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2. Streszczenie

Alfa-enolaza (ENOI1) to enzym szlaku glikolitycznego, ktorego nadekspresja
obserwowana jest wielu nowotworach, promujac proliferacj¢ oraz inwazje komorek
nowotworowych. ENOI peli kluczowa rol¢ w utrzymaniu efektu Warburga, w ktorym
komoérki nowotworowe czerpig energi¢ z glikolizy tlenowej zamiast mitochondrialnej
fosforylacji oksydacyjnej, zarowno w warunkach niedotlenienia jak i przy prawidlowym
poziomie tlenu. Eksperymentalne zmniejszenie ekspresji lub aktywnos$ci enzymatycznej ENO1
w komorkach nowotworowych prowadzi do supresji glikolizy, aktywacji metabolizmu
tlenowego 1 obnizenia proliferacji, migracji i inwazji komoérek, co czyni ENO1 atrakcyjnym
celem terapeutycznym. Bialko wigzace promotor c-MYC (MBP-1) jest produktem
alternatywnej translacji mRNA kodujacego ENO1. W przeciwienstwie do cytoplazmatyczne;j
ekspresji ENO1, MBP-1 lokalizuje si¢ w jadrze komérkowym, gdzie taczac si¢ z promotorem
genu c-MYC hamuje transkrypcje. Skutkiem tego jest zmniejszenie proliferacji oraz wzrostu
komorek nowotworowych.

Celem niniejszej rozprawy doktorskiej byta analiza korelacji ekspresji biatka ENO1
oznaczonej metodg immunohistochemiczng u 112 pacjentow z czerniakiem skory ze
szczegblowymi parametrami klinicznymi i histopatologicznymi oraz analiza ekspresji ENOI 1
jej izoformy MBP-1 w przedklinicznych modelach in vitro. W przedstawionej pracy
wykorzystano 4 linie komorkowe czerniaka skory, pochodzace z guza pierwotnego (A375,
WM1341D) oraz z przerzutow do wezidw chtonnych (WM9, Hs294T).

W pierwsze] publikacji, analiza modeli klinicznych i komérkowych wykazata, ze
nadekspresja  ENO1 zwigksza inwazyjno$¢ komorek czerniaka i1 koreluje z bardziej
agresywnym przebiegiem klinicznym. Nadekspresja ENO1 w komoérkach nowotworowych u
pacjentdéw z czerniakiem skoéry byta istotnie skorelowana z niekorzystnymi czynnikami
rokowniczymi, takimi jak grubo$¢ nacieku wedlug skali Breslowa i Clarka, aktywnoscia
mitotyczng oraz obecnoscig owrzodzenia. W liniach komoérkowych czerniaka wystgpowat
wyzszy poziom ekspresji ENO1 w poréwnaniu do prawidlowych melanocytow. Linie
komoérkowe pochodzace z przerzutow (WM9 i Hs294T) wykazywaly wyzszy poziom
aktywno$ci enzymatycznej ENO1 w warunkach hipoksji w poréwnaniu do normoks;ji.
Uzyskane obserwacje wskazuja na istotng role ENO1 w adaptacji komoérek nowotworowych
do warunkéw niedotlenienia, ktore odzwierciedlaja $rodowisko weztow chtonnych i

zapewniaja przetrwanie komoérkom przerzutujagcym.



W drugiej cze$ci rozprawy doktorskiej skoncentrowano si¢ na zbadaniu wptywu
nadekspresji biatka MBP-1 i jego wariantu delecyjnego pozbawionego domeny C-koncowe;j
(MBP-1AC) w 2 liniach czerniaka skory (A375 i1 WMD9), pozyskanych odpowiednio z guza
pierwotnego oraz przerzutu do wezta chtonnego, na wybrane parametry komorkowe. Badanie
immunofluorescencyjne uwidocznilo nieoczekiwang lokalizacje cytoplazmatyczng MBP-1
oraz MBP-1AC w stabilnie transdukowanych liniach komoérkowych, co sugeruje istnienie
mechanizmu importu jadrowego, nieefektywnego w warunkach silnej nadekspresji
lentiwirusowe;j. Niefizjologiczna ekspresja bialek MBP-1 i MBP-1AC w cytoplazmie ujawnita
szereg ich funkcji, podobnych do ENOI, takich jak zwigkszenie tempa proliferacji i glikolizy.
Niemniej jednak, czasteczka MBP-1, w przeciwienstwie do jej mutanta delecyjnego MBP-1AC
zachowata takze aktywnos$¢ przeciwnowotworowa, ktéra byta niezalezna od jej lokalizacji
jadrowej 1 ktora uwidocznila si¢ w tescie zarastania rysy poprzez znaczace zmniejszenie tempa
migracji komorek linit WMO.

Wyniki uzyskane w tej rozprawie stanowia oryginalng analiz¢ korelacji pomig¢dzy
ekspresja ENO1 oraz MBP-1 w liniach komoérkowych czerniaka skéry a parametrami
proliferacji, inwazyjnosci i metabolizmu glukozy. Ponadto przedstawiona nadekspresja
izoformy ENO1 — MBP-1 lokalizujaca si¢ w cytoplazmie ujawnita nieoczekiwang aktywno$é
pronowotworowg oraz aktywnos¢ przeciwnowotworowa w liniach czerniaka skory.

Wyniki badan przedstawione w niniejszej rozprawie doktorskiej umozliwiaja
kontynuowanie badan nad ENOI, potencjalnym markerem prognostycznym oraz celem

eksperymentalnych terapii czerniaka.



3. Abstract

Alpha-enolase (ENO1) is an enzyme of the glycolytic pathway, whose overexpression
is observed in several cancers, promoting the proliferation and invasion of cancer cells. ENO1
plays an essential role in maintaining the Warburg effect, in which cancer cells derive energy
from aerobic glycolysis instead of mitochondrial oxidative phosphorylation, both under
hypoxic conditions and at normal oxygen levels. Experimental reduction of expression or
enzymatic activity of ENO1 in cancer cells leads to suppression of glycolysis, activation of
aerobic metabolism, and reduction of proliferation, migration, and invasion of cells, making
ENOI an attractive therapeutic target. The c-MYC promoter-binding protein (MBP-1) is a
product of the alternative translation of the mRNA encoding ENOI1. In contrast to the
cytoplasmic expression of ENO1, MBP-1 is located in the cell nucleus, where, by binding to
the c-MYC gene promoter, it inhibits transcription. The consequence is a reduction in the
proliferation and growth of cancer cells.

This doctoral dissertation aimed to analyze the correlation of ENO1 protein expression,
as determined by the immunohistochemical method, in 112 patients with skin melanoma with
detailed clinical and histopathological parameters, and to analyze the expression of ENOI1 and
its MBP-1 isoform in preclinical in vitro models. Four skin melanoma cell lines derived from
the primary tumor (A375, WM1341D) and from lymph node metastases (WM9, Hs294T) were
used in this study.

In the first publication, the analysis of clinical and cellular models showed that
overexpression of ENO1 enhances the invasiveness of melanoma cells and correlates with a
more aggressive clinical course. Overexpression of ENOI in cancer cells in patients with skin
melanoma was significantly associated with unfavorable prognostic factors, such as Breslow
thickness, Clark level, mitotic activity, and the presence of ulceration. Melanoma cell lines
showed a higher level of ENO1 expression compared to normal melanocytes. Cell lines derived
from metastases (WM9 and Hs294T) showed higher levels of ENO1 enzymatic activity under
hypoxia compared to normoxia. These observations indicate the significant role of ENOL1 in
the adaptation of cancer cells to hypoxic conditions, which reflect the environment of lymph
nodes and ensure the survival of metastasizing cells.

The second part of the doctoral dissertation focused on examining the impact of
overexpression of the MBP-1 protein and its C-terminal deletion mutant (MBP-1AC) in skin
melanoma lines (A375 and WMY), derived respectively from the primary tumor and lymph

node metastasis, on selected cell parameters. An immunofluorescent study revealed an



unexpected cytoplasmic location of MBP-1 and MBP-1AC in stably transduced cell lines,
suggesting the existence of a nuclear transport mechanism that is ineffective under conditions
of strong lentiviral overexpression. Non-physiological expression of MBP-1 and MBP-1AC
proteins in the cytoplasm revealed a number of their functions, similar to ENO1, such as an
increased rate of proliferation and glycolysis. Nevertheless, the MBP-1 molecule, unlike its
deletion mutant MBP-1AC, also retained its anti-cancer activity, which was independent of its
nuclear location and was manifested in the wound healing assay by significantly reducing the
rate of migration of WMO cell line.

The results obtained in this dissertation constitute an original analysis of the correlation
between the expression of ENO1 and MBP-1 in skin melanoma cell lines and parameters of
proliferation, invasiveness, and glucose metabolism. Moreover, the presented overexpression
of the ENO1 isoform - MBP-1, localized in the cytoplasm, revealed an unexpected pro-tumor
activity as well as anti-tumor activity in skin melanoma lines, thereby increasing knowledge
about the biology of this protein.

The results of the studies presented in this doctoral dissertation enable the continuation
of research on ENOI1, a potential prognostic marker, and target for experimental melanoma

therapies.



4. Wprowadzenie

Czerniak (cutaneous melanoma, CM) to agresywny nowotwor skory, rozwijajacy sie z
melanocytow, czyli komorek pigmentowych skory. Jest to jeden z najbardziej agresywnych
klinicznie nowotwordéw zto§liwych, a takze gléwna przyczyna zgondéw zwigzanych z
nowotworami skory. Nowotwor ten cechuje si¢ zdolnoscia do szybkiego rozwoju,
rozprzestrzeniania si¢ oraz tworzenia przerzutéw, co utrudnia efektywne leczenie. W ciggu
ostatnich dekad zaobserwowano dynamiczny wzrost liczby zachorowan na czerniaka skory,

zard6wno w Polsce, jak i na $wiecie [1].

Badania epidemiologiczne wykazaty, ze istnieje wiele czynnikow ryzyka zwigzanych z
rozwojem tego nowotworu skory, takich jak: predyspozycje genetyczne, czynniki
srodowiskowe, narazenie na promieniowanie ultrafioletowe (UV) oraz zrdéznicowany fototyp
skory. Nadmierna ekspozycja na promieniowanie UV prowadzi do mutacji DNA w
melanocytach skory, co skutkuje niekontrolowanymi podzialami komorek i rozwojem
nowotworu. Promieniowanie UV-B (280-315 nm) jest absorbowane przez warstwe 0zonowa i
stanowi jedynie 5% calkowitego $wiatla stonecznego docierajacego na ziemi¢, odpowiadajac
za najbardziej karcynogenne dlugosci fal. Natomiast promieniowanie UV-A (315400 nm)
reprezentuj pozostate 95% ekspozycji, a jego zdolnos¢ do penetracji najglebszych warstw
skory wilasciwej prowadzi do jej uszkodzen. Warto zauwazy¢, ze promieniowanie UV-B
powoduje bezposrednie uszkodzenia DNA, podczas gdy promieniowanie UV-A odpowiada za
posrednie dziatanie, poprzez generowanie reaktywnych form tlenu w obrgbie skory wiasciwej

[2-6].

Wskaznik zachorowalnos$ci na czerniaka rézni si¢ w zalezno$ci od szerokos$ci
geograficznej, co jest zwigzane z roznym fenotypem skory, jej pigmentacja oraz ekspozycja na
promieniowanie UV [7—-10]. Osoby o jasnej karnacji (fenotypy I-III) sg bardziej podatne na
uszkodzenia DNA wywolane przez promieniowanie UV co zwigksza ryzyko rozwoju
czerniaka [11]. Najwyzszy wskaznik zachorowalnosci i $miertelno$ci na §wiecie wystepuje w
Australii 1 Nowej Zelandii. Natomiast w FEuropie mozna zaobserwowaé gradient
zachorowalno$ci na czerniaka, z najwyzszym wspolczynnikiem w krajach poiocnych i
najnizszym w krajach potudniowych [12,13]. Kraje o przewazajacym fenotypie jasnej karnacji
i okresowej ekspozycji na stonce wykazujg 25-30 przypadkoéw na 100 000 oséb [14], natomiast

w populacjach §rodziemnomorskich wskaznik zapadalno$ci wynosi okoto 5-7 przypadkéw na



100 000 osob [7]. Wedtug danych Swiatowej Organizacji Zdrowia (WHO) w 2020 roku
zarejestrowano ponad 300 000 nowych przypadkoéw czerniaka skory oraz 60 000 zgondw na
caltym $wiecie. W Polsce obserwuje si¢ wzrost liczby zachorowan na czerniaka. Dane
Gltownego Urzedu Statystycznego (GUS) pokazuja, ze liczba nowych przypadkow czerniaka
wzrosta dwukrotnie w ciggu 19 lat - od 2000 roku, kiedy odnotowano 2 000 nowych
przypadkéw, do 2019, w ktorym zarejestrowano 4 000 nowych przypadkow [15,16]. Dane
epidemiologiczne sugeruja, ze m¢zczyzni sg okoto 1,2 razy (w liczbach bezwzglednych 32 385
mezezyzn 1 24 658 kobiet) bardziej narazeni na rozwoj choroby oraz 1,3 razy (w liczbach
bezwzglednych 173 844 mezczyzn 1 150 791 kobiet) bardziej narazeni na zgon z powodu
czerniaka niz kobiety [13]. Wzrost liczby zachorowan na czerniaka jest zwigzany z wiekiem;
w grupie mezczyzn po 75 roku zycia nowotwor ten wystepuje 3-krotnie czesciej niz u kobiet
[17]. Korelacja ta moze by¢ zwigzana z dtuzszym czasem ekspozycji na promieniowanie UV

oraz ostabieniem uktadu odpornosciowego [18].

Wysoka S$miertelnos¢ spowodowana czerniakiem skory, wzrastajaca wraz ze
zmianami Srodowiskowymi, stawia przed naukowcami wyzwanie do poszukiwania
nowych, bardziej efektywnych metod diagnostyKki i leczenia.

Tradycyjne chemioterapie stosowane w leczeniu czerniaka, czesto wykazuja ograniczong
skuteczno$¢ oraz powoduja liczne dziatania niepozadane [19]. Chociaz takie podej$cie moze
przynies$¢ korzysci dla niektorych pacjentdw, to jednak istnieje pilna potrzeba opracowania
bardziej selektywnych i skutecznych terapii. W ostatnich latach wprowadzono nowe metody
leczenia czerniaka, takie jak terapia celowana z wykorzystaniem inhibitorow BRAF (kinazy
serynowo-treoninowej) i MEK (kinaza, kinazy MAP), a takze immunoterapia oparta na
przeciwcialach monoklonalnych anty-PD-1 (receptor programowanej $mierci komorki) i anty-
CTLA-4 (antygen - 4 cytotoksycznych limfocytoéw T) [19-21]. Inhibitory BRAF i MEK maja
na celu blokowanie szlakow sygnalowych odpowiedzialnych za rozwoj i przezycie komorek
nowotworowych, co prowadzi do zahamowania wzrostu i rozwoju czerniaka [22]. Niemnie;j
jednak, terapie te czesto prowadza do wystapienia chemioopornos$ci, co moze ograniczy¢ ich
dhlugoterminowa skuteczno$¢ [23]. Z kolei immunoterapia z wykorzystaniem przeciwciat
monoklonalnych ma na celu pobudzenie uktadu odpornosciowego do atakowania komorek
nowotworowych, ale jej skuteczno$¢ zalezy od typu czerniaka [24]. Innym interesujacym
podejsciem jest terapia genowa, majaca na celu wprowadzenie, naprawe lub zastgpienie
uszkodzonych gendw w komorkach nowotworowych. Terapia genowa moze by¢ wykorzystana

do wprowadzenia genéw majacych na celu zahamowanie wzrostu guza, indukcje apoptozy,



zwigkszenie odpowiedzi immunologicznej lub hamowanie angiogenezy [25]. Warto réwniez
wspomnie¢ o roli mikroRNA (miRNA) w kontekscie terapii czerniaka. miRNA to krotkie,
nieliniowe fragmenty RNA, ktére sa zaangazowane w regulacj¢ ekspresji genéw i moga miec
dziatanie zaré6wno onkogenne, jak i supresorowe. Badania nad miRNA jako celami
terapeutycznymi lub biomarkerami w czerniaku moga prowadzi¢ do opracowania nowych
strategii leczenia [26].

Jednym z potencjalnych celéw terapeutycznych jest alfa-enolaza (ENOI1, EC 4.2.1.11),
biatko wykazujace podwyzszong ekspresje¢ w komodrkach wigkszosci nowotworow [27].
Izoforma tego biatka - biatko wigzace promotor c-MYC (MBP-1), wykazuje dziatanie
hamujace rozwoj wybranych typow nowotwordéw [28]. Badania nad ich dzialaniem s3 obecnie
przedmiotem zainteresowania w kontek$cie rozwoju nowych terapii przeciwnowotworowych.
Zrozumienie mechanizméw, przez ktore ENO1 i MBP-1 wptywaja na rozwdj nowotwordw,
moze prowadzi¢ do identyfikacji nowych celow terapeutycznych i rozwoju skutecznych

strategii leczenia.

ENO1 to ewolucyjnie konserwowany glikolityczny metaloenzym odpowiedzialny za
odwracalng dehydratacje 2-fosfo-D-glicerynianu do fosfoenolopirogronianu. ENOI1 dziata
jako homodimer, jednakze posiada rowniez zdolno$¢ do tworzenia supramolekularnych
komplekséw z biatkami cytoszkieletu, mitochondriéw lub powierzchni komorek, wykazujac
tym samym aktywno$¢ o charakterze wielofunkcyjnym [29,30]. Zwigkszona ekspresja ENO1
jest stwierdzana w przebiegu licznych nowotworow litych i hematologicznych oraz towarzyszy
wielu chorobom nienowotworowym, m.in. reumatoidalnemu zapaleniu stawow, toczniowi
rumieniowatemu, twardzinie uktadowej oraz chorobie Alzheimera [31-36]. Podwyzszony
poziom ENO1 promuje migracje, proliferacj¢ oraz inwazj¢ komodrek nowotworowych oraz
odgrywa kluczowg role w podtrzymywaniu efektu Warburga. Obnizenie ekspresji ENO1 w
komorkach nowotworowych prowadzi do zmniejszenia potencjalu inwazyjnego, co czyni go
atrakcyjnym celem terapeutycznym w zahamowaniu rozwoju i progresji nowotworu [37-39].

Mechanizmy zaangazowane w regulacj¢ ENOI, takie jak regulatory epigenetyczne (np.
kompleks biatkowy zawierajacy DEAH-box helikazg¢ 33 (DHX33)) oraz czynniki
transkrypcyjne (np. HIF-1a (czynnik indukowany hipoksja 1 podjednostka alfa)), oddziatuja
na promotor ENOI1, zwigkszajac jego transkrypcj¢ w warunkach niedotlenienia, ktore sa
dominujacym $rodowiskiem wzrostu nowotwordéw [40,41]. Wyciszenie ENO1 w komodrkach
ludzkich linii nowotworowych prowadzi do zmniejszenia szybkos$ci glikolizy na korzys¢

fosforylacji oksydacyjnej przy utrzymujacym si¢ wysokim st¢zeniu glukozy. Skutkiem tego
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jest aktywacja szlaku poliolowego, prowadzacego do zuzycia komoérkowego NADPH i
generowania reaktywnych form tlenu, ktore uszkadzaja struktury komorkowe i przyczyniaja
si¢ do $mierci komorek nowotworowych [37]. Analiza dostgpnych danych wskazuje na
korelacj¢ pomigdzy podwyzszonym poziomem ENOI1 a zlym rokowaniem pacjentow
onkologicznych w przypadku raka ptuc, jelita grubego, pgcherza moczowego, zotadka, trzustki
i glejaka [42-49]. ENOI, poza kanoniczng funkcja, zwigksza inwazyjno$¢ komorek
nowotworowych  poprzez  aktywacj¢  plazminogenu 1  degradacj¢ = macierzy
zewnatrzkomorkowej [27,50]. W zwiazku z tym, badacze daza do opracowania terapii
ukierunkowanych na hamowanie ENOI, co moze stanowi¢ strategi¢ leczenia roéznych
nowotworow, chociaz obecno$¢ ekspresji ENO1 w wielu prawidtowych typach komoérek (m.in.
w erytrocytach) stanowi powazne ograniczenie terapii opartych o hamowanie aktywnosci tego

enzymu.

ENOI1 moze ulega¢ alternatywne;j translacji skutkujacej ekspresja skroconej, pozbawionej
fragmentu N-koncowego ENOI1, formy biatka wigzacego promotor c-MYC (MBP-1) [51].
MBP-1 wykazuje wysoka homologi¢ z cDNA ENOI1 na poziomie 97%. Jako krotsza forma
biatka o masie 37 kDa, MBP-1 nie zawiera 96 aminokwasoéw N-koncowych [28]. Poziom
ekspresji MBP-1 jest niski, badZ na granicy detekcji w wielu liniach komdrek nowotworowych,
natomiast wystepuje stosunkowo wysoki poziom MBP-1 w prawidtowych komorkach
centralnego ukladu nerwowego, $ledziony, watroby 1 nerek [52,53]. Zwickszenie ekspresji
MBP-1 moze by¢ indukowane przez rozne czynniki, takie jak niedotlenienie, szlak sygnalowy
AKT/elF2a wywotany stresem komoérkowym oraz hamowanie proteasomow [52,54,55].

W przeciwienstwie do cytoplazmatycznej lokalizacji ENO1, MBP-1 lokalizuje si¢ w jadrze
komoérkowym, gdzie dziata jako represor transkrypcji szeregu gendw docelowych, w tym
c-MYC 1 nie wykazuje aktywnosci enzymatycznej [28,56]. MBP-1 moze laczy¢ si¢ z
promotorem c-MYC, blokujac transkrypcje¢ i prowadzac do zmniejszenia proliferacji i wzrostu
komorek nowotworowych [28,51,56]. Ponadto, MBP-1 hamuje dzialanie co najmniej dwoch
innych gendw, ktére biorg udziat w kancerogenezie: COX-2 hamujac proliferacje i przerzuty
komorek raka Zotadka oraz ERBB2 poprzez zwigzanie biatka HiDACI1 do promotora w
komorkach raka piersi SKBR3 [57,58]. Poprzez interakcje z aktywatorami transkrypcji c-MYC,
takimi jak wewnatrzkomorkowy Notch-1 (ICN) 1 dhugi niekodujacy RNA LINC00239,
MBP-1 moduluje poziomy c-MYC, przeciwdziatajac powstawaniu nowotworow [59,60].
Ektopowa ekspresja MBP-1 zostata wywotana w r6znych typach nowotwordw, takich jak rak

zotadka [57,61], rak piersi [62,63], rak przetyku [59], rak pluc [64,65], rak gruczotu krokowego
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[66,67] oraz kostniakomigsak [28]. Zauwazono zahamowanie proliferacji, migracji oraz
inwazji komorek nowotworowych.

Potencjalne zastosowania MBP-1 w terapii przeciwnowotworowej obejmujg mozliwos¢
zwigkszenia ekspresji tego biatka w celu hamowania wzrostu i progresji guzéw. Mozliwe
podejscia terapeutyczne moga obejmowac terapie genowe majace na celu wprowadzenie
wektorow do ekspresji MBP-1 w komdrkach nowotworowych, stosowanie matych czasteczek
modyfikujacych ekspresj¢ MBP-1 lub identyfikacj¢ czynnikow wptywajacych na ekspresje
tego bialtka w kontek$cie terapii kombinacyjnej. Okreslenie potencjatu terapeutycznego
MBP-1 jako celu molekularnego w terapii przeciwnowotworowej wymaga dalszych badan.
Niemniej jednak, przed wprowadzeniem MBP-1 jako terapii przeciwnowotworowej,
konieczne jest przeprowadzenie dalszych badahn majacych na celu lepsze zrozumienie
mechanizmoéw dzialania tego biatka, jak rowniez ocen¢ potencjalnych efektow ubocznych
zwigzanych z manipulacja ekspresji MBP-1. Ponadto, istotne bedzie opracowanie
odpowiednich modeli do$wiadczalnych, ktére pozwola na ocene skutecznos$ci terapii opartej

na MBP-1 w r6znych typach nowotworow.

Niemniej jednak, w aktualnej literaturze brakuje pelnej oceny znaczenia
prognostycznego bialka ENOI1 oraz bialka wigzacego promotor c-MYC (MBP-1) w

kontekscie czerniaka skory.
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5. Cel pracy

Celem niniejszej rozprawy doktorskiej bylo zbadanie korelacji ekspresji biatka ENO1
ze szczegdtowymi parametrami klinicznymi i histopatologicznymi oraz analiza ekspresji

ENOL1 i jej izoformy MBP-1 w przedklinicznych modelach in vitro.

W pracy mozna wyrdzni¢ cztery cele szczegdtowe:

1. Analiza ekspresji i aktywno$ci enzymatycznej alfa-enolazy w warunkach tlenowych i
niedotlenienia komoérek w czterech liniach czerniaka: dwoéch pochodzacych z
pierwotnych zmian skérnych (A375, WM1341D) i dwoch z przerzutow do weztow
chtonnych (WM9, Hs294T).

2. Analiza korelacji ekspresji ENO1 oznaczonej metoda immunohistochemiczng u 112
pacjentdéw z czerniakiem skory ze szczegoétowymi parametrami klinicznymi i
histopatologicznymi.

3. Badanie wplywu transdukcji linii komérkowych czerniaka za pomoca wektora
lentiwirusowego na proliferacj¢ oraz metabolizm glukozy komorek.

4. Ocena wptywu lentiwirusowej nadekspresji MBP-1 w dwoch liniach komérkowych
czerniaka pochodzacych z pierwotnej zmiany nowotworowej (A375) oraz z przerzutow

do weztéw chtonnych (WMD9).
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6. Publikacja I

Publikacja Alpha-Enolase (ENOI1) Correlates with Invasiveness of Cutaneous
Melanoma— An In Vitro and a Clinical Study

Autorzy: Miriam Hippner, Michal Majkowski, Przemystaw Biecek, Teresa Szkudlarek,
Aleksandra Simiczyjew, Malgorzata Pieniazek, Dorota Nowak, Arkadiusz Miazek,

Piotr Donizy.

Zostata opublikowana w 2022 roku w czasopi$mie Diagnostics (IF: 3.992)

Efekt Warburga, charakterystyczny dla komodrek nowotworowych, promuje
oddychanie anaerobowe co sprawia, ze enzymy szlaku glikolitycznego staja si¢ atrakcyjnym
celem potencjalnych terapii nowotworowych. Alfa-enolaza (ENO1) oprocz pelnienia swojej
kanonicznej funkcji w szlaku glikolitycznym, odgrywa kluczowa rolg¢ w procesach
nowotworowych. Jednakze w literaturze, brak jest kompleksowej oceny klinicznej potencjatu
diagnostycznego i prognostycznego ENO1 w czerniaku skory.

W ramach niniejszej pracy przeprowadzono badanie ekspresji 1 aktywnoS$ci
enzymatycznej] ENO1 w liniach komérkowych czerniaka, zardowno pochodzacych z guza
pierwotnego (A375, WM1341D) jak i z przerzutow do weztéw chlonnych (WM9 1 Hs294T).
Zastosowano techniki Western blot i immunofluorescencji, w celu okreslenia poziomu
ekspresji ENO1 w komorkach czerniaka oraz jej lokalizacji wewnatrzkomoérkowe;.
Dodatkowo, oceniono aktywnos¢ ENOI, korzystajac z interakcji z peroksydaza w pelnych
lizatach komoérkowych w warunkach normoksji oraz hipoksji. Przeprowadzono takze analize
prognostyczng ekspresji ENO1 oznaczonej metoda immunohistochemiczng u 112 pacjentéw z
czerniakiem skory ze szczegétowymi parametrami klinicznymi i histopatologicznymi.

Uzyskane wyniki wyraznie wskazuja na wyzszg ekspresj¢ ENO1 w liniach czerniaka
w porownaniu z prawidtowymi melanocytami. W szczegolnosci linia A375 pochodzaca z
pierwotnych zmian skornych charakteryzujaca si¢ wysoka agresywnoscia, wykazywata
najwyzszy poziom ekspresji i aktywnosci ENO1. W liniach pochodzacych z przerzutow do
weztow chtonnych (WM9 1 Hs294T) zaobserwowano znaczaco wyzszy poziom aktywnosci
ENO1 w hipoksji niz w normoksji, co sugeruje istotng rolg ENO1 w adaptacji komorek

nowotworowych do warunkow stresu oksydacyjnego. Analiza ekspresji ENO1 u pacjentow z
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czerniakiem skory wykazata istotng korelacje miedzy nadekspresja ENO1 a grubo$cia nacieku
wedhug skali Breslowa i Clarka, aktywnoscig mitotyczng i obecno$cia owrzodzenia. Wysoki
poziom ekspresji ENO1 byt §ci$le zwigzany z gorszym rokowaniem u pacjentéw z czerniakiem
skory. Nasze badania wykazaly, ze nadekspresja ENOI1 sprzyja inwazyjnosci komorek
czerniaka i koreluje z agresywnym przebiegiem klinicznym.

Wyniki analizy aktywnos$ci enzymatycznej ENO1 w liniach komorkowych czerniaka,
przedstawione w niniejszym badaniu, otwierajg droge do dalszych poszukiwan potencjalnych
celéw prognostycznych i terapeutycznych w leczeniu czerniaka. Ponadto, przedstawione przez
nas badanie stanowi pierwsze tego typu opracowanie, opisujace korelacje miedzy ekspresja

ENOI1 a szczegoétowymi parametrami klinicznymi i patologicznymi w czerniaku.
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Simple Summary: Alpha-enolase (ENO1) undergoes accentuated overexpression in several solid
cancers, but little is known about its status in cutaneous melanoma. The aim of this study was to
investigate the prognostic significance of ENO1 in surgical resections from melanoma patients and
to assess its expression and enzymatic activity in several melanoma cell lines. In clinical analysis,
the overexpression of ENOI1 in melanoma cells was significantly correlated with advanced clinical
stage, presence of metastases in regional lymph nodes, and shorter cancer-specific overall survival
and disease-free survival. We also demonstrated high expression of ENO1 in melanoma cell lines
compared with normal melanocytes. Our study, which extends previous in vitro research, makes
the alpha-enolase a candidate for a promising diagnostic and therapeutic target for various types of
cancers. Consequently, additional testing of ENOL as a target for melanoma therapy is necessary.

Abstract: Alpha-enolase (ENOL1) is a glycolytic metalloenzyme, and its overexpression occurs in
numerous cancers, contributing to cancer cell survival, proliferation, and maintenance of the Warburg
effect. Patients with an overexpression of ENO1 have a poor prognosis. The aim of the present study
was to investigate the prognostic significance of ENO1 in surgical resections from 112 melanoma
patients and to assess its expression and enzymatic activity in normoxia and hypoxia in several
melanoma cell lines. Overexpression of ENOI1 in tumor cells from patients was correlated with
unfavorable prognosticators such as Breslow thickness, Clark level, mitotic activity, and the presence
of ulceration. The expression of ENOI1 also positively correlated with a greater thickness of the
neoplastic infiltrate and a worse long-term prognosis for patients with cutaneous melanoma. We
report significantly higher expression of ENO1 in melanoma cell lines in comparison to normal
melanocytes. To conclude, our in vitro and clinical models showed that overexpression of ENO1
promotes invasiveness of melanoma cells and correlates with aggressive clinical behavior. These
observations open the way to further search of a potential prognostic and therapeutic target in
cutaneous melanoma.

Keywords: ENO1; cutaneous melanoma; melanoma cell lines; immunohistochemistry
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1. Introduction

Cutaneous melanoma (CM) is an aggressive skin cancer whose incidence varies consid-
erably between racial and ethnic groups of people. It is generally lower in people with highly
pigmented skin chronically exposed to the sun. In Europe, this pattern is typical of the Mediter-
ranean population, where the incidence approximates 5—7 cases /100,000 people [1]. In con-
trast, in Scandinavian countries and Switzerland, which have a prevalently fair-skin popu-
lation and intermittent sun exposure, the incidence approximates 25—30 cases/ 100,000 peo-
ple [2,3]. The mean CM incidence for the entire EU was 25 cases /100,000 people [4]. The
major risk factor of CM, UV irradiation, not only depends on the geographical latitude, but
also on the ozone layer depletion. A correlation is reported between a rise in CM incidence
and a local thinning of ozone layer [5]. The mortality rate of CM is high, and it further raises
with current environmental and lifestyle changes. Apart from cytostatic chemotherapies,
new options for CM metastatic tumor treatment including BRAF (B-Raf protooncogene) and
MEK (mitogen-activated protein kinase) inhibitors or their combination are available, but
they often lead to appearance of chemoresistance [6]. Imnmunotherapy with anti-CTLA—4
(cytotoxic T-lymphocyte associated protein 4) or anti-PD—1 (programmed cell death 1) an-
tibodies is generally superior to conventional chemotherapy, although its efficacy depends
on the subtype of CM. For example, an anti-PD—1 therapy of uveal, acral, and mucosal
melanoma had only limited efficacy with approximately 7%, 23%, and 32% of objective re-
sponse rates, respectively [7,8]. Therefore, characterizing novel therapeutic targets involved
in CM resistance to chemo- and immunotherapies may help to design new therapeutic
strategies. One of such promising targets is alpha-enolase (ENO1, EC 4.2.1.11) [9]. It is
an evolutionary conserved, glycolytic metalloenzyme responsible for the reversible dehy-
dration of 2-phospho-D-glycerate to phosphoenolpyruvate. It functions as a homodimer,
but may also assemble in supramolecular complexes with cytoskeletal, mitochondrial,
or cell surface proteins displaying catalytic and “moonlighting” activities [10]. Despite
being ubiquitous, ENO1 overexpression often reflects pathophysiological and metabolic
status of the cell. An increase in ENO1 expression accompanies numerous human diseases
(e.g., theumatoid arthritis, systemic sclerosis, lupus erythematosus, Alzheimer’s disease),
including over 18 classes of solid and hematological cancers [11-15].

Accumulated evidence demonstrates that, in the majority of cancers, ENO1 over-
expression contributes to cancerous cell survival, proliferation, and the maintenance of
the Warburg effect [9]. Mechanistically, both epigenetic regulators (e.g., DEAH-box he-
licase 33 (DHX33)-containing protein complex) and transcription factors (e.g., HIF—1«
(hypoxia inducible factor 1 subunit alpha)) operate on an ENO1 promoter to increase ENO1
transcription during hypoxia—a predominant growth milieu of many cancers [16,17]. In
ENO1-silenced tumor cell lines, the glycolysis rate diminishes in favor of the oxidative
phosphorylation, but glucose influx remains high. This leads to the activation of the polyol-
pathway consuming cellular NADPH and results in reactive oxygen species formation,
which damage cell structures and contribute to the cancer cell senescence and death [18].
The available clinical data points to the poor prognosis and a worse overall survival of
patients with increased ENO1 expression in glioma, pancreatic, lung, breast, colon, and
bladder cancers [19]. However, in non-small cell lung cancers, ENOL1 is downregulated at
the protein level, whereas its expression on mRNA level remains elevated [20].

To our knowledge, comprehensive clinical assessment of ENO1 diagnostic and prog-
nostic potential in cutaneous melanoma is not available in the literature. Previously, it was
found that in five human skin melanoma cell lines (A375, MeWo, MEL-HO, Colo—800, and
Colo—853), the RNA expression levels for ENO1 were upregulated 8—16 fold. Additionally,
in the MeWo cell line treated with ascorbate, a reduction of ENO1 protein expression was
documented [21]. The ascorbate-induced downregulation of ENOI correlated with the
reduced cell viability and in vitro migration capacity.

The aim of the present study was to investigate the prognostic significance of ENO1 in
surgical resections from 112 melanoma patients and to assess its expression and enzymatic
activity in normoxia and hypoxia in several melanoma cell lines.
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2. Materials and Methods
2.1. Cell Culture

Human epidermal melanocytes, adult (HEMa, 104—05A) and primary human epi-
dermal melanocytes (lightly pigmented) (HEMn-LP, C0025C) were purchased from Cell
Applications Inc (San Diego, CA, USA), and Cascade Biologics/Gibco (Carlsbad, CA, USA),
respectively. Human melanoma cells lines Hs294T (HTB—140), A375 (CRL—1619), and
WM9 (WM9—-01-0001), WM1341D (WM1341D—01—-0001) were acquired from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA), the European Collection of
Authenticated Cell Cultures (ECACC, Porton Down, UK), and Rockland Immunochemi-
cals, Inc. (Pottstown, PA, USA), respectively. A375 cells were cultured in DMEM (Hirszfeld
Institute of Inmunology and Experimental Therapy, Polish Academy of Sciences—HIIET,
PAS, Wroclaw, Poland) containing 1 g/L glucose, 1.5 g/mL NaHCO3, 2 mM glutamine
with 15% fetal bovine serum (FBS, Sigma—Aldrich, St. Louis, MO, USA). Hs294T, WM9 and
WM1341D cells were cultured in DMEM (4.5 g/L glucose, 1.5 g/mL NaHCOj3, 4 mM glu-
tamine) (HIIET, PAS, Wroclaw, Poland) with 10% FBS (Sigma—-Aldrich, St. Louis, MO, USA).
Human epidermal melanocytes were grown in melanocyte growth medium (Cell Applica-
tions Inc, San Diego, CA, USA). All cells were cultured in 75 cm? cell culture flasks (GoogLab
Scientific, Rokocin, Poland) and were maintained at 37 °C in a humidified atmosphere
containing 5% CO,. Cells were passaged twice a week using 0.25%/0.05% trypsin/EDTA
solution (HIIET, PAS, Wroclaw, Poland). Cells were cultured either at normoxia (37 °C,
20.9% O3, and 5% CO,) or hypoxia (37 °C, 1% O, and 5% COy).

2.2. Cell Lysis

Human epidermal melanocytes and melanoma cells were trypsinized and washed
twice with phosphate buffered saline (PBS). Next, the cells were resuspended in ra-
dioimmunoprecipitation lysis buffer—RIPA (50 mM Tris-HCl pH 7.4, 1% Triton X—100,
0.25% Sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with protease
inhibitor cocktail (04693116001, Complete Protease Inhibitor Cocktail Tablets, EASYpack,
Roche, Mannheim, Germany). After 30 min of incubation on ice, cell extracts were cen-
trifuged at 16,000 x g for 20 min at 4 °C. Supernatants were transferred into fresh tubes.
The protein concentration in cell lysates was measured using BCA method (71285 Millipore,
Burlington, MA, USA).

2.3. Western Blotting

Supernatants containing 5 pg of total protein were denatured at 95 °C for 5 min with a
Laemmli sample buffer containing 5% (-mercaptoethanol. Samples were separated using
SDS-PAGE and transferred to the PVDF membranes (Millipore, Burlington, MA, USA).
Next, the membranes were blocked with 5% skimmed milk in Tris-buffered saline with
Tween 20 (TBST) overnight at 4 °C. Then, membranes were incubated for 1.5 h at room
temperature (RT) with primary rabbit antibodies directed against ENO1 (PA5—13459
dilution 1:1000, Thermo Fisher, Waltham, MA, USA) and 1/2/3 Akt (sc—8312, H-136,
dilution 1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Then, after three washes
with TBST (Wash buffer), membranes were incubated for 1h at RT with the secondary anti-
rabbit antibodies conjugated with horseradish peroxidase. Inmunoblots were visualized
using the G-Box gel doc system (Syngene, Frederick, MD, USA) and analyzed using Image]J
software (ver 1.53e, U. S. National Institutes of Health, Bethesda, MD, USA).

2.4. Immunofluorescence

Melanoma cells were seeded on Millicell EZ slide (PEZGS0416, Millipore, Burlington,
MA, USA) and after 12 h were fixed in 4% formaldehyde (FA) for 10 min at RT. Subsequently
the cells were permeabilized with 0.1% Triton X—100 for 10 min at RT and then blocked
with 2% BSA in PBS for 1h. Slides were incubated for 1h at RT with primary antibodies
directed against ENO1 (dilution 1:50). The slides were then washed in PBS and incubated
for 45 min with secondary anti-Goat IgG antibodies conjugated to fluorescein isothiocyanate
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(FITC) (554020, Becton Dickinson, Franklin Lakes, NJ, USA) and DAPI. The slides were
washed in PBS and mounted with polyvinyl alcohol mounting medium with DABCO
(10981 Sigma-—Aldrich, St. Louis, MO, USA).

A Stellaris 8 laser confocal scanning microscope equipped with 63x NA1.4 oil objective
(Leica) was used to image samples. All images were taken at the same settings and further
analyzed using FIJI software [22]. Images were filtered to remove noise (Median filter,
radius = 2), then a triangle threshold was applied to segment cells from which mean
fluorescence signals were measured. Data were exported to Excel software and analyzed
with a t-test.

2.5. Enolase Activity Assay

Enolase activity was tested using the Enolase Activity Assay Kit (MAK178—1KT,
Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured on 6-well-plates, and were then
homogenized according to the manufacturer’s instructions. Cell lysates were diluted and
combined with a Reaction Mix. The plate was then incubated at 25 °C for 5—10 min, then
the absorbance at 570 nm was measured using a Wallac Victor 2 1420 multi-label counter
spectrophotometer (Perkin Elmer, Waltham, MA, USA) every 2—3 min, until the values
approached the maximal value of standard curve. The calculation of the enzyme activity
was conducted using the manufacturer’s instructions.

2.6. Immunohistochemistry

Tissue microarrays (TMAs) composed of three 1.5 mm tissue cores from each tumor
were automatically constructed (TMA Grand Master, Sysmex, Warsaw, Poland). Immuno-
histochemical analysis was performed using rabbit polyclonal anti-ENO1 antibody (dilu-
tion 1:500) on 4-um-thick paraffin sections mounted on silanized slides (Agilent DAKO,
Santa Clara, CA, USA). The slides underwent automated dewaxing, rehydration, and
heat-induced epitope retrieval with EnVision Target Retrieval Solution (Agilent DAKO,
Santa Clara, CA, USA) for 30 min at 97 °C in PT Link Pre-Treatment Module for Tissue
Specimens (DAKO). Liquid Permanent Red (Agilent DAKO, Santa Clara, CA, USA) was
utilized as a detection system. Human breast and pancreatic adenocarcinomas were stained
as positive controls. Negative controls were processed using FLEX Rabbit Negative Control,
Ready-to-Use (Agilent DAKO, Santa Clara, CA, USA) in place of the primary antibody.

Scoring of ENO1 immunostains was performed using the H-score [(percentage at 1+)
x 1 + (percentage at 2+) x 2 + (percentage at 3+) x 3], which integrates the intensity and
percentage of positive cells into a combined score. The median H-score (200) was used as a
cut-off value for high (H-score > 200) and low ENO1 (H-score < 200) expression [23].

2.7. Patients

We analyzed 112 cutaneous melanoma patients treated at the Regional Oncology
Centre in Opole, Poland, diagnosed between 2005 and 2010. Patients were enrolled in this
study based on the availability of medical documentation and paraffin blocks with primary
tumors. Comprehensive clinical data were retrieved from the archival medical records
(Regional Oncology Centre, Opole, Poland).

This study was reviewed and approved by the ethics committee of the Wroclaw
Medical University, Wroclaw, Poland (No. 277/2020). The patients did not personally
participate in the study, and the results of these investigations did not have any influence
on the original treatment of patients since it had already finished. All investigations were
performed in accordance with the Declaration of Helsinki.

Clinical parameters included in this study were age, gender, location of the primary
tumor, regional nodal status (including the information of sentinel lymph node biopsy
(SLNB) procedures), presence or absence of distant metastases, and information concern-
ing disease recurrence. Based on hematoxylin and eosin (H&E) staining from sections
of archival formalin-fixed paraffin-embedded tumor specimens, we evaluated detailed
histopathologic parameters: Breslow thickness, Clark level, histological type, mitotic rate
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method. ENO1 H-scores ranged from 30 to 300, and the mean H-score value was 194
(£63.34), median: 202. In all positive cases, we observed predominantly cytoplasmic ENO1
subcellular distribution (Figure 4). For the statistical analysis, we divided the study group
into two subgroups: (1) low ENOI1 expression (defined as an H-score <200), and (2) high
ENOI1 expression (defined as an H-score >200). Low ENO1 immunoreactivity was observed
in 56 patients (50%), and ENOI1 overexpression was observed also in 56 patients (50%).

3.4. Analysis of Correlations between ENO1 Expression and Clinical Parameters

Overexpression of ENO1 in melanoma cells was significantly correlated with advanced
stage of the disease—81% of patients with high expression of ENO1 were classified as
pT3 or pT4 (p < 0.001). Low ENO1 immunoreactivity was strongly associated with lack of
metastases in regional lymph nodes (p = 0.007) and lack of recurrence (p = 0.018) (Table 1).
Moreover, 79% of patients (30/38) diagnosed at stage I according to the AJCC (8th edition)
were characterized by low ENO1 immunoreactivity in melanoma cells (p < 0.001) (Figure 5).

3.5. Analysis of Correlations between ENO1 Expression and Histopathologic Parameters of
Primary Tumors

Advanced primary tumors according to Breslow’s and Clark’s scales were charac-
terized by overexpression of ENO1 (p < 0.001 for both scales). Furthermore, enhanced
ENO1 immunoreactivity in melanoma cells was strongly correlated with high mitotic
activity and presence of ulceration (p < 0.001, and p = 0.013, respectively). High tumoral
immunologic response was predominantly observed in patients with reduced cytoplasmic
ENOI expression—64% of patients with brisk tumor-infiltrating lymphocytes were char-
acterized by low ENOI reactivity in melanoma cells (p = 0.039). Nodular melanomas, a
histologic subtype of cutaneous melanoma with a worse outcome, revealed the highest
level of ENO1 expression in comparison to superficial spreading and acral lentiginous
melanomas (p < 0.001) (Table 2).

a) b) 201
o
Melanoma cell lines Melanocyte % g 1.5+
ENO1 | e s v e . EEW_ *oksk
s —
oN
A = ~ 2
v j 4 $ & 0.0-
3 2 R0 e

Figure 1. The expression level of ENO1 in the cell lysates from primary melanocytes and melanoma
cell lines. Representative Western blots showing ENO1 and Akt 1/2/3 expression (for normalization)
in protein lysates obtained from the primary human melanocytes (HEM) and indicated melanoma
cell lines (a). Densitometric ENO1/ Akt ratios are shown as mean values (1 = 3 except for HEM, n = 2)
+ standard error of the mean (SEM) (b). The significance level was set at p = 0.001-0.0001 (***).
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Figure 2. Enolase expression in melanoma cell lines determined by indirect immunofluorescence
and confocal microscopy. (a) Single optical sections showing cells stained for ENOI1 (green) and
DAPI (blue). In the second column ENOI1 signal was enhanced by brightness adjustment for the
sake of better visualization. Raw images (shown in the last column) were subjected to fluorescence
signal intensity analysis. Bar—15 pum. (b) Fluorescence signal intensity of the ENO1 presented as a
mean = standard deviation. The significance level was set at p = 0.05-0.01 (*). Subsequent number of
cells were analyzed: A375—40 cells, WM1341D—71 cells, WM9—25 cells, Hs294T—45 cells.
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Figure 3. The enolase activity in protein lysates prepared from A375, Hs294T, WM1341D, and WM9
melanoma cells cultured under normoxia or hypoxia. Bars represent mean values (1 = 4) & standard
error of the mean (SEM). The significance level was set at p = 0.05-0.01 (*), p = 0.01-0.001 (**).
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Figure 4. Representative results of immunohistochemical analysis of ENO1 expression in cuta-
neous melanoma patients. Low cytoplasmic ENO1 immunoreactivity in melanoma cells ((a), 200x;
(b), 400x). High expression of ENOI1 in tumoral cells ((c), 200 x; (d), 400x).
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Figure 5. ENO1 expression and AJCC (American Joint Committee on Cancer) staging. The lowest

ENO1 expression in tumoral cells was observed in patients with stage I cutaneous melanoma. In
stages II-IV, it was observed a significant increasing of ENO1 immunoreactivity in neoplastic cells.

Table 1. Correlations between ENO1 expression and clinical parameters of cutaneous melanoma pa-

tients.
ENO1 Expression
.. Low High
Clinical Parameters (H-Score <200) (H-Score >200) p Value
(N =56) (N =56)
Age (18—86 years) * 64 (52-73) 65 (54-74) 0.40
Gender ? 1.00
Female 29 (52%) 28 (50%)
Male 27 (48%) 28 (50%)
Primary tumor location ¢ 0.063
Head /neck 2 (4%) 9 (16%)
Extremities 22 (39%) 24 (43%)
Trunk 31 (55%) 21 (38%)
Hand/foot 1 (2%) 2 (4%)
Primary tumor (pT) ? <0.001
pT1 20 (36%) 5 (9%)
pT2 13 (23%) 6 (11%)
pT3 11 (20%) 16 (29%)
pT4 12 (21%) 29 (52%)
Sentinel lymph node biopsy status (SNLB) ? 0.042
No metastases (SNLB—) 19 (76%) 11 (44%)
Metastases present (SNLB+) 6 (24%) 14 (56%)
Regional lymph nodes status (pN) P 0.007
Metastases absent (pN—) 49 (88%) 36 (64%)
Metastases present (pN+) 7 (12%) 20 (36%)
Distant metastases (pM) ® 0.53
No metastases (pM—) 52 (93%) 49 (88%)
Metastases present (pM+) 4 (7%) 7 (12%)
AJCC (8th edition) stage 2 <0.001
I 30 (54%) 8 (14%)
I 17 (30%) 25 (45%)
111 5 (9%) 16 (29%
v 4 (7%) 7 (12%)
Recurrence ® 0.018
No 42 (75%) 29 (52%)
Yes 14 (25%) 27 (48%)

2 p value of Wilcoxon two sample test; ® p value of Fisher’s exact test; ¢ p value of chi? test.; statistically significant
results (p < 0.05) are given in bold; American Joint Committee on Cancer (AJCC).
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Table 2. Correlations between ENO1 expression and histopathological parameters in primary tumors
of cutaneous melanoma patients.

ENO1 Expression
Histopathological Parameters Low High
(H-Score <200)  (H-Score >200) p Value
(N =56) (N =56)
Breslow thickness 2 <0.001
<1mm 20 (36%) 5 (9%)
1.01—-2.00 mm 13 (23%) 6 (11%)
2.01—4.00 mm 11 (20%) 16 (29%)
>4 mm 12 (21%) 29 (52%)
Clark level 2 <0.001
I 0(0%) 0 (0%)
I 24 (43%) 5 (9%)
I 17 (30%) 24 (43%)
v 11 (20%) 20 (36%)
\Y% 4 (7%) 7 (12%)
Histological type ¢ <0.001
Superficial spreading melanoma 35 (62%) 13 (23%)
Nodular melanoma 20 (36%) 41 (73%)
Acral lentiginous melanoma 1(2%) 2 (4%)
Mitotic rate ? <0.001
0 22 (39%) 2 (4%)
1-2 11 (20%) 5 (9%)
>2 23 (41%) 49 (87%)
Ulceration € 0.013
No 39 (70%) 25 (45%)
Yes 17 (30%) 21 (55%)
Lymphangioinvasion ¢ 1.0
No 54 (96%) 52 (93%)
Yes 2 (4%) 4 (7%)
Tumor-infiltrating lymphocytes ¢ 0.039
No 5 (9%) 2 (4%)
Non-brisk 28 (50%) 41 (73%)
Brisk 23 (41%) 13 (23%)
Microsatellitosis € 1.00
No 54 (96%) 54 (96%)
Yes 2 (4%) 2 (4%)
Regression € 1.00
No 53 (95%) 54 (96%)
Yes 3 (5%) 2 (4%)

2 p of Wilcoxon two sample test; ® p value of Fisher’s exact test; ¢ p value of chi? test; statistically significant results
(p < 0.05) are given in bold.

3.6. Impact of ENO1 Expression of Long-Term Prognosis of Cutaneous Melanoma Patients

Overexpression of ENOI1 in tumor cells significantly correlated with shorter cancer-
specific overall survival (p = 0.023) and disease-free survival (p = 0.001) (Figure 6). In
univariate Cox regression model high ENO1 immunoreactivity had an important unfavor-
able impact on long-term survival (HR = 2.4, p = 0.027 for CSOS; and HR = 2.8, p = 0.002 for
DFS) (Table 3).
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Figure 6. Kaplan-Meier analysis of the prognostic significance of ENO1 expression in cutaneous
melanoma patients. Overexpression of ENO1 correlated with shorter cancer-specific overall survival
(a) and shorter disease-free survival (b). p levels of the log-rank test.

Table 3. Univariate Cox proportional hazards model.

N Cancer-Specific Overall Survival Disease-Free Survival
HR 95% CI p-Value HR 95% CI p-Value
Sex 128 0.4 0.2-0.8 0.015 * 0.6 04-1.1 0.118
Age 128 3.3 1-10.4 0.043 * 2.0 0.8—4.7 0.126
pN 128 5.3 2.6—11 <0.001 * 7.3 4-13 <0.001 *
pM 128 3.5 1.6—-7.4 <0.001 * 3.3 1.7-6.8 <0.001 *
AJCC (8th edition) stage 112 17.4 39-779 <0.001 * 12.5 4.7-33 <0.001 *
Breslow thickness 128 9.0 2.1-38.7 0.003 * 79 2.7-23 <0.001 *
Clark level 128 2.0 1.3-29 <0.001 * 1.8 1.4-25 <0.001 *
Histologic type 128 2.7 15-5 0.001 * 33 1.9-5.6 <0.001 *
Ulceration 128 29 1.5—-6 0.003 * 2.3 1.3—4.1 0.005 *
Lyn;‘:l}“,‘;;’fj;“lar 128 2.0 0.6-6.6 0.249 11 0.3-4.6 0.877
TILs 128 0.12 0.1-0.5 0.002 * 0.2 0.1-0.9 0.041 *
Microsatellitosis 128 31 1.1-89 0.035 * 3.5 1.3-9.9 0.016 *
ENO1 H-score 112 24 1.1-5 0.027 * 2.6 1.3—-4.9 0.005 *

* p < 0.05, statistically significant; TILs (tumor-infiltrating lymphocytes).

The multivariable Cox regression model was created to test whether ENO1 expression
may be used as an independent prognostic factor. After adjustment for regional lymph
node status (HR: 5.9, 95% CI: 3.1-11.0, p < 0.001), high ENO1 expression was associated
with shorter DFS (HR: 2.0, 95% CI: 1.0—4.0, p = 0.045) (Figure 7). When we comprehensively
analyzed all the most clinically important parameters (Breslow thickness, nodal status, and
distant metastases), ENO1 did not reach statistical significance (Figure 7).
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Figure 7. Multivariable regression model for disease-free survival and cancer-specific overall survival
in cutaneous melanoma patients (DFS (disease-free survival), CSOS (cancer-specific overall survival).

4. Discussion

Our in vitro research revealed elevated expression of ENO1 protein and ENO1 enzy-
matic activity in four melanoma cell lines (A375, WM1341D, WM9, and Hs204T). Previously,
overexpression of ENO1 transcript in the A375 cell line was described by Cecconi et al. [21].
In their study, downregulation of ENO1 achieved by the treatment of A375 cells with
ascorbic acid led to reduction in cell fitness and migration capacities. Our current analysis
of clinical melanoma samples in tissue microarrays also showed an increased expression
of ENO1 in melanoma cells. Elevated expression of ENO1 in tumor cells in a cohort of
112 cutaneous melanoma patients correlated with unfavorable prognosticators such as
high Breslow thickness, Clark level, increased mitotic activity, and presence of ulcera-
tion. Survival analysis revealed that overexpression of ENO1 was associated with shorter
cancer-specific overall survival and shorter disease-free survival.

Several glycolytic enzymes including ENO1 were found overexpressed in tumor
cells subjected to hypoxia [25]. ENO1 has a crucial role in maintaining the Warburg
effect, thus supporting cancer cell proliferation and formation of metastases [26,27]. Our
research confirms previous authors’ findings about increased ENO1 activity in several solid
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cancers [19]. Interestingly, cell lines derived from the lymph node metastases (Hs294T,
WMD) had significantly higher levels of ENO1 activity in hypoxia than in normoxia. This
observation underlines an important role of ENO1 in tumor cells” adaptation to cellular
stress conditions. For example, when overexpressed in non-small cell lung cancer cell
lines, ENO1 promoted cell glycolysis, growth, migration, and invasion [28]. Conversely, a
knockdown of ENO1 in pancreatic, breast, and lung cancer cell lines induced an inhibition
of cell cycle and the cell senescence [18].

To the best of our knowledge, this is the first study, which describes correlations
between ENO1 expression and detailed clinical and pathologic parameters in cutaneous
melanoma. The present analysis, performed on patients’ surgical resection specimens,
showed that overexpression of ENO1 in tumoral cells was significantly correlated with
disease advancement, the presence of metastases in regional lymph nodes, and shorter
cancer-specific overall survival. Our clinical observations are in line with previously pub-
lished clinical research on several other human cancers [29-35]. Proteomic analysis of
peripheral T-cell lymphomas not otherwise specified (PTCL-NOS) revealed a significantly
increased ENOL1 level (eightfold) in neoplastic cells compared with the non-lymphoma
tissue [29]. Moreover, PTCL-NOS patients with high expression of ENO1 had a worse
prognosis [29]. In colorectal adenocarcinoma (CRC), Cheng et al. [31] showed that ENO1
overexpression was significantly correlated with the depth of tumor invasion, lymph node
metastases, neural invasion, and TNM (Tumor-Node-Metastasis) staging, as well as with
worse prognosis. Furthermore, knockdown of ENOT1 significantly inhibited CRC cells
proliferation and migration in in vitro analysis [31]. Functional analyses performed by
Hu et al. [36] in CRC demonstrated that CD47 (a molecule which plays a crucial role in
the immune escape of tumor cells, proliferation, and formation of metastases) directly
interacted with ENOI and protected it from ubiquitin-mediated degradation, subsequently
promoting glycolytic activity and progression of CRC [36]. Similar prognostic results were
observed in gastric cancer patients [32]. ENO1 overexpression in tumoral cells was signifi-
cantly associated with nodal and distant metastases and increased level of ENO1 correlated
with shorter overall survival. Interestingly, silencing of ENO1 suppressed Snail-induced
epithelial-mesenchymal transition and inhibited the activation of transforming growth
factor 3 (TGF-) signaling pathway. Both pathways are crucial for progression of gastric
cancer [32]. Moreover, ENO1 can be transferred between neoplastic cells via exosome-
mediated crosstalk and exosome-derived ENOL is essential to promote hepatocellular
carcinoma growth, metastasis, and patient deterioration [35].

In our previous research, we examined the parameters of invasiveness of melanoma
cell lines used in the current study [37-40]. We had shown that the A375 cell line exhibits the
highest level of proliferation and cell migration (measured by relative wound density). This
is in line with our clinical results, since melanoma cases with ENO1 overexpression were
strongly correlated with high mitotic index (clinical equivalent of cell proliferation in vitro),
and presence of nodal metastases (clinical equivalent of increased cellular migration).
Cell lines derived from nodal metastases (WM9 and Hs294T) formed a higher number of
adhesive structures supporting invasion called invadopodia, and were the most effective in
degradation of extracellular matrix [37-40]. In the current study, we observed significantly
higher levels of ENO1 activity in hypoxia than in normoxia in Hs294T and WM. This result
suggests that increased ENO1 activity under hypoxia, better reflecting lymph node milieu,
may provide additional survival advantage to metastatic cells and help these cells to invade.
Taken together our in vitro study demonstrated that A375, cell line with high biological
aggressiveness, was characterized by the highest expression level and activity of ENO1.
Moreover, hypoxia led to upregulation of ENO1 activity in two cell lines derived from
lymph node metastases (WM9, Hs294T), but not in lines from primary skin lesions (A375,
WM1341). This result suggests that increased ENOL1 activity under hypoxia better reflecting
lymph node milieu, and may provide additional survival advantage to metastatic cells.

There is an increasing number of studies reporting the overexpression of ENOI1 in
human cancers, making it a candidate for a promising therapeutic and diagnostic target
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in various types of cancers [9,41,42]. Zhang et al. [43] showed that using cinnamaldehyde
(an active ingredient that originates from cinnamon) silences ENO1, arrests the cell cycle,
and promotes apoptosis of melanoma cells [43]. The previously discussed ascorbic acid
also interacts with ENO1 and induces the apoptosis of melanoma cells [21]. Interestingly,
monoclonal antibody directed against ENO1 inhibited invasion, proliferation, and clone
formation of cervical cancer cells, suggesting that ENO1ImAD triggers promising anti-tumor
effects [44]. In the future study, we will test the influence of alternatively spliced nuclear
isoform of the ENO1-MBP—1 (a transcriptional repressor of multiple protooncogenes) on
cutaneous melanoma cells proliferation and invasion [45].

5. Conclusions

In this research, the overexpression of ENOL1 in the melanoma cell lines was correlated
with the elevated invasiveness parameters of examined cells. Enhanced ENO1 expression
in the cytoplasm of melanoma cells was correlated with unfavorable prognosticators such
as Breslow thickness, Clark level, mitotic activity, presence of ulceration, and a worse
prognosis in the analyzed cohort of patients. The variety of biological processes in which
ENOI1 plays an important function ensures areas for future studies. Our observations
enable further ways for studies regarding a potential prognostic marker and therapeutic
target in cutaneous melanoma.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/diagnostics12020254/s1, Figure S1. The expression level of ENO1 in the cellular extracts. Full
immunoblots show ENO1 (48 kDa) and Akt 1/2/3 in the cell lysates on the same PVDF membrane.
The cell lysates were prepared from melanoma cells lines derived from the primary skin lesions
(A375, WM1341D) and lymph node metastases (Hs294T, WMD9), and normal melanocytes (HEM).
Figure S2. A standard curve of enolase activity measured spectrophotometrically at 570nm. Table S1.
Full results of densitometric analysis of Western blotting for the ENO1 and Akt 1/2/3. The expression
level was researched in four melanoma cell lines: A375, WM9, WM1341D, Hs294T, and one normal
melanocyte: HEM. Table S2. Full results of enolase activity measured spectrophotometrically at
570nm in the melanoma cell lines: A375, Hs294T, WM1341D, and WM9, cultured in normoxic and
hypoxic conditions.
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Supplementary Figure S1. The expression level of ENOL in the cellular extracts. Full immunoblots

show ENOI1 (48 kDa) and Akt 1/2/3 in the cell lysates on the same PVDF membrane. The cell lysates
were prepared from melanoma cells lines derived from the primary skin lesions (A375, WM1341D)

and lymph node metastases (Hs294T, WM9), and normal melanocytes (HEM).

Supplementary Table S1. Full results of densitometric analysis of Western blotting for the ENO1 and
Akt 1/2/3. The expression level was researched in four melanoma cell lines: A375, WM9, WM1341D,

Hs294T, and normal melanocyte: HEM. (SEM (standard error of the mean))

Cell line | Repetitions | ENO1 | Akt1/2/3 Plre(‘)::ll: protlevilrelallelvels SEM
I 37.33 20.55 1.82

A375 II 5.54 6.36 0.87 1.19 0.31
I 5.66 6.37 0.89
I 19.56 16.63 1.18

Hs294T I 2.29 7.64 0.30 0.58 0.30
I 2.13 7.71 0.28
I 10.34 15.70 0.66

WM1341D II 747 6.69 1.12 0.95 0.15
I 7.06 6.57 1.08
I 18.74 22.29 0.84

WM9 II 7.12 8.83 0.81 0.82 0.01
I 7.23 8.92 0.81
I 14.03 24.83 0.57

HEM il 4.85 8.16 0.59 058 001
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Supplementary Table S2. Full results of enolase activity measured spectrophotometrically at 570nm

in the melanoma cell lines: A375, Hs294T, WM1341D, and WM9, cultured in normoxic and hypoxic

conditions. (SEM (standard error of the mean))

Normoxic hypoxic
. ors Enolase Enolase pP-
Cell line | Repetitions
P activity [m?l/::;/rl; | SEM activity [mi\l/::;/; | SEM | value
[miliU/mg] & [miliU/mg] &
I 525.80 472.39
II 636.36 639.68
A375 595.28 26.40 583.77 39.43 ns
I 582.58 583.33
v 636.36 639.68
I 426.53 401.50
I 532.40 550.63
WM1341D 492.77 25.33 500.91 35.15 ns
III 479.76 500.87
v 532.40 550.63
I 341.14 378.97
11 426.18 514.55
WM9 394.38 20.34 469.51 31.96 | 0,047
I 384.01 469.99
v 426.18 514.55
I 188.93 265.14
11 250.45 376.09 0,005
Hs294T 227.53 14.70 338.93 26.15
III 220.27 338.41
v 250.45 376.09
1.6
14 /,,—.
1.2 ..~
, 10 -
g 08 Y
< -
g 0.6 //0”
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Supplementary Figure S2. A standard curve of enolase activity measured spectrophotometrically at

570nm.
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Biatko wigzace promotor c-MYC (MBP-1) jest produktem alternatywnej translacji
mRNA kodujacego alfa-enolaze (ENO1). W przeciwienstwie do ENO1, biatko MBP-1 nie
wykazuje aktywnosci enzymatycznej, a jego lokalizacja w jadrze komdérkowym pozwala mu
dziata¢ jako represor transkrypcji c-MYC. Ponadto, MBP-1 moze oddziatywaé na inne geny
zaangazowane w proces kancerogenezy.

Z uwagi na wilasciwosci biologiczne biatka MBP-1, stworzono sze$¢ stabilnych
transfektantow opartych na dwéch réznych liniach czerniaka ludzkiego: A375 (wywodzacej
si¢ z guza pierwotnego) oraz WM9 (wywodzacej si¢ z przerzutow do weztow chtonnych).
W tym celu przygotowano czastki lentiwirusowe (wektory lentiwirusowe) pozwalajace na
nadekspresje biatka MBP-1, jego mutanta z C-koncowg delecja (MBP-1AC) oraz wektorow
kontrolnych PRRL. Za pomoca metody Western blot i immunofluorescencji wykryto znacznik
HA-tag zwigzany z C-koncem nadekspresjonowanych biatek. Nastepnie uzyto techniki PCR
w czasie rzeczywistym (qPCR) do oszacowania wptywu nadekspresji MBP-1 na transkrypcje
c-MYC. Ponadto przeprowadzono test wiaczania 5-etynylo-2'-dezoksyurydyny (EdU) do
rosngcego tancucha DNA w celu oceny tempa proliferacji komodrek oraz test wykrywania
uwolnionego do poditoza hodowlanego mleczanu w celu pomiaru szybkosci glikolizy komorek
w normoksji i hipoksji. Ostatecznie wykonano test in vitro zarastania rysy w celu oceny

zdolno$ci migracyjnej komorek transdukowanych.

W komorkach transdukowanych pustym wektorem zaobserwowano spadek szybkos$ci
proliferacji linii oraz zmniejszenie ilo$ci wydzielanego przez komoérki mleczanu w warunkach
hipoksji w porownaniu do komoérek nietraktowanych (-Mock). Wyniki te sugeruja wplyw
transdukcji lentiwirusowej na zmiany ekspresji genéw zaangazowanych w proliferacje

komoérek nowotworowych oraz metabolizm glukozy w niedotlenieniu. Metoda
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immunofluorescencji pozwolita na zlokalizowanie nadekspresjonowanych biatek: MBP-1 i
MBP-1AC w cytoplazmie komorkowej, ktore tylko minimalnie wplyngto na zmniejszenie
ekspresji mRNA c-MYC. Komorki transdukowane MBP-1 wykazywaty zwigkszong szybko$¢
proliferacji oraz metabolizmu glukozy w warunkach normoksji i hipoksji w poréwnaniu do
komorek transdukowanych pustym wektorem. Transdukcja MBP-1 wptyng¢ta na zmniejszenie
zdolnos$ci migracji komorek WM9Y, jednak nie wykazata znaczacego wplywu na komorki
A375. Brak wptywu nadekspresji MBP-1AC na tempo zarastania rysy w komorkach WM9
sugeruje, ze domena C-koncowa MBP-1 pelni kluczowa role w tym efekcie. Na tej podstawie
mozna wnioskowaé, ze domena C-koncowa biatka MBP-1 jest niezbedna do promowania

proliferacji i migracji komérek WM9 transdukowanych MBP-1.

Badania wykazaty, ze transdukcja lentiwirusowa linii komodrkowych czerniaka
znaczaco wpltywa na proliferacje oraz metabolizm glukozy. W artykule przedstawiono
nieoczekiwang aktywno$§¢ MBP-1, ktéra moze przyczynia¢ si¢ do progresji nowotworu. Na
podstawie uzyskanych wynikdw mozna wnioskowaé, ze istnieje inny, dotad nieznany

mechanizm transportu MBP-1 pomigdzy jadrem a cytoplazma.
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Abstract. Background/Aim: c-MYC promoter binding
protein (MBP-1) is a product of alternatively translated
mRNA encoding alpha-enolase (ENO1). In contrast to ENOI,
MBP-1 possesses no enzymatic activity but acts as a
transcriptional repressor of c-MYC. Ectopic over-expression
of MBP-1 in tumor cells was shown to reduce cell
proliferation and tumorigenicity, thus making it an attractive
target for anticancer strategies. This study aimed to assess
the effects of MBP-1 over-expression on human cutaneous
melanoma cell lines. Materials and Methods: We over-
expressed the full-length MBP-1 or its C-terminal truncated
variant (MBP-1AC), in two human melanoma cell lines
(A375, WM9) and assessed their subcellular localization.
gqPCR was then used to quantitate c-MYC transcription.
Further, 5-ethynyl-2’-deoxyuridine incorporation assay was
used to measure cell proliferation and a lactate assay was
performed to measure the glycolysis rate of cells in normoxia
and hypoxia. Finally, an in vitro wound-healing assay was
performed to evaluate cell migration. Results: The over-
expressed MBP-1 variants predominantly localized in the
cytoplasm and barely decreased c-MYC expression.
Unexpectedly, the proliferation rate of MBP-1- transduced
cells increased in comparison to controls, as did the rate of
glucose metabolism in hypoxia. Furthermore, over-expression
of MBP-1, but not MBP-1AC, led to a substantial decrease
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Key Words: Alpha enolase, ENO1, MBP-1, ¢-MYC binding protein,
cutaneous melanoma.
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in the cell migration capacity of metastatic WM9 cells but not
A375 cells from the primary tumor lesion. Conclusion: Miss-
localization of over-expressed MBP-1 in the cytoplasm of two
melanoma cell lines resulted in an unexpected tumor
promoting activity by increasing cell proliferation and
glycolysis rates in hypoxia.

¢-MYC promoter binding protein (MBP-1) is a product of
alternatively translated mRNA encoding alpha-enolase (ENO1)
(1). The molecular mechanism of MBP-1 translation remains
incompletely understood. MBP-1 expression level is relatively
high in normal brain, spleen, liver, and kidney tissues but is
barely detectable in numerous cancer cell lines (2, 3). This is
in contrast to ENOI1 expression that is up-regulated in
numerous tumors such as low-grade glioma and high-grade
meningioma (4), breast cancer (5), colorectal cancer (6),
endometrial carcinoma (7) and gastric cancer (8). It has been
postulated that hypoxia (9), cellular stress-induced AKT/elF2a
signaling pathway (10), and inhibition of proteasome (2)
upregulate MBP-1 expression. At least two functional
characteristics distinguish MBP-1 from ENOL1. First, MBP-1
lacks 2-phosphoglycerate dehydratase activity, and second, it
preferentially localizes (through an unknown mechanism) in
the cell nucleus where it acts as a transcriptional repressor of
c-MYC (1, 11, 12). Apart from the c-MYC promoter, MBP-1 is
also able to directly repress transcription of at least two other
genes involved in tumorigenesis, namely COX-2 and ERBB2
(13, 14) and is also capable of suppressing transcription from
the HIV-1 core promoter (15). Moreover, by interacting with
¢-MYC transcriptional activators, such as intracellular Notch-1
(ICN) (16) and the long non-coding RNA LINC00239 (17),
MBP-1 modulates ¢-MYC levels counteracting tumorigenesis.
Numerous studies demonstrate that ectopic over-expression of
MBP-1 in gastric (13, 18), breast (5, 19) esophageal (17), lung
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(20, 21), prostate (22, 23) and osteosarcoma cancer cell lines
inhibits cell proliferation, migration, and invasion (24).
However, in one study, retinoic acid-induced down-regulation
of ENOI and MBP-1, decreased the invasiveness of follicular
thyroid carcinoma cell lines (25). In this study, we aimed at
assessing the effects of lentiviral over-expression of MBP-1 in
two cutaneous melanoma cell lines derived from primary tumor
lesion (A375) and from metastatic site (WM9) (26, 27) In our
previous study, we demonstrated that both A375 and WM9
over-express ENOI and that this feature positively correlates
with the invasiveness of cutaneous melanoma (28). Here, we
unexpectedly found that lentiviral transduction of A375 and
WMO with the full-length MBP-1 (MBP-1-HA) and the C-
terminal deletion mutant (MBP-1AC-HA) resulted in their
sequestration in the cell cytoplasm, concomitantly increasing
cell proliferation and glycolysis rates in comparison to empty
vector-transduced controls. Our findings predict the existence
of an as yet unidentified MBP-1 nuclear import mechanism and
suggest the tumor-promoting activity of MBP-1 that can be
largely dissociated from its nuclear localization.

Materials and Methods

Cell culture. Cells lines: A375 (CRL-1619) and HEK-293T (CRL-
3216) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA), WM9 (WM9-01-0001) from the
European Collection of Authenticated Cell Cultures (ECACC,
Porton Down, UK), while LentiX-293T cells were from the
Hirszfeld Institute of Immunology and Experimental Therapy,
Polish Academy of Sciences (HIIET, PAS, Wroclaw, Poland).

The A375 cell line and its derivatives (A375-MBP1-HA, A375-
MBPIAC-HA, and A375-pRRL) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, HIIET) containing 2 mM
glutamine, 1.5 g/ml NaHCO;, 1 g/l glucose, and 10% fetal bovine
serum (FBS, Sigma—Aldrich, St. Louis, MO, USA). WM cells and
their derivatives (WM9-MBP1-HA, WM9-MBP1AC-HA, and
WMO9-pRRL) were cultured in DMEM enriched with 4 mM
glutamine, 1.5 g/ml NaHCOs;, 4.5 g/l glucose (HIIET) and 10%
FBS. HEK-293T and HEK LentiX cells were cultured in DMEM
medium (HIIET, PAS) supplemented with 2 mM glutamine, 4.5 g/
glucose, and 10% of FBS. The cells were cultured under standard
conditions at 37°C in a humidified atmosphere containing 5% CO,
at normoxia (20.9% O,) or hypoxia (1% O,).

RNA isolation and reverse transcription. RNA was isolated using
RNA Extracol (E3700, EURX Sp. z 0.0., Gdansk, Poland) following
the manufacturer’s instructions. After checking its quality on
agarose gel, 5 ug of RNA was reverse-transcribed according to the
instructions provided by the manufacturer of NG dART RT-PCR Kit
(E0802, EURX Sp. z 0.0.).

Construction of expression vectors coding for MBP-1-HA or MBP-
IAC-HA. The sequences of either MBP-1 or its truncated version
(MBP-1AC) were amplified by PCR using Platinum™ SuperFi II
Green PCR Master Mix (12369010, Invitrogen, Thermo Fisher,
Waltham, MA, USA) from HEK LentiX cDNA. The restriction sites
for cloning and the HA tag sequence were incorporated in the
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primers. The Mlul site was added to the forward primer
(HRMIlu_hENOIF) and the Xhol site and HA sequence were
introduced to the reverse primers (HRXho_ENO1_HAR for MBP-1
and HRXho hENOI1_HAdS51R for MBP-1AC) (Merck KGaA,
Darmstadt, Germany). Amplification was conducted for 35 cycles in
an MJ Research PTC-200 Thermal Cycler (MJ Research, Inc,
Waltham, MA, USA). Both versions of the obtained MBP1 cDNA
were cloned to pRRL-CMV-IRES-PURO - self-inactivating lentiviral
expression vector (29) via Mlul and Xhol restriction sites using
standard cloning techniques. The sequences of the inserts were
verified by Sanger sequencing. Obtained vectors were named: pRRL-
MBP1-HA; pRRL-MBP1AC-HA, and pRRL (an empty control).

Lentiviral transduction of A375, WM9 and HEK293T cell lines.
Lentiviral particles were produced by transient transfection of around
3 ml of Hek293T LentiX cells with 6 pg of the expression vector
(pPRRL-MBP1-HA, pRRL-MBP1AC-HA or control pRRL), 3 ug of
pMDL-g/p-RRE [Addgene, Watertown, MA, USA, (30)], 1.5 pg
pRSV-REV [Addgene, Watertown, MA, USA (30)] and 1.5 pg of
pMk-VSVG (29) using Transporter 5 Transfection Reagent
(Polysciences, Inc, Warrington, PA, USA). After 18-24 h the medium
was changed. Culture supernatants (4 ml) containing viral particles
were collected 48-72 h after transfection, clarified through 0.45 pm
pore size filter (Millipore, Burlington, MA, USA), and used for the
transduction of A375, WM9, and HEK293T cell lines without
concentration. About 5x104 cells were plated in 2.5 ml of DMEM
medium containing 8 pg/ml of polybrene (Millipore) and infected
overnight with viruses contained in 0.5 ml of supernatant. The next
day, puromycin selection (2 pg/ml) was applied to the transduced
cells and non-transduced control cells to ensure that only stably
transfected cells were cultured.

Real-time PCR analyses. The real-time PCR (RT-PCR) analyses
were performed using the PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems™ , Foster City, CA, USA). The reaction was
conducted in the QuantStudio™ 3 Real-Time PCR System (Applied
Biosystems™ ) under the conditions described in the following
steps: a hold stage (50°C for 2 min, 95°C for 2 min), 40 cycles of
amplification (94°C for 15 s, 58°C for 15 s, 72°C for 1 min) and a
melt curve stage (95°C for 15 s, 60°C for 1 min, 95°C for 15 s). One
microliter of the cDNA (section 2.2) or the non-reverse-transcribed
negative control was used for a single reaction. For each primer set
the standard curve was generated by using a series of 5-fold
dilutions of one of the template cDNAs. Expression level of cMyc
was normalized to Hprt as endogenous control. The specificity of
the products was verified by melting curve analysis.

Cell lysis. Cells were lysed in ice-cold RIPA lysis buffer (50 mM
Tris-HCI pH 7.4, 1% Triton X-100, 0.25% Sodium deoxycholate,
150 mM NaCl, 1 mM EDTA) supplemented with protease inhibitors
(Complete Protease Inhibitor Cocktail Tablets, EASYpack, Roche,
Mannheim, Germany); the solution was incubated for 30 min on ice.
Insoluble materials were centrifuged at 16,000 x g for 20 min at 4°C.
The obtained supernatant was transferred into new tubes. The protein
concentration was measured using the BCA method (Millipore).
After adding Laemmli buffer with 5% f-mercaptoethanol the
supernatants containing 10 pg of total protein were denatured at
95°C for 5 min.

Western blotting. The proteins were separated using SDS-PAGE and
transferred to the PVDF membranes (Immobilon, IPVH00010,
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Merck Millipore). Then, the membranes were blocked with 5%
skimmed milk in TBST (Tris-Buffered saline with Tween 20) at
4°C, overnight, and probed for 1.5 h at room temperature with
primary monoclonal mouse antibodies against HA-Tag, clone 2-
2.2.14 (Thermo Fisher Scientific, dilution 1:500) or recombinant
rabbit monoclonal antibody against ENO1 (Thermo Fisher
Scientific, dilution 1:1,000). After washing with TBST, the
membranes were incubated for 1 h at room temperature with the
secondary anti-rabbit or anti-mouse antibodies conjugated with
horseradish peroxidase (HRP). For loading control, the mouse
monoclonal antibody against GAPDH conjugated to HRP
(sc365062, Santa Cruz Biotechnology, Santa Cruz, CA, USA,
dilution 1:250) or rabbit polyclonal antibody against Akt1/2/3 was
used (sc—8312, H-136, dilution 1:500, Santa Cruz Biotechnology).
Blots were visualized using ChemiDoc™ Imaging Systems (Bio-
Rad, Hercules, CA, USA) or G-Box gel doc system (Syngene,
Frederick, MD, USA). The Immunohistochemistry images were
analyzed using the Image] software (ver 1.53e, U.S. National
Institutes of Health, Bethesda, MD, USA).

Immunofluorescence. The cells were cultured on Culture-Insert (4
Well in p-Dish 35 mm, 80466, Ibidi, Grifelfing, Germany) and fixed
in 4% paraformaldehyde for 10 min at room temperature. Cells were
permeabilized with 0.1%Triton X—100 and blocked with 2% BSA in
PBS. Subsequently, the primary antibody directed against HA Tag
(26183, Thermo Fisher Scientific) at a concentration of 2 pg/ml was
applied for 1 h at room temperature. Following that, the slides were
washed with PBS and incubated for 45 min with secondary
antibodies conjugated to fluorescein isothiocyanate (FITC), and
DAPI. Then, polyvinyl alcohol mounting medium with DABCO
(10981, Sigma—Aldrich) was applied to the slides. The microscope
imaging was performed using Olympus BX50 Fluorescence
Microscope (Olympus, Tokyo, Japan) with 40x objective.

Proliferation test. Cells were grown on 6-well plates and then
incubated for 1 h with 10 uM EdU in the culture medium. After
harvesting with trypsin 0.25%/0.05% trypsin/EDTA solution (HIIET,
PAS), the cells were washed three times with PBS. Subsequently,
EdU was detected using Click-iT™ Plus EdU Alexa Fluor™ 488
Flow Cytometry Assay Kit (Thermo Fisher Scientific), according to
the manufacturer’s protocol. The experimental data were acquired on
BD FACSCalibur Flow Cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) and analyzed using Flowing software (ver 2.5.1,
Centre for Biotechnology University, Turku, Finland).

Migration test. For the migration assay, the cell lines WM9-Mock,
WM9-MBP-1-HA, WM9-MBP-1AC-HA, WM9-PRRL and A375-
Mock, A375-MBP-1-HA, A375-MBP-1AC-HA, and A375-PRRL
were seeded on Culture-Inserts (4 Well in p-Dish 35 mm, 80466,
Ibidi) at 4x104 cells per well and incubated for 24 h. When the cells
reached 100% confluence the insert was removed. The cells were
photographed every 6 h (four replicates for each line), using an
Inverted Microscope (Zeiss, ID-03, Oberkochen, Germany) fitted
with a MI-20 digital camera (Opta-tech, Warsaw, Poland).

Lactate detection. The lactate concentration in the supernatant was
measured using the Lactate Assay Kit (MAKO064, Sigma-Aldrich).
Cells were plated at 0.1x100 cells per well and cultured overnight,
under standard cell culture conditions. Thereafter, cells were washed
3 times with PBS and incubated for 24 h in normoxia or hypoxia in

37

Ex-Cell (EX-CELLTM 610-HSF, 14610C, SAFC Biosciences, Inc,
Lenexa, KS, USA) without FBS. The supernatant was collected,
briefly centrifuged to remove debris, and transferred into clean tubes.
The lactate level was measured according to the manufacturer’s assay
kit procedure. The absorbance of samples was measured at 450 nm
using a Wallac Victor 2 1420 multi-label counter spectrophotometer
(Perkin Elmer, Waltham, MA, USA). The concentration of L-lactate
was calculated using the manufacturer’s instructions.

Subcellular fractionation. The cell lines were extracted using the
NE-PER® nuclear and cytoplasmic extraction kit (Thermo Fisher
Scientific). The separate cytoplasmic and nuclear protein fractions
were prepared according to the manufacturer’s protocol. Cells were
trypsinized and washed with PBS, then 1 million cells of each cell
line were transferred to a clean tube. The dry pellet was dissolved in
CER I and incubated for 10 min on ice, then CER II was added to
the tube. After 1 min of incubation on ice, the cells were centrifuged,
and the resulting supernatant containing cytoplasmic proteins was
transferred to a clean tube. The pellet containing nuclear proteins
was washed twice with CER I and resuspended in NER reagent. The
sample was incubated for 40 min on ice (vortexed every 10 min),
centrifuged, and the supernatant (nuclear extract) was transferred to
a clean tube. The protein concentration in nuclear and cellular
extracts was measured using the BCA method (Merck Millipore).
Next, the extract was denatured for 5 min at 95°C with a Laemmli
buffer containing 5% [3-mercaptoethanol.

Statistical analysis and data presentation. Data were analyzed using
GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA)
and are presented as meanztstandard error of the mean (SEM). The
Shapiro-Wilk test was performed to evaluate the normality of the
values. A one-way ANOVA test was then used, followed by an F-
test to determine if there was a significant difference between the
means of the groups. Pairwise comparisons were performed using
Student’s t-test. The post hoc multiple comparisons were conducted
using Dunn’s test. The level of significance was set at p<0.05 (8),
p=<0.01 (**), p<0.001 (***), and p<0.0001 (****). The graphical
visualization of the data was created using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA, USA).

Results

Over-expression of MBP-1-HA and MBP-1AC-HA in the
cutaneous melanoma cell lines A375 and WM9. Since we
found no published data on MBP-1 expression in human
melanoma cell lines, we first evaluated endogenous expression
levels of ENOI/MBP-1 in cell lysates of two human
cutaneous melanoma cell lines, A375 and WM9, and in
control human embryonic kidney cell line HEK293T. For this
purpose, we performed western blotting on total cell lysates
or fractions enriched in nuclear and cytoplasmic proteins.
Figure 1A show that ENO1 expression levels were comparable
between the total cell lysates of all tested cell lines. In
contrast, the expression of MBP-1 was not detected in the
cytoplasmic fraction of any tested cell line but could be
visualized in the nuclear fraction of melanoma cell lines, and
more abundantly in control HEK293T cells. Furthermore,
MBP-1 was also detected in the total cell lysate of HEK293T.
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Figure 1. Western blot detection of ENOI1 (48 kDa), MBP-11 (37 kDa), Akt1/2/3 (62 kDa), GAPDH (38 kDa), HA-tagged MBP-1-HA (37 kDa), and
MBP-1AC-HA (31 kDa) in total cell lysates or cytoplasmic and nuclear-enriched lysate fractions from indicated cells. (A) ENO1/MBP-1 expression
in WM9, A3785, and HEK293T cell lysates was normalized to Akt1/2/3 (B) Detection of HA-Tagged recombinant proteins and alpha-enolase (ENO1)
in total cell lysates from lentivirally transduced (A375-MBP-1-HA, A375-MBP-1-DC-HA, WM9-MBP-1-HA, WM9-MBP-1DC-HA), and mock
transduced control cell lines (A375-Mock, WM9-Mock) (C) Densitometric analysis of ENO1/GAPDH ratios in lentivirally transduced or mock
transduced cells, represented as meanz+standard error of the mean (SEM) of three independent experiments.

These observations corroborated with previously published
results indicating that the MBP-1 expression in non-tumor cell
lines is more elevated than in tumor cell lines and that
endogenous MBP-1 is predominantly localized in the cell
nucleus (24, 31). We next performed lentiviral transduction of
melanoma cell lines and control HEK293T cells with the full-
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length MBP-1 protein or its C-terminal deletion mutant, which
was previously shown to retain the c¢-MYC promoter
suppressor activity but is devoid of direct cell death-induction
activity in murine fibroblasts (32). In Figure 1B, the presence
of over-expressed MBP-1-HA and MBP-1AC-HA proteins is
demonstrated using western blotting on total A375 and WM9
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Figure 2. Subcellular localization of (HA) tag in transduced cells. The representative immunofluorescence images of non-transduced cell lines
(A375-Mock, WM9-Mock) and transduced cell lines (A375-MBP-1-HA, A375-MBP-1AC-HA, WM9-MBP-1, WM9-MBP-1AC) stained for HA-Tag
(red) and DAPI for cell nuclear (blue).
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Figure 3. Real-time PCR analysis of c-MYC mRNA expression. Expression levels were normalized to Hprt. Collective results of a minimum of three
independent experiments+SEM are shown. The significance level was set at p<0.05 (*).

cell lysates with an antibody specific to the hemagglutinin
(HA) tag. These results confirmed the successful over-
expression of MBP-1 protein variants in melanoma cell lines.
Moreover, since reciprocal regulation of ENO1 and MBP-1
translation was previously reported (9), we assessed how over-
expression of MBP-1 variants affected endogenous ENOI1
expression. Figure 1C shows the expression levels of ENO1
in MBP-1 transduced cells. A statistically insignificant trend
of ENO1 down-regulation was noted in transduced cells.

Sequestration of MBP-1-HA and MBP-1AC-HA in the
cytoplasm of cutaneous melanoma cell lines A375 and WM9,
and control HEK293T cells. When ectopically over-expressed
in COS-7 African green monkey kidney fibroblasts, and Skbr3
human breast adenocarcinoma, MBP-1 was shown to localize
to various extents in the cell nucleus and cytoplasm (11, 14).
To examine the subcellular localization of MBP-1-HA and
MBP-1AC-HA after lentiviral transduction of A375, WM9,
and control HEK293T cells, we intracellularly stained
polyclonal (non-subcloned) populations of puromycin resistant
transduced cells with an anti-HA tag antibody followed by
image collection using a fluorescent microscopy. Figure 2
shows that MBP-1-HA and MBP-1-AC-HA predominantly
localized in the cytoplasm of all the tested cells.

Cytoplasmic expression of MBP-1-HA and MBP-1AC-HA in
melanoma cell lines minimally affects c-MYC transcription.
The over-expression of MBP-1 in numerous tumor cell lines
was directly linked to the down-regulation of c¢-MYC
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expression at transcriptional and translational levels. To
assess how mostly cytoplasmic MBP-1 over-expression in
A375 and WMD cell lines affected the transcription level of
¢-MYC, we performed quantitative real-time PCR analyses
(Figure 3). C-MYC/Hprt expression ratios assessed on the
polyclonal population of puromycin-resistant transduced, or
control cells revealed the highest basal expression of c-MYC
in HEK293T cells and that their transduction with MBP-1
further increased c-MYC transcription by 47.7%. In contrast,
lentiviral transduction of MBP-1-HA and MBP-1-AC-HA
constructs into A375 and WM9 cell lines had no significant
effect on ¢-MYC transcription.

Increased proliferation of MBP-1-HA and MBP-1AC-HA-
transduced A375 and WM9 melanoma cell lines. C-MYC
over-expression is commonly observed in numerous
malignant cell types and it is positively correlated with cell
proliferation (33). As both A375 and WMO cells express c-
MYC we examined their proliferation rate after the lentiviral
transduction of MBP-1-HA and MBP-1AC-HA constructs.
Figure 4 shows the incorporation of the nucleoside analog 5-
ethynyl-2‘-deoxyuridine (EdU) into the genomic DNA of
growing A375 and WMO cells. We found that cell
transduction with an empty lentiviral vector (PRRL)
significantly decreased the proliferation rate of A375 and
WM9 by 55.1%, and 31%, respectively. Moreover, when
compared to PRRL-transduced cells, over-expression of
MBP-1-HA increased the proliferation of A375 and WM9
cell lines by 16.8% and 62.2%, respectively. We also
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Figure 5. Levels of lactate in cell culture supernatants. Data are represented as mean+SEM of three independent experiments. The statistical
significance level was set at p<0.05 (*), p<0.01 (**), p<0.001 (***), and p<0.0001 (***%),

observed increased cell proliferation after the transduction of
the A375 cell line with the MBP-1AC-HA protein (by
21.6%), but no such effect in the case of WM cell line.

Hypoxia-induced increase in glycolysis rates of MBP-1-HA
and MBP-1AC-HA-transduced A375 and WM9 melanoma
cell lines. Assessment of lactate excretion by malignant cells
is useful to detect shifts in glucose catabolism (34). Figure
5 shows the amounts of lactate excretion to the culture
medium of mock, MBP-1-HA, or MBP-1AC-HA transduced
A375 and WMO cells cultivated for 24 h in normoxia or
hypoxia are presented. No significant changes in glucose
metabolism were noted for most cell lines, apart from an
increase in lactate secretion by WM9-MBP-1-HA-transduced
cells, when cells were cultured in normoxic conditions.
Interestingly, however, the transduction of empty PRRL
vector into A375 and WM cell lines strongly impaired their
ability to increase lactate excretion when cultured in hypoxic
conditions. A375 and WM cells transduced with MBP-1-
HA and MBP-1AC-HA regained the ability to increase
lactate secretion to an extent observed in the mock-treated
cells. Therefore, we conclude that over-expression of MBP-
1 or its C-terminal truncation mutant promotes glycolysis of
A375 and WM cells during hypoxia.

Wound healing assay of MBP-1-HA and MBP-1AC-HA-
transduced A375 and WM9 melanoma cell lines. To evaluate
the cell migration capacity of A375 and WMO cells
transduced with MBP-1-HA or MBP-1AC-HA constructs, we
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performed an in vitro wound healing assay using culture
inserts. Figure 6A and B shows wound densities after 24 h
of culture whereas Figure 6C shows the kinetics of wound
healing measured for 36 h. Transduction of the A375 cell
line had no significant impact on its migration capacity or
the kinetics of wound healing (Figure 6C upper panel). In
contrast, the WMO cell line transduced with the full-length
MBP-1-HA displayed a significant (51.5%) reduction of
wound density after 24 h of culture, which was also reflected
in the pace of wound healing (Figure 6C, lower panel).
Interestingly, no significant impact of MBP-1AC-HA
transduction on WM9 cell migration was noted underlying
the importance of the C-terminal domain of MBP-1 in
inhibiting WMO cell migration.

Discussion

Lentiviral transduction of tumor cells is a widely employed
method for the stable delivery of genes (35). The
permissiveness of 42 human tumor cell lines to VSV-G
pseudotyped lentiviral vectors, including 5 cutaneous
melanoma cell lines, was tested by Pellinen R ez al. (36). These
authors found transduction efficiencies of human melanoma
cell lines exceeding 80% and suggested that they were good
targets for tumor cell destruction through lentiviral gene
transfer. Indeed, in a few published studies [for a recent review
see (37)] lentiviral over-expression of the suicide gene
VP22CD/5-FC in murine uveal melanoma model (38); over-
expression of RNAI targeting MAT2B gene in A375 and Mel-
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RM cell lines (39) or down-regulation of antisense non-coding
mitochondrial RNA (ASncmtRNAs) by an shRNA in human
A375 and murine B16F10 cell lines (40) induced apoptosis and
reduced tumor growth in vitro and in vivo.

In our experimental setting, lentiviral over-expression of
MBP-1-HA and MBP-1AC-HA in melanoma cell lines and
HEK293T cells caused their cytoplasmic sequestration. The
cytoplasmic and nuclear localization of ectopically over-
expressed MBP-1 was also observed in other published studies
(11, 14). However, since we and others detected endogenous
MBP-1 expression exclusively in the nuclear fractions (Figure
1) of non-transduced tumor cells, we consider that its
cytoplasmic sequestration is an artifact attributable to a strong
ectopic over-expression. Nevertheless, since no nuclear
localization signal is present in MBP-1 protein, another, as yet
unknown mechanism of nuclear import must be in place to
allow its active transfer between the cytoplasm and nucleus.
In this respect, an interesting parallel could be drawn when
considering the nuclear import of glyceraldehyde-3-phosphate
dehydrogenase, recruited to the nucleus upon genotoxic stress.
In order to reach the nucleus, it must be phosphorylated at
tyrosine 41 by the c-Src kinase (41).

The lack of significant c-MYC down-regulation in MBP-1-
HA transduced melanoma cells and even an increase of c-MYC
expression in MBP-1 transduced HEK293T cells (Figure 3) are
at odds with other published studies in which MBP-1 over-
expression has always led to ¢-MYC downregulation at
transcriptional and translational levels (24). To interpret this
result, we hypothesize that because of a high degree of
sequence similarity between ENO1 and MBP-1, a number of
cytosolic functions of ENOI1 in protecting cells against
oxidative stress (42) might be taken over by the
cytoplasmically over-expressed MBP-1 thus uncovering its
tumor-promoting functions (31). However, further experimental
studies are needed to examine this hypothesis, especially by
uncovering MBP-1-interacting cytoplasmic partners.

To dissect biological functions attributable to the C-terminal
repressor domain of MBP-1 (43) in melanoma cell lines, we
created a deletion construct lacking 51 C-terminal amino acid
residues of MBP-1 (MBP-1AC-HA) encompassing the
LXVXL motif. Unexpectedly, the effects of MBP-1AC-HA
overexpression in fast-dividing A375 cells were not
significantly different from those of the overexpression of the
full-length MBP-1-HA construct (Figure 3, Figure 4, Figure
5, Figure 6). However, in slowly dividing WM9 cells, the
effects of MBP-1AC-HA differed from those of the MBP-1-
HA construct in two important aspects. Specifically, the
proliferation rate and migration capacity of MBP-1AC-HA
transduced WM9 cells were similar to those of cells
transduced with PRRL empty vector control (Figure 5 and
Figure 6), suggesting that the C-terminal repressor domain of
MBP-1 is necessary for promoting cell proliferation and
migration of MBP-1-HA transduced WM9 cells. Reportedly,
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the over-expression of MBP-1 in HeLa cells did not affect the
proliferation rate (15), suggesting that the tumor-suppressing
activity of MBP-1 may vary in different tumor cell lines. Our
data corroborate with this view by pointing to various effects
of MBP-1 over-expression in melanoma cell lines differing in
doubling time and primary origin. In conclusion, our data
point out that in order to unfold its tumor-suppressing activity,
the MBP-1 has to be expressed in a permissive cellular context
enabling nuclear import and access to target promoters. When
these prerequisites are not met, MBP-1 may turn into a tumor-
promoting factor positively contributing to tumorigenesis.
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9. Podsumowanie

Opracowanie efektywnych metod diagnostycznych i terapeutycznych stanowi obecnie
wyzwanie dla wspodtczesnej medycyny dazacej do skutecznej terapii i poprawy rokowania
pacjentdow z czerniakiem. W ostatnich latach zanotowano wzrost liczby zachorowan na
czerniaka, co sklania naukowcoéw do poszukiwania innowacyjnych metod oraz potencjalnych
celow terapeutycznych. W komoérkach roéznych typéw nowotwordw o zroéznicowanej
histogenezie zaobserwowano zmiany metaboliczne towarzyszace podwyzszonej ekspresji
enzymow podstawowego metabolizmu komorkowego, takich jak ENO1 oraz jej izoformy, w

tym MBP-1 (biatko wigzace promotor c-MYC).

W ramach niniejszej rozprawy doktorskiej przeprowadzone badania miaty na celu
analiz¢ wptywu alfa-enolazy oraz jej izoformy MBP-1 na tempo proliferacji oraz metabolizm
glukozy w wybranych liniach komdrkowych czerniaka. W badaniach in vitro zaobserwowano
zwigkszong ekspresje biatka ENO1 oraz wzrost jej aktywno$¢ enzymatycznej w czterech
liniach komorkowych czerniaka (A375, WM1341D, WM9 i Hs204T). W przeprowadzonych
badaniach z oznaczeniem metoda immunohistochemiczng ekspresji biatka ENO1 u 112
pacjentdw z czerniakiem skory, uwidoczniono zwickszong ekspresje ENO1 w komorkach
nowotworowych. Analiza przezycia wykazata, ze nadekspresja ENO1 byla zwigzana z
krétszym okresem przezycia wolnym od choroby. W warunkach hipoksji w komorkach
nowotworowych zaobserwowano nadekspresje wielu enzymow glikolitycznych, w tym ENO1
[68]. Nalezy zwréci¢ uwage, ze ENOI1 jest kluczowym enzymem podtrzymujacym efekt
Warburga, co przyczynia si¢ do zwigkszenia proliferacji komérek nowotworowych oraz
powstawania przerzutow [49,69]. Przeprowadzone badania potwierdzaja dotychczasowe
ustalenia, ktore wskazywaty na zwigkszong aktywno$¢ ENO1 w kilku rodzajach nowotworow
litych [49]. Co ciekawe, w liniach komorkowych pochodzacych z przerzutow do weztow
chlonnych (Hs294T, WM9) zaobserwowano znacznie wyzszy poziom aktywnosci ENO1 w
niedotlenieniu niz w warunkach aerobowych. Te obserwacje podkreslaja istotng rolg ENO1 w

adaptacji komorek nowotworowych do warunkow stresu komorkowego.

Metoda transdukcji lentiwirusowej jest powszechnie stosowana do stabilnego
dostarczania produktow genowych do komoérek nowotworowych [70]. W drugim badaniu
stanowigcym rozprawe doktorskg przeprowadzono analize wplywu transdukcji lentiwirusowe;j

na proliferacj¢ i metabolizm glukozy w liniach komérkowych A375 1 WM9. Po wprowadzeniu
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pustego wektora lentiwirusowego zaobserwowano spadek szybko$ci proliferacji komorek
A375-PRRL i WM9-PRRL w poréwnaniu do komoérek nietraktowanych. Udowodniono, ze
transdukcja lentiwirusowa ma istotny wplyw na patofizjologi¢ komorek nowotworowych. Co
wazne, dzigki  zastosowaniu  barwienia  immunofluorescencyjnego  wykazano
cytoplazmatyczng lokalizacj¢ biatek MBP-1 i MBP-1AC, zard6wno w liniach komoérkowych
czerniakéw, jak i nienowotworowej liniit HEK293T. Brak immunoreaktywnosci w lokalizacji
jadrowej biatka MBP-1 moze sugerowac istnienie nieznanego dotychczas mechanizmu
transportu jadrowo-cytoplazmatycznego biatka MBP-1. W wygenerowanych liniach
komoérkowych z nadekspresja MBP-1 zaobserwowano wzrost proliferacji w poréwnaniu z
liniami kontrolnymi transdukowanymi pustym wektorem. Nadekspresja MBP-1 i MBP-1AC
wykazywata zblizone wyniki w szybko dzielacych si¢ komodrkach linii A375, pod wzgledem
szybko$ci migracji komorek i1 proliferacji. Natomiast w wolno dzielacej si¢ linii WM9
zaobserwowano spadek proliferacji liniit MBP-1AC w stosunku do linii MBP-1, co sugeruje

role domeny C-koncowej w promowaniu proliferacji i migracji komoérek

Przeprowadzone badania w niniejszej rozprawie doktorskiej poglebiaja wiedzg o
biologii ENO1 i MBP-1 jako potencjalnych celow prognostycznych i terapeutycznych w

leczeniu czerniaka.
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10. Whnioski

W niniejszej pracy mozna wyr6znic¢ nastepujace wnioski:

e Nadekspresja alfa-enolazy w liniach komorkowych czerniaka jest skorelowana z
podwyzszonymi parametrami inwazyjnosci badanych komorek.

e Ekspresja ENO1 w cytoplazmie komorek czerniaka byla skorelowana z niekorzystnymi
czynnikami prognostycznymi, takimi jak grubo$¢ nacieku wg Breslowa i Clarka,
aktywno$¢ mitotyczna, obecno$¢ owrzodzenia.

e Wysoki poziom ekspresji ENO1 byl $cisle zwigzany z gorszym rokowaniem u
pacjentéw z czerniakiem skéry w kontek$cie skroconego czasu przezycia
specyficznego dla choroby nowotworowej oraz czasu wolnego od nawrotu.

e Transdukcja lentiwirusowa linii komérkowych czerniaka skory A375 1 WM9 wykazuje
silne dzialanie przeciwnowotworowe.

e Nadekspresja biatka MBP-1 i jego mutanta pozbawionego domeny C-koncowej (MBP-
IAC) w cytoplazmie linii komorkowych czerniaka wykazuje aktywno$¢ promujaca
rozw0j nowotworu.

e Cytoplazmatyczna ekspresja biatka MBP-1, lecz nie jego mutanta delecyjnego (MBP-
1AC) spowodowata spowolnienie tempa migracji komorek linii WM9 w tescie
zarastania rysy, co wskazuje na jego aktywno$¢ przeciwnowotworowg niezalezng od
lokalizacji jadrowej.

o Aktywnos$¢ biologiczna biatka MBP-1 jest silnie skorelowana z jego lokalizacja
wewnatrzkomorkowa.

e Niefizjologiczna nadekspresja cytoplazmatyczna MBP-1 wykazata funkcj¢ promujaca
proliferacj¢ komorek nowotworowych i utrzymanie efektu Warburga.

e Lokalizacja cytoplazmatyczna ~ MBP-1 wykazata ~ rowniez  potencjal

przeciwnowotworowy, wyrazony istotnym spowolnieniem migracji komérek WMO.
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12. Zalaczniki

12.1 Oswiadczenia wspotautorow publikacji stanowigcych podstawe pracy doktorskiej

12.2 Opinia komisji Bioetycznej

Analiza immunohistochemiczna ekspresji ENO1 u pacjentéw skory byla elementem projektu
naukowego realizowanego w Katedrze Patologii Klinicznej i Do$wiadczalnej, na ktoérego
realizacj¢ uzyskano zgod¢ Komisji Bioetycznej UMW (zgoda nr 580/2019). Badania z

wykorzystaniem linii komérkowych nie wymagaja zgody Komisji Bioetyczne;.
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dr Michat Majkowski Wroctaw 11.04.2023
Katedra Biochemii
Uniwersytet Wroctawski

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P., 2022, Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous
Melanoma—An In Vitro and a Clinical Study. Diagnostics, 12, 254, doi:10.3390/diagnostics12020254.

moj udziat polegat na zobrazowaniu wynikéw przy uzyciu skaningowego mikroskopu konfokalnego,
analizie wynikow oraz krytycznej recenzji i poprawkach manuskryptu.
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Wroctaw 11.04.2023

prof. dr hab. inz. Przemystaw Biecek

Zaktad Projektowania Systeméw CAD/CAM i Komputerowego Wspomagania Medycyny
Wydziat Matematyki i Nauk informacyjnych

Politechnika Warszawska

OSWIADCZENIE

Odwiadczam, ze w pracy:
Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P. Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma-—

An In Vitro and a Clinical Study. Diagnostics 2022, 12, 254, doi:10.3390/diagnostics12020254,

moj udziat polegal na przeprowadzeniu analizy statystycznej danych, wspéftworzeniu rycin
zamieszczonych w publikacji oraz krytycznej recenzji | poprawkach manuskryptu,
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Teresa Szkudlarek Wroctaw 11.04.2023
Katedra Patologii Klinicznej i Doswiadczalnej
Uniwersytet Medyczny im. Piastéw Slaskich we Wroctawiu

OSWIADCZENIE

Oswiadczam, ze w pracy:
Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P. Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma—

An In Vitro and a Clinical Study. Diagnostics 2022, 12, 254, doi:10.3390/diagnostics12020254.

moéj udziat polegat na opracowaniu metodologii i wspdtpracy przy wykonywaniu badan
immunohistochemicznych oraz krytycznej recenzji i poprawkach manuskryptu.
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dr Aleksandra Simiczyjew Wroctaw 11.04.2023
Zaktad Patologii Komérki
Uniwersytet Wroctawski

OSWIADCZENIE

Oswiadczam, ze w pracy:
Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P. Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma—

An In Vitro and a Clinical Study. Diagnostics 2022, 12, 254, doi:10.3390/diagnostics12020254.

moj udziat polegat na wspéttworzeniu metodologii oraz krytycznej recenzji i poprawkach manuskryptu.
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dr n. med. Mafgorzata Pienigzek Wroctaw 11.04.2023
Zaktad Leczenia Systemowego Nowotwordw Litych
Uniwersytet Medyczny im. Piastéw Slaskich we Wroctawiu

OSWIADCZENIE

Oswiadczam, ze w pracy:
Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P. Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma—

An In Vitro and a Clinical Study. Diagnostics 2022, 12, 254, doi:10.3390/diagnostics12020254.

moj udziat polegat na wspottworzeniu metodologii oraz krytycznej recenzji i poprawkach manuskryptu.
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dr hab. Dorota Nowak prof. UWr Wroctaw 11.04.2023
Zaktad Patologii Komorki
Uniwersytet Wroctawski

OSWIADCZENIE

Oswiadczam, ze w pracy:
Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P. Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma—

An In Vitro and a Clinical Study. Diagnostics 2022, 12, 254, doi:10.3390/diagnostics12020254.

mo6j wkiad polegat na udziale w analizie wynikéw i pisaniu dyskusji.
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Prof. dr hab. Arkadiusz Migzek Wroctaw 11.04.2023
Katedra Biochemii i biologii Molekularnej
Uniwersytet Przyrodniczy we Wroctawiu

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P. Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma—
An In Vitro and a Clinical Study. Diagnostics 2022, 12, 254, doi:10.3390/diagnostics12020254.

moj udziat polegat wspottworzeniu koncepcji artykutu, opracowaniu metodologii, analizie

otrzymanych wynikéw, organizacji czesci srodkow finansowych potrzebnych do przeprowadzania
badan i publikacji oraz krytycznej recenzji i poprawkach manuskryptu.
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dr hab. n. med. Piotr Donizy prof. UMW Wroctaw 11.04.2023
Katedra Patologii Klinicznej i Doswiadczalnej
Uniwersytet Medyczny im. Piastéw Slaskich we Wroctawiu

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.;
Miazek, A.; Donizy, P. Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma—
An In Vitro and a Clinical Study. Diagnostics 2022, 12, 254, doi:10.3390/diagnostics12020254.

moj udziat polegat na wspottworzeniu koncepcji artykutu, ocenie preparatéw histopatologicznych oraz
analizie otrzymanych wynikéw, wspottworzeniu rycin, organizacji czesci srodkéw finansowych
potrzebnych do przeprowadzania badan i publikacji oraz krytycznej recenzji i poprawkach
manuskryptu.
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Agnieszka taszkiewicz Wroctaw 11.04.2023
Laboratorium Immunologii Molekularnej i Komorkowej

Instytut Immunologii i Terapii Doswiadczalnej

im. Ludwika Hirszfelda Polskiej Akademii Nauk

OSWIADCZENIE

Oswiadczam, Ze w pracy
Hippner-Kunicka, M.; Laszkiewicz A.; Skrzymowska J.; Biecek, P.; Donizy P.; Miazek, A.; 2023
Overexpression of c-MYC promoter binding protein-1 enhances proliferation and glucose metabolism

of melanoma cells lines Anticancer Research

moj udziat polegat na wspottworzeniu koncepcji artykutu, przeprowadzeniu transdukcji komérkowej,

wizualizacji immunofluorescencji, opracowaniu wynikéw oraz krytycznej recenzji i poprawkach
manuskryptu.

f'\\ f%ww«}« &ZQ\&\w»

64



Joanna Skrzymowska Wroctaw 11.04.2023
Laboratorium Immunologii Nowotworéw

Instytut Immunologii i Terapii Doswiadczalnej
im. Ludwika Hirszfelda Polskiej Akademii Nauk

OSWIADCZENIE

Oswiadczam, Zze w pracy

Hippner-Kunicka, M.; Laszkiewicz A.; Skrzymowska J.; Biecek, P.; Donizy P.; Miazek, A.; 2023
Overexpression of c-MYC promoter binding protein-1 enhances proliferation and glucose metabolism
of melanoma cells lines Anticancer Research

méj udziat polegat na opracowaniu metodologii i wspotpracy przy wykonywaniu eksperymentow oraz
krytycznej recenzji i poprawkach manuskryptu.
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Wroclaw 11.04.2023

prof. dr hab. inz, Przemystaw Biecek

Zakiad Projektowania Systeméw CAD/CAM i Komputerowego Wspomagania Medycyny
Wydziat Matematyki i Nauk Informacyjnych

Politechnika Warszawska

OSWIADCZENIE

Oswiadczam, ze w pracy
Hippner-Kunicka, M.; Laszkiewicz A.; Skrzymowska J.; Biecek, P.; Donizy P.; Miazek, A.; 2023
Overexpression of ¢-MYC promoter binding protein-1 enhances proliferation and glucose

metabolism of melanoma cells lines Anticancer Research

méj udziat polegat na konsultacji wynikow analizy statystycznej oraz krytycznej recenzji i poprawkach
manuskryptu.
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dr hab. n. med. Piotr Donizy prof. UMW Wroctaw 11.04.2023
Katedra Patologii Klinicznej i Doswiadczalnej
Uniwersytet Medyczny im. Piastéw Slgskich we Wroctawiu

OSWIADCZENIE

Oéwiadczam, ze w pracy

Hippner-Kunicka, M.; Laszkiewicz A.; Skrzymowska J.; Biecek, P.; Donizy P.; Miazek, A.; 2023
Overexpression of c-MYC promoter binding protein-1 enhances proliferation and glucose metabolism
of melanoma cells lines. Anticancer Research

moj udziat polegat na wspéttworzeniu koncepcji artykutu, organizacji czesci $rodkéw finansowych
potrzebnych do przeprowadzania badar i publikacji oraz krytycznej recenzji i poprawkach
manuskryptu.

67



Prof. dr hab. Arkadiusz Migzek Wroctaw 11.04.2023
Katedra Biochemii i biologii Molekularnej
Uniwersytet Przyrodniczy we Wroctawiu

OSWIADCZENIE

Oswiadczam, ze w pracy

Hippner-Kunicka, M.; Laszkiewicz A.; Skrzymowska J.; Biecek, P.; Donizy P.; Miazek, A.; 2023
Overexpression of c-MYC promoter binding protein-1 enhances proliferation and glucose metabolism
of melanoma cells lines, Anticancer Research

moéj udziat polegat na wspottworzeniu koncepcji artykutu, opracowaniu metodologii, analizie
otrzymanych wynikow, wspoéttworzeniu tekstu manuskryptu, organizacji czesci srodkéw finansowych

potrzebnych do przeprowadzania badan i publikacji oraz krytycznej recenzji i poprawkach
manuskryptu.
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KOMISJA BIOETYCZNA

przy

Uniwersytecie Medycznym

we Wroclawiu

ul, Pasteura 1; 50-367 WROCLAW

OPINIA KOMISJI BIOETYCZNEJ Nr KB — 580/2(;1 9

Komisja Bioetyczna przy Uniwersytecie Medycznym we Wroclawiu, powotana
zarzgdzeniem Rektora Uniwersytetu Medycznego we Wroctawiu nr 133/XV R/2017 z dnia 21
grudnia 2017 1. oraz dzialajaca w trybie przewidzianym rozporzgdzeniem Ministra Zdrowia
i Opieki Spolecznej z dnia 11 maja 1999 r. (Dz.U. nr 47, poz. 480) na podstawie ustawy
o zawodzie lekarza z dnia 5 grudnia 1996 r. (Dz.U. nr 28 z 1997 r. poz. 152 z pdzniejszymi
zmianami ) w skladzie:

prof. dr hab. Jacek Daroszewski (choroby wewngtrzne, endokrynologia, diabetologia)
prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henryk Kaczkowski  (chirurgia szczekowa, chirurgia stomatologiczna)

mgr Irena Knabel-Krzyszowska (farmacja)

prof. dr hab. Jerzy Liebhart (choroby wewnetrzne, alergologia)

ks. dr hab. Piotr Mrzyglod, prof. nadzw. (duchowny)

mgr Luiza Miller  (prawo)

dr hab. Stawomir Sidorowicz (psychiatria)

prof. dr hab. Leszek Szenborn (pediatria, choroby zakazne)

Danuta Tarkowska (pielggniarstwo)

prof. dr hab. Anna Wiela-Hojenska (farmakologia kliniczna)

dr hab. Andrzej Wojnar, prof. nadzw. (histopatologia, dermatologia) przedstawiciel
Dolnoslaskiej 1zby Lekarskiej)

dr hab. Jacek Zielinski (filozofia)

~ pod przewodnictweni
prof. dr hab. Jana Kornafela ( ginekologia i poloznictwo, onkologia)

Przestrzegajac w dziatalnosci zasad Good Clinical Practice oraz zasad Deklaracji Helsinskiej,
po zapoznaniu si¢ z projektem badawczym pt.:

»Nowe histomorfologiczne i immunohistochemiczne markery prognostyczne i predykcyjne
w wybranych nowotworach ztodliwych jako potencjalnie uzyteczne narzedzia rokownicze
w rutynowe] praktyce klinicznej™
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(38

zgloszonym przez dr hab. Piotra Donizego zatrudnionego w Zakladzie Patomorfologii
i Cytologii Onkologicznej Katedry Patomorfologii i Cytologii Onkologicznej Uniwersytetu
Medycznego im. Piastow Slaskich we Wroctawiu oraz zlozonymi wraz z wnioskiem
dokumentami, w tajnym glosowaniu postanowila wyrazi¢ zgode na przeprowadzenie badania
w  Katedrze i Zakladzie Patomorfologii i Cytologii Onkologicznej Uniwersytetu
Medycznego im. Piastow Slaskich we Wroclawiu, w Dolnoglgskim Centrum Onkologii we
Wroctawiu, w Opolskim Centrum Onkologii w Opolu, w Zakladzie Patalogii Nowotworow
Swietokrzyskiego Centrum Onkologii oraz w  Zakladzie Patologii Komérki Wydziatu
Biotechnologii Uniwersytetu Wroctawskiego

we wspéipracy z Department of Pathology, Massachusetts General Hospital and Harvard
Medical School, Boston, USA 1 Department of Pathology, Institut Curie, Paryz, Francja
a takze Department of Patology, National and Kapadistrian University of Athens, Grecja oraz
Laboratory of Patology, National Institute of Health Bethesda MD USA

pod warunkiem zachowania anonimowosci uzyskanych danych.

Uwaga: Badanie to zostalo objete ubezpieczeniem odpowiedzialnosci cywilnej Uniwersytetu
Medycznego we Wroctawiu z tytutu prowadzonej dziatalnodei.

Pouczenie: W ciggu 14 dni od ofrzymania decyzji wnioskodawcy przystuguje prawo
odwotania do Komisji Odwolawczej za posrednictwem Komisji Bioetycznej UM we

Wroclawiu.

Opinia powyzsza dotyczy projektu badawczego bedacego podstawg dzialalnosci statutowe;.
Numer rejestrowy Centrum Wspierania Nauki Nr: ST.B130.18.030

Wroctaw, dnia A g lipca 2019 r.
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