 1120
genes that appeared to have lower expression in cancer cell lines (based on the previously described microarray
analysis), 260 were also down-regulated in the RNA-seq dataset {green points in Tig. 4A. These genes are referred
to as consensus down-regulated genes from now on). This is 2.27 times higher than the expected number for o
random set of 1120 genes and the p-value of a Fisher exact test is 1.88e-25. In contrast, only 135 of the 977 genes
overexpressed in cancer cells were found to be overexpressed in the RNA-seq data (red points in Fig. 44, further
referred to as consensus up-regulated genes), which is only 0.8 times the value expected fora random datasel (sta-
tistically significant underrepresentation with a p-value of 0,017}, This shows that genes up-regulated in cancer
cell lines tend not to be also highly expressed in mesenchymal stem cells. On the other hand, genes with lower
expression in cancer cell lines have higher expression in normal mesenchymal stem cells. The sum of the expres-
sion levels {measured in RFEM) of all the LEF1 up-regulated genes was plotted versus the sum of expressions of
the LEF1 down-regulated genes (Fig. 4B). Remarkably, the same phenomenon as in Fig. 3A is observed. The LEF1
up-regulated genes show comparable levels of expression in cancer cell lines and mesenchymal stem cells, while
the LEF1 down-regulated genes show lower expression levels in the cancer cell lines, A significant correlation of
0.72 (Pearson correlation coefficient) is observed b the sum of expressions of LEF1 up-regulated genes
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Figure 4. Volcano plot resulting from the differential expression analysis between cancer cell lines and
mesenchymal stem cells, Genes found also to be differentially expressed in the microarray analysis are shown
in red (up-regulated) and green (down-regulated) {A). Plot showing the sums of expression levels of genes
regulated by LEFL (B). Overlap between the consensus down-regulated genes controlled by LEFL, FOXO04, and
NEAT (C). Overlap between the consensus down- rl.gulalul genes controlled by LEFL FOXO4, and AP-1 (D).
Plot showing the sum of expressions of all the d 4 d genes versus the FOS gcnc{B}

and 5P1 up-regulated genes (data not shown), which is in agreement with the previously hypothesized relation
between these transcription factors and epithelial-mesenchymal transition.

The reason for the observed failure Lo overexpress a large number of LEF] and FOXO4 regulated genes in
cancer cell lines could be partially explained by the NFAT transcription factor, which also appeared in the enrich-
ment analysis of down-regulated genes and has been reported to be o Wt signaling suppressor®. This was tested
by comparing the overlap between genes regulated by LEF1, FOXO4, and NFAT within the set of consensus
down-regulated genes, More than hali’of the LEF1 and FOXO4 down I genu.are not regulated by NFAT
(Fig. 4C), which suggests that there should be an extra explanation for their down.

Two different approaches were used to identify pmallve transcription factors cm\trolliug the expression
of the consensus down-regulated genes. Firstly, we performed a new enrichment analysis of the consensus
down-regulated genes, this time using DAVID 6.7% . '[he top enriched binding motifs corresponded to the
transcription factors BACH2 (p-value 6.5e-13), FOXO1 (7.3e-12), AP-1 (3.4e-10), and FOXO4 (4.6e-10). The
presence of FOXO binding motifs confirms the identification of FOXO4 by GeneCaodis'' ' AP-1 complexes
and transcription factors from the NEAT family have been reported to act synergistically on certain promot-
ers containing adjacent binding sites®; however, the AP-1 regulated genes show a larger overlap with the LEF1
and FOXO4 down-regulated genes (Fig. 4D}, Secondly, we used the RNA-seq dataset to compute correlation
coefficients between the sum of the expression levels of all the consensus down-regulated genes and each of the
genes coding transcription facters (see Table 53], The 8th most correlated transcription factor with a Spearman
correlation coeflicient of 0.72 and a p-value of 3.84¢-8 was FOSL1 and the 101h, with a Spearman correlation
coeflicient of 0L.66 and a p-value of 1.64¢-6, was FOSLZ2, both being the compaonents of the AP-1 complex. The
AP-1 transcription factor is a dimeric complex formed by members of the FOS and JUN families, The cbserved

correlations suggest that a lower expression of AP-1 pl in cancer cell lines is indeed respon-
sible for the lower expression of the down-regul gcnr_a_ Thc RMNA-seq data further confirmed that
the genes coding & different AP-1 comp are strongly down-regulated in cancer cell lines {Table 54), in some

cases with expression levels one hundred times lower in cancer cell lines compared to mesenchymal stem cells. As
an illustration of this phenomenon, the expression level of the FOS lranscriptiun actor (the main member of the
FOS family) wnsplotted wersus the expression level of th down-regulated genes (Fig. 4E).

The role of AP-1 in tumorigenesis has been described to be ambmlent” Sume of the components of the AP-1
complex have been reported to be pro-oncogenic or anti-oncegenic depending on lumaor type, stage and genetic
background. However, the gene expression data that have been analyzed here show a very clear down-regulation
of at least 6 AP-1 components in 44 cancer cell lines compared to mesenchymal stem cells. An enrichment
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analysis using DAVID 6.7 revealed that 119 of the consensus down-regulated genes are membrane prateing
and extracellular proteing, many of them being invelved in cell attachment, such as fibronectin, thrombospondin,
collagen, etc. (see Supplementary File SF3). It is known that cancer cells are less adhesive than normal human
endothelial cells and fabricate less extracellular matrix, which favers their mobdlity and metastasis™. It is therefore
possible that the down-regulation of AF-1 promotes cell migration and metastasis while at the same time could
have anti-oncegenic effects in other stages of tumor development.

Transcriptional basis of cancer hallmark capabilities.  [n order to determine the relationship between
the two large-scale transcriptional patterns (epithelial-mesenchymal transition and AP-1 down-regulation) that
appear to differentiate cancer cell lines from healthy dividing cells and the hallmark capabilities of cancer®, we
performed enrichment analysis of KEGG™* pathways using DAVID 6.7 (Supplementary file SF3) for the
gene sels regulated by SP1, LEFL, and POXO4 as well as for the consensus down-regulated genes and consen-
sus up regulated genes (found in both microarray and RNA- seq analysis), The mentioned analysis allowed us
to identily the hallmark capabilities related to epithelial-mesenchymal transition and AP-1 down-regulation,
respeclively.

Hellmark capabilities enabled by epithelial- mesenchymeal itien include ip with cell
cyele components cantralled by SP1, LEFL, and FOXO4 up-regulated in cancer cell imcs LEF1 alse rt:gulatc»
the actin cytoskeleton, which is related to the formation of invasive protrusions involved in cell irmasion el
metnstasis™,

Halimark capabilities enabled by ively AP-1 aned NFAT mediated dowri-regulation.  Among the consensus
down-regulated genes, KEGG pathway enrichment analysis revealed BCM-receptor interaction and focal adhe-
sion, which are the features related to cell invasion and metastasis™". Loss of expression of cytokine-cytokine
receptors is related to both evading growth suppressors and resisting cell death, as illustrated, for example, by the
loss of the pro-apoptotic receptor Fas receptar, which triggers the extrinsic apoptotic program. In general, this
down-regulation pattern results in the loss by cancer cells of their ability to integrate envirenmental signals of
different types.

Hallmark capabilities enabled by alternative mechanisms.  Fig. 24-C shows that the up-regulation
pattern associated to epithelisl-mesenchymal transition is mere pronounced in cancer cell lines than in mes-
enchymal stemn cells. An enrichment analysis performed with DAVID 6.7 an the consensus up-regulated genes
revealed the transcription factors E2F (p-value 1.4e-3) and NEFY {p-value Lde-Z). E2F is known to regulate the cell
cyele, and the functional enrichment analysis of the ¢ lated genes led 10 compaonents of the
cell cycle to be up-regulated in cancer cell lines with respect to mesmc.h} mal stem cells {Supplementary File SF3).

Orther enriched KEGG path amang the ¢ upr d genes were purine and pyrimidine metab-

olism, which are umsu:tenl with higher proliferation rates and an increased demand of biomass building blocks,

Alterations in metabolism as anemerging hallmark of cancer.  The well-known review by Hannahan
and Weinberg” indicates reprogr ing energy metabolism as an emerging hallmark of cancer, which they
describe as the shift to aerabic glycolysis or Warburg effect. Many cancer-specific metabolic features beyond the
Warburg effect have been described in recent years™, Using & genome-scale metabolic model™ and an algerithm
based on flux balance analysis (supplementary material). a search for metabolic sub-networks associated with the
identified transcriptional patterns was performed.

It was observed that LEF1 up-regulates 4 different histone lysine methylases: EHMTZ and EHMT1, which
methylate lysine 9. as well as EZH2 and NSD2, which methylate lysine 27, Lysine 27 histone trimethylation has
been reported to be responsible for gene silencing in cancer™. An enrichment lest of genes repressed by this
mechanism and the consensus down-regulated genes was perlormed, bul no significant enrichment was detected
{data now shown).

More importantly, cancer cell lines differ from healthy dividing cells in the higher expression of 5 enzymes
invalved in valine degradation (RCAT2, DET, DET, HATIHA, and HIBADH), with 4 of them (BCATZ, DET,
LT, and HATYHA) being alse invelved in isolencine degradation and 3 in leucine degradation (BCATZ, DET
and DLT) {Supplementary Fig. 52). 'This suggests that the degradation of the mentioned branched chain amino
acids could play an important rale in the energy supply of cancer cells. Tn arder to quantify this rale, we used the
mentioned genome-scale melabolic model logether with experimental metabolile uptake rates of the NCI-60
cell lines™ . For each cell line, we computed a flux distribution satisfying the observed uptake and secretion
rates and minimizing the sum of all the metabolic fuses. From the ebtained (ux distribution, we estimated the
tetal ATP production (which is equal Lo ils consumption according Lo the pseudo-steady slate assumption). The
experimental lactic acid production rates and consumption rates of each of the mentioned branched chain amino
acid were used Lo determine ATP produced by lactic fermentation of glucose and full degradation and oxidation
of leucine, isolencine, and valine. The lractions ol cach of the 4 ATP sources were platted for gach cell line (Fig. 5).
It was found that between 12% and 55% of the total ATP is generated by the degradation of branched chain amino
acids.

The 5 mentioned enzymes are not directly regulated by LEF1, FOXOM, or SP1 {according to GeneCaodis); how-
ever, their expression pattern is identical to that of the genes asseciated with epithelial-mesenchymal transition
(Supplementary Fig. 53). which suggests that the degradation of branched chain amino acids is triggered by the
regulatory cascade associated with epithelial-mesenchymal transition.

Degradation of branched chain amino acids as a potential therapeutic window. The high frac-
tion of ATP derived from the degradation of branched chain amine acids in cancer cell lines and its higher
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activily compared to seme healthy dividing cells suggests thal suppressing the activity of in this pathway
could be a valid therapeutic strategy (alone or in combination with other treatments). Here we focused on the
BCAT2 enzyme that catalyzed the fiest step of the degradation of leucine, valine, and isoleucine (Supplementary
Fig. 54). Firstly, we confirmed at the protein level the conclusion obtained from microarray analysis. We used the
breast cancer cell line MCE-7 and primary cell culture prepared from breast tumor tissue (BCC) (see Materials
and Methods), We introduced BCC in our experimental design in erder to determine whether the conclusions
obtained in widely used cancer cell lines can be extrapolated to cells from real tumors. As healthy dividing cells,
we chose airway smooth muscle cell line (ASM) and breast epithelial cell line (MCF-10A). As shown in Fig. 64,8,
higher abundance of BCATZ in cancer cells was observed as compared with healthy cells.

BCATZ gene silencing experiments in cancer and normal cells were performed to assess the impact of
branched chain amine acid degradation on cell proliferation. Reduced levels of the target prolein aller siRNA
transfection were evaluated by Western blotting and immunecytechemical analysis (Fig. 6A.B; for full images
of Western blots see Supplementary Fig. 56). BCAT2 siRNA decreased the number of MCE-7 and BCC cells by
16.6% 4 2.1% and 11.3% -+ 158, respectively (Fig. 5C). The number of ASM and MCF-10A remained unchanged
(99% = 0.8% and 106% = 3.4%, respectively, compared te control),
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Immunofluorescence of BCAT2 in cancer (MCF-7 and BCC) and normal (ASM and MCF-10A) cells in contral
and alier BCAT sen-secondary oy to rabbit [nG-HEL conjugated with Alexa
Fluor 488; blue-DAFT stained nucleus). (B} Re 1 blot showing BOCAT2 expression levels afier
BCATZ sikNA transfection compared to mock-treated controls, (C) Inhibiticn of cancer cell (MCF-7 and BCC)
proliferation after BCAT2 silencing determined by flow cytometry assay. Data are expressed as a percentage of
mock-treated contrals (n =3}, All experiments were performed 24 h post-transfection.

There was no change in viability of all tested cancer and healthy BCATZ siRNA-treated cells, as determined
by Annexin V-PE/7-AAD staining (Supplementary Fig. 55). These results suggest that BCATZ2 could be a suitable
drug target with cytostatic effects on cancer cells.
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Discussion

By analyzing 28% microarray samples and 50 RNA-seq libraries of cancer cell lines and healthy dividing cells,
we have observed that cancer cell lines are generally characterized by two distinet regulatory events involving
hundreds of genes.

The first identified event is associated with the ph of epithelial - bymal transition and appears to
be more intense in cancer cell lines and healthy mesenclmnrsl stem cells compared o epithelial stem cells. Based on
gene enrichment analysis, the tanscription factors SPL, LETL, and FOXOM have been identified as putative drivers
of this large-scale transcriptional pattern, SP1 s already known to be involved in epithelial-mesenchymal transition,
and our analysis revealed that among the genes up-regulated by 8P1, there are 9 comp af the Wnt signali
pattway, whose activation results in the phosphorylation of B-catenin, which binds the transcription factors coded
by LEF1 and FOXOM, leading to the up-regulation of their target genes. The SP1 gene is itself among the FOXO4
targets and was found to be up-regulated in cancer cell lines. This suggests the existence of a positive activation
feedback invalving 5P1, the canonical Wit signaling pathway and FOXO4, resulting in a large-scale transcriptional
change. It has been shown™ that switches between twa alternative cellular states (such as epithelial and mesenchy-
mal} are typically regulated by sets of transcription factors forming feedback structures,

Interestingly, 5 enzymes involved in the degradation of branched chain amino acids (leucine, valine, and isoleu-
cine) show a transcriptional pattern associated with epithelial-mesenchymal transition, even if they are not direcily
regulated by SP1, LEF1, and FOXO4, This general observation at the gene expression level was confirmed at the
protein level for the enzyme BCATZ in the cancer cell line MCE-7, the primary cell culture BCC isolated from tumor
(which showed high BCATZ levels), ASM and MCF-10A cells, in which it was lowly expressed. The silencing of the
BCAT2 gene led 1o a significant decrease of cell proliferation for MCF-7 and BCC while had no effect on the prolifer-
ation of ASM cells, which proved the existence of a therapeutic window that could be exploited 1o develap cytostatic
drugs targeting CICs preferentially while having lower effects on healthy dividing cels.

A second large-scale transeriptional pattern appeared to differentiate cancer cell lines from healthy mesenchymal
stem cells, This pattern consists cn the apparent failure of cancer cell lines te overexpress a large number of genes cod-
ing membrane proteins involved in phenomena such as BCM-receptor interaction, focal adhesion, eytokine-cytokine
receplors, elc., as well as extracellular proteins that constitute the extracellular matrix. This down-regulation
appears to confer the cells with the abilities of evading growth suppressors and cell death and diminishing cell adhe-
ston, which leads to invasion and metastasis. In healthy cells, these genes appear to be up-regulated as a result of
wpith nesenchymal transition; however, they seern Lo aveid averexpression in cancer cell lines. A gene enrichment
analysis as well as a correlation analysis between the expression of the genes down-regulated in cancer cell lines and
the expression of each transcription factor (using RNA-seq data) revealed a putative role of the AP-1 transcriptional
complex on the ebserved regulatory pattern. Among the genes coding proteins that form the AP-1 complex, & of them
also appeared to be down-regulated in cancer cell lines with respect 1o healthy mesencliymal stem cells. The role of
AP-1in cancer development is controversial and some of the compenents of the AP-1 complex lave been reported to
be pro-oncogenic or anti-encogenic depending on tumor type, stage, and genetic background, however, our analysis
revealed strong evidence of low !\P—] ad:vlt}' in cancer cell lines. Therefore, we believe that the AP-1 tran-»cnphonal
complex deserves further fon for g the mechanisms leading to tumor formation and metastasis.

Chur experiments on BCAT2 demonstrate how the described transcriptional hallmarks could potentially be
exploited as theraspentic windows to target selectively cancer cells while keeping unatfected healthy dividing cells.

Materials and Methods

Microarrays. To extract the characteristic direction in gene expression that differentiates tumorigenic and
healthy duplicating cells, we used the data in Table 51, The microarray set in ‘Table 51 was normalized using the
RMA methed implemented in the affy R package.

Lincar discrimination analysis and identification of differentially expressed genes was performed as described
in the supplementary material (Statistical methods), The R code used in the analysis is reported in the supplemen-
tary material (R code to perform linear discrimination analysis).

As validation sets, we used the data summarized in Table 52. We used two validation datasets that included
two different cancer cell lines originated in the same tissue {<olon and breast, respectively) and compared them
with stem cells from the same tissue.

Lach validation set {colon and breast respectively) was normalized using the RMA methed implemented in
the affy R package.

RMA-seq analysis. Gene expression data for the 44 cancer cell lines (BioProject accession number
PRIMNATE2192} included in the Human Pretecme Atlas were downloaded from www. proteinatlas.com in the
form of a comma-separated file that contains the expression of each gene in each cell line (given as RMPE). This
file was parsed using a customized python script (available upon request). RNA-seq fastq files for 6 different mes-
enchymal stem cell lines (3 from placenta and 3 from bone-marrow) were downloaded from htips://usegalaxy.

orglu/cicl9/h/mesenchymal-stem-cells-rnaseq, The readswen. nllgned o the complete list at hurvan transcripts
obtained from Ensembl BioMart using Bowtie2. The files were analyzed using a customized
python script that is available upon request, Fold changes were calculated by dividing the average expression of
each gene in cancer cells by the average expression in mesenchymal stem cells, p-values were caleulated using the
t-test, and correction for multiple testing was performed as described in the supplementary material.

Cell Lines and Culture Medium.  BCC cells were prepared as described elsewhere (https//www.nchinlm.
nih.gov/pmefarticles/ PMOA0E3T16/) from part of the tumor tissue sample taken from a 41-year-cld female patient
suffering from invasive ductal carcinoma {11 NO MO G2, ER(+). PR{+). I[LRE[3+}) during Iumpectmny and sen-
tinel lymph node biopsy surgery. The second part of the sample was used for histological and i istochemical
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examination. [nvasive ductal carcinoma staging {T {tumor), N (node), M (metastasis) and G (grade)) categories
were assigned according to the Union for International Cancer Contral (UICC) classification. Pathohistelogical
diagnosis was proved at the Department of Pathelogy, Lithuanian University of Health Sciences. The paticnt pro-
vided written informed consent, This study was approved by the Kaunas Regicnal Biomedical Research Ethics
Committee (license number BE-2-7), and all experiments were performed in accordance with the guidelines and
regulations of the mentioned institution. BCC and MCT-7 (human breast adenocarcinoma cell ling; CLS-Cell Lines
Service, Eppelheim, Germany) were grown in Dulbeccos Modified Eagle Medium:Ham's F-12 (1:1; DMEM/F-12)
(Life technologies, Carlsbad, CA, USA} medium with 10% fetal bovine serum (FBS) and antibiotics {penicillin 100
UfmL, streptomycin 100 pg/mL). Immortalized human airway smooth muscle (ASM) cells (kindly donated by Prol.
R. Gosens, University of Groningen, Netherlands) were obtained as described clsewhere™. ASM cells were grown in
DMEM medium containing 10% FBS and penicillin/streptomycin mix (100 U/mL penicillin and 100 pg/mL strep-
tamycink. MCF-104 cells (ATCC, Wesel, Germany) were grown in DMEM/F-12 medium supplemented with 3%
horse serum (GE Healtheare Life Sciences, Logan, USA), 20 ng/ml. EGF (Life technologies, Carlshad, CA, USA),10
ngfml insulin (Life technologies, Carlsbad, CA, USAD, 0.5 pg/ml. hydrocortisone, and 100 ng/m L cholera toxin and
penicillin/streptomycin mix. Cells were maintained in a humidified incubator at 37 °C/5% CO,. All chemicals were
purchased from Sigma Aldrich Corp. (Steinheim, Germany), unless indicated otherwise.

siRNA transfection. For BCAT2 gene silencing, jetPRIME transfection reagent { Polyplus-transfection® 5A,
France) and final concentration of 3 nM BCAT2 sIRNA {sense 5'-CCAUGAACAUCUUUGUCUAR-3, antisense
S UAGACAAAGAUGUUCAUGGH-3', Invitrogen, USA) were used according to the manufacturer’s instruc-
tions, All the following experiments were performed 24 h afier siRNA transfection,

Immunocytochemistry.  Cells grown in 24-well plates with glass coverslips on the bottom were fixed with
4% paraformaldehyde for 15 min and permeabilized with 0.2% Triton X-100 in PBS for 3 min. Samples then were
incubated with primary antibody against BCAT2 { Abcam, Cambridge, UK) for 1h at 37 “C, then rinsed with
1% BSAPES and incubated with secondary donkey anti-rabbit [gG H&L antibody conjugated with Alexa Fluor
488 {Lile technologies, Cardsbad, CA, USA) for 30 min. Coverslips were attached with a Vectashield Mounting
Medium with DAPI (Vector Laboratories, CA, USA}, The analysis was performed with an inverted fluorescence
microscope Olympus IX81 {(Olympus Europa holding Gmbh, Hamburg, Germany} equipped with an Orea-R2
coaled digital camera (Hamamatsu Photonics KK, Japan), the fluorescence excitation system MT 10 {Olympus
Life Science Europa Gmbh, Hamburg, Germany}, and the lluorescence imaging system XCELLENCE (Olympus
Soft Imaging Solutions Gmbh, Mimchen, Germany),

Western Blot analysis.  Tor each cell type, 3 = 109 cells were lysed in ice-cold cell extraction bulfer
(Invitrogen, USA) containing 1 mM PMSE (Abcam, Cambridge, UK} and 20pl/mL protease inhibitor cocktail
(Sigma-Aldrich, Steinheim, Germany) for 30 min. The fysates were centrifuged at 13000 rpm for 10min at 4°C
‘The total protein concentration was determined by a Qubit® protein assay kit {Invitrogen, USA} using a Qulbit 3.0
fuoremeter (Invitrogen, USA). Cell Iysates (30pg) were separated by Bolt™ 4-12% Bis-Tris plus gels (Invitrogen,
Usa) and transferred to PV DF membranes (Millipore, USA). Proteins were detected using primary antibodies
against BCAT2 (Abcam, Cambridge, UK) and GAFDH (Invitrogen, USA) and a WesternBreeze™ chemilumines-
cent kit {fnvitrogen, USA) according to the manufacturer’s instructions. Bands were visualized using the G:Box
Chemi Gel Documentation system (Syngene, USAJ,

Flow cytometry assay. [nitially, 3 2 10° cells were seeded in a 6-well plate in 2 ml of full media.
Mack-transfected and BOAT2 siRNA-transfected cells were washed twice with PBS, trypsinized, and collected
by centrifugation, Afterwards, cells were incubated with Guava Nexin® Reagent (Millipore, USA) for 20 min at
room temperature according to the manufacturers instructions. Samples were quantified by a Guava PCA flow
cytometer (Millipore, USA), The data were analyzed by guavaSofl 2.7 Nexin software.

Statistical analysis. Averaged experimental results are reported as means = standard error of the mean.
Statistical analysis was performed using two-tailed Student’s t-test. Differences were considered statistically sig-
nificant at p < 0.05. The calculations were performed using SigmaPlot.
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Abstract

In this work we aim to show how Genome Scale Metabolic Models (GSMMs) can be used
as leols for drug design, By comparing the chemical structures of human metabolites
(cbtained using their KEGG indexes) and the compounds contained in the DrugBank data-
base, we have abserved that compounds showing Tanimeto scares higher than 0.9 with a
metabolite, are 29.5 times more likely to bind the enzymes metabclizing the considered
metabolite, than ligands chosen randomly. By using RNA-seq data to constrain a human
GSMM it is possible to obtain an estimation of its distribution of metabolic fluxes and to
quantify the effects of restraining the rate of chosen metabolic reactions (for example using
adrug that inhibits the enzymes catalyzing the mentioned reactions). This methed allowed
us to predict the differential effects of lipcamide analogs on the proliferation of MCF7 (a
breast cancer cell line) and ASM (airway smoaoth muscle) cells respectively. These differen-
tial effects were confirmed experimentally, which provides a proof of concept of how human
GSMMSs could be used to find therapeutic windows against cancer. By using RNA-seq data
of 34 different cancer cell lines and 26 healthy tissues, we assessed the putative anticancer
effects of the compounds in DrugBank which are structurally similar to human metabolites.
Amang other results it was pradicted that the mevalonate pathway might constitute a good
therapeutic window against cancer proliferation, due to the fact that most cancer cell lines
do not express the cholesterol transporter NPC1L1 and the lipoprotein lipase LPL, which
makes them rely on the mevalonate pathway to cbtain cholesterol.

Introduction

Predicting which ligands bind a particular protein and medity its activity is a fundamental step
in drug-design, which is typically selved using molecular docking [1]. The structure of already
known ligands can be used as a template to improve the prediction of drug-target interactions
[2, 3]. Enzymes are important drug targets [4] for which some ligands are already known

(their natural substrates), and are therefore particularly suitable for structure-based drug
design. The assumption that molecules with similar structure to the natural substrate of an
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enzyme are likely to fit into the same binding site as the substrate, leading to competitive inhi-
bition of the enzyme, can also be used to infer possible inhibitory effects of already existing
drugs on enzymes different from their original targets, which would allow so called drug repe-
sitioning or repurposing [5]. This is particularly useful when it comes to the usage of approved
drugs to treat new diseases, avoiding many of the clinical and preclinical trials necessary for a
new compound. Here we show (as it was reasonable te expect) that drugs with a Tanimeto
score higher than 0.9 with respect 1o a certain human metabolite are 29.5 times more likely 1o
bind enzymes that have this metabolite as a substrate than a randomly chosen drug. Some
drugs mimicking natural metabolites (known as antimetabolites) have been used for a long
time as anticancer drugs {for example drugs mimicking the structure of folates interfere with
DMA synthesis and impair cell growth). The analysis performed here revealed putative anti-
cancer effects of compounds that are not currently being used as anticancer drugs.

The effects of a drug on a particular patient and disease, are not just reduced to its interac-
tion with ils targets, but have to be seen within the context of the whole cell. The effect of
inhibiting the activity of a particular enzyme on a certain disease phenotype, depends on the
activities of many other enzymes that form a complex network of metabolic reactions in which
the products of a reaction are the substrates of others. Therefore, the response to a certain drug
can be very different in different patients (or in different cell types), which leads to the emerg-
ing field of personalized medicine and personalized drug-choice |6]. Different effects of a drug
on different cell types, depending on the activity of the whole metabolic network, are also
related to the existence of so called therapeutic windows, that's the possibility of inflicting
damage on a particular cell type (such as tumor cells) while minimizing the negative effects on
healthy cells. The search for suitable therapeutic windows is a particularly important problem
in cancer and the interest on metabolic enzymes as therapeutic windows is rapidly increasing
[7]. Particularly suitable tocls to deal with the mentioned problems (drug design, drug repur-
posing, personalized medicine and finding therapeutic windows) are Genome Scale Metabolic
Models (GSMMs).

GSMMs [8, 9] are comprehensive compilations of all the metabolic reactions that take place
in an organism. Each of the reactions is associated with one or more enzymes that are encoded
by specific genes. Thus a direct gene-protein-reaction connection is established, which is an
important feature of GSMMs. Given the stoichiometric coefficients of the different reactions
in the network, it is possible to establish a stoichiometric matrix, which is a mathematical
representation that provides quantitative information on how the different metabolites are
linked to each reaction in the network. If the concentrations of all the internal metabolites are
assummed to be in steady stale, which is a reasonable assumption due (o the fast turnover of
intracellular metabolites, it is possible to constrain the uxes Lo a space of feasible (ux distribu-
tions and evaluate the metabolic capabilities of the cell (for example its capab

ity to synthesize
biomass building blocks). GSMMs have been applied to the study of cancer and other aspects
of human metabolism following different approaches 10—
sist in the generation of tissue specific models by integrating gene-expression, proteomics,
metabolomics and other high throughput data [11. 13]. Tissue or cell specific models are usu-
ally presented as a sub-set of the total human metabolism, which is active in the tissue or cell of
interest. Each human metabolic reaction is presented as present or absent, and no quantitative
information on the reaction rates is embedded in the models. Other approach (the PRIME
method) consists in setting maximal boundaries to a set of reaction rates, based on gene

Many of those approaches con-

expression microarrays [14]. Here we use RN A-seq data to impose maximal rate boundaries
on all the reactions in the model. Once the model is constrained according to the RNA-seq
data from a particular cell type, we quantify the effects of decreasing the flux through the reac-
tions targeted by a certain drug on an objective function, which in this case is the capability of
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producing biomass building blacks for cell proliferation (uncontrolled cell proliferation is one
of the main characteristics of cancer).

This approach has been used to identify drugs contained in the DrugBank database [15]
that are putatively able to impair the growth of cancer cell lines while keeping their effects on
healthy tissues as limited as possible. We have also shown experimentally that lipoamide ana-
logs have a differential effect on the breast cancer cell line MCF7, compared to healthy ASM
(airway smooth muscle) cells, which was predicted in-silico from RNA-seq profiles.

Results
Structure similarity as a guide to predict drug-enzyme binding

An updated human GSMM [16] was used to obtain a list of human metabolites with KEG(G
[17] identifiers. Based on their KEGG identifiers 1475 different chemical structures of human
metabolites were obtained. Chemical structures were also obtained for every drug in Drug-
Bank [15] and Tanimoto scores using FP4 fingerprints were calculated for each metabolite-
drug pair using the software OpenBabel [15]. A set of 4231 drug-metabolite pairs with Tani-
maoto scores higher than 0.9 were extracted for further analysis (excluding the trivial cases in
which the DrugBank compound and the metabolite were identical). EC numbers for the tar-
gets of each drug and for the enzymes associated to each metabaolite were extracted from Drug-
Bank and KEGG respectively. In 2817 cases both the drug and the metabolite had at least one
target reported. For 644 pairs at least one of the targets was shared among the drug and the
metabelite, which is 23% of the total pairs with Tanimoto scores over 0.9, As a control, we
extracted 4000 random drug-metabolite pairs without any restriction on their Tanimoto scores
and bootstrapped this procedure 1000 times (51 Fig). On average, in 1% of the cases both the
drug and the metabolite had reported shared target. An exact Fisher test resulted in a p-value
of 2.2e-16 and an odds-ratio of 29.5.

For example, 7,8-dihydrobiopterin is described in DrugBank as an inhibitor of the enzyme
dihydroneapterin aldolase, which catalyzes the conversion of its analog 7,8-dihydroneopterin
to 6-hydroxymethyl-7,8-dihydropterin and glycolaldehyde (Fig 1).

Integration of RNA-seq data with GSMMs to predict phenotypes

GSMMs can be used Lo predict any phenotype that could be linked to the rate of preduction or
consumption of one or several metabolites, In particular, cell prowth can be described as the
rate of assembly of biomass building blocks into macromolecules (amino acids into proteins
for example). This is described in the models by a so called “biomass equation”, which reflects
the relative proportions in which difterent biomass building blacks are added to biomass. Pre-
dicting actual metabolic flux distributions would require knowing the kinetics of each meta-
balic reaction as well as other parameters outside metabolism, such as ribosome
concentrations, protein synthesis rates, ete, The number of parameters to be adjusted from
experimental data is too large for any realistic atternpt to describe kinetically whole cell meta-
bolic flux distributions, which makes necessary some rough assumptions. We assume that the
maximal reaction rate of a metabolic reaction is proportional to the abundance of the enzyme
catalyzing this reaction, which is itselfpmpnrr.ional ta the abundance of the transcript coding
the enzyme, The proportionality constants might be very different for each reaction, however
we will consider them to be equal. This assumption is far from reality but it is still able to cap-
ture the fact that increases in the expression of a gene are likely to result in a higher maximal
flux through the reactions catalyzed by its gene products. The proportionality constant was set
to be 0.027 mmol g-DW 'h ! for an expression level of 10 RPKM. This constant was chosen in
order to fit the experimental growth rate of the cell line A549. Before setting each constraint,
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Fig 1. Analysis of drug-metabolite pairing. The upper panel shows the percentages of drug-metabolite pairs sharing
1,2, 3 or more enzymes respectively for pairs with Tanimoto scores higher than 0.9 {left} and randor: pairs (right).
“The lower panel illustrates the docking of dihvdroneopterin aldolase (ZDHN) with its natural metabolite

7.8 dibydroneopterin (CO4874, cyan sticks) and its 1 analeg 7.8 dilpdrcbiopterin (DBEO4400, pink sticks).
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the expression levels (in RPKM) were rounded up to the next multiple of 10. This proved to be
an efficient way to aveid numerical problems while performing linear optimization. For reac-
tions with several enzymes, the expression level was chosen to be the one of the most abundant
enzyme. After constraining each reaction in the model based on the gene expression of its
associated engymes, the maximal value of the biomass production reaction (or any other reac-
tion associated to a certain phenotype) can be computed by linear eptimization (see Malerials
and methods). In erder to perform the mentioned calculations, we have writlen a Python
library (pyTARG), which is available at https://github.com/SergicBordel/py T ARG, We define
as relative inhibition the fraction by which the original rates of the reactions affected by the

drug are decreased (a relative inhibition of 0.9 means that the rate is 0.1 times its original
value). Relative growth rate is the ratio of the maximal growth rate with inhibition to the maxi-
mal growth rate without inhibition. A value of 1 would mean that the cell is able to fully com-
pensate the effects of the drug by using alternative metabolic pathways to produce all its
biomass components, A relalive growth equal to one minus the relative inhibition means that
the cell cannot use any alternative pathway to compensate the effects of the drug. Values in
between mean that there are alternative metabolic pathways that the cell can use, but they are
not as efficient as the pathways targeted by the drug. The actual relative inhibition of a drug on
a certain target would depend both on the concentration of the drug and its binding strength

to the target. The problem of predicting this relative inhibition is out of the scope of this article.
Here it is modeled only the impact that a certain relative inhibition would have on the global
cell metabolism.

[n order to check the ability of our Flux Balance Analysis approach to recapitulate (at least
qualitatively), the actual uptake and secretion profiles of cell lines, we compared our predic-
tions {see Materials and methods) with available experimental data [19] for the human lung
adenocarcinoma epithelial cell line A549. The model showed to be able to reproduce (Fig 2)
the largest uptake and secretion rates (glucose and glutamine uptake and lactic and citric acid
secretion), Given the fact that the upper bounds imposed on the reaction rates are multiples of
0.027 mmel g-DW ™', we cannot expect the model to predict fluxes below 0,027 mmaol
g-DW'h" {as in the cases for isoleucine, leucine, valine and serine uptake rates). Remarkably,
the model is able to reproduce the Warburg effect {aerobic production of lactic acid) as well as
the secretion of substantial amounts of citric acid, which are common features of cancer cells.

In order to assess if our constraint-based modeling approach (pyTARG) can provide realis-
tic estimations of metabolic fluxes we compare it with the existing method called PRIME [21].
PRIME works by constraining only the reactions associated to genes which expression levels
are correlated Lo growth, The correlation coefficients belween gene expression and growth
rates were caleulated using microarray data and growth rates [rom CellMiner (hitps:/
. A false discovery rate

discove
af (.05 was used. The selected reactions are reported in the 52 Table together with correlation

nih.gov/cellminer/) corresponding to the NCI-60 cell ]

coefficients and p-values. Both PRIME and pyTARG work by maximizing the biomass pro-
duction rate after imposing constraints on the model (see Methods). The flux distribution
obtained after such maximization is just one among many possible flux distributions with the
same optimal biomass production rate. In order to assess how accurately each of the methaods
reproduces experimental flux distributions, a set of alternative optimal results was computed
for each cell line as described previously [21]. Using these sets we computed averages and stan-
dard deviations for the predictors of lactate production, glucose consumption and glutamate
consumption obtained using pyTARG and PRIME, respectively. As it is shown in Fig 2 and
Table 1, all the fluxes are predicted more accurately by pyTARG, with especially large differ-
ences for lactate production and glucose consumption.
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Table 1. Comparison of mean squared errors calculated by PRIME and py TARG sofltware for each metabolic flux
in A549 cell line (mmolig-D'W hy%

A549 PRIME prTARG

Lactate production 404 | 0.0052
Glucose pli 260 | 00171
Glutamine consumption 0.0055 0.0018

Ittps:fidoi.org/10.1371/joumal pone. 0190636.1001

Differential effects of a lipoamide analog on MCF7 and ASM cells (proof of
concept of identification of therapeutic windows)

Structural similarity with natural metabolic intermediates is a well-known drug design princi-
ple, which is at the basis of the mechanism of anti-metabolites that interfere with DNA synthe-
sis due to its structural similarity to pholates. Here we used the described modeling approach
to assess the effects of lippamide analogs on the growth capabilities of MCF7 and ASM cells.
Fig 3 shows the relation between the relative inhibition of the enzymes that interact with

1.0 T T T T

e
w
I

2
o
:

Therapeutic window

Relative growth capability

0.4+
0.2+
— MCF-7
— ASM
0 0 L L 1 L
0.0 0.2 0.4 0.6 0.8
Relative inhibition
Fig 3. Tdentification of a therapeutic window, Relative growth mile dependesd on the relative inhibition of the whase enzy interact with

lipoamide. The relative growth was computed for relative inhibitions from 0 to 1in intervals of 0.001. Mo difference between the effects on MCF7 and ASM
cells is observed at relative inhibitions lower than 0.8; however, at larger inhibitions a potential therapeutic window exists. This suggests that lipoamide analogs
in the right dose, could lead 1o 2 substantial decrease of the proliferation rate of MCF7 cells while having milder effects on ASM cells,

it 01371 journel pone. 0190636 9003
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Number of cells (x105)

lipoamide (0.9 inhibition means that the reaction is constrained to 0.1 times its value estimated
in ahsence of inhibition) and the relative growth capability, defined as the ratio between the
estimated growth rate with and without inhibition.

We observe that at high relative inhibitions (around 0.9), the relative growth capability of
ASM cells is 30% higher than the relative growth capability of MCF7 cells, which suggests the
existence of a therapeutic window. We proceeded by looking for compounds with structural
similarity to lipoamide. A compound with a pentagonal ring and an aliphatic chain that fin-
ishes with a polar group was tested (http://www.ambinter.com/reference/19149142) based on
its similarity with lippamide. The tested compound significantly decreased the growth of
MUOF7 cells while did not have statistically significant effects on ASM cells (Fig 4). The results
suggest that Flux Balance analysis using GEMMs constrained according to RNA-seq data,
could be used to predict therapeutic windows and help the development of new drugs.

Examples of drug repurposing

We have tested the relative effects of each of the compounds contained in DrugBank (see 51
Table, sheet Metabolite drug, for the structural analogies between DrugBank entries and
metabolites in the HMR model) on each of the cell lines and healthy tissues for which there are
RMNA-seq data in the Human Protein Atlas (www.proteinatlas.com). The results for each

Lipoamide Tested antimetabolite

(0] OH

- ASM - MCF-7
&
=]
B .
= 1
E 3

1- .
o
v 2
@
£
5 1
=

0—— - 0

Control 20 pM 50 M 100 pW Control 20 pM 50 pM 100 pM
Amb19149142 Amb19149142

Fig 4. Effects of structural analog of lipoamide on MCF7 and ASM cell proliferation. The number of MOFT cells was significantly lower
after 120 h exposure o Amb 19149142 (7, P<005) atall 3 tested concentrations, compared to contral, No significant differences were
observed in the case of ASM cells. Data are mean 15EM of three independent experiments.
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DrugBank entry and each tissue or cell type are reported in the 51 Table (sheet Drug effects).
We aimed to identify drugs that tend to have larger effects on cancer cell lines compared to
healthy tissues. This was done by performing a statistical t-test. The results are reported on the
51 Table (sheet Therapeutic windows).

First of all we noticed that many of the DrugBank entries correspond to actual human
metabolites, which excludes their utilization as competitive inhibitors, however the obtained
results still provide many valuable indications, The most significant putative therapeulic win-
dows were asseciated to intermediates of the mevalonate pathway or ligands putatively binding
enzymes in the mevalonate pathway. This pathway is responsible for the synthesis of choles-

terol and its derivatives. This observation is particularly interesting because there are drugs in
the market (such as statins or bisphosphonates) targeting this pathway. Looking closer on the
reason why many of the tested (in silico) cancer cell lines are sensitive to a disruption of the
mevalonate pathway, it was observed that these cells fail to express the cholesterol transporter
MNPCILY and the lipoprotein lipase LPL, involved in the assimilation of lipoproteins (rom the
bloed stream. This makes these cells unable to incorporate external chelesterol and dependent
on the mevalonate pathway to synthesize it, while most of the healthy tissues are able to uptake
external cholesterol. Inhibition of the mevalonate pathway has been already described as a way
to target cancer stem cells [22]. Here we identify a possible mechanism of this effect.

We also remark the presence of xanthine among the candidates to affect selec
cell lines, Xanthine is a natural human metabolite, which has a large structural similarity to caf-
feine, theobromine and theophylline, Caffeine has already been reported to inhibit the prolifer-
ation of glioma cells [23] and other cancer types [24]. Caffeine has a large range of
mechanisms of action, among others inducing apoptesis [ 24]. Our results suggest that compet-
itive inhibition of enzymes that have xanthine as a substrate could be one of the ways in which
caffeine could inhibit proliferation of some cancer cell lines {besides other known mechanisms
such as inhibition of phosphodiesterases),

ively cancer

Discussion

[t has been shown that drug similarity to the natural substrates of metabolic enzymes {mea-
sured using Tanimoto scores) is a good predictor of the ability of a ligand to bind the chosen
metabolic enzymes. One of the best known human biclogical network is metabelism, due Lo
the fact that the accumulative knowledge of more than a century of biochemical research
allows defining with precision the metabolic reactions catalyzed by each enzyme and these
reactions have well known stoichiometry. All this stoichiometric information can be con-
densed in a GSMM which defines the metabolic capabilities of the cell. GSMMs can be used to
predict the effects of constraining the rate of these metabolic reactions, Therefore, GSMMs can
be also used to predict the putative effects of drugs targeting metabolic enzymes on the meta-
bolic capabilitics of the cell. This has an important practical application, which is finding thera-
peutic windows, that’s drugs that affect the metabolic capabilities of a malignant cell type while
having milder effects on healthy cell types. As a prove of concept it was shown experimentally
that exposure to a lippamide structural analog can reduce the proliteration rate of the cancer
cell line MCF7 while having lower effects on healthy ASM cells. In order to further explore the
potential of structural analogs to natural metabolites as selective anticancer agents, a statistical
analysis was performed comparing the predicted effects of different metabolite-analogs on
cancer cell lines and healthy mesenchymal stem cells. Mesenchymal stem cells were chosen
because they share with metastatic cells the property of having undergone epithelial to mesen-
chymal transition. The compounds with the highest predicted selective effects included the
analogs of intermediates of the mevalonate pathway as well as analogs to xanthine, such as
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caffeine, theobromine and theophylline. These findings seem to agree with previous evidence
from the literature,

Materials and methods
Analysis of drug-metabolite similarities

DrugBank and KEGG databases were parsed using the Perl library libwwiv-perl. OpenBabel
[18] was used o eblain Tanimoto scores, further analysis was done using R, A script wrilten in
Perl was employed to loop over entire procedure using 1000 random drug-metabolite pairs
(bootstrapping).

RNA-seq data

Gene expression data for the 34 cancer cell lines (BioProject accession number PRINA183192)
as well as healthy tissues included in the Human Proteome Atlas were downloaded from wiww,
proteinatlas.com in the form of a comnma separated file that contains the gene expression of
each gene in each cell line (given as RMPK). This file was parsed using a customized python
script (available upon request). The gene expression profile of ASM cells was obtained from
the GEO database {accession number GSE52778) [25].

Integration of RNA-seq data and GSMMs

GSMMs are compilations of all the metabolic reactions that can be catalyzed in a particular
arganism. This information can be condensed in the so called stoichiometric matrix, which
contains the stoichiometric coefficients of each metabolite in each reaction. If we consider the
internal metabolites in steady state, the feasible metabolic fux distributions become con-
strained to the null space of the stoichiometric matrix 5. The steady state condition for internal
metabolites is expressed in Eq 1.

Sv =10 (1

Each reaction rate can be further constrained by imposing upper and lower boundaries. For
irreversible reactions, the lower boundaries are set to zero. Upper boundaries and lower
boundaries for reversible reactions are set as functions of the expression levels of their associ-
ated genes as described below,

b:""" < v,

< (2)

The constraints represented by Fq 2 restrict the feasible metabolic flux distributions to a
convex polytope in a multidimensional space (with as many dimensions as reactions in the
metabolic network under consideration). In erder to compute metabolic flux distributions
among the many feasible solutions, a linear objective function (which often is chosen te be bio-
mass production) is optimized using linear programming.

The prediction of metabolic flux distributions was done using the python library COBRApy
(version 0.9.0 and solver glpk) [26] and the GSMM used was an updated version of the HMR
cripts (pyTARG) has
been developed and is available at hitps://github.com/SergioBordel/pyTARG. The updated
version of the FIMR model is available in SBML format in the BioModels database (with the
identifier MODEL1707250000) [27] and at https://g
(Human. xml). To model a particular cell line the upper bounds were constrained to be 0.0027

human metabolic model [16]. A python library containing the necessary

github.com/SergioBordel/py TARG

mmol g-DwW "h ! times the expression level of the most abundant enzyme associated to each
reaction {measured in RFKM). The boundaries were set in a discrete way (by rounding up the
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expression levels to their upper multiple of 10}, this helped to avoid numerical problems while
performing linear optimization. Numerical problems were observed trying to use a continuous
spectrum of values for the reaction upper bounds. Other authors [28] have previously used a
continuous spectrum of values but with GSMMs 10 times smaller than HMR. The model is
allowed to uptake and secrete all the compounds present in HMR and whose uptake or secre-
tion rates were measured experimentally in a previous study [19]. The bounds of these uptake
and secretion rales are imposed by the expression levels of the corresponding transporters or
the enzymes processing these metabolites,

The error bars in Fig 2 represent the standard deviation of the fluxes, calculated by maxi-
mizing the growth rate, constraining it to its optimal value and using a random sampling algo-
rithm [21, 29]. The effect of adding a drug on the growth capabilities of a cell was simulated by
first identifying all the metabolic genes that could be potentially targeted by the drug (based on
its similarity to the natural substrates of the enzymes). The maximal rates of each reaction
were set Lo be a certain fraction of their rates estimated in absence of the drug (0.1 in the
default settings). The maximal growth rate is then computed again with the new constraints
and its ratio to the maximal growth rate in absence of the drug is reported as an index of how
much the cell is affected by the presence of the drug. An index of 1 would mean that the cell is
not affected, and an index equal to the ratio by which the target reactions were decreased,
would indicate the larger potential effect, meaning that there are not alternative pathways able
to compensate for the drop of activity of the targeted reactions.

Cell culture

MCF-7 (human breast adenocarcinoma cell line; CLS-Cell Lines Service, Eppelheim, Ger-
many] were cultivated in Dulbecco’s Modified Eagle Medium: Ham'’s F-12 (1:1; DMEM/F-12)
(Life technologies, Carlsbad, CA, USA) medium with 10% fetal bovine serum (FBS) and anti-
biotics (100 U/mL penicillin, 100 pg/mL streptomycin). Immortalized human airway smooth
muscle cells (ASM]) (kindly donated by Prof. R. Gosens; University of Groningen, Nether-
lands) were obtained as described elsewhere [30]. ASM cells were grown in DMEM medium
supplemented with 10% FBS and mix of antibiotics (100 UfmL penicillin and 100 pg/mL strep-
tomycin). Cells were maintained in 5% CO; humidified incubator at 37°C. Unless indicated
otherwise, all chemicals were purchased from Sigma Aldrich Corp. (Steinheim, Germany),

Cell proliferation assay

Cells were seeded in 6-well plates at a density 1.5x10" cells per well. Cell proliferation was
abserved 120 h after the treatment with Amb19149142 compound (20, 50, 100 pM) {Green-
Pharma, France), as well as solvent control (0.1% ethanol). The total cell number was estimated
using 0.4% Trypan Blue stain (Life technologics, Carlsbad, CA, USA) and Neubauer improved
cell counting chamber (Sigma-Aldrich, Steinheim, Germany).

Statistical analysis

Averaged data are reported as means * standard error of the mean. Statistical analysis was per-
formed using two-tailed Student’s t-test. Differences were considered statistically significant at
P« 0.05. The error bars in Fig 2 correspond to standard deviations estimated using a previ-
ously developed algorithm [21, 29], which computes solutions corresponding to corners in the
space of feasible flux distributions with optimal biomass production rates.
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Supporting information

51 Table. A file in Fxcel format with information about computationally investigated drugs
containing 3 sheets:

Sheet Metabolite drug contains structural analogies between DrugBank entries and metabo-
lites in the HMR model,

Sheet Drug effects contains predicted effect of drugs at 90% target inhibition.

Sheet Therapeutic windows contains drugs that tend to have larger effects on cancer cell lines
compared to healthy tissues determined by a statistical t-test.
(XLSX)

§2 Table. A file in Excel format containing the selected reactions with their correlation
coefficients and p-values.
(XL5X)

§1 Fig. Distribution of shared targets between random human metabolites and DrugBank

compounds. The percentages were computed by extracting 4000 random metabolite-drug
airs. The process was repeated 1000 times.

(T1F)
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Abstract: Both cytosolic fatty acid synthesis (FAS) and mitochondrial fatty acid oxidation (FAO) have
been shown to play a role in the survival and proliferation of cancer cells. This study aimed to confirm
experimentally whether FAS and FAO coexist in breast cancer cells (BCC). By feeding cells with
13C-labeled glutamine and measuring labeling patterns of TCA intermediates, it was possible to show
that part of the cytosolic acetyl-CoA used in lipid synthesis is also fed back into the mitochondrion
via fatty acid degradation. This results in the transfer of reductive potential from the cytosol
(in the form of NADPH) to the mitochondrion {in the form of NADIH and FADI,). The hypothesized
mechanism was further confirmed by blocking FAS and FAQO with siRNAs, Exposure to staurosporine
(which induces ROS production) resulted in the disruption of simultaneous FAS and FAQ, which
could be explained by NADPH depletion.

Keywords: cancer; metabolism; lipids; oxidative stress; metabolic flux analysis

1. Introduction

It has been known for more than 50 years that neoplastic tissues rely on de novo fatty acid synthesis
(FAS) to proliferate [1]. The fatty acid synthase gene (FASN) was found to be a prognostic marker in
breast [2] and prostate cancer [3]. ATP-citrate lyase, which is responsible for the synthesis of eytosolic
acetyl-CoA in mammalian cells and fuels fatty acid synthesis, has also been shown to be necessary
for cell transformation and tumor formation [4]. Acetyl-CoA carboxylase (ACC), which catalyzes
the transformation of acetyl-CoA into malonyl-CoA and is necessary for fatty acid biosynthesis, was
shown to induce growth arrest when inhibited chemically [5]. Overexpression of the oncogenic Ras has
been associated with increased levels of long fatty acid chains [6] and nen-small cell lung cancer tissues
have also shown longer fatty acid chains [7], which suggests a higher activity of fatty acid elongases.
A gene expression meta-analysis, in which genes were clustered forming metabolic sub-networks [8],
revealed that the expression of metabolic sub-networks related to fatty acid synthesis and elongation,
positively correlated with cell proliferation rates (using data from the NCI-60 collection) and negatively
correlated with the survival prognosis of colon cancer patients. Interestingly, the same was observed
for metabolic sub-networks related to fatty acid degradation and {3-oxidation. These ohservations led
to the hypothesis of both phenomena coexisting in the same cells.

The role of fatty acid oxidation (FAQ) in the survival and proliferation of cancer cells is attracting
growing attention [9,10]. FAO was found to inhibit apoptosis of leukemia cells [11]. PEAR-mediated
fatty acid oxidation has been shown to protect cancer cells against apoptosis induced by loss of
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attachment to the extracellular matrix [12]. Carnitine palmitoyltransferase 1C (CPT1C), an element of
the carnitine shuttle involved in the transport of cytosolic fatty acids to the mitochondrion (where FAO
takes place), has also been identified as an oncogene [13].

Given all the previously mentioned findings, Carracedo et al. [Y] stated that “a big challenge
is to unify the idea of FAQ as an essential pathway in cancer cells with the fact that cancer cells
also require active FAS in order to grow and divide.” Simultaneous cytosolic FAS and mitochondrial
B-oxidation has been considered impossible due to the inhibition of CPTI proteins by malonyl-CoA.
CPTI proteins are responsible for the transfer of fatty acids from the cytosal to the mitochondrion via
the so-called carnitine shuttle, while malonyl-CoA is an intermediate of FAS. However, malonyl-CoA
can be produced by two enzymes, acetyl-CoA carboxylases 1 and 2 (ACC1 and ACC2), and genetic
evidence suggests that while malonyl-CoA generated by ACC2 inhibits CPTI and therefore blocks
fatty acid transport to the mitechondrion and its subsequent B-oxidation, malonyl-CoA generated by
ACC1 does not exert suppressive effects on CPTI [14]. This is probably due to the direct channeling of
malonyl-CoA from ACCI to FASN, without being freely released in the cytosol.

Two main interpretations of the function of FAO in cancer cells are possible. First of all, it
could be assumed that FAO plays a protective role only under conditions of metabolic stress such
as loss of attachment to the extracellular matrix, during which glucose uptake and catabolism are
suppressed [9]. Under such conditions, FAQ would work as an alternative source of AIP [15] or
NADFH [16], and FAS would have negative effects on cell survival as it would increase ATP and
NADPH consumption [16]. Alternatively, FAO and FAS have been suggested to occur simultaneously
and support each other [17]. This hypothesis is also supported by the fact that treatment of cells with
orlistat (an inhibitor of lipid synthesis) resulted in decreased oxygen consumption rates [11], which
was interpreted as the existence of simultaneous lipid synthesis and oxidation in the cells, Further
evidence for a coexistence of FAS and FAO was provided by the fact that simultaneous targeting of FAS
and FAO resulted in enhanced therapeutic effects in prostate cancer [18] and myeloma [19]. However,
the available evidence is still indirect.

In this work we aimed to directly test the existence of simultaneous FAS and FAO by performing
metabolic flux analysis using 13C-labeled glutamine in combination with gene silencing using small
interfering RNAs (siRNAs). Second, we examined the relevance of such a cycle for the resistance of
breast cancer cells to oxidative stress.

2, Results

2.1. Assessment of Simultaneous FAS and FAQ Using *C Labeling

Iatty acids are synthesized from cytosolic acetyl-CoA, which itself is partially derived from citric
acid. Citric acid is originated in the tricarboxylic acid (TCA) cycle and transported to the cytosol,
but can also be originated from glutamine via the reductive carboxylation of a-ketoglutarate [20].
FAQO takes place in the mitochondrion (fatty acids are transported from the cytosol via the carnitine
shuttle), resulting in mitochondrial acetyl-CoA, which feeds the TCA cycle. The simultaneous
occurrence of both processes implies that part of the acetyl-CoA feeding the TCA cvele is derived from
citrate. Supplying 13C-labeled glutamine will result, via reductive carboxylation, in the production of
citrate labeled in five carbons (M5 isotopomer) (Figure 1a), which itself will give rise to labeled cytosolic
acetyl-CoA taking part in the synthesis of lipids. If these lipids are being simultaneously degraded,
labeled acetyl-CoA will be entering the TCA cycle, resulting in the formation of fully labeled citric acid
molecules (M6 isotopomer) (Figure 1a).

Alternatively, the presence of fully labeled citrate could be explained by the formation of labeled
pyruvate obtained from malate via the malic enzyme (ME). Therefore, in order to assess if lipid
metabolism is actually playing a role in the formation of fully labeled citrate, we combined labeling
experiments with gene silencing using siRNAs. Previously described BCCs [21] were selected as a
candidate for testing the existence of simultanecus FAS and FAQ, as other two cell lines MCF7 and
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BT-474 showed notably lower amount of fully labeled citrate. The percentage of M6 citrate in MCE7
and BT-474 was 1.15% and 0.5%, respectively (Figure 1b).
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Figure 1. Experiments assessing the existence of simultaneous FAS and FAO. (a) Metabolic model with
atomic transitions showing how degradation of fatty acids derived from glutamine or ME activity can
result in the M6 citrate isotopomer, and scheme showing the shuttle of redox potential from cytosolic
NADPH to the mitochondrion, formed by simultaneous FAS and FAO. Labeled carbon atoms entering
the TCA cycle from FAQ are indicated in yellow. (b} Percentages of fully labeled citrate in three different
breast cancer cell lines which were fed with 1¥Cs-1-Glutamine. BCC showed 5 and 10 times more
fully labeled citrate than MCF7 and BT-474 cell lines, respectively, which makes it more likely to have
simultaneous FAS and FAO, Bar graphs represent mean & SEM (n = 4). (¢} Experimental changes in the
fraction of M6 citrate resulting from the silencing of FASN, ECHS1, and ME, respectively. Bar graphs
represent mean £ SEM (n = 4). (d) Effects of silencing FASN, ECHS1, and ME en the mitochondrial
membrane potential. Bar graphs represent mean £ SEM of aggregate/monomer (R/G) ratios of JC-1
dye(n=3).*p<0.05*p<0.01,* p <0001

BCC cells were alternatively transfected with siRNAs against the FASN and the ECHSI genes,
which are involved in FAS and FAQ, respectively, and compared to a mock transfection (see Methods).
The cells were also transfected with siRNAs against the malic enzyme (ME1-3) genes, in order to
assess the importance of the malic enzyme for the formation of fully labeled citric acid (western blot
analysis is represented in ligure 51. The siRNAs against FASN and ECHST resulted in a very similar
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drop of the M6 fraction (Figure 1c), which was in both cases statistically significant (from 5.8 4 0.3% to,
respectively, 42 £ 0.2%.; n=4; p = 0.0054 and 4.2 = 0.3%; n = 4; p = 0.0065). This confirms that part of
the fully labeled citrate appears to be generated via the hypothesized mechanism of simultaneous FAS
and FAO. An even stronger drop (to 2.4 = 0.3%; n = 4, p = 0.0001) was caused by siRNAs targeting ME
(Figure 1c), which suggests that both mechanisms of formation of fully labeled citrate are active.

2.2, Assessment of Simullaneous FAS and FAO Using Measurements of Mitechondrial Membrane Potential

FAS occurs in the cytosol and requires the oxidation of two NADPH molecules per acetyl-CoA.
On the other hand, mitochondrial FAO results in the generation of one NADH and one FADH,
maolecules per acetyl-CoA, both of which can be used to feed the respiratory chain (Figure 1a). This
results in the transfer of redox potential from the cytosol to the mitochondrion, which can be used to
maintain higher mitochondrial membrane potentials. ME catalyzes a reaction producing NADPH,
which cannot be used in the respiratory chain. Therefore, if simultancous FAS and FAQ) is taking place,
it can be expected that silencing of FASN or ECHS1 will result in a drop of the mitochondrial membrane
potential, while silencing of ME is not expected to have any significant impact upon it. Mitochondrial
potential was estimated by flow cytometry using JC-1 dye (see Methods). Cells transfected with
siRNAs targeting FASN and ECHS1 showed significant drops in mitochondrial membrane potential
(from 10.9 £ (.7 to, respectively, 6.9 £ 0.7, n =3; p = 0.014 and 7.5 £ 0.1; n = 3; p = 0.009; Figure 1d).
Cells transfected with siRNAs targeting ME did not show a significant drop in membrane potential
(9.2 £0.8;p =0.19).

2.3. Metabolic Flux Analysis of BCC Cells

Experimental labeling patterns of citrate and malate were used to adjust the metabolic flux
distributions in the central carbon metabolism. The flux distributions were calculated using a model
that contained the TCA cycle, FAS, FAO, glutaminolysis, reductive carboxylation of «-ketoglutarate,
malic enzyme, pyruvate carboxylase, and pyruvate dehydrogenase. The mitochondrial and cytosolic
pools of citrate and a-ketoglutarate were treated as single pools, as if these compounds were freely
transferred across the mitochondrial membrane. The cytosolic oxaloacetate produced by citrate lyase
was assumed to be transferred back to the mitochondrion,

The EMU (elementary metabolic unit) framework [22] was used to model isotopic distributions.
The fitting (based on minimizing relative errors between the experimental and predicted labeling
patterns) was performed as described in Materials and Methods, The flux distributions are expressed
relatively to the rate of pyruvate dehydrogenase.

Fitted metabolic flux distributions are represented in Figure 2a for the reference experiment and
for the experiments with sIRNAs (FASN, ECHS1, and ME). The data fitting revealed simultaneous FAS
and I'AQ rates equal to 0.69 times the rate of pyruvate dehydrogenase and a flux of 0.48 in the ML
reaction (for the control experiment). In the cells transfected with siRNAs against FASN or ECHS1, the
solution minimizing the relative errors in isotopomer distributions (see Methods) corresponded to
zero flux in the FAO reaction. Simultaneous transfection with siRINAs targeting three ME genes led to
an estimated flux in the ME reaction of 0.03.

The experimental and fitted isotopomer distributions for malate and citrate in “control /reference”
experimental conditions and after siRNA silencing are shown in Figure Zb-i, respectively. Reduced
fractions of Mé citrate isotopomers indicate reduced FAS, FAO, or ME activity. The isotopomer
distributions of malic acid are mainly determined by the rate of glutaminolysis and are not expected to
be modified by changes in FAS, FAQ, and ME activities.
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Figure 2. Fstimated metabolic flux distributions and isotopomer distributions (simulated and
experimental) of malate and citrate for BCC cells. (a) Metabolic model with atomic transitions and
estimated flux distribution for the mock (black) and siRNAs against FASN (red), ECHS1 (cyan), and
MLE (green) transfected BCC cells. (b—e) Malate and (f—i) citrate isotopomer distribution in mock and
sIRNAs against FASN (red), ECHS1 (cyan), and ME (green) transfected BCC cells. The bar plots show
the fractions of citrate and malate labeled in zero (MO) to six (M6) carbons. Error bars represent 95%
confidence intervals (n = 4).
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2.4. Effects of Oxidative Stress on Metabolic Fluxes

The overall effect of the described metabolic cycle formed by FAS and FAO is the shuttling of
redox equivalents from the cytosol (in form of NADPH) to the mitochondrion {in form of NADH and
FADH3). Cytosalic NADPH has two main physiological roles: the biosynthesis of biomass components
and the resistance to oxidative stress (the last one is coupled to glutathione reductase and glutathione
peroxidase). Increased production of reactive oxygen species (ROS) is therefore expected to result in
the depletion of cytosolic NADPLH, and subsequently, to stop FAS and other processes that require
NADPH. BCC cells treated with staurosporine, an alkaloid that induces high ROS levels [23], caused
a strong drop of fully labeled citric acid (Figure 3), which is consistent with the expected arrest of
FAS (a full arrest according to the metabolic flux analysis). This result suggests that BCC cells under
normal conditions produce more cytosolic NADPH than what is necessary for their biosynthetic needs.
In conditions of low oxidative stress, the excess redox potential is channeled into the mitochondrion,
where it is ultimately used to produce ATF, while under conditions of high oxidative stress, the excess of
NADPH can be directly used to eliminate cytosolic ROS.
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Figure 3. stimated metabolic flux distributions and labeling patterns (simulated and experimentally
observed) of malate and cilrate for BCCs after treatment with staurospoerine. {a) Estimated metabolic
flux distributions for BCC cells treated with staurcsporine. Simulated and observed ]ab(*ling patterns of
malate (b) and cilrate (c) for BCCs treated with staurosporine. Error bars are 95% confidence intervals
(n =4}, Drop of the fraction of M6 citrate caused by staurosporine (d). Bar graphs represent mean & SEM
(n=4),** p<0.001,
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2.5, Resistance of BCC and BT-474 Cells to Oxidntive Stress

The previous results indicate that cells with simultancous FAS and FAO have high cytosolic
NADPH production rates, which confers to them the ability to counteract increases in oxidative
stress. In contrast, we could expect cells not showing simultaneous I'AS and FAQ to have lower
cytosolic NADPH production rates and also lower tolerance to increased oxidative stress. In order to
test the mentioned hypothesis, we compared the effects of staurosporine on BCC and BT-474 cells.
The choice of BT-474 cells for the comparison is due to the fact that they showed 10 times less Mé citrate
than BCCs (Figure 1), which suggests that the loop formed by simultaneous FAS and FAQ is not active
in this cell line (Figure 4a). The ISC—labe}'mg data revealed a zero flux in FAQO rate for BT-474 cells.
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Figure 4. Istimated metabolic flux distributions and labeling patterns (simulated and experimental)
of malate and citrate for BT-474 cells. (a) Estimated melabolic flux distributions for BT-474 cells.
Simulated and observed labeling patterns of malate (b) and citrate (c). Error bars represent 95%
confidence intervals (n = 4). (d) Staurosporine-induced mitochendrial depolarization in BT-474 and
BCC cells. (e) Fold change of R/G ratios in BCC and BI474 cells after staurosporine treatment. Bar

graphs represent mean & SEM (n = 4), "** p < 0.001.
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Staurosporine treatment induced stronger mitochondrial depolarization in BT-474 cells
compared to BCC, which was determined by the decrease of R/G ratio 3.4 L 0.4 and 1.8 £ 0.05-fold
(p < 0.001), respectively (Figure 4d,e). These results are consistent with our hypothesis of BCC cells
being more resistant to oxidative stress.

3. Discussion

FAQ has been recently shown to play a key role on the survival of cancer cells. On the other
hand, FAS is also necessary for cancer cell growth and proliferation. There are two possible solutions
in this apparently contradictory situation. ltis possible that FAO helps cell survival in situations of
metabolic stress when other sources of energy and redox cofactors are not available; on the other
hand, even if FAS and FAO have traditionally been considered incompatible due to the inhibitory
effects of malonyl-CoA on the carnitine shuttle (responsible for the transport of fatty acids into the
mitochondrion), growing evidence is supporting the hypothesis of both phenomena coexisting and
feeding cach other in some cancer cells. In this work, we demonstrate that this is the case in BCC cells.
The coexistence of FAS and FAQ is the best explanation for the impact that siRNAs targeting the FASN
and ECHS1 genes had on the amount of fully labelled citrate {(when *C-abelled glutamine is supplied
to the cells) and the mitochondrial membrane potential. Blocking of FAS resulted in a very similar
drop of fully labeled citrate and mitochondrial potential than blocking FAQ. This is also consistent with
previous observations [11] in which blocking lipid synthesis resulted in lower oxygen consumption.

A possible physiological role of this simultaneous occurrence of FAS and FAQO is the shuttling of
reductive potential contained in cytosolic NADPH to the mitochondrion. This would allow the
cells to recycle the excess NADPPH produced in the cytosol and channel its reductive potential into
the respiratory chain. If cells are challenged by sudden increases of oxidative stress, this excess
production of cytosolic NADPH could be immediately diverted to eliminate ROS, stopping lipid
synthesis. This phenomenon indeed appears to take place in BCCs treated with staurosporine, in which
a strong drop in the fraction of fully labelled citrate was observed compared to the untreated cells.

Metabolic cycles involving the oxidation of overproduced NADPH have previously been observed
in microorganisms [24], where this apparent waste of energy could be compensated for by an increased
robustness against sudden increases of oxidative stress. The case presented here suggests that human
cells could also use analogous mechanisms.

Cells not showing this cooperative operation of FAS and FAO such as BT-474 are therefore likely
to have lower production rates of cytosolic NADPH and to be more sensitive to sudden ROS increases.
This could be one of the reasons for the stronger effects of exposure to staurosporine observed in
BT-474 compared to BCC.

The presented findings contribute to the understanding of the interplay between FAS, FAO, and
NADPI metabolism in cancer cells and confirm FAQ as a suitable anticancer metabolic target for some
cancer types.

4, Methods

4.1. Cell Lines and Culture Medium

BT-474 (human breast ductal carcinoma cell line; ATCC HTB-20, Manassas, VA, USA), MCF7
(human breast adenocarcinoma cell line; CLS-Cell Lines Service, Eppelheim, Germany), and
BCC cells [21] were grown in Dulbecco’s Modified Eagle Medium:Ham’s F-12 (1:1; DMEM/F-12)
(Life technologies, Carlsbad, CA, USA) medium, supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin and 100 ug/ml. streptomycin. Cells were maintained at 37 “C in a humidified
incubator with 5% COj;. For treatment with staurosporine (Calbiochem, Darmstadt, Germany), cells
were incubated for 4 h with 0.25 pM of latter compound.
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4.2. siRNA Transfeckion

We used a jetPRIME transfection reagent (Polypllls—transfection""" SA, France) and siRNAs
for gene silencing according to the manufacturer’s instructions. Final concentrations of 10 nM
ECHST siRNA (ATGATGTGTGATATCATCTAT; Qiagen, Germantown, MD, USA) or FASN
siRNA (CAGGCTTCAGCTCAACGGGAA; Qiagen) were used.  Cells were simultaneously
transfected with three different siRNAs against the different malic enzyme (ME1, ME2, and ME3)
genes: 4nM ME1 (UGCCAUGACUCAGCGUUCH; Ambion, Waltham, MA, USA), 4 nM ME2
(GGGUGUCUAUGGAAUGGGALE; Ambion), 4 nM ME3 (GCCUUUACCCUUGAAGAAALL; Ambion).
All following procedures were performed 24 h after siRNA transfection. Mock transfection was used
as control.

4.3:.18¢C Labeling

Cells were incubated in DMEM without glucose, L-Glutamine and piruvate (Sigma, Schnelldorf,
Germany), supplemented with 10% FBS and antibiotics. L-Glutamine-*Cs (Aldrich, Hamburg,
Germany) was added to the final concentration of 4 mM. Cells were incubated for 24 h. Metabolite
extraction was performed as described earlier [25].

4.4. UPLC-ESI-MS Conditions

Separation of organic acids in samples was carried out with an Acquity H-Class UPLC system
(Waters, Milford, MA, USA) equipped with a YMC-Triart C18 (100 x 2.0 mm, 1.9 pm) column
(YMC, Kyoto, Japan). Triple quadrupole tandem mass spectrometer Xevo TOQD (Waters, Milford,
MA, USA) with an electrospray ionization (ESI) source was used to obtain mass spectroscopy (MS)
data. The column temperature was maintained at 40 “C. Gradient elution was performed with a mobile
phase consisting of 0.1% formic acid water solution (solvent A) and acetonitrile (solvent B) with the
flow rate set to (.4 mL/min. The initial conditions were set to 95% of solvent A. Linear gradient profile
was applied with following proportions of solvent A: 0 to 0.2 min was set to 95%, 0.2 to 1.5 min-10%,
1.5 min to 1.8 min was maintained at 90%, and 1.8 to 2 min set back to initial conditions. Total time of
analysis with equilibration was 3 min. Negative electrospray ionization was applied for analysis with
the following settings: capillary voltage was set to negative 2 kV, source temperature applied at 150 °C,
desolvation temperature of supplied nitrogen gas was set to 400 °(, desolvation gas flow -700 L/h,
cone gas flow -20 L/h. Cone voltage was set to 25 V. MS data was collected in full scan mode in the
50 myz to 250 m/z range. MS spectra and chromatograms of citrate isotopomers are presented in the
Figure 52.

4.5. Fitting of Metabolic Flux Distributions

Mass distributions were calculated using a Python function (available in the Supplementary
Material). This function uses a simplified model of central carbon metabolism containing the reactions
depicted in Tigure 1. The function is an implementation of the EMU framework [22]. The model
contained seven independent reaction rates. One of them (pyruvate dehydrogenase—PDH) was set
to 1 and all the other fluxes were given relative to the flux in PDH. The remaining independent
reactions were the FAO rate, the malic enzyme, the formation of a-ketoglutarate derived from
glutaminolysis, the carboxylation of a-ketoglutarate, pyruvate carboxylase, and the import of pyruvate
into the mitochondrion.

The objective function to be minimized was the squared sum of relative errors in the labeling
patterns of malate and citrate:

wal el 2 P N 2
" z Mi = (Mf )?J'In I3 M;.i! o (fw“.;f}exp
S\ (M
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=1 (M)

exp exp
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The contribution of My was not included due to being redundant (the sum of all the mass fractions
has to be equal to 1). Previous to the fitting, an identification analysis was performed by numerically
calculating the Jacobian matrix of the system and performing its singular value decomposition.
The value of the lowest singular value of the Jacobian matrix measures how far the columns of
this matrix are from being lincarly dependent. A lowest singular value equal to zero would mean
that there are many different flux distributions leading to the same labeling patterns and the system is
therefore not identifiable. In order to assess the contribution of each flux to the identifiability of the
system, new Jacobian matrices were calculated by subtracting the column corresponding to the tested
flux and performing singular value decomposition on the new matrix (see Supplementary Methods).
The higher that the new lowest singular value was, the more difficult to identify was the subtracted
flux. The results of this analysis are presented in the Figures 53 and 54. FAQ (the flux most interesting
in this work) was the most difficult flux to identify. In order to circumvent this problem, we performed
a global optimization for the experiments corresponding to the mock transfection and the silencing of
FASN and ECHS1. This approach is based on the assumption that all the independent fluxes, except
FAQ are unaffected by the siRNAs, The carboxylation rate of a-ketoglutarate was also allowed to
change between conditions, as this flux has been reported to be very sensitive to small perturbations in
the concentrations of c-ketoglutarate and citric acid [20].

The fitting of the fluxes corresponding to ME silencing, was performed by fixing the rate of FAO
to the value estimated in the previous fitting and allowing all the other fluxes to change. Fitting of flux
distributions after treatment with staurosporine and of BT-474 cells were performed allowing all the
independent reactions to change.

Tor each fitting, the values of all the fluxes were sequentially incremented or diminished by 0.001
(without allowing them to take negative values) and if this increment resulted on a reduction of the
objective function, the new values were kept and the process reiterated. Different initial sets of flux
distributions were used and the fitting leading to the lowest relative error was kept.

4.6. Western Blot Analysis

BCC cells (3 x 1(]6} were lysed in ice-cold cell extraction buffer (Invitrogen, Carlsbad, CA, USA)
supplemented with 20 uL/mL protease inhibitor cocktail (Sigma-Aldrich, Germany) and 1 mM PMSE
{Abcam, Cambridge, U.K.) for 30 min. The lysates were centrifuged at 13,000 rpm for 10 min at
4 °C. Qubit®protein assay kit (Invitrogen) was used to determine total protein concentration by
Qubit 3.0 fluorometer (Invitrogen). Cell lysates (30 pg) were separated by Bolt™ 4-12% Bis-Tris
plus gels (Invitrogen) in MES SDS running buffer and transferred to 0.45 pm PVDE membranes
(GE Healthcare, U.K.). Proteins were detected using primary antibodies against ECHS1 (ab174312) and
FASN (ab99359) (Abcam), PPAR-S (PA1-823A), ME1 (MA5-23524), ME2 (PA5-38007), ME3 (PA5-36494),
and GAPDH (AM4300} (Thermo Fisher Scientific, USA), and a WesternBreeze®chemiluminescent kit
(Invitrogen) according to the manufacturer’s instructions. Bands were visualized by G:Box Chemi Gel
Documentation system (Syngene, Frederick, MD, USA).

4.7, Flow Cytometry Assay

Initially, 5 x 104 cells were seeded in a 35 mm dishes in 2 mL of full media. Mock-transfected and
siRN A-transfected cells were incubated with media containing 1 mg/L JC-1 dye (Biotium, I'remont,
CA USA) for 20 min at room temperature. Afterwards, cells were washed with PBS, trypsinized,
and collected using centrifugation. Then cells were resuspended in PBS with 5 mg/L 7-AAD dye
(Millipore, Burlington, MA, USA) and incubated for 10 min. For positive control 10 pM carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was used. Samples were quantified using a Guava PCA
flow cytometer (Millipore). The data were analyzed by guavaSoft 2.7 InCyte software. Mitochondrial
membrane potential was represented as the JC-1 aggregates (red fluorescence) to monomers (green
fluorescence) ratio (R/G).
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4.8. Statistical Analysis

Error bars correspond to standard errors (number of samples specified in the figure legends)
when two experiments were compared to each other. When predicted isotopomer distributions were
compared to calculated ones, error bars of the experimental values correspond to 95% confidence
intervals. Comparisons between two values were performed using the Student f-test. Statistical
analysis was performed using Excel and the library scipy.stats.

Supplementary Materials: Supplementary materials can be found at hitp:/ /wwwondpiecom /1422-0067 /20/6/
1348/s1.
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["Mokslinio eksperimento vykdylojai jsiparcigoja: (1) nedelsiant in formuoti Kauno Regioninj biomedicininiy Tyrimuy Etikos

komiteta apie visus nenumatytus atvejus, susijusius su studijos vykdymu, (2) iki sausio 15 dienos — pateikti metinj studijos

1d

drinimg bei, (3) per ménesi po studijos uzbaigimo, pateikti galutinj pranedima apie eksperiments

LVyRay
Kauno regioninio biomedicininiy tyrimy etikos komiteto nariai
Nr Vardas, Pavards Veiklos sritis Dalyvavo posédyje
E Prof. Romaldas Madiulaitis Klinikine farmakologija taip |
| 2. " Prof. Edgaras Stankevicius Fiziologija, farmakologija | wp
3. Noc. Eimantas Peigius Filosofija ne I
4. Dr, Ramuné Kasperavidiené Kalbotyra taip |
3 Med. dr. Jonas AndriuSkevitius Chirurgija Laip
6. Agné Krudinskaite Teisé taip J
7. Prof. Skaidrius Miliaush Pul logija, vidaus ligos ne i
"8 |  Med.dr. Rokas B Chirurgija ne
Y. | Fale Vaizgeli | Visuomenés sveikala ne ]

r

| Kauno regioninis biomedicininiy tyrimy etikos komitetas d;(?“
| tyrimy Etikos jstatyme, Helsinkio deklaracijoje. vaisty tyringjimo G

vudovaudamasis
0s Klinikines prakti

Kauno RBTEK pirmininkas

1kos prmcipais nustatytas biomedicomna I
s taisyklemis

128



Name, Surname:
Address:

E-mail:

Education:
2007 06 28

2008 06 26

2014 06 26

201709 07

2008-2011
2008-2010

Work experience:
2008-2011

20112014

2014—Present

2014—Present

CURRICULUM VITAE

Ieva Cesleviciene

Departament of Surgery, Hospital of Lithuanian
University of Health Sciences Kauno klinikos,
Eiveniy 2, LT-50161 Kaunas, Lithuania
ieva.cesleviciene@lsmuni.lt

Master’s Degree in Medicine and Doctor’s
Qualification, Kaunas University of Medicine,
Kaunas, Lithuania

Professional qualification of medical doctor,

Kaunas University of Medicine, Kaunas, Lithuania
Professional Qualification of General Surgeon,
Lithuanian University of Health Sciences,

Kaunas, Lithuania

Breast Cancer Surgeon Professional Training Course,
Lithuanian University of Health Sciences,

Kaunas, Lithuania

Doctor assistant, Jonava Hospital, Jonava, Lithuania
Doctor assistant, Hospital of Lithuanian University of
Health Sciences Kauno klinikos, Pediatric surgery
clinic, Kaunas, Lithuania

Junior resident doctor, Hospital of Lithuanian
University of Health Sciences Kauno klinikos, Surgical
clinic, Kaunas, Lithuania

Senior resident doctor, Hospital of Lithuanian
University of Health Sciences Kauno klinikos, Surgical
clinics, Kaunas, Lithuania

Assistant Lithuanian University of Health Sciences,
Kaunas, Lithuania

General Surgeon, Hospital of Lithuanian University of
Health Sciences Kauno klinikos, Surgical clinics,
Kaunas, Lithuania

129



PADEKA

Dékoju mokslinam vadovui dr. Sergio Bordel Velasco uz idéjas, pamo-
kymus ir patarimus.

Dékoju prof. habil. dr. Vyteniui Arvydui SkeberdZiui uz pagalbg ir pata-
rimus vykdant doktorantiros metu numatytus darbus, bei pagalbg rengiant
disertacija.

Dékoju prof. habil. dr. Algirdui Bogusevic¢iui uz rekomendacijas, padra-
sinimg bei supratima.

Dékoju Lasteliy kultiry laboratorijos kolegoms: dr. Ievai Sarapinienei,
dr. Valerijai Mikalayevai, Gintarei MilaSittei uz pagalba atliekant eksperi-
mentus ir jy analize, patarimus ir nuosirdy bendravima.

Dékoju LSMU mokslo fondui uz suteikta finansing parama.

Dékoju Lietuvos fiziology draugijai uz suteikta finansing paramg daly-
vaujant tarptautinéje konferencijoje.

Esu dékinga savo Seimai uz jvairiapusj palaikyma.

130



	TURINYS
	SANTRUMPOS
	ĮVADAS
	DARBO TIKSLAS IR MOKSLINIS NAUJUMAS
	Darbo tikslas
	Uždaviniai
	Mokslinio darbo naujumas

	1. LITERATŪROS APŽVALGA
	1.1. Navikas ir jo aplinka
	1.2. Epitelinis–mezenchiminis virsmas ir navikų metastazavimas
	1.3. Krūties navikai
	1.4. Varburgo efektas ir atvirkštinis Varburgo efektas
	1.5. Krebso ciklas
	1.6. Riebalų rūgščių sintezė ir oksidacija  bei jų reguliavimo ypatumai
	1.7. Oksidacinis stresas, aktyviosios deguonies formos
	1.8. Mitochondrijų membranos potencialas
	1.9. Šakotosios grandinės aminorūgštys
	1.10. Bioinformacinių metodų taikymas onkologijoje
	1.11. Genomo apimties metaboliniai modeliai (GSMM)

	2. TYRIMŲ METODIKA
	2.1. Ląstelių išskyrimas
	2.2. Ląstelių saugojimas užšaldant
	2.3. Ląstelių kultivavimas
	2.4. Ląstelių proliferacijos tyrimas tripano mėlio testu
	2.5. siRNR transfekcija
	2.6. Metabolitų žymėjimas izotopine anglimi
	2.7. Metabolinio srauto pasiskirstymas
	2.8. Skysčių chromatografija - masių spektrometrija  (UPLC-ESI-MS)
	2.9. Tėkmės citometrija
	2.10. Baltymų imunodetekcija
	2.11. Statistinė analizė

	3. REZULTATAI
	3.1. Krūties naviko ląstelių pirminės kultūros  sukūrimas ir charakterizavimas
	3.2. Lipoamido struktūrinis analogas
	3.3. Šakotosios grandinės aminorūgščių degradacija
	3.4. Vienalaikio FAS ir FAO įvertinimas,  panaudojant 13C žymėjimą
	3.5. Vienalaikio FAS ir FAO įvertinimas pagal mitochondrijų membranos potencialo pokyčius (Δψm)
	3.6. BCC ląstelių metabolinių srautų analizė
	3.7. Oksidacinio streso poveikis metaboliniams srautams
	3.8. BCC ir BT-474 ląstelių atsparumas oksidaciniam stresui

	4. REZULTATŲ APTARIMAS
	IŠVADOS
	SUMMARY
	ABBREVIATIONS
	INTRODUCTION
	Aim of the study
	Objectives of the study
	Novelty of the study

	METHODS
	Cell isolation
	Freezing of cells
	Cell lines and culture medium
	Cell proliferation assay by Trypan blue test
	siRNA transfection
	13C labeling
	Metabolic flux distribution
	UPLC-ESI-MS conditions
	Flow cytometry assay
	Western blot analysis
	Statistical analysis

	RESULTS
	Development and characterization of primary culture  of breast cancer cells
	Lipoamide structural analog
	Degradation of branched-chain amino acids (valine, leucine  and isoleucine)
	Assessment of simultaneous fatty acid synthesis and oxidation  using 13C labeling
	Assessment of simultaneous FAS and FAO using measurements  of mitochondrial membrane potential
	Metabolic flux analysis of breast cancer cells
	Effects of oxidative stress on metabolic fluxes
	Resistance of BCCs and BT-474 cells to oxidative stress

	DISCUSSION
	CONCLUSIONS

	BIBLIOGRAFINIS SĄRAŠAS
	STRAIPSNIAI, KURIUOSE PASKELBTI DISERTACINIO DARBO REZULTATAI
	Kiti straipsniai

	MOKSLINĖS KONFERENCIJOS, KURIOSE PRISTATYTI DARBO REZULTATAI
	PRIEDAI
	CURRICULUM VITAE



