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Wykaz stosowanych skrétow

ER — receptor dla estrogenu (ang. Estrogen Receptor)

PR — receptor dla progesterone (ang. Progesterone Receptor)

TNBC — potrdjnie ujemny nowotwor piersi (ang. Triple Negative Breast Carcinoma)
CTNNALL1 — gen kodujacy alfa katuline (ang. Alpha-catenin-like 1, alpha-catulin gene)

CD146 — czasteczka adhezyjna komorek czerniaka (ang. MCAM, melanoma cell

adhesion molecule)

HNSCC — nowotwory glowy i szyi wywodzace si¢ z tkanki nablonkowej (ang. Head and
Neck Squamous Cell Carcinoma)

EMT — przejscie epitelialno-mezenchymalne (ang. Epithelial-to-Mesenchymal

Transition)

MET - przejscie mezenchymalno-epitelialne (ang. Mesenchymal-to-Epithelial

Transition)

VM — mimikra naczyniopodobna (ang. Vascular Mimicry)

CSC — nowotworowe komorki macierzyste (ang. Cancer Stem Cells)

BCSC — komorki macierzyste nowotworu piersi (ang. Breast Cancer Stem Cells)

Her2 — receptor ludzkiego naskorkowego czynnika wzrostu 2 (ang. Human Epidermal
Growth Factor Receptor 2)

IKK-B — ang. inhibitor of nuclear factor kappa-B kinase subunit beta

SNAIL1/2 — ang. Zinc finger protein SNAIL1/2

ZEB1/2 — ang. Zinc Finger E-Box Binding Homeobox 1/2

TGF-B — transformujacy czynnik wzrostu beta (ang. Transforming Growth Factor beta)

VEGF-1 — czynnik wzrostu $srodbtonka naczyniowego (ang. Vascular Endothelial Growth

Factor)

ECM — macierz pozakomorkowa (ang. Extracellular Matrix)
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HGF — czynnik wzrostu hepatocytéw (ang. Hepatocyte Growth Factor)

RNAseq — sekwencjonowanie RNA nowej generacji (ang. Next Generation RNA

sequencing)

a-SMA — biatko aktyny (ang. Alpha Smooth Muscle Actin)
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Streszczenie w jezyku polskim

Rak piersi jest obecnie najczesciej diagnozowanym nowotworem u kobiet na
swiecie. Sposrod réznych podtypow to potrdjnie negatywny nowotwor piersi ma najnizsza
srednig przezywalno$¢ z powodu bardzo czgsto wystepujacych przerzutow i1 braku
dostepnej terapii celowanej. EMT jest procesem odgrywajacym kluczowg role podczas
rozwoju zarodkowego, jednakze rola tego procesu zostala rowniez potwierdzona w
progresji nowotworowej i procesie przerzutowania. Obecnie trwa dyskusja nad nie
binarnoscia tego zjawiska, wydaje si¢, ze komorki moga wystepowac nie tylko w formie
epitelialnej lub mezenchymalnej, a w wielu stanach posrednich charakteryzujacych si¢
cechami macierzystych komorek nowotworowych. W przypadku raka piersi utrata adhezji
migdzykomorkowej jest kluczowa dla rozpoczecia procesu przerzutowania. W trakcie
trwania EMT komorki obnizaja ekspresje¢ apikalnych oraz bazopodstawnych, epitelialno
specyficznych bialek, co skutkuje wzrostem ekspresji bialek typowo mezenchymalnych.
Taka tranzycja skutkuje zwigkszong ruchliwo$cig komoérek. Zaobserwowane zostato, ze
obnizenie ekspresji biatka epitelialnego a-kateniny korelowato ze wzrostem ekspresji
biatka a-katuliny i przejsciem epitelialno mezenchymalnym. Ponadto ekspresja a-katuliny
byta zwickszona w komorkach na froncie inwazyjnym nowotworu ptaskonablonkowego
glowy i szyi. Jednakze funkcja a-katuliny w progresji nowotwordw piersi nie byta do tej

pory badana.

W niniejszej pracy doktorskiej na poczatek skupitem si¢ na przegladzie
literaturowym na temat stabo poznanego bialka a-katuliny. Jest to biatko nalezace do super
rodziny bialek winkuliny. W pracy tej wykazatem wysoka homologi¢ sekwencji jak i
struktury pomigdzy a-katuling, o-katening i winkuling. Opisalem ponadto bardzo
ograniczong, ale jednocze$nie znaczaca liste bialek, ktore wchodza w interakcje z a-
katuling jak Lbc Rho GEF, dystrobrewina, IKK-f czy kinaza NEK. a-katulina pehni istotng
funkcje w stanach zapalnych, odpornosci na apoptozg, starzeniu komorkowym a takze w
reorganizacji cytoszkieletu komorkowego, progresji nowotworéw 1 EMT. Dodatkowo a-
katulina odgrywa kluczowg role w trakcie rozwoju embrionalnego, poniewaz jest
niezbg¢dna dla prawidtowej neurulacji. W pracach naukowych udowodniono podwyzszony

poziom ekspresji a-katuliny w raku piersi, ptuc czy prostaty. Pomimo licznych doniesien
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opisujacych udzial a-katuliny w migracji 1 inwazji komoérek nowotworowych, mechanizm

molekularny prowadzacy do takiego fenotypu jest nadal bardzo stabo poznany.

W mojej drugiej oryginalnej publikacji wykazatlem, ze ekspresja a-katuliny
zachodzi w ludzkich tkankach nowotworu piersi i poziom tej ekspresji koreluje z
zaawansowaniem choroby nowotworowej. Ponadto kiedy wyciszytem ekspresj¢ a-katuliny
w komorkach nowotworowych zaobserwowatem spadek potencjalu inwazyjnosci komoérek
w modelu tréjwymiarowym. Nastepnie rozwinglem nowy system reporterowy katuliny w
celu $ledzenia i mozliwosci izolacji najbardziej inwazyjnych komorek raka piersi, a
nastepnie mozliwo$ci poddania ich analizie sekwencjonowania RNA. Wysoka ekspresja o-
katuliny koreluje z ekspresja genéw zaangazowanych w migracje komoérkowa, a takze
moze by¢ odpowiedzialna za modulacj¢ wlasciwosci adhezyjnych komorek
nowotworowych 1 ich interakcj¢ z naczyniami krwiono$nymi. Barwienia
immunohistochemiczne guzéw ksenograficznych potwierdzily wyniki otrzymane przez
sekwencjonowanie RNA. Dzigki temu wykazatem, ze system reporterowy katuliny
oznacza nie tylko inwazyjne komorki nowotworowe, ale takze rzadka populacje wysoce
plastycznych komodrek nowotworowych, ktore eksprymuja endotelialne markery takie jak
MCAM i uczestnicza w mimikrze naczyniowej. Udziat inwazyjnych nowotworowych
komorek o podwyzszonej ekspresji katuliny, w tworzeniu struktur przypominajacych
naczynia krwionosne umozliwiadostawe substancji organicznych do wngtrza guza i
prawdopodobnie poprzez utatwianie wnikania komorek nowotworowych do krwioobiegu
moze poczatkowac proces przerzutowania. Ponadto wykazatem, ze wyciszenie ekspresji a-
katuliny w komorkach nowotworowych wplywato na ich zmniejszony potencjat
inwazyjno$ci 1 zmniejszong macierzystos¢ nowotworowa poprzez deregulacje ekspresji

markera macierzystosci komorek raka piersi — CD44.

Wykorzystujac system reporterowy katuliny udalo mi si¢ wyizolowaé 1
scharakteryzowac plastyczne, wysoce inwazyjne komorki nowotworowe biorace udziat w
mimikrze naczyniopodobnej i przerzutowaniu. a-katulina odgrywa kluczowa rolg w
interakcji komoérek nowotworowych i mikrosrodowiska, modulujac wiasciwosci adhezyjne
komorek. Zwiekszona plastyczno$¢ komorek nowotworowych, wysoce eksprymujacych a-
katuling moze by¢ konieczna do tranzycji w struktury endotelialne, udziat w tworzeniu
mimikry naczyniopochodnej i finalnie w przerzutowaniu komorek nowotworowych. W

mojej pracy doktorskiej wyraznie wykazalem iz a-katulina jest kluczowa dla potencjatu
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nowotworzenia i inwazyjnosci komorek raka piersi. Jest ona markerem specyficznym
charakteryzujacym plastyczne komorki nowotworowe przechodzace przez stany posrednie
EMT. Poznanie peinej ztozonej biologii biatka a-katuliny moze prowadzi¢ do poznania

nowych skutecznych celow terapeutycznych w réznych typach nowotworow.
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Abstract

Characterization of highly invasive breast cancer cells using novel catulin reporter

system

Breast cancer is currently the most widely diagnosed cancer in women worldwide.
Triple negative breast cancer has the poorest survival ratedue to high metastatic potential
and no targeted treatment is available at this time. EMT is a process playing a pivotal role
during development, however it is also associated with cancer progression and metastasis.
It has been implicated that this phenomenon is non-binary, meaning that there may be some
interstates of cells between epithelial and mesenchymal features possessing cancer stem-
like properties. In breast cancer progression, loss of intracellular adhesion is crucial for
metastatic disease. In the process of EMT, progressive downregulation of apical and
basolateral, epithelial specific proteins is accompanied by re-expression of mesenchymal
specific proteins. The switch results in increased motility of the cells. It was observed that
decrease in the expression of the epithelial protein a-catenin correlated with an increase in
the expression of the a-catulin protein and EMT. In addition, the expression of a-catulin
was increased in the cells at the invasive front of head and neck squamous cell carcinoma.
However, the function of a-catulin in the progression of breast cancer has not been studied
so far.In this dissertation, I first focused on reviewing the published data regarding poorly
described protein a-catulin. It is a member of the vinculin superfamily proteins. | showed
high homology in sequence between a-catulin, a-catenin and vinculin. | described the
limited yet representative number of binding partners of a-catulin like Lbc Rho GEF,
dystrobrevin, IKK-B, NEK kinase. a-catulin has been shown to be important in
inflammation, apoptotic resistance, cytoskeletal reorganization, senescence resistance,
cancer progression, and EMT. a-catulin plays a pivotal role during embryonic development
as it is necessary for proper neurulation. In cancer progression a-catulin has been shown to
be upregulated in highly invasive breast, lung, and prostate carcinoma. Despite multiple
reports describing a-catulin as an important factor contributing to cancer cell migration and

invasion, the exact molecular mechanism leading to this phenotype remains unclear.

In my second publication, | showed that a-catulin is expressed in human breast
cancer samples, and its expression correlates with the cancer progression. Moreover, when
I knocked down a-catulin, invasive potential of cells in 3D model was highly decreased.

Then | developed a novel reporter catulin system to track highly invasive breast cancer
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cells, and | was able to isolate those cells from xenograft transplants and perform RNAseq
analysis. Expression of catulin in the invasive cancer cells correlated with the expression
of genes involved in migration, and also could be important in the modulation of adhesive
properties of cancer cells and their interactions with the vasculature. Immunohistochemical
staining of xenographic tumors confirmed the results obtained by RNA sequencing. Thus,
| demonstrated that the catulin reporter system not only labels invasive tumor cells, but also
a rare population of highly plastic tumor cells that express endothelial markers such as
MCAM and participate in vascular mimicry.Participation of catulin expressing tumor cells
in forming vascular structures enables a flow of nutrients to the tumor mass and may
facilitate the entry of cancer cells into the vascular system leading to the metastatic spread.
When simultaneously knocking down a-catulin | observed modulation of adhesive
properties of tumor cells and a high decrease in the invasive and cancer stemness potential,
what resulted in decreased breast cancer stemness marker — CD44. It means that by utilizing
a novel catulin reporter system, | could isolate and characterize highly invasive breast

cancer cells of high plasticity that participate in vascular mimicry and metastasis.

Concluding, a-catulin may play a pivotal role in the interaction between cancer cells
and the microenvironment, modulating the adhesive properties of cancer cells. Increased
plasticity of cancer cells highly expressing a-catulin may be of high demand for the cells
to change into endothelial like and participate in vascular mimicry and then in metastasis.
In this dissertation, I clearly show that a-catulin is crucial in breast cancer tumorigenesis
and the invasiveness process. It is clearly a specific marker of plastic cancer cells
undergoing different intermediate EMT states. Deciphering the complex nature of a-catulin

may lead to finding potentially novel therapeutic targets in various types of carcinomas.
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Wstep

Nowotwory piersi — ich charakterystyka i klasyfikacja

Rak piersi jest najczesciej wystgpujacym typem nowotwordw u kobiet na §wiecie
[1]. Jest odpowiedzialny za 23% przypadkow sposrod wszystkich typow nowotwordw [2].
Typowymi objawami sg wyczuwalne palpitacyjnie grudki guzowate w piersi, zmiana
barwy skoéry na piersi, wysick sutkowy, zmiana ksztattu catej piersi [3]. Glownymi
czynnikami ryzyka zachorowania na t¢ chorobe sa: czynniki genetyczne takie jak np.
mutacje w genach BRCAL, BRCAZ i inne, pte¢, wiek, brak karmienia piersia, czynniki
hormonalne endogenne i egzogenne, otytos¢ i styl zycia przede wszystkim nadmierne
spozycie alkoholu i palenie papierosow [4]. Klasyfikacja nowotworoéw piersi jest bardzo
ztozona i sktada si¢ z oceny histopatologicznej, w ktdrej ocenia si¢ czy dany nowotwor jest
luminalny czy bazalny, naciekajacy czy nienaciekajacy, stopien zréoznicowania komorek
nowotworowych wzgledem komodrek normalnych i klasyfikacji TNM, w ktorej ocenia si¢
wielko$¢ guza, zajecie okolicznych weztow chlonnych i wystgpowanie przerzutow [5].
Innym rodzajem klasyfikacji jest okreslenie statusu receptorowego komorek
nowotworowych. Wyr6zniamy nowotwory ER pozytywne i/lub PR pozytywne, Her2
pozytywne i nowotwor potrdjnie ujemny, gdzie komorki nie wykazuja ekspresji zadnego z
powyzszych markerow. O ile w przypadku komoérek ER/PR/Her2 pozytywnych istnieje
szereg terapii celowanych wykorzystujgcych przeciwciata monoklonalne, to w przypadku
nowotworu potrojnie ujemnego, ktory stanowi ok 20% wszystkich przypadkow, nie ma
dostepnej zadnej terapii, stad przezywalno$¢ z tym typem nowotworu jest najnizsza [6].
Podtyp potrdjnie ujemny wedtug klasyfikacji molekularnej pokrywa si¢ z typem bazalnym,
jednakze komorki te sg duzo mniej zréznicowane, duzo bardziej agresywne 1 czesto maja
mutacje w genie BRCAL [7]. O ile umiejscowienie guza pierwotnego bardzo ulatwia
mozliwo$¢ catkowitej eliminacji masy guza poprzez mastektomig, to zgony nastgpuja
najczeséciej na skutek czestych nawrotéw choroby i1 bardzo wysokiej czestotliwosci
przerzutowania do ko$ci, watroby, ptuc i mozgu [8]. Jedyng opcjg leczenia potrdjnie
negatywnego raka piersi jest obecnie resekcja guza i ogolna chemioterapia, a czestotliwos¢
wystepowania przerzutow jest nadal bardzo wysoka [9], dlatego wazne jest lepsze
zrozumienie biologii potrojnie ujemnego nowotworu piersi, a takze lepsze poznanie

molekularnego podloza procesu przerzutowania komorek nowotworowych.
15|Strona



Rola EMT w rozwoju, regeneracji i progresji nowotworow

EMT jest procesem komoérkowym, w ktéorym dochodzi do zmiany fenotypu i
zachowania komorek z epitelialnego na mezenchymalny. Tranzycja ta jest czesto
odpowiedzig na sygnaly pochodzace z mikrosrodowiska [10]. Komoérki w stanie
epitelialnym charakteryzuja si¢ stabilnymi polaczeniami mi¢dzykomérkowymi,
polaryzacja wierzchotkowo-podstawng i interakcjami z blong podstawng. Podczas EMT
dochodzi do deregulacji ekspresji réznych gendéw i modulacji post-translacyjnych, ktore
prowadza do obnizenia ekspresji markeréw epitelialnych, co prowadzi do zwigkszonej
ekspresji genow charakterystycznych dla stanu mezenchymalnego [11]. Komorki te
charakteryzuje tylno-przednia polaryzacja, morfologia podobna do fibroblastow i
zwigkszona ruchliwo$¢ komorkowa [12]. Po raz pierwszy EMT zostalo opisane przez
naukowcow badajacych wczesng embriogeneze [13]. Juz na bardzo wczesnym etapie
rozwoju zarodkowego, bo juz na etapie implementacji zarodka i tworzenia si¢ tozyska
mozna zaobserwowaé proces EMT. Komorki trofoektodermy, bedace prekursorami
cytotrofoblastu, poddawane sa EMT w celu ulatwienia inwazji endometrium i pdZniejszego
prawidtowego zakotwiczenia tozyska, umozliwiajac jego funkcje w wymianie sktadnikow
odzywczych i gazowych [14]. Komorki przechodza EMT w celu przemieszczenia si¢ i
migracji w trakcie proceséw tworzenia nowego organizmu. Docierajagc do miejsca
docelowego przechodza natomiast proces odwrotny MET gdzie z powrotem nabierajg cech
epitelialnych i sa w stanie nawigza¢ interakcje z btong podstawna [15]. To tylko jeden z
przyktadow udziatlu EMT w rozwoju zarodkowym. Po6zZniejsza gastrulacja rowniez
zwigzana z procesem EMT jest kontrolowana przez kanoniczng $Sciezke sygnatlowa Wnt
[16]. EMT w rozwoju zarodkowym to jeden z trzech podtypow EMT. Innym typem EMT
jest to zwigzane z regeneracja, gojeniem ran i zwtoknieniem organow. Zdarzenia EMT typu
drugiego wystepuja jako czg$¢ procesu zwigzanego z naprawa, w ktorym komorki
nabtonkowe roznicujg si¢ w nowe komorki podobne do fibroblastow w celu odbudowy
tkanek po urazie i stanie zapalnym. Komorki te wykazuja morfologi¢ specyficzng dla
nabtonka i markery molekularne, takie jak cytokeratyna i E-kadheryna, ale jednocze$nie
eksprymuja biatko supresorowe ferroptozy 1, markery mezenchymalne i a- SMA. EMT
typu drugiego jest zwigzane ze stanem zapalnym i konczy si¢ po jego redukcji [17].
ZwlOknienie natomiast pojawia si¢ w wielu organach jako patologiczny mechanizm

naprawy na skutek chronicznego stanu zapalnego, gdzie EMT doprowadza do powstania
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miofibroblastéw z komoérek nablonkowych i ich nadmiernej akumulacji prowadzac do
zaburzenia prawidtowego funkcjonowania watroby, pluc czy nerek [18]. Trzecim typem
EMT jest ten zwigzany z progresja nowotworow. Epitelialne komorki nowotworowe traca
polaryzacje 1 potaczenia komodrkowe, nabierajagc mezenchymalnych wlasciwosci, ze
zwigkszong ruchliwo$cig i inwazyjnoscia [19]. Komorki w stanie epitelialnym eksprymuja
E-kadheryne, cytokeratyny, okludyng i klaudyne, przechodzagc EMT ekspresja tych biatek
zanika, a pojawia si¢ zwickszona ekspresja wimentyny, N-kadheryny czy fibronektyny.
Wimentyna jest eksprymowana na wysokim poziomie w wielu nowotworach
nablonkowych, w tym raku piersi, raku prostaty, czerniaku i raku ptuc, a jej ekspresja jest
determinantem wzrostu guza, inwazji i zlego rokowania [20]. Proces EMT jest
kontrolowany przez kaskadg¢ czynnikoéw transkrypcyjnych [21]. Najbardziej poznanymi
regulatorami EMT sg TWIST1, TWIST2, SNAILI1, SNAIL2, ZEB1, i ZEB2. Hamujg one
ekspresj¢ E-kadheryny i promuja w ten sposob przejscie do stanu mezenchymalnego [22].
Ponadto $ciezka sygnalowa TGF-f/Smad rowniez odgrywa kluczowa role w indukcji
EMT, zwtaszcza w nowotworach piersi. TGF- oddziatuje takze na inne $Sciezki sygnatowe
jak Notch, Wnt/p-katenina, NF—«B, i RTK w celu podtrzymania mezenchymalnego
fenotypu agresywnych komorek raka piersi [23]. Istnieje coraz wigcej dowodow na to, ze
tylko niewielka cze$¢ komorek najbardziej agresywnych moze przetrwaé i tworzy¢
przerzuty. Ta subpopulacja komorek jest zdolna do wzrostu, inwazji i samo odnawiania
sig, a zatem wykazuje wilasciwosci komorek macierzystych, stad nazywane sg one
nowotworowymi komorkami macierzystymi (CSC) [24]. CSC sg w stanie przetrwac nawet
po usunigciu pierwotnego guza. Moze to by¢ spowodowane mutacjami i deregulacja
szlakow epigenetycznych, ktére sprzyjaja przezyciu 1 mogg wynika¢ z oddziatywan
mikrosrodowiska, ktére wymusza ich ewolucje genetyczng. Mikrosrodowisko guza moze
dostarcza¢ sygnatow regulujagcych samoodnowe, EMT i procesy homeostatyczne takie jak
stan zapalny, niedotlenienie i angiogeneza, ktore reguluja wejscie CSC w stan uspienia,
albo promowanie reaktywacji CSC, ktére inicjuja przerzuty [25]. W przypadku
nowotworow piersi BCSC do tej pory charakteryzowane byly jako CD44+/CD24- i
ALDH1 pozytywne [26]. Jednakze lepsze poznanie natury BCSC jak i natury procesu EMT
doprowadzily do konkluzji, Ze jest to proces niebinarny i komérki moga wystgpowaé w
wielu réznych formach hybrydowych EMT [27]. Ta plastyczno$¢ komorek
nowotworowych jest procesem kluczowym w kontekscie agresywnos$ci i przerzutowania

nowotworow, stad wymaga doktadniejszego zbadania i charakterystyki.
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Unaczynienie nowotwordw i mimikra naczyniopodobna

Rozrastajgca si¢ masa guza pierwotnego doprowadza do stanu niedotlenienia 1
glodu komoérek znajdujgcych si¢ w jej wnetrzu. Limitowane unaczynienie wnetrza guza
pierwotnego ogranicza dostgp zaréwno sktadnikow odzywczych niezbednych dla
poprawnego metabolizmu komdrek nowotworowych jak i tlenu. Dawniej uwazano, ze
nowotwor pierwotny, aby przetrwa¢ indukuje w mikrosrodowisku angiogenezg wtorna,
gdzie nowe naczynia rozrastajg si¢ z juz obecnych naczyn krwiono$nych w samej masie
guza lub w bliskim sgsiedztwie [28]. Proby leczenia nowotworow inhibitorami
specyficznymi dla komorek $rodblonka naczyn okazaly si¢ jednak mie¢ ograniczone
rezultaty. To sktonito naukowcow do myslenia, ze musi istnie¢ inny mechanizm
pozwalajacy guzom pierwotnym dostarczy¢ niezbedne sktadniki odzywcze. Juz w 1999
roku pokazano, ze komorki nowotworowe same potrafia stworzy¢ struktury
przypominajace naczynia krwiono$ne, jednakze zupehie przy braku udziatu komoérek
endotelialnych [29]. Proces ten zostal nazwany mimikra naczyniopodobng (VM), jest
niezalezny od angiogenezy i sktada si¢ z komorek nowotworowych i1 btony podstawnej
[30]. Na podstawie badan nad rakiem piersi udowodniono, ze struktury naczyniopodobne
ztozone wylacznie z komoérek nowotworowych sa w stanie potaczy¢ sie z pobliskim
endogennym unaczynieniem i tworzac mikrocyrkulacj¢ w skuteczny sposob zaopatruja guz
pierwotny w niezbedne substancje odzywcze [31]. Wraz ze wzrastajacg wiedzg na temat
nowotworowych komoérek macierzystych, koncept CSC i mimikry naczyniopodobnej
zaczely si¢ ze sobg laczy¢. Dobrym przyktadem sg badania nad nowotworami piersi, gdzie
wykazano, ze po wstrzyknigeciu do myszy NOD.Scid komoérek macierzystych ludzkiego
raka piersi, unaczynienie wewnatrz guza byto ludzkiego pochodzenia, co potwierdza udziat
komorek CSC w tworzeniu struktur naczyniopodobnych [32]. Rowniez w badaniach nad
glejakami wykazano, ze komorki macierzyste glejaka, charakteryzujace si¢ fenotypem
CD133+, sa w stanie roznicowaé¢ do komorek endotelialnych [33]. Wiemy rowniez, ze
Sciezka sygnalowa VEGF-1 jest zaangazowana 1 promuje proces mimikry
naczyniopodobnej [34]. Jako, ze teoria o powstawaniu CSC jest bardzo blisko powigzana
z procesem EMT, jego udzial réwniez zostal potwierdzony w tworzeniu si¢ struktur
naczyniopodobnych w guzie nowotworowym. Komorki tworzagce VM wysoce eksprymuja
ZEBI1 co prowadzi do obnizonej ekspresji E-kadheryny i nadekspresji wimentyny w tych

komorkach, a wylaczenie ekspresji Twistl prowadzi do zahamowania procesu VM [35,
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36]. Dlatego podsumowujac, wiele badan potwierdza, ze EMT jest niezbedne do indukcji
komorek epitelialnych guza pierwotnego w kierunku komorek mezenchymalnych, a co za
tym idzie niezr6znicowanych nowotworowych komoérek macierzystych. EMT indukujac
proces tworzenia CSC jest wiacznikiem procesu mimikry naczyniopodobnej. W procesie
tym rowniez wazny jest fakt wystepowania warunkow beztlenowych wewnatrz guza i
udziat czynnika HIF-1a w procesie VM, a takze regulacja CSC i EMT poprzez szlaki
sygnatowe NF-kB, PI3K/Akt/mTOR, Notch, Wnt/p-katenina i Hedgehog [37]. Jako, ze leki
hamujace powstawanie nowych naczyn krwiono$nych maja niewystarczajace dziatanie to
globalnie wykorzystanie wiedzy na temat EMT i CSC jest postulowane jako przysztosé¢

terapii przeciwnowotworowych.

Alfa-Katulina i uzasadnienie potfaczenia publikacji w jeden cykl

Obnizony poziom ekspresji E-kadheryny i Alfa-Kateniny jest czgsto obserwowany
w litych guzach pierwotnych i w wigkszo$ci przypadkdéw moze by¢ markerem ostrego
przebiegu choroby nowotworowej z bardzo ztym rokowaniem [38, 39]. W laboratorium
wykonywania niniejszej pracy doktorskiej juz wczesniej zaobserwowano, iz spadek
ekspresji alfa-kateniny koreluje ze wzrost ekspresji nowego homologu alfa-kateniny — alfa-
katuliny [40]. Zauwazono rowniez, ze ekspresja katuliny jest najwyzsza na inwazyjnym
froncie nowotworu w modelu HNSCC, a jej podwyzszona ekspresja korelowata z
przejsciem komorek ze stanu epitelialnego do mezenchymalnego. Ponadto wyciszenie
ekspresji katuliny w komoérkach HNSCC drastycznie zmniejsza potencjal komorek do
migracji i inwazji zarbwno w modelu in vitro jak i in vivo [41]. Alfa katulina jest biatkiem
bardzo stabo poznanym. Wiemy, ze odgrywa ona bardzo wazne funkcje w embriogenezie,
homeostazie organizmu i przede wszystkim jest specyficznym markerem dla najbardziej
inwazyjnych komorek nowotworowych. W zwigzku z tym w niniejszej rozprawie
doktorskiej w pierwszej kolejnosci skupitem si¢ na doktadnym przegladzie literaturowym
1 glebokiej analizie i charakterystyce tego biatka co zostalo opisane w publikacji nr 1.
Nastepnie w moich badaniach laboratoryjnych wykorzystalem fakt, iz podwyzszony
poziom ekspresji alfa katuliny jest specyficzny dla inwazyjnych komoérek nowotworowych
1 wygenerowalem nowy system reporterowy wyznakowujacy te najbardziej agresywne

komorki w systemie ludzkiego, potrdjnie ujemnego nowotworu piersi. Udato mi si¢
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scharakteryzowac transkryptom tych komorek, a takze zaobserwowac proces VM 1 okresli¢
udziat katuliny w powstawaniu struktur naczyniopodobnych. Wyniki zostaty szczegétowo

zaprezentowane w publikacji nr 2.
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Zatozenia i cele pracy

Cel glowny:

Celem gtownym badan w pracy doktorskiej byta charakterystyka mato poznanego

biatka alfa-katuliny na podstawie wszystkich dostgpnych publikacji, a nastgpnie
wykorzystanie ekspresji tego biatka jako markera komoérek inwazyjnych potrdjnie
ujemnego nowotworu piersi w celu wyizolowania tych komoérek w systemie in vivo i
analizy ich heterogennosci, transkryptomu a takze ich udziatu w procesie mimikry
naczyniopodobnej.

Cele szczegolowe:

Analiza wszystkich dostgpnych prac naukowych poprzez przeszukanie bazy
danych Pubmed za pomoca stow kluczowych alpha-catulin, catulin, CTNNALZ1, a
nastgpnie charakterystyka tego biatka i opisanie wlasciwosci strukturalnych,
wszystkich biatek wchodzacych w interakcje z katuling, udziat katuliny w
rozwoju zarodkowym, homeostazie organizmu, a takze w procesach
nowotworzenia.

Wygenerowanie nowego systemu reporterowego znakujacego inwazyjne komorki
ludzkich linii TNBC poprzez ekspresje GFP z promotora genu CTNNAL1L.
Nastepnie izolacja komoérek najbardziej inwazyjnych i poddanie ich analizie
sekwencjonowania RNA nowej generacji.

Jednoczesna analiza komorek ludzkich linii TNBC w systemie in vivo z
wylaczonym genem CTNNALL, ich izolacja i poddanie analizie
sekwencjonowania RNA nowej generacji.

Zbadanie wptywu wyciszenia alfa-katuliny w komorkach linii TNBC w systemie
3D na ich migracje, potencjal inwazyjnosci 1 potencjat macierzystosci (CSC).
Okreslenie udzialu najbardziej inwazyjnych komoérek nowotworowych i alfa-
katuliny w tworzeniu struktur naczyniopodobnych.
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Abstract: a-catulin, together with vinculin and the x-catenins, belongs to the vinculin family of
proteins, best known for their actin-filament binding properties and crucial roles in cell-cell and cell-
substrate adhesion. In the past few years, an array of binding partners for a-catulin have surfaced,
which has shed new light on the possible functions of this protein. Despite all this information,
the molecular basis of how «-catulin acts in cells and controls a wide variety of signals during
morphogenesis, tissue homeostasis, and cancer progression remains elusive. This review aims to
highlight recent discoveries on how a-catulin is involved in a broad range of diverse biological
processes with an emphasis on cancer progression.

Keywords: o-catulin; CTNNALI; catenin; invasion; epithelial-mesenchymal transition; EMT;
vascular mimicry

1. Introduction

Homeostasis in healthy tissues strongly depends on cadherin- and integrin-mediated,
cell-to-cell and cell-to-extracellular matrix (ECM) adhesion, respectively [1]. Both types
of adhesion are crucial for maintaining tissue architecture and sensing and responding to
changes in their environments. Cadherins are transmembrane glycoproteins that mediate
calcium-dependent cell-cell adhesion. Through their homophilic binding interactions,
cadherins play a role in cell-sorting mechanisms, conferring adhesion specificities on
cells. The regulated expression of cadherins also controls cell polarity and tissue morphol-
ogy. Classical cadherins are located at adherens junctions and are characterized by five
homologous repeats at the extracellular domain. In contrast, the intracellular classical
cadherin cytoplasmic domain (CCD) binds armadillo family proteins 3-catenin (Ctnnb1)
and p120ctn (Ctnnd1). The interaction with B-catenin links cadherins to a-catenin and
the actin cytoskeleton, whereas p120ctn is involved in cadherin turnover. By regulating
contact formation and stability, cadherins play a crucial role in tissue morphogenesis and
homeostasis [1].

The adhesion of cells to the extracellular matrix (ECM) is mainly mediated by integrins,
which undergo a conformational change upon activation to recruit structural and signaling
molecules. Thus, integrins not only mechanically couple the cytoskeleton to the ECM but
also transmit molecular signaling cascades to regulate cellular functions in response to
extracellular cues [1].

During tissue morphogenesis, wound healing or pathological alterations in diseases
like cancer, the ability of cells to rapidly and reversibly change adhesive properties is a key
feature. This cell plasticity is driven by the programs of the epithelial-mesenchymal transi-
tion (EMT) and mesenchymal-epithelial transition (MET), both of which play essential roles
during normal embryogenesis and tissue homeostasis [2]. However, the aberrant activation
of these processes can also drive different stages of cancer progression, including invasion,
cell dissemination, metastatic colonization, and secondary tumor outgrowth [3]. EMT
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enables physically connected epithelial cells to disassociate their characteristic classical
cadherin/catenin cell-cell contacts, lose their apical-basolateral polarity, and increase ex-
pression and activity of integrins displaying leading-edge asymmetry to become motile and
mesenchymal-like and capable of degrading the basement membrane. The events occurring
during EMT include the downregulation of cytokeratins and E-cadherin, epithelial-specific
markers, and an increase in mesenchymal markers, such as fibronectin, N-cadherin, and
vimentin. Transcription factors, including Snaill/Snail, Snail2/Slug, Twist, and ZEB1, are
well known to be involved in the orchestration of EMT. Cell—cell adhesion and cell-ECM
sites contain overlapping functional constituents containing common and distinct proteins.
The crosstalk between these adhesion sites is crucial to coordinate cell migration with
dynamic interactions between cells. Because both integrins and cadherins associate with
the cytoskeleton and many common signaling molecules, it is likely that the cell-ECM and
cell-cell adhesion processes mediated by these two types of receptors act in a coordinated
manner in regulating cellular functions [4]. Changes in expression or mutations of these
proteins, especially cadherins, catenins, and integrins, are frequently associated with dis-
eases ranging from developmental defects to carcinogenesis and metastasis [5-7]. It is well
established that two significant hallmarks of cancer, namely loss of cell-to-cell adhesion
and anchorage-independent growth, are both dependent on cell adhesion molecules. Vin-
culin and «-catenin are two related proteins that play crucial roles in those processes [4,8].
However, the function of their recently characterized homolog a-catulin is still poorly
understood. a-catulin is a protein whose name is composed of “a-cat”, which comes
from x-catenin, and “ulin”, which comes from vinculin as it is a homolog of x-catenin
protein belonging to the vinculin superfamily. Despite the sequence homology and shared
superfamily with a-catenin, a-catulin’s localization and functions appear to differ. Multiple
reports describe a-catulin as an important factor contributing to cancer cell migration and
invasion; however, the exact molecular mechanism leading to this phenomenon remains
unclear. A growing number of reported a-catulin-interacting partners and new connec-
tions imply even more complex regulatory functions for this protein. This review aims to
highlight recent discoveries emphasizing how a-catulin is involved in the coordination of
a network of signals and actin cytoskeleton regulation.

2. x-Catulin—A Member of the x-Catenin Family

Whereas all other catenins (-catenin, plakoglobin and p120 catenin) share relatively
high sequence homology and belong to the Armadillo family of proteins, vinculin and
a-catenins differ in sequence and structural organization and form the vinculin fam-
ily [9] together with the recently characterized homolog o-catulin [10]. Although it is
well known that a-catenin is necessary for cadherin-catenin-mediated cell-cell adhesion,
and vinculin is important for integrin-mediated cell-ECM adhesion and cell-cell adhe-
sion, the function of a-catulin is still not well understood. «-catulin (catenin alpha like
1) protein is encoded by the CTNNALI gene located on chromosome 9 in loci q31-32
(Figure 1B) positions 108,942,569-109,013,522 in a minus-strand orientation, resulting in a
base length of 70,954 (https:/ /www.genecards.org/cgi-bin/carddisp.pl?gene=CTNNALI
(accessed on 5 September 2022)). The protein is 734 amino acids long and weighs 81,896 Da
(https:/ /www.uniprot.org /uniprotkb/Q9UBT7/entry (accessed on 5 September 2022)).
However, two other alternative splicing isoforms have been described, one with substi-
tution in positions 714-734 [10] and another with missing aa in positions 397-480 [11].
There is no 3D structure for x-catulin that has been deposited in the PDB file. The
only available structure is the one predicted by AlphaFold (https:/ /alphafold.ebi.ac.uk/
(accessed on 5 September 2022)) which still has a poor structural prognosis in some loca-
tions (Figure 1C). mRNA of «-catulin is widely expressed in the human body. It has been
reported to be expressed in the thymus, prostate, testes, ovary, small intestine, colon [12],
skeletal muscle, lung, heart, and placenta [10]. The human protein atlas also confirms
that «-catulin protein is widely found in the human body, interestingly having the highest
score in endocrine tissues, female and muscle tissues (proteinatlas.org). In 2002, Park
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et al. demonstrated that when using the Blast tool and analyzing the CTNNALI sequence,
they reported having high similarity to a-catenin. The BESTFIT similarity alignment of
a-catulin with its closest human homolog «-catenin showed 27% identity, and alignment
with vinculin showed almost 20% identity (Figure 1A). They also showed that -catulin is
characterized by an extra 16 N-terminal amino acids not present in mammalian a-catenins.
a-catulin and «-catenin homology is represented by two blocks; the first homology se-
quence is between o-catulin residues 18-524 and «N-catenin positions 2-504. The following
sequence is a region of 110 amino acids present in x-catenin that is omitted in «-catulin.
The second homologous block extends o-catulin residues 525-734 [12]. a-catulin also
shows high sequence similarity with vinculin, hence being categorized as a part of the
vinculin superfamily of proteins. The homology with vinculin, however, is lower, reaching
21%. The similarity is essentially high in the N-terminal domain of the protein, shown to
have putative binding sites for -catenin, talin, and x-actinin [10]. Amphipathic helices in
the C-terminal region corresponding to a-catenin contain potential binding sites for the
actin cytoskeleton. This region also contains potential binding sites for ZO-1, the protein
important for tight junctions [10,12], another type of intercellular adhesion complex that
forms the border between the apical and basolateral cell surface domains in polarized
epithelia and controls paracellular permeability. Despite the sequence homology between
a-catulin and x-catenin, their subcellular localization pattern is different as shown by
Park et al. a-catulin localized to both the membrane-rich (pellet) fraction and the soluble
(cytosolic) fraction, whereas x-catenin was found to localize almost exclusively to the
membrane-rich fraction. They confirmed those results with two different experiments,
one with high-speed fractionation into cytosolic and membrane-rich fractions followed by
Western blotting, and the second with Myc-tagged «-catulin (pcDNA Myc:a-catulin) and
indirect immunofluorescence. Despite the above-mentioned characteristics of a-catulin, it
is still very poorly characterized.

A a-catulin | a-catenin | Vinculin
o-catulin - -
a-catenin 27.09 100 25.84
Vinculin 19.15 25.84 100
734
68 277 392 524 556 727
906
22 224 377 586 697 848
1066
6 208 582 796 3
B Chromosome 9 N

I
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Figure 1. Structural features of a-catulin. (A) Table represents amino acid sequence similarities (%)
between «-catulin, x-catenin and vinculin. «-catulin shares 27.09% homology with a-catenin and
19.15% with vinculin. (B) Schematic representation of «-catulin (CTNNALT1) gene on chromosome
9 locus 31.3. (C) Scheme shows the predicted 3D structure of a-catulin and «-catenin protein by
AlphaFold.

3. Binding Partners of x-Catulin

One of the first described interacting partners of a-catulin is Lbc Rho guanine nu-
cleotide exchange factor. Rho guanine nucleotide exchange factor (GEF) functions for the
RhoA small GTPase protein [13]. RhoA is inactive when bound to the GDP, but when
acted on by the Rho GEFs, GDP can be released, and GTP might be attached, leading to the
activation of RhoA. Furthermore, active RhoA can bind to and activate distant effectors or
enzymes. Interestingly, in this particular case, RhoA is a major regulator of the cell actin
cytoskeleton [14]. One of the GEFs specific for Rho is a DH domain containing Lbc onco-
genic product GEF [15,16]. All Lbc Rho GEF forms possess common C-terminal regions
following DH domain cassette [17]. Park et al. showed a direct association between Lbc
Rho GEF and o-catulin using three independent systems: yeast two-hybrid interaction,
direct binding in vitro, and complex formation in mammalian cells. The required site of
interaction within the Lbc C-terminal region was mapped to the ~253-residue IDR (intrin-
sically disordered region). They also determined that the x-catulin site required for the
interaction lies in the N-terminal residues 34-524. Coexpression of x-catulin and wt-Lbc
led to increased GTP-Rho formation in cooperative action. This implies that a-catulin is an
upstream regulator of Rho. Overall, the authors conclude that a-catulin acts as a scaffold
protein for Lbc Rho GEF and facilitates Lbc-induced Rho signals [12,17].

a-Catulin has also been shown to interact with the dystrophin complex through direct
interaction with dystrobrevin in C. elegans. This interaction is conserved and also present
in mouse skeletal muscles [18]. Dystrophin has been known as a cause of Duchenne
muscular dystrophy, yet dystrophin usually functions in protein complexes known as
dystrophin-associated protein complex (DAPC) [19]. It had been previously shown that
mutations in the CTNNAL1 gene lead to the interruption of DAPC localization near dense
bodies [20]. In the above-mentioned publication, the reciprocal action of x-catulin with
dystrobrevin was validated by co-immunoprecipitation as well as by mass spectrometry
and yeast two-hybrid screen. The authors observed an increase in o-catulin expression
levels in the skeletal muscle of dystrophin-deficient mice, where dystrophin-associated



Int. J. Mol. Sci. 2022, 23,11962

50f13

26|Strona

protein complex is disassembled, and the link between the costamere and the sarcolemma
is absent. To bind «-catulin, dystrobrevin requires a C-terminus as well as an o-helix H2
proximal to the C-terminal region [18]. Similar results have been obtained in other studies.
Lyssand et al. showed that the C-terminal domain of dystrobrevin recruits x-catulin to
the a;p-AR signalosome. Adrenergic receptors (ARs) and G protein-coupled receptors
(GPCR) are important regulators of cardiovascular system function. Their function revolves
around increasing blood pressure and promoting vascular remodeling. [21]. Sequence
analysis revealed that, similar to x-catenin, a-catulin has a putative binding domain for
B-catenin; therefore, a group led by Deniz Toksoz took a closer look into this interaction,
mapping it to the N-terminal 163 amino acids of the protein [21,22]. When performing
co-immunoprecipitation, they noticed that «-catulin indeed co-precipitates with -catenin,
but the amount of a-catulin associated with 3-catenin appeared to be smaller than that of
a-catenin associated with 3-catenin. Given that endogenously in cells, the pool of 3-catenin
is naturally bound to x-catenin, these results were not surprising. «-catulin might associate
with a different fraction of B-catenin than a-catenin does. There might be other pools of
[-catenin, such as tyrosine phosphorylated (3-catenin, in which protein interactions are
altered [21,23-25]. Here, the authors additionally proposed the antiproliferative role of
a-catulin, as it attenuates cyclin D1 transcription, leading to decreased cyclin D1 protein
levels. They also observed that expression of a-catulin had a negative impact on cancer cell
colony formation ability, leading to the statement that o-catulin modulates endogenous
growth signaling pathways [21,22]. As B-catenin functions at the adherens junctions and
also acts in the nucleus after stabilization of a pool of B-catenin in response to the upstream
Wnt signals, it is crucial to further investigate the catulin-f-catenin interaction. Another
«-catulin interacting protein was reported in the publication by Wiesner et al. in 2008. It
was shown that a-catulin can modulate the NF-kB pathway by binding to IKK- [21,26].
The NF-kB pathway plays a pivotal role in a variety of biological processes like innate and
adaptive immune responses, tissue differentiation and apoptosis [21,27,28]. The targets
of NF-kB include its own inhibitors IkBa and IkBf [21,29]. Different extracellular stimuli
activate the IkB kinases IKK-a and -3, which phosphorylate IkBx, which results in the
degradation of IkBx and translocation of NF-kB to the nucleus [21,30]. Wiesner et al.
provided evidence that a-catulin binds to IKK-$ by immunoprecipitation. Moreover, they
limited the interaction site in «-catulin to its C-terminal 87 amino acids. As x-catulin binds
to IKK-f in the C terminus and to Lbc Rho GEF in the N-terminus, the authors claim that it
may allow simultaneous stimulation of both pathways, being a bridge between those two.
As there is evidence that both the NF-kB and RhoA signaling pathways play multiple roles
in tumorigenesis, cell migration, invasion, and escape from apoptosis, x-catulin, as a linker
of those two pathways, might serve as a crucial clinical target [21,26,31]. The interaction
of a-catulin with Lbc, dystrophin complex and other proteins and resulting pathways
activation have been represented in Figure 2.

Finally, a-catulin has been described as an interactor protein of human NEK1 protein
kinase. NEK kinases are involved in regulating diverse cellular processes like the cell cycle,
mitosis, cilia formation, and the DNA damage response and the etiology of polycystic
kidney disease (PKD). a-catulin has been described as one of the 11 new binding proteins
of NEK1. Moreover, it has been proven to interact with both regulatory and kinase domains
(NRD and NKD) [32]. Interestingly, aberrant expression of NEKs appears to be involved in
the initiation, maintenance, progression and metastasis of cancer and is associated with
a poor prognosis [33]. A better understanding of NEK1 kinase interaction with a-catulin
may lead to more successful clinical trials of NEK inhibitors.
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Figure 2. Overview of the function of x-catulin in dystrophin complex. In blue circles, a-catulin
and dystrophin complex are shown. The interaction occurs via dystrobrevin, highlighted in orange.
Shown are distinct interactors of the complex as well as direct interactors of «-catulin. Enlarged is also
integrin complex, having interactions indirectly via ECM and impacting cytoskeleton remodeling.
Highlighted in red are key pathways and functions resulting from either interaction of the complex
or a-catulin directly.

4. x-Catulin and Its Function during Development

The plethora of interacting proteins indicates that c-catulin may play essential roles in
various vital regulatory processes. Thus far, the important role of x-catulin has been shown
in the process of neurulation during mouse development [34], where cell-cell and cell-ECM
interactions are constantly under remodeling to enable proper architecture and function of
forming tissues. The actin-cytoskeleton and actomyosin contractility integrated at the cell-
cell and cell-ECM adhesions cooperatively are crucial to shape the cells and tissues [35-37].
The adherens junctions are required for the transmission of force across an epithelium, and
the actomyosin cortex, which spans the apical surface of an epithelium, transitions between
elongation and active state of actin nucleation while still attached to the adherens junction,
allowing for apical constriction, which is crucial, for example, during neurulation [37-39]. It
is important that actomyosin machinery is located at the right place and time to generate the
required force to pull the neural folds together [40]. Interestingly, a-catulin was shown to
participate in the apical actomyosin network regulation by serving as a scaffold protein that
may be important for properly directing Rho family GTPase signaling during neurulation.
a-catulin-deficient mice show neural tube (NT) closure defects. They are embryonically
lethal with massive disorganization of their neuroepithelium, extra bending, absence of
apically localized actin filaments, nestin and phosphorylated myosin, and inappropriate
basement membrane assembly due to very low expression of its components: laminin and
fibronectin. The neuroepithelium of a-catulin deficient mice lack apically localized actin
filaments and P-Mlc, which typically correlate with proper Rho-dependent cell constriction.
In vitro studies performed in a three-dimensional model of MDCK cells showed that -
catulin is localized specifically at the apical parts of cells membranes and is important
for proper cell polarization, organization of actomyosin cytoskeleton, stabilization of
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intercellular junction as well as distribution of active Rho A. Taken together, data collected
both from in vivo mouse model and in vitro 3D studies indicated a pivotal role of alpha-
catulin protein in neurulation during embryonic development, as it can act as a scaffold
for RhoA in apical parts of cells, which results in correct spatial activation of downstream
myosin to influence actin-myosin dynamics and the stability of cell-cell junctions, which
allows generating the appropriate tension needed for the apical constriction of cells and
proper bending of the neural plate [34].

5. Role of «-Catulin in Homeostasis

In the last decade, numerous studies have also demonstrated the importance of
a-catulin in the maintenance of tissue homeostasis. A-catulin was reported to play po-
tential functions in hematopoietic stem cells (HSCs), bronchial epithelium, muscles and
intestine [18,20,41-45]. In hematopoietic stem cells, x-catulin is expressed only in a specific
population of 0.02% of bone marrow hematopoietic cells. Generation of a mouse model
with green fluorescent protein (GFP) knocked-in into the a-catulin locus allowed to show
that «-catulin together with c-kit marks the population of cells that possess the long-term
multilineage reconstitution ability of bone marrow after irradiation [41]. In addition, the
distribution of o-catulin® c-kit1* cells indicates that HSCs are more common in the central
marrow than near the bone surface [41,42]. Even though a-catulin proved to be a great
marker for HSC visualization in the bone, the exact function of this protein in those cells
was not established.

Furthermore, high expression of a-catulin was also detected in bronchial epithelium
under ozone-stressed conditions. Results from this study suggest that elevated «-catulin ex-
pression may be a protective response aimed at maintaining airway epithelial integrity [43].

Moreover, in neuromuscular junctions, dystrobrevin utilizes x-catulin for proper
neurotransmitter receptor (AChR) clustering on myotubes, indicating its important role in a
synaptic machinery organization [44]. As an anchor protein that locates potassium channels
and neurotransmitter receptors in specific nanodomains, a-catulin plays a key role in the
physiological processes related to the neurosecretion as well as excitation of neurons and
muscles. Dysfunction of this important protein may be linked to muscular and neurological
disorders [20,44]. It has also been reported that a-catulin ortholog is a critical cytoskeletal
regulator in C.elegans, crucial for the proper localization of calcium-dependent potassium
channels in both neurons and muscles. In muscles, o-catulin, via the dystrophin complex,
binds the calcium-dependent potassium channels near L-type calcium channels. In turn, in
neurons, x-catulin controls the localization of the potassium channels independently of the
dystrophin complex [20,21,46]. The interaction with dystrophin complex seems to be the
best characterized so far for «-catulin.

Recent studies performed on Chinese patients with Hirschsprung disease revealed that
a-catulin can be attributed to genetic factors or gene-gene interaction networks responsible
for enteric neuronal dysfunction [45]. Interestingly, catulin expression was observed in the
enteric innervation of newborn mice [34].

6. «-Catulin in Cancer Invasion and Metastasis

Even though a-catulin is overall a very poorly described protein, its participation in
cancerogenesis and influence on cancer cell invasion and metastasis has been reported and
researched in many papers. Both structural and signaling functions of a-catulin may play a
role in cancer progression. As mentioned above, a-catulin in the N-terminal region contains
binding sites for 3-catenin, talin, x-actinin, and the actin cytoskeleton. This suggests that
it may function as a cytoskeletal linker protein that is able to modulate cell migration [8].
Cell migration is a process that plays a pivotal role in carcinogenesis and participates in the
metastasizing of cancer cells. Metastasis is a complex phenomenon that occurs in all types
of cancers and is responsible for death [47]. It is based on the fact that cancer cells escape
from the primary tumor, migrate, enter the lumen of blood and lymphatic vessels and reach
distant organs, where they can repopulate the tumor mass [48,49]. Cancer cells need to ac-
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quire a mesenchymal phenotype in the process called epithelial-to-mesenchymal transition
(EMT) [50]. EMT is a phenomenon where cells downregulate proteins involved in apical
cell-cell contact and adherence junction formation, such as E-cadherin and «-catenin, and
start upregulating proteins specific for mesenchymal features of the cell, such as N-cadherin
and vimentin, which results in the enhanced motility of the cells. This switch between rela-
tively stable cell-cell contacts and an increase in motility is crucial for cancer invasion [51].
It has been observed that when «-catenin, a cell-cell junction protein, is conditionally
lost in the epithelium, cells begin to demonstrate increased proliferation rates, migrative
properties, and the squamous cell carcinoma (SCC) phenotype [52]. Using microarray
analysis to compare mouse x-catenin cKO keratinocytes, which failed to form cell-cell
junctions, and WT epithelial cells, it was observed that «-catulin is highly upregulated in
the cells with increased motility and mesenchymal phenotypes [52]. This data suggested
the participation of a-catulin in cancer progression and was further investigated by our
group in a model of human head and neck squamous cell carcinoma (hHNSCC), which is a
very aggressive tumor type and accounts for more than 450,000 malignancies diagnosed
each year. Despite new treatment options, patients are still faced with a very high rate of
recurrence and metastatic disease, with a 5-year survival rate of only 50% [53-55]. It was
shown that -catulin is upregulated in the metastatic cells in the xenotransplant in vivo
model and also in vitro in the hSCC (human squamous cell carcinoma) cell line after EMT
induction. Moreover, a-catulin is highly expressed at the invasion front and in migrating,
metastatic streams of cells in human samples of HNSCC and in higher grades of tumor
samples when compared with normal mucosa epithelium [56]. Most importantly, ablation
of a-catulin in hSCC cells decreased the ability of these cells to migrate and invade in vitro
and decreased their metastatic potential in vivo [56]. Given that the expression of x-catulin
not only correlates with tumor grade, but also appears to be involved in the regulation of
the invasive character of the HNSCC cells, it suggests that a-catulin may represent a novel
yet critical mediator of oral cancer progression. As this type of cancer usually spreads
locally, utilizing collective migration, a-catulin could be important for spatiotemporal
fine-tuning of Rho GTPases within a group of cancer cells to control divergent cell-cell
and cell-ECM adhesion as well as cytoskeletal functions to achieve cellular coordination
and mechanocoupling. This is one of the options that will require further testing to better
understand the role of catulin in the process of HNSCC invasion. As -catulin expression
and function correlated with the early onset of hSCC cell invasion, our group used the
human «-catulin promoter fragment driving GFP expression to develop a reporter system.
This unique system, for the first time, allowed us to isolate in vivo a small population of
invasive cells at the human tumor invasion front [57]. After verifying the reporter system,
we showed that cells highly expressing GFP driven from a-catulin expression localize at
the invasion front in a spheroid model of hSCC cells. Additionally, this system marked
the cells with higher migratory, invasive, and tumorigenic potential in vitro in the 3D
model. Cells highly expressing a-catulin were also observed in a small population of
invasive cells at the tumor front in the in vivo model of head and neck squamous cell
carcinoma. Expression of GFP under «-catulin promoter correlated with the loss of an
epithelial marker, E-cadherin expression, indicative of ongoing EMT. The reporter system
allowed for isolation and transcriptional characterization of those highly invasive cells,
providing a list of deregulated genes that are involved in cellular movement, ILK and
integrin signalling, as well as axonal guidance signalling [57]. This functional genomic
study of the purified population of invasive cells revealed enrichment in genes involved
in cellular movement and invasion, providing a molecular profile of HNSCC invasive
cells. Interestingly, this profile overlapped partially with the expression of signature genes
related to partial EMT available from single-cell analysis of human HNSCC specimens [58].
This comparison strengthens the idea that a-catulin in this type of cancer might be im-
portant for spatiotemporal regulation of Rho GTPases within a group of cancer cells to
control dynamic plasticity and crosstalk between cadherin-mediated cell-cell contact and
integrin-dependent cell-ECM adhesion, which is crucial during collective invasion and
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migration. Further research on catulin revealed that its role in cancer progression is not
only limited to HNSCC specifically, which utilizes collective invasion for local spread. It
was recently published that x-catulin is also expressed in human breast cancer samples
and triple-negative breast cancer cell lines, and its expression correlates with tumor pro-
gression [59]. Breast cancer is now the most common cancer worldwide [60], and the
worst outcome is presented by triple-negative breast cancer [61]. Knockdown of x-catulin
in triple-negative human breast cancer cell lines MDA-MB-231 and HCC1806 revealed a
decrease in the invasion capability of those cells in 3D spheroid model assays [59]. The use
of a catulin-GFP-promoter-based reporter system in a 3D spheroid model of triple-negative
breast cancer cell lines showed that the most invading cells co-express a-catulin and known
EMT marker vimentin. Transcriptional profiling of GFP-positive cells isolated from tumors
that formed after injection of a catulin-GFP triple-negative breast cancer cell line disclosed
the list of deregulated genes involved in cellular movement and invasion and, interestingly,
migration of endothelial cells [59]. Top pathways deregulated in the «-catulin GFP + cells
involved epithelial adherens junction signaling and remodeling of epithelial adherens junc-
tions. Special attention was paid to genes involved in the vasculature, as it was observed
that tumor areas enriched in GFP+ cells presented visible dense vasculature. Surprisingly,
some cells highly expressing GFP co-expressed MCAM (CD146), an endothelial marker
but also a cellular surface receptor of different ligands, are actively involved in signaling in
the numerous physiological and pathological processes involving metastases of different
cancer types. Cells highly expressing GFP and co-expressing MCAM formed vasculogenic
structures resembling vessels. This suggests that a-catulin marks highly invasive breast
cancer cells that are characterized by increased plasticity and might participate in the
process of vascular mimicry, allowing cancer cells to metastasize [59]. In addition, ablation
of a-catulin in the in vivo model resulted in decreased tumor size and decreased stemness
potential of cancer cells with lowered expression of CD44, which is known to be enriched
in breast cancer (BC) stem cells [59]. These data implicate that x-catulin might play an
important role in cancer type-specific tumor-microenvironment interplay. Moreover, it may
be involved in the inflection of adhesive properties of tumor cells. The possible mechanism
of increased x-catulin expression in invasive cancer cells might be explained by the research
performed by Cassandri et al. [62]. They showed that zinc-finger protein 750 (ZNF750) is
a negative regulator of the migration and invasion of breast cancer cells. It functions as a
repressor of a prometastatic transcriptional program. This transcriptional program was
shown to express genes that are involved in focal adhesion and extracellular matrix inter-
actions with an emphasis on CTNNALI1. They showed that the expression of CTNNAL1
and LAMB3 contradictorily correlated with ZNF750 expression in a breast cancer model.
ZNF750 recruits epigenetic modifiers KDM1A and HDACT to the promoter region of the
a-catulin gene, which affects histone marks and trans activates these genomic sites. Addi-
tionally, they also showed gene expression analysis in cancer patient datasets that indicated
ZNF750 and its targets to be negative prognostic factors in breast cancer [62]. In 2011, Fan
et al. published a paper confirming the previously described participation of a-catulin in
tumorigenesis. They showed that a-catulin expression is elevated in oral cancer cells versus
normal cells. They also found that the knockdown of a-catulin resulted in the accumulation
of cell populations in S and G2/M cell-cycle phases with decreased cyclin A and cyclin B1
expression. «-catulin knockdown induced cellular senescence as the major phenotype of
cell death in two oral cancer cell lines, OC2 and A549. In patients, x-catulin expression
correlated with tumor size, whereas a-catulin knockdown supressed tumorigenicity in
xenograft models. Knockdown of «-catulin in cancer cells bearing either wild-type or
mutant p53 was sufficient to trigger DNA damage response and eventually induce cel-
lular senescence in vitro [63]. In addition to structural functions and regulation of actin
cytoskeleton during cancer invasion and migration, a-catulin enhances cancer metastasis
by influencing signaling pathways. Liang et al. showed that a-catulin expression correlates
with the cell invasiveness potential in vitro and metastatic potential in vivo. It occurs via
an ILK/NF-kB/integrin network where a-catulin directly interacts with ILK, which in turn
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activates the ILK/Akt/NF-kB signaling pathway and upregulates fibronectin and integrin
&y 3. «-catulin as an integrin signaling adaptor might play a pivotal role in regulating
integrin-mediated cellular functions via binding to ILK [64]. Later, the same scientific group
focused on the participation of a-catulin in cancer stemness and EMT. They found that cells
overexpressing x-catulin have genes such as FGF2, BMI1, ALDH1A3, POU5F1 and NANOG
upregulated. Additionally, high expression of x-catulin was required to maintain stemness
in a lung cancer model, and klf5 was indicated as a new interacting protein that plays
an important role in stemness maintenance by cooperating with x-catulin to enhance the
transcription of POU5F1 and NANOG. Knockdown of KIf5 in cells overexpressing a-catulin
abolished the sphere formation capacity. «-catulin not only interacts with kIf5 but also pro-
tects this protein by blocking the WWP1-mediated proteasomal degradation of KLF5 [65].
The participation of x-catulin in cancer cell migration and invasion has also been proven
in a melanoma cancer model. Kreiseder et al. showed that a-catulin is highly expressed
in melanoma cells, resulting in reduced E-cadherin and increased N-cadherin expression.
Upregulation of a-catulin promotes expression of EMT markers Snail /Slug and Zeb1/2; in
addition, a-catulin regulated PTEN and RKIP, inhibitors of the NF-kB pathway. They also
found MCAM, plakoglobin, and occludin to be altered in «-catulin-deficient cells. Their
results further confirmed that a-catulin is not only responsible for the downregulation of
E-cadherin but is also required for melanoma invasion by the upregulation of MMP 2 and
9 and the activation of ROCK/Rho [66]. They further studied the role of a-catulin and, in
2015, published a paper showing that a-catulin is responsible for the chemoresistance of
melanoma cells to cisplatin. This reduction in cisplatin-mediated apoptosis of melanoma
cancer cells is due to the fact that o-catulin is responsible for NF-kB, AP-1 activation and
ERK phosphorylation, and, in the case of knockdown of a-catulin, the cisplatin-mediated
apoptosis was shown to be enhanced [67].

7. Conclusions

a-catulin, together with vinculin and «-catenins, belongs to the vinculin family of
proteins, best known for their actin-filament binding properties and crucial roles in cell-cell
and cell-substrate adhesion; however, despite sequence homology, x-catulin seems to have
independent roles. a-catulin has been shown to be important in inflammation, apoptotic
resistance, cytoskeletal reorganization, senescence resistance, cancer progression, and EMT.
Multiple binding proteins of x-catulin revealed in recent years suggest a molecular hub
function, integrating a cytoskeleton with a number of signaling pathways. Unfortunately,
the molecular mechanisms of x-catulin action are still poorly characterized and need further
investigation, especially in the field of cancer progression.

Increased a-catulin expression was observed in the invading front of squamous cell
carcinoma, and its depletion led to decreased invasion and metastasis in a xenograft
transplant mouse model. a-catulin was also reported to be upregulated in a highly invasive
non-small cell lung cancer cell line, as well as in breast and prostate cancer. Despite multiple
reports describing a-catulin as an important factor contributing to cancer cell migration
and invasion, the exact molecular mechanism leading to this phenotype remains unclear.

As o-catulin depletion was shown to have a strong effect on RhoA signaling and
the actomyosin cytoskeleton arrangement, it will be crucial to further investigate the
role of «-catulin in spatial RhoA distribution during cell migration. Further experiments
encompassing mass spectrometry are currently underway in our laboratory in order to
identify potential x-catulin interaction partners contributing to the front-rear stabilization
of migrating cancer cells.

A question also remains about potential x-catulin and cadherin interactions. The
role of a-catulin in the process of EMT and the switch between relatively stable cell-
cell contacts and an increase in motility, which is crucial for cancer invasion, is of great
interest. Catulin expression was reported to be upregulated when a-catenin, a cell-cell
junction protein, was conditionally lost in the epithelium, which was accompanied by an
increased proliferation rate and migrative properties. Therefore, further investigations
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at the structural, cellular, and functional levels are also needed to understand the exact
sequence of molecular interactions and conformational changes operating between the
cadherin/ B-catenin/ a-catenin complex and o-catulin and F-actin and tension-dependent
remodeling of cell-cell adhesion.

An analysis of «-catulin dynamics using high-resolution live imaging should help us
to map «-catulin’s localisation and interactions in time and space. These could bring us
closer to solving how a-catulin orchestrates adhesion and the actin cytoskeleton.

As wo-catulin is broadly expressed and plays multiple physiological functions both
during development and adult life, direct therapeutic strategies towards silencing its gene
may not be applicable. On the other hand, targeted disruption of signaling pathways
originating or ending at x-catulin may be a more promising therapeutic target.
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Catulin reporter marks

a heterogeneous population

of invasive breast cancer cells

with some demonstrating plasticity
and participating in vascular
mimicry
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Breast cancer is the most commonly diagnosed cancer in women worldwide. The activation of partial
or more complete epithelial-mesenchymal transition in cancer cells enhances acquisition of invasive
behaviors and expands their generation of cancer stem cells. Increased by EMT plasticity of tumor
cells could promote vascular mimicry, a newly defined pattern of tumor microvascularization by
which aggressive tumor cells can form vessel-like structures themselves. VM is strongly associated
with a poor prognosis, but biological features of tumor cells that form VM remains unknown. Here
we show that catulin is expressed in human BC samples and its expression correlates with the tumor
progression. Ablation of catulin in hBC cell lines decreases their invasive potential in the 3D assays.
Using a novel catulin promoter based reporter we tracked and characterized the small population of
invasive BC cells in xenograft model. RNAseq analysis revealed enrichment in genes important for
cellular movement, invasion and interestingly for tumor-vasculature interactions. Analysis of tumors
unveiled that catulin reporter marks not only invasive cancer cells but also rare population of plastic,
MCAM positive cancer cells that participate in vascular mimicry. Ablation of catulin in the xenograft
model revealed deregulation of genes involved in cellular movement, and adhesive properties with
striking decrease in CD44 which may impact stemness potential, and plasticity of breast cancer cells.
These findings show directly that some plastic tumor cells can change the fate into endothelial-

like, expressing MCAM and emphasize the importance of catulin in this process and breast cancer
progression.

Abbreviations

BC Breast cancer

EMT Epithelial-mesenchymal transition

VM Vascular mimicry

GFP Green fluorescent protein

MCAM Melanoma cell adhesion molecule

ER Estrogen receptor

PR Progesterone receptor

Her2 Human epidermal growth factor receptor 2
hHNSCC  Human head and neck squamous cell carcinoma
GEF Guanine exchange factor

GTP Guanosine-5'-triphosphate
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Breast cancer is the most commonly diagnosed cancer in women worldwide', and accounts for 23% of all cancer
cases’. Breast cancers are categorized into three main groups based on cellular markers reflecting available tar-
geted therapies: Estrogen receptor (ER) or progesterone receptor (PR) positive, Her2 positive and triple negative
breast cancer with no ER, PR and Her2 expression having no standard treatment option and the poorest survival’.
Majority of breast cancer related deaths are a consequence of late diagnosis resulting in resistant to treatment,
metastatic disease. The EMT plays a role in many developmental processes, and is also associated with many solid
tumors progression. Therefore, pharmacological intervention of this process may represent a crucial therapeutic
target. Unfortunately, it is challenging to observe EMT in vivo, in human carcinomas. In addition recent studies
indicate high heterogeneity within tumor cells undergoing epithelial-mesenchymal transition and exhibiting
different phenotypes: epithelial, mesenchymal, or one or more hybrid epithelial-mesenchymal phenotypes within
the same tumor*~’. This behavior has been reported across different cancer types, and implicated in multiple
processes associated with metastasis and appearance of cancer cell subpopulations with most plastic stem cell-like
properties. Therefore, labeling, isolation and functional characterization, including cancer stem cell potential,
and genetic signature of heterogeneous populations of cancer cells undergoing transient and reversible partial
EMT process is very challenging. During breast cancer progression, and metastasis the reduction of intercellular
adhesion is one of the critical steps®. The process of epithelial to mesenchymal transition is characterized by pro-
gressive redistribution or downregulation of apical, and basolateral epithelial-specific tight, and adherens junction
proteins, including E-cadherin and a-catenin, and re-expression of mesenchymal molecules like Vimentin and
N-cadherin. This switch between relatively stable cell-cell contacts and increase in the motility is necessary for
invasion’. The important factors playing a role in the EMT process are TWIST1 and TWIST2, responsible for
inducing transformation alone or in a cooperation with TGFp, Wnt, Notch, etc.'’. Suppression of the E-cadherin
transcription is known to be regulated by the Snaill and Snail2 as well as Zeb1 and Zeb2 genes''. Downregulation
of E-cadherin, and a-catenin is a prognostic marker of poor clinical outcome in majority of solid tumors'***, We
observed previously, that loss of cell-cell junction protein a-catenin was accompanied by upregulation of the
expression of a new a-catenin homologue, a-catenin-like 1 (a-catulin, catulin)®. We also described previously that
catulin is highly expressed at the invasion front of human head and neck squamous cell carcinoma (HNSCC).
The upregulation of catulin correlated with the transition of tumor cells from an epithelial to mesenchymal state.
On the other hand, knockdown of catulin in hRHNSCC cell lines dramatically decreased the migratory and inva-
sive potential of those cells in vitro and metastatic potential in vivo, in the mouse model. Interestingly, analyses
of tumors deficient in catulin showed that its ablation prevented tumor cells from invading the surrounding
stroma'". Catulin has not been well characterized so far. It was shown to act as a scaffold for the Rho GTPase
signaling complex by interacting with the Lbc-Rho GEF'*"7. Catulin has also been shown to interact with the
IKK-b and Lbc to promote tumor cell migration, and resistance to apoptosis'®. Moreover, it has been shown that
catulin knockdown reduces NF-kB, and AP-1 activity, diminishes ERK phosphorylation in malignant melanoma
cells, and sensitizes them to treatment with chemotherapeutic drugs'. Catulin has also been proven to inter-
act with dystrophin in the dystroglycan-dystrophin/utrophin complex, where dystroglycan mediates cell-ECM
adhesion? . Our laboratory has also described that catulin plays an important role during mouse neural tube
closure by acting as a scaffold for RhoA distribution, resulting in proper spatial activation of myosin to influence
actin-myosin dynamics, and tension at cell-cell adhesion?!. Additionally, it has been reported that catulin plays
a critical role in cancer metastasis by activating the ILK-mediated Akt-NF-kB-avp3 signaling axis**. As catulin
shows high similarities in structure to vinculin, and a-catenin in N-terminal region that contains binding sites
for B-catenin, talin, a-actinin, and actin cytoskeleton®® it may act as a cytoskeletal linker protein that modulates
adhesive properties, motility and invasive properties of cancer cells.

There is a growing evidence that only a minority of metastasizing cells may persist and form metastases”’-*’.
This subpopulation of cells is able to grow, invade, and self-renewal, and exhibit stem-like properties, therefore
those cells are called Cancer Stem Cells (CSCs)*. CSCs are able to survive even after removal of the primary
tumor. This might be due to the mutations and deregulation of epigenetic pathways that favor survival and
those may arise from the microenvironment that forces their genetic evolution®*>. Tumor microenvironment
may provide signals which regulate self-renewal, epithelial-mesenchymal transition, and homeostatic processes
such as inflammation, hypoxia and angiogenesis which regulate either entering of CSCs in a dormant state or
promoting the reactivation of CSCs that initiate metastasis*. Endothelial cells of blood vessels are crucial in
cancer progression that is further than delivering oxygen and nutrients***. Solid tumors that have outgrown
beyond a few cubic millimeters to receive nutrients to progress need to induce tumor angiogenesis. Tumor
angiogenesis requires development of new blood vessels from established vascular beds and the process is very
complex”~**, Angiogenesis in tumorigenesis is always pathological, resulting in immature vessels with irregular
structure. This hostile environment may facilitate the EMT process and result in the progression and metastases
of the primary tumor***'. On the other hand, vasculogenic mimicry is the process where tumor cells mimic
endothelial cells and form blood vessel like channels***'. It has been reported among others in breast cancer solid
tumors. This process can facilitate cancer cell migration, invasion and metastatic potential as well as resistance
to therapies****. However, the process of tumor cells participation in vascular mimicry is not fully understood
yet and needs further investigating.

Here we observe that catulin is expressed in human breast cancer samples, and cell lines, and its expression
correlates with the tumor progression. Ablation of catulin in human triple negative breast cancer cell lines
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decreases their invasive potential in the 3D spheroid, and invasion chip assays. Therefore, to track and char-
acterize the population of invasive breast cancer cells we took advantage of catulin expression and developed
a novel catulin promoter based reporter system with green fluorescent protein (GFP) in TNBC cell lines. We
verified this system in vitro in 3D spheroid model where catulin-GFP expression correlated with expression of
known EMT marker Vimentin. Injection of cells stably expressing catulin GFP reporter plasmid into the immu-
nocompromised mice allowed us to track, isolate and characterized the small population of invasive BC cells.
RNAseq analysis revealed enrichment in genes important for cellular movement, cell invasion and interestingly
for tumor-vasculature interactions. By analyzing the tumors, we discovered that catulin reporter system marks
not only invasive cancer cells enriched at the tumor-stroma border and around newly formed vasculature but
also rare population of highly plastic MCAM positive cancer cells that participate in vascular mimicry. We also
showed that ablation of catulin in hBC cell lines decreased significantly the invasive potential of those cells in the
3D assays. Analysis of tumor cells in the xenograft model after catulin ablation revealed deregulation of genes
involved in cellular movement and adhesive properties. We also observed decrease in membrane localized CD44
protein, which may impact stemness potential and plasticity of breast cancer cells. We confirmed the decrease in
CD44 membrane fraction by performing FACS (fluorescence-activated cell sorting) analysis of catulin control
and deficient tumor cells. These findings show high intratumoral heterogeneity with population of cells marked
by catulin reporter characterized by increased invasiveness as well as plasticity of tumor cells which results in
the change of fate into endothelial-like, expressing among other markers, MCAM. Our data confirm the grow-
ing number of evidence that cancer cells rarely undergo complete EMT and rather exist in a continuum of E/M
intermediate states, preserving high levels of plasticity*’.

Results

Catulin is expressed in human breast cancer samples, and cell lines, and its expression cor-
relates with the tumor progression. To investigate the level of catulin expression in the triple negative
breast cancer cell lines, we used: MDA-MB-231, MDA-MB-468, HCC1806, and non-triple negative MCF-7 cell
line as a control. RT-qPCR analysis was performed using pure RNA isolated from those cell lines. As MDA-
MB-231 and HCC1806 showed the highest expression level of catulin, we selected those two cell lines for further
studies with a main focus on MDA-MB-231 cells (Fig. 1a). To determine catulin protein level in human BC
samples, and to check if its expression correlates with tumor progression, we performed immunohistochemi-
cal analysis using commercially available tissue array BR8014 from US Biomax (Fig. 1b). It showed different
levels of expression in a tissue array consisting of 26 cases of hBC samples (all represented in duplicates), and
10 cancers adjacent, or normal breast tissue samples. There is a minimal catulin expression in the normal epi-
thelium (Fig. 1b1). Low grade tumors, with no lymph nodes involved, showed relatively low expression level of
catulin (Fig. 1b2-3). Interestingly, in some samples, stages T1-T2, catulin expression was observed in tumor
cells or small clusters of cells, invading tumor stroma (arrows in Fig. 1b4-7). High level of catulin expression
was noticed in stages T2-T4, especially in samples with lymph nodes involved (arrows in Fig. 1b8-9). In Fig. 1b,
average expression of catulin in all 26 cases of hBC samples, and 10 cancers adjacent or normal breast tissue
samples are shown. Tumor samples were divided into two groups: first, advanced group in stages between T2-T4
with lymph nodes involved—N1, second group less advanced in stages between T1-T2 without lymph nodes
involved—NO. The highest expression of catulin was noticed in stages T2-T4 with lymph nodes involved, 4
times higher compared to stages T1-T4 without lymph nodes involved (Fig. 1b" and Sup. Fig. 1b). Tumor grade,
as provided by the manufacturer, is indicated in Sup. Fig. 1b. These suggest that catulin protein level is important
for highly aggressive breast cancer cells and its expression correlates with the tumor progression.

Ablation of catulin in hBC cell lines decreases their invasive potential in the 3D spheroid
assay. Seeing that catulin is particularly upregulated in highly invasive triple negative breast cancer cell lines,
and its expression correlated with the tumor progression, we wanted to investigate if catulin knockdown would
influence invasive potential of those cells in vitro. To obtain stable TNBC cell lines deficient in catulin, we gen-
erated lentivirus containing catulin-specific ShRNA to knockdown catulin in BC cell lines MDA-MB-231 and
HCC1806. We were able to successfully knockdown (KD) catulin in the MDA-MB-231 (G85) and HCC1806
(G85), compared to cells transduced with the non-silencing control (GNS) on the RNA and protein level (Fig. 1c
and Sup. Fig. 1a). To evaluate the invasive potential in vitro we used 3D spheroid assays. Formed spheres were
allowed to invade matrigel-collagen stroma, and distance of invasion was calculated. We noticed, that for both
MDA-MB-231, and HCC1806 cell lines, morphology of G85 KD spheres remained unchanged, however the
distance of invasion was impaired in G85 KD spheres compared to GNS controls (Fig. 1d). Mean sphere distance
of invasion for MDA-MB-231 GNS control cells was close to 800 pum compared to 200 pm for G85 KD cells, and
for HCC1806 GNS control cells 550 pm compared to 300 pum for G85 KD cells (Fig. 1d). Those results correlate
with previous findings where SCC cells with downregulated catulin level were also unable to efficiently migrate
and invade in vitro in 2D migration and invasion assays'’. To confirm the results in the independent assay, we
took the advantage of 3D cell culture invasion chips. 10° of MDA-MB-231 G85 KD and GNS control cells were
seeded in the media channel of a chip. At the time point 0 h we observed that GNS cells group together, and
gather close to the medium-matrigel stroma barrier compared to G85 KD cells that were dispersed in medium
(Fig. Supl. 1c). After 96 h we calculated the amount of cells that passed the barrier, and invaded matrigel stroma.
As shown in the Fig.Supl. 1c total mean of the number of invasive cells was estimated around 140 for GNS con-
trol, and around 50 for G85 KD cells. In addition, classical in vitro migration, and invasion assays using this cell
line, again showed that catulin ablation decreased the ability of these cells to migrate, and invade (Supplementary
Fig. $2) in'". All these data suggest that catulin is an important factor determining invasive potential in human
triple negative breast cancer cell lines in vitro and lack of this protein halts their invasive potential.
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«Figure 1. Catulin is expressed in triple negative breast cancer cell lines and in high grade human breast cancer
tissue and its ablation in hBC cell lines decreases their invasive potential in the 3D spheroid assay. (a), RT-qPCR
shows that catulin is upregulated in MDA-MB-231 and HCC1806 cell lines and not in MDA-MB-468 compared
to control MCF-7 cell line. (b), immunohistochemical analyses show catulin expression in a tissue array slide
panel BR8014 (Biomax) consisting of 26 cases of human breast cancer samples (all represented in duplicates)
and 10 cancers adjacent or normal breast tissue samples. Tissue origin and tumor grade, as provided by the
manufacturer, is indicated. 1-9, representative images are shown. Arrows point out the positive invasive tumor
cells. (b"), Average expression of catulin in all 26 cases of human breast cancer samples and 10 cancers adjacent
or normal breast tissue samples are shown. Tumor samples were divided into two groups: one, advanced group
in stages between T2-T4 with lymph nodes involved—N1, second group less advanced in stages between T1-T2
without lymph nodes involved—NO0. (c), RT-qPCR shows significant stable knockdown of catulin expression
in MDA-MB-231 cells (t-test, p<0.005). The results were confirmed on a protein level on Western Blot analysis
resulting in no catulin protein in knockdown samples. Presented is cropped gel picture, an original view of
the gel is included in Supplementary Fig. S1d). (d), 3D spheroid assay shows impaired invasive properties of
MDA-MB-231 and HCC1806 knockdown cells compared to control and the calculated distance of invasion is
shown on charts and marked with red line. Yellow dotted line represents the sphere body while the red dotted
line circles around the invasion zone.

Labeling and tracking of invasive breast cancer cells using novel catulin promoter based
reporter system. We described previously that catulin marks the invasive front of SCC, and that upregula-
tion of catulin expression correlates with the transition of cells from epithelial to mesenchymal morphology®'*.
Moreover, we have already shown that catulin expression correlates with BC progression and cancer cells inva-
sive potential. Taken together, these data suggest that catulin might be a great marker of invasive, and motile
cancer cells. To mark those cells, we developed a novel catulin promoter based reporter system, in which GFP
expression is driven directly from catulin short promoter (Fig. 2a). After stable transfection of MDA-MB-231
cell line with catulin reporter plasmid, followed by puromycin selection, GFP fluorescence of established MDA-
MB-231 CatGFP cell line was analyzed using flow cytometry. We gated for GFP + signal comparing reporter cell
line to corresponding original MDA-MB-231 cell line as a negative control (representative results are shown in
Fig. 2b). Around 20% of total cells (40% of parent) highly expressed GFP signal, coming from catulin promoter,
and this percentage was stable in culture. To test the correlation of GFP fluorescence with catulin expression
level, we performed qPCR analysis of catulin expression in sorted MDA-MB-231GFP + and MDA-MB-231GFP-
populations (Fig. 2b). This analysis confirmed enrichment of catulin expression in MDA-MB-231GFP + popula-
tion. To verify how heterogeneous, the catulin expression is in the MDA-MB-231 cell line, we performed immu-
nostaining of cells using antibodies against catulin and beta-catenin (general epithelial marker). As expected,
we observed differences in the level of catulin expression (Fig. 2c). To check in vitro the localization of cells with
GFP expression in the reporter system, we used 3D sphere invasion model, and immunostained the spheres
with GFP antibody, and known EMT marker, Vimentin as well as cell-cell adhesion, and Wnt signaling pathway
marker, B-catenin (Fig. 2d). The most outer cells, located at the invasion front of the sphere show the strongest
GFP signal, and this signal correlates with the expression of EMT marker, Vimentin (arrows in Fig. 2d, lower
panel). In both cases GFP and Vimentin signal is much weaker in the sphere body, in the center (dashed line).
The strongest expression of GFP signal is also visible in the cells invading into the matrigel from the reporter
sphere stained with B-catenin (arrows in Fig. 2d, top panel). In this case GFP signal is also much weaker in the
sphere body, whereas p-catenin expression is quite uniform (dashed line). These data support the idea that novel
Catulin-GFP reporter system marks invasive and motile cells in vitro, in the 3D model.

Genetic signature of Catulin GFP positive breast cancer cells by RNAseq analysis revealed
enrichment in genes important for migration, invasion and tumor-vasculature interac-
tions. As we developed a functioning reporter system marking invasive BC cells, we wanted to check the
genetic signature of those cells. We used in vivo xenograft model, where the MDA-MB-231-Cat-GFP reporter
cell line was injected into the mammary fat pad of 5 Nod.Scid mice. Primary tumors were formed after 8 weeks
and exhibited patchy signal for the GFP. Interestingly, visible vasculature was located in the GFP positive areas of
the tumor mass (arrows in Fig. 3a). Tumors after dissection were collected, either for further immunohistochem-
ical analysis, or sorted in order to collect GFP +and GFP - fraction for RNAseq analysis. To correlate localiza-
tion of invasive cells (GFP +) with known EMT marker Vimentin, and epithelial marker CD44, we performed
immunohistochemical staining of tumors formed after the injection of the MDA-MB-231-Cat-GFP reporter cell
line. Strong GFP fluorescence, indicating catulin GFP reporter expression, was observed in the areas of tumor-
stroma interface, especially in the cells invading surrounding stroma (arrows in Fig. 3c,d and e). On the other
hand, Vimentin was expressed relatively broadly in the tumor (stars in Fig. 3d), not only at the tumor invasion
front (arrows in Fig. 3d,e). Catulin GFP + cells marked smaller population of cancer cells with the majority of
them co-expressing Vimentin (arrows in Fig. 3d, d’ and e, €), and the level of Vimentin expression in GFP posi-
tive cells, at the tumor invasion front, was much higher than in the tumor center. The strong correlation of the
Vimentin and GFP expression is presented in magnified areas of tumor cells invading into the stroma (arrows
in Fig. 3d’), and into the muscles (arrows in Fig. 3¢’). This shows high heterogeneity within tumor mass with
Catulin-GFP reporter, marking tumor cells with the highest Vimentin expression. Co-staining of CatulinGFP
reporter derived tumor with the human specific CD44 antibody also shows similar pattern of GFP expression,
with majority of GFP + cells localized at the tumor stroma interface (Fig. 3c and ¢’). To determine the genetic
signature of the catulin GFP + cells we isolated, and FACS sorted GFP + CD44 +and GFP-CD44 + cells from 3
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Figure 2. Development of catulin promoter based novel reporter system to label and track population of invasive cancer cells of
breast cancer. (a), Shown is the graphical representation of catulin promoter novel reporter system where GFP expression is driven
from catulin promoter expression. (b), Flow cytometry analysis of MDA-MB-231 cells transfected with catulin promoter reporter
system. Gating strategy set to determine population of GFP positive cells. (b’), RT-qPCR shows difference in catulin expression level
in sorted MDA-MB-231-Cat-GFP +and MDA-MB-231-Cat-GFP- cells (t-test, p<0,0 (c), Immunostaining of MDA-MB-231cells
s in left panels indicate magnified panels on the right side. Arrows

using antibodies against catulin and beta-catenin, dashed squa
indicate cells with strong catulin expression, whereas arrowheads indicate cells with lower catulin expression. (d), Spheres formed
from MDA-MB-231-Cat-GFP reporter cell line were analyzed on immunofluorescence. In all sets there was GFP stained in green
and in red stained was B-catenin and Vimentin. On the right side one can find the magnification of spheres with green and red signal
colocalization. Arrows indicate invasive cells spreading into the matrigel, whereas dashed line indicates sphere body.
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independent tumors formed after the injection of the MDA-MB-231-Cat-GFP reporter cell line (Fig. 3b) using
CD44 as an additional tumor cell marker to increase sort purity. RNAseq analysis was performed compar-
ing RNA isolated from GFP +/CD44 +versus GFP-/CD44 +sorted cells, and proper function of the reporter
system and sorting strategy was confirmed by the appearance in the RNAseq data CTNNALI gene in Cat-
GFP +/CD44 + population as an internal control (log2FC 0.43, pval 0.04). Comparison of RNA from GFP +/
CD44 + versus GFP-/CD44 + cells revealed a list of 1856 upregulated, and 1617 downregulated genes (p <0.05).
The minimum log2-fold change considered to be significant change in the expression between the two popula-
tions was set up at log2FC 0.43, pval 2 0.05). Principal component analysis (PCA) and Volcano plot of RNAseq
analysis for the MDACatGFP +/CD44 + (GFPp), and the MDACatGFP —/D44 + (GFPn) sorted populations is
presented in Supplementary Fig. 3a. The Ingenuity Pathway Analysis (Qiagen), revealed cellular movement to be
deregulated as one of the top 5 molecular and cellular functions. It includes 813 deregulated molecules (Fig. 4a).
Interestingly, genes upregulated in this category were included in subcategories revolving around cell movement,
invasion of cells, and migration of endothelial cells, where particularly interesting were genes like SAAI, ENG,
CDHS5, PECAM1, DIO2, NOS3, MMP9 being responsible for tumor vascularization process (Fig. 4b). Then we
analyzed top physiological system development and functions. Top 5 categories included cardiovascular system
development and function, having 501 molecules deregulated (Fig. 4c). Subcategory of development of vascu-
lature revealed same upregulated genes that were shown in Fig. 4b, SAA1, ENG, CDH5, PECAM1, DIO2, NOS3,
MMP9, and additionally WT1, TIEI, GATA2, and others (Fig. 4d). Upstream analysis showed Vegf, HGF and
MYC among others as a potential upstream regulators of observed gene changes (Fig. 4e). Interestingly, top
pathways deregulated in the catulin GFP + cells involved epithelial adherens junctions signaling and remodeling
of epithelial adherens junctions (Fig. 4f) with upregulation of Wnt pathway transcription factors Tcf7, Lefl as
well as Fgfl and Met (Fig. 4g). These data suggest that increased expression of catulin in the invasive cancer cells
correlates with the expression of genes involved in migration, and also could be important in the modulation of
adhesive properties of cancer cells and their interactions with vasculature.

Invasive breast cancer cells express endothelial marker MCAM, and participate in vascular
mimicry.  As our RNAseq analysis of the catulin reporter GFP + breast cancer cells revealed enrichment in
genes important for tumor-vasculature interactions, we stained isolated tumor samples with antibody against
PECAM (CD31)—well known endothelial marker. We noticed that indeed some of the Catulin GFP + cells
localize in the areas rich in endothelial structures, stained in red (stars in Fig. 5a) attaching themselves to the
endothelial walls at first glance. Interestingly, some of the GFP + cancer cells co-expressed GFP and endothelial
marker PECAM (arrows in Fig. 5a and ). Next we focused on the MCAM (CD146) which was also upregu-
lated in RNAseq data, because CD146 is not only an adhesion molecule on endothelial cells, but also a cellular
surface receptor of different ligands, actively involved in signaling in the numerous physiological and patho-
logical processes. Overexpression of CD146 can be observed in most of malignancies, and is implicated in the
progression of cancers, especially vascular, and lymphatic metastasis. Interestingly, we observed that marked
by GFP invasive breast cancer cells were enriched at the proximity of the CD146 expressing vascular structures
(arrows in Fig. 5b). Sometimes, we observed that those GFP + cancer cells expressed both GFP and CD146 and
even participated in the formation of single layered vascular like structures (arrows in Fig. 5b, c and d). We also
noticed GFP +/MCAM - cancer cells that participated in vascular mimicry together with GFP +/MCAM +cells,
as marked by arrowheads in Fig. 5c. This suggests, that invasive cancer cells can participate in vascular mimicry
process, and also with increased plasticity start to exhibit endothelial fate and express endothelium specific
markers like MCAM, resembling vascular structures.

Signaling pathways affected by the decrease of catulin expression in BC. To better understand
how the ablation of catulin in tumors influence the capability of those cells to invade, change adhesive proper-
ties, and plasticity we performed RNAseq analysis of tumor cells isolated using FACS, after injection of NOD.
Scid mice with the MDA-MB-231 G85 (catulin KD) and the GNS (Ctrl) cell lines (Fig. 6). Principal component
analysis (PCA) and Volcano plot of RNAseq analysis for the MDA-MB-231 G85 (catulin KD) and the GNS
(ctrl) sorted populations is presented in the Supplementary Fig. 3b. We performed functional annotation of the
microarray data using Ingenuity Pathways Software to identify the biological functions that were significantly
represented in the catulin-deficient tumors. When we compared catulin KD versus control group, we got a
list of 730 downregulated (internal control CTNNALI gene downregulated (log2fold change —2459) and 528
upregulated genes (Fig. Supl. 3b). Ingenuity Pathway analysis revealed that cellular movement was on the top
of 5 deregulated molecular, and cellular functions (Fig. 6a). The list of 30 most downregulated genes in catulin
knock down cells included genes involved in cellular movement (NGFR, XIRP1, MYOIF, ACTCI, etc.), cellular
adhesion (DSCAM, NTM, PCDG1, ICAM2 etc.), cell-ECM interaction (MMP3, COL1A2, PDLIM2, etc.), EMT
(MEGF6) and migration of cancer cells (SERINC2, MIR503HG, HSPBI, etc.) (Fig. 6b). Those results emphasize
the role of catulin in cellular movement, EMT, interactions with microenvironment, and progression of cancer,
as downregulation of this gene resulted in deregulation of genes important for those processes. As we were
mostly interested in the upregulated genes in the invasive catulin reporter GFP + cells, we wanted to evaluate if
any of these genes appear in the downregulated gene set from catulin KD cells. We used Biovenn web tool to
compare and visualize those sets of genes'. 75 genes (catulin related) appeared to be both highly upregulated
in the reporter Catulin GFP +invasive tumor cells and highly downregulated in catulin KD tumor cells. From
those 75 genes we selected 21 to be involved in vascularization, TNBC development and EMT related. As shown
in the Fig. 6¢ we found internal control CTNNALI gene to be present in both groups. Interestingly, in these 75
genes many were responsible for tumor vascularization process—CNN1, ESM1, ADAMTSL4, RCAN1, EDN1,
JM]D6, JUP. Some were specific for TNBC development—CPA4, SIX2, NEU3, LYN, and some were specific for
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«Figure 3. Catulin-GFP reporter system marks the population of tumor cells at the invasive front in the
xenograft model of breast cancer enriched with the vasculature. (a), MDA-MB-231-Cat-GFP reporter cell line
was injected into the mammary fat pad of Nod.Scid mice. Tumors were imaged for GFP. Arrows show the
vasculature network enrichment. (b), Tumors formed after injection of MDA-MB-231-Cat-GFP cells were
sorted for GFP +/CD44 + cells and GFP-/CD44 +. RNA was isolated and used for RNAseq analysis. (c), Isolated
tumors after injection of MDA-MB-231-Cat-GFP reporter cell line into the mammary fat pad of Nod.Scid mice
were cut and stained for GFP (green), and epithelial marker ~CD44 (red). Nuclei were stained with DAPI (blue).
Arrows indicate cells highly expressing catulin (GFP +) at the tumor-stroma invasive front. Arrowheads point
out cells expressing catulin (GFP +) in the patches of tumor cells located deeper in the tumor but still mixed with
the stroma. In the yellow bracket marked is the area enlarged on (¢’)—where cells highly expressing GFP are
shown and marked with arrows to be simultaneously expressing CD44 (red). (d), Isolated tumors after injection
of MDA-MB-231-Cat-GFP reporter cell line into the mammary fat pad of Nod.Scid mice were cut and stained
for GFP (green), and mesenchymal marker -Vimentin (red). Nuclei were stained with DAPI (blue). Arrows
indicate cells highly expressing catulin (GFP +) at the tumor-stroma invasive front. Asterisks point out broad
vimentin expression. In the yellow bracket marked is the area enlarged on (d’) —where cells highly expressing
GFP are shown and marked with arrows to be simultaneously highly expressing signal from vimentin (red). (e),
Demonstrated is the border of the tumor and muscles, enriched in GFP + cells. In the yellow bracket marked is
the area enlarged on (€)—where GFP + cells squeezed in between muscle cells also co-express red signal from
vimentin (marked with arrows).

inducing cancer migration, EMT and metastasis—MEGF6, SERINC2, RHEBL1, FBLIM1, CXCL8, CKS2. This
suggests that catulin might play a role in the vascularization process, TNBC development, cancer cell migration
and metastasis.

Catulin influences breast cancer cells adhesive properties and stem cell potential. High expres-
sion of CD44 and low expression of CD24 are well-known breast cancer stem cells markers*. To further inves-
tigate the possible increase in the plasticity of catulin expressing cells we wanted to verify if CD44 expression
correlates with the expression of catulin in vivo. Therefore, we analyzed tumors formed after injection of NOD.
Scid mice with the MDA-MB-231 G85 (catulin KD) and the GNS (Ctrl) cell lines. We observed small difference
in the tumor size between WT and Catulin KD (Fig. 7a). The slides with sections cut from those tumors, were
immunostained using human specific CD44 antibody. The level of CD44 expression is different in tumor cells,
however most of the control tumor cells are positive for CD44 expression (Fig. 7a’ upper panel). However, when
we compared catulin depleted tumors (G85) with control (GNS) we noticed decrease in the CD44 expression
(Fig. 7, lower panel). As breast cancer stem cells are characterized as CD44 + /CD24 — we trypsinized the MDA-
MB-231 G85 and GNS spheres, stained them with CD44 and CD24 specific antibodies, and analyzed by flow
cytometry. As it can be seen in the Fig. 7b, there is a tremendous downshift in CD44 localized at the membrane
in the catulin ablated cells, while the CD24 expression remains similar in both groups. These data suggest that
knockdown of catulin correlates with the decrease in the CD44, and may impact stemness potential of breast
cancer cells. To verify that this deregulation of CD44 expression is linked to impaired stemness potential, we
performed sphere serial re-plating assay. In this method spheres, every 7 days are subjected to serial passage
allowing to determine the number of cancer stem cells with each passage™. As it can be seen in the Fig. 7c, sphere
forming capacity for G85 (catulin KD) number of spheres dropped dramatically over the time, compared to GNS
control. Similar results were obtained for the HCC1806 cell line (Fig. Supl 2). On the other hand, growth curve
performed using MDA-MB-231 G85 and GNS cells in the 2D culture conditions didn’t show any difference in
proliferation (Fig. 7d) indicating that the function of catulin might be important for proper adhesion and/or api-
cal polarity regulation as described previously?. Together these results suggest that catulin might be involved in
modulation of cellular adhesive properties which is important for stem cell function.

Discussion

Tumor progression, invasion and metastatic dissemination is a very complex process requiring vast variety of
transcriptional and protein function changes. Epithelial-to-mesenchymal transition allows to destabilize cad-
herin/catenin cell-cell contacts and transform epithelial state of a cell into mesenchymal one. It would not be
possible without cell-stroma interactions. Catulin, a-catenin homologue has been previously described to be
upregulated at the invasion front of human squamous cell carcinoma resulting in an increased motility and
progression of those tumors'?. Here we observe that catulin is highly expressed in the triple negative breast
cancer cell lines. Moreover, elevated catulin expression was noticed in human tissue array and its expanding
level correlated with the tumor progression. Additionally, knockdown of catulin in TNBC cell lines resulted in
a decreased migratory and invasive potential on 3D spheroid model and in invasion chip assay what correlates
with the previously described results performed on HNSCC cells in our laboratory™. It has also been previously
shown that catulin promotes cell migration and invasion of lung carcinoma cells. Catulin interacts directly with
ILK, what activates ILK/Akt/NF-kB signaling pathway. This led to the upregulation of fibronectin and integrin
a,B; what resulted in cancer metastasis®®. Same signaling cascade occurs probably in breast carcinoma progres-
sion. Hence inhibiting of catulin expression leads to decreased motility and invasiveness of TNBC cells. Basing
on the fact that the higher invasive potential of cancer cells the higher catulin expression and the fact that deplet-
ing catulin decreases aggressiveness of those cells we propagate that catulin is a great marker for invasive breast
cancer cells. By developing novel reporter system based on catulin promoter-GFP we were able to characterize
and track highly invasive cells. We demonstrated that this population of breast cancer cells exhibit mesenchymal
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«Figure 4. RNAseq and Ingenuity Pathway Analysis of invasive cancer cells (GFP +) reveals enrichment in genes
responsible for cell movement and vasculogenesis in cancer. (a), Top 5 deregulated categories of molecular and
cellular functions. In the red bracket enlightened is the most relevant cellular movement function. (b), listed
are genes upregulated (log2 fold change > 1.4) in categories of cell movement, invasion of cells and migration
of endothelial cells. (c), Top 5 deregulated categories of physiological system development and function. In
the red bracket, enlightened is the cardiovascular system development and function. (d), Upregulated genes
involved in development of vasculature. (), Upstream analysis revealed top molecular upstream regulators
with predicted activation state and z-score. (f), Top deregulated canonical pathways. In red brackets marked are
pathways involved in adherens junction signaling and remodeling important for tumor progression. Orange
indicates activation of the pathway; blue indicates inhibition and gray indicates no activity pattern available for
this particular pathway in IPA. Gradient in colors is reflecting the level of activation or inhibition. (g), Listed
are genes upregulated and downregulated in epithelial adherens junction signaling pathway with log2 fold
change>0.4.

as well as cancer stem cell features, like high CD44 expression in vitro in spheroid model. Very interesting was
the finding that knockdown of catulin results in the significant attenuation of CD44 signal on the membrane,
when analyzing cells on flow cytometry and in tumor tissue from xenograft transplant. These results suggest
that this fraction of invasive cells highly expressing catulin and CD44 + may constitute so called Cancer Stem
Cells—a subpopulation of tumor cells having tumor-initiating properties as well as being able to reconstitute
the cellular heterogeneity typical of their tumors of origin®', which we are planning to test further. Potential role
of catulin in stem cells, in this case in the adult stem cells, was shown in the work of S.J. Morrison group. They
showed the localization of haematopoietic stem cells (HSCs) which reside in a perivascular niche using a green
fluorescent protein (GFP) knock-in for the catulin gene in mice, discovering that catulin(GFP) is expressed by
only 0.02% of bone marrow haematopoietic cells, including almost all HSCs™. It will be interesting to further
test the role of catulin in adhesive properties of stem cells and cancer stem cells. Our RNAseq data also indicated
elevated level of MMP-9 expression in Catulin GFP + cells. It has been observed that CD44 co-localizes with
active MMP-9, what promotes degradation of extracellular matrix and facilitates invasion®’. This might be one
of the mechanisms driving high invasive potential of those cells however interaction between catulin and CD44
pathway needs further investigating, in terms of cancer propagation. Transcriptional profiling of invasive triple
negative breast cancer cells, basing on our novel reporter system, revealed significant upregulation of genes
involved in cell motility, invasive potential and angiogenesis. Many of the genes we listed above, have been
already associated with tumor vascularization propagation in other types of cancer—PECAM1, ESM1, CD146,
CDHS5, ENG, ICAM4, PTN, FGF1, ANKRDI, GATA2, KDR, NOS3, SERPINEI, TIEI****. Interestingly when we
compared genes upregulated in the invasive TNBC cells with downregulated genes from catulin KD samples,
we got a list of 75 genes including genes specific for vasculogenesis CNN1, ESM1, ADAMTSL4, RCAN1, EDN1,
JM]D6, JUP. Some were specific for TNBC development—CPA4, SIX2, NEU3, LYN, and some were specific for
inducing cancer migration, EMT and metastases—MEGF6, SERINC2, RHEBL1, FBLIM1, CXCL8, CKS2.

We recently used the same reporter system in the head and neck squamous cell carcinoma model, which is
characterized by different way of invasion and spreading than breast cancer. HNSCC spreads mostly by loco-
regional invasion, moving in clusters, very often along innervation®. Molecular profiling of CatulinGFP + reporter
cells from the HNSCC model also provides a list of genes associated with cells movement and invasion. Interest-
ingly transcriptional profile of CatulinGFP + reporter cells from HNSCC model overlapped with the expression of
signature genes from single cell analysis of human HNSCC specimens, related to partial EMT, so hybrid between
epithelial and mesenchymal state rather than complete EMT. In addition, we also observed upregulation of genes
with adhesive properties, involved in the axonal guidance like LICAM, Neuropilin-1, semaphorins, and ephrins,
emphasizing potential interactions of cancer cells and neuronal components of the stroma®.

Our data from both systems implicate that catulin may play a pivotal role in cancer type specific tumor-
microenvironment interaction, being involved in modulation of adhesive properties of tumor cells. The possible
mechanism of increased catulin expression in invasive cancer cells comes from recent paper by Cassandri et al.”’.
They showed that zinc-finger protein 750 (ZNF750) is a negative regulator of the migration, and invasion of
breast cancer cells by repressing a prometastatic transcriptional program, which includes genes involved in focal
adhesion and extracellular matrix interactions, such as LAMB3 and CTNNALL. The expression of CTNNALI
and LAMBS3 inversely correlated with ZNF750 expression in breast cancer. ZNF750 is responsible for recruit-
ment of the epigenetic modifiers KDM1A and HDACI to the promoter regions of LAMB3 and CTNNALI,
affecting histone marks and trans activating these genomic sites. Importantly, they also showed gene expression
analysis in cancer patient datasets which indicated that ZNF750, and its targets were negative prognostic factors
in breast cancer.

The change in adhesive properties, resulting in increased plasticity of those cells might be also important
for the switch of tumor cells into endothelial phenotype and participation in the vascular mimicry. Two differ-
ent concepts at first glance which are Cancer Stem Cells and Vascular Mimicry start to merge together having
influence on each other. It has been described that Cancer Stem Cells stimulate Vascular Mimicry in the micro-
environment of the tumor, by differentiating of endothelium cells together with cancer cells lining up to form
brunching lumen and tubes mimicking vascular network allowing extensive nutrition to the tumor mass*. Here
we clearly show that catulin plays a pivotal role in breast cancer tumorigenesis and invasiveness process. It is a
great marker of heterogeneous population of invasive breast cancer cells and by interacting with different cancer
stem cell and adherens junction molecules it may be a significant linker between different pathways leading to
enhanced cancer cell motility. That is why deciphering the complex nature of this protein is very important.
Moreover, here we show that invasiveness of cancer cells is a very complex process linking cancer stem cell theory
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Figure 5. Catulin positive breast cancer cells localize in the areas enriched in vasculature and coexpress endothelial marker—
MCAM (CD146). (a), Inmunostaining of tumor isolated after injection of MDA231-Cat-GFP cells. In green shown are highly
invasive cancer cells localized in the areas enriched in vasculature stained with endothelial specific marker PECAM in red.
Nuclei are stained with DAPI (blue). With arrows marked are GFP positive cells and with asterisk blood vessel. ('), Enlarged,
is the area presented in white bracket. With arrows marked are cells both expressing GFP and PECAM. (b), Inmunostaining
of tumor isolated after injection of MDA231-Cat-GFP cells. In green shown are cancer cells localized in the areas enriched in
vasculature stained with endothelial specific marker MCAM in red. Nuclei are stained with DAPI (blue). With arrows marked
are GFP positive cells. (b’), Enlarged, is the area presented in white bracket. With arrows marked are cells both expressing
GFP and MCAM. (¢,d), Two examples of vascular mimicry. With arrows marked are cells expressing both GFP + (green) and
endothelial marker MCAM (red). Arrowheads indicate GFP + cells which are MCAM negative but still participate in vascular
mimicry. With stars marked is the lumen of the vasculature.
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b MDACat KD (G85) vs MDACatCtrl (GNS) downregulated genes

gene summary MDAZ31- | MDAZ31- |
symbol GB5-vs- GB5-vs-
GNS GNS
log2fold pvalue
RELN secreted extracellular matrix protein, controls cell-cell interactions -4,641 3,10E-06
NGFR nerve growth factor ptor, regulates cell and gene expressi -3,304 0,004
DSCAM member of the immunoglobulin superfamily of cell adhesion molecules (Ig-CAMs) -3,282 0,005
FAT3 FAT atypical cadherin 3 -2,690 0,006
MMP3 matrix (MMP) family, in the of matrix -2,609 0,003
XIRP1 actin filaments dus -2,597 ,83E-05
NTM (GPI)-anchored cell adhesion molecules - 003
CTNNAL1 actin cytoskeleton dynamic, migration and invasion -2,459 63E-31
CCL26 secreted n involved in imm and inflamm: -2.403  48E-06
MYO1F molecular motor protein that generates force on actin filaments -2,397 ,005
PCDH1 found at cell-cell boundaries -2.3717 .001
ACTC1 actins, highly conserved proteins that are involved in various types of cell motity -2,039 ,001
PROM2 at the basal cells, it in the i of plasma -2,019 4,32E-06
ELFN2 extracellular Leucine Rich Repeat And Fibronectin Type Ill Domain Containing 2 -2,006 \32E-05
CCL20 secreted protein il in immunoregulatory and inflammatory processes -1,951 ,00
COL1A2 extracellular matrix protein -1.927 ,02
MEGF6 EMT -1.926 ,008
CNN1 actin filament-associated regulatory protein -1.920 .015
KRT17 type | intermediate filament chain keratin 17 -1,769 ,030
EPHB3 ephrins mediate numerous p P y in the nervous system -1,716 ,005
ADAMTSL2 | member of the ADAMTS a disintegrin and inase with throm| in motifs -1.63 032
ARC Activity Regulated Cytoskeleton Associated Protein -1,63 74E-05
EREG secreted peptide hormone and member of the epidermal growth factor (EGF) family -1,601 13
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PRDM6 repressor, involved in regulation of vascular smooth muscle cells contractile proteins -1,400 ,038
RHOB role in actin nization and cell ration, also im| in membrane -1,238 ,007
ICAM2 member of the intercellular adhesion molecule (ICAM) family -1,236 ,006
1L1A member of the interleukin 1 cytokine family -1,196 004
NEBL actin binding protein -1,179 014
Catulin
c | related ) Function
Ctnnall Cancer cell invasion (internal control)
CNN1 Enhances breast cancer vascularization
ESM1 Endothelial cell molecule
CPA4 Triple negative breast cancer specific
MEGF6 Promotes EMT
MDA-CatGFP ADAMTS4L | Important for angiogenesis
genes SERINC2 | Promotes migration of cancer cells
RHEBL1 Required for the early stage of mammary tumor progression
TSPYLS | Suppressor of pS3
SIX2 Maintains stemness of breast cancer cells
RCAN1 Stimulated by VEGF, RCAN1 regulates gene expression, cell migration and tubular morphogenesis
Catulin FBLIM1 Modulates cell adhesion and motility
related PDLIM2 Promotes cell migration and adhesion through interactions with the actin cytoskeleton |
MDA-KD (G85) CXCL8 Critical for cancer progression and metastasis, regulates cancer stem cells proliferation
downreguiated EDN1 Vasoconstrictor present in endothelium
genes CKS2 Promotes progression of certain cancers via positive control of proliferation, invasion and migration
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Figure 6. RNAseq and Ingenuity Pathway analysis of catulin KD tumor cells reveals deregulated genes
involved in cellular movement. (a), Top 5 molecular and cellular functions show cellular movement to be highly
deregulated in case of catulin KD. (b), List of genes highly downregulated in catulin KD cells derived from
tumors. In the red bracket highlighted is catulin as an internal control. (c), Biovenn analysis of a common set

of genes to be both highly upregulated in catulin reporter GFP + cells and highly downregulated in catulin KD
tumor cells. Set of catulin related genes listed on the right side of the panel.
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Figure 7. Catulin influences breast cancer stem cell potential. (a), Tumors formed after injection of MDA-MB-
231-Cat-GNS (control) and MDA-MB-231-G85 (catulin KD) cells. Tumors size was measured and data are
presented as a graph. (a), Tumors formed after injection of MDA-MB-231-Cat-GNS (control) and MDA-MB-
231-G85 (catulin KD) cells were cut and stained for GFP (green) and CD44 (red). (b), Flow cytometry analysis
of breast cancer stem cells markers CD44 +/CD24 — of MDA-MB-231 GNS (control) and G85 (catulin KD)
sphere cells (the sort was repeated twice). (c), Sphere serial replating assay of MDA-MB-231-Cat-GNS (control)
and MDA-MB-231-G85 (catulin KD) cells (done in triplicate). Sphere forming capacity presented as a number
of spheres generated on each time point. (d), Growth curve of MDA-MB-231-Cat-GNS (control) and MDA-
MB-231-G85 (catulin KD) cells (done in triplicate).
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with vascular mimicry and EMT. While a number of currently used cancer therapeutics are effective inhibitors
of angiogenesis, developing a new class of vascular mimicry specific inhibitors could allow for the treatment of
angiogenesis-resistant tumors, inhibit cancer metastasis and improve patient survival. Therefore, further inves-
tigating in cancer research needs broader perspective combining those processes together.

Materials and methods

Generation of stable cell lines and cell culture. MDA-MB-231 and MCF?7 cell lines were cultured in
DMEM High Glucose (Biowest #L0102-500) supplemented with 10% FBS (Biowest, #S1815-500), 100 IU peni-
cillin and 100 pg/mL streptomycin (Biowest #L0018-100). HCC1806 cells were cultured in RPMI-1640 (Biowest
#L0500-500) supplemented with 10% FBS (Biowest, #S181S-500), 1 mM sodium pyruvate (Gibco), 100 IU peni-
cillin and 100 pg/mL streptomycin (Biowest #.0018-100). MDA-MB-468 were cultured in L-15 supplemented
with 10% FBS (Biowest, #51815-500), 100 IU penicillin and 100 pg/mL streptomycin (Biowest #L0018-100).
HCC1806, MDA-MB-231 and MDA-MB-468 cell lines were obtained from the American Type Culture Collec-
tion (ATCC) and authenticated by ATCC with tests such as short tandem repeat profiling (STR profiling). All
cells were maintained in a humidified atmosphere at 37 °C with 5% CO2. pGIPZ lentiviral shRNA clones (two
independent shRNA sequences against human catulin) are available from Open Biosystems and were packaged
according to manufacturer’s protocol. See Supplementary Materials and Methods for clone details. At 48 h, post-
transduction, cells were selected with puromycin to establish stable cell lines. The number of living cells was
calculated by Trypan Blue staining using EVETM Automatic Cell Counter (Nano EnTek, South Korea). Cell line
was regularly tested for mycoplasma contamination using a PCR-based method (Young et al., 2010).

Plasmid stable transfection. To generate stable alpha-catulin promoter GFP reporter cell lines MDA-
MB-231 and HCCI1806 cells were transfected with GLuc-ON Promoter Reporter Clone (GeneCopoeia #
HPRM14050-PF02) construct using Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific
#L3000001) according to manufacturer’s instructions. See Supplementary Materials and Methods for clone
details. At 48 h' post-transfection, cells were selected with puromycin to establish stable cell lines. Fluorescence
was examined under confocal microscope LSM 700 (Zeiss).

RNA isolation, cDNA synthesis and Real-Time Quantitative PCR (RT-qPCR). RNeasy Mini Kit
(Qiagen, #74,106) was used to isolate total RNA from MDA-MB-231 catulin KD and control cells and HCC1806
KD and control cells, according to manufacturer’s instructions. With the usage of DeNovix DS-11 Spectropho-
tometer concentration and purity of RNA was established. cDNA was synthetized according to the PrimeScript
RT Master Mix (TAKARA BIO INC. #RR036A) protocol (1 pg of RNA was used). Catulin gene expression levels
were quantified by RT-qPCR. Each reaction mixture was composed of as follows: 1 pl of 20-times diluted cDNA,
6.25 pl of Fast SG gPCR Master Mix (2x) (EurX, #E0411) and 0.5 pM oligonucleotide primers (listed in section
Supplementary Material and Methods) in a total volume of 12.5 pl. Reactions were performed in triplicates on
the LightCycler 480 II (Roche) in the following conditions: 40 s at 95 °C, followed by 42 amplification cycles
(95 °C for 155, 60 °C for 15 s, 72 °C for 15 s). Catulin expression level was normalized to GAPDH. Primers are
provided in Supplementary Materials and Methods. Statistical significance was determined using student t-test.
p<0.05 was considered statistically significant. FACS sorted cells were immediately collected in RNAprotectR
cell reagent (QIAGEN). Then they were centrifuged and resuspended in RLT buffer according to manufacturer’s
protocol. RNeasyR Micro Kit (QIAGEN). Was used to extract total RNA from those cells. RNAseq analysis was
performed by the Next-Generation Sequencing core facility in the Centre of New Technologies, University of
Warsaw with the usage of NovaSeq 6000 system (Illumina).

Expression data analysis. The expression and data analysis were performed as described in*. The RNA-
seq libraries were paired-end sequenced using NovaSeq 6000 at the CeNT’s Genomics Core Facility. The result-
ing reads were trimmed; Illumina adapters were removed using trimmomatic v0.36. Quality of individual fastq
files was assessed by FastQC. Remaining rRNAs were removed using sortmeRNA v3.03 and then mapped to
hg38 reference transcriptome (GRCh38.p13 gencode v34) using STAR aligner. Due to the contamination of the
samples with mouse transcripts and after careful principal component analysis, 1 control sample was removed
from the downstream analysis. Such aligned reads were then quantified using Salmon v0.13.1 Differentially
expressed genes (DEGs) were then identified using DESeq2. Only genes of adjusted p-value less than 0.05 were
considered.

Statistical analysis. Statistical significance was determined using student t-test. p<0.05 was considered
statistically significant.

Western blot. Cells from the 10 cm plate were scraped with the usage of ice cold PBS, centrifuged and
resuspended in 200 uL of lysis buffer containing 0.15 M NaCl, 1% Triton X100, 0.05 M Tris, and protease inhibi-
tor cocktail IIT (Calbiochem). Cells were multiply passed through a 26 g needle, incubated on ice for 30 min,
and then centrifuged at 14,000 g for 15 min at 4 °C. Supernatant containing proteins was then collected and
separated on 4-12% NuPAGE Novex Bis-Tris gels (Invitrogen) and transferred onto a nitrocellulose membrane
with a semi-dry Biorad transfer system for 40 min at 70 mA. Membranes were then blocked in a 5% skim milk
diluted in TBS-T (TBS with 0.1% Tween-20) for 1 h at RT on a gentle shaker. Primary antibody in 5% skim milk
in 0.1% TBS-T was then added to the membranes and incubated on a gentle shaker overnight at 4 °C. Mem-
branes were washed 3 times with TBS-T and secondary antibodies (peroxidase conjugated) were added in 0.1%
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TBS-T. Membranes were then incubated for 1 h at room temperature on a gentle shaker. Antibody list is included
in Supplementary Materials and Methods. Amersham Imager 600 RGB was used to visualize the blots.

Sphere formation and invasion assay.  Cells transduced with non-silencing and catulin specific ShRNA
and cells transfected with catulin promoter reporter system were used for sphere invasion assay. 1000 serum free
cells were seeded in 200 pl of sphere formation medium [DMEM/F12 (Biowest), 1% B27 supplement (Gibco),
20 ng/mL EGF (Invitrogen) and 20 ng/mL FGF(Invitrogen)] in 96 well Corning Costar ultra-low attachment
plate and allowed to form spheres for 72 h. Then spheres were mixed with 1:3 matrigel (Corning)—collagen
(Corning) solution and plated on Millicell EZ Slide 8-well glass (Merck Millipore). Incubation and invasion was
allowed for 48 h. Immunostainings were performed according to Elia., Lippincott-Schwartz., 2009. Sphere inva-
sion assays were repeated independently 3 times. Images were taken using confocal microscope LSM 700 (Zeiss).
A one-way ANOVA test was applied to calculate the statistical significance for distance of invasion considering
data from all 3 experiments where P<0.05).

Chip invasion assay. Cells transduced with non-silencing and catulin specific sShRNA were used for cham-
ber invasion assay. 3D Cell Culture Chips (#Dax-1, Aim Biotech) were used for invasion assays. 10 of cells were
counted and resuspended in serum free medium and were added into media channel of invasion chip. Medium
containing chemoattractant (20% FBS) was added to the opposite media channel. In between those two chan-
nels there was a hydrogel channel containing 1:3 matrigel (Corning)—collagen (Corning) solution. Chips were
maintained in a humidified atmosphere at 37 °C with 5% CO2. Invasion was allowed for 0, 24, 48, 72, 96 h.
Invasion assays were repeated independently 3 times. Images were taken using fluorescence microscope Axio
Observer (Zeiss). A one-way ANOVA test was applied to calculate the statistical significance for distance of inva-
sion considering data from all 3 experiments where P<0.05).

Xenograft transplants. 5x10° of MDA-MB-231 cells transduced with non-silencing and catulin spe-
cific shRNA and cells transfected with catulin promoter reporter system, suspended in medium mixed 1:1 with
matrigel (Corning) were injected into 4th mammary gland of NOD.CB17/Prkdcscid/scid/Rj mice, using iso-
flurane as a general anesthetic. Each variant of cells was injected in 5 repeats. Tumors were allowed to form
for 4-9 weeks before sacrificing and collecting the primary tumor from each subject. According to the pro-
tocol, mice were euthanized with CO, following a cervical dislocation. Briefly, tumors used for RNA isolation
were first dissected from the mouse, minced into small pieces, incubated in collagenase (1000U/mL) for 1 h at
37 °C, washed in PBS, trypsinized (0.25% trypsin- EDTA from Gibco) for 20 min at 37 °C, and FACS sorted for
GFP +and GFP- cells using a BD Biosciences FACSAria cell sorter. All experiments and procedures were preap-
proved by the First Warsaw Local Ethics Committee for Animal Experimentation nr 214/2017, 26 April 2017.
The animals were treated in accordance with the EU Directive 2010/63/EU for animal experiments, and the
ARRIVE guidelines (https://arriveguidelines.org).

Indirectimmunofluorescence detection. Tumors formed in our xenografts were resected washed with
PBS and embedded in OCT. Then they were sectioned at 12 uM with the usage of Leica Cryostat for indi-
rect immunofluorescence detection of various markers. At first samples were fixed in 4% paraformaldehyde for
10 min, washed with PBS and permeabilized in PBS-T (PBS with 0.1% Triton X-100) for 10 min. Then the tissues
were blocked in 0.1% BSA, 2.5% NGS (normal goat serum), 2.5% NDS (normal donkey serum) in PBS-T for 1 h
at RT. Primary antibodies were diluted in 0.1% BSA in PBS-T and incubated overnight at 4 °C. Descriptions and
dilutions of primary antibodies are described in Supplementary Materials and Methods. Secondary antibodies
conjugated with Alexa Fluor 488 or 594 were diluted 1:500 in blocking solution and incubated for 1 h at RT.
Confocal microscope LSM 700 (Zeiss) was used to take pictures.

Immunohistochemistry. The immunohistochemical staining analysis for Catulin was performed on
tissue microarray slide panel BR8014 (Biomax, Derwood, MD, USA). The slide consists of breast cancer and
normal tissue microarray, containing 30 cases of carcinoma (26 invasive ductal carcinomas, 4 invasive lobular
carcinoma), 5 each of adjacent normal tissue and normal tissue, duplicate cores per case. The procedure was
performed as described previously in Karpinska et al., 2021%°. Briefly, the slide was deparaffinized and rehy-
drated and after blocking the endogenous peroxidase activity in 0.3% H202 for 3 min, the slides were blocked
in a blocking buffer (0.1% gelatin, 0.1% BSA, 2.5% donkey serum, 2.5% goat serum, and 0.3% Triton X in PBS)
for 1 h at room temperature. Slides were then incubated with a primary antibody in 0.1% BSA in 0.1% PBS-T
ON at 4 °C. Next day, the slides were incubated in appropriate biotin-conjugated secondary antibody (1:100)
(Vector Labs, Burlingame, CA, USA) for 1 h in the blocking buffer, followed by the incubation in the prepared
Vectastain A + B solution (2 drops of A, 2 drops of B, 2.5 mL PBS 1X) for 30 min at RT. Reactions were developed
using the diaminobenzi-dine (DAB) reagent as the chromogenic substrate (SK-4100; Vector). The sections were
counterstained with 5 x diluted haematoxylin, mounted in 80% glycerol and examined under a light microscope.

Spheres serial replating assay. Cells transduced with non-silencing and catulin specific shRNA were
used for sphere serial replating assay. 20,000 serum free cells were seeded in 1 ml of sphere formation medium
[DMEM/F12 (Biowest), 1% B27 supplement (Gibco), 20 ng/mL EGF(Invitrogen) and 20 ng/mL FGF(Invitrogen)]
in 6 well Corning Costar ultra-low attachment plates. Cells were allowed to form spheres for 7 days. After 7 days,
spheres were trypsinized and counted and calculated by Trypan Blue staining using EVETM Automatic Cell
Counter (Nano EnTek, South Korea). 20,000 of cells were then plated again in 1 ml of sphere formation medium
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and allowed for the next 7 days to form spheres again. Whole process was repeated 3 times until day 28th was
reached. The results were calculated as sphere forming capacity = number of spheres/number of cells plated [%)].
A one-way ANOVA test was applied to calculate the significance of the number of spheres considering data from
all 3 experiments where P<0.05).

Ethics approval and consent to participate.  All experiments were preapproved by the LKE (local ethic
committee) at the University of Warsaw.

Data availability

The data regarding manuscript are presented in main figures of the article. The datasets generated during the
current study are not publicly available due to continuation of the project and preparation of the next publication.
Additional data obtained in this study are available on request from the corresponding author.
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Podsumowanie i wnioski

W publikacji nr 1 udato mi si¢ dokona¢ kompleksowego, szczegdtowego opisu
dotychczasowego stanu wiedzy na temat bardzo stabo poznanego biatka alfa-katuliny.

Najwazniejsze wnioski ptyngce z tej publikacji:

e Alfa-katulina i alfa-katenina naleza do grupy biatek wchodzacych w sktadrodziny
winkuliny. W przeciwienstwie do szerokiej wiedzy na temat alfa-kateniny, ktora jest
niezb¢dna do adhezji komorkowej, oraz winkuliny istotnej dla adhezji komoérek z ECM
za posrednictwem integryn i adhezji komorka-komorka, funkcja alfa-katuliny nadal
nie jest dobrze poznana.

e W publikacji pokazatem, ze mimo wysokiej homologii sekwencji alfa-katuliny z alfa-
katening i winkuling, lokalizacja komorkowa jest odmienna. Alfa-katulina znajduje si¢
zarowno we frakcji btonowej i cytozolowej, a alfa-katenina znajdywana jest jedynie
we frakcji btonowej komorki.

e Jednym z lepiej opisanych biatek wchodzacych w interakcje z katuling jest Lbc Rho
GEF, jeden z czynnikéw wymiany nukleotydow guaninowych. Alfa-katulina
funkcjonuje jako rusztowanie dla biatka Lbc Rho GEF, bedac regulatorem aktywnego
RhoA co skutkuje regulacja cytoszkieletu aktynowego.

e Alfa-katulina odgrywa kluczowg role w trakcie embriogenezy na etapie neurulacji.
Dziatajac jako rusztowanie dla RhoA w wierzchotkowych czesciach komorki
prowadzi do prawidlowej przestrzennej aktywacji miozyny wptywajac na dynamike
aktynowo-miozynowg i stabilno$¢ potaczen miedzykomorkowych co gwarantuje
poprawne wygigcie plytki nerwowej w trakcie neurulacji.

e Interakcje alfa-katuliny z dystrobrewing, wchodzaca w sktad kompleksu dystrofiny, sg
kluczowe dla poprawnego laczenia si¢ neurotransmiterow w miotubach w ptytce

ruchowej, odgrywajac kluczowa rolg¢ w neurosekrecji, pobudzenia neuronéw i migs$ni.

Najwigcej uwagi poswieca si¢ udziatowi alfa-katuliny w procesie nowotworzenia.
Jako, ze katulina jest cytoszkieletowym tacznikiem, moze ona wplywa¢ na migracje
komorek nowotworowych. W roznych modelach nowotworowych wykazano wysoki
poziom ekspresji katuliny, zwlaszcza w najbardziej inwazyjnych komorkach, w ktorych

aktywujac rozne Sciezki sygnalowe moze promowac inwazyjno$¢ nowotworow.
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Pomimo powyzszych doniesien na temat alfa-katuliny, nadal istnieje wielka
potrzeba lepszego poznania biologii tego biatka. Wiemy, ze alfa-katulina jest
zaangazowana w progresje nowotworow, lecz doktadny mechanizm molekularny jest nadal
nieznany. Kluczowe bedzie réowniez zbadanie doktadnego wplywu alfa-katuliny na
przestrzenng dystrybucj¢ biatka RhoA w trakcie migracji komoérkowej. Znalezienie
wszelkich potencjalnych biatek wigzacych si¢ z katuling powinno da¢ znacznie wigcej

odpowiedzi.

W publikacji nr 2 wykorzystalem fakt wystepowania podwyzszonej ekspresji alfa-
katuliny w najbardziej inwazyjnych komoérkach nowotworowych i generujac nowy system
reporterowy promotora katuliny zademonstrowatem heterogenno$¢ inwazyjnych komoérek
nowotworowych, czeSciowa ich plastyczno§¢ 1 uczestnictwo w  mimikrze

naczyniopodobnej. Najwazniejsze wnioski pltynace z tej publikac;ji:

e Wykazalem roznice w poziomach ekspresji alfa-katuliny w réznych liniach
komorkowych TNBC, gdzie dwie linie komorkowe majace najbardziej agresywny
fenotyp (MDA-MB-231 i HCC1806) okazaly si¢ mie¢ duzo wyzszy poziom
ekspresji CTNNAL1 w porownaniu do nieinwazyjnej linii MCF-7.

e Wykazatem, ze w ludzkich tkankach z nowotwordéw piersi wzrastajacy poziom alfa-
katuliny koreluje ze wzrastajgcym stopniem zaawansowania choroby
nowotworowej.

e W modelu sferoidowym 3D wyciszenie alfa-katuliny w liniach komoérkowych
MDA-MB-231 i HCC1806 prowadzi do znaczacego spadku potencjatu
inwazyjnos$ci 1 migracji.

e Scharakteryzowatem nowy system reporterowi, wktorym ekspresja GFP zachodzi
bezposrednio z promotora alfa-katuliny. Okazato si¢, ze w liniach komérkowych
TNBC ok. 40% komorek eksprymuje wysoko alfa katuling. Ponadto w modelu 3D
komorki najwyzej eksprymujace katuling lokalizuja si¢ na brzegu inwazyjnym
sfery a ekspresja GFP pokrywa si¢ z ekspresja markera EMT wimentyny.

e Analiza RNAseq komorek najbardziej inwazyjnych (GFP+) poréwnanych do
komorek negatywnych (GFP-) pokazata 1856 genow o podwyzszonej ekspresji i
1617 o obnizonej ekspresji. Najbardziej zroznicowanymi genami byty te nalezace
do kategorii ruchliwo$ci komorkowej, inwazyjno$ci, migracji komorek $rodbtonka

naczyn, z duza iloScia gendéw zaangazowanych w proces tworzenia naczyn
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krwionosnych. W kategorii regulatoréw transkrypcyjnych o najwyzszej ekspresji
byty VEGF, HGF i Myc.

e Pordwnujac liste gendw o podwyzszonej ekspresji z genami o obnizonej ekspresji
z grupy komorek z wyciszong katuling otrzymatem swoistg liste¢ genow zaleznych
od alfa-katuliny, gdzie pojawity si¢ geny specyficzne dla angiogenezy - PECAML,
ESM1, CD146, CDHS5, ENG, ICAM4, PTN, FGF1, ANKRD1, GATA2, KDR, NOS3,
SERPINE1, TIELl. Swiadczy to o korelacji ekspresji alfa-katuliny z genami
odpowiedzialnymi za migracj¢ komorkowa, a takze mozliwg modulacj¢ potencjatu
adhezyjnego komorek nowotworowych i ich interakcj¢ z unaczynieniem.

o W liScie gendw o podwyzszonej ekspresji w moich wynikach wyjatkowo ciekawym
wydat si¢ CD146 (MCAM), ktory znany jest jako marker srodbtonka, ale takze jako
receptor promujacy angiogenez¢ srodnowotworowa i migracje komorkows [42].
Barwienia immunohistochemiczne wykazaty, ze plastyczne komorki inwazyjne,
wysoce eksprymujace alfa-katuling réwniez eksprymuja MCAM tworzac
jednoczesnie struktury naczyniopodobne (proces mimikry naczyniopodobnegj).

e Wiedzac, ze poziom ekspresji alfa-katuliny wptywa na plastyczno$¢ i inwazyjnosé
komorek nowotworowych, sprawdzitem czy w przypadku braku ekspres;ji katuliny
zmienia si¢ profil markeréw CSC. Zauwazytem spadek poziomu ekspresji markera
macierzystosci CD44 specyficznego dla komorek raka piersi w przypadku
wyciszenia genu alfa-katuliny. Ponadto komorki z wyciszong katuling nie byly w
stanie odtwarza¢ sfer z kolejnymi pasazami. Oznacza to, iz katulina jest
zaangazowana w funkcje adhezyjne komodrek nowotworowych wptywajac tym

samym na ich potencjat macierzystosci.

Podsumowujac, alfa-katulina jest bardzo istotnym biatkiem w procesie
nowotworzenia. Poziom jej ekspresji wptywa na wilasciwosci adhezyjne 1 migracyjne
komorek nowotworowych. Zwiekszona plastycznos$¢ komorek raka piersi moze prowadzi¢
do zwigkszone] macierzystosci 1 mozliwosci przeprowadzenia procesu mimikry
naczyniopodobnej, ktéra pomaga komorkom guza pierwotnego przejs¢ EMT 1 osiagajac
dystalne organy zapoczatkowa¢ przerzutowanie. Alfa-katulina moglaby wydawac si¢
Swietnym celem terapii przeciwnowotworowej, jednakze jej wazne funkcje w trakcie
rozwoju zarodkowego, homeostazie organizmu 1 szeregu procesow fizjologicznych

wykluczaja ja jako bezposredni target terapeutyczny

55|Strona



Dlatego kluczowym bedzie lepsze poznanie jej biologii i biatek oddziatywujacych a takze
jej udziatu w procesie tworzenia struktur naczyniopodobnych i procesie przerzutowania,
co moze potencjalnie doprowadzi¢ do scharakteryzowania nowych celow dla celowane;j

terapii przeciwnowotworoweyj.
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