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Streszczenie

Kostniakomigsak (ang. osteosarcoma) jest najczescie] wystepujacym
pierwotnym nowotworem kosci u psow, charakteryzujacym si¢ duza agresywnoscig
biologiczng 1 sklonnoscia do szybkiego dawania przerzutow. Szacuje sie, ze w
momencie stawiania rozpoznania u okoto 90% pacjentow wystepuja mikroprzerzuty -
gtownie do ptuc. Pomimo dostepnosci terapii skojarzonych, obejmujacych najczescie]
postepowanie chirurgiczne oraz chemioterapi¢ adiuwantowg, rokowanie dla pacjentow
pozostaje niekorzystne. Uzasadnia to potrzebg poszukiwania nowych strategii
terapeutycznych i lepszego zrozumienia mechanizmoéw molekularnych lezacych u

podstaw progresji tego nowotworu.

Niniejsza rozprawa doktorska sktada si¢ z trzech powigzanych tematycznie
artykulow naukowych: pracy przegladowej opisujacej dotychczas poznane czynniki
biorgce udzial w procesie przerzutowania kostniakomigsaka, oryginalnej pracy
badawczej obejmujacej analiz¢ proteomiczng psich komoérek kostniakomigsaka oraz
oryginalnej pracy badawczej oceniajacej wlasciwosci nanoczastek  zlota
stabilizowanych glutationem (AuNPs-GSH) hamowania przerzutowania psich komoérek
kostniakomigsaka. Cze$¢ pracy opisana w pierwszym artykule oryginalnym skupiata si¢
na identyfikacji molekularnych mechanizméw odpowiedzialnych za migracj¢ i1
inwazyjno$¢ komorek kostniakomigsaka, ze szczegdlnym uwzglednieniem roli alfa 2
makroglobuliny (A2M). Technik¢ spektrometrii mas MALDI-TOF/TOF zastosowano
do poréwnawczej analizy proteomu komorek psiego kostniakomigsaka 1 psich
osteoblastow, identyfikujac osiem biatek o istotnie réznej ekspresji: A2M, biatko
zwigzane z rzeskami i wi¢mi 298 (CFAP298), og6élny czynnik transkrypcyjny II-1
(GTF2I), biatko lustrzanego obrazu polidaktylii 1 (MIPOL1), mutaza
fosfoglicerynianowa 1 (PGAMI1), enzym sprzggajacy ubikwityne/ ISG15 — E2
(UB2L6), biatko adaptorowe receptora ektodysplazyny-A (EDARADD), biatko
zawierajace powtorzenia bogate w leucyne 72 (LRRC72).

W badaniach proteomicznych, przeprowadzonych metoda spektrometrii mas
MALDI TOF/TOF oraz Simple Western, wykazano obnizong ekspresje A2M w psich
komorkach kostniakomigsaka w porodwnaniu do psich osteoblastow. Metoda Simple

Western, oparta na automatycznej elektroforezie kapilarnej 1 detekcji



chemiluminescencyjnej, pozwolita na precyzyjna ocen¢ ekspresji A2M. Technika ta
cechuje si¢ wysoka czutoscig, powtarzalno$cig oraz znacznym skroceniem czasu
analizy, stanowigc nowoczesng alternatywe dla klasycznej metody Western blot. W
dalszym etapie pracy, przy zastosowaniu testu gojenia rany wykazano hamujacy wpltyw
A2M na migracje komorek kostniakomiesaka. Kolejna czgs¢é badan, opisana w drugim
artykule oryginalnym koncentrowata si¢ na ocenie aktywno$ci biologicznej
AuNPs-GSH pod katem hamowania kluczowych etapow kaskady przerzutowania,
takich jak migracja i angiogeneza, a takze tworzenie kolonii komorek nowotworowych.
W komorkach psiego kostniakomigsaka z linii OSCA-8, OSCA-32, D-17 wykazano, ze
AuNPs-GSH w stezeniach 200 pg/ml 1 500 pg/ml istotnie ograniczaja migracje
komoérek, natomiast stezenie 200 pg/ml istotnie ogranicza ich klonogennos¢.
AuNPs-GSH w stezeniu 500 pg/ml wykazuje dziatanie antyangiogenne w badaniach
przeprowadzonych na modelu btony kosmoéwkowo-omoczniowej zarodka kurzego.
Ponadto, traktowanie komorek Au-GSH NPs w stezeniu 500 pg/ml przez 24 godziny
skutkowalo istotnym wzrostem ekspresji A2M w komorkach psiego kostniakomigsaka z
linii OSCA-8 i OSCA-32. Wzrost ekspresji A2M jako inhibitora proteaz moze
wskazywa¢ na potencjalny mechanizm dziatania AuNPs-GSH poprzez hamowanie

aktywnosci proteolitycznej w mikrosrodowisku guza.

W niniejszej rozprawie doktorskiej, po raz pierwszy wykazano zdolnos¢ A2M
do hamowania migracji komodrek kostniakomigsaka w warunkach in vitro, a takze
hamujacy wptyw Au-GSH NPs na poszczegdlne etapy procesu przerzutowania komorek

kostniakomigsaka psow: migracje, angiogeneze, a takze klonogennos¢.

Praca stanowi istotny wktad w rozwdj przedklinicznej onkologii weterynaryjnej
1 wskazuje na potencjalne wtasciwosci przeciwnowotworowe A2M i1 AuNPs-GSH.
Konieczne s3 jednak dalsze badania in vitro oraz in vivo w celu potwierdzenia
mozliwo$ci  wykorzystania badanych substancji w przysztosci w leczeniu

kostniakomigsaka u psow.

Slowa Kkluczowe: alfa-2-makroglobulina, kostniakomigsak psow, nanoczastki

zlota, przerzutowanie

10



Summary

Osteosarcoma is the most common primary bone tumor in dogs, characterized
by high biological aggressiveness and a tendency to rapidly metastasize. It is estimated
that at the time of diagnosis, approximately 90% of patients already have
micrometastases mainly to the lungs. Despite the availability of combined therapies,
most commonly involving surgical intervention and adjuvant chemotherapy, the
prognosis for patients remains poor. This justifies the need to search for new therapeutic
strategies and to better understand the molecular mechanisms underlying the

progression of this malignancy.

This doctoral dissertation integrates three thematically related scientific articles:

a review article describing the currently known factors involved in the metastatic
process of osteosarcoma, an original research article presenting a proteomic analysis of
canine osteosarcoma cells, and a second original research article evaluating the
anti-metastatic properties of glutathione-stabilized gold nanoparticles (AuNPs-GSH) in
canine osteosarcoma cells. The first research article focused on identifying molecular
mechanisms responsible for osteosarcoma cell migration and invasiveness, with
particular emphasis on the role of alpha-2-macroglobulin (A2M). MALDI TOF/TOF
mass spectrometry (MS) was used for comparative proteomic analysis of canine
osteosarcoma cells and osteoblasts, identifying eight proteins with significantly different
expression: A2M, cilia- and flagella-associated protein 298 (CFAP298), general
transcription factor II-I (GTF2I), mirror-image polydactyly 1 protein (MIPOL1),
phosphoglycerate mutase 1 (PGAMI), ubiquitin/ISG15-conjugating enzyme E2
(UB2L6), ectodysplasin-A receptor-associated adaptor protein (EDARADD), and
leucine-rich repeat-containing protein 72 (LRRC72).

Proteomic studies using MALDI-TOF/TOF MS and Simple Western techniques
showed reduced A2M expression in osteosarcoma cells compared to canine osteoblasts.
The Simple Western method, based on automated capillary electrophoresis and
chemiluminescent detection, enabled precise assessment of A2M expression. This
technique is characterized by high sensitivity, reproducibility, and significant time
efficiency, making it a modern alternative to the classical Western blot. In the next stage
of the study, a wound healing assay demonstrated an inhibitory effect of A2M on

osteosarcoma cell migration.
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The second research article focused on evaluating the biological activity of
AuNPs-GSH in terms of inhibiting key stages of the metastatic cascade, such as
migration, angiogenesis, and tumor cell colony formation. In canine osteosarcoma cells
(from OSCA-8, OSCA-32, D-17 cell lines), AuNPs-GSH at concentrations of 200 and
500 pg/ml significantly reduced cell migration, while the 200 pug/ml concentration
significantly inhibited clonogenicity. AuNPs-GSH at 500 pg/ml exhibited
antiangiogenic activity in studies conducted using the chick embryo chorioallantoic
membrane model. Furthermore, treatment of osteosarcoma cells with 500 ug/ml of
Au-GSH NPs for 24 hours resulted in a significant increase in A2M expression in
OSCA-8 and OSCA-32 canine osteosarcoma cell lines. The increase in A2M
expression, as a protease inhibitor, may indicate a potential mechanism of action of

AuNPs-GSH through inhibition of proteolytic activity in the tumor microenvironment.

For the first time, the ability of A2M to significantly inhibit osteosarcoma cell
migration in vitro was demonstrated. Likewise, the previously undescribed inhibitory
effect of Au-GSH NPs on various stages of the metastatic process of canine

osteosarcoma - migration, angiogenesis, and clonogenicity - was shown.

This work constitutes a significant contribution to the development of preclinical
veterinary oncology and highlights the potential anti-cancer properties of A2M and
AuNPs-GSH. However, further in vitro and in vivo studies are necessary to validate

these findings.

Keywords: alpha-2-macroglobulin, canine osteosarcoma, gold nanoparticles, metastasis
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1. Wstep
1.1. Kostniakomigsak psow

Kostniakomigsak  (ang.osteosarcoma)  jest  najczeSciej  wystepujacym
nowotworem ko$ci u psow, stanowigc okoto 80-98% pierwotnych nowotworow kosci u
tego gatunku zwierzat i 5-6% wszystkich nowotworow u pséw (Cavalcanti, Amstalden,
Guerra, & Magna, 2004). Czestos¢ wystgpowania kostniakomigsaka u psow szacuje si¢
na 0,037%, co odpowiada 3-4 przypadkom nowego zachorowania na 10000 psow

rocznie (Neill et al., 2023).

Kostniakomigsaki to nowotwory pochodzenia mezenchymalnego rozwijajace si¢
z prekursoréow osteoblastow. Istnieja rézne podtypy histologiczne kostniakomigsaka
psow: podtyp osteoblastyczny, fibroblastyczny, fenotypy chondroblastyczne 1
teleangiektaktyczne, klasyfikowane w oparciu o cechy morfologiczne i charakterystyke
réznicowania komorek nowotworowych (Starkey, Scase, Mellersh, & Murphy, 2005).
Nowotwor ten charakteryzuje si¢ produkcja nieprawidlowej macierzy kostnej,
agresywnym naciekiem na otaczajace tkanki oraz sktonnos$cig do przerzutow, glownie
do ptuc, a takze innych kosci (Cavalcanti et al., 2004; Ragland, Bell, Lopez, & Siegal,
2002). Inne lokalizacje przerzutéw kostniakomigsaka obejmuja m.in.watrobe, sledziong
lub wezty chtonne (Dernell, Straw, & Withrow, 2001). Szacuje si¢, ze w momencie
stawiania rozpoznania u okoto 80-90% pacjentdw wystepuja mikroprzerzuty w ptucach
(Selvarajah & Kirpensteijn, 2010). Przypadki kostniakomigsaka najczgsciej dotycza
duzych 1 olbrzymich ras psow, takich jak dogi niemieckie, rottweilery czy wilczarze
irlandzkie (Selmic, Burton, Thamm, Withrow, & Lana, 2014). Kostniakomi¢sak
najczesciej diagnozowany jest u pséw w §rednim wieku, ze szczytem zachorowalno$ci
w wieku od 7 do 9 lat (Dernell et al.,, 2001). Kostniakomigsak psow pozostaje
wyzwaniem terapeutycznym, gdyz pomimo postepéw w leczeniu, rokowanie dla
wigkszosci psOw jest nadal ostrozne do ztego, co podkresla potrzebe prowadzenia

dalszych badan nad biologia tego nowotworu i nowymi metodami leczenia.
1.1.1 Objawy kliniczne, diagnostyka i leczenie

Objawy kliniczne kostniakomigsaka obejmuja bol i kulawizne, obrzgk w okolicy

kosci objetej procesem nowotworowym oraz wystgpowanie patologicznych zlaman
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kosci (Brekhus, Labus, Seguin, Puttlitz, & Gadomski, 2024; Nolan, Uzan, Green, Lana,
& Lascelles, 2022). Diagnostyka choroby opiera si¢ przede wszystkim na technikach
obrazowych, takich jak: radiografia - uznawana za podstawowa metode diagnostycznag,
pozwalajaca na wykrycie charakterystycznych zmian w kosci (osteoliza i nowotworowy
rozrost tkanki kostnej), tomografia komputerowa (ang. computed tomography, CT) -
stosowana do dokladniejszej oceny rozleglosci zmiany nowotworowej i planowania
zabiegow chirurgicznych, rezonans magnetyczny (ang. magnetic resonance imaging,
MRI) - umozliwiajacy doktadng ocen¢ sgsiadujacych tkanek migkkich (Besalti et al.,
2016; Dernell et al., 2001; Selmic et al., 2014). Potwierdzenie postawienia rozpoznania
kostniakomigsaka 1 jednoczesne wykluczenie innych nowotworéw kosci wymaga
wykonania biopsji oraz badania histopatologicznego zmienionego fragmentu kosci.
Najczesciej material pobierany jest metodg biopsji gruboiglowej lub wycinkowe;j
(Simpson, Rizvanov, Jeyapalan, de Brot, & Rutland, 2022). Ocena zaawansowania
choroby (ang. staging) jest kluczowa dla prognozy i planowania leczenia. Obejmuje ona
najczesciej scyntygrafie kosci, umozliwiajacg wykrycie przerzutow do innych kosci ,
oraz CT klatki piersiowej - niezbedng do wykrycia obecnosci przerzutéw do ptuc

(Dernell et al., 2001; Selmic et al., 2014).

Podstawowa metodg leczenia kostniakomigsaka u psow jest chirurgiczne
usuniecie fragmentu ko$ci objetej procesem nowotworowym, czesto zabieg ten polega
na amputacji konczyny (Berg, 1996; Szewczyk, Lechowski, & Zabielska, 2015).
Alternatywnie, w przypadkach gdy amputacja nie jest mozliwa do wykonania, stosuje
si¢ techniki zachowawcze, takie jak endoprotezy lub allografy kostne (Morello et al.,
2001). Radioterapia stosowana jest jako leczenie paliatywne w celu ztagodzenia bolu
oraz jako terapia adiuwantowa po zabiegu chirurgicznym. Wykazano, Ze radioterapia
zmniejsza bol 1 poprawia jakos$¢ zycia psow, cho¢ jej skutecznos¢ w wydhuzeniu czasu
przezycia jest ograniczona (Coomer et al., 2009). Chemioterapia jest cze¢sto stosowana
jako leczenie uzupetniajace po zabiegu chirurgicznym, w celu zahamowania rozwoju
mikroprzerzutéw  (Dernell et al,, 2001). Najczeéciej stosowanymi lekami
przeciwnowotworowymi s3: doksorubicyna, karboplatyna i cisplatyna, ktére wykazuja
umiarkowang skuteczno$¢ w wydhuzaniu czasu przezycia (Berg, 1996; Bergman et al.,
1996). Nowe podejscia do leczenia kostniakomigsaka u pséw obejmuja: immunoterapig,
terapi¢ genowa oraz terapie celowane (Kisseberth & Lee, 2021; Mason, 2020). Jednakze

wiele opisywanych form immunoterapii wykazato jedynie ograniczong zdolno$¢ do
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istotnego wydhuzenia czasu przezycia pséw lub krotszy czas przezycia w porownaniu ze
standardowo stosowanym leczeniem. Czas przezycia psow z kostniakomigsakiem
zalezy od kilku czynnikow, takich jak lokalizacja guza, obecno$¢ przerzutow oraz
zastosowane metody leczenia. Sredni czas przezycia po amputacji konczyny objetej
procesem nowotworowym wynosi okoto 4-6 miesiecy, podczas gdy uzupetlienie
leczenia chirurgicznego chemioterapig adiuwantowa moze wydtuzy¢ ten okres do okoto
10-12 miesigcy (Mueller, Fuchs, & Kaser-Hotz, 2007). Od momentu postawienia
rozpoznania choroby 2-letni czas przezycia dotyczy mniej niz 20% pséw (Selmic et al.,

2014).

1.1.2 Patofizjologia kostniakomigsaka oraz rola wybranych bialek i genéw w

procesie przerzutowania

Przerzutowanie (ang. metastasis) jest to proces rozprzestrzeniania si¢ komorek
nowotworowych z miejsca powstania guza pierwotnego do odleglych narzadow i
tkanek, gdzie tworza one wtérne ogniska nowotworowe, okreslane jako przerzuty.
Zjawisko to stanowi jeden z najistotniejszych czynnikdw warunkujacych ztosliwosé
nowotworow 1 odpowiada za zdecydowana wickszo$¢ zgondw pacjentow
onkologicznych — zar6wno w medycynie cztowieka, jak i weterynaryjnej (Steeg, 2006).
Zdolnos¢ do przerzutowania nie jest cechg wszystkich komoérek nowotworowych, lecz
jedynie subpopulacji posiadajacej odpowiednie cechy fenotypowe i1 molekularne
(Christine L. Chaffer, 2011). W przeciwienstwie do nowotworéw ograniczonych do
ogniska pierwotnego, ktdre najczesciej mozna skutecznie leczy¢ chirurgicznie lub z
zastosowaniem radioterapii, choroba uogdlniona na skutek wystepowania przerzutow

jest czesto nieuleczalna (Steeg, 2006).

Komorki  nowotworowe  przerzutuja nastgpujacymi  drogami:  droga
hematogenng, limfatyczng, a takze przez rozsiew do jam ciata, droga wszczepienia
(implantacyjng) i1 drogg ciagloSci anatomicznej (Bayraktar, Chen, Corvigno, Liu, &
Sood, 2024). Droga szerzenia si¢ nowotworu zalezy od typu histologicznego guza, jego
lokalizacji anatomicznej oraz wilasciwosci biologicznych komodrek nowotworowych i
ich interakcji z mikrosrodowiskiem (El-tanani et al., 2024; Zhou & Lei, 2021). Komorki
kostniakomigsaka przerzutuja drogg hematogenng, a proces przerzutowania obejmuje
kilka gléwnych etapow: neowaskularyzacje w obrebie guza pierwotnego, inwazje

lokalng 1 intrawazacj¢, transport 1 zatrzymanie w naczyniach krwiono$nych,
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ekstrawazacje 1 migracje oraz rozw0j w lokalizacji drugorzedowej (Hapach, Mosier,
Wang, & Reinhart-King, 2019). Schemat przedstawiajacy poszczegolne etapy kaskady
przerzutowania znajduje si¢ w publikacji przegladowej bedacej czescia rozprawy
doktorskiej: Wilk, S. S., & Zabielska-Koczywas, K. A. (2021). Molecular Mechanisms
of Canine Osteosarcoma  Metastasis. International  Journal of Molecular

Sciences, 22(7), 3639. https://doi.org/10.3390/ijms22073639 (str.3).

Zrozumienie mechanizméw molekularnych odpowiadajacych za przerzutowanie
oraz rozpoznanie potencjalnych celdéw molekularnych jest kluczowe dla rozwoju
nowych metod leczenia kostniakomiesaka. Obecnie jednak dostgpnych jest niewiele
wynikow badan odno$nie gendw 1 bialek zaangazowanych w poszczegdlne etapy
kaskady przerzutowania komorek psiego kostniakomigsaka. Proces przerzutowania
kostniakomigsaka jest ztozony 1 zalezny od wielu czynnikow molekularnych, ktorych
rola zostata cze¢sciowo poznana dzigki badaniom przeprowadzonym metodami in vitro i
in vivo. Ponizej, w formie tabeli, przedstawiono spis biatek oraz gendéw potencjalnie
zaangazowanych w mechanizmy przerzutowania psiego kostniakomig¢saka wraz z
krotkg charakterystyka (tabela 1). Tabela oraz charakterystyka zostaly opracowane na
podstawie przegladu aktualnej literatury naukowej 1 stanowig czg$¢ autorskiej publikacji
przegladowej przygotowanej w ramach niniejszej rozprawy doktorskiej. Jednoczes$nie
stanowig wprowadzenie do tematu pracy 1 punkt wyjscia dla jej czeSci
eksperymentalnej, ktora skupia si¢ na analizie proteomicznej komorek
kostniakomigsaka o r6znym fenotypie oraz mozliwos$ci zastosowania nanoczgstek ztota
stabilizowanych  glutationem (Au-GSH NPs) jako substancji hamujacych

przerzutowanie komorek kostniakomigsaka.
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Biatka/Geny Etap(y) kaskady przerzutowania

p63 Inwazja; migracja

Aneksyny Inwazja; migracja

CD-147 Inwazja

Kolagen Migracja

CXCR-4 Migracja

EGFR Migracja

Ezryna, p-ERM Inwazja; migracja

HGF-SF,receptor Met Inwazja

IGF-1, IGF-1R Inwazja

Integryny Inwazja; migracja

miR-9, miR-34a Inwazja; migracja

Snail2 Migracja; inwazja; intrawazacja

STAT3 Inwazja

TF Inwazja

TGFB Inwazja; migracja

TrkA Przezycie komorek nowotworowych w miejscach
przerzutow

Wimentyna Migracja

YAP i TAZ Migracja; przezycie komorek w krwioobiegu i w
miejscach przerzutow

Tabela 1. Biatka i geny potencjalnie zaangazowane w proces przerzutowania kostniakomigsaka u psow,
wytypowane w badaniach in vitro i/lub in vivo. Tabela w jezyku polskim zostata przygotowana na
podstawie tabeli 1 z publikacji przegladowej: Wilk S.S., Zabielska-Koczywas K.A., Molecular
Mechanisms of Canine Osteosarcoma Metastasis, International Journal of Molecular Sciences 2021,
22(7), 3639 (str.12-13) bedacej czgscia niniejszej rozprawy doktorskie;j.

Jednym z kluczowych regulatorow procesu przerzutowania opisywanych w
literaturze jest czynnik transkrypcyjny p63, nalezacy do rodziny biatek p53 (Candi et
al., 2007). Szczegolnie istotna wydaje si¢ izoforma ANp63, ktoérej nadekspresja
stwierdzana jest zaréwno w liniach komoérkowych, jak 1 w pierwotnych
kostniakomigsakach u pséw (Cam et al., 2016). Podwyzszona ekspresja ANp63
pozytywnie koreluje z zwigkszonym potencjalem do dawania przerzutow. Badania
wykazaly, ze ANp63 indukuje aktywacje biatka przekazujacego sygnat i aktywujacego
transkrypcje 3 (ang. signal transducer and activator of transcription 3, STAT3),
prowadzac do zwiekszonej produkeji interleukiny 8 (interleukin 8, IL-8) oraz czynnika
wzrostu $rodbtonka naczyniowego A (ang. vascular endothelial growth factor A,
VEGF-A), zwigkszajac zdolno$¢ do migracji i inwazji komérek nowotworowych (Cam
et al., 2016). Badania in vivo z zastosowaniem modelu myszy z ci¢zkim ztozonym
niedoborem odpornos$ci (ang. severe combined immunodeficiency, SCID) potwierdzaja
zwigzek miedzy zwigkszong ekspresja ANp63 a obecno$cig przerzutéw, co czyni go

potencjalnym celem terapii molekularnej (Cam et al., 2016).

Czynnik transkrypcyjny STAT3 jest kolejnym istotnym regulatorem
transkrypcyjnym, ktorego aktywacja odgrywa role w rozwoju i progresji nowotworow

mezenchymalnych, w tym kostniakomigsaka (Aggarwal et al., 2006). W badaniach
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Fosseya i wsp. wykazano, ze hamowanie STAT3 skutkuje spadkiem ekspresji
metaloproteinazy 2 (ang. matrix metalloproteinase-2, MMP-2) i VEGF w komorkach
kostniakomigsaka (Fossey et al., 2009). Wyniki te sugeruja udzial STAT3 w
remodelowaniu macierzy zewnatrzkomérkowej oraz angiogenezie. Dodatkowo,
Gardner 1 wsp. wykazali, ze usunigcie STAT3 z komoérek ludzkiego 1 psiego
kostniakomigsaka (linie komorkowe ABRAMS i OSCA-8) metoda CRISPR-Cas9
powoduje obnizenie podstawowej i kompensacyjnej glikolizy. Redukcja glikolizy
bezposrednio wptywa si¢ na zmniejszenie inwazyjnosci komoérek nowotworowych

(Gardner, Fenger, Roberts, & London, 2022).

Kolejnym biatkiem, ktére zostalo wskazane jako istotne w procesie
przerzutowania  kostniakomigsaka jest Snail2. Snail2, bedacy czynnikiem
transkrypcyjnym z rodziny Snail, uczestniczy w regulacji ekspresji genow
zaangazowanych w reorganizacje cytoszkieletu (Nieto, 2002). Wykazano, ze
zmniejszenie ekspresji Snail2 prowadzi do obnizenia ruchliwo$ci komorek psiego
kostniakomigsaka z linii D17, przy jednoczesnym braku wplywu na adhezje komorek.

Z kolei, nadekspresja Snail2 poprawia organizacj¢ cytoszkieletu i1 zwigksza liczbe
potaczen adhezyjnych, co sprzyja migracji komorek (Sharili et al., 2011). W badaniach
prowadzonych na modelu blony kosmoéwkowo-omoczniowej zarodkow kurzych
(ang.chick embryo chorioallantoic membrane, CAM) wykazano, ze obnizenie poziomu
Snail2 znaczgco ogranicza inwazyjnos¢ komorek kostniakomigsaka i ich zdolnos¢ do
tworzenia przerzutow (Sharili, Allen, Smith, Price, & McGonnell, 2013). Snail2
reguluje takze ekspresje metaloproteinaz (ang. metalloproteinases, MMP), co wskazuje
na jego rolg w degradacji macierzy zewnatrzkomoérkowej i promowaniu migracji

komoérek nowotworowych (K. Zhang et al., 2011).

Wimentyna, jako biatko posrednie cytoszkieletu charakterystyczne dla komorek
mezenchymalnych, odgrywa istotng role w utrzymaniu integralno$ci strukturalnej
komorek, ich elastycznosci i zdolnosci migracyjnych (Fuchs, 1994; Roy, Wycislo,
Pondenis, Fan, & Das, 2017). Cho¢ kostniakomi¢sak wywodzi si¢ z komorek
mezenchymalnych, przejscie epitelialno-mezenchymalne (ang. epithelial-mesenchymal
transition, EMT) moze rowniez zachodzi¢ w jego komorkach, co obserwowano w
przypadku ludzkich komoérek kostniakomigsaka (Habel et al., 2019). W psich liniach

komoérkowych kostniakomigsaka zaobserwowano istotnie podwyzszong ekspresje
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wimentyny w komorkach o potencjale przerzutowym w poréwnaniu z komoérkami

nieprzerzutujacymi (Roy et al., 2017).

Wsérdéd  czynnikdw  wzrostu szczegdlng uwage zwréocono na  VEGEF,
insulinopodobny czynnik wzrostu 1 (ang. insulin-like growth factor 1, 1GF-1),
transformujgcy czynnik wzrostu B (ang. transforming growth factor beta, TGFp),
czynnik wzrostu hepatocytow (ang. hepatocyte growth factor / scatter factor, HGF-SF)
oraz receptor naskorkowego czynnika wzrostu (ang. epidermal growth factor receptor,
EGFR).VEGF, jako glowny promotor angiogenezy, jest zwigzany z gorszym
rokowaniem 1 zwigkszong czestoscia wystegpowania przerzutow zard6wno w
kostniakomigsaku u ludzi jaki i u psow (Kaya et al., 2000). Obnizenie jego ekspresji w
komorkach psiego kostniakomigsaka ograniczato tworzenie struktur
naczyniopodobnych w badaniach in vitro (test tworzenia struktur naczyniowych
komorek $rodblonka w uktadzie transwell, ang. transwell endothelial tube formation
assay) (Cam et al., 2016). IGF-1 oraz jego receptor (ang. insulin-like growth factor 1
receptor, IGF1-R) indukuja proliferacj¢ osteoblastoéw oraz komorek kostniakomigsaka.
Wykazano, ze wysoka ekspresja IGF1-R wigze si¢ ze skroconym czasem przezycia
psow z kostniakomigsakiem (MacEwen et al., 2004). TGFp dziata zaréwno poprzez
kanoniczny szlak Smad, jak i1 szlaki niekanoniczne (Derynck, Akhurst, & Balmain,
2001). Blokowanie szlaku Smad skutkowato zmniejszeniem migracji komorek
nowotworowych, cho¢ efekt ten byt zmienny w zaleznos$ci od linii komoérkowej (Portela
et al., 2014). Receptor Met, aktywowany przez HGF-SF, oraz receptor EGFR rowniez
ulegaja nadekspresji w komoérkach psiego kostniakomigsaka i s3 powiazane z bardziej
agresywnym fenotypem i procesem przerzutowania, poprzez promowanie proliferacji,
migracji 1 inwazji komorek nowotworowych (De Maria et al., 2009; MacEwen et al.,

2003, 2004).

Integryny P1 1 P4 takze zostaly powigzane z inwazyjnoscia 1 zdolnoS$cig
przerzutowania komorek kostniakomigsaka (Stefanidakis & Koivunen, 2006). Podobna
funkcje petni klaster roznicowania 147 (ang. cluster of differentiation 147, CD147) —
biatko btonowe, ktore indukuje produkcje MMPs, wspierajac inwazje komorek
nowotworowych (Lu, Lv, Kim, Ha, & Kim, 2012). Takze wysoka ekspresja kolagenu w
komorkach przerzutowych wskazuje na jego role w reorganizacji mikrosrodowiska guza

(Song et al., 2020).
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Ezryna, jako biatko taczace cytoszkielet z btong komoérkowa, reguluje adhezje
1 ruchliwo$¢ komorek (Fehon, McClatchey, & Bretscher, 2010). Jej fosforylacja moze
by¢ kluczowa w inicjacji procesu przerzutowania (Algrain, Turunen, Vaheri, Louvard,
& Arpin, 1993). Koaktywatory transkrypcyjne: bialtko zwigzane z Yes i koaktywator
transkrypcyjny z motywem wiazacym PDZ (ang. Yes-associated protein, YAP,
transcriptional co-activator with PDZ-binding motif, TAZ), uczestniczace w kontroli
proliferacji i migracji, rOwniez opisane zostaly w agresywnym fenotypie OSA —
szczegllnie TAZ, ktorego obnizenie skutkuje ograniczeniem zdolnosci migracyjnych

komorek nowotworowych (Hiemer, Szymaniak, & Varelas, 2014).

Receptor tropomiozyny A (ang. tropomyosin receptor kinase A, TrkA), reguluje
proliferacje¢ i przezycie komorek OSA (Fan, Barger, Sprandel, & Fredrickson, 2008).
Receptor chemokinowy typu C-X-C 4 (ang. C-X-C chemokine receptor, CXCR-4),
aktywowany przez ligand 12 chemokiny zawierajgcej motyw C-X-C (ang. C-X-C motif
chemokine ligand 12, CXCL12), odpowiada za ukierunkowang migracj¢ komorek i
moze bra¢ udzial w przerzutowaniu kostniakomigsaka (Byrum, Pondenis, Fredrickson,
Wycislo, & Fan, 2016; T.M. Fan, A.M. Barger, R.L. Fredrickson, D. Fitzsimmons,
2008).

W  zakresie regulacji potranskrypcyjnej gendw, istotng role odgrywaja
mikroRNA (ang. microRNA, miR) — miR-9 promuje inwazyjno$¢ i migracje komoérek
kostniakomigsaka, podczas gdy miR-34a dziala antagonistycznie, ograniczajac te

wlasciwosci (Fenger et al., 2016; Lopez et al., 2018).

Dodatkowo, ekspresja bialek z rodziny aneksyn, takich jak aneksyna 1
(obnizona ekspresja) i aneksyna 2 (podwyzszona ekspresja), roznicuje komoérki o

odmiennym potencjale przerzutowania (Roy et al., 2017).

Czynnik tkankowy (ang. tissue factor, TF), bialko transblonowe uczestniczace w
kaskadzie krzepnigcia, poprzez funkcje prokoagulacyjne i1 sygnalizacyjne wspiera
rozrost 1 przerzutowanie nowotworow (Rak, Milsom, & Yu, 2008). Jego ekspresja w
kostniakomig¢saku wykazuje zmienno$¢ zalezng od linii komoérkowej (Stokol, Daddona,

Mubayed, Trimpert, & Kang, 2011).

Urokinazowy aktywator plazminogenu (ang. urokinase-type plasminogen

activator, uPA), uczestniczacy w aktywacji plazminogenu i degradacji macierzy
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zewnatrzkomorkowej, wykazuje podwyzszong ekspresje w kostniakomigsaku u psow.
Zwigkszony poziom uPA koreluje z agresywnym przebiegiem choroby i niekorzystnym
rokowaniem, co czyni go potencjalnym celem terapeutycznym (Matsuyama, Wood,

Speare, Schott, & Mutsaers, 2022).

Szczegblowy opis wyzej scharakteryzowanych bialek 1 genow w kontekscie
przerzutowania kostniakomigsaka psoéw znajduje si¢ w publikacji przegladowej
stanowigce] artykul nr 1 wchodzacy w sktad przedstawionej rozprawy doktorskie;j:
“Molecular Mechanisms of Canine Osteosarcoma Metastasis” Sylwia Stanistawa
Wilk,Katarzyna Zabielska-Koczywas. Int J Mol Sci. 2021 Mar 31;22(7):3639. doi:
10.3390/ijms22073639. PMID: 33807419; PMCID: PMC8036641. W wymienionej
publikacji aktywator plazminogenu urokinazy i jego potencjalna rola w przerzutowaniu
komorek kostniakomigsaka pséw nie zostalty wymienione, poniewaz dane literaturowe
odnos$nie ich roli w procesie przerzutowania pojawily si¢ po opublikowaniu

powyzszego artykutu (Matsuyama et al., 2022).

1.1.3 Znaczenie alfa-2-makroglobuliny w procesie przerzutowania

Alfa 2 makroglobulina (ang. alpha-2-macroglobulin, A2M) to duze biatko
osocza, ktore fizjologicznie pelni funkcj¢ inhibitora proteaz. Odgrywa takze istotng role
w regulacji proliferacji komorkowej, dziatajac jako hormon lub modulator odpowiedzi
immunologicznej (G. Zhang et al.,, 2022). Swdj potencjal przeciwnowotworowy
wykazuje poprzez hamowanie szlakéw: kinazy fosfatydyloinozytolo-3 oraz kinazy
biatkowej B (ang. phosphoinositide 3-kinase / protein kinase B signaling
pathway,PI3K/AKT), SMAD 1 Wnt/B-kateniny oraz aktywacje¢ fosfatazy homologiczne;j
do tensyny (ang.phosphatase and TENsin homolog, PTEN (Kurz et al., 2017). Jednym z
kluczowych mechanizméw dziatania A2M w kontek$cie procesu przerzutowania
komoérek nowotworowych jest jej zdolno$¢ do wigzania i hamowania MMP.
Nadekspresja MMP prowadzi do degradacji btony podstawnej, promujac proces
przerzutowania poprzez zwickszenie zdolno$ci migracji 1 inwazji komorek

nowotworowych (Cuéllar, Cuéllar, & Scuderi, 2016; Lindner et al., 2010).

Na podstawie przegladu dostgpnych doniesien literaturowych, oraz wynikow
uzyskanych podczas wykonywania badan w ramach przedstawionej rozprawy
doktorskiej A2M zostato wybrane jako przedmiot szczegdlowej analizy w niniejszej

rozprawie doktorskie;j.

25



1.2. Zastosowanie nanoczgstek zlota w onkologii

Nanoczastki zlota (ang. gold nanoparticles, AuNPs) wykorzystywane sa w
badaniach nad nowymi metodami leczenia nowotwordéw ze wzgledu na swoje unikalne
wlasciwosci fizykochemiczne. AuNPs charakteryzuja si¢ stabilno$cia chemiczng,
biokompatybilnos$cig oraz mozliwoscia tatwej modyfikacji funkcjonalno$ci powierzchni
(Yeh, Creran, & Rotello, 2012). Nanoczastki dzigki swoim rozmiarom (1-100 nm),
moga skutecznie wnika¢ do komoérek nowotworowych, co stanowi jedng z kluczowych
cech dla ich potencjalnego zastosowania w nowoczesnych strategiach leczenia
przeciwnowotworowego (Yeh et al., 2012). Dodatkowo, dzigki swoistym
wlhasciwosciom optycznym i fizycznym, AuNPs moga by¢é wykorzystywane w
technikach obrazowania takich jak CT, MRI, mikroskopia elektronowa oraz
obrazowanie fluorescencyjne (Jain, Hirst, & O’Sullivan, 2012; Jun, Lee, & Cheon,
2008; Kisseberth & Lee, 2021; Popovtzer et al., 2008). Ponadto, moga by¢ sprzezone z
ligandami, ktoére specyficznie wiaza si¢ z markerami nowotworowymi, umozliwiajac
wczesne wykrywanie nowotworéw u ludzi 1 zwierzat (Huang, Jain, El-Sayed, &
El-Sayed, 2007), jak rowniez petni¢ role nosnikow lekow przeciwnowotworowych, co
pozwala na precyzyjne dostarczanie lekow do komodrek nowotworowych (Dykman &
Khlebtsov, 2011; Matek et al., 2021). Dzigki mozliwosci modyfikacji powierzchni,
AuNPs moga by¢ sprzgzone z ro6znymi czasteczkami terapeutycznymi, takimi jak leki,
biatka czy kwasy nukleinowe. Zastosowanie AuNPs jako nos$nikoéw lekéw moze
zwigkszy¢ skuteczno$¢ terapii, zmniejszajac jednoczes$nie skutki uboczne stosowanych
lekow (Paciotti et al., 2004). Najnowsze badania przeprowadzone na modelach
nowotworow cztowieka wskazuja na potencjalne zastosowanie AuNPs w hamowaniu
przerzutowania komorek nowotworowych. Li i wsp. wykazali, ze AuNPs poprawiaty
strukturg 1 funkcjonowanie naczyn krwiono$nych czerniaka ztosliwego, co prowadzito
do zwigkszenia przeptywu krwi, zmniejszenia hipoksji oraz ograniczenia intrawazacji i
rozwoju przerzutow (L1 W, Li X, Liu S, Yang W, Pan F, Yang XY, Du B, Qin L, 2017).
W badaniach przeprowadzonych przez Shi i wsp. zaobserwowano, ze ztote nanoprety
(ang. gold nanorods, AuNRs) hamowaly aktywno$¢ metaloproteinazy 9 (ang. Matrix
Metalloproteinase-9, MMP-9) w komorkach raka piersi, co skutkowato ograniczeniem
inwazji 1 zdolnos$ci przerzutowania komorek (Shi et al., 2023). Z kolei, pierwsze wyniki
badan prowadzonych w medycynie weterynaryjnej przez Matek 1 wspdlpracownikow

wykazaly, iz AuNPs stabilizowane glutationem (AuNP-GSH) hamuja ekstrawazacje
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komorek psiego kostniakomigsaka jako jednego z kluczowych etapow kaskady

przerzutowania (Malek et al., 2023).
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2. Cele pracy

1.Zebranie informacji na temat molekularnych mechanizméw przerzutowania

kostniakomigsaka u pséw na podstawie przegladu dostgpnej literatury naukowe;.

2.Przeprowadzenie proteomicznej analizy poréwnawczej linii komodrkowych
kostniakomigsaka psow o roznych fenotypach ztosliwosci (OSCA-8 1 OSCA-32)

z komorkami psich osteoblastow (CnOb)

3.0cena ekspresji A2M w komorkach psiego kostniakomigsaka metoda Simple Western

4. Ocena wplywu alfa 2 makroglobuliny (A2M) na migracj¢ komorek kostniakomigsaka
psow z linii OSCA-8 1 OSCA-32 w badaniach in vitro.

5.0cena wptywu nanoczgstek ztota stabilizowanych glutationem (Au-GSH NPs) na
wybrane etapy kaskady przerzutowania komorek psiego kostniakomigsaka w badaniach

in vitro oraz in ovo.

6. Ocena wplywu Au-GSH NPs na ckspresic A2M w komoérkach psiego
kostniakomigsaka z linii OSCA-8 i OSCA-32 jako mozliwego mechanizmu dziatania

AuNPs.

Hipoteza badawcza:

AuNPs-GSH hamuja wybrane etapy kaskady przerzutowania (migracja, angiogeneza)

komorek psiego kostniakomigsaka w badaniach in vitro oraz in ovo.
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3. Materialy i metody
3.1. Materialy

W badaniach wykorzystano trzy linie komoérkowe psiego kostniakomigsaka:
OSCA-8 1 OSCA-32 (Kerafast, Boston, USA) oraz D17 (ATCC, Manassas, USA),
roznigce si¢ fenotypem ztosliwosci. OSCA-8 i OSCA-32 to linie komoérkowe
wywodzace si¢ z guzéw pierwotnych, reprezentujace odpowiednio wysoce ztosliwy i
umiarkowanie zto§liwy fenotyp, natomiast D17 to linia przerzutowa o zto§liwym
fenotypie (Modesto et al., 2020; Scott et al., 2011). Dodatkowo wykorzystano psie
osteoblasty (CnOb; Cell Applications, San Diego, USA) jako kontrolg negatywna.

W celu oceny wlasciwosci przeciwnowotworowych zastosowano Au-GSH NPs,
ktére zostaty zsyntetyzowane przez zespot dr hab. Michata Wojcika (Wydzial Chemii,
Uniwersytet Warszawski) metoda redukcji chemicznej z uzyciem chloroauranu (III)
wodoru (HAuCls) i1 glutationu jako liganda stabilizujgcego. Nanoczastki miaty kulisty
ksztatt i $rednice rdzenia 4,3 + 1,1 nm. Potencjat zeta wynosit —=52,9 + 10,6 mV, co
wskazuje na wysoka stabilno$¢ koloidalng uzyskanej zawiesiny. Charakterystyka
fizykochemiczna obejmowata transmisyjng mikroskopi¢ elektronowg (ang. transmission
electron microscopy, TEM) z uzyciem mikroskopu EM-1400Flash (JEOL Co.,Tokio,
Japonia) oraz pomiar potencjalu zeta z wykorzystaniem analizatora Zetasizer Nano-ZS

(Malvern Panalytical, Malvern, Worcestershire, UK).
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Rycina 1. Obraz TEM zsyntetyzowanych Au-GSH NPs; widoczny kulisty ksztalt nanoczastek i
jednorodnos$¢ pod wzgledem wielkos$ci. Skala: 25 nm. Rycina oryginalnie pochodzi z publikacji: Wilk S.S.
i wsp., The Anti-Metastatic Properties of Glutathione-Stabilized Gold Nanoparticles—A Preliminary
Study on Canine Osteosarcoma Cell Lines, International Journal of Molecular Sciences 2025, 26(13),
6102, bedacej czgscia niniejszej rozprawy doktorskiej.

Do badan odno$nie angiogenezy wykorzystano zarodki kurze rasy Ross 308 (n =

30; ZWD, Biatobrzegi, Polska).

Szczegotowy opis materiatow zastosowanych w badaniach bedacych czegsciag
rozprawy doktorskiej znajduje si¢ w artykulach nr 2 i nr 3 w sekcjach Materialy i
Metody: Wilk, S. S., Michalak, K., Owczarek, E. P, Winiarczyk, S., &
Zabielska-Koczywas, K. A. (2024). Proteomic Analyses Reveal the Role of
Alpha-2-Macroglobulin in Canine Osteosarcoma Cell Migration. International Journal
of Molecular Sciences, 25(7), 3989. https://doi.org/10.3390/ijms25073989 (str.10-13)
oraz Wilk, S. S., Kukier, K. 1., Michatowski, A. M., Wojnicki, M., Smereczynski, B.,
Wojcik, M., & Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str.10-14)
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3.2 Metody

3.2.1. Hodowla komorkowa

Komorki psiego kostniakomigsaka oraz psie osteoblasty (CnOb) hodowano w
standardowych warunkach (37°C, 5% CO:) w zmodyfikowanej pozywce Eagle’a wg
Dulbecco (ang. Dulbecco’s Modified Eagle Medium, DMEM) z dodatkiem plodowe;j
surowicy bydlecej (Fetal Bovine Serum, FBS) i antybiotykoéw: Primocin (InvivoGen,
Waltham, MA, USA) oraz roztwor penicyliny—streptomycyny 100x (HyClone™,
Marlborough, MA, USA),a eksperymenty prowadzono na komorkach w logarytmicznej
fazie wzrostu. Do oceny zywotnosci komorek wykorzystano barwienie bigkitem trypanu

oraz automatyczny licznik komoérek Countess II (Thermo Fisher, Waltham, MA, USA).

Szczegdtowy opis metodyki hodowli komorkowej znajduje si¢ w artykule nr 2
1 nr 3 wchodzacych w sktad rozprawy doktorskiej w sekcjach Materiaty 1 metody: Wilk,
S. S., Michalak, K., Owczarek, E. P., Winiarczyk, S., & Zabielska-Koczywas, K. A.
(2024). Proteomic Analyses Reveal the Role of Alpha-2-Macroglobulin in Canine
Osteosarcoma Cell Migration. International Journal of Molecular Sciences, 25(7),
3989. https://doi.org/10.3390/ijms25073989 (str.10) oraz Wilk, S. S., Kukier, K. 1.,
Michatowski, A. M., Wojnicki, M., Smereczynski, B., Wojcik, M., &
Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A  Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str.10).

3.2.2. Analiza proteomiczna metoda dwukierunkowej elektroforezy bialek (2DE)
oraz spektrometrii mas z jonizacja laserowa wspomagana matryca i pomiarem

czasu przelotu

W celu przeprowadzenia analizy proteomicznej] metoda dwuwymiarowej
elektroforezy bialek (2DE) oraz spektrometrii mas z jonizacja laserowa wspomagang
matrycg i pomiarem czasu przelotu (ang. Matrix-Assisted Laser Desorption/lonization
Time-of-Flight/Time-of-Flight ~ Mass  Spectrometry, =~ MALDI-TOF/TOF = MS)
przygotowano lizaty biatkowe z komoérek linii OSCA-8, OSCA-32 oraz CnOb poprzez
ich zawieszenie w buforze RIPA (Sigma-Aldrich, Saint Louis, MO, USA), z dodatkiem
inhibitora proteaz (Sigma-Aldrich, Saint Louis, MO, USA), (1:100), a nastepnie
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okreslono stezenie biatka metoda spektrofotometryczng z uzyciem aparatu
MaestroNano (Maestrogen, Xinzhu, Tajwan). W celu identyfikacji réznic w ekspresji
biatek pomiedzy psimi osteoblastami a komdrkami nowotworowymi z linii OSCA-8 i
OSCA-32, zastosowano metod¢ 2DE, a nastepnie MALDI-TOF/TOF MS. Zastosowanie
tych metod pozwolito na wykrycie i identyfikacje biatek o istotnie zmienionej ekspresji
w liniach nowotworowych w stosunku do psich osteoblastow. Do analizy spotéw
bialkowych zastosowano kryteria obejmujace warto$¢ p S 0,05, warto$¢ Mascot Score
(MS) > 61 oraz zmiennos¢ ekspresji biatka wyrazong jako stosunek intensywnosci (ang.
relative intensity ratio, Rt) <0,67 lub >1,5 pomigdzy OSCA-8 CnOb i
OSCA-32/CnOb. Wartos¢ MS odnosi si¢ do sumarycznej wiarygodnosci dopasowania
peptydow do konkretnego biatka na podstawie danych zawartych w bazie programu

Mascot, co pozwala na identyfikacj¢ analizowanego biatka.

Szczegbdtowy opis metodyki analizy proteomicznej znajduje si¢ w artykule nr 2
wchodzacym w sktad rozprawy doktorskiej: Wilk, S. S. et al. (2024), Proteomic
Analyses Reveal the Role of Alpha-2-Macroglobulin in Canine Osteosarcoma Cell
Migration,  International  Journal of Molecular  Sciences, 25(7), 3989,
https://doi.org/10.3390/ijms25073989 (str.10-12).

3.2.3. Izolacja i oznaczenie st¢zenia bialka przy uzyciu testu z kwasem

bicynchoninowym (ang. bicinchoninic acid assay, BCA)

W celu przeprowadzenia analizy ekspresji biatek metodg Simple Western,
opisana w dalszej czeSci rozprawy, przygotowano lizaty biatkowe z komorek linii
OSCA-8, OSCA-32 oraz CnOb poprzez ich zawieszenie w buforze RIPA z dodatkiem
inhibitora proteaz (1:100). Nastgpnie oznaczono catkowite stezenie biatka w probkach
metoda BCA z wykorzystaniem spektorfotometru Infinite 200 PRO MNano Plate
Reader (Tecan, Zurych, Szwajcaria), przy dtugosci fali 562 nm. Metoda BCA opiera si¢
na tworzeniu barwnego kompleksu pomigdzy jonami miedzi (Cu*’), biatkiem i kwasem
bicynchoninowym, ktoérego intensywno$¢ jest proporcjonalna do zawarto$ci biatka i

mierzona spektrofotometrycznie.

Szczegbdtowy opis metodyki izolacji 1 oznaczenia st¢zenia biatka w badanych
probkach znajduje si¢ w artykule nr 2 i nr 3 wchodzacych w sktad rozprawy doktorskiej
w sekcjach Materiaty i metody: Wilk, S. S., Michalak, K., Owczarek, E. P., Winiarczyk,

32



S., & Zabielska-Koczywas, K. A. (2024). Proteomic Analyses Reveal the Role of
Alpha-2-Macroglobulin in Canine Osteosarcoma Cell Migration. International Journal
of Molecular Sciences, 25(7), 3989. https://doi.org/10.3390/ijms25073989 (str. 12) oraz
Wilk, S. S., Kukier, K. 1., Michatowski, A. M., Wojnicki, M., Smereczynski, B.,
Wojcik, M., & Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str. 11-12).

3.2.4. Analiza ekspresji bialka A2M metoda Simple Western

W celu oceny ekspresji A2M w komorkach psiego kostniakomigsaka z linii
OSCA-8 i OSCA-32 oraz CnOb, a nastepnie oceny wpltywu Au-GSH NPs na ekspresje
A2M przeprowadzono analizy metoda Simple Western z wykorzystaniem aparatu Jess
(Protein Simple, Minneapolis, MN, USA). W pierwszym etapie badan nad ekspresja
A2M oceniono saturacj¢ przeciwciala pierwszorzgdowego oraz liniowosci biatka, co
umozliwilo precyzyjne ustalenie optymalnych warunkéw detekcji. Do oznaczen
wlasciwych zastosowano przeciwcialo pierwszorzedowe anty-A2M (MAB1938,
Bio-Techne, Minneapolis, MN, USA) w stezeniu 1:6,25  oraz przeciwciato
drugorzedowe anty-mysie (Bio-Techne, Minneapolis, MN, USA). Komorki
kostniakomigsaka psow (linie OSCA-8 i OSCA-32) traktowano przez 24 godziny
AuNP-GSH w stezeniu 500 pg/ml (objetos¢ 5 ml) przed wykonaniem lizatow
biatkowych. Analizy przeprowadzono przy uzyciu systemu Jess (Protein
Simple,Bio-Techne, Minneapolis, MN, USA), ktory umozliwia automatyczng
elektroforeze w uktadzie mikrokapilar i detekcje sygnatu chemiluminescencyjnego.
Zastosowanie metody Simple Western pozwolito na ilosciowg i jakoSciowa oceng
poziomu A2M w probkach o matej objetosci, przy jednoczesnym zachowaniu wysokiej
powtarzalno$ci 1 czulo$ci pomiaréw. Normalizacja ekspresji oparta byla na catkowitej
zawartosci biatka w kazdej prébce. Wyniki poddano analizie z wykorzystaniem
oprogramowania Compass for Simple Western (wersja 7.0, Bio-Techne, Minneapolis,
MN, USA). Do analizy statystycznej wynikdw wykorzystano probki spetniajace
nastepujace kryteria: roznice w powierzchni pod krzywa (ang. area under curve, AUC)
dla catkowitej ilosci biatka pomiedzy probkami < 20%, stosunek sygnatu do szumu

(ang. signal-to-noise ratio, S/N) 2 10, oraz  stosunek sygnalu do tla (ang.

signal-to-background ratio) 2 3.
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Metoda Simple Western z normalizacja do catkowitej ilosci biatka w probce
umozliwia szybka i zautomatyzowang ilosciowa analiz¢ ekspresji bialek, co stanowi
istotng zalete w porownaniu z konwencjonalng metoda Western blot, ktéry jest metoda
jakosciowg, a dodatkowo czasochlonng i1 pracochionng. Dzigki wysokiej czutosci,
powtarzalno$ci oraz ograniczeniu ryzyka bledéw zwigzanych z obstuga manualng,
Simple Western stanowi alternatywe dla klasycznej metody Western blot. Czas jednego
petnego cyklu analizy przy uzyciu metody Simple Western wynosi okoto 4—6 godzin,
podczas gdy tradycyjny Western blot moze trwac¢ nawet 24-48 godzin. Ponadto, podczas
jednego cyklu pracy urzadzenia Jess mozliwa jest jednoczesna analiza do 24 r6éznych
probek, przy minimalnym zuzyciu odczynnikéw oraz materiatu biologicznego

(Sormunen et al., 2023).

Szczegdtowy opis metodyki Simple Western znajduje si¢ w artykule nr 2 i nr 3
wchodzacych w sktad rozprawy doktorskiej w sekcjach Materiaty i metody: Wilk, S. S.,
Michalak, K., Owczarek, E. P., Winiarczyk, S., & Zabielska-Koczywas, K. A. (2024).
Proteomic Analyses Reveal the Role of Alpha-2-Macroglobulin in Canine
Osteosarcoma Cell Migration. International Journal of Molecular Sciences, 25(7),
3989. https://doi.org/10.3390/ijms25073989 ( str. 12) oraz Wilk, S. S., Kukier, K. I.,
Michatowski, A. M., Wojnicki, M., Smereczynski, B., Wojcik, M., &
Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A  Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str.12).

3.2.5 Ocena zdolnosci migracyjnych komorek nowotworowych - test gojenia rany
(ang. wound healing assay)

Migracja komoérek nowotworowych jest jednym z kluczowych etapdéw procesu
przerzutowania, umozliwiajacym komodrkom opuszczenie guza pierwotnego i
kolonizacj¢ odlegtych tkanek. W celu oceny wptywu A2M na zdolno$¢ migracji
komorek przeprowadzono test gojenia rany na liniach komorkowych psiego
kostniakomigsaka OSCA-8 1 OSCA-32. Wptyw Au-GSH NPs na migracj¢ oceniono na
liniach: OSCA-8, OSCA-32 oraz D-17. Komoérki wysiewano do plastikowych insertow
dwukomorowych (ang. 2-well 1bidi culture inserts, Ibidi GmbH, Niemcy) w ilosci 3 X
10* i traktowano A2M (10 i 30 mM) lub Au-GSH NPs (200 i 500 ug/mL) przez 24

godziny. Obserwacje migracji komoérek poprzez rang powstalg po usunigciu insertow
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prowadzono w 3 punktach czasowych (T=0, 12 i 24 godz.) przy uzyciu mikroskopu
odwroconego Zeiss Primovert (Niemcy), a iloSciowe pomiary szerokosci rany

wykonano w programie Zen Pro.

Szczegdtowy opis metodyki testu gojenia rany znajduje si¢ w artykule nr 2 i nr 3
wchodzacych w sktad rozprawy doktorskiej w sekcjach Materiaty i metody: Wilk, S. S.,
Michalak, K., Owczarek, E. P., Winiarczyk, S., & Zabielska-Koczywas, K. A. (2024).
Proteomic Analyses Reveal the Role of Alpha-2-Macroglobulin in Canine
Osteosarcoma Cell Migration. International Journal of Molecular Sciences, 25(7),
3989. https://doi.org/10.3390/ijms25073989 (str. 13) oraz Wilk, S. S., Kukier, K. 1.,
Michatowski, A. M., Wojnicki, M., Smereczynski, B., Wojcik, M., &
Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str. 11).

3.2.6 Test klonogennosci (ang. clonogenic assay)

Test klonogenno$ci umozliwia ocene zdolnosci pojedynczych komorek
nowotworowych do przezycia, dlugoterminowej proliferacji i tworzenia kolonii po
ekspozycji na badany czynnik, co odzwierciedla ich potencjal proliferacyjny oraz
skuteczno$¢ zastosowanej badanej substancji w hamowaniu tych proceséw. W celu
okreslenia wpltywu Au-GSH NPs na klonogenno$¢, komorki OSCA-8, OSCA-32 oraz
D-17 wysiane uprzednio na plytki 6-dotkowe traktowano Au-GSH NPs w stezeniach
200 pg/ml oraz 500 pg/ml przez 24 godziny. Nastgpnie hodowano w standardowych
warunkach przez 7 dni, umozliwiajagc komoérkom tworzenie kolonii. Powstate kolonie
utrwalano i barwiono 0,5% roztworem fioletu krystalicznego, a nast¢gpnie obrazowano

za pomocg aparatu Canon 100D, w celu przeprowadzenia jako$ciowej analizy.

Szczegdtowy opis metodyki testu klonogenno$ci znajduje si¢ w artykule nr 3
wchodzacym w sktad rozprawy doktorskiej w sekcjach Materialy i metody: Wilk, S. S.,
Kukier, K. I., Michatowski, A. M., Wojnicki, M., Smereczynski, B., Wojcik, M., &
Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A  Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str.13).
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3.2.7 Akumulacja AuNPs-GSH w komérkach kostniakomi¢saka metoda

mikrofalowej spektrometrii emisyjnej z plazma

Metoda mikrofalowej spektrometrii emisyjnej z plazma (ang. Microwave
Plasma—Atomic  Emission  Spectroscopy, MP-AES) to technika analityczna
umozliwiajgca precyzyjne oznaczenie stezenia metali na podstawie emisji Swiatta przez
wzbudzone atomy danego pierwiastka. W celu okreslenia wnikania Au-GSH NPs do
komorek nowotworowych, komorki z linii OSCA-8, OSCA-32 oraz D-17 traktowano
Au-GSH NPs w stezeniach 200 1 500 pg/ml przez 24 godziny. Nastepnie komorki
zostaly zmineralizowane, a zawarto$¢ ztota w probkach oznaczono przy uzyciu
spektrometru MP-AES Agilent 4200 (Agilent Technologies, Japonia). Uzyskane wyniki
postuzyly do obliczenia liczby nanoczastek zaabsorbowanych przez jedng komorke
nowotworowg oraz wydajnosci wnikania Au-GSH NPs do komoérek nowotworowych.
Wyliczenia opieraly si¢ na przeliczeniu ilosci zlota oznaczonego metodg MP-AES na
liczbe atomow ztota (z wykorzystaniem masy atomowej i liczby Avogadra), a nastgpnie
na liczbe nanoczastek przypadajacych na komorke, uwzgledniajac $rednice czastki i

gestos¢ zlota.

Szczegdtowy opis metodyki MP-AES znajduje si¢ w artykule nr 3 wchodzacym
w sklad rozprawy doktorskiej w sekcjach Materiaty 1 metody: Wilk, S. S., Kukier, K. L.,
Michatowski, A. M., Wojnicki, M., Smereczynski, B., Wojcik, M., &
Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties  of
Glutathione-Stabilized Gold Nanoparticles—A Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str.13).
3.2.8 Ocena wlasciwosci antyangiogennych Au-GSH NPs na modelu CAM

Angiogeneza jest jednym z pierwszych etapow procesu przerzutowania,
niezbednym do rozwoju nowotworu. W celu oceny wplywu Au-GSH NPs na tworzenie
nowych naczyn krwiono$nych, wykonano badania na modelu in ovo. Model ten, znany
od 1911 roku pozwala na szybka i wiarygodna ocen¢ wtasciwosci pro-

1 antyangiogennych badanych substancji (Nowak-Sliwinska et al., 2014). Komorki
OSCA-32 traktowano przez 24 godziny Au-GSH NPs (w st¢zeniu 500 pg/ml),

a nastgpnie naniesiono na bton¢ kosmowkowo-omoczniowa zarodkéw kurzych (CAM)
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w ilodci 5 x 10° za pomocg pipety w szostym dniu inkubacji. Analizujgc strukture sieci
naczyniowej oceniano wplyw Au-GSH NPs na powstawanie nowych naczyn
krwiono$nych po 72 godzinach. Obrazowanie prowadzono mikroskopem cyfrowym

VHX-900F (Keyence).

Szczegdtowy opis metodyki testu angiogenezy znajduje si¢ w artykule nr 3
wchodzacym w sktad rozprawy doktorskiej w sekcjach Materiaty i metody: Wilk, S. S.,
Kukier, K. I., Michatowski, A. M., Wojnicki, M., Smereczynski, B., Wojcik, M., &
Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.
https://doi.org/10.3390/ijms26136102 (str.12).

3.2.9 Analiza statystyczna wynikow

Analize statystyczng wynikow wykonano w programie GraphPad Prism 9.0.
(USA). Wyniki przedstawiono jako $rednie + odchylenie standardowe (ang. standard
deviation, SD). Istotno$¢ oceniano przy p < 0,05, do analizy zastosowano test t-Studenta

lub ANOVA z testem Tukey’a po fakcie (*p < 0,05; **p <0,01; ***p <0,001).
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4. Wyniki

4.1. Profil proteomiczny komorek kostniakomiesaka psow

W przeprowadzone] analizie proteomiczne] z wykorzystaniem techniki
MALDI-TOF/TOF MS, na podstawie ponad dwoéch tysiecy punktow biatkowych
wykrytych metodg elektroforezy dwukierunkowej, po przeprowadzeniu analizy
statystyczne] z wykorzystaniem testu ANOVA oraz testu Tukey’a po fakcie,
zidentyfikowano osiem biatek o istotnie zmienionej ekspresji (p < 0,05) w komodrkach
kostniakomigsaka psow z linii OSCA-8 i/lub OSCA-32 w poréwnaniu do CnOb (Ryc.
2). Dwa sposrdd nich — biatko zwigzane z rzgskami 1 wi¢mi 298 (ang. cilia and flagella
associated protein 298, CFAP298) oraz ogolny czynnik transkrypcyjny II-1 (ang.general
transcription factor II-I, GTF21) — wykazywaly zwigkszong ekspresje w komorkach
nowotworowych w poréwnianiu do CnOb. Pozostale sze$¢ bialek charakteryzowato sig
obnizonym poziomem ekspresji w komorkach kostniakomigsaka niz w CnOb: biatko
lustrzanego obrazu polidaktylii 1 (ang. mirror image polydactyly 1, MIPOL1),
alfa-2-makroglobulina (ang. alpha-2-macroglobulin, A2M), mutaza
fosfoglicerynianowa 1 (ang. phosphoglycerate mutase 1, PGAMI), enzym sprzggajacy
ubikwityne/ISG15 — E2 (ang. ubiquitin/ ISG15-conjugating enzyme E2 L6, UB2L6),
biatko adaptorowe receptora ektodysplazyny-A (ang. adaptor protein of the
ectodysplasin-A receptor, EDARADD) oraz bialko zawierajace powtorzenia bogate w
leucyne 72 (ang. Leucine-Rich Repeat-Containing protein 72, LRRC72). Do dalszych
analiz wytypowano biatko A2M ze wzgledu na doniesienia naukowe odnos$nie roli tego

biatka w procesie przerzutowania komorek nowotworowych (Kurz et al., 2017; Lindner et

al., 2010)
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Rycina 2. Przyktadowe zele elektroforezy dwukierunkowej przedstawiajace biatka o istotnie zmienione;j
ekspresji (p<0,05) w komorkach kostniakomigsaka psow (linie OSCA-8 i OSCA-32) w poréwnaniu

z CnOb, zidentyfikowane za pomocg techniki MALDI-TOF/TOF MS. Rycina w jezyku polskim zostata
przygotowana na podstawie ryciny 2 z publikacji oryginalnej: Wilk S.S., Michalak K., Owczarek E.P.,
Winiarczyk S., Zabielska-Koczywas K.A., Proteomic Analyses Reveal the Role of Alpha-2-Macroglobulin
in Canine Osteosarcoma Cell Migration, International Journal of Molecular Sciences 2024, 25(7), 3989
(str.4) bedacej czescia niniejszej rozprawy doktorskie;j.

4.2. Nizsza ekspresja A2M w komorkach psiego kostniakomie¢saka wzgledem

CnOb

W kolejnym etapie pracy potwierdzono ekspresje biatka A2M za pomoca
metody Simple Western. Walidacja przeciwciala pierwszorzedowego anty-A2M
(MAB1938, Bio-Techne, Minneapolis, MN, USA), obejmowata ocen¢ stopnia jego
saturacji oraz wyznaczenie liniowego zakresu detekcji biatka. Minimum 90% saturacje
przeciwciala anty-A2M uzyskano przy st¢zeniu przeciwciata 1:6.25. Zakres liniowoSci

detekcji biatka w homogenatach komodrkowych (CnOb, OSCA-8, OSCA-32) przy
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stezeniu przeciwciala 1:6,25  miescit si¢ w przedziale 0,2-0,5 mg/ml biatka

catkowitego, do analiz wtasciwych zastosowano 0,2mg/ml .

W analizie Simple Western wykazano wysoka ekspresje A2M w komorkach
CnOb, natomiast w liniach kostniakomigsaka OSCA-8 1 OSCA-32 wykazano bardzo
isjka ekspresje badanego biatka , przy czym najnizszg ekspresje odnotowano w
komoérkac z linii OSCA-32. Zaobserwowana roznica pomigdzy komodrkami
nowotworowymi a zdrowymi moze wskazywa¢ na potencjalny zwigzek A2M z
fenotypem ztosliwosci 1 zdolnoscig komoérek nowotworowych do przerzutowania, co
stanowito punkt wyjscia do dalszych badan z wykorzystaniem tego biatka w niniejsze;j
pracy. W zwiazku z powyzszym, w kolejnych etapach pracy oceniono wptyw A2M na
migracje komorek kostniakomigsaka jako jednego z kluczowych etapow procesu
przerzutowania. Wybor tego etapu kaskady przerzutowania oparto na wczesniejszych
obserwacjach Lindnera i wsp., ktorzy wykazali, ze wzrost st¢zenia A2M prowadzi do

istotnego zahamowania migracji komoérek ludzkiego glejaka (Lindner et al., 2010).

Szczegdtowy opis wynikéw analizy Simple Western zostal zaprezentowany w
artykule nr 2 wchodzacym w sktad rozprawy doktorskie; w sekcji Wyniki: Wilk, S. S.,
Michalak, K., Owczarek, E. P., Winiarczyk, S., & Zabielska-Koczywas, K. A. (2024).
Proteomic Analyses Reveal the Role of Alpha-2-Macroglobulin in Canine
Osteosarcoma Cell Migration. International Journal of Molecular Sciences, 25(7),

3989. https://doi.org/10.3390/ijms25073989 (str.5, ryc.3)
4.3 .Wplyw A2M na migracje¢e komorek nowotworowych

W tescie gojenia rany w komorkach z obydwu badanych linii nowotworowych:
OSCA-8 oraz OSCA-32 zaobserwowano istotne (p < 0,001) zahamowanie migracji po
inkubacji komorek kostniakomigsaka z linii OSCA-8 i OSCA 32 z A2M w stezeniach
10 mM 1 30 mM, zaréwno po 12, jak 1 24 godzinach, co wskazuje na potencjalng
zdolno$¢ A2M do ograniczania migracji komoérek nowotworowych i jego mozliwa rolg

jako czynnika hamujacego proces przerzutowania komoérek kostniakomigsaka u psow.

Szczegotowy opis wynikoéw testu gojenia rany zostat zaprezentowany w artykule
nr 2 wchodzagcym w sktad rozprawy doktorskiej w sekcji Wyniki: Wilk, S. S.,
Michalak, K., Owczarek, E. P., Winiarczyk, S., & Zabielska-Koczywas, K. A. (2024).
Proteomic Analyses Reveal the Role of Alpha-2-Macroglobulin in Canine
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Osteosarcoma Cell Migration. International Journal of Molecular Sciences, 25(7),

3989. https://doi.org/10.3390/ijms25073989 (str.5-8, ryc.4-7)
4.4. Wplyw AulNPs-GSH na komorki kostniakomig¢saka psow

AuNPs-GSH w stezeniach 200 pg/ml oraz 500 pg/ml istotnie (p < 0,001)
ograniczaly zdolno$¢ komodrek z linii OSCA-8, OSCA-32 oraz D17 do migracji,
zaréwno po 12, jak i 24 godzinach inkubacji. Analiza przeprowadzona na modelu CAM
wykazata, ze AuNPs-GSH w stezeniu 500 pg/ml hamujepowstawania nowych naczyn
krwionosnych, co wskazuje na ich potencjalne dziatanie antyangiogenne. Dodatkowo,
zastosowanie AuNPs-GSH w stezeniu 200 pg/ml prowadzito do wyraznego
zahamowania zdolno$ci tworzenia kolonii przez komodrki nowotworowe. Co ciekawe,
efekt ten byt mniej nasilony w przypadku wyzszego stezenia AuNPs-GSH (500 pg/ml).
W celu oceny, czy wyniki uzyskane w tescie klonogenno$ci sg powigzane z
wchianianiem AuNPs-GSH do komoérek nowotworowych, wykonano analiz¢ wnikania
AuNPs-GSH do komoérek nowotworowych metoda MP-AES. Najwiekszy stopien
wnikania Au-NPs -GSH (11,79 + 2,54%) odnotowano w komorkach OSCA-32
traktowanych przez 24h AuNPs-GSH w stezeniu 200 ug/ml. Z kolei najnizszy poziom
absorpcji zaobserwowano w komodrkach D-17 traktowanych AuNPs-GSH w stezeniu
500 pg/ml (0,47 + 0,06%). W badanych liniach komdrkowych poziom absorpcji
AuNPs-GSH byl wyzszy dla kazdej z linii komorkowych w stezeniu 200 pg/ml niz w
stezeniu 500 pg/ml. Mechanizm odpowiedzialny za bardziej efektywne wnikanie
AuNPs-GSH przy nizszym st¢zeniu moze wynika¢ z faktu, Zze na powierzchni
nanoczastek tworzy si¢ tak zwana korona biatkowa — dynamiczna warstwa biatek
wigzacych si¢ z nimi po kontakcie z ptynami biologicznymi. Jej sklad 1 struktura moga
wplywa¢ na wlhasciwosci biologiczne nanoczgstek, mechanizmy internalizacji,
rozmieszczenie w organizmie oraz skuteczno$¢ dziatania (Fangquin, Landfester, &
Jiang, 2024). Rola tej otoczki w interakcjach AuNPs-GSH  z komorkami
kostniakomigsaka pozostaje nieznana, mechanizm wnikania AuNPs do komorek psiego
kostniakomigsaka nie jest w peini poznany, co uzasadnia potrzebe prowadzenia

dalszych badan.

Uzyskane wyniki wskazuja na przeciwnowotworowe wlasciwosci AuNPs-GSH,

obejmujace ich potencjalng zdolno$¢ do hamowania wybranych etapow kaskady
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przerzutowania, takich jak migracja i angiogeneza, a takze ograniczania klonogennos$ci

komorek nowotworowych.

Szczegotowy opis wynikéw testu gojenia rany, testu klonogennosci, badan in
ovo oraz analizy MP-AES zostal zaprezentowany w artykule nr 3 wchodzacym w sktad
rozprawy doktorskiej w sekcji Wyniki: Wilk, S. S., Kukier, K. I., Michatowski, A. M.,
Wojnicki, M., Smereczynski, B., Wo¢jcik, M., & Zabielska-Koczywas, K. A. (2025).
The Anti-Metastatic Properties of Glutathione-Stabilized Gold Nanoparticles—A
Preliminary Study on Canine Osteosarcoma Cell Lines. Infernational Journal of
Molecular Sciences, 26(13), 6102. https://doi.org/10.3390/ijms26136102 (str.3-8,
ryc.1-9, tab.1).

4.5. Wplyw AuNPs-GSH na ekspresje A2M

Po 24-godzinnym traktowaniu komorek z linii OSCA-8 oraz OSCA-32 500
pg/ml AuNPs-GSH stwierdzono wysoce istotny (p < 0,001) wzrost ekspresji A2M w
komorkach linii OSCA-8 oraz istotny (p < 0,05) wzrost ekspresji tego biatka w
przypadku komorek z linii OSCA-32 w poréwnaniu do komoérek tych linii nie
traktowanych AuNPs-GSH. Uzyskane wyniki wskazujg, ze Au-GSH NPs moga
wptywacé na ekspresje A2M w komodrkach kostniakomiesaka, a regulacja tego biatka
moze by¢ jednym z mechanizmdéw ograniczajacych zdolno$¢ nowotworu do tworzenia
przerzutow. Szczegdélowa rola A2M w procesie przerzutowania komorek

nowotworowych psiego kostniakomigsaka wskazuje na potrzebe prowadzenia dalszych

badan.
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5. Dyskusja

Wyniki przedstawione w niniejszej rozprawie doktorskiej ukazuja nowe dane
dotyczace profilu proteomicznego komorek kostniakomigsaka pséw, a takze wskazuja
potencjalng rolg A2M i1 AuNPs-GSH w hamowaniu przerzutowania. W analizie
proteomicznej stanowiacej pierwszy etap pracy, wytypowano osiem biatek o istotnie (p
< 0,05) roéznej ekspresji pomiedzy komoérkami psiego kostniakomiesaka a CnOb.
Czes¢ z nich byla wczesniej opisywana w literaturze w kontek$cie chordb
nowotworowych cztowieka. Wykazano, ze EDARADD, zwigzany z sygnalizacja
receptora czynnika martwicy nowotwordw (ang. tumor necrosis factor, TNF) hamuje
apoptoze¢ komorek w raku ptaskonablonkowym jezyka (ang. tongue squamous cell
carcinoma, TSCC) (Li, Bai, Han, Li, & Meng, 2020). Biatko MIPOLI1, zwigzane z
wystepowaniem wad rozwojowych u ludzi, moze peli¢ funkcje supresora
nowotworzenia, mi¢dzy innymi poprzez regulacje szlaku AKT. Obnizong ekspresje
MIPOL1 wykazano w raku nosogardzieli (ang. nasopharyngeal carcinoma, NPC)
(Leong, Cheung, Kwok, & Lung, 2020). UBE2L6 bierze udziat w degradacji biatek i
regulacji apoptozy, a jego obnizong ekspresj¢ opisano w raku szyjki macicy
(ang.cervical cancer, CC) (Q. Zhang, Qiao, Wang, Ding, & Chen, 2018). GTF2I
uczestniczy w kontroli ekspresji genow zwigzanych z proliferacja i roznicowaniem
komorek, a jego nadekspresj¢ obserwowano w guzach grasicy (Lang, Kazdal, Mohr, &
Anamaterou, 2023). Z kolei PGAMI, enzym glikolityczny, wykazuje podwyzszong
ekspresje w wielu nowotworach, migdzy innymi w raku ptuca, watroby, jelita grubego,
piersi 1 glejakach, indukujgc wzrost 1 metabolizm komoérek nowotworowych (Yang, Tao,
Zhong, Yang, & Chen, 2022). Cho¢ niektoére z tych biatek wykazuja odmienny profil
ekspresji w kostniakomigsaku pséw niz w innych nowotworach, dalsze badania — w tym
walidacja z wykorzystaniem technik Western blot lub Simple Western — sg konieczne
dla pelniejszego zrozumienia ich znaczenia biologicznego. W analizie proteomicznej
wykazano istotnie nizsza (p < 0,05) ekspresje A2M w komoérkach kostniakomiesaka
z linii OSCA-8 i OSCA-32 w porownaniu do psich osteoblastéw. W ludzkich
nowotworach, eckspresja A2M wykazuje zréznicowana korelacj¢ z rokowaniem,
zaleznie od typu nowotworu (Olbromski, Mrozowska, Piotrowska, Kmiecik, &
Smolarz, 2024; G. Zhang et al., 2022). W przypadku inwazyjnego raka przewodowego
piersi (ang.invasive ductal carcinoma, IDC) odnotowano zwigkszong ekspresje A2M w

tkance guza, zwigzang z wyzszym stopniem ztosliwosci i gorszym rokowaniem, przez
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co moze by¢ potencjalnym markerem prognostycznym choroby. Z kolei, w raku jelita
grubego, podobnie jak w IDC, chociaz ekspresja A2M byta podwyzszona, to jednak
korelowata z korzystniejszym rokowaniem i dtuzszym catkowitym czasem przezycia
pacjentow (Olbromski et al., 2024). W wewnatrzwatrobowym raku drog zéiciowych
(ang.intrahepatic cholangiocarcinoma, 1CC) opisano nizszg ekspresjc A2M w
porownaniu z prawidlowg tkanka przewodow zotciowych. Autorzy badan sugeruja, ze
obnizenie A2M w przypadku ICC stanowi negatywny czynnik prognostyczny (G.
Zhang et al.,, 2022). Podobnie, obnizong ekspresj¢ tego biatka w stosunku do
prawidtowych komorek opisano w gruczolakoraku ptuca (ang. lung adenocarcinoma,
LUAD), gdzie na podstawie analiz bioinformatycznych powigzano ja z bardziej
agresywnym fenotypem tego nowotworu (Lee et al., 2022). Powyzsze dane wskazuja na
niejednoznaczng role tego biatka w patogenezie nowotwordw, réznigcg si¢ w zaleznosci
od typu nowotworu. A2M moze peli¢ zarowno funkcje promotora, jak i inhibitora
progresji choroby, co podkresla jego potencjalne znaczenie jako markera
prognostycznego lub celu terapeutycznego, a dokladne poznanie jego roli wymaga

dalszych badan.

W  przeprowadzonych badaniach wykazano, ze egzogenna A2M istotnie
hamowata migracje¢ komorek kostniakomigsaka linii OSCA-8 i OSCA-32, co wskazuje
na jej potencjalne dzialanie hamujace przerzutowanie. Podobny efekt hamowania
migracji wskutek ekspozycji na A2M opisano w przypadku komorek ludzkiego glejaka
w badaniach in vitro (Lindner et al., 2010). Niniejsza praca prezentuje pierwsze
doniesienie opisujace bezposredni wptyw A2M na zdolno$§¢ do hamowania migracji
komoérek kostniakomigsaka u pséw. Uzyskane wyniki wskazuja na potencjalne
zastosowanie A2M jako czynnika terapeutycznego w leczeniu kostniakomigsaka u

psow, jednak konieczna jest dalsza walidacja w badaniach in vitro i in vivo.

W dalszej cze$ci pracy oceniono potencjalne dzialanie przeciwnowotworowe
AuNPs-GSH z wykorzystaniem modelu kostniakomigsaka psow. Wczesniejsze
doswiadczenia in vitro na komorkach tego nowotworu, opublikowane przez Malek 1
wspolpracownikow wykazaly, ze potaczenie doksorubicyny ze stabilizowanymi
glutationem nanoczastkami zlota (Au-GSH-Dox) moze potencjalnie zwickszaé
skuteczno$¢ leczenia kostniakomigsaka u psow. Au-GSH-Dox wykazaly wigksza
cytotoksyczno$¢ w porownaniu do samej doksorubicyny, szczegdlnie w komorkach

nowotworowych wykazujacych lekoopornos¢, co wskazuje na potencjalng mozliwos¢
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przezwycigzenia opornosci na chemioterapie w tej chorobie nowotworowej (Malek et
al., 2021). W badaniach in vivo z wykorzystaniem modelu CAM wykazano, ,ze
AuNPs-GSH moga skutecznie hamowaé ekstrawazacj¢ komorek kostniakomigsaka
psow - jeden z kluczowych etapow kaskady przerzutowania. W badaniach na modelu
CAM zaobserwowano, ze AuNPs-GSH znaczaco zmniejszajg wskaznik ekstrawazacji
komoérek nowotworowych, co sugeruje ich potencjalne zastosowanie jako czynnika
hamujacego przerzutowanie kostniakomigsaka psow (Matek et al., 2023). W badaniach
bedacych czescig niniejszej rozprawy doktorskiej skupiono si¢ na ocenie wplywu
AuNPs-GSH na inne etapy kaskady przerzutowania - migracj¢ oraz angiogeneze.
Wykazano, ze AuNPs-GSH hamuja migracj¢ w stezeniu 200 pg/ml 1 500 pg/ml oraz
angiogenez¢ w stezeniu 500 pg/ml. Hamowanie migracji komoérek nowotworowych
przez AuNPs zostalo wczesniej opisane w ludzkim raku jajnika przez Al 1
wspotautoréow (Ali et al., 2017). Wedtug badaczy, nagromadzenie AuNPs w obrebie
btony jadrowej moze przyczynia¢ si¢ zardwno do wzrostu sztywnosci jadra
komoérkowego, jak 1 do nasilenia ekspresji biatka laminy A/C, co skutkuje
ograniczeniem zdolno$ci komorek nowotworowych do migracji 1 inwazji (Ali et al.,
2017). Antyangiogenne dziatanie AuNPs moze by¢ zwigzane z wczesniej opisywanymi
w literaturze mechanizmami molekularnymi dziatania AuNPs, takimi jak hamowanie
ekspresji VEGF, zmniejszenie aktywno$ci MMPs, a takze zahamowanie kluczowych
szlakow regulujacych angiogeneze, takich jak PI3K/Akt (Darweesh, Ayoub, & Nazzal,
2019). Dodatkowo, w niniejszej pracy wykazano, ze traktowanie komorek psiego
kostniakomigsaka AuNPs-GSH w stezeniu 200 pg/ml wyraznie zmniejszato
klonogenno$¢ komorek kostniakomigsaka. Co istotne, AuNPs-GSH w stezeniu 200
pg/ml hamowato tworzenie kolonii komorek linii OSCA-8, OSA-32 i D-17 w
wiekszym stopniu niz w stezeniu 500 pg/ml. Mechanizm, ktéory odpowiada za
skuteczniejsze ograniczenie zdolnosci komoérek kostniakomigsaka pséw do tworzenia
kolonii przy nizszym st¢zeniu Au-GSH NPs, nie zostal dotad poznany i wymaga
dalszych badan. Efekt ten moze by¢ zwigzany z wigksza absorpcja AuNPs-GSH przez
badane komodrki nowotworowe przy stezeniu 200 pg/ml, w porownaniu do absorpcji
przy stezeniu 500 pg/ml, co zostato wykazane w badaniu metoda MP-AES. Mechanizm
silniejszej absorpcji Au-NPs-GSH moze wynika¢ z faktu, iz na powierzchni
nanoczastek tworzy si¢ korona biatkowa, ktéra wptywa na ich dzialanie i interakcje z
komorkami nowotworowymi (Fangquin et al., 2024). Kolejnym istotnym

obserwowanym efektem dziatania AuNPs-GSH byto znaczace zwigkszenie ekspresji
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A2M w komorkach kostniakomigsaka po 24-godzinnej ekspozycji na AuNPs w stgzeniu
500 pg/ml. Wplyw ten moze by¢ zwigzany z hamowaniem migracji komodrek
nowotworowych, obserwowanym w niniejszych badaniach, réwniez po podaniu

egzogennego A2M.

Wedlug najlepszej wiedzy autorki, przeprowadzone analizy stanowia
nowatorskie 1 wczesniej nie opisywane zagadnienia w konteks$cie potencjalnego
zastosowania w przysztosci A2M oraz Au-GSH NPs w leczeniu kostniakomi¢saka
psow. Nalezy jednak podkresli¢, ze badania zawarte w pracy majg charakter analiz
wstepnych 1 wymagaja dalszej walidacji w rozszerzonych badaniach in vitro na
wigkszej liczbie linii komdrkowych o wysokim potencjale przerzutowym oraz in vivo.
Co istotne, w ramach niniejszej pracy przeprowadzono analiz¢ proteomiczng, na
podstawie ktorej wytypowano osiem biatek roznicujagcych komorki psiego
kostniakomigsaka 1 psie osteoblasty. Wyniki analizy proteomicznej przyczyniajg si¢ do
lepszego zrozumienia biologii tego nowotworu. W przysziosci poglebienie analiz
molekularnych, jak rowniez ocena skutecznos$ci terapeutycznej wytypowanych biatek,
moze przyczyni¢ si¢ do opracowania nowych strategii leczenia w onkologii

weterynaryjnej.

Dyskusja niniejszej rozprawy zostata czgsciowo opracowana na podstawie sekcji
Dyskusja artykutéw nr 2 i1 nr 3, stanowigcych cze$¢ cyklu publikacyjnego tej pracy
doktorskiej: Wilk, S. S., Michalak, K., Owczarek, E. P., Winiarczyk, S., &
Zabielska-Koczywas, K. A. (2024). Proteomic Analyses Reveal the Role of
Alpha-2-Macroglobulin in Canine Osteosarcoma Cell Migration. International Journal
of Molecular Sciences, 25(7), 3989. https://doi.org/10.3390/ijms25073989 (str. 8-10)
oraz Wilk, S. S., Kukier, K. 1., Michatowski, A. M., Wojnicki, M., Smereczynski, B.,
Wojcik, M., & Zabielska-Koczywas, K. A. (2025). The Anti-Metastatic Properties of
Glutathione-Stabilized Gold Nanoparticles—A  Preliminary Study on Canine
Osteosarcoma Cell Lines. International Journal of Molecular Sciences, 26(13), 6102.

https://doi.org/10.3390/ijms26136102 (str. 8-9).

46



6. Whnioski

1. Przerzutowanie psich komodrek kostniakomigsaka jest procesem regulowanym
przez liczne biatka i geny, w tym te zwigzane z migracja, adhezja komoérkowa oraz
przebudowg macierzy pozakomoérkowej. Dostepna jest ograniczona liczba badan in
vitro oraz in vivo potwierdzajacych rolg¢ poszczegdlnych bialek i gend6w w procesie
przerzutowania komoérek psiego kostniakomigsaka, co wskazuje na potrzebe

prowadzenia badan w tym zakresie.

2. Na podstawie przeprowadzonej analizy proteomicznej z wykorzystaniem
spektrometrii. mas MALDI-TOF/TOF zidentyfikowano osiem biatek o istotnie
zmienione] ekspresji w komorkach kostniakomigsaka psow (z linit OSCA-8 i
OSCA-32) w poréwnaniu do psich osteoblastow (CnOb). Dwa biatka — CFAP298 1
GTF2I — wykazywaly podwyzszong ekspresje, natomiast sze$¢ biatek charakteryzowato
si¢ obnizong ekspresja: MIPOL1, A2M, PGAM1, UB2L6, EDARADD oraz LRRC72.
Wyniki analizy proteomicznej dostarczajg nowych informacji istotnych dla zrozumienia

biologii kostniakomigsaka psow.

3. W badaniach metoda Simple Western wykazano nizsza ekspresje biatka A2M w
komorkach psiego kostniakomigsaka (z linit OSCA-8 i OSCA-32) niz w CnOb. A2M w
stezeniu 10 1 30 mM hamowato migracje komorek kostniakomiesaka (z linii OSCA-8 i
OSCA-32) po 12 i 24 godzinach, co potwierdza jej potencjalng rol¢ w ograniczaniu

zdolno$ci przerzutowania tego nowotworu.

4. Stabilizowane glutationem nanoczastki ztota (AuNPs-GSH) w st¢zeniach 200
pg/ml i 500 pg/ml istotnie hamowaly migracje komorek kostniakomigsaka (z linii:
OSCA-8, OSCA-32, D-17) po 12 1 24 godzinach inkubacji, co wskazuje na ich
potencjalng zdolno$¢ do ograniczania wiasciwosci komorek psiego kostniakomigsaka

do dawania przerzutow odlegtych.

5. AuNPs-GSH w stezeniu 200 pg/ml zmniejszaly zdolno$¢ komorek
kostniakomigsaka do tworzenia kolonii, co wskazuje na ich potencjalng role w

hamowaniu proliferacji komoérek nowotworowych.

6. AuNPs-GSH w stezeniu 500 pg/ml wykazywaly dziatanie hamujace

neowaskularyzacje w  badaniach  prowadzonych na  modelu  blony
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kosmowkowo-omoczniowej zarodkéw kurzych (CAM), co sugeruje ich wlasciwosci

antyangiogenne.

7. Uzyskane wyniki badan in vitro oraz in ovo wskazuja, ze AuNPs-GSH wykazuja
wlasciwosci przeciwnowotworowe 1 hamujg zdolnos¢ komodrek kostniakomiesaka do
przerzutowania, przez co mogg mie¢ potencjalne zastosowanie w leczeniu
kostniakomigsakéw u psow, jednak zastosowania AuNPs-GSH w leczeniu tego

nowotworu wymaga dalszych badan, zarowno in vitro jak i in vivo.

8. Wzrost ekspresji A2M po 24-godzinnej inkubacji komoérek psiego
kostniakomigsaka (z linii OSCA-8 1 OSCA-32) z AuNPs-GSH w stezeniu 500 pg/ml

moze stanowi¢ jeden z mechanizmoéw dzialania przeciwnowotworowego AuNPs-GSH .

Przeprowadzone prace badawcze potwierdzily hipoteze badawcza, iz Au-GSH
NPs hamujg wybrane etapy kaskady przerzutowania kostniakomigsakéw psow

(migracja, angiogeneza) w badaniach in vitro oraz in ovo.
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Abstract: Osteosarcoma (OSA) represents the most common bone tumor in dogs. The malignancy is
highly aggressive, and most of the dogs die due to metastasis, especially to the lungs. The metastatic
process is complex and consists of several main steps. Assessment of the molecular mechanisms of
metastasis requires in vitro and especially in vivo studies for a full evaluation of the process. The
molecular and biological resemblance of canine OSA to its human counterpart enables the utilization
of dogs as a spontaneous model of this disease in humans. The aim of the present review article is to
summarize the knowledge of genes and proteins, including p63, signal transducer and activator of
transcription 3 (STAT3), Snail2, ezrin, phosphorylated ezrin-radixin-moesin (p-ERM), hepatocyte
growth factor-scatter factor (HGF-SF), epidermal growth factor receptor (EGFR), miR-9, and miR-
34a, that are proven, by in vitro and/or in vivo studies, to be potentially involved in the metastatic
cascade of canine OSA. The determination of molecular targets of metastatic disease may enhance
the development of new therapeutic strategies.

Keywords: canine OSA; metastasis; molecular mechanisms; cell lines; in vitro; in vivo; animal models

1. Introduction

Osteosarcoma (OSA) is the most common bone malignancy that occurs in dogs,
accounting for 80-98% of malignant bone tumors [1,2], with an incidence rate estimated
to be between at least 5.6 and 13.8/10,000 [3-5]. However, it should be pointed out that
there is limited data on the statistics on OSA incidence in dogs, as there is no consistent
method for reporting cancer in dogs, and the presented estimation is based on data from the
1990s. The origin of neoplasia includes osteoblastic cells producing osteoid or malignant
mesenchymal cells. Prevalence is significantly higher in older dogs, with a mean age of
8 years, from large and giant breeds, and in most cases affects the appendicular skeleton
(64% of patients) [1,6]. The common locations of this malignancy are the proximal humerus
and distal radius (Figure 1A) or the distal femur and proximal tibia (Figure 1B). OSA
demonstrates aggressiveness and a propensity to metastasize, most frequently to the
lungs [1-3] (Figure 1C). Other sites of metastatic disease include the bones and soft tissue
of internal organs, such as the liver, spleen, or lymph nodes [2]. It is estimated that at the
moment of diagnosis, 80-90% of dogs have micrometastases in their lungs [7]. Despite
surgical and chemotherapeutic treatment, less than 20% of dogs survive more than 2 years
from diagnosis, probably due to metastatic disease [8].

OSA cells metastasize by hematogenous spread [9]. The process of metastasis is
complex and involves several main steps: 1. neo-vascularization within the primary tumor,
2. local invasion and subsequent intravasation, 3. transportation and obstruction at vessels
of the secondary site, 4. extravasation and migration, and 5. outgrowth at the secondary
site [10] (Figure 2).

Understanding the molecular mechanisms driving metastasis, differences in tumor
cells colonizing distant organs from those of primary tumor cells, and recognizing potential
molecular targets are important steps in the effective development of anti-metastatic
drugs [11]. Both in vitro and in vivo studies are needed to fully evaluate the molecular
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mechanisms of candidate compounds [12,13]. The in vitro tests can be utilized to assess the
invasive phenotype (transwell invasion assay) of canine OSA cells as well as their ability to
migrate (wound healing assay (WHA)), which are the main steps of the metastatic cascade.
The controlled environment of in vitro studies enables varying expressions of selected
factors, which cannot be achieved in vivo [14]. Nevertheless, only in vivo modelling
facilitates the mimicking of natural tumor cell behavior and its interactions with the
local and systemic environments of a living organism, both crucial for anti-metastatic
drug development [15]. Within in vitro cultures, tumor cells lose specific interactions
corresponding to tissue formation, which may affect the expression of particular targets [14].
The perfect in vivo model to study preclinical metastasis should produce metastases within
a few months, be immunocompetent with the tumor specimen, and be orthotopic [11]. The
most widely used in vivo metastatic frameworks are immune-competent mice (engrafted
with murine tumors) or immunosuppressed mice (xenografts) [15,16]. Moreover, the
primary canine or human OSA tumor implantation into the side of an orthotopic mouse
model exemplifies all of the metastatic cascade steps [16]. Other hosts occasionally used
in metastatic research include zebrafish, Drosophila, and chick embryo chorioallantoic
membrane (CAM) [11]. The CAM has been shown to be a reliable model to study neoplastic
cell extravasation—an important step of the metastatic cascade [17]. Furthermore, Kim and
Mol. Sci. 2021, 22, x FOR PEER REVIEW Collaborators demonstrated [17] the potentlal ut111ty of this model in th:e(ﬂieyelopment of
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Spontaneous in vivo models of neoplastic disease are animals that develop the malig-
nancy in a natural manner. Companion animals exhibit resemblances in the pathological
characteristics of a specific cancer to its human counterpart, including high incidence
rates and response to the therapy, and may be used as a spontaneous in vivo neoplastic
model [18]. In vivo tests using a spontaneous canine model of the disease enable evalu-
ation of the potential value of selected targets in pathogenesis and prognosis, especially
the evaluation of their expression within the parameters of median survival time (ST)
and median disease-free interval (DFI) [7,19,20]. X-ray is a standard technique to detect
macrometastases in dogs (Figure 1C). Monitoring macrometastasis in preclinical models
is performed with non-invasive imaging methods, such as computed tomography (CT),
magnetic resonance imaging (MRI), or bioluminescence [11]. Micrometastases are pre-
dicted to be present at the time of the primary tumor diagnosis but are not evident using
conventional imaging techniques [11]. Both in preclinical and spontaneous in vivo models,
micrometastases can be detected by histological analysis. Substitute or additional methods,
such as immunohistochemistry (IHC), flow cytometry of bone marrow aspirates, and
molecular assays for tumor-derived DNA in blood samples, have questionable predictive
power [11].
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Figure 1. (A): Clinical appearance of an 11-month mixed breed dog with osteosarcoma; (B): )g-IE)aV

of the primary canine osteosarcoma localized in the distal femur; (C): X-ray of lung metastases in
canine osteosarcoma.
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Step- The aim of the present review is to summarize the actual knowledge of proteins, genes,
and nucleic acids implicated in the process of canine OSA metastasis, such as p63, signal
transducer and activator of transcription 3 (STAT3), Snail2, ezrin, phosphorylated ezrin-
radixin-moesin (p-ERM), hepatocyte growth factor-scatter factor (HGF-SF), epidermal
growth factor receptor (EGFR), and miR-9 and miR-34a (Figure 2), as they may act as
biomarkers or play an important role in targeted drug delivery. Moreover, a determination
of their functions in canine OSA requires investigation due to the biological and molecular
resemblance of this tumor to its human counterpart. Canine OSA remains an in vivo model
of the human malignancy, utilized in preclinical tests of novel treatment methods [20,21].

2. Search Methodology

This review was based on a search of the PubMed database (http://www.ncbi.nlm.
nih.gov/pubmed, accessed on 19 February 2021) using the terms “canine” OR “dogs”
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AND “osteosarcoma” AND “cell line” AND “metastasis”. Out of 62 articles that meet the
criteria, only original articles that included information on canine osteosarcoma metastasis
at a molecular level were selected. This review is a synthesis of current knowledge in the
field and highlights the genes and proteins involved in molecular mechanisms of canine
osteosarcoma metastasis that, based on promising results of in vitro and/or in vivo studies,
need further investigation. To fully cover a topic, the review also provides the information
from other selected canine OSA articles (used in the introduction section) and particular
proteins and genes to enhance the knowledge on their biological role.

3. Proteins and Genes Potentially Involved in Canine OSA Metastasis—In Vitro and
In Vivo Studies

3.1. p63

p63 is a transcription factor that belongs to the p53 family. p63 encodes protein
isoforms using two promoters: TAp63 and Ap63 [22]. Expression of the Ap63 isoform is
often aberrant in several types of human neoplasias, and its upregulation is related to a
poor prognosis [22]. Cam et al. [23] demonstrated an overexpression of Ap63 in canine
OSA cell lines and primary OSA tumors in comparison to normal canine osteoblasts. In
the same study, overexpression of Ap63 enhanced the number of invading D17 cells and
improved their ability to migrate in a WHA. It was indicated that D17 cells overexpressing
Ap63 exhibit increased phosphorylation of STAT3 and secretion of vascular endothelial
growth factor A (VEGF-A), in comparison to control D17 cells. The data suggest that the
role of Ap63 in cellular invasion and migration is presumably associated with activating
STATS3, interleukin 8 (IL-8), and VEGF-A production [23].

The investigators performed further studies with severe combined immunodeficient
(SCID) mice intravenously xenografted with canine OSA cells, which revealed that the
expression of ANp63 correlates with the metastatic potential of OSA cells and is higher
(three-fold more metastases, p < 0.05) in the OSA16 cell line when compared to the D17
cell line. In the same study, the correlation between ANp63 expression and metastasis was
further confirmed by demonstrating an increased lung colonization of D17 cells overex-
pressing ANp63 after IV inoculation in SCID mice, in comparison to control D17 cells. The
in vivo experiment data may highlight the involvement of ANp63 in the metastatic process
of canine OSA. The authors suggest its role in mediating the expression of cytokines, such
as IL-8, interleukin-11 (IL-11), and oncostatin M (OSM), but the exact molecular mechanism
of ANp63 activity in metastasis remains unclear and requires further investigation [23].
Nevertheless, the results of both in vitro and in vivo studies clearly indicate that ANp63 is
a potential target for novel anti-metastatic therapies for canine OSA.

3.2. STAT3

STAT3 is a protein from the family of transcription factors that plays a role in the
development, progression, and process of metastasis in some types of neoplasias, including
tumors of mesenchymal origin [24]. Activated STAT3 is associated with poor prognosis in
some human malignancies, including lymphomas, blood, and solid tumors [25]. Fossey
et al. [21] established the activation of STAT3 in numerous canine OSA tumors and canine
cell lines. In the same study, the investigators demonstrated that the inhibition of STAT3
with the small-molecule Src inhibitor SU6656 or direct downregulation (by using the small-
molecule inhibitor LL3 or siRNA to modulate STAT3 expression) showed a noticeable
reduction of mRNAs encoding matrix metalloproteinase 2 (MMP-2) and vascular endothe-
lial growth factor (VEGF), and led to downregulation of the proenzyme and active form
of MMP-2 and decreased expression of the VEGF protein. The data suggest that STAT3
activity impacts metastasis and cell invasion through the expression of crucial proteins
involved in these processes [21].
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3.3. Snail2

Various in vitro studies (using the CAM assay and IHC of canine OSA tumors) as-
sessed the role of Snail2, a zinc finger protein and transcription factor from the Snail family,
in canine OSA metastasis. Snail2 decreases the expression of E-cadherin, enabling the
cells to break cell—cell connections [26]. Immunohistochemical analysis on archived canine
OSA showed a significantly higher expression of Snail2 in high-grade canine OSA tumors
(n =11) in comparison to intermediate-grade (n = 5) and low-grade (n = 4) samples [27].
Furthermore, the expression of Snail2 in material derived from appendicular bone tumors
was significantly higher than skull-derived OSA [27]. As it is well known that appendicular
long bone OSA in dogs metastasizes in 80-90% of cases [1], while skull OSA metastases
occur less frequently, according to Sharili et al. [27], this fact may suggest that Snail2 could
play a role in the process of cell migration. It should be considered that the study was
performed on small numbers of dogs, and archived material was used for IHC, which
may limit the results. Downregulation of Snail2 by small interfering RNA demonstrated
decreased motility of D17 cells using the scratch assay, suggesting that Snail2 is required
for migration [28]. However, overexpression of Snail2 using a Snail2 plasmid with a CMV
promoter did not increase the motility of D17 cells. This could be due to the fact that D17
cells metastasize to the lungs and their migration rate cannot be enhanced by increasing
Snail2 activity, as they may already be migrating at their highest rate [28]. It was shown that
the downregulation of Snail2 can disorganize cytoskeleton architecture without impacting
focal adhesions, and D17 cells with increased Snail2 expression exhibited normal cytoskele-
ton organization and more focal adhesions [27]. This suggests that Snail2 can regulate
cell adhesion and cytoskeleton action in OSA, which can be associated with promoting
cell migration and metastasis [28]. Further studies on the CAM model demonstrated that
the ability to invade the stroma and intravasation of Snail2 knockdown D17 cells was
significantly reduced in comparison to control (D17) cells. Results obtained indicated that
selectively blocking Snail2 may reduce metastasis in patients with OSA [28]. In various hu-
man cancer cells (e.g., lung adenocarcinoma and squamous cell carcinoma), the function of
Snail2 in the metastatic processes is considered to be associated with the promotion of MMP
expression, but the exact mechanism remains unknown [29,30]. MMPs are proteolytic,
calcium-dependent, and zinc-containing enzymes from the metzincin superfamily that de-
grade and remodel the extracellular matrix [31]. In human medicine, MMP inhibitors were
developed as antimetastatic agents. While they inhibited the tissue invasion of neoplastic
cells in the metastatic cascade, they failed to show strong efficacy in phase II and III clinical
trials [11]. In veterinary medicine, Lana et al. [32] detected significantly higher (p < 0.001)
MMP-2 (gelatinase A) and MMP-9 (gelatinase B) expression in 30 high-grade OSA samples
relative to nearby stromal control tissue. Loukopoulos et al. [33] demonstrated that the
synthesis of pro-MMP-9 in canine OSA positively correlates with the histologic grade of the
malignancy [34]. In further investigations, Loukopoulos et al. [33] established a noticeable
expression of MMP-2 and MMP-9 in three newly derived canine OSA cell lines. Unfor-
tunately, we found no studies of MMP expression in metastatic cell lines nor metastasis
in canine patients with OSA despite clear evidence of correlation between MMP-2 and
MMP-9 with tumor malignancy. As a result, it cannot be clearly stated whether MMPs
play an important role in the metastatic cascade of canine OSA, and further molecular and
in vivo studies are needed.

3.4. Vimentin

Vimentin is a structural protein expressed in cells of mesenchymal origin and accounts
for the main constituent of their cytoskeleton. Physiologically, it is involved in sustaining
structural integrity, flexibility, the shape of cells, as well as the processes of migration
and adhesion [35,36]. In neoplasias of epithelial origin, vimentin serves as a biomarker of
the epithelial-to-mesenchymal transition (EMT) [37]. During the EMT process, epithelial
cells acquire the ability to migrate and invade, which is crucial to initiate the metastatic
cascade [38,39]. Despite OSA’s mesenchymal origin, human OSA cells are capable of
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undergoing EMT, leading to increased motility and invasiveness [40]. Overexpression of
vimentin in canine OSA is suspected to be associated with increased tumor cell motility,
invasiveness, and a more aggressive phenotype [41]. Roy et al. [35] noticed a higher (over
3-fold) expression of vimentin in the canine OSA metastatic cell line HMPOS versus the non-
metastatic cell line POS. A similar association was observed in their human counterparts,
where expression of vimentin was higher in the metastatic 143B cell line versus the non-
metastatic HOS cell line, although the increase was only 1.2-fold higher [35].

3.5. Growth Factors and Their Specific Receptors

The implication of growth factors in promoting the invasive phenotype of neoplastic
cells has been described in various human and canine malignancies, including OSA [42,43].

3.5.1. Vascular Endothelial Growth Factor (VEGF)

Plasma VEGF is a homodimer signal protein and a member of the platelet-derived
growth factor family. Physiologically, VEGF is a mitogen for cells of endothelial origin and
promotes angiogenesis [44,45]. Expression of this protein in primary tumors is associated
with poor prognosis and high rates of metastasis in some types of human malignancies,
including carcinomas of the gastrointestinal tract, hepatocellular carcinoma, and OSA [46—48].
In human OSA tumors, the VEGFA level was positively correlated with the presence of
lung metastasis [48]. In vitro studies performed by Cam et al. [23] determined that ANp63
contributes to the production of VEGF in canine OSA through effects on STAT3 and IL-8.
Depletion of ANp63 in canine OSA cells resulted in a decreased level of VEGF and a
noticeable reduction of endothelial tube formation in transwell endothelial tube formation
assays. These findings suggest that VEGF may be involved in the metastatic cascade of
canine OSA by promoting the process of angiogenesis [23].

3.5.2. Insulin Growth Factor 1 (IGF-1) and Its Receptor

IGF-1, which plays a part in promoting the metabolic and growth effects of cells,
is a polypeptide structurally homological to proinsulin [49]. Regulating the process of
osteoblast proliferation, IGFs are one of the most significant growth factors in human
bone tissue. In culture, both human osteoblasts and OSA cells have receptors for IGF-1
and are able to proliferate in response to IGF-1 [42]. In veterinary medicine, treating cells
with IGF-1 was shown to increase invasiveness in just one of three osteosarcoma cell lines
(with high insulin-like growth factor receptor 1 (IGF1-R) expression) [42]. This suggests
a cell line-dependent role of IGF-1 in canine OSA invasive phenotypes. Furthermore,
the investigators performed studies on immunodeficient mice indicating that aggressive
in vivo behavior (tumorigenesis and occurrence of metastasis) of canine osteosarcoma
cells positively correlates with the expression of IGF1-R [42]. However, the study was
conducted on only three mice per group, which reduced the power of the study and may
be unrepresentative of the population. Data regarding IGF1-R in canine OSA is limited
to one study where immunostaining was performed and showed a shorter survival time
in canine appendicular OSA patients with high IGF1-R immunoexpression compared to
those with low IGF1-R [19]. Unfortunately, this study lacked further information on the
role of IGF-1 and IGF1-R in the metastatic cascade.

3.5.3. Transforming Growth Factor Beta (TGFp)

TGFf is a secreted cytokine that exists in isoforms: TGFf 1, 2, and 3 [50]. All of
the isoforms regulate the differentiation of mesenchymal stem cells, which affects the
skeletal development of embryos. Postnatally, TGF(3 plays a part in bone homeostasis,
including differentiation, proliferation, the survival of osteoblasts, as well as the motility
of their precursors [51]. Activity of TGFp is mediated by two different pathways: the
canonical (Smad dependent) and non-canonical (Smad independent) [50]. In human and
canine OSA, the factor is implicated in the growth, migration, and invasion of tumor
cells [52,53]. The expression of transforming growth factor beta receptors (TGFBRI and
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TGFRRII) in both normal osteoblasts and five malignant canine OSA cell lines indicated
that the TGF( signaling pathway is not characteristic of the malignant phenotype but
is active in reparative osteoblasts [53]. The authors used a WHA to assess an alteration
in canine OSA cell motility after blocking a Smad-dependent TGF3-mediated pathway
(through treatment with LY2109761, a small-molecule inhibitor of TGFpRI and TGFRRII).
Decreased migration was evaluated as cell line dependent, with the greatest reduction in
the D17 cell line, moderate in the HMPOS cell line, and minimally altered in the Abrams
cell line. Complete blocking of both canonical and non-canonical signaling did not result
in diametrical inhibition of cell motility [53].

3.5.4. HGF-SF and Its Receptor (Met Receptor)

HGE-SF is a heterodimer that consists of two subunits: « and (3 [54]. The factor is
produced by cells of mesodermal origin, and for the most part impacts the biological
functions of epithelial and endothelial cells [55]. HGF-SF is a mitogen for certain cell
types, such as hepatocytes, keratinocytes, or kidney epithelium [54]; it also stimulates cell
motility [56]. The cell surface receptor for this growth factor is the c-Met tyrosine kinase
receptor, encoded by c-MET [54]. Normal osteoblasts and osteoclasts express c-Met, but
secretion of HGF-SF occurs only in osteoclasts. The factor is an inducer of proliferation in
both osteoblasts and osteoclasts, and in osteoclasts, it affects cell motility [57]. Upregulation
of c-Met was described in human and canine OSA [58-60]. The expression of c-Met can be
associated with the metastatic phenotype of human OSA [61]. High expression of c-Met
mRNA was demonstrated with Northern Blot and real-time PCR (RT-PCR) analysis of
both canine OSA cell lines [57] and five of seven canine OSA biopsies [58]. Met-inhibiting
molecules (met-specific interfering RNA and small-molecule inhibitor of Met catalytic
activity PHA-665752) reduced the invasiveness of canine OSA cells [60]. The data sug-
gest a contribution of HGF and the Met receptor on the metastatic phenotype of canine
osteosarcoma [58,60].

3.5.5. EGFR (ErbB1, HER1)

EGFR belongs to the family of ErbB receptor proteins, containing four members: ErbB1,
ErbB2, ErbB3, and ErbB4 [43]. This transmembrane receptor consists of two domains:
extracellular, which is the ligand binding domain, and cytoplasmic, which encodes the
EGF-regulated tyrosine kinase [61]. The major role of tyrosine kinase is to regulate cell
proliferation [62]. In tumor development, deregulation of EGFR signaling results in the
enhancement of cell proliferation, motility, and angiogenesis, as well as a decrease in
apoptosis [63]. In human OSA, high expression of EGFR is associated with the occurrence
of distant metastases and poor outcomes [64]. A noticeably higher expression of EGFR was
determined in primary and metastatic canine OSA tumors compared to normal bone tissue
specimens, as well as in several canine OSA cell lines [43]. Furthermore, the expression
of EGFR was significantly higher in canine primary OSA metastases to the lungs, in
comparison to extrapulmonary OSA metastases. The results indicate a potential role of
EGEFR in promoting an aggressive phenotype in canine OSA, although a potential molecular
mechanism remains undescribed [43].

3.6. Integrins

Integrins are a family of glycoprotein receptors, heterodimers consisting of two sub-
units: alpha and beta. Their biological function is to regulate many cellular processes,
including cell adhesion, migration, and metastasis [65]. Integrins play a part in the inva-
siveness of tumor cells by activating MMPs and consequently inducing a disintegration of
the extracellular matrix (ECM) [66]. In human medicine, high expression of 31 integrin
was shown for OSA metastatic cell lines; it was not identified in two canine OSA cell lines
(non-metastatic POS and artificially generated metastaticcHMPOS [35]). However, a strong
limitation of the study was that it was performed only on two OSA cell lines: POS, derived
from a primary spontaneous canine femoral OSA, and the HMPOS, which was derived
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from POS after serial implantation into the lungs of nude mice [67]. In veterinary medicine,
RT-PCR analyses revealed that 34 integrin seems to be associated with an invasive phe-
notype of canine OSA cell lines. Additionally, inducing (34 integrin genes in non-invasive
canine OSA cells led to their acquirement of an invasive phenotype [68]. However, further
in vitro and in vivo studies should be performed to confirm the role of 34 integrins in the
metastatic cascade.

3.7. CD147

CD147 (basigin, EMMPRIN-extracellular MMP inducer; cluster of differentiation
CD147) is a plasma membrane protein of the immunoglobulin superfamily, with vari-
able expression in a number of cell types, such as leukocytes, hematopoietic, endothelial,
and epithelial cells [69]. Physiologically, it is involved in the regulation of biological
processes, such as spermatogenesis [70], lymphocyte responsiveness [71], and MMP syn-
thesis [69]. The expression of CD147 is also described in tumors, including human and
canine OSA [35,72]. Stimulating the production of MMPs in neoplasias, CD147 implicates
tumor invasiveness and the promotion of metastasis [72,73]. Roy et al. [35] established
a 2.12-fold change in CD147 expression in HMPOS (artificially derived metastatic cell
line) versus POS (non-metastatic cell line) and further confirmed it by western blot (WB),
flow cytometry, and IHC of cell pellets. Similar results were obtained for canine patient
samples (although examining only two distinct sets—with five sections of each—from
paired primary tumor and lung metastasis samples), although the intensity of CD147
in IHC was not as intense as that in cell lines. The obtained results suggest that CD147
may potentially be considered as a metastatic biomarker and therapeutic target in canine
OSA [35]. However, further studies of more cell lines (especially primary metastatic cell
lines) and many more canine samples from both primary and metastatic OSA are obligatory
to confirm this hypothesis.

3.8. Collagen

Collagen is the major structural protein component of the extracellular matrix of
connective tissues [74]. It is suggested that enhanced collagen density may initiate a
promotion of tumorigenesis, invasion, and metastasis in human breast carcinoma [75].
In human OSA, intercommunication between tumor cells and type I collagen mediates
MMP-2 synthesis and activation [76]. Forty-six percent higher expression of collagen was
demonstrated in the metastatic canine OSA cell line HMPOS versus the non-metastatic cell
line POS [35]. The potential role of collagen in cell migration was further confirmed by
experiments treating canine OSA cells with an inhibitor of P4AAH1, a protein involved in
collagen biosynthesis [77]. Inhibitor-treated HMPOS cells showed a higher dependency of
cell migration on collagen synthesis under normal and hypoxic conditions, in comparison
with the POS cell line. Song and collaborators also established that hypoxic conditions lead
to upregulation of four proteins (P4HA1, PLOD1, PLOD2, and LOX) that are involved in
collagen synthesis and a remodeling pathway in metastatic HMPOS [77]. Nevertheless, the
strong limitation of both of the presented studies is that they were performed only on one
metastatic OSA cell line (HMPOS).

3.9. Ezrin and p-ERM

Ezrin is a membrane-cytoskeleton linker that belongs to the ERM (ezrin/radixin/moesin)
family. Ezrin plays a part in various biological processes, including cell adhesion and
motility. The role of this protein is to link the plasma membrane to cytoplasmatic actin
filaments [78]. This molecular connection enables an interaction between cells and their
microenvironment and is proven necessary for metastasis [79]. Expression of ezrin has
been identified in many human malignancies, with most significant aberrations in mes-
enchymal neoplasias [80]. Overexpression of this protein is associated with poor outcomes
and a high propensity to metastasize. Jackson et al. [68] observed a correlation between
higher ezrin mRNA expression and an invasive phenotype and found that expressing
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ezrin in non-invasive canine OSA cells enhanced their invasive potential. Ezrin is located
in an inactive state in the cytoplasm. Phosphorylation of threonine and tyrosine at the
C-terminus of the protein leads to conformational activation of its structure and enables a
linkage between the C-terminus and actin cytoskeleton, as well as a connection between
the N-terminus and cell membrane or its proteins [81].

Ezrin phosphorylation is regulated in a dynamic manner by protein kinase C (PKC)
during metastatic progression in both human and canine OSA. To determine the involve-
ment of PKC in the phosphorylation of ezrin in canine OSA, the WHA was performed
on four patient-derived ezrin-expressing canine OSA cell lines treated with specific small-
molecule inhibitor of PKC [82]. Inhibition of PKC resulted in a noticeable decrease in
cellular migration. The data suggest that PKC directed ezrin phosphorylation and the
consequential migration of canine OSA cells [82]. An increased expression of ezrin and
p-ERM was also demonstrated in vivo in HMPOS tumor tissue that metastasize to the
lungs of mice 1 week after IT transplantation [83]. The expression of p-ERM decreased
after 2 and 4 weeks. A non-metastatic cell line showed low or no expression of ezrin
and p-ERM [83]. These results indicate a potential association between the expression of
ezrin and p-ERM, the ability of canine OSA to metastasize, and an involvement of ezrin
phosphorylation in early steps of the process [83]. In canine patients, a positive expression
of ezrin and p-ERM was shown in 83% of spontaneous primary canine OSA samples [80].
Unfortunately, the study was performed only on primary OSA, not metastatic disease [81].
Dogs entered the study with no evidence of pulmonary metastasis on thoracic radiographs
and no clinical evidence of metastasis to the other sides. However, the likely presence of
micrometastasis can be assumed. The observed increase in ezrin and p-ERM in the primary
tumor, combined with results from the study of Jaroensong et al. demonstrating [83] in-
creased ezrin and p-ERM in the first week following IT tumor transplantation, may further
support the idea that ezrin and p-ERM are involved early in the metastatic process. Early
involvement may allow primary tumor cells to intravasate and transport to the lungs, after
which p-ERM levels decrease as the metastatic tumor is established. Nevertheless, further
investigations are required to evaluate the exact role of ezrin and p-ERM in the molecular
mechanisms of canine OSA lung metastasis.

3.10. Yes-Associated Protein (YAP) and Transcriptional Coactivator with PDZ-Binding Motif (TAZ)

YAP and its paralog TAZ (also called WW domain-containing transcription regulator
protein 1, WWTR1) are transcriptional coactivators that play a part in the transcription of
genes implicated in cell proliferation and the suppression of apoptosis [84]. These proteins
are expressed in almost every human solid tumor [85]. In the metastatic processes, YAP
and TAZ facilitate cell migration, enhance cell survival in circulation and at secondary sites,
and promote metabolic adaptation to the new environment [86]. TAZ and YAP mediate
TGFfp-induced carcinoma cell invasion and motility [87]. In metastatic canine OSA cell
lines, TAZ depletion resulted in a significant decline in migratory ability, as opposed to
non-metastatic primary tumor-derived cell lines [87]. Additionally, simultaneous TGFf3
treatment lead to a noticeable reduction of migration only in the metastatic cell line, not in
those of primary tumor origin [88]. The data suggest that the modulatory effect of YAP,
TAZ, and TAZ-mediated TGFf signaling on migration is cell line dependent. However,
the impact of TAZ on the migration of metastatic-derived canine OSA cell lines is more
distinct than the effect of YAP [88].

3.11. The Tropomyosin-Related 00 A (TrkA)

TrkA is a receptor that mediates differentiation, mitogenesis, and survival of neurons,
through binding of neurothropin growth factors [89]. It is described that inhibition of
TrKA signaling results in a reduction of proliferation and enhancement of apoptosis in
murine and human immortalized osteoblast cell lines. Furthermore, the TrkA signaling
pathway is believed to be involved in the proliferation and survival of canine OSA cells in
both local and metastatic microenvironments [90]. Fan and collaborators [90] determined
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the positive membranous immunostaining of TrKA in most OSA cells in 66% (10/15) of
primary bone lesions and in 75% (9/12) of spontaneously occurring canine OSA metastases,
suggesting that TrKA serves as a potential therapeutic target of both primary and metastatic
canine OSA [90].

3.12. C-X-C Chemokine Receptor Type 4 (CXCR-4)

CXCR-4 is associated with tissue-specific metastases in human malignancies, due
to the high concentration of its endogenous ligand-CXCL12, including metastases to the
lungs, bones, lymph nodes, and the liver [91]. Fan and collaborators [92] discovered
high expression of CXCR-4 in canine osteosarcoma cell lines and in 2 of 10 canine OSA
pulmonary metastases. In the same study, the authors assessed that ligation of CXCR4 with
exogenous CXCL12 induced directional migration of canine OSA cells [92]. Byrum and
collaborators [93] observed the impairment of directional migration of canine OSA cells
after reduction of CXCR4 following zoledronate treatment [93]. This result is consistent
with the previously described research [92] and may indicate that the CXCR-4 contribution
in canine OSA directs migration as a part of the metastatic process [92,93]. Further studies
of both in vitro and in vivo on more samples are needed to confirm this hypothesis.

3.13. microRNA (miR-9 and miR-34a)

Micro RNAs (miRNAs) are small single-stranded nucleic acids that regulate the ex-
pression of the protein-coding genes following transcription. Affecting genes in many
molecular pathways, miRNAs regulate physiological processes significant to cell home-
ostasis [94]. It is well described that alterations of miRNA expression commonly occur in
human neoplasias, and they can target genes involved in the genesis, progression, and
metastasis of tumors [95]. In both human and canine OSA, aberrant expression of miRNA
is associated with poor prognosis due to a higher risk of metastasis and decreased response
to chemotherapy [96].

Fenger et al. [96] observed an upregulation of miR-9 in canine OSA cell lines and
in primary OSA tumors, in comparison to normal canine osteoblasts. Canine OSA cells
overexpressing miR-9 exhibited enhanced invasiveness and migration in comparison to
control cells. Inhibition of miR-9 in canine OSA cells resulted in their reduced migration
and invasion [97]. These findings support the presumption that miR-9 plays a role in the
promotion of migration and invasion in canine OSA cells. One protein regulated by miR-9
that may promote the metastatic phenotype is gelsolin. Diminishment of gelsolin in several
types of neoplastic cells resulted in a reduction of their motility [97].

Lopez et al. [98] reported decreased expression of miR-34a in canine OSA tumors
and OSA cell lines in comparison to normal canine osteoblasts. OSA cells transduced
with pre-miR-34a lentiviral vector show reduced invasion, cell motility, and scattering [98].
Lopez et al. [98] identified Kruppel-like factor 4 (KLF4), Semaphorin 3E (SEMA3E), and
VEGFA in transduced and non-transduced OSA cells. These genes are associated with
cell migration, and their transcripts are downregulated in cells with mi-R34a overexpres-
sion [98]. KLF4, SEMAB3E, and VEGFA are presumed as miR-34a target genes, and the
results imply that miR-34a may play a role in canine OSA metastasis by regulating their
expression [98]. In further studies, Lopez and collaborators [97] showed a 50% reduction
of miR-34a expression in metastatic lesions in comparison to primary tumors. However,
the limited number of the analyzed samples did not enable the establishment of strong
conclusions about miR-34a expression and its role in metastases of canine OSA [98].

3.14. Annexins

Annexins are cellular proteins possessing the ability to dependently bind negatively
charged phospholipids on calcium [99]. Annexins consist of two domains located on COOH
and NH2 terminals, which are responsible for binding cell membrane phospholipids and
cytoplasmic proteins, respectively. The major role of annexins is to provide a membrane
scaffold for cells [100]. In humans, studies show a negative correlation between the
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expression of annexin 1 and the progression of breast carcinoma [101]. In canine OSA,
Roy et al. [35] determined a significant decrease in annexin 1 production in the highly
metastatic cell line HMPOS in comparison to the non-metastatic cell line POS. Conversely,
the expression of annexin 2 is noticeably higher in the HMPOS cell line than in the POS
cell line [35].

3.15. Tissue Factor (TF)

Tissue factor (TF) (also called thromboplastin or coagulation factor 3) is a transmem-
brane protein that initiates the conversion of prothrombin to thrombin in the coagulation
cascade [102]. Through procoagulant and signaling activity, TF contributes to growth
processes, angiogenesis, and metastasis in human malignancies, including colorectal carci-
noma, breast carcinoma, melanocarcinoma, and glioblastoma [103]. Enhanced expression
of this protein is correlated with shorter ST in human lung carcinoma [104]. In dogs,
expression of TF is significantly higher in neoplasias of epithelial origin, such as pulmonary
adenocarcinoma and mammary gland tumors, in comparison with mesenchymal malig-
nancies like canine fibrosarcoma [105]. Stokol et al. [105] indicated a cell line-dependent
expression of this protein in canine OSA. The authors noticed zero or minimal expression
of TF in HMPOS and D17 cell lines, while in the OS2.4 cell line, the amount of TF resembled
the expression in fibrosarcoma cells [105]. Differences in expression among particular cell
lines can be associated with in vivo tumor behavior, a point Stokol and collaborators imply
is indispensable for further investigations [105].

4. Conclusions

In Vitro and in vivo studies concerning canine OSA metastasis provide information on
the specific biology and behavior of malignancies. Moreover, establishment of the specific
factors involved in this process enables a broad understanding of its molecular mechanisms,
effects on specific steps of the metastatic cascade, and may assist in the revelation of new
therapeutic strategies in metastatic disease. Several proteins were examined for their role
in the metastatic cascade of canine OSA (Table 1) in vitro or/and in vivo, using either
induced animal models or a spontaneous canine model of the disease. The present review
summarizes the results of up-to-date knowledge on genes and proteins potentially involved
in canine OSA metastasis and points to further directions investigators should consider
following to truly understand the molecular pathways involved in canine OSA metastasis.
The strongest evidence evaluating both in vitro and in vivo studies presented for proteins
involved a particular step of the metastasis cascade: EGFR for neoplastic cell migration;
HGEF-SF and Met-receptor for invasion; and ANp63, ezrin, p-ERM, Snail2, miR-9, and
miR-34a for both migration and invasion. Further validation of in vitro results (on several
metastatic cell lines) with in vivo methods (with a large enough sample size) is needed
to portray all steps of the canine OSA metastatic process and to further develop novel
therapeutic strategies.
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Table 1. Proteins and genes potentially involved in canine OSA metastasis evaluated with particular in vitro and/or in vivo methods.

] In Vitro In Vivo Step(s) of the Metastatic
Protein/Gene C d
Method Cell Lines Method Samples ascade
qRT-PCR;
WB; . . . invasion;
p63 TIA; Abrams, OSAS8, OSA16, D17 [23]  necropsy and light microscopy [23] SCID mice [23] migration [23]
quantitative migration assay; & -
WHA [23]
Annexins peptide fingerprinting [35] HMPOS, POS [35] - - Invasi(l)gé rlrg%r ation
peptide fingerprinting;
WE; ntan 1 rrin
CD147 flow cytometry; HMPOS, POS [35] THC [35] SpOTIANEoUsTy OCCUTTING Invasion [72,73]
- canine osteosarcoma [35]
confocal microscopy;
THC [35]
peptide fingerprinting [35];
Collagen WHA [35,77]; nano-Le-MS/MS HMPOS, POS [35,77] - - Migration [77]
analysis, parallel reaction monitoring
(pRM) MS, WB [77]
directional migration assay [92,93]
RT-PCR; POS, HMPOS, COS31, Buck, D17 ntan I rrin,
CXCR-4 WB; ' ’ s PUCK THC [92] SpONIANEOUsTy OCCUTTING Migration [92,93]
a [92] K003 [93] canine osteosarcoma [92]
ow cytometry;
THC [92]
WB; COS31, HMPOS, POS, D17, tissue microarray; spontaneously occurrin
EGFR THC; KOS-001, KOS-002, KOS-003, THC; anine osteosZrcoma : 43g] Migration [63]
qRT-PCR [43] KOS-004 [43] qRT-PCR [43]
. Matrigel IA MC-KOSA, SK-KOSA, BW-KOSA . .
Eéﬁrl\‘/[ qRT-PCR; [68] KOS-001, KOS-002, KOS-003, hecro I;{(;fsz 8] SCID mlcen[jczg EQ]LB/ cnude 4 asion; migration [68]
P WHA [82] KOS-004 [82] psys 192,6- -
HGEF-SF Matrigel IA [58,60; D17 [58,60], D22 [60] Abrams, Grey Northern.blot spontaneously occurring .
analysis; . Invasion [58,60]
canine osteosarcoma [59]

Northern blot;
Met receptor GRT-PCR [58]; [58] THC [59]




Int. J. Mol. Sci. 2021, 22, 3639

13 of 18

Table 1. Cont.

. In Vitro In Vivo Step(s) of the Metastatic
Protein/Gene C d
Method Cell Lines Method Samples ascade
Matrigel IA;
IGF-1 ’ Abrams, Grey, D17 [42], SK-KOSA, Necropsy; . . .
: WB; _ : . . athymic nude mice [42] Invasion [42,68]
IGF1-R qRT-PCR [42,68], Northern blot [42] MC-KOSA, BW-KOSA [68] karyotypic analysis; [42]
Inteorins peptide fingerprinting [35]; HMPOS, POS [35], MC-KOSA, ) ) invasion; migration
& RT-PCR [68] SK-KOSA, BW-KOSA [68] [66,68]
Matrigel IA;
. WHA,; . . . . .
miR-9 qRT-PCR; OSA8, OSA16 [97,98], OSA2, qRT-PCR [98] spontaneously occurring invasion, migration
miR-34a Nano-LC/MS/MS; OSA40, OSA50, Abrams, D17 [98] canine osteosarcoma [97] [97,98]
[97,98], WB [97]
WHA [28]; invasion, migration
Snail2 ¢ D17 [28], OSCA-8 [108] fluorescent microscopy [28] the CAM model; [28] [28,109], intravasation
qRT-PCR [108] [25]
WE; OSA8, OSA11M, OSA16, OSA29
STAT3 RT-PCR; ! . ’ ! - - Invasion [21]
OSA32, D17 [21]
gel zymography [21]
RT-PCR;
TF flow cytometry; HMPOS, D17, 0S2.4 [105] - - Invasion [110]
immunofluorescent microscopy [105]
TGFB WHA [53] HMPOS, Abrams, D17 [53] - - Imas“f?é Ié‘;igrahon
spontaneously occurrin survival of the tumor cells
TrKA - - THC [90] POl y & in metastatic tumor
canine osteosarcoma [90] . .
microenvironment [111]
peptide fingerprinting;
Vimentin confocal microscopy; HMPOS, POS [35] - - invasion, migration [41]
WB [35]
Migration [85,88],
YAP and TAZ migration transwell assay [88] D17, OVC-cOSA31, OVC-cOSA-7S, - - survival in circulation and

OVC-cOSA-78 [88]

at the secondary sites [86]
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Abbreviations

CAM chorioallantoic membrane

CID Collision-induced dissociation

CMV human cytomegalovirus

CT computed tomography

DFI disease-free interval

ECM extracellular matrix

EGFR epidermal growth factor receptor
EMMPRIN  extracellular matrix metalloproteinase inducer
EMT epithelial-mesenchymal transition
ERM ezrin/radixin/moesin

HGEF-SF hepatocyte growth factor-scatter factor
IA (Matrigel) invasion assay

IGF-1 insulin growth factor 1

IGF1-R insulin-like growth factor receptor 1
IHC immunohistochemistry

IL-8 interleukin-8

IL-11 interleukin-11

IT intratibial

v intravenous

KLF4 Kruppel-like factor 4

MiRNA micro RNA

MMPs metalloproteinases

MRI magnetic resonance imaging

mRNAs messenger RNAs

MS mass spectrometry

OSA osteosarcoma

OSM oncostatin M

p-ERM phosphorylated ezrin-radixin-moesin
PKC Protein Kinase C

qRT-PCR quantitative Real Time PCR

rhHGF recombinant human hepatocyte growth factor

SCID mice  severe combined immunodeficient mice
SEMA3E Semaphorin 3E

SiRNA silenced RNA

ST survival time

STAT3 signal transducer and activator of transcription 3
TF tissue factor

TGFp transforming growth factor beta

TWI transwell invasion

VEGF vascular endothelial growth factor

VEGFA vascular endothelial growth factor A

WB Western blot

WHA wound healing assay

YAP yes-associated protein
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Abstract: Canine osteosarcoma (OSA) is an aggressive bone neoplasia with high metastatic potential.
Metastasis is the main cause of death associated with OSA, and there is no current treatment available
for metastatic disease. Proteomic analyses, including matrix-assisted laser desorption/ionisation-time
of flight mass spectrometry (MALDI TOF/TOF MS), are widely used to select molecular targets
and identify proteins that may play a key role in primary tumours and at various steps of the
metastatic cascade. The main aim of this study was to identify proteins differently expressed in
canine OSA cell lines with different malignancy phenotypes (OSCA-8 and OSCA-32) compared
to canine osteoblasts (CnOb). The intermediate aim of the study was to compare canine OSA cell
migration capacity and assess its correlation with the malignancy phenotypes of each cell line. Using
MALDI-TOF/TOF MS analyses, we identified eight proteins that were significantly differentially
expressed (p < 0.05) in canine OSA cell lines compared to CnOb: cilia- and flagella-associated
protein 298 (CFAP298), general transcription factor II-I (GTF2I), mirror-image polydactyly gene 1
protein (MIPOL1), alpha-2 macroglobulin (A2M), phosphoglycerate mutase 1 (PGAM1), ubiquitin
(UB2L6), ectodysplasin-A receptor-associated adapter protein (EDARADD), and leucine-rich-repeat-
containing protein 72 (LRRC72). Using the Simple Western technique, we confirmed high A2M
expression in CnOb compared to OSCA-8 and OSCA-32 cell lines (with intermediate and low
A2M expression, respectively). Then, we confirmed the role of A2M in cancer cell migration by
demonstrating significantly inhibited OSA cell migration by treatment with A2M (both at 10 and
30 mM concentrations after 12 and 24 h) in a wound-healing assay. This study may be the first report
indicating A2M’s role in OSA cell metastasis; however, further in vitro and in vivo studies are needed
to confirm its possible role as an anti-metastatic agent in this malignancy.

Keywords: A2M; canine osteosarcoma; MALDI-TOF/TOF MS; Simple Western; wound-healing assay

1. Introduction

Osteosarcoma (OSA) is a mesenchymal-derived malignancy and the most common
primary bone neoplasia in dogs [1]. The tumour is highly aggressive, and most affected
animals die due to lung metastasis within 3-12 months of diagnosis, despite treatment [2].
Currently, methods of canine OSA therapy include surgery (either limb amputation or limb-
sparing surgery), radiotherapy, and chemotherapy [3]. Currently, there are no available
methods for OSA metastasis treatment. The process of metastasis is complex and consists
of five main stages: (1) local invasion and migration, (2) intravasation, (3) survival during
circulation, (4) extravasation, and (5) outgrowth at a secondary site [4]. Knowledge of
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molecular targets for metastasis in OSA may enhance future treatment strategies. However,
little is known about the genes and proteins involved in each step of the metastatic cascade.
Evidence has been shown for the involvement of the epithelial growth factor receptor
(EGFR) in neoplastic cell migration; hepatocyte growth factor/scatter factor (HGF/SF)
and c-Met-receptor for invasion; and ANp63, ezrin, phosphorylated ezrin—radixin-moesin
(p-ERM), Snail2, miR-9, and miR-34a for both migration and invasion [5]. However, the
correlation between mRNA levels and protein concentrations remains typically poor and
may be associated with post-transcriptional, translational, and degradation regulation
and their role in determining protein concentrations [6,7]. Consequently, genome-wide
expression studies should be followed by analyses of particular protein products using
direct proteomics techniques, including mass spectrometry [7].

Matrix-assisted laser desorption/ionisation-time of flight spectrometry (MALDI-
TOF/TOF MS) is applied to the analysis of biomolecules including carbohydrates, DNA
chains, peptides, and proteins [8]. The method has been widely used in biology, especially
in identifying microorganisms [9]. This technique’s utility in canine and feline oncological
studies has been reported for canine mammary carcinomas and feline fibrosarcomas [10,11].
Klopfleisch et al. [10] identified 21 proteins that were significantly differentially expressed
in metastatic and non-metastatic canine mammary carcinomas. Most of these proteins are
associated with biological functions linked to metastatic spread such as cell adhesion, extra-
cellular matrix modulation, and hypoxia resistance, making them potentially new markers
for metastatic mammary carcinomas [10]. Zabielska-Koczywas et al. [11] identified three
significantly (p < 0.05) differentially expressed proteins (annexin A5 (ANXAS), annexin
A3 (ANXA3), and meiosis-specific nuclear structural protein 1 (MNS1)) in doxorubicin-
resistant fibrosarcomas compared to doxorubicin-sensitive ones, and claimed that they may
be involved in the chemotherapy resistance of feline fibrosarcomas. Our main aim for this
study was to identify proteins that are differentially expressed in canine OSA cell lines
(OSCA-8 and OSCA-32) with different phenotypes of aggressiveness, and CnOb. We also
sought to validate the roles of selected proteins in cancer cell migration, an important step
in the metastatic cascade. Our intermediate aim for this study was to compare OSCA-8 and
OSCA-32 cell migration capacity and assess their correlation with malignancy phenotypes
from each cell line. Our comprehensive proteomic analyses of OSA cells with different
molecular phenotypes of aggressiveness expanded our knowledge of tumour biology and
could be a first step toward targeted therapy [12]. To the best of our knowledge, we are
the first to perform proteomic analyses of canine OSA cell lines and CnOb using MALDI
TOF/TOF MS analyses.

2. Results
2.1. Proteins Differently Expressed in Canine OSA Cells in Comparison to Osteoblasts

Eight out of two thousand protein spots detected in the process of two-dimensional
electrophoresis (2DE) were selected and identified using MALDI TOF/TOF MS analy-
ses as significantly differentially expressed (p < 0.05) in canine OSA cell lines (OSCA-8
and OSCA-32) compared to CnOb (Table 1). Two of these, cilia- and flagella-associated
protein 298 (CFAP298) and general transcription factor II-I (GTF2I), were upregulated in
OSA cell lines, while six proteins, namely mirror-image polydactyly 1 protein (MIPOL1),
alpha-2-macroglobulin (A2M), phosphoglycerate mutase 1 (PGAM1), ubiquitin (UB2L6),
ectodysplasin-A receptor-associated adapter protein (EDARADD), and leucine-rich-repeat-
containing protein 72 (LRRC72), were downregulated in OSA cells compared to the control
(Figures 1 and 2). Figure 1 shows an example of polyacrylamide gel with marked spots.
The top-scoring results were obtained from species including humans (Homo sapiens), mice
(Mus musculus), and domestic cattle (Bos taurus). These results can be explained by the
limited availability of dog sequences in the Swiss-Prot database used in our research
(www.uniprot.org, accessed on 3 December 2020).
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Table 1. Significantly (p < 0.05) differentially expressed proteins in canine osteosarcoma cells
(for OSCA-8 and OSCA-32 cell lines) versus canine osteoblasts (CnOb) identified using MALDI-

TOF/TOF MS.
Accession MW Seq. Cov Rt Rt
. . . .
ID Protein Nl'lmber Score Match (Da) ** pI Modif. (%) CnOb/OSCA-32 CnOb/OSCA-8
(UniProtKB)
1 Ubiquitin/ISG15- 014933 95 6 17757 771 C,Ac Ox 26 0.664 0.383
conjugating enzyme E2
2 Leucine-rich-repeat- A6NJI9 150 14 33,863 8.91 C, Ac, Ox 36 0.471 0.287
containing protein 72
3 General transcription A7MB80 84 13 110569  7.13 C, Ac, Ox 14 414 8.65
factor II-I
Cilia- and
4 flagella-associated P57076 68 10 33,374 6.99 C, Ac 27 3.78 6.46
protein 298
5 M‘”“"Tage polydactyly Q8TD10 105 11 51,847 5.55 C, Ac, Ox 17 0.56 0.60
protein
6 Alpha-2-macroglobulin Q7SIH1 158 14 168,953 5.71 C, Ac, Ox 17 0.19 0.48
Int. ] Mol. Sci. @&éd;épl’éﬁpg PEER REVIEW 30f18
receptor-associated adapter Q8VHX?2 74 5 24 251 5.04 C,Ac O 33 059 023
protein
8 Phosphoglycerate mutase 1 Q3SZ62 77 10 28,852 6.67 C, Ac, Ox 37 0.71 0.64
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Figure 1. Polyacrylamide gel with eight red-marked protein spots which were selected as significantly
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2.2. Expression of A2M Protein in Canine OSA Cell Lines and CnOb

Primary antibody validation for the Simple Western technique, including antibody
saturation and protein linear range assessment, is essential for performing protein ex-
pression analyses. The primary A2M antibody MAB1938 (Bio-Techne, Minneapolis, MN,
USA) saturation reached a minimum of 90% using a dilution of 1:6.25. The protein linear
range was assessed for all samples (OSCA-8, OSCA-32, and CnOb) with a 1:6.25 antibody
concentration between 0.2 and 0.5 mg/mL (Supplementary Figure S1). The Simple Western
analyses showed high A2M expression in CnOb, and low and intermediate A2M expression

Int. ]. Mol. Sci. 2024, 25, x FOR PEER REYHEAOSCA-32 and OSCA-8 cell lines, respectively (Figure 3). The positive conteblfor
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human errors during the analyses), reproducibility, ease of use, and the quantification of
protein expression [24]. In our studies, MALDI-TOF/TOF MS analysis revealed different
expressions in eight proteins of OSA cells compared to CnOb (Figure 2, Table 1), out of
which the qualitative Simple Western technique further confirmed the lower expression of
A2M in canine OSA cells compared to osteoblasts (Figure 3).

Alpha-2-macroglobulin (A2M) is a plasma protein that modulates the activity of pro-
teases by inhibiting them [25]. A2M protein has the molecular structure of tetramers, and
its identical subunits have a molecular weight of approximately 179,000 Da, including the
carbohydrate groups [26,27]. For human samples in the Simple Western method, a specific
band was detected for A2M at approximately 178 kDa [Simple Western™ producer guide-
lines: https:/ /www.rndsystems.com/products/human-alpha-2-macroglobulin-antibody-
257316_mab1938#product-citations, accessed on 15 March 2021]. The main characteristic
region of A2M proteins is called the “bait region”, which contains cleavage sites for differ-
ent proteinases. However, A2M may exhibit differences in molecular weight, depending
on heating and reduced conditions during in vitro procedures [28]. The mass of A2M
may vary according to specific post-translational modifications such as glycosylation or
disulphide bond creation.

A2M modulates cell proliferation and may function as a hormone, immune modulator,
and cytokine [25]. Recently, A2M has been shown to influence tumour cell adhesion, mi-
gration, and growth by inhibiting tumour-promoting signalling pathways, e.g., PI3K/AKT
and SMAD, and upregulating PTEN [29]. Lindner et al. [30] described human astrocytoma
cells” dependence on migration and invasion upon exposure to A2M in serial concentra-
tions, where a negative correlation between the A2M concentration and migration and
invasion rates was observed. According to the authors, the malignant properties of the
tumour can be inhibited by acting on the low-density lipoprotein receptor-related protein 1
(LRP1), which is a receptor for A2M. A probable mechanism for A2M cancer cell migration
inhibition in astrocytoma cells may be related to impeding the Wnt/beta-catenin signalling
pathway [30].

Moreover, A2M-inactivated proteolytic enzymes, including plasmin, urokinase-type
plasminogen activators, and metalloproteases, have demonstrated involvement in the tu-
mour invasion process [31-33]. Additionally, Amini et al. [34] established A2M expression
in hibernating common carp plasma (HCCP) using real-time quantitative reverse tran-
scription polymerase chain reaction and assessed its influence on murine melanoma cell
functions, including migration. Cells treated with HCCP showed a higher inhibitory effect
on migration compared to the control. According to the authors, HCCP (characterised
by the increased expression of A2M) had significant anti-migration efficacy and may be
considered a novel therapeutic agent for cancer treatment [34]. In both in vitro and in vivo
studies, Lee et al. [35] showed that the downregulation of A2M and decreased A2M protein
expression levels were positively correlated with decreased ADAM metallopeptidase with
thrombospondin type 1 motif 1 (ADAMTS1). Moreover, bioinformatics analyses suggest
that both A2M and ADAMTSI1 expressions are correlated with more aggressive pheno-
types of lung adenocarcinoma. Similar to our studies, low A2M expression was shown
in adenocarcinoma tissues compared to healthy ones. A2M was shown to play a role
in activating the epithelial-mesenchymal transition (EMT) and promoting metastasis in
lung adenocarcinoma. A2M expression was negatively correlated with patients” overall
survival [35]. Zhang and collaborators described A2M downregulation in intrahepatic
cholangiocarcinoma (ICC) compared to normal bile duct tissue, suggesting this gene’s po-
tential utility as an adverse prognostic factor [25]. Moreover, the authors suggested that the
positive relation between A2M overexpression and better prognosis for patients suffering
from ICC indicated that A2M may be a potential drug used for cancer treatment [25]. Our
first attempt at inhibiting canine OSA cell migration by adding A2M both at 10 mM and
30 mM (Figure 4) is the first promising result for A2M’s future use in veterinary oncology.

On the other hand, in human primary and metastatic OSA, A2M was shown to be
upregulated [36,37]. Liu et al. suggested that A2M may act as oncogene and be consistently
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involved in the pathophysiological process of human osteosaroma [36], suggesting that,
together with LRP1, it may be considered as potential therapeutic targets [37].

To the best of our knowledge, the present study is the first to establish lower A2M
expression in canine OSA cells compared to normal osteoblasts and demonstrate its possible
anti-migration capacity in wound-healing assays. The significant (p < 0.05 or p < 0.001)
inhibition of canine OSA cell migration by adding either 10 mM or 30 mM A2M for
both 12 h and 24 h cell culture demonstrates A2M’s potential as a therapeutic agent for
metastatic canine OSA. However, A2M’s influence on the metastatic process of canine
OSA, including the possible molecular mechanisms of inhibiting cancer cell migration,
invasion, and proliferation, as well as its potential role in future antimetastatic therapies,
require further in vitro and in vivo investigations. Further investigations should include
the following: multidirectional studies on the molecular mechanism of A2M'’s inhibition
of migration, invasiveness and tumorgenesis, which, according to the current knowledge,
is probably related to upregulation of LRP1 and frizzled receptor (FZD); the inhibition
of the expression of Wnt ligands and, hence, the autocrine activation of Wnt/3-catenin
signalling; and the relocation of beta cathenin and the induction of cellular cadherins,
which act as tumor supressors [30]. There is also evidence that A2M regulates tumor cell
growth by upregulating PTEN and inhibiting tumour-promoting signalling pathways such
as PI3K/AKT and SMAD, making A2M a promising anticancer drug which should also be
further assessed [25].

4. Materials and Methods
4.1. Cell Lines

Two canine OSA cell lines (OSCA-8 and OSCA-32) (Kerafast, Boston, MA, USA) and
primary CnOb (Cell Applications, San Diego, CA, USA) were used in this study. The
OSCA-8 cell line was derived from the left shoulder tumour of an intact 1-year-old male
Rottweiler. The gene expression profile of this cell line was consistent with that established
in the most malignant molecular phenotype of OSA [38,39]. The OSCA-32 cell line was
derived from a tumour in the left wrist of a 9-year-old spayed female Great Pyrenees. The
gene expression profile of the OSCA-32 cell line was consistent with that established in the
less aggressive molecular phenotype of OSA [38,40].

CnOb obtained from normal healthy canine bones were used as a negative control.

4.2. Cell Culture

Osteosarcoma cells (OSCA-8 and OSCA-32—passages 12 and 15) were cultivated un-
der aseptic conditions in sterile chambers with laminar air flow using Dulbecco’s Modified
Eagle Medium (DMEM, Gibco, Waltham, MA, USA) supplemented with 10% foetal bovine
serum (FBS, Life Technologies, Gibco, Waltham, MA, USA) and antibiotics (Primocin—
InvivoGen, Waltham, MA, USA, and penicillin-streptomycin 100x solution—HyClone™,
Marlborough, MA, USA) and 1% HEPES buffer (HyClone™, USA), while CnOb (passage 7)
were grown using Canine Osteoblast Growth Medium (Cell Applications, San Diego, CA,
USA) supplemented with 10% FBS (Life Technologies, Gibco, Waltham, MA, USA) and
antibiotics (Primocin—InvivoGen, Waltham, MA, USA) and penicillin-streptomycin 100 x
solution—HyClone™, Marlborough, MA, USA). Cultures were grown in a CO, incubator
under standard conditions (37 °C, 5% CO,, 95% humidity). All experiments were per-
formed when the cells, in the logarithmic growth phase, reached 75-80% confluence. Cell
viability was assessed with trypan blue using an Invitrogen Countess II automatic cell
counter (Thermo Fisher, Waltham, MA, USA).

4.3. 2DE Electrophoresis and MALDI-TOF/TOF MS Analysis
4.3.1. Protein Isolation, Cleaning, and Precipitation
The homogenisation and isolation of the proteins contained in cell pellets (OSCA-8,

OSCA-32, CnOb, n = 7 per group) were performed using a solution containing RIPA buffer
(Sigma-Aldrich, Saint Louis, MO, USA) and a protease inhibitor cocktail (Sigma-Aldrich,
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Saint Louis, MO, USA). In detail, the cell suspension in the test tube was centrifuged
(300% g, 3 min, room temperature (RT)) and resuspended in 1.5 mL of phosphate-buffered
saline (PBS) (Gibco, Waltham, MA, USA). A suspension originating from one culture flask
was divided into three samples of 0.5 mL and centrifuged (300x g, 3 min, RT). Protease
Inhibitor Cocktail and RIPA buffer were mixed in a proportion of 1:100. The supernatant
was removed and 200 pL of RIPA buffer /protease inhibitor cocktail solution was added.
After being vortexed (3%, 5 s every 5 min), the solutions were centrifuged (16,400 x g, 15 min,
4 °C). A spectrophotometric method was used to determine the protein concentration using
Maestro Nano (Maestrogen, Xinzhu, Taiwan) equipment, which measured the absorbance
at 280 nm. Measurements were performed according to the manufacturer by dropping
two microliters and transmitting an optical beam by passing a beam of electromagnetic
radiation towards the blank solution.

4.3.2. Two-Dimensional Gel Electrophoresis (2DE)

For the first dimension of electrophoresis, isoelectric focusing was performed. Pellets
containing 200 pg of protein were dissolved in a rehydration buffer (Bio-Rad, Warsaw,
Poland). The obtained protein solutions were applied to a rehydration plate (Hoefer IEF100,
Hoefer, Inc., Holliston, MA, USA) and covered with 17 cm of immobilised pH gradient
(IPG) linear strips for isoelectric focusing (pH 3-10, Bio-Rad, Warsaw, Poland). After 12 h of
rehydration, strips with soaked proteins were transferred to an IEF-100 Hoefer apparatus
(Hoefer IEF100, Hoefer, Inc., Holliston, MA, USA) for focusing. Afterwards, strips were
equilibrated in dithiothreitol (1.30 mM) and iodoacetamide (1.35 mM) solutions.

For the second dimension, gel electrophoresis was performed with a 12.5% polyacry-
lamide gel using a Bio-Rad PROTEAN II xi Cell chamber. The conditions for vertical
separation were as follows: 600 V, 30 mA, 30 W per gel. The electrophoretic chamber
was filled with 0.025 M Tris/glycine buffer pH 8.3. Following protein electrophoretic
separation, proteins were silver-stained, with silver nitrate used for impregnation along
with formaldehyde for reduction, and the proteins were then scanned using an Image
Scanner III (GE Healthcare, Chicago, IL, USA). The gel images were analysed in Delta2D
(DECODON, Greifswald, Germany) software for statistical (one-way ANOVA, p < 0.05)
and graphical analyses, including manual selection of false positive and false negative
spots. The selected protein spots were removed from the polyacrylamide gel with a scalpel,
transferred to microtubes, rinsed with water, and discoloured. Reduction and alkylation
were performed with dithiothreitol and iodoacetamide, respectively. The gel pieces were
digested by trypsin according to the manufacturer’s instructions (Trypsin Gold, Promega,
Madison, WI, USA) in 50 mM of an ammonium bicarbonate water solution environment
for 12 h in an incubator (37 °C). Proteins were extracted from gels with a 50:45:5 acetonitrile
solution (Merck, Rahway, NJ, USA), water, and trifluoroacetone acid (Merck, Rahway, NJ,
USA) using an ultrasonic bath at room temperature. The extraction was repeated three
times, and every step lasted 15 min. Finally, extracts were concentrated in a CentriVap
(Labconco local seller A.G.A Analytical, Warsaw, Poland). The obtained peptide pellets
were dissolved in 10 pL of 0.1% trifluoroacetone acid and purified using Sample Prep
Pipette Tips (ZipTip 0.2 uL, C18, Millipore, Merck, Rahway, NJ, USA).

4.3.3. MALDI-TOF/TOF MS Analysis

We performed a MALDI-TOF/TOF MS analysis by applying 1 uL of a purified pro-
tein sample to an AnchorChip detection plate. Then, when the sample was completely
dry, 1 puL of the x-cyano-4-hydroxycinnamic acid (Bruker, Bremen, Germany) matrix
was used for covering sample spots. At the same time, 0.5 uL of a peptide standard
was spotted on the calibration field (Peptide Calibration Standard II, Bruker, Bremen,
Germany). Mass spectra were recorded in the range of 700-4000 Da using a MALDI-
TOF/TOF spectrometer (Ultraflextreme MALDI TOF/TOF, Bruker, Bremen, Germany)
and flex Control 3.3 software (Bruker, Bremen, Germany). Next, using flex Analysis 3.0
software (Bruker, Bremen, Germany), a list of peaks with signal-to-noise ratios >3 was
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created. After removing environmental contaminants, the peak list was transferred to
BioTools 3.2 (Bruker, Bremen, Germany) and compared to Mascot 2.2 using a Swiss-Prot
database [https:/ /www.uniprot.org/, accessed on 20 December 2020]. The results of the
MALDI-TOF/TOF MS analysis were assessed using the following criteria from previ-
ously established protocols [10,11]: p < 0.05, Mascot Score > 61, Rt OSCA-8/CnOb and
OSCA-32/CnOb <0.67 or >1.5, according to previously published protocols.

4.4. Validation of Protein Expression Using Simple Western
4.4.1. Protein Isolation, Cleaning, and Precipitation

Homogenisation and isolation of the protein contained in the cell pellets (OSCA-8,
OSCA-32, CnOb, n = 3 per group) were performed in the same manner as described
in Section 4.3.1. The homogenates were analysed for protein concentration using the
bicinchoninic acid assay (BCA) method. The BCA reagent was prepared according to
the manufacturer’s protocol for the BCA Protein Assay Kit (Abcam, Cambridge, UK).
On a 96-well plate, 200 puL of the BCA reagent and 10 uL of protein homogenate were
applied to each well (three technical replicates for each sample). To prepare the standard
curve, we used a starting concentration of 1 mg/mL of bovine serum albumin (BSA,
Sigma-Aldrich). In the standard curve, the following concentrations of BSA /RIPA solution
were used: 0, 200, 400x, 600x, 800x, and 1000x. A spectrophotometric analysis was
performed at a temperature of 37 °C and wavelength of 562 nm using an Infinite 200 PRO
M Nano Plate Reader (Tecan, Zurich, Switzerland) with Tecan I-Control 2.0 Software (Tecan,
Zurich, Switzerland).

4.4.2. Qualitative Protein Expression Analyses

A2M expression detected with MALDI TOF/TOF MS analysis was validated by the
Simple Western technique using a Jess analyser (Protein Simple, Minneapolis, MN, USA).
Standard pack reagents were prepared according to Jess guidelines with reagents from the
EZ Standard Pack (Bio-Techne, Minneapolis, MN, USA). The EZ Standard Pack 12-230 kDa
(Bio-Techne, Minneapolis, MN, USA) contains a ready-to-use biotinylated ladder, a fluo-
rescent 5x master mix, and a DTT solution. In a clear tube, DTT was mixed with 40 pL of
deionised water to produce a 400 mM solution. The master mix was mixed with 20 uL of
sample buffer and 20 pL of prepared 400 mM DTT solution. The optimal protein concen-
tration depends on the expression level of the assessed protein. The protein homogenates
were mixed with a sample diluent: 0.1x sample buffer (Bio-Techne, Minneapolis, MN,
USA). One part of the 5x fluorescent master mix was combined with four parts of diluted
lysate in a microcentrifuge tube. Denaturation of the samples was performed at 95 °C for
5 min. In the next step, the samples were vortexed, spun for 10 s and at 3000 rpm/min
and then stored on ice. Primary antibody anti-human alpha-2-macroglobulin MAB1938
(Bio-Techne, Minneapolis, MN, USA) was prepared and diluted with Antibody Diluent 2
(Bio-Techne, Minneapolis, MN, USA). A luminol-S and peroxide mix (in 1:1 proportion)
was vortexed and stored on ice. All of the reagents, including a secondary anti-mouse
antibody (Bio-Techne, Minneapolis, MN, USA), were applied to the 12-230 kDa separation
module according to manufacturer guidelines.

Linear Range of Proteins and Primary Antibody Saturation Assessment

Before performing the main part of the experiment, the linear range of the proteins and
90% saturation of the primary antibody were determined to ensure the proper antibody and
sample concentrations for A2M expression analyses. The following protein concentrations
were used in each sample to assess the linear range of the proteins: 0.1; 0.2; 0.4; 0.5;
and 0.6 mg/mL.

The concentration of anti A2M antibody MAB1938 (Bio-Techne, Minneapolis, MN,
USA) was used in the following antibody dilutions for antibody saturation assessment:
1:6.25; 1:12.5; 1:50; 1:100; 1:200; and 1:400.
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4.5. Migration Rate Assessment in Canine OSA Cell Lines Treated with A2M

Cells were seeded in culture inserts (2-well Ibidi culture inserts, Ibidi GmbH, Grafelf-
ing, Germany) at a density of 3 x 10* cells in each well. When around 90% confluence was
reached, the culture inserts were removed. In the next step, the medium was removed, and
mitomycin C (Abcam, Cambridge, UK) was added to a final concentration of 10 ug/mL.
Cell monolayers were incubated at 37 °C under standard conditions. After 3 h of incuba-
tion, the medium with mitomycin C was replaced with a serum-free medium in the control
group, and an A2M-enriched medium was used in the second and third groups, with con-
centrations of 10 mM and 30 mM, respectively. Mitomycin C is a DNA synthesis inhibitor
used for cell migration assessment. It ensures minimal loss of viability and maximizes the
inhibition of cell division. Cells pre-treated with MMC inhibit cell proliferation, eliminating
the contribution of those cells to wound closure and enabling cancer cell migration to
truly be assessed [41,42]. To detect cancer cell migration, in the case of adherent cells,
such as in our study, the cells need to bind to the bottom of the wells, and proliferation
needs to be inhibited so that migration can be assessed [41]. Images of cells migrating
within the scratch were captured at specific time points (t0 = 0, t1 = 12 h, t2 = 24 h) using
an inverted microscope (Primovert, Zeiss, Munich, Germany) at 4x magnification. The
captured figures were analyzed afterwards using Zen Pro 2012 (Zeiss, Munich, Germany),
and cancer cell migration was evaluated by calculating the distance between the edges of
the scratches (100 measurements for each scratch) according to the procedure described
by Rodriguez et al. [43]. The experiment was repeated in triplicate. The wound-healing
assay was also used to compare the migration rate of the canine OSA cell lines OSCA-8 and
OSCA-32 to the migration rate of the CnOb. The experiment was performed in the same
manner as described above, but in a serum-free medium for all groups.

5. Conclusions

Using MALDI-TOF/TOF MS analysis, eight proteins (GTF2I, MIPOL-1, CFAP298,
PGAM]1, UB2L6, EDARADD, LRRC72, and A2M) were found to be significantly differen-
tially (p < 0.05) expressed in canine OSA cell lines (both OSCA-8 and OSCA-32) compared
to CnOb. CFAP298 and GTF2I were upregulated, whereas MIPOL-1, PGAM1, UB2L6,
EDARADD, LRRC72, and A2M were downregulated in OSA cells. The downregulated
expression of A2M proteins was subsequently confirmed with a Simple Western qualitative
analysis. The wound-healing assay results revealed a positive correlation between the
malignant phenotype of OSA cells and the migration rate of canine OSA cells within the
first 12 h. Moreover, we established a negative correlation between the migration rate of
canine OSA cells treated with A2M, demonstrating that A2M acts as a migration inhibitor
of canine OSA cells. This study may be the first report indicating A2M’s possible use in
canine OSA cell metastasis treatment. However, further in vitro and in vivo studies are
needed to confirm whether A2M can also act as an anti-metastatic agent in this malignancy.
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TGEp Transforming growth factor beta
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Abstract

Osteosarcoma (OSA) is the most common primary bone malignancy in dogs, characterized
by aggressive growth and high metastatic potential. Despite advances in treatment, the
prognosis for affected animals remains poor, mainly due to metastatic disease. Metastasis
is a complex process that involves forming new blood vessels in the primary tumor (an-
giogenesis), intravasation, the transport of cancer cells to other locations, extravasation,
and the growth of cancer cells in the secondary site. Gold nanoparticles (AuNPs), due to
their unique physicochemical properties, are considered promising tools in cancer therapy,
both as drug delivery systems and potential anti-metastatic agents. Previously, it has been
demonstrated that 500 ug/mL glutathione-stabilized gold nanoparticles (Au-GSH NPs) in-
hibit cancer cell extravasation—one of the steps of the metastatic cascade. This study aimed
to evaluate the anti-metastatic properties of Au-GSH NPs through their influence on OSA
cell migration, proliferation, and colony formation in vitro, as well as their antiangiogenic
properties on the chick embryo chorioallantoic (CAM) model. Additionally, we investi-
gated whether these effects are associated with changes in alpha-2-macroglobulin (A2M)
expression, as it was previously demonstrated to play an essential role in the metastatic
cascade. Au-GSH NPs significantly inhibited migration and colony formation in canine
osteosarcoma cells (from OSCA-8, OSCA-32, and D-17 cell lines) at 200 ng/mL concen-
trations. Interestingly, at 500 ug/mL, Au-GSH NPs inhibited angiogenesis on the CAM
model and cancer cell migration, but fewer colonies were formed. These results may be
directly related to the higher efficiency of Au-GSH NPs uptake by OSA cells at the dose
of 200 pug/mL than at the dose of 500 pg/mL, as demonstrated using Microwave Plasma
Atomic Emission Spectroscopy (MP-AES). Moreover, this is the first study that demon-
strates a significant increase in A2M expression in cancer cells after Au-GSH NPs treatment.
This study provides new insight into the potential use of Au-GSH NPs as anti-metastatic
agents in canine osteosarcoma, indicating that their anti-metastatic properties may be
related to A2M. However, further in vitro and in vivo studies are needed to explore the
molecular mechanism underlying these effects and to evaluate the clinical relevance of
AuNPs in veterinary oncology.
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1. Introduction

Osteosarcoma (OSA) is the most common bone malignancy in dogs, accounting for
80-90% of primary bone tumors [1]. It is characterized by aggressive growth and a tendency
to metastasize, most often to the lungs, the bones, and other visceral organs such as the
spleen and liver [2]. Metastasis is a complex process, which includes five key stages:
1. the formation of new blood vessels within the primary tumor, 2. local invasion and
subsequent entry into the blood vessels (intravasation), 3. transport and lodging in the
vessels at the secondary site, 4. exit from the vessels (extravasation) and migration, and
5. growth at the secondary site [3]. OSA treatment typically involves a combination of
surgery, chemotherapy, and radiotherapy, although the prognosis remains poor [4]. Despite
advances in diagnostics and therapy, the median survival time of dogs with osteosarcoma
treated by amputation and following chemotherapy is approximately 284 days [5].

Nanomedicine shows great potential in oncology. Recent advances in nanobiotech-
nology have produced nanocarrier systems for targeted drug delivery in cancer therapy,
enhancing treatment outcomes and reducing side effects [6]. Nanoparticle-based therapies
act through either passive or active targeting. Passive targeting relies on the enhanced
permeability and retention (EPR) effect, which occurs due to the abnormal structure of
tumor blood vessels and impaired lymphatic drainage. These factors allow nanoparticles to
accumulate in tumor tissues, increasing drug concentration at the target site while minimiz-
ing systemic adverse effects [7]. Active targeting involves modifying nanoparticles with
specific biomolecules such as ligands, antibodies, or peptides. These molecules selectively
bind to overexpressed receptors on cancer cells, promoting better cellular uptake and
enhancing the overall therapeutic effect [8].

Gold nanoparticles (AuNPs), due to their unique physicochemical properties, have
been used as drug delivery systems (DDSs) and anticancer agents with hyperthermia but
also as anti-metastatic agents. Among various AuNPs formulations, glutathione-stabilized
AuNPs (Au-GSH NPs) were selected for this study due to their ultrasmall core size (typ-
ically below 3 nm), and the use of glutathione—a naturally occurring tripeptide—as a
stabilizing ligand contributes significantly to their excellent aqueous dispersibility, low
immunogenicity, favorable biodistribution, and ability to inhibit canine osteosarcoma cell
extravasation, as previously demonstrated by our team [9]. Importantly, glutathione not
only serves as a capping and stabilizing agent but also plays a role in enhancing the redox
responsiveness of the nanoparticle surface, potentially enabling environment-sensitive be-
havior in biological systems. Additionally, the thiol-gold interaction forms strong covalent
bonds that ensure high structural stability under physiological conditions.

Recent studies in human cancer models have shown that AuNPs can modulate key
processes and aspects of metastasis development, including the epithelial-mesenchymal
transition (EMT), matrix metalloproteinases (MMPs), and intracellular signaling pathways
such as PI3K/AKT and Hippo. EMT is a crucial process in cancer progression that enables
tumor cells to gain migratory and invasive properties [10-12]. Li et al. described that AuNPs
improved the structure and function of tumor blood vessels, leading to increased blood flow
and reduced hypoxia within tumors [13]. Normalizing the tumor vasculature decreased the
intravasation of cancer cells and metastases. Additionally, AuNPs directly inhibited EMT by
decreasing the expression of mesenchymal markers like vimentin and increasing epithelial
markers such as E-cadherin. These combined effects resulted in a significant reduction in
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lung metastases in human melanoma models treated with AuNPs [13]. Gold nanorods
(Au NRs) can inhibit tumor invasion and metastasis by altering the structure of matrix
metalloproteinase-9 (MMP-9), a key enzyme in cancer progression. Their effectiveness
depends on the aspect ratio, with 3.3 being optimal for the maximum inhibition. Moreover,
Au NRs with an aspect ratio of 3.3 suppress X-ray-induced tumor invasion [14]. These
findings suggest that Au NRs could be developed as adjustable matrix metalloproteinase
(MMP) inhibitors for cancer treatment [14]. In recent studies, Matek et al. demonstrated
that Au-GSH NPs effectively inhibit the extravasation of canine OSA cells (from OSCA-8
and OSCA-32 cell lines) using the chick embryo chorioallantoic membrane (CAM) model,
indicating their potential as an agent against this crucial step of the metastatic cascade [9].

Furthermore, we previously demonstrated A2M’s role in the metastatic process in
canine OSA, and proteomic analysis revealed the significantly lower expression of the
A2M protein in two OSA cell lines (OSCA-8 and OSCA-32) compared to osteoblasts. A2M,
as a protease inhibitor, is involved in the degradation of extracellular matrix components,
a significant process in cancer cell invasion and metastasis [15]. Olbromski et al. inves-
tigated A2M expression in human cancers, including breast cancer (IDC), lung cancer
(NSCLC), and colorectal cancer (CC), revealing distinct patterns across different malignan-
cies. In IDC, A2M expression was elevated in tumor tissues and correlated with a higher
tumor grade and poorer survival, suggesting a role in cancer progression. In NSCLC, A2M
expression was decreased in tumor cells compared to non-malignant lung tissue, while its
receptor LRP1 was upregulated in the tumor stroma, indicating a potential compensatory
mechanism. In CC, A2M was increased in tumor tissues, similarly to IDC, but correlated
with better overall survival. These findings highlight the complex role of A2M in cancer
biology, with potential implications as a biomarker and therapeutic target, depending on
the tumor type [16].

The main aim of this study was to evaluate the influence of Au-GSH NPs on different
steps of the metastatic cascade: angiogenesis, migration, and colony formation for canine
osteosarcoma. The intermediate aim of this study was to assess whether its mechanism of
action is correlated with changes in A2M expression in OSA cells.

2. Results
2.1. Characterization of Synthesized Au-GSH NPs: Morphology and Colloidal Stability

The morphology and dispersion of the synthesized Au-GSH NPs were evaluated using
transmission electron microscopy (TEM). As presented in Figure 1, the nanoparticles exhibit
a predominantly spherical shape with a relatively uniform size distribution, reporting an
average diameter of 4.3 £ 1.1 nm (Figure 2). A zeta potential of —52.9 &+ 10.6 mV was
found for Au-GSH NPs, indicating a high surface charge that ensures strong electrostatic
repulsion between particles and prevents their aggregation. This value confirms the high
colloidal stability of the nanoparticle suspension in aqueous solution [17].

2.2. Au-GSH NPs Are Not Cytotoxic to Canine OSA Cells from D-17 Cell Line

D-17 cells treated with 500 ug/mL (the maximum concentration that does not induce
Au-GSH NP aggregation) Au-GSH NPs for 24 h under a contrast-phase microscope did not
exhibit any signs of changes in morphology in comparison to the non-treated control cells
(Figure 3). Both treated and untreated cells exhibit a similar elongated, spindle-like shape
with a comparable density and arrangement. There is no visible evidence of structural
damage, cell shrinkage, or detachment. Furthermore, the cell mortality assessed using the
Countess II automated cell counter with trypan blue exclusion did not exceed 20% at either
tested concentration (200 ng/mL and 500 ng/mL) in D-17 cells. For OSCA-32 and OSCA-8
cells, the same evaluations of morphology and viability were applied in a previous study
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by our team [9]. The analyses showed comparable results: no morphological changes or
cell mortality below 20%.

Figure 1. TEM images of Au-NPs stabilized with glutathione (Au-GSH NPs). The nanoparticles
exhibit a spherical shape and uniform size distribution. No significant aggregation was observed,
indicating the effective stabilization of the colloidal system. Scale bars: 25 nm.

40 + W Au-GSH NPs 40T W Au-GSH NPs.
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Figure 2. Size distribution histograms of the metallic core of Au-GSH nanoparticles (Au-GSH NPs).
The diameters were estimated based on the scale bars visible in the respective TEM images using
Image] software (version 1.51, 23 April 2018). The quantitative analysis illustrates the distribution of
nanoparticle sizes within the examined sample.

Figure 3. Phase-contrast microscopy images of D-17 cells treated with 500 pg/mL Au-GSH
NPs (A) vs. non-treated (B) D-17 cells, shown at 20 x magnification, scale bar 50 pum.

2.3. The Influence of Au-GSH NPs on the Migration Rate of the D-17, OSCA-8, and OSCA-32
Cell Lines

An in vitro wound-healing assay was used to analyze the influence of Au-GSH NPs
on D-17, OSCA-8, and OSCA-32 cell migration. Au-GSH NPs in both concentrations
(200 pg/mL and 500 pg/mL) significantly (p < 0.001 after 12 h and p < 0.001 after 24 h)
inhibited OSA cell migration in comparison to the untreated cells (Figures 46 and S1-S3).
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Figure 4. Bar graphs showing Au-GSH NP effects in two concentrations (200 pg/mL and 500 pg/mL)
on inhibiting the migration of canine osteosarcoma cells from the OSCA-32 cell line at (A) t0 (0 h),
(B) t1 (12 h), and (C) t2 (24 h). *** p < 0.001.

Figure 5. Bar graphs showing the Au-GSH NP effects in two concentrations (200 pg/mL and
500 pg/mL) on inhibiting the migration of canine osteosarcoma cells from the OSCA-8 cell line at
(A)t0 (0 h), (B) t1 (12 h), and (C) t2 (24 h). ** p < 0.001, ** p < 0.01.

Figure 6. Bar graphs showing the Au-GSH NP effects in two concentrations (200 pug/mL and
500 pg/mL) on inhibiting the migration of canine osteosarcoma cells from the D-17 cell line at (A) t0
(0h), (B) t1 (12 h), and (C) £2 (24 h). *** p < 0.001, ** p < 0.01.

2.4. Au-GSH NP Treatment Increases Expression of A2M Protein in Canine OSA Cells

Simple Western analysis revealed a highly significant increase in A2M expression in
OSCA-8 cells (p < 0.001) and a significant increase in OSCA-32 cells (p < 0.05) following
treatment with Au-GSH NPs, as compared to the non-treated groups (Figure 7).
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Figure 7. Bar graphs showing A2M expression in OSCA-8 (A) and OSCA-32 (B) cells following
treatment with Au-GSH NPs. A highly significant increase in A2M expression was observed in
OSCA-8 cells (*** p < 0.001), and a significant increase was detected in OSCA-32 cells (* p < 0.05),
compared to untreated control groups.

2.5. Au-GSH NPs Inhibit Angiogenesis in the CAM Assay with Canine OSA Cells

In the chick embryo CAM model, OSCA-32 treated with Au-GSH NPs demonstrated
an inhibitory effect on angiogenesis after 72 h (Figure 8F), compared to the negative control
with aqua pro injection (Figure 8B) and OSCA-8 alone, where newly formed small vessels
and hemorrhagic areas are clearly visible (Figure 8D).

Lens: 200.X100)

1000, Lens: 200100 9 1000,

Figure 8. Representative images of angiogenesis in the CAM assay following treatment with OSCA-
32 incubated with 500 pug/mL Au-GSH NPs. CAMs from the control group at T = 0 h (A) and
T =72h (B). CAMs treated with OSCA-32 cellsat T=0h (C) and T =72 h (D). CAMs treated with
OSCA-32 incubated with 500 ug/mL AuNPs at T = 0 h (E) and T = 72 h (F). Newly formed blood
vessels are indicated by an asterisk (*), and hemorrhagic areas are marked with the letter H.
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2.6. Au-GSH NP Effects on Canine OSA Cell Colony Formation

Au-GSH NPs in a concentration of 200 png/mL reduced the number of colonies com-
pared to untreated cells in all evaluated canine OSA cell lines (Figure 9B,E,H). Interestingly,
the concentration of 500 ug/mL Au-GSH NPs has no or a much lower effect on colony

formation in all tested cells (Figure 9C,EI).

Figure 9. Effects of Au-GSH NPs on OSA cell colony forming after t = 72 h. Untreated D-17 cells (A),
D-17 cells treated with 200 pg/mL Au-GSH NPs (B) and 500 pg/mL Au-GSH NPs (C); untreated
OSCA-8 cells (D), OSCA-8 cells treated with 200 pg/mL Au-GSH NPs (E) and 500 ug/mL Au-GSH
NPs (F); untreated OSCA-32 cells (G), OSCA-32 cells treated with 200 ug/mL Au-GSH NPs (H) and
500 pg/mL Au-GSH NPs (I).

2.7. Au-GSH NP Accumulation in OSA Cells

MP-AES was employed to measure nanoparticle uptake by OSA cells. After incubation
with Au-GSH NPs, the OSA cells were separated, rinsed, and analyzed to determine their
gold content. The average number of nanoparticles absorbed per cell was calculated using
the known nanoparticle size and gold content. The rinsing process effectively removed
unabsorbed Au-GSH NPs, as confirmed by filtrate analysis. The results, summarized in
Table 1, indicate that the OSCA-8, OSCA-32, and D-17 cell lines absorbed Au-GSH NPs.

The data presented in this table shows that the uptake of Au-GSH NPs by OSA cells
varies significantly depending on the cell line and the concentration of Au-GSH NPs
used. The highest level of absorption was observed in both OSCA-32 cells treated with
200 pg/mL Au-GSH NPs (11.79 £ 2.54%), while the lowest was found in D-17 cells treated
with 500 pg/mL Au-GSH NPs (0.47 £ 0.06%) (Table 1).
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Table 1. Uptake of Au-GSH NPs by OSA cells.

Cell Line Number of Au-GSH Au-GSH NPs

NPs/Cell Absorbed, %

OSCA-8 + Au-GSH NPs 200 ug/mL  1.80 x 10° £ 2.15 x 10° 10.51 & 5.99
OSCA-8 + Au-GSH NPs 500 ug/mL  3.05 x 10° + 2.53 x 10° 442 +1.85

OSCA-32 + Au-GSH NPs 200 pg/mL ~ 6.32 x 10° + 5.74 x 10° 11.79 4+ 2.54
OSCA-32 + Au-GSH NPs 500 pg/mL 447 x 10° + 7.74 x 10° 5.22 +£0.91
D-17 + Au-GSH NPs 200 pg/mL 251 x 10° 4 2.32 x 10° 2.38 £ 0.82
D-17 + Au-GSH NPs 500 pg/mL 2.47 x 10° £ 8.98 x 10° 0.47 + 0.06

3. Discussion

The inhibition of metastasis is considered the fundamental aim in oncological treat-
ment. AuNPs show promising potential as innovative agents for targeting and disrupting
these complex processes. One of the key physical factors that influence the interaction of
AuNPs with cancer cells and their efficacy in oncological applications includes their size [18].
Pan et al. determined that the cytotoxicity of AuNPs is size-dependent—small AuNPs
(1 to 2 nm in diameter) are highly toxic to cervix carcinoma epithelial cells and melanoma
cells, compared to non-toxic larger particles [19]. In this study, we did not observe any
toxic effects or morphology changes (Figure 2) of 4.3 & 1.1 nm at a dose of 500 ug/mL on
D-17 OSA cells (cell viability > 80%), which is consistent with our previous research on
the OSCA-32 and OSCA-8 cell lines and feline fibrosarcoma cell lines [9,20]. Besides the
possible toxic effect, the size of AuNPs significantly impacts their cellular uptake—smaller
AuNPs are more readily internalized by cells compared to larger ones [21].

The efficacy of AuNP-based therapies has been evaluated in terms of the steps of the
metastatic cascade in various human cancer studies [12,22-24]. In this study, we observed
the significant (p < 0.05 and p < 0.001) inhibition of canine OSA cell migration following
the treatment with 200 ug/mL and 500 ug/mL AuNDPs, respectively, in all tested cell lines
(Figures 3-5). Our results of the migration assessment are consistent with those described
in human oncological research. In human ovarian cancer, 20 nm AuNPs and 35 nm nuclear-
targeted AuNPs inhibited the migration and invasion of tumor cells [10,12]. Previously, our
team showed that Au-GSH NPs impact MMP2 expression in canine OSA cells [9]. In this
study, we demonstrated that Au-GSH NPs increase the expression of A2M in canine OSA
cells (Figure 9). A crucial feature of the A2M protein is its capacity to suppress a range
of proteases, including MMPs involved in extracellular matrix remodeling [25,26]. Our
study is the first one that demonstrates the influence of Au-GSH NPs on the increase in
A2M expression in OSA cells, indicating that A2M’s modulating mechanism may be one
of multiple interacting mechanisms of Au-GSH NPs’ anti-metastatic properties. Further
studies, including those on the role of Au-GSH NPs in A2M and ADAMTS]1 gene expression
and their potential application in anti-metastatic therapies, are needed in vitro and in vivo.

Another integral part of the metastatic cascade is angiogenesis. This process enables
the development of new blood vessels in the primary tumor. This mechanism is activated in
response to hypoxia in the tumor microenvironment, leading to the production of vascular
growth factors such as VEGEFE, which stimulate the formation of pathologically permeable
vessels, promoting both tumor growth and the ability of tumors to metastasize [27]. The
chorioallantoic membrane (CAM) model of chick embryos has been widely used for many
years in tumor angiogenesis research [28]. Our study demonstrated the antiangiogenic
properties of 500 ng/mL Au-GSH NPs in a canine OSA model (Figure 8). The inhibition
of angiogenesis may be linked to molecular mechanisms previously described for AuNPs,
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including the suppression of vascular endothelial growth factor (VEGF) expression, the
inhibition of VEGF receptor (VEGFR) signaling pathways, a reduction in MMP activity,
and the downregulation of key angiogenesis-related pathways such as PI3K/Akt and
MAPK/ERK. These mechanisms impair endothelial cell proliferation, migration, and new
vessel formation, contributing to the antiangiogenic effect [29].

Besides the metastatic cascade steps, the phenomenon of tumor proliferation (uncon-
trolled cell division) is a characteristic of cancer and an important driver of its progression.
Proliferation directly impacts tumor growth, progression, and the development of metas-
tases, making it an important focus in cancer research [30]. The colony formation assay
shows the ability of cancer cells to undergo clonal expansion and form a colony, providing
insights into the proliferative capacity of cancer cells and the efficacy of treatments [31].
Pendiuk et al. evaluated the negative correlation between the clonogenic capacity of human
melanoma cells and the treatment with ultrasmall AuNPs (~3 nm) stabilized by the anionic
polysaccharide gum arabic (GA-AuNPs) [32]. In our study, the observed effect of Au-GSH
NPs (Figure 9) contrasts with the dose-dependent correlation reported by Pendiuk and
collaborators [32]. Our findings reveal a more pronounced inhibition of colony formation
in canine OSA cells at a dose of 200 pg/mL compared to 500 ng/mL (Table 1), suggesting a
non-linear dose-response relationship. The results may be directly related to the higher
efficiency of Au-GSH NP uptake by OSA cells at the dose of 200 pg/mL than at the dose
of 500 pg/mL (Table 1). The highest Au-GSH NP accumulation visible for the OSCA-32
cell line at a concentration of 200 pug/mL corresponds to the highest inhibition of colony
formation (Figure 9H). However, the direct mechanism underlying the more effective inhi-
bition of colony formation at the lower dose of Au-GSH NPs in canine OSA cells remains
unknown and needs further exploration. Furthermore, the formation of a protein corona
on the surface of Au-GSH NPs cannot be excluded. When nanoparticles enter biological
fluids, they rapidly adsorb various proteins, forming a dynamic protein corona that can
significantly influence their biological identity and interactions with cells. The composition
and structure of this corona are known to affect cellular uptake mechanisms, biodistribu-
tion, and overall therapeutic efficacy. However, the specific role of the protein corona in
the uptake of AuNPs by cancer cells remains unclear and is not fully elucidated in the
current literature. Therefore, further studies are warranted to investigate the composition
of the protein corona formed on AuNPs under different physiological conditions and to
understand how it influences their interaction with cancer cells.

To the best of our knowledge, the present study is the first to demonstrate the influence
of Au-GSH NPs on canine OSA cells’ migration, angiogenesis, and colony formation.
However, the limitations of this study include the small number of cell lines analyzed
during testing. The cell lines used in this study represent osteosarcoma models with varying
degrees of aggressiveness and are the only commercially available canine OSA cell lines.
Based on the available literature and molecular profiling, OSCA-8 is considered to exhibit
a highly aggressive phenotype, while OSCA-32 and D-17 are classified as moderately
aggressive [33,34]. Additional derived OSA cell lines with confirmed in vivo metastatic
capacity, such as Abrams or TOT, should be included in future investigations to enhance
the reliability of the obtained results and increase the power of statistical analyses [35].
Additionally, this study was restricted to in vitro and in ovo models, without in vivo
validation, and focused only on selected steps of the metastatic cascade. It is necessary
to emphasize that these are preliminary results, and further investigations are required
to fully understand the therapeutic potential of Au-GSH NPs and their mechanism of
anti-metastatic action in canine osteosarcoma.
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4. Materials and Methods
4.1. Cell Culture

Three canine OSA cell lines, OSCA-8, OSCA-32 (Kerafast, Boston, MA, USA), and
D-17 (ATCC, Manassas, VA, USA), and a normal canine osteoblast cell line—CnOb (Cell
Applications, San Diego, CA, USA)—were used. The OSCA-8 cell line was derived from
a left shoulder tumor of an intact 1-year-old male Rottweiler. The OSCA-32 cell line was
derived from a tumor in the left wrist of a 9-year-old spayed female Great Pyrenees. The
D-17 cell line was derived from an osteosarcoma metastatic to the lung of an 11-year-old
female poodle.

Osteosarcoma cells (OSCA-8, OSCA-32, and D-17) as well as CnOb were cultured
under aseptic conditions in a sterile chamber with laminar airflow, model ESCO Airstream
AC2-3E8 (ESCO, Warsaw, Poland). They were maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Waltham, MA, USA), supplemented with 10% fetal bovine serum
(FBS, Life Technologies, Gibco, Waltham, MA, USA), antibiotics (Primocin—InvivoGen,
Waltham, MA, USA—and penicillin-streptomycin 100 x solution—HyCloneTM, Marlbor-
ough, MA, USA), and 1% HEPES buffer (HyCloneTM, Marlborough, MA, USA). The
cultures were incubated at 37 °C with 5% CO, and 95% humidity. Experiments were
conducted when the cells reached 70-80% confluence during the logarithmic growth phase.
Cell viability was measured using trypan blue with an Invitrogen Countess II automated
cell counter (Thermo Fisher, Waltham, MA, USA).

4.2. Au-GSH NP Synthesis

The beginning of synthesis was performed at room temperature (RT) by combining
4 mL of hydrogen tetrachloroaurate (III) trihydrate solution (HAuCly x 3 H,O) (Sigma-
Aldrich, St. Louis, MO, USA) at a concentration of 126.97 mmol/dm? with 40 mL of
distilled water in a 250 mL flask. The mixture became yellow in color. Next, by gently
mixing with a magnetic stirrer placed at the bottom of the flask, 270 mg (0.88 mmol) of GSH
(Sigma-Aldrich, St. Louis, MO, USA) in its reduced form was added. The mixture became
orange-brown in color, and after a few minutes it became colorless. This was due to the fact
that gold had undergone an initial reduction from the +III to +I oxidation state. Mixing was
continued at RT, and after about an hour, the appearance of white turbidity was observed
at the surface. This was caused by a decrease in pH, resulting in the precipitation of the
unreacted GSH residue by the protonation of its carboxyl groups. To remove the turbidity,
5 mL of alkaline sodium bicarbonate (NaHCOj3) (Thermo Fisher, Waltham, MA, USA)
was added to the mixture. This caused the reionization of GSH carboxyl groups and its
redissolution in water. When the mixture became clear again, 83 mg (2.19 mmol) of sodium
borohydride (NaBHy) (Sigma-Aldrich, St. Louis, MO, USA) solution freshly dissolved
in 11 mL of cold distilled water was added as a reducing agent. As a result, the mixture
turned into a dark maroon color. This was due to the reduction of gold atoms from the +I to
0 oxidation state. After 2 h of mixing the mixture at RT, 26 mL of methanol (MeOH) (Sigma-
Aldrich, St. Louis, MO, USA) was added to precipitate 4 nm structures. The mixture was
placed into Falcon-like test tubes and centrifuged for 9 min, 8000 RPM, RT. The precipitate,
containing larger structures, was discarded. Another portion of 53 mL of MeOH was added
to the supernatant and centrifuged again, in the same conditions. This was conducted to
precipitate structures of 2 nm in size. The supernatant, containing unreacted substrates and
smaller structures, was discarded. The precipitate was suspended in distilled water. The
suspension was placed in a dialysis membrane with 3500 MWCO pores (Spectra/Por 3,
45 x 29 mm). The membrane was placed in a crystallizer with spout, 500 mL, 115 mm
(DURAN, Wertheim, Germany) filled with distilled water. The suspension was mixed using
a magnetic stirrer for 3 days to purify it from residual impurities. Water was exchanged
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every day. After dialysis was complete, the membrane content was placed in the Falcon-
like test tube, and an equal volume of PBS (NapHPO,4-KH,POy) buffer (Sigma-Aldrich,
St. Louis, MO, USA) was added, obtaining a clean Au-GSH structure. In order to measure
the molecular concentration, three test tubes were prepared. Every tube was weighed
3 times on a precise scale. A total of 1 mL of the Au-GSH structure suspension was placed
in each tube, using an automatic pipette. Tubes were then placed in an oven and dried for
approx. 2 h at over 100 °C. After the water evaporated completely, the tubes were weighed
again. The difference before and after the drying process was stated as the weight of the
Au-GSH structure. TEM images (EM-1400Flash, JEOL Co., Tokyo, Japan) confirmed the
proper size, shape, and dispersion of nanoparticles, and zeta potential (Zetasizer Nano-ZS,
Malvern Panalytical, Malvern, Worcestershire, UK) showed the physicochemical properties
of the nanoparticles’ surface and the stability of the colloid.

4.3. Migration Rate Assessment in Canine OSA Cell Lines Treated with Au-GSH NPs

Cells were seeded into culture inserts (2-well Ibidi culture inserts, Ibidi GmbH, Grafelf-
ing, Germany) at a density of 3 x 10* cells per well. Once the cells reached approximately
90% confluence, the medium was replaced with one containing Mitomycin C (Abcam,
Cambridge, UK)—a DNA synthesis inhibitor used to assess cell migration—at a final con-
centration of 10 ug/mL, ensuring the minimal loss of viability while effectively inhibiting
cell division. The pre-treatment with Mitomycin C stops cell proliferation, allowing for a
true evaluation of cancer cell migration by excluding the impact of proliferating cells on
wound closure [36]. The cell monolayers were incubated at 37 °C under standard conditions.
After 3 h, the Mitomycin C medium was replaced with a serum-free medium, enriched with
AuNPs at concentrations of 0 ug/mL (control group), 200 ug/mL, and 500 pug/mL, and the
culture inserts were removed. For adherent cells, like those in this study, it is essential that
the cells attach to the bottom of the wells and that proliferation is halted to assess migration
properly. Cell migration within the scratch was observed at specific time intervals (t0 = 0 h;
tl =12 h; t2 = 24 h) using an inverted microscope (Primovert, Zeiss, Munich, Germany)
at 4x magnification. The images captured were later analyzed using Zen Pro 2012 (Zeiss,
Munich, Germany), and cancer cell migration was quantified by measuring the distance
between the scratch edges (100 measurements per scratch) following the method described
by Rodriguez et al. [37]. This experiment was conducted in triplicate.

4.4. Au-GSH NP Effects on A2M Expression in OSA Cells
4.4.1. Protein Isolation, Cleaning, and Precipitation

Proteins from cell pellets (OSCA-8, OSCA-32 treated and untreated with 500 pg/mL
Au-GSH NPs (n = 7 per group), and CnOb (positive control)) were homogenized and
isolated using a solution composed of RIPA buffer (Sigma-Aldrich, Saint Louis, MO, USA)
combined with a protease inhibitor cocktail (Sigma-Aldrich, Saint Louis, MO, USA), in a
1:100 ratio. Specifically, the cell suspension was centrifuged at 300 x g for 3 min at room
temperature (RT) and resuspended in 1.5 mL of phosphate-buffered saline (PBS) (Gibco,
Waltham, MA, USA). The suspension obtained from a single culture flask was split into
three 0.5 mL samples and centrifuged again (300x g, 3 min, RT). After removing the
supernatant, 200 pL of this prepared solution was added to the pellet. The mixture was
vortexed three times for 5 s at 5 min intervals and subsequently centrifuged at 16,400 g
for 15 min at 4 °C. Protein concentrations in the homogenates were assessed using the
bicinchoninic acid (BCA) assay. A BCA reagent was prepared following the instructions
from the BCA Protein Assay Kit (Abcam, Cambridge, UK). For the analysis, 200 uL of the
BCA reagent and 10 uL of protein homogenate were added to each well of a 96-well plate,
with each sample measured in triplicate. A standard curve was prepared using a bovine
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serum albumin (BSA, Sigma-Aldrich, Saint Louis, MO, USA) stock solution at an initial
concentration of 1 mg/mL. The standard curve included the following BSA /RIPA solution
concentrations: 0, 200 x, 400x, 600x, 800x, and 1000 x. Spectrophotometric readings were
performed at 37 °C with a wavelength of 562 nm using the Infinite 200 PRO M Nano Plate
Reader (Tecan, Zurich, Switzerland), operated with Tecan I-Control 2.0 Software (Tecan,
Zurich, Switzerland).

4.4.2. Quantitative Protein Expression Analyses

The expression of A2M was assessed by the use of the Simple Western technique with
total protein normalization in a Jess analyzer (Protein Simple, Minneapolis, MN, USA).
Reagents from the EZ Standard Pack (Bio-Techne, Minneapolis, MN, USA) were prepared
following the Jess protocol. The EZ Standard Pack 12-230 kDa includes a pre-prepared
biotinylated ladder, a 5x fluorescent master mix, and a DTT solution. To prepare a 400 mM
DTT solution, 40 puL of deionized water was combined with DTT in a clear tube. The
master mix was then combined with 20 pL of 10 x sample buffer and 20 pL of the prepared
DTT solution. Protein homogenates were diluted with 0.1 x sample buffer (Bio-Techne,
Minneapolis, MN, USA) to achieve the appropriate protein concentration for analysis,
which varies based on the expression level of the target protein. A 5x fluorescent master
mix was diluted with the lysate at a 1:4 ratio in a microcentrifuge tube. Samples were
denatured at 95 °C for 5 min, then vortexed, spun at 3000 rpm for 10 s, and placed on ice.

The primary anti-human A2M antibody (MAB1938, Bio-Techne, Minneapolis, MN,
USA) was diluted using Milk-free Antibody Diluent (Bio-Techne, Minneapolis, MN, USA).
A luminol-S and peroxide mixture (1:1 ratio) was vortexed and kept on ice. All reagents,
including the secondary anti-mouse antibody (Bio-Techne, Minneapolis, MN, USA), were
applied to the 12-230 kDa separation module in accordance with the manufacturer’s in-
structions. The primary antibody saturation was 1:6.25 and at a concentration of 0.2 mg/mL
according to the previously published protocol for A2M expression in canine OSA cells [33].
Total protein expression levels were normalized using the total protein detection module,
ensuring the accurate quantification of protein levels across samples. The obtained data
were analyzed using the Compass for Simple Western software (version 7.0, Bio-Techne,
Minneapolis, MN, USA). The results were analyzed using the following criteria: total
protein area under the curve differences between samples < 20% (Figure S4), signal-to-noise
ratio > 10, and signal-to-background ratio > 3.

4.5. Au-GSH NP Effects on Angiogenesis—Chick Embryo Chorioallantoic Membrane (CAM) Assay

Fertilized eggs of the domestic chicken (Gallus gallus) (Ross 308) (n = 30) were incu-
bated under the following conditions: 37 °C and 70% humidity in a Fest Midi I incubator
(F.U.H. Walenski, Gostyn, Poland) according to the previously described protocol with
modifications [38]. Briefly, on the sixth day of incubation, a small window was made in each
eggshell, and a sterile silicon ring (7 mm in external, 5 mm in internal diameter, 2 mm thick)
was placed onto the CAM under aseptic conditions. The chick embryos were divided into
three groups (1 = 10 per group). For each group, the medium with 5 x 10° untreated OSA
cells, OSA cells treated with Au-GSH NPs (prepared as described in Section “Preparation
of OSA Cells Treated with Au-GSH NPs”) for 24 h, and an aqua pro injection (control
group) was injected into the silicone rings. Embryo survival was assessed by using an
ovoscope after 24 and 48 h, with an average viability of 50%. Angiogenesis was observed
at specific time intervals (t0 = 0 h; t1 = 72 h) using a VHX-900F lightning digital microscope
(Keyence International Bedrijvenlaan, Mechelen, Belgium) at 4 x magnification. Images
were captured with VHX-900F Ver 1.6.1.0 software (Keyence International Bedrijvenlaan,
Mechelen, Belgium).
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Preparation of OSA Cells Treated with Au-GSH NPs

OSCA-32 cells were plated in 6-well plates (Becton Dickinson, Franklin Lakes, NJ,
USA) at a density of 5 x 10° cells per well. Once the cells reached approximately 70%
confluence, they were treated with Au-GSH NPs (500 pg/mL, 1 mL per well) for 24 h.
Following the treatment, the cells were collected, washed twice with PBS, and prepared for
subsequent experiments. The 500 pg/mL Au-GSH NP concentration used in this study
was selected based on previously published results with Au-GSH NP extravasation efficacy
for OSA cells used on the CAM model [9].

4.6. Au-GSH NP Effects on Canine OSA Cell Colony Formation

OSCA-8, OSCA-32, and D-17 cells were seeded at a density of 5 x 10° cells per well
into 6-well plates. A total of 24 h later, the medium was replaced with AuNP-containing
medium at concentrations of 200 pg/mL and 500 pug/mL and one without AuNPs (negative
control), and cells were incubated for 24 h in standard conditions. After that, the medium
was replaced with standard culture medium, and cells were maintained until the seventh
day of the experiment. Then the cells were fixed with methanol in two steps: a 12 min
incubation followed by a 70 min incubation at room temperature, rinsing using ultra-pure
water after each step. Crystal violet staining (0.1% in 95% ethanol) was applied and left
overnight. Excess stain was rinsed off with ultra-pure water, and staining was repeated
for enhanced visibility. All experiments were repeated in triplicate. Photographs of the
stained wells were captured using a D3500 camera (Nikon, Tokyo, Japan) to analyze the
nanoparticle effects on cell growth [31].

4.7. Accumulation of Au-GSH NPs in Canine OSA Cells by Microwave Plasma Atomic Emission
Spectroscopy (MP-AES)

OSCA-8, OSCA-32, and D-17 cells were seeded into 25 cm? flasks for adherent cell
culture (Thermo Fisher, Waltham, MA, USA). A total of 24 h later, the medium was
replaced with Au-GSH NP-containing medium (5 mL medium per flask, at concentra-
tions 200 and 500 pg/mL), and cells were incubated for 24 h. To determine the number
of AuNPs absorbed by the cells, first, the cells were mineralized using concentrated
nitric acid (65%, Avantor, Gliwice, Poland). Then, concentrated hydrochloric acid (36%,
Avantor, Gliwice, Poland) was added. Mixing nitric acid with hydrochloric acid in a
1:3 volume ratio produced aqua regia, resulting in a transparent yellow solution. This
solution was then analyzed using MP-AES (MP-AES Agilent 4200, Tokyo, Japan). An an-
alytical standard solution (SCP Science, Baie-D’Urfe, QC, Canada; LOT: 5160615016,
1001 + 4 ng/mL) was used as a reference material and appropriately diluted to create
a 5-point calibration curve. Each calibration point and measurement were repeated
three times. The determined concentration was then used to calculate the number of
nanoparticles per cell, assuming that the density of Au-GSH NPs is equivalent to that of
bulk gold (19.28 g/cm?3), the average nanoparticle radius is 2.15 nm, and the number of
cells in the mineralized sample is known.

4.8. Statistical Analyses

Statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad
Software, La Jolla, CA, USA) with data presented as the mean =+ standard deviation (SD)
and statistical significance set at p < 0.05. For the A2M protein expression levels of untreated
and AuNP-treated osteosarcoma cells, a two-tailed unpaired Student’s t-test was used.
A one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post
hoc test was applied to assess statistical differences between each group for cell migration.
Statistical significance was marked with an asterisk at p < 0.05 (*), and high statistical
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significance was marked at p < 0.01 (**) and very high statistical significance was stated
as p < 0.001 (***).

4.9. Use of Generative Al

Generative artificial intelligence (GenAl) tool (Chat GPT 4.0, since March 2024) was
used to assist in the preparation of this manuscript by combining individual images into
composite figures (Figures 3, 8 and 9). Grammarly Pro software was used to check the style
and grammar of the English used.

The final version of this manuscript was manually checked and approved by the authors.

5. Conclusions

Au-GSH NPs exhibit inhibitory effects on key tumorigenic processes in canine OSA
cells (OSCA-8, OSCA-32, and D-17): migration, angiogenesis, and proliferation. Addi-
tionally, the inhibition of colony formation was more pronounced at 200 ug/mL than at
500 pug/mL, which may be related to the higher Au-GSH NP cell internalization at the
lower concentration. This is the first study demonstrating the influence of Au-GSH NPs
on the increase in A2M expression, which may be related to the anti-metastatic efficacy
of Au-GSH NPs; however, further analyses are required to elucidate the exact mecha-
nisms underlying these observations. Furthermore, Au-GSH NPs effectively suppressed
angiogenesis in the CAM model, further supporting their potential to limit metastatic
progression. These preliminary findings highlight the therapeutic potential of Au-GSH NPs
in canine osteosarcoma treatment; however, further in vivo studies are needed to assess
their clinical relevance in veterinary oncology.
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BCA bicinchoninic acid

CAM chorioallantoic membrane

CnOb canine osteoblast

DDS drug delivery system

DMEM Dulbecco’s modified Eagle medium

EGFR epidermal growth factor receptor

EMT epithelial-mesenchymal transition

ETV7 ETS variant transcription factor 7

FBS fetal bovine serum

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

LRP1 low-density lipoprotein receptor-related protein 1

MMP matrix metalloproteinase

MP-AES microwave plasma atomic emission spectroscopy

OSA osteosarcoma

OSCA-8 canine osteosarcoma cell line 8

OSCA-32 canine osteosarcoma cell line 32

PBS phosphate-buffered saline

PI3K/ AKT /mTOR phosphoinositide ?—kinase /protein kinase B/mechanistic

target of rapamycin

PLD phospholipase D

PLD1 phospholipase D1

PLD2 phospholipase D2

VEGF vascular endothelial growth factor

VEGEFR-2 vascular endothelial growth factor receptor-2
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