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IVADAS

Krities vézys yra labiausiai paplites vézinis susirgimas tarp motery visa-
me pasaulyje. 2022 metais Sis susirgimas buvo diagnozuotas 12,7 proc. mo-
tery ir Iléme 7,2 proc. mir¢iy nuo vézio visame pasaulyje. Kriities véziu visose
pasaulio Salyse suserga bet kurio amziaus moterys po lytinio brendimo, taciau
vélesniame amziuje susirgimy skaicius didéja [1]. 2020 mety duomenimis,
Lietuvoje kriities vézys diagnozuotas 21,7 procentams motery (LSAM). Kru-
ties véziu sergan¢ioms moterims sutrikdoma ne tik fiziné sveikata, bet ir psi-
chosocialiné gerové bei ekonominis stabilumas [2].

Kriities vézys skirstomas ] keturis pagrindinius potipius pagal tris pagrin-
dinius hormony receptorius: estrogeny (ER), progesterony (PR) ir Zmogaus
epidermio augimo faktoriaus 2 (HER2). Kriities vézio potipis, kuris neturi
nei vieno 1§ anksCiau minéty hormony receptoriy, vadinamas trejopai nei-
giamu kriities véziu (angl. triple-negative breast cancer, TNBC) ir tai sudaro
10-20 proc. visy kriities vézio atvejy [3]. TNBC yra pati agresyviausia kri-
ties vézio forma ir pasiZzymi iSskirtinémis klinikinémis, molekulinémis sa-
vybémis, jskaitant aukstesnj diferenciacijos laipsnj, polinkj | metastazes ir
jaunesnj pacienciy amziy, kuriame diagnozuojama liga [4]. TNBC receptoriy
taikiniy nebuvimas reiskia, kad toks gydymas, kaip hormony terapija ar vais-
tai nukreipti ] HER2, yra neveiksmingi, todél chemoterapija yra pagrinding
sisteminio gydymo galimybé [5]. Be to, sergant TNBC dazniau pasitaiko li-
gos atsinaujinimo ir tolimyjy metastaziy atvejy ir tai lemia sudétingg klinikinj
ligos valdyma [6].

TNBC sudétingumo esmé yra genetinis — fenotipinis heterogeniSkumas.
Molekuliniu pozitriu TNBC skirstomas ] keturis pagrindinius potipius: lu-
minalinj androgeny (LAR), mezenchiminj (M), bazalinj 1 (BL1) ir bazalinj
2 (BL2) [7]. Tyrimai parodeé, kad TNBC naviko subklonuose yra skirtumy,
kurie lemia jo agresyvumga, jskaitant 7P53 ir BRCAI geny mutacijas, bei
kity geny, susijusiy su DNR taisymu, pokycius [8]. TNBC navikai pasizy-
mi vidiniu heterogeniskumu, sudarydami skirtingy fenotipy lasteles skirtin-
gose naviko vietose, kas apsunkina diagnoze ir gydyma. Pavyzdziui, LAR
fenotipo lasteléms taikoma androgeny receptoriy terapija, o BL1 fenoti-
pui — doksorubicinas (DOX) arba cisplatina kartu su PARP slopikliais. DOX
ir paklitakselis (PTX) naudojami BL2 potipiui, daZnai derinant su kitais che-
moterapiniais vaistais [9,10]. Fenotipy jvairové navikuose apsunkina gydyma
ir skatina atsparumo vaistams susiformavima, bei lemia ligos atsinaujinima
[11]. TNBC navikuose ne tik vidinis naviky heterogeniskumas, bet ir véziniy
lasteliy sgveika su navika supancia mikroaplinka sukelia sunkumy gydant Sio
tipo susirgimus. TNBC naviky mikroaplinkg formuoja tokios Igstelés kaip, fi-

10



broblastai, makrofagai, adipocitai ir imuninés lastelés, kurios iSskiria jvairius
veiksnius. Tokia véziniy ir naviko mikroaplinkos Igsteliy sgveika prisideda
prie atsparumo vaistams ir naviko augimo [12,13]. VéZiniy Igsteliy atsparu-
mui ir ligos progresavimui svarbi ne tik véziniy Igsteliy sgveika su naviko
mikroaplinkos lgstelémis, taciau ir navikg sudaranciy, skirtingy fenotipy veé-
ziniy lasteliy, tarpusavio sgveika. D¢l vézinése lgstelése nuolat jvykstanciy
mutacijy, aplinkos veiksniy (maistiniy medziagy prieinamumas, deguonies
kiekis, vaisty poveikis), navikuose susiformuoja bent keletas skirtingy feno-
tipy populiacijy, kurios pasizymi skirtingomis savybémis. Tokios Igstelés per
tiesioging (mikrovamzdelius ar kt.) arba netiesioging (tirpius veiksnius: cito-
kinus, hormonus, interleukinus, augimo veiksnius ir kt.) sgveika apsikeicia
turima informacija (atsparumo baltymais, miRNR) ir Igstelés gali jgyti naujy
savybiy, bei atsparumg gydyme naudojamiems vaistams [14,15].

Lasteliy tarpusavio sgveika turi reikSmingg jtaka atsparumui DOX ir PTX,
kurie yra vieni pagrindiniy TNBC chemoterapiniy vaisty [16,17]. Atsparumas
Siems vaistams vézinése lgstelése formuojasi dél keleto, Siuo metu zinomy
mechanizmy: Igsteliy signaliniy keliy pokyciy, genetiniy ir epigenetiniy mo-
difikacijy [18], lgstelés ciklo ir apoptozés reguliavimo [19], bei padidéjusio
pernasos baltymy kiekio vézinése lastelése [20]. Sie mechanizmai apsunkina
chemoterapiniy junginiy efektyvuma, sumazindami jy transportg ] Iasteles,
kur yra jy terapiniai taikiniai. Viena pagrindiniy problemy $iuo metu yra ap-
sunkintas vaisty transportas ir pasiskirstymas vézinése lastelése, todél vaisty
transporto tyrimai yra ypac svarbiis. Butina ieSkoti buidy, kaip pagerinti jun-
giniy transportg i vézines lasteles [21], taip pat jvertinti, kaip skiriasi junginiy
transportas ir pasiskirstymas skirtingy fenotipy vézinése lastelese. DOX yra
patogus naudoti junginiy transporto j lasteles tyrimuose, d¢l jo fluorescen-
ciniy savybiy, tai leidzia lengvai stebéti DOX transportg ir jo lokalizacija
lastelése.

Siuo metu yra labai ribotas tyrimy, analizuojandiy kriities véziniy lasteliy
sgveika, kiekis. Tokie tyrimai yra bitini siekiant geriau suprasti sudétingus
atsparumo mechanizmus ir surasti naujus metodus, kaip padidinti vaisty efek-
tyvuma, gerinant jy transportg j vézines lasteles.

Darbo tikslas — jvertinti trejopai neigiamo kriities vézio lasteliy populia-
cijy sgveikos jtaka atsparumui prieS§véziniams vaistams.
UZdaviniai:
1. ISskirti ir charakterizuoti fenotipiSkai skirtingas kriities vézio sublinijas
1§ trejopai neigiamo kriities vézio MDA-MB-231 lasteliy linijos.
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2. Ivertinti fenotipisSkai skirtingy sublinijy lasteliy sgveikos jtaka atspa-
rumui prieSvéziniams vaistams doksorubicinui ir paklitakseliui 1gsteliy
vienasluoksnyje ir lgsteliy sferoiduose.

3. Istirti doksorubicino transportg j fenotipiskai skirtingy sublinijy lasteles
vienasluoksnyje normoksijoje ir hipoksijoje.

4. Jvertinti doksorubicino transportg ] sferoidus, suformuotus i$ fenotipis-
kai skirtingy sublinijy lasteliy.

Mokslinio darbo naujumas

Dauguma duomeny apie fenotipiskai skirtingas TNBC populiacijas yra
gauta analizuojant kiekvieng Igsteliy populiacijg atskirai, vertinant jy fenoti-
pines savybes, skirtingg atsparuma prieSvéziniams vaistams, bei jvairiy geny
ir signaliniy keliy skirtumus. Daznai TNBC populiacijy skirtumai tiriami
naudojant i§ pacienty naviky iSskirtas pirmines lasteles. Literatiiros analize
parodé, kad yra mazai informacijos apie skirtingas populiacijas, i$skirtas 18
lasteliy linijy. Mokslininkai dazniausiai tiria populiacijas, vertindami jy ge-
béjima migruoti, geny profilius ir tam tikry receptoriy raiskg. Taciau tyrimy,
kuriuose biity tiriamos ne tik pavienés populiacijos, bet ir fenotipiskai skirtin-
gy populiacijy deriniy savybés, néra daug.

Siame darbe pirma karta jvertinta fenotipiskai skirtingy sublinijy, i§skirty
i§ MDA-MB-231 linijos, tarpusavio sgveikos jtaka DOX ir PTX atsparumui.
Buvo isskirtos 24 sublinijos, i§ kuriy 7 buvo detaliai charakterizuotos, o 3
labiausiai fenotipiskai iSsiskirian¢ios sublinijos buvo pasirinktos sgveikos
tyrimams. FenotipiSkai skirtingy sublinijy sgveikos jtaka atsparumui DOX
ir PTX buvo jvertinta dvimatése ir trimatése kultiirose. Nustatyta, kad feno-
tipiSkai skirtingy sublinijy deriniai turi skirtingg atsparumag minétiems jun-
giniams, o DOX transporto tyrimai parodé, kad Sis junginys nevienodai pa-
siskirsto fenotipiskai skirtingose sublinijose.

Atsizvelgiant ] tai, kad TNBC gydymui dazniausiai taikomi chemotera-
piniai vaistai, tokie kaip DOX ir PTX, didelis démesys buvo skirtas biitent
Siems junginiams. Gydant veéZj, jskaitant kriities véZj, daZnai susiduriama su
naviky atsparumu vartojamiems vaistams. Sj atsparuma lemia daugybé jvai-
riy mechanizmy, tac¢iau musy atlikti tyrimai rodo, kad fenotipiskai skirtingos
lastelés, nors kilusios i$ tos pacios linijos, yra nevienodai atsparios DOX ir
PTX. Todé¢l ypac svarbu jvertinti, kaip DOX, vieno dazniausiai naudojamy
chemoterapiniy vaisty, transportas skiriasi fenotipiskai skirtingose sublinijo-
se, nes Sie skirtumai gali reikSmingai paveikti gydymo veiksminguma.

Norint kuo geriau atkartoti naviky aplinka ir uZtikrinti sglygas, artimas
in vivo, buvo formuojami lgsteliy sferoidai i§ fenotipiSkai skirtingy sublinijy
(D8, F5, H2). Taikant §] metodg, suformuojami taisyklingos formos lgsteliy
sferoidai, leidziantys tiksliau jvertinti DOX skvarbg. Taip pat buvo uzauginti
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reikiamo dydzio sferoidai (apie 390 um skersmens), kad jy viduje susidaryty
hipoksiné aplinka. DOX transportas taip pat jvertintas ir lasteliy vienasluoks-
nyje — normoksijos ir hipoksijos salygomis. DOX transporta hipoksinéje
aplinkoje jvertinti svarbu dél to, kad esant Sioms sglygoms, vaistai daznai
prasiskverbia daug blogiau, tai lemia per maza vidulgstelin¢ vaisto koncen-
tracijg ir atsparumo vaistui susiformavima, kas savo ruoztu apsunkina ligos
gydyma. Transporto tyrimai atlikti dvimatése ir trimatése Iasteliy kulttirose,
nes Sios eksperimentings sistemos atspindi skirtingus lasteliy sgveikos lygius,
kurie gali turéti jtakos DOX pasiskirstymui ir efektyvumui. Dvimatése 1aste-
liy kultirose galime jvertinti DOX transportg j pavienes Igsteles, o trimatése
kultiirose, geriau imituojamos in vivo salygos, iskaitant lgsteliy tarpusavio
saveika ir ribota DOX transportg i gilesnius sferoidy sluoksnius. Tokie tyrimy
rezultatai gali padeéti geriau suprasti DOX veikima skirtingose modelinése
sistemose ir prisidéti prie tikslingesnés vézio terapijos kiirimo.

Praktiné ir teoriné reik§Smeé

TNBC ligos agresyvumas ir veiksmingy gydymo metody trikumas yra
viena didziausiy Siuolaikinés medicinos problemy. Disertacijoje pateikti ty-
rimy rezultatai yra svarbis tolimesniam §ios srities plétojimui, ypac¢ atliekant
tyrimus su in vivo modeliais ar dirbant su pirminémis lgsteliy kulttiromis, nes
tai gali biiti pritaikoma gerinant TNBC gydymo metodus.

Tyrimo rezultatai patvirtina, kad net ir Igsteliy linijose, auginamose kon-
troliuojamoje aplinkoje (stabilus deguonies ir maistiniy medziagy kiekis),
egzistuoja fenotipiskai skirtingos populiacijos, todé¢l jos yra tinkamas tyrimo
objektas. ISskirtos sublinijos skyrési savo savybémis, o tai lémé jy skirtinga
migracijos potencialg bei atsparumg DOX ir PTX. Todéel MDA-MB-231 li-
nija, su fenotipiskai skirtingomis sublinijomis yra tinkamas tyrimo modelis.

Atlikty tyrimy duomenys pagrindzia lasteliy sgveikos jtaka atsparumo
vaistams formavimasi, parodant, kad derinant skirtingas lasteliy sublinijas,
keiciasi jy atsparumas prieSvéziniams junginiams. Derinant sublinijas, kurios
atskirai yra jautrios DOX ir PTX, padidéja tokiy deriniy atsparumas Siems
junginiams. Taciau, kai DOX atspari sublinija derinama su kitomis sublini-
jomis, lgsteliy atsparumas DOX sumazéja. DOX transporto tyrimo rezultatai
parodé, kad DOX atspariose sublinijose §io junginio transportas j lasteles yra
Zymiai mazesnis.

Tyrimo rezultatai pateikia vertingg informacija apie lasteliy atsparumo
DOX ir PTX problematika. Tai leidZia geriau suprasti skirtingg DOX trans-
porta j fenotipiskai skirtingy lasteliy sublinijas. Sios jzvalgos gali biiti labai
svarbios tiriant jvairius Igsteliy atsparumo mechanizmus. Ilgainiui §ios Zinios
galéty prisidéti prie vézio gydymo strategijy tobulinimo, leidziant individu-
alizuoti gydyma pagal tai, kokio fenotipo vézinés lgstelés sudaro navika, ir
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pasirinkti tinkamiausius gydymo metodus bei vaistus. Be to, jvertinus kaip
mikroaplinka veikia gydyma, gali biiti taikomas personalizuotas pacienty gy-
dymas.

Autorés indélis

Autoré atliko visus eksperimentus lasteliy vienasluoksnyje ir trimatése
kultiirose, 1$skyr¢ Igsteliy sublinijas. Taip pat analizavo ir interpretavo gautus
rezultatus, juos apdorojo ir pateiké paveiksluose, pristaté mokslinése konfe-
rencijose bei jy pagrindu kartu su vadovu parengé publikacijas. Autoré yra
dviejy moksliniy eksperimentiniy publikacijy ir vienos apzvalginés publi-
kacijos pirmoji autoré, parengtos Sios disertacijos tema, pirmoji autoré. Re-
miantis Siomis publikacijomis, autoré¢ parenge disertacija.

Darbo vadové prof. Vilma Petrikaité suformulavo darbo tema, eksperimen-
tiniy tyrimy kryptis, konsultavo interpretuojant gautus duomenis, dalyvavo
rengiant mokslines publikacijas ir tezes bei konsultavo rengiant disertacija.
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1. LITERATUROS APZVALGA

1.1. Kriities vézio heterogeniSkumas

Kruties vézys atsiranda i$ kriities lasteliy, kuriose ivyksta tam tikri sutri-
kimai — piktybiné transformacija. Pati kriitis sudaryta i§ dviejy tipy audiniy:
liaukinio ir stromos. Liaukinis audinys apima skilteles, kurios gamina piena,
ir latakus, kuriais pienas teka. Bitent Siy strukttry lgstelés yra pagrindine
kriities vézio atsiradimo vieta (1.1.1 pav.).
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1.1.1 pav. Kriities vézio kilmé

Skirtinga kruties vézio kilmeé lemia Sios ligos heterogeniSkumg. Remian-
tis imunohistochemine hormony receptoriy raiska, krities vézys skirstomas j
keturis pagrindinius potipius (1.1.2 pav.): ER teigiamas, PR teigiamas, HER2
teigiamas ir trejopai neigiamas [23]. ER receptoriai yra svarbus diagnostinis
veiksnys, nes mazdaug 70—75 proc. invaziniy kriities karcinomy biidinga di-
delé ER raiska [24]. PR receptoriai taip pat yra isSreiksti daugiau kaip pus¢je
ER naviky ir labai retai ER neigiamuose navikuose. DaZnai krities véZinése
lastelése aptinkama tiek ER, tiek ir PR receptoriy didelé raiska, ir $i informa-
cija panaudojama krities vézio diagnostikai kaip prognostiniai zymenys [25].
Didesné PR receptoriy raiska vézinése Igstelése lemia geresnj pacienty iSgy-
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venamuma, mazg ligos atsinaujinimo tikimybe, sekmingesnj gydymo rezulta-
ta. Tuo tarpu zemesnis PR raiskos laipsnis rodo agresyvesnj ligos tipa, dides-
n¢ ligos atsinaujinimo tikimybe ir blogesn¢ i§gyvenamumo prognoze [26].
HER?2 sudaro apie 15-25 proc. kriities vézio atvejy, o HER2 raiskos lygis yra
svarbus, parenkant tinkamg gydyma. HER2 padidina metastazavusio ar atsi-
naujinusio kriities naviko aptikimo daznj nuo 50 iki 80 proc. HER2 aptikimas
kraujo serume laikomas perspektyviu naviky zymeniu realiuoju laiku [27].
HER2 amplifikacija sukelia proto-onkogeniniy signaliniy keliy aktyvacija,
lemiancig nekontroliuojama véziniy lasteliy augima, tai lemia blogesng ligos
eiga. HER2 raiska taip pat koreliuoja su zZymiai greitesniu ligos atsinaujinimu
[28]. Dar vienas svarbus zymuo véziniy susirgimy diagnostikoje yra Ki67
antigenas - lgsteliy proliferacijos Zymuo, kuris suteikia informacijos apie las-
teliy proliferacija. Pagal Ki67 nustatomas proliferacijos aktyvumas atspindi
veéZinio susirgimo agresyvuma, galimg atsaka ] gydyma bei laika iki ligos
atsinaujinimo. Kuo didesné Ki67 antigeno raiSka, tuo liga yra agresyvesne,
bei maZzesnis pacienty iSgyvenamumas [29].

" Potipiai—|ERPRIHER2 Ki-67 |Diflaipss]Proiferacia) PrognoZé | Gydymas | Dasis |

Luminalinis A - ||Zemas|| Zemas Léta Gera X 40 %

Endokrininé
terapija

+ Z
<
e} <
<] s
N Q
HER2 & % 10-15 %

1.1.2 pav. Kriities vézio potipiai ir jy skirtumai

Molekuliné kriities vézio kvalifikacija reikalinga tam, kad biity galima at-
rinkti pacientus, kuriems gali biiti naudinga tiksliné terapija — hormony ar
anti-HER2 terapija [30]. Neseniai identifikuota skirtinga geny raiSka ilgy-
juy nekoduojan¢iy RNR ir RNR jungianc¢iy baltymus kiekvienam kriities vé-
zio potipiui: RASDF7 — luminalinio A, DCTPP1 — luminalinio B, DHRSI11,
KLC3, NAG3 ir TMEM98 — HER2, ABDHD14A ir ADSSL1 — TNBC. Tai
yra daug zadantys nauji vézio potipio identifikavimo Zymenys ir potencialiis
taikiniai gydymui [31]. Tokiy Zymeny aptikimas ypa¢ svarbus TNBC tipo
navikams, kuriems iki $iol néra atrasta specifiniy vaisty taikiniy.
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1.1.1. Trejopai neigiamo kriities véZio heterogeniskumas ir
klasifikacija

TNBC pirma kartg identifikuotas kaip atskiras potipis 2005 metais [32].
Klinikiniu, histologiniu ir molekuliniu pozitiriu tai labai heterogeniska liga,
kurig galima iSskirstyti ] keletg skirtingy TNBC potipiy. Skiriant daugiau
démesio TNBC heterogeniSkumui ir tinkamam gydymo parinkimui pagal
TNBC skirtingg potipi, mokslininkai pasiiilé keleta TNBC klasifikavimo va-
rianty (1.1.1.1 pav.)

Liu
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M
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L BL l? . BI\L/[2 IM MLIA
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Jézéquel
Cl
C2
C3

1.1.1.1 pav. Trejopai neigiamo krities véZio klasifikacijos pokyciai nuo
pirmojo identifikavimo iki Siy dieny

Pirmieji TNBC skirtumus pastebéjo Lehmann ir kt. 2011 metais ir nustaté
Sesis skirtingus TNBC potipius (TNBC-6 klasifikacija) [33]. Bazalinis 1 ir 2
(BL1, BL2) potipiai iSsiskyré padidéjusiu lgstelés ciklo geny ir augimo veiks-
niy, signaliniy keliy kiekiu. Imunomoduliatorinis (IM) potipis pasizyméjo su
imunings sistemos reguliavimu susijusiy geny — signaliniy keliy raiSkos padi-
déjimu. Mezenchiminio (M) potipio lastelés skyrési nuo kity dél padidéjusios
geny raiskos atsakingos uz mezenchiming diferenciacijg ir proliferacijg. Me-
zenchiminio-kamieninio (MSL) potipio Igstelés pasizyméjo mezenchiminiy
lasteliy savybémis, taciau léta proliferacija. Luminalinis androgeny recepto-
riy (LAR) potipis atskleidé padidéjusia androgeny receptoriy raiska ir andro-
geny sukeltg augimo stimuliacija. IS visy SeSiy potipiy nustatyta, kad LAR ir
M yra maziausiai agresyvus.
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Po poros mety buvo atlikta pirmoji TNBC klasifikacija, remiantis histolo-
giniu (imunohistocheminiu, IHC) ir transkriptominiu profiliavimu. Elsawaf ir
kt., naudodami IHC Zymenis, i8skirst¢ TNBC j 4 potipius: bazalinj A, bazalinj
B, bazoluminalinj, luminalinj. Klasifikacija buvo paremta citokeratiny (CkS5,
Cké6, Ck14, Ck19) ir epidermio augimo veiksnio receptoriaus (angl. epider-
mal growth factor receptor, EGFR), p53, p16 ir Ki-67 raiskos skirtumais.
Bazalinio A ir B potipio navikai pasizym¢jo geresne ligos eiga ir atsaku ]
gydyma, lyginant su bazoluminaliniu ir luminaliniu potipiais [24].

Vis daugiau mokslininky pradéjo gilintis ] TNBC heterogeniskuma, ir 2015
metais nepriklausomos tyréjy grupés pasitlé tris skirtingas TNBC klasifikaci-
jas. Burstein vadovaujama mokslininky grupé atliko TNBC naviky skirstyma
(Burstein klasifikacija) pagal geny raiskos profiliavimg ir variacijos kopijy
skai¢iy (angl. copy numbers variations, CNVs) ir i§skyre keturis TNBC poti-
pius: LAR, mezenchiminis (MES), bazalinis imuniteta slopinantis (BLIS) ir
bazalinis imunitetg aktyvuojantis (BLIA). BLIS potipis pasizyméjo blogiau-
siu pacienty iSgyvenamumu, tuo tarpu BLIA — geriausiu, lyginant su liku-
siais potipiais [34]. Tuo pat metu Jézéquel ir kt. atliktame tyrime, pritaikant
transkriptominj profiliavima, nustatyti trys skirtingi TNBC potipiai (C1, C2 ir
C3). CI klasteris apémé TNBC navikus su molekuliniu apokrininiu fenotipu,
kuriems biidinga geresné prognoze, o C2 ir C3 buvo praturtinti bazaliniy po-
tipio naviky savybémis. C2 pasizyméjo biologiniu agresyvumu ir imunitetg
slopinanciu fenotipu, o C3 pasizyméjo adaptyvaus imuninio atsako ir imu-
niniy kontrolés tasky reguliacijos padidéjimu [35]. Stirzaker ir kt. suskirste
TNBC potipius remiantis naviky epigenetiniais profiliais. TNBC suskirsté i
tris klasterius pagal metilinimo grupes. Klasteris 1 (aukstas metilinimo lygis)
pasizyméjo atsparumu gydymui, sparciai progresuojantis ir labai agresyvus
fenotipas. Klasteris 2 (vidutinis metilinimo lygis) yra misrios epigenetinés
modifikacijos fenotipas, daznai gali buti kaip pereinamasis fenotipas j klas-
terj 1. Klasteris 3 (zemas metilinimas) pasizymi Zemesniu metilinimo lygiu,
o tai lemia pernelyg didele onkogeny raiskg ir gali nulemti naviko nevienoda
atsakg  taikoma gydyma [36].

Pragjus penkeriems metams po pirmosios TNBC Kklasifikacijos, ta pati
Lehmann vadovaujama mokslininky grupé patikslino TNBC klasifikacija
dél aptikty navika infiltruojanciy limfocity (TIL) ir stromos Igsteliy esanciy
IM ir MSL potipiuose. Atlikus $iy tyrimy analiz¢, buvo iSskiriami tik keturi
TNBC potipiai (TNBC-4 klasifikacija): BL1, BL2, M ir LAR. BL1 pasizy-
méjo lengviausia ligos eiga i$ visy keturiy TNBC potipiy [7]. Tuo pat metu
Liu mokslininky grupé pasteb¢jo, kad remiantis ilgyjy nekoduojanciy RNR
(angl. long non-coding RNR, IncRNR) profiliais, kurie yra geny raiSkos regu-
liatoriai, TNBC galima klasifikuoti j skirtingus potipius. Apjunge mRNR ir
IncRNR raiskos profilius, mokslininkai sukiir¢ Fudano universiteto klasifika-
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cijos sistemg (FUSCC), pagal kurig TNBC buvo suskirstytas i 4 potipius: IM
— kuriame nustatytas padidéjes imuniniy Igsteliy signaliniy keliy kiekis; LAR
— padidé¢jes aktyvumas su hormony reguliavimu susijusiais keliais; MES —
zema lastelés proliferacijos geny raiska, bet padidéjes EMT signaliniy ke-
liy aktyvumas; BLIS — Siam potipiui biidingas proliferacijos signaliniy keliy
aktyvumo padid¢jimas ir imuninio atsako geny raiSkos sumazé¢jimas. IS Siy
keturiy TNBC potipiy, BLIS pasiZymeéjo agresyviausia ligos forma [37]. Liu
mokslininky komanda, palygino savo TNBC klasifikacijg su Lehman TNBC-
6 klasifikacija. Mokslininkai pastebéjo, kad IM potipis yra beveik identiskas
abiejose mokslininky sukurtose klasifikacijose, o LAR ir BLIS beveik atitin-
ka Lehmano LAR ir BL1 potipius [37].

Masuda ir kt., 2017 metais pastebéjo, kad TNBC galima iSskirti j du poti-
pius remiantis funkciniy baltymy skirtumais. Atlike atvirk$tinés fazés balty-
my analize TNBC suskirste i: I/H potipj (uzdegiminis, su hormonais susij¢s),
kuris i8siskyré kanoniniais signaliniais keliais (uzdegimo, hormony recepto-
riy ir MAPK signaliniai keliai). DD potipis (susijes su DNR paZeidimais),
kuris i$siskyré GADD45, DNR pazeidimais ir p53 signalinio kelio aktyvumo
padidéjimu [38].

Jiang ir kt., mokslininky grupé po poros mety atlikusi RNR raiskos, DNR
kopijy skaiCiaus ir somatiniy mutacijy analize, TNBC méginiuose iSskyre 4
potipius: IM, BLIS, LAR ir MES. IS visy 4 potipiy BLIS pasizym¢jo geriau-
sia ligos prognoze, palyginus su likusiais potipiais [39].

DiNome ir kt., 2021 metais atlike viso DNR genomo metilinimo profiliy
analiz¢, TNBC suskirsté  keturi potipius: Epi-CL-A, Epi-CL-B, Epi-CL-C,
Epi-CL-D. I§ visy potipiy Epi-CL-B pasizyme¢jo kaip agresyviausias feno-
tipas [40]. Tuo pat metu Gong ir kt., atlike TNBC méginiy analize, iSskyre
tris TNBC potipius pagal skirtingg metaboliniy keliy aktyvuma: MPS1 — li-
pogeninis (iSauges lipidy metabolizmas), MPS2 — glikolizinis (suaktyvéjes
angliavandeniy ir nukleotidy metabolizmas), MPS3 — misrus potipis su dali-
niu metaboliniy keliy sutrikimu. Nustatyta, kad MPS2 potipis yra pats agre-
syviausias [41].

Vienas naujausiy TNBC klasifikacijos modeliy pasitilytas Asleh moksli-
nés grupés, kuri 2022 metais iStyré¢ 300 formaline fiksuoty TNBC. Tyrimo
rezultatai atskleide, kad TNBC galima isskirti 4 potipius, kurie buvo identi-
fikuoti ir Burstein ir kt. 2016 metais. Sio tyrimo metu buvo atlikta globali pro-
teomikos analize, kurioje i8siskyré keturi pagrindiniai proteomikos klasteriai:
BLIS, BLIA, LAR, MES. IS Siy potipiy geriausia ligos prognoze pasizyméjo
BLIA, blogiausia — BLIS [42].

Naujos kartos sekoskaita, kompiuterinés sistemos ir eksponentiskai didé-
jantis turimy duomeny kiekis padéjo rasti biidus, kaip identifikuoti skirtin-
gus TNBC potipius. IS pradziy buvo naudojami imunohistocheminiai (IHC)
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metodai, véliau pereita prie geny raiSkos mikrogardeliy tyrimy. Pastebéjus
svarbius skirtumus tarp TNBC mRNR ir IncRNR raiSky, buvo atnaujinta
TNBC klasifikacija. Per pastaruosius penkerius metus TNBC identifikavimui
taikytos naujos metodikos, tokios kaip alternatyvi poliadenilizacija, DNR
metilinimas, baltymy kiekio analizé bei metaboliniy keliy sutrikimy tyrimai.
Siy tyrimy tikslas yra kuo tiksliau identifikuoti atskirus TNBC potipius, rasti
potencialius gydymo taikinius ir pritaikyti personalizuota gydymo strategi-
ja. TNBC pasizymi daugybe skirtingy klasifikacijy, kurios remiasi naviky
genetiniais, epigenetiniais ir molekuliniais profiliais. Sios klasifikacijos yra
itin svarbios gydymui, nes jos leidZia nustatyti specifinius naviky potipius ir
parinkti tikslinius terapinius metodus, tokiu biidu pagerinant gydymo efekty-
vumg ir pacienty i§gyvenamuma.

Taciau TNBC gydyma vis dar labai apsunkina vidinis naviky heterogenis-
kumas, kai navika sudaro skirtingy fenotipy vézinés lastelés. D¢l to, mazas
biopsinés medziagos kiekis, ne visada atspindi tikraja naviko sudétj ir tai-
komas gydymas gali biiti efektyvus tik daliai naviko, todél liga véliau gali
atsinaujinti.

1.1.2. Trejopai neigiamo kriities véZio lasteliy mutacijos lemiancios
potipiy jvairove

Trejopai neigiamo kriities vézio klasifikacija padéjo aiSkiau suprasti Sios
ligos heterogeniskuma ir tai, kad ieSkant naujy vaisty reikia atkreipti démes;j |
kiekvieno TNBC potipio savybes. Taikant jvairius analizés metodus identifi-
kuoti TNBC potipiai (1.1.2.1 lentel¢) atskleide ir daugybe kiekvieno potipiy
skirtumy, kuriems mokslininkai pasitilé ir galimus terapinius taikinius.

1.1.2.1 lentelé. TNBC klasifikacijos metodai

Metodas TNBC potipiai Saltinis
Imunohistocheminis Luminalinis, bazoluminalinis, bazalinis A ir B [43]
Geny raiska, mikrogardelés BL1, BL2, IM, M, MSL, LAR [33]
Geny raiska, mikrogardelés BL1, BL2, M, LAR [7]
Geny raiska (CNV) BLIA, BLIS, LAR, MES [34]
Geny raiska C1,C2,C3 [35]
mRNR ir IncRNR MES, BLIS, LAR, IM [37]
Alternatyvus poliadelinimas | LAR, MLIA, BL, S [42]
DNR metilinimas 450K Epi-CL-A, Epi-CL-B, Epi-CL-C, Epi-CL-D [40]
DNR metilinimas, MBD- Klasteris 1, Klasteris 2, Klasteris 3 [36]
Cap-Seq
Baltymy lygio nustatymas I/H-potipis, DD-potipis [38]
Metaboliniy keliy skirtumai | MPS1, MPS2, MPS3 [41]
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Geny raiska — kopijy skaiciaus variacijos

TNBC serganciy pacienty navikuose ir kraujyje cirkuliuojancioje DNR
nustatyti skirtingi vieno nukleotido variantai (angl. single nucleotide variant,
SNV) [44]. Jiang ir kt., butent ir pastebé&jo Siuos skirtumus atliktame FUSCC
kohortiniame tyrime, kur somatinés mutacijos ir SNV atvejai skyrési tarp ats-
kiry TNBC potipiy. Pavyzdziui, FUSCC LAR navikuose yra stipriai padidéjes
PI3K signalinio kelio mutacijy kiekis. Itin aukStas genetinis nestabilumas nu-
statytas ir FUSCC BLIS potipyje. Remiantis mutacijy skirtumais TNBC Igste-
Iése, Sio tyrimo metu buvo isskirtos pagrindinés 4 mutacijy grupés. 1) Homo-
loginés rekombinacijos deficitas (angl. homologous recombination deficiency,
HRD), kai lgstelés geb¢jimas taisyti DNR dviguby grandiniy liiZius naudojant
HRD kelig yra sutrikes. Tai sukelia genominj nestabilumg ir yra susij¢ su su-
mazg¢jusiu atsparumu tam tikriems chemoterapiniams vaistams ir PARP inhibi-
toriams; 2) laikrodzio mutacijos (angl. clock-like), jos kaupiasi matomu btdu
laikui bégant, atspindédamos laikrodZio judéjimo nuosekluma, Sios mutacijos
suteikia jzvalgy apie véZzio progresavimo greitj, naviko vystymosi laikotarpi.
3) APOBEC mutacijos (apolipoproteino B mRNR keiciantis fermentas, katali-
tinis polipeptidas) atlieka svarby vaidmenj RNR ir DNR molekulése, keiciant
citozino nukleotidus ] uracila, Sis procesas yra ypac¢ svarbus vézio kontekste,
nes APOBEC fermentai gali sukelti mutacijas, kurios véliau lemia naviko su-
siformavima; 4) misraus potipio mutacijos, neturé¢jo dominuojanciy mutacijy
[39]. Idomu tai, kad HRD potipis pasizyméjo didesne giminingy varianty dali-
mi nei kiti mutacijy potipiai. Tai reiskia, kad pacientai, kuriems nustatytas Sis
mutacinis potipis, turi paveldéta genetinj polinkj Sioms mutacijoms atsirasti,
kuris trikdo DNR taisymo mechanizmus. Nustatyta, kad biitent $io potipio na-
vikuose dazniausiai buvo aptinkamos BRCAI, RAD51D ir BRCA2 geny mu-
tacijos. Naviky (su HRD potipiu) gydymui ypac tinka PARP slopikliai [45].

Alternatyvus poliadenilinimas

Nustatant TNBC potipius taip pat buvo atsizvelgiama j RNR brendima, at-
liekant alternatyvaus poliadelinimo analiz¢ TNBC kohortiniame tyrime. Atli-
kus tyrima, $iy keturiy potipiy geny raiska buvo palyginta su TNBC-6 klasifi-
kacija. Potipis 1, pavadintas LAR, buvo praturtintas hormony reguliuojamais
keliais ir labai sutapo su LAR potipiu TNBC-6 klasifikacijoje. Remiantis Sia
klasifikacija, M, MSL ir IM grupése nustatyti geny raiskos modeliai priski-
riami 2 potipiui, kurj pavadino mezenchiminiu imuniteto aktyvuotu (MLIA).
Trecias potipis pavadintas bazaliniu (BL), dél padidéjusios proliferacijos ir
déel su DNR pazaidy susijusiais genais. Sis potipis buvo panasus j BL potipj
TNBC-6 klasifikacijoje. Ketvirtasis potipis, kurio ligos prognozé buvo blo-
giausia, pasizymejo lasteliy augimo ir su imunitetu susijusiy keliy reguliaci-
jos sumaze¢jimu ir buvo pavadintas slopinamuoju (S) potipiu [46].
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DNR metilinimas MBDCAp-Seq metodu

DNR metilinimo (DNRm) modeliai taip pat naudojami naviky apibiidini-
mui [47]. I§ pradziy buvo identifikuotos trys skirtingos DNRm grupés nau-
dojant MBDCap-Seq metoda, kuris naudojamas DNR metilinimo modeliams
visame genome nustatyti. Sio tyrimo metu nustatyti 865 TNBC skirtingai meti-
linami regionai, daugelis 1§ jy — hipermetilinti. Atlikus i§gyvenamumo analize
buvo nustatyta, kad tokio potipio navikai pasizyméjo geresne ligos prognoze
[36]. Remiantis DNRm modeliu, TNBC i$skirtas j keturis epitipus. Epi-CL-A
labiausiai atitiko mezenchiminj potipj (TNBC-6 klasifikacijos), Epi-CL-B pa-
sizyméjo mezenchiminiy lgsteliy diferenciacijos aktyvavimu ir proliferacijos
signaliniy keliy aktyvumu. Epi-CL-C apibudintas kaip su hipoksijos signaliniy
keliy aktyvavimu ir baltymy homeostazés reguliavimu. Epi-CL-D iSsiskyre
imuninés sistemos signaliniy keliy aktyvumu, tokiy kaip padidinto atsako |
interferong beta, bei T lgsteliy sukelto citotoksisSkumo reguliavima [40].

Proteominé analizé

Naviky proteominé analizé dar vienas i§ biidy TNBC naviky klasifikaci-
jai, kuris pradedamas vis placiau naudoti tikslinéje medicinoje. Naudojant
atvirkstinés fazés baltymy matricg (angl. reverse-phase protein array, RPPA)
buvo nustatyti du stabilis TNBC naviky klasteriai. Baltymy poZymiy analizé
atskleidé, kad viename i§ klasteriy buvo gausu augimo slopinimo ir DNR
pazeidimo (GADD45 geny) ir p53 signalizavimo veiksniy. Sis potipis buvo
identifikuotas kaip su DNR pazeidimu (angl. DNR damage, DD) susij¢s poti-
pis. Kitas klasteris buvo pavadintas I/H potipiu dél jo rySio su uzdegimu, hor-
moniniais receptoriais ir MAPK signaliniais keliais [38]. Atlikus detalesne
klasteriy analiz¢ nustatyta, kad RPPA klasifikacija labai sutampa su TNBC-4
[7] klasifikavimo sistema. Kur BL1 ir BL2 atitinka RPPA subklasterius 2 ir 1,
kurie priskiriami prie DNR pazaidy potipio [38].

Metaboliniy keliy skirtumais paremta TNBC klasifikacija

Visai neseniai, metaboliniy keliy skirtumai pradéti naudoti TNBC klasi-
fikacijai. FUSCC kohortinio tyrimo metu [39] buvo analizuojama geny rais-
ka, kad buty galima identifikuoti transkriptomikos skirtumus genuose, susi-
jusiuose su metaboliniais keliais [41]. Remiantis Siuo tyrimu, TNBC buvo
priskirtas trims skirtingoms metaboliniy keliy grupéms (angl. metabolic pa-
thways subtypes, MPS), kurios pasizymejo skirtingomis metabolinémis savy-
bémis. MPS1 potipis buvo apibréztas kaip lipogeninis potipis, kuris pasizy-
mejo padidéjusiu lipidy metabolizmu, PI3K ir RTK-RAS keliy mutacijomis;
MPS2 — apibiidintas kaip glikolitinis potipis, kuriame padidéjes angliavande-
niy nukleotidy metabolizmas ir HRD, CNA (angl. copy-number alterations,
CNA). Sis potipis pasizyméjo blogiausiu pacienty i§gyvenamumu i§ visy trijy
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potipiy. Navikai, kurie pasizymeéjo tieck MPS1, tiek MPS2 savybémis, buvo
priskirti MPS3 potipiui. Netiksliné metabolominé uzSaldyty TNBC méginiy
analiz¢ atskleide¢, kad MPS1 turéjo daugiau riebaly rugsciy, o MPS2 - dau-
giau glikolizés mediatoriy [41]. Mokslininkai nustaté potencialius terapinius
taikinius Siems potipiams. MPS1 — lipidy sintezés slopikliai, pavyzdziui C75
(riebaly rugsciy sintezes slopiklis). MPS2 — laktato dehidrogenazés slopiklis,
oksamo Tigstis [48], arba imuninés sistemos patikros tasky slopikliai, tokie
kaip programuoti lgsteliy mirties ligandai 1 (angl. programmed cell death
ligand I, PDL-1) [49].

Supratus, kad TNBC potipiai skiriasi ne tik genetiniu pobiidziu, bet ir fe-
notipiniu, vis daugiau démesio skiriama TNBC lIgsteliy fenotipiniy savybiy
nustatymo tyrimams. Tokiy savybiy identifikavimas padéty nuspéti galima
lasteliy atsakg j tatkoma gydyma ir taip prognozuoti blisimag ligos eiga.

1.1.3. Trejopai neigiamo kriities véZio mechanizmai, lemiantys
atsparumg vaistams

TNBC lasteliy atsparumas vaistams yra didelé klititis s€kmingam ligos
gydymui. Atsparumg vaistams lemia daug jvairiy ir sudétingy mechanizmy:
geny raiSkos pokyciai, alternatyviy signaliniy keliy aktyvavimas, naviko mi-
kroaplinkos poky¢iai, vézio kamieniniy lgsteliy suaktyvéjimas, véziniy laste-
liy sgveika su naviko mikroaplinka ir vézinémis lgstelémis ir kt. Tod¢l svarbu
tirti kiekvieng atsparumo mechanizmg ir ieSkoti naujy potencialiy terapiniy
taikiniy.

Vaisty pasalinimas

Sumazg¢jusi vidulasteliné vaisty koncentracija, dél padidéjusio vaisty pa-
Salinimo i§ lgsteliy, yra vienas pagrindiniy atsparumo chemoterapijai mecha-
nizmy [50] (1.1.3.1 pav. A). ATP prisijungiantys (ABC) neSikliai atlieka pa-
grindinj vaidmenj vaisty pasalinime i$ Igsteliy. ABCB1, ABCC1 ir ABCG2
genai siejami su daugiavais¢iu atsparumu veézinése lastelése [51] (1.1.3.1 pav.
A). P-glikoproteinas (P-gp, ABCBI1), kurio padidéjusi raiSka vézinése Igstele-
se lemia daugiavaistj atsparuma, yra pagrindinis nesiklis, dalyvaujantis DOX
atsparumo mechanizme. Nuslopinus P-gp geng PTX atspariose SKBR3 ir
MCEF-7 lastelése, jos tapo jautrios PTX [52]. TNBC lastelése, ypa¢ mezenchi-
minio ir mezenchimio-kamieninio potipio, padidéjusi P-gp, MRP1 (ABCC1)
ir BCRP (ABCG2) geny raiska [53,54].

Padidéjes DNR pazaidy taisymas ir lgsteliy senéjimo isvengimas

DNR pazeidimas vézinése lastelése yra daugelio vaisty (doksorubicino,
cisplatinos, 5-fluorouracilo, gemcitabino) pagrindinis taikinys. DNR pazei-
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dimy atsakas gali lemti atsparumg vaistams dél padidéjusio DNR pazaidy
taisymo. TNBC atveju BL1 potipio lastelése nustatytas ypac¢ padidéjes DNR
pazaidy taisymas [9]. Slopinant DNR pazaidy taisyma, pavyzdziui, PARP slo-
pikliais, galima sumazinti atsparumag gydymui (1.1.3.1 pav. E). Klinikiniuose
tyrimuose TNBC pacientams taikomas niraparibo ir pembrolizumabo deri-
nukreipti ] DNR pataisos kinazes, taip pat yra potencialus gydymo biidas, nes
sustiprina atspariy lasteliy apoptoze. Chemoterapiniai vaistai sukelia 1gsteliy
sen¢jimg, kurio metu lgstelés sustoja dalintis ir daugintis. Vézinés lastelés,
veikiamos chemoterapijos, gali igyti CSCs savybiy, iSvengdamos senéjimo
proceso ir skatindamos ligos progresavimg [56]. Tokie atsparumo mechaniz-
mai aptinkami BL1 ir MSL potipiuose. BL1 potipio Igstelés pasizymi itin
aukStu DNR pazaidy taisymu, padedanciu iSvengti DNR pazaidy kaupimosi
ir uzprogramuotos lasteliy mirties [57,58].
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Epigenetinés modifikacijos

Geny slopinimas, histony modifikacijos ir nekoduojanc¢iy RNR raiskos po-
ky¢iai gali prisidéti prie chemoterapijos atsparumo. Atsparumas gali atsirasti
del taikiniy mutacijy arba epigenetiniy pokyc¢iy (1.1.3.1 pav. D), kurie keicia
vaisto taikinio raiska [59]. Pavyzdziui, atsparumas tamoksifenui ER kriities
veézio atveju gali atsirasti dél sumazejusios ER raiskos, kurig lemia mutacijos
ir epigenetiniai pokyciai. Epigenetiniai vaistai, tokie kaip DNR metilinimo
slopikliai (5-azacitidinas ir 5-aza-2’-deoksicitidinas), naudojami véziniy su-
sirgimy gydymui ir tiriami klinikiniuose tyrimuose kombinuotam gydymui
[60]. TNBC mezenchiminio potipio vézinése lastelése nustatytas statistiSkai
reikSmingai didesnis epigenetiniy modifikacijy kiekis, palyginti su kitais
TNBC potipiais. Sios modifikacijos, nutildant tam tikrus genus, lemia atspa-
rumg gydymui, nes daugelis prieSvéziniy vaisty yra nukreipti i Siuos genus ar
ju signalinius kelius [61].

Epitelio-mezenchiminis peréjimas (EMT)

Normaliose lIgstelése, EMT dalyvauja embriony vystymosi procese ir Zaiz-
dy gijime, leisdamas epitelinéms Igsteléms jgyti mezenchiminiy savybiy, dél
to jos tampa judresnés ir invazyvesnés [62]. Tokj per¢jimg lemia sudétingas
signaliniy keliy ir transkripcijos veiksniy, tokiy kaip SNAIL, ZEB, TWIST
Seimos, tinklas (1.1.3.1 pav. C). TNBC mezenchiminio ir mezenchiminio-ka-
mieninio potipio lgstelés pasizymi ypac aktyviu EMT, leidzianciu Sioms Igs-
teléms atsiskirti nuo pirminio naviko ir i$plisti i kitus organus. EMT taip pat
yra susijes su atsparumu chemoterapijai ir gebéjimu iSvengti imunings siste-
mos, apsunkinant véziniy susirgimy gydyma [63]. EMT lastelés turi panaSu-
my signaly sklaidos keliuose su CSCs lagstelémis. Naudojant chemoterapinj
vaistg etoposida, padidéjo RhoC raiSka, sukelianti EMT fenotipo atsiradima
kriities veézyje, tai irodo EMT, CSCs ir atsparumo gydymui rysj [64]. RhoC
reguliuoja Igsteliy citoskeleto gijy iSsidéstymg ir padidéjusi RhoC raiska yra
susijusi su bloga kriities vézio prognoze. RhoC ne tik svarbus CSCs metas-
taziniam potencialui ir dauginimuisi, bet ir jy elgsenai. Moduliuojant RhoC
raiSka, pastebeéti pokyciai lgsteliy proliferacijai ir gebéjimui jsiskverbti | ap-
linkinius audinius [65]. Taikiniai, sukurti prie§ RhoC, gali buti perspektyvi
gydymo strategija.

Hipoksija

Hipoksija vaidina svarby vaidmenj moduliuojant naviko mikroaplinka
(angl. tumor microenvironment, TME), lemia atsparuma gydymui, bei prisi-
deda prie véziniy ligy progresavimo. Zinoma, kad Igsteléms esant hipoksinéje
aplinkoje, padidéja hipoksija sukeliancio veiksnio aktyvumas (HIF). HIF ak-
tyvavimas lemia CSCs fenotipo lgsteliy populiacijos gauséjima, iSaugusia na-
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viky angiogenezg, vaisty pasalinima dél padidéjusios ABCC1 ir ABCG2 rais-
kos, sen¢jimo ir apoptozés moduliacijas, metastaziy formavimg ir genomo
nestabilumg [64,66] (1.1.3.1 pav. B). Hipoksija sukeliantis veiksnys 1 (HIFs-
1) skatina epitelinj — mezenchiminj lgsteliy per¢jima (EMT) ir tai yra vienas
1§ TNBC pozymiy [64]. Dar vienas i mechanizmy, kaip hipoksiné lgsteliy
buklé lemia atsparumg vaistams — sukuriamas ,,atvirkstinis pH gradientas®.
Aplink véZines lgsteles yra labiau riigStiné aplinka (pH 6,5-7,1) nei norma-
liuose audiniuose. Sumazejus uzlgsteliniam pH, silpnai baziniai prieSvéziniai
vaistai yra jonizuojami ir teigiamas kriivis riboja vaisty transportg j lasteles.
Protony siurbliy slopikliai yra vienas i$ terapinio gydymo taikiniy, galin¢iy
padidinti uZlgstelinj pH ir taip sumazinti véziniy lgsteliy atsparuma gydyme
taikomiems vaistams [66]. TNBC lastelés gali lengvai prisitaikyti prie hipok-
sinés aplinkos salygy keiciant lgsteliy metabolizma i glikolitinj. Mezenchimi-
nio ir mezenchiminio-kamieninio potipio lastelés geba iSgyventi hipoksinés
aplinkos salygomis dél greito EMT aktyvavimo [67].

Naviky vidinio heterogeniskumo nulemtas atsparumas vaistams

Krities vézio navikai, jskaitant TNBC, dazniausiai sudaryti 1§ fenotipiskai
skirtingy véZiniy lasteliy populiacijy, pasizyminciy skirtingomis epigeneti-
némis modifikacijomis ir fenotipinémis savybémis, tai lemia lgsteliy atsakg |
gydyma. Pavyzdziui TNBC, BL1 ir BL2 potipiams tinkamas chemoterapinis
gydymas arba PARP slopikliai, tuo tarpu M ir MSL potipiams gydymas turi
biiti nukreiptas j specifinius signaliniy keliy taikinius, tokius kaip TGF-B [9].
CSCs lastelés taip pat atlieka svarby vaidmenj véziniy susirgimy gydymo
atsparume bei ligos atsinaujinimo procese, nes Sios lastelés geba ,,savaime
atsinaujinti®. Atlikti tyrimai rodo, kad CSCs yra atsparios jprastiems gydymo
metodams [66]. Vienas i§ budy identifikuoti CSCs — biozymeny, tokiy kaip
CD133, panaudojimas [68]. Kol kas néra Zinoma, kokie mechanizmai CSCs
lastelése lemia jy atsparumg gydymui. Nustatyta, kad CSCs jprastai yra ra-
mybés, ,,miego* bisenoje ir pasizymi ypaé didele ABC nesikliy raiska. Siy
lasteliy atsparumas gydymui gali biiti susijes ir su tuo, kad 1asteléms esant ra-
mybes biisenoje, GO ciklo fazgje, jos iSvengia gydymo, kadangi daugelis che-
moterapiniy vaisty ar radioterapijos metody veikia tik greitai besidauginan-
Cias lagsteles [69]. Navikus, sudarytus i$ tokiy fenotipiskai skirtingy Iasteliy,
ypatingai sudétinga gydyti, nes sunku identifikuoti naviky fenotiping sudétj.

1.2. Lasteliu saveikos jtaka gydymo atsparumui

Sveikuose audiniuose lastelés saveikauja tarpusavyje su jas supancia
aplinka, gerai organizuotu signaliniy keliy tinklu. Tai palaiko homeostaze ir
audiniy vientisuma, bei uztikrina sklandy organizmo funkcionavima. Laste-
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liy tarpusavio sgveika svarbi jvairiems fiziologiniams procesams, jskaitant
lasteliy diferenciacija, proliferacijg ir apoptoze, kurie yra grieZtai reguliuoja-
mi siekiant uZztikrinti audiniy ,,sveikata* ir funkcijg. Lasteliy sagveika vyksta
per tiesioginj salytj arba netiesioginj, per signalinius veiksnius — hormonus,
augimo veiksnys, citokinus, chemokinus, egzosomas [70]. Lasteliy sgveikos
procesuose svarby vaidmenj atlieka ir uzlastelinis uzpildas (ECM), kuris pa-
laiko lgsteliy adhezija, uztikrina audiniy vientisumg ir dalyvauja signaly per-
davimo procesuose [71]. Lasteliy sgveika yra svarbi tuo, kad padeda palaikyti
pusiausvyrg tarp lagsteliy augimo ir jy ziities, uztikrinant tinkama audiniy vys-
tymasi, regeneracija, pazaidy taisyma. Pavyzdziui, pusiausvyra tarp prolife-
racijos signaly ir Igstelés ciklo slopikliy apsaugo nuo nekontroliuojamo lgste-
liy dalijimosi, $ios pusiausvyros sutrikimas gali lemti naviky susiformavima.
Taip pat tinkamai reguliuojama lgsteliy mirtis (apoptoze) pasalina paZeistas
ar nereikalingas lasteles, uzkirsdama kelig mutacijy kaupimuisi, galin¢iam
paskatinti véZio vystymasi [72].

Kai véziniuose audiniuose lgsteliy sgveikos reguliavimas sutrinka, pakinta
normali audiniy struktiira ir jy funkcijos. Véziniy lgsteliy sgveika su Igste-
liniais ir nelgsteliniais komponentais, juos panaudoja savo iSgyvenamumui,
dauginimuisi, invazijai ir metastaziy formavimui [73]. Naviky progresavimo
ir gydymo atsparumui didele jtakg daro véziniy lgsteliy sgveika su naviko mi-
kroaplinkos lgstelémis, bei fenotipiskai skirtingy véziniy Iasteliy tarpusavio
saveika.

1.2.1. Véziniy lasteliy saveika su naviko mikroaplinkos lastelémis

Fibroblastai ir su vézZinemis lgstelémis susije fibroblastai (CAFs)

Naviko mikroaplinkg sudaro jvairs lgsteliniai ir nelgsteliniai komponen-
tai, kuriy sgveika su vézinémis Igstelémis turi jtakos ligos progresavimui, me-
tastaziy formavimui ir atsakui ] gydyma. Lasteliniai TME komponentai: su
vézinémis lastelémis susij¢ fibroblastai (angl. cancer-associated fibroblasts,
CAFs), imunings lgstelés (T, B lastelés, makrofagai, dendritinés lgstelés ir
natiralios Zudikés (angl. natural killer, NK), endotelio Igstelés, adipocitai
(1.2.1.1 pav.). Nelasteliniai komponentai: uZlgstelinis matriksas (angl. extra-
cellular matrix, ECM), egzosomos, jvairts tirpls faktoriai (citokinai, chemo-
kinai, augimo faktoriai, hormonai) [64].
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1.2.1.1 pav. Véziniy lgsteliy sqveika su naviko mikroaplinkos lgstelémis
Saveika: A — su vézinémis lastelémis susijusiais fibroblastais, CAFs; B — su vézinémis lgs-
telémis susijusiais makrofagais, TAMs; C — su vézinémis lgstelémis susijusiais adipocitais,
CAAs; D —su T tipo infiltruojanéiais limfocitais, TILs.

Fibroblastai yra pagrindinis stromos lgstelinis komponentas, kuris fizio-
logiskai palaiko ir apsaugo epitelj, sintetindamas ir pertvarkydamas ECM,
1vykus ECM pazeidimams. Navikuose fibroblastai gali jgyti nejprasty savy-
biy ir prisidéti prie naviko progresavimo bei plitimo, sgveikaujant su vézio ir
stromos Igstelémis. Fibroblastai, vadinami CAFs, skiriasi nuo normaliy fibro-
blasty (NF) tiek funkciniu, tiek genetiniu pozitriu [74]. Siuo metu yra zinoma
keletas skirtingy CAFs fenotipy 1) miofibroblastiniai CAFs (myCAFs), iSsi-
skiriantys a-lygiyjy raumeny aktino (a-SMA) raiska ir pertvarkantys ECM
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naviko augimui; 2) uzdegiminiai CAFs (iCAFs), gaminantys uzdegiminius
citokinus ir chemokinus, palaikantys uzdegiming mikroaplinkg; 3) antige-
nus pateikiantys CAFs (apCAFs), moduliuojantys imuninj atsakg ir T laste-
liy saveika [75]. Véziniy lgsteliy ir CAFs lasteliy sagveika vyksta per jvairius
kompleksinius mechanizmus (1.2.1.1 pav. A). Pirmiausia, CAFs atsiradimas
nulemtas véziniy lasteliy, kurios iSskiria tokius veiksnius kaip TGF-f, PDGF,
FGF ir jvairius citokinus. Sios molekulés aktyvuoja fibroblastus ir skatina
ju diferenciacijg 1 CAFs (1.2.1.1 pav. Al). Tuomet CAFs lastelés aktyviai
gamina ir i$skiria jvairius veiksnius, kurie sukuria palankias salygas véziniy
lasteliy dauginimuisi. Pavyzdziui, CAFs iSskiriamas augimo veiksnys HGF,
skatina véziniy lasteliy proliferacija ir Igsteliy judrumg [76]. Kitas sgveikos
mechanizmas, veikiantis tiesiogiai ir netiesiogiai — CAFs Igstelés iSskiria che-
mokinus (pvz.: CCL2, CXCL12), kurie | naviko mikroaplinkg ,,pritraukia“
imunines lgsteles (1.2.1.1 pav. AS). Taip pat CAFs chemokinai tiesiogiai vei-
kia vézines lgsteles, skatina véziniy lgsteliy migracija. Trec€iasis CAFs ir vé-
ziniy Igsteliy sgveikos mechanizmas apima ECM pertvarkyma. CAFs lastelés
i$skiria kolagenag, fibronekting ir uzlgstelinio uzpildo metalproteinazes, kurios
skaido ECM komponentus ir taip palengvina véziniy Iasteliy invazijg j greti-
mus audinius [76]. Véziniy Igsteliy su CAFs lgstelémis vienas 1§ pagrindiniy
sgveikos mechanizmy — apsikeitimas egzosomomis, kurios uzpildytos balty-
mais, lipidais ar nukleoriigstimis, jskaitant ir mikroRNR (miRNR). Vézinés
lastelés naudoja egzosomas su miRNR kaip signaling molekulg skatinti CAFs
lasteliy formavima ir tokia miRNR disreguliacija turi jtakos CAFs gebéjimui
palaikyti naviky vystymasi [44,45]. CAFs lasteliy sekretomas (baltyminis mi-
Sinys), jskaitant egzosomas su miRNR ir ECM sudétis gali paveikti naviko
atsakg i gydyma. Mokslininkai nustaté, kad TNBC lasteliy iSskiriamas miR-9
skatina NF virtimg CAFs (1.2.1.1 pav. A2), o tai didina TNBC atsparumag cis-
platinai [77,78]. ER krities vézio atveju, CAFs turintys CD63 receptorius ir
egzosoming miR-22, sukelia atsparumg tamoksifenui [79]. 2017 m. Sansone
ir kt. nustaté, kad CAFs mikroptuslelés su miR-221 sukelia atsparuma hor-
mony terapijai, skatinant CD133 véZzio kamieniniy Igsteliy atsiradimg [80].
Liu Y. grupé pasteb¢jo, kad miR-29a trikdo p38-STAT1 signalo perdavimui,
skatindama véziniy Igsteliy augima, atsparuma vaistams ir metastaziy forma-
vimg [81] (1.2.1.1 pav. A3). I CAFs patekusi, egzosominé¢ miRNR-105, ak-
tyvuoja MYC signalinj kelig ir perprogramuoja $iy lasteliy metabolizma. Sis
perprogravimas leidzia CAFs pritaikyti savo metabolinj aktyvuma véziniy
lasteliy poreikiams (1.2.1.1 pav. A2). Pavyzdziui, esant pakankamam mais-
tiniy medZziagy kiekiui, CAFs lgstelés skatina gliukozés ir glutamino apykai-
ta, taip ,,maitinant* vézines lasteles. Esant maistiniy medziagy stygiui, CAFs
lastelés apsaugo vézines lgsteles nuo medziagy apykaitos produkty liekany,
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jas detoksikuojant [82] (1.2.1.1 pav. A4), o toks véziniy ir CAFs lasteliy rySys
rodo, kokig jtaka lasteliy tarpusavio sgveika turi véziniy susirgimy atveju.

Makrofagai

Su kriities véziu susije makrofagai (angl. tumor-associated macrophages,
TAMs) yra kriities naviky mikroaplinkos komponetas. TAMs diferencijuoja
1§ aplink navikg cirkuliuojan¢iy monocity. TAMs gamina ir iSskiria jvairius
citokinus, fermentus, veiksnius, kurie skatina naviko augima, angiogeneze,
metastaziy formavima ir turi jtakos atsparumo vaistams susiformavime [83].
Makrofagai paprastai skirstomi j du potipius atsizvelgiant j jy funkcijg: M1
— prieSuzdegiminiai ir turi pries-navikinj poveikj, dalyvauja Thl imuniniame
atsake, gamina prieSuzdegiminius citokinus ir skatina patogeny ir véziniy las-
teliy naikinima; M2 — prieSuzdegiminiai turi pro-navikinj poveikj, dalyvauja
Th2 imuniniame atsake, palaiko audiniy atstatyma, naviko augima, angio-
genezg ir slopina imuninj atsaka [84]. Navikuose TAMs dazniausiai yra M2
fenotipo, kurie gamina ir iSskiria tokius veiksnius kaip, IL-4, IL-13, IL-10 ir
C-C motyvo ligandus 2, 17 ir 22, bei TGF-p, kurie skatina véziniy lgsteliy
augimg ir plitimg (1.2.1.1 pav. D). Taip pat nustatyta, kad M2 makrofagai
yra susij¢ su chemoterapinio gydymo atsparumu [85]. Atlikti tyrimai parode,
kad miRNR daro didele jtakg makrofagy poliarizacijai ir imuniniam atsakui
naviko mikroaplinkoje. 2012 metais atliktas tyrimas atskleidé, kad miR-155
gali perprogramuoti M2 makrofagus j pro-uzdegiminj M1 fenotipa, taip pa-
bréziant esminj miR-155 vaidmenj makrofagy fenotipo pasikeitime [86]. To-
limesni kriities vézio tyrimai parodé, kad tokios miRNR kaip miR-19a-3p
gali slopinti M2 fenotipg ir sumazinti véziniy lasteliy migracijg ir invazija.
Be to, navikines lastelés ir naviko mikroaplinkos lastelés gali apsikeisti miR-
NR, darydamos jtaka makrofagy elgsenai ir ligos progresavimui. Tolimesni
tyrimai parodé, kad miRNR kaip miR-503, miR-375 ir miR-100 vaidina svar-
by vaidmenj skatinant arba slopinant makrofagy migracija, naviko augimg ir
metastaziy formavima [87]. TNBC atveju miR-149 yra susijusi su sumaz¢ju-
sia makrofagy infiltracija ir geresniais igyvenamumo rezultatais [88]. Sios
1Svados parodo miRNR potencialg kei¢iant TAMs elgseng ir taip sumaZinant
véziniy lasteliy atsparumg gydymui.

Navikq infiltruojantys limfocitai (TILs)

Naviko mikroaplinkoje daznai aptinkami navika infiltruojantys limfocitai
(angl. tumor-infiltrating lymphocytes, TILs) siejami su pacienty ligos pro-
gnoze ir atsaku j gydyma. Siuo metu yra Zzinoma keletas skirtingy TILs fe-
notipy: CD8+ citotoksines T lastelés, forkhead box P3-teigiami reguliatoriai
(FOXP3+), CD4+ pagalbininkai, folikulinai T-limfocitai. CD8+ citotoksinés
lastelés yra pagrindings, kurios naikina vézines Iasteles, tai lemia aukstg atsa-
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ka 1 gydyma ir geresne ligos prognoze¢. DaZnai Sios lastelés ,,iSsenka® (1.2.1.1
pav. C), sumazéja $iy lgsteliy proliferacija bei interferono-y gamyba, taip
CD8+ nebegali naikinti véZziniy lasteliy [89]. Lemiamg vaidmen;j T-1asteliy re-
guliavime vaidina miRNR, o ypa¢ miR-149-3p, kuris sutrikdo CD8+ lgsteliy
aktyvuma ir gebéjimg naikinti vézines Igsteles. Tai rodo, kad miR-149-3p gali
buti naudojamas kaip terapinis vaistas [90]. Keletas kity miRNR (miR-155,
miR-149-3p, miR-204-5p) vaidina svarby vaidmenj T-1asteliy modeliavime,
vienos jy suaktyvina CD8+ Igsteles, kitos kei¢ia imuniniy Igsteliy sudét] na-
viko mikroaplinkoje didinant CD4+ ir CD8+ Igsteliy paplitima tuo paciu su-
mazinant mieloidinés kilmés supresorines (angl. myeloid-derived suppressor
cells, MDSC) ir NK Igsteles [91,92]. Sie tyrimai rodo, kad miRNR yra galimi
imunoterapijos taikiniai, galintys moduliuoti T lgsteliy imunitetg ir pagerinti
veézio gydymo rezultatus.

Adipocitai

Kraties véziniai adipocitai dar zinomi kaip su naviku susij¢ adipocitai
(angl. cancer-associated adipocytes, CAAs) yra riebalinés Igstelés esancios
naviko mikroaplinkoje. Nors §ios lgstelés vézio patogenezéje atrodo nereiks-
mingos, taCiau atlieka svarby vaidmen; prisidedant prie naviko augimo ir
progresavimo. CAAs Igsteliy sgveika su vézinémis lastelémis lemia fenotipi-
nius ir funkcinius poky¢ius tiek paciy adipoticity tiek ir véziniy lasteliy [93].
CAAs skiriasi nuo jprasty adipocity ir i$skiria jvairius veiksnius: citokinus
(CCL2, CCLS), adipokinus (leptinas), interleukinus (IL-1p, IL-6), kurie pri-
sideda prie vietinio ir sisteminio poveikio naviko mikroaplinkai [93]. Vézinés
lastelés daznai jsiskverbia j riebalinj kriity audinj ir privercia adipocitus is-
skirti laisvasias riebaly rugstis (1.2.1.1 pav. B), kurias vézinés lastelés naudo-
ja ATP sintezei ir taip paspartina naviko augima [94]. CAAs lastelés prisideda
prie véziniy lgsteliy membranos pertvarkymo, dél to sumazéja arachidono
rugsties kiekis fosfolipidy membranoje, o tai aktyvuoja autofagijos procesus
vézinése lgstelése. Autofagija apsaugo nuo véziniy Igsteliy susiformavimo,
taciau jau esant vézinéms lgsteléms ir susidarius nepalankioms aplinkos saly-
goms (hipoksijai, maistiniy medziagy stygiui, ROS) aktyvuojama autofagija.
Ivykus lastelés autofagijai, susidaro medziagos apykaitos substraty, kuriuos
naudoja aplinkinés vézinés lastelés, kad iSgyventy [95]. Todél riebaly riigsciy
pernasos slopinimas tarp adipocity ir véziniy lasteliy gali biti vienas i$ poten-
cialiy terapijos taikiniy.

1.2.2. Véziniy lgsteliy tarpusavio saveika

Ankstesni tyrimai nagrin¢jo vidinius lasteliy pokyc¢ius, kurie lemdavo ne-
normaly véziniy lasteliy elgesj, o tai turéjo jtakos ligos progresavimui ir gy-
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dymo atsparumui. Siuo metu skiriama daugiau démesio véZiniy lasteliy savei-
kai su naviko mikroaplinkos Igstelémis, bei fenotipiskai skirtingomis veéziniy
lasteliy populiacijomis tame paciame navike. Daugéjant tyrimy, mokslininkai
nustate, kad véziniy lgsteliy saveika gali buti iSskiriama j du tipus: konkuren-
cing ir kooperatyving (bendradarbiavimg). Kai kuriais atvejais lgsteliy sgvei-
ka lemia, kad vienos vézinés lgstelés jgyja pranasumy lyginant su kitomis.
Taip pat agresyvesnio fenotipo vézinés Iastelés gali ,,paSalinti* maziau agre-
syvias ar sveikas lgsteles [96]. Lasteliy konkurencija reiskia, kad iSgyvena
stipriausios lastelés. Dazniausiai yra pasalinamos lastelés, turin¢ios tam tikry
defekty ar pazaidy ir taip sukuriama erdvé, pri¢jimas prie maistiniy medziagy
veézinéms lgsteléms. Svarbu pamineti, kad lasteliy konkurencija gali slopinti
ankstyva karcinogenezg, pasalinant mutavusias lasteles. Konkurencija tarp
veziniy lasteliy ir naviko mikroaplinkos yra vienas i§ mechanizmy lemian-
¢iy naviko invazija, difuzija, evoliucionavima, vidinio ir tarpnavikinio hete-
rogeniSkumo formavima [97,98]. Naviko susiformavimas ir progresavimas
yra labai dinamiskas procesas, kurio metu véziniy lgsteliy populiacijos ir jy
tarpusavio sgveika nuolat kinta. Besikeicianti 1gsteliy sgveika lemia hetero-
genisky naviky susiformavima su jvairiy genotipy ir fenotipy populiacijomis
[99]. Tode¢l labai svarbu suprasti, kaip Iasteliy sgveika formuoja véziniy laste-
liy populiacijas tiek erdvé¢je tiek ir laike.

Kraties véziniy lgsteliy sqveika su normaliomis (sveikomis) epitelio lgste-
lémis

Kriities véZzings lgstelés atsiranda jvykus jvairiems pakitimams kriities epi-
telinése lgstelése. Todél kriities epitelio 1gstelés yra neatsiejamai susijusios su
kraties vézinémis lastelémis. Ankstyvosios karcinogenezés stadijose norma-
lios pieno liauky epitelio Iastelés yra ardiausiai véziniy lasteliy. Siy lasteliy
sgveika yra dinamiska, i§ pradziy normalios epitelinés Igstelés slopina véziniy
lasteliy formavimasi. Tyrimy metu jrodyta, kad kartu auginant normalias ir
vézines lasteles, normalios epitelio lgstelés gali sukelti vézio lasteliy trans-
kripcijos aktyvavimg p53, dél to vézinése lgstelése aktyvuojama apoptoze,
kurioje galimai dalyvauja ir tirozino fosfataze¢ [100,101]. Navikui vystantis,
véziniy lasteliy slopinimo procesas laikui bégant silpnéja, o véziniy Igsteliy
populiacija didé¢ja. Krities vézinés lastelés gali pakeisti normalias epitelio
lasteles 1 Iasteles, turincias véziniy lasteliy savybiy: padidéjusi proliferacija,
migracija, EMT savybiy atsiradimas ir apikalinio-bazalinio poliSkumo pra-
radimas [102]. ST00A8/A9 tarpininkauja Igsteliy tarpusavio sgveikoje tarp
normaliy epitelio lasteliy ir gretimy véziniy lasteliy, taip skatinant normaliy
lasteliy perprogramavimg ] vézines lasteles. Mokslininkai nustaté, kad au-
ginant kartu su vézinémis lgstelémis, normalias epitelio lgsteles ar sukeliant
ST100A8/A9 raiskos padidé¢jimg normaliose epitelio lgstelése, padidéja pro-
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liferacijos aktyvumas, migracija, kolonijy formavimas ir trimaciy kultiiry
formavimas [103]. Tuo paiu metu véziniy lasteliy egzosomos, kurios yra
uzpildytos miRNR, yra vienas svarbiausiy tarplastelinés sgveikos mechaniz-
my. Véziniy lgsteliy egzosomos, uzpildytos miR-21 ir miR-10b, gali slopinti
PTEN (angl. phosphatase and tensin homolog, PTEN, fosfotazés ir tenzino
homologas) ir HOXD10 (angl. homeobox D10, HOXD10) raiSkg normalio-
se epitelio lastelese, sukeldamos naviko formavimasi nuo Dicer priklausomu
budu [14]. Epitelio ir kriities véZiniy lgsteliy sgveika bégant laikui keiciasi,
pereidama nuo véziniy Igsteliy slopinimo iki jy augimo, invazijos skatinimo,
o tai lemia heterogenisky populiacijy susiformavima kriities navikuose.

Véziniy lgsteliy linijy heterogeniskumas

Genetiskai homogeniskose lasteliy populiacijose fenotipinis heterogenis-
kumas daznai pastebimas in vitro lasteliy kulttrose, net jas auginant kontro-
liuojamoje aplinkoje. Fenotipiniai pokyciai taip pat vyksta homogeniSkoje
aplinkoje ir gali buti nulemti lasteliy asimetrinio dalijimosi. Dél mutacijy vé-
zinése lgstelése, joms besidalijant, susiformuoja Igstelés, kurios skiriasi nuo
motininés lastelés [104]. Kriities vézinés lgstelés yra vienos 1§ labiausiai he-
terogeniSkumu pasizyminciy kultiry, turin¢iy morfologiskai skirtingus poti-
pius su skirtingais molekuliniais ir biocheminiais Zymenimis [105].

Mokslininkai, pasteb¢je lasteliy linijy heterogeniskuma, norédami deta-
liau istirti $ias subpopuliacijas, jas iSskirdavo i$ Iasteliy kulttiros. Amaro A. ir
kt. naudodami matrigeliu dengtas membranas i$skyré dvi invazyvias Igsteliy
sublinijas i§ MDA-MB-231 Igsteliy linijos. Charakterizave Sias sublinijas nu-
staté, kad jos pasiZzymi didesniu migraciniu pajégumu, o genetiniai tyrimai
patvirtino $iy sublinijy ir pradinés linijos ta pacia geneting kilme. Taciau is-
skirtose sublinijose nustatyti tam tikry geny amplifikacijos sutrikimai. Geny
raiSkos analiz¢ atskleidé citokiny pokycius. ISskirtos sublinijos turé¢jo invazi-
néms lgsteléms budingy savybiy: spartesnis dauginimasis, iSaugusi apoptoze,
bei padidéjes atsparumas S-fluorouracilui ir ifosfamidui. Tuo tarpu atsparu-
mas DOX nepasikeiteé, lyginant su pradine MDA-MB-231 linija [106].

PanaSy tyrimg atliko Hapach L. A. ir kt., naudodami matrigeliu dengtas
membranas, i$skyré dvi, grei¢iau (MDA+) ir 1é¢iau (MDA-) migruojancias
populiacijas. Nors paprastai manoma, kad migracija yra susijusi su metasta-
ziy formavimu, tyrimai in vivo su pelémis atskleidé, kad 1é¢iau migruojanti
populiacija suformavo reikSmingai daugiau metastaziy pelése, lyginant su
grei¢iau migruojanéia populiacija. Sis rezultatas sudomino mokslininkus ir
todé¢l buvo atlikta papildomy tyrimy, vertinant abiejy populiacijy plitimg 18
pirminio naviko, lgsteliy iSgyvenamumas kraujotakos sistemoje, $iy lasteliy
peréjimas i§ kraujotakos sistemos j naujus audinius, bei naujy naviky forma-
vimas. Gauti rezultatai parodé sublinijy panasuma, taciau léiau migruojan-
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¢iai populiacijai, esant kraujotakos sistemoje, susidaré cirkuliuojanciy vézi-
niy lasteliy telkiniai (angl. circulating tumor cells, CTC), tai gal¢jo nulemti
léciau migruojanciy lgsteliy geb¢jimas suformuoti daugiau naujy metastaziy,
o RNR sekoskaitos tyrimai parodé, jog 1éCiau migruojancios populiacijos Igs-
telés pasizymi daugiau epiteliniy, o greiiau migruojancios — pasiZzymi dau-
giau mezenchiminiy lgsteliy savybémis. Rezultatai atskleide, jog migracija
nebiitinai susijusi su metastaziy formavimo potencialu [107].

Po poros mety, ta pati mokslininky komanda, pateiké naujus tyrimy rezul-
tatus su Siomis MDA+ ir MDA- populiacijomis. Tyrimas atliktas 3D kultt-
rose, i$ $iy populiacijy formuojant sferoidus. Sferoidai suformuoti atskirai i$
kiekvienos populiacijos, bei maisant populiacijas santykiu 1:1. MiSriuose sfe-
roiduose buvo stebimas lyderio-sekejo elgesys, t.y., kai grei¢iau migruojanciy
lasteliy sferoido ruozuose, stebimos 1é¢iau migruojancios lasteliy sankaupos.
Tyrimai su pelémis atskleidé, kad atlikus 1é¢iau migruojanciy ir grei¢iau mi-
gruojanciy lgsteliy miSinio transplantacija peléms, reikSmingai padidéja to-
limyjy metastaziy formavimas, palyginus su grei¢iau migruojanciy lgsteliy
populiacija (ankstesnis tyrimas parode¢, kad greiCiau migruojancios lastelés
suformuoja maziau metastaziy). Rezultatai parodé, kad létai migruojanciy
lasteliy sgveika su greitai migruojanciomis lastelémis, padidina Igsteliy mi-
gracijg ir metastaziy formavimo potencialg [108].

Moreira M. P. ir kt., populiacijy i8 linijy nei$skyré, taciau jvertino dviejy —
BT-549 ir Hs578T TNBC linijy heterogeniskuma, kultivuojant $ias linijas vie-
nasluoksniu ir formuojant sferoidus (3D kultiiras). Skirtumai buvo vertinami
pritaikant fluorescencing mikroskopija, bei tekmes citometrijg. Tyrimy rezul-
tatai atskleidé didelj fenotipinj ir morfologinj heterogeniSkuma tarp Siy linijy,
taip pat tarp Sias linijas sudaranciy lasteliy subpopuliacijy. Vertinant CD44 ir
CD24 receptorius, nustatyta, kriities vézinio kamieniniy lasteliy populiacija
atsiranda BT-549 auginant vienasluoksniu ir sferoiduose, bei Hs578T augi-
nant sferoiduose. Pritaikant elektroning skenuojancia mikroskopija nustatyta,
kad $ias linijas auginant sferoiduose pastebima ir daugiau skirtingy subpopu-
liacijy [109].

Khan G. N. ir kt., tyrimo metu buvo siekiama jvertinti, kaip skiriasi ko-
lonijy suformuoty i§ vienos lastelés atsparumas 5-azacidui (AzaC) ir DOX.
Tyrimo metu naudojant daug karty praskiestas MCF-7 ir MDA-MB-231 las-
teliy linijy suspensijas ir jas uzséjant taip jog susiformuoty vienos lastelés ko-
lonijos. Véliau Sias skirtingas kolonijas veikiant minétais junginiais. Atlikus
kolonijy morfologine ir imunohistocheming analize, nustatyti skirtumai tiek
tarp MCF-7, tiek ir tarp MDA-MB-231 sublinijy [110].

Mahmoud L. ir kt., tyrime naudoti MDA-MB-231 sublinijos skyrési laste-
liy dalijimosi ir migracijos greiciu, bei mitochondrijy mase. Tokios sublinijos
maiSomos su MDA-MB-231 pradine linija ir formuojami sferoidai. Tyrimo
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metu buvo stebima, kaip sublinijos pasizymincios skirtingomis savybémis
pasiskirsto 3D sferoiduose. Nustatyta, jog nepriklausomai nuo fenotipo, visos
sublinijos lokalizavosi sferoidy pakras¢iuose. Vertinant §iy sferoidy atsparu-
ma PTX, nebuvo nustatyta morfologiniy sferoidy poky¢iy, taciau sumazejo
greitai besidalijanciy sublinijy dalis. PTX nepaveikeé kity sublinijy gyvybin-
gumo. Tyrime buvo naudojami ir kiti chemoterapiniai vaistai, kurie sukelé
citotoksinj poveikj atskiroms sublinijoms, bet ne visam sferoidui. Tuo tiks-
lu, mokslininkai, sudar¢ jvairius vaisty derinius su PTX, everolimu, trameti-
nibu. Nustatyta, kad efektyviausias vaisty derinys prie$ visus tris fenotipus
buvo, PTX ir trametinibas. Tyrimo rezultatai atskleidé, kad sferoidai sudaryti
1§ skirtingy fenotipy lasteliy yra atspartis prieSvéziniams junginiams, taciau
derinant kelis skirtingus junginius galima pasiekti teigiamy rezultaty visai 3D
kultdirai [111].

Lasteliy subpopuliacijy tyrimy rezultatai atskleidé, kad net tos pacios las-
teliy linijos subpopuliacijos gali skirtis savo biologinémis savybémis, tokio-
mis kaip migracija ir metastaziy formavimas. Siy subpopuliacijy i§skyrimas
ir charakterizavimas yra biitinas, nes skirtingos lasteliy savybés gali turéti
jtakos ligos progresavimui, o iy subpopuliacijy tarpusavio sgveika gali keisti
ligos eigg ir sukelti nebiidingg atsparumg gydyme naudojamiems vaistams.

Fenotipiskai skirtingy véZiniy lgsteliy tarpusavio sqveika

Véziniy lasteliy kooperacija (bendradarbiavimas) atlieka pagrindinj vai-
dmenj krities vézio atsiradime ir vystymosi procese. Toks lasteliy bendra-
darbiavimas naudingas véziniy lasteliy proliferacijai, invazijai ir metastaziy
formavimui. [domu tai, kad nei luminalinés, nei bazalinés lgstelés pacios
savaime negali sukelti véZinio susirgimo. Tyrimo metu, antriniam pelés re-
cipientui perkélus luminalines arba bazalines Igsteles — navikas nesusifor-
mavo, taciau abiejy tipy lgsteliy perkélimas kartu paskatino kancerogenezg.
Manoma, kad butent Wnt signalinis kelias, Siame procese atlieka pagrindinj
vaidmenj. Karcinomos sudarytos i§ luminaliniy ir bazaliniy Igsteliy augimas
buvo sutrikdytas blokuojant Wnt signalinj kelig. Bazalinés lgstelés paveikia
kitas Igsteles ir suaktyvina Wnt signalg, taip atstatant naviko augima [112].

DACH-EYA-SIX (angl. DACH-Eyes absent-sineoculis homeobox homo-
log) [113,114] yra svarbus signalinis kelias krities vézio vystymesi ir pro-
gresavime, reguliuojantis lastelés cikla, apoptoze ir DNR atstatymg. Geny
raiSka Siame signaliniame kelyje yra tiesiogiai susijusi su ligos prognoze ir
gali buti terapiniu taikiniu. PavyzdZziui, kai EMT fenotipo véZinése lastelése
yra aktyvus SIX1 genas, jis aktyvuoja VEGF-C baltyma, kuris gretimose vé-
zinése lastelése per neuropilino 2 koreceptoriy (angl. neuropilin 2, NRP2) ir
Fms susijusig tirozino kinazés 4 receptoriy (angl. Fms-related tyrisine kina-
se 4, FLT4), suaktyvina GLI baltymus gretimose epitelio vézinése lgstelése
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(1.2.2.1 pav. A) ir taip skatina lasteliy augima, invazija ir metastaziy forma-
vima [115].

Glutaminas yra svarbus kriities véziniy lasteliy metabolizme. Luminalinés
lastelés sintetina glutaming, kad iSgelbéty nuo jo priklausomas bazines lgste-
les. In vitro tyrimuose nustatyta, kad Siy lgsteliy sgveika vyksta per glutami-
no simbiozg [116]. Hipoksinés Igstelés gamina laktatg, kurj aerobinés Iaste-
lés naudoja energijos gamybai (1.2.2.1 pav. B). Aerobinés lgstelés, turin¢ios
daug monokarboksilato 1 ir maZai monokarboksilato 4 transporteriy (angl.
monocarboxylate transporter, MCT1/ MCT4), vartoja daug laktato, mazin-
damos gliukozés suvartojima, todél daugiau gliukozés lieka kitoms vézinéms
lasteléms [117]. Tokio tipo lasteliy sgveika padeda navikams prisitaikyti prie
aplinkos poky¢iy ir susiformuoja heterogeniskas Igsteliy populiacijas.
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Navikas sudarytas i§ fenotipiskai skirtingy véziniy lasteliy
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1.2.2.1 pav. Fenotipiskai skirtingy lgsteliy tarpusavio sqveikos jtakq véZio
VyStymuisi

Didesné JNK (angl. Jun N-terminal kinase) raiska vézinése lastelése sieja-
ma su apoptoze (1.2.2.1 pav. D). HUGL-1 baltymo poky¢iai mazina YAP slo-
pinima, suaktyvina c-MYC transkripcijg ir skatina nuo kaspazés-3 priklauso-
ma gretimy lasteliy, apoptoze, todél vézinés lastelés turincios didele c-MYC
raiSka konkuruoja su kitomis Igsteléemis [118].

Oktamerg suriSantis transkripcijos veiksnys 4 (angl. octamer-binding
transcription factor 4, Oct4) reguliuoja vézio kamieniniy Igsteliy savaiminj
atsinaujinimg ir diferenciacijg, skatindamas naviko augima ir atsparuma gy-
dymui (1.2.2.1 pav. E). Oct4 ir c-MYC per didelé raiSka skatina enolazés 1
(Enol), karscio Soko baltymo 90 a Seimos b klasés 1 nario (HSP90ABI1), eu-
karioty pailgéjimo faktoriaus 2 (angl. eukaryotic elongation factor 2, Eef2),
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vinkulino (VCL), ir p53 raiska, kad slopinty gretimas vézines lasteles [119].
MYC didesné raiSka koreliuoja su trumpesniu pacienty iSgyvenamumu. Plaz-
mocitomos translokacijos 1 varianto (angl. plasmacytoma variant translo-
cation I, PVT1) onkogenas gali slopinti MYC raiskg ir gali biiti terapiniu
taikiniu [120]. KRAS mutacijos suaktyvina Racl kelig, padidinant lgsteliy
mechaninj lankstumg ir skatinant entoze (1.2.2 pav. C), prisideda prie naviko
progresavimo [121,122].

Tokia Igsteliy, tiek konkurenciné tiek kooperatyvine, saveika kinta ir gali
pasikeisti prieSinga linkme priklausomai nuo naviko aplinkos salygy: pH,
gliukozes, deguonies koncentracijos ar taikomo gydymo. Naviky heteroge-
niSkuma ir Igsteliy saveika apima daug jvairiy mechanizmy, tame tarpe ir pra-
dinés vézinés lastelés diferenciacijos laipsnis, lasteliy plastiSkumas ir CSCs
reikSme, genetin¢ bei daugiafunkciné véziniy lasteliy evoliucija [123,124].
Atsizvelgiant | tai, kad kriities vézines lgstelés pasizymi ypac dideliu hetero-
geniskumu, progresuojant ligai, bei susiformuojant gydymo atsparumui, labai
svarbu stebéti ir kiekybiskai jvertinti naviko heterogeniSkuma ligos diagnoza-
vimo ir gydymo metu. Heterogeniskumas pasireiskia visuose naviko audiniy
lygmenyse, tod¢l ir heterogeniSkumo vertinimas turi biiti atlickamas atitinka-
mai — keliais lygmenimis.

1.3. Doksorubicino transporto i véZiniy lasteliy kultiiras tyrimai

v W —

mas vaisty transportas | vézines lasteles, taip sumazeja vaisto efektyvumas.
PrieSvéZziniy vaisty taikiniai dazniausiai yra lasteliy viduje. Pavyzdziui, DOX,
jungiasi prie topoizomerazes Il ir slopina nukleoriigsciy sintezg. Kad jungi-
niai veikty efektyviai Sie turi patekti j lastelés vidy, jog pasiekty savo tiksli-
nius taikinius [17].

Lee J. H. ir kt., atlike tyrimg su storosios zarnos vézio lgsteliy linija,
DLD-1, pritaikant fluorescencing mikroskopija nustate, kad DOX | lasteles
patenka jau po 1 val., o jo kaupimasis stebimas dar 3 val. Tuo tarpu PTX
pasizymeéjo létesniu transportu ir mazesniu junginio kaupimusi lgstelése. Ty-
rimo metu taip pat nustatyta, kad DOX ir PTX kaupimasis lastelése 2,5-6,3
didesnis, Igsteles inkubuojant trumpiau (1 val.) su didesne junginio koncen-
tracija (50 uM) [125]. Tuo tarpu, Xu F. ir kt., vertino DOX ir PTX atsparumo
susiformavimg MCF-7 lasteliy linijoje. Tyrimo metu nustatyta, kad Iasteles
inkubuojant su PTX, aktyvuojamas NF-kB ir ilgéja PXR suaktyvinimo lai-
kas. Tuo tarpu, inkubuojant Igsteles su DOX, PXR indukcija nesukele P-gp
aktyvavimo. Be to, NF-kB aktyvavimas lémé lasteliy atsparumg tiek PTX,
tieck DOX [18].
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Bontenbal M. ir kt., pritaikydami HPLC, tékmés citometrija ir fluorescen-
cing mikroskopija, jvertino DOX transportg ir pasiskirstymg MCF-7 Iaste-
lése. Tyrimo rezultatai atskleidé¢, kad Igsteles inkubuojant ilgiau (6 val.) su
didesne junginio koncentracija (2 ug/ml) DOX transportas ] lgsteles buvo
efektyvesnis. Tyrime papildomai panaudojant estradiolj, kuris manoma pa-
didina DOX transportg ir uzsilaikyma lgstelése, nebuvo nustatytas geresnis
DOX transportas nei vienu i§ anks¢iau minéty metody [126].

Lovitt C. J. ir kt., tyrimo rezultatai parod¢, naviky mikroaplinkos jtaka
vaisty atsparume. MDA-MB-231 Iastelés auginant 3D kultirose, matrige-
liu padengtuose Sulinéliuose, nustatytas didesnis lgsteliy atsparumas DOX
lyginant su vienasluoksniu auginamomis lgstelémis. Manoma, kad Igsteliy
proliferacijos sumazéjimas 3D kultiiroje ir Iasteliy sukibimas su ECM léme
atsparumg DOX. Todé¢l Bl-integrino arba pana$iy baltymy slopinimas gali
biiti taikomas, kartu naudojant ir DOX. Taip pat, §io tyrimo metu nustatyta,
kad DOX transportas 3D kultiirose pastebimas jau po 6 val. inkubacijos su 2
uM DOX [127].

DOX kaupimosi vertinimas Igsteliy sferoiduose yra svarbus siekiant su-
prasti jo terapinj efektyvuma ir toksiSkumg gydant vézj. Svarbu iSanalizuoti
jvairius metodus, kuriais galima jvertinti DOX kaupimasi Igsteliy sferoiduo-
se, nes iSsami S$iy metody apzvalga padeda pasirinkti tinkamiausig metodi-
ka, atitinkanc¢ig tyrimo tikslus ir turimus iSteklius. Taip pat supratimas apie
kiekvieno metodo privalumus ir trikumus leidzia kritiskai vertinti duomeny
kokybe ir patikimuma.

Atliekant DOX transporto tyrimus ] lasteliy 3D kultiiras, tékmés citome-
trija ir masiy spektrometrija yra du svarbiis metodai kiekybinei analizei. Tek-
meés citometrija leidzia greitai ir patogiai atlikti tikstanciy lasteliy analize,
nes DOX yra pats i§ saves fluorescuojantis junginys, tad nereikia papildomy
fluorescenciniy zymeny. Tai suteikia galimybe identifikuoti fenotipiskai skir-
tingas lgsteliy populiacijas, kurios pasizymi skirtingu DOX kaupimosi lygiu
[128]. Vis délto Sis metodas turi ir triikumy: norint atlikti analizg, reikia su-
skaidyti sferoidus j atskiras lasteles, o tai gali paveikti lgsteliy gyvybinguma
ir DOX kaupimasi. Be to, tékmés citometrija nesuteikia erdvinés informaci-
jos apie DOX pasiskirstymg sferoiduose, o ilgalaikis lazerio naudojimas gali
sukelti fotobalinimo efekta, mazinantj DOX fluorescencija. Kitas metodas —
masiy spektrometrija [130], daznai naudojama kartu su skys¢iy chromatogra-
fija, yra ypatingai tikslus ir jautrus metodas, leidZiantis aptikti net maziausias
DOX koncentracijas. Sis metodas reikalauja sferoidy ir lasteliy suardymo, ta-
Ciau jis leidzia tiksliai ir kiekybiskai jvertinti DOX kiekj lastelése, analizuoti
kelis skirtingus junginius ir aptikti DOX metabolitus. Vizualizuoti ir jvertinti
DOX pasiskirstyma tiek atskirose lastelése, tiek ir Igsteliy sferoiduose, nau-
dojama fluorescenciné arba konfokaliné mikroskopija. Sie metodai leidzia
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tiksliai ir kokybiskai jvertinti DOX koncentracijg lastelése ir suteikia jzvalgy
apie vaisty pasiskirstyma ir jsisavinimo dinamika. Konfokaling mikroskopija
patogu taikyti analizuojant 3D lasteliy kultiiras, nes skenuoti galima jvairia-
me sferoidy gylyje. Naudojant konfokalinj mikroskopa DOX transporto j sfe-
roidus tyrimuose galima ,,pamatyti gilesnius sferoidy sluoksnius, tai leidzia
vizualizuoti ir nustatyti vaisto pasiskirstyma per visg sferoido struktiirg [132].
Taip pat galima jvertinti DOX gradientg sferoide, jvertinti vaisto veiksmingu-
mg ir nustatyti DOX transportg ] skirtingus sferoido dalis priklausomai nuo
susiformavusiy aplinkos salygy sferoide (hipoksijos, maistiniy medziagy pri-
einamumo) [134].

TNBC heterogeniskumo ir fenotipiskai skirtingy populiacijy sgveikos ty-
rimai yra labai svarbis siekiant suprasti kokig jtaka gydymui ir ligos pro-
gresavimui turi skirtingy lasteliy saveika. Tokie tyrimai gali biiti pritaikomi
personalizuotam pacienty gydymui. [vertinus naviky fenotiping sudétj, bei
nustacius skirtingy populiacijy, bei jy deriniy atsakg  jvairius gydymui nau-
dojamus vaistus, pacientams bty galima paskirti veiksmingiausig preparata,
taip kuo maziau zalos padarant visam organizmui.
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2. TYRIMO MEDZIAGOS IR METODAI

2.1. Reagentai, priemonés, aparatiira

2.1.1. Lasteliy linijos

Zmogaus trejopai neigiamo kriities véZio linija MDA-MB-231 ir CRL-
1502 zmogaus odos fibroblastai (HF) jsigyti i§ ATCC (Manasasas, JAV).
MDA-MB-231 ir HF lasteliy linjjos buvo kultivuojamos DMEM mitybingje
terpéje. Terpé buvo papildyta 1 proc. antibiotiky tirpalu (10 000 VV/ml peni-
cilino, 10 mg/ml streptomicino) bei 10 proc. FBS (HF Iasteliy linijai 20 proc.
FBS). | MDA-MB-231 lasteliy mitybin¢ terp¢ papildomai buvo pridéta:
1 pg/ml insulino, 1 proc. minimaliyjy butinyjy terpés ne pagrindiniy amino-
rigsciy (MEM NEAA), 1 proc. natrio piruvato. Terpés bei jy priedai jsigyti i$
Gibco (Karlsbandas, JAV). Lastelés auginamos inkubatoriuje kur palaikoma
pastovi 37 °C temperatiira, 5 proc. CO, koncentracija ir 95 proc. drégme.

2.1.2. Reagentai

DOX hidrochloridas (> 98 proc., Abcam, Kembridzas, JK), PTX
(99,5 proc., Alfa Aesar, Haverhill, JAV), 3-(4,5-dimetiltiazol-2-i1)-2,5-dife-
niltetrazolio bromidas (Sigm-Aldrich Co., > 97 proc.), 4¢,6-diamidino-2-feni-
lindolo dihidrochloridas (DAPI, Thermo Scientific, Valthamas, JAV), kobalto
(IT) chloridas (bevandenis, 97 proc., Carl Roth GmbH, Vokietija), dimetil-
sulfoksidas (DMSO, Sigma-Aldrich Co., > 99,5 proc.), vandenilio chloridas
(37 proc., Sigma-Aldrich Co.), paraformaldehido tirpalas be metanolio (PFA,
16 proc., Thermo Scientific), nanodalelés NanoShuttle (Greiner bio-one,
Kremsmunsteris, Austrija), buferinis fosfatinis drusky tirpalas, pH 7,4 (angl.
phosphate-buffered saline, PBS, Gibco), ProLong Gold antifade reagentas
(Invitrogen, Karlsbadas, JAV), imersinis aliejus fluorescencijai (Carl Roth
GmbH), tripsino analogas TrypLE Express (Gibco), pirminiai antikiinai: an-
ti-CD133 triusio polikloninis antikiinas (Abcam, Kembridzas, Jungtiné¢ Ka-
ralyste), antrinis antiktinas: ozkos pries triusio pirminj AlexaFluor 594 (Life
technologies, Oregonas, JAV).

2.1.3. Priemonés

Lasteliy kultivavimui ir tyrimams naudotos priemonés — mégintuvéliai
(15 ml, 50 ml turio), centrifuginiai mégintuvéliai, Saldymo mégintuveliai,
serologinés pipetés (15 ml, 10 ml tiirio), pipeciy antgaliai (10 ul, 100 pl,
1000 pl), 6, 12, 24 ir 96 Sulinéliy plokstelés, 10 cm skersmens lasteliy kul-
tary lékstelés, 25 cm? lasteliy auginimo indeliai, objektiniai ir dengiamieji
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stikleliai, Pastero pipetés Carl Roth GmbH (Vokietija). Labai mazo prilipimo
96 Sulineliy plokstelés, magnetinés ploksteleés jsigytos i§ kompanijos Corning
(JAV). Laboratorinis pincetas jsigytas i§ kompanijos Bochem Instrumente
GmbH (Vokietija). Svirkstiniai filtrai (pory skersmuo 0,22 um, polietersulfo-
no (PES) membrana) bei Svirkstai jsigyti i§ kompanijos GVS Filter Techno-
logy (Jungtiné Karalysté). Lasteliy skai¢iavimui naudota Neubauer kamera
Blaubrand, Sigma-Aldrich (JAV).

2.1.4. Laboratoriné jranga

Tyrimams naudota aparatiira: centrifuga Eppendorf Centrifuge 5702 R
(Eppendorf), invertuotas fluorescencinis mikroskopas Olympus 1X73 (Olym-
pus, Tokijas, Japonija), konfokalinis mikroskopas Olympus FLUOVIEW
FV1000 (Olympus, Tokijas, Japonija).

2.1.5. Programiné jranga

Microsoft Office Excel 2021 versija 2405 (Redmondas, JAV), ImageJ 1.53
K versija (Nacionalinis sveikatos institutas, Betesda, JAV), IBM SPSS Statis-
tics versija 29.0 (Niujorkas, JAV).

2.2. Tyrimo metodikos

2.2.1. MDA-MB-231 lasteliy sublinijy iSskyrimas

Lasteliy sublinijos i8skirtos i§ Zmogaus trejopai neigiamo kriities vézios
linijjos MDA-MB-231, pritaikant daugkartinj Igsteliy suspensijos skiedima.
200 pl (2 x 10* 13st./ml) lasteliy suspensijos supilta j 96 Sulinéliy plokstelés
A1 sulinélj, o visa plokstele, naudojant 8 kanaly mikropipete, uzpildyta 1gs-
teliy mitybine terpe (100 pl/Sul.). Naudojant vienkanale mikropipete atliktas
pirmasis daugkartinis skiedimas, 100 pl lasteliy suspensijos perkeliant i§ Al
1 B1, tuomet i§ B1 j C1 ir t.t. IS paskutiniojo H1 Sulin¢lio 100 pl praskiestos
lasteliy suspensijos pasalinta ir papildomai pridéta po 100 pl Iasteliy mitybi-
nés terpés | A1-H1 Sulinélius, galutinis praskiestos suspensijos tiiris 200 pl/
Sul. Naudojant 8 kanaly mikropipete atliktas antrasis daugkartinis skiedi-
mas, po 100 pl praskiestos lasteliy suspensijos perkelta i§ pirmo stulpelio
(A1-H1) i antrgji stulpelj (A2—-H2), skiedimas atliktas visoje plokstel¢je, o
18§ paskutinio stulpelio (A12-H12) po 100 pl praskiestos lgsteliy suspensijos
pasalinta. | Sulinélius pridéta po 100 pul Igsteliy mitybinés terpés, kad visuose
Sulinélivose galutinis ttris buty 200 pl/Sul. Plokstelé perkeliama j Iasteléms
skirtg inkubatoriy, 37°C, 5 proc. CO,, 95 proc. drégmes.

Po 9 dieny susiformavusios 23 skirtingos 1asteliy kolonijos 1§ Sulinéliy A1,
A5, A9, All, BI1, B7, B9, C1, C3, Ce6, C7, D1, DS, El, ES, E7, Fl1, F5, F7,

42



G1, G5, HI1 ir H2 buvo perkeltos i lasteléms auginti skirtus indus. Lasteliy
kolonijoms buvo priskirti kodai pagal tai, i§ kurio Sulin¢lio jos buvo paimtos.

2.2.2. CD133 receptoriaus kiekio nustatymas imunofluorescenciniu
metodu

Lasteles buvo pasétos | 24 Sulinéliy ploksteles ant kolagenu padengty den-
giamyjy stikleliy (skersmuo 13 mm) po 40 000 Igst./Sul. (turis Sulinélyje —
500 pl) ir inkubuotos 24 val. lasteléms auginti skirtame inkubatoriuje. Po
inkubacijos Igstelés fiksuojamos 30 minuciy 4 proc. paraformaldehido tirpa-
lu. Lasteliy membranos pralaidinamos inkubuojant 10 minuciy su 0,1 proc.
Triton X-100 tirpalu. Baltymy blokavimas atliekamas 10 minuciy panaudo-
jant blokavimo buferj (10 ml PBS su 0,2 ml FBS ir 0,02 g BSA). Imunologinis
dazymas atlieckamas dviem etapais, Igsteles inkubuojant su pirminiu (1 val.,
anti-CD133, 1:50), o véliau su antriniu (Alexa Fluor 594, 1:1000) antikiinu.
Branduoliai dazomi DAPI 10 min. Po kiekvieno etapo stikleliai praplaunami
PBS tirpalu (2 kartus). Ant objektinio stiklelio buvo uZlas§inama nuo Svie-
sos apsaugancio aliejaus ir ant jo uzdedamas dengiamasis stiklelis su lastelé-
mis. Lastelés fotografuotos konfokaliniu mikroskopu Olympus FLUOVIEW
FV1000 (Olympus, Tokijas, Japonija), 600 didinimu, naudojant DAPI ir
TRITC filtrus, bei DIC. Nuotraukos iSanalizuotos ImageJ 1.53K versijos pro-
grama (Merilandas, JAV). Kiekvienoje grupéje iSanalizuota ne maziau nei 20
atsitiktinai pasirinkty lgsteliy, atskirai lastelése ir branduoliuose iSmatuotas
santykinis fluorescencijos intensyvumas.

2.2.3. Sublinijy lasteliy migracijos skirtumy vertinimas pritaikant
»Zaizdos“ gijimo metoda

Lastelés uzsétos j 24 Sulinéliy plokstele apie 2 x 10* Igst./Sul. (terpés tu-
ris 500 pl/Sul.). Plokstelé su lastelémis inkubuota 24 val. inkubatoriuje. Po
24 val. lastelés sudaré tolygy vienasluoksnj. Naudojant 100 pl mikropipetés
antgalj Svelniai braukiant per vidinj Sulinélio pavirsiy lasteliy vienasluoksny-
je yra padaroma ,,zaizda*. Nusiurbus lasteliy terpe (pasSalinamos atkibusios
lasteles), lastelés praplaunamos PBS tirpalu ir i Sulinélius pripilama Sviezios
lasteliy mitybinés terpés. Suformuota ,,zaizda* fotografuojama toje pacioje
Sulinélio vietoje kas 24 val. tris dienas, ,,zaizdos* ploto poky¢iai po 0, 24, 48,
72 val. analizuoti ImageJ programa (1.53K versija).
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2.2.4. Lasteliy sublinijy atsparumo prieSvéZiniams junginiams
tyrimas naudojant MTT redukcijos testg lasteliy vienasluoksnyje

Lasteliy atsparumas prieSvéziniams junginiams buvo nustatytas pritaikant
MTT redukcijos testa. PrieSvéziniy junginiy DOX ir PTX skiedimai atlik-
ti terp¢je pries pat eksperimentg. DOX ir PTX iStirpinti DMSO ir skiedZia-
mi lgsteliy mitybinéje terpéje, kad DMSO galutiné koncentracija nevirSyty
0,2 proc. | 96 sulinéliy plokstele lastelés uzséjama 5 x 10° Igst./Sul. ir inku-
buojama 24 val. Po inkubacijos terpé pakei¢iama $viezia su skirtingomis ti-
riamyjy junginiy koncentracijomis. Kaip teigiama kontrolé naudota mitybiné
terpé su 0,2 proc. DMSO tirpalu be lasteliy, kaip neigiama kontrolé naudota
mitybiné terpé su 0,2 proc. DMSO tirpalu su Igstelémis. Plokstelé su laste-
lémis inkubuojama 72 val., po inkubacijos terpé paSalinama ir j kiekvieng
Sulinélj supilama po 20 pl 5 mg/ml vandeninio MTT tirpalo ir inkubuojama
3 val. Po to terpé pasalinama, susiformave formazano kristalai iStirpinami
50 ul DMSO. Absorbcija iSmatuota mikroploksteliy skaitytuvu 570 ir 630 nm
bangos ilgiuose. EC, vertés apskaiciuojamos naudojant Hilo lygtj (1) [135].

[D]"

E=boaipe e oy D

E — efektas, stebimas esant tam tikrai vaisto koncentracijai, £ — maksi-
malus efektas pasiektas su vaistu, [D] — vaisto koncentracija, EC, — vaisto
koncentracija sukelianti 50 proc. maksimalaus efekto, » — Hilo koeficientas,
apibuidinantis kreivés nuolydj.

2.2.5. Lasteliy dvigubéjimo laiko nustatymas

Lasteliy dvigubéjimo laiko jvertinimui lgstelés uzsétos j keturias 24 Su-
linéliy ploksteles (8 x 10° 1gst./Sul.) ir inkubuojamos inkubatoriuje. Po
24, 48, 72 ir 96 val. paruoSiamos lgsteliy suspensijos ir centrifuguojamos
1000 aps./min 4 min., suspenduotos 200 pl lasteliy mitybin¢je terpéje su-
skaiCiuotos panaudojant Neubauerio kamera (hemocitometra). Lasteliy skai-
¢iavimai atlieckami kas 24 val. keturias dienas. Lasteliy dvigubéjimo laikas
apskaiCiuojamas panaudojant formule (2) [136].

_ (In2) x(t; —t1)
- In (E—i)

¢, ¢,— lasteliy skai¢ius, esamu 7,, 7, — laiku.

DT

2)
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2.2.6. Lasteliy saveikos jtaka atsparumui prie§véZiniams junginiams
Iasteliy vienasluoksnyje (2D kultiirose)

Lasteliy sgveikos jtakos tyrimams Igsteliy linijos ir sublinijos buvo mai-
Somos tarpusavyje trimis skirtingais biidais: I grupg sudar¢ MDA-MB-231 ir
sublinijy (D8, F5, H2) deriniai, kur Igstelés buvo maiSomos su HF santykiu
1:1; IT grupe sudaré sublinijy deriniai su MDA-MB-231 ir HF, santykiu 1:1:2;
IIT grupe sudaré sublinijy deriniai maiSant jas tarpusavyje su HF, santykiu
1:1:2. MaiSant vézines lasteles su HF, HF kiekis kiekviename derinyje visada
sudare puse viso lgsteliy derinio. Tokie lasteliy deriniai uzséti j 96 Sulineliy
ploksteles (5 x 10° lagst./Sul.) ir inkubuoti 24 val. inkubatoriuje. Po inkuba-
cijos pakeista lasteliy mitybiné terpé su tiriamaisiais junginiais DOX (0,5
uM) ir PTX (0,05 uM) ir plokstelés vél grazintos i inkubatoriy. Po 72 val.
inkubacijos Igsteliy deriniy atsparumas prieSvéziniams junginiams jvertintas
pritaikant MTT redukcijos testa, aprasyta 2.2.4 skyrelyje. ISanalizuoti gauti
absorbcijos intensyvumo duomenys ir apskaiciuotas lgsteliy deriniy gyvybin-
gumas procentais.

2.2.7. Lasteliy saveikos jtaka atsparumui prie§véZiniams junginiams
sferoiduose (3D kultiirose)

Lasteliy sferoidai suformuoti naudojant magnetinj 3D Bioprinting metoda
[137]. I 6 Sulinéliy plokstele uzséjamos lgstelés ir inkubuojamos inkubatoriu-
je, po 24 val. inkubacijos pridedama nanodaleliy NanoShuttle ir inkubuojama
8 val. Po inkubacijos paruosiamos lasteliy suspensijos ir atlickami lgsteliy
linijy ir sublinijy maiSymai (analogiSkai 2.2.6 poskyriui) po 4000 last./Sul. i$-
pilstyta j labai mazo prikibimo 96 Sulin¢liy ploksteles. Taip paruostos plokste-
1és su lagstelémis uzdétos ant magnetinés plokstelés ir inkubuojama 48 val. Po
inkubacijos mitybiné terpé pakeista Sviezia terpe su 0,5 pM DOX arba 0,05
uM PTX (kontrolé — 0,2 proc. DMSO). Sferoidai fotografuojami invertuotu
fluorescentiniu mikroskopu Olympus 1X73 (Olympus, Tokijas, Japonija) kas
24 val. 12—14 dieny, terpé su junginiais kei¢iama kas 48 val. Sferoidy dydzio
poky¢iai vertinami naudojant /mageJ programg [1.53K versijq.

2.2.8. Doksorubicino citotoksiSkumo jvertinimas

DOX citotoksiSkuma lasteléms svarbu jvertinti pries atlickant DOX trans-
porto ] lasteles tyrimus. Tikslas yra nustatyti, ar naudojamos junginio kon-
centracijos ir taikomas inkubacijos laikas su DOX reikSmingai nepaveikia
lasteliy gyvybingumo, kad atliekant DOX transporto tyrimg biity iSvengiama
jo citotoksinio poveikio. Tyrimas atliktas analogiskai 2.2.4 poskyryje aprasy-
tai MTT redukcijos testo metodikai. Trumpai: lastelés uzsétos 1 96 Sulinéliy
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plokstelg, inkubuojamos 24 val., po inkubacijos mitybiné terpé pakeista nauja
terpe su 1 ir 5 uM DOX tirpalais. DOX poveikis lasteliy gyvybingumui jver-
tintas po 120 ir 240 min. Absorbcija matuojama automatiniu mikroploksteliy
skaitytuvu 570 ir 630 nm bangy ilgiuose. Lasteliy gyvybingumas apskaiciuo-
jamas procentais.

2.2.9. Doksorubicino transporto i vienasluoksniu auginamas lasteles
tyrimas

Lastelés paséjamos j 24 Sulinéliy plokstele ant kolagenu padengty stikleliy
(4 x 10*Igst./8ul.). Po 48 val. mitybiné terpé pakeista nauja su 1 ir 5 uM DOX
tirpalais arba 0,2 proc. DMSO (neigiama kontrol¢). Lastelés inkubuojamos
30, 60, 120 arba 240 minuciy. Po inkubacijos lastelés kelis kartus praplauna-
mos PBS, fiksuojamos 20 min. 4 % PFA 10 min. dazomi lasteliy branduoliai
(DAPI). Ant objektinio stiklelio buvo uzlaSinama nuo Sviesos apsaugancio
aliejaus ir ant jo uzdedamas dengiamasis stiklelis su lastelémis. Lastelés fo-
tografuotos konfokaliniu mikroskopu Olympus FLUOVIEW FV1000 (Olym-
pus, Tokijas, Japonija), 600x didinimu, naudojant DAPI ir TRITC filtrus bei
DIC. Nuotraukos iSanalizuotos /mageJ programa /.53K versija (Merilandas,
JAV). Kiekvienoje grupéje iSanalizuota ne maziau 20 atsitiktinai pasirinkty
lasteliy. Lastelése ir branduoliuose iSmatuotas santykinis fluorescencijos in-
tensyvumas. Hipoksijos atveju visas eksperimentas atlickamas analogiSkai.
Hipoksijos salygy palaikymui 24 val. iki eksperimento j mitybing terpg papil-
domai pridedama 200 uM kobalto (II) chlorido.

2.2.10. Doksorubicino transporto i sferoidus tyrimas

Sferoidams suformuoti pritaikytas anksciau apraSytas metodas (2.2.7
skyriuje). Lastelés inkubuotos su nanodalelémis NanoShuttle 37 °C tem-
perattiroje, 5 proc. CO, turinCioje aplinkoje 8 val. Po inkubacijos paruosti
MDA-MB-231 sublinijy miSiniai su HF lastelémis (santykis 1:2). Lasteliy
suspensijos iSpilstomos po 100 pl (4 x 10° last./Sul.) j labai mazo prikibi-
mo 96 sulinéliy ploksteles. Plokstelés su lastelémis uzdétos ant magnetiniy
ploksteliy ir inkubuojamos 48 val., kol susiformuoja sferoidai. Po inkubacijos
plokstelés nuimtos nuo magnetiniy ploksteliy, o mitybiné terpé pakeista Svie-
zia terpe, kurioje buvo 10 uM DOX tirpalas arba 0,2 proc. DMSO (neigiama
kontrol¢). Sferoidai inkubuojami 1, 2, 4, 8 val., po inkubacijos praplaunami
PBS ir 24 val. fiksuojami 4 proc. PFA tirpalu. DOX transportas i sferoidus
jvertintas fotografuojant sferoidus invertuotu fluorescentiniu mikroskopu
Olympus IX73 (Olympus, Tokijas, Japonija). Nuotraukos iSanalizuotos pa-
naudojant /mageJ programa (/.53K versijg), jvertinant DOX fluorescencijos
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intensyvumg sferoiduose santykiniais vienetais. Sferoidy skaicius grup¢je
svyravo nuo 10 iki 15 sferoidy.

2.2.11. Statistiné analizé

Statistin¢ analiz¢ atlikta naudojat /BM SPSS Statistics 29.0.1.0 programi-
n¢ jrangg. Visi eksperimentai buvo atlikti maziausiai trimis nepriklausomais
matavimais. Gautos vertés nurodytos kaip vidurkis + standartinis nuokrypis.
Statistiniam patikimumui jvertinti naudota vienkrypt¢ ANOVA analiz¢, pa-
naudojant post hoc Tukey testg. Skirtumai laikyti statistiSkai patikimais, kai
p <0,05.
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3. REZULTATAI IR JU APTARIMAS

3.1. FenotipiSkai skirtingy sublinijy iSskyrimas ir juy charakterizavimas

MDA-MB-231 lasteliy linija pasizymi labai didele genetine, fenotipine
ivairove, o §ios linijos sublinijose (subpopuliacijose/subklonuose) galima ap-
tikti tam tikry panaSumy j TNBC potipiy lasteles [138]. Siekiant jvertinti skir-
tingy sublinijy savybes ir jy tarpusavio saveikos jtaka vaisty atsparumui, pri-
taikant daugkartinj 1gsteliy suspensijos skiedimo metoda, i§ MDA-MB-231
trejopai neigiamos lasteliy linijos buvo iSskirtos 23 sublinijos (3.1.1 pav. A).
Literatiiroje yra duomeny, kad i8skirty sublinijy morfologiniai pozymiai yra
paveldimi ir gali biiti naudojami kaip skiriamasis pozymis [139]. Todél Sios
sublinijos atrinktos remiantis morfologiniais lasteliy skirtumais, suformuo-
ty kolonijy tankiu, dauginimosi greic¢iu. Kai kurios i§ atrinkty sublinijy létai
augo arba augimas visai sustojo. Todél jvertinus visus veiksnius tolimesniems
lasteliy charakterizavimo tyrimams atrinktos 7 sublinijos (3.1.1 pav. A, meé-
lyna spalva). Atlikus Igsteliy charakterizavima, buvo jvertintos visy sublinijy
savybes ir tolimesniems sgveikos tyrimams atrinktos trys (3.1.1 pav. A, rau-
dona spalva), labiausiai besiskirianc¢ios tarpusavyje.

A Al C3 Fl
A5 C6 F5
A9 C7F [A9FT w5
MDA-MB-231| A1IDI GI__| D8 G5 _| ;1)
- Bl D8 G5 | E7 H27[p
B7 El1 HI F5

B9 ES H2
Cl E7

5

3.1.1 pav. MDA-MB-231 Igsteliy linijos heterogeniskumas
A — i8skirtos sublinijos ir jy atrankos schema; B — morfologiniai atrinkty sublinijy ir MDA-
MB-231 lasteliy linijos skirtumai. Skalé atitinka 50 pm.
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Lyginant su MDA-MB-231 lasteliy linija, FS ir E7 sublinijy lastelés yra
trumpesnés, daugiakampés formos. F5 sublinijos lasteliy suformuota koloni-
ja auga glaudziai, kompaktiSkai, ir kultivuojant visy tyrimy metu §i savybé
neisnyko. D8 ir F7 kolonijy lastelés yra pailgesnés ir auga ne taip glaudziai
kaip F5 sublinijos Igstelés. H2 sublinija i§ visy labiausiai iSsiskiria ovalia
(trumpa) Igsteliy forma, bei formuojamos kolonijos auga nekompaktiskai (is-
sibarsCiusios). A9 ir GS sublinijy kolonijos buvo tarpinis variantas i§ minéty
sublinijy ir iSvaizda priminé pirmin¢ (MDA-MB-231) Igsteliy linija.

[vertine sublinijy morfologinius skirtumus toliau buvo atliktas CD133 re-
ceptoriaus nustatymas iSskirtose lasteliy sublinijose. CD133 susij¢s su vézio
kamieninémis Igstelémis, kurios gali turéti didesnj atsparuma gydymui ir ge-
béjima sukelti naviko atsinaujinimg. Nustatant CD133 lygij, galima atskleisti
skirtumus tarp lgsteliy populiacijy ir jvertinti, ar jose yra lasteliy, pasiZymin-
¢iy kamieninémis savybémis, tai gali turéti svarbig jtaka gydymo strategijai
ir prognozei.

CD133 receptoriaus raiskos nustatymas

CD133 yra antigenas dar Zinomas kaip promininas-1, tai yra glikoprotei-
nas, kurj koduoja PROM1 genas [140]. CD133 receptoriy turincios lastelés
pasizymi kamieniniy lgsteliy savybémis: savaiminiu lgsteliy atsinaujinimu,
diferenciacija, greita proliferacija ir atsparumu standartiniam chemoterapi-
niam gydymui [141]. CD133 raiska dazniausiai sutrinka jvairiy tipy vézinése
lastelése, taip pat ir TNBC ir BRCA-1 naviky lastelése [142]. Kol kas tiks-
li CD133 funkcija vézinése lastelése néra iki galo aiski, bet padidéjusi $io
receptoriaus raiSka vézinése lastelése yra siejama su agresyvesnio fenotipo
vezinémis lgstelémis ir jy atsparumu chemoterapiniams vaistams, dél pasi-
keitusio PI3K/Akt signalinio kelio kriities vézinése lastelése [143]. Nustaty-
ta, kad PI3K/Akt signalinio kelio aktyvavimas keliy skirtingy tipy vézinése
lastelése, tame tarpe ir kriities vézinése Iastelése, suaktyvina lasteliy prolife-
racijg, invazijg j aplinkinius audinius ir lemia daugiavaist] atsparumg ir me-
tastaziy formavimg [144,145]. Taip pat nustatyta, kad PI3K/Akt signalinio
kelio aktyvavimas skatina EMT, tod¢l sustipréja TGF-P receptoriaus signalo
perdavimas, kuris savo ruoztu palaiko hiperaktyvig PI3K/Akt signaly sklaida
ir kartu sukelia kriities vézio metastazavima [145]. Padidéjusi CD133 raiska
véz] inicijuojanciose lastelése nustatyta keliy tipy navikuose, taip pat ir kri-
ties CSCs [144]. Todél pirmiausia buvo jvertinti CD133 receptoriaus raiskos
skirtumai sublinijy lastelése (3.1.2 B pav.).
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3.1.2 pav. CD133 raiska imunofluorescenciniu metodu
A — kiekybiniai CD133 receptoriaus raiskos skirtumai tarp lasteliy linijy ir sublinijy; B —
lastelés buvo pazymeétos naudojant anti-CD133 polikloninj antikiing (pazymétas AlexaFluor
594 antriniu antiklinu, raudona spalva). Branduoliai dazyti DAPI (mélyna spalva). * p < 0,05
lyginant su kontrole, n = 3, skalé atitinka 50 pm.

Buvo pasirinktas imunofluorescencinis lgsteliy dazymo metodas, kuris
leidzia pamatyti CD133 receptoriy lokalizacija lastelése. Nustatyta, kad di-
dziausia CD133 receptoriaus raiSka yra F5 sublinijos lastelése, lyginant su
kity sublinijy lgsteléemis (3.1.2 B pav.). CD133 raiSka MDA-MB-231 Iasteliy
linijos populiacijose pirma kartg buvo nustatyta 1997 metais [146], nuo to lai-
ko ne viena mokslininky grupé aptiko MDA-MB-231 lasteliy linijoje popu-
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liacijas, pasizymincias teigiama CD133 raiSka. Mokslininkai taip pat paste-
béjo, kad Siose populiacijose pasikeites lasteliy augimas, migracija, invazija
ir atsparumas vaistams, lyginant su pagrindine lasteliy linija (MDA-MB-231)
[140,147,148]. CD133 raiska F5 sublinijos lgstelése yra 31 proc. didesné ly-
ginant su MDA-MB-231 Iasteliy linija (3.1.2 A pav.). Lastelés, kuriose nu-
statyta padidéjusi CD133 raiska, pasizymi didesniu sukibimo plotu [147].
Sia savybe pastebéjome ir miisy auginamoje F5 sublinijoje, kur kultivuojant
lasteles, F5 sublinijos Igsteliy tripsinizacija uztrukdavo dvigubai ilgiau nei
kity sublinijy. Taip pat CD133 teigiamos Igstelés pasizymi mazesniu proli-
feracijos ir migracijos greiciu [149]. Kitose misy iSskirtose sublinijose: A9,
D8, E7, F7, G5 ir H2, CD133 raiska nustatyta nuo 21 iki 57 proc. mazesné,
lyginant su MDA-MB-231 lasteliy linija. [vertinus CD133 receptoriaus rais-
ka minétose sublinijose ir nustacius statistiSkai reikSmingy skirtumy, toliau
atlikome lgsteliy migracijos tyrimus.

3.2. Sublinijy lasteliy gebéjimas migruoti

Véziniy lasteliy migracija vienas 1§ pagrindiniy poZymiy, rodanciy véZinés
ligos progresavima, ypa¢ metastaziy kontekste. Toks véZiniy lgsteliy plitimas
lemia tolimyjy metastaziy susidaryma ir antriniy naviky susiformavima toli
nuo pirminio naviko. Sis procesas yra pagrindiné mirtingumo nuo véZiniy su-
sirgimy priezastis. Véziniy lasteliy migracija yra kompleksinis procesas, kurj
gali lemti keletas skirtingy mechanizmy: EMT, chemotaksis, lasteliy tarpu-
savio sukibimo sumaz¢jimas, uzlastelinio uzpildo pokyciai, geny mutacijos
[150]. Tyrimo metu pritaikéme ,,zaizdos gijimo* metoda, kuris yra vienas i$
dazniausiai naudojamy metody siekiant jvertinti lgsteliy migracija in vitro
tyrimuose. Atlikus tyrimg nustatyta skirtinga lgsteliy migracija tarp atskiry
sublinijy (3.2.1 B pav.). Ivertinus zaizdos ploto poky¢ius po 72 val. palygino-
me gautus rezultatus tarp sublinijy (3.2.1 A pav.).
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3.2.1 pav. Lgsteliy migracijos skirtumai tarp sublinijy ir MDA-MB-231

lgsteliy linijos

A — MDA-MB-231 lasteliy linijos ir sublinijy ,,zaizdy“ plotai procentais, po 72 val. B —
,,zaizdos* ploto poky¢iai po 24 ir 72 val.; * p < 0,05 lyginant su kontrole, n = 3, skalé atitinka

200 pm.
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Léciausia migracija pasizyméjo A9 sublinijos Iastelés. ,,Zaizdos™ plotas
po 72 val. buvo 19 proc. didesnis lyginant su MDA-MB-231 ,,zaizdos* plo-
tu (3.2.1 A pav.). Greiciausia migracija pasizyméjo H2 sublinijos Iasteles,
pastaryjy ,,zaizdos* plotas po 72 val. buvo 38 proc. maZesnis lyginant su
MDA-MB-231 lasteliy linijos ,,zaizdos* plotu. Taip pat greitesne migracija
pasizyméjo ir D8, F7 ir G5 sublinijy lastelés. ,,Zaizdos* plotas po 72 val.
buvo 20 — 30 proc. mazesnis lyginant su MDA-MB-231 ,,zaizdos* plotu. E7
ir F5 sublinijy lasteliy ,,7aizdos* plotas statistiSkai reikSmingai nesiskyré nuo
MDA-MB-231 ,,zaizdos* ploto. Rezultatai rodo, kad i$skirtos sublinijos ski-
riasi nuo pirminés MDA-MB-231 Iasteliy linijos.

Mokslininkai i$skiria sublinijas i§ MDA-MB-231 lgsteliy linijos, noréda-
mi iStirti skirtingy populiacijy savybes. Pardillos ir kt. i§skyre tris skirtingas
lasteliy sublinijas i§ MDA-MB-231 Iasteliy linijos nenustaté statistiSkai reiks-
mingy migracijos skirtumy tarp minéty klony [151]. Hershey ir kt. vertino
skirtingy klony i8skirty i§ MDA-MB-231 Iasteliy linijos migracijg bei migra-
cijos greitj ir reik§mingy skirtumy taip pat nebuvo aptikta. Si mokslininky
grupé nustaté, kad Igsteliy migracijos greiciui jtakos turi populiacijos tankis,
bei Igsteliy tarpusavio sgveika per lasteliy metabolitus ir augimo veiksnius
[152]. Atliktas Amaro ir kt. tyrimas parodé, kad MDA-MB-231 lasteliy li-
nijoje egzistuoja bent dvi sublinijos, kurios pasizymi didesniu geb¢jimu mi-
gruoti lyginat su MDA-MB-231 Iasteliy linija [106]. Nustatyta, kad iSvesta
DOX atspari MDA-MB-231 lasteliy linijos Iasteliy migracija buvo 4 kartus
didesné¢ lyginant su laukinio fenotipo MDA-MB-231 linijos Igstelémis [153].

3.3. Lasteliy atsparumas prieSvéZiniams junginiams doksorubicinui ir
paklitakseliui

Atsparumas doksorubicinui

DOX yra vienas dazniausiai vartojamy prieSveéziniy vaisty gydant vézinius
susirgimus, tame tarpe ir trejopai neigiama krities vézj [153]. DOX priklau-
so antracikliny klasei, kuris jsiterpia j dvigrande DNR molekule, slopina to-
poizomerazes II veikimg ir lemia laisvyjy radikaly susidaryma, to rezultatas —
stabdomas Igsteliy dauginimasis ir Igstelés ziista. Gydant véZinius susirgimus
daznai susiduriama su lgsteliy atsparumu gydyme vartojamiems vaistams.
Mechanizmai lemiantys atsparumg vaistams labai jvairiis: padidéjes vaisty
metabolizmas, iSauges DNR pazaidy taisymas, geny mutacijos, amplifikaci-
jos, epigenetiniai pakitimai, o taip pat ir fenotipiskai skirtingy naviky popu-
liacijy saveika [59]. Todél svarbu jvertinti ir misy iSskirty sublinijy atsparu-
ma prieSvéZiniams junginiams taip surenkant dar daugiau informacijos apie
kiekvienos sublinijos fenotipines savybes.
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Sublinijy, i8skirty i§ MDA-MB-231, atsparumas prieSvéziniams jungi-
niams buvo jvertintas pritaikant MTT gyvybingumo testa. Lasteliy gyvybin-
gumas jvertintas po 72 val. inkubacijos su DOX. Nustatyta, kad H2 sublinijos
lastelés yra apie 1,5 karto atsparesnés DOX, lyginant su MDA-MB-231 Ias-
teliy linija (3.3.1 pav.). Po 72 val. H2 sublinijos lasteliy £C, verté yra 175,4
+ 4,4 nM, tuo tarpu MDA-MB-231 lasteliy EC, verte yra 126,7 + 1,6 nM.
A9 sublinijos lasteles, 1,15 karto maZiau atsparios DOX lyginant su MDA-
MB-231ir A9 EC lygi 145,2 + 5,6 nM. Nustatyta, kad E7, FS5 ir G5 subli-
nijy Igstelés yra du kartus jautresnés DOX (EC, po 72 val. 77,7+ 11,2 nM ir
55,9 £ 7,2 nM, atitinkamai) lyginant su MDA-MB-231 lasteliy linija. Statis-
tiskai reikSmingo skirtumo D8 sublinijos lgsteléms nebuvo nustatyta lyginant
su MDA-MB-231 Iasteliy linija.

Idomu tai, kad A9 sublinijos lastelés migravo lé€iausiai, taciau buvo 1,15
karto atsparesnés DOX nei MDA-MB-231 Iasteliy linija. Sis sublinijos atspa-
rumas gali biiti siejamas su léta migracija, kuri taip pat siejama ir su Igsteliy
dauginimusi. DOX paveikia greitai besidauginancias Iasteles [154]. Tuo tarpu
H2 sublinijos didziausias atsparumas gali biiti susij¢s su Sios sublinijos gebé-
jimu greitai migruoti. Lastelés, kurios grei¢iau migruoja, pasiZzymi agresyves-
niu ir atsparesniu vaistams fenotipu [155].
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3.3.1 pav. DOX poveikis lgsteliy gyvybingumui

EC, vertés nustatytos po MDA-MB-231 ir sublinijy 72 val. inkubacijos su DOX, * p < 0,05
lyginant su kontrole, n = 3.
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Literatiroje yra duomeny, kad EC, vertts MDA-MB-231 Igstelems yra
160 + 0,02 nM [156], o tai yra koncentracija artima H2 sublinijos lasteléms.
Mokslininkai yra nustatg ir Zemesng MDA-MB-231 lgsteliy linijos EC, ver-
te— 140 nM [157]. Paramanantham ir kt. suktiré¢ DOX atspariag MDA-MB-231
linija. Tyrimy metu nustatyta, kad DOX atspari lasteliy linijja yra daugiau
nei 2 kartus (EC, — 14,3 uM) atsparesne DOX lyginant su laukiniu fenotipu
(EC,,— 6,5 uM) [153].

Atsparumas paklitakseliui

PTX, kaip ir DOX, yra dazniausiai vartojamy vaisty gydant TNBC. Pate-
kes 1 lasteles PTX jungiasi prie Igsteliy citoskeleto elementy - mikrovamzde-
liy, juos stabilizuoja, trukdo jy i$sivyniojimo ir depolimerizacijos procesams,
o tai stabdo lasteliy dalijimasi [158].

Tyrimuose su PTX gauti panasts rezultatai — H2 sublinija pasizymeéjo di-
dziausiu (1,3 karto lyginant su MDA-MB-231) atsparumu PTX (3.3.2 pav.),
EC,, po 72 val. lygus 72,6 + 2,1 nM, tuo tarpu MDA-MB-231 lasteliy linijos
EC,, lygus 55,2 + 2,8 nM. A9 ir F7 sublinijy Igstelés buvo jautriausios PTX
poveikiui. EC, po 72 val. atitinkamai buvo 43,9 = 1,8 nM ir 46,9 + 4,5 nM.
StatistiSkai reikSmingumo atsparumo PTX nenustatyta D8, E7, FS ir GS su-
blinijy lastelése.
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3.3.2 pav. PTX poveikis lgsteliy gyvybingumui

EC, vertés nustatytos po MDA-MB-231 ir sublinijy 72 val. inkubacijos su PTX,* p < 0,05
lyginant su kontrole, n = 3.

55



Kenicer ir kt. tyrimo rezultatai rodo, kad MDA-MB-231 lasteliy linijai
EC, po 72 val. inkubacijos su PTX lygus 1,6 nM. Si mokslininky komanda
iSvede dvi MDA-MB-231 lasteliy linijas atsparias 25 ir 50 nM PTX. Minéty
linijy EC, vertés buvo 19-56 karty didesnes (29,61-89,98 nM atitinkamai)
lyginant su laukinio tipo MDA-MB-231 lgsteliy linija [159].

Apibendrinant galime daryti i§vada, kad H2 sublinijos atsparumas PTX
yra panaSaus lygio kaip ir Kenicer ir kt. iSvesty atspariy PTX lasteliy. Tai
rodo, kad i8skirta H2 sublinija ,,nattraliai turi padidéjusj atsparumg PTX ir
reik§mingai skiriasi nuo MDA-MB-231 lasteliy linijos.

Didziausiu atsparumu tiek DOX tiek PTX pasizyméjo H2 sublinijos laste-
1és. Jautriausios DOX poveikiui buvo F5 ir F7, o PTX - F7 sublinijy lastelés.

Isskirty sublinijy pasirinkimas lgsteliy sqveikos tyrimams

Charakterizuojant visas i§ MDA-MB-231 lasteliy linijos iSskirtas subli-
nijas jvertinome CD133 raiSka, Igsteliy gebéjima migruoti bei sublinijy at-
sparumg DOX bei PTX. Apibendrinant gautus rezultatus, pasirinkome tris
labiausiai iSsiskiriancias sublinijas (3.3.1 lentelé) 1asteliy sgveikos tyrimams.

3.3.1 lentelé. Sqveikos tyrimams pasirinkty sublinijy palyginimas

Savybé D8 F5 H2
CD133 raiska 50 % (-) 31 % (+) 26 % (-)
Gebéjimas migruoti 20 % (+) 5% (-) 38 % (+)
Atsparumas DOX 4,2 % (NS) 54 % (-) 39 % (+)
Atsparumas PTX 10 % (NS) 1,3 % (NS) 32 % (+)

»-— maziau uz kontrole; ,,+* — daugiau uz kontrolg; NS — néra statistiskai reikSmingo skir-
tumo. Kontrol¢: MDA-MB-231 lasteliy linija.

F5 sublinijos lasteliy iSvaizda skyrési nuo MDA-MB-231 Iasteliy. Laste-
lés sudaré kompaktiskas, glaudaus kontakto kolonijas, biidinga lasteliy forma
daugiakampg, tadiau nepailga, kaip MDA-MB-231. Sios sublinijos lasteléms
buvo biidinga didesné CD133 receptoriaus raiSka tarp visy tirty sublinijy
(31 proc. didesné nei MDA-MB-231). FS sublinijos atsparumas PTX nebuvo
statistiSkai reikSmingas, tac¢iau F5 sublinijos lgstelés buvo 54 proc. jautresnés
prieSvéZiniam junginiui DOX nei MDA-MB-231 Igsteliy linija. F5 sublini-
jos lastelés migravo léciau net MDA-MB-231 lgsteliy linijos lgstelés. CD133
raiSka D8 sublinijos lgstelése buvo maziausia i§ visy sublinijy ir 50 proc.
mazesné nei MDA-MB-231 lasteliy linijoje. D8 sublinijos migracijos greitis
buvo apie 20 proc. didesnis nei MDA-MB-231 lasteliy linijos. Trecioji su-
blinija, H2, skyrési nuo kity sublinijy. CD133 raiska, H2 Iasteliy sublinijoje
ji buvo 26 proc. mazesné nei MDA-MB-231 lasteliy linijoje. H2 sublinijos
lastelés buvo 38 proc. atsparesnés DOX ir 31 proc. atsparesnés PTX lyginant
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su MDA-MB-231 lasteliy linija. H2 sublinijos lastelés migravo greiciau nei
MDA-MB-231 lasteliy linijos lastelés.

3.4. Lasteliy dvigubéjimo laiko nustatymas

Pasirinke tris labiausiai i$siskirian¢ias MDA-MB-231 sublinijas (D8, F5,
H2), nustatéme kiek laiko reikia, kad lgsteliy populiacija padvigubéty esant
optimalioms augimo salygoms. Sis testas suteikia informacijos apie laste-
liy proliferacijos greitj, taip pat yra svarbus veiksnys atliekant tyrimus su
prieSvéziniais junginiais, kurie veikia sparciai besidalijancias lasteles [160].

Nustatytas MDA-MB-231 lasteliy linijos lasteliy dvigubéjimo laikas buvo
apie 20 val. (3.4.1 pav.).

25

1l

MDA-MB-231 D8

—_ —_ N
(=] (V)] S

Dvigubéjimo laikas (val.)

9]

Lasteliy sub/linijos

3.4.1 pav. Lgsteliy linijy ir sublinijy dvigubéjimo laikas
*p <0,05 lyginant su MDA-MB-231, n = 3.

I$skirty sublinijy dvigub¢jimo laikas skyrési nuo pradinés, MDA-MB-231
lasteliy linijos dvigubé¢jimo laiko (apie 20 val.). F5 sublinijos lasteliy dvi-
gubg¢jimo laikas buvo 21 val., D8 sublinijos — 15 val., o H2 sublinijos —
12 val. Apibendrinant galima teigti, kad D8 ir H2 sublinijy lasteliy dvigu-
bé¢jimo laikas buvo statistiSkai reikSmingai trumpesnis lyginant su MDA-
MB-231 Iasteliy linija.

Mokslinés literatiiros duomenimis MDA-MB-231 Iasteliy linijos dvigubé-
jimo laikas dazniausiai varijuoja tarp 25 ir 30, kitur iki 48 val. [127,161,162].
Taciau iki Siol néra duomeny, kad MDA-MB-231 sublinijose/klonuose bty
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nustatytas 12—15 valandy dvigubéjimo laikas. Tai rodo, kad miisy tyrimo
metu pavyko i8skirti sublinijas, gebancias greitai dalintis, ir tai gali lemti iy
sublinijy didesnj atsparuma prieSvéziniams junginiams. Tai daznai pastebima
ir kituose moksliniuose tyrimuose, kur prieSvéziniams junginiams atspariy
lasteliy proliferacija yra greitesné [163,164].

Tyrimo metu gauti rezultatai padés interpretuoti sublinijy skirtingg atsaka j
junginiy poveik], bei jvertinti lasteliy tarpusavio sgveikos rezultatus.

3.5. Trejopai neigiamo Kriities véZiniy lasteliy saveikos jtaka ju
atsparumui vaistams lasteliy vienasluoksnyje

Lgsteliy sqveika 2D kultiirose

Pastaruoju metu mokslininkai aktyviai tiria naviky heterogeniskuma, tiek
pacienty navikuose, tiek ir komercinése lasteliy linjjose. Kiekvieno tyrimo
metu aptinkama skirtingy lasteliy populiacijy tame pac¢iame navike/linijoje.
Daugeliu atvejy iSskyre skirtingas sublinijas jas charakterizuoja, jvertina jvai-
rius (genetinius, epigenetinius, zymeny) pokycius [108,109]. Analizuojant
moksline literatirg aptikta daug informacijos tiriant fenotipiskai skirtingy
sublinijy saveikg su naviky mikroaplinkos lgstelémis, taciau truksta tyrimy,
kuriuose biity tiriama fenotipiskai skirtingy véziniy Igsteliy tarpusavio sgvei-
ka. Nors moksliniuose straipsniuose kalbama apie tokiy sublinijy/subpopulia-
cijy/klony sgveikos svarbg, miisy duomenimis panasiy tyrimy iki Siol nebuvo
atlikta. Fenotipiskai skirtingos D8, F5, H2 lasteliy sublinijos buvo pasirink-
tos norint jvertinti lasteliy tarpusavio saveika in vitro tyrimuose. Zinoma, kad
lasteliy tarpusavio rySys yra labai svarbus naviko vystymosi ir progresavimo
metu, nes leidzia vézinéms lgsteléms ,,perprogramuoti‘ naviko mikroaplin-
ka, o véziniy lasteliy tarpusavio saveika prisideda prie ligos progresavimo
ir atsparumo gydyme naudojamiems vaistams [165]. Lasteliy tarpusavio s3-
veikos tyrimy eksperimentams sudaréme tris skirtingas lasteliy deriniy gru-
pes (3.5.1 pav.).
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3.5.1 pav. Lgsteliy linijy ir sublinijy deriniai lgsteliy sqveikos tyrimams

Pirmaja derinio grupe sudar¢ isskirty sublinijy (D8, F5, H2) ir MDA-
MB-231 sumaiSymas su HF lgstelémis (santykiu 1:2) (3.5.1 pav. I deriniy
grupé). HF (fibroblastai) naudojami d¢l keleto aspekty: tyrimy metu nustaté-
me, kad suformuoti sferoidus tik i§ MDA-MB-231 lasteliy nepavyko, o papil-
domai pridéjus HF lasteliy sferoidus pavyko suformuoti. HF lgsteles, taip pat
fibroblastai yra vienas pagrindiniy komponenty naviky mikroaplinkoje ir turi
didele jtaka véziniy ir TME lIasteliy saveikoje.

Antroji deriniy grupé: lasteliy sublinijos buvo sumaiSomos su MDA-
MB-231 ir HF lasteliy linijy lastelémis (santykis 1:1:2) (3.5.1 pav. II deri-
niy grupé¢). MDA-MB-231 lasteliy naudojimas deriniuose buvo svarbus tam,
kad jvertinti konkrec¢iy sublinijy (D8, F5, H2) saveikos skirtumus su visomis
MDA-MB-231 populiacijomis. Sie deriniai buvo sudaryti siekiant nustaty-
ti sublinijy saveika su pradine MDA-MB-231 Iasteliy linija ir jy sgveikos
jtakg vaisty atsparumui. MDA-MB-231 Igsteliy linija labai heterogeniska ir
pasizymi didele gentine lasteliy jvairove [166]. MaiSant sublinijy lasteles su
MDA-MB-231 Igsteliy linijos lastelémis buvo siekiama kiekybiskai jvertinti
sublinijy sgveika su galimai kitomis MDA-MB-231 linijos populiacijomis.

Treciajq deriniy grupe sudaré lasteliy sublinijy maiSymas tarpusavyje,
pridedant 2 dalis HF Iasteliy (3.5.1 pav. derinys III). MaiSant sublinijas tar-
pusavyje buvo siekiama jvertinti, kaip kiekvienas fenotipas paveiks sublinijy
savybes, ar jos skirsis nuo rezultaty, kai sublinijos buvo tiriamos vienos — ne
deriniuose.
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Lasteliy saveikos tyrimams visuose lgsteliy deriniuose naudojome HF
lasteles norint imituoti navikui artimesne mikroaplinka. Fibroblasty ir vézi-
niy Igsteliy sgveika vyksta per interleukino 6 (IL-6) ir chemokino 7 ligan-
do (CXCL7) sekrecijg [167]. Fibroblastai iSskiria IL-6, kuris atlieka svarby
vaidmenj veéziniy lgsteliy chemoterapinio atsparumo susiformavime (DOX
ir PTX) [168], aktyvuoja lgsteliy proliferacijg ir CXCL7, kuris atsakingas uz
lasteliy ,,saves atsinaujinimo* funkcija [169]. Sie citokinai (IL-6 ir CXCL?7),
bei CXCL12, FGF, HGF, IGF, PDGF, Wnt, MMPs, VEGF [170] dalyvauja
aktyvuojant PI3K/Akt (skatina lasteliy proliferacija, invazijg ir daugiavaistj
atsparumg [144]) ir NF-xB (dalyvauja véziniy lasteliy proliferacijos proce-
se, angiogenezéje [171]) signalinius kelius. Tuo paciu, fibroblastai iSskiria
chemokino 1 liganda (CXCL1) ir IL-8, kurie skatina véziniy lasteliy ABCG2
raiSkos padidéjima, tai lemia padidéjusj DOX paSalinimg [172]. ] naviko
mikroaplinkg fibroblasty iSskiriamas transformuojantis augimo veiksnys 3
(TGF-p) aktyvuoja signalinius kelius, kurie atsakingi uz Igsteliy epitelinj-me-
zenchiminj per¢jimg (EMT), tai prisideda prie atsparumo DOX susiformavi-
mo [170].

Tyrimy metu panaudotos DOX (0,5 uM) ir PTX (0,05 uM) koncentracijos
buvo vienodos visoms deriniy grupéms. Junginiy koncentracijos pasirinktos
remiantis ankstesniy misy tyrimy metu nustatyta £C, verte. Lasteliy savei-
kos tyrimams 2D modelyje pasirinkome MTT testa, kuris leido jvertinti jun-
giniy poveik] lgsteliy gyvybingumui.

Atlike tyrima nustatéme, kad po 72 val. inkubacijos su 0,5 pM DOX pa-
vienéms D8, F5 ir H2 sublinijoms (3.5.2 pav. A, B ir C) gyvybingumas su-
mazejo tik 15 — 28 proc., tai rodo Siy sublinijy atsparumg DOX. F5 ir H2
sublinijy Iasteles derinant su HF ar MDA-MB-231, ar $ias sublinijas derinant
tarpusavyje, gyvybingumas sumazéja 24 — 44 proc. Tai rodo, kad Siy sublini-
ju lasteliy saveika su HF, MDA-MB-231 ar sublinijas derinant tarpusavyje,
sumazina atsparumg DOX. D8 sublinijos Igsteles derinant su kity tipy lgstelé-
mis statistiSkai reikSmingo atsparumo DOX nenustatyta.

Priesingi rezultatai nustatyti atlikus tyrimus su PTX (3.5.2 pav. D, E ir F).
Sublinijy lgsteles derinant su HF arba MDA-MB-231 arba sublinijas derinant
tarpusavyje, atsparumas PTX padidéja nuo 18 iki 34 proc. lyginant su subli-
nijy atsparumu nesant deriniuose.
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3.5.2 pav. Lgsteliy atsparumas priesvéziniams junginiams DOX ir PTX
Lasteliy gyvybingumas procentais po 72 val. inkubacijos su DOX (raudona) arba PTX (za-
lia). Deriniai su: D8 sublinija (A, D); F5 sublinija (B, E); H2 sublinija (C, F); * p < 0,05
lyginant su kontrole (kontroliné grupé — lastelés inkubuotos su 0,2 proc. DMSO). Stulpeliai
pazyméti skirtingomis raidémis rodo statistiSkai reikSmingus skirtumus tarp ty paciy grupiy,
n=3.

Nustatyta, kad véZiniy lgsteliy saveika su fibroblastais pakeicia véziniy
lasteliy atsparumag prieSvéziniams junginiams. Sublinijy lgsteliy-fibroblas-
ty-DOX ir H2-fibroblasty-PTX deriniai buvo jautresni prieSvéziniams jungi-
niams, nei Sias sublinijas paveikus prieSvéZiniais vaistais ne deriniuose (3.5.2
pav. A, B ir F). Tuo tarpu F5-fibroblastai-PTX ir D8-fibroblastai-PTX deri-
niai buvo atsparesni junginiy poveikiui lyginant su lgsteliy gyvybingumu ne
deriniuose. Véziniy lasteliy-fibroblasty-vaisty deriniai buvo tiriami ir Landry
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ir kt. darbe [12], jie pasteb¢jo, kad Igsteliy deriniy atsparumas vaistams pri-
klauso nuo véziniy lasteliy ir fibroblasty fenotipo. Keletas moksliniy tyrimy
taip pat patvirtino, kad véziniy lasteliy ir fibroblasty deriniuose sumazéja las-
teliy atsparumas vaistams [173,174], nors daugeliu atvejy véziniy lasteliy ir
fibroblasty sgveika padidina Igsteliy atsparumg vaistams [13,175].

Lgsteliy sqveika 3D kultiirose

Siuo metu, 3D lasteliy kultiiros yra plagiai naudojamos moksliniuose ty-
rimuose tiriant naujus junginius ar vertinant prieSvéziniy junginiy poveikj
trimatéms lasteliy kultiroms [176]. Magnetinio 3D biospausdinimo metodo
privalumai yra atkuriamumas, sferoidy formavimo kontrol¢ ir galimybe¢ sfe-
roidus formuoti i§ skirtingy lasteliy tipy. Metodas yra patogus atlikti jvairias
modifikacijas, galima naudoti bet kokius Iasteliy derinius sferoidams formuo-
ti, jvertinti lasteliy saveikos jtaka junginiy atsparumui, bei viso sferoido dy-
dzio pokycius. Mes pritaikéme §j metodg lasteliy sagveikos tyrimams, norint
suprasti Igsteliy tarpusavio sgveika, esant panasioms mikroaplinkos saglygoms
1 tikry naviky mikroaplinkg. 3D modelio tyrimuose naudojome tuos pacius
lasteliy derinius kaip ir 2D modelyje. 3D modelio tyrimuose, nebuvo vien tik
18 véziniy lasteliy suformuoty sferoidy grupés, kadangi be HF lasteliy MDA-
MB-231 ir jos sublinijos nesuformavo sferoidy.

Sferoidai, suformuoti i§ D8 sublinijos ir HF lasteliy (3.5.3 pav. A ir B),
buvo jautresni PTX poveikiui, ir jy dydis po 12 dieny buvo 5 proc. mazes-
nis, lyginant su kontrole. Sferoidai, kurie buvo suformuoti i§ D8, HF ir H2
sublinijos lgsteliy buvo jautresni DOX ir PTX poveikiui. Sferoidy dydis po
12 dieny buvo nuo 18 iki 24 proc. mazesnis lyginant su kontrole. IS FS, HF
ir MDA-MB-231 lasteliy suformuoti sferoidai (3.5.3 pav. C ir D) esant PTX
poveikiui po 12 dieny buvo 7 proc. didesni lyginant su kontrole. Sferoidai
sudaryti i$ F5, HF ir H2 sublinijy Igsteliy esant terpéje DOX arba PTX, buvo
nuo 15 iki 29 proc. mazesni lyginant su kontrole (3.5.3 pav. E ir F).
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3.5.3 pav. Lgsteliy sqveikos jtaka 3D kultiirose

Procentais nurodytas sferoidy dydzio pokytis po 12 dieny inkubuojant sferoidus su terpe,
kurioje yra papildomai pridéta DOX arba PTX lyginant su kontrole. D8 sublinijos deriniai
(A, B), F5 sublinijos deriniai (C, D) ir H2 sublinijos deriniai (E, F). * p < 0,05 lyginant su
kontrole (kontrolé¢ — sferoidai inkubuoti su 0,2 proc. DMSO terpéje). Stulpeliai pazyméti
skirtingomis raidémis rodo statistiskai reik§mingg skirtuma (p < 0,05) tarp tos pacios grupés,
n = 8. Skalé¢ atitinka 200 pm.
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3D modelyje derinant H2 sublinijos lasteles su HF, MDA-MB-231, F5 ar
D8 sumazg¢ja atsparumas DOX ir PTX lyginant su kontrole. Tuo tarpu F5 su-
blinijos lasteles derinant su MDA-MB-231 ar D8 sublinijos lastelémis nusta-
téme padidéjusj atsparumg DOX ir PTX lyginant su kontrole. Mokslininkai
nustate, kad esant Igstele-lgstelé sgveikai 3D lgsteliy kulttirose, fibroblastai 18-
skiria keleto tipy molekules (HGF, TGF-, VEGF, TNFa, FGF2, IL-6 ir IL-8)
didesnémis koncentracijomis. Nustatyta, kad fibroblastai 3D lgsteliy kultiiro-
se 18skiria daugiau signaliniy molekuliy, palyginti su jy i$skiriamy molekuliy
kiekiu Igsteliy vienasluoksnyje. Tai jrodo, kad Iastelés auginamos 3D kultt-
rose, dél didesnés tarpusavio sgveikos auga ir ,,elgiasi kitaip nei auginamos
vienasluoksniu. Fibroblasty funkciniai skirtumai 2D ir 3D salygomis buvo
stebimi pagal HGF raiska, kuri padidina vézio lasteliy peré¢jima i§ vietiniy
karcinomos Igsteliy i invazines karcinomos Igstelés ir sukelia vézio atsparu-
mg gydymui [177]. Tai, kad tam tikri deriniai su F5 sublinijos Igstelémis buvo
zymiai atsparesni DOX ir PTX poveikiui, galéjo nulemti padidéjusi CD133
raiSka Siose Igstelése (F5 sublinijos Igstelese CD133 38 proc. didesné), ly-
ginant su MDA-MB-231. Siekiant jvertinant CD133 raiSkos stabilumag F5
sublinijos lgstelése, imunofluorescencinius CD133 raiskos tyrimus atlikome
1Sskyre F5 sublinijg ir praéjus 6 ménesiams po F5 iSskyrimo, CD133 raiSkos
poky¢iy nenustatyta. Siuo metu Zinoma, kad CD133 receptoriaus reguliavi-
me dalyvauja bent 16 skirtingy geny. Vienas pagrindiniy yra TRIM?28 genas,
kurio padidéjusi raiSka vézineése lgstelése lemia padidéjusj véziniy lgsteliy
agresyvumg ir atsparuma vaistams. Tyrimy metu nustatyta, kad i$ Iasteliy pa-
Salinus/inaktyvavus TRIM2S geng reikSmingai sumaz¢ja CD133 receptoriaus
raiSka [178]. Taip pat mokslininkai atlik¢ tyrimus su kiauSidziy vézinémis
lastelémis nustaté, kad CD133 raiska padidéja lasteléms augant 3D kulttirose
[179]. Tai gali biiti vienas 1§ paaiSkinimy, kodel F5 sublinijos Iastelés deri-
niuose, 2D modelyje buvo jautresnés priesvéziniy vaisty poveikiui, lyginant
su 3D modelyje gautais rezultatais.

Saveikos tyrimas 3D modelyje atskleid¢, kad D8, F5 lasteliy sgveika su
H2 sublinijos lgstelémis sumazina jy atsparumg DOX ir PTX lyginant su kon-
trole. Sferoidai, kuriy sudétyje buvo H2 sublinijos Igsteliy, uzaugo mazesnio
dydzio sferoidai lyginant su kity grupiy sferoidais.

3.6. Doksorubicino transportas j fenotipiskai skirtingas lasteliuy
2D ir 3D kultiras

Atlikus tyrimus nustatyta, kad PTX ir DOX nevienodai paveikia skirtin-
gy sublinijy lasteliy gyvybinguma. Siekiant geriau suprasti Siuos skirtumus,
buvo atliktas DOX transporto ] Sias sublinijas tyrimas. Junginiy transporto
tyrimuose patogu naudoti DOX dé¢l jo gebéjimo fluorescuoti, tai palengvina
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junginio judéjimo ir kaupimosi lasteléje stebéjima. Tyrimai atlikti 2D ir 3D
lasteliy modeliuose, siekiant praplésti supratima apie DOX transportg esant
skirtingoms galimybéms lasteléms turéti tarpusavio rysj. Papildomai, DOX
transportas jvertintas normoksijos ir hipoksijos saglygomis, nes hipoksija yra
budinga vézio mikroaplinkai ir gali turéti jtakos vaisty pernasai. Tyrimo re-
zultatai leis geriau suprasti sublinijy skirtumus ir jvertinti galimus atsparumo
mechanizmus prieSvéziniams vaistams.

Tyrime panaudotos 1 ir 5 puM DOX koncentracijos 2D lasteliy kulttirose
ir 10 uM DOX 3D Iasteliy kulttirose. Pries atliekant DOX transporto j laste-
les tyrimg pirmiausiai jvertinta minéty DOX koncentracijy jtaka lasteliy gy-
vybingumui. Toks tyrimas svarbus DOX transporto eksperimentuose, norint
uztikrinti, kad stebimas DOX transportas | gyvybingas lasteles ir naudoja-
mos koncentracijos nesukelia Zenklios Iasteliy Ziities tyrimo laikotarpiu (iki
8 val.).

A 4 valandos B 8 valandos

100 | T % 100 %
S 80 $ 80
2] )
E 60 E 60
En =
£ 2
S 40 S 40
2 5
5‘ >

20 o 20

0 0

MDA-MB-231 D8 F5 H2 MDA-MB-231 D8 F5 H2
Lasteliy sub/linijos Lasteliy sub/linijos

ODOX 1 uM EDOX5uM HEDOX 10uM

3.6.1 pav. DOX poveikis lgsteliy gyvybingumui

Lasteliy gyvybingumas buvo jvertintas vienasluoksniu auginamas lgsteles inkubuojant su 1,
5, ir 10 uM DOX koncentracijomis terpéje. A — inkubacija su DOX 4 valandas; B — inkuba-
cija su DOX 8 valandas, n = 3.

Tyrimo rezultatai parod¢, kad DOX neturéjo statistiSkai reikSmingo povei-
kio lasteliy gyvybingumui (3.6.1 pav.). Remiantis moksliniais tyrimais yra
zinoma, kad DOX patekti j 1astelés citoplazmg pakanka 5-15 min., j branduolj
— 1 val., apoptozes aktyvavimas gali prasidéti per keleta valandy nuo DOX
transporto j branduolj, ta¢iau pastebimi apoptozés padariniai, tokie kaip Igste-
liy susitraukimas, branduolio suskaidymas gali iSryskéti tik po keliy valandy
[180,181]. Bendras citotoksinis DOX poveikis lasteliy populiacijai iSryskéja
po 24-48 val., kai pastebimas gyvybingumo ir proliferacijos sumazéjimas
[182].
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Doksorubicino transportas j vienasluoksniu auginamas lgsteles normok-
sijos sqlygomis

DOX transportas | MDA-MB-231 Iasteliy linijg ir sublinijas D8, F5, H2
buvo jvertintas normoksijos saglygomis. StatistiSkai reik§mingas DOX trans-
portas nustatytas tik po ilgiausio inkubacijos laiko — 240 min. Terp¢je esant
1 uM DOX koncentracijai, didziausias DOX transportas nustatytas j F5 subli-
nijos lgsteliy citoplazma 1,5 karto ir j branduol;j 1,8 karto lyginant su kitomis
tirtomis sublinijomis (3.6.2 pav. A ir B). H2 sublinijos lgstelése DOX pateko
1,5 karto maziau (tiek j citoplazma tiek j branduolj) lyginant su kitomis (DS,
F5) sublinijomis.
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A Lastelé B Branduolys

16 [] Kontrolé [l 120 min. o
14 1] 30 min. [ 240 min. 14
12 [ 60 min. 12
~ 10 0
Z 8 7 8
E o4 E 6
4 4
2 2
0 0
MDA-MB-231 D8 MDA-MB-231 D8
Lasteliy sub/linijos Lasteliy sub/linijos
C MDA-MB-231 D8
Sviesus
laukas
DAPI
TRITC
Sulieta

3.6.2 pav. DOX transportas j vienasluoksniu auginamas lgsteles
normoksijos sqlygomis esant 1 uM DOX koncentracijai
A —DOX fluorescencijos intensyvumas lastelése ir B —branduoliuose, skirtingais laiko mo-
mentais. C — lasteliy nuotraukos po 4 val. inkubacijos su DOX 1 uM terpéje. Didinimas
600x, mastelis lygus 50 um. Skirtingos raidés zymi skirtumus tarp grupiy, p < 0,05 lyginant
su DOX transportu tuo paciu laiko momentu skirtingose lasteliy sublinijose, n = 3.

DOX transporto ] lasteliy citoplazmg ir branduol; santykis statistiSkai
reik§mingai nesiskyré tarp MDA-MB-231 ir sublinijy (D8, F5, H2). Padidé-
jes DOX kaupimasis lgsteliy branduolyje yra dél Sio vaisto gebéjimo jsiterpti
i lasteliy DNR. Sia savybe lemia DOX hidrofilinis pobidis (pasyvi difuzija)
ir aktyvis pernasai neatrankiis pernaSos baltymai (aktyvus transportas), pa-
lengvinantys jo transportg j branduolj.

67



Tyrimo rezultatai parodé 2,5 karto didesnj DOX transporta ir kaupimasi
lasteliy branduoliuose nei citoplazmoje, terpéje esant 5 uM DOX koncentra-
cijai (3.6.3 pav. A ir B). Tuo tarpu terpéje esant | uM DOX nustatytas vie-
nodas santykis tarp DOX pasiskirstymo lasteliy citoplazmoje ir branduolyje.
Didziausias — 1,5 karto didesnis DOX transportas, toliau stebimas F5 subli-
nijos lgstelése, lyginant su kitomis tirtomis sublinijomis. StatistiSkai reiks-
mingai didesnis DOX transportas j FS sublinijos lgsteles veda prie hipotezes,
kad Sios sublinijos lastelése neiSreiksti arba silpnai iSreik$ti atsparumo me-
chanizmai galintys pasalinti DOX i$ lasteliy vidulastelinés terpés. Tuo tarpu
H2 sublinijos lasteles inkubuojant su 5 uM DOX koncentracija nustatytas 2
kartais mazesnis DOX kaupimasis tiek citoplazmoje, tiek ir branduolyje lygi-
nant su F5 sublinija ir 1,5 karto mazesniu DOX kaupimusi lyginant su MDA-
MB-231 ir D8. Skirtingas DOX transportas i lasteliy sublinijas jrodo, kad
fenotipinés lasteliy savybés lemia ir nevienodg vaisto transportg i lasteles.
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A Lastele B Branduolys

35| [ Kontrolé 35 d
30| [ 30 min. 30
@ 60 min.
25| W 120 min. 25 b b
N 240 min. g
5 20 u 2 20 a
= 15 c =15

MDA-MB-231 D8 F5 H2 MDA-MB-231 D8 F5 H2
Lasteliy sub/linijos Lasteliy sub/linijos
C MDA-MB-231 D8 F5 H2

Sviesus
laukas
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3.6.3 pav. DOX transportas j vienasluoksniu auginamas lgsteles
normoksijos sqlygomis esant 5 uM DOX koncentracijai
A —DOX fluorescencijos intensyvumas lastelése ir B — branduoliuose skirtingais laiko mo-
mentais. C — lgsteliy nuotraukos po 4 val. inkubacijos su DOX 5 pM mitybingje terpéje. Di-
dinimas 600%, mastelis lygus 50 um. Skirtingos raidés zymi skirtumus tarp grupiy, p < 0,05
lyginant su DOX transportu tuo paciu laiko momentu skirtingose Igsteliy sublinijose, n = 3.

Viso tyrimo metu vertinant DOX transportg ] lasteles, statistiSkai reiks-
mingy skirtumy nenustatyta Igsteles inkubuojant 30, 60 ir 120 min. Statistis-
kai reikSmingi skirtumai nustatyti Igsteles inkubuojant tik ilgesnj laikg (240
minuciy), tai rodo, kad MDA-MB-231 ir sublinijoms reikalingas ilgesnis in-
kubacijos laikas norint identifikuoti statistiSkai reikSmingus skirtumus.

Apibendrinant DOX transporto tyrimus normoksijos saglygomis, nustatyta,
kad kai terpéje yra 1 ar 5 uM DOX koncentracija, DOX pasiskirstymas 13s-
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teliy citoplazmoje ir branduolyje skyrési po 240 min. Esant 1 pM DOX ter-
péje, transportas  branduolius yra 1,7 karto didesnis nei i citoplazma, o esant
5 uM DOX koncentracijai, transportas ] branduolius yra 2,6 karto didesnis
nei ] citoplazma. DidZiausias DOX transporto skirtumas nustatytas F5 subli-
nijos lagstelése, kur DOX transportas j branduolius buvo 3,2 kartus didesnis
nei citoplazmoje.

Tiriant DOX transportg j fenotipiskai skirtingas sublinijas svarbu jvertinti,
kaip keiciasi DOX transportas esant hipoksinémis aplinkos salygoms, kurios
dazniausiai yra navikuose.

Doksorubicino transportas j vienasluoksniu auginamas lgsteles hipoksijos
sqlygomis

Hipoksija, tai biisena, kuriai biidingas nepakankamas deguonies kiekis
audiniuose, yra daznas kriities, bei kity naviky pozymis. Hipoksiné véZiniy
lasteliy mikroaplinka yra mutagenezés ir vézio vystymosi veiksnys [183].
Hipoksijg navikuose suformuoja ir pacios vézings lgstelés aktyvuodamos an-
giogenezés procesy, dél kurio vézinés lgstelés yra apriipinamos pakankamu
maistiniy medziagy kiekiu. Taip skatinamas naviko augimas ir metastaziy at-
siradimas, o aplink navikg esantiems sveikiems audiniams sukeliama struk-
tiriné ir funkcin¢ Zala [184]. Hipoksinés aplinkos susidarymas ir pagrindinis
jos veiksnys yra HIF-1, kurio stabilizavimas dazniausiai nustatomas piktybi-
niuose ir agresyvesnio fenotipo navikuose [185,186].

Hipoksinés aplinkos saglygy formavimui cheminiu biidu buvo panaudo-
tas 200 uM kobalto (II) chloridas, kuris placiai taikomas in vitro tyrimuose
[187,188].

Hipoksijos salygomis nustatytas DOX transportas | lasteles buvo reiks-
mingai maZesnis lyginant su normoksijos rezultatais. DOX transportas j 13s-
teles esant hipoksijai yra 5 kartus mazesnis su 1 uM ir 2 kartus mazesnis su
5 uM DOX koncentracija mitybingje terpéje, lyginant su normoksijos salygo-
mis gautais rezultatais (3.6.4 ir 3.6.5 pav.).
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A Lastele B Branduolys
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3.6.4 pav. DOX transportas j vienasluoksniu auginamas lgsteles
hipoksijos sqlygomis esant 1 uM DOX koncentracijai

A —DOX fluorescencijos intensyvumas lastelése ir B — branduoliuose skirtingais laiko mo-
mentais. C — Igsteliy nuotraukos po 4 val. inkubacijos su DOX 1 uM terp¢je. Didinimas
600x, mastelis lygus 50 um. Skirtingos raidés zymi skirtumus tarp grupiy, p < 0,05 lyginant
su DOX transportu tuo paciu laiko momentu skirtingose lasteliy sublinijose, n = 3.
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A Lastelé B Branduolys
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3.6.5 pav. DOX transportas j vienasluoksniu auginamas lgsteles
hipoksijos sqlygomis esant 5 uM DOX koncentracijai
A —DOX fluorescencijos intensyvumas lastelése ir B — branduoliuose skirtingais laiko mo-
mentais. C — lgsteliy nuotraukos po 4 val. inkubacijos su DOX 5 uM terpéje. Didinimas
600%, mastelis - 50 pm. Skirtingos raidés zymi skirtumus tarp grupiy, p < 0,05 lyginant su
DOX transportu tuo paciu laiko momentu skirtingose 1gsteliy sublinijose, n = 3.

Didziausias DOX transportas Siomis sglygomis nustatytas j FS sublinijos
lasteles. DOX fluorescencijos intensyvumas F5 sublinijos lgstelése 2,5 karto
didesnis lyginant su H2 sublinijos Igstelémis ir 2 kartus didesnis lyginant
su D8 ir MDA-MB-231 lasteliy linija (3.6.4 pav. A). StatistiSkai reikSmingo
skirtumo tarp DOX transporto | fenotipiskai skirtingy sublinijy branduolius
nebuvo nustatyta (3.6.4 pav. B).
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Tyrimo metu naudojant didesng¢ (5 pM) DOX koncentracija, nustatyti
DOX transporto | lasteliy citoplazma ir branduolius skirtumai (3.6.5 pav. C).
StatistiSkai reik§mingo skirtumo DOX transporto | MDA-MB-231, D8 ir F5
citoplazmg nenustatyta po 240 minuciy. Tuo tarpu j H2 sublinijos lgsteliy
citoplazma pateko 1,7 karto maziau DOX lyginant su kitomis tirtomis lgste-
liy sublinijomis (3.6.5 pav. A). DOX fluorescencijos intensyvumas Igstelése
nustatytas 2,5 karto maZesnis lyginant su normoksijos sglygomis esant 5 uM
koncentracijai. Tyrimo metu buvo nustatytas 2 kartus didesnis DOX transpor-
tas | branduolius nei i citoplazma, o didziausias DOX transportas nustatytas
F5 sublinijos lastelése, kur DOX transportas buvo 3 kartus mazesnis hipoksi-
jos nei normoksijos salygomis.

Lyginant DOX transportg | lasteles esant skirtingoms koncentracijoms
(1 ir 5 uM) hipoksingje aplinkoje, skyrési DOX pasiskirstymas vidulasteline-
je terp¢je. Naudojant 1 pM DOX koncentracija DOX transportas | branduo-
lius buvo 1,4-2,2 karto didesnis nei citoplazmoje. Didéjant DOX koncentra-
cijai didéja ir DOX transporto skirtumai tarp citoplazmos ir branduolio. Esant
5 uM DOX koncentracijai terp¢je, 1 branduolius patenka 2-3,9 karto dau-
giau DOX. Didziausias skirtumas tarp DOX kaupimosi citoplazmoje ir bran-
duolyje nustatytas H2 sublinijos Igstelése, kur DOX j branduolius patenka
3,8 karto daugiau.

Gavus statistiskai reikSmingus skirtumus DOX transporto j fenotipiskai
skirtingy sublinijy lasteles auginant vienasluoksniu, tyrimg toliau teséme su
3D lasteliy kultiiromis — sferoidais. Tyrimai sferoiduose suteiks papildomos
informacijos apie lasteliy tarpusavio sgveikos jtaka DOX transportui, kadangi
sferoiduose natiiraliu biidu susiformuoja hipoksinés aplinkos sritys.

Doksorubicino transportas j lgsteliy sferoidus (3D kultiiras)

MDA-MB-231 linijos lgstelés neformuoja sferoidy, tam papildomai nau-
dojami fibroblastai, musy atveju HF Igsteliy linija. Sferoidus formuojant kartu
su fibroblastais, tiksliau imituojamos natiiralios véziniy lgsteliy mikroaplin-
kos salygos navikuose. Tai leidzia geriau suprasti ir jvertinti Igsteliy sgveikos
jtakg vaisty transportui ] Igsteles.

Eksperimenty pradzioje sferoidy skersmuo buvo apie 390 pm. Lyginant
sferoidy skersmenj tarp tiriamyjy grupiy, jis varijavo tarp 360 ir 420 um. Di-
dziausi, netaisyklingos formos sferoidai susiformavo i§ D8 sublinijos Iasteliy,
tuo tarpu maziausi ir kompaktiSkiausi sferoidai susiformavo i§ H2 sublinijos
lasteliy. Sferoidy dydis/skersmuo nepakito tyrimo eigoje ir isliko toks pats
tarp kontrolings ir tiriamyjy grupiy.
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3.6.6 pav. Doksorubicino transportas j véziniy lgsteliy sferoidus

A —DOX fluorescencijos intensyvumas lastelése; B — sferoidy nuotraukos skirtingais laiko
intervalais su DOX 10 uM terp¢je. Didinimas 600, mastelis lygus 200 pm. Skirtingos raidés
zymi skirtumus tarp grupiy, lyginant su DOX transportu tuo paciu laiko momentu skirtingose
lasteliy sublinijose; * p < 0,05 lyginant su kontrole, sferoidais kurie nebuvo inkubuoti su
DOX,n=12.

StatistiSkai reikSmingi DOX transporto skirtumai j sferoidus buvo nustatyti
po 8 val. inkubacijos su DOX (10 pM) (3.6.6 pav. A). DidZiausias DOX trans-
portas buvo nustatytas i sferoidus, suformuotus i§ D8, F5 ir MDA-MB-231
lasteliy. Tuo tarpu j i$ H2 Igsteliy suformuotus sferoidus DOX pateko du kar-
tus maziau, lyginant su kity tirty grupiy sferoidais (3.6.6 pav. A ir B). Mazes-
nis DOX transportas ] sferoidus, suformuotus i§ H2 sublinijos lgsteliy, patvir-
tina Sios sublinijos atsparumg DOX, kuris buvo nustatytas ankstesniy tyrimy
metu (3.3 skyrelis). Sferoiduose, suformuotuose 1§ FS5 sublinijos lasteliy, ne-
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nustatytas didesnis DOX transportas lyginant su kity sublinijy suformuotais
sferoidais. DOX transporto  sferoidus tyrimy rezultatai koreliuoja su 2D mo-
delio tyrimais hipoksijos salygomis, kur statistiSkai reikSmingy skirtumy tarp
sublinijy nebuvo nustatyta, iSskyrus H2 sublinija, kuri pasizyméjo maziausiu
DOX kaupimu. Tyrimuose su sferoidais pastarieji buvo pakankamo dydzio,
kad susiformuoty hipoksinés zonos, DOX trnsportas ] sferoidus atitinka ir
lasteliy auginant vienasluoksniu hipoksinémis sglygomis gautus rezultatus.

3.7. 2D ir 3D lasteliu saveikos ir doksorubicino transporto tyrimy
palyginimas

Vertinant tyrimy rezultatus, normalizavome ir palyginome 2D ir 3D lasteliy
tarpusavio sgveikos gautus tyrimo rezultatus, kurie pateikti 3.7.1 paveiksle.

Lasteliy saveika
2D modelyje 3D modelyje

DOX PTX DOX PTX
DS HF
HF HF

pg |HF+M HF+M
HF+F5 HE+F5
[HF+H2 HF+H2
F5 HF
[HF HF |
HF+DS HF+DS8
| HF-+H2 HF+H2,
H2 HF
HF HF |

o | HF+M HF+M | 1,
HF+DS HF+DS8
| HF+F5 HF+F5 |

Atsparumo skalé
I 25% 0 25%

3.7.1 pav. Sublinijy lgsteliy sqveikos tyrimy santrauka ,, Silumos Zemélapis “
(angl. heatmap) atspindi lgsteliy sqveikos jtakq terpéje esant priesvéziniams
junginiams
Atsparumo skalé (mélyna — sumazéjes, raudona— padidéjes, balta spalva — nepasikeites atspa-
rumas) rodo kiek procentiskai kiekvienas lasteliy derinys buvo atsparus/neatsparus prieSvézi-

niams junginiams. Santrumpos: M — MDA-MB-231.

75



Visi lgsteliy deriniai buvo maziau atspartis DOX poveikiui, bet padidéjo
atsparumas PTX, lyginant su lasteliy atsparumu nesant deriniuose. Atsparu-
mas PTX ypatingai padid¢jo D8-F5-HF derinyje. Nustatyta, kad sublinijy
deriniai su MDA-MB-231 ir HF buvo jautresni DOX, nei derinant sublinijas
tarpusavyje. Véziniy lasteliy ir fibroblasty sgveikos rezultatai pateikti ir ke-
liuose moksliniuose darbuose [174,189,190], kuriuose nustatyta, kad véziniy
ir stromos lgsteliy, bei uzlgstelinés terpés sgveika mazina véziniy lasteliy at-
sparumg chemoterapiniams vaistams. Manoma, kad dél fibroblasty iSskiria-
my jvairiy faktoriy padidinamas vaisty pralaidumas j lasteles. Tyrimas paro-
dé, kad véziniy lasteliy ir fibroblasty sgveikos rezultatas vaisty atsparumui
yra susijes su fibroblasty kilme, t.y. kokio tipo fibroblastai naudojami in vitro
tyrimuose, atitinkamai gali skirtis gauti rezultatai [12]. Svarbu paminéti, kad
del veéziniy lasteliy saveikos su fibroblastais ilgesnj laika, o taip pat navikuose
in vivo, vézinés lastelés geba ,,pakeisti* fibroblasty fenotipa 1 CAFs, jy isski-
riami faktoriai naudingi véziniy Igsteliy funkcionavimui. Biitent tokio fenoti-
po fibroblasty sgveika su vézinémis lgstelémis reikSmingai didina atsparuma
priesvéziniams vaistams [75,191-194].

3D modelyje visi lgsteliy deriniai buvo atsparesni DOX ir PTX, iSskyrus
derinius su H2 sublinija. Nors §i sublinija auginama viena buvo atspariausia
DOX poveikiui, taciau deriniuose su kitomis 1gstelémis atsparumas sumaze-
jo. Ta pastebéjo ir Landry ir kt. mokslininky grupé, kurie nustaté, kad TNBC
lasteliy deriniuose su fibroblastais sumazéja lasteliy atsaprumas priesvézi-
niams junginiams [12].

Atlikti DOX transporto tyrimai | fenotipiskai skirtingas MDA-MB-231
sublinijas papildé turimas Zinias apie Sias sublinijas ir suteiké naudingos in-
formacijos apie DOX transporto jtaka lasteliy atsparumui. Be to, jvertinome,
kaip keiciasi DOX transportas esant hipoksinei aplinkai, ir palyginome Siuos
rezultatus su gautais normoksijos salygomis. Sie rezultatai leidzia geriau su-
prasti aplinkos saglygy vaidmenj vaisto efektyvumo ir atsparumo mechaniz-
muose. DOX transporto rezultaty apibendrinimas pateiktas 3.7.2 paveiksle.
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A DOX transportas 2D lasteliy kultirose |B DOX transportas 3D lasteliy kultirose
Normoksija Hipoksija
DOX1 DOX5 | DOX1 DOXS Kontrolé 1val. 2wval. 4val. 8val

=2 [MDA MDA

7| D8 D8

&

— F5 F5

H2 H2

E MDA

S D8

i ——— R
=

p% H2 DOX patekimo skale

3.7.2 pav. DOX transportas palyginimas hipoksijos ir normoksijos
sqlygomis
Skalé nurodo DOX transportg i lgsteles. DOX1, DOXS5 nurodo skirtingas DOX koncentra-
cijas, 1 ir 5 pM. Rezultatai normalizuoti, 1 prilyginant didziausiam DOX fluorescencijos
intensyvumui lastelése

DOX transporto j vienasluoksniu auginamas lgsteliy kultiiras tyrimuose
nustatéme reikSmingus skirtumus tarp fenotipiskai skirtingy sublinijy. Taip
pat nustatyti reikSmingi skirtumai tarp DOX kaupimosi Igsteliy citoplazmoje
ir branduolyje naudojant 1 ir 5 uM DOX koncentracijas. Aplinkos sglygos —
normoksija ir hipoksija, tur¢jo reikSmingos jtakos DOX transportui j 1gsteles.
Visose lasteliy sublinijose nustatytas reikSmingai mazesnis DOX transportas
hipoksinémis saglygomis lyginant su DOX transporto rezultatais normoksijos
salygomis.

DOX transportas | F5 sublinijos Igsteles buvo didziausias normoksijos ir
hipoksijos salygomis, lyginant su kitomis lgsteliy sublinijomis (3.7.2 pav.).
DOX daugiausiai sumazino FS sublinijos gyvybinguma, o transporto tyri-
mai parode¢, iSaugusi DOX kaupimasi F5 sublinijos lasteliy branduoliuose,
toks DOX poveikis lasteléms aprasytas ir mokslinéje literatiiroje [195]. Daz-
nu atveju, DOX jautriose lastelése nepadidéjusi transmembraniniy nesikliy
(pvz., P-gp) raiska, tiek iSorinéje tiek ir branduoliy membranoje, lemia DOX
kaupimasi [196]. Svarbu paminéti, kad hipoksijos saglygomis DOX transpor-
tas F5 sublinijos lgstelése yra 3 kartus mazesnis nei normoksijos salygomis,
tai rodo, kad didesni (vir§ 100 um) hipoksiniai navikai gali biiti atsparesni
gydymui [197].

H2 sublinijos lgstelése nustatytas maziausias DOX transportas normoksi-
jos ir hipoksijos salygomis (3.7.3 pav.). H2 sublinija, Zinoma kaip DOX at-
spari, nes DOX negali pasiekti branduolio ir kaupiasi citoplazmoje mazomis
koncentracijomis, didZioji dalis pasalinama j uzlgsteling terpe [195]. Esant
didesnei DOX koncentracijai (5 uM), dalis vaisto pasiekia branduolius. Hi-
poksinémis salygomis DOX transportas j citoplazmg sumaz¢ja 7 kartus, o |
branduolius 5 kartus lyginant su normoksijos salygomis.
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MDA-MB-231 ir D8 sublinijy lastelése DOX transporto eksperimentuose
reikSmingai nesiskyré ir buvo tarpinis variantas tarp FS ir H2 sublinijy, tai
atitinka ankstesnius tyrimy rezultatus. Nors D8 Igsteliy sublinija buvo jau-
tresné DOX poveikiui, transporto skirtumy tarp linijy nebuvo.

StatistiSkai reikSmingo skirtumo tarp MDA-MB-231, D8 ir F5 sferoidy
DOX transporte nenustatyta. H2 sublinijos sferoiduose DOX fluorescenci-
jos intensyvumas buvo maziausias. Tyrimo rezultatai atitinka kity mokslinin-
ky duomenis, kad naviko mikroaplinka turi didele jtaka vaisty transportui ir
veiksmingumui [ 198].

Apibendrinant DOX transportg ir jo veikimo efektyvuma 2D ir 3D lasteliy
kultiirose, buvo palyginti DOX jtakos Iasteliy gyvybingumo rezultatai ir jtaka
sferoidy dydzio poky¢iui esant DOX poveikiui (3.7.3 pav.).

2D lasteliu Kultiiros 3D lasteliuy kultiiros

Gyvybingumas DOX transportas Sferoidy dydzio DOX transportas
monosluoksnyje sumazg¢jimas sferoiduose

MDA-MB-231
D8

F5
H2

DOX efektyvumo skalé

3.7.3 pav. DOX transportas ir veikimo aktyvumas fenotipiskai skirtingy
lgsteliy 2D ir 3D lgsteliy kultirose

2D kultirose DOX efektyvumas lgsteliy gyvybingumui jvertintas MTT metodu, DOX trans-
portas vertintas fluorescencijos intensyvumo skirtumais Igstelése. 3D kultiirose, sferoidy
dydzio pokytis vertinamas sferoidus inkubuojant su DOX ir matuojant sferoidy diametro
poky¢ius, transportas sferoiduose jvertintas stebintis fluorescencijos intensyvumo pokycius
atskirose grupése. Skalé nurodo DOX aktyvumga santykiniais vienetais nuo maziausiy ($vie-
siai raudona) iki didziausio efektyvumo (tamsiai raudona).

Visy tyrimy metu labiausiai i$siskyré dvi sublinijos — FS ir H2. FS su-
blinija jautriausia DOX poveikiui, kadangi DOX susikaupia Siose lastelése
auginamose tiek 2D, tiek 3D kulttirose. Taip pat, sferoidai, suformuoti i§ F5
sublinijos, DOX poveikyje augo statistiSkai reikSmingai 1éciau (3.7.3 pav.).
F5 sublinijos mazesnis atsparumas DOX gali biti siejamas su genetinémis
ir epigenetinémis modifikacijomis, kurios lemia mazesnj pernasos baltymy
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aktyvuma ir tai lemia didesng DOX vidulasteling koncentracija [54]. Padidé-
jes DOX kaupimasis F5 sublinijos Igstelése gali biiti dél lipidy metabolizmo
pasikeitimo, bei padidéjusio membranos pralaidumo jvairioms molekuléms,
kas gali lemti didesn;] vaisto transporta j Iasteles. Todél DOX aktyviai veikia
lasteles jsiterpdamas j DNR molekule, sutrikdydamas topoizomerazes 11 vei-
kimg [199], tai lemty lgsteliy ziit], nors pastarosios ir pasizymi panaSiomis ]
veézio kamieniniy Igsteliy savybémis.

H2 sublinija visy tyrimy metu i$siskyrée kaip atspari DOX sublinija. Atlikti
DOX transporto tyrimai parode, kad DOX transportas ir kaupimasis $ios su-
blinijos lastelése yra ypa¢ mazas. Taip pat mazas DOX transportas nustatytas
ir 1gsteliy sferoiduose. H2 sublinijos atsparumg galéjo nulemti keletas atspa-
rumo mechanizmy: padidéjes vaisty paSalinimas lemiantis sumazéjusj vaisty
kaupimasi lgstelése, pasikeites vaisty metabolizmas, vaisto inaktyvavimas
[200]. Toks H2 sublinijos atsparumas gali biiti panasus | TNBC mezenchi-
minj potipj, kuris pasiZzymi ypac¢ iSaugusia daugiavais¢io atsparumo nesikliy
raiska [53].

Apibendrinant tyrimo rezultatus, galima teigti, kad atsparumg vaistams
nulemia ne tik iki $iol gerai zinomi atsparumo mechanizmai (padidéjes vaisty
pasalinimas, pasikeites vaisty metabolizmas lgstelése ir t.t.), bet ir fenotipis-
kai skirtingy sublinijy tarpusavio sgveika. [rodéme, jog derinant fenotipiSkai
skirtingas, trejopai neigiamo kriities vézio linijos MDA-MB-231 sublinijas,
atsparumas vaistams yra nevienodas. Nustatyta, kad fenotipiskai skirtingose
sublinijose DOX transportas ir jo pasiskirstymas lgstelése skiriasi. Tai leidzia
geriau suprasti mechanizmus, kuriais grindZziamas vaisty atsparumas, ir Sie
rezultatai tolimoje perspektyvoje gali prisidéti kuriant efektyvesnes gydymo
strategijas skirtingiems TNBC vézio potipiams.
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ISVADOS

1. IS trejopai neigiamos kriities véziniy lasteliy linijjos MDA-MB-231
1§skirtos septynios fenotipiskai skirtingos sublinijos. Morfologine 18-
vaizda nuo pradinés linijos labiausiai skiriasi DS, F5, E7, F7 ir H2
sublinijos. H2 sublinijos Igstelés labiausiai atsparios doksorubicino
ir paklitakselio, o F5 — maziausiai atsparios doksorubicino poveikiui,
lyginant su pradine MDA-MB-231 lgsteliy linija. Doksorubicinui jau-
triose F5 sublinijos lastelése nustatyta didziausia CD133 receptoriaus
raiSka, lyginant su MDA-MB-231 linija. Doksorubicinui ir paklitakse-
liui atspariy H2 sublinijos lasteliy populiacija dauginasi sparciausiai ir
migruoja greiciausiai, o0 A9 sublinijos lastelés migruoja lé€iau, lyginant
su MDA-MB-231 linija.

2. Vienasluoksniu auginamas trejopai neigiamo kriities vézio lasteliy su-
blinijas D8, F5, H2 derinant su fibroblastais arba MDA-MB-231 Iaste-
lémis, arba sublinijas derinant tarpusavyje, sumazéja atsparumas dokso-
rubicinui. Grei¢iau migruojanciy D8 Igsteliy derinys su doksorubicinui
jautriomis F5 Iastelémis padidina atsparumag paklitakseliui, lasteliy
vienasluoksnyje, bet ne sferoiduose. Doksorubicinui ir paklitakseliui
atsparias H2 sublinijos lasteles derinant su grei¢iau migruojan¢iomis
D8 arba doksorubicinui jautriomis F5 lgstelémis, padidéja atsparumas
paklitakseliui Igsteliy vienasluoksnyje, bet sumaz¢ja atsparumas abiem
junginiams sferoiduose.

3. Doksorubicino transportas | D8, F5, H2 sublinijas priklauso nuo Iaste-
liy fenotipiniy savybiy ir deguonies koncentracijos aplinkoje. Normok-
sijos salygomis daugiau doksorubicino patenka j jautrias F5 sublinijos
lasteles, o maziausiai — | doksorubicinui atsparias H2 sublinijos laste-
les. Doksorubicino kaupimasis lgstelése priklauso nuo jo koncentraci-
jos terpéje: esant mazesnei koncentracijai, junginys tolygiau pasiskirsto
tarp citoplazmos ir branduolio, o esant didesnei koncentracijai, dokso-
rubicinas labiau kaupiasi branduoliuose. Hipoksijos saglygomis dokso-
rubicino transportas ] sublinijas D8, F5, H2 sumazéja, taciau iSlieka ta
pati tendencija — maziausiai junginio patenka j doksorubicinui atsparias
H2 sublinijos lgsteles, o daugiausiai — j F5 sublinijos lasteles, lyginant
su MDA-MB-231 lastelémis.

4. Doksorubicino transportas ] sferoidus, suformuotus i§ doksorubicinui
atspariy H2 sublinijos Igsteliy, mazesnis nei ] MDA-MB-231 sferoidus,
kaip ir Igsteliy vienasluoksnyje. Doksorubicinui jautriy F5 sublinijos
lasteliy sferoiduose nenustatytas didesnis doksorubicino kaupimasis,
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nors jis buvo didZiausias $ias lgsteles auginant vienasluoksniu. Dok-
sorubicino transportas | D8 ir F5 lasteliy sferoidus toks pat kaip ir |
MDA-MB-231 sferoidus.
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SUMMARY

INTRODUCTION

Breast cancer is the most common cancer among women worldwide. In
2022, this disease was diagnosed in 12.7% of women and accounted for
7.2% of cancer-related deaths globally. Women of all ages after puberty in
all countries are at risk of developing breast cancer, although the incidence
increases with age [1]. As of 2020, breast cancer was diagnosed in 21.7%
of women in Lithuania (LSAM). Women with breast cancer experience
disruptions not only in their physical health but also in their psychosocial
well-being and economic stability [2].

Breast cancer is classified into four main subtypes based on three key
hormone receptors: estrogen (ER), progesterone (PR), and human epidermal
growth factor 2 (HER2). The subtype of breast cancer that lacks all three
of these hormone receptors is called triple-negative breast cancer (TNBC),
which accounts for 10-20% of all breast cancer cases [3]. TNBC is the most
aggressive form of breast cancer and is characterized by distinct clinical and
molecular features, including a higher degree of differentiation, a tendency
to metastasize, and a younger age of diagnosis [4]. The absence of receptor
targets in TNBC means that treatments like hormone therapy or HER2-
targeted drugs are ineffective, making chemotherapy the primary systemic
treatment option [5]. Additionally, TNBC is more prone to recurrence and
distant metastases, complicating clinical management of the disease [6].

The complexity of TNBC lies in its genetic-phenotypic heterogeneity.
On a molecular level, TNBC is divided into four main subtypes: luminal
androgen receptor (LAR), mesenchymal (M), basal-like 1 (BL1), and basal-
like 2 (BL2) [7]. Studies have shown that differences within TNBC tumor
subclones contribute to its aggressiveness, including mutations in TP53 and
BRCAL1 genes, as well as changes in other genes involved in DNA repair
[8]. TNBC tumors exhibit intrinsic heterogeneity, consisting of cells with
different phenotypes in various parts of the tumor, complicating diagnosis
and treatment. For example, androgen receptor therapy is applied to LAR
phenotype cells, while DOX or cisplatin combined with PARP inhibitors are
used for the BL1 phenotype. DOX and PTX are used for the BL2 subtype,
often in combination with other chemotherapeutic drugs [9,10]. The diversity
of phenotypes within tumors complicates treatment and promotes drug
resistance, leading to disease recurrence [11]. In TNBC tumors, not only
intrinsic tumor heterogeneity but also the interaction between cancer cells
and the surrounding microenvironment poses challenges for treating this type
of cancer. The TNBC tumor microenvironment is composed of cells such as
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fibroblasts, macrophages, adipocytes, and immune cells, which secrete various
factors. This interaction between cancer cells and the tumor microenvironment
contributes to drug resistance and tumor growth [12,13]. The resistance of
cancer cells and disease progression is influenced not only by the interaction
between cancer cells and microenvironment cells but also by the interaction
between different phenotypes of cancer cells within the tumor. Due to constant
mutations in cancer cells and environmental factors (availability of nutrients,
oxygen levels, drug exposure), several distinct phenotypic populations form
within tumors, each exhibiting different properties. These cells can exchange
information (resistance proteins, miRNAs) through direct (microtubules, etc.)
or indirect (exosomes, soluble factors, etc.) interactions, allowing cells to
acquire new characteristics and resistance to drugs used in treatment [14,15].

Cell-to-cell interaction significantly impacts resistance to DOX and
PTX, which are among the main chemotherapeutic drugs for TNBC [16,17].
Resistance to these drugs in cancer cells develops due to several known
mechanisms, including changes in signaling pathways, genetic and epigenetic
modifications [18], regulation of the cell cycle and apoptosis [19], and
increased levels of transport proteins in cancer cells [20]. These mechanisms
complicate the effectiveness of chemotherapeutic compounds by reducing
their transport into cells, where their therapeutic targets are located. One of
the major current challenges is the hindered delivery and distribution of drugs
within cancer cells, making research on drug transport particularly important.
It is crucial first to find ways to improve the transport of compounds into
cancer cells [21] and to evaluate how compound transport and distribution
differ in cancer cells of different phenotypes. DOX is convenient to use in
studies of compound transport due to its fluorescent properties, which allow
easy observation of DOX transport and localization within cells.

Currently, there is a very limited number of studies analyzing cell-
to-cell interaction. Such studies are necessary to better understand the
complex mechanisms of resistance and to find new methods to enhance drug
effectiveness by improving their transport into cancer cells.

The aim: To evaluate the impact of triple-negative breast cancer cell
population interactions on resistance to anticancer drugs.

Objectives:

1. To isolate and characterize phenotypically distinct sublines from the
triple-negative breast cancer MDA-MB-231 cell line.

2. To evaluate the impact of interactions between phenotypically distinct
sublines on resistance to anticancer drugs, doxorubicin and paclitaxel,
in monolayer cell cultures and cell spheroids.

&3



3. To investigate doxorubicin transport into phenotypically distinct subli-
nes in monolayers under normoxia and hypoxia.

4. To assess doxorubicin transport into spheroids formed from phenotypi-
cally distinct sublines.

Scientific novelty

Most of the data on phenotypically distinct TNBC populations has been
obtained by analyzing each cell population individually, focusing on their
phenotypic traits, varying sensitivity to anticancer drugs, and differences
in various genes and signaling pathways. Often, differences among TNBC
populations are studied using primary cells isolated from patient tumors.
However, aliterature review reveals limited information on distinct populations
isolated from cell lines. Researchers typically investigate populations
by assessing their migratory abilities, gene profiles, and expression of
specific receptors. However, there is a scarcity of studies that examine not
only individual populations but also the characteristics of combinations of
phenotypically distinct populations.

In this study, for the first time, the impact of interactions between
phenotypically distinct sublines, isolated from the MDA-MB-231 line, on
resistance to DOX and PTX was assessed. A total of 24 sublines were isolated,
of which 7 were characterized in detail, and 3 of the most phenotypically
distinct sublines were selected for interaction studies. The influence of
interactions between phenotypically distinct sublines on resistance to DOX
and PTX was evaluated in both two-dimensional (2D) and three-dimensional
(3D) cultures. During the experiments, resistance to DOX and PTX was
assessed in cell monolayers and spheroids formed from combinations of these
sublines. The study revealed that combinations of phenotypically distinct
sublines exhibited different levels of resistance to the mentioned compounds,
and DOX transport studies showed that this compound was distributed
unevenly among the phenotypically distinct sublines.

Considering that chemotherapy drugs like DOX and PTX are commonly
used in TNBC treatment, significant attention was given to these compounds.
In cancer treatment, including breast cancer, resistance to administered drugs
is often encountered. This resistance is driven by numerous mechanisms,
but our studies indicate that phenotypically distinct cells, although derived
from the same line, exhibit varying sensitivity to DOX and PTX. Therefore,
it is important to assess how the transport of these drugs differs among
phenotypically distinct sublines.

To better understand the tumor environment and create conditions that
closely resemble those in the human body, cell spheroids were formed by
combining phenotypically distinct sublines (D8, F5, H2). Using this method,
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well-formed cell spheroids were created, allowing for a more objective
evaluation of DOX penetration. Additionally, spheroids of the required size
(approximately 390 um) were grown to ensure the formation of a hypoxic
environment within them. DOX transport was also assessed in cell monolayers
under normoxic and hypoxic conditions. Evaluating DOX transport in a
hypoxic environment is crucial because, under these conditions, drugs
often penetrate much less effectively, leading to insufficient intracellular
drug concentrations and the development of drug resistance, complicating
disease treatment. Transport studies were conducted in both 2D and 3D cell
cultures, as these two experimental systems reflect different levels of cell
interaction that can influence DOX distribution and efficacy. In 2D cultures,
DOX transport into individual cells can be assessed, while 3D cultures better
mimic in vivo conditions, including cell-to-cell interactions and limited DOX
transport into deeper spheroid layers. These research results can help better
understand DOX activity in different model systems and contribute to the
development of more targeted cancer therapies.

Practical and theoretical significance

The aggressiveness of triple-negative breast cancer (TNBC) and the
lack of effective treatment methods represent one of the biggest challenges
in modern medicine. The research results presented in this dissertation are
crucial for further development in this field, particularly when conducting
studies with in vivo models or working with primary cell cultures.

The findings confirm that even in cell lines grown in a controlled
environment (with stable oxygen and nutrient levels), phenotypically distinct
populations exist, making them a suitable subject for research. The isolated
sublines differed in their characteristics, which influenced their migration
potential and sensitivity to DOX and PTX. Therefore, the MDA-MB-231 line,
with its phenotypically distinct sublines, is an appropriate model for research.

The data from the conducted studies substantiate the influence of cell
interactions on the development of drug resistance, demonstrating that
combining different cell sublines alters their sensitivity to anticancer
compounds. When sublines that are sensitive to DOX and PTX individually are
combined, the resistance of these combinations to the compounds increases.
However, when a DOX-resistant subline is combined with other sublines, the
cells’ resistance to DOX decreases. The results of the DOX transport study
revealed that in DOX-resistant sublines, the transport of this compound into
the cells is significantly reduced.

These findings provide valuable insights into the issue of DOX and
PTX resistance, helping to understand the different transport mechanisms
of DOX into phenotypically distinct cell sublines. These insights could
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be critical for investigating various mechanisms of cellular resistance.
Over time, this knowledge could contribute to the improvement of cancer
treatment strategies, allowing for the personalization of treatment based on
the phenotype of the cancer cells forming the tumor, and the selection of the
most appropriate treatment methods and drugs. Furthermore, by considering
how the microenvironment affects treatment, personalized therapy could be
applied.

Contribution of the Author

The author conducted all experiments in cell monolayer and three-
dimensional cultures and isolated cell sublines. Additionally, the author
analyzed and interpreted the results, processed them, and presented them
in figures, presented the findings at scientific conferences, and prepared
publications based on them together with the supervisor. The author is the
first author of two experimental scientific publications and the first author of
one review publication prepared on the topic of this dissertation. Based on
these publications, the author prepared the dissertation.

The scientific supervisor, Prof. Vilma Petrikaité, formulated the research
topic, directed the experimental research, consulted on the interpretation of
the data, participated in the preparation of scientific publications and theses,
and advised on the preparation of the dissertation.

MATERIALS AND METHODS

Isolation of cell sublines from commercial MDA-MB-231 cell line

Cell sublines were isolated from the MDAMB-231 commercial cell line
by multiple cell suspension dilution in 96-well plates. Using an 8-channel
micropipettor, 100 uL of medium was added to all the wells in 96-well plate,
except well Al. Then 200 pl of cell suspension (2 x 10* cell/mL) was added
into well A1, and using a single channel pipettor, 100 pl of the solution was
quickly transferred from the first well to well B1. This dilution was repeated
down the entire column, discarding 100 pL from H1, so that it ends up with
the same volume as the wells above it. With the 8-channel micro pipettor,
100 pl of medium was added to each well in column 1 (giving 200 pl/well).
Using the same pipettor, 100 puL of the liquid was quickly transferred from
the wells in the first column (A1-H1) to those in the second column (A2-H2).
This dilution strategy was repeated across the entire plate. After nine days
of incubation, the cell colonies in the plate were detected microscopically.
Based on formed colonies differences (shape, density of cells), sublines from
the wells A9, B7, C7, D8, E7, F5, F7, G5, and H2 were selected (the names
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of subcolonies were assigned according to the name of the well from which
the cells were taken). Sublines were sub-cultured to 25 cm? cell culture flasks
(TPP, Switzerland).

Expression of CD133 receptor by immunofluorescence staining

Cells (4 x 10* cell/mL) were grown for 24 h in a 24-well plate on collagen-
coated oval 13 mm diameter cover glasses at standard cell culturing conditions.
After 24 h, cells were fixed in 4 % paraformaldehyde (Thermo Scientific,
Waltham, Massachusetts, USA) for 20 min., permeabilized in 0.1 % Triton
X-100 (Thermo Scientific, Waltham, Massachusetts, USA) for 10 min.,
blocked in blocking buffer (10 mL of phosphate buffer solution + 0.2 mL fetal
bovine serum + 0.02 g bovine serum albumin) for 30 min. Immunostaining
was performed with primary antibody 1:50 (anti-CD133 rabbit polyclonal,
Abcam, Cambridge, UK) against the protein CD133. Then cells were
incubated with secondary antibody 1:1000 (goat anti-rabbit IgG highly cross-
adsorbed secondary antibody, Alexa Fluor 594, life technologies, Oregon,
USA) for 30 min. Cell nuclei were stained with DAPI (Thermo Scientific,
Waltham, Massachusetts, USA) 1 ug/mL, for 10 min. Then the cover glass was
transferred to objective lenses and mounted in ProLong Gold Antifade reagent
(Invitrogen, Carlsbad, California, USA). CD133 expression was determined
by immunofluorescence using confocal microscopy (Olympus FLUOVIEW
FV1000). Cells were imaged under a microscope at 600 x magnification
using DAPI and TRITC filters. Images were analyzed using ImageJ 1.53K
software (National Institute of Health, Bethesda, Maryland, USA). In each
group, at least 20 (from 5 different glass points) randomly selected cells were
analyzed, and the relative fluorescence intensity was measured. HF cells were
used as a negative control.

Determination of doxorubicin cytotoxicity by MTT assay

The sensitivity of cells to DOX was assessed using the MTT method [120].
DOX dilutions in the medium were prepared immediately before starting the
experiment. DOX was dissolved in DMSO, followed by further dilutions in
the medium, ensuring that the final DMSO concentration did not exceed 0.5 %.
Cells (2 x 10 cells/well) were seeded into a 96-well flat-bottom plate and
incubated for 24 hours at 37 °C. After incubation, the medium was aspirated
and replaced with fresh medium containing the appropriate concentration of
DOX. Cells were incubated for 4 and 8 hours, then 20 pL of MTT solution
(5 mg/mL) was added. The cells were incubated for an additional 3 hours at
37 °C. After this incubation period, the medium was aspirated, and the
resulting formazan crystals were dissolved by adding 50 uL of DMSO.
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Complete dissolution of the formazan crystals was achieved by briefly
shaking the plate. Absorbance was measured using an automated plate reader
at wavelengths of 570 and 630 nm.

Wound healing assay

Cells were seeded in a 24-wellplates (Corning, New York, USA) at a
density of 20000 cells/ well in 500 pL of medium and incubated for 24 h in
a humidified atmosphere containing 5 % CO, at 37°C. Then the monolayers
were scratched with a sterile 100 pL pipette tip in the center of the well. The
media was removed, cells were washed twice with PBS, and fresh media was
added. Images of the scratch were captured immediately and at every 24 h
for three days at several well points of scratch. The percentage of the wound
was calculated using ImageJ software (National Institute of Health, Bethesda,
Maryland, USA). Three technical replicates per experiment were made.

Chemosensitivity assay

Cell susceptibility to anticancer drugs was established by MTT assay, as
described elsewhere [19]. All drug dilutions in media were prepared freshly
just before use. DOX (> 98 %, Abcam, Cambridge, UK) and PTX (> 99.5 %
Alfa Aesar, Kandel, Germany) were dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich Co, St. Louis, MO, USA) and diluted in medium (final DMSO
concentration did not exceed 0.5 %). Cells (5 x 10° cells/well) were plated
into 96-well flat-bottomed plates and incubated for 24 h. Then the dilutions
of drugs were added to each well. The only medium without cells was used
as a positive control, and the medium with 0.5% DMSO served as a negative
control. After three days of incubation, the medium was removed and 100 pL
of 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazdium bromide (MTT, Life
technologies, Oregon, USA) solution (0.5 mg/mL in medium) was added.
After incubation for 3 h at 37 °C, the liquid was discarded, and the formed
formazan crystals were dissolved in 50 uL. of DMSO. Complete solubilization
of formazan crystals was achieved by short shaking. The absorbance was
measured on a plate reader at 570 and 630 nm. EC,, values were calculated
using Hill equation. Experiments were repeated three times.

Cell doubling time

Prepared cell suspension of 2 x 10* cells/mL was seeded in a 24-well
plate (8 x 10° cells/ well). After 24, 48, 72, and 96 h, cells were washed twice
with PBS, trypsinized and centrifuged at 1000 rpm for 4 min. Then the cells
were resuspended in 200 pL of fresh medium and counted in duplicates on
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a hemocytometer. Cell doubling time (D7) was estimated by the following
formula (1) [18] to calculate each line and subline DT, where ¢, and c, are the
number of cultured cells at the current (¢,) and previous (7).

_ (n2) x(t; —t1)

In (z—i)

Influence of cell interactions on resistance to anticancer compounds
in monolayer cells (2D model)

DT (1)

The MTT assay was applied. Cell lines and sublines were mixed in three
different ways: Group I consisted of MDA-MB-231 and sublines (DS, F5,
H2), which were mixed at a 1:1 ratio with HF cells; Group II consisted of
mixtures of sublines with MDA-MB-231 and HF, at a 1:1:2 ratio; Group III
consisted of mixtures of sublines with each other, with the addition of HF, at
a 1:1:2 ratio. The experiment was then carried out similarly to the sensitivity
determination to compounds. After measurements, cell viability was assessed
as a percentage.

Influence of cell interactions on resistance to anticancer compounds
in spheroids (3D model)

Cell spheroids were formed using the 3D Bioprinting method [122]. The
required amount of cells from each line and subline were seeded into a 6-well
plate. After 24 hours, NanoShuttle™ was added, and the cells were incubated
at 37 °C, 5 % CO, for 8 hours. After incubation, the prepared suspension was
used for cell mixing (similarly to section 2.10), and 4000 cells/well were
distributed into ultra-low attachment 96-well plates. These prepared plates
with cells were placed on magnetic plates for 48 hours. After incubation, the
culture medium was replaced with fresh medium containing 0.5 uM DOX or
0.05 uM PTX (control — 0.2 % DMSO). Spheroids were photographed, and
the medium with compounds was changed every 48 hours. The size of the
spheroids was measured using ImageJ software version 1.53K.

Study of doxorubicin transport into phenotypically different
monolayer cells

Cells were seeded into a 24-well plate on collagen-coated coverslips
(40,000 cells/well). After 48 hours, the medium was replaced with fresh
medium containing either 1 or 5 uM DOX (control with 0.2 % DMSO). The
cells were incubated for 30, 60, 120, or 240 minutes. After incubation, the
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cells were washed with PBS, fixed, stained for nuclei, and transferred to slides
with a light-protective mounting medium (Golden ProLong). DOX transport
into cells was assessed by fluorescence microscopy at 600x magnification,
using DAPI and TRITC filters and DIC. Images were analyzed using ImageJ
software version 1.53K to calculate the fluorescence intensity of DOX in
cells and nuclei. For hypoxia conditions, the entire experiment was performed
similarly, with 200 uM cobalt (II) chloride added to the medium to maintain
hypoxia.

Study of doxorubicin transport into spheroids formed from different
sublines

The previously described method [122] was used to form spheroids. Cells
were incubated with NanoShuttle™ nanoparticles at 37 °C, 5 % CO, for 8
hours. After incubation, mixtures of cell line and subline suspensions with
HF cells were prepared (ratio 1:2). Cells were seeded at 100 pL per well
(4000 cells/well) in ultra-low attachment 96-well plates. Plates with cells
were placed on magnetic plates and incubated for 48 hours until spheroids
formed. After incubation, magnetic plates were removed, and the medium
was replaced with fresh medium containing 10 uM DOX or 0.2 % DMSO
(control). Spheroids were incubated for 1, 2, 4, or 8 hours, then carefully
washed with PBS and fixed with 4 % PFA for 24 hours. DOX transport into
spheroids was assessed by fluorescence microscopy.

Statistical analysis

The statistical analysis was performed using /BM SPSS Statistics 29.0.1.0
software. All experiments were conducted with at least three independent
measurements. The obtained values are presented as the mean + standard
deviation. One-way ANOVA analysis was used to evaluate statistical
significance, with post hoc Tukey tests applied to calculate p-values.
Differences were considered statistically significant when p < 0.05.

RESULTS

Isolation and characterization of phenotypically different sublines

The MDA-MB-231 cell line exhibits significant genetic and phenotypic
diversity, and its sublines (subpopulations/subclones) may show similarities
to certain TNBC subtype cells [138]. To assess the characteristics of different
sublines and the impact of their interactions on drug resistance, 24 sublines
were isolated from the MDA-MB-231 triple-negative cell line using the
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multiple cell suspension dilution method (Fig. 3.1.1 A). Literature indicates
that the morphological features of isolated sublines are heritable and can be
used as distinguishing characteristics [139]. Therefore, these sublines were
selected based on morphological differences, colony density, and growth
rate. Some of the selected sublines exhibited slow growth or ceased growing
altogether. Considering all factors, seven sublines were selected for further
cell characterization studies (Fig. 3.1.1 A, blue color). After characterizing
the cells, the properties of all sublines were evaluated, and three of the most
distinct sublines (Fig. 3.1.1 A, red color) were chosen for further studies.
Compared to the MDA-MB-231 cell line, the F5 and E7 subline cells are
shorter and have a more polygonal shape. The colonies formed by F5 subline
cells grow densely and compactly, and this characteristic persisted throughout
all experiments. In contrast, the cells in the D8 and F7 colonies are more
elongated and grow less densely compared to the F5 subline cells. Among
these, the H2 subline is particularly distinctive with its oval (short) cell shape,
and the colonies it forms are non-compact and scattered. The colonies of the
A9, and GS sublines represent an intermediate form between the mentioned
sublines and visually resemble the original MDA-MB-231 cell line. After
assessing the morphological differences among the sublines, CD133 receptor
expression was evaluated in the isolated sublines. CD133 is associated
with cancer stem cells, which may have greater treatment resistance and
the potential to cause tumor recurrence. By determining CD133 levels,
differences between cell populations can be revealed, and it can be assessed
whether the populations contain cells with stem-like properties, which could
have important implications for treatment strategies and prognoses.

CD133 characterization in sublines

CD133, also known as prominin-1, is a glycoprotein encoded by the
PROMI1 gene [140]. Cells expressing the CD133 receptor exhibit stem cell-
like properties, including self-renewal, differentiation, rapid proliferation, and
resistance to standard chemotherapy treatments [141]. CD133 expression is
often dysregulated in various types of cancer cells, including those in TNBC
and BRCA 1-associated tumors [142]. Although the exact function of CD133
in cancer cells is not fully understood, increased expression of this receptor
in cancer cells is associated with a more aggressive cancer phenotype and
resistance to chemotherapeutic agents, potentially due to altered PI3K/Akt
signaling pathways in breast cancer cells [143].

The activation of the PI3K/Akt signaling pathway in several types of
cancer cells, including breast cancer cells, has been found to enhance cell
proliferation, invasion into surrounding tissues, and contribute to multidrug
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resistance and metastasis formation [144,145]. Additionally, activation of
the PI3K/Akt signaling pathway promotes epithelial-mesenchymal transition
(EMT), which in turn strengthens TGF- receptor signaling, maintaining
hyperactive PI3K/Akt signaling and contributing to breast cancer metastasis
[145]. Increased CD133 expression has been identified in cancer-initiating
cells across various tumor types, including breast cancer stem cells (CSCs)
[144]. Therefore, the CD133 expression was first determined in the subline
cells to identify the potential presence of a CSC phenotype (Fig. 3.1.2
B). To visualize the localization of CD133 receptors within the cells, an
immunofluorescence staining method was chosen. This method revealed that
the highest expression of the CD133 receptor was observed in F5 subline
cells compared to other sublines (Fig. 3.1.2 B). CD133 expression in MDA-
MB-231 cell populations was first identified in 1997 [146], and since then,
several research groups have detected CD133-positive populations within the
MDA-MB-231 cell line. Researchers have also noted changes in cell growth,
migration, invasion, and drug resistance in these populations compared to the
parental MDA-MB-231 cell line [140,147,148].

In the F5 subline cells, CD133 expression was found to be 31% higher
compared to the MDA-MB-231 cell line (Fig. 3.1.2 A). Cells with increased
CD133 expression tend to exhibit a larger adhesion area [147], a characteristic
also observed in our F5 subline, where trypsinization took twice as long
as in other sublines during cell culture. Additionally, CD133-positive cells
typically display lower proliferation and migration rates [149]. In the other
sublines we isolated — A9, D8, E7, F7, G5, and H2 — CD133 expression
was found to be 21 % to 57 % lower than in the MDA-MB-231 cell line.
Given the statistically significant differences in CD133 receptor expression
among these sublines, we proceeded to conduct cell migration studies.

Migration Ability of Sublines

Cancer cell migration is one of the key indicators of cancer progression,
particularly in the context of metastasis. This spread of cancer cells leads to
the formation of distant metastases and the development of secondary tumors
far from the primary tumor site. This process is a major cause of mortality
in cancer patients. Cancer cell migration is a complex process influenced by
several mechanisms, including epithelial-mesenchymal transition (EMT),
chemotaxis, reduced cell-cell adhesion, alterations in the extracellular matrix,
and gene mutations [150].

In this study, we employed the “wound healing” assay, a commonly used
method to evaluate cell migration in vitro. The study revealed different
migration rates among the various sublines (Fig. 3.2.1 B). By assessing
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changes in the wound area after 72 hours, we compared the results across the
sublines (Fig. 3.2.1 A). The A9 subline cells exhibited the slowest migration.
After 72 hours, the “wound” area was 19 % larger compared to the wound
area of the MDA-MB-231 cells (Fig. 3.2.1 A). In contrast, the H2 subline cells
showed the fastest migration, with the wound area being 38 % smaller than
that of the MDA-MB-231 cell line after 72 hours. Additionally, the D8, F7,
and G5 subline cells also demonstrated faster migration, with wound areas
20-30 % smaller than the MDA-MB-231 wound area after the same period.
The wound areas for the E7 and F5 subline cells did not significantly differ
from the MDA-MB-231 wound area. These results indicate that the isolated
sublines differ from the parental MDA-MB-231 cell line.

Many researchers also isolate sublines from the MDA-MB-231 cell line
to study the properties of different populations. For instance, Pardillos et al.
isolated three different cell clones from the MDA-MB-231 cell line but did
not find statistically significant differences in migration among these clones
[151]. Similarly, Hershey et al. assessed the migration and migration speed
of different clones derived from the MDA-MB-231 cell line and also found
no significant differences. This group determined that cell migration speed
is influenced by population density and cell-cell interactions through soluble
factors [152]. However, a study by Amaro and colleagues showed that at least
two sublines within the MDA-MB-231 cell line exhibit a greater ability to
migrate compared to the parental MDA-MB-231 cell line [106]. Additionally,
it was found that a DOX-resistant MDA-MB-231 subline had a migration rate
four times higher than that of the wild-type MDA-MB-231 cells [153].

Cell resistance to anticancer compounds - doxorubicin and
paclitaxel

Resistance to doxorubicin

DOX is one of the most used chemotherapeutic agents in treating various
cancers, including TNBC [153]. DOX belongs to the anthracycline class of
drugs, which intercalates into double-stranded DNA, inhibits the activity of
topoisomerase I1, and leads to the formation of free radicals, ultimately resulting
in the inhibition of cell proliferation and cell death. However, resistance to
chemotherapeutic agents is a common challenge in cancer treatment. The
mechanisms leading to drug resistance are diverse, including increased drug
metabolism, enhanced DNA damage repair, gene mutations, amplifications,
epigenetic changes, and interactions between phenotypically distinct tumor
populations [59]. Therefore, it is important to assess the sensitivity/resistance
of the isolated sublines to anticancer agents to gather more information about
the phenotypic characteristics of each subline.
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The sensitivity of the sublines isolated from the MDA-MB-231 cell line to
anticancer agents was evaluated using the MTT viability assay. Cell viability
was assessed after 72 hours of incubation with DOX. The results showed
that the H2 subline cells are approximately 1.5 times more resistant to DOX
compared to the MDA-MB-231 cell line (Fig. 3.3.1). After 72 hours, the EC
value for the H2 subline cells was 175.4 + 4.4 nM, while the EC, value
for the MDA-MB-231 cells was 126.7 = 1.6 nM. The A9 subline cells were
found to be 1.15 times less resistant to DOX compared to the MDA-MB-231
cells, with an EC, 0f 145.2 + 5.6 nM. The E7, F5, and GS5 subline cells were
twice as sensitive to DOX (EC,, values after 72 hours were 77.7 + 11.2 nM
and 55.9 + 7.2 nM, respectively) compared to the MDA-MB-231 cell line. No
statistically significant difference was found in the D8 subline cells compared
to the MDA-MB-231 cell line.

Interestingly, the A9 subline cells exhibited the slowest migration rate but
were 1.15 times more resistant to DOX than the MDA-MB-231 cell line.
This resistance in the A9 subline might be associated with its slow migration,
which is also linked to reduced cell proliferation. DOX primarily affects
rapidly proliferating cells [154]. In contrast, the highest resistance in the H2
subline could be related to its ability to migrate rapidly. Cells that migrate
faster often display a more aggressive and drug-resistant phenotype [155].

Literature reports indicate that the EC,  values for MDA-MB-231 cells are
approximately 160 = 0.02 nM [156], a concentration like that observed in the
H2 subline cells. Other studies have reported a lower EC, value for the MDA-
MB-231 cell line, around 140 nM [157]. Paramanantham et al. developed a
DOX-resistant MDA-MB-231 cell line, and their studies revealed that the
DOX-resistant line was more than twice as resistant to DOX, with an EC
of 14.3 pM, compared to the wild-type phenotype, which had an EC,, of
6.5 uM [153].

These findings suggest that the H2 subline’s EC, value is within the range
of what has been observed in MDA-MB-231 cells in other studies, reinforcing
the notion that this subline might share resistance characteristics with the
DOX-resistant variants reported in the literature. The variability in EC
values across different studies highlights the importance of context-specific
assessments, particularly when considering the genetic and phenotypic
diversity within cell lines like MDA-MB-231.

Resistance to paclitaxel

Like DOX, PTX is one of the most used drugs in treating TNBC. Once
inside the cells, PTX binds to microtubules, stabilizing them and disrupting
their processes of unwinding and depolymerization, which inhibits cell
division [158].
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The study results with PTX mirrored those observed with DOX. The H2
subline exhibited the highest resistance to PTX, being 1.3 times more resistant
compared to the MDA-MB-231 cell line (Fig. 3.3.2). The EC, after 72 hours
was 72.6 + 2.1 nM, while the EC, for the MDA-MB-231 cell line was 55.2
+ 2.8 nM. The A9 and F7 subline cells were the most sensitive to PTX, with
EC, values 0f 43.9 + 1.8 nM and 46.9 + 4.5 nM, respectively, after 72 hours.
No statistically significant differences in sensitivity or resistance to PTX were
observed in the D8, E7, F5, and G5 sublines.

The results from a study by Kenicer et al. reported that the EC, for the
MDA-MB-231 cell line after 72 hours of incubation with PTX was 1.6 nM.
This research team developed two MDA-MB-231 cell lines resistant to 25
and 50 nM PTX, with EC, values that were 19-56 times higher (29.61-
89.98 nM, respectively) compared to the wild-type MDA-MB-231 cell line
[159].

In summary, the H2 subline’s resistance to PTX is comparable to that of
the PTX-resistant lines developed by Kenicer et al., suggesting that the H2
subline naturally possesses increased resistance to PTX and significantly
differs from the MDA-MB-231 cell line. The H2 subline exhibited the highest
resistance to both DOX and PTX, while the F5 and F7 sublines were the most
sensitive to DOX, and the F7 subline was the most sensitive to PTX.

Selection of sublines for cell interaction studies

In our characterization of the sublines derived from the MDA-MB-231 cell
line, we evaluated CD133 expression, cell migration abilities, and resistance
to DOX and PTX. From these assessments, we selected three sublines—F5,
D8, and H2—that exhibited the most distinct characteristics for further study
(Table 3.3.1). The FS subline formed compact, tightly connected colonies
with a polygonal shape, differing from the typical MDA-MB-231 cells, and
showed the highest CD133 expression, being 31 % higher than in the parental
cell line. F5 cells were also 50 % more sensitive to DOX and migrated more
slowly than MDA-MB-231 cells. The D8 subline, on the other hand, had the
lowest CD133 expression, 50 % lower than MDA-MB-231, and demonstrated
a 20 % higher migration rate. While D8 cells were 4.2 % more resistant to
DOX, they were 10 % more sensitive to PTX. Lastly, the H2 subline was
distinguished by its 26 % lower CD133 expression, along with significant
drug resistance, being 38 % more resistant to DOX and 31 % more resistant to
PTX compared to MDA-MB-231, and it also exhibited the fastest migration
rate among the sublines. These findings underscore the phenotypic diversity
within the MDA-MB-231 cell line and the importance of considering subline-
specific traits in cancer research and treatment strategies.
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Doubling time of selected MDA-MB-231 sublines

After selecting the three most distinct MDA-MB-231 sublines (D8, FS5,
and H2), we measured the cell doubling time to assess their proliferation
rates. This test is crucial as it provides insights into the proliferation speed of
cells, which is particularly important when studying the effects of anticancer
agents that target rapidly dividing cells [160]. The doubling time for the
MDA-MB-231 cell line was approximately 20 hours (Fig. 3.4.1).

The doubling times for the isolated sublines differed from the original
MDA-MB-231 cell line. The F5 subline had a doubling time of 21 hours,
D8 subline cells doubled in 15 hours, and the H2 subline had the shortest
doubling time of 12 hours. Notably, the doubling times for the D8 and H2
sublines were significantly shorter compared to the MDA-MB-231 cell line.
According to scientific literature, the doubling time for the MDA-MB-231
cell line typically ranges between 25 and 30 hours, with some reports
extending up to 48 hours [127,161,162]. However, there have been no reports
of MDA-MB-231 sublines or clones exhibiting doubling times as short as 12—
15 hours. This suggests that our study successfully isolated sublines capable
of rapid cell division, which may contribute to their increased resistance to
anticancer agents. This phenomenon is often observed in other studies where
cells resistant to anticancer agents also exhibit faster proliferation [163,164].

The results obtained from this study will aid in interpreting the differential
responses of the sublines to compound treatments and evaluating the outcomes
of cell-cell interaction studies.

Effect of cell interactions on drug resistance in monolayer cultures

2D cell culture interactions

Recent research has increasingly focused on tumor heterogeneity, both in
patient tumors and commercial cell lines. Studies consistently identify different
cell populations within the same tumor or cell line. In many cases, researchers
isolate and characterize these sublines, assessing various changes, including
genetic, epigenetic, and marker variations [108,109]. While there is extensive
information on the interaction of phenotypically distinct sublines with tumor
microenvironment cells, studies exploring the interaction between different
cancer cell sublines themselves are lacking. Although the importance of such
interactions is discussed in scientific literature, similar studies have not been
conducted to our knowledge. Therefore, we selected three phenotypically
distinct sublines—D8, F5, and H2—to evaluate cell-cell interactions in vitro.

It is well-known that cell-cell interactions play a crucial role in tumor
development and progression, allowing cancer cells to “reprogram” the tumor
microenvironment. Interactions between cancer cells contribute to disease
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progression and drug resistance [165]. For our cell interaction experiments,
we created three different groups of cell combinations (Fig. 3.5.1).

Group I: This group involved mixing the isolated sublines (D8, F5, H2)
and MDA-MB-231 cells with HF (human fibroblast) cells at a 1:2 ratio (Fig.
3.5.1, Group I). HF cells were included because it was challenging to form
spheroids with only MDA-MB-231 cells; the addition of HF cells facilitated
spheroid formation. Additionally, fibroblasts are a key component of the
tumor microenvironment (TME) and significantly influence interactions
between cancer and TME cells.

Group II: This group mixed the sublines with MDA-MB-231 and HF
cells at a 1:1:2 ratio (Fig. 3.5.1, Group II). Including MDA-MB-231 cells
was important to assess the interaction differences between specific sublines
(D8, F5, H2) and the entire MDA-MB-231 population. These combinations
aimed to determine the sublines’ interactions with the parental MDA-MB-231
cell line and how these interactions affect drug resistance, given the high
heterogeneity and genetic diversity within the MDA-MB-231 cell line [166].

Group III: This group consisted of mixing the sublines with each other,
adding two parts of HF cells (Fig. 3.5.1, Group III). Mixing the sublines was
intended to evaluate how each phenotype would influence the properties
of the sublines and whether these properties would differ from the results
observed when the sublines were tested individually, without combinations.

In all cell combinations, HF cells were used to simulate a tumor-like
microenvironment. The interaction between fibroblasts and cancer cells
occurs through the secretion of interleukin-6 (IL-6) and chemokine ligand
7 (CXCL7) [167]. Fibroblasts secrete IL-6, which plays a crucial role in
the development of chemotherapeutic resistance (to DOX and PTX) [168],
activates cell proliferation, and secretes CXCL7, which is responsible for the
“self-renewal” function of cells [169]. These cytokines (IL-6 and CXCL7),
along with CXCL12, FGF, HGF, IGF, PDGF, Wnt, MMPs, and VEGF [170],
are involved in activating the PI3K/Akt (which promotes cell proliferation,
invasion, and multidrug resistance [144]) and NF-«xB (which is involved
in cancer cell proliferation and angiogenesis [171]) signaling pathways.
Additionally, fibroblasts secrete chemokine ligand 1 (CXCL1) and IL-8,
which increase the expression of ABCG2 in cancer cells, leading to increased
DOX efflux [172]. The transforming growth factor B (TGF-B) secreted by
fibroblasts into the tumor microenvironment activates signaling pathways
responsible for epithelial-mesenchymal transition (EMT), contributing to the
development of DOX resistance [170].

For our experiments, the concentrations of DOX (0.5 uM) and PTX
(0.05 uM) were the same across all combination groups, chosen based on the
EC, values determined in our previous studies. The MTT assay was selected
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for cell interaction studies in a 2D model, allowing us to assess the impact of
these compounds on cell viability.

After 72 hours of incubation with 0.5 pM DOX, the viability of the
individual D8, F5, and H2 sublines (Fig. 3.5.2 A, B, and C) decreased by
only 15-28%, indicating the inherent resistance of these sublines to DOX.
However, when F5 and H2 subline cells were combined with HF cells, MDA-
MB-231 cells, or with each other, viability decreased by 24-44%, suggesting
that interactions with HF, MDA-MB-231, or other sublines increased sen-
sitivity to DOX. In contrast, combining D8 subline cells with other cell types
did not result in a statistically significant change in DOX sensitivity.

Opposite results were observed in experiments with PTX (Fig. 3.5.2 D, E,
and F). When subline cells were combined with HF or MDA-MB-231 cells
or with each other, resistance to PTX increased by 18-34% compared to the
resistance of the sublines when tested alone. This suggests that cancer cell
interaction with fibroblasts can alter the sensitivity of cancer cells to anticancer
agents. Combinations of subline cells with fibroblasts in the presence of
DOX, as well as H2-fibroblast combinations with PTX, were more sensitive
to the anticancer agents than when these sublines were exposed to the drugs
individually (Fig. 3.5.2 A, B, and F). On the other hand, F5-fibroblast-PTX
and D8-fibroblast-PTX combinations were more resistant to the compounds
compared to the viability of the cells when tested without combinations.

Similar observations were reported in the study by Landry et al. [12], who
noted that the sensitivity/resistance of cell combinations to drugs depends
on the phenotype of both cancer cells and fibroblasts. Several other studies
have also confirmed that drug resistance decreases in cancer cell-fibroblast
combinations [173,174], although in many cases, interactions between cancer
cells and fibroblasts increase drug resistance [13,175].

Effect of cell interactions on drug resistance in 3D cultures —
spheroids

Cell interactions in 3D cultures

In recent years, 3D cells cultures have become widely used in scientific
research for testing new compounds and evaluating the effects of anticancer
agents on three-dimensional cell cultures [176]. The advantages of magnetic
3D bioprinting include reproducibility, control over spheroid formation, and
the ability to form spheroids from different cell types. This method is simple,
allowing for the use of various drugs and cell combinations to form spheroids
and assess the impact of cell interactions on drug resistance and changes in
spheroid size. We applied this method to study cell interactions in a setting
that mimics the tumor microenvironment.
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In our 3D model studies, we used the same cell combinations as in the
2D model. However, no spheroid group was formed solely from cancer cells
because MDA-MB-231 and its sublines did not form spheroids without the
presence of HF cells.

Spheroids formed from D8 subline and HF cells (Fig. 3.5.3 A and B)
were more sensitive to PTX, with their size being 5 % smaller after 12 days
compared to the control. Spheroids formed from D8, HF, and H2 subline cells
were more sensitive to both DOX and PTX, with sizes 18 % to 24 % smaller,
respectively, compared to the control after 12 days. In contrast, spheroids
formed from F5, HF, and MDA-MB-231 cells (Fig. 3.5.3 C and D) were
7 % larger after 12 days of PTX exposure compared to the control. Spheroids
composed of F5, HF, and H2 subline cells were 15 % to 29 % smaller in the
presence of DOX or PTX compared to the control (Fig. 3.5.3 E and F).

In the 3D model, combining H2 subline cells with HF, MDA-MB-231,
FS5, or D8 increased sensitivity to DOX and PTX compared to the control. In
contrast, combining F5 subline cells with MDA-MB-231 or D8 subline cells
resulted in increased resistance to DOX and PTX compared to the control.
Previous research has shown that cell-cell interactions in 3D cultures lead to
increased secretion of various molecules (HGF, TGF-B, VEGF, TNFa, FGF2,
IL-6, and IL-8) by fibroblasts. It has been established that fibroblasts in 3D
cultures secrete more signaling molecules than those grown in monolayers,
demonstrating that cells grown in 3D conditions behave differently due to
increased interactions [177]. Functional differences in fibroblasts under 2D
and 3D conditions were observed based on HGF expression, which enhances
the transition of cancer cells from localized carcinoma to invasive carcinoma
and contributes to cancer resistance to treatment.

The increased resistance of F5 subline cell combinations to DOX and PTX
may be attributed to the higher CD133 expression in these cells (38 % higher
in F5 cells compared to MDA-MB-231). To evaluate the stability of CD133
expression in FS subline cells, immunofluorescent staining for CD133 was
performed both immediately after isolating the F5 subline and six months
later, with no changes in CD133 expression observed. It is known that at
least 16 different genes are involved in regulating CD133 expression, with
TRIM28 being one of the key genes. Increased TRIM28 expression in cancer
cells leads to greater aggressiveness and drug resistance, and the removal
or inactivation of the TRIM28 gene significantly reduces CD133 expression
[178]. Additionally, studies with ovarian cancer cells have shown that CD133
expression increases when cells are grown in 3D cultures [179]. This could
explain why F5 subline cells were more sensitive to anticancer drugs in the
2D model compared to the 3D model.
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The interaction study in the 3D model revealed that the interaction of D8
and FS5 cells with H2 subline cells reduced their resistance to DOX and PTX
compared to the control. Spheroids containing H2 subline cells were smaller
in size compared to spheroids from other groups.

DOX transport into phenotypically different 2D and 3D cell cultures

Doxorubicin transport in 2D cultures under normoxia

The studies revealed that PTX and DOX differentially affect the viability
of various sublines. To better understand these differences, we conducted
a study on the transport of DOX into these sublines. DOX is particularly
useful in transport studies due to its natural fluorescence, which facilitates the
observation of its movement and accumulation within cells. Experiments were
performed using both 2D and 3D cell models to expand our understanding
of DOX transport under different conditions, which reflect varying levels
of cell-cell interaction. Additionally, DOX transport was evaluated under
normoxic and hypoxic conditions, as hypoxia is a characteristic feature of the
tumor microenvironment and can influence drug transport. The results of this
study are expected to provide insights into the differences among sublines
and potential resistance mechanisms to anticancer drugs.

In the study, DOX concentrations of 1 and 5 uM were used for 2D cell
cultures, and 10 pM was used for 3D cell cultures. Before assessing DOX
transport into cells, we first evaluated the impact of these DOX concentrations
on cell viability. This evaluation was crucial to ensure that the observed DOX
transport occurred in viable cells and that the concentrations used did not
cause significant cell death during the study period (up to 8 hours). The results
showed that DOX had no statistically significant effect on cell viability (Fig.
3.6.1).

Scientific research indicates that it takes 5—15 minutes for DOX to enter the
cytoplasm, about 1 hour to reach the nucleus, and apoptosis can be activated
within a few hours of DOX entering the nucleus. However, observable effects
of apoptosis, such as cell shrinkage and nuclear fragmentation, may only
become apparent after several hours [180,181]. The overall cytotoxic effect
of DOX on cell populations typically becomes evident after 24-48 hours,
when decreases in viability and proliferation are observed [182].

Doxorubicin transport in 2D cultures under normoxia

DOX transport into the MDA-MB-231 cell line and sublines DS, F5, and
H2 was assessed under normoxic conditions. Statistically significant DOX
transport was observed only after the longest incubation time — 240 minutes.
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Atal uM DOX concentration, the highest DOX transport was observed in the
cytoplasm of F5 subline cells, which was 1.5 times greater, and in the nucleus,
which was 1.8 times greater compared to the other sublines (Fig. 3.6.2 A and
B). In contrast, H2 subline cells exhibited 1.5 times less DOX transport in
both the cytoplasm and the nucleus compared to the other sublines.

The ratio of DOX distribution between the cytoplasm and the nucleus did
not significantly differ between the MDA-MB-231 cell line and its sublines
(D8, F5, H2). The increased accumulation of DOX in the nucleus is due to
its ability to intercalate into cellular DNA. This characteristic is influenced
by DOX’s hydrophilic nature (passive diffusion) and non-specific transport
proteins that facilitate its active transport into the nucleus.

The study results indicated that at a 5 pM DOX concentration, DOX
transport and accumulation in the nuclei were 2.5 times greater than in the
cytoplasm (Fig. 3.6.3 A and B). In contrast, ata 1 pM DOX concentration, the
distribution of DOX between the cytoplasm and nucleus was approximately
equal. The highest transport—1.5 times greater—continued to be observed in
F5 subline cells compared to the other sublines. The statistically significant
increase in DOX transport in F5 subline cells suggests that these cells may
have reduced or absent resistance mechanisms that would otherwise expel
DOX from the intracellular environment. Meanwhile, in H2 subline cells,
DOX accumulation was 2 times lower in both the cytoplasm and nucleus
when incubated with 5 uM DOX compared to the F5 subline, and 1.5 times
lower compared to MDA-MB-231 and D8.

The differing DOX transport across sublines demonstrates that phenotypic
differences in cells influence the drug’s ability to enter the cells. Throughout
the study, statistically significant differences in DOX transport were not
observed at 30, 60, and 120 minutes of incubation; differences only became
apparent after longer incubation times, indicating that MDA-MB-231 and
its sublines require extended incubation to detect significant differences.
Summarizing the DOX transport studies under normoxic conditions, it was
found that at 1 or 5 uM DOX concentrations, the distribution of DOX between
the cytoplasm and nucleus varied. At a 1 pM DOX concentration, transport
into the nuclei was 1.7 times greater than into the cytoplasm, while at a 5 uM
concentration, transport into the nuclei was 2.6 times greater than into the
cytoplasm. The most significant difference in DOX transport was observed in
F5 subline cells, where DOX transport into the nuclei was 3.2 times greater
than into the cytoplasm.

Given the importance of hypoxic conditions in solid tumors, it is crucial
to assess how DOX transport changes under hypoxic conditions when
investigating DOX transport into phenotypically distinct sublines.
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Doxorubicin transport in 2D cultures under hypoxia

Hypoxia, characterized by insufficient oxygen levels in tissues, is a
common feature in breast and other solid tumors. The hypoxic tumor
microenvironment is a factor in mutagenesis and cancer progression [183].
Tumor cells themselves contribute to the formation of hypoxia by activating
angiogenesis, which replenishes the tumor with sufficient nutrients, thus
promoting tumor growth and metastasis while causing structural and
functional damage to the surrounding healthy tissues [184]. The formation
of hypoxic conditions and the key factor in this process is hypoxia-inducible
factor 1 (HIF-1), whose stabilization is often observed in malignant and more
aggressive tumors [185,186].

To chemically induce hypoxic conditions in vitro, we used 200 uM cobalt
(IT) chloride, a method widely employed in research [187,188].

DOX transport under hypoxic conditions was found to be significantly
lower compared to normoxic results. Specifically, DOX transport into cells
was 5 times lower at a 1 pM concentration and 2 times lower at a 5 uM
concentration under hypoxia compared to normoxia (Fig. 3.6.4 and 3.6.5).

The highest DOX transport under these conditions was observed in F5
subline cells, where DOX fluorescence intensity was 2.5 times higher than
in H2 subline cells and 2 times higher than in D8 and MDA-MB-231 cells
(Fig. 3.6.4 A). However, no significant difference was observed in DOX
transport into the nuclei of the phenotypically distinct sublines (Fig. 3.6.4
B). When using a higher DOX concentration (5 puM), differences in DOX
transport into the cytoplasm and nuclei were identified (Fig. 3.6.5 C). No
statistically significant difference in DOX transport into the cytoplasm of
MDA-MB-231, D8, and F5 cells was detected after 240 minutes. However,
in the H2 subline, DOX transport into the cytoplasm was 1.7 times lower
compared to the other sublines (Fig. 3.6.5 A). DOX fluorescence intensity in
cells was 2.5 times lower compared to normoxia at a 5 uM concentration. It
was found that DOX transport into nuclei was 2 times greater than into the
cytoplasm, with the highest DOX transport observed in F5 subline cells. DOX
transport under hypoxic conditions was 3 times lower compared to normoxia.

When comparing DOX transport into cells at different concentrations
(1 and 5 uM) in a hypoxic environment, differences in intracellular distribution
were observed. At a 1 pM DOX concentration, transport into the nuclei was
1.4-2.2 times greater than in the cytoplasm. As the DOX concentration
increased, the transport differences between the cytoplasm and nucleus also
increased. At a 5 pM concentration, 2—-3.9 times more DOX was transported
into the nuclei. The most significant difference between DOX accumulation
in the cytoplasm and nucleus was found in H2 subline cells, where 3.8 times
more DOX entered the nuclei.
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Given the statistically significant differences in DOX transport among
phenotypically distinct sublines in monolayer cultures, we extended the
study to 3D cell cultures—spheroids. Spheroid studies will provide additional
information on the impact of cell-cell interactions on DOX transport, as
hypoxic regions naturally form within spheroids.

Doxorubicin transport in 3D cell cultures — spheroids

MDA-MB-231 cells do not naturally form spheroids; therefore, fibroblasts,
specifically the HF cell line in our case, are used to facilitate spheroid
formation. Including fibroblasts in spheroid formation more accurately mimics
the natural tumor microenvironment, allowing for a better understanding and
assessment of the impact of cell-cell interactions on drug transport.

At the start of the experiment, the spheroids were approximately 390 um in
diameter, with sizes ranging from 360 to 420 um across different groups. The
largest and most irregularly shaped spheroids were formed from D8 subline
cells, while the smallest and most compact spheroids were formed from
H2 subline cells. The size of the spheroids remained consistent throughout
the experiment and showed no significant changes between the control and
experimental groups.

Statistically significant differences in DOX transport into the spheroids
were observed after 8 hours of incubation (Fig. 3.6.6 A). The highest DOX
transport was seen in spheroids formed from D8, F5, and MDA-MB-231
cells. In contrast, DOX transport into H2 cell spheroids was half that of the
other groups (Fig. 3.6.6 A and B). The lower DOX transport into spheroids
formed from H2 subline cells confirms the DOX resistance of this subline, as
observed in previous studies. Spheroids formed from F5 subline cells did not
show increased DOX transport compared to spheroids from other sublines.

The results of DOX transport in spheroids correlate with the findings from
2D model studies under hypoxic conditions, where no statistically significant
differences were observed between the sublines, except for the H2 subline,
which exhibited the lowest DOX accumulation. Since the spheroids in these
studies were of sufficient size to develop hypoxic zones, DOX transport in
the spheroids reflects the results obtained from monolayer cultures under
hypoxic conditions.

Comparison of 2D and 3D cell interactions and doxorubicin
transport studies

In summarizing the research findings, we normalized and compared
the results obtained from 2D and 3D cell interaction studies, as presented
in Figure 3.7.1. All cell combinations were more sensitive to DOX but
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exhibited reduced sensitivity to PTX compared to the sensitivity of cells
when not combined. Resistance to PTX notably increased in the D§-F5-HF
combination. It was found that subline combinations with MDA-MB-231
and HF cells were more sensitive to DOX than combinations of sublines
alone. The interaction between cancer cells and fibroblasts, as documented in
several scientific studies [174,189,190], shows that the interaction between
cancer and stromal cells, as well as the extracellular matrix, enhances the
sensitivity of cancer cells to chemotherapeutic drugs. It is believed that
fibroblast-secreted factors increase drug permeability into cells. A large-scale
study also demonstrated that the effect of cancer cell-fibroblast interaction
on drug sensitivity or resistance is influenced by the origin of the fibroblasts
used in in vitro studies, with results varying depending on the fibroblast type
[12]. It is also important to note that prolonged interaction between cancer
cells and fibroblasts, both in vitro and in solid tumors in vivo, can lead cancer
cells to “reprogram” fibroblasts into cancer-associated fibroblasts (CAFs),
whose secreted factors support cancer cell function. This specific fibroblast
phenotype interaction with cancer cells significantly increases resistance to
anticancer drugs [75,191-194].

In the 3D model, we observed that all cell combinations were more
resistant to DOX and PTX, except for combinations with the H2 subline.
Although the H2 subline was the most resistant to DOX when grown alone, its
resistance decreased when combined with other cells. This observation aligns
with findings by Landry and colleagues, who noted that combinations of
TNBC cells with fibroblasts increased the sensitivity of the cells to anticancer
compounds [12].

The DOX transport studies into phenotypically distinct MDA-MB-231
sublines provided additional insights into these sublines and offered valuable
information on how DOX transport influences cell resistance and sensitivity.
Additionally, we assessed how DOX transport changes under hypoxic
conditions and compared these results with those obtained under normoxic
conditions. These findings offer a deeper understanding of the role of
environmental conditions in drug efficacy and resistance mechanisms. The
summary of DOX transport results is presented in Figure 3.7.2.

The study of DOX transport into monolayer cultures revealed significant
differences among phenotypically distinct sublines. We also observed
significant differences in DOX accumulation between the cytoplasm and
the nucleus when using 1 and 5 pM DOX concentrations. Environmental
conditions—normoxia and hypoxia—had a significant impact on DOX
transport. All sublines exhibited significantly lower DOX transport under
hypoxic conditions compared to normoxic conditions.
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DOX transport into F5 subline cells was the highest under both normoxic
and hypoxic conditions compared to the other sublines (Figure 3.7.2).
DOX significantly reduced the viability of F5 subline cells, and transport
studies showed increased DOX accumulation in the nuclei of F5 subline
cells, a phenomenon also described in the scientific literature [195]. Often,
in DOX-sensitive cells, there is no increased expression of transmembrane
transporters (e.g., P-gp) in either the outer or nuclear membrane, leading to
DOX accumulation [196]. Notably, under hypoxic conditions, DOX transport
in F5 subline cells was three times lower than under normoxic conditions,
suggesting that larger (over 100 pm) hypoxic tumors may be more resistant
to treatment [197].

In contrast, the H2 subline showed the lowest DOX transport under both
normoxic and hypoxic conditions (Figure 3.7.3). The H2 subline is known to
be resistant to DOX, as DOX cannot reach the nucleus and accumulates in
low concentrations in the cytoplasm, with most of it being expelled into the
extracellular environment [195]. At higher DOX concentrations (5 uM), some
of the drug reaches the nucleus. Under hypoxic conditions, DOX transport into
the cytoplasm decreased sevenfold, and into the nucleus, fivefold, compared
to normoxic conditions.

DOX transport experiments in MDA-MB-231 and D8 subline cells showed
no significant differences and represented an intermediate response between
the F5 and H2 sublines, consistent with previous studies. Although D8 cells
were more sensitive to DOX, there were no transport differences between the
lines.

There was no statistically significant difference in DOX transport between
MDA-MB-231, D8, and F5 spheroids. The H2 subline spheroids exhibited
the lowest DOX fluorescence intensity. The study results align with other
research findings that indicate the tumor microenvironment significantly
affects drug transport and efficacy [198].

In summary, the comparison of DOX transport and its effectiveness in 2D
and 3D cell cultures revealed differences in DOX’s impact on cell viability
and the influence of DOX on spheroid size (Figure 3.7.3).

Two sublines—F5 and H2—stood out throughout the study. The F5
subline was the most sensitive to DOX due to significant DOX accumulation
in both 2D and 3D models. Additionally, in the presence of DOX, spheroids
formed from F5 subline cells grew significantly more slowly (Figure 3.7.3).
The F5 subline did not exhibit resistance to DOX; instead, it was highly
sensitive. The sensitivity of the F5 subline to DOX may be linked to genetic
and epigenetic modifications that reduce transporter protein activity, leading
to higher intracellular DOX concentration [54]. Increased DOX accumulation
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in F5 subline cells may also be due to changes in lipid metabolism and
membrane permeability, which can enhance drug transport. As a result, DOX
actively affects the cells by intercalating into DNA molecules, disrupting
topoisomerase Il activity [199], and leading to cell death, despite these cells
exhibiting cancer stem cell-like properties.

On the other hand, the H2 subline consistently demonstrated resistance to
DOX throughout the study. DOX transport studies showed that DOX transport
and accumulation in H2 subline cells were minimal. Similarly, low DOX
transport was observed in cell spheroids. The resistance of the H2 subline
may be attributed to several resistance mechanisms, including increased drug
efflux, resulting in reduced drug accumulation within the cells [200]. This
resistance in the H2 subline could be analogous to the mesenchymal subtype
of TNBC, which is characterized by significantly increased expression of
multidrug resistance pumps [53].

In conclusion, our study successfully revealed differences in drug
resistance due to interactions between phenotypically distinct sublines.
Moreover, we found that DOX transport and its distribution within cells vary
among phenotypically distinct sublines. This enhanced understanding of drug
resistance mechanisms may contribute to the development of more effective
treatment strategies for different TNBC subtypes in the future.

CONCLUSIONS

1. Seven phenotypically distinct sublines were isolated from the triple-ne-
gative breast cancer MDA-MB-231 cell line. The sublines D8, F5, E7,
F7, and H2 showed the most pronounced morphological differences
from the parental line. Cells from the H2 subline exhibited the highest
resistance to doxorubicin and paclitaxel, while the F5 subline showed
the least resistance to doxorubicin compared to the MDA-MB-231 cell
line. Among doxorubicin-sensitive F5 subline cells, the highest CD133
receptor expression was observed compared to the MDA-MB-231 line.
The H2 subline cells, which are resistant to doxorubicin and paclitaxel,
proliferate and migrate the fastest, while A9 subline cells migrate more
slowly compared to the MDA-MB-231 line.

2. In monolayer cultures, combining the triple-negative breast cancer
sublines D8, F5, and H2 with fibroblasts, MDA-MB-231, or among
themselves, decreases resistance to doxorubicin. The combination of
rapidly migrating D8 cells with doxorubicin-sensitive F5 cells increa-
ses resistance to paclitaxel in monolayer cultures, but not in spheroids.
Combining doxorubicin and paclitaxel-resistant H2 cells with rapidly
migrating D8 cells or doxorubicin-sensitive F5 cells increases resistan-
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ce to paclitaxel in monolayers, but decreases resistance to both drugs
in spheroids.

. Doxorubicin transport into the D8, F5, and H2 sublines depends on
cell phenotypic characteristics and oxygen concentration in the en-
vironment. Under normoxic conditions, more doxorubicin enters the
doxorubicin-sensitive F5 subline cells and the least amount enters the
doxorubicin-resistant H2 subline cells. Doxorubicin accumulation in
cells depends on its concentration in the medium: at lower concentra-
tions, the compound is more evenly distributed between the cytoplasm
and nucleus, while at higher concentrations, it accumulates more in the
nucleus. Under hypoxic conditions, doxorubicin transport into the D8,
F5, and H2 sublines decreases, but the trend remains the same: the le-
ast amount of the compound enters the doxorubicin-resistant H2 subli-
ne cells and the most enters the F5 subline cells compared to MDA-
MB-231 cells.

. Doxorubicin transport into spheroids formed from doxorubicin-resi-
stant H2 subline cells was lower compared to MDA-MB-231 spheroids,
similar to the monolayer cultures. In spheroids of doxorubicin-sensitive
F5 subline cells, no increased doxorubicin accumulation was observed,
although it was highest in monolayer cultures. Doxorubicin transport
into D8 and F5 subline spheroids was the same as into MDA-MB-231
spheroids.
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Abstract: Triple-negative breast cancer (TNBC) treatment is challenging due to its aggressive nature and heteroge-
neity of this type of cancer, characterized by various subtypes and intratumoral diversity. Doxorubicin (DOX) plays
a crucial role in TNBC chemotherapy reducing the tumor size and improving patient survival. However, decreased
drug uptake and increased resistance in specific cell subpopulations reduce the effectiveness of the treatment. This
study explored the differences in DOX transport in MDA-MB-231 phenotypic sublines in cell monolayer (2D model)
and cell spheroids (3D cultures). Cell spheroids were formed using magnetic 3D Bioprinting method. DOX transport
into cells and spheroids was evaluated using fluorescence microscopy after different incubation durations with DOX
in normoxia and hypoxia. In hypoxia, DOX transport into cells was 2.5 to 5-fold lower than in normoxia. The subline
F5 monolayer-cultured cells exhibited the highest DOX uptake, while subline H2 cells showed the lowest uptake in
normoxia and hypoxia. In 3D cultures, DOX transport was up to 2-fold lower in spheroids formed from subline H2
cells. Spheroids from subline D8 and MDA-MB-231 parent cells had the highest DOX uptake. A correlation was
observed between the characteristics of the cells and their resistance to anticancer drugs. The results indicate
that different cancer cell subpopulations in tumours due to differences in drug uptake could significantly impact
treatment efficacy.

Keywords: Heterogeneity, cell sublines, drug resistance, doxorubicin transport, tumor spheroids, hypoxia

Introduction ic ecosystem comprising not only the cancer
cells but also various non-cancerous cell types,
Treatment of triple-negative breast cancer including fibroblasts, immune cells, and endo-
(TNBC) is a huge challenge in oncology. This thelial cells. It is known that interaction be-
cancer type is characterized by the absence of tween cancer cells and TME might affect
estrogen receptors (ER), progesterone recep- tumour progression. However, little information
tors (PR) and human epidermal growth factor exists about phenotypically different cancer cell
receptors-2 (HER2), which precludes the possi- interactions in tumours. Cell-cell interactions
bility of using hormone therapies and HER2- are mediated by a complex network of signaling
targeted treatments, leaving chemotherapy as pathways and physical contact, making cell
the primary treatment option. Due to its effec- interaction a critical factor in developing effec-
tiveness in killing cancer cells, doxorubicin tive treatment strategies for TNBC [2].
(DOX) is frequently employed among chemo-
therapeutic agents. However, the heterogeneity Scientists have extensively studied the trans-
inherent in TNBC, both at the intertumoral and port of DOX in both cell monolayers and spher-
intratumoral levels, significantly complicates oids (3D cultures). The key factors known to
the therapeutic strategy, decreasing the effica- impede DOX transport in cancer cells include
cy of anticancer agents such as DOX [1]. The overexpression of efflux pumps [3], intracellular
complexity of TNBC is further amplified by sequestration of drugs in subcellular compart-
the tumour microenvironment (TME), a dynam- ments such as lysosomes [4], pH changes with-

https://doi.org/10.62347/VNWHO165
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in cancer cells [5], interactions of cancer cells
with TME [6-8] and, notably, interactions among
phenotypically distinct cancer cells within the
tumour [9, 10]. It is recognized that interactions
between different cancer cell phenotypes can
contribute to cancer progression and drug
resistance [11-14]. To our knowledge, no stud-
ies have specifically addressed the interactions
between phenotypically diverse cancer cells
in relation to drug resistance. Although many
publications have reported on the isolation and
characterization of different sublines, popula-
tions, or clones [15-18], their interactions have
not been explored regarding DOX transport.

Given the critical role of the cell-cell interaction
in cancer progression and treatment response,
this study focuses on the DOX transport into
the MDA-MB-231 cell line and its phenotypical-
ly diverse sublines (D8, F5, H2). The DOX trans-
port was investigated in cell monolayer (2D
model) and spheroids (3D cultures). To mimic
cell interaction in vivo conditions, apart from
3D cultures, experiments in monolayer-cultured
cells were done under normoxia and hypoxia.
Hypoxia, a common feature of the tumour, is
known to influence the biology of cancerous
and stromal cells, affecting drug uptake and,
consequently, treatment efficacy [19, 20].

This research hypothesized that by studying
DOX transport in conditions that simulate the
complex environment of tumors in living organ-
isms, we could identify obstacles to effective
drug delivery and uncover strategies to en-
hance treatment results for patients with TNBC.
The significance of this work lies in its potential
to contribute to the refinement of therapeutic
regimens for TNBC, a subtype of breast cancer
known for its poor prognosis and limited treat-
ment options. This could pave the way for devel-
oping more effective, personalized treatment
strategies considering the complex interplay
between cancer cells and their microenviron-
ment.

Materials and methods
Cell culture

The human triple-negative breast cancer cell
line MDA-MB-231 was acquired from the
American Type Culture Collection (ATCC) locat-
ed in Manassas, VA, USA. Similarly, human
foreskin fibroblast cells (HF) CRL-4001, origi-
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nally sourced from ATCC, were generously pro-
vided by Prof. Helder Santos from the University
of Helsinki, Finland. These cell lines were cul-
tured in Dulbecco’s Modified Eagle Medium
(DMEM) GlutaMAX supplied by Gibco, UK, and
enriched with 10% fetal bovine serum (FBS),
heat-inactivated (Gibco). Additionally, the cul-
ture medium was supplemented with 1% of
penicillin and streptomycin mixture, 1 yg/ml of
insulin (27 USP units/mg), 1% minimum essen-
tial medium non-essential amino acids (MEM
NEAA), and 1% sodium pyruvate, all supplied
from Gibco, UK. Cells were cultured in a humidi-
fied environment with 5% CO, at a temperature
of 37°C.

Isolation of cell sublines from commercial
MDA-MB-231 cell line

Sublines were derived from the MDA-MB-231
commercial cell line, utilizing a previously de-
scribed method involving serial dilution in
96-well plates [21]. Initially, an 8-channel
micropipette was used to dispense 100 pl of
the medium into each well of a 96-well plate,
excluding well Al. Subsequently, 200 pl of a
cell suspension (containing 2 x 10* cells/ml)
was introduced into well A1. From there, 100 pl
of this mixture was transferred from well Al to
B1 using a single channel pipettor, a process
repeated down the column, with the final 200
ul from well H1 being discarded. Next, each well
in column 1 received an additional 100 ul of
medium via the 8-channel micropipette, bring-
ing the total volume to 200 pl per well. This dilu-
tion was then extended horizontally across the
plate, transferring 100 pl from each well in the
first column to the corresponding wells in the
second column using the same micropipette,
and the process was replicated across the
plate. Following nine days of incubation, cell
colonies were observed under a microscope.
The selection of sublines was based on the
observed differences in colony formation,
including shape and cell density. Selected wells
were then expanded into 25 c¢cm? cell culture
flasks (TPP, Switzerland) for further cultivation.

DOX cytotoxicity by MTT

Cell susceptibility to DOX was determined using
the MTT assay, as described previously [22].
Fresh DOX dilutions in the medium were pre-
pared just before use. DOX (> 98%, Abcam,
Cambridge, UK) was dissolved in dimethyl sulf-
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oxide (DMSO, Sigma-Aldrich Co., St. Louis, MO,
USA) and then diluted in the medium, ensuring
the final DMSO concentration did not exceed
0.5%. Cells (2 x 10* cells/well) were plated
into 96-well flat-bottomed plates and incubat-
ed for 24 h. Subsequently, DOX dilutions were
added to each well. The medium without cells
served as a positive control, and the medium
with 0.5% DMSO served as a negative control.
After 4 and 8 hours of incubation, 20 pl of
3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT, Life technologies, Oregon,
USA) solution (5 mg/ml in medium) was add-
ed. Following a 3-hour incubation at 37°C, the
liquid was removed, and the resulting forma-
zan crystals were dissolved in 50 pl of DMSO.
Complete solubilization of formazan crystals
was achieved by brief shaking. The absorbance
was measured on a plate reader at 570 and
630 nm.

DOX transport into monolayer-cultured cells

The cells were seeded in 24-well plates on col-
lagen-coated coverslips at a volume of 500 pL
(50,000 cells/well) and incubated for 48 h in a
humidified atmosphere with 5% CO, at 37°C.
After 48 h, the medium was replaced by the
fresh medium that contained 1 or 5 yM DOX.
In case to simulate hypoxia, the medium con-
taining 200 pM cobalt (Il) chloride (anhydrous,
97%, Carl Roth GmbH, Germany), was used.
After 0.5, 1, 2 or 4 h of incubation, the medium
was removed, the cells were washed twice
with PBS, fixed with 4% paraformaldehyde
(Thermo Scientific, Waltham, MA, USA) solu-
tion in PBS and stained with 4’,6-diamidino-
2-phenylindole (DAPI; Thermo Scientific). The
photos were taken using confocal fluorescence
microscopy (Olympus IX73, Japan), 600 x mag-
nification, using DAPI and TRITC filters. The
uptake of DOX into whole cells and their nucle-
us was evaluated using Imagel) software
(National Institutes of Health, 1.53K version,
USA). In each group, at least 5 photos were
taken, and from these photos, 20 randomly
selected cells were analyzed. The relative fluo-
rescence intensity and background fluores-
cence were measured separately for the cyto-
plasm and nuclei, and the background fluores-
cence was subtracted from the cellular fluores-
cence measurements. The same procedure
was followed for experiments conducted under
hypoxic conditions. To induce hypoxia, 200 uM
cobalt (ll) chloride was added to the culture
medium 24 hours prior to the experiment.
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DOX delivery into tumor spheroids

The spheroids were formed using the magnetic
3D Bioprinting method as previously described
[21]. Cells were seeded in a 6-well plate, and
after their attachment, they were incubated
with NanoShuttle PL (Greiner Bio-One North
America, Inc., Monroe, NC, USA) for 8-10 h.
Then, cells were trypsinised, centrifuged, resus-
pended in a fresh medium and seeded into
96-well ultra-low attachment plates in a vol-
ume of 100 pL (2000 cancer cells (MDA-
MB-231 or sublines D8, F5, H2) and 2000
human fibroblasts). The plate was placed on a
magnetic drive and incubated in a humidified
atmosphere containing 5% CO, at 37°C for 2
days. After that, the medium was replaced
with a fresh medium containing 10 uM of DOX.
After 1, 2, 4 and 8 h, spheroids were washed
with PBS and fixed in a 4% paraformaldehyde
solution in PBS. DOX transport to the spheroi-
ds was assessed by fluorescence microscopy
with an Olympus IX73 inverted fluorescent
microscope (Olympus, Tokyo, Japan). The imag-
es were analyzed using ImageJ software ver-
sion 1.53K to estimate the intensity of DOX
fluorescence in the whole spheroids area in
relative units. The DOX fluorescence intensity in
the spheroids is calculated by subtracting
the background fluorescence measured at mul-
tiple places near the spheroid. The number of
spheroids per group ranged from 10 to 14
spheroids.

Statistical analysis

Each experiment was conducted in triplicate,
with the results averaged and the standard
deviation calculated. Data analysis was done
utilizing Microsoft Office Excel 2021, 2405 ver-
sion (Microsoft Corporation, Redmond, WA,
USA) and the IBM SPSS Statistics software,
version 26.0. A value of P < 0.05 was consid-
ered as the level of significance. An analysis of
variance (ANOVA) was applied to identify signifi-
cant differences among the values, followed by
a Tukey post-hoc test for detailed comparison.

Results

Selection of sublines isolated from the MDA-
MB-231 cell line for DOX uptake studies

In previous studies focused on the interactions

of phenotypically different sublines [21], we iso-
lated 24 sublines and selected seven (A9, D8,
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E7, F5, F7, G5, and H2) for characterization
based on CD133 receptor expression, migrato-
ry ability, and sensitivity to the anticancer drugs
doxorubicin (DOX) and paclitaxel (PTX). Among
these, we identified three sublines - D8, F5,
and H2 - as the most distinct. The D8 subline
exhibited a 50% reduction in CD133 expres-
sion, a 20% increase in migratory ability, and a
10% greater sensitivity to PTX. Morphologically,
D8 cells were elongated and loosely packed.
The F5 subline showed a 31% increase in
CD133 expression, a 5% decrease in migratory
ability, and a 54% higher sensitivity to DOX.
These cells were shorter, more oval, and form-
ed tightly packed colonies. The H2 subline was
notable for its resistance to anticancer drugs,
with 39% lower sensitivity to DOX and 32%
lower sensitivity to PTX. Additionally, H2 cells
exhibited a 38% increase in migratory ability
and a 26% reduction in CD133 expression
compared to the parental MDA-MB-231 cell
line. The H2 cells were also shorter in shape
compared to the parental cells.

DOX uptake in phenotypically different breast
cancer sublines in normoxia

In this research, it was hypothesized that vary-
ing concentrations of DOX (1 uM and 5 pM) will
elicit different patterns of intracellular uptake
in cells. Specifically, in this study, it was sup-
posed that at the lower concentration (1 uM),
DOX uptake would be relatively evenly distrib-
uted between the cytoplasm and nucleus.
Conversely, at the higher concentration (5 uM),
it will anticipate increased transport and accu-
mulation of DOX within the nucleus, which is a
main DOX target in cancerous cells.

Before conducting DOX transport experiments,
it is important to assess the influence of DOX
on cell viability to ensure that changes in DOX
uptake are not solely due to the drug’s cytoto-
xic effects. In this experiment, a statistically
significant DOX cytotoxicity effect on cell viabil-
ity was not established up to a concentration of
10 pM after 8 hours of incubation (Figure 1).

DOX transport in MDA-MB-231 cells and its
sublines D8, F5, H2 was first explored in nor-
moxia conditions (Figure 2C). At 1 yM concen-
tration, DOX uptake was highest in subline F5
cells after 240 minutes (Figure 2A). DOX deliv-
ery in F5 cells and nucleus was up to 1.8-fold
and 1.5-fold greater, respectively, compared to
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other sublines and parent MDA-MB-231 cell
line (Figure 2B). Contrary, the H2 subline
showed the least 1.5-fold lower DOX uptake
among all the cell lines and sublines tested,
highlighting significant variability in drug uptake
efficiency among different cellular phenotypes.

The DOX uptake ratio between cells and nucle-
us was the same in MDA-MB-231 and sublines
(Figure 3C). Cells incubated with 5 yM DOX
show increased DOX uptake and accumulation
in the cell nucleus (Figure 3B). The subline F5
cells continued to exhibit a superior capacity for
DOX uptake, with uptake levels in both the cells
and their nuclei about 1.5-fold higher than
those observed in other cell lines and sublines
(Figure 3A, 3B). The DOX transport into subline
H2 cells was about 2-fold lower in both cells
and nuclei than the subline F5 and about 1.5-
fold lower than the parent cell line MDA-MB-
231.

In this research, no statistically significant DOX
uptake was observed in the cells or their nuclei
after 30, 60, and 120 minutes of incubation
across all compared cell lines and sublines.

However, differences in DOX distribution within
the cells were observed when comparing DOX
uptake in cells using 1 uM or 5 uM concentra-
tions. At 1 uM of DOX, similar drug distribution
was observed between the cell cytoplasm and
nucleus, with DOX uptake in the nucleus being
1.7-fold higher than in the cytoplasm. Con-
versely, at a concentration of 5 pM, DOX distri-
bution within the cell and nucleus differed sig-
nificantly, with DOX uptake in the cell nucleus
being 2.6-fold higher than in the cytoplasm.
The highest difference was observed in the H2
subline, where DOX uptake in the cell nucleus
was 3.2-fold higher than in the cytoplasm.

DOX uptake in phenotypically different breast
cancer sublines in hypoxia

Analyzing DOX transport under hypoxic condi-
tions is crucial for understanding how an oxy-
gen-deprived environment affects DOX uptake
efficiency. In this study, differences in DOX
uptake and uptake ratios were observed be-
tween hypoxic and normoxic conditions. More-
over, the effects of different DOX concentra-
tions varied between normoxia and hypoxia.
DOX uptake under hypoxic conditions was
approximately 5-fold lower at 1 yM and 2-fold
lower at 5 uM compared to normoxic conditions
(see Figures 4 and 5).
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Figure 1. DOX effect on cell viability. Viability was evaluated in monolayer-cultured cells of MDA-MB-231 cell line and
its sublines after incubation with 1, 5 or 10 uM DOX. A. Viability of cells after 4 hours of incubation. B. Viability of
cells after 8 hours of incubation, n = 3.
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Figure 2. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation
with 1 uM DOX in normoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell
nucleus at different time periods. C. Representative images of cells after 4 h incubation with 1 yM DOX. Scale bar
=50 ym. Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same
category, n = 3.
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Figure 3. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation
with 5 uM DOX in normoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell
nucleus at different time periods. C. Representative images of cells after 4 h incubation with 5 uM DOX. Scale bar
=50 um. Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same

category, n = 3.

The F5 subline demonstrated the highest
DOX fluorescence intensity among the cell
lines tested after 240 minutes of incubation
with 1 uM DOX (Figure 4A). This intensity was
approximately 2.5-fold higher than observed in
the H2 subline and 2-fold higher than in the
MDA-MB-231 and D8 sublines, as illustrated in
Figure 4C. Comparatively, under these oxygen-
deprived conditions, no significant differences
were noted in the uptake of DOX into the nuclei
of the cells across the different sublines (Figure
4B).
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When the DOX concentration was increased to
5 uM, an enhanced DOX uptake into cells and
nuclei was observed, as represented in Figure
5C. After 240 minutes of incubation, the DOX
fluorescence intensity in cells of the MDA-
MB-231, F5, and D8 sublines showed no sta-
tistically significant differences at this higher
concentration. However, the DOX fluorescence
intensity in H2 subline cells remained approxi-
mately 1.7-fold lower than in the other exam-
ined subline cells (Figure 5A). Furthermore, the
overall DOX fluorescence intensity under hypox-
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Figure 4. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation with
1 uM DOX in hypoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell nucleus
at different time periods. C. Representative images of cells after 4 h incubation with 1 yM DOX. Scale bar = 50 pm.
Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same category,

n=3.

ic conditions was 2.5-fold lower than that
under normoxic conditions for the same DOX
concentration. The study also highlighted a
more pronounced DOX transport into the nu-
clei, approximately 2-fold higher than in the
cytoplasm of the cells (Figure 5B), with the
highest DOX transport observed in the nuclei of
F5 subline cells. Notably, DOX transport into
cell nuclei was 3-fold lower under hypoxic com-
pared to normoxic conditions.

However, when comparing DOX uptake in cells
at 1 uM or 5 uyM concentrations in hypoxic envi-
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ronment, differences in DOX distribution within
the cells were observed. At 1 uM of DOX, a dif-
ferent drug distribution between the cell cyto-
plasm and nucleus was observed, with DOX
uptake in the nucleus being from 1.4 to 2.2-fold
higher than in the cytoplasm. The same tenden-
cy was observed at a concentration of 5 yM.
The DOX distribution within the cell and nucle-
us, with DOX uptake in the cell nucleus being
from 2 to 3.9-fold higher than in the cytoplasm.
The highest difference was observed in the H2
subline, where DOX uptake in the cell nucleus
was 3.8-fold higher than in the cell cytoplasm.
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Figure 5. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation with
5 uM DOX in hypoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell nucleus
at different time periods. C. Representative images of cells after 4 h incubation with 5 uM DOX. Scale bar = 50 ym.
Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same category,

n=3.

DOX transport into spheroids

MDA-MB-231 cells alone did not form spher-
oids, so HF (fibroblast) cells were used. Com-
bining breast cancer cells with fibroblasts when
forming spheroids allowed us to better mimic
the TME.

The spheroids formed at the experiment’s
onset had an average diameter of approximate-
ly 390 pm. Across the groups, spheroid sizes
varied between 360 and 420 ym. The largest
spheroids, lacking a clear round shape, were
formed by D8 subline cells, while the smallest
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were observed in the H2 subline cells. Spheroid
sizes remained consistent within each group
under control and DOX incubation conditions.

Fluorescence intensity demonstrated that
the penetration of DOX into the cell spheroids
was directly proportional to the duration of
incubation, highlighting a time-dependent pen-
etration mechanism (Figure 6B). After 1 hour of
incubation, DOX transport into MDA-MB-231
spheroids was up to 1.5-fold higher than in
other groups, though not statistically significant
(Figure 6A). After 8 hours of incubation, the
penetration of DOX was higher in spheroids
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Figure 6. The different DOX penetration into spheroids at DOX 10 uM con-
centration. DOX fluorescence intensity in spheroids at different time periods
(A), images of cells after 8 h incubation with DOX (B). Magnification 100 x.
Scale bar = 100 ym. The different letters indicate P < 0.05 compared the
DOX penetration at the same time in different cell sublines, n = 3. Abbrevia-

tion: MDA, MDA-MB-231 cell line.

formed from subline D8, F5, and MDA-MB-231
cells than from subline H2 cells. DOX fluores-
cence intensity in spheroids from subline H2
cells was about 2-fold lower than in the other
spheroids (Figure 6A). These findings are con-
sistent with the results from studies in 2D
cultures.

Discussion

Triple-negative breast cancer is recognized for
its inherent heterogeneity, a characteristic that
complicates treatment strategies. This diversi-
ty within TNBC tumours contributes to the
emergence of drug resistance, driven by the
phenotypic variations among subpopulations.
Current scientific research delves deeply into
understanding these differences among sub-
lines and their interactions to decipher their
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ine the influence of culture
conditions, particularly the
contrast between normoxic
and hypoxic environments, on
DOX uptake, aiming to eluci-
date the underlying mecha-
nisms contributing to DOX
resistance in TNBC. Studies
have demonstrated significant
differences in DOX uptake
among these sublines. For
example, Bao et al. [23] dem-
onstrated substantial differ-
ences in DOX, with DOX pri-
marily accumulating in the
nucleus of the DOX-sensitive
MDA-MB-231 subline, while in
the resistant subline, it pre-
dominantly resided in the cy-
toplasm. Further, recent re-
search by Khan et al. [24] indicated that single
cell-derived clones from four different breast
cancer cell lines exhibited varied sensitivities
to DOX. These findings highlight the necessity
of assessing DOX uptake in phenotypically dif-
ferent sublines, as this can provide pivotal
insights into overcoming DOX resistance in can-
cer treatment.

During the investigation of DOX penetration
into cells cultured in monolayers, significant
variations in DOX penetration were evident.
Primarily, distinct differences in DOX penetra-
tion were noted among MDA-MB-231 sublines.
Additionally, the variations of DOX distribution
in the cell cytoplasm and nucleus were de-
termined. Subsequently, environmental condi-
tions, such as normoxia and hypoxia, were
observed to impact the intracellular entry of
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Figure 7. Comparing DOX uptake in 2D and 3D cell cultures. A. DOX uptake in monolayer cultured cells after 8 hours
of incubation. B. DOX transport into spheroids at incubation periods from 1 to 8 hours. The scale bar represents
normalized DOX fluorescence intensity (Fl). The highest amount of Fl equal to 1.

DOX, which was an expected result. The ob-
served decrease in DOX uptake under hypoxic
conditions significantly impacts chemothera-
py’s effectiveness, particularly in the microenvi-
ronments of rapidly growing tumours with low
oxygen supply. Hypoxia-inducible factors (HIFs),
especially HIF-1, play a crucial role in this pro-
cess, activating drug resistance mechanisms
like P-glycoprotein and altering gene transcrip-
tion to promote tumour survival and growth,
thereby reducing the intracellular concentra-
tion of anticancer drugs such as DOX [20, 25].
Our findings reveal that in hypoxic conditions,
DOX uptake in both cells and their nuclei sub-
stantially decreases up to five times with a
lower concentration and almost three times
with a higher concentration, compared to nor-
moxic conditions. This reduction in DOX uptake
underlines the adaptability of breast cancer
cells, such as the MDA-MB-231 line, to hypoxic
conditions by modifying their metabolism to not
only survive but also expel chemotherapeutic
drugs.

In the present study, subline F5 cells demon-
strated the most pronounced uptake of DOX
under normoxic conditions (Figure 7A), with an
increased uptake observed under hypoxic con-
ditions with elevated DOX concentrations.
Previously recognized as notably responsive to
DOX [21], the F5 subline exhibited a higher
accumulation of DOX within both cytoplasmic
and nuclear compartments, correlating with
increased cellular sensitivity to the drug. Addi-
tionally, scientists noted divergent resistance
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patterns to DOX across various sublines of the
MDA-MB-231 cell line [24]. At the DOX uptake
experiments, an increased fluorescence inten-
sity was observed in the F5 subline nucleus.
This observation indicates that in DOX-sensitive
cells, DOX efficiently localizes in higher concen-
trations in the cell nucleus and less in the cyto-
plasm [23]. The increased accumulation of DOX
in the cell nucleus is primarily due to its ability
to intercalate into DNA, aided by its hydrophilic
nature and possibly active transport mecha-
nisms that facilitate its entry and retention in
the nucleus [26-28]. Typically, there is low
expression of nuclear and cytoplasmic P-gp
in DOX-sensitive cells, which results in an
increased intracellular concentration of DOX
[29, 30]. Comparing the DOX uptake results
in F5 subline cells under hypoxia and normoxia,
a threefold decrease in nuclear DOX uptake
at a higher DOX concentration under hypoxia
compared to normoxia suggests that tumours
with cell phenotypes like the F5 subline may
display increased resistance to chemotherapy
in hypoxic conditions. This resistance poses a
significant challenge, especially in tumours
larger than 100 ym from the nearest blood ves-
sel, as they are difficult to detect early due to
their small size [25].

The H2 subline cells displayed the lowest DOX
uptake between all tested lines (Figure 7A)
under normoxia and hypoxia in the cells and
their nuclei across both concentrations. This
reduced uptake is consistent with the H2 sub-
line’s previously observed resistance to DOX
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[21]. In DOX-resistant cells, DOX is typically
unable to reach the nucleus and remains
exclusively in the components of cytoplasm
(mitochondria [31], endoplasmic reticulum [32]
and lysosomal accumulation [33]), especially at
lower concentrations [23]. However, at higher
concentrations, DOX can cross the nuclear
membrane pores in cells (passive diffusion
[34] or active transport [35]) and exhibit
increased fluorescence intensity in the nucleus
compared to the cytoplasm. Additionally, the
H2 subline showed a marked decrease in
DOX uptake under hypoxia, 7-fold less in cells
and 5-fold less in the nucleus than under nor-
moxic conditions, highlighting the significant
challenge hypoxia poses to effective cancer
treatment.

The MDA-MB-231 and D8 subline cells dis-
played intermediate levels of DOX uptake under
various growth conditions and DOX concentra-
tions, ranking between the F5 and H2 sublines
regarding uptake intensity into cells and nuclei
under normoxic conditions. This observation
underscores the similarity of the D8 subline to
the MDA-MB-231 parent cell line. Our previous
research has shown that D8 subline cells are
more sensitive to anticancer drugs than the
MDA-MB-231 cells, but in DOX uptake, signifi-
cant differences were not determined.

Furthermore, our investigation of DOX trans-
portin 3D cell cultures provides deeper insights
into the complexities of drug delivery within the
TME. 3D tumour spheroids can replicate the in
vivo resistance patterns seen in solid tumours,
attributed to factors such as hypoxia, cellular
heterogeneity, and the physical barriers to drug
diffusion [36]. Employing fibroblasts allowed us
to model the TME more accurately and assess
DOX transport in spheroids [37]. The observed
time-dependent DOX transport in 3D cultures
varied among MDA-MB-231, F5, D8, and H2
sublines, with H2 spheroids exhibiting the low-
est DOX uptake compared to MDA-MB-231, F5,
and D8 spheroids (Figure 7B). This underscores
the critical role of different subline phenotypes
in drug transport and resistance mechanisms.
The spheroids from subline F5 cells exhibited a
sensitivity to DOX, challenging the conventional
understanding that cancer stem cell-like phe-
notypes (as indicated by high CD133 expres-
sion) are inherently resistant to chemotherapy.
This F5 cell sensitivity in 3D cultures may point
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to the heterogeneity within the MDA-MB-231
cell line itself and suggests that not all cells
with stem-like features exhibit the same drug
resistance profiles [38-40]. The lower DOX
uptake in H2 spheroids highlights the challenge
of overcoming drug resistance in tumour sub-
populations that exhibit reduced drug accumu-
lation, potentially due to enhanced efflux mech-
anisms or alterations in drug metabolism path-
ways [41]. Our findings align with recent studies
indicating that the microenvironment of solid
tumours plays a significant role in modulating
drug uptake and efficacy [42]. The reduced
uptake of DOX in hypoxia observed in our study
corroborates the notion that hypoxia-induced
factors contribute to cancer drug resistance
[25].

The variation in DOX uptake under normoxic
versus hypoxic conditions highlights the signifi-
cant influence of the TME on chemotherapy
efficacy. This finding is consistent with the
research by Gilkes et al. [43], which showed
how hypoxia-inducible factors (HIFs) modulate
gene expression to enhance survival and resis-
tance in low-oxygen environments. Our study
builds on this by demonstrating how these
specific microenvironmental conditions directly
affect drug uptake in TNBC cells. Additionally,
using 3D spheroid models has revealed the
challenges posed by complex tumour struc-
tures in drug delivery. Notably, the differential
DOX uptake observed in 3D spheroids, particu-
larly the reduced uptake in H2 subline spher-
oids, underscores the significant physical
and biological barriers that complicate effec-
tive treatment. These observations are sup-
ported by findings from Weigelt et al. [44], who
discussed the advantages of 3D models in
replicating tumours’ spatial and architectural
heterogeneity, greatly affecting treatment out-
comes.

Our study demonstrates a correlation between
our results on DOX transport in 2D and 3D cul-
tures and our previous research on DOX activity
for cell viability and spheroid size reduction
(Figure 8) [21].

Previously, we revealed that H2 subline cells
were resistant to DOX. In this study, H2 cells
showed the lowest DOX uptake compared to all
other tested cells in both 2D and 3D cultures.
Additionally, the viability of H2 subline cells was
the highest compared to all tested sublines,

Am J Cancer Res 2024;14(7):3584-3599



Transport of doxorubicin in MDA-MB-231 sublines

2D cell cultures

3D cell cultures

DOX uptake

Cell viability = DOX uptake Spheroid size
in cell monolayer reduction in spheroids
MDA-MB-231
D8
F5

H2

m——

low

DOX efficiency scale

Figure 8. Comparison of DOX activity and transport in 2D and 3D cell cultures. In 2D cell cultures, the effect of
DOX on cell viability was determined using the MTT-colorimetric method, while DOX uptake in cell monolayers was
assessed through fluorescence intensity measurements. In 3D cell cultures, the reduction in spheroid size was
measured (um), and DOX uptake in spheroids was evaluated using fluorescence intensity. The scale bar represents
relative units of the DOX effect in cells, ranging from low (light red) to high (intense red).

indicating the low effect of DOX (Figure 8, left).
However, H2 subline spheroids showed the low-
est DOX uptake, a finding that correlates with
the results from 2D cell cultures. This may be
attributed to insufficient drug accumulation in
H2 cells, compromising its cytotoxic effects.
Such a scenario could arise from several resis-
tance mechanisms, including increased drug
efflux, which actively removes the drug from the
cell [23, 45, 46], and reduced drug influx. The
resistance observed in the H2 subline could be
associated with the TNBC mesenchymal sub-
type, known for its increased expression of mul-
tidrug resistance (MDR) pumps [47, 48]. This
hypothesis is supported by the low DOX trans-
port observed, suggesting that the H2 subline
may have elevated MDR pump expression, a
characteristic feature of the TNBC mesenchy-
mal subtype.

The sensitivity of the F5 subline to DOX is due
to high DOX accumulation in the nucleus of
F5 cells (Figure 7, intense red colour). Further-
more, DOX statistically significantly reduced the
size of the spheroids, and DOX entry into the
spheroids of the F5 subline was the highest
among all lines (Figure 8, right). Similar TNBC
subtypes to the F5 subline may increase DOX
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transport in cells due to genetic or epigenetic
modifications impairing efflux pumps’ effective-
ness, allowing DOX to remain within the cells
longer [49, 50]. Additionally, this could lead to
changes in lipid metabolism or membrane fluid-
ity, affecting drug permeability. Finally, these
cells might exhibit susceptibility to DOX’s
mechanism of action, such as intercalation into
DNA and disruption of topoisomerase Il, lead-
ing to effective cytotoxicity despite a stem-like
phenotype [40]. These insights into the drug
dynamics within the F5 subline could inform
targeted strategies to overcome drug resis-
tance in other TNBC subtypes exhibiting similar
characteristics.

Many scientists are looking for effective inhibi-
tors to reduce drug resistance in cancer cells
[51-54] and evaluating different resistance
mechanisms to DOX [55]. This research con-
tributes to these findings and provides several
insights that could significantly influence fu-
ture treatment strategies. Identifying sublines
with varying DOX uptake enables the develop-
ment of targeted treatments, as sublines like
F5, which uptake more DOX, respond better to
DOX-based therapies, while resistant sublines,
like H2, may require alternative or combination
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treatments. Understanding the mechanism
behind reduced DOX uptake in resistant sub-
lines is essential for overcoming drug resis-
tance therapies for specific tumor subpopula-
tions and can enhance chemotherapy effec-
tiveness. Understanding the mechanisms be-
hind reduced DOX uptake (overcoming drug
resistance) in resistant sublines is crucial.
Factors like hypoxia reduce DOX uptake, impli-
cating HIFs and efflux pumps like P-gp. Com-
bining DOX with HIF inhibitors or P-glycoprotein
blockers may enhance drug sensitivity in resis-
tant sublines. The tumor microenvironment
influence, such as normoxia and hypoxia, sig-
nificantly affects DOX uptake. Hypoxic condi-
tions notably reduce DOX penetration. Desig-
ning treatments that consider microenviron-
mental factors or target hypoxic tumor regions
could enhance treatment efficacy. Also, pheno-
typic markers correlating with DOX uptake can
serve as predictive biomarkers, helping stratify
patients based on their likely response to DOX-
based therapies. For instance, high CD133
expression in F5 subline cells correlates with
higher DOX uptake, suggesting its potential as
a predictive marker. In addition, variability in
DOX uptake among TNBC sublines supports
personalized medicine approaches. By evaluat-
ing a patient’s tumor phenotypes, clinicians
can design personalized treatment plans, opti-
mizing drug selection and dosing to improve
outcomes and reduce adverse effects. Overall,
this study on DOX uptake in TNBC sublines
offers critical insights for improving cancer
treatment strategies. By targeting specific
tumor subpopulations, addressing microenvi-
ronmental influences, and utilizing predictive
biomarkers, we can advance towards more
effective and personalized cancer therapies,
overcoming drug resistance and enhancing
chemotherapy success.

Conclusions

The intratumor diversity and microenvironmen-
tal factors explored in our study underline the
complexity of treatment resistance in TNBC. By
understanding how specific phenotypic proper-
ties contribute to drug uptake and resistance,
we can tailor the development of targeted
therapies and combination treatments. In this
study, we revealed that phenotypically different
cells exhibit varying DOX accumulation, with
sensitive sublines showing higher nuclear accu-
mulation and resistant sublines showing lower
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levels. Both 2D and 3D models confirmed that
hypoxia reduces DOX accumulation. Modulating
the TME, for instance, improving oxygenation or
targeting hypoxic cells, could enhance the effi-
cacy of conventional chemotherapies such as
DOX. Our findings advocate for a personalized
approach in TNBC treatment, where therapies
are adapted based on the detailed characteris-
tics of each tumour’s subpopulation and its
microenvironment. Ultimately, this study enrich-
es our understanding of TNBC heterogeneity
and emphasizes the importance of considering
intratumor diversity and the TME in searching
for more effective treatment strategies.
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Abstract: Breast cancer is a rapidly evolving, multifactorial disease that accumulates numerous genetic and epigen-
etic alterations. These result in molecular and phenotypic heterogeneity within the tumor, the complexity of which is
further amplified through specific interactions between cancer cells. We aimed to analyze cell phenotypic sublines
and the influence of their interaction on drug resistance, spheroid formation, and migration. Seven sublines were
derived from the MDA-MB-231 breast cancer cell line using a multiple-cell suspension dilution. The growth rate,
CD133 receptor expression, migration ability, and chemosensitivity of these sublines to anticancer drugs doxo-
rubicin (DOX) and paclitaxel (PTX) were determined. Three sublines (F5, D8, H2) have been chosen to study their
interaction in 2D and 3D assays. In the 2D model, the resistance of all sublines composition to DOX decreased,
but in the 3D model, the resistance of all sublines except H2, increased to both PTX and DOX. In the 3D model, the
combined sublines F5 and D8 had higher resistance to DOX and statistically significantly lower resistance for PTX
compared to the control. The interaction between cancer stem-like cells (F5) and increased migration cells (D8)
increased resistance to PTX in cell monolayer and increased resistance against both DOX and PTX in the spheroids.
The interaction of DOX-resistant (H2) cells with other cell subpopulations (D8, F5, HF) decreased the resistance to
DOX in cell monolayer and both DOX and PTX in spheroids.

Keywords: Triple-negative breast cancer, cell interaction, drug resistance, phenotypic sublines, MDA-MB-231

Introduction thelial cells that line them. Based on molecular
profiling studies, since 2011, many TNBC sub-
Breast cancer is one of the most common types have been established [4]. Still, there is
oncology diseases worldwide. In 2020, the pre- no one unique official classification due to the
dicted number of new breast cancer cases TNBC cell variability [5-8]. Burstein et al. divid-
was 2.3 million and 685,000 deaths globally ed TNBC into four stable, distinct molecular
(based on World Health Organization (WHO) subtypes that differentially respond to chemo-
data) [1]. Over the past few decades, significant therapy and targeted-therapy agents: basal-like
progress has been made in preventing, diag- immune-suppressed subtype, basal-like immu-
nosing, and treating cancer. TNBC accounts for ne-activated subtype, mesenchymal subtype,
about 15-20% of all biological types of breast luminal androgen receptor subtype. This new
cancer [2]. Based on the histological classifica- classification was suggested by combined early
tion of breast tumors, TNBC is classified as years studies [9].
invasive ductal, less commonly metaplastic,
medullary, or adenoid cystic carcinoma. Inva- Each molecular subtype has a different re-
sive ductal carcinoma is the most common (70- sponse to the treatment [4, 9]. Molecular profil-
80%) form of breast cancer [3]. These tumors ing studies indicate that most TNBCs (approxi-
begin to develop in the milk ducts from the epi- mately 70%) tumors consist of basal subtype
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cells. The rest of these tumors consist of vari-
ous molecular subtypes of TNBC cells that are
biologically distinct. This intratumor cell hetero-
geneity usually is responsible for the failure of
treatment of disease due to the drug-resistant
cell populations in tumors. These drug-resis-
tant cell populations lead the tumor relapse
and cancer progression. Intratumor cell hetero-
geneity is believed to form differently and can
be detected at the morphological and molecu-
lar heterogeneity [10]. Morphological heteroge-
neity is observed as tumor histology (histotype,
tissue reaction, differentiation, tissue composi-
tion) and different functional areas (tumor cen-
ter and borders). These differences could cause
clinical misinterpretation of the future tumor
treatment strategy [11]. Molecular intratumor
heterogeneity is divided into two types: first is
clonal heterogeneity (genetic or epigenetic evo-
lution) and nonclonal heterogeneity (phenotyp-
ic functional plasticity or stochastic (single cell)
plasticity) [12].

TNBC tumor heterogeneity makes the treat-
ment of these tumors very complicated. The
treatment options for this disease are limited
because the cells do not have targets on which
to tailor the treatment. Patients whose tumors
are in later stages have a very poor survival
prognosis. TNBC positively responds to chemo-
therapy (anthracyclines or/and taxanes-based)
[13]. However, more than 50% of patients diag-
nosed with TNBC at an early stage have a re-
currence of the disease, and 37% of these
patients die within the first five years, despite
the treatment being applied [14]. Many drug
resistance mechanisms are described, such as
impaired drug influx, enhanced drug efflux via
multidrug resistance pumps, drug compart-
mentalization away from its target protein, met-
abolic drug inactivation and drug resistance
due to cancer cell-cell and cancer cell-stromal
cell interaction [15]. Cell interaction in a tumor
is one of the objects of target therapy. Due to
cell interaction via signalling pathways or solu-
ble factors induce tumor growth and drug resis-
tance. Stromal cells, like a fibroblast, secrete
many cytokines and growth factors [16, 17].
These molecules activate phosphatidylinositol-
3-kinase (PI3K)/AKT and nuclear factor kappa
light chain enhancer of activated B cells (NF-
KkB) pathways in cancer cells and cause drug
resistance in cancer cells [18]. Tumor microen-
vironment could affect drug resistance in can-
cer cells due to cell interaction. So, cell-cell
interaction in cancer needs to be studied more
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to understand this mechanism to prevent drug
resistance in tumors.

This study aimed to evaluate cancer cell-cell
interaction by isolating several phenotypically
different cell sublines from the MDA-MB-231
cell line. Investigate the influence of these cell
sublines interaction on resistance to antican-
cer drugs in 2D and 3D cell culture models. For
subline characterization, we used immunocyto-
chemistry and stained the cells with stem-like
cancer cell (CSCs) CD133 antibody to investi-
gate CD133 receptor expression in sublines. To
assess the sublines’ resistance to anticancer
drugs, we applied the MTT cytotoxicity assay. A
wound-healing assay was used to estimate the
cell’'s ability to migrate. The most characteristic
sublines D8, F5, H2 at drug sensitivity, migra-
tion, and CSCs-like properties, were chosen.
Cell interaction research is performed by mix-
ing these sublines in many ways: 1) sublines
with fibroblast cells; 2) MDA-MB-231, fibro-
blasts and sublines; 3) mixing sublines bet-
ween each other and fibroblasts. Interaction
studies performed in 2D and 3D models.

Materials and methods
Cell culturing

Human triple-negative breast cancer cells
MDA-MB-231 were obtained from the American
Type Culture Collection (ATCC, Manassas, VA,
USA). Human foreskin fibroblasts (HF) CRL-
4001 were initially obtained from ATCC and
kindly provided by Prof. Helder Santos (Uni-
versity of Helsinki, Finland). Cell lines were cul-
tured in Dulbecco’s Modified Eagle Medium
(DMEM) GlutaMAX (Gibco, UK) supplemented
with 10% fetal bovine serum (FBS, qualified,
heat-inactivated, E.U.-approved, South America
Origin, Gibco, UK), 10,000 U/ml penicillin, 10
mg/ml streptomycin (Gibco, UK), 1 pg/ml insu-
lin 27 USP units/mg (Gibco, UK), 1% minimum
essential medium non-essential amino acids
(MEM NEAA) (Gibco, UK), 1% sodium pyruvate
(Gibco, UK). Cells were maintained in a humidi-
fied atmosphere containing 5% CO, at 37°C.
The same conditions were used for the MDA-
MB-231 isolated sublines.

Isolation of cell sublines from commercial
MDA-MB-231 cell line

Cell sublines were isolated from the MDA-
MB-231 commercial cell line by multiple cell

Am J Cancer Res 2023;13(8):3368-3383
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suspension dilution in 96-well plates. Using an
8-channel micropipettor, 100 ul of medium
was added to all the wells in 96-well plate,
except well A1. Then 200 pl of cell suspension
(2 x 10* cell/ml) was added into well A1, and
using a single channel pipettor, 100 pl of the
solution was quickly transferred from the first
well to well B1. This dilution was repeated down
the entire column, discarding 100 pl from H1,
so that it ends up with the same volume as
the wells above it. With the 8-channel micro
pipettor, 100 ul of medium was added to each
well in column 1 (giving 200 pl/well). Using the
same pipettor, 100 pl of the liquid was quickly
transferred from the wells in the first column
(A1-H1) to those in the second column (A2-H2).
This dilution strategy was repeated across the
entire plate.

After nine days of incubation, the cell colonies
in the plate were detected microscopically.
Based on formed colonies differences (shape,
density of cells), sublines from the wells A9,
B7, C7, D8, E7, F5, F7, G5, and H2 were select-
ed (the names of subcolonies were assigned
according to the name of the well from which
the cells were taken). Sublines were sub-cul-
tured to 25 cm? cell culture flasks (TPP,
Switzerland).

Expression of CD133 receptor by immunofiuo-
rescence staining

Cells (4 x 10* cell/ml) were grown for 24 h in a
24-well plate on collagen-coated oval 13 mm
diameter cover glasses at standard cell cultur-
ing conditions. After 24 h, cells were fixed in
4% paraformaldehyde (Thermo Scientific, Wal-
tham, Massachusetts, USA) for 20 min., per-
meabilized in 0.1% Triton X-100 (Thermo
Scientific, Waltham, Massachusetts, USA) for
10 min., blocked in blocking buffer (10 ml of
phosphate buffer solution + 0.2 ml fetal bovine
serum + 0.02 g bovine serum albumin) for 30
min. Immunostaining was performed with pri-
mary antibody 1:50 (anti-CD133 rabbit poly-
clonal, Abcam, Cambridge, UK) against the pro-
tein CD133. Then cells were incubated with
secondary antibody 1:1000 (goat anti-rabbit
18G highly cross-adsorbed secondary antibody,
Alexa Fluor 594, life technologies, Oregon, USA)
for 30 min. Cell nuclei were stained with DAPI
(Thermo Scientific, Waltham, Massachusetts,
USA) 1 pug/ml, for 10 min. Then cover glass was
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transferred to objective lenses and mounted in
ProLong Gold Antifade reagent (Invitrogen,
Carlsbad, California, USA). CD133 expression
was determined by immunofluorescence using
confocal microscopy (Olympus FLUOVIEW
FV1000). Cells were imaged under a micro-
scope at 600 x magnification using DAPI and
TRITC filters. Images were analyzed using
Image) 1.53K software (National Institute of
Health, Bethesda, Maryland, USA). In each
group, at least 20 (from 5 different glass po-
ints) randomly selected cells were analyzed,
and the relative fluorescence intensity was
measured. HF cells were used as a negative
control.

Wound healing assay

Cells were seeded in a 24-wellplates (Corning,
New York, USA) at a density of 20000 cells/
well in 500 pL of medium and incubated for
24 h in a humidified atmosphere containing
5% CO, at 37°C. Then the monolayers were
scratched with a sterile 100 pL pipette tip in
the center of the well. The media was removed,
cells were washed twice with PBS, and the
fresh media was added. Images of the scratch
were captured immediately and at every 24 h
for three days at several well points of scratch.
The percentage of the wound was calculated
using ImageJ software (National Institute of
Health, Bethesda, Maryland, USA). Three tech-
nical replicates per experiment were made.

Chemosensitivity assay

Cell susceptibility to anticancer drugs was
established by MTT assay, as described else-
where [19]. All drug dilutions in media were pre-
pared freshly just before use. DOX (> 98%,
Abcam, Cambridge, UK) and PTX (> 99.5% Alfa
Aesar, Kandel, Germany) were dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich Co,
St. Louis, MO, USA) and diluted in medium
(final DMSO concentration did not exceed
0.5%). Cells (5 x 102 cells/well) were plated into
96-well flat-bottomed plates and incubated for
24 h. Then the dilutions of drugs were added to
each well. The only medium without cells was
used as a positive control, and the medium
with 0.5% DMSO served as a negative control.
After three days of incubation, the medium was
removed and 100 pl of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazdium bromide (MTT, Life
technologies, Oregon, USA) solution (0.5 mg/ml

Am J Cancer Res 2023;13(8):3368-3383
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in medium) was added. After incubation for 3 h
at 37°C, the liquid was discarded, and the
formed formazan crystals were dissolved in 50
ul of DMSO. Complete solubilization of forma-
zan crystals was achieved by short shaking.
The absorbance was measured on a plate read-
er at 570 and 630 nm. EC_, values were calcu-
lated using Hill equation. Experiments were
repeated three times.

Cell doubling time

Prepared cell suspension of 2 x 10* cells/ml
was seeded in a 24-well plate (8 x 10° cells/
well). After 24, 48, 72, and 96 h, cells were
washed twice with PBS, trypsinized and centri-
fuged at 1000 rpm for 4 min. Then the cells
were resuspended in 200 pl of fresh medium
and counted in duplicates on a hemocytome-
ter. Cell doubling time (DT) was estimated by
the following formula (1) [18] to calculate each
line and subline DT, where ¢, and c, are the
number of cultured cells at the current (t,) and
previous (t,).

In(2) X (t2- ta)
c
In(i)

Spheroid formation and growth

DT = (1)

Spheroids were formed from MDA-MB-231 line
and sublines by the magnetic 3D Bioprinting
method [21], as described elsewhere [20].
Cancer cells were mixed with human fibroblasts
(1:1), to create a better-representing tumor
microenvironment, as the noncancer cells, like
fibroblasts, endothelial, immune cells (e.g.,
monocytes, neutrophils, and lymphocytes), and
extracellular matrix components (e.g., proteo-
glycans, glycosaminoglycans, and collagens)
play an essential role in cell signaling, tumor
growth, and development [29]. The cells were
incubated with nanoparticles NanoShuttle
(Nano3D Biosciences Inc., Houston, TX, USA)
for 8-10 h. Then cells were trypsinized and
seeded into ultra-low attachment 96-well
plates at a volume of 100 uL (2,000 breast
cancer cells and 2,000 human fibroblasts per
well). In all cell mixtures, the HF cells composed
50% of cells. The plate was placed on a mag-
netic drive and incubated in a humidified atmo-
sphere containing 5% CO, at 37°C until spher-
oids were formed. After two days of incubation,
the images of spheroids were taken every 48 h.
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Before taking images, the medium was replaced
by a fresh one containing 0.5 pM of DOX and
0.05 pM PTX. The spheroid size was calculated
using ImageJ software (NIH).

Statistical analysis

All experiments were repeated three times, cal-
culating the mean and standard deviation. The
data were processed using Microsoft Office
Excel 2016 software (Microsoft Corporation,
Redmond, WA, USA) and IBM SPSS Statistics
version 26.0 package. The level of statistical
significance was set at P < 0.05. An analysis of
variance (ANOVA) followed by a Tukey post-hoc
test was performed to determine significant dif-
ferences between values.

Results

Isolation of subpopulations within MDA-
MB-231 cell line and their characterization

We isolated new sublines from the TNBC cell
line MDA-MB-231 by multiple dilutions of the
cell suspensions in a 96-well microplate [21].
After 7-14 days, colonies were formed, and
seven colonies (sublines) were selected based
on differences of colony density, size, and
shape (Figure 1). These sublines showed a
spectrum of morphologies ranging from round
or oval colonies of closely packed cells to irreg-
ularly shaped colonies of loosely packed cells.
The F5 and E7 sublines were non-elongated,
shorter, and more oval, and the cells were
tightly packed, forming colonies during cell
growth; D8 and F7 - were more elongated in
shape and comprised of loosely packed cells.
The H2 subline cells were shorter in shape
compared to parental cell line. The morphology
of A9 and G5 was intermediate between the
first and second groups of sublines. Differenc-
es in cell morphology are associated with their
morphodynamics [22] - elongated cell shape
related to increased migration and more agg-
ressive cell phenotypes.

C133 receptor expression in cell sublines

The CD133 antigen, also known as prominin-1,
is a single-chain transmembrane glycoprotein
identified as an important surface marker of
breast cancer stem cells [23]. The expression
of CD133 is dysregulated in various solid
tumors, as well as TNBC and BRCA-1 tumors
[24]. The specific function of CD133 in cancer
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Figure 1. Morphological features of MDA-MB-231 cell lines and isolated sublines. The scale bar represents 50 pm.
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Figure 2. Immunofluorescence staining of CD133 in indicated cell lines
and sublines. A. The quantified CD133 expression was different among cell
(sub-)lines. The highest CD133 receptor expression was determined in sub-
line F5 and the lowest in subline A9. B. Cells were labeled using anti-CD133
rabbit polyclonal primary antibody and goat anti-rabbit secondary antibody,
Alexa Fluor 594 (red). Nuclei (blue) were stained with DAPI. The asterisk (*)
indicates P < 0.05 compared to the control, n = 3, scale bar represents 50
um. Abbreviations: M, MDA-MB-231 cell line.

cells has not been defined, but
CD133 is accompanied by in-
creased malignancy and multi-
drug resistance by enhancing
PI3K/Akt signalling in breast
cancer cells [25]. Activating
the PI3K/Akt signalling path-
way in several human cancers,
including breast cancer, induc-
es cell proliferation, invasion,
multidrug resistance, and me-
tastasis of tumor cells [26-28].
The PI3K/Akt signalling was
shown to promote the expres-
sion of a master transcription
factor of epithelial-mesenchy-
mal transition (EMT), leading
to enhance TGF-B receptor si-
gnalling, which in turn func-
tions to maintain hyperactivat-
ed PI3K/Akt signalling, coop-
eratively driving breast tumor
metastasis [28]. The expres-
sion of CD133 in cancer-initi-
ating cells has been reported
in several tumor types, and
recently CD133 was identified
in breast CSCs [29]. We aimed
to figure out this CSCs cell phe-
notype in our isolated cell sub-
lines (Figure 2). For it we chose
immunofluorescence method
that can provide valuable com-
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Figure 3. Cell migration differences be-
tween sublines and MDA-MB-231 cell line.
(A) Images of “wound” area of represen-
tative sublines at 24 and 72 h after the
scratch; (B) The MDA-MB-231 and sub-
lines “wound” area after 72 h in percent-
ages. The asterisk (*) indicate P < 0.05
compared to the control, n = 3, scale bar
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plementary information, such as subcellular
localization of CD133, morphological informa-
tion about cells. CD133 receptors were not
detected in the HF cell line (Figure 2A), which
was used as a negative control. However, the
subline F5 exhibited the highest CD133 expres-
sion compared to other sublines. CD133
expression in subline F5 was 31% higher than
in the MDA-MB-231 commercial cell line. In
other sublines: A9, D8, E7, F7, G5, and H2, fluo-
rescence intensity was from 21% to 57% lower
than in the MDA-MB-231 cell line.

The cell sublines’ ability to migrate

Tumor cell migration is the most critical trait of
metastasis. The differences between cell sub-
line migration abilities were examined using
a wound-healing assay (Figure 3). Analysis
of the wound area changes shows different
migration ability of cell sublines (Figure 3A).
The slowest migration was determined for the
A9 subline cells. The “wound” area after 72 h
was 19% larger compared to the MDA-MB-231
“wound” area (Figure 3B). Furthermore, H2
subline cells migrated faster and the “wound”
area after 72 h was 38% smaller than the MDA-
MB-231 “wound” area. The other sublines - D8,
F7, and G5 cells were also more migrant, and
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H2 in (A) represents 200 uym. Abbreviations:
M, MDA-MB-231 cell line.

the “wound” area after 72 h was from 20 to
30% smaller than MDA-MB-231 “wound” area.

Susceptibility to anticancer drugs

Cell (sub)lines susceptibility to anticancer
drugs was evaluated by MTT assay. The results
are shown in Figures 4 and 5. The subline H2
was about 1.5 times more resistant to DOX
than the parent MDA-MB-231 cell line (Figure
4). EC, value in H2 after 72 h was 175.4 + 4.4
nM, whereas in MDA-MB-231 EC50 value was
126.7 + 1.6 nM. Sublines E7, F5, and G5 were
about twice more sensitive to DOX than the par-
ent cell line (EC, after 72 h were 77.7 + 11.2
nM and 55.9 + 7.2 nM, respectively). Subline
D8 sensitivity to DOX was similar to MDA-
MB-231 sensitivity. Among tested cell sublines,
H2 had the highest resistance to PTX (Figure
5), EC50 after 72 h was 72.6 + 2.1 nM, whereas
EC,, in MDA-MB-231 was 55.2 + 2.8 nM.
Subline A9 was slightly more sensitive to PTX
than the parental cell line, with EC,, 43.9 + 1.8
nM, though this subline was resistant to DOX.
The subline F7 was sensitive to PTX (EC,, 46.9
+ 4.5 nM). The sensitivity of sublines D8, E7,
F5, and G5 was comparable to MDA-MB-231
sensitivity. The most resistant cell subline to
both DOX and PTX was H2. The most sensitive
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Figure 4. DOX effect on cell viability. The EC, values of DOX after 72 h in
breast cancer MDA-MB-231 cell line and isolated sublines. Abbreviations:
EC,,, half maximal effective concentration; M, MDA-MB-231 cell line; The
asterisks (*) indicate P < 0.05 compared to control, n = 3.
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Figure 5. PTX effect on cell viability. The EC_ values of PTX after 72 h in
breast cancer MDA-MB-231 cell line and isolated sublines. Abbreviations:
EC,, half maximal effective concentration; M, MDA-MB-231 cell line; The as-
terisks (*) indicate P < 0.05 compared to control, n = 3.

Table 1. Properties of selected sublines

Properties D8 F5 H2

CD133 expression 50% L* 31% H 26% L
Ability to migrate 20% H? 5% L 38% H
Sensitivity to DOX 4.2% H (NSD?) 54% L 39%H
Sensitivity to PTX 10% L 1.3% L (NSD) 32% H

1L - lower than control, 2H - higher than control, 3NSD - no significant difference. All
experimental results compared to commercial cell line MDA-MB-231 results.

to DOX were sublines F5 and F7, and PTX - sub-

anticancer drugs DOX and
PTX. After all, we summarized
all results and chose three the
most characteristic sublines
for further research (Table 1).
Subline F5 cells were different
in appearance compared with
MDA-MB-231 cells. Cells for-
med compact colonies with
typical epithelial polygonal sh-
apes in close contact with
each other. This subline was
characterized by a higher ex-
pression of the CD133 recep-
tor among all tested sublines
(31% higher than in MDA-
MB-231). The sensitivity of the
F5 subline to PTX was not sta-
tistically significant, but the F5
subline cells were 50% more
sensitive to anticancer com-
pound DOX than the MDA-
MB-231 cell line. The F5 sub-
line cells migrated slower than
the parental cell line.

The expression of CD133 in
D8 subline cells was the low-
est among all sublines and
50% lower than in the parental
cell line. The D8 subline was
4.2% more resistant to DOX
and 10% more sensitive to
PTX than the parental cell line.
The migration rate of the D8
subline was about 20% higher
than that of the parental cell
line.

The third subline, H2, was
different from other sublines.
The expression of CD133 in
H2 was 26% lower than in the
parental cell line. The H2 sub-
line cells were 38% more
resistant to DOX and 31%
more resistant to PTX than
the MDA-MB-231 line. The H2
subline cells migrated faster

than the MDA-MB-231 cell line. These three

line F7. sublines were chosen for further studies of cell
interaction.

Selection of sublines for the interaction stud-

ies Doubling time of sublines

We observed differences in receptor expres-
sion, migration ability, and their sensitivity to
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After the selection of three cell sublines (F5,
D8, H2), at first, we focused on their cell dou-
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MB-231 cell line mixed with
HF (Figure 7, combination I).
25 7 The second group (Figure 7,
= _]._ —I combination Il) consisted of
> 20 1 sublines (D8, F5, H2) com-
£ * bined with HF and MDA-
w15 . MB-231 cells. The third group
£ (Figure 7, combination Il
€ 10 consisted of two sublines
DO (D8, F5 or D8, H2 or F5, H2)

5 mixed with HF.
In cell interaction study, we
0 used the HF cells to mimic

M H D8 F5 H2

Cell (sub-)lines

Figure 6. The doubling time of cell lines and sublines. The asterisks (*) indi-
cate P < 0.05 compared to the control, MDA-MB-231, n = 3. Abbreviations:

M, MDA-MB-231 cell line; H, HF cell line.

the tumor microenvironment.
It is known that the interac-
tion between breast cancer
cells and tumor microenviron-
ments is essential for tumor
growth and progression. Cells
that support the function of
epithelial cells, like cancer-

Combination Combination || Combination associated fibroblasts (CAFs),

group I group II group III contribute to therapy resis-

Mixed - tance via the production of
with +HF +HF/+MDA | |+HF/+sublines several secreted factors and
n MDA/HF direct interaction with can-
o cer cells [30-33]. The MDA-
4>-'j< D8/HF D8/MDA/HF D8/F5/HF MB-231 cell line in combina-
€ F5/HF F5/MDA/HF D8/H2/HF tion Il was used to 'evaluate
- the parental cell line and
g H2/HF H2/MDA/HF F5/H2/HF isolated sublines’ interaction

Figure 7. Combinations of cell lines and sublines used for interaction re-

search. Abbreviations: MDA, MDA-MB-231 cell line.

bling time (DT) (Figure 6). The DT of MDA-
MB-231 commercial cell line was about 20 h,
and the DT of HF was approximately 22 h. DT of
isolated sublines from the MDA-MB-231 com-
mercial cell line was different. The F5 subline
DT was 21 h, the D8 - 15 h, and H2 subline DT
was 12 h. In summary, most isolated sublines
were characterized by faster dividing cell phe-
notypes than the parent cell line.

Cell interaction studies in the 2D model

Cell sublines were selected to study the rele-
vance of cell-cell communication in vitro stud-
ies. We made three cell subline mixtures for
interaction research (Figure 7). First, we ex-
plored combinations of sublines and MDA-
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influence on drug resistance.
The MDA-MB-231 cells are
phenotypically different from
each other [34] and have
much more different pheno-
types than we found. Additionally, we want to
look up isolated sublines interaction with all
populations in MDA-MB-231 cell line. By com-
bining two (combination Ill) different sublines
together (D8, F5 or D8, H2 or F5, H2), we
assess the influence of the interaction of cells
with different characteristics to evaluate drug
resistance in these combinations. All tested
cell combinations showed different responses
to drugs DOX and PTX (Figure 8).

We used the same concentration of DOX (0.5
uM) and PTX (0.05 puM) in all tested cell combi-
nations. Concentrations were chosen based
on previous experiments of EC .. MTT assay
was chosen due to its simplicity, and it allowed
us to assess the overall viability of the cell com-
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Figure 8. The cell susceptibility to anticancer drugs DOX and PTX. The percentage of cell viability after 72 h treat-
ment in D8 cells combinations with DOX (A) and PTX (B), F5 cells combinations with DOX (C) and PTX (D), H2 cells
combination with DOX (E) and PTX (F). The “-” symbol on the x-axis indicates that no additional cells were added.
The asterisk (*) indicate P < 0.05 compared to the control (control group consisted of cells treated with DMSO).
Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same category.
Abbreviations: M, MDA-MB-231 cell line; H, HF cell line; n = 3.

binations in rapid manner and evaluate cell
combination viability as a whole. This method
in 2D model studies required minimal addi-
tional optimization. The DOX resistance in D8,
F5, and H2 sublines (Figure 8A, 8C, 8E) was
observed, and cell viability after 72 h treatment
with DOX varied from 72% to 85%. These sub-
lines in combination with HF or MDA-MB-231 or
each other, possessed lower resistance to
DOX, it decreased by 9 to 16% compared with
separate sublines. The opposite results were
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observed in the case of cell combination
response to PTX (Figure 8B, 8D, 8F). In cell
sublines combined with HF or MDA-MB-231 or
with each other, the resistance to PTX increased
by 18-34% compared to the separate sublines.

Cell interaction studies in the 3D model

Nowadays, 3D cultures are widely used to study
the effects of new compounds or anticancer
drugs [35]. Magnetic 3D bioprinting method
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advantages in reproducibility, control over
spheroid formation, and the ability to incorpo-
rate multiple cell types. The method is also
simple, scalable, we can use any drug and any
cell combinations to form spheroids and evalu-
ate cell interaction influence on resistance or
sensitivity to drugs and a whole spheroid size
change. We applied 3D model to explore cell-
cell interaction as it better represents the real
tumor microenvironment. We used the same
cell combinations as in the 2D model. The sub-
lines alone were not included in these experi-
ments, as TNBC cells without HF did not form
spheroids.

The spheroids of the D8 and HF cells combina-
tions (Figure 9A, 9B) were more sensitive to
PTX treatment, and their size after 12 days
was about 5% lower compared with the con-
trol. The spheroids formed from D8, HF and H2
subline cells were more sensitive to DOX and
PTX. Spheroid size after 12 days was from 18%
to 24% lower, respectively, compared to the
control. The spheroid size of the F5, HF, and
MDA-MB-231 cell combinations (Figure 9C,
9D) in the presence of PTX after 12 days was
7% bigger compared to the control. Spheroids
composed from F5, HF, and H2 subline cells in
the presence of DOX or PTX in a medium, were
from 15% to 29% smaller after 12 days, respec-
tively, compared to control (Figure 9E, 9F).

In 3D cell interaction study, we established that
sublines D8, F5 cell interaction with subline H2
cells reduced their resistance to DOX and PTX
compared to the control. The spheroids, which
consisted of subline H2 cells, grew smaller in
size compared to other tested groups.

Discussion

This study evaluated an interaction influence
on drug resistance of different cell phenotypes
isolated from the MDA-MB-231 cell line. We
isolated seven new sublines from the MDA-
MB-231 cell line, and three of them (D8, F5,
H2) for cell interaction studies were chosen.
These sublines differed from the others in the
expression of the CD133 receptor, susceptibili-
ty to anticancer drugs, and ability to migrate.

CD133 is an important biomarker to identify
and isolate the specific cell subpopulation
named “cancer stem cells” (CSCs) in breast
cancer. CSCs are a small cell population caus-
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ing therapeutic resistance, metastasis, and
recurrence of tumors, and might be used as
the target of cancer treatment [36, 37]. CD133-
positive cells have stemness properties such
as drug resistance, self-renewal, differentia-
tion ability, and high proliferation, and they are
more resistant to standard chemotherapy [38].
During the immunofluorescence assay, we con-
firmed the existence, in MDA-MB-231 cells, of a
small subpopulation (named F5) expressing a
high level of CD133 in both membrane and
cytoplasm compartments. We are not the first
who found CD133 positive cell subpopulation
in the MDA-MB-231 cell line. The first time
CD133 was identified in 1997 [39], many scien-
tists found some subpopulations of CD133-
positive cells in the MDA-MB-231 cell line. The
scientist also notes that these subpopulations
cells showed enhanced cell growth, migration,
drug resistance and invasion [40-42]. Our study
found that the F5 subline possesses a 31%
higher CD133 receptor expression than the
commercial MDA-MB-231 cell line (Figure 2B).
We hypothesized that the F5 subline would
exhibit resistance to DOX and PTX, but it was
two times more sensitive to DOX than the com-
mercial cell line, and susceptibility to PTX was
not statistically significantly different from the
control. Many scientists found CD133-positive
cells association to drug resistance [44] but
exist several resistance mechanisms. First,
CD133 overexpression in cancer cells activates
PI3K/Akt, AKT/Wnt and other signalling path-
ways and affects the behaviour of CD133 cells,
thereby playing a major role in cancer therapy
[43]. Second, CD133 regulates tumor resis-
tance via the AKT/NF-kB/multidrug resistance
protein (MDR)1 pathway [44]. Third, the high
expression of CD133 is associated with drug
resistance due to increased ABC transporter
ABCG2, resulting in breast cancer resistance
for platinum, paclitaxel [45] and doxorubicin
[46].

We have a hypothesis that in our isolated F5
subline cells the MDR pumps gene was not
activated and that has been cause cells sensi-
tivity for DOX and PTX. Also, F5 subline cells
didn’t show increased migration rates com-
pared with the control (Figure 3). It could be
related to the heterogeneity of CD133 expres-
sion in the MDA-MB-231 cell line, where not all
subpopulations showed the same expression
level of CD133 [47]. Moreover, the F5 subline in
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the 3D model was more resistant to DOX and
PTX in both alone with HF and in combinations
with other sublines. Scientists observed that
due to cell-cell interaction in 3D cultures, sev-
eral molecules (HGF, TGFpB, VEGF, TNFa, FGF2,
IL-6 and IL-8) are secreted in higher concentra-
tions from fibroblasts cells. Also, scientists
found that in 3D culture of fibroblasts results in
an increased secretion of signaling molecules
compared to stromal fibroblasts cultured in
2D, which provides that the 3D environment
affected stromal fibroblasts. The fibroblast
cells’ functional differences in 2D vs. 3D con-
ditions were observed, specifically, the expres-
sion of HGF, which increases cancer cell transi-
tion from local carcinoma cells to invasive carci-
noma cells and causes cancer resistance to
treatment [48]. Another hypothesis could be
that CD133 expression changes in F5 subline
over time, we took a CD133 immunofluores-
cence experiments several times and one of
them was 6 months after subline isolation. The
significant CD133 expression changes in cell
sublines were not observed. Also, we check
publications and found that some genes (ab-
out 16 different genes), for example TRIM28
are involved in CD133 expression regulation. In
cancer cells CD133 expression increased dur-
ing cell proliferation and tumor cell growth [10,
11]. In other publication we found that CD133
expression increased in several ovarian cancer
cells lines during cell spheres formation [12].
That could be the explanation why F5 subline in
2D cultures were more sensitive to anticancer
compounds compared to the 3D cultures
results.

The subline H2 was identified as an increased
migration and drug-resistant phenotype. H2
cells showed a more remarkable migration abil-
ity than the MDA-MB-231 cell line, and this
could be related to faster DT (12 h) than MDA-
MB-231 DT (20 h) (Figure 6). The subline H2
cells were more resistant to drugs than the
MDA-MB-231 cell line. Similarly, Amaro and
colleagues isolated an increased migration
subpopulation from the MDA-MB-231 cell line.
This increased migration cell phenotype was
more resistant to PTX than MDA-MB-231 cell
line resistance to this compound [41]. In our
research, we observed increased resistance to
both DOX and PTX anticancer drugs. Inter-
estingly, the CD133 marker expression in H2
subline is not a statistically significant differ-
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ence compared with the control. So, resistance
to drugs was due to other resistance mecha-
nisms, for example, MDR pumps, drug inactiva-
tion, reduced absorption of drugs, changed
drug metabolism and others [49]. Usually,
increased cell migration is associated with
increased expression of MDR pumps, and it
causes resistance to DOX and PTX [50].

We found that subline D8 was also identified
with increased migration capacity compared
with the control. This subline (D8) showed
decreased sensitivity to PTX and increased
sensitivity to DOX. The relationship between
PTX resistance and increased migration could
explain the D8 subline-specific properties. Sci-
entists found out that in PTX-resistant cancer
cells cathepsin L (cysteine protease associated
with cancer cell migration) undergoes that sub-
sequently mediates mesenchymal phenotype
of cancer cells via EMT induction and that
induce cell migration [51, 52].

After we chose three phenotypic different cell
sublines, we moved on to our main aim - the
influence of cell-cell interaction on drug resis-
tance. It is known that cell-to-cell communica-
tion is critical during tumor development and
progression, allowing cancer cells to repro-
gram the surrounding tumor microenvironment
[53]. Stromal cells usually interact with breast
cancer cells through IL-6 and chemokine ligand
7 (CXCL7) secretion [54]. Here, stromal cells
secrete IL-6 has an important role in acquired
breast cancer chemoresistance, which pro-
motes cell proliferation and CXCL7 responsible
for the self-renewal potential of breast cancer
cells [55]. In addition, IL-6 has proven protec-
tive effects against paclitaxel and doxorubicin
in breast cancer cells [56]. These cytokines
(IL-6 and CXCL7) activate PIBK/AKT (induce
cell proliferation, invasion, multidrug resistan-
ce [27]) and NF-kB (mediates cancer cell prolif-
eration, survival and angiogenesis [57]) sig-
naling pathways. Moreover, fibroblast secreted
chemokine ligand 1, and IL-8 cytokines enhance
expression of ABCG2 (known as breast cancer
resistance ATP-binding cassette transporter,
BRCP) and it is responsible for efflux of doxoru-
bicin and causes resistance to this drug [58,
59]. The transforming growth factor B (TGF-B)
is another factor secreted by fibroblasts and it
signals a pathway that can trigger cell epithelial
to mesenchymal transition (EMT). Thus, TGF-
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Figure 10. Summary of all cell sublines interaction research. Heatmap rep-
resentation of cell combinations interaction influence on drug presence. Re-
sistance scale (blue decreased resistance, red increased resistance) show

how much combinations was resistant for drugs in percent.

contributes to the fibroblast’s drug protective
effect by inducing EMT. Also, fibroblast secret-
ed factors such as CXCL12, FGF, HGF,IGF,
PDGF, Wnt, MMPs, VEGF [54, 60] and these
molecules activate, PI3BK/AKT (promote the
expression of a master transcription factor of
epithelial-mesenchymal transition (EMT)) and
NF-«kB pathways [61].

Fibroblast and breast cancer cell interaction
due to various molecular mechanisms cause
cancer cell drug resistance in both cell lines
and tumors and disease progression in tumor.
We found that fibroblasts alter the drug sensi-
tivity of tumor cells in cell sublines-fibroblast-
DOX and H2-fibroblast-PTX combination in 2D
(Figure 8A, 8C, 8E), where more sensitive to
drugs compared with sublines resistance al-
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one. Moreover, F5-fibroblast-
PTX and D8-fibroblast-PTX
combinations (Figure 9B, 9D)
were more resistant to PTX
compared to sublines viability
in  monoculture. The same
cancer-fibroblast-drug combi-
H nation interaction effect was
H observed in Landry and col-
H+M leagues’ research [62] where

D8 resistance or sensitivity to

H+F5 drugs depends on the cancer
H+H2 and fibroblast cell phenotyp-
es. In several studies, cancer

H cell-fibroblast interaction de-

creased drug resistance [63,

H T 64], but in many cases, inter-
H+M action with fibroblast induc-
H+D8 k5 ed drug resistance [65, 66]. In
H+H2 3D model comparison, at sub-
— lines cell-fibroblast-drug com-
binations, drug resistance de-
H creases (Figure 9). We also
= found out drug sensitivity dif-

H f ) )
erences in between sublines
H+M H2 cell-drug combinations in 2D
H+D8 and 3D models. All sublines’
H+F5 | combinations were sensitive

to DOX but decreased sensi-
tivity to PTX in 2D, especially
in the combination of D8-
F5-fibroblast-PTX (Figure 10).
Moreover, in 3D model sub-
lines cells between-fibroblast-
drug, all combinations decr-
ease sensitivity to DOX and
PTX, except combinations with
the H2 subline. A largescale study also observed
that in a 3D model, TNBC cells-fibroblast-drug
combination strongly altered drug sensitivity
[62] and subtype-specific responses to treat-
ment are not cell-intrinsic properties but rather
a product of subtype-specific interactions bet-
ween tumor cells and microenvironmental fea-
tures.

Conclusions

Interaction between F5 (stem-like phenotype)
and D8 (increased migration phenotype) sub-
lines increased resistance to PTX in 2D cultures
and resistance to both compounds in 3D cul-
tures. The H2 subline which alone is the most
resistant to DOX and PTX, interaction with other
sublines decreased resistance to DOX in 2D

Am J Cancer Res 2023;13(8):3368-3383
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and in 3D to both compounds. In summary, we
found that different phenotypes cancer cell
interaction has a value influence of drug resis-
tance and in some combination of cells reduc-
ed drug resistance. Therefore, future studies
should aim to understand the mechanisms
of interaction between cancer subline-subline
and fibroblast-subline cells. In particular, the
mechanisms by which different sublines phe-
notypes and fibroblasts alter the priming state
of cancer cells.
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