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1. STRESZCZENIE

Akwaporyny (AQPs) sa wysoce selektywnymi biatkami blonowymi, ktére odgrywaja istotng
role w transkomérkowym i przeznablonkowym transporcie wody. W ciggu ostatnich kilkunastu
lat opublikowano liczne prace na temat znaczenia i funkcji AQPs u ssakow w tym cztowieka,
dzigki temu fizjologiczna rola akwaporyn w roznych narzadach zostala dobrze poznana.
Ostatnie doniesienia wskazujg na znaczacg rol¢ i udzial AQPs w proliferacji, migracji, inwazji
i angiogenezie komodrek nowotworowych. W szczego6lnosci badania nad nowotworami
wskazuja, ze AQPs moga by¢ potencjalnie wykorzystane jako markery prognostyczne z uwagi

na ich udziat w procesie onkogenezy, progresji guza i jego inwaz;ji.

Gruczolakorak ptuc (ADC) jest najczestszym z pierwotnych nowotworow ptuc wystgpujacym
u chorych w Europie i Stanach Zjednoczonych. Nalezy podkresli¢, Ze jest czgsto diagnozowany

dopiero w zaawansowanym stadium choroby.

W przedstawione] pracy zatozono hipoteze badawcza, ze poziom ekspresji biatek AQP3
1 AQP4 w ADC moze stanowi¢ czynnik prognostyczny i1 korelowa¢ z danymi kliniczno-
patologicznymi pacjentéw. Badania miaty charakter retrospektywny, przeanalizowano probki
biopsyjne 79 pacjentow. Do oceny ekspresji biatek AQP3 i AQP4 zastosowano metodg
immunohistochemiczng. Ekspresj¢ biatka AQP3 wykazano w btonie cytoplazmatycznej tkanki
nowotworowej w 82% prdobach (65 z 79). Istotnie statystyczng réznice w ekspresji AQP3
stwierdzono w tkance nowotworowej w porownaniu z grupa kontrolng (100% vs. 65%,
p<0,001). Istotne rdéznice statystyczne ekspresji AQP3 wykazano takze migdzy pacjentami
w roznym wieku ($rednia 64,6 lat 8,9 vs. $rednia 60,3 lat +6,5, p=0,017). Ponadto stwierdzono,
ze niska ekspresja AQP4 w blonie cytoplazmatycznej byta skorelowana z bardziej
zaawansowang chorobg, m.in. obecnosciag przerzutow do weztow chionnych (89% vs. 67%,
p=0,046). Niska ekspresja blonowa AQP4 wystepowala statystycznie istotnie cze$ciej w tkance

nowotworowej w porownaniu z tkanka zdrowa (92% w poréwnaniu do 32%, p<0,001).

Na podstawie przeprowadzonych badah mozna stwierdzi¢, ze probki pobrane technikami
minimalnie inwazyjnym s3 odpowiednie do okreslenia ekspresji AQP3 i AQP4 w ADC,
jednakze potencjalna kliniczna warto$¢ prognostyczna badanych akwaporyn wymaga dalszych

badan.

Stowa kluczowe: AQP3, AQP4; rak ptuc; NSCLC; gruczolakorak; biopsje bronchoskopowe



2. SUMMARY

Aquaporins (AQPs) are highly selective channel proteins, which play an important role
in transcellular and transepithelial water transport. Recently, numerous articles
on the importance and function of AQPs in mammals, including humans, have been published,
resulting in a better understanding of their physiological role in various organs. Latest reports
indicate a significant role and participation of AQPs in the proliferation, migration, invasion
and angiogenesis of neoplastic cells. In particular, cancer studies indicate that AQPs can
potentially be used as prognostic markers due to their involvement in the process of oncogenesis

as well as tumor progression and invasion.

Lung adenocarcinoma (ADC) is the most common primary lung cancer seen in patients
in Europe and the United States. Noteworthy, it is often not diagnosed until the tumor

is at an advanced stage.

In the present study, the research hypothesis assumed that the level of AQP3 and AQP4 protein
expression in ADC may be a prognostic factor and correlate with patients' clinical
and pathological outcomes. The study was retrospective and the biopsy samples of 79 patients
were analysed. The protein expression of AQP3 and AQP4 was analysed based
on immunohistochemical staining. AQP3 protein expression was observed in the cytoplasmic
membrane of the cancer tissue in 82% of lung samples (65 of 79). Significant differences
in relative protein expression of AQP3 were noted between advanced age patients compared
to younger counterparts (average 64.6 years of age +8.9 vs. average 60.3 years of age +6.5,
p=0.017). A high expression of AQP3 was significant in cancer tissue when compared
to the control group (100% vs. 65%, p<0.001). Low AQP4 membrane expression was correlated
with more advanced disease status, e.g. lymph nodes metastases (89% vs. 67%, p=0.046).
Whereas a low AQP4 membrane expression was noted as significantly common in cancer tissue

compared to non-neoplastic lung tissue (92% vs. 32%, p<0.001).

Based on the conducted studies, it can be concluded that samples collected with minimally
invasive techniques are adequate to determine the expression of AQPs in ADC, however,
the potential clinical prognostic value of AQP3 and AQP4 expression still requires further

studies.

Keywords: AQP3, AQP4; lung cancer; NSCLC; adenocarcinoma; bronchoscopy biopsies



3. WPROWADZENIE

Akwaporyny (AQPs) naleza do wysoce konserwatywnej rodziny integralnych biatek
btonowych (major intrinsic proteins). Tworza kanaly o tetramerycznej budowie
lub wigksze polimeryczne struktury, ktore s3 odpowiedzialne za transkomérkowy
1 przeznablonkowy transport wody oraz substancji nieposiadajacych tadunku elektrycznego
takich jak mocznik, glicerol, czy pirymidyny (Agre et al., 1993, 2002; Gomes et al., 2009;
Wagner et al.,, 2022). Budowa przestrzenna kanatu akwaporyny przypomina klepsydrg.
Kazdy monomer akwaporyny sktada si¢ z sze$ciu domen transbtonowych o budowie a-helisy
oraz dwoch specyficznych petli z konserwatywnym motywem NPA (ang. asparagine-proline-
alanine; zachowany w ewolucji motyw reszt aminokwasowych: asparagina-prolina-alanina)
zawierajacym asparaging, proling i alaning oraz krotkimi a-helisami, tworzac symetryczng
strukture. Petle tworza wlasciwy por, natomiast domeny transblonowe otaczajac go tworza
rusztowanie kanatu. Podczas gdy niektore akwaporyny tworza pojedyncze tetramery, inne,
np. AQPO i AQP4 tworza kompleksy wyzszego rzedu utozone w zmienng liczbe tetramerow
(Engel & Gaub, 2008; Nicchia et al., 2010). Selektywnos$¢ transportu czasteczek przez kanat
akwaporyny wynika z jego nieprzepuszczalnosci dla jonow hydroniowych, a przepuszczalnosci
wylacznie dla czasteczek wody. Przechodzenie innych substancji zachodzi zgodnie
z ich gradientem hydrostatycznym oraz osmotycznym. AQPs odkryto w komorkach wszystkich
badanych organizmow zwierzecych i roslinnych. U cztowieka zidentyfikowano do tej pory
13 izoform (AQPO0-12), ktére podzielono na grupy ze wzgledu na rodzaj substancji jaka
transportuja. Pierwsza grupa to tzw. klasyczne akwaporyny biorace udzial wylgcznie
w transporcie czasteczek wody: AQPO, 1, 2, 4, 5, 6, 8; druga grupg tworza akwaporyny
transportujace oprocz wody takze glicerol, tzw. akwagliceroporyny: AQP3, 7, 9, 10; ostatnig
grupe stanowig superakwaporyny AQP11, 12A, 12B. Dodatkowo badania prowadzone
na przestrzeni ostatnich kilkunastu lat wykazaty, ze AQP biorg rowniez udziat w transporcie,

dwutlenku wegla, tlenku azotu czy amoniaku.

Wigkszo$¢ AQPs jest zlokalizowana w btonie komorkowej, niektore izoformy znajduja si¢
w cytoplazmie, m.in. retikulum endoplazmatyczne (ER), gdzie dostarczanie ich do btony
komorkowej jest regulowane 1 ma kluczowe znaczenie w modulacji transportu wody (Kreida
& Tornroth-Horsefield, 2015). AQPs odgrywaja zatem kluczowa role w roznych procesach
homeostazy komorkowej, a ich prawidlowe dziatanie umozliwia zachowanie réwnowagi
osmotycznej wszystkich komoérek organizmu. Odpowiadaja za: utrzymanie homeostazy wodnej

w organizmie, biorg udziat w adhezji komorek, szlakach sygnatowych poprzez transport
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czasteczek sygnatowych lub sprzeganie z innymi czasteczkami zaréwno w warunkach
fizjologicznych jak i patologicznych. Reguluja objetos¢ komorek, ekspresje¢ bialek, migracje
komorek i apoptoze (Kitchen et al., 2015; Meli et al., 2018). Akwaporyny wystepuja w roznych
narzadach cztowieka m. in. w sercu, ptucach, narzadzie wzroku, skorze, osrodkowym uktadzie
nerwowym (Wagner et al., 2022). Na przyklad, w erytrocytach wykazano ekspresj¢ AQPI
1 AQP3, i ich rolg¢ w dwukierunkowym transporcie przez btony komorkowe zaréwno wody,
jak 1 drobnoczgsteczkowych substancji (van Hoek & Verkman, 1992; Yang et al., 2001).
Z kolei w kanalikach nerkowych resorpcja wody zalezna od wazopresyny (AVP) odbywa si¢
przy udziale AQP2 (Nielsen et al., 2002).

Oprécz funkcji fizjologicznych akwaporyny odgrywaja role w patofizjologii wielu
schorzen. Nadekspresja AQP2 wigze si¢ z wystepowaniem zespolu nieadekwatnego
wydzielania wazopresyny (SIADH) (Ishikawa et al., 2004). Natomiast, obnizone st¢zenie
AQP3 sprzyja powstawaniu zmian w przebiegu pemfigoidu pecherzowego (Korany et al.,
2019). Z kolei AQP4 w osrodkowym uktadzie nerwowym jest zwigzana z patomechanizmem
obrzeku moézgu (Papadopoulos & Verkman, 2007; Zador et al., 2009). Natomiast, odkrycie
przeciwcial anty-AQP4 w surowicy pacjentéw z zapaleniem nerwow wzrokowych (NMO)
znacznie utatwilo diagnostyke tego schorzenia, a stosownie przeciwcial IgG anty-AQP4 stato
si¢ podstawowym leczeniem NMO (Jarius & Wildemann, 2013; Petzold et al., 2010).
W przypadku infekcji wirusowych o etiologii rotawirusowej dochodzi do zmniejszenia
ekspresji AQP1, 4 1 8, co sprzyja utracie wody, a w konsekwencji prowadzi do odwodnienia

(M. Cao et al., 2014).

Z przegladu pismiennictwa wynika, ze poszczegdlne izoformy AQPs odgrywaja znaczaca
role w procesach migracji, inwazji, przerzutow, proliferacji, lekoopornosci i pdzniejszego
rokowania w okreslonych typach raka (Moon et al., 2022). Ze wzgledu na istotng rolg AQPs
i ich powszechne wystgpowanie, badania prowadzone sa na modelach zwierzgcych, mysich
nokautach (null mice) pozbawionych genow AQPs oraz in vitro i in vivo w celu poznania
komoérkowych mechanizmoéw odpowiedzialnych m.in. za powstawanie guzow (Dajani et al.,
2018; Verkman et al., 2008). Stwierdzono, ze AQPs bezposrednio odgrywaja znaczaca role
w co najmniej trzech dobrze poznanych cechach -charakterystycznych dla komorki
nowotworowej. Biorg udziat w procesie angiogenezy, kluczowym dla dostarczania sktadnikow
odzywczych i substancji niezbednych do progresji nowotworu, sa zaangazowane w inwazj¢
nowotworu i potencjal przerzutowy, utatwiajg i zwigkszaja transport reaktywnych form tlenu

(ROS) oraz nasilaja karcynogenezg i progresje nowotworu (Moon et al., 2022). Wykazano,
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ze AQP3 jest czynnikiem prognostycznym i ma udowodniong rol¢ w progresji raka zotadka
poprzez szlak B-kateniny (Zhou et al., 2016). Ponadto zaangazowana jest w zdolno$¢ migracji,
a tym samym inwazji i przerzutowania komoérek nowotworowych w raku piersi poprzez
FGF-2 oraz aktywacje¢ szlaku Akt 1 ERK1/2 (X.-C. Cao et al., 2013; Satooka & Hara-Chikuma,
2016). Natomiast AQP4 odpowiada za migracj¢ 1 inwazj¢ komorek w glejaku
wielopostaciowym 1 jest czynnikiem predykcyjnym opornosci na chemioterapi¢ (Lan et al.,
2017a). W przypadku AQPS5 wykazano dotychczas jej udziat w proliferacji i migracji komorek
nowotworowych w raku piersi (Jung et al., 2011). Wedtug Kang i wsp. (2015) wysoka ekspresja
AQPS5 wraz z wysoka koekspresja AQP1 1 AQP3 sprzyja wystepowaniu przerzutow do weztow

chlonnych w raku gruczotowym jelita grubego.

W odniesieniu do uktadu oddechowego czlowieka dotychczas zidentyfikowano cztery AQP
(AQP1, AQP3, AQP4 i AQP5). W badaniu przeprowadzonym przez Kreda i wsp. (2001)
po raz pierwszy opisano dystrybucj¢ tkankowa i komorkowa lokalizacje AQPs, ktoére
posredniczg w transporcie wody przez nabtonek drog oddechowych cztowieka. Byt to pierwszy
krok w kierunku lepszego zrozumienia znaczacej roli AQPs w homeostazie nabtonka drog
oddechowych czlowieka. AQP1 zostata zidentyfikowana w $rddbtonku naczyniowym naczyn
ptucnych w blonie szczytowej i podstawno-bocznej oraz $rodblonku naczyn wilosowatych.
AQP3 wystgpuje w nablonku oraz komodrkach podstawnych nabtonka tchawicy, oskrzeli
1 oskrzelikow oraz w pneumocytach typu II, natomiast AQP4 w blonie podstawno-bocznej
komorek nabtonka walcowatego urzesionego i pneumocytach typu I. AQP5 zidentyfikowano
w blonie szczytowej nabtonka gruczotow podsluzowkowych oraz pneumocytach typu I

(Agre et al., 2002; King et al., 2004; Y. Song et al., 2017; Wittekindt & Dietl, 2019).
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Yadav, E., Yadav, N., Hus, A., & Yadav, J. S. (2020). Aquaporins in lung health and disease: Emerging roles,
regulation, and clinical implications. Respiratory medicine, 174, 106193. (modyfikacja)

Rak ptuca jest obecnie drugim najczgstszym nowotworem zlosliwym na §wiecie, rocznie
odnotowuje si¢ 2 miliony nowych zachorowan i 1,76 miliona zgondéw (Bray et al., 2018).
Z cala mocg nalezy podkresli¢, ze 5-letnie przezycie w przypadku raka ptuca wynosi tylko
18,4% dla nowo zdiagnozowanych pacjentow, co stanowi najnizszy odsetek w poréwnaniu
z innymi nowotworami (SEER Cancer Stat Facts: Cancer of Any Site. National Cancer
Institute. Bethesda, MD, https://Seer.Cancer.Gov/Statfacts/Html/All.Html). Zgodnie
z klasyfikacja WHO nowotwory ptuca dzieli si¢ na gruczolakoraka, raka ptaskonablonkowego,
raka drobnokomoérkowego, raka wielkokomorkowego 1 raka wielkokomoérkowego
neuroendokrynnego (Travis et al., 2015; Zappa & Mousa, 2016). Gruczolakorak (ADC),
rak ptaskonabtonkowy i rak wielkokomoérkowy to podtypy tzw. grupy niedrobnokomoérkowego
raka ptuca (NSCLC), ktére stanowig 85% wszystkich przypadkéw raka phluca (Sher et al.,
2008). Wsrod NSCLC najczesciej wystepuje ADC, dotyczy 40% wszystkich rakéw ptuc,
1 jest mozliwy do wykrycia we wczesniejszych stadiach przed rozprzestrzenieniem si¢ poza
pluca (Zappa & Mousa, 2016). Jednak pomimo postepow w leczeniu medycznym
i chirurgicznym, ADC wykazuje duza zdolno$¢ do szybkiej progresji i charakteryzuje si¢ ztym

rokowaniem (Janssen-Heijnen, 2003).

Analizujac obecny stan wiedzy na temat znaczenia AQPs w chorobach phuc
z opublikowanych dotychczas prac wynika, ze w raku pluc czgsto obserwuje si¢ zmiany

w ekspresji AQP1, AQP3, AQP4 i AQP5 (Chae et al., 2008b; Woo et al., 2008; Xia et al., 2014;



Zhang et al., 2010). Prowadzone byly m. in. badania in vitro z uzyciem linii komérkowych raka
ptuc (Ben et al., 2008; Elkhider et al., 2020; Hoque et al., 2006; Wei & Dong, 2015),
jak rdwniez badania na tkankach pobranych w trakcie zabiegdw operacyjnych (Liu et al., 2007;
MacHida et al., 2011; Warth et al., 2011). Duzo prac poswigcono AQP5 w NSCLC, ktéra moze
by¢ powigzana z progresja choroby (Jo et al., 2016; T. Song et al., 2015). Ponadto wykazano
pozytywna korelacje tej izoformy z zaawansowaniem przerzutow guza do weztéw chlonnych,

co wskazuje na znaczacg role AQP5 w progresji nowotworu (Z. Q. Zhang et al., 2011).

AQP3 jest niezbedna do rozwoju struktur lipidowych poprzez dostarczanie glicerolu,
ktéry jest rowniez substratem do produkcji adenozyno-5'-trifosforanu (ATP), ponadto bierze
udzial w proliferacji i wzro$cie komorek (Bienert & Chaumont, 2014). Zwigkszong ekspresje
AQP3, a tym samym jej wplyw na proces kancerogenezy opisano dotychczas
m. in. w przypadku raka jelita grubego, jajnika, piersi i trzustki (Marlar et al., 2017). Natomiast
AQP4 odgrywa kluczowa role w homeostazie wodnej osrodkowego uktadu nerwowego
i regulacji bariery krew-mozg (BBB; ang. blood—brain barrie) w migracji astrocytow,
tworzeniu blizn glejowych (Nagelhus & Ottersen, 2013). W procesie onkogenezy najlepiej
udokumentowany jest wptyw AQP4 na nowotwory OUN, w szczego6lnosci glejaka

wielopostaciowego (Lan et al., 2017b; Levy et al., 2019).



4. HIPOTEZA I CEL BADAN

W oparciu o dotychczasowe dane literaturowe, dotyczace znaczenia prognostycznego
AQPs w niektérych nowotworach zalozyliSmy hipoteze: Tkanki pochodzgce z rutynowo
pobieranych biopsji (badanie bronchofiberoskopowe) mogq postuzyé do oznaczenia ekspresji
AQP3 i AQP4 w celach prognostycznych u pacjentow z ADC. Jest to preferowana metoda
diagnostyczna stosowana w przypadku zmian zlokalizowanych wewnatrz oskrzeli, ktore sa

blisko danego oskrzela lub w przypadku krwioplucia.

Za glowny cel niniejszej pracy przyjeto oceng poziomu ekspresji biatek AQP3 1 AQP4 z analizg
warto$ci prognostycznej w powiazaniu z parametrami klinicznopatologicznymi, w odniesieniu

do przezycia pacjentow ADC.
Cel ten zrealizowano w oparciu o nizej wymienione cele szczegotowe:

1. Oznaczenie ekspresji wymienionych powyzej akwaporyn w tkankach pochodzacych
z rutynowo pobieranych biopsji w celach prognostycznych u pacjentow z ADC.
2. Okreslenie korelacji poziomu ekspresji biatek AQP3 i AQP4 w raku gruczolowym ptuc

z danymi kliniczno-patologicznymi.
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5. METODOLOGIA I WYNIKI

Niniejsza rozprawa doktorska zostala oparta na oryginalnej pracy opublikowanej w 2022
roku, dotyczacej lokalizacji oraz ekspresji AQP3 i AQP4 u pacjentow z potwierdzonym
histopatologicznie rakiem gruczotowym pluca w korelacji z danymi klinicznymi,
Journal of Clinical Medicine; Jaskiewicz L et al., Expression Profiles of AQP3 and AQP4 in
Lung Adenocarcinoma Samples Generated via Bronchoscopic Biopsies. 11, 5954.,

DOI: 10.3390/jcm11195954; 1F2021=4,964.

Dokonano analizy retrospektywnej materialu biopsyjnego pobranego od pacjentéw
hospitalizowanych w latach 2010-2012 w Samodzielnym Publicznym Zespole Gruzlicy
i Chorob w Olsztynie (obecnie Warminsko-Mazurskie Centrum Choréb Pluc w Olsztynie).
Dane kliniczne zostaly zebrane na podstawie dokumentacji medycznej. tacznie
przenalizowano 466 przypadkéw raka ptuca, z czego w 166 przypadkach potwierdzono
rozpoznanie raka gruczotowego ptuca. Ostatecznie po wnikliwej analizie iloéci oraz jako$ci
pozostalego materialu biopsyjnego w Dbloczkach parafinowych do badan wilaczono
79 pacjentow. Grupe kontrolng stanowili pacjenci, ktorzy zostali poddani badaniu
bronchoskopowemu z innych przyczyn, a w materiale histopatologicznym nie stwierdzono

obecnosci raka.

Do okreslenia poziomu ekspresji wybranych akwaporyn zastosowano metode
immunohistochemii z wykorzystaniem zautomatyzowanego systemu do barwien BenchMark
(Ventana Medical System, Tucson, AZ, USA), co pozwolito uzyskaé takie same warunki
barwienia dla wszystkich analizowanych tkanek, powtarzalnos$¢, precyzje i1 dokladnos¢
otrzymanych barwien. Do oceny wyniku barwienia zastosowano metode poétilosciowa
obejmujaca zarowno intensywnos¢ barwienia, jak i procent zajetych komorek dla uzyskania
najbardziej wiarygodnych i miarodajnych wynikow. Wzorowali§my si¢ na badaniach Bellezza
et al., 2017 i Klein et al., 1999, 2001. Przyjeto skale porzadkowa 0 — brak barwienia, 1 — stabe
barwienie, 2 — umiarkowane barwienie, 3 — silne barwienie, natomiast odsetek wybarwionych
komorek mierzono jako zmienng ciaglta (0-100%) i oceniono nastepujaco: 0 — brak barwienia,
1 — <33%, 2 — 34-66%, 3 — >67%. Warto$¢ dla dodatnio wybarwionych komoérek zostata
nast¢pnie pomnozona przez warto$¢ intensywnosci barwienia. Wyniki punktacji byty nastepnie
oceniane potilosciowo. Ekspresje AQP3 i AQP4 zdefiniowano jako ,niska ekspresj¢”
z punktami 0-2 i jako ,,wysoka ekspresj¢” z punktami, odpowiednio 3-9. Wybarwiony materiat

zostal poddany niezaleznej ocenie przez 2 specjalistéw w dziedzinie patomorfologii.
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W analizie statystycznej wykorzystano test y*> oraz test t-studenta do oceny zalezno$ci
miedzy ekspresja AQP3 i AQP4, a danymi kiniczno-patologicznymi. Do oceny normalno$ci
rozkladu dla wieku wykorzystano test Shapiro-Wilka. Prawdopodobienstwo przezycia
oszacowano metodg Kaplana-Meiera, a r6Zznice w medianie przezycia poréwnano za pomoca
testu log-rank. Jedno- i wielozmienne predyktory $miertelnosci ogdlnej oszacowano za pomocg

analizy regresji Coxa. Istotno$¢ statystyczng uznano przy wartosci p-value < 0,05.

Obecnos¢ AQP3 stwierdzono w blonie cytoplazmatycznej tkanki nowotworowej w 82%
zbadanych probek. Istotne rdznice ekspresji biatka AQP3 wykazano poréwnujac $redni wiek
pacjentow z ,,niskg ekspresja AQP3” z grupa z ,,wysoka ekspresja AQP3” ($rednia 64,6 lat +8,9
vs. $rednia 60,3 lat +6,5, p=0,017). Wysoka ekspresja AQP3 byla statystycznie istotnie wyzsza
w tkance nowotworowej w pordwnaniu z grupg kontrolng (p<0,001), podczas gdy niska
ekspresja btonowa AQP4 wystepowala cze$ciej w tkance nowotworowej w pordéwnaniu
z nienowotworowg tkanka pluc (p<0,001). Co wigcej, niska ekspresja blonowa AQP4 byta
dodatnio skorelowana z bardziej zaawansowanym stadium choroby, m.in. obecno$cia

przerzutéw do weztéw chtonnych (p=0,046).

Nasze badanie miato pewne ograniczenia i wymagato retrospektywnej interpretacji. Biorac
pod uwage, ze ustalenia opieraja si¢ na ograniczonej liczbie probek wyniki takich analiz nalezy
traktowac z ostroznos$cig. Po pierwsze wykonano je w jednym szpitalu, a liczba przypadkow
byta ograniczona. Po drugie, chociaz material pobrany podczas bronchoskopii
lub przezklatkowej biopsji guzoéw pluca byt analizowany przez dos§wiadczonych patologdw, nie
mozna catkowicie wykluczy¢ zmienno$ci migdzy obserwatorami. Ponadto wigkszo$¢
pacjentdéw byla w zaawansowanym stadium choroby i nie bylo dostgpu do materiatu

pochodzacego z resekcji catego guza.

Warto$¢ prognostyczna ekspresji AQP3 i AQP4 dla probek uzyskanych technikami
minimalnie inwazyjnymi uzasadnia zasadno$¢ dalszych badan tym bardziej, Ze nasze badania
wykazaly, Zze probki te byly wystarczajace do okreslenia ekspresji badanych AQPs w ADC.
Ponadto rola AQPs w réznych typach nowotworéw wskazuje na potrzebe ustalenia, czy ich
izoformy sa odpowiednimi celami terapeutycznymi i/lub diagnostycznymi, ze wzgledu na ich

kluczowe znaczenie w wielu procesach patofizjologicznych zachodzacych w ptucach.
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Abstract: Aquaporins (AQPs) are highly conserved channel proteins which are mainly responsible for
the exchange of water and small molecules and have shown to play a pivotal role in the development
and progression of cancer. Lung adenocarcinoma is the most common primary lung cancer seen in
patients in Europe and the United States. However, in patients it is often not diagnosed until the
advanced tumor stage is present. Previous studies provided strong evidence that some members
of the AQP family could serve as clinical biomarkers for different diseases. Therefore, we aimed
to investigate how AQP3 and AQP4 protein expression in lung adenocarcinoma (ADC) biopsy
samples correlate with clinical and pathological parameters. The protein expression of AQP3 and
AQP4 was analyzed based on immunohistochemical staining. AQP3 protein was observed in
the cytoplasmic membrane of cancer tissue in 82% of lung samples. Significant differences in
relative protein expression of AQP3 were noted between advanced age patients compared to younger
counterparts (p = 0.017). A high expression of AQP3 was significant in cancer tissue when compared
to the control group (p < 0.001), whereas a low AQP4 membrane expression was noted as significantly
common in cancer tissue compared to non-neoplastic lung tissue (p < 0.001). Moreover, a low AQP4
membrane expression was positively correlated with a more advanced disease status, e.g., lymph
node metastases (p = 0.046). Based on our findings, AQP3 and AQP4 could be used as biomarkers in
ADC patients.

Keywords: AQP3; AQP4; aquaporin; lung cancer; NSCLC; adenocarcinoma; bronchoscopy biopsies

1. Introduction

Members of the aquaporin (AQP) family are expressed in different cells, tissues, and
organs, and as channel proteins they are responsible for the exchange of water, small
molecules, and, in consequence, they maintain cell stability and integrity [1-3]. Not only in
physiological conditions do AQPs play a role but also in the pathophysiological conditions
of the human body, when the water equilibrium is altered [4,5]. To date, four AQPs (AQP1,
AQP3, AQP4, and AQP5) have been identified in the human respiratory tract [6-8]. Due
to their before-mentioned critical imperative role in cell stability and integrity, it appears
logical that AQPs, which also regulate numerous downstream effector signaling molecules,
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are involved in cancer development and progression. In the last decades, compelling
evidence has been provided underpinning the contribution of AQPs in tumor biology [9-13].
In consequence, AQPs have been suggested as a possible target for cancer treatment and
potential predictive biomarkers.

Lung cancer is the second most common malignant tumor worldwide, counting
around 2 million cases and 1.76 million deaths per year [14]. The 5-year survival rate
of lung cancer patients is only 18.4%, which reflects the lowest rate compared to other
cancers. Although considerable improvement in treatment strategies for lung cancer has
been reached over the last 40 years, the 5-year survival rate of lung cancer patients has
minimally declined [15]. Lung epithelial tumors are commonly divided into adenocarci-
noma, squamous cell carcinoma, small-cell carcinoma, large-cell carcinoma, and large-cell
neuroendocrine carcinoma according to the WHO classification of lung tumors [16-18].
Noteworthy, lung adenocarcinoma (ADC) shows a high ability to progress rapidly and
exhibits a poor prognosis [19]. Like all types of lung cancers, squamous cell carcinoma
and large-cell carcinoma, are strongly associated with smoking and are diagnosed in ap-
proximately 30% and 10% of all lung cancer cases, respectively [20-23]. Previous studies
partially deciphered the important role of certain AQP isoforms, for example in ADC [24],
or in lung cancer cell lines [25-27]. More precisely, high protein levels of the AQP3 isoform
were identified in proximal and terminal bronchioles and in the apical membrane of all
columnar cells facing the lumen of type I and II pneumocytes [6].

Based on the before-mentioned facts, our study intended to shed light on the role of
specifically AQP3 and AQP4 in ADC to extend the knowledge and clarify their value as
potential predictive and /or diagnostic biomarkers. Herein, we analyzed tumor biopsy sam-
ples of 79 ADC patients at different clinical stages (CS): CS I, 3 patients; CSI, 6 patients; CS
I1I, 16 patients; and CS IV, 54 patients. The samples were generated via bronchofiberoscopy
or thoracic biopsy and further analyzed via an immuno-histochemical approach. Notewor-
thy, to our best knowledge, we are the first group evaluating very small biopsy specimens
acquired through bronchoscopy in ADC patients with regard to the protein expression of
AQP3 and AQP4.

2. Materials and Methods
2.1. Study Design and Patient Characteristics

Herein, we have retrospectively analyzed biopsy samples (material generated either
from bronchoscopy or thoracic biopsies) of lung adenocarcinomas obtained at the Center for
Pulmonary Diseases in Olsztyn (Poland) between 2010 and 2012. Clinical and pathologic
data was generated from medical records. Biopsy tissue samples were formalin-fixed and
paraffin-embedded. Two pathologists (K.H. and B.S.) examined the histological slides of
pre-selected cases independently, in a blinded fashion, and re-confirmed the diagnosis
of ADC according to the WHO classification. A total of 466 lung cancer cases were pre-
screened, of which 165 cases were diagnosed with ADC. For the final evaluation 79 cases
were taken into consideration. The control group consisted of patients without cancer, who
underwent bronchoscopy or biopsy for other reasons. The ADC patients were divided
according to their sex into the three age groups. All experiments of this retrospective study
were performed in accordance with the Bioethics Committee localized at the School of
Medicine, Collegium Medicum, University of Warmia and Mazury in Olsztyn, Poland (BC
approval No. 3/2018 from 11 January 2018). Clinical and pathological features of patients
included in this study are shown in Table 1.

2.2. Immunohistochemistry

Immunohistochemical staining was performed using the BenchMark automated stain-
ing machine (Ventana Medical System, Tucson, AZ, USA). Different dilutions of antibodies,
time, and temperature of incubation were tested in a pre-study. Based on this, antibod-
ies against AQP 3 and 4 were used at a dilution of 1:200; with an affinity-purified rab-
bit polyclonal antibody against AQP3 (Biorbyt Ltd., orb47955, Cambridge, UK) and an
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affinity-purified rabbit polyclonal antibody against AQP4 (Affinity Biosciences; AF5164,
Cincinnati, OH, USA). Tissue sections (thickness of 4 um) were deparaffinized in xylene,
rehydrated in three graded alcohol chambers, and treated with 3% hydrogen peroxide in
methanol at room temperature for the blocking of endogenous peroxidase activity. The
avidin-biotin—peroxidase technique was used for the visualization of AQP3 and AQP4
antibodies (Agilent Technologies, Inc., K5005, Dako REAL Detection System, Hamburg,
Germany), followed by a chromogen detection with diaminobenzidine (DAB). As a positive
control for AQP3, renal tissue samples, and for AQP4 gastric tissue samples were used
(Figures 1E and 2E, respectively). In addition, immunoglobulins from non-immunized
rabbits were used as a negative control (dilution 1:200, Figures 1D and 2D, respectively).
The microscopic analysis was carried out using an Olympus light microscope (BX41, Tokyo,
Japan), and pictures were taken with an Olympus XC50 (Tokyo, Japan) integrated camera.

Table 1. Clinicopathological features of patients diagnosed with ADC in this study.

Variables n (%)
Total number of patients 79
Mean Age + SD, years (range) 61.8 £7.7 (47-81)
Gender

Female 27 (34.2)
Male 52 (65.8)

cs
I 3 (3.8)
II 6 (7.6)
I 16 (20.2)
v 54 (68.4)

T
Tx 2 (2.5)
TO 1 (1.3)
T1 12 (15.2)
T2 29 (36.7)
T3 4 (5.1)
T4 26 (32.9)
no data 5 (6.3)

N
NO 10 (12.7)
N1 7 (8.9)
N2 38 (48.1)
N3 22 (27.8)
no data 2 (2.5)

M
MO 26 (32.9)
M1 53 (67.1)

Intention to treat
radical 19 (24.0)
palliative 59 (74.7)
no consent 1 (1.3)
Radical treatment (;};Zgztéﬁzgoiﬁgz;;t 8 (42.1)
radiochemotherapy 7 (36.8)
operation 4 (21.1)
Palliative treatment palliative chemotherapy 41 (69.5)
palliative radiotherapy 5 (8.5)
molecular targeted

therapy 4 ©8)
symptomatic treatment 3 6.1)
no data 6 (10.1)

n—number; £SD—standard deviation; CS—clinical stage; T—primary tumor; N—regional lymph nodes;
M—distant metastasis.

2.3. Scoring System for Immunohistochemistry Results

A semiquantitative immunohistochemistry score (based on the staining intensity
and the percentage of stained cells) was established according to a previously published
scoring system [28-31]. Briefly, staining intensity was defined using an ordinal scale (0—no
staining, 1—weak staining, 2—moderate staining, 3—strong staining), while the percentage

15



J. Clin. Med. 2022, 11, 5954

40f13

of stained cells was measured as a continuous variable (0-100%) and was graded as follows:
0—no staining, 1—<33%, 2—34-66%, 3—>67%. The value for positively stained cells
was then multiplied by the value for staining intensity. The scoring results were further
evaluated by a semiquantitative approach in which AQP3 and AQP4 expression was
defined as “low expression” with scores 0-2 and as “high expression” with scores 3-9. All
stained slides were examined in a blinded fashion by two pathologists (K. H. and B. S.).

L g ol
LT

£
AN ]

Figure 1. Inmunohistochemistry (IHC) staining of aquaporin 3 (AQP3) in paraffin-embedded sec-
tions of the lung adenocarcinoma (ADC) from humans. Anti-AQP3 antibody labels in non-neoplastic
lung tissues. Arrows indicate the localization of the basolateral plasma membranes of surface
epithelium in whole plasma membranes of basal cells of the bronchus (A). Anti-AQP3 antibody
labels in the cancer lung tissues. Arrows indicate the localization of AQP3 in the cytoplasmic mem-
brane in the cancer cells (B,C). No staining was observed when isotype-specific immunoglobulins
from non-immunized rabbits were used instead of the primary antibody (negative control) (D).
Immunoperoxidase labeling of AQP3 from the human kidney (positive control) (E). The labeling
is seen in the basolateral plasma membrane of the renal collecting ducts. The blue color repre-
sents a positive staining for the hematoxylin counterstain, and the brown color represents positive
AQP3 stain.
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Figure 2. Inmunohistochemistry (IHC) staining of aquaporin 4 (AQP4) in paraffin-embedded sections

of the lung adenocarcinoma (ADC) from humans. Anti-AQP4 antibody labels in non-neoplastic lung
tissues. Arrows indicate the localization of the type I pneumocytes and macrophages (A). Anti-AQP4
antibody labels in the cancer lung tissues. Arrows indicate the localization of AQP4 in the cytoplasmic
membrane in the cancer cells (B) and aberrant nuclear reaction in cancer cells (C). No staining was
observed when isotype-specific immunoglobulins from non-immunized rabbits were used instead of
the primary antibody (negative control) (D). Inmunoperoxidase labeling of AQP4 from the human
stomach (positive control) (E). The labeling is seen in the basolateral plasma membrane of the surface
epithelial cells and parietal cells of gastric gland cells. The blue color represents a positive staining
for the hematoxylin counterstain, and the brown color represents positive AQP4 stain.

2.4. Statistical Analysis

Descriptive statistics for group characteristics were used. For the comparison between
the AQPs expression profiles, and the clinicopathological findings, the %2 test and t-student
test were used. The normality of the age distribution was tested using the Shapiro-Wilk
test. Survival probabilities were estimated by Kaplan-Meier method and the differences in
survival median were compared using the log-rank test. Univariable and multivariable
predictors of overall mortality were estimated through Cox regression analysis. Univariate
variables with p < 0.1 were included in the multivariable model. Overall survival (OS) was
defined as the time from histopathological diagnosis to death. A p-value < 0.05 was considered
to be significant. The analysis was conducted using Statistica, version 13 (http:/ /statistica.io,
accessed on 21 December 2021) TIBCO Software Inc., Krakow, Poland (2017).
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3. Results
3.1. Immunohistochemistry Results for AQP3 and AQP4

Immunohistochemical stainings were performed to determine the localization and
expression profile of AQP3 and AQP4 in ADC samples (Figure 3). Based on the analysis
of non-neoplastic lung tissue, AQP3 expression was detected in the basolateral plasma
membranes of surface epithelium, in plasma membranes of basal cells of the bronchus,
and also in the apicolateral surfaces of type II pneumocytes and macrophages (Figure 1A).
AQP4 was expressed in type I pneumocytes and macrophages. Although there was no
AQP4 expression in the membranes of type I pneumocytes and macrophages, an aberrant
nuclear-cytoplasmic AQP4 expression was detected (Figure 2A). In 82% of analyzed ADC
samples, AQP3 was observed in the cytoplasmic membrane (Figure 1B,C).

The AQP immunostaining scores and their distribution in ADC samples

1 2 3 4 6 9

mAQP3 AQP4 membrane AQP4 nuclear

Figure 3. Bar diagram representing the number of lung adenocarcinoma (ADC) samples (Y axis) with
low (0-2) or high (3-9) immunostaining scores (X axis) of aquaporin 3 (AQP3; blue bars), aquaporin
4 (AQP4) expressed in the cytoplasmic membrane (orange bars) or AQP4 expressed in the nucleus
(grey bars).

A high immunoreactivity of AQP3 (scores 3-9) was observed in 100% of control
samples, thus significantly different compared to a 65% expression in ADC samples
(p < 0.001). When comparing the mean age of patients from the “low AQP3 expres-
sion” group with the “high AQP3 expression” group, a significant difference could be
revealed (64.6 £ 8.9 years of age vs. 60.3 & 6.5 years of age, p = 0.017). Interestingly, a
significant (p = 0.017) lower relative AQP3 expression (scores 0-2) was detected in older
patients (average 64.6 & 8.9 years of age) compared to younger counterparts (average age
60.3 £ 6.5 years). It is worth noting that AQP3 expression was not influenced either by
gender or tumor characteristics (Table 2). However, a relative AQP4 protein expression
was observed in the cytoplasmic membrane of cancer cells in 16% of ADC samples. Fur-
thermore, in 77% of the analyzed samples, we detected an aberrant nuclear reaction in
cancer cells of varying intensity (Figure 2B,C). Interestingly, a low AQP4 expression (scores
0-2) was significantly (p < 0.001) more common in ADC samples (92%) than in samples
of the control group (32%). Furthermore, a low AQP4 membrane expression was present
in 89% of ADC samples, compared to a high AQP4 expression (scores 3-9), and it was
correlated with worse cancer-related characteristics with lymph nodes metastases, which
was a significant difference (p = 0.046). However, no differences were identified between
AQP4 membrane expression and age, gender, or TNM stages (Table 2).
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3.2. Correlation among AQPs Expression, Outcome and Clinical Factors

Survival rate

Survival rate

Survival rate

The 2-year overall survival (OS) rate of patients with low and high AQP3 expression
did not differ significantly (36% vs. 22%, respectively, p = 0.32). There were no signifi-
cant differences in OS among samples with low or high AQP4 membrane (23% vs. 67%,
respectively, p = 0.09; and nuclear expression 29% vs. 25% p = 0.53; Figure 4A—C). In the
uni- variate analysis, a significant (p < 0.05) influence of tumor size, distant metastases, and
treatment intention on OS was detected. The more advanced the disease, the worse the
prognosis for the patients (Table 3).

—— AQP3low, n=28
~ - - AQP3 high, n=51
ns

0 1 2 3 4 5 6 7

Survival (year)

—— AQP4 membrane low, n=73
- - — AQP4 membrane high, n=6

—— AQP4 nuclear low, n=34
- - - AQP4 nuclear high, n=45
ns

0 1 2 3 4 5 6 7

Survival (year)

Figure 4. Kaplan-Meier survival curves for overall survival (OS) according to the expression of

aquaporin 3 (AQP3) (A); aquaporin 4 (AQP4) membrane expression (B); and AQP4 nuclear expression

(C). n.s.—no significance.
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Table 3. Table shows the univariate and multivariate analyses for overall survival (OS) of all patients
suffering from lung adenocarcinoma (ADC).

Univariate OS Analysis Multivariate OS Analysis

Variables HR (95% CI) p HR (95% CI) p
Age 1.01 (0.98-1.04) 0.54
Gender
Female 1.00 Reference
Male 1.44 (0.90-2.30) 0.13
CS
I-1I 1.00 Reference 1.00 Reference
I 0.82 (0.35-1.93) 0.66 0.72 (0.26-1.99) 0.53
v 2.37 (1.15-4.86) 0.02 - -
T
T1 1.00 Reference 1.00 Reference
T2 1.42 (0.70-2.87) 0.33 1.48 (0.69-3.16) 0.31
T3 3.70 (1.12-12.23) 0.03 2.79 (0.70-11.14) 0.15
T4 2.04 (0.99-4.19) 0.05 1.44 (0.62-3.33) 0.40
N
NO 1.00 Reference
N1 1.00 (0.38-2.64) 1.00
N2 1.01 (0.50-2.04) 0.99
N3 1.70 (0.80-3.63) 0.17
M
MO 1.00 Reference 1.00 Reference
M1 2.54 (1.54-4.19) <0.001 1.48 (0.42-5.23) 0.54
Intention to treat
radical 1.00 Reference 1.00 Reference
palliative 2.34 (1.37-4.01) <0.001 1.27 (0.51-3.13) 0.61
AQP 3
low 1.00 Reference
high 1.26 (0.78-2.01) 0.34
AQP 4 membrane
low 1.00 Reference
high 0.57 (0.24-1.31) 0.18
AQP 4 nuclear
low 1.00 Reference
high 1.15 (0.73-1.80) 0.54

HR—hazard ratio; CI—confidence interval; low aquaporin (AQP)—0-2 scores; high AQP—3-9 scores.

4. Discussion

Herein, we investigated the protein expression profiles of AQP3 and AQP4 in neo-
plastic and non-neoplastic lung tissue biopsy samples. The first difference, which is worth
emphasizing, between our approach and those from previous research groups is the way
of sample generation. So far, samples have been obtained during surgery from patients
suffering from ADC. There is no doubt that these studies have significantly contributed
to a better understanding of AQP’s role in cancers. However, biopsy samples as those in
our current study have rarely been studied directly. According to standard procedures
in many clinics, it is important to collect material for histological examination, once lung
cancer is suspected. During this microscopic evaluation, the type and subtype of the tu-
mor are determined, and if mandatory, further molecular tests are performed [32]. In the
presented cases, bronchoscopy was a routine examination. Furthermore, biopsies taken
under bronchoscopic control are often the only way to obtain specimens for the diagnostic
purposes. Nevertheless, the choice of an adequate diagnostic test depends on the tumor
localization [33,34].

With regard to our initial question, if AQPs could be used as reliable prognostic indica-
tors in ADC, it has to be said that, for instance, in hepatic cancer, the immunohistochemical
detection of AQP1 represents a reliable way to differentiate between cholangiocarcinoma,
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hepatocellular carcinoma, and metastatic colorectal carcinomas. Moreover, evaluating
AQP1 concentrations in the urine of patients suffering renal cell carcinoma has shown to be
a helpful biomarker [35,36]. A decreased overall survival of cutaneous melanoma patients
has been linked to a positive AQP1 expression, and an increased AQP3 expression in skin
cancer patients [37-39] and lung cancers [40] has been detected. In line with the previous
mentioned studies, we detected significant (p < 0.001) high AQP3 expression levels in 65%
of all ADC biopsies. Further, we showed that AQP3 was distinctively expressed in the
cytoplasmic membrane of cancer cells in 65 of 79 lung carcinoma biopsies (Figure 1B,C),
whereas in non-neoplastic lung samples, AQP3 was localized in basolateral plasma mem-
branes of the surface epithelium (Figure 1A). Interestingly, AQP3 expression was present
regardless of gender and tumor characteristics. However, no significant correlation was
found between the 2-year overall survival (OS) of patients and the AQP3 expression. We
observed an interesting tendency that patients with a low AQP3 expression in ADC had
a better overall survival rate (31%) than patients with high AQP3 expression (50%). The
before-mentioned findings are comparable to previous research in which AQP3 has been
suggested to have a significant role in tumor biology as it alters cellular signaling, en-
courages tumor development, and contributes to proliferation, epithelial-mesenchymal
transition and metastasis [13,41,42].

Concerning the question of how AQPs facilitate cell migration, it appears likely that
water entry into the leading edge of the cell enhances the formation of the so-called
lamellipodium [43]. So far, there is a clear consensus in the literature that AQP3 is involved
in the development of lipid structures by providing glycerol and that AQP3 is involved
in cell proliferation and growth by encouraging ATP and therefore may play a key role
in tumor energy metabolism [44,45]. Moreover, AQP3 appears to be involved in the
process of angiogenesis in lung cancer through the HIF-2a-VEGF pathway, and AQP3
does also play a role in cell invasion, partly via the AKI-MMPs pathway [40]. On contrary,
Kusayama and colleagues (2011) observed that the immunostaining pattern of AQP3 in
human primary squamous cell carcinoma (SCC) was dependent on cancer type since an
eminent AQP3 expression was detectable in skin SCC but only a poor expression in lung
SCC [46]. Furthermore, it has been shown that the suppression of AQP3 either with AQP
inhibitors or AQP3-siRNA-induced cell death in the SCC cell lines [46]. The signaling
pathways and the functions associated with AQPs in lung cancer have thus been studied to
elucidate their contribution to tumor development.

The role of AQP4 in ADC still needs further elucidation, that is why we selected
it to be the subject of our investigation [47]. Warth and colleagues (2011) identified for
the first time an AQP4 expression (isoforms M1 and M23) in differentiated ADC [48].
Moreover, they emphasized the link between AQP4 and physiological lung function, which
appears to decrease with advancing tumor dedifferentiation. In our study, a significantly
(p <0.001) higher AQP4 expression was seen in ADC samples compared to non-neoplastic
samples. In lung tissue of the control group, AQP4 was localized in type I pneumocytes and
macrophages, whereas in the ADC group, a different localization pattern was observed. It is
still unclear which factors are responsible for the expression as well as for the distribution of
AQP4. More research is needed to answer the question how the lung environment/ different
extracellular components affect the AQP4 expression in tumors.

Our results demonstrated that a low AQP4 membrane expression was correlated
with more advanced cancer stages, meaning the presence of lymph node metastases
(89% vs. 67%, p < 0.05, respectively). Xu and colleagues found a subsequent loss of
AQP4 during carcinogenesis in gastric cancer and suggested AQP4 as a marker for normal
proliferating gastric cells [49,50]. Previous reports showed that AQP4 was poorly expressed
in ADC cells and overexpression of AQP4 could inhibit the migration and invasion of
cancer cells through the suppressive role of miR-196b [51]. In contrast to the results of
Warth and colleagues (2011), which showed that higher AQP4 expression profiles were
related to a more advantageous prognosis in stage I ADC patients [48], we could not find
significant differences in survival rates between the low- and high-AQP4 expression groups.
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Nevertheless, we are aware of certain limitations in our study. Due to the fact that our
findings are based on a limited number of samples, the results should be treated with
considerable caution. Moreover, the biopsy samples were generated in one hospital and
the access to ADC cases was limited. Secondly, although the material has been analyzed by
experienced pathologists, inter-observer variability cannot be neglected. In addition, most
of the ADC patients were at an advanced disease stage, and no surgical materials were
available. Importantly though, the collected material was unique research material due to
its very small amount, which could be used for AQP protein staining.

5. Conclusions

Developing a profound and evidence-based understanding of how AQP3 and 4 are
interacting with signaling pathways that are known to have a crucial relevance in lung
cancer development and progression will be extraordinarily important for the detection
of novel therapeutic strategies. However, the potential clinical prognostic value of AQP3
and AQP4 expression for bronchoscopy samples or material from transthoracic needle
aspiration still warrants further elucidation. Nevertheless, our study showed that these
specimens were adequate to determine the expression of AQPs in ADCs.

Author Contributions: Conceptualization, L.J., A.S. and A.D.; methodology, A.S., LJ. and E.L;
validation, B.S. and K.H.; formal analysis, L.J. and K.O.; investigation, L.J., A.S. and E.L.; data
curation, L.J. and M.M.; writing—original draft preparation, L.J. and. A.S.; writing—review and
editing, PK., L.J. and A.S,; visualization, M.T.S. and K.O.; supervision, A.S.; project administration,
L.J.; funding acquisition, A.S. and M.T.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the School of Medicine (61.610.001-110), University of Warmia
and Mazury, in Olsztyn, Poland.

Institutional Review Board Statement: Bioethics Committee, School of Medicine, Collegium Medicum,
University of Warmia and Mazury, in Olsztyn (approval No. 3/2018 from 11 January 2018).

Informed Consent Statement: Patient consent was waived due to the fact that the experimental
design was included in retrospective study, meaning that all human tissue samples were analyzed
many years after the patients” death. Due to the retrospective character of our study patients did
not sign special consent form for this analysis since at the sampling time point the purpose was for
diagnostic reasons. The Local Bioethical Committee approved the usage of these samples for research
purposes, under the condition, that the patients who underwent biopsy are not alive.

Data Availability Statement: Data are available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Agre, P; Sasaki, S.; Chrispeels, M.]. Aquaporins: A family of water channel proteins. Am. . Physiol. Physiol. 1993, 265, F461.
[CrossRef]

2. Gomes, D.; Agasse, A.; Thiébaud, P.; Delrot, S.; Gerds, H.; Chaumont, F. Aquaporins are multifunctional water and solute
transporters highly divergent in living organisms. Biochim. Biophys. Acta BBA Biomembr. 2009, 1788, 1213-1228. [CrossRef]
[PubMed]

3. Agre, P;King, L.S,; Yasui, M.; Guggino, W.B.; Ottersen, O.P,; Fujiyoshi, Y.; Engel, A.; Nielsen, S. Aquaporin water channels—From
atomic structure to clinical medicine. J. Physiol. 2002, 542, 3-16. [CrossRef] [PubMed]

4.  King, L.S.; Agre, P. Pathophysiology of the Aquaporin Water Channels. Annu. Rev. Physiol. 1996, 58, 619—-648. [CrossRef]
[PubMed]

5. King, L.S.; Yasui, M. Aquaporins and disease: Lessons from mice to humans. Trends Endocrinol. Metab. 2002, 13, 355-360.
[CrossRef]

6. Kreda, SM.; Gynn, M.C.; Fenstermacher, D.A.; Boucher, R.C.; Gabriel, S.E. Expression and Localization of Epithelial Aquaporins
in the Adult Human Lung. Am. J. Respir. Cell Mol. Biol. 2001, 24, 224-234. [CrossRef] [PubMed]

7. King, L.S.; Nielsen, S.; Agre, P.; Brown, R.H. Decreased pulmonary vascular permeability in aquaporin-1-null humans. Proc. Natl.
Acad. Sci. USA 2002, 99, 1059-1063. [CrossRef]

8. Verkman, A. Role of aquaporins in lung liquid physiology. Respir. Physiol. Neurobiol. 2007, 159, 324-330. [CrossRef] [PubMed]

23



J. Clin. Med. 2022, 11, 5954 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vogelstein, B.; Kinzler, K.W. Cancer genes and the pathways they control. Nat. Med. 2004, 10, 789-799. [CrossRef] [PubMed]
Verkman, A.S.; Hara-Chikuma, M.; Papadopoulos, M.C. Aquaporins—New players in cancer biology. J. Mol. Med. 2008, 86,
523-529. [CrossRef]

Ribatti, D.; Ranieri, G.; Annese, T.; Nico, B. Aquaporins in cancer. Biochim. Biophys. Acta BBA Gen. Subj. 2014, 1840, 1550-1553.
[CrossRef]

Papadopoulos, M.C.; Saadoun, S. Key roles of aquaporins in tumor biology. Biochim. Biophysica. Acta BBA Biomembr. 2015, 1848,
2576-2583. [CrossRef] [PubMed]

Dajani, S.; Saripalli, A.; Sharma-Walia, N. Water transport proteins-aquaporins (AQPs) in cancer biology. Oncotarget 2018, 9,
36392-36405. [CrossRef] [PubMed]

Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394-424. [CrossRef] [PubMed]
SEER Cancer Stat Facts: Cancer of Any Site; National Cancer Institute: Bethesda, MD, USA. Available online: https://seer.cancer.
gov /statfacts/html/all.html (accessed on 22 February 2022).

Travis, W.D.; Brambilla, E.; Nicholson, A.G.; Yatabe, Y.; Austin, ] H.M.; Beasley, M.B.; Chirieac, L.R.; Dacic, S.; Duhig, E.; Flieder,
D.B.; et al. The 2015 World Health Organization Classification of Lung Tumors. . Thorac. Oncol. 2015, 10, 1243-1260. [CrossRef]
Sher, T.; Dy, G.K.; Adjei, A.A. Small Cell Lung Cancer. Mayo Clin. Proc. 2008, 83, 355-367. [CrossRef] [PubMed]

Zappa, C.; Mousa, S.A. Non-small cell lung cancer: Current treatment and future advances. Transl. Lung Cancer Res. 2016, 5,
288-300. [CrossRef]

Janssen-Heijnen, M. The changing epidemiology of lung cancer in Europe. Lung Cancer 2003, 41, 245-258. [CrossRef]
Perez-Moreno, P.; Brambilla, E.; Thomas, R.; Soria, J.-C. Squamous Cell Carcinoma of the Lung: Molecular Subtypes and
Therapeutic Opportunities. Clin. Cancer Res. 2012, 18, 2443-2451. [CrossRef] [PubMed]

Khuder, S.A. Effect of cigarette smoking on major histological types of lung cancer: A meta-analysis. Lung Cancer 2001, 31,
139-148. [CrossRef]

Cardarella, S.; Johnson, B.E. The Impact of Genomic Changes on Treatment of Lung Cancer. Am. J. Respir. Crit. Care Med. 2013,
188,770-775. [CrossRef] [PubMed]

Rekhtman, N.; Tafe, L.].; Chaft, ].; Wang, L.; Arcila, M.E.; Colanta, A.; Moreira, A.L.; Zakowski, M.E,; Travis, W.D.; Sima, C.S.; et al.
Distinct profile of driver mutations and clinical features in immunomarker-defined subsets of pulmonary large-cell carcinoma.
Mod. Pathol. 2013, 26, 511-522. [CrossRef]

Zhang, Z.-Q.; Zhu, Z.-X.; Bai, C.-X.; Chen, Z.-H. Aquaporin 5 expression increases mucin production in lung adenocarcinoma.
Oncol. Rep. 2011, 25, 1645-1650. [CrossRef]

Hoque, M.O,; Soria, ].-C.; Woo, ].; Lee, T.; Lee, |.; Jang, S.J.; Upadhyay, S.; Trink, B.; Monitto, C.; Desmaze, C.; et al. Aquaporin 1 Is
Overexpressed in Lung Cancer and Stimulates NIH-3T3 Cell Proliferation and Anchorage-Independent Growth. Am. |. Pathol.
2006, 168, 1345-1353. [CrossRef] [PubMed]

Ben, Y.; Chen, J.; Zhu, R.; Gao, L.; Bai, C. Upregulation of AQP3 and AQP5 induced by dexamethasone and ambroxol in A549
cells. Respir. Physiol. Neurobiol. 2008, 161, 111-118. [CrossRef] [PubMed]

Wei, X.; Dong, ]. Aquaporin 1 promotes the proliferation and migration of lung cancer cell in vitro. Oncol. Rep. 2015, 34, 1440-1448.
[CrossRef]

Klein, M,; Picard, E.; Vignaud, ].M.; Marie, B.; Bresler, L.; Toussaint, B.; Weryha, G.; Duprez, A.; LeClere, J. Vascular endothelial
growth factor gene and protein: Strong expression in thyroiditis and thyroid carcinoma. J. Endocrinol. 1999, 161, 41-49. [CrossRef]
Klein, M.; Vignaud, J.-M.; Hennequin, V.; Toussaint, B.; Bresler, L.; Plénat, F.; Leclere, J.; Duprez, A.; Weryha, G. Increased
Expression of the Vascular Endothelial Growth Factor Is a Pejorative Prognosis Marker in Papillary Thyroid Carcinoma. J. Clin.
Endocrinol. Metab. 2001, 86, 656—658. [CrossRef] [PubMed]

Bucciarelli, E.; Sidoni, A.; Bellezza, G.; Cavaliere, A.; Brachelente, G.; Costa, G.; Chaplet, M.; Castronovo, V.; Bellahcene, A. Low
dentin matrix protein 1 expression correlates with skeletal metastases development in breast cancer patients and enhances cell
migratory capacity in vitro. Breast Cancer Res. Treat. 2007, 105, 95-104. [CrossRef]

Bellezza, G.; Vannucci, J.; Bianconi, F.; Metro, G.; Del Sordo, R.; Andolfi, M.; Ferri, I.; Siccu, P.; Ludovini, V.; Puma, F,; et al.
Prognostic implication of aquaporin 1 overexpression in resected lung adenocarcinoma. Interact. Cardiovasc. Thorac. Surg. 2017,
25,856-861. [CrossRef] [PubMed]

Travis, W.D.; Brambilla, E.; Noguchi, M.; Nicholson, A.G.; Geisinger, K.R.; Yatabe, Y.; Beer, D.G.; Powell, C.A_; Riely, G.J.; Van
Schil, PE.; et al. International Association for the Study of Lung Cancer/American Thoracic Society /European Respiratory
Society International Multidisciplinary Classification of Lung Adenocarcinoma. J. Thorac. Oncol. 2011, 6, 244-285. [CrossRef]
[PubMed]

Kim, J.; Lee, H.; Huang, B.W. Lung Cancer: Diagnosis, Treatment Principles, and Screening. Am. Fam. Physician 2022, 105, 487-494.
[PubMed]

Yung, R.C.W. Tissue diagnosis of suspected lung cancer: Selecting between bronchoscopy, transthoracic needle aspiration, and
resectional biopsy. Respir. Care Clin. N. Am. 2003, 9, 51-76. [CrossRef]

Morrissey, J.J.; Kharasch, E.D. The Specificity of Urinary Aquaporin 1 and Perilipin 2 to Screen for Renal Cell Carcinoma. J. Urol.
2013, 189, 1913-1920. [CrossRef] [PubMed]

24



J. Clin. Med. 2022, 11, 5954 13 of 13

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Morrissey, J.J.; Mobley, J.; Song, J.; Vetter, J.; Luo, J.; Bhayani, S.; Figenshau, R.S.; Kharasch, E.D. Urinary Concentrations of
Aquaporin-1 and Perilipin-2 in Patients with Renal Cell Carcinoma Correlate with Tumor Size and Stage but not Grade. Urology
2014, 83, 256.e9-256.e14. [CrossRef]

Nakakoshi, M.; Morishita, Y.; Usui, K.; Ohtsuki, M.; Ishibashi, K. Identification of a keratinocarcinoma cell line expressing AQP3.
Biol. Cell 2006, 98, 95-100. [CrossRef]

Shen, L.; Zhu, Z.; Huang, Y.; Shu, Y.; Sun, M.; Xu, H.; Zhang, G.; Guo, R.; Wei, W.; Wu, W. Expression profile of multiple
aquaporins in human gastric carcinoma and its clinical significance. Biomed. Pharmacother. 2010, 64, 313-318. [CrossRef]

Zhao, H.; Yang, X.; Zhou, Y.; Zhang, W.; Wang, Y.; Wen, J.; Zhang, Z.; Shen, L. Potential role of aquaporin 3 in gastric intestinal
metaplasia. Oncotarget 2015, 6, 38926-38933. [CrossRef]

Liu, Y.L.; Matsuzaki, T.; Nakazawa, T.; Murata, S.-I.; Nakamura, N.; Kondo, T.; Iwashina, M.; Mochizuki, K.; Yamane, T.; Takata,
K.; et al. Expression of aquaporin 3 (AQP3) in normal and neoplastic lung tissues. Hum. Pathol. 2007, 38, 171-178. [CrossRef]
Marlar, S.; Jensen, H.H.; Login, FH.; Nejsum, L.N. Aquaporin-3 in Cancer. Int. ]. Mol. Sci. 2017, 18, 2106. [CrossRef]

Moosavi, M.-S.; Elham, Y. Aquaporins 1, 3 and 5 in Different Tumors, their Expression, Prognosis Value and Role as New
Therapeutic Targets. Pathol. Oncol. Res. 2020, 26, 615-625. [CrossRef] [PubMed]

Bisi, S.; Disanza, A.; Malinverno, C.; Frittoli, E.; Palamidessi, A.; Scita, G. Membrane and actin dynamics interplay at lamellipodia
leading edge. Curr. Opin. Cell Biol. 2013, 25, 565-573. [CrossRef] [PubMed]

Hara-Chikuma, M.; Verkman, A.S. Prevention of Skin Tumorigenesis and Impairment of Epidermal Cell Proliferation by Targeted
Aquaporin-3 Gene Disruption. Mol. Cell. Biol. 2008, 28, 326-332. [CrossRef] [PubMed]

Hara-Chikuma, M.; Verkman, A.S. Aquaporin-3 facilitates epidermal cell migration and proliferation during wound healing.
J. Mol. Med. 2008, 86, 221-231. [CrossRef]

Kusayama, M.; Wada, K.; Nagata, M.; Ishimoto, S.; Takahashi, H.; Yoneda, M.; Nakajima, A.; Okura, M.; Kogo, M.; Kamisaki, Y.
Critical role of aquaporin 3 on growth of human esophageal and oral squamous cell carcinoma. Cancer Sci. 2011, 102, 1128-1136.
[CrossRef] [PubMed]

Lin, G.; Chen, L,; Lin, L.; Lin, H.; Guo, Z.; Xu, Y.; Hu, C.; Fu, J.; Lin, Q.; Chen, W.; et al. Comprehensive Analysis of Aquaporin
Superfamily in Lung Adenocarcinoma. Front. Mol. Biosci. 2021, 8, 873. [CrossRef]

Warth, A.; Muley, T.; Meister, M.; Herpel, E.; Pathil, A.; Hoffmann, H.; Schnabel, P.A.; Bender, C.; Buness, A.; Schirmacher, P; et al.
Loss of aquaporin-4 expression and putative function in non-small cell lung cancer. BMC Cancer 2011, 11, 161. [CrossRef]

Xu, H.; Zhang, Y.; Wei, W.; Shen, L.; Wu, W. Differential expression of aquaporin-4 in human gastric normal and cancer tissues.
Gastroenterol. Clin. Biol. 2009, 33, 72-76. [CrossRef]

Li, J.; Wang, L.; He, F; Li, B.; Han, R. Long noncoding RNA LINC00629 restrains the progression of gastric cancer by upregulating
AQP4 through competitively binding to miR-196b-5p. J. Cell. Physiol. 2020, 235, 2973-2985. [CrossRef]

Wu, X,; Wu, G.; Zhang, H.; Peng, X.; Huang, B.; Huang, M.; Ding, J.; Mao, C.; Peng, C. MiR-196b Promotes the Invasion and
Migration of Lung Adenocarcinoma Cells by Targeting AQP4. Technol. Cancer Res. Treat. 2021, 20, 1533033820985868. [CrossRef]

25



6. OSWIADCZENIE

Niniejszym o$wiadczamy, ze publikacja:

Jaskiewicz, L.; Hejne, K.; Szostak, B.; Osowiecka, K.; Skowronski, M.T.; Lepiarczyk, E.;

Doboszynska, A.; Majewska, M.; Kordowitzki, P.; Skowronska, A. Expression Profiles
of AQP3 and AQP4 in Lung Adenocarcinoma Samples Generated via Bronchoscopic
Biopsies. J. Clin. Med. 2022, 11, 5954., DOI: 10.3390/jcm11195954,

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspotautorow:

Lukasz Jaskiewicz 55% - wspoludziat w: opracowaniu koncepcji, metodologii,
przeprowadzenia badania, analizy wynikow, napisaniu artykutu, przechowywaniu danych

oraz nadzorowaniu projektu
e AL ) AT Olsztyn, 14.11.2022
\ lek. Lukasz JaSkiewicz
Karolina Hejne 5% - wspotudziat w: przeprowadzeniu badania
....... (omelice [ i??::.’%. e Olsztyn, 14.11.2022
lek. Karolina Hejne
Btazej Szostak 5% - wspotudzial w: przeprowadzeniu badania
I}‘r"“% ..... J"«/Da 40}2 ........................ Olsztyn, 14.11.2022
lek. Blazej Szostak
Karolina Osowiecka 5% - wspotudzial w: analizie wynikdéw oraz opracowaniu graficznym
!/m@éMQ ..... pfw.ﬁ. 4 C&Ck‘i, ............ Olsztyn, 14.11.2022

dr n. o zdr. Karolina Osowiecka

axiusz T. Skowr iski 2,5% - wspoludzial w: opracowaniu graficznym oraz pozyskaniu

oW hndn\ox\ych Q/
(/( \ \ (/

\K)
I T T RSk . N SNSRI, 8 Olsztyn, 14.11.2022

prof. dr hab. Mariusz T. Skowroniski

26



Ewa Lepiarczyk 5% - wspotudzial w: opracowaniu metodologii i przeprowadzeniu badania
O \ /1 A
o o 1 4.8 >n (A a7/
........... k“ﬁj’wﬁ\k Olsztyn, 14.11.2022
dr n. med. Ewa Lepiarczyk

An

oboszyns aj:Q} wspotudziatl w: przeprowadzeniu koncepcji

...... _ . \M.A\W Olsztyn, 14.11.2022
prof. dr hab. n. med. Anna Doboszynska

Marta Majewska 2,5% - wspotudziat w: przechowywaniu danych
......... L@mf@/ﬁ%@“ Olsztyn, 14.11.2022
dr hab. n. med. Marta Majewska, prof. UWM

Pawel Kordowitzki 5% - wspotudziat w: napisaniu artykutu

Olsztyn, 14.11.2022

dr Pawet Kordowitzki

Agnieszka Skowronska 10% - wspoludzial w: opracowaniu koncepcji, metodologii,

przeprowadzemu badania, napisaniu artykutu oraz pozyskaniu §rodkéw finansowych

(i Mne..... <2 va Vq} ............... Olsztyn, 14.11.2022

b. n. med. Agnieszka Skowronska, prof. UWM

((\
O

dr

27



7. WNIOSKI

W odniesieniu do zatozonej hipotezy:

Tkanki pochodzqce z rutynowo pobieranych biopsji (badanie bronchofiberoskopowe) mogq
postuzyé do oznaczenia ekspresji AQP3 i AQP4 w celach prognostycznych u pacjentow z ADC.

Wykazano, ze badane probki byly odpowiednie do okreslenia ekspresji AQP u chorych
z ADC. Zgodnie z nasza najlepsza wiedza, jesteSmy pierwsza grupa oceniajaca probki
biopsyjne uzyskane technika bronchofiberoskopowa u chorych z ADC pod katem ekspresji
AQP3 i AQP4. Jednak potencjalna kliniczna warto$¢ prognostyczna ekspresji AQP3 i AQP4

dla materiatu biopsyjnego wymaga nadal dalszych badan i walidacji.
W odniesieniu do celow szczegdtowych:

Oznaczenie ekspresji wymienionych powyzej akwaporyn w tkankach  pochodzgcych

z rutynowo pobieranych biopsji w celach prognostycznych u pacjentow z ADC.

Okreslenie korelacji poziomu ekspresji biatek AQP3 i AQP4 w raku gruczotowym ptuc

z danymi kliniczno-patologicznymi.

Uzyskanie popartego dowodami zrozumienia interakcji AQP3 i AQP4 ze szlakami
sygnalowymi, o ktérych wiadomo, Zze maja kluczowe znaczenie w rozwoju i progresji raka ptuc,
bedzie niezwykle wazne dla wykrywania nowych strategii terapeutycznych. Na podstawie
naszych badan nie mozemy jednoznacznie stwierdzi¢, ze ekspresja AQP3 i 4 moze by¢
rozpatrywana jako wskaznik prognostyczny, jednakze dowiedliSmy, Ze wystepuja istotne
statystycznie roznice w poziomie ekspresji mi¢dzy tkanka zmienionag nowotworowo
w przebiegu ADC w poréwnaniu ze zdrowa. W przypadku AQP3 wykazano takze istotne
réznice migdzy wiekiem chorych, a stopniem ekspresji AQP3. Stwierdzono rdwniez, ze niska
btonowa ekspresja AQP4 moze korelowac z obecnoscig przerzutow w wezlach chtonnych.

Uzyskane wyniki stanowig baze do dalszych projektow badawczych.
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