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WYKAZ SKROTOW

3D Tréjwymiarowy Three-dimensional
AGO - Argonaute
AKT / : : o
PKB Kinaza biatkowa B Protein kinase B
ANG Angiopoetyna Angiopoietin
BAD i Bcl-2 associated agonist of cell
death
Bcl-2 - B-cell leukemia/lymphoma 2
BRAF i V-Raf murine sarcoma viral
oncogene homolog B1
CCL - C-C motif chemokine ligand
Katalog mutacji somatycznychw  Catalogue of somatic mutations in
COSMIC
nowotworach cancer
CSCs Nowotworowe komorki Cancer stem cells
macierzyste
DALY L.a ta zycia S,k orygowane Disability adjusted life-years
niesSprawnoscig
DGCRS i ch_aeorge syndrome critical
region 8
ECs Komorki $rodblonka Endothelial cells
ECM Macierz zewnatrzkomorkowa Extracellular matrix
Przejscie epitelialno-
EMT mezenchymalne / Przejscie Epithelial-mesenchymal transition
nabtonkowo-mezenchymalne
EPCs Progenitory komorek srodbtonka Endothelial progenitor cells
EVs Pecherzyki zewnatrzkomorkowe Extracellular vesicles
FAK Ogniskowa kinaza adhezyjna Focal adhesion kinase
FDA Agencja Zywnosci i Lekow Food and Drug Administration
FGF Czynnik wzrostu fibroblastow Fibroblast growth factor
HIFs sznnlkl _|nqukowane Hypoxia inducible factors
niedotlenieniem
HRE E.Iement (.Jdp.OW'edZ' ha Hypoxia response element
niedotlenienie
IL Interleukina Interleukin
ITPP Trispirofosforan mio-inozytolu Myo-inositol trispyrophosphate
MDM2 - Murine double minute 2
MMP Metaloproteinaza macierzy Matrix metalloproteinase
MREs Miejsca odpowiedzi na miRNA MiRNA response elements
mTOR Ssaczy cel rapamycyny Mammalian target of rapamycin
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MRNA Informacyjny RNA Messenger RNA
MIRNA " MikroRNA MicroRNA
miR
NE-«B i Nuclear factor kappa-light-chain-
enhancer of activated B cells
NK Komérki natur,a l.neJ Natural killer cells
cytotoksycznosci
NH2 Grupa aminowa Amino group
NSCLC Niedrobnokomoérkowy rak ptuca Non-small-cell lung cancer
PAI-1 Inhibitor aktywatora plazminogenu Plasminogen activator inhibitor
PBD Domena wigzaca PIP2 PIP2 binding domain
PD Domena fosfatazy Phosphatase domain
PDGF Ptytkowy czynnik wzrostu Platelet derived growth factor
Receptor ptytkowego czynnika Platelet derived growth factor
PDGFR
wzrostu receptor
PD-L1 I’_|g'and. receptora programowej Programmed death ligand 1
smierci 1
PDCD4 Gen Proglamowancy smierct Programmed cell death 4
komorki 4
Biatko zawierajgce domeng Prolyl hydroxylase domain-
PHD?2 : . -~ :
hydroksylazy prolilowej 2 containing protein 2
Zespot guzow hamartomatycznych  PTEN hamartoma tumor
PHTS : -
zwigzanych z mutacjami PTEN syndromes
Phosphatidylinositol-3, 4, 5-
PIP2 - -
triphosphate
PIP3 i Phosphaﬂdylmosﬂol 4, 5-
triphosphate
PIGF Lozyskowy czynnik wzrostu Placenta growth factor
PTEN Phosphatase and tensin homolog
Pre- . .
MIRNA Pekursorowe miRNA Precursor miRNA
Pri- . . : .
MIRNA Pierwotne miRNA Primary miRNA
RISC - RNA-induced silencing complex
SDF-1 Sr?];?lmk I pochodzacy zkomorek  g4ro1a cell-derived factor 1
TKI Inhibitory kinaz tyrozynowych Tyrosine kinase inhibitors
TME Mikrosrodowisko guza Tumor microenvironment
TNF-a ;ignmk martwicy nowotworow Tumor necrosis factor alpha
VEGF CZynm.k wzrostu $rodblonka Vascular endothelial growth factor
naczyniowego
Receptor czynnika wzrostu Vascular endothelial growth factor
VEGFR . :
srédblonka naczyniowego receptor
VHL - von Hippel-Lindau
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STRESZCZENIE

Zrozumienie mechanizméw molekularnych, zwigzanych z progresja nowotworéw
i kompleksowe podejscie do catosci mikrosrodowiska guza (TME, ang. tumor
microenvironment), ma kluczowe znaczenie w poszukiwaniu skutecznych terapii
przeciwnowotworowych. Jedng z krytycznych cech TME guzéw litych jest niedotlenienie
— niski, niefizjologiczny poziom tlenu (hipoksja). Hipoksja jest gtéwnym czynnikiem
powodujacym patologiczne unaczynienie w guzach, a nieprawidlowosci naczyn maja
istotny wptyw na progresje choroby 1 determinujg skuteczno$¢ leczenia. Normalizacja
naczyn, za posrednictwem allosterycznego efektora hemoglobiny — ITPP (ang. myo-
inositol trispyrophosphate), wydaje si¢ obiecujacym podejSciem terapeutycznym,
co wykazano m.in. w modelu czerniaka. Oprocz kompensacji niedotlenienia ITPP moze
réwniez aktywowac supresor nowotworu PTEN (ang. phosphatase and tensin homolog).
PTEN peini istotne funkcje w wielu procesach biologicznych m.in. proliferacji czy
metabolizmie komorek. Mutacje PTEN lub utrata jego funkcji sg obserwowane w wielu
typach nowotworéw. Celem niniejszej pracy byto sprawdzenie skuteczno$ci dziatania
ITPP w mysim modelu raka nerki 1 okre§lenie roli PTEN w hipoksyjnym

mikrosrodowisku guzéw.

Badania przeprowadzono z wykorzystaniem mysich modeli nowotworow: raka
nerki (Renca) i czerniaka (B16 F10). In vivo zbadano skuteczno$¢ stosowania ITPP
w raku nerki — jednak nie wykazano pozytywnych efektow terapii, obserwowanych
wczesnie] w modelu czerniaka. Wykonano zatem szereg doswiadczen majacych na celu
okreslenie roli PTEN w obu modelach cechujacych si¢ odmienng odpowiedzig
na leczenie ITPP. Eksperymenty miaty na celu zbadanie aktywnos$ci i funkcji PTEN
w komorkach nowotworowych w warunkach niedotlenienia z uwzglednieniem jego
wplywu na proces angiogenezy (in vitro). Dodatkowo z zastosowaniem edycji genomu
metoda CRISPR/Cas9 uzyskano mysie linie komorkowe czerniaka 1 raka nerki
z nokautem Pten, co pozwolito bezposrednio okresli¢ rolg PTEN zarowno w progresji
guzow (in vivo, in vitro), jak i w odpowiedzi na standardowe leki przeciwnowotworowe
(in vitro). Ponadto w modelu raka nerki, z wykorzystaniem sekwencjonowania nowej
generacji (NGS, ang. next generation sequencing), okreslono wpltyw hipoksji i mutacji

Pten na zmiany ekspresji miRNA (in vivo, in vitro).
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Zaréwno w czerniaku jak i raku nerki wykazano zalezny od hipoksji spadek
poziomu PTEN i dominacj¢ forsforylowanej formy (pPTEN). Tylko w komoérkach Renca
w niedotlenieniu obserwowano réwnoczesnie zmiany aktywnos$ci $ciezki pS3/MDM2
przy braku akumulacji pAKT. Z kolei w modelu czerniaka spadek poziomu PTEN
skutkowat klasyczng aktywacja PI3K/AKT. Jednoczesnie, hipoksja silnie stymulowata
wydzielanie czynnikow pro-angiogennych w modelu raka nerki, co skutkowato zmianami
aktywnosci i funkcji komorek $rodbtonka. Badania prowadzone z wykorzystaniem
ustalonych linii komoérkowych z nokautem Pten nie wykazaty istotnego wptywu
dysfunkcji PTEN na wzrost guzow (in vivo) i proliferacj¢ komorek (in vitro). Badane
modele ro6znily si¢ jednak opornosciag na cisplatyng. Komorki Renca z nokautem Pten
(Pten/KO) cechowata wigksza oporno$¢ na leczenie niz komoérki Pten/WT. Z kolei
w modelu czerniaka komorki B16 F10 Pten/KO byty bardziej wrazliwe na leczenie
cisplatyng niz komorki Pten/WT. Obserwowane réznice moga wynika¢ z odmiennych
efektow nokaut Pten m. in. na ekspresj¢ p53 i wydzielanie PAI-1 (ang. plasminogen
activator inhibitor 1) w obu testowanych modelach. Co wigcej, w komodrkach Renca
nokaut Pten powodowat zmiany poziomu markeréw charakterystycznych dla przejscia
nabtonkowo-mezenchymalnego (EMT, ang. epithelial to mesenchymal transition).
W modelu raka nerki obserwowano réwniez istotny wptyw hipoksji i nokautu Pten na
zmiany ekspresji miRNA. Glownym miRNA ulegajacym zwigkszonej ekspresji
w hipoksji byt miR-210, natomiast wzrost ekspresji miR-221 moze by¢ zwigzany
ze spadkiem poziomu PTEN w hipoksji. Wéréd miRNA ulegajacych destabilizacji

w modelach mutacji Pten wyrdznia si¢ onkomir miR-155 oraz miR-100.

Podsumowujgc niedotlenienie jest istotnym czynnikiem regulujgcym aktywno$¢
PTEN w czerniaku i raku nerki, jednak funkcja PTEN istotnie r6zni w obu badanych
modelach. Roéznice te moga odgrywaé kluczowa role w odpowiedzi komorek na
standardowe terapie przeciwnowotworowe, a wraz z rdéznicami potencjatu
proangiogennego moga determinowa¢ odpowiedZ zwigzang z normalizacja naczyn za
posrednictwem ITPP. Deregulacja PTEN moze réwniez istotnie modyfikowacd

mikro$rodowisko guza poprzez zmiany ekspresji miRNA.
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ABSTRACT

The role of PTEN in the hypoxic microenvironment of kidney cancer

and melanoma

Understanding the molecular mechanisms involved in cancer progression and
a comprehensive approach taking into account the entire tumor microenvironment (TME)
is crucial for the search of effective anticancer treatment. One of the critical features of
the TME of solid tumors is hypoxia - low, non-physiological oxygen tension. Hypoxia is
the main factor causing pathological angiogenesis in tumors. Vessels abnormalities have
a significant impact on cancer progression and determine the effectiveness of treatment.
Normalization of vessels via the allosteric effector of hemoglobin — ITPP (myo-inositol
trispyrophosphate), seems to be a promising therapeutic approach, as demonstrated,
among others, in a melanoma model. In addition to compensation of tumor hypoxia, ITPP
can also activate the tumor suppressor PTEN (phosphatase and tensin homolog). PTEN
plays an important role in different cellular processes, including cell proliferation and
metabolism. PTEN mutations or loss of PTEN function are observed in many types of
cancer. The aim of this study was to verify the effectiveness of ITPP treatment in a murine
model of kidney cancer and to determine the role of PTEN in the hypoxic tumor

microenvironment.

Experiments were performed using murine models of kidney cancer (Renca) and
melanoma (B16 F10). The effectiveness of ITPP in kidney cancer was tested in vivo —
however, the positive effects of therapy, previously observed in melanoma, were not
demonstrated. Therefore, research was conducted to determine the role of PTEN in both
models characterized by a different response to ITPP treatment. The experiments aimed
to assess the activity and function of PTEN in cancer cells in hypoxia, taking into account
their effect on angiogenesis (in vitro). Additionally, using CRISPR/Cas9 mediated
genome editing, murine melanoma and kidney cancer cell lines with Pten knockout were
established, which allowed direct determination of the role of PTEN in tumor progression
(in vivo, in vitro), as well as in response to standard anticancer treatment (in vitro).
Moreover, in a kidney cancer model, the impact of hypoxia and Pten mutations
on changes in miRNA expression were determined (by next-generation sequencing,

NGS), in vivo and in vitro.
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Both in melanoma and kidney cancer cells we observed hypoxia-dependent
decrease in PTEN levels and a domination of the phosphorylated form (pPTEN).
However, only in Renca hypoxia caused changes in p53/MDM2 pathway in the absence
of pAKT accumulation, while in melanoma, a decrease in PTEN levels resulted in classic
PI3K/AKT activation. Hypoxia also strongly stimulated the secretion of pro-angiogenic
factors in the kidney cancer model, which resulted in changes in the activity and function
of endothelial cells. Experiments performed using established Pten knockout cell lines
showed no significant impact of PTEN dysfunction on tumor growth (in vivo) and cell
proliferation (in vitro). However, both tested models showed different resistance
to cisplatin treatment. Renca cells with Pten knockout (Pten/KO) were more resistant
to treatment than Pten/WT cells. In turn, B16 F10 Pten/KO cells were more sensitive
to cisplatin than Pten/WT cells. The observed differences may be related to the different
effects of Pten knockdown on p53 expression and PAI-1 secretion in both tested models.
Moreover, in Renca cells, Pten knockdown caused changes in the levels of markers
characteristic for epithelial to mesenchymal transition (EMT). In kidney cancer model,
a significant effect of hypoxia and Pten knockout on changes in miRNA expression were
also observed. The main miRNA upregulated by hypoxia was miR-210, while
the increase in miR-221 expression may be associated with hypoxia-dependent decrease
of PTEN level. Among the miRNAs destabilized in Pten mutant cells, the oncomir

miR-155 and miR-100 were upregulated.

To conclude, hypoxia is an important factor regulating PTEN activity in melanoma
and renal cell carcinoma, but the outcome of PTEN modulation differs significantly
in both tested models. These differences may play a key role in the response of cancer
cells to standard anticancer treatment, and together with differences in pro-angiogenic
potential, they may determine the ITPP-dependent vessels normalization. Deregulation
of PTEN may also significantly modify the tumor microenvironment through changes

in MiRNA expression.
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1 WSTEP

Nowotwory stanowig powazny problem zdrowotny spoleczenstwa na calym
swiecie. W 2019 roku na §wiecie odnotowano 23,6 mln nowych przypadkow oraz 10 min
zgonow spowodowanych nowotworami [1]. W tej samej analizie wykazano, ze wskaznik
DALY (,lata zycia skorygowane niesprawnoscig”, ang. disability adjusted life-years)
wyrazajacy tacznie lata zycia utracone wskutek przedwczesnej $mierci badz uszczerbku
na zdrowiu; dla nowotworow wynosi 250 milionow lat [1], co réwniez stanowi istotny
problem spoteczny. Prezentowane dane wskazuja tendencje wzrostowag w poréwnaniu
z rokiem 2010, a prognozy zaktadaja, ze ten trend utrzyma si¢ przez kolejne 20 lat [2]. W
swietle tych perspektyw niezbedne sg intensywne badania majace na celu rozwoj

profilaktyki, diagnostyki i terapii przeciwnowotworowe;j.

1.1 MIKROSRODOWISKO GUZA

Zrozumienie mechanizméw molekularnych zwigzanych z progresja nowotworow
jest kluczowe dla poszukiwania nowych celéw terapii przeciwnowotworowe;.
Kompleksowe badania patofizjologii nowotworow skupiajg si¢ nie tylko na komorkach
nowotworowych, ale rowniez calym mikrosrodowisku guza (TME, ang. tumor
microenvironment).  Wsérod  komponentow  komorkowych, oprocz  komoérek
nowotworowych w TME wyr6znia si¢ gltownie: komorki srodbtonka (ECs, ang.
endothelial cells), komorki uktadu odpornosciowego oraz fibroblasty [3]. W TME
znajduje si¢ macierz zewnatrzkomérkowa (ECM, ang. extracellular matrix) czyli sie¢
makroczasteczek, ktore zapewniajg wsparcie strukturalne i biochemiczne otaczajacym
ja komorkom. W ECM obecne s3 m.in.: kolageny, lamininy, elastyny 1 widkna
elastyczne, glikoproteiny i proteoglikany; jednak zarowno sktad, jak i funkcja ECM
W nowotworach istotnie rozni si¢ od macierzy w prawidtlowych tkankach [4, 5].
Komunikacj¢ miedzy sktadnikami mikrosrodowiska guza zapewniaja czasteczki
sygnalowe  (cytokiny, chemokiny, czynniki  wzrostu) oraz  pecherzyki
zewnatrzkomorkowe [6]. Do krytycznych cech TME zalicza si¢ rowniez
fizykochemiczne wtasciwosci: niskie pH, wysokie ci$nienie S$rddmigzszowe oraz
niedotlenienie [7]. Interakcje pomiedzy wszystkimi elementami i cechami fizyko-
chemicznymi TME wplywaja na progresje choroby, a takze determinujg skuteczno$é
leczenia. Kluczowe szlaki sygnatowe w TME moga stanowi¢ cel terapeutyczny, co daje

duze nadzieje na skuteczne, celowane terapie przeciwnowotworowe.
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1.1.1 Hipoksja

Niedotlenienie (hipoksja) — niskie, niefizjologiczne cisnienie parcjalne tlenu jest
charakterystycznym zjawiskiem wystepujacym w wielu guzach litych. Intensywnie
proliferujace komoérki nowotworowe powoduja rozrost guza i zwigkszajg odlegtosé
od istniejacych naczyn krwionos$nych, co ogranicza dyfuzj¢ tlenu i prowadzi do hipoks;ji.
Przyjmuje si¢, ze poziom tlenu w niedotlenionych tkankach nowotworu wynosi
ok.1 % pO,, jednak moze rdézni¢ si¢ pomigdzy heterogennymi obszarami guza [8].
Warto podkresli¢, ze fizjologiczne (wystepujace w zdrowych tkankach) cisnienie
parcjalne tlenu (fizjoksja) rézni si¢ migdzy tkankami czy narzadami [9, 10] i jest
przewaznie nizsze niz Wwykorzystywany standardowo w badaniach in vitro,

atmosferyczny poziom tlenu (21% pO.), co zobrazowano na Rycinie 1.

Fizjoks Fipoksi

Standardowy inkubator
do hodowli komorek in vitro
21 % pO,

Prawidtowy poziom tlenu zalezny

od tkanki / narzadu Mikrosrodowisko guza

{JW Mézg
4 4.4 %
Krew ~g
tetnicza Ptuca
13.2% 20 %
. \ Watroba N @V~ 4
_ 54% R
Nerki Komérki :
9 .5 % nowotworowe FIbrObIBSty
Komérki Komorki
- 'Z(;Ien‘/‘a/ odpornosciowe (@) $rodbtonka
. \P—’\ Macierz zewngtrzkomorkowa
. )
53% ““.j;’\‘ i jej sktadniki

Rycina 1. Poziom tlenu w doswiadczeniach in vitro, prawidlowych tkankach i w mikrosrodowisku guza.

Niedotlenienie indukuje liczne zmiany w mikrosrodowisku guza [11] -
najwazniejsze z nich przedstawiono na Rycinie 2. Pokrétce: hipoksja promuje
unaczynienie guzéw, ktére jest jednak nieprawidlowe (patologiczne) i umozliwia
przerzutowanie i jednoczes$nie obniza skuteczno$¢ radio i chemioterapii. Powstawanie

przerzutow jest rowniez zwigzane z dynamicznymi zmianami — przejsciem z fenotypu
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nabtonkowego do mezenchymalnego, co okre$la si¢ rowniez terminem przej$cia
eptelialno-mezenchymalnego (EMT, ang. epithelial-mesenchymal transition). Zmiany te
zwigkszaja plastyczno$¢, mobilnos¢ 1 agresywno$¢ komorek nowotworowych.
Regulowane przez niedotlenienie zaburzenia cyklu komérkowego czy indukcja komorek
o fenotypie nowotworowych komodrek macierzystych (CSCs, ang. Cancer stem cells)
mogg przyczyni¢ si¢ do zmniejszenia efektywnosci leczenia. Wszystkie te aspekty

omowiono szczegdtowo w kolejnych rozdziatach tej pracy.

Przepuszczalnos¢ naczyn

Ruchliwosc i plastycznosc
emopng emojpimetdalN

Fenotyp CSC

Rycina 2. Rola niedotlenienia w progresji nowotwordéw, angiogenezie, przerzutach i opornosci na leczenie.
Na podstawie [11], zmienione.

Odpowiedz komorki na hipoksje jest glownie kontrolowana przez rodzing
czynnikéw indukowanych niedotlenieniem (HIFs, ang. hypoxia inducible factors).
W fizjologicznych warunkach tlenowych podjednostki HIF-o sa enzymatycznie
hydroksylowane, a nastgpnie kierowane do ubikwitynacji za posrednictwem biatka von
Hippel-Lindau (VHL). W warunkach niedotlenienia, hydroksylacja podjednostek HIF-a
zostaje zatrzymana, biatko ulega stabilizacji, wigze si¢ z podjednostka HIF-p i jest

transportowane do jadra komoérkowego. Powstaty dimer przytacza si¢ do sekwencji DNA
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w miejscu odpowiedzi na niedotlenienie (HRE, ang. hypoxia response element)
I rozpoczyna proces transkrypcji genow zwigzanych z hipoksja [12]. Do tej pory odkryto
trzy izoformy HIF-a: HIF-1a, HIF-2a oraz HIF-3a [13]. Poziom HIF-1a wzrasta podczas
ostrej odpowiedzi na niedotlenienie, osiggajac szczyt po 4-8 godzinach, podczas gdy
HIF- 20 gromadzi si¢ w celu regulacji odpowiedzi komoérkowej w dlugotrwatym
niedotlenieniu (24-72 h) [14]. Z kolei HIF-3a jest negatywnym regulatorem podjednostki
HIF-1a i hamuje wigzanie HIF-1 z DNA [13]. HIF-1a moze by¢ stabilizowany takze
niezaleznie od poziomu tlenu; poprzez mutacje genu VHL, ktorych efektem jest
zaburzenie degradacji HIF-o i wywotanie stanu ,,pseudohipoksji” [15]. Mutacje VHL sa
czesto spotykane w nowotworach nerki, gdzie stanowia, wedlug roznych zrodet, do 60 %

przypadkow [16, 17].

Niezaleznie czy stabilizacja HIF-a odbywa si¢ w sposob zalezny czy niezalezny
od niedotlenienia, to powoduje aktywacje transkrypcji wielu genow. Do tej pory
potwierdzono ponad 100 genéw docelowych dla HIFs, w tym glownie regulujacych
angiogeneze, ale tez istotnych dla przemian metabolicznych, proliferacji 1 apoptozy,
migracji czy przerzutowania [18]. Zatem szlaki sygnalowe indukowane
za posrednictwem HIFs majg istotne znaczenie w progresji nowotwordw i regulacji wielu

komponentow mikrosrodowiska guza.

1.1.2 Unaczynienie w nowotworach

Rozw¢j naczyn krwionosnych w TME umozliwia dostarczanie sktadnikow
odzywczych i tlenu, a takze usuwanie metabolitow — c0 jest niezbedne do wzrostu guzow.
Wyréznia si¢ kilka sposoboéw rozwoju ukladu naczyniowego w nowotworach,

najwazniejsze to: angiogeneza, waskulogeneza i mimikra naczyniowa.

Angiogeneza, czyli wzrost nowych naczyn z wczesniej istniejacych, wystepuje
najczesciej 1 jest SciSle zwigzana z odpowiedzia na niedotlenienie. Krytycznym
czynnikiem angiogenezy jest regulowana m.in. przez HIFs rodzina czynnikow wzrostu
srodbtonka naczyniowego VEGF (ang. vascular endothelial growth factor), w ktorej
wyrozniamy: VEGF-A, VEGF-B, VEGF-C, VEGF-D i tozyskowy czynnik wzrostu
(PIGF, ang. placenta growth factor). Kluczowym czynnikiem stymulujagcym
unaczynienie w nowotworach jest VEGF-A, ktory dziala poprzez receptory VEGFRI
i VEGFR2 (ang. vascular endothelial growth factor receptor) obecne glownie na

komorkach $rédbtonka. Sygnalizacja VEGF-VEGFR zwigksza aktywno$¢ 1 migracje EC,
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a takze promuje powstawanie tzw. komorek wierzchotkowych (ang. tip cells), ktore
odgrywaja istotng role¢ w kietkowaniu nowych naczyn krwiono$nych. Wsrdd innych
waznych czynnikdw proangiogennych mozna wyr6zni¢ réwniez: czynnik wzrostu
fibroblastow-2 (FGF2, ang. fibroblast growth factor-2), ptytkopochodny czynnik wzrostu
(PDGF, ang. platelet derived growth factor) czy angiopoetyny: ANG-1 ANG-2 (ang.
angiopoietin) [19].

Unaczynienie guza moze powstawa¢ w procesie waskulogenezy, czyli tworzenia
naczyn de novo, w ktorym uczestniczg progenitory komorek srodblonka (EPCs, ang.
endothelial progenitor cells). Proces ten wymaga mobilizacji i rekrutacji EPCs ze szpiku
kostnego do guza, co jest regulowane m.in. przez: VEGF, SDF-1 (czynnik 1 pochodzacy
z komorek zr¢bu, ang. stromal cell-derived factor 1), czy chemokiny CCL2 i CCL5 (ang.
C-C motif chemokine ligand) [20]. EPCs tworza nowe naczynia krwionosne i rdznicuja
si¢ w dojrzate ECs. Wzmozong migracj¢ EPCs, a takze mozliwo$¢ wbudowywania si¢
w struktury naczyniopodobne tworzone przez dojrzate ECs, obserwowano w modelu 3D
czerniaka in vitro [21]. Co ciekawe, EPCs zapewniaja nie tylko wsparcie strukturalne
powstajagcym naczyniom, ale takze wydzielajga szereg czynnikéw regulujacych
angiogeneze [22]. Istotna rola EPCs w tworzeniu naczyn, moze by¢ roéwniez
wykorzystana jako cel terapeutyczny — prowadzone sg liczne badania majgce na celu
wykorzystanie EPCs w terapii chorob zwigzanych z niedotlenieniem, w tym
w nowotworach [23], ale rowniez w chorobach kardiologicznych [24], chorobach ptuc
[25] czy w chorobach neurodegeneracyjnych — co wykazat nasz zesp6t rowniez w modelu
Alzheimera [26].

Rozw6j unaczynienia guza moze by¢ zwigzany takze z procesem zwanym
mimikrg naczyniowg. Jest to zdolno$¢ komodrek nowotworowych do tworzenia struktur
przypominajacych naczynia, bez udzialu komoérek srddbtonka. Struktury te stanowia
alternatywng droge dostarczania krwi i sktadnikéw odzywczych do guza, jednocze$nie
promujac przerzuty [27]. Mimikre naczyniowag zaobserwowano w wielu typach

nowotworow, w tym: czerniaku [28], glejaku [29] czy nowotworach ptuc [30].

W prawidlowych tkankach proces tworzenia naczyn jest regulowany poprzez
homeostazg czynnikéw pro i antyangiogennych (Rycina 3A). W nowotworach balans
pomigdzy czynnikami stymulujacymi i hamujacymi tworzenie nowych naczyn zostaje

zaburzony (Rycina 3B) [31]. Istotng role odgrywa réwniez macierz zewnatrzkomorkowa,
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stanowigca rezerwuar czynnikOw proangiogennych, ktore sa uwalniane z macierzy m.in.
przez plazming czy metaloproteinazy (MMPs, ang. matrix metalloproteinases) [32].
Tworzone w warunkach ciaglej stymulacji proangiogennej naczynia krwionosne
sg niefunkcjonalne. Patologiczne unaczynienie guzoéw charakteryzuje si¢ brakiem
hierarchicznej organizacji i pozbawione jest podziatu na t¢tniczki, naczynia wlosowate
I zytki [33]. Naczynia guza majg nieregularny ksztalt i wykazuja wysoka heterogennos¢
w obrgbie TME, co powoduje nieprawidlowy przeptyw krwi oraz wzrost ci$nienia ptynu
srodmigzszowego. Komorki srodbtonka w naczyniach krwionosnych guza nie tworza
ciasnych potaczen (ang. ,.tight junctions”), co wzmaga przepuszczalno$¢ naczyn [34].
Udowodniono, ze ECs izolowane z nowotworu piersi istotnie r6znig si¢ fenotypowo
i funkcjonalnie od ECs zdrowej tkanki tej samej pacjentki [35]. W TME obserwuje si¢
rowniez zaburzenia komorek okotonaczyniowych; perycytow czy komoérek miegsni
gladkich naczyn, a takze defekty blony podstawnej [36, 37]. Z patologicznym
unaczynieniem zwigzane sg rowniez nieprawidtowos$ci macierzy zewnatrzkomorkowej —
zwigkszenie sztywno$ci ECM charakterystyczne dla nowotworéw moze zaburzaé
tworzenie regularnych naczyn i szczelno$¢ polaczen miedzy ECs [38, 39]. Wadliwe
funkcjonowanie naczyn w guzie promuje obszary hipoksyjne, utrudnia transport lekéw —
co powoduje nieskuteczno$¢ terapii; zaburza takze rekrutacje komorek uktadu
odpornosciowego i1 umozliwia ucieczke komoérek nowotworowych do krwiobiegu,

co prowadzi do powstawania przerzutow [19].
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Prawidtowe Nieprawidtowe Normalizacja
A naczynia B naczynia c naczyn

Rycina 3. Schematyczne poréwnanie unaczynienia. Prawidlowe tkanki z zachowaniem réwnowagi pomiedzy
czynnikami pro i antyangiogennymi (4), nieprawidlowe unaczynienie w nowotworach — dominacja czynnikow
proangiogennych (B) koncepcja normalizacji naczyn w nowatorach i przywrocenie balansu miedzy czynnikami
pro i antyangiogennymi (C) Na podstawie [31], zmienione.

1.1.3 Terapie celujace w angiogeneze guza

Badania skupiajagce si¢ na angiogenezie jako potencjalnym celu terapii
przeciwnowotworowej zostaly zapoczatkowane w latach 70-tych XX wieku. Wtedy,
Judah Folkman zaobserwowat, ze przy braku unaczynienia guzy nie mogg rosngé wigcej
niz do 2-3 mm i zaproponowat, ze inhibicja tworzenia naczyn spowoduje zahamowanie
wzrostu guzow [40]. Dalo to poczatek terapii przeciwangiogennej zwanej rOwniez terapig
antyangiogenna, preznie rozwijajacej si¢ przez kolejne lata. Pierwszym, zatwierdzonym
w 2004 roku przez Agencje Zywnosci i Lekéw (FDA, ang. Food and Drug
Administration) antyangiogennym lekiem byl bewacyzumab, humanizowane
przeciwciato monoklonalne, ktore wiazac krazacy VEGF-A zapobiega jego interakcji
z receptorem i hamuje szlak proangiogenny [41, 42]. Od tego czasu opracowano szereg
inhibitoréw angiogenezy, stosowanych w badaniach klinicznych i zatwierdzonych do
stosowania w leczeniu wielu nowotwordéw. Leki te roznig si¢ mechanizmem dziatania,
jednak zdecydowana wigkszo$¢ z nich skupia si¢ na sygnalizacji przez VEGF [43].

Przyktadowo aflibercept to rekombinowane biatko fuzyjne, ktére blokuje interakcje
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VEGF (VEGF-A i VEGF-B) oraz PIGF z ich receptorami, dziatajac na zasadzie putapki
wigzacej biatka [44]. Z kolei inhibitory kinaz tyrozynowych (TKIs, ang. tyrosine kinase
inhibitors) hamujg wewnatrzkomoérkowe szlaki sygnalowe poprzez blokowanie
receptorow odgrywajacych istotng role w procesie angiogenezy. Wsrod TKIs
wyrozniamy m.in.: Sorafenib, celujacy w VEGFR2 i 3, PDGFR-b, Flt-3 i c-Kit, sunitynib
ukierunkowany na VEGFR1 i 3, PDGFR, Flt-3 i c-Kit, a takze aksytynib
charakteryzujacy si¢ duza selektywnoscia wobec VEGFR [45, 46]. Warto zaznaczy¢,
ze wsrod TKI sg rowniez leki skierowane na inne szlaki sygnatowe np. wemurafenib czyli
wysoce selektywny inhibitor kinazy BRAF, stosowany z leczeniu czerniaka z mutacja
genu BRAF [47].

Leki celujace w angiogenez¢ mogg by¢ stosowane w monoterapii lub
W potaczeniu z radio i chemioterapig — w zaleznosci od typu nowotworu czy mechanizmu
dziatania leku. Przyktadowo, bewacyzumab stosowany w raku okreznicy daje pozytywne
efekty z chemioterapeutykami, ale nie w monoterapii [42, 48]. Z kolei w nowotworach
ptuc wykazano, ze kombinacja bewacyzumab z chemioterapig istotnie zmniejsza perfuzje
leku do guza, co przektada si¢ na nieskuteczno$¢ terapii mieszanej [49]. Stosowanie TKIs
w monoterapii wykazalo pozytywny efekt u pacjentow z rakiem watrobowo-

komorkowym (sorafenib [50]) czy rakiem nerki (sorafenib [51, 52], sunitynib [53]).

Niestety  skutecznos$¢  terapii antyangiogennej  jest  ograniczona.
Do najwazniejszych czynnikow decydujacych o wytworzeniu opornosci na leczenie
zalicza si¢ promowanie niedotlenienia, indukcje komodrek o fenotypie CSCs oraz
zwigkszenie agresywno$ci komorek i promowanie przerzutow [54]. Nowym podejéciem
w terapii celujacej w unaczynienie jest kontrolowanie angiogenezy i przywrdcenie
rownowagi mi¢dzy czynnikami pro i antyangiogennymi, czego efektem jest normalizacja
naczyn w guzie (Rycina 3C). Wykazano, ze submaksymalne dawki lekow
antyangiogennych moga normalizowa¢ naczynia krwiono$ne i zwigkszaé skutecznos¢
terapii skojarzonej (z chemioterapig lub radioterapig) [55]. Wyzwaniem jest jednak
okreslenie ,,0kna terapeutycznego”, kiedy normalizacja nastgpuje; | dostosowanie
harmonogramu leczenia do konkretnych typéw nowotwordw i mechanizmu dziatania
leku [56]. W zwigzku z tym coraz czgsciej poszukuje si¢ alternatywnych metod
promujacych normalizacje naczyn. W modelu mysim wykazano, ze biatko Semaforyna
3A moze by¢ skutecznym regulatorem angiogenezy, umozliwiajac normalizacj¢ naczyn,

takze poprzez poprawe funkcji perycytéw [57]. Z kolei wazohibina, bedaca regulatorem
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ujemnego sprzgzenia zwrotnego angiogenezy [58], promuje dojrzewanie naczyn
hamujac kietkowanie ECs w modelu czerniaka [59]. Normalizacje naczyn w guzie
osiggnigto rowniez u myszy z niedoborem PHD2 (ang. prolyl hydroxylase domain-
containing protein 2), co skutkowato zmniejszeniem inwazyjnosci i przerzutow [60].
Jednak dalsze badania nad terapiami pozwalajacymi osiggaé stabilng, dtugotrwalg
normalizacje naczyn sg wcigz konieczne i mogg istotnie przyczyni¢ si¢ do poprawy

skutecznosci leczenia nowotworow.

1.1.4 Trispirofosforan mio-inozytolu ITPP

Trispirofosforan mio-inozytolu (ITPP, ang. Myo-inositol trispyrophosphate)
to czgsteczka o obiecujagcych wiasciwosciach pozwalajagcych na kompensacje
niedotlenienia w guzie i uzyskanie stabilnej normalizacji naczyn. Dziala jako
allosteryczny efektor hemoglobiny, indukujac przesunigcie krzywej rownowagi tlen-
hemoglobina w czerwonych krwinkach [61], co moze mie¢ kluczowe znaczenie
w regulacji angiogenezy. In vitro w badaniu prowadzonym w dynamicznym modelu
przeplywow obecnos¢ erytrocytow traktowanych ITPP hamowata zdolnos¢ ECs
do tworzenia naczyn w niedotlenieniu, przy jednoczesnym obnizeniu ekspresji HIF
i VEGF [62]. ITPP wykazuje aktywnos¢ w niskim pH, czyli warunkach
charakteryzujagcych TME [63]. Czasteczka ta zostala z powodzeniem przetestowana
w kilku zwierzecych modelach nowotworow, a takze chordb kardiologicznych [64].
Stosowanie ITPP spowodowato redukcje wielkosci guzow 1 zmniejszenie rejondow
nekrotycznych w modelu czerniaka, redukujac takze przerzuty do ptuc i poprawiajac
przezywalnos¢ zwierzat [65]. Podobne efekty obserwowano w modelu nowotworu
watroby — hamowanie wzrostu guza, zwigkszone przezycie zwierzat przy jednoczesnej
zmniejszonej aktywnosci HIF i spadku poziomu VEGF [66]. W modelu nowotworu
glowy 1 szyi nie odnotowano wplywu ITPP na wielko$¢ guzow, jednak wykazano
pozytywny efekt w terapii mieszanej: lepsze utlenowanie guza zwigzane z dziataniem
ITPP zwigkszyto skuteczno$¢ radioterapii [67]. Z kolei w glejakach nie obserwowano
pozytywnych efektow stosowania ITPP, rowniez w potaczeniu z radioterapig [68, 69].
Posrednio ITPP moze regulowaé¢ takze inne elementy mikrosrodowiska guza —
podniesienie poziomu tlenu na skutek stosowania ITPP moduluje fenotyp 1 wlasciwosci
odpowiedzi immunologicznej [70]. W modelu czerniaka wykazano, ze ITPP moze
aktywowac jeden z gléwnych supresoréw nowotworu — PTEN (ang. phosphatase and

tensin homolog) w komorkach §rodbtonka, co ma kluczowe znaczenie w kontrolowaniu
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wzrostu guza i regulacji angiogenezy. Specyficzno$¢ aktywacji PTEN przez ITPP
potwierdzono réwniez w badaniach in vitro z  wykorzystaniem techniki
powierzchniowego rezonansu plazmonowego [71]. Wszystkie powyzsze wilasciwosci
ITPP sa obiecujace w kontekscie osiggania stabilnej normalizacji naczyn i terapeutycznej
modyfikacji mikrosrodowiska guza, jednak niespdjnos¢ wynikéw w réznych typach

nowotworow wymaga dalszych badan, rowniez w kontekscie aktywacji PTEN.

1.2 PTEN

PTEN, supresor nowotworu, zostat po raz pierwszy opisany w 1997 roku [72, 73].
Poczatkowo PTEN uwazano za biatko cytoplazmatyczne, jednak obecnie wiadomo, ze
jest obecne tez w jadrze komoérkowym, retikulum endoplazmatycznym, mitochondriach,
a takze przestrzeni miedzykomorkowej, przez co wptywa na modulacje komponentow
TME [74, 75]. Ze wzgl¢du na rdéznorodno$¢ biologicznych funkcji (zwigzanych $cisle z
lokalizacjg $rodkomorkowa) oraz wiele pozioméw regulacji ekspresji i aktywnosci,

potencjat diagnostyczny i terapeutyczny PTEN wciagz pozostaje niejednoznaczny.

1.2.1 Struktura PTEN

Gen PTEN zlokalizowany jest na chromosomie 10923 i koduje biatko zlozone
z 403 aminokwasow, w ktorym wyro6znia si¢ 5 domen funkcyjnych. Przy koncu NH2
znajduje si¢ domena wigzaca fosfatydyloinozytolo-4,5-bisfosforan (PBD ang.
PIP2 binding domain) oraz domena fosfatazy (PD ang. phosphatase domain), ktora jest
odpowiedzialna za aktywno$¢ enzymatyczng supresoru guza. Dalej wyrdznia si¢ domeng
wiazacg blong lipidowa, ktéra uczestniczy w wigzaniu PTEN do btony plazmatycznej
oraz C-koncowy ogon i domeny wigzace biatka PDZ, regulujace aktywnos$¢ 1 stabilnosé

biatka PTEN [76].

1.2.2 Regulacja ekspresji i aktywnosci PTEN

Utrata funkcji PTEN moze by¢ nastgpstwem wielu zdarzen molekularnych,
zardbwno genetycznych, jak i epigenetycznych. Szacuje sie, ze ok 13,5 % ludzkich
nowotworow ma mutacj¢ lub zmieniong funkcje PTEN [77]. Co wigcej, PTEN jest
uwazany za gen haploniewystarczalny — mutacja tylko w jednym allelu jest wystarczajaca

do promowania progresji guza, co udowodniono w mysim modelu raka prostaty [78].
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Mutacje zarodkowe genu PTEN powoduja wystgpowanie zespotow guzoéw
hamartomatycznych (PHTS, ang. PTEN hamartoma tumor syndromes), obejmujacych
szereg autosomalnych dominujacych zespotoéw klinicznych, takich jak: zespot Cowdena,
zespot Bannayana-Rileya-Ruvalcaby czy zespot Prometeusza [79]. PTHS wigze si¢
z duzg podatnosciag na wystepowanie nowotworéw, w tym nowotworu: piersi, jelita

grubego, tarczycy, endometrium, nerki czy czerniaka [80].

W wielu typach nowotworéw wystepuja somatyczne mutacje PTEN, ktorych,
wedhug katalogu mutacji COSMIC, wykryto ponad 1900, w tym: delecje, insercje czy
mutacje zmiany sensu [81]. Mutacje te wystepuja w miejscach kodujacych wszystkie
5 domen funkcyjnych, dlatego tez efekt biologiczny poszczegolnych mutacji moze by¢
rozny. Ekspresja PTEN jest zwigzana z regulacja transkrypcji, w tym zmian
epigenetycznych lub zmian aktywnosci czynnikow transkrypeyjnych [76, 82]. Kluczowa
role w regulacji potranskrypcyjnej PTEN odgrywa rowniez mikroRNA, co szerzej
opisano w Rozdziale 1.3.4. Funkcjonalno$¢ PTEN =zalezy takze od modyfikacji
potranslacyjnych (w tym fosforylacji, ubikwitynacji czy acetylacji), ktore determinujg
aktywno$¢ PTEN, a takze wptywaja na jego subkomorkows lokalizacje [76]. Co wiecej,
interakcje z innymi biatkami rowniez wptywajg na funkcje PTEN [82]. Istotng role
w regulacji ekspresji 1 aktywnosci PTEN moze rowniez odgrywaé niedotlenienie —
W modelu nowotworow ptuc wykazano, ze hipoksja zmniejsza poziom PTEN, promujac

jego mniej aktywng forme — fosforylowany PTEN (pPTEN) [83].

1.2.3 Molekularne funkcje PTEN

Gtowna rola PTEN w komorce jest zwigzana z aktywnos$cig fosfatazy lipidowe;.
PTEN jest negatywnym regulatorem $ciezki PI3K/AKT/mTOR — defosforylujac PIP3
do PIP2 hamuje aktywnos¢ serynowo-treoninowej kinazy biatkowej AKT, zwanej takze
kinazg biatkowa B (PKB, ang. Protein kinase B) [84]. Kluczowym efektorem AKT jest
ssaczy cel rapamycyny, mTOR (ang. mammalian target of rapamycin kinase), petnigcy
istotne funkcje w procesach zwigzanych z proliferacja, wzrostem i metabolizmem
komorek [85]. Oprocz mTOR kinaza AKT reguluje rowniez inne biatka, w tym MDM2
(ang. murine double minute 2) — inhibitor supresora nowotworu p53 [86], czy BAD (ang.
Bcl-2 associated agonist of cell death) — biatko regulujace apoptoze [87]. Sygnalizacja
PI3K/AKT jest jedna z najczgsciej aktywowanych $ciezek w wielu typach nowotworow

i uczestniczy w regulacji wielu podstawowych proceséw komorkowych, istotnych
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W progresji guza, jak: wzrost, proliferacja, przezycie, metabolizm, a takze odpowiedz
immunologiczna [88, 89]. Co wigcej, nieprawidtowosci sygnalizacji PI3K/AKT maja
istotne znaczenie dla skutecznos$ci stosowanych terapii przeciwnowotworowych [84].
Oproécz kanonicznej funkcji fosfatazy lipidowej, PTEN wykazuje takze aktywno$¢
fosfatazy biatkowej, np. defosforylujac biatko FAK (ang. focal adhesion kinase) i biatko
Shc moze regulowa¢ migracje komorek [90, 91]. Funkcja PTEN w regulacji adhezji
komorek jest zwigzana z bezposrednia defosforylacja biatka B-catenin i posrednig
regulacja kompleksu adhezyjnego B-catenin/E-cadherin [92]. W modelu nowotworu ptuc
wykazano, ze utrata PTEN powodowata spadek ekspresji B-catenin, a takze indukowata
zmiany charakterystyczne dla EMT: zmniejszenie poziomu E-cadherin przy
jednoczesnym wzroscie ekspresji bialek Vimentin i MMP2, a takze nagromadzenie
W jadrze czynnikow transkrypcyjnych Snail i Slug [93]. Funkcje PTEN niezwigzane
z aktywnoscig fosfatazy sa szczegélnie istotne w jadrze komoérkowym. Wykazano,
ze PTEN odgrywa istotng role w utrzymaniu stabilnosci genomu poprzez interakcje
Z czasteczkami zaangazowanymi W replikacj¢ DNA, a utrata jadrowego PTEN prowadzi
do rozlegtych peknig¢¢ centromeru i translokacji chromosoméw [94]. PTEN jest rowniez
istotnym elementem mechanizméw naprawy DNA [95] i pelni kluczowe funkcje
w regulacji cyklu komoérkowego [96, 97]. PTEN uczestniczy rowniez w utrzymaniu

prawidtowej kondensacji chromatyny poprzez wigzanie histonu H1 [98].

Wiele funkcji PTEN jest $cisle zwigzana z mikrosrodowiskiem guza. Wykazano,
ze moze by¢ wydzielany w postaci rozpuszczalnej (PTEN-long) i transportowany
za posrednictwem egzosoméw, co przyczynia si¢ do modulacji innych komponentow
TME [99]. W badaniach na myszach wykazano, ze dootrzewnowe podanie PTEN-long
powodowato regresje guza w modelu nowotworu jelita grubego [100]. Co ciekawe, takze
mikrosrodowisko moze regulowaé jego wydzielanie — obserwowano zmniejszenie
wydzielania PTEN-long w hipoksji [101]. Z kolei rola PTEN w modulacji odpowiedzi
immunologicznej jest dwojaka — zmiany PTEN w komorkach nowotworowych moduluja
sygnaty wysylane do TME, a z drugiej strony dysfunkcja PTEN w komorkach ukladu
odpornosciowego wptywa na ich aktywnos$¢ [102]. Utrata PTEN zwicksza ekspresj¢
ligandu programowanej $mierci komorki PD-L1 (ang. programmed death ligand 1), ktory
jest negatywnym regulatorem odpornosci przeciwnowotworowej [103, 104]. Poziom
PTEN wplywa réwniez na potencjat wydzielniczy komodrek nowotworowych;

przyktadowo w nowotworze prostaty wykazano korelacje¢ migdzy utrata PTEN
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a zwigkszeniem poziomu wydzielanej interleukiny 8 (IL, ang. Interleukin) [105].
W modelach przedklinicznych czerniaka utrata PTEN w komorkach nowotworowych
zwigkszyta wydzielanie cytokin immunosupresyjnych, powodujac zmniejszenie
infiltracji limfocytow T w guzach [106]. Dodatkowo zmiany aktywnosci PTEN
w komorkach odpornosciowych: komorkach dendrytycznych, makrofagach czy
limfocytach  rowniez  skutkuja  zmniejszeniem  skutecznosci  odpowiedzi
przeciwnowotworowej [107]. PTEN petni réwniez istotne funkcje w angiogenezie [75].
Woyciszenie ekspresji PTEN w komodrkach nowotworowych zwigksza wydzielanie
VEGF, co w kokulturze z komdrkami $rodblonka promuje ich proliferacje, migracje,
a takze indukcje angiogenezy in vitro [108]. Dodatkowo delecja PTEN w komorkach
srodbtonka, takze powoduje rozrost naczyn zwigzany z brakiem posrednictwa

W zatrzymaniu proliferacji wywotanym przez Notch [109].

1.2.4 Znaczenie kliniczne PTEN

W wielu nowotworach wykazuje si¢ korelacje poziomu PTEN z obserwacjami
klinicznymi. U pacjentow z rakiem prostaty obnizony poziom PTEN byt zwigzany
Z wyzszym stopniem agresywnosci, a takze zwiekszonym wystepowaniem przerzutow
i ryzykiem zgonu [110]. Zmniejszone przezycie pacjentdw, wzrost agresywnosci guzow
I wystepowanie przerzutow korelowalo ze zmniejszong ckspresja PTEN rowniez
w innych typach nowotwordéw, w tym: w raku piersi, watroby, jajnika czy w glejakach
[111-113]. W przypadku czerniaka obnizony poziom PTEN korelowat ze zmniejszonym
czasem przezycia pacjentow, a takze krotszym czasem wystgpienia przerzutow do mozgu
[114]. Niewiele jednak wiadomo na temat molekularnych aspektéw utraty PTEN —
W analizie 92 probek pierwotnych czerniakéw 33% charakteryzowato si¢ obnizonym
poziomem cytoplazmatycznego biatka PTEN, natomiast w 91% probek wykazano brak
lub obnizony poziom ekspresji jadrowego PTEN [115]. Utrata jadrowego PTEN
korelowata z anatomiczng lokalizacja przerzutow i indeksem mitotycznym w badanych
probkach, jednak utraty cytoplazmatycznego biatka nie udalo si¢ potaczyé
z obserwacjami klinicznymi [115]. Szczegotowa analiza ekspresji PTEN w lokalizacjach
subkomorkowych jest rzadkoscig w badaniach prowadzonych na duzej grupie pacjentow.
Jednoczesnie w wielu typach nowotworéw warto$¢ prognostyczna PTEN pozostaje
kontrowersyjna i publikowane dane prowadza do rozbieznych wnioskéw. Przyktadowo

w raku nerki dwie niezalezne metaanalizy wskazujg jednoczes$nie na istotne znaczenie
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poziomu PTEN w progresji choroby [116], jak i brak korelacji poziomu PTEN z cechami

kliniczno-patologicznymi [117].

W wielu typach nowotworéw wykazano zalezno§¢ migdzy poziomem PTEN
a odpowiedzig na stosowane terapie przeciwnowotworowe. Kontrola wielu proceséw
biologicznych przez PTEN sprawia, ze modulacja opornosci na leczenie odbywa si¢ za
posrednictwem wielu mechanizmoéw i dotyczy terapii o réznym mechanizmie dziatania.
Mutacje PTEN indukujg oporno$¢ na standardowe terapie (chemio 1 radioterapia) poprzez
hiperaktywacje szlaku AKT [118]. Zwigkszong opornos¢ na radioterapi¢ obserwowano
w komorkach z mutacjg PTEN (indukowang za posrednictwem edycji genomu z uzyciem
systemu CRISPR/Cas9) w modelu nowotworu ptuc [119]. Poziom PTEN ma réwniez
istotne znaczenie w odpowiedzi na klasyczne chemioterapeutyki. W modelu nowotworu
jajnika  wyciszenie PTEN spowodowalo wzrost oporno$ci na cisplatyng —
chemioterapeutyk zaburzajacy replikacje DNA 1 podzial komorek, a takze indukujacy
apoptoze komorek [120]. Z kolei w raku endometrium mutacje PTEN powoduja
zwigkszenie opornosci na docetaksel — lek zaktocajacy podziaty komorkowe poprzez
wigzanie i stabilizacje mikrotubul [121]. Ekspresja PTEN wplywa rowniez na wrazliwos¢
na doksorubicyng, ktérej dziatanie opiera si¢ na hamowaniu topoizomeraz i interkalacje
W DNA, czego skutkiem jest zahamowanie proliferacji komorek. W modelach ostrej
biataczki limfoblastycznej niska ekspresja PTEN skutkowata mniejsza wrazliwo$cig na
leczenie doksorubicyng, a mechanizm tej oporno$ci byt zwigzany z aktywacja
mechanizmow antyapoptotycznych za posrednictwem MDM2 [122]. Poziom PTEN
odgrywa réwniez istotng role w odpowiedzi na terapie celowane. W raku nerki wykazano,
ze zmniejsza skutecznos$¢ leczenia sunitynibem i sorafenibem — lekami o wlasciwosciach
antyangiogennych. Co istotne, zaleznos¢ t¢ wykazano in vitro indukujac mutacje PTEN
metoda CRISPR/Cas9 w liniach komorkowych raka nerki, ale rowniez potwierdzity
to obserwacje kliniczne — w grupie pacjentow leczonych sorafenibem lub sunitynibem
0 niskim poziomie PTEN, czas przezycia wolny od progresji byl znaczaco nizszy,
niz w grupie o wysokim poziomie PTEN [123]. Z kolei w modelu czerniaka wykazano,
ze spadek poziomu PTEN indukuje oporno$¢ na inhibitory BRAF, poprzez hamowanie
apoptozy [124]. Istotna rola PTEN w modulacji odpowiedzi immunologicznej w TME
przektada si¢ takze na nizszg skuteczno$¢ immunoterapii nowotworéw — co wykazano

m.in. w modelu czerniaka czy raka prostaty [106, 125].
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Podsumowanie rozwazan dotyczacych mechanizméw regulacji i funkcji PTEN
w nowotworach zaprezentowano na Rycinie 4. Pomimo niekwestionowanej roli PTEN
W progresji nowotwordéw, modulacji ich mikrosrodowiska, a takze odpowiedzi na terapie
przeciwnowotworowe, zarowno wartos¢ prognostyczna, jak i terapeutyczna tego
supresora guza wymaga dalszych badan i zrozumienia aktywnos$ci PTEN unikalnej dla

réznych typo6w nowotworow.
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Rycina 4. Schemat przedstawiajgcy ztozonos¢ mechanizmow regulacji i lokalizacji PTEN w nowotworach
wplywajgcych na réznorodnosé funkcji i znaczenie kliniczne.

1.3 MIKRORNA
1.3.1 Definicja, biogeneza, funkcja

MikroRNA (miRNA, miR, ang. Micro-RNA) to mate, jednoniciowe, nieckodujace
czasteczki RNA uczestniczace w regulacji ekspresji gendw. Po raz pierwszy miRNA
opisano w 1993 roku u nicienia Caenorhabditis elegans [126]. Kanoniczna biogeneza
miRNA rozpoczyna si¢ w jadrze komérkowym, gdzie sekwencje kodujace miRNA
ulegajg transkrypcji przez polimeraze I tworzac dtugie pierwotne miRNA (pri-miRNA,
ang. primary miRNA) [127]. Pri-miRNA nastepnie jest przetwarzany na krotsze (70-120
nukleotydowe) prekursorowe miRNA (pre-miRNA, ang. Precursor miRNA) przez
kompleks katalityczny (zwany mikroprocesorem) ztozony z RNazy III Drosha i biatek
wigzacych RNA, DGCRS8 (ang. DiGeorge syndrome critical region 8) [128, 129].

Pre- miRNA jest transportowany do cytoplazmy, gdzie ulega rozdzieleniu na mniejsze
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(19-24 nukleotydowe), dwuniciowe fragmenty przy udziale endonukleazy Dicer [130].
Dupleks miRNA jest nastepnie przekazywany do biatek AGO (ang. Argonaute) — zostaje
wytworzona dojrzata, jednoniciowa czasteczka miRNA, i tworzony jest kompleks RISC
(ang. RNA-induced silencing complex), ktory posredniczy w rozpoznawaniu docelowych
dla miRNA informacyjnych RNA (mRNA, ang. messenger RNA) [131]. Mechanizmy
regulacji ekspresji miRNA obejmujg zarowno zmiany transkrypcyjne (zmiany ekspresji
genow 1 hipermetylacji promotora), potranskrypcyjne (zmiany w przetwarzaniu miRNA),
jak 1 wptyw zwigzkéw endogennych (np. hormony, cytokiny) i egzogennych (np.
ksenobiotyki) [132]. Gléwny mechanizm dziatania miRNA polega na przytaczaniu si¢
na zasadzie komplementarnosci do miejsc odpowiedzi na miRNA (MREs ang. miRNA
response elements). MREs zlokalizowane sg gldwnie obrgbie regionu 3’UTR docelowego
transkryptu, co prowadzi do degradacji mRNA lub zahamowania translacji [133]. Istnieja
rowniez dowody wykazujace, ze miRNA moze wplywa¢ stymulujaco na ekspresje
niektorych genéw [134]. Szacuje si¢, ze ekspresja ok 30 % ludzkich genéw moze by¢
regulowana przez miRNA — co czyni je waznymi regulatorami wielu istotnych procesow
biologicznych [134]. Jedna czasteczka miRNA moze regulowac ekspresje wielu mRNA,
a z drugiej strony kazde mRNA moze by¢ regulowane przez wiele miRNA, dlatego sie¢
powigzan miRNA-mRNA jest bardzo rozbudowana. Liczne badania poswigcone
ilosciowej 1 jakosciowej ocenie ekspresji miRNA wykazaly znaczne zmiany w ich

profilach ekspresji w roznych stanach patologicznych, w tym w nowotworach [135, 136].

1.3.2 Ekspresja miRNA w nowotworach

Nieprawidtowa ekspresja miRNA w nowotworach jest spowodowana zmianami
genetycznymi i epigenetycznymi [137]. Zmniejszona ekspresja Dicer w raku ptuc
korelowala z gorszym rokowaniem, co moze by¢ zwigzane z zaburzeniem syntezy
miRNA [138]. Rowniez deregulacje ekspresji biatek AGO moga odgrywac istotng rolg
W progresji m.in.: raka jajnika, piersi czy okreznicy [139]. Kluczowa role w zaburzeniach
ekspresji miRNA odgrywa réwniez mikrosrodowisko guza (w tym niedotlenienie,
co szerzej opisano w Rozdziale 1.3.3.) [139]. MiRNA sg wydzielane do przestrzeni okoto
komorkowej i odgrywaja istotng role w komunikacji migdzy komponentami TME [140].
Transport miRNA odbywa si¢ za posrednictwem zewnatrzkomérkowych pecherzykow
(EVs, ang. extracellular vesicles), ktore ze wzgledu na rozmiar klasyfikuje si¢ jako:
egzosomy (<100 nm), mikropecherzyki (<1000 nm), ciatka apoptotyczne: 1-4 pm [141].

MiRNA moze przemieszczac si¢ rowniez w formie swobodnie ptywajacych kompleksow
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miRNA z biatkami AGO [142]. Wiele miRNA jest $cisle zaangazowanych w patogeneze
raka, w tym proliferacje komorek, przezycie czy inwazje komodrek nowotworowych.
MiRNA ulegaja destabilizacji rowniez w innych niz nowotworowe komorkach TME.
Wykazalismy, ze profil miRNA istotnie r6zni si¢ w komorkach $rodbtonka izolowanych
z nowotworu piersi w poréwnaniu do ECs izolowanych ze zdrowej tkanki tej samej
pacjentki [143]. Kontrolowanie zmienionych miRNA ma duzy potencjat jako nowa
strategia terapeutyczna w leczeniu nowotwordéw, jednak potrzebne sg dalsze badania
okreslajace profil miRNA w konkretnych nowotworach 1 mechanizmy posredniczace

w zmianie ich ekspresji.

Wsrod miRNA istotnych w progresji nowotworéw mozna wyrdzni¢ onkomiry,
czyli miRNA ktorych ekspresja jest silnie podwyzszona w nowotworach.
Do najwazniejszych onkomiréw zalicza si¢ miR-21, ktérego nadekspresje wykazano
w nowotworach piersi, pluc, okreznicy, prostaty, trzustki czy nerki [144]. MiR-21
bezposrednio reguluje ekspresje gendw zwigzanych z przezyciem komorek
nowotworowych: programowana $mieré komoérki 4 (PDCD4, ang. programmed cell
death 4) genu Bcl-2 kodujacego antyapoptotyczne biatko o tej samej nazwie [145, 146],
czy genu PTEN, (co opisano w Rozdziale 1.3.1). Udowodniono, ze zmniejszenie
ekspresji tego miRNA wykazuje dziatanie przeciwnowotworowe hamujac proliferacje,
migracje i wzrost guzow w mysim modelu raka piersi [147]. Innym istotnym onkomirem,
o nieprawidlowej ekspresji w wielu typach nowotwordw, jest miR-155, kontrolujgcy
ekspresj¢ gendw zwigzanych z odpowiedzig na uszkodzenia DNA, niedotlenienie czy
reakcjg uktadu odpornosciowego. W kontekscie angiogenezy wykazano, ze miR-155
moze bezposrednio regulowaé ekspresje VHL aktywujac HIF-la 1 stymulujac
angiogeneze, co potwierdzono w modelu mysim i in vitro z wykorzystaniem komoérek
HUVEC [148]. Wysoki poziom miR-155 moduluje odpowiedZ immunologiczng i naptyw
komorek NK (ang. natural killer) poprzez hamowanie ekspresji negatywnych
regulatoréw odpornosciowych, w tym inozytol-polifosforan-5-fosfatazy-1 (SHIP-1),
a takze zwigksza produkcje cytokin prozapalnych takich jak TNF-o (ang. tumor necrosis
factor alpha) i IL-1p [149, 150]. Nadekspresja miR-155 jest rowniez zwigzana
z opornoscig na chemio i radioterapig, a takze na gefitinib, lek z grupy inhibitorow kinaz

tyrozynowych [151].

W przeciwienstwie do onkomiréw grupe miRNA, ktorych ekspresja jest obnizona

w nowotworach okresla si¢ jako miRNA supresorowe guza. Przyktadem moze by¢
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rodzina miRNA let-7, ktore fizjologicznie odpowiadajg za réoznicowanie komorek, a ich
nieprawidlowa ekspresja jest zwigzana z inicjacja i progresja nowotworow [151]. Niskie
poziomy miRNA let-7, poréwnujac do zdrowej tkanki, obserwowane sg w wielu typach
nowotworéw m.in.: czerniaku, nowotworze ptuc, prostaty czy jajnika [152]. Z kolei
spadek ekspresji miR-15a i miR16 w modelu przewlektej biataczki limfocytowa
przyczynia si¢ do wzrostu ekspresji Bcl-2 i zahamowaniu apoptozy [153]. Obnizong
ekspresje miR15b i miR-16 oraz zwigkszenie poziomu Bcl-2 obserwowano
w aktywowanych komorkach gwiazdzistych trzustki (PSC, ang. pancreatic stellate
cells), ktore odgrywaja kluczowsa role w rozwoju nowotworu trzustki. W tym modelu
przywrocenie prawidlowych pozioméw miR-15b 1 miR-16 znacznie zmniejszyto
poziomy biatka Bcl-2, co zaindukowato apoptoze w aktywowanych PSC [154]. Innym
przyktadem miRNA supresorowego jest miR-146a, ktory reguluje aktywnos$¢ waznego
czynnika transkrypcyjnego NF-xB (ang. nuclear factor kappa-light-chain-enhancer of
activated B cells) — wykazano, ze obnizony poziom tego miRNA jest skorelowany ze
wzrostem guzoéw [155]. Obnizony poziom miR-340 obserwowano w wielu typach
nowotworow. W niedrobnokomoérkowym raku ptuca (NSCLC, ang. non-small-cell lung
cancer) wykazano, ze spadek miR-340 koreluje z gorszym obrazem klinicznym
pacjentow, za sprawg deregulacji szlakow zwigzanych z p27 [156]. Z kolei w raku piersi
obnizona ekspresja miR-340 przyczynia si¢ do zwigkszenia migracji i inwazji poprzez
bezposrednie celowanie w ¢c-MET i posrednig regulacj¢ metaloproteinaz MMP2 i MMP9
[157]. Klinicznie obnizony poziom miR-340 zwigksza przerzuty do w¢ziow chionnych,

co przektada si¢ na krotszy czas przezycia pacjentow [157].

1.3.3 Sygnatura miRNA w hipoksji

Hipoksyjne mikrosrodowisko nowotworu ma kluczowe znaczenie dla regulacji
poziomu wielu miRNA, a grup¢ miRNA o zmienionej ekspresji w odpowiedzi na niskie
pO. okresla si¢ hipoksymirami (ang. hypoxymirs). W wielu badaniach wykazano,
ze niedotlenienie odgrywa znaczaca role zardwno w regulacji transkrypcji miRNA,
alerowniez w podzniejszych etapach ich biogenezy. HIF-1a, glowny czynnik
transkrypcyjny indukowany przez niedotlenie, reguluje ekspresj¢ miRNA poprzez
bezposrednie wigzanie si¢ z HRES w ich promotorach. Przyktadem moze by¢ miR-210,
jeden z najwazniejszych i najlepiej zbadanych hipoksyjnych miRNA; ale rowniez
miR- 103 czy miR-213, miR-382 [158-160]. Co ciekawe, miR-210 ulega réwniez

zwigkszonej ekspresji w stanie pseudohipoksji, spowodowanym nieprawidtowa funkcja

34



VHL — u pacjentow z nowotworem nerki z mutacja VHL poziom miR-210 byt wyzszy
niz u pacjentéw z prawidtowym VHL [161]. Inne czynniki transkrypcyjne, ktorych
ekspresja jest regulowana przez hipoksje, rowniez wptywaja na zmiany ekspresji miRNA.
Na przyktad p53, ktérego poziom moze by¢ modyfikowany przez niedotlenienie,
indukuje transkrypcj¢ miR-34, zaangazowanego w regulacje cyklu komorkowego [162];
a takze kontroluje transkrypcje MIRNA z rodziny miR-200, odpowiedzialnych
zaregulacje EMT i powstawanie przerzutow [163]. Oprocz modulacji ekspresji miRNA
na poziomie transkrypcji, hipoksja modyfikuje réwniez aktywno$¢ innych biatek
zwigzanych z biogeneza MIRNA. Indukowane niedotlenieniem obnizenie poziomu
Drosha i Dicer zwiazane jest ze zmniejszonym poziomem miR-21, -22, -30c i let7f
w modelu fibroblastow ptucnych [164]. W raku jajnika wykazano, ze hipoksja reguluj
spadek poziomu Drosha i Dicer poprzez deregulacj¢ czynnikow transkrypcyjnych
ETS1/ELK1 i metylacje promotora, co przyczynia si¢ do zmian poziomu miRNA [165].
Niedotlenienie moze réwniez modyfikowa¢ dojrzewanie miRNA w nastepstwie
potranslacyjnych modyfikacji biatka AGO [166]. Podsumowujac, hipoksyjne
mikro$rodowisko guzow moze mie¢ istotne znaczenie w zmianach sygnatury miRNA

obserwowanych w nowotworach.

1.3.4 miRNA w regulacji ekspresji PTEN

MIRNA odkrywaja znaczacg role w regulacji ekspresji PTEN, zaréwno
bezposrednio poprzez interakcje z jego mRNA, jak 1 posrednio regulujac ekspresje innych
czynnikow istotnych w modulacji poziomu PTEN [82, 167]. W wielu typach
nowotworow wykazano, ze nadekspresja onkomiru miR-21 bezposrednio wplywa
na obnizenie ekspresji PTEN, powodujac progresje guza czy determinujagc odpowiedz
na leczenie [167]. Na przyktad w modelu in vitro gruczolakoraka ptuc zwigkszenie
poziomu mMiR-21 (za pomoca MiR-21 mimic) spowodowato spadek poziomu PTEN,
a odwrotng zalezno$¢ obserwowano po zastosowaniu inhibitora tego miRNA [168].
Co wiecej, wzrost ekspresji miR-21 i spadek poziomu PTEN powodowaly zmniejszenie
apoptozy i nekrozy po leczeniu 5-fluorouracylem, natomiast po zastosowaniu inhibitora
miR-21 komorki byty bardziej oporne na leczenie [168]. Podobng zalezno$¢ pomigdzy
miR-21 i poziomem PTEN obserwowano w raku jajnika [169], prostaty [170] czy
watroby [171]. Wsréd innych miRNA powodujacych spadek ekspresji PTEN wyrdznia
si¢ rowniez miR-221/222 — w modelu raka piersi obserwowano, ze ta regulacja sprzyja

proliferacji, inwazji i migracji komorek, a takze promuje fenotyp CSCs [171]. MiR-221
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odgrywa rowniez kluczowa rolg w regulacji EMT poprzez celowanie w PTEN [172].
Rodzina miR-130 réwniez uczestniczy w regulacji poziomu PTEN. W raku piersi
nadekspresja miR-130 spowodowata spadek ekspresji PTEN, czego nastgpstwem bylo
zwigkszenie proliferacji komorek i wzrost guzow [173]. W probkach klinicznych raka
pecherza moczowego stwierdzono, ze spadek poziomu PTEN jest $ci§le skorelowany
z poziomami ekspresji rodziny miR-130, a w modelu in vitro wykazano, ze nadekspresja
tych miRNA sprzyja migracji i inwazji komoérek [174]. Odmienne obserwacje dotyczyty
nowotworu ptuc — obnizona ekspresja miR-130 wigzata si¢ z agresywnymi cechami
kliniczno-patologicznymi i ztym rokowaniem pacjentéw z NSCLC [175]. Doswiadczenia
in vitro, z wykorzystaniem linii komorkowych nowotworu pluc wykazaty,
ze nadekspresja miR-130 powoduje zwigkszenie poziomu PTEN, jednak nie wskazano
potencjalnych mechanizméw takiej regulacji [175]. Podobnie zwigkszona ekspresja miR-
451 powoduje wzrost poziomu PTEN indukujac wrazliwo$¢ na radioterapig, co takze
obserwowano w nowotworze ptuc [176]. Ekspresja miR-29, miR-101 czy miR195 jest
rowniez zwigzana ze wzrostem poziomu PTEN poprzez indukcje hipometylacji
promotora PTEN [177].

Regulacja ekspresji PTEN za posrednictwem miRNA jest wielokierunkowa
i zalezna od typu nowotworu, co powoduje, ze okreslenie molekularnych i klinicznych
skutkow tych interakcji jest skomplikowane. Interesujgca jest réwniez odwrotna
zalezno$¢ — wptyw mutacji PTEN na modyfikacje ekspresji miRNA. Do tej pory
przeprowadzono nieliczne badania majgce na celu identyfikacji tych zmian. W raku
prostaty wykazano, ze utrata PTEN powoduje m.in. wzrost ekspresji onkomiru miR-155
[178], co stawia nowe wzywania w okresleniu zaleznosci miRNA-PTEN w progresji

NOWOtWOrow.

2 CELI1ZALOZENIA PRACY

Poszukiwanie skutecznych terapii przeciwnowotworowych jest wcigz wielkim
wyzwaniem 1 wymaga kompleksowego podejscia uwzgledniajacego catos¢
mikrosrodowiska guza, w tym charakterystycznych dla TME warunkow tlenowych —
hipoksji. Strategia normalizacji naczyn w nowotworach za posrednictwem ITPP, wydaje
si¢ obiecujagcym podej$ciem terapeutycznym, réwniez z uwagi na wielokierunkowy
mechanizm dziatania tej czasteczki (kompensacja niedotlenienia i aktywacja PTEN).

Jednak niejednoznaczno$¢ wynikow stosowania ITPP w réznych typach nowotworow
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wskazuje na konieczno$¢ poglebienia wiedzy dotyczacej mechanizméw molekularnych
odpowiedzialnych za te réznice. PTEN, jako supresor guza, peini istotng funkcje
w regulacji podstawowych procesow komorkowych, mimo to jego znaczenie

prognostyczne oraz jako potencjalny cel terapeutyczny wymaga dalszych badan.

Punktem wyjscia do przedstawienia celow 1 hipotezy pracy bylo sprawdzenie
skuteczno$ci stosowania ITPP w mysim modelu nowotworu nerki (Renca) in vivo.
W badaniach wstepnych obserwowano brak pozytywnych efektow leczenia w tym
modelu; guzy z komoérek Renca nie zmienialy si¢ pod wptywem ITPP. Dlatego dalsze
badania prowadzono z wykorzystaniem dwoch modeli: czerniaka B16 F10 (jako typ
nowotworu, w ktorym leczenie ITPP spowodowalo zmniejszenie guzoéw 1 redukcje
obszaru nekrotycznego [65]) i nowotworu nerki Renca — jak przyktad nowotworu nie
reagujacego na ITPP. Jako, ze aktywacja PTEN jest jednym ze skutkow dziatania ITPP,
a poziom 1 aktywnos¢ PTEN odgrywa znaczaca role w progresji wielu typow
nowotworow w niniejszej pracy skupiono si¢ na okresleniu funkcji PTEN w badanych

modelach, rowniez w kontekscie hipoksyjnego mikrosrodowiska guza.

Hipoteza pracy: aktywnos$¢ PTEN istotnie rozni si¢ w modelu raka nerki i
czerniaka, co moze modyfikowa¢ mikrosrodowisko guza i wplywaé na odpowiedz

na terapie przeciwnowotworowe.
W celu weryfikacji tej hipotezy zrealizowano nastgpujace cele badawcze:

1) okreslenie wplywu niedotlenienia na poziom i aktywno$¢ PTEN oraz
potencjal proangiogenny testowanych modeli (in vitro),

2) zbadanie roli PTEN w raku nerki i czerniaku, z wykorzystaniem edycji
genomu metodg CRIPSR/Cas9 do wytworzenia linii z mutacja PTEN —
charakterystyka komorek z nokautem PTEN, okreslenie ich wrazliwosci
na leczenie in vitro oraz wptyw na progresj¢ guzow in vivo,

3) sprawdzenie wptywu mutacji PTEN 1 niedotlenienia na modyfikacje
mikro$rodowiska guza poprzez regulacj¢ ekspresji miRNA w modelu raka

nerki (in vitro i in vivo).
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Abstract

Hypoxia, low, non-physiological oxygen tension is a key regulator of tumor microenvironment, determining the pathologi-
cal tumor vascularization. Alleviation of hypoxia through vessel normalization may be a promising therapeutic approach. We
aimed to assess the role of low oxygen tension in PTEN-related pathways and proangiogenic response, in vitro, in two different
tumor cell lines, focusing on potential therapeutic targets for tumor vessel normalization. Downregulation of PTEN in hy-
poxia mediates the activation of distinct mechanisms: cytoplasmic pAKT activation in melanoma and pMDM2 modulation in
kidney cancer. We show that hypoxia-induced proangiogenic potential was stronger in Renca cells than B16 F10—confirmed
by a distinct secretory potential and different ability to affect endothelial cells functions. Therefore, the impact of hypoxia
on PTEN-mediated regulation may determine the therapeutic targets and effectiveness of vessel normalization and intrinsic

characteristics of cancer cell have to be taken into account when designing treatment.

Key words: angiogenesis, hypoxia, melanoma, PTEN, renal cell carcinoma

Introduction

The incidence of renal cell carcinoma (RCC) is estimated at
about 430 000 cases per year worldwide (Global Cancer Obser-
vatory n.d.), making it the sixth most commonly diagnosed
cancer in men and ninth in women (Siegel et al. 2023). RCC is
highly resistant to radiotherapy and chemotherapy (Makhov
etal.2018), what prompted the development of targeted ther-
apies and immunotherapies.

Tumor hypoxia is one of the major factors determining
tumor progression. The mechanisms associated with low
pO; upregulate hypoxia-inducible factors (HIFs), resulting in
the stimulation of proangiogenic response (Liao and John-
son 2007). In RCC, deregulation of HIF-1« is also due to
frequent VHL (von Hippel-Lindau) mutations—approximately
60% of RCC tumors show an inactivated VHL (50% through
somatic mutations or 10% through promoter methylation)
(Rini and Small 2005; Bratslavsky et al. 2007). Non-functional
VHL (causing pseudohypoxic state), as well as tumor hy-
poxia, lead to stabilization of HIF-le and its accumulation
and heterodimerization with HIF-18. Resulting HIF-1, upon
translocation in the nucleus, binds to hypoxia response ele-
ment (HRE), which activates the transcription of downstream
genes, namely Vegf-a (vascular endothelial growth factor a),
which turns on angiogenesis (Hayashi et al. 2019). Under
the constant proangiogenic signaling state in tumors, the
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newly formed tumor vasculature is pathological and non-
functional. Vessel disorders cause disturbances of the blood
flow, which deepens the hypoxic state (Baluk et al. 2005;
McDonald and Baluk 2005). In pathological vessels, endothe-
lial cell (EC) junctions are leaky, which worsens the drug de-
livery and allows tumor cells to escape into the bloodstream
and metastasize (Hashizume et al. 2000; Folkman 2002). The
concept of controlling tumor angiogenesis, as a therapeutic
target, was introduced by Judah Folkman and colleagues in
the 1970s (Folkman 1971). Since then, several antiangiogenic
therapies have been developed that target the VEGF signaling
pathway, including anti-VEGF antibody (Bevacizumab) and ty-
rosine kinase inhibitors (TKI), Sorafenib and Sunitinib, also
used in RCC (Lugano et al. 2020; Sekino et al. 2020). As an-
tiangiogenic strategies aimed at destroying the tumor ves-
sels, they are poorly effective and deleterious—by increas-
ing the tumor hypoxia, they lead to the selection of drug-
resistant, aggressive, cancer-stem-like cells (Paez-Ribes et al.
2009). Currently, much hope is placed on another approach
to control tumor angiogenesis—namely, normalization of tu-
mor vessels (Goel et al. 2012). Submaximal doses of antian-
giogenic drugs might normalize blood vessels and increase
the effectiveness of combinational therapy (with chemother-
apy or radiotherapy) (Jain 2001). In mouse model, improving
tumor vascular perfusion and oxygenation by vessel normal-
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ization increases the efficacy of conventional therapies, such
as radiotherapy, chemotherapy, and immunotherapy, and re-
duces metastatic spread (Mazzone et al. 2009). The challenge
of such therapies is to define the therapeutic window when
the vessels are normalized—therefore, it is necessary to find
new molecules that induce a stable, long-lasting normaliza-
tion of the vessels (Sato 2011).

PTEN (phosphatase and tensin homolog deleted on chro-
mosome 10) is a tumor suppressor molecule that affects
PI3K/AKT/mTOR pathway, regulating basic cellular processes,
namely, growth control (Milella et al. 2015). Its loss promotes
tumor development in melanoma (Stahl et al. 2003) and af-
fects the outcome of RCC treatments (Sekino et al. 2020).
The role of PTEN in hypoxia-related pathways was already
assessed in lung cancer (Kohnoh et al. 2016), glioblastoma
(Rong et al. 2005), head, and neck squamous cell carcinoma
(Nascimento-Filho et al. 2019), but is poorly documented in
RCC. In addition to the canonical PI3K/AKT pathway regula-
tory function, PTEN, as a phosphatase, is involved in control-
ling the other tumor suppressor—p53, by antagonizing Akt-
Mdm?2 pathway (Mayo and Donner 2001) or in a phosphatase-
independent manner PTEN by complexing p300 and interact-
ing with p53 in the nucleus (Li et al. 2006). PTEN also mod-
ulates angiogenesis through VEGF-A regulation (Huang and
Kontos 2002). In hepatocellular carcinoma, the angiogenic
function of PTEN is modulated by both phosphatase activity
and in phosphatase-independent manner (Tian et al. 2010).
In ECs, PTEN mediates the Notch-dependent tip cell/stalk cell
crosstalk and growth arrest (Serra et al. 2015).

As RCC is known to be a highly angiogenic tumor, due
to both VHL-mediated pseudohypoxic state and the hypoxic
microenvironment (Hayashi et al. 2019), the knowledge of
PTEN/hypoxia-regulated pathways may help to better under-
stand the molecular aspects and reveal new targets for adju-
vant therapies. Molecule with promising properties to com-
pensate tumor hypoxia and activate PTEN is myo-inositol
trispyrophosphate (ITPP). In vivo ITPP treatment reduced tu-
mor size and necrotic area, inhibited lung metastasis forma-
tion, and improved survival of mice with melanoma (Kieda et
al. 2013). ITPP activates PTEN in the endothelium, which has
particular importance in the context of stabilization of nor-
malized vessels (Kieda et al. 2013) and which mechanism has
been proven recently in vitro (Grzymajlo et al. 2023). Elevat-
ing pO; upon ITPP treatment also affects other components
of the tumor microenvironment by modulating the pheno-
type and properties of the immune infiltrate, reducing the
tumor immunosuppressive properties (El Hafny-Rahbi et al.
2021). The multifaceted action of ITPP may contribute to a
more comprehensive approach to vessel normalization than
therapies focused on a single pathway.

The aim of the present study was to identify hypoxia-
mediated changes in PTEN-related pathways in melanoma
and kidney cancer models in vitro, searching for potential
therapeutic targets to compensate hypoxia in RCC. Simulta-
neously, we aimed to uncover the differences in the proangio-
genic potential upon hypoxia by their ability to modulate EC
properties related to the secreted component properties. We
compared kidney cancer cells with melanoma that previously
positively responded to ITPP treatment compensating tumor

hypoxia, stably normalizing vessels and activating PTEN in
tumor microenvironment (Kieda et al. 2013). We could evi-
dence the differential activation of PTEN-mediated pathways
regulating angiogenesis in both cancer models and by their
distinct reaction in hypoxia.

Materials and methods

Cell lines

Murine kidney cancer cells Renca were purchased from
ATCC (Cat No. CRL-2947, LOT No. 63226315 ATCC, USA), while
murine melanoma cells B16 F10 were given by prof. Du-
lak from the Department of Medical Biotechnology, Faculty
of Biochemistry, Biophysics and Biotechnology, Jagiellonian
University, Cracow, Poland (authenticated by ATCC Cell Au-
thentication Service in 2021). Eighteen mouse short tandem
repeat (STR) loci and two human markers: D8 and D4 were
analyzed to screen for the presence of human or African
green monkey species in tested cells. The profile of B16 F10
samples were the same in 97% to the reference profile ATCC
MUSA0830.

Cancer cell lines were cultured in RPMI-1640 GlutaMaxTM
medium (ThermoFisher Scientific, USA), with 10% FBS (Ther-
moFisher Scientific, USA). Murine brain derived mature ECs
(MBr MEC FVB) (Bizouarne et al. 1993) (CNRS Patent Num-
ber CN12/9916169) and MAgEC 11.5 (Collet et al. 2016;
Klimkiewicz et al. 2017) (Patent Number US9631178B2) were
cultured in OPTI MEM medium (ThermoFisher Scientific,
USA), with 2% Fetal Bovine Serum—FBS (ThermoFisher Sci-
entific, USA). All cell lines were Mycoplasma-free (Biomedica,
Poland) and did not exceed 15th passage. Cells were passaged
at 80% confluence by detaching with Accutase solution (Biole-
gend, USA).

Animals

BALB/c mice were obtained from the Medical Univer-
sity of Bialystok. Animal care and experimental procedures
were approved by the Second Warsaw Local Ethics Commit-
tee for Animal Experimentation (No. WAW2/76/2017) and
performed following Directive 2010/63/EU regulations. Mice
were housed in a controlled environment (12 h light/12 h
dark cycle, ad libitum access to tap water, and full-fledged
diet). Before starting the experiments, the mice were accli-
matized for a week.

In vivo ITPP treatment of renca tumors

Renca cells were implanted in mice leg as subcutaneous tu-
mors by injection of a plug constituted by 10° cells in 100
uL Matrigel™ (Corning, USA) diluted in 1:1 in phosphate-
buffered saline (PBS). The treatment consisted of an intraperi-
toneal injection of ITPP in saline at a dose of 1.5 g per kg of
body weight for 2 consecutive days, every 5 days. Treatment
was performed in two groups—ITPP 1 mice received the first
dose on day 5 after tumor cell injection, while ITPP 2 mice re-
ceived the first dose of treatment only when tumors were visi-
ble (after 10 days). Corresponding controls (Control 1, Control
2)received an injection of saline without ITPP every 5 days. Af-
ter 22 days, the experiment was stopped due to the large size
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of the tumors, which negatively affected the welfare of the
animals. Tumor weight was measured in the control groups
and after ITPP treatment. The experimental groups consisted
of four mice, each with a tumor on the right and left legs.

Cancer cell cultures in normoxia and hypoxia

7000 cancer cells (Renca, B16 F10) per cm? were seeded
on standard tissue culture-treated flasks (VWR International,
USA) and allowed to adhere to the culture surface for 24 h.
At the same time, fresh RPMI 10% FBS was left under nor-
moxic and hypoxic conditions for 24 h. Next medium was
exchanged to pre-equilibrated normoxic or hypoxic medium
and cells were cultured in standard cell culture incubator
(21% pOy; 5% CO,) or XVivo X3 workstation (Biospherix, USA)
in 1% pO, and 5% CO;, respectively. When the cultures were
subconfluent (after 48 h for B16 F10 and 72 h for Renca),
culture supernatants were collected, centrifuged to remove
cell contaminants, and frozen at —20 °C, while the cells
were washed in PBS and harvested using Accutase (Biolegend,
USA). Cells were used for flow cytometry staining or protein
and RNA isolation.

Conditioned medium for experiments with EC
cells

To assess the effect of conditioned medium (CM) from can-
cer cells on ECs, B16 F10 and Renca cells were cultured as
described above, but the medium used was OPTI MEM (Ther-
moFisher Scientific, USA) 2% FBS. Cancer cells were previ-
ously adapted by gradual change of medium over 2 weeks.
Conditioned media were obtained after centrifugation to re-
move cell contaminants and further cleaned using 0.2 pmol/L
cellulose acetate filters (VWR International, USA).

Endothelial cells culture

MBr MEC FVB (3000 cells/cm? were seeded on tissue
culture-treated flasks (VWR International, USA) and allowed
to adhere to the culture surface for 24 h (protocol of the ex-
periment is represented as scheme on Fig. 1B). Media were
exchanged with normoxic or hypoxic medium or mixed (1:1)
with CM from Renca cells maintained in appropriate aerobic
conditions and further cultured in normoxia and hypoxia for
48 h. Cells were washed by PBS, harvested using Accutase (Bi-
olegend, USA), and used for protein isolation.

Western blotting

RIPA buffer, containing inhibitors Cocktail (both Ther-
moFisher Scientific, USA) was used to lyse cells. Twelve mi-
crogram of total protein, measured by BCA assay, was sol-
ubilized in Laemmli sample buffer (AlfaAesar, USA). Sam-
ples were separated on 12% polyacrylamide gel and then
transferred onto nitrocellulose membranes (BioRad, USA).
Non-specific binding was reduced by a blocking step in 5%
skimmed milk (2 h at RT—room temperature). Membranes
were incubated overnight at 4 °C in the presence of a so-
lution containing primary antibodies (Table 1), then mem-
branes were incubated for 2 h with the relevant secondary
antibody diluted 1:10 000 (Goat Anti-Rabbit IgG Antibody or
Horse Anti-Mouse IgG Antibody conjugated with horseradish
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peroxidase (HRP)—both from Vector Laboratories, USA). Reac-
tive bands were revealed by reaction with enhanced chemi-
luminescence substrate (Santa Cruz Biotechnology, USA) and
visualized using X-ray films (Carestream Health USA). Quan-
tification of the integrated optical density (IOD) of the bands
was performed using analysis software Image]. In quantita-
tive analysis, the relative IOD of target proteins was normal-
ized to IOD of Vinculin. Due to the different levels of proteins,
the membranes were cut horizontally, what allowed to adjust
the incubation time with the substrate to the expression level
of particular protein.

Real-time PCR

Total RNA was extracted from Renca and B16 F10 cells
cultured in normoxia and hypoxia using RNeasy Mini Kit
(Qiagen, Germany). The samples were freed from DNA us-
ing TURBO DNA-free kit (ThermoFisher Scientific, USA) and
RNA quality and concentrations were assessed by measuring
the absorbance at 230 nm, 260 nm, and 280 nm using the
pnDrop plate in Multiskan™ GO microplate spectrophotome-
ter (ThermoFisher Scientific USA). For cDNA synthesis, 2 ug of
total RNA was used for reverse transcription reaction (High-
Capacity cDNA Reverse Transcription Kit; ThermoFisher Sci-
entific, USA) and the product was diluted 3x. Real-time
PCR was performed using TagMan™ Gene Expression Mas-
ter Mix (Thermo Fisher Scientific, USA) with TagMan probes
(all from ThermoFisher Scientific: Vegf-a: Mm00437306, Hif-
1a MmMO00468869, Pten Mm00477208, Akt Mm00437306, Actinf
MmO02619580). Reactions were run on Bio-Rad CFX384 qPCR
System or CFX Connect qPCR System (BioRad). The relative
mRNA level was calculated with 2% method, with normal-
ization to the expression of Acting as a house-keeping gene.

Flow cytometric detection of PTEN

Renca cells, after culture in normoxia or in hypoxia were
washed and stained for 20 min at RT (room temperature)
using LIVE/[DEAD™ Fixable Green Dead Cell Stain Kit, for
488 nm excitation (ThermoFisher Scientific, USA), which re-
acts with free amines both in the cell interior and on the
cell surface in dead cells, yielding intense fluorescent stain-
ing. In viable cells, the dye’s reactivity is restricted to the
cell-surface amines, resulting in less intense fluorescence. Af-
ter washing steps cells were fixed using Fixation Buffer (1:1,
v[v) for 10 min on ice, then permeabilized using ice-cold Per-
meabilization Buffer (both from Millipore’s Muse™ Dual De-
tection kits, Merck Millipore, USA) for 10 min on ice. In-
tracellular staining was performed using PE-labeled mono-
clonal mouse anti-PTEN IgG antibody (Cat No. 560002, BD Bio-
science, Switzerland; diluted 1:25). All samples were analyzed
using CytoFLEX Flow Cytometer (Beckman Coulter, USA).

PTEN immunofluorescent staining

Renca cells were cultured on glass coverslips as described
in Cell cultures in normoxia and hypoxia. Next, cells were fixed
by 4% (w/v) paraformaldehyde solution in PBS for 10 min, per-
meabilized with Permeabilization Buffer (Millipore’s Muse™
Dual Detection kits, Merck Millipore, USA) blocked with 5%
BSA in PBS[0.01% Triton X-100 for 1 h at RT, and incubated
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Fig. 1. Effect of hypoxia on PTEN expression in B16 F10 and Renca cells. (A) Relative to Acting expression of PTEN gene (n > 3;
t Student test for B16 F10; Mann-Whitney test for Renca). (B) PTEN and pPTEN detection by Western blots with Vinculin
as loading control in Renca and B16 F10 cells cultured in normoxia and hypoxia. (C) Quantification of the PTEN expression
relative to Vinculin level “P < 0.05, **P < 0.01 (n > 3; Mann-Whitney test). (D) Quantification of ratio pPTEN to PTEN *P < 0.05,
P < 0.01 (n = 3; t Student test for B16 F10; Mann-Whitney test for Renca). (E) Representative flow cytometry histograms of
PTEN detected in Renca cells cultured in normoxia and hypoxia. (F) Detection of PTEN by immunofluorescence staining in
Renca cells cultured in hypoxia (right panel) as compared to normoxia (left panel) (scale bar: 20 um).
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Table 1. Primary antibodies used in Western Blot.
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Target Dilution Cat No. Company
PTEN 1:750 9556 Cell Signalling Technology
AKT 1:700 sc-5298 Santa Cruz Biotechnology
p53 1:1000 2524 Cell Signalling Technology
MDM2 1:1000 MA1-24755 ThermoFisher Scientific
Vinculin 1:1000 5c-59803 Santa Cruz Biotechnology
Histone H3 1:1000 4499 Cell Signalling Technology
PPTEN (Ser380/Thr382/383) 1:1000 9549 Cell Signalling Technology
PAKT (Ser473) 1:1000 MAB887 R&D System
PI3K 1:1000 5c-365404 Santa Cruz Biotechnology
pMDM2 (Ser166) 1:1000 3521 Cell Signalling Technology
Claudin1 1:1000 13255 Cell Signalling Technology
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with a primary mouse monoclonal anti-PTEN IgG (Cat No.
9556, Cell Signaling Technology, USA; diluted 1:200 in block-
ing solution) at 4 °C overnight in a humidified chamber. Then
cells were incubated with secondary Alexa-Fluor (AF) 488-
conjugated goat antimouse IgG (1:200) (Jackson ImmunoRe-
search, United Kingdom) for 1 h at RT. Negative controls
were obtained by using the secondary antibodies only. Nuclei
were stained with DAPI using EverBrite™ Hardset Mounting
Medium (Biotium, USA). Images were acquired using a Zeiss
AxioObserver.7 fluorescence and inverted microscope (20x
magnification) and analysis performed with the Zen 2.6 blue
edition software (Zeiss, Germany).

Isolation of cytoplasmic and nuclear protein
fractions

Renca cells after culture in normoxia or in hypoxia were
washed with PBS; cytoplasmic and nuclear fractions were
isolated using Nuclear and Cytoplasmic Extraction Reagents
(ThermoFisher Scientific), according to the manufacturer’s
protocol. Lysed fractions were used for PTEN detection by
Western Blot. Ponceau staining and specific loading controls
for the fractions—Vinculin for total sample and cytoplasmic
fraction and Histone H3 for nuclear fraction—were used to
calculate IOD.

Pseudo tube formation for angiogenesis activity
assessment

A total of 96-well plates were coated with 60 uL per well of
Growth Factor Reduced Matrigel (Merc, Sigma-Aldrich, USA).
20 000 MBr MEC FVB (calcein stained) or 25 000 MAGEC 11.5
cells per well were seeded in basal medium OPTI MEM 2%
FBS (control) or medium OPTI MEM 2% FBS mixed with CM
from Renca cells cultured in normoxia or hypoxia (1:1). The
formation of tube-like structures was observed by video mi-
croscopy, using an inverted Microscope Zeiss AxioObserver.7
(Zeiss, Germany), in real time. After 4 h, photographs were
taken of each well. Number of nodes and junctions were ex-
amined using Image] Angiogenesis software (in cooperation
with dr Maria Paprocka, Ludwik Hirszfeld Institute of Im-
munology and Experimental Therapy, Polish Academy of Sci-
ences, Wroclaw, Poland).

VEGF quantification by ELISA

Level of VEGF was measured in supernatants from cells
cultured in normoxic and hypoxic conditions using commer-
cially available enzyme-linked immunosorbent assay, specific
for natural and recombinant mouse VEGF (ELISA, R&D Sys-
tems, USA). The test was carried out according to the sup-
plier’s guidelines. The results were normalized to 10° cells.

Mbr MEC FVB monolayer permeability
assessment

MBr MEC FVB monolayer permeability was assessed in the
presence of CM form Renca cells cultured in normoxia and
hypoxia. A model of the blood brain barrier and a permeabil-
ity test was performed according to Wilhelm et al. (Wilhelm
et al. 2011). Briefly, MBr MEC FVB were seeded on collagen
IV and Fibronectin-coated 0.4 umol/L Transwell filters. After
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reaching confluence, factors increasing the barrier tightness
(hydrocortisone, cAMP, RO) were added for 5 h with or with-
out CM from Renca cells. Then sodium fluorescein was added
to the upper layer of the filter and fluorescence measure-
ments were made in the lower layer after 1 h and 5 h using
FLUOstar Omega (BMG LabTech, Germany).

Cytokine secretion measurement by membrane
protein array

The secretory potential of Renca and B16 F10 cells was
measured in cell culture supernatants using Proteome Pro-
filer Mouse XL Cytokine Array (R&D Systems, USA) according
to the manufacturer’s instructions. Briefly, membranes were
blocked with Array Buffer 6 for 1 h, the CM was added to
membranes (1 mL CM with 0.5 mL Array Buffer4) and incu-
bated overnight at 4 °C. After the washing, step membranes
were incubated in Detection Biotin-labeled-antibody Cocktail
diluted in the Array Buffer 4/6 for a 1 h incubation. Wash-
ing was repeated, and then streptavidin-horseradish perox-
idase was incubated for 30 min and further allowed to re-
act with the ChemiReagent Mix. The chemiluminescent sig-
nal on the membranes was detected using X-ray films (Care-
stream Health, Rochester). Quantification of the IOD of the
spots was performed using analysis software Image]. The re-
sults were normalized to references spots and 10° cells.

Statistical analysis

Each experiment was performed at least 3 times in in-
dependent biological replicates. The results are shown as a
mean +/— SEM, where appropriate results are presented as
fold change as compared to normoxia. All statistical analyses
were performed using GraphPad Prism 9.0 software. Statisti-
cal test was chosen dependent on the Gaussian distribution
and is indicated in the figure captions.

Results

Hypoxia inhibits PTEN expression and
activation in both melanoma and RCC models
Beneficial results of ITPP treatment shown previously in
melanoma (Kieda et al. 2013) were not achieved in the kid-
ney cancer model (Supplementary Figs. S1A-S1C), using the
same dose and treatment scheme. Therefore, a comparison of
B16 F10 cells and Renca cells at the level of hypoxia-regulated
PTEN changes and pro-angiogenic potential was assessed in
vitro to identify the molecular background of different re-
sponse to treatment. Due to the diversity of PTEN functions
related to different signaling pathways and subcellular local-
ization (Fusco et al. 2020), its status and activity in tumor cells
in response to hypoxia was comprehensively determined.
PTEN mRNA in both melanoma and RCC was not signif-
icantly changed after exposure to hypoxia (Fig. 1A), while
both cell lines were characterized by a lower total amount
of PTEN protein in low pO, (what we showed previously in
Renca cells (Majewska et al. 2022) resulting in the relative
predominance of the inactive phosphorylated form—pPTEN
(Figs. 1B-1D). Hypoxic Renca cells displayed also a lower rel-
ative fluorescence intensity corresponding to PTEN expres-
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sion when assessed by microscopy (Fig. 1F); localization was
cytoplasmic and nuclear in normoxia and appeared mostly
nuclear in hypoxic cells. This was confirmed when cytosolic
and nuclear fractions were checked separately by Western
blot (Supplementary Figs. S2A and S2B). PTEN downregula-
tion in hypoxia was also confirmed by flow cytometry anal-
ysis (Fig. 1E). PTEN + cells in normoxia were estimated at
about 56.87% (+0.78%) and in hypoxia 45.54% (+1.1%). As a
permeabilization kit for cytoplasmic staining was used, it
cannot be excluded that the unstained population may con-
tain PTEN + cells with nuclear localization only.

Hypoxia-induced PTEN downregulation
distinctly affects the PI3K/AKT pathway in
melanoma and the MDM2/p53 axis in RCC cells

Despite a similar response to low pO; in terms of regulat-
ing PTEN level and activity, significant differences were ob-
served in the hypoxia-dependent regulation of PTEN-related
pathways between melanoma and kidney cancer models.
As the phosphatase activity of PTEN is the direct nega-
tive regulator of PI3K signaling, a main modulator for cell
growth, metabolism, and survival, the levels of PI3K and
AKT in hypoxic cells were evaluated. pAKT accumulation
upon hypoxia-induced PTEN inactivation was observed only
in melanoma cells (Figs. 2A, 2B). RCC cells did not express
detectable pAKT in both tested oxygen conditions (Figs. 2A,
2B), despite the strong upregulation of pAKT in Pten knock-
out Renca cells (Majewska et al. 2022). This may indicate that
the remaining PTEN activity in the AKT pathway is sufficient
regardless of the downregulation due to hypoxia. Akt tran-
script level was decreased in both cell lines in response to low
pO; (Fig. 2D); however, only RCC cells showed a strong ten-
dency to decrease the AKT protein level as well (Figs. 2A, 2C).
The downregulation of the Akt transcript suggests a different
pathway regulating Akt expression in hypoxia, independently
of PTEN activity. At the same time, as the total level of PI3K
protein decreased under hypoxia in both models (Fig. 2E), it
implies that the activity is here more significant than gene
expression.

As PTEN was shown to protect p53 from degradation, the
activation of this pathway was checked. Indeed, in PTEN-
reduced hypoxic cells, the downregulation of p53 mRNA was
observed (Fig. 2G), but no change in p53 inhibitor—Mdm2—
was displayed (Fig. 2H). However, as both the transcript and
protein levels of p53 were reduced, an additional transcrip-
tional regulation of p53 by low pO2 apart from PTEN-p53
direct interaction might be involved. Additionally, in Renca
cells, the pMDM2 active form of the molecule dominated over
the total MDM2, which tended to be reduced in hypoxia; this
explains the downregulation of p53 activity in addition to the
simultaneous decrease of the p53 protein level (Figs. 2F, 2I).
This effect was not observed in B16 F10 as pMDM2 was not
detected in these cells.

Hypoxia strongly influences the proangiogenic
potential of RCC cells

The differential modulation of the PTEN versus MDM2 and
P53 activity in tested cell lines prompted us to test proangio-
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genic potential of cancer cells in response to hypoxic condi-
tion. In response to low pO,, the increase of Hif-1« expres-
sion was not visible after a prolonged exposure to hypoxia
(Fig. 3A), but one of its downstream genes—Vegf-a—was up-
regulated in both cell lines (Fig. 3B). Accordingly, the level of
the VEGF-A secreted protein was elevated (Fig. 3C). The proan-
giogenic potential of cancer cells was assessed using the en-
dothelial progenitor cells (EPCs)}—MAgEC11.5—that were not
spontaneously forming pseudo-vessels in tube formation as-
say. The factors contained in CM from RCC cells stimulated
the MAgEC11.5 to form pseudo-vessels (Fig. 3D). On the oppo-
site, the factors secreted by B16 F10 cells (both in normoxic
and hypoxic conditions) did not stimulate tube formation
by MAgEC11.5, although in hypoxic-CM from B16 F10, the
concentration of VEGF-A was similar to Renca normoxic-CM
(Fig. 3C). This indicated that hypoxic RCC cells act by activat-
ing the secretion of proangiogenic factors that may recruit
endothelial progenitors (Collet et al. 2016; Klimkiewicz et al.
2017).

Additionally, the proangiogenic properties of the CM de-
rived from Renca cells were also assessed using mature
organospecific ECs derived from brain (MBr MEC FVB), as
a model of metastatic niche for RCC. The strong potential
of factors secreted by hypoxic Renca cells to form pseudo-
vessels was confirmed in the tube formation assay (Figs. 4A-
4C). The influence of factors contained in hypoxic-CM from
Renca cells had also an impact on Claudin-1 level in MBr MEC
FVB cultured with the presence of Renca CM (Figs. 4D, 4E). As
Claudin-1 is responsible for tight junctions between cells, its
decrease may explain the tendency to increase MBr MEC FVB
monolayer permeability after addition of hypoxic-CM from
Renca cells (Fig. 4F). Thus, factors secreted by RCC cells not
only strongly stimulate angiogenesis, but may also be associ-
ated with the destabilization of EC barrier function and the
formation of metastatic niches for tumor cells.

To identify the other secretory factors than VEGF-A, which
could be responsible for the higher proangiogenic activity
of Renca cells than B16 F10, the conditioned media were
assayed for the presence of 111 cytokines and chemokines.
RCC cells had a higher secretory potential and produced 16
factors at detectable level, while melanoma cells produced
only 11 such factors, considering the threshold of detec-
tion. Low pO, increased the level of most factors in both
cell lines (Figs. 5A and 5B). Proangiogenic factors present in
RCC medium only, which production was increased by hy-
poxia, were CCL2, CXCL1, FGF21, and IGFBP-6 (Figs. 5A and
5B). Factors upregulated in response to low pO, common
to both models were Osteopontin and VEGF-A, while the
distinct modulation of FGF21 and IGFBP-6 indicates the in-
volvement of other hypoxia-dependent-mechanisms than the
HIFs/VEGF-related pathways.

Discussion

In RCC, low PTEN level was associated with an unfavorable
outcome and a significant association of negative PTEN ex-
pression with poor progression-free survival was shown in
patients with metastasis and treated by antiangiogenic ther-
apy (Sunitinib and Sorafenib) (Sekino et al. 2020); however, its
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Fig. 2. Effect of hypoxia on PI3K/AKT and p53 signaling pathways in Renca and B16 F10 cells. (A) AKT, pAKT, and PI3K de-
tection by Western blots with Vinculin as loading control in Renca and B16 F10 cells cultured in normoxia and hypoxia; the
representative band for PI3K with loading control (Vinculin) in B16 F10 cells was cropped from different parts of the same
membrane; the representative band for PI3K with loading control (Vinculin) in Renca cells was obtained in the same blot as
PTEN and pPTEN presented in Fig. 1B Renca panel. (B) Quantification of the pAKT expression relative to Vinculin level (n > 3;
t Student test for B16 F10; Mann-Whitney test for Renca). (C) Quantification of the AKT expression relative to Vinculin level
(n > 3; Mann-Whitney test for B16 F10; t Student test for Renca). (D) Relative to Acting expression of Akt gene *P < 0.05 (n = 3;
t Student test). (E) Quantification of the PI3K expression relative to Vinculin level *P < 0.01 (n > 3; Mann-Whitney test for
B16 F10; t Student test for Renca). (F) p53, MDM2, and pMDM2 detection by Western blots with Vinculin as loading control in
Renca cells cultured in normoxia and hypoxia. (G) Relative to Acting expression of p53 gene “P < 0.05 (n > 3; Mann-Whitney
test for B16 F10; t Student test for Renca). (H) Relative to Acting expression of Mdm2 gene (n > 3; Mann-Whitney test). (I)
Quantification of the p53, MDM2 levels, and ratio pMDM2/MDM?2 relative to Vinculin (n > 3; Mann-Whitney test).
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prognostic value remains controversial (Tang et al. 2017). In
our study, long-term low pO; resulted in the downregulation
of PTEN, mainly in terms of its cytoplasmic localization in
Renca cells. The pPTEN/PTEN ratio increased in both RCC and
melanoma cells, as also shown in lung cancer cells (Kohnoh et
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al. 2016). The global amount of pPTEN remained unchanged
in both oxygen conditions and simultaneously, no effect of
hypoxia was observed at the level of transcript. It suggests
that the PTEN decrease due to hypoxia could be mediated
by protein degradation, especially as shown previously, PTEN
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Fig. 3. Hypoxic response in melanoma and RCC models and impact on EPC’s ability to form angiogenesis. (A) Relative to Actinpg
expression of Hif-1« gene in B16 F10 and Renca cells culture in normoxia and hypoxia (n > 3, Mann-Whitney test). (B) Relative
to Acting expression of Vegf-a gene in B16 F10 and Renca cell culture in normoxia and hypoxia, “*P < 0.01 **P < 0.001 (n > 3,
Mann-Whitney test) shown as a fold change relative to normoxia. (C) Quantification of the VEGF-A secretion by B16 F10 and
Renca cells cultured in normoxia and hypoxia measured by ELISA (normalized to 106 cells), **P < 0.001 ****P < 0.0001 (n = 3;
t Student test). (D) The images show tube-like structures formed by MAgEC 11.5 with or without the presence of normoxic- or

hypoxic-CM from B16 F10 or Renca cells (scale bar: 100 pum).
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ubiquitinating enzymes (including Nedd4-1 and XIAP) are in-
duced by low pO, (Yalcin et al. 2019), while PTEN deubiquiti-
nating enzyme, ubiquitin C-terminal hydrolase 13 (USP13) is
reduced (Geng et al. 2015). However, PTEN downregulation,
induced by hypoxia, was not potent enough to induce concur-
rent PI3K activation and consequently led to pAKT accumula-
tion in RCC cells, what is usually observed upon PTEN down-
regulation (Jung et al. 2013; Majewska et al. 2022). On the con-
trary, in both cell lines, level of total PI3K was significantly re-
duced; however, pAKT was increased in melanoma cells only.
Considering the fact that hypoxia permitted us to evidence
new mechanisms that are not discovered in commonly used
normoxic conditions, the present hypoxia-mediated differ-
ences in both models related to the canonical roles of PTEN,
prompting us to deepen the approach of other PTEN-related
pathways.

PTEN directly regulates p53; it mediates p53 stabilization
independently of PI3K/AKT/MDM?2 and this interaction in-

+ Hypoxic-CM

creases p53 transcriptional activity (Freeman et al. 2003).
Possibly the observed lower amount of PTEN resulted in
an increased degradation of p53 mRNA in hypoxic cells. As
AKT was shown to promote p53 degradation (Ogawara et al.
2002), it could mediate additional p53 down-regulation in
melanoma cells. This mechanism was not activated in RCC
cells but p53 expression was reduced by low pO,, suggest-
ing a PTEN-independent regulation. In Renca cells, PTEN may
act principally through the MDM2-dependant regulation of
P53, while in B16 F10 cells regulation occurs predominantly
through the pAKT activation. Hypoxia-induced changes in
PTEN-related pathways differ in melanoma and RCC models
that may cause differences in the expression therapeutic tar-
gets between both tested models and consequently their dif-
ferent responses to treatment of these cancer types.

To further understand the variances displayed by those two
cell lines, in response to low pO,, their proangiogenic poten-
tial was studied comparatively. After exposure to hypoxia, a
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Fig. 4. Influence of hypoxia-induced factors secreted by Renca cells on MBr MEC FVB functions. (A) Tube-like structures formed
by calcein-stained MBr MEC FVB with or without the presence of normoxic- or hypoxic-CM from Renca cells (scale bar: 100 pm).
(B and C) Quantification of the ability to form a pseudo-vessels by calcein-stained MBr MEC FVB with and without the presence
of CM from Renca cells, measured by the number of nodes, *P < 0.01, “**“P < 0.0001 (n = 3; one-way Anova). (D) Claudin1
detection in MBr MEC FVB cells cultured in normoxia and hypoxia with or without CM from Renca cells by Western blots with
Vinculin as a loading control. (E) Quantification of the Claudinl expression in MBr MEC FVB cells cultured in normoxia and
hypoxia with or without CM from Renca cells relative to Vinculin level P < 0.05 (n >; one-way Anova) shown as a fold change
relative to normoxia. (F) Permeability coefficient measured in MBr MEC FVB monolayer in the presence of factors derived from

Renca cells, measurement after 1 and 5 h.

A B

Nodes Junctions
ok ko
[+2] ook ok ok
z 1500 K 400 ok
£o — /i
€ lél bkl 3004 FFkk
Ox B 1000 5 Claudin1
s E £ 200
Z 500 = Vinculin
100
+ 3
g L ) 0 )
= O
3 E o\‘-d(}&dc}& &@ 'O@ ,cﬁ
s @ $° & & §F g E '
sz &L &L Claudin1
=8 NS & R
=5 - _ 20 *
@« F MBr MEC FVB monolayer permeability %
T C s
- * o=
@ 0.00005 23
[ = 1h §E
= | = 0.00004 5h 5310
+3 € 000 = 2%
o 29
3] £ 000003 2 205
Q § ©
§ T > 0.00002 240
o =
?g % g 0.00001 6\.& 0’0@ Qo-i-@d\“
@ AR
& 0.00000 S X Q°+
O

strong increase in VEGF-A expression and secretion was ob-
served in both tested models, which is characteristic of long-
term hypoxia after stabilization of HIF1a (Calvani et al. 2012).
‘We show that the factors secreted by RCC cells can mobilize
EC progenitors to form pseudo-vessels rapidly (4 h), and this
effect is stronger for factors secreted in hypoxia. Melanoma
cells were not potent to induce this effect, even when pro-
angiogenic of VEGF was produced. Nevertheless, it was shown
that melanoma cells in 3D culture actively recruit preferen-
tially early EPCs, as opposed to differentiated ECs (Collet et
al. 2016; Klimkiewicz et al. 2017). Here, the strong proan-
giogenic effect of RCC was also demonstrated using mature
organospecific ECs. Indeed, Renca cell-derived products were
able to induce angiogenesis ability of MBr MEC FVB in vitro,
which was further intensified by exposure to low pO,. Hy-
poxic RCC CM additionally affected ECs by downregulation
of Claudin1. Repression of Claudin1, a tight junction protein
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(Sladojevic et al. 2019), could mediate endothelium leakage
as it increased ECs’ monolayer permeability after exposure
to hypoxic RCC CM. Oversecretion of pro-angiogenic factors
by RCC cells in hypoxia deregulated EC activity and conse-
quently led to pathological angiogenesis, which is a hallmark
of cancer (Huang et al. 2019). Differences in pro-angiogenic
properties of melanoma and RCC cells pointed to several fac-
tors produced by Renca cells and upregulated in low pO, as
opposed to B16 F10 cells. Among them, CCL2 (MCP-1), CXCL1,
FGF21, and IGFDP-6 are well described pro-angiogenic factors,
mostly hypoxia-induced (Stamatovic et al. 2006; Mojsilovic-
Petrovic et al. 2007; Huang et al. 2019; Ma et al. 2021). CXCL1,
highly expressed in hypoxia in Renca cells, plays a key role in
angiogenesis, by affecting EC proliferation and migration (Ma
et al. 2021). The value of FGF21 in the mobilization and infil-
tration of EPCs into ischemic tissues has been demonstrated
in diabetes model (Dai et al. 2021). CCL20, secreted only by
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Fig. 5. Secretory potential of B16 F10 and Renca cells cultured in normoxia and hypoxia in relation to angiogenesis. Heat
maps of results from Cytokine Membrane Array showing the secretory potential of (A) B16 F10 and (B) Renca cells cultured in

normoxia and hypoxia.
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Renca cells, but stable between oxygen conditions, is a direct
proangiogenic factor for cells that possess the CCR6 recep-
tors as ECs from the macro and microvasculature (Collet et
al. 2016; Klimkiewicz et al. 2017; Benkheil et al. 2018). No-
ticeably, Osteopontin, which is an ECM (ECM) glycoprotein
with many modulating functions, is here highly induced by
hypoxia in both models indicating a common influence on
the migration abilities of the cancer cells in low pO, microen-
vironment (Zhao et al. 2018). Osteopontin induces angiogen-
esis through activation of PI3BK/AKT and ERK1/2 in ECs (Dai et
al. 2009); however, the PI3K/AKT pathway was differentially
regulated in both tested models. Thus, the pro-angiogenic po-
tential and hypoxia-mediated EC-activating capacity differ be-
tween RCC and melanoma models.

Stable, long-lasting vessel normalization is a promising
therapeutic approach with proven effects in the melanoma
model (Kieda et al. 2013), but not in RCC. The application
of the dose and schedule of ITPP treatment effective in
melanoma did not achieve positive results in RCC. Differ-
ences in hypoxia-dependent PTEN dysregulation and proan-
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giogenic response, observed in vitro in this study, may be cru-
cial to the treatment outcome. The growth of Renca tumors
and the need to discontinue the in vivo experiment (due to
animal welfare related to the size of tumors), but also the
potential inappropriate dose adjustment to the dynamic of
the tumor, could have had a significant impact on the ITPP
efficacy. Therefore, the differences on cellular and molecular
level in various cancer cells need to be taken into account not
only when choosing the therapy target, but also when design-
ing the scheme of intervention to identify proper treatment
window.

Conclusions

The similar response of PTEN activity (decrease PTEN and
domination of pPTEN) in hypoxia observed in RCC and
melanoma led to completely distinct molecular responses.
Moreover, the pro-angiogenic potential of both cell types is
different. These differences may be of key importance for the
vessel normalization approaches to select proper treatment
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attitude. It points to the necessity of controlled vascular nor-
malization in such highly angiogenic tumor as RCC.
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Abstract

Background PTEN is a tumor suppressor that is often mutated and nonfunctional in many types of cancer. The high hetero-
geneity of PTEN function between tumor types makes new Pten knockout models necessary to assess its impact on cancer
progression and/or treatment cutcomes.

Methods We aimed to show the effect of CRISPR/Cas9-mediated Pren knockout on murine melanoma (B16 F10) and kid-
ney cancer (Renca) cells. We evaluated the effect of PTEN deregulation on tumor progression in vivo and in vitro, as well
as on the effectiveness of drug treatment in vitro. In addition, we studied the molecular changes induced by Pten knockout.
Results In both models, Pren mutation did not cause significant changes in cell proliferation in vitro or in vivo. Cells with
Pten knockout differed in sensitivity to cisplatin treatment: in B 16 F10 cells, the lack of PTEN induced sensitivity and, in
Renca cells, resistance to drug treatment. Accumulation of pAKT was observed in both cell lines, but only Renca cells showed
upregulation of the p53 level after Pten knockout. PTEN deregulation also varied in the way that it altered PAI-1 secretion
in the tested models, showing a decrease in PAI-1 in B16 F10 Pten/KO and an increase in Renca Pten/KO cells. In kidney
cancer cells, Pren knockout caused changes in epithelial to mesenchymal transition markerexpression, with downregulation
of E-cadherin and upregulation of Snail, Mmp9, and Acra2 («-SMA).

Condusions The results confirmed heterogenous cell responses to PTEN loss, which may lead to a better understanding of
the role of PTEN in particular types of tumors and points to PTEN as a therapeutic target for personalized medicine.

Keywords Cisplatin - Melanoma - PAI-1 - PTEN - RCC
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Introduction
PTEN (phosphatase and tensin homolog deleted from chro-
mosome 10) is an important factor that regulates many of

the processes related to tumor development and progression.
It is estimated that approximately 13.5% of human cancers
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have PTEN-altered function or mutation [1]. The dysregu-
lation of PTEN activity can be associated with many fac-
tors, including genetic alteration, post-transcriptional and
post-translational modifications, or interactions with other
proteins [2]. The main role of PTEN is associated with its
lipid phosphatase activity, which acts as a negative regulator
of PI3K/AKT signaling, affecting many basic processes of
survival, growth, proliferation, angiogenesis, metabolism,
and migration [3-5]. PTEN can also act in a lipid-phos-
phatase-independent manner, which is related to its localiza-
tion in the cell [6]; nuclear PTEN affects DNA repair, cell
cycle regulation, and chromosome stability [7, 8]. PTEN is
known to interact with the other main tumor suppressor, p53.
PTEN—p53 mutual regulation may occur at the transcrip-
tional and protein levels, affecting major processes in cancer
progression [8, 9]. Multifunctional PTEN activity is also
crucial in modulating the tumor microenvironment (TME}),
affecting not only cancer cells but also additional features
of the TME—immune response and angiogenesis [10, 11].

The diversity of PTEN cellular locations, corresponding
to distinct functions with consequences for tumor progres-
sion, together with the possibility of various modifications
of its expression and activity, makes the prognostic value of
PTEN largely unknown [12]. Substantial evidence indicates
that low PTEN levels correlate with poorer patient survival
rates. In melanoma patients, the loss of PTEN expression
correlates significantly with decreased overall survival and
a shorter time to brain metastasis formation [13]. Similar
results have been documented in other types of cancer,
where PTEN loss was associated with increased aggressive-
ness, metastasis, and poorer prognosis (breast cancer [14],
ovarian cancer [15] and hepatocellular carcinoma [16]). In
glioblastoma, PTEN levels affected tumor differentiation and
prognosis, but the impact of PTEN mutations was restricted
to highly malignant tumors only [17]. Inconsistencies have
also been found in kidney cancer—two independent meta-
analyses showed different results: a significant effect of
PTEN lkevels on tumor progression [18] and a low predictive
value [19] in renal cell carcinoma (RCC) patients.

In addition to the effects of PTEN on cancer progres-
sion, it is also known to modulate sensitivity to different
types of treatment. PTEN mutations caused resistance to
radiotherapy and chemotherapy of prostate cancer cells by
hyperactivating the AKT pathway [20]. In non-small cell
lung carcinoma (NSCLC) models, PTEN loss contributed to
radio-resistance, affecting the signaling pathways of DNA
damage [21]. Resistance to cisplatin, a chemotherapeutic
that causes DNA damage-mediated apoptotic signals, was
observed in ovarian cancer cells after PTEN knockout (KO)
[22]. A PTEN mutation in endometrial cancer cells resulted
in drug resistance to docetaxel, a cell division inhibitor [23].
The loss of PTEN caused resistance to apoptosis by activat-
ing the anti-apoptotic mechanisms mediated by MDM2 in
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acute lymphoblastic leukemia models [24]. In kidney cancer,
PTEN alteration affected resistance to the tyrosine kinase
inhibitors (TKIs) sunitinib and sorafenib, drugs primarily
targeting tumor angiogenesis [25]. In melanoma, it was
reported that PTEN loss promoted immune resistance and
caused inferior outcomes of PD-1 (programmed death-1)
inhibitor therapy [26]. PTEN's miscellaneous roles in the
response to various treatments are strictly related to its mul-
tifunctionality in targeting distinct signaling pathways and
cellular processes.

Thus, the high heterogeneity of tumor responses to PTEN
dysregulation and its importance in key tumor progression
processes make new PTEN knockout models necessary.
Here, we aimed to establish stable murine melanoma B 16
F10 and kidney cancer Renca cells with a loss of PTEN
function to investigate the significance of this manipulation
in tumor progression, molecular changes, and responses to
treatment.

Materials and methods
Cell lines

Murine kidney cancer cells (Renca) were purchased from
ATCC (Cat# CRL-2947, LOT# 63,226,315 ATCC, USA).
Murine melanoma cells (B16 F10) were kindly gifted by
Prof. Jézef Dulak from the De partment of Medical Biotech-
nology, Faculty of Biochemistry, Biophysics, and Biotech-
nology, Jagiellonian University, Cracow, Poland (authenti-
cated by the ATCC Cell Authentication Service in 2021).
The profiles of the B16 F10 samples were the same in 97%
of cases as the reference profile ATCC MUSA0QS830. Both
cell lines were cultured in RPMI- 1640 GlutaMax™ medium
(Thermo Fisher Scientific, Waltham, MA, USA), with
10% fetal bovine serum (FBS) (Thermo Fisher Scientific,
‘Waltham, MA, USA) and regularly checked for the presence
of mycoplasma using PCR assay (Biomedica, Poland).

The CRISPR/Cas9 system was used to knock out Pren
expression in melanoma cells using the same protocol as
that used in the Renca cell line that was described previously
[27]. The same pSpCas9(BB)-2A-Puro(PX459)V2.0 (Gene
Script, Piscataway, NJ, USA) plasmids, containing gRNA s
targeting Pren (gRNAL: CCAATTCAGGACCCACGC
GGCGG, gRNA2:GAACTGTCCTCCCGCCG-CGTGG),
were used to transfect the B16 F10 cells. Cas9 nuclease
only was used as a control (WT-wild type): the cells were
transfected with empty plasmid and treated with the same
protocol as the Pten-modified cells.

The cells were seeded in 24-well plates 24 h prior to
transfection (1.25x 10* per well), allowing them to adhere
to the surface of the well. Five hours before transfec-
tion, the cells were starved with a medium without FBS.
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Transfections were performed using Lipofectamine 2000
transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. The
selection of plasmid-containing cells was performed using
puromycin (5 pg/mL; Thermo Fisher Scientific, Waltham,
MA, USA; concentration established in preliminary experi-
ments as effective for elimination of both cell lines) starting
5 h after transfection and continued for another 48 h. Cells
treated with Lipofectamine 2000 only served as a control
for selection with puromycin. Surviving cells transfected
with Pren or control plasmids were used to limit dilution
cloning. A single clone where Pten knockout was confirmed
by no detection of protein using western blotting and the
sequencing of the exon 7 fragment was selected. A WT
control clone was selected randomly and sequenced to con-
firm no effect on the Pten gene. Detailed sequencing data
of the obtained clones were prepared using the Mutation
Surveyor® software and are presented in Supplementary
Fig. 1. The sequences of both types of cells were compared
to the original cells before transfection (termed Renca and
B16 F10). Cells with Pten knockout are henceforth referred
to as Pten/KO cells, while negative controls (transfected with
empty plasmids) are referred to as Pren/WT.

In vivo experiments

To verify the effect of Pten knockout on tumor growth
in vivo, Renca or B 16 F10 cells in the Pten/WT and Pren/
KO variants were implanted subcutaneously into the legs
of mice—Renca into BALB/c and B16 F10 into C5TBL&,
respectively. The mice were obtained from the Medical Uni-
versity of Bialystok, Poland. The animal care and experi-
mental procedures were approved by the Second Warsaw
Local Ethics Committee for Animal Experimentation
(approval no. WAW2/76/2017) and performed following
Directive 2010/63/EU regulations. The mice were housed
in a controlled environment (12 h light / 12 h dark cycle)
with ad libitum access to tap water and a fully-fledged diet.

Details about the Renca cells implanted into BALB/c
mice have been shown previously [27]. Melanoma cells—
B16 F10 (2% 10° cells) with Matige]™ (Corning, NY,
USA) diluted 1:3 in PBS—were implanted into the legs of
six- to eight-week-old female C57TBL6 mice as subcutane-
ous tumors. After 22 days of tumor growth, the mice were
euthanized, and the tumors were weighed and measured.
Fragments of tumor tissue were used for RNA isolation. The
experiment was performed using two separate sets of ani-
mals, each containing four mice.

Assessment of susceptibility to treatment

The Pren/WT and Pten’/KO cells of both tested models
were cultured in standard conditions: 37 °C; 21% pO,: 5%
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C0,. To assess the resistance to cisplatin (Sigma-Aldrich,
Darmstadt, Germany ) and sunitinib (Sigma-Aldrich, Darm-
stadt, Germany) treatments, experiments were performed
in 96-well plates. Cells were seeded (5 000 cells per well
Renca; 1 500 cells per well B16 F10) and cultured for 24 h,
and the medium was exchanged to remove unadhered cells.
After an additional 24 h, drugs were added at their final
concentrations—cisplatin: 2.50, 3.75, 5.0, 7.5, 10.0, 15.0,
20.0, and 24.0 pM; sunitinib: 1.875, 2.5, 3.75, 5.0, 7.5, 10.0,
and 15.0 pM. Cell viability was checked after 48 h of cul
ture with the drug using Alamar Blue assay (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufac-
turer’s protocol. Fluorescence was measured using a Vari-
oScan Lux (Thermo Fisher Scientific, Waltham, MA, USA),
and the results are presented as a percentage of the untreated
control. The IC50 dose (half-maximal inhibitory concentra-
tion) was calculated using GraphPad Prism 9.0.

Colony formation assay

The soft agar colony formation test was performed on
24-well plates coated with 1.5% agar. Renca cells (Pren/WT
and Pren/KO) were seeded on the 1.5% agar layer at a very
low density (200 cells per well resuspended in 0.6% agar in
RPMI 1640 10% FBS). A full medium was applied above
the cell-agar layer to avoid drying. The cells were cultured
for another three weeks under standard oxygen conditions:
37 °C; 21% pO,; 5% CO,. The formed colonies were fixed
and stained with crystal violet. The number and average size
(diameter [cm]) of the colonies were estimated using Imagel
software.

Protein detection using western blot

Proteins for western blot were collected from cells cultured
in T75 flasks, detached with Accutase solution (Biolegend,
USAY}, washed twice with PBS, and lysed with RIPA buffer
containing Cocktail inhibitors (both from Thermo Fisher
Scientific, Waltham, MA, USA). Total protein concentra-
tion was assessed by BCA assay. Twelve micrograms (12
pg) of protein were solubilized in a Laemmli sample buffer
(AlfaAesar, Haverhill, MA, USA), separated on 12% poly-
acrylamide gel, and transferred onto nitrocellulose mem-
branes (BioRad, Hercules, CA USA). Proteins were detected
on the membranes using Ponceau S staining. Nonspecific
binding was diminished by a blocking step in 5% skimmed
milk (2 h; room temperature). Membranes were incubated
overnight at 4 °C in the solution of primary antibodies
(Table 1) and then incubated for a further 2 h at room tem-
perature, with the relevant secondary antibody conjugated
with horseradish peroxidase (HRP) (Table 1). Bands were
detected using Luminol as an HRP substrate {Santa-Cruz,
CA, USA) with X-ray films. Quantification of the integrated

) Springer



K. Brodaczewska et al.

Table1 List of antibodies used

in Western Blot Antibody #Cat Number Diilution
anti-AKT #8c-5208, Santa Croz Biowechnology 1700
ant-PTEN #9549, Cell Signalling Technology 1750
anti-pAKT #MABRET, R&D System, USA 1:1000
anti-Snail #3879 Cell Signalling Technology 1:1000
antp33 #2524, Cell Signalling Technology 1:1000
anti-E-cadherin #3195, Cell Signalling Technology 1:1000
anti-Vinculin (loading control) #sc-59803, Santa Croz Biotechnology 1:1000
anti-Rabbit IgG Antibody (secondary antibody) #PL-1000 Vector Laboratories, USA 1:10000
anti-Mouse IgG Antibody (secondary antibody ) #P1-2000 Vector Laboratories, USA 1:10 000

optical density (IOD) of the bands was calculated using
Image] software and normalized to the IOD of the loading
control protein Vinculin.

Gene expression assessment by qRT-PCR

RNA was isolated from fragments of tumor tissue or cells
cultured in T75 flasks using the column method (RNeasy
Mini Kit: Qiagen, Germany ). The samples were freed from
DNA using the TURBO DNA-free kit (Thermo Fisher
Scientific, USA), and reverse transcription was performed
using 2 pg of total RNA for the tumor samples and 1.5 pg
for the cell culture samples (High-Capacity cDNA Reverse
Transcription Kit; Thermo Fisher Scientific, USA). Real-
time PCR was performed using TagMan™ Gene Expres-
sion Master Mix with TagMan probes (all from Thermo
Fisher Scientific, USA; listed in Table 2), or using Pow-
erUp SYBR Master Mix (Thermo Fisher Scientific, USA)
with the primers listed in Table 2. Reactions were run on
a Bio-Rad CFX 384 gPCR system (BioRad, Hercules, CA,
USA). The relative mRNA levels were calculated using the

2{-Delta C[T]) method, with normalization to the expression
of f-Actin as a housekeeping gene.

Detection of VEGF-A and PAI-1 secretion

The levels of VEGF-A (vascular endothelial growth fac-
tor A) and PAI-1 {plasminogen activator inhibitor 1) were
measured in conditioned media from Pren/WT and Pren/
KO B16 F10 and Renca cells using commercially available
enzyme-linked immunosorbent assays Mouse VEGF Duo-
Set ELISA and Mouse PAI-1 DuoSet ELISA (both R&D
Systems, USA), according to the manufacturer’s protocol.
Concentrations were calculated against the standard curve
using recombinant proteins provided in the kits. Absorbance
(450 nm) was measured using a VarioScan Lux (Thermo
Fisher Scientific, Waltham, MA, USA).

In vitro experiments in hypoxic conditions
To assess Pren/WT and Pren/KO cells” susce ptibility to cis-

platin treatment in hypoxia (1% p0,), cells were seeded in
96-well plates under standard oxygen conditions and allowed

Table 2 List of TagMan probes

TagMan probe: 15
and primers sequences uscd in ™ ¢ (Assay ID)
reaktime PCR Vegfa MmD0437306
Pien Mom0477 208
Akt! Mmd0437306
pi3 Mm1731287
HFActin Mmd2619580
Primers sequences
Forward Reoverse
Serpine! (PAT-1) CCTOCACAGCCTTTGTCATCT TTCGTCCCAAATGAAGGCGT
Mmp9 CAGCCGACTTTTGGTCTIC COOTACAACTATGCCTCTGCCA
Acra? (=-5MA) CTTCGTGACTACTGCCGGAGC AGGTGGTTTCGTGGATGCC
HActin CCTAGGCACCAGGGTGTGA GTTGGCCTTAGGOTICAGOG
Vegfr2 AAACAAAACTGTAAGTACGCTGGTC GCAGCAGGTTGCACAGTAATTT
€ Springer
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to adhere to the culture surface. After 24 h, the medium
was changed to a pre-equilibrated hypoxic medium, and the
cells were cultured in an X Vivo X3 workstation (Biospherix,
USA) in 1% pO, and 5% CO, at 37 °C for a further 24 h.
Next, cisplatin was added at the final testing concentrations,
as previously used in normoxic conditions, and Alamar Blue
was used, as described above. The conditioned media were
collected from cells cultured in hypaxia for 72 h without
drugs, and PAI-1 secretion was detected using a Mouse
PAI-1 DuoSet ELISA (R&D Systems, USA), as described
above.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 9.0 software. The normality of the data distribution
was checked using the Shapiro-Wilk's test. Student’s t-test
or the Mann—Whitney U test were used where applicable.
The data are expressed as the mean +standard error of the
mean (SEM) for parametric data or as box plots with medi-
ans for non-parametric data. Detailed information is pro-
vided in the figure captions.

Results

Pten knockout does not affect melanoma or kidney
cancer progression

To determine the effect of PTEN on melanoma and kidney
cancer progression, CRISPR/Cas9-mediated Pten knockout
maodels were developed. The morphology and PTEN pro-
tein levels of the B16 F10 cells are presented in Fig. 1A,
while data concerning kidney cancer (Renca) cells were
shown previously [27]. In both models, the Pten muta-
tion did not cause significant changes in cell proliferation
in vitro (Fig. 1B), measured as the changes in fluorescence
in the Alamar Blue assay. A lack of Pren/KO impact on cell
proliferation and survival in kidney cancer cells was also
demonstrated in the colony formation assay (Fig. 1C-E): no
changes were observed in the size or number of colonies
formed in the soft agar.

As the TME is a complex system, and interactions
between tumor cells and other components of the TME are
important for cancer progression, the effect of Pren knockout
was also checked in the in vivo models. Subcutaneous B 16
F10 or Renca tumors, induced using Prew'WT or Prew’KO
cells, were assessed (Fig. 1F). Despite the presence of other
components of the TME, the reduced Pren expression was
maintained in the tumor mass both at the transcript (Fig. 1G)
and protein (Supplementary Figure S2A, B) levels. Although
significant changes in PTEN levels were maintained, there
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was no difference in tumor weight in both tested tumor types
{Fig. 1H).

Pten knockout causes differential changes
in cisplatin sensitivity in Renca and B16 F10 cells

Since no significant changes in the progression of Pren/KO
tumors were observed, the sensitivity of cells to antican-
cer treatment was assessed in vitro. We performed initial
experiments for drug sensitivity using cisplatin and suni-
tinib, which represent different models of action. Only
cisplatin sensitivity was affected by Pten knockout. In the
melanoma model, P ten/KO cells showed lower resistance
to cisplatin treatment than Pren/WT cells in the whole range
of tested concentrations (Fig. 2A). Based on this, the cal-
culated IC50 dose was almost two times lower for B16 F10
Pren/KQ (Fig. 2B). An inverse relationship was observed
in the kidney cancer model—the IC50 dose was higher for
Pten-mutated cells compared to wild-type cells (Fig. 2B).
No significant changes in viability were observed for suni-
tinib (Supplementary Figure S3A, B), which suggests that
the effect of Pten knockout on cell sensitivity to drugs is
closely related to the mechanism of drug action. However,
the differences between the two tested cancer types may be
related to the distinct modulation of signaling pathway s after
Pten knockout.

Pten knockout induces distinct molecular changes
in renal cell carcinoma and melanoma

To identify molecular changes in Pren/KQ cells, the levels
of proteins involved in PTEN-related signaling pathways
were assessed. In both ty pes of cancer, pAKT accumulated
in Pren/KQ cells (Fig. 3A, B). The inverse effect of Pren
mutation in melanoma and RCC was demonstrated in p53
and AKT expression. Pren/KO Renca cells had higher levels
of p53 than WT cells, while in B16 F10 cells, p53 tended
to be downregulated after Pren knockout (Fig. 3A, C). AKT
expression was reduced in Pren/KO cells in the kidney can-
cer model but not in the melanoma model (Fig. 3A, D). Such
modifications of p53, AKT, and pAKT expression as a result
of Pten knockout observed in both types of cancer were also
confirmed in vivo in the tumors (Supplementary Figure S2A,
D, E).

In addition to intracellular changes, secretory potential,
which modulates TME, may also influence distinct drug sen-
sitivity. In the tested models, Pten knockout did not cause
changes in the secretion of the main proangiogenic factor
VEGEF-A in vitro (Fig. 3E}—which may correspond to the
lack of changes in susceptibility to sunitinib (Suppleme ntary
Figure $3A, B). Also, in vivo, the expressions of Vegfia and
Vegfr2 (vascular endothelial growth factor eceptor 2) were
similar in Pren/WT and Pten/KO tumors in both melanoma
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Fig.1 Effect of Pfen knockout on melanoma and kidney cancer
growth. A Cell morphology (scale bar: 200 ym) and PTEN pro-
tein Jevels assessed by western blot in B16 F10 Pten/WT and Pren/
KO cells. B Cell proliferation d as mitochondrial activity,
after 72 h culture, of B16 F10 and Renca cells with different PTEN

shown as flu units (FU); values arc shown as the
mean +SEM; Student’s r-test (B16 F10, not significant; Renca, not
significant). C Representative photos of colony formation by Renca
Pten/WT and Pten/KO cells. D Quantification of colony mumbers
formed by Renca cells with different PTEN statuses; values are
shown as the mean + SEM; Student’s #-test (not significant). E Quan-

and renal cell carcinoma (Supplementary Fig. 4A, B).
PAI-1 was also assessed due to its TME-modulating func-
tions, which promote tumor progression [28]. PAI-1 secre-
tion, high in B16 F10 Pren/WT cells, was downregulated
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tification of colony size, measured as diameter, formed by Renca cells
with different PTEN statuses; values are shown as the mean + SEM;
Student’s r-test (not significant). F' Representative photos of B16 F10
and Renca tumors formed by cells with different PTEN statuses. G
Bax plot represents relative to f-Actin Pten expression in Pten/'WT
and Pten/KO tumor masses; middk line in box mpresents the median;
Mann-Whitney U test (BI6 F10: U=4, n;=n,=6, p-value=0.0260,
two-tailed; Renca: U=1, nj=my=6, p-value =0.0043, two-taiked). H
Weight of tumors formed by B16 F10 and Renca cells with different
PTEN statuses; values are shown as the mean+ SEM; Student’s t-test

(n=3, not significant)

by Pten/KO (Fig. 3F), which corresponds to a lower cispl-
atin IC50 dose in Pten mutations (Fig. 2B). Decreased Ser-
pinel (gene encoding PAI-1) expression was also observed
in B16 F10 Ptew/KO tumors compared to the wild-type
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Fig.2 Effect of Pren kmockout on cisplatin sensitivity in B16 F10

and Renca cells. A Viability of B 16 F10 and Renca cells with differ
ent PTEN statuses after various doses of cisplatin treaiment, meas-
ured by Alamar Blue, shown as a percentage of untreated control for

control (Supplementary Fig. 4C). This was not observed in
the Renca model due to low, close to the limit of detection,
PAI-1 secretion. However, the induction of PAI-1 secretion
by low oxygen tension (Fig. 3G) showed that Pren/KQ cells
secreted more PAI-1 than Pren/WT cells, which corresponds
to the changes in IC 30 doses for cisplatin—higher in Renca
Pren/KQO cells in hypoxic conditions (Fig. 3G-T).

Pten knockout induces epithelial-to-mesenchymal
transition in Renca cells

In the kidney cancer model, Pten knockout caused changes in
cell growth and morphology—cells became more dispersed
without forming tight groups (Fig. 4A). This prompted us
to investigate the effect of PTEN downregulation on the
induction of e pithelial-to-me senchy mal transition (EMT).
Pten/KO Renca cells were characterized by a lower level
of E-cadherin with a simultaneous increase in Snail level
(Fig. 4B, E). Compared to PrenWT cells, the expression of
Acta2 (gene encoding w-SMA ; smooth muscle alpha-actin)
and MmpQ (matrix metalloprotease 9) was upregulated in
Pren/KQ cells (Fig. 4C, D). Changed gene expression was
also confirmed in vivo; however, E-cadherin and Snail pro-
tein levels did not reach a statistically significant level of
change in the tumor mass (Supplementary Figure S5A-D).

Discussion

PTEN is a tumor suppressor [29, 30] that is among the
most often mutated genes in cancers [2]; however, its
prognostic value in most cancers remains debatable [31].
Here, we characterized the effect of Pfen knockout in two
different cancer cell models that were shown previously to
differ in PTEN-related regulation [32]. PTEN is a master
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Cisplatin [M]

each PTEN variant normalized to 100%. B K030 dose (half-maximal
inhibitory concentration) of cisplatin for different PTEN variant cells;
values are shown as the mean+ SEM; Student’s i-test (B16 F10: **
pvalue=0.0011, t;="5.846, Renca: ¥¥* pvalue =0.0001, 1,=8.570)

regulator of several cellular processes; it controls prolifer-
ation, migration, and apoptosis [6]. However, in our mod-
els, despite pAKT accumulation, PTEN-lacking cells were
not significantly different functionally from WT cells.
‘We observed that the lack of PTEN does not influence
cell proliferation, clonogenicity in vitro, or, importantly,
tumor growth in vivo. In many models, such as breast can-
cer, glioma, and colon cancer, it has been observed that
PTEN-mutated cells proliferate faster [33-36]; however,
in other models, it has been reported that PTEN status
does not always alter proliferation [37]. It is worth not-
ing that in some models, PTEN loss causes growth arrest
[38], related to senescence; therefore, the functional effect
of PTEN knockout is strongly dependent on the cell type.
In cur model, no effect on cell growth was observed in
anchorage-independent growth in the clonogenic assay. In
mammary carcinoma and prostate cancer, the depletion
of PTEN leads to the increased formation of colonies in
terms of their size and/or number [39-41]. In our case,
there was a tendency (p-value =0.2) for Pren/KQ cells to
form larger colonies: however, no change was observed
in their number. Therefore, our study confirms that heter-
ogenous cell responses to PTEN loss are dependent upon
the type of cancer.

Because PTEN downre gulation did not alter cancer pro-
gression in the tested models, we examined other mecha-
nisms that could be affected. PTEN is a prognostic factor
of treatment response in cancer patients, and it has been
observed that PTEN status affects tumor sensitivity to drugs
[42]. Indeed, we observed that Pten mutated cells responded
differently to some chemotherapeutics; however, again, the
response was not uniform. Out of both tested drugs, only
resistance to cisplatin was significantly affected by PTEN
status, but, importantly, the effect was inverse in RCC and
melanoma cells. In Renca cells, PTEN loss increased cell
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resistance to the drug, with IC50 values being over twice
those of WT cells.

This is in accordance with observations carried out in
ovarian cancer, where cells with high PTEN levels were
sensitive to cisplatin treatment [43]. However, melanoma
cells were more sensitive to the drug after PTEN deple-
tion. To explain the differential effect of PTEN inactiva-
tion on the cells, we checked the level of p53, since it
was shown that p53 is required for cisplatin toxicity in
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PTEN-overexpressing cells [43]. The effect of Pren knock-
out on p53 expression was inverse in RCC and melanoma,
similar to cisplatin resistance. However, sensitized mela-
noma cells tended to downregulate p53, while desensitized
RCC cells increased this protein. Although both cell lines
carry functional p53 [44, 45], the mechanism of PTEN
and p53-mediated response to cisplatin was different from
that previously reported in ovarian cells. It may be that the
different reactions of cells to PTEN loss can be related
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«4Flg.3 Effect of Pten knockout on molkecular changes and secretory
factors in melanoma and kideey cancer models. A AKT, pAKT, and
p53 detection by western blot, with Vinculin as loading control, in
B16 F10 and Renca with different PTEN statuscs. The gap between
Pren/WT and Pten/K0 shows that samplez on the gel were in a differ-
ent onder and were for the figure. B pAKT level relative to
Vinculin in B16 F10 and Renca cells with different PTEN statuses;
values are shown as the mean +SEM: Swdent’s r-tese (Ble F10: *
pvaloe=0.0167, 1;=8579; Renca: * p-wvalue=0.021, 1,=3.285).
C Box plot epresents fold change of p33 level mlative to Vinculin
mn Pten/K0 cells compared to Pten/'WT cells normalized to 1; mid-
dle line in box mpresents the median; Mann-Whitney U test (B 16
Fl0: U=0, m=my=3, p-volue=0.100, two-tailed; Renca: U=0,
n=ny=5, * p-vale =0.0079, two-tailed). I AKT level relative to
Vinculin in B16 F10 and Renca cells with different PTEN statuses;
values are shown as the mean +SEM; Student’s -test (B16 F10: not
significant; Renca: pvalue=0.0911, t;=1.920). E VEGF-A secre-
tion by B16 F10 and Renca cells with different PTEN statuses, meas-
ured by ELISA; values are shown as the mean+SEM; Swmdent's
t-test (B 16 F10, not significant; Renca, not significant). F Box plot of
PAT-1 secetion by B16 F10 cells with different PTEN statuses, meas-
ured by ELISA; middle line in box represemts the median; Mann—
Whitney U test (U=0, nj=n,=4, * p-value=0. 0286, two-tailed). G
PAI-1 secretion by Renca cells with different PTEN statuses cultued
in normoxia and hypoxia, measured by ELISA: values are shown as
the mean+ SEM: Student’s #~test (normoxia: n=4, not signi
hypoxia: * pvale=0.03, t;=2.830). H Viability of Renca Pren/
WT and Pten/RD cells after various doses of cisplatin in hypoxic
conditions, measured by Alamar Blue, shown as a percentage of the
untreaicd control for cach PTEN variant. I IC3) dosc (half-maximal
mhibitory comcentration) of cisplatin teatment in Pren’WT and Pren’
KO Renca cells in hypoxia; values are shown as the mean+SEM:
Student’s i-test (* pvalue =0.026, 1,=3.014)

to their starting sensitivity to cisplatin. The IC50 value
of the WT melanoma cells was over 20 pM and 10 times
smaller for the RCC cells; therefore, we could treat B16
F10 cells as intrinsically resistant, while Renca was sensi-
tive to cisplatin.

As p53 expression could not explain cisplatin sensitiv-
ity, other mechanisms of drug resistance were examined for
their possible modulation by Pren knockout. The complex
tumor microenv ironment and, thus, cancer development can
be diversely shaped by factors secreted by cells of differ-
ent origins that compose the tumor tissue. We evaluated the
levels of VEGF, as the major angiogenic factor, and PAI-1,
an extracellular matrix (ECM)-regulating protein affect-
ing, among others, cell survival, migration, and invasion
[46]. The production of VEGF-A was not altered by PTEN
dysre gulation, either in highly proangiogenic RCC cells or
VEGF-low-secreting melanoma cells. It has been established
in other models that PTEN regulates VEGF expression
through the control of the AKT/HIF-1a pathway [47]. Lack
of regulation of the VEGF pathway could partly explain no
observed effect of PTEN loss on resistance to antiangio-
genic therapy in our model. Other studies have shown that
Pten knockout promotes RCC cell resistance to sunitinib and
sorafenib in vitro [25], while in our study, in murine RCC,
there was no effect on TKI sensitivity.
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However, in our study, PTEN dysregulation caused a very
strong decrease in PAI-1 secretion in melanoma cells. This
effect could not be observed in RCC cells, which are poor
PAI-1 secretors. Nonetheless, when exposed to hypoxia,
the production of PAI-1 was induced in RCC cells and was
potentiated by Pren knockout. Therefore, an inverse reaction
of melanoma and RCC cells was evidenced again, similar
to cisplatin resistance. These phenomena could be related:
indeed, it has been observed that both overexpression and
addition of recombinant PAI-1 protect cancer cells from cis-
platin-induced apoptosis [48, 49]. A product of the Serpined
gene, PAL-1 is a member of the serine protease inhibitor
family and a key modulator of the plasminogen/plasminase
system [50]. It has also been reported to play a role in can-
cer; it induces tumor migration, invasion, and angiogenesis,
and thereby promotes the progression and metastasis of
tumors. However, the specific molecular mechanisms under-
lying the role of PAI-1 in cancer remain insufficiently docu-
mented. In our study, melanoma cells, characterized by high
IC50 cisplatin values, displayed high basic PAI-1 secretion.
Upon PTEN loss, Serpinel production was halted, which
could mediate reduced cisplatin resistance, as observed for
paclitaxel [51].

Renca cells, which are sensitive to cisplatin, have low
background PAI-1 expression, and PTEN dysregulation did
not alter it. However, it has been shown that cisplatin and
carboplatin treatment can induce the secretion of this pro-
tein, both by cancer and stromal cells [49, 52]. Here, we
observed that hypoxia increased the production of PAI-1,
which was accompanied by increased cisplatin IC50 values.
The effects of hypoxia and Pren knockout were additive both
in the case of cisplatin resistance and in PAI-1 production.
Therefore, our results suggest that the differential effects of
Pren knockout on drug resistance might be related to distinct
Serpinel regulation, although we could not ex plain the back-
ground of this phenomenon. It has previously been reported
that Serpine 1 modulates the AKT/PI3K/PTEN pathway and
that PAI-1 Joss causes the activation of AKT and the inacti-
vation of PTEN [31]. Consequently, our results suggest that
the status of PTEN and, thus, AKT may reciprocally affect
PAI-1 e gulation.

EMT is a fundamental mechanism of cancer resistance
that can be induced by PTEN modification and the regula-
tion of drug response. In breast cancer, it has been reported
that Pren knockout induces more epithelial phenctypes
in vitro, although the cells migrated more actively than WT
cells [39]. In the case of our model, Pren knockout RCC
cells acquired more mesenchymal phenotypes—there was
a reduced expression of E-cadherin with a concomitant
increase in EMT markers (Snail, Mmp9, and Acta2), which
was also partly maintained in tumors in vivo. Our data are in
concordance with observations showing that PTEN down-
regulation leads to EMT [53]. Additionally, it was observed
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Fig.4 Effect of Pten knockout on EMT markers in kidney cameer
model. A Representative photos showing Renca Pren/WT and Pren/
KO morphology; scale bar: 200 ym. B EMT (epithelial to mesenchy-
mal transition) markers: E-cadberin and Snail detection by western
blots with Vinculin as loading control in Renca Pren/WT and Pren
KO cells. The gap between PrenWT and Pren'KQ) shows that sam-
ples on the gel were in a different order and were for
the figure. C Expression of Acta? (encoding o-SMA) mlative to
S-Acin m Renca Pren'WT and Pten'K0 cells; values are shown as

that PTEN-loss-mediated EMT causes upregulation of can-
cer stem cell (CSC) populations within tumor cells [54],
which could mediate the reduced sensitivity to cisplatin, as
CSCs are largely responsible for drug resistance in cancers
[55]. Therfore, it may be that Pren knockout induced cis-
platin resistance in Renca cells by EMT induction and the
protective secretion of PAI-1.

Conclusions

Our data show the diversity of cell responses to PTEN
loss. Although tumor growth was unaffected in both cell
models, drug sensitivity was modulated differently by
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the mean+SEM; Student’s r-test (p-volue =0.0483, 1,=2.472). D
Expression of Mmp¥ mlative to f-Actin in Renca Pren'WT and Pren’
KO cells; valoes are shown as the mean+ SEM; Swdent's s~test
(p-value =0.0273, t;,=2.583). E Box plot mpresents fold change
of Snail and E-cadberin levels mlative to Vinculin in Pren/E0 cell
compared to Pren/WT cells normalized to 1; middle line in box rep-
msents the median; Mann—Whitney U test (Snail: U=6, n) =n,="6,*
pvalue=00476, two-tailed; E-cadherin: U=0, m=n;=4, *
p-value=0.0286, two-tailed)

Pten mutations in RCC and melanoma cells. We showed
that Pten knockout can alter the cell microenvironment by
regulating secreted factors, including PAI-1, which could
explain the differential cell reactions to drug treatment.
Additionally, PTEN loss causes EMT features in RCC
cells that could contribute to cisplatin resistance.
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Figure S1. Sequencing results.
(A) Comparison of parental/original B16 F10 cell line to Pten/WT B16 F10 cells — negative control. (B) Comparison of

parental/original B16 F10 cell line to Pten/KO B16 F10 cells — model of Pten knockout. (C) Summary of mutation analysis.
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variant cells; values are shown as the mean + SEM; Student's t-test (B16 F10: p-value = 0.0627, t, = 2.281; Renca p-value = 0.5745,

t, = 0.6105).
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Figure S4. Molecular changes in B16 F10 and Renca tumors with different PTEN status.

(A) Box plot represents fold change of relative to 8-Actin Vegfr2, Vegfa, and Serpinel expression in B16 F10 Pten/KO tumors, compared to
Control - Pten/WT tumors normalized to 1; middle line in box represents the median; Mann-Whitney U test (Vegfr2: U=5,n=5, * p-
value = 0.1270, two-tailed; Vegfa: U =12, n = 6, * p-value = 0.3636; Serpinel: U=6,n =5, * p-value = 0.0801). (B) Box plot represents fold
change of relative to 8-Actin Vegfr2, Vegfa, and Serpinel expression in Renca Pten/KO tumors, compared to Renca Pten/WT tumors
normalized to 1; middle line in box represents the median; Mann-Whitney U test (not significant).
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Figure S5. Expression of EMT markers in Renca tumors with different PTEN status.

(A) Epithelial to mesenchymal transition (EMT) markers: E-cadherin and Snail detection by western blots with Vinculin as
loading control in Renca tumors with different PTEN status. The gap between Pten/WT and Pten/KO shows that samples on the
gel were in a different order and were rearranged for the figure. (B) E-cadherin and Snail levels relative to Vinculin in Renca
Pten/WT and Pten/KO tumor masses; values are shown as the mean + SEM; Student’s t-test (not significant). (C) Relative to 8-
Actin expression of Acta2 (encoding a-SMA) in Renca Pten/WT and Pten/KO tumor masses; values are shown as the
mean + SEM; Student's t-test (p-value = 0.0594, tg = 2.321). (D) Relative to 8-Actin expression of Mmp9 in Renca Pten/WT and
Pten/KO tumor masses; values are shown as the mean + SEM; Student's t-test (** p-value = 0.0016, t; = 5.457).
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Abstrack MicroRMAs are post-transcriptional regulators of gene expression, and distutbances of their
expression are the basis of many pathological states, including cancers. The miEMNA pattern in the
context of tumor microeny ironment explains mechanisms related to cancer progression and provides
a potential target of modern therapies. Here we show the miRMA pattern in renal cancer focusing on
hy poxia as a characteristic feature of the tumor microenvironment and dysmegulation of PTEN, being
a major tumor suppressor Methods comprised the CRSPR/Cas9 mediated PTEMN knockout in the
Renca kidney cancer cell line and global miRNA expression analysis in both in vive and in vitro (in
normexic and hypoxic conditions). The results wete validated on human cancer models with distinct
PTEM status. The increase in miR-210-3p in hypoxda was universal; however, the hy poxia-induced
decmease in FTEN was assocated with an increase in miR-221-3p, the loss of PTEN affected the
response to hypoxia differently by decreasing miR-10b-5p and increasing miR-206-3p. In turn, the
complete loss of FTEN induces miR-155-5p, miR-100-5p. Upregulation of miR-342-3p in knockout
PTEM ccciirred in the context of the whele tumor microenvironment. This, effective identification of
miRNA patterns in cancers must consider the specificity of the tumor microenvironiment together
with the mutations of key suppressors.

Keywords: microRINA; RCC; tumor hy poxia; FTEN

1. Introduction

MicroRMAs (miRNAs, miRs) are small (20-24 nucleotides), non-coding, single-stranded
ENA molecules that regulate gene expression at the post-transcriptional level. Their
main action consists of suppressing gene expression by recognizing the complementary 3'
untranslated region (UTR} of the target mENA, which allows its cleavage with subsequent
degradation or translation inhibition [1]. It is estimated that about 30% of human genes
are regulated by miRNAs [2], making them significant in many basic biological processes
including development, cell differentiation, proliferation and apoptosis. Dysregulation of
miRNA expression plays a role in the pathogenesis of many diseases including tumors;
the impact of altered miRNA expression has been well documented in many types of
cancer. Among others, it has been shown to promote aggressiveness [3], metastases [4],
vascularization [5] or resistance to treatment [6]. miRNAs have also been proposed as being
useful in diagnostics as biomarkers for cancers [7]. Altogether, miRNAs are important
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potential therapeutic targets in the treatment of cancer, contributing to the need to expand
knowledge in this area.

Hypoxia, low, non-physiclogical cxygen tension is a characteristic feature of the mi-
croenvironment of solid tumors. It is well established that low pO, causes pathological
vascularization, promotes aggressive phenotypes and increases metastasis [8]. The cellu-
lar response to hypoxia leads to changes mainly regulated by hypoxia-inducible factors
(HIFs) [9]. Apart from low oxygen tension, the HIF pathway is modulated in a hypoxia-
independent manner—HIF-1e (Hypoxia inducible factor 1 alpha), stabilization may result
from VHL mutations. Renal cell carcinoma (RCC) are characterized by frequent VHL
{Von Hippel-Lindau) mutations—which, by activating the pathways related to HIF-1x and
further VEGF (Vascular Endothelial Growth Factor) [10], makes them highly angiogenic
tumors [11]. Despite advances in the treatment of kidney cancer using anti-angiogenesis
molecular-based therapies as anti-VEGF antibodies or tyrosine kinase inhibitors (TKI) [12],
treatment resistance or relapse are a current problem [13]. The development of new, effec-
tive therapies and diagnostic markers may focus on miRNAs deregulated in hypoxic RCC,
but new research is required to better understand their role in cancer progression and make
their regulation a tool to counteract the pathologic microenvironment.

Many of the mechanisms involved in cancer response to hypoxia are related to changes
in miRNA expression induced by low oxygen tension [14]. Hypoxia may regulate miRNA
biogenesis at the transcriptional level, e pigenetic modification, or the activity of enzymes
associated with miRNA maturation [15]. It has been proven that hy poxia affects the reduc-
tion of Drosh and Dicer levels in cancer cells through the ET51/ELK] transcription factors,
which leads to dysregulation of miRNA biogenesis and increased tumor progression [16]. A
key regulator of hy poxic response—HIF-1 o regulates expression of proangiogenic factors,
together with miENAs expression including miR-210, miR-382, miR-224 and others, as
reviewed by Peng etal. [17].

In a meta-analysis of a potential miBRNA signature panel comparing RCC to normal
renal cells, miR-21 and miR-210 were identified as significantly upregulated and miR-141,
miR-200c and miR-429 as downregulated [15]. MiR-210, due to its regulation by HIF-1xa,
is of particular importance in kidney cancer for the disruption the HIF-1a/VHL complex
formation impaired by frequent VHL mutations in RCC. It had been shown that VHL
silencing, causing pseudo-hypoxda, also caused higher expression of miR-210 than hypoxia
in human RCC cell lines and was elevated in samples from patients with VHL mutation
compared to non-mutated fumors [19]. As VHL-dependent regulation of miRNAs is well
known in RCC [20], it is important to find the means to overcome such a mutation-related
deleterious imbalance by taking advantage of the potential regulation by activation of other
tumor suppressors able to control the tumor growth. To this aim we focused on the PTEN
{phosphatase and tensin homolog deleted from chromosome 10) tumor suppressor and its
miRNA pattern dependence.

PTEN, a tumor suppressor gene, is frequently mutated in many types of tumors [21].
The loss of PTEN in RCC patients is well documented [22]; however, its prognostic value is
still debatable [23]. Itisa dual specificity phosphatase that dephosphorylates phosphatidyli-
nositol 3,4 5-trisphosphate (PIF3) to phosphatidylinositol 4 5-diphosphate (PIFZ2), reversing
Phosphoinositide 3-kinase (FI3K) action and resulting in the inhibition of the AKT/mTOR
pathway, which controls basic cellular processes such as cell growth, metabolism and
apoptosis [24]. The activity of PTEN may be of particular importance in hypoxia, as the
role of PTEN in the stabilization of HIF-1x has been demonstrated [25].

PTEN expression may be regulated by miENA, by directly targeting PTEN mRNA
{among others: miR-21, miR-221/22, miR-301a), or inducing the hypomethylation of
the PTEN promoter (miR-29, miR-101, miR-185) [26] However, the loss of PTEN may
also have other, miRNA-independent backgrounds such as germline and somatic PTEN
mutations, genomic deletion or protein-protein interactions [27], but there is a lack of
research showing how the loss of PTEN modulates miRNA expression in RCC. In a mouse
model of prostate cancer, PTEN loss resulted in a significant increased expression of
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sixteen miRNAs including miR-155 and miR-132, and a decreased expression of five
miRNAs expression (among others: miR-133a and miR-181) [25]. In Pten-deficient T-ALL
(T-cell acute lymphoblastic leukemia), miR-26b was identified as deregulated in mice [29].
PTEN'"s implication in regulation of the tumor growth is strategic for its upstream position
controlling the PI3K/ AKT/mTOR pathway activation cascade on the one hand, and for its
ability to also control the p53 activity on the other hand, making it the decisive supervisor
of the biochemical balance in tumor cell development [30]. The status of PTEN is thus
a decisive factor in diseases and is becoming highly significant in hypoxia-dependent
pathologies. Indeed, it was demonstrated that PTEN is downregulated by hypoxia, the
microenvironment hallmark of solid tumors [31], or cardiac pathologies [32,33]. Along the
establishment of hypexic conditions the produced miRMNAs are crucial molecular regulators
whose composition and action reflect the effect of such selection pressure. Thus, the
evaluation cannot be interpreted independently of the hy poxic microenvironmental confext
that modulates the expression of the cell regulators as factors as well as miRNAs. Here we
aimed to determine the miRNA pattern characteristic for RCC in relation to PTEN status,
especially taking into account the tumor hy poxic microenvironment.

2. Materials and Methods
2.1. Cell Lines

Kidney cancer cell lines with different PTEN status were purchased from ATCC
(Manassas, VA, USA). PTEN wild-type: murine Renca (Cat# CRL-2947, ATCC, USA),
human Caki-1 (Cat# HTB-48, ATCC, Manassas, VA, USA) and PTEN mutant 7860 cell
line (Cat# CRL-1932, ATCC, Manassas, VA, USA). All cancer cells were cultured in RPME
1640 GlutaMax™ medium (Thermo Fisher Scientific, Waltham, MA, USA), with 10% Fetal
Bovine Serum (FBS) {Thermo Fisher Scientific, Waltham, MA, USA). Murine brain derived
mature endothelial cells (ECs) (MBr MEC FVB) [34], were cultured in OPTI MEM medium
{Thermo Fisher Scientific, USA), with 2% FBS (Thermo Fisher Scientific, Waltham, MA,
USA). All eell lines and were passaged at 80% confluence by detaching with Accutase
solution (Biclegend, San Diego, CA, USA). Cells used in the experiments were Mycoplasma
free as assayed with PCR Mycoplasma Test {Biomedica, Piaseczno, Poland) and did not
exceed the 15th passage.

2.2, CRPISPR/Cns9 Mediated PTEN Knodkout in Renca Cells

The CRISPR/Cas9 System was used to knock out the Pten expression in Renca
cells [35] Using the Banchling platform (hitps:/ /www.benchling.com/, accessed on
10 June 2019), two guide RNA (gRNA | sequences targeting the sequence of the Pten gene
on chromosome & were designed: gRNAL: CCAATTCAGGACCCACGCGGCGG, gRNAZ:
GAACTGTCCTCCCGCCG-CGTGG.

A commercially available plasmid pSpCas%(BB}-2A-Puro(PX459) V2.0 (Gene Script,
Piscataway, NJ, USA) was used in the procedure. Briefly, a single gRINA targeting Plen was
introduced into the plasmid by ligating oligonucleotides into the GAAGAC site of Bpil.
Plasmids for a single gRNA sequence were amplified with competent bacteria, isolated
using ZymoPURE™ II Plasmid MidiprepKit (Zy mo Research, Irvine, CA, USA), and used
to transfect Renca cells.

Renca cells were seeded in a 24-well plate (10* cells per well) 24 h prior to fransfection,
allowing them to stick to the surface of the well. Five hours befow transfection, cells were
starved with medium without enrichment of fetal bovine serum. A mixture of gRNA1
and gRNA2 containing plasmids in a 1:1 ratio was used for transfection. Transfections
were performed with Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol. Selections of plasmid
containing cells were started 5 h after transfection and continued for another 48 h with
puromycin at a concentration of 5 pg,/mL. A single clone was selected, expanded, and then
used for biological assays. PTEN knockout was confirmed by no detection of protein on a

wastern blot and the sequencing of exon 7 fragment, whare gRNA was targeting (single
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nucleotide duplication was detected). Cells transfected with a plasmid lacking gRNA were
used as a negative control. Detailed sequencing data of the obtained clones were prepared
using Mutation Su.l'ma'],n:sr‘:I> software and are presented in Supplementary Figure 51.

2.3. Healthy and Tumor Kidney Cancer Tissue

Commercially available RNA isolates of the human healthy kidney and kidney tumor
(TaKaRa, San Jose, CA, USA) were used to verify the potential clinical significance of tested
miFNAs. Details about patient samples are described in Supplementary Materials. Total
ENA was used for reverse transcription reactions as described below.

2.4, Cell Culture Methods in Nermoxic and Hypoxic Conditions

Cancer cells were seeded on standard tizsue culture treated flasks (VWR Interna-
tional, Radnor, PA, USA) in the right density (7000 cells/ em? Renca pten/WT pten/ KO,
12,000 cells/ em® Caki-1 and 1000 cells/ em? 786-0) and allowed to adhere to the culture sur-
face for 24 h. Media were exchanged with pre-equilibrated normoxic or hypeoxic medium
and cultured in a standard cell culture incubator (21% pOy; 5% CO;) or XVive X3 worksta-
tion (Biospherix, Parish, NY, USA) in 1% pOy; 5% COsg, respectively. After 72 h, cells were
harvested using Accutase (Biolegend, San Diego, CA, USA), cell counts and viability were
assessed by a Trypan blue exclusion test using a Burker chamber. Collected cells were used
for further analysis—protein and RNA isolation. The scheme of the in vitro experiments is
presented in Figure 1A.

A Renca {pten/WT, pten/KO cells), Caki-1, 786-0
| ] | ] |

-24h Oh 24h 48h 72h
Seeding cells Changing madium RNA isolation
Normoxic/Hypoxie

B Renca pten/WT; pten/KO cells

| 20-23 days tumaors growth |
I I

Injection RM& isclation
100 000 calls from tumar mass

Figure 1. Experimental protocols: (A) cultute cancer cells in hypoxic and normoxiac conditions
(B} in vivoexperiment obtaining tumors composed of Renca pten/WT or pten /KO cells.

2.5. In Vivo Renca pten/WT and pten/KO Tumor Implantation and Development

BALB/«, six-toeightweek-old female mice were obtained from the Medical University
of Bialystok. Animal care and experimental procedures were approved by the Second
Warsaw Local Ethics Committee for Animal Experimentation (no. WAW2/76,/2017) and
performed following Directive 2010/63/ EU regulations. Mice were housed in a controlled
environment with a 12 h light /12 h dark cycle with ad libitum access to tap water and
full-fledged diet.

Renca cells were implanted in BALB/ ¢ mice leg as subcutaneous tumors by injection
of a plug constituted by 10° cells in 100 wL Matrigel™ (Corning, NY, USA) diluted in 1:3 in
PBS. After 22 days of tumor growth, the mice were sacrificed and fragments of tumor Hssua
were used to isolate RNA (Figure 1B). The groups consisted of 4 mice and the experiment
was performed using bwo separate sets of animals.

2.6. Total RNA Isolation
Total RNA was extracted from 4 x 108 cancer cells cultured in normoxia and hypoxia or
40 mg of tumor tissues using an RNeasy Mini Kit (Qiagen, Hilden, Germany). The samples
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were freed from DNA using TURBO DMA-free kit {Thermo Fisher Scientific, Waltham, MA,
USA) and RNA quality and concentrations were evaluated using the flucrometer Cubit
(Qubit ENA BR Assay Kit, RNA with Qubit ENA IQ Assay Kit, Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions.

27, Next Generation Sequencing

Total EMA from Renca cells and tumors (pten/WT, pten/KO) was used to prepare
libraries and perform high-throughput sequencing by an external service (Lexogen GmbH,
Vienna, Austria) with a NextSeq 500 system ([llumina, San Diego, CA, USA). Briefly, RNA
concentration was measured by UV-Vis spectrophotometry (Nanodrop 2000¢, Thermo
Fisher), and RNA integrity was assessed on a Fragment Analyzer System using the DNE-
471 RNA Kit (15 nt) (Agilent, Santa Clara, CA, USA). Sequencing-ready libraries were
produced using a Small RNA-SeqLibrary Prep Kit by Lexogen (052UG128V0110) per manu-
facturer instructions. Indexed library preparation was performed to allow for multiplexed
sequencing. For library preparation, 100 ng of each provided RNA sample was used. All
libraries were analyzed for adapter dimers, size distribution and concentration on a Frag-
ment Analyzer System using the DNF-474 HS NGS Fragment kit (1-6000 bp) (A gilent, Santa
Clara, CA, USA). Libraries were pooled in an equimolar ratio. After pooling, 1.3 x magnetic
bead purification and agarose gel size selection was performed to target miRNA fraction.
The concentration and the size distribution of the final lane mix was analyzed by CQubit ds-
DNA HS assay (Thermo Fisher Scientific, Waltham, MA, USA) and by a Fragment Analyzer
system using the DINF-474 HS NGS5 Fragment Kit (1-6000 bp) (Agilent, Santa Clara, CA,
USA). Dilution of the lane mix (2 nm) was denatured and diluted to loading concentration
for sequencing on a NextSeq 500 instrument with a SE75 High Output Kit (Illumina).
Differentially expressed miRINA (DEmiFMNAs) were classified according to —1 < logFC = 1,
adjusted p-value—FDR (False Discovery Rate) <0.05. NGS data have been deposited in
NCBI's Gene Expression Omnibus [36] and are accessible through GEO Series accession
number GSE197301 (https: / / www.ncbinlmnih.gov / geo/ query /acc.cgiface=GSE197 301,
published on 10 May 2022).

2.8. Validation of DEmiRNAs Expression by gRT-PCR

The expression of potential DEmiRNAs were analyzed by gRT-PCR both in Renca cells
and tumors (pten/WT, pten/KO), as well as human cells with functional and mutant PTEN
(Caki-1 and 786-0). Total RNA (10 ng) was used to obtain cDNA using TagMan™ Advanced
miRNA cDNA Synthesis Kit (Thermo Fisher Scientific, CA, USA, USA) according to the
manufachurer’s protocol. Briefly, Poly A tailing, adapter ligation and reverse transcription
reaction with universal primers were performed. The product of reverse transcription
was amplified, then diluted 1:10 and used for the gRT-PCR reaction with TagMan™ Fast
Advanced Master Mix and TagMan™ Advanced miRNA Assays (listed in Table 1, Thermo
Fisher Scientific, Waltham, MA, USA). Reactions were run on Bio-Rad CFX384 qPCR System
(BioRad, Hercules, CA, U5SA), according to the protocol described in Table 2. The wrlative
miRMNAs levels were calculated with 2(-Delta C(T)) method, with normalization to the
expression of reference miFNAs: miR-16-5p and miR-25-3p. For tissue samples from
healthy and kidney cancer, only miR-25-3p was used as reference miRNA.

Table 1. List of Taghan probes used to detect miRNA expression.

miRNA Assay Number
miR-210-3p mmnud51343_ mir
miR-206-3p mmnudS1645_ mir
miR-100-5p mnud78224_mir
miR-155-5p mmudS0553_mir
miR-100-5p 475224 mir
miR-155-5p 483064_mir
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Table 1. Cant.

miRNA Assay Number
miR-342-3p mmnudS1074_mir
miR-221-3p mmudS1005_mir
miR-10b-5p mmud78494 mir
miR-21a-5p mmnudSI709_mir
miR-25-3p mimud83226_mir
miR-16-5p minud829%60_mir

Table 2. gRT-PCR conditions—Taghdan™ Fast Advanced Master Mix (miRNA detection).

Step Temperature Time Cycle
Enzyme activation 95 °(C s 1
Denature 95°C 1s
Anneal/Extend 80°C 20s 40

2.9. Prediction of Potential Targets for DEmiRNAs

The target genes for validated DEmiRNAs were assessed using an miRNet (http:/ /www.
mirnet.ca/, accessed on 1 December 2021), bicinformatics tool for target prediction based on
11 different databases. The same software was used to assess potential pathways regulated
by target genes of DEmiRMNAs based on the Function Explorer and KEGG database.

2.10. Evaluation of the Expression of Target Genes for DEmiRNAs by gFRT-PCR

For cDNA synthesis, 2 ug of total RNA was used for reverse transcription reaction
(High-Capacity cDMNA Reverse Transcription Kit; Thermo Fisher Scientific, Waltham, MA,
USA) and the product was diluted 3. Real-time PCR was performed using Taghan™
Gene Expression Master Mix with TagMan probes or using PowerUp™ SYBR™ Green
Master Mix (all from Thermo Fisher Scientific, Waltham, MA, USA, listed in Tables 3 and 4).
Reactions were run on Bio-Rad CFX384 gPCR System or CFX Connect qPCR System
(BioRad, Hercules, CA, USA), according to the protocol described in Tables 5 and 6. The
relative mRINA level was calculated with the 2(-Delta C(T)) method, with normalization
to the expression of Actinf as a house-keeping gene for mouse models and GusE for
human models.

Table 3. List of TagMan probes used to detect gene expression.

Gene Taq Man Probes

Hif1a Mm00468869; Hs00153153
Vegfa Mm00437 306; Hs00900055
Alt1 Mm00437306

Tp53 Mm01731287
mTOR Mm01731287

Pten H=02621230
Acting Mm02619580

GusB H=00939627

Table 4. List of primers sequences used to detect gene expression

Gene Primers Sequences

Bel E GACTCAGTACCTGAACCGGC
R: AGTTCCACAAAGGCATCCOCAG
Tofpr3 E AGTGCTCTCAGTGCTCCCTA
R TACTOCCACACACGGGGAGAC
Acting E CCTAGCGCACCAGGGTGTGA
R: GTTGCGCCTTAGGGTTCAGGG

77



Biomolecules 2022, 12, 686 Taf22
Table 5 qRFPCR conditions TagMan™ Gene Expression Master Mix.
Step Temperature Duration Cycle
UNG incubation 50°C 2 min Hald
Poly merase -
A ctivation 95°C 10 min Hald
Denatiire 95°C 15= 40
Anneal fextend 60 C 15s
Table 6. qRT-PCR conditions PowerUp™ SYBR™ Green Master Mix.
Step Temperature Duration Cycle
UDG activation 50 °C 2 min Heold
Dual Lock™ DMNA polymerase 95°C 2 min Hold
Denatume 95°C 155
Anneal 60 *C 455 40
Extend 60 *C 1 min

2.11. Western Blot

Samples were lysed with an RIPA buffer containing Cocktail inhibitors (both Therme
Fisher Scientific, Waltham, MA, USA). 12 ug of total protein, assessed by BCA assay, weme
solubilized in a Laemmli sample buffer (Alfa Aesar, Haverhill, MA, USA), separated on 12%
polyacrylamide gel and transferred onto nitrocellulose membranes (BioRad, Hercules, CA,
USA). PonceauS staining was performed to detect proteins on the membrane. Non-specific
binding was reduced by a blocking step for 2 h in 5% skimmed milk at room temperature.
Membranes were incubated overnight at 4 °C in the presence of a solution containing
primary antibodies: anti-PTEN (#9549, dilution 1: 700, Cell Signaling Technology, Danvers,
MA, USA), anti-Vinculin (#5C-59803, dilution 1:1000, Santa Cruz Biotechnology, Dallas,
TX, USA), anti-GAPDH (#5C-32233, dilution 1:1000, Santa Cruz Biotechnology, Dallas, TX,
USA), antirpAKT (#MABSE7, dilution 1:1000, R&D System, Minneapolis, MIN, USA), and
then incubated for 2 h in the relevant secondary antibody (Goat Anti-Rabbit IgG Antibody
or Horse Anti-Mouse IgG Antibody conjugated with horseradish peroxidase (HRP) (#F1-
1000, #PE2000, both used at 1:10,000, from Vector Laboratories, Burlingame, CA, USA).
Reactive bands were revealed by reaction with enhanced chemiluminescence substrate
(Santa Cruz Biotechnology, Dallas, TX, USA) and visualized using X-ray films (Carestream
Health, Rochester, NY, USA). Quantification of the integrated optical density (I0D) of the
bands was performed using Image] analysis software. In quantitative analysis, the relative
IOD of target proteins were normalized to the IOD of Vinculin

2.12. Exosomes Isolation

Exosome isolation from Renca pten/WT cells cultured 72 h in normoxic and hy poxic
conditons was performed using ExoQuick-TC (System Bioscience, Palo Alto, CA, USA)
according to the manufacturer’s instructions. In brief, conditioned medium was collectad
and centrifuged at 2000 g for 30 min to remove cell residues. ExoQuick-TC exosome
precipitation solution was added to the supernatant (in ratio 1:5) and incubated overnight
at 4 °C. The suspension was then centrifuged at 1500 g for 30 min and a pellet was used
to isolate RNA or proteins. The presence of the exosomal TSG101 marker was confirmed
on the protein isolate by the western blot methed (anti-TSG101 antibody #NBFP1-80659,
dilution 1:500, Novus Biclogicals, Littleton, CO, USA; secondary antibody Goat Anti-Rabbit
IgG Antibody, conjugated with horseradish peroxidase (HRF), dilution 1:10,000, Vector
Laboratories, Burlingame, CA, USA), the size of the isolated nanoparticles was estimated
using the Zeta Viewer Nanoparticle Analyzer (Supplementary Figure 52).
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213, Culture MBr MEC FVE with Conditioned Medium from Renca Cdls

MBr MEC FVB immortalized brain endothelial cells as described were seeded on
tissue culture fasks (Falcon-Coming, NY, USA} at 3000 cells/cm” and allowed to adhere
to the cultumwe surface for 24 h (protocol of the experiment is represented as scheme on
Figure 1B). Media were exchanged with pre-equilibrated normoxic or hypoxic medium or
mixed {1:1) with conditioned medium from Renca cells from appropriate aerobic conditions
and cultured in normoxia and hypoxda for the following 48 h and used for protein isolation.

214, Statistical Analysis

Each in vitro experiment was performed at least three imes in independent biological
replicates. The results are shown as a mean + SEM, where appropriate results are presented
as fold change as compared to normoxia. All statistical analyses were performed using
GraphPad Prism Sversion 9.1.2 for Windows (GraphPad Software, San Diego, CA, USA,
www.graphpad.com, accessed on 26 February 2022).

3. Results
3.1. PTEN Status in Tested Modds

To determine the miRNA patterns characteristic for RCC in relation to hypoxia and
PTEN status, both in vitro (in normoxic and hypoxic conditions) and in vive samples
from murine kidney cancer model Renca (pten/WT, pten/KO) were analyzed using next
generation sequencing. Then, to expand and validate the obtained results by comparison
with human species, renal cancer cell lines with functional and mutated PTEN {Cakil and
786-0 respectively) were examined in normoxic and hypexic conditions. The level of PFTEN
in all tested cell lines was confirmed by western blot (Figure 2A). Dysregulation of the
PTEN activity in 786-0 and Renca pten/KO cells is demonstrated by a high level of pAKT
(Figure 2A).In a murine PTEN knockout model, p-AKT expression was approximately
14-fold higher than in pten/WT cells, mespectively in the human models, the increase was
7-fold. Potential clinical significance of tested miEMNAs was marked using commercially
available RNA isolates from healthy kidney and kidney tumor, characterized by reduced
PTEN levels in cancer tissue as compared to a healthy one (Figure ZB). In all models
tested, the expression of miRNA and target genes was assessed in hypoxic conditions and
depending on PTEN status in the order described in the graphical workflow (Figure 2C).
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Figure 2. PTEN status in tested models (A) PTEN and p AKT levels in kidney cancer cell lines, 10T
calculated relative to Vinculin (B) Relative to GusB expression of Plen in RNA isolates from kidney
cancer and healthy kidney tissues (C) graphical workflow,
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%I% h ria—lﬂduced miRNA Signature in Murine Kidney Cancer Models with Different

atus

A global miRNA analysis showed only a few changed miRNAs in response to low
oxygen tension in both PTEN variants, as presented by volcano plots (Figure 3A,F). In
hypoxic Renca pten/WT, nine deregulated miRNAs reached statistical significance (six
up-regulated, three down-regulated) compared to normexic cells (Figure 3A). However,
even fewer changes were noted in pten,/ KO cells in response to low pO,—5 DEmiRNAs of
which only one was downregulated (Figure 3F). To verify the standard hypoxic response,
miR-210-3p and miR-206-3p expression, which was up-regulated in both PTEN variants,
was further studied using additional models. gRT-PCR analysis confirmed that miR-210-3p
is upregulated in hypoxia regardless of the status of PTEN, however in PTEN mutants
(Renca pten/KO and 786-0) this increase was considerably lower than in PTEN wild-
type cells (Renca pten/WT, Caki-1) (Figure 5B,C). No difference was noticed between
miR-210-3p levels in the tissues from pten,/WT and pten/KO tumors, which suggests
that the regulation of miR-210-3p occurs in a PTEN independent manner (Figure 3D). As
expected, miR-210-3p expression was at an undetectable level in tissue isclated from a
healthy kidney and was strongly expressed in kidney tumor Hssue (Figure 3E). In turn,
miR-206-3p expression measured by qPCR was upregulated by hypoxia only in pten/ KO
cells, not in pten/WT (Figure 3G). These results are consistent with NGS analysis; the
changes in miR-206-3p expression in Renca pten,/WT was characterized by lower logFC
(1.9} (Figure 3A), while in Renca pten/KO logFC = 2.46 (Figure 3F). Increasing miR-206-3p
after exposure to low p0; in pten/KO cells resulted in a strong tendency to change the
expression of this miRNA between pten,/WT and pten/KO cells in hypoxia (p-value = 0.08)
(Figure 3G). This tendency was also observed in in vivo samples, which reflact the hypoxic
conditions (Figure 5H).
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hypoxiain Fenca pten/WT cells; shades of green represent miEMA upregulated in hypoxia; shades
of red dow nregulated in hy poxia (B) Relative to miR-25-3p and miR-16-5p expression of miR-210-3p
in cells cultured in normoxic and hypoxic condition: Renca pten/WT and pten/KO (C), Caki-1
and 786-0 (D) Relative to miR-25-3p and miR-16-5p expression of miR-210-3p in tumors derived
from Renca pten/WT and pten/K( cells (E) Relative to miR-25-3p expression of miR-210-3p in
human tissues from healthy kidney and kidney cancer (F) Volcano plots and list of significantly
differentially expressed miRNA after exposure to hypoxia in Renca pten/ KO cells (G) Relative to
miR-25-3p and miR-16-5p expression of miR-206-3p: in Renca pten/WT and pten/KO cultured in
normoexia and hypoxia (H) in the tissues from Renca pten/WT and pten/KO tumors, Student’s {-test
** p-value < 0.001; ** p-value < 0.01;* p-value < 0.05,

3.3. Identification of PTEN-Related miRNA in Hypoxic Conditions

NGS analysis showed miR-21a-5b to be downregulated in response to hypoxia in
pten/WT cells. As miR-21a is a well-known regulator of PTEN, and its expression was
further validated in the context of the hy poxia-induced decreased PTEN level observed in
Renca pten/WT cells (Figure 4A). We confirmed the strong tendency to downregulate miR-
21a-5p in wild-type cells in response to hypexia, but the same tendency was observed in
pten/ KO (Figure 4B). This may suggest that downregulation of miR-21a-5b is not invelved
in the modulation of PTEN levels in our model {the same pattern in pten/ WT and pten/ KO
cells). Morecver, miR-21a is known to directly degrade Pten mRNA, so its decrease does
not correlate with a decreased FTEN level.

Thus, we checked whether other miRNAs affecting PTEN described in the literature
are changed by hy poxia. miF-221-3p was upregulated in low pO,; only in pten,/WT cells,
while in the absence of PTEN, the level was stable between oxygen conditions (Figure 4C).
A different response to hypoxia in pten/WT and pten/ KO cells in the context of miR-221-3p
expression may suggest its effect on hypoxia-dependent PTEN dow nregulation in pten/WT
cells. Since such changes were not observed in the human PTEN wild-type kidney cancer
model Caki-1, no increase in miR-221-3p (Figure 4E) in hypoxia resulted in a stable level of
PTEN between oxygen conditions (Figure 4D). In a human PTEN mutant model, 786-0O
miR-221-3p was also stable bebween oxygen condition {Figure 4F).
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Figure 4, PTEN-related miRNAs in hypoxic conditions (A) PTEN detection by western blot in
Renca pten/WT cells cultured in normoxic and hypaoxic condition, 10D calculated relative to
Vinculin (B) Relative to miR-25-3p and miR-16-5p expression of miR-21a-5p and (C) miR-221-3p
in Renca pten/WT and pten/KO cells cultured in normeoxia and hypoxia (D) PTEN detection by
western blot in Caki-1 cells cultured in normoxic and hypeoxic condition, I0D calculated relative to
Vinculin (E) Relative to miR-25-3p and miF-16-5p expression of miF-221-3p in Caki-1 cells, and (F) in
786-0 cells cultured in normexia and hypoxia (G) Relative to miR-25-3p and miF-16-5p expression
of miR-10b-5p in Renca pten,/WT and pten/KO cells and (H) 786-0 cells cultured in normeoxia and
hypoxia (1) Fold change of relative to miR-25-3p and miR-16-5p expression of miR-21a-5p and miR-
221-3p in exosomes isolated from Renca pten/WT cells cultured in normoxia and hypoxia (J) PTEN
detection by western blot in MBr MEC FVB cells cultured in normoxic and hy poxic condition with or
without conditioned medium (CM) from Renca pten/WT cells, IOD calculated relative to Vinculin,
Student’st test *** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05.

Another tested PTEN-related miRNA was miR-10b-5p, which was stable between the
oxygen condition in Renca pten/WT cells, but was significantly downregulated in hypoxia
in pten/ KO cells (Figure 4G)., indicating that miR-10b-5p may be involved in the alterad
hypoxia response due to the complete loss of PTEN. However, this trend has not been
confirmed in a human RCC model with non-functional FTEN (Figure 4H).

We also checked the expression of PTEN-related miRNAs in exosomes secreted by
Renca pten/WT wlls to determine the impact of these changes on other components of
the tumor microenvironment (TME). Expression of miR-21a-5p was lower in hypoxic
exosomes compared to normoxic ones, which corresponds to the level of this miRNA in
cells (Figure 4I). At the same time, upregulation of miR-221-3p was not transferred to
exosomes secreted by Renca cells in hypoxic conditions. (Figure 4I). Additionally, exosomes
secreted by Renca cells, present in the conditioned medium, did not affect PTEN levels in
brain-derived healthy endothelial cells (MBr MEC FVB) (Figure 4]). miR-10b-5p was below
detection in samples from exosomes (data not shown).

3.4, PTEN-Dependent miRNA Pattern

We next verified how the total loss of PTEN affects the miRNA pattern in RCC in
normoxic and hypoxic conditions, as well as in in vivo samples. Surprisingly, NGS anal-
ysis showed no significantly deregulated miRNAs in vitro samples from pten/KO cells
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compared to the wild-type in both normoxic and hypoxic conditions (Supplementary
Figure 53A B). However, despite the lack of altered expression in vitro, in vivo samples
revealed some DEmiRNAs. In tumors derived from KO cells compared to WT 7, dereg-
ulated miRNAs were identified (5 up, 2 down) (Figure 5A). In in vitro samples, these
miRNAs did not achieve statistical significance (FDR > 0.05), as demonstrated in Sup-
plementary Figure 53A B. Next we validated the expression of miR-155-5p, miR-100-5p
and miR-342-3p, since they were shown to be important in the PTEN mediated pathways,
namely miR-155-5p and miR-100-5p, were the most efficiently changed in vivo together
with miR-7115 that had no validated target, as yet.
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Figure 5. FTEN-depended miRNA pattern in RCC models (A) Volcano plots and list of significantly
differentially expressed miRNAs after in pten/KO tumors; shades of green represent miRNA upreg-
ulated in pten /KO cells; shades of red downreguilated in pten /KO cells (B) Relative to miR-25-3p
and miR-16-5p expression of miR-155-5p in tumors derived from Renca pten/WT and pten /KO
cells (C) Relative to miR-25-3p and miR-16-5p expression of miR-155-5p in Renca pten/WT and
pten/K 0 cells cultured in normaoxic and hy poxic condition (D) Relative to miR-25-3p and miR-16-5p
expression of miR-100-5p in tumors derived from Renca pten/WT and pten, KO cells (E) Relative to
miR-25-3p and miR-16-5p expression of miR-100-5p in Renca pten/ WT and pten/KO cells cultured in
normoxic and hypoxic condition (F) Relative to miR-25-3p and miR- 16-5p expression of miR-342-3p in
tumors derived from Renca pten/WT and pten/ KO cells and in tumors derived from Renca pten/WT
and pten/ KO cells (G) Fold change of relative to miR-25-3p and miR-16-5p expression of miR-342-3p
in Caki-1 and 786-0 cells cultured in normoxia and hypoxia (H) Relative to miR-25-3p expression of
miR-155-5p, miR-100-5p and miR-342-3p in human tissues from healthy kidney and kidney tumor,
Student’s f-test ** pvalue < 0.01; * p-value < 0.05,
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MiR-155-5p was significantly upregulated in pten/ KO tumors compared to the wild-
type as confirmed by gPCR (Figure 5B). The same was observed in in vitro samples both
in hypoxic and normoxic conditions (Figure 5C). Interestingly, the hypoxia-induced de-
crease in PTEN in Renca cells was insufficient to induce miR-155-5p expression. The
increase in miR-100-5p expression observed by NGS was not validated by gRT-PCR from
in vivo samples, however in in vitro experiments the tendency was strong (p-value = 0.08)
(Figure 5D,E). The same as miR-155-5p, expression of miR-100-5p was independent of oxy-
gen conditions. miR-342-3p was not detected in Renca in vitro samples {data not shown),
hewever in Renca pten/ KO tumors it tended to be upregulated compared to pten/WT
(Figure 5F). Experiments on human models showed that miR-342-3p regulation occurs
in a hypoxia-independent manner regardless of the PTEN status (Figure 5G). In kidney
cancer tissue, characterized by the decreased expression of PTEN compared to healthy
kidney, miR-155-5p and miR-342-3p were upregulated, and no difference in expression of
miR-100-5p was observed (Figume 5H).

3.5. Identification of Potential Hypoxia- and PTEN-Dependent miEN As Targets

Next, we identified the potential targets of miRNAs that were validated and signif-
icantly changed either by hypoxia or PTEN deregulation. Figure 6A presents networks
of potential target genes, showing the number of targets for each miRNA (Figure 6B), as
well as the signaling pathways related to the appointed target genes (Figure 6C). They
are strongly involved in the PI3K/ AKT pathway regulated by PTEN or HIF-1ax signaling
regulated by hypoxia, but also in apoptosis and the TGE-p signaling pathway. To establish
whether deregulation of the tested miRNAs affects the expression of genes, we checked
the levels of transcripts of some of the targets. We checked the expression of Hif-1x as the
main modulator of hypoxic response associated with miR-210-3p activity, but no changes
were observed in all tested cell lines (Figure 7A B). However, Vegfa, which is a downstream
target of HIF-1w, was upregulated in PTEN wild-type Renca and Caki-1 cell lines in re-
sponse to hypoxia. In Renca pten/KO this increase was weaker than in Renca pten/WT,
and we did not observe an increase in PTEN mutant 786-0 cells (Figure 7C,D), which
reflects the results of miR-210-3p expression. As the pathway associated with apoptosis
was altered in the context of the DEmiRNA s, we checked the expression of antiapoptotic
Bd2, which is also associated with HIF-1a signaling, and regulated by miR-210-3p. Bel2
was downregulated in hypoxia in both PTEN variants (Figure 7E), and this was correlated
with a decreased number of live cells in all tested cell lines (Figure 7EG). PTEN knockout
caused upregulation of miR-155-5p, and we assessed two potential targets of this miRNA:
Al and mTOR. Akt1 tended to be downmwegulated in Renca pten/KO compared to the
wild-type (Figure 7H); however, hy poxia also caused downregulation of Aktl, what may
suggest that expression is also regulated independently of miR-155-5p, which was stable in
pten/WT cells in normoxic and hypoxic condition (Figure 5C). Momover, no change was
observed in mTOR expression between both PTEN variants an oxygen level (Figure 71).
Due to the altered expression of miR-21a-5p in response to hypoxda and significant changes
in the TGF- signaling pathway, we assessed the level of Tgffr3, which is modulated by
miR-21a-5p. Tgfpr3 was upregulated in hypoxia in both PTEN variants (Figure 7). p53,
which may also be regulated by miR-21a-5p, miR-10b-5p and miR-221-3p, is downregulated
by hypexia and in pten/ KO independently (Figure 7K).
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Figure 6. The predicted target genes of DEmiRNAs (A) Network of target gene, with marked
genes involved in potentially dysregulated signaling pathways, predicted using the miRNET
software (B) Number of target genes for each DEmiRNA (C) Potentially deregulated signalling

pathways for predicted target genes analyzed through susceptibility genes enrichment.
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Figure 7. Expression of predicted target genes in RCC models (A) Relative to Actin expression
of Hif1a in Renca pten/WT ptenkO cells cultured in normoxia and hypoxia (B) Relative to GusB
expression of Hif-la in Caki-1 and 786-0 cells cultured in normoxia and hypoxia (C) Relative to Acting
expression of Vegfi in Renca pten,/WT ptenKO cells cultured in normoxia and hy poxia (D) Relative
to GusB expression of Vegfo in Caki-1and 786-O cells cultured in normoxia and hypeoxia (E) Relative to
Actinp expression of Bd2 in Renca pten/WT ptenkO cells cultured in normoxia and hypoxia (F) Fold
change of number of live cells collected form normoxic and hypoxic culture: Renca pten/WT
pten/ KO (G)and Caki-1, 786-0 (H) Relative to Acling expression of Ak (1) mTOR (J) Tgfpr3 (K) p53
in Renca pten,/WT ptenkO cells cultured in normoxia and hy poxia, Student’s f-test*** p-value < 0.001;
** p-value < 0.01; * pvalue < 0.05.
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4. Discussion

PTEN is a humor suppressor that is frequently mutated in cancers. The frequency of
PTEN alterations is around 8% for all canoers, but for some, like endometrial cancer or
gliomas, it is almost as high as for p53 mutations [37,38). Corroborating the limited mRMNA
hypoxic signatures in cancer cells [39,40] after exposure to hypoxia, we identified only
nine differentially expressed miRNA in Renca PTEN wild-type cells as compared to the
liver cancer response to hypoxia by 165 altered miRNAs [41]. FTEN knockout altered the
expression of seven miEMNAs in tumor samples. Similarly, few changes were observed in
prostate cancer of a PTEN knockout mouse mode] [28].

Exposure to hypoxia increased miR-210-3p expression in both PTEN variants. MiR-210
expression increase in low pOy is a well-known and general effect [42]. In RCC patients,
miR-210 was one of the five most changed miRNAs in tumors [43], as confirmed here.
MiR-210 is induced by HIF-1w, although we observed no difference in Hif-Ix expression,
which might be due to a prolonged exposure to low pOs (72 h), since the downstream Vegfa
gene expression was increased. This could be partly mediated by miR-210, reported to be
proangiogenic [44,45]. However, in 786-0, hypoxia did not upregulate Vegfo expression,
despite the miR-210-3p increase. As these cells are characterized by VHL mutation, it
is clear that a pseudo hypoxic stress is installed and may prevent the miR-210-3p and
Vegfa sensitivity to hypoxia itself. Apoptosis is also regulated by miR-210-3p. Indeed,
fewer viable cells were collected upon hypeoxia, coinciding with the downregulation of the
Belz-antiapoptotic protein, shown to be regulated by this miRNA in neuroblastoma or in
the spermatocyte cell line [46,47].

To our knowledge, this is the first study to show the effect of PTEN knockout on
miR-210-3p demonstrated by the lower increase of miR-210-3p expression in low pO, in
cells with mutant PTEN compared to WT cells. This confirms a role for PTEN in regulat-
ing cell responses to low pO; [48]. Together with weaker miR-210-3p upregulation, we
observed the induction of miR-206-3p in pten /KO cells in response to hypoxia. VEGF is a
target for miR-206, and a negative correlation between miR-206 levels and VEGF expression
has been proven in human renal cancer lines [49]. VEGF is differentially regulated by
miR-210 (up-regulation) and miR-206 {down-regulation); however, this did not presently
result in a disturbed induction of gene expression; in response to hy poxia pten/KO VEGF
upregulation was as efficient as in wild-type cells. miR-206 is suggested to be a tumor sup-
pressor [50,51]; it inhibits cancer cell growth and metastasis. MiR-206 was downregulated
in RCC compared to non-tumeor tissues and in cell lines (Caki-1 and Caki-2) compared to
normal human kidney cells [49]. Surprisingly, in PTEN mutated cells, miR-206-3p was
elevated in response to hypoxia, suggesting lower aggressiveness. MiR-206 was reported
to indirectly regulate the MAFPK-PISK/ Akt pathway [50], therefore this miRNA can serve
as a regulator of pAKT accumulation upon PTEN mutation. The direct link between miR-
206-3p and PTEN could not be established since its activation was a response to hypoxia in
pten/KO cells, while FTEN mutation only was not enough to activate miR-206-3p.

At the same time, hypoxia reduced the miR-10b-5p level that was strongly induced in
normoxic pten/KO. MiR-10b-5p is an oncomiR, as it promotes cell proliferation, protects
against apoptosis [52], and mediates cancer progression [53]. It targets PTEN mRNA [54]
leading to the activation of the PI3K/AKT pathway. In our study, cells with dysfunctional
PTEN had a higher expression of this miRNA than pten/WT cells, but its level in pten/ KO
cells was reduced by hypoxia as compared to normoxic controls. Whether a reciprocal reg-
ulation of miR-10b by PTEN exists needs to be evaluated, but it might be that in our model
miR-10b induction by PTEN-KO could be partially mediated by p53 downmegulation [55].
Indeed, PTEN/p53 interaction is described on a protein level [30]; however, they might
also share miRMNAs regulatory pathways.

Although miR-206-3p and miR-10b-5p were not affected by hypoxda in pten/WT cells,
they were differently modulated by low pO; in PTEN mutated cells. This points to the
oxygen-dependent role of FTEN as a tumor suppressor, as the observed PTEN inactivation
is more frequent in hypoxic tumors [56]. Additionally, the modulation of miRNAs response
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to hypoxia by PTEN inactivation is of interest for a potential therapeutical approach. miR-
206-3p was shown to indirectly repress ABCB1, a multidrug resistance gene [57], and was
shown to reduce Cisplatin resistance in gastric cancer [58]. Also, Wang et al. observed
that this miENA increases cancer response to radiotherapy [559]. miR-10b-5b was also
shown to alter cancer response to therapy; it mediates resistance to 5-fluorouracil (5-FU) by
promoting cancer cell survival [60] and decreases sensitivity to radiotherapy [61]. Therefore,
the miENA profile of hy poxde PTEN mutated cells identified in our study may suggest the
promotion of a therapy-sensitive phenotype of tumor cells.

On the other hand, reduced miR-210 levels were observed in oells resistant to 5FU,
which promoted their DINA repair and metabolic adaptation to drug treatment [62]. There-
fore, the modulated response to hypaxia by PTEN dysregulation, as observed by levels
of miR-206-3p, miR-10b-5p and miR-210-3p in this study, can alter the induction of drug
resistance pathways. Knowing that reduction [63] or inactivation [64] of PTEN and also
hypoxia can increase cancer cell mesistance to chemo- and radiotherapy [65], information
that PTEN dysregulation disturbs miRNA response to low pO), might serve as a cue for
redefining treatment selection in hypoxic PTEN mutated tumors.

MiRMNAs regulated by PTEN mutation inde pendently of oxygen level included: miR-
155-5p, miR-100-5p, and miR-342-3p. In our research, miR-155-5p was significantly upregu-
lated in pten/KO cells and tumors and was not affected by the oxygen level. In a mouse
prostate cancer model with FTEN mutation, the same miRNA was the most upregulated.
PTEN is a target for miR-155 [66], so accumulation of miR-155-5p in pten/KO cells may
be related with the lack of target. On the other hand, analysis based on miRNet software
showed that Akt could also be a target of miR-155-5p. Aktl was decreased after PTEN
knockout, but hypoxia also caused a decrease in Akt] expression independently of PTEN
which, together with a stable miR-155-5p level between normoxia and hypoxda in pten/WT
and pten/KO cells, may indicate no influence of miR-155-5p on Akt] level or other hy poxia-
dependent mechanisms regulating Ak, not related with miR-155-5p. Other miRNAs that
tended to be deregulated in PTEN mutant cells were miR-100-5p and miR-342-3p. miR-
100-5p overexpression is strongly associated with tumor progression and adverse clinical
outcomes in RCC patients [67]. Although in ovarian cancer the key relationship between
miR-100 and the mTOR pathway was confirmed [68], in our RCC model the tendency to
increase miR-100-5p after PTEN knockout was not sufficient to change mTOR expression
More recently, miR-342-3p was identified as a significant immune-related miRNA, with
elevated levels in RCC associated with poorer patient survival [69]. Here, miR-342-3p
was not detected inin vitro samples but tended to be upregulated in pten,/KO tumors as
in kidney tumors. This may indicate the significance of miR-342-3p for immunological
components of the tumor microenvironment and these aspects of cancer progression might
be deregulated in PTEN mutated tumors.

Other miRNAs modulating PTEN expression in cancer have been identified. We
proved that the upregulation in miR-221-3p expression may be involved in PTEN level
modulation in low pOs, as there was no increase in miR-221-3p in pten/ KO hypoxic cells.
Modulation of FTEN expression by miR-221 was also described in gastric carcinoma [70],
however in the human RCC model Caki-1, no changes were observed in both PTEN level
and miR-221-3p expression. This sheds light on the diversity of the miRINA pattern, even
in the same tumor types, and points to the need to interpret miRMNA expression in a
personalized way [71]. Upregulation of miR-221-3p in a mouse kidney cancer model was
not transferred through exosomes to cells of TME and we did not observe changes in PTEN
expression in mature brain-derived endothelial cells, but in cervical cancer, cell-secreted
exceomal miR-221 promoted angiogenesis through Thrombospondin-2 [72]. miR-21a, also
targeting PTEN, is described as one of the most upregulated in RCC compared to healthy
kidney, which was confirmed by our results performed on total ENA from RCC samples.
Surprisingly, miR-21a-5p was downregulated in hypoxia in both PTEN variants in Renca
cells, and does not seem to regulate the PTEN levels in a pen/WT model. However, others
also showed miR-21a downregulation in response to hypoxia [73], therefore it seems that

88



Biomolenil e 2022, 12, 686

18 i 22

the miF-21a response to low pO, depends on cancer type [74]. To establish what could be
the role of miR-21a-5p inhibition, we looked for targets other than PTEN for this miRNA.
Based on miRNet analysis, we demonstrated that Tgffr3 may be a target for miR-21a-5p,
as confirmed in a glioblastoma model [75]. In response to hypoxia and a simultaneous
miR-21a-5p decrease, Tgffr3 was upregulated in both PTEN medels. The overexpression
of Tgffr3 in nasophary ngeal carcinoma cells has been demonstrated to increase apoptosis
through the downregulation of Bel2 [76]. This suggests that in some cancers the other
effects of miR-21a-5p than its PTEN-wegulatory role pwvail in response to hypoxia.

5. Conclusions

We showed hypoxia-/ PTEN-dependent miRNA patterns in RCC and their effects on
target gene expression. We confirmed the upregulation of miR-210-3p and miR-221-3p
but the dewnregulation of miR-21a-5p in response to low pOZ Loss of PTEN caused
limited miRNA expression modifications, mostly oncomiR-155 upregulation, miR-100-5p
and miR-342-3p induction. However, PTEN mutation changed the response to hypoxia
The increase in miR-210-3p is weaker than in cells with functional PTEN; expression of
miR-206-3p (suppressor) was upregulated with a simultanecus decrease in miR-10b-5p
expression (oncogene), suggesting compensation to the lower aggressiveness of hypoxic
pten/KO vs pten/WT cells. PTEN mutation annihilated miR-221-3p responsiveness to
hy poxia by induced expression in PTEN-functional cells. Our study shows that miRNAs
regulated by /responding to TME (hypoxia} and tumor mutation status (PTEN) might
interact and mutually regulate cancer responses. Simultaneously, we demonstrated that
low pO; can regulate PTEN levels and miRMNA may be involved, showing the complexity
of the relationship bebween the various features of TME. The identification of miRNAs
that are modulated by distinct variables might allow for a better understanding of the
mechanisms of the pathogenesis of kidney cancers and contribute to the development of
effective therapies.
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Supplementary Materials

Commercially available RNA isolates were purchased from TaKaRa, San Jose, CA, USA.

2 independent vials of RNA isolates were used in each experiment.

Healthy (#cat 636529 #LOT 1405150A) — normal human kidney pooled from a 40-year-old Caucasian female,
cause of death: sudden death

Tumor (cat 636632 #LOT 1102289A) — kidney renal cell carcinoma isolated from a 48-year-old male Caucasian.
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Supplementary Figure S1
Results of sequencing - PTEN knockout clones
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Supplementary Figure S2

Size of nanoparticles isolated with the ExoQuick Buffer from Renca cells conditioned medium
A) normoxic B) hypoxic, measured using Zeta Viewer Nanoparticle Analyzer C) level of
exosomal marker TSG101 in samples of isolated nanoparticles
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Supplementary Figure S3

Volcano plots of DEmiRNA between Renca pten/WT and pten/KO cell in A) normoxic B) hypoxic
conditions. Listed miRNAs significantly changed in pten/KO in vivo samples compared to pten/WT
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miRNA logfFC | PValue | FDR miRNA logFC | PValue | FDR
Immu-miR-342-3p 4.05 0.06 1,0000 mmu-miR-342-3p 6.91 0.01 1
mmu-miR-7115-5p 297 0.34 1,0000 mmu-miR-100-5p 1.66 0 0.1836
mmu-miR-155-5p 2.25 0.00 0,4742 mmu-miR-155-5p 1.58 0.01 1
immu-miR-100-5p 1.62 0.00 0,1777 mmu-miR-3068-5p 0.68 0.51 1
mmu-miR-3102-3p 1.00 0.06 1,0000 mmu-miR-5126 0.04 0.96 1
mmu-miR-3068-5p 0.51 0.58 1,0000 mmu-miR-7115-5p -0.67 0.8 1
mmu-miR-5126 0.00 1.00 1,0000 mmu-miR-3102-3p -0.77 0.09 1
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4 PODSUMOWANIA | WNIOSKI

Wyniki uzyskane w niniejszej pracy potwierdzaja kontrowersje i rozbieznosci
dotyczace roli PTEN w réznych typach nowotwordow. To zrdéznicowanie moze mieé

kluczowe znaczenie w odpowiedzi na stosowane terapie przeciwnowotworowe.

Normalizacja naczyn za posrednictwem ITPP wydaje si¢ obiecujacym podej$ciem
terapeutycznym w modelu czerniaka (B16 F10) [65], jednak w modelu raka nerki (Renca)
stosowanie ITPP nie przyniosto oczekiwanych korzysci (Publikacja 1). Pomimo
podobnej odpowiedzi na niedotlenienie, zwiazanej ze spadkiem poziomu PTEN
i dominacja formy pPTEN w obu testowanych modelach, wykazano réznice aktywnosci
szlakow sygnatowych regulowanych przez PTEN. Tylko w raku nerki obserwowano
zmiany aktywnosci $ciezki p53/MDM2 przy braku akumulacji pAKT, natomiast
w czerniaku spadek poziomu PTEN w hipoksji skutkowat klasyczng aktywacja
PIBK/AKT. Co wiecej, komorki Renca wykazywaly silny potencjal proangiogenny,
szczego6lnie w niedotlenieniu, ktéry istotnie wptywat na funkcje zaréwno dojrzatych
komorek s$rodbtonka, jak i progenitorow (Publikacja 1). Roznice w indukowanych
niedotlenieniem zmianach aktywno$ci PTEN i wlasciwosciach proangiogennych obu

testowanych modeli mogg przyczynia¢ si¢ do odmiennej odpowiedzi na leczenie ITPP.

Z wykorzystaniem edycji genomu metodg CRISPR/Cas9 w obu modelach
uzyskano linie komorkowe z nokautem Pten, co pozwolito okresli¢ jego role,
z pomini¢ciem innych indukowanych niedotlenieniem zmian. Zaréwno w komorkach
B16 F10, jak i Renca obserwowano akumulacj¢ pAKT, jednak nie odnotowano istotnych
zmian w proliferacji komorek in vitro i wzroscie guzow in vivo, co moze wskazywac na
aktywacje mechanizméw kompensujacych niedobor PTEN. Wzrost poziomu pAKT
w komorkach Renca z nokautem Pten jest szczegoélnie istotny z uwagi na brak takiej
odpowiedzi w niedotlenieniu; zatem destabilizacja PTEN w niskim pO; jest
niewystarczajgca do aktywacji sciezki PI3K/AKT. Na odmienng role PTEN w obu typach
nowotworow wskazaty roznice w opornosci na cisplatyne. W komorkach Renca nokaut
PTEN indukowat opornos¢ na cisplatyng, a w B16 F10 powodowal wigksza wrazliwos¢.
Odmienna regulacja wydzielania inhibitora aktywatora plazminogenu (PAI-1, ang.
plasminogen activator inhibitor), po nokaucie PTEN w obu badanych modelach, a takze

r6zny wptyw na poziom supresora guza p53, moga by¢ zaangazowane W obserwowane
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réznice w zmianie wrazliwosci na leczenie. W raku nerki PTEN jest zaangazowany

w zmiany fenotypu komérek indukujac EMT (Publikacja 2).

W modelu nowotworu nerki zaréwno utrata PTEN, jak i niedotlenienie wywotaty
zmiany ekspresji miRNA. Wérdd najbardziej zmienionych miRNA w odpowiedzi
na mutacje PTEN odnotowano wzrost ekspresji onkomiru miR-155. Najwazniejsze
miRNA indukowane niedotlenieniem to miR-210 i miR-221, ktore jednocze$nie moga

by¢ zaangazowane w zalezny od hipoks;ji spadek poziomu PTEN (Publikacja 3).

Wyniki niniejszej pracy dostarczaja nowych dowodow dotyczacych roli
i aktywnosci PTEN w mikrosrodowisku mysich modeli raka nerki i czerniaka.
Przedstawione roznice, zarowno w aktywnosci PTEN, jak i odpowiedzi na niedotlenienie,
moga odgrywac¢ kluczowa role w skutecznosci terapii przeciwnowotworowych.
Rozwazania na temat odmiennej roli PTEN w roznych typach nowotworow sktaniajg do
promowania terapii personalizowanej, jednak wcigz brakuje wystarczajaco szybkich

I kompleksowych testow okreslajacych rolg PTEN w konkretnych nowotworach.
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5 OPINIA KOMISJI ETYCZNEJ

UCHWALA NR WAW?2/76/2017
z dnia 19 wrzesnia 2017 r.

Il Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzetach w Warszawie

§1

Na podstawie art. 48 pkt. 1 ustawy z dnia 15 stycznia 2015 r. o ochronie zwierzat
wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266) po rozpatrzeniu wniosku
pt.:,Przywracanie fizjoksji w celu naprawy niedotlenionych tkanek - regulacja mikroRNA dla
celowanej normalizacji naczyn w nowotworach” z dnia 12 wrzesnia 2017 r., ztozonego przez:
Wojskowy Instytut Higieny i Epidemiologii, adres: 01-163 Warszawa, ul. Kozielska 4,* zaplanowanego
przez Klaudie Brodaczewska? , lokalna komisja etyczna:

WYRAZA ZGODE

Na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku.

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w 1 §, Lokalna Komisja Etyczna ustalita, ze:

1. Whniosek nalezy przypisa¢ do kategorii: badania podstawowe, onkologia.
2. Najwyzszy stopien dotkliwosci proponowanych procedur to: umiarkowana.
3. Doswiadczenia beda przeprowadzane na gatunkach lub grupach gatunkéw?:

Gatunek Wiek/stadium rozwoju Liczba
Mysz BALB/c 6-8 tygodni 900
Mysz C57BI/6 6-8 tygodni 486

4. Doswiadczenia beda przeprowadzane przez: Klaudia Brodaczewska, Stawomir Lewicki,
Katarzyna Krawczak.
5. Doswiadczenie bedzie przeprowadzane w terminie* od 01.12.2017 do 01.12.2020r.

Doswiadczenie bedzie przeprowadzone w osrodku®: WIHIE, ul. Szaseréw 128, 04-141
Warszawa.

7. Doswiadczenie bedzie przeprowadzone poza osrodkiem w: nie dotyczy.
Uzyte do procedur zwierzeta dzikie zostang odtowione przez: nie dotyczy.

9. Doswiadczenie zestaniefnie zostanie poddane ocenie retrospektywne;j.

limig i nazwisko oraz adres i miejsce zamieszkania albo nazwe oraz adres i siedzibe uzytkownika, ktéry przeprowadzi to doswiadczenie, z tym ze w
przypadku gdy uzytkownikiem jest osoba fizyczna wykonujaca dziatalno$é gospodarcza, zamiast adresu i miejsca zamieszkania tej osoby - adres i
miejsce wykonywania dziatalnosci, jezeli s3 inne niz adres i miejsce zamieszkania tej osoby;

%imig i nazwisko osoby, ktéra zaplanowata i jest odpowiedzialna za przeprowadzenie doswiadczenia

3 Podac liczbe, szczep/stado, wiek/stadium rozwoju

4 Nie dtuzej niz 5 lat

¢ Podac jedli jest to inny oérodek niz uzytkownik
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§3
Uzasadnienie:

Komisja ocenita wniosek zgodnie z kryteriami zawartymi w art. 47.1 . ustawy z dnia 15 stycznia
2015 r. o ochronie zwierzat wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz.
266). Po ocenie wniosku komisja stwierdza, ze przedstawiony projekt spetnia warunki dopuszczenia
dotwiadczenia na zwierzetach.

Na podstawie art. 107 § 4 ustawy z dnia 14 czerwca 1960 r. — Kodeks postepowania
administracyjnego z pézniejszymi zmianami (Dz. U. z 2016 poz. 23) odstapiono od sporzadzania
uzasadnienia decyzji, gdyz uwzglednia ona w catoéci zadanie strony.

§4

Integralna czes¢ niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w §1

Szkola Gléwna Gospodarstwa Wiejskiego
w Warszawie R
Il Lokalna Komisja Etyczna
ds. Doswiadczen na Zwierzetach
02-786 Warszawa, vl. Ciszewskiego 8
tel. 22 59-35622 i
(Pieczeé lokalnej komisji etycznej)

dpjf przewodniczacego komisji
19rof. & hab. Joannia Gromadzka-Ostrowska |

Otrzymuje Uzytkownik

Pouczenie:

0Od niniejszej decyzji komisji mozna whieéé odwotanie do Krajowej Komisji Etycznej w terminie 14 od dnia otrzymania uchwaty.

Uzytkownik kopie przekazuje:

«  Osoba planujaca doswiadczenie
e  Zespétds. dobrostanu
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6 OSWIADCZENIA WSPOLAUTOROW

..............................

(miejscowosc, data)

CLAUDINE. KIEQA

(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. Comparative analysis of the effect of hypoxia in two
different tumor cell models shows the differential involvement of PTEN control of
proangiogenic pathways o$wiadczam, iz méj whasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi: opracowanie zafozen pracy i metodyki, pomoc i nadzorowanie przeprowadzonych
eksperymentéw, analiza i interpretacja danych, opracowanie manuskryptu.

Méj udziat procentowy w przygotowaniu publikacji okre§lam jako 20 %.

Wkiad Aleksandry Majewskiej w powstawanie publikacji okre§lam jako 51 %,
(imig i nazwisko kandydata do stopnia)

obejmowal on: opracowanie zalozen pracy i metodyki, przeprowadzenie eksperymentow,

analizg i interpretacje danych oraz opracowanie manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$é rozprawy doktorskiej
mgr inz. Aleksandry Majewskiej.

(imig i nazwisko kandydata do stopnia)

.
(podpis oéwiad@af%»&\ .

*w szczegdlnoéei udziatu w przygotowaniu koncepcji. metodyki, wykonaniu badar, interpretacji wynikow
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NFRS28M.0... 15,08 2022

(miejscowosé, data)

CLAVDINE KIEDA

(imig 1 nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. Pten knockout affects drug resistance differently in
melanoma and kidney cancer o$wiadczam, iz moj wiasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: opracowanie zatozen pracy, analiza i interpretacja danych, krytyczna
ocena manuskryptu.

Méj udziat procentowy w przygotowaniu publikacji okre$lam jako 12 %.
Wkiad Aleksandry Majewskiej w powstawanie publikacji okre§lam jako 38 %,

(imig i nazwisko kandydata do stopnia)

obejmowal on: opracowanie metodyki, przeprowadzenie eksperymentéw, analize i

interpretacjg danych oraz opracowanie manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanic publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze§é rozprawy doktorskiej

mgr inz. Aleksandry Majewskic;j.

(imi¢ i nazwisko kandydata do stopnia)

*w szczegdlnosei udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badar, interpretacji wynikow
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WRRS2ALA....45.08. 202 3

(miejscowosé, data)

(imig i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. MiRNA pattern in hypoxic microenvironment of kidney
cancer — role of PTEN o$wiadczam, iz m6j whasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badah oraz przedstawienie pracy w formie publikacji
stanowi: opracowanie zalozen pracy i metodyki, nadzorowanie przeprowadzonych
eksperymentow, analiza i interpretacja danych, krytyczna ocena manuskryptu.

Méj udziat procentowy w przygotowaniu publikacji okre$lam jako 15 %.
Wkiad Aleksandry Majewskiej w powstawanic publikacji okreslam jako 51 %,

(imig i nazwisko kandydata do stopnia)

obejmowal on: opracowanie zalozen pracy i metodyki, przeprowadzenie eksperymentéw,

analizg i interpretacj¢ danych oraz opracowanie manuskryptu.

(meryloryezny opis wkladu kandydata do stopnia w powstanie publikacji)y*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze§é rozprawy doktorskiej
mgr inz. Aleksandry Majewskiej.

(imi¢ i nazwisko kandydata do stopnia)

*w szczegdlnoéci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badai, interpretacji wynikow
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’I(ﬂg Z} l\)a\/)la/v =

(miejscowos¢, data)

(imig i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. Comparative analysis of the effect of hypoxia in two
different tumor cell models shows the differential involvement of PTEN control of
proangiogenic pathways oswiadczam, iz mdj whasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi: opracowanie zalozen pracy i metodyki, pomoc i nadzorowanie przeprowadzonych
eksperymentéw, analiza i interpretacja danych, opracowanie manuskryptu.

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 20 %.

Wkiad Aleksandry Majewskiej w powstawanie publikacji okreslam jako 51 %,
(imig i nazwisko kandydata do stopnia)

obejmowal on: opracowanie zalozen pracy i metodyki, przeprowadzenie eksperyment6w,

analizg i interpretacjg danych oraz opracowanie manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako cze§é rozprawy doktorskiej
mgr inz. Aleksandry Majewskiej.

(imig i nazwisko kandydata do stopnia)

*w szczegdlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badar, interpretacji wynikow
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(miejscowos¢, data)

OSWIADCZENIE

Jako wspélautor pracy pt. Pten knockout affects drug resistance differently in
melanoma and kidney cancer o$wiadczam, iz moj whasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: opracowanie zalozen pracy i metodyki, pomoc i nadzorowanie
przeprowadzonych eksperyment6w, analiza i interpretacja danych, opracowanie manuskryptu.
Méj udziat procentowy w przygotowaniu publikacji okre$lam jako 38 %.

Wkiad Aleksandry Majewskiej w powstawanie publikacji okres$lam jako 38 %,

(imi¢ i nazwisko kandydata do stopnia)
obejmowal on: opracowanie metodyki, przeprowadzenie eksperymentéw, analize i
interpretacje danych oraz opracowanie manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanic publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$é r zprawy doktorskiej

mgr inz. Aleksandry Majewskie;j. al ig(;}i o
wacyjnych
utu Medycznego

. . ; Laboratorium
(imig i nazwisko kandydata do stopnia) i TerapigIn

*w szczeg6lnosei udziatu w przygotowaniu koneepcji, metodyki, wykonaniu badari, interpretacji wynikow
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(miejscowosé, data)

Brdevote

(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. MiRNA pattern in hypoxic microenvironment of kidney
cancer — role of PTEN oéwiadczam, iz méj wlasny wktad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi: opracowanie zatozen pracy i metodyki, pomoc i nadzorowanie przeprowadzonych
eksperymentéw, analiza i interpretacja danych, opracowanie manuskryptu.

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 20 %.
Wkiad Aleksandry Majewskiej w powstawanie publikacji okre§lam jako 51 %,
(imi¢ i nazwisko kandydata do stopnia)
obejmowal on: opracowanie zalozef pracy i metodyki, przeprowadzenie eksperymentow,
analizg i interpretacje danych oraz opracowanie manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako cze$é rozprawy doktorskiej
mgr inz. Aleksandry Majewskie;.

(imig i nazwisko kandydata do stopnia)

dr n. bi

*w szezegdlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu bada, interpretacji wynikow
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Viokdy (0,09 23

(micjscowodé, data)

(imi¢ | nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. Comparative analysis of the effect of hypoxia in two different tumor
cell models shows the differential involvement of PTEN control of proangiogenic pathways
o$wiadczam, iz moj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie i opr i
badan oraz przedstawienie pracy w formie publikacji stanowi: opracowanie zalozefi pracy i metodyki,
pomoc i nadzorowanie przeprowadzonych eksperyment6w, analiza i interpretacja danych, opracowanie
manuskryptu.

Moj udzial procentowy w przygotowaniu publikacji okre$lam jako 9 %.
Wkiad Aleksandry Majewskiej w powstawanic publikacji okre§lam jako 51 %,
(imig i nazwisko kandydata do stopnia)
obejmowal on: przeprowadzenic eksperymentéw, analiz¢ i interpretacj¢ danych oraz opracowanie
manuskryptu.

(merytoryczny opis wkiadu do stopnia w T likacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej mgr inz.
Aleksandry Majewskiej.
(imig 1 nazwisko kandydata do stopnia)

'MW ;}.{l'p&.‘ bl\uu\_’

(podpis o$wiadczajacego)

w 6Inoéci udzialu w przyg: i peji dyki, wyk iu badan, interpretacji wynikow
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l(mldbJ lb.08. 2%

Hlekcandra, Filipigk= PUiboin

(imig i nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. Pren knockout affects drug resistance differently in melanoma and
kidney cancer o$wiadczam, iz moj wiasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: przeprowadzenie
cksperymentdw, analiza i interpretacja danych, opracowanie manuskryptu.

Méj udziat procentowy w przygotowaniu publikacji okre$lam jako 12 %.
Wkiad Aleksandry Majewskiej w powstawanic publikacji okre$lam jako 38 %,
(imic i nazwisko kandydata do stopnia)
obejmowal on: opracowanic metodyki, przeprowadzenie cksperyment6w, analizg i interpretacje danych
oraz opracowanie manuskryptu.
(merytoryczny opis wkiadu kandydata do stopaia w p

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako cze$é¢ rozprawy doktorskiej mgr inz.

Aleksandry Majewskiej.
Pleode, Fhdosk ~ Ditddoe,

(imig i nazwisko kandydata do stopnia)
(podpis o$wiadczajacego)

w ol i udzialu w przyg iu k peji dyki, wyk iu badan, interpretacji wynikow
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(midjscowodd, data)
fticksan oica_Fltapiek ~ Dutlloon

(imig | nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. MiRNA pattern in hypoxic microenvironment of kidney cancer — role
of PTEN o$wiadczam, iz m6j wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanic badan oraz przedstawienic pracy w formie publikacji stanowi: przeprowadzenie
eksperymentow, analiza i interpretacja danych, opracowanie manuskryptu.
M§j udzial procentowy w przygotowaniu publikacji okreslam jako 8 %.
Wkiad Aleksandry Majewskiej w powstawanie publikacji okre$lam jako 51 %,

(imig i nazwisko kandydata do stopnia)

obejmowal on: opracowanic zalozen pracy i metodyki, przeprowadzenie eksperymentéw, analizg i

interpretacje danych oraz opracowanie manuskryptu.
(merytoryczny opis wkladu kand, do stopnia w p

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako cze§¢ rozprawy doktorskiej mgr inz.
Aleksandry Majewskiej.
(1mig 1 nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

o slnosci udzialu w przyg iu k peji yki, wy iu badan, interpretacji wynikow
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Poznan, 14.09.2023
(miejscowosc, data)

Arkadiusz Kajdasz
(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. MiRNA pattern in hypoxic microenvironment of kidney
cancer — role of PTEN oswiadczam, iz mdj wiasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji
stanowi: analiza i interpretacja danych, krytyczna ocena manuskryptu.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 6 %.
Wkiad Aleksandry Majewskiej w powstawanie publikacji okreslam jako 51 %,
(imie i nazwisko kandydata do stopnia)
obejmowat on: opracowanie zalozen pracy i metodyki, przeprowadzenie eksperymentow,

analize i interpretacje danych oraz opracowanie manuskryptu.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej
mgr inz. Aleksandry Majewskiej.

(imig i nazwisko kandydata do stopnia) A 4 ( l-‘ A sz

(podpis oswiadczajacego)

*w szczegolnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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