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FILAMIN PROTEINLERININ HUCRELERDEKI iISLEVLERININ ARASTIRILMASI

Reza Salimi, Dokuz Eyliil Universitesi, Saglik Bilimleri Enstitiisii, Molekiiler T1p Anabilim Dali,
Inciralti-Izmir, Tiirkiye, rezasalimitr@yahoo.com

OZET

Amag: Filaminler, ¢ok fazla miktarda eksprese edilen, aktin baglayici biiyilik proteinlerdir ve
F-aktin’in ti¢ boyutlu yapisini saglamca kuvvetlendirerek hiicre zarina baglanmasini saglarlar.
Filaminler iginde, filamin A (FLNA) en ¢ok bulunan izoformdur ve yaygin olarak insan
dokularinda eksprese olmaktadir. Kalpain, FLNA’y1 tercihen mentese 1 ve 2 (HI1, H2)
bolgesinden keser ve karboksil terminal ug igeren FLNACT’yi tiretir. Kalpeptin ise, FLNA’nin
kesilmesinden sorumlu bir kalpain 1 ve 2 inhibitériidiir. Bu g¢alismanin amaci, FLNA’nin
kesilmesinin engellenmesiyle, hiicrenin proliferasyon, migrasyon, invazyon ve koloni olusturma
yeteneklerini, azaltabilecegimiz yoniindeki hipotezimizi test etmektir. Boylece kalpeptin’in
kanser dokularinin biiyiimesini ve yayilmasini engelleyerek tedavi edici bir roliiniin olup
olmadigmin anlasilmasi hedeflenmistir. Ayrica, FLNA’nin hiicredeki islevinin belirlenmesi ve
kalpeptin gibi inhibitér molekiillerin tanimlanmasi, kanser tedavilerinde kullanilacak daha etkili

ilaglarin gelistirilmesine de ¢ok biiyiik katkilar saglayacaktir.

Yontem: Bu c¢alismada A7 (Insan Melanoma), PC3 (Insan prostat kanser), T241 (Fare
fibroblast, fibrosarkoma) ve MS1 (Fare endotel) hiicre hatlar1 kullanarak; hiicre kiiltiirii, western

blot, proliferasyon, migrasyon, invazyon ve koloni olusturma deneyleri yapilda.

Bulgular: Kalpeptin varliginda, hiicrelerin proliferasyon, migrasyon, invazyon ve koloni
olusturma yeteneklerinde kontrol guruba kiyasla anlamli olarak azalma go6zlendi. Veriler
ortalama + SD degerleri olarak gosterildi ve n = 3 olarak alindi. Gruplar arasi istatistik analizinde

unpaired two-tailed Student t testi kullanildu.



Sonu¢: Bu calismanin sonucu, kalpeptin’in, FLNA'y1 eksprese eden kanser hiicrelerinde
kalpain’e bagli olarak olusan FLNACST iiretimini azalttigini gosterdi. Ote yandan, azalmus
FLNA®T iiretimine sahip hiicreler, anlamli olarak (p<0.05) daha az migrasyon, invazyon,
proliferasyon ve koloni olusturma yetenegi gosterdiler. Bu veriler ayrica, FLNA®T fragmaninin,
hiicrelerin ~ proliferasyon, migrasyon, invazyon ve koloni olusturmalarinda Onemli
diizenleyicilerden biri oldugunu da gostermistir.

Arastirma deneysel niteliktedir ve deneysel kisim Goteborg Universitesi Tip Fakiiltesi Tibbi

Biyokimya ve Hiicre Biyolojisi Anabilim Dali Laboratuarlarinda, 2014-2017 yilinda yapilmistir.

Anahtar Sozciikler: Filamin, Filamin A, Kalpain, Kalpeptin, Proliferasyon, Migrasyon,

Invazyon, Koloni olusturma, Kanser.



INVESTIGATION OF FILAMIN PROTEIN FUNCTIONS IN CELLS

Reza Salimi, University of Dokuz Eyliil, Enstitued of Health Sciences, Department of Molecular

Medicine, 35340, Inciralti-Izmir, Tiirkiye rezasalimitr@yahoo.com

ABSTRACT

Objective: Filamins are large actin-binding proteins that stabilize three-dimensional actin
filament networks and link them to cellular membranes where they integrate cell architectural and
signaling functions important for cell locomotion. Filamin A (FLNA) is the most abundant and
widely expressed isoform in human tissues. Endogenous 90 kDa Carboxyl-terminal (CT)
(FLNA®") is produced by cleavage in hinge 1 (H1) and hinge 2 (H2) sites by calpain. Carboxyl-
terminal (CT) fragment of the cytoskeletal protein FLNA transports to the cell nucleus and
stimulates cell transcription. Calpeptin is a calpain 1 and 2 inhibitor, which is responsible for
FLNA cleavage. Identification of FLNACT roles in cell migration and invasion may help to

develop more effective cancer therapies.

Method: Human melanoma (A7), prostate cancer (PC3), mouse fibrosarcoma (T241) and
endothelial (MS1) cells were assayed for proliferation, migration, invasion and colony formation

after treatment with calpeptin.

Results: In all cell lines, for calpeptin treated group we found less migration, invasion,

proliferation and colony forming ability compared to the controls.

Conclusion: The result of this study showed that calpeptin reduces FLNAC" production by
calpain cleavage in multiple cancer cells that express FLNA. On the other hand, cells with
reduced FLNA®T production showed significantly (p<0.05) less migration, invasion, proliferation
and colony forming ability. These data suggest that FLNA®T is one of the important regulators in

cell proliferation, migration, invasion and colony forming.


mailto:rezasalimitr@yahoo.com

This experimental study was carried out through 2014-2017 in Department of Medical
Biochemistry and Cell Biology, Institute of Biomedicine, University of Gothenburg.

Key Words: Filamin, Filamin A, Calpain, Calpeptin, Prolifaration, Migration, invasion,

Colony Forming, Cancer.



1.GiRiS VE AMAC

Filaminler, yaygin bir sekilde eksprese edilen biiyiik, aktin baglayici proteinlerdir ve F-
aktinin {i¢ boyutlu yapisini stabilize ederek hiicre zarina baglanmasini saglarlar. Filaminler, hiicre
yiizeyinde bulunan reseptorleri sararak, mekanik dayaniklilik saglarlar ve boylece hiicre-hiicre ve
hiicre-matriks baglantilarin1 koruyarak, hiicresel hareket sirasinda stres sinyallerinin aktin

aglarma iletimini saglarlar (1).

Memelilerde {i¢ filamin geni vardir: Bunlar, FLNA, FLNB ve FLNC’dir. FLNA ve FLNB
yaygin olarak dokularda, FLNC ise agirlikli olarak kalp ve iskelet kasinda eksprese olur. FLNA
en yaygin bulunan izoformdur ve en ¢ok insan dokularinda eksprese olan bir varyanttir. FLNA iKi
monomerden olusan bir homodimerdir. Her bir monomer bir aktin baglayici N-terminal ve 24
tekrardan olusan rod-domain i¢ermektedir. Bu iki bolge iki kisa mentese (mentese 1 ve 2) ile
baglanmaktadir. FLNA kesimi bu iki bolgeden yapilir. Kalpain, tercihen mentese 1 ve 2 (H1 ve
H2) bolgesinden FLNA’y1 keser (Sekil 1) ve endojen olarak FLNASTyi iiretir (2). Hipoksi
kosullarin varligi da kalpain aktivitesini indiikler (3). Elde edilen son veriler, FLNA’nin hiicresel
sinyal iletiminde diizenleyici bir role sahip oldugunu gostermektedir. Endojen olarak iiretilen
FLNA®T nin ise hiicre cekirdeginde, bir niikleer transkripsiyon modiilatorii olarak gérev
yaptigin1 gostermistir (4). Kanser hiicrelerinde proliferasyon, migrasyon, invazyon ve koloni
olusturma yetenegi artmaktadir. Bu sebeple kanserli hiicrelerin bozulan bu 6zelliklerine sebep
olan mekanizmalar1 saptamak ve bu hiicreleri, normal hiicrelerin normal gelisim ozelliklerine
yaklastirmak i¢in ¢ok sayida ¢alisma yapilmakta ve bunun igin de gesitli ilaglar ve sinyal ileti

yolaklar1 arastirilmaktadir.



Normoxia

Ubiquitin ] o [P

Sekil 1. HIF-1o fonksiyonunun FLNA tarafindan diizenlenmesi (5). Filamin A
sitoplazmada, hipoksi indiikleyici faktorler olan HIF-loo ve HIF-2a’ dan sadece HIF-1la ile
etkilesir. Bu etkilesmenin tiimor bilyiimesini ve angiogenezi arttirdigi saptanmistir. Hipoksi
durumu, Kkalpain proteaz aktivitesinin artmasini ve bunun bir sonucu olarak da FLNA’ nin C
terminal ucundan kesilmesini indiiklemektedir. Bu durum FLNA’nin kesilmesinin ve Kesilen
fragman FLNACT nin de iiretiminin artmasma neden olur. Uretimi artan FLNA®T ile HIF-1a
fiziksel etkilesmeye girerek kolayca hiicre ¢ekirdegine transloke olurlar. Sonug olarak, hipoksi
durumunda FLNA®T, HIF-1a molekiiliine transkripsiyonel bir koaktivatér gorevi yaparak HIF-

la'nin hiicre ¢ekirdegindeki transaktivasyon islevini arttirmaktadir (5).

Bu arastirmanin temel amaci, proteolitik bir enzim olan kalpain’i bloke ederek, kanser
hiicrelerinde FLNAnin kesilmesini durdurmak ve bunun bir sonucu olarak da kanser hiicrelerinin
cogalmasini engellemektir. FLNA hiicrenin sitoplazmasinda, karboksi terminal ucundan kesildigi
zaman hiicre iginde FLNA®T iiretimi artar. Kalpeptin ise bu kesilmeyi engelleyecek olan bir
kalpain inhibitoriidiir. Kalpeptin’in hiicre membranindan kolayca gegebilmesi, kalpain 1 ve 2’yi
spesifik olarak inhibe edebilmesi, diger kalpain inhibitorlerine kiyasla daha az sayida farkli
proteinle etkilesime girmesi ve diisiik ICsp ‘ye (5-8 nM) (6,7) sahip olmasi gibi avantajlari

nedeniyle, kalpain inhibitorii olarak segilmistir.



Eger hiicre i¢inde FLNA®T iiretimi artarsa kanser hiicrelerinin proliferasyonu, migrasyonu
ve invazyonu da artacaktir. Bu hipotezimizi dogrulamak igin, dort fakli hiicre hatti igin [A7
(human Melanoma cell), PC3 (human prostate cancer), T241 (mouse fibrosarcoma), MS1 (Mouse
endothelial)] hazirladigimiz deney gruplarinda (kalpeptinle tedavi edilmis ve Kkalpeptinle
etkilestirilmemis olan hiicre gruplari), hiicresel proliferasyon, migrasyon, invazyon ve hiicresel
koloni olusturma &zelliklerini test etmeyi amagladik. Onerimizin dogru olmasi durumunda, test
edilecek olan bu parametrelerde mutlaka bir degisikligin olmasi gerekecekti. Gergekten de
kullandigimiz dort farkli hiicre hatti ile yapmis oldugumuz deneysel galismalarin sonunda elde

etmis oldugumuz verilerin, ileri siirdiigiimiiz hipotezi destekledigini gézlemledik.



2. GENEL BIiLGILER

2.1. Filaminler

Kas hiicrelerinin en 6nemli proteinlerinden biri olan aktin, globiiler (G-aktin) ve
flamentéz (F-aktin) monomerlerinden olusmustur. Aktin sadece hiicre iskeletinin olusumu ve
hiicre seklinin korunmasi i¢in degil, ayn1 zamanda dis uyaranlara yanit olarak, hiicre morfolojisi
ve lokomosyonunun diizenlenmesi i¢in de gereklidir. Bu dinamik yapinin siirekli olarak
sekillendirilmesi, ¢ok sayida aktin baglayict protein araciligiyla (actin-binding proteins ABP)
olmaktadir. Bu aktin baglayici proteinlerden biri de filaminler’dir. Filamin ailesi {i¢ homolog
proteinden (FLNA, FLNB ve FLNC) olugmaktadir. Bunlar farkli genlerin iriinleridir ve ayrica
MRNA dizi varyantlar1 da farklidir. Insan FLNA genleri de fare FIna genleri de, X kromozomlar
lizerinde bulunmaktadir. Insan FLNB ve FLNC filaminleri sirasiyla otozomal kromozom 3 ve 7
tizerinde, fare Flnb ve Flnc filaminleri ise sirasiyla 14 ve 6 numarali kromozomlarda bulunurlar.
Yetiskinlerde, FLNA en bol bulunan izoformdur. FLNC ise baskin olarak iskelet ve kalp kasi
hiicrelerinde eksprese edilir (4). ABP, filamin alt biriminin F-aktin'e baglamasinda anahtar islevi
goriir. Filamin alt birimi, Ca®*-kalmodulin ile kompetitif yarisarak ABP'ne baglanir ve F-
aktin'den ayrigir (8). Filaminler, F-aktin aglarinin ii¢ boyutlu yapilarini stabilize ederler. Ayrica,
transmembran reseptorlerine veya iyon kanallarina baglanarak hiicreler arasi tutunma (adezyon),
hiicre hareketi (migrasyon) ve hiicrenin varligimi siirdiirmesi (progresyon) gibi fonksiyonlarda
onemli rol oynarlar (9). Filaminlerin mekanik o6zellikleri, dinamik ortogonal F-aktin aglar
(network) ile saglanir. Bu ag yapisi, membran biitiinliigi koruyarak hiicreleri mekanik stresten
korur. F-aktin de dahil olmak iizere filaminler, 70 ten fazla farkli hiicresel proteine baglanirlar.
Ornegin bunlardan transmembran reseptorlere ve sinyal molekiillerine baglanarak, hiicre igin
gerekli olan yeterli destegi (scaffolding fonksiyonlarini) saglar ve ¢oklu hiicresel davranislar
entegre ederler. insanlarda filaminlerin sayilamayacak kadar ¢ok islevleri vardir. Bu nedenle,
filamin genlerinde olusacak zararli mutasyonlar beyin, iskelet ve kalp gibi organlarda genis bir

gelisimsel malformasyona neden olur(10).



2.2. Filamin A (FLNA)

FLNA geninin ekspresyonu ile olusan filamin A’nin hiicre ylizey reseptorleri ile
etkilesimi hiicreye mekanik stabilite saglar, hiicre-hiicre ve hiicre-matriks baglantilarin1 korur ve
stres sinyallerini hiicrenin hareketi sirasinda aktin iskeletine iletir. Filamin A’nin baslica
baglandig1 protein aktin’dir. Bu baglanma ile aktin proteininin, filamanlardan olusan dallanmis
bir hiicresel iskelet ag1 olusturmasina yardim eder. FLNA bundan baska, sinyal iletiminde yer
alan genis bir protein yelpazesiyle de etkilesime girebilme 6zelligine sahiptir (4,9).

FLNA iki kalponin homologundan (CH) olusan 280 kDa molekiil agirlikli bir
homodimerdir (sekil 2). Her monomerik zincirin N-terminal ucunda (NT) bir F-aktin-baglayici
bolge (domain) vardir ve 24 homologun tekrarindan olusan immiinoglobiilin (lg) benzeri bir
cubuk segmenti yapis1 gosterir (11,12). Her bir segment yaklasik 96 amino asit icermektedir. Iki
menteseli (Hing) bolge, 24 1g-benzeri tekrarlari, iki ¢ubuk bolgesine ayirir. Bu iki menteseden
biri (mentese 1, H1), 15. ve 16. Ig-benzeri tekrarlar arasinda ve C-terminal (CT) aktin baglama
ucunda yer alir. Diger mentese (mentese 2, H2) ise N-terminal dimerlesme bolgesi olan 23. ve 24,

Ig-benzeri tekrarlar arasinda bulunmaktadir (4,13).

Dimerization
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TRENDS in Cell Biology

Sekil 2. FLNA'nin filamentoz aktin ile etkilesimi i¢in onerilen bir model (4).



Rod domain 1 (aktin baglama bolgesi)’de bulunan Ig-benzeri 9-15 tekrarlari, yiiksek
avidite gostermeleri nedeniyle F-aktin baglanmasini kolaylastirir. Rod domain 2 ise, partnerleri
ile ortak etkilesimler kurmak igin alan barindirmaktadir (Sekil 3).

Filamin'in N ucundaki aktin baglama alani, iki kalponin homologu olan domain CH1 ve
CH2 igerir. Aktin baglanma alanini takip eden ve 24 tekrardan olusan kisim, anti paralel olarak f3-
tabakalarina katlanir ve protein-protein etkilesimleri i¢in ara yiiz olarak islev goriir. FLNA’ya
baglanan ortaklarin ¢ogunlugu C- terminalinde FLNA ile etkilesime girer. Sekil 3 de, FLNA ile

dogrudan etkilesime giren segilmis bir protein koleksiyonu sunulmaktadir (4).

I Cell adhesion and migration proteins

B Transcription factors Migflin| Caveolin, TF

I GTPase-related proteins ECSM ECSM CEACAM

B F-actin and filamins

Rac, Rho, Cdc42

Trio, FilGAP

TRENDS in Cell Biology

Sekil 3. FLNA’nin monomerik yapisi ve FLNA ile etkilesimde olan proteinler (4).
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2.3. Filaminler ve Hiicre Motilitesi

Her tii¢ filamin de hiicre gelisimi siliresince yaygin olarak ifade edilmektedir.
Yonlendirilmis hiicre hareketi hem embriyonik gelisimde hem de homeostaz icin gereklidir.
Diizensiz ve hatali hiicre gocii, vaskiiler hastaliklar, kronik inflamatuar hastaliklar, timor
olusumu ve metastaz dahil bircok patolojik siireglere yol agar. Filaminler, polarize olmus
hareketli hiicrelerin hem 6n hem de arka kenarlarinda yerleserek, aktin sitoskeleton yapisinin
yeniden sekillenmesini dogrudan dogruya regiile ederler. Boylece hiicrelerin sitoplazmik
cikintilarinin ileri ve geri ¢ekilme dogasini etkilerler. Mekansal dagilim, ifade diizeyi ve filamin-
aktin baglanmasina iligskin etkilesim siiregleri, hiicrenin hareketliligi sirasinda F-aktin’in yeniden
bicimlenmesine ve stabilize olmasina da katkida bulunabilir. Boylece, filaminlerin hiicrenin 6n
veya arka tarafinda yer almasi, migrasyonun basladigi veya bittigi yerde ortak proteinlerin, o

hiicrenin membran bdlgelerinde toplanmasina neden olur (4).

2.4. Filaminler ve Sinyal letimi

Filaminler sinyal iletimini kiigiik molekiil agirlikli GTPazlar ile koordine ederler.
Ekstraseliiller matriks ligandlarina integrin bagladiktan sonra, kiigiik GTPazlar aktive olur ve
aktin’in polimerizasyona yol agar. Bu polimerlesme, lamellipodia ve filopodia olusumu ile
sonuglanir. Memeli hiicrelerinde aktin-bazli dinamik hareketli yapilar kiigiik GTPazlar’dan olan
Rho ailesi tarafindan diizenlenir. Filamin A, Rac, Rho, Cdc42 ve RalA gibi kiigiikk GTPaz-bagh
proteinlerle ve ayrica GTPazlarin upstream ve downstream faktorleri ile etkilesir. Bu etkilesimler,
FLNA'nin CT bolgesi igindeki 23. ve 24. tekrarlar arasinda gerceklesir (sekil 4). Filamin’in CT
bolgesi, integrinlerin sitoplazmik kuyruklarina ve diger membrana gomiilmiis glikoproteinlere
baglanarak plazma zarinda yan yana dizilmistir. Bu etkilesimler GTPaz aktivitesinin ¢ok hassas

bir sekilde diizenlenmesi ile gergeklesir (14,15).
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TRENDS i Cell Bilogy
Sekil 4. FLNA, hiicre hareketliligi sirasinda kiigiik GTPazlar igin bir iskelet saglar. Hareketli
hiicrelerin 6n kenarindaki tabakali membran, FLNA tarafindan olusturulan aktin demetlerinin ve
aglarmin toplanmasi ve yeniden diizenlenmesini i¢eren bir seri kompleks hareketlerde 6nemli bir
rol oynamaktadir. FLNA, aktin filamentlerini ¢apraz baglar. Trans membran proteinlerini (-
integrinler) ise, kiigiik GTPazlar (Cdc42, Rho, Rac, RalA) ve bunlarin upstream (Trio, Lbc,
FilGAP, RhoGAP) ve downstream (ROCK, PAK1) yondeki faktorlerine baglamaktadir (4).
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2.5. Filaminler ve Transkripsiyonun Diizenlenmesindeki Rolleri

Filaminlerin transkripsiyon tizerinde hem pozitif hem de negatif etkileri vardir. Filaminler
ile transkripsiyonel aktivitenin diizenlenmesi, filaminlerin sitoplazmadaki transkripsiyon
faktorlerinin aktivasyonu veya inaktivasyonu yoluyla gergeklesir (sekil 5).

Hicre sitoplazmasinda FLNA’nin  PEBP2B/CBFP, PEBP2/CBF gibi transkripsiyon
faktorlerinin heterodimerik bir altbirime veya p73 gibi bir transkripsiyon diizenleyicisine
baglanmasi, transkripsiyonel baskiy1 gosterir ve bu molekiilleri sitoplazmada tutar (16, 17). Diger
yandan reseptore gelen sinyallerin alinmasiyla birlikte, FLNA'nin, SMAD2 ve SMADS gibi diger
transkripsiyon faktorleri ile olan etkilesimi de, pozitif yonde reseptor-bagimli olarak indiiklenen
fosforilasyonu ve dolayisiyla SMAD molekiillerinin da hiicre gekirdegindeki birikimi diizenler
(18). Ilgingtir, hiire i¢indeki biitiin FLNA'nin sadece kiigiik bir fraksiyonu insan deri fibroblast ve
HeLa (Henrietta Lacks) kanser hiicrelerinin ¢ekirdeginde bulunmustur. DNA hasarinda 6nemli
bir rolii olan timor siipresor gen BRCAZ2 ile FLNA’nin niikleus iginde etkilesiminin olmasi da
sitoskeletal sinyal ileti yolaginin, DNA hasarindan sorumlu olan yolaklar ile baglantili oldugu
gostermistir. (19). Bu beklenmedik bulgu, FLNA'nin, ¢ekirdegin transkripsiyon faktorlerini
etkileyebilecegi ihtimalini arttirmaktadir. Ayrica FOXCZ1’in transkripsiyonel aktivitesinin
diizenlenmesi sirasinda, hem FLNA hem de transkripsiyonu diizenlemede gorevli molekiillerden
PBX1 ile ¢oklu etkilesimlerde bulunmasi da keza sitoskeletal sinyal ileti yolaginin, DNA
hasarina sebep olan yollardan biri oldugunu gostermistir (20). Tam uzunlugunda olan
(kesilmemis) FLNA, verimli bir sekilde PBX1'i ¢ekirdege tasir ve FOXC1-PBX1 transkripsiyon-
inhibisyon kompleksi olusur. Bununla birlikte, FLNA'nin niikleer transportu hala tartismalidir.

Androjene bagimli prostat kanseri hiicrelerinde, kalpain bdliinmesiyle iiretilen 90 kDa'lik
bir proteolitik FLNA fragmani ¢ekirdege yerlesirken, androjene bagimli olmayan alt hiicre
hattinda FLNA pargalanamaz ve sitoplazmada kalir (21). Saptama Sinirinin altinda olan az
miktarda tam uzunlukta FLNA'nin ¢ekirdekte olup olmadigi heniiz bilinmemektedir. Cekirdekte
parcalanmis FLNA'nin gézlenmesi, kalpainle parcalanmis FLNA parcasinin, cinsel farklilagsmay1
diizenleyen ve bir transkripsiyon faktorii olan androjen reseptdriiniin (AR) niikleer

translokasyonunu kolaylastirdigi bulgusu ile tutarlidir. FLNA fragmaninin niikleus igindeki
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varligi, AR'nin interdomain etkilesimlerini ve koaktivator baglanmasini etkiler ve boylelikle de

AR'nin transaktivasyon aktivitesini baskilar (22, 23).

Sekil 5. FLNA ve niikleer proteinler arasindaki etkilesimler igin dnerilen sematik model.

FLNA, sitoplazmada PEBP2-3 ve p73a'y1 tutar, boylece bunlarin niikleer translokasyonunu ve
transkripsiyonel aktivitesini inhibe eder. Kalpain bdliinmesiyle iiretilen FLNA'nin proteolitik
kism1 AR ile niikleer bir 6n baglatma kompleksi olusturur ve AR trans-aktivasyonunu baski altina
alir. Tam uzunlukta olan FLNA, PBXIl'in niikleusa tasinmasimi arttirir. Cekirdekteki
FOXC1/PBX1 inhibitdr kompleksi i¢in bir iskelet ortami saglar ve boylece FOXC1'i inaktif hale
getirir. FLNA, SMAD proteinini fosforilleyerek niikleusa taginmasini kolaylastirir (4).
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2.6. Kalpain ve Kalpeptin

Kalpainler, kalsiyum bagimli, lizozomal olmayan bir sistein proteaz ailesidir (sekil 6) ve
insanda 14 tane kalpain ¢esidi ¢ok iyi bilinmektedir (sekil 7). Yap1 ve fonksiyona gore, kalpain 1
(u-kalpain) ve kalpain 2 (m-kalpain) iyi karakterize edilmistir (24). Normal hiicresel
fonksiyonlarda (hiicre hareketliligi, hiicre dongiisii, otofaji ve apoptoz) ve patolojik siireclerde
(tiimorigenez, kanser metastazi ve norodejeneratif hastaliklar) kalpainlerin kritik rolleri vardir ve
bu fonksiyon ve siiregleri destekleyecek bircok deneysel ve klinik ¢alisma bulunmaktadir (24,
25). Ornegin insan kolorektal kanserinde, kalpain 2'nin asir1 eksprese oldugu saptanmistir (26).
Bagka bir ¢aligmada da kalpain 1 ekspresyonu artmig schwannomalar ve meningiomlarin oldugu
bildirilmistir (27). Bununla birlikte, prostat kanseri sonuglari halen tartismalidir (28,29). FLNA,
kalpain 1 ve 2’nin dogal bir substratidir. FLNA’nin H1 bolgesinden kalpain tarafindan kesilmesi
sonucunda, 170 ve 110 kDa'lik iki fragman olusur. H2 alanini1 da i¢eren 110 kDa’lik fragmani
tekrar H2 bolgesinden kesildiginde 90 kDa'lik fragman elde edilir ki bu fragmanin hiicre
cekirdegine translokasyon yaptigi saptanmistir (21). FLNA ile androjen reseptdriin (AR)
etkilesim siirecinde, Sekil 5’de de tartisildigi {lizere, uzun vadeli androjen yoksunlugunda,
androjene duyarli prostat kanseri hiicrelerini, kesilmis olan FLNA fragmani, AR-negatife
dontstiirebilir. Bu da daha agresif ve androjenden bagimsiz bir bozukluga neden olabilir. Bu
durum kalpain 2'nin aktivasyonunu arttirarak daha fazla eksprese olmasma sebep olur.
Dolayisiyla, kalpain 1/2 inhibitorii ile kombine edilecek olan androjen yoksunlugu, prostat
kanserinin progresyonunu dnlemek veya geciktirmek i¢in yeni bir terapotik strateji saglayabilir.

Nitekim Liu T ve arkadaslari tarafindan yapilan g¢alismada insan prostat kanseri
hiicrelerinde, uzun siireli androjen yoksunlugu olusturmuslar ve bu androjen yoksunlugunun
kalpain 1’in degil, Filamin A'nin ve kalpain 2'nin asir1 ekspresyonuna neden oldugunu
gostermislerdir. Dolayisiyla, kalpain 2°nin asir1 ekspresyonuna bagl olarak FLNA®T iiretiminin
de arttigini, bu artisin kalpeptin ile inhibe edilebildigini ifade etmislerdir (29,30,31). Ayrica hiicre
icinde FLNA regiilasyonunun azalmasi, mitojen ile aktive olan protein kinaz, hiicre dis1 sinyalle
diizenlenen kinaz- kaskad yoluyla, kalpain aktivitesini arttirir ve fokal adezyon (FA)
proteinlerinin boliinmesini uyarir. Kalpain sitoplazmik bir sistein proteazdir ve aktivitesi igin

kalsiyum iyonlarina gereksinim duyar. Fizyolojik fonksiyonu halen tam olarak anlasilmamis
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olmasina ragmen kalpain’nin sinyal iletimi, hiicre proliferasyonu, hiicre dongiisiiniin ilerlemesi,
farklilasma, apoptoz, membran fiizyonu ve trombosit aktivasyonu gibi ¢esitli kalsiyum ile
diizenlenen hiicresel siireglerde rol oynadigi bilinmektedir (32-36). Doku 6rneklerine,
dietilaminoetil kolon kromatografisi ile ayirma islemi uygulandiginda, iki kalpain aktivitesi tespit
edilir. Bunlar; memelilerdeki iki geleneksel kalpain tiiriine karsilik gelen p-kalpain ve m-
kalpain’dir. Bu kalpainlerin kalsiyuma olan duyarliliklarmin farkli oldugu belirtilmis olup, in
vitro kosullarda yapilan denemeler sonucunda, kalsiyum duyarliliklarinin, sirasiyla litrede
mikromol ve milimol Ca*" civarinda oldugu saptanmistir. Bu kalpainler, biiyiik bir 80 kDa
katalitik altbirim (80kDa CAPN1 ve CAPN2 tarafindan kodlanmig) ve ortak bir 30 kDa
diizenleyici altbirimden (30kDa, CAPN4 tarafindan kodlanmis) olusan heterodimerlerdirler.
80kDa ve 30kDa sirasiyla dort (I-1V) ve iki (V ve VI) domain igerir. II nolu proteaz domeyni
diger sistein proteazlar1 gibi (B ve L katepsinlerde oldugu gibi), substrat baglayici yarigi bulunan
iki alt domain (Ila ve IIb) icerir (37-40). Kalpain, sitozolde inaktif bir enzim olarak bulunur ve
hiicresel Ca?* diizeyindeki artisa yanit olarak membranlara translokasyon yapar. Membranda
kalpain, Ca?* ve fosfolipidlerin varliginda etkinlestirilir. Domain I'in otokatalitik hidrolizi,
aktivasyon sirasinda gergeklesir ve sonug olarak 30 kDa ve 80 kDa birimlerine ayrilir (sekil 8).

Aktiflesmis kalpain (80 kDa birimi), substrat proteinlerini membranlarda veya
membranlardan serbest birakildiktan sonra sitozolde hidroliz eder (41). Ca?* yoklugunda, iki
proteaz alt birimi Ila ve IIb, alan etkilesimi tarafindan dayatilan yapisal kisitlamalarla
birbirlerinden aynlir. Ca®* ile indiiklenen yapisal degisiklikler, aktivasyon igin bir islevsel
katalitik bolge olusturmak igin 6n sarttir (37,38,39,42). m-kalpain'de en az ii¢ farkli Ca*
baglanma bolgesi mevcuttur, ikisi kalmodulin benzeri bolgeler 1V ve VI, tgiinciisii ise asidik

halka bolgesinde C2 benzeri domain III'te ve proteaz II bolgesinde bulunmaktadir (39,40,42).
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Sekil 6. Ca?* icermeyen insan m-kalpain molekiiliiniin ti¢ boyutlu yapisi (43).
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Sekil 8. Kalpain'in Ca*" ile aktivasyon mekanizmast (43).
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Selik 9. Kalpeptin, bir kalpain 1 (p-kalpain) ve kalpain 2 (m-Kalpain) inhibitoridiir (44).

Kalpeptin hiicre membranindan gegebilen, kalpainleri spesifik olarak inhibe etmek ve
fizyolojik rollerini degerlendirmek igin gelistirilmis etken bir kimyasaldir (45). Kalpeptinle ilgili
olarak yapilan birgok ¢alismada, kalpeptin’in hiicre membranindan kolayca gegebildigi, kalpain 1
ve 2’yi spesifik olarak inhibe edebildigi, diger kalpain inhibitorlerine kiyasla daha az sayida
farkli proteinle etkilesime girdigi ve ¢ok diisiik ICso (5-8 nM) degerine sahip oldugu bilgileri
mevcuttur (6,7,46,48). Biitiin bu avantajlar1 nedeniyle kalpeptin, bu ¢alismamiz igin uygun bir

kalpain inhibitort olarak goriilmiis ve segilmistir.

19



Sonug olarak filaminler iizerine yapilan bir¢ok ¢alismada, FLNA'nin islev ve ifadesine
odaklanilmistir fakat FLNA'nin boliinmesinin énemi ve timor hiicrelerinde FLNACT iiretiminin
onemi hakkinda daha az bilgi bilinmektedir. Buna ek olarak FLNAC™nin, timér hiicresinin
migrasyonu, invazyonu ve proliferasyonundaki spesifik rolii hakkinda ¢ok az bilgi vardir ve net
degildir. Biz bu calismamizda FLNA®"nin daha énce ¢alisiimamus olan insan ve fare kanseri

hiicrelerindeki islevini arastirarak literatiire yeni bilgiler kazandirdik.
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3. GEREC VE YONTEM

3.1 Arastirmanin Tipi

Deneysel nitelikte bir aragtirmadir.

3.2 Arastirmanin yeri ve zamani

Arastirma, 2014 Nisan ayinda baslayarak, 2017 Aralik aymna kadar stirmistiir.
Aragtirmanin deneysel boliimii Géteborg Universitesi Tip Fakiiltesi Tibbi Biyokimya ve Hiicre

Biyoloji Anabilim Dalinda gerceklestirilmistir.

3.3 Arastirma Evreni ve Orneklemi/ Cahsma Gruplari

Arastirmada A7 (insan Melanoma), PC3 (insan prostat kanser), T241 (Fare fibrosarkoma)
ve MS1 (Fare endotel) hiicre hatlar1 kullanilmistir.
Calisma gruplar:
1. Deney grubu (Kalpeptin eklenmis olan gruplar)
2. Kontrol grubu (DMSO eklenmis olan gruplar)

3.4 Calisma Materyali
Arastirmada A7 insan Melanoma hiicre hatt1 i¢in Eagle's Minimum Essential Medium
(EMEM), T241 fare fibrosarkoma ve PC3 insan prostat kanser hiicre hatt1 icin RPMI-1640 ve

MS1 fare endotel hiicre hatti icin Dulbecco's Modified Eagle's Medium (DMEM) ortami
kullanildi. Kalpeptin Sigma-Aldrich’den temin edildi.
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3.5 Arastirmanin Degiskenleri

Kalpain ve FLNA kesilmesinin engellenmesi arastirmanin bagimsiz, hiicrelerin

proliferasyonu, migrasyonu, invazyonu ve koloni olusturmasi ise bagimli degiskenleridir.

Deneylerin akis semasi

Hiicre kiiltiirti
Kalpeptin konsantrasyonu 1¢in
optimizasyon deneyleri 10 uM - 300 uM
(ICs0)

{

Western blot deneyleri ile FLNA
kesilmesinin, engellenmesinin test edilmesi

{

MTT, koloni olusturma, migrasyon ve
invazyon deneyleri

J

Verilerin istatistik analizi
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3.6. Veri Toplama Araglari

3.6.1. Hiicre Coziilmesi
-18°C de tutulan hiicreleri ¢dzmek i¢in asagidaki islemler yapildi;

1. Ekimden dnce 1 mL/5 cm? hacimdeki kiiltiir ortami 37° C’ de, %5 CO; igeren inkiibatorde
(Thermo Scientific Incubator / Forma Stericycle CO,) en az 30 dakika siireyle bekletildi,
Hiicreler 37° C sicakliktaki su banyosunda hizlica ¢oziildii,

Hiicre siispansiyonu iizerine serumlu ortam eklenip pipetleme yapildi,

Hiicre saymmi yapildi,

o > DN

Onceden kiiltiir kaplarinda (25 lik flask) inkiibatdrde bekletilen ortamlar {izerine
5000/cm? yogunlukta ekim yapildi.

6. Faz kontrast mikroskobunda (Olympus, CK40) incelendikten sonra inkiibatore konuldu.
7. Kiiltiir ortam1 ekimin ertesi giinii ve ardindan gelen iki giinde bir taze kiiltiir ortamiyla

degistirildi.

3.6.2. Hiicre Kiiltiirii

Calismada A7, PC3, T241 ve MSI hiicre hatlar1 (ATCC) kullanildi. A7 insan melanoma
hiicre hatti, Eagle's Minimum Essential Medium (EMEM), %10 FBS, %1 glutamine, %1
Penisillin/streptomysin ve 10 mM HEPES ile kiiltiire edilldi. PC3 insan prostat kansSer hiicresi
RPMI-1640, %10 FBS, %1 glutamine, %1 Penisilin/streptomysin, 10 mM HEPES ve 1 mM
sodium pyruvate ile kiiltiire edilldi. MS1 fare endotel hiicre hatti1 Dulbecco’'s Modified Eagle's
Medium (DMEM), %5 FBS, %1 glutamine, %1 Penisillin/streptomysin ile kiiltiire edilldi. T241
fare fibrosarkoma hiicre hatti RPMI-1640, %10 FBS, %1 glutamine, %1 Penisillin/streptomysin
iceren ortamda kiiltiire edilldiler. Hiicre kiiltiirii islemleri biyogiivenlik 2 diizeyinde laminer
kabinet (Thermo Scientific Cabinet / MSC1.2) igerisinde yapilirken, hiicreler 37° C’de, %5 CO-’li
inkiibatorde (Thermo Scientific Incubator / Forma Stericycle CO;) uygun zaman araliklarinda (2

giinde bir) ¢ogaltildi. Hiicreler %70 yogunluga ulastiklarinda pasajlama islemi yapildi ve
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hiicreleri kaldirmak i¢in % 0.05 / % 0.02 oraninda Tripsin/EDTA (Etilendiamin tetraasetik asit,
Biological industries, 03-051-5B) ¢ozeltisi kullanildi.

3.6.3. Hiicre Sayim ve Canlilik Testi

Kiiltiirde tiretilen hiicrelerin ortamlar1 uzaklastirilip ve 1X PBS (Phosphate Buffered Saline)
ile iki kere yikama yapildi. 1X Tripsin-EDTA soliisyonu ile hiicreler kaldirilip, elde edilen hiicre
stispansiyonundan 50 pul alinarak tripan mavisi (Biological industries, 03-102-1B) ile
karistirildiktan sonra hiicreler Neubauer laminda 10 farkli alanda hemositometrik olarak sayilarak
yaklasik hiicre sayis1 bulundu (Sekil 10). 50 pl hiicre siispansiyonu i¢in, 100 pl 1X PBS ve 100 pl
tripan mavisi kullanilda.

Toplam Hiicre _ 1
Hiicre Saymm = x diliisyon faktoriix 10 =  Hiicre/mL

10

Sekil 10. Hemositometrik olarak hiicre sayiminda kullanilan Neubauer lam1 goriintiisii
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3.6.4. Westen Blot (immiinoblot) Deneyleri

Hiicreler 75°lik flasklarda, 1x10° hiicre olacak sekilde kiltiire edildikten sonra, buz
iistlinde ortamlar1 uzaklastirildi ve iki kez PBS ile yikandi. Ardindan tekrar PBS eklendi ve
santrifiij yapildiktan sonra PBS tamponu uzaklastirildi. Hiicrelerin iizerine 600 pL lizis tamponu,
200 pL fosfataz inhibitori ve 200 uL proteinaz inhibitorii eklendi ve pipetaj yapildi. Ardindan
30-60 dakika +4 °C de vortekslenip, 14000 rpm de 10-15 dakika santrifiij yapildiktan sonra,
siipernatantin protein igeren kismi yeni tiiplere aktarildi ve -20 °C de western blot deneyleri icin
bekletildi.

Western Blot Yoénteminin ilkesi: Western blot jelde ayirimi yapilmis proteinlerin
membrana emdirilerek ilgilenilen proteinin radyoaktif izotopla ya da flouresan boya isaretlenmis
0zel antikor yardimiyla membran iizerinde belirlenmesidir. Jel bir nitroseliiloz veya PVDF
(poliviniliden fliioriir) zarmmin yanina yerlestirilir ve bir elektrik akimi proteinlerin jelden
membrana go¢ etmesine neden olur. Western blot teknigi, kompleks karisim i¢inden spesifik bir
proteinin taninmast ve bu protein hakkinda kalitatif ve semikantitatif veri elde edilmesinde

kullanilir.

Western Blot Uygulama Basamaklar:

A. Hiicre ekstrakti hazirlama: Hiicre kiiltiiriinden alinan orneklerin besi ortami
uzaklastirilir ve sogutulmus PBS ile yikanir. Uzerine 6rnek tamponu eklenerek (50 mM Tris-HCl,
pH 7.9, 1 mM EDTA, 150 mM NaCl, 1 mM PMSF, 1 mM DTT, 5 pg/mL Aprotinin, 5 pg/mL
Leupeptin, 5 ug/mL Pepstatin ) ;

A) Hiicre ekstraktlar hazirlanir.
B. Protein Olgiimii yapilir.
C. SDS-PAGE Jelleri Hazirlanir.

1. Istenilen konsantrasyonda ayirici jel i¢in monomer karigimi, asagidaki tabloda 6zetlenmistir.
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Ayirici (separating) Jel Hazirlanmasi: 0.375 M Tris, pH 8.8

%5 %7 %10 %12 %15
Saf su 7.5 12,7mL [10.7 4.65mL [3.65mL
3 M Tris-HCI, pH 8.8 125mL |25mL (25mL |125mL |125mL
%20 (w/v) SDS 0.05mL |0,ImL |0, ImL [0.0S5mL [0.05mL
Akrilamid/Bis-akrilamid 1.I5SmL  |46mL |66 mL ([4.0mL 5.0 mL
(%29.2/%0.8 w/v)
%10 (w/v) amonyum persiilfat [0.05mL  |02mL [02mL [0.05mL |0.05mL
TEMED 0.005mL [0.02mL [0,02mL [0.005mL |0.005mL
Total monomer karigimi 10.005 mL | 20,12mL | 20,12 mL [ 10.005 mL | 10.005 mL

Tablol. Ayirici (separating) Jel Igerigi.

2. Karigim hazirlandiktan sonra jel kasete dokiiliir ve jelin yiizeyi izopropanol ile kaplanir.

3. Ardindan 45-60 dakika polimerize olmasi i¢in beklenir.

4. Jel ylizeyindeki izopropanol atilir.

Paketleyici (stacking) Jel Hazirlanmasi: %4.0, 0.125 M Tris, pH 6.8

Saf su 7.35mL
1.5 M Tris-HCI, pH 6.8 1.25 mL
20% (w/v) SDS 0.05 mL
Akrilamid/Bis-akrilamid (%29.2/%0.8 w/v) |1.34 mL
%10 (w/v) amonyum persiilfat 0.04 mL
TEMED 0.1 mL
Toplam monomer karigimi 10.13 mL

Tablo 2. Paketleyici (stacking) Jel Igerigi.
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5. Paketleyici jel i¢in yukaridaki tablo izlenerek monomer karisimi hazirlanir.
6. Jel dokiildiikten sonra polimerize olmayan karigima, jel taraklari dikkatli bir bigcimde
yerlestirilir.
7. Jelin polimerizasyonu i¢in 45-60 dakika beklenir
D. Orneklerin Hazirlanmasi
1. Protein 6rnekleri 10-40 pL icinde yaklasik 10-40 pg olacak bigimde, en az 1:4 oraninda 6rnek
tamponu ile karistirilir.
2. 95 °C’de 2-4 dakika (veya 70 derecede 15 dakika veya 100 °C’de 1 dakika ) tutulur.
E. Elektroforetik Yiiriitme
1. Orneklerin yiiklenmesi ardindan sistem kapatilir ve elektrotlar baglanir .
2. Ornekler ayirici jele girinceye kadar diisiik akimda 100 Volt gerilim uygulanr.
3. Ornegin ayirici jele gegmesinin ardindan gerilim 150-200 Volt’a ¢ikarilir.
4. Voltaj degisimleri ilk denemelerde izlenir ve not alinir.
5. Yiiriitilen jelde brom fenol mavisi, jelin alt kismina varinca akim kesilir ve jel tanktan
uzaklastirilir.
F. Semi-Dry Transfer
1. Transferde kullanilacak membran 10 dakika metanol ile muamele edilir.

2. Filtre kagitlar1 Towbin transfer tamponu ile 1slatilmak i¢in mumele edilir.

10X Towbin Transfer Tamponu

Tris 30g

Glisin 144 g

SDS (%10) 20 mL

Distile su 800 mL’ye tamamlanir

Metanol 200 mL eklenir (kullanilacagi
zaman)

Tablo 3. Towbin Transfer Tamponu.
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3. 2 adet filtre kagid1 en altaki kisma yerlestirilir ve lizerine de membran yerlestirilir.

4. Membran lizerine jel konulduktan sonra iki filtre kagidi membran {izerine konulur.

5. Membran ve filtre kagidi1 arasinda hava kabarcig1 kalmamasina dikkat edilmelidir.

6. Bu islemlerin ardindan kKapaklar kapatilir ve 15 Volt gerilim altinda 50 dakika transfer yapilir.
G. Bloklama

1. Transferin ardindan membran oda sicakliginda 1 saat %5’lik siit tozu (%0.1°’lik Tween 20
iceren PBS ile hazirlanir) yani bloklama ¢ozeltisi iginde ve ¢alkalayici tizerinde tutulur.

2. Ardindan membran 3 kez bloklama ¢ozeltisi ile 10 dakika siire ile ¢alkalayici tizerinde yikanir.
H. Birincil antikor ile inkiibasyon

1. Birincil antikor onerilen dilisyonda, membranin iginde oldugu ¢o6zeltiye eklenir ve 4-48 saat
(siire her antikor igin farklidir) +4 °C de yine ¢alkalayici iizerinde inkiibe edilir.

2. Ardindan membran 3 kez bloklama ¢ozeltisi ile 10 dakika siire ile ¢alkalayici tizerinde oda
sicakliginda yikanir.

I. Ikincil antikor ile inkiibasyon

1. Isaretlenmis ikincil antikor bloklama cozelti icinde bulunan membrana eklenir ve 1 saat oda
sicakliginda inkiibe edilir.

2. Bu asamanin ardindan membran 3 kez bloklama ¢6zeltisi ile 10 dakika siire ile galkalayici
tizerinde oda sicakliginda yikanir.

J. ECL (enhanced chemiluminescent) ile goriintiileme

Horseradish peroksidaz enzimi ikincil antikora baglidir ve ECL ¢ozeltisi i¢cinde olan lumigen PS-
3 substratini katalizler. Katalizlenen reaksiyonun sonucunda luminol agiga ¢ikar ve bu da isimaya

yol agar. Agiga ¢ikan 1s1ma, 6zel filmler ile saptanir (49,50).
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4. Gel knife __— 8. Cassette

AEWLYY —TS = ._-_-.:-;-‘-'-ff"l- ﬂ /9. Sponges
|
1. Gel 3 ﬂ! Lo

) 10. Filter paper
2.Gel comb %

.---:.’-'-' \,—11 PVDF/NC Membrane

3 Gel gt Falgiy L g -
cassette / i 7. Direct-current
Ris T, power source
12. Rolling brush
-
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Sekil 11. Western blot tekniginde kullanailan aparatlar (51).

Kalpeptin ile 100 uM'lik bir dozda muamele edilen hiicrelerde FLNA'nin bdliinmesi
sonucu olusan FLNA®™m iiretiminin degisip degismeyecegini belirlemek amaciyla, A7 insan
melanoma, PC3 insan prostat kanseri, T241 fare fibrosarkoma ve MSL1 fare endotel hiicrelerinden
elde edilen protein lizatlarina western blot uyguladik. Kontrol gruplari 100 uM DMSO ile
muamele edildi. Anti-aktin antikorlar1 imiinoblotlarda, yiikleme kontrolleri olarak kullanild1 ve
bantlarin dansitometrik okumalarmin kantitasyonundan sonra FLNA®T / ACTIN, p-FLNA / t-
FLNA, p-ERK1/2 / t-ERK1/2 ve p-AKT / t-AKT oranlar1 hesaplandi. Ciinkii bu proteinlerin
toplam miktarlar1 ve fosfatlanmig hallerinin, hiicre i¢i sinyal iletiminde, hiicresel proliferasyon,
farklilasma ve hiicrenin sag kaliminda ¢ok onemli rolleri oldugu bilinmektedir. Total FLNA (t-
FLNA), FLNA®T ve fosfo FLNA (p-FLNA) Bethyl Laboratories’dan, Aktin Sigma Aldrich den
saglandi. Fosfo ERK 1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), fosfo AKT (p-AKT) ve total
AKT (t-AKT) antikorlar1 ise Cell Signaling Technology’den saglanarak immiinoblotlama igin
kullanildi.
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3.6.5. Protein Tayini

3.6.4°de anlatildig1 sekilde elde edilen hiicrelerin siipernatantinda bulunan proteinlerin
konsantrasyonlarini belirlemek amaciyla, bisinkoninik asit (BCA) yontemi kullanildi. Bu protein
degerleri, western blotlamada, kuyucuklara yiiklenecek olan protein miktarinin bilinmesi
acisindan onemli ve gereklidir.
Yontemin Ilkesi: Alkali kosullarda proteinler, reaktif icindeki Cu?* iyonlarmi Cu'* iyonlarina

indirgerler ve bu durum BCA reaktifinde renk degisimi ile gozlenir.

Protein Tayini uygulama basamaklari:

1. Standart protein olarak sigir serum albumin (BSA) ve kor olarak distile H,O kullanildi.

2. Ik olarak farkli konsantrasyonlarda (2000, 1500, 1000, 750, 500, 250, 125, 25 pg/mL) BSA
standartlar1 hazirlandi.

3. BCA (A) reaktifi (bisinkoninik asit iceren) ve % 4 BCA (B) reaktifi (iginde bakir siilfat igeren)
50:1 oraninda karistirilarak hazirlandi.

4. Standart ve drneklerden 25’er pL ‘lik miktarlar 96 kuyucuklu bir mikroplaga konuldu.

5. Standart ve 6rneklerin tizerine 200 puL 3. asamada hazirlanan BCA (A) ve (B) karigimindan
eklendi.

6. 37°C’de 30 dakika inkiibasyon yapildi.

7. Plak okuyucuda 562 nm’de standart ve drneklerin absorbans degerleri okundu.

8. Elde edilen absorbans degerlerine karsi standart konsantrasyonu grafigi ¢izildi ve drneklerin

total protein konsantrasyonu bu standart grafiginden yararlanilarak hesaplandi (52).
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Sekil 12. BCA protein tayini.

3.6.6. Migrasyon ve invazyon Deneyleri

Migrasyon ve invazyon, canli hiicrelerin 6nemli bir 6zelligidir ve normal geligim,
bagisiklik yanit1 ve kanser metastazi ve inflamasyon gibi hastalik siire¢leri i¢in kritik 6nem tasir.
Hiicre migrasyon ve invazyon inceleme yontemleri, kanser biyolojisi, immiinoloji, vaskiiler
biyoloji, hiicre biyolojisi ve gelisim biyolojisi gibi genis biyomedikal arastirmalar i¢in ¢ok yararl
ve onemlidir.

Transwell hiicre gogli ve invazyon testi, hiicre motilitesinin ve invazivliginin bir kemo
cekici gradyana karsi kapasitesini Olger. Boylece hiicrelerin migrasyon ve invazyon giigleri
hakinda bilgi saglanmis olur. Bu bilgi, kanser hiicrelerinin davranislarini anlamak agisindan ¢ok

onemlidir (53). Hiicre invazyonu, hiicre migrasyonuna benzer. Aralarindaki en onemli fark,
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invaze olan hiicreler bir bazal membrandan veya ekstra selliiler matriksten gecerek goc ederler.
Migrasyon ve invazyonun bilinmesi, tiimor hiicrelerinin metastaz siiregleri hakkinda 6nemli

bilgiler elde etmemizi saglar (54).

Yontemin Uygulamast:

Bu analizler igin transwell sistemi kullanilmistir. Bu sistemde, alt haznede yiiksek
serumlu ortam bulundugundan iist kuyuya (transwell) ekilen ve serumsuz ortamda biiyiitiilen
hiicreler, delikli yapidan asagiya inebilirler. Delikli yapinin iizerine matrijel (hiicre dis1 matriks
benzeri) kondugunda ve hiicreler alt hazneye gegtiklerinde invazyon 6zellikleri, matrijel olmadan
hareket ettiklerinde ise migrasyon ozellikleri test edilmis olur (BD Biosciences). Matrijel (BD
Biosciences) zemin membrani olarak kullanilmaktadir ve Engelbreth-Holm-Swarm (EHS)
sarkomadan dretilmistir. Matrijel, hem zemin bilesenlerini (kolajenler, laminin ve
proteoglikanlar), hem de matriks pargalayict enzimler ve bu enzimlerin inhibitorlerini, ek olarak
da biiytime faktorlerini igerir.

Hiicreler, tripsin EDTA ile kaldirilip santrfiij edildikten sonra, %1 FBS iceren kiiltiir
ortami iginde 5x10° hiicre/mL yogunluklu olacak sekilde hazirlanmistir. Transwell plagin
(Costar, SIGMA) iist bolmesine 100 pL hiicre siispansiyonu, plakanin alt bélmesine ise %10 FBS
iceren tiim besiyerinden 600 pL eklenmistir. Hiicreler, 37°C sicakliktaki CO, inkiibatoriinde 16
saat inkiibe edildikten sonra 24-kuyucuklu plaktan transweller ¢ikartilarak, tst yiizeydeki gog
etmemis hiicreler kazinmistir. Ardindan transweller Giemsa soliisyonu ile boyanarak, gog¢ etmis
olan hiicreler 151k mikroskobu altinda sayilmistir. invazyon deneyleri igin ise ayni sistem matrijel
dokiiliip (delikli membranin {izerine), bir gece boyunca donmasini bekledikten sonra yukaridaki

islem basamaklari tekrarlanmistir. Migrasyon ve invazyon islemleri asagida 6zetlenmistir:

Migrasyon islem sirasi
1. Membran ¢emberlerin 24 kuyucuklu plakae yerlestirilmesi
2. 25x10° hiicre, 300 pL serum icermeyen medium ile gemberin i¢ine eklenmesi
3. 750 pL serumlu ortamin alt gemberin altina eklenmesi
4. 37°C de 12-16 saat inkiibasyon

32



. Mediumun uzaklastirilmasi ve 2 x PBS ile yikama

2 saat oda sicakliginda formaldehit ile fiksasyon

20 dakika oda sicakliginda %100 metanol ile hiicrelerin permeabilizasyonu

5
6
7. Formaldehiti uzaklastirmak ve 2x PBS ile yikamak
8
9

Metanoliin uzaklastirilmasi ve 2x PBS ile yikamak

10. Giemsa ile boyamak ve 15 dakika oda sicakliginda bekletmek

11. Giemsa’nin uzaklastirilmasi ve 2x PBS ile yikamak

12. Cemberin i¢ kismindan go¢ etmemis olan hiicreleri uzaklastirmak ve dis kisminda kalan

hiicreleri 151k mikroskobu altinda saymak.

Invasyon islem sirasi:

1. Membran ¢emberlerin 24 kuyucuklu plaka yerlestirilmesi

2. 100 pL matrigel serum icermeyen ortamda ¢ember i¢ine eklenmesi ve gece boyu 37° C de

inkiibasyonda tutulmasi.

3. Migrasyon islemi sirasindaki 2. asamadan sonra uygulanan basamaklarin aynisi

tekrarlanir.

Transwell inserts

Transwell chambers

Neutrophils

g
F<.

4

> Upper chamber

I
g _~> Lower chamber

IS

|

> Copping material

Sekil 13. Migrasyon ve invazyon deneylerinde kullanilan transwell aparatlari (55).
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3.6.7. Koloni Olusturma Deneyleri

Yontemin Ilkesi: Klonojenik test veya koloni olusum testi, tek bir hiicrenin bir koloni
halinde biiyiime yetenegine dayanan, in vitro hiicre sagkalim testidir. Koloni, en az 50 hiicre
igeren hiicre toplulugu olarak tanimlanir. Test, esas olarak, "smirsiz" boliinme kabiliyetine sahip
olmasi nedeniyle popiilasyondaki her hiicrenin koloni olusumunu saptar. Hiicrelerin yalnizca bir
kismi1 koloni tiretme kapasitesini korur. Farkli ilaglarin/kimyasal ajanlarin kullanilmasindan 6nce
ve sonra, hiicreler uygun diliisyonlarla ekilir ve 1-3 haftalik bir siire i¢indeki koloni olusturma

stiregleri gozlenir (56).

Yontemin asamalart: Hiicreler, 24 kuyucuklu plakanin her kuyucugunda 1000 hiicre
olacak sekilde hazirlandi. Sigma protokoliine uygun olacak sekilde; tist agar %4 ve alt agar %6
iceren PBS ile hazirlanip, hiicreler iistteki agarda yer alacak sekilde konuldu. Agar donduktan
sonra 500 pL medium eklenip, 4 hafta boyunca 37 °C sicaklikdaki inkiibatérde bekletildi. Ust
medium her hafta yenilendi ve dordiincii haftada hiicreler, 151k mikroskobu altinda koloni olarak

incelenip sayildi.

Sekil 14. Koloni Olusturma.
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3.6.8. Hiicre Proliferasyon Deneyleri (MTT)

Yontemin Ilkesi: MTT yontemi, saglam hiicre mitokondrilerinin MTT boyasinin
tetrazolium halkasin1 parcalayabilmesi ilkesine dayanmaktadir. Tetrazolium halkasinin
parcalanmast sonucu soluk sar1 renkli MTT boyast koyu mavi-mor formazan iirlinline
dontigmektedir. Sonug olarak canli ve mitokondri fonksiyonu bozulmamis hiicreler mor renkte

boyanmakta, 6lii ya da mitokondri fonksiyonu bozulmus hiicreler boyanmamaktadir (57).

Hiicre proliferasyon analizi, MTT Cell Proliferation Assay Kit (Life Sciences)
protokollerine uygun olarak standart 96 kuyulu plaklarda yapildi. 100 pL, 50 x 10° hiicre, %10
serumlu ortamda 3 tekrar ile 96-kuyucuklu plakta gece boyu inkiibe edildi. Sonraki giin ortami
degistirildi ve 15 pL boya soliisyonu her kuyuya eklendi ve 4 saat inkiibe edildi. Inkiibasyon
sonrast her kuyuya 100 pL solubilizasyon/stop ¢ozeltisi eklendi ve gece boyu inkiibasyon yapildi.
Bu islemlerin ardindan 96-well plak okuyucuda 570 nm absorbans degerinde, Promega MTT

(CellTiter 96® Non-Radioactive Cell Proliferation Assay) protokoliine uygun olarak okundu.

Sekil 15. MTT testi.
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3.7. Arastirmanin Plani ve Takvimi

Tez

¢alismasi

i¢cin

yapilan

arastirma

plani

asagidaki

sekilde

tablolastirilmistir. Tez projesi ile ilgili literatiir ¢calismas1 2014 yil1 siiresince

yaptlmis olup, malzeme alimi ve deneysel c¢alismalar 2015

araliginda tamamlanmaistir.

Tablo 4. Arastirma plani

— 2017 yillar

ip
Ady/Tanim

2016

2017

TN

— —

10

11

13

14

15

17

18

19

20

21

22

23

24

25

26

27 | 28

29

30

31

32

33

34

35

36

Protokol Olusturma
ve Malzeme Alimi

Hiicre Kiiltiirti
Deneyleri ve On
Denemeler

Western Blot
Deneyleri

Hiicre Kiiltiirii ve
MTT Analizi

Hiicre Kiiltiirti ve
Koloni Olusturma
Deneyleri

Migrasyon ve
Invazyon Deneyleri

Calismalarin
Toplanmasi ve
Istatiksel Analiz

Deney Verilerinin
Degerlendirilmesi
ve

Tezin Yazilmasi

36




3.8. Verilerin Degerlendirilmesi:

Aragtirma sonuglarmin istatistik analizi, bagimli ve bagimsiz degiskenler arasinda non
parametrik testler (Unpaired two-tailed Student t testi) ile GraphPad Prism 6 programini

kullanarak degerlendirildi. Veriler ortalama + standart sapma bigiminde gosterildi.

3.9. Arastirmanin Simirhiliklar:

Arastirmamizda biit¢ce ve zaman sinirlamasi s6z konusu olmustur. Blitcemiz ve daha fazla
zamanimiz olsaydi, deneyler daha farkli hiicre hatlarinda yapilabilirdi. Ayrica deney hayvanlar
ile ¢alismak ve kanser hastalarindan alinacak Ornekler tizerinde ¢alismak da bu konuda ¢ok
degerli bilgiler elde etmemizi saglardi. Boylece bizim calismis oldugumuz farkli hiicre
hatlarindan elde edilen bu ¢ok degerli bulgular, deney hayvan1 ve insandan elde edilecek bulgular
ile karsilastirilarak, kanser tedavilerine iliskin daha kapsamli ve yeni bilgilerin ortaya ¢ikmasina
arac1 olabilirdi. Eger bir canlidan alinan hiicreler kullanilsaydi, sonuglar1 etkileyecek baska
parametreler ve bunlarin varlifinda ortaya ¢ikan interferanslar i¢in farkli degerlendirmeler
yapilabilirdi. Ayrica, kalpeptin disinda, daha farkli kalpain inhibitorleri de kullanilabilir, bu
inhibitorler karsilastirilabilir ve kalpain i¢in en uygun olan inhibitér derecelendirmesi

yapilabilirdi.

3.10. Etik Kurul Onay1

Bu calismanin deneysel béliimii Goteborg Universitesinde yapilmistir. Géteborg

tiniversitesinde hiicre kiiltiirli caligmalart i¢in etik kurul onay1 gerekmemektedir.
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4. BULGULAR

4.1. Kalpeptin Optimizasyon Deneyleri

Kalpeptin her hiicre hatt1 i¢in farkli konsantrasyonlarda etkili olabilir. ICsg (half-maximal
(50%) inhibitory concentration) deneyi i¢in bolum 3.6.8 de agikladigimiz sekilde MTT yapildu.
Tiim hiicre hatlarinda kalpeptinin 1Csp konsantrasyonunu belirlemek i¢in 6 farkl
konsantrasyonda (10, 25, 75, 100, 150, 300 uM) kalpeptin denendi. Kontrol gruplarinda ise
strastyla (10, 25, 75, 100, 150 300uL) DMSO eklendi. Sonug olarak 100 uM kalpeptin tiim hiicre
hatlarinda ICsp konsantrasyonu olarak belirlendi ve tim deney gruplarinda 100 puM kalpeptin
kullanildi. MS1 hiicre hatt1 diger hiicrelerden (A7,PC3, T241) farkli olarak malign hiicre
olmadigindan, kalpeptinin kullanildig1 tiim dozlarda ICsy degeri elde edilemedi. Bu farkli dozlar
arasinda kontrol ile MS1 hiicresi arasinda ¢ok fark bulunmadigi i¢in, MS1 hiicresi i¢in de diger

hiicreler gibi 100 uM kalpeptin konsantrasyonu kullanildi. Veriler ortalama + SD degerleri olarak
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gosterildi, n = 3 tekrar yapildu.

Kalpeptin Optimizasyon

100uM 300uM
H A 7Kontrol ® A 7 Kalpeptin m PC3 Kontrol # PC3 Kalpeptin
M T241 Kontrol # T241 Kalpeptin m MS1 Kontrol m MS1 Kalpeptin

Selik 16. Kalpeptin Optimizasyon Deneyleri
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4.2. Kalpeptin’le Etkilestirilen Hiicrelerde FLNA " ifadesi

Kalpeptinin FLNA boéliinmesi tizerindeki roliinii incelemek igin dort farkli hiicre, T241,
PC3, A7 ve MS1 kullanildi. FLNA ve FLNA®Tnin goreli diizeylerinin kalpeptin tarafindan
etkilenip etkilenmedigini belirlemek i¢in, kalpeptin (100 pM) ile muamele edilen gruplarda ve
kontrol gruplarinda (100 pM DMSO) western blot analizi uygulandi. Kalpeptin ile tedavi edilen
gruplarda FLNACT diizeyinin kontrol grubuna gére anlamli olarak daha diisiik oldugu
gozlemlendi. Kalpeptin ile muamele edildikten sonra, FLNA®"nin ekspresyon diizeyleri; A7
hiicrelerinde % 66,6 (P <0,05), PC3 hiicrelerinde % 41,9 (P <0,05), T241 hiicrelerinde % 43,3 (P
<0,05) ve MS1 hiicrelerinde %60,9 (P <0,01) oraninda azaldi.

Westernblot denemelerinde, p-ERK1/2 / t-ERK1/2, p-FLNA, t-FLNA, p-AKT/t-AKT
antikorlar1 kullanilmis ve ekspresyon diizeyinde, kontrol grubu ile kalpeptin eklenmis olan

gruplarin arasinda anlamli bir fark gézlenmemistir (Sekil 17).
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Sekil 17. Kontrol ve kalpeptin ile etkilestirilmis hiicrelerde (T241, PC3, A7 ve MS1), p-ERK1/2,
t-ERK1/2, p-FLNA, t-FLNA, FLNACT/Aktin, p-AKT, t-AKT ve aktin westernblot analiz
sonuglari. Kalpeptin (100 uM) ile muamele edilmis hiicreler (T241, PC3, A7, MS1) daha az
FLNACT iiretir. Veriler ortalama + SD degerleri olarak gdsterilmis, n = 3 olarak almmustir.
Unpaired two-tailed Student t testi kullanildi, * P <0.05 ve ** P <0.01.
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4.3. Kalpeptin ile Etkilestirilen Hiicrelerde invazyon

Kalpeptinin hiicre invazyon tizerindeki etkisini arastirmak i¢in, yukarida tarif edildigi gibi
T241, PC3, A7 ve MSI hiicrelerinde, yontem boliimiinde anlatildigi sekilde invazyon Kiti
(SIGMA, Costar) kullanildi. Kalpeptin gruplar1 100 uM kalpeptin, kontrol gruplart ise 100 uM
DMSO ile muamele edildi. Kalpeptinin varliginda hiicre invazyonunun, kontrollere kiyasla
onemli Ol¢lide azalmis oldugu saptandi. Hiicrelerin kalpeptin ile muamele edilmesi sonucunda,
kontrol gruplarina kiyasla hiicresel invazyonun, A7 hiicrelerinde %86,2 (P <0,01), PC3
hiicrelerinde % 29,8 (P <0,05), T241 hiicrelerinde % 38,2 (P <0,01) ve MS1 hiicrelerinde ise %
24,3 (P <0,01) oraninda azalmis oldugu saptand1 (Sekil 18).

41



Hl Control

O calpeptin
150 150
< 100 < 100
] * o
& T @
= >
; 50 £ 50
~
O <
o %
0 0
150 1501
= 100 = 100"
= -
g T @ -
> ——
£ 50 £ 501
) e
= -
0 0-

Sekil 18. Kalpainin kalpeptin tarafindan inhibe edilmesi, hiicresel invazyonu azaltir. T241, PC3,
A7 ve MS1 hiicre hatlari, 16 saatlik inkiibasyonun ardindan kontrollere (100 uM DMSO) kiyasla
daha az invaziv olmusglardir. Veriler ortalama = SD degerleri olarak gosterilmistir ve n = 3’tiir.

Unpaired two-tailed Student t testi kullanilmig ve * P <0.05 ve ** P < 0.01 bulunmustur.
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4.4, Kalpeptin ile Etkilestirilen Hiicrelerde Migrasyon

Kalpeptinin hiicre migrasyonu iizerindeki etkisini arastirmak i¢in, yukarida tarif edildigi
gibi T241, PC3, A7 ve MSI hiicrelerinde migrasyon kiti (SIGMA) ile denemeler yapild:.
Kalpeptin gruplar1 100 uM kalpeptin, kontrol gruplart ise 100 pM DMSO ile muamele edildi.
Kalpeptinin varliginda hiicre migrasyonunun, kontrollere kiyasla énemli 6lgiide azalmis oldugu
saptandi. Hiicrelerin kalpeptin ile muamele edilmesi sonucunda hiicresel migrasyonun, kontrol
gruplarina kiyasla, A7 hiicrelerinde % 82,1 (P <0,01), PC3 hiicrelerinde % 60,8 (P <0,01), T241
hiicrelerinde % 50,5 (P < 0,01) ve MS1 hiicrelerinde ise % 91,3 (P <0,01) oraninda azalmis
oldugu gozlemlendi (Sekil 19).
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Sekil 19. Kalpainin kalpeptin tarafindan engellenmesi, hiicresel migrasyonu azaltmaktadir. T241,
PC3, A7 ve MSI hiicre hatlari, 16 saatlik inkiibasyonun ardindan kontrollere (100 uM DMSO)
kiyasla daha az goc etmistir. Veriler ortalama = SD degerleri olarak gosterilmistir ve n = 3’tiir.
Unpaired two-tailed Student t testi kullanilmig, * P <0.05 ve ** P < 0.01 olarak bulunmustur.
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4.5. Kalpainin Inhibisyonu Hiicrelerin Koloni Olusumunu Azaltir

Kalpeptinin (FLNA béliinmesini engellemesine bagl olarak), hiicrenin koloni olusturma
yetenegi lizerindeki etkisini arastirmak igin yine T241, PC3, A7 ve MSI hiicreleri kullanildu.
Kalpeptinle muamele edilen gruplara 100 uM kalpeptin ve kontrol gruplarina 100 uM DMSO
eklendi. Dort hafta sonra MS1 hiicrelerinin, hem kalpeptin ile etkilestirilen hiicrelerinde hem de
kontrol gruplarinda herhangi bir koloni olusumu goézlenmedi. Oysaki T241, PC3 ve A7
hiicrelerinin kontrol gruplarinda biiyiik kolonilerin olusumu gézlenmistir. Ancak bu hiicrelerin
kalpeptinle etkilestirildikten dort hafta sonra yapilan incelemelerinde, higbirinde koloni olusumu

gozlenmemistir (Sekil 20).
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Sekil 20. Kalpainin kalpeptin ile inhibe edilmesi, hiicrelerin koloni olusumunu azaltir. T241,
PC3 ve A7 hiicrelerinin, kalpeptinle (100 uM) etkilestirilmesinden dort hafta sonra, koloni
olusturmadiklar1 goriilmektedir. Veriler ortalama = SD degerleri olarak gosterilmistir, n = 3’tiir.

Unpaired two-tailed Student t testi kullanildi, ** P < 0.01.
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4.6. Kalpeptin’le Etkilestirilmis Hiicrelerde Gozlemlenen Hiicre Proliferasyonu

FLNA®"nin hiicre proliferasyonu tizerindeki roliinii incelemek i¢in yine dort farkli hiicre
tiri, T241, PC3, A7 ve MS1 kullanildi. Tedavi edilen gruplara 100 uM kalpeptin ve kontrol
gruplarmma 100 uM DMSO ilave edildi. Kontrollere kiyasla, kalpeptin ile tedavi edilen gruplarda
hiicre proliferasyonu diizeylerinde anlamli bir diislis oldugu goézlendi. Hiicrelerin kalpeptin ile
muamele edilmesi sonucunda, proliferasyon diizeyi, A7 hiicrelerinde %86,5 (P <0,01), PC3
hiicrelerinde %60,4 (P <0,01), T241 hiicrelerinde %74,1 (P <0,01) oraninda azalmaktadir. MS1

hiicrelerinin proliferasyonunda %37,4 (P> 0,05) oranindaki azalma anlamli degildir (Sekil 21).
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Sekil 21. Kalpainin, kalpeptin tarafindan inhibe edilmesi hiicresel proliferasyonu etkiler.
Kalpeptin (100 uM) ile muamele edilen T241, PC3 ve A7 hiicreleri, kontrollere (100 uM DMSO)
gore daha az prolifere olmustur. Veriler ortalama + SD degerleri olarak gosterildi, n = 3.

Unpaired two-tailed Student t testi kullanildi, * P <0.05 ve ** P <0.01.
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5. TARTISMA

Bu ¢alismada, FLNA'nin, kalpain tarafindan proteolizi, ve proteoliz sonucu iiretilen, 90
kDa'lik FLNA®T fragmentinin, ele aldigimiz farkli kanser hiicrelerinin, proliferasyon, migrasyon,
invazyon ve koloni olusturmalarinda 6nemli bir rol oynadigini saptadik. Hiicrelerin kalpeptin ile
muamele edilmesi sonucunda, kalpeptinin, kalpaini inhibe ederek FLNA'nin kesilmesini
engellendigini ve dolayisiyla da FLNA®T iiretimini azalttigini gosterdik ve literatiire yeni bir bilgi
kazandirdik. Bu inhibe edici etkilerin seviyesi, kanserli ve kanserli olmayan hiicreler arasinda
farkliydi.

Son yillarda kalpainleri hedef alan tedavi stratejilerine yonelik ¢alismalarin sayilarinda
artis vardir. Elde edilen son veriler, kalpain aktivitesinin spesifik inhibitorlerle bloke edilmesinin,
primer tlimorlerin gelisimini ve metastazlarin olusumunu simirlamak i¢in yeni bir yaklagim
oldugu goriisiindedir. Bu durum, kanser hiicresinin migrasyonunu ve invazyonunu baskilayarak
ortaya ¢ikar. Hiicresel migrasyon ve invazyon, kanser hiicresinin biiyiimesine ve yayilmasina
sebep olan neo vaskiilarizasyonundan sorumludur (24). Biitiin bu nedenlerden dolayi, kalpainler,
potansiyel anti-kanser hedefleri olarak birgok arastirmaci tarafindan ele alinmaktadir. Kalpain
sistemini bloke etmenin olumlu etki ve sonuglari, meme (58), kolon (59), pleural mesothelioma
(60), pankreas (45) ve prostat (61) kanser hiicreleri de dahil olmak {izere birgok insan kanser
hiicre ¢alismasinda bildirilmistir. Buna ek olarak yine bir¢cok insan kanser hiicresi ile yapilan
caligmada, kalpainlerin anormal bir sekilde eksprese olduklar1 gosterilmistir (62). Kalpain
substratlar1 yani kalpainle etkilesime girebilen molekiiller; hiicre iskeleti ve iliskili proteinleri,
kinazlar1 ve fosfatazlari, zar reseptorlerini ve tasiyicilari, steroid reseptorlerini igerir (62). Bizim
de inceledigimiz insan kanser hiicrelerindeki bulgularimiz da literatiirle uyumlu olarak,
FLNA’nin bir kalpain substrati oldugunu gosterdi. Ayrica ve yeni bir bilgi olarak, FLNA'nin
kesilmesinin, ¢alismamizda kullandigimiz kanser hiicrelerinin davranigina aracilik ettigine dair
kanitlar elde etmemizi sagladi.

Fare embriyonik fibroblast (1) ve endotel hiicrelerinde (3) yapilan ¢alismalarda, FLNA
kaybmin hiicresel gocii bozdugu gosterilmistir. Hiicresel migrasyon, embriyogenez sirasinda
organlar1 yeniden yapilandirmak ve ayrica fizyolojik uyaranlara tepki olarak yeniden iiretim

yapmak zorunda olan embriyonik hiicreler i¢in 6nemli bir olaydir. Bu hiicreler uygun anatomik
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bolgelere ulasamadiginda, organ gelisiminde, kardiyovaskiiler sistemde ve iskelet sisteminde ¢ok
ciddi bozukluklar ortaya ¢ikar (63). Insanda, FLNA genindeki mutasyonlar, erken embriyonik
olim ve gelisme komplikasyonlari ile iliskilidir (64). Filaminin FLNA, FLNB ve FLNC olmak
tizere ti¢ farkli izoformu vardir. Yapisal olarak, FLNA ve FLNB birbirine benzemektedir, ancak
bu izoformlardan birinin yani FLNA (63) ya da FLNB (65)’den birinin kayb1 digeri ile kompanse
edilemez ve sonug olarak tek bir FLNA ya da FLNB kaybi embriyonik 6liim ile sonuglanir.
FLNB yoklugunda, fare fibroblastlarinda (65) FLNA ekspresyonunun artmadigi veya FLNA
yoklugunda da FLNB’nin ekspresyonunda bir artis olmadig1 gosterilmistir (63).

FLNA'nin hem normal hem de kanserli hiicrelerde ¢ok biiyiik bir 6neme haiz olmasi
nedeniyle, ¢alisma ekibimizde yer alan L. Akyiirek ve arkadaslar1 tarafindan bu konu daha 6nce
ele alinmig ve melanoma kanseri hiicrelerinde yapilan in vivo ¢alismalarinda, FLNA yoklugu olan
hiicrelerin daha az gog ettikleri gosterilmisti (12). FLNA, gerek sitoplazmada bulunan, hiicre i¢i
sinyal yolaklarin1 diizenleyen ve gerekse niikleusta bulunan transkripsiyon faktorlerini
diizenleyen bircok molekiille etkilesime girmektedir. Bu ¢alismalarinda, transkripsiyon
faktorlerinden biri olan HIF-la'nin tiimér hiicrelerinde FLNACT ile etkilesimde oldugu ve
FLNA®"nin, HIF-lo'nin niikleusa taginmasinda aracilik ettigi ve ayrica niikleus igerisinde
transkripsiyonel kompleksin bir parcas: haline geldigi bildirilmisti (12). ilging sonuclardan biri
de, kalpain inhibisyonunun VEGF salinmini azalttigi dogrultusundadir. Boylece FLNA ile
etkilesime girdigi belirlenen molekiillerin sayisi giderek artmaktadir (4). Bu etkilesime giren
molekiiller, i¢inde bulunduklar1 hiicre tiiriine ve farkli uyarilara maruz kalan timor ¢evresine
bagli olarak farkli seviyelerde eksprese edilirler. Dahasi, FLNA ekspresyon seviyesi, kanser
tiiriine bagli olarak da degisebilir (66).

Biz bu ¢aligmada FLNA ile etkilesime giren hiicreye 6zgii molekiillerden olan kalpainin
farkli mekanizmalara aracilik eden kanser hiicrelerinde sebep oldugu etkileri arastirdik. Daha
once calisilmamis olan PC3 (insan prostat kanseri), A7 (insan melanoma), T241 (fare
fibrosarkoma) ve MS1 (fare endotel) hiicrelerini kullandik. Bu hiicrelerde FLNA’y1 keserek,
FLNA®T olusumunu arttiran kalpaini bloke etmek amaciyla da hiicre membranindan kolayca
gecebilen, kalpain 1 ve 2’yi spesifik olarak inhibe edebildigi bilinen, diger kalpain inhibitorlerine
gore daha az sayida bagka proteinlerle etkilesen ve g¢ok kiiciik 1Cso (5-8 nM) degerine sahip
oldugu bilinen (6,7,46,47,48) kalpeptin’i inhibitor olarak segtik. Hiicrelerimizde, ICsp degerini

48



100 uM olarak belirledigimiz kalpeptinin, kalpaini basarili bir sekilde inhibe ettigini ve bu
inhibisyon mekanizmasinin, kanser olusum siirecindeki etkilerini gosterdik.

Daha once, Liu T ve arkadaslar1, androjen reseptor (AR)-negatif PC3 insan prostat kanser
hiicrelerinde ve androjen-bagli prostat kanser hiicrelerinde (LNCaP), uzun siireli androjen
yoksunlugu olusturmuslar ve bu androjen yoksunlugunun kalpain 1’in degil, kalpain 2’nin ve
FLNA'nin asir1 ekspresyonuna sebep oldugunu ifade etmislerdir. Kalpain 2’nin asin
ekspresyonuna bagli olarak FLNACT iiretiminin de arttigini gostermisler ve kalpeptini, kalpain 2
inhibitorii olarak kullanmislar ve sonugta, kalpeptin ve androjen yoksunlugu kombinasyonunu
prostat kanseri progresyonunu onlemek veya ertelemek igin yeni bir tedavi stratejisi olabilecegini
ileri siirmislerdir (31).

Kwak ve arkadagslar tarafindan yapilan diger bir ¢alismada kalpeptin, baska inhibitorler
ile kiyaslanmigtir. Kalpain inhibitorleri olarak; kalpeptin, Z-Leu-Met-H ve leupeptin’i
kullanmiglardir. Bu ¢alismalarinda Z-Leu-Met-H nin, kalpeptine kiyasla daha yiiksek
konsantrasyonda kullanilmas: gerektigini ve geri doniisimli  bir inhibitér oldugunu
saptamiglardir. Leupeptin’in ise hiicre gegirgenliginin ¢ok az oldugunu ve ayrica da FLNA’nin
kesilmesinin inhibisyonunda basarili olmadigini rapor etmislerdir (46). Bir baska c¢aligmada da
yine kalpainin kalpeptin tarafindan inhibisyonu ile ilgili sonuglar, Fujitani ve arkadaslari
tarafindandan  gosterilmistir  (47). Kalpeptinin basarili  bir kalpain inhibitorii olarak
kullanilabilecegi Basse ve arkadaslari tarafindan yapilan c¢alismada da gosterilmistir.
Aragtirmalarinda trombosit hiicrelerini kullanmiglar ve bu hiicrelerdeki kalpaini, kalpeptinle
inhibe ettiklerinde, filaminlerin degredasyonunu da engellemis olduklarini ifade etmislerdir (48).

Bu arastirmalarin higbirinde ve literatiirde, FLNA’nin kesilmesi sonucu ortaya ¢ikan
FLNA®T fragmaninin kanser siirecleri ile olan ilgisine dair bir bilgi yoktur. Bizim bu konuyu ele
almamizin en 6nemli nedeni, kanser ile igili aragtirmacilara 1s1k tutacak yeni bilgilerle literatiire
katki saglayacagimiza olan inancimizdir.

Kanser hiicrelerinin en 6nemli 6zellikleri, siirekli boliinme yeteneklerinin olmasi, asiri
prolifere olmalari, kolayca migrasyon ve invazyon yapabilmeleri ve koloni seklinde
biiyiimeleridir. Bu nedenle ¢aligmamizda, FLNA®"nin farkli hiicrelerdeki [PC3 (insan prostat
kanseri), A7 (insan melanoma), T241 (fare fibrosarkoma) ve MS1 (fare endotel)] proliferasyon,

migrasyon, invazyon ve koloni olusturma yetenegindeki roliinii agiklamaya c¢alistik. Kalpain’in,
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mentese-1 ve 2 bolgelerinden FLNA'y1 kestigi ve FLNA'nin 90 kDa molekiil agirligindaki
fragmamnin yani FLNACT nin iiretimine yol actigina iliskin literatirde cok sayida bilgiler
almaktadir. Bizim hiicrelerimiz iizerinde yaptigimiz western blot deneyleri de FLNA®T iiretiminin
arttigin1 gostermistir. Kalpain’nin kalpeptin tarafindan inhibe edilmesi durumunda, FLNA’nin
s6z konusu mentese-1 bolgesinden kalpain tarafindan kesilmesi azalacak ya da engellenecektir.
Nitekim western blot analizinde 90 kDa’da gdzlemlenen FLNAST bandinin olusumunda
saptadigimiz azalma, bu diisiincemizin dogru oldugu gostermistir. FLNA®T nin hiicre icine
transloke oldugu yine birgok ¢alismada gosterilmis (23), ayrica ¢alisma ekibimizde yer alan L.
Akyiirek ve ark. (12) lar1 tarafindan da FLNA®" nin, HIF-1a ile hiicre ¢ekirdegine gegisine iliskin
bir mekanizma (Sekil 1) onerisi olmustu. Bu nedenle ele aldigimiz hiicrelerdeki western blot
deneylerinde, sinyal ileti yollarinda etkin rol oynayan p-ERK1/2 / t-ERK1/2 ve p-AKT/t-AKT
oranlarma ve ayrica, p-FLNA, FLNA ve FLNA®T diizeylerini inceledik. Kalpeptinle tedavi
edilmis hiicrelerde FLNA®Tye ait bantlarda azalma oldugunu saptadik. Ancak p-ERK1/2 / t-
ERK1/2, p-FLNA, t-FLNA, p-AKT/t-AKT antikorlar1 ile yapilan western blot deneylerinde,
kontrol grubu ile kalpeptin eklenmis olan gruplar arasinda anlamli bir fark gézlemedik.

Ayrica, filamin A’nin fosforillenmis halinin, kanserin gelisim siirecinde belirteg
niteliginde olan hiicre proliferasyonu, hiicresel migrasyon, invazyon ve koloni olusturma
yetenegine olan etkisini belirlemek amaciyla, PC3, A7 ve T241 hiicrelerinde, p-FLNA
(fosforillenmis FLNA) i¢in immiin0 blotlama yaptik ve p-FLNA bandimin anlamli olarak
degismedigi gozledik. Fakat MS1 hiicrelerinin immiinoblot analizinde goriilen p-FLNA
bandinda, Kkalpeptin ile tedavi edilen gruplara gore anlamli olarak azalma goézlendi. MS1
hiicrelerinin diger hiicrelerden (PC3, A7 ve T241 kanser hiicreleri) farki, benign fare endotel
hiicreleri olmasidir. Fosforillenmenin az olmasi, daha ¢ok FLNA ’nin kesilmeye ugrayacagini ve
FLNA®T nin artacagimi gosterir. Bu da MS1 hiicrelerinde, proliferasyon agisindan, kalpeptin ile
kontrol grubu arasinda anlamli bir degisiklik olmadigini gostermektedir. Ek olarak, FLNA ile
ilgili hiicre proliferasyonu deneylerinde, FLNA’nin kesilmesinin engellenmesine bagli olarak
FLNACT nin iiretiminde azalma oldugu ve buna bagl olarak da T241, PC3 ve A7 hiicrelerinde
proliferasyonun azaldigi goriildii. Bu veriler, kalpeptinin MS1 hiicrelerinin proliferasyonunu
etkilemedigini fakat FLNA’nin fosforilasyonunu etkiledigini ifade etmektedir. Kalpeptinle

etkilestirilen MS1 hiicrelerinde, FLNA nin fosforilasyonu azalmis ve bu sebeple de hiicrelerin
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proliferasyonunda kontrole kiyasla anlamli bir fark gdzlenmemistir. Sonu¢ olarak, sadece
FLNA®Tnin degil FLNA'nin fosforilasyonundaki azalma da hiicre proliferasyonunu
etkilemektedir. Bununla birlikte, FLNA’nin fosforilasyonunda degisiklik yapilmaksizin,
FLNA®"nn iiretiminde bir azalmanimn olmasi da yine hiicre proliferasyon seviyesini azaltmistir.
Bagka bir deyisle, FLNA'nin fosforilasyon seviyelerindeki artis, kanser hiicrelerindeki hiicre

proliferasyonunu azaltmak i¢in yararl olabilecek ¢esitli mekanizmalardan biri olabilir (sekil 22).

R1-9 F-aktin baglanma alam
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Hiicre bilyiimesi, migrasyon, invazyon,
proliferasyon, karsinogenez ile iliskili
yolaklarmn aktivasyonu

Sekil 22. FLNA’nin kalpain tarafindan kesilmesi mekanizmasini gostermek i¢in onerilen sema.

Calistigimiz biitiin hiicre hatlarinda, yine kalpeptin ile muamele edilen gruplarda,
hiicrelerin hem migrasyonunda hem de invazyonunda belirgin bir azalma oldugunu saptadik.
Migrasyon ve invazyon deneylerinin sonuglart da yine kalpeptinin, kalpain i¢in bir inhibitor
olarak kullanilmasinin, kanser hiicrelerinin go¢ etmelerini ve yayilmalarini engelleyici bir
kimyasal ajan olabilecegini gostermistir.

Koloni olusturma ile deneylermizde de T241, PC3 ve A7 hiicrelerinin kontrol gruplarinda
(100 uM DMSO), biiyiik koloni olusumlar1 gériilmiis, ancak kalpeptin ilave edilen gruplarda

(100 uM Kkalpeptin) koloni olusumu goézlenmemistir. MS1 hiicrelerinde ise hem tedavi edilen
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grupta hem de kontrol grubunda higbir sekilde koloni olusumu goézlenmedi. Ciinkii MSI
hiicreleri, yukarida da belirttigimiz gibi benign endotel hiicreleridir.

Genel olarak, hiicre hatlarinda yaptigimiz in vitro deneylerden elde ettigimiz sonuglar,
kalpeptin ile FLNA’nin boliinmesinin engellenmesinin, kanser hiicrelerinin koloni olusturma
yeteneklerini de engelledigini gostermis olup, karsinogenezin baskilanmasinda, kalpeptin’in
yararlt bir ajan olabilecegini gostermistir. FLNA'nin, kalpain ile kesimi sonucu meydana gelen
FLNA®T nin cogalmasi ve cekirdege tasinmasi, hiicre proliferasyon, migrasyon, invazyon ve
koloni olusumunda artisa neden olmaktadir. Biitiin bu verilerden hareketle, FLNA’nin kesilimesi
engellenirse yani eger FLNA®T iiretimi down regiile edilirse, hiicre proliferasyon, migrasyon,
invazyon ve koloni olusumu azalacaktir. Ayrica FLNA'nin fosforillenmesi de, kalpaine bagl
FLNA kesilmesini onleyebilir. Bu nedenle kanserde kontrolsiiz hiicre ¢ogalmasini 6nlemek igin
hem kalpeptin tedavisi kullanmak hem de FLNA’nin fosforillenmesini arttirmak daha avantajli
bir yontem olarak degerlendirilebilir.

Biliyoruz ki, kanser ¢ok karmasik bir siiregtir ve kanserin tek bir sinyal yolagi, molekiil
etkilesimi veya tek bir ilag ile bastirilmasi ¢ok zordur. Bu nedenle, daha etkili olan tedavilerin
gelistirilmesi i¢in tanimlanacak ¢ok sayida, yeni hedeflere ihtiyacimiz vardir. Sonug olarak bizim
bu c¢alismamizda Kkalpeptinin yalnizca T241, PC3, A7 ve MS1 hiicrelerinde, kalpaini inhibe
ederek hiicre migrasyon ve invazyonunu azalttigin1 gostermis olduk. Kalapin igin yeni
substratlarin tanimlanmasiyla birlikte, daha etkili kalpain miidahale stratejilerine ulagma
calismalari, timor gelisiminin ilerlemesinin  arkasindaki mekanizmalarin daha iyi
aydmlatilmasina yol agar. Sonug olarak, kalpeptin kullanim1 yoluyla kalpain aktivitesinin bloke
edilmesi, kanser hiicrelerinin biiyiimesi ve yayilmasinda etkili olan hiicre proliferasyonu,
migrasyonu, invazyonu ve koloni olusumlarini inhibe etmektedir. Bu nedenle, FLNA®"in aracilik
ettigi sinyal yollarin1 hedefleyen kalpain inhibitorlerini kullanmak, in vivo kanser hiicre

biiyiimesini inhibe etmek i¢in elverisli bir yaklagim saglayacaktir.
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6. SONUC VE ONERILER

Farkli hiicre hatlarinda yapmis oldugumuz proliferasyon, migrasyon, invazyon ve koloni
olusturma denemelerinden elde ettigimiz veriler, kalpeptin uygulamasinin sonucunda, kalpain-
bagimli FLNA kesilmesinin azaldigimmi ve buna bagli olarak kanser hiicrelerinin proliferasyon,
migrasyon, invazyon ve koloni olugturma yeteneklerinin de azalmis oldugunu gosterdi. Bu
calismadan ¢ikan en 6nemli sonuglar asagidaki gibi 6zetlenebilir:

1. FLNA®nin, farkli hiicrelerin [PC3 (insan prostat kanseri), A7 (insan melanoma), T241
(fare fibrosarkoma) ve MS1 (fare endotel)] proliferasyon, migrasyon, invazyon ve Kkoloni
olusturmalarma iliskin siireglerde etkili olduguna dair bulgular elde edildi.

2. FLNA’nin fosforilasyonun seviyelerinin de kanser hiicrelerindeki karsinogenez siirecini
etkiledigini gosterdi.

3. Kalpain 1 ve 2 inhibitorii olarak son yillarda yapilan calismalarda deger géren
kalpeptin’in, ¢alistigitmiz hiicrelerde, verimli bir sekilde kalpaini inhibe edebildigi ve boylelikle

de FLNA'nin kesilmesini engelleyerek FLNA®T nin iiretimini azaltt1g1 saptanmis oldu.

Bu ¢alisgmanin sonuglarinin daha ileri seviyeye tasinmasi igin insan ve deney hayvanlari
ile yapilacak ¢aligmalarla desteklenmesi gerektigi diisiincesindeyiz. Insan ve deney hayvanlari ile
yapilacak calismalardan elde edilecek sonuglarin, hiicre hatlar1 ile yapilan bu c¢alismanin
sonuglarini desteklemesi durumunda, kanser hiicrelerinde, kalpainin 6nemini ve dolaysiyla bir
kalpain inhibitorii olan kalpeptinin kanser tedavisindeki rolii ve énemine iliskin daha bariz ve
aydinlatici bilgiler elde edilmis olacaktir.

Diger yandan, filaminler ile ilgili yapilacak daha ileri diizeydeki calismalarda, farkli
kalpain inhibitorlerinin de denenmesi ve bu inhibitérlerin farkli hiicrelerde kullanilmas,
filaminlerin ve hem kalpain hem de kalpain inhibitorlerinin kanser tedavisindeki rollerinin daha
fazla agiklik kazanmasina neden olacaktir. Bu nedenle gerek deney hayvanlari ve gerekse
insandan alinan 6rneklerle yapilacak olan deneylerin ¢ok degerli olacagi kanisindayiz.

Bu baglamda bizim ¢alismamiz kanserle ilgili arastirma ve arastiricilara temel bir dayanak

olusturacak ve kiiciik de olsa ¢cok 6nemli katkilar saglayacak bir arastirma niteligi tasimaktadir.
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Abstract. Filamin A (FLNA) is the most abundant and widely expressed isoform of filamin in
human tissues. It is cleaved by calpain at the hinge 1 and 2 domains, producing a 90 kDa
carboxyl-terminal fragment (FLNAC"). Recently, it has been shown that FLNA®T mediates cell
signaling and transports transcription factors into the cell nucleus. However, the significance of
the cleavage of FLNA by calpain has not been studied in cancer cell growth. Calpeptin is a
chemical inhibitor of both calpain 1 and 2 that cleaves FLNA. In this study, we questioned if
inhibiting calpain using calpeptin would decrease tumor cell proliferation, migration, invasion,
and colony formation. Human melanoma (A7), prostate cancer (PC3), mouse fibrosarcoma
(T241) and endothelial (MS1) cells were assayed for proliferation, migration, invasion and
colony formation after treatment with calpeptin. Cell lysates were immunoblotted for FLNA and
FLNA®T. Calpeptin treatment of these cells resulted in decreased production of FLNACT,
Calpeptin-treated human and mouse tumor cells displayed impaired proliferation, migration, and
colony formation. These data suggest that the cleavage of FLNA by calpain is an important

cellular event in the regulation of tumor cell growth.

Introduction

Filamins are one of the actin binding proteins that are responsible for stabilizing the actin
skeleton and connecting them to the cell membrane (1-3). Filamins bind and interact with
cytoplasmic and cell membrane proteins with diverse functions, and are responsible for the
dynamic remodeling of the actin cytoskeleton, which is essential for the formation and
maintenance of cell shape, regulation of cell morphology and locomotion (1, 4). Different studies
in cancer cell lines showed that FLNA regulates the expression of growth factors during cell
migration and invasion in human lung (5), breast cancer (6), squamous cell carcinoma (7) and
glioma cells (8). Mutations in the human FLNA gene associate with a diverse range of
developmental malformations. Null mutations lead to defect in neuronal migration, vascular
function, and connective tissue integrity (3).

FLNA is expressed in wide range of cells (9). The full-length FLNA is a 280 kDa protein

consists of an N-terminal actin binding domain and a rod segment with 24 homologous Ig-like
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repeats. Each repeat has 96 amino acids interrupted with two hinge (H) domains between repeats
15 and 16 (H1) and between repeats 23 and 24 (H2) (10). Cleavage of FLNA by the calcium-
dependent protease calpain in H1 produces a 110 kDa C-terminal fragment (FLNA®T). Further
cleavage of the 110 kDa C-terminal fragment in the H2 domain can yield a 90 kDa FLNA®,
which can translocate to the cell nucleus (11, 12). During apoptosis, caspase (13) and granzyme
B (14) can also cleave FLNA, generating different fragments than those resulting from
proteolysis by calpain. Phosphorylation of FLNA can prevent its cleavage (11). Calpains are a
highly conserved superfamily of calcium-dependent, non-lysosomal cysteine proteases. Calpain 1
(u-calpain) and calpain 2 (m-calpain) are two well-known and characterized members of the
calpain family (15). Calpeptin is a calpain 1/2 inhibitor which can inhibit FLNA cleavage (16).
Many studies have focused on the function and expression of FLNA, but less is known
about the importance of the cleavage of FLNA and the production of FLNA®T in tumor cell
function. In addition, the specific role of FLNA®T in tumor cell migration, invasion and
proliferation is not clarified. In this study, we focused on the role of FLNAC" in the multiple

human and mouse cancer cells.

Materials and Methods

Cell culture. Human melanoma A7 cells were cultured in Eagle's MEM, supplemented with 10%
FBS, 1% glutamine, 1% penicillin/streptomycin and 10 mM HEPES. Human prostate cancer PC3
cells were cultured in RPMI-1640, supplemented with 10% FBS, 1% glutamine, 1%
penicillin/streptomycin, 10 mM HEPES and 1 mM sodium pyruvate. Mouse endothelial MS1
cells were cultured in Dulbecco's Modified Eagle’'s Medium (DMEM), supplemented with 5%
FBS, 1% glutamine, 1% penicillin/streptomycin. Mouse fibrosarcoma T241 cells were cultured in
DMEM, supplemented with 10% FBS, 1% glutamine, 1% penicillin/streptomycin. Calpeptin was
obtained from Sigma-Aldrich, dissolved in DMSO and cells were treated with calpeptin at a dose
of 100 uM or DMSO alone as control.
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Western blotting. Antibodies against FLNA (Bethyl Laboratories), FLNA®T (Novus Biosciences),
and ACTIN (Sigma) were used. Total protein lysates from cells were extracted and

immunoblotted as previously described (2).

Migration assay. Migration assays were carried out after the third passage in all cell lines in
transwell chambers (8 um pores in diameter). Approximately 5 x 10* cells were seeded in the
upper chamber containing 200 pl serum free medium and lower chamber containing 750 ul
medium of 10% FBS. After 16-20 h of incubation at 37°C, migrated cells were fixed and stained
according to the manufactures protocol (Sigma-Aldrich). All cells that had migrated through the
transwell chambers were counted by using a light microscope. Triplicates of each experiment are

presented as mean + SD values.

Invasion assay. The invasion assays were carried out by counting the number of invaded cells
through matrigel-coated transwell chambers. Approximately 5 x 10* cells were seeded in the
upper chamber with 200 pl serum free medium, lower chamber containing 750 ul medium with
10% FBS. After 16-20 h of incubation at 37°C, invaded cells were fixed and stained according to
manufactures protocol (Sigma-Aldrich). All cells that had invaded through the transwell
chambers were counted by using a light microscope. Triplicates of each sample are presented as

mean + SD values.

Colony-forming assay. 500 ul/well of 0.6% sea plaque agarose in 10% serum culture medium
added to 24-well cell culture plates and waited to solidification. Approximately 2 x 10° cells were
suspended in 500 pl of 0.4% agarose in culture medium containing 10% serum supplemented
with or without 100 pl/ml of calpeptin and seeded into each well and after solidification added
500 pl of medium containing 10% serum and cells were incubated at 37°C for 30 days. Top
medium were changed at every 5-day intervals. By the end of day 30 all colonies were counted
from 12 optical fields from each well under a phase contrast microscope.

Proliferation MTT assay. 5 x 10* cells in 100 pl medium containing 10% serum were seeded in
96-well plates and incubated for overnight with and without calpeptin treatment. After 24 hours

an absorbance reading was recorded at 570 nm using a 96-well plate reader (Biotek) according to
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manufactures protocol (Promega MTT-CellTiter 96 Non-Radioactive Cell Proliferation Assay)

protocol. Results of triplicate experiments are given as mean + SD values.

Statistical analysis. Data are given as mean + standard deviation (SD). Differences between

experiment groups were analyzed for statistical significance (P < 0.05) using Student’s t test.

Results

Treatment with calpeptin reduces cleavage of FLNAST

To determine if treatment with calpeptin at a dose of 100 uM inhibited cleavage of FLNA and
resulted in less production of FLNAC', we immunoblotted protein lysates from multiple human
and mouse cells; human A7 melanoma and PC3 prostate cancer, and mouse T241 fibrosarcoma
and MS1 endothelial cells. Control groups were treated with 100 uM of DMSO. Immunoblotting
using anti-actin antibodies served as loading controls, and ratios of FLNAST/ACTIN were
calculated after quantification of the densitometric reading of the bands. Following treatment
with calpeptin, we observed significantly lower levels of FLNA®T in A7 cells by 66,6% (P <
0,05), PC3 cells by 41,9% (P < 0,05), T241 cells by 43,3% (P < 0,05) and MSL1 cells by 60,9% (P
<0,01) (Figure 1).

Tumor cells proliferate less after treatment with calpeptin

To determine if blocking of the proteolysis of FLNA by calpain reduced cell proliferation, we
treated cells with calpeptin at a dose of 100 uM or DMSO alone and protein lysates were assayed
by MTT one day after their seeding in cell culture dishes. Treatment of cells with calpeptin
significantly reduced the proliferation rate in A7 cells by 86,5% (P < 0,01), PC3 cells by 60,4%
(P <0,01), T241 cells by 74,1% (P < 0,01) and MS1 cells by 37,4% (P > 0,05) (Figure 2).

Inhibition of calpain by calpeptin treatment impairs tumor cell migration and invasion

To study if calpeptin treatment reduced cell migration and invasion, we treated A7, PC3, T241
and MS1 cells with 100 uM of calpeptin or 100 uM of DMSO and assayed these cells for
migration and invasion using Boyden chambers. Treatment of cells with calpeptin significantly
reduced cellular migration of A7 cells by 82,1% (P < 0,01), PC3 cells by 60,8% (P < 0,01), T241
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cells by 50,5% (P < 0,01) and MS1 cells by 91,3% (P < 0,01) (Figure 3). Similarly, treatment of
cells with calpeptin significantly reduced cellular invasion of A7 cells by 86,2% (P < 0,01), PC3
cells by 29,8% (P < 0,05), T241 cells by 38,2% (P < 0,01) and MS1 cells by 24,3% (P < 0,01)
(Figure 4).

Tumor cells form less number of colonies after treatment with calpain

To assay the ability of tumor cells to form colonies, A7, PC3, T241, and MS1 cells were treated
either with calpeptin at a dose of 100 uM or DMSO at a dose of 100 uM. After four weeks,
calpeptin treatment showed complete inhibition of colonies (P < 0,01) in A7, PC3 and T241
tumor cells (Figure 5). MS1 endothelial cells were unable to form colonies in both control and

treated groups.

Discussion

In this study, we report that 90 kDa fragment of FLNAC®", generated following the proteolysis of
FLNA by calpain, mediates tumor cell proliferation, migration, invasion, and colony formation.
We demonstrate that the treatment of tumor cells with calpeptin inhibits cleavage of FLNA and
decreases the production of FLNA®T. The level of these inhibitory effects was different between
the malignant and non-malignant cells.

Therapeutic strategies targeting calpains have been developed. Recent data suggest that
targeting calpain activity with specific inhibitors seems to be a novel approach to limiting the
development of primary tumors and the formation of metastases. This occurs by inhibiting tumor
cell migration and invasion, which allows dissemination as well as tumor neovascularization,
which in turn allows expansion (17). For these reasons, calpains are considered by several studies
as potential anti-cancer targets. The beneficial effect of blocking the calpain system has been
reported in multiple human cancer cells, including breast (18), colon (19), pleural mesothelioma
(20), pancreas (21), and prostate (22) cancers. In addition, several human cancers display aberrant
expression of calpains (23). Calpain substrates include cytoskeletal and associated proteins,

kinases and phosphatases, membrane receptors and transporters, and steroid receptors (23). Our
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data identified FLNA as substrate of calpain in human cancer cells and provided evidence that the
cleavage of FLNA mediates cancer cell behavior.

The loss of FLNA in mouse embryonic fibroblasts (2) and endothelial cells (1) impairs
cellular migration. Cellular migration is an important event for these embryonic cells, which need
to relocate to form organs and structures during embryogenesis, and also to regenerate in
response to physiological stimuli. When these cells fail to reach appropriate anatomical locations,
organ development stalls leading to severe malformations in the cardiovascular and skeletal
system (24). In human, mutations in the FLNA gene are associated with early embryonic lethality
and developmental complications (25). There are three different isoforms of filamin; FLNA,
FLNB and FLNC. Structurally, FLNA and FLNB are similar to each other, but the loss of one of
these isoforms does not compensate for the other, as a single loss of either FLNA (24) or FLNB
(26) results in embryonic lethality. In the absence of FLNB, FLNA expression is not increased in
mouse fibroblasts (26) or vice versa (24).

We have earlier shown that melanoma cancer cells migrate less in the absence of FLNA
(13). FLNA interacts with multiple molecules regulating intracellular signaling pathways within
the cytoplasm and/or transcription factors within the nucleus. We reported that the transcriptional
factor HIF-1a. is an interacting partner of FLNA®T in tumor cells and FLNA®" mediates nuclear
transportation of HIF-1a. and becomes a part of the transcriptional complex within the nucleus
(13). Interestingly, inhibition of calpain reduces the secretion of VEGF. The number of FLNA
partners is increasing (4). These interacting partners are expressed at different levels depending
upon cell type and the environment in which tumor cells have been exposed to different stimuli.
In this study, cell-specific partners of FLNA mediating different mechanisms may explain the
distinct inhibitory effects in tumor cells. Furthermore, the level of FLNA expression varies

depending upon the type of cancer (www.proteinatlas.org/).

The identification of new substrates and the mechanisms behind the progression of tumor
growth will result in more effective calpain intervention strategies. In conclusion, blocking
calpain activity through the use of calpeptin inhibited cell proliferation, migration and colony
formation that are important features for tumor cell growth. Therefore, using chemical inhibitors
of calpain which targeting signaling pathways mediated by FLNACT would likely provide a

favorable approach to inhibit cancer cell growth in vivo.
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Figure Legends

Figure 1. Production of FLNA®T was inhibited after treatment with calpeptin. Immunoblots of
full-length FLNA (1-24), FLNA®T (16-24), and ACTIN in A7, PC3, T241, and MS1 cells treated
with calpeptin (100 uM) or with DMSO alone (left panels). Quantification of densitometric
readings of the immunoblot bands (right graph). FLNA®T/Actin ratios in calpeptin-treated cells
were normalized to their respective control group. Data from triplicate experiments are

presented as mean = SD values. Unpaired two-tailed Student’s t-test, *P < 0.05 and **P < (.01.

Figure 2. Inhibition of calpain by calpeptin treatment impaired cellular proliferation. T241, PC3,
A7 and MSI cells were treated with calpeptin (100 uM) and cell lysates were assayed for
proliferation by MTT at day 1 (left panels). Percentages in treated groups with calpeptin were
normalized to their respective control group (right graph). Data from triplicate experiments are

presented as mean £+ SD values. Unpaired two-tailed Student’s t-test, *P < 0.05 and **P < 0.01.

Figure 3. Treatment with calpeptin inhibited cellular migration. T241, PC3, A7 and MS1 cells
showed reduced migration after 16 hours following calpeptin treatment at a dose of 100 uM
compared to respective controls (left panels). Percentages in treated groups with calpeptin were
normalized to their respective control group (right graph). Data from triplicate experiments are

presented as mean + SD values. Unpaired two-tailed Student’s t-test, *P < 0.05 and **P < 0.01.
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Figure 4. Cells display impaired invasion after treatment with calpeptin. T241, PC3, A7 and MS1
cell lines invasive poorly after 16 hours following treatment with calpeptin at a dose of 100 uM
compared to respective controls (left panels). Percentages in treated groups with calpeptin were
normalized to respective control group (right graph). Data of triplicated experiments are

presented as mean + SD values. Unpaired two-tailed Student’s t-test, *P < 0.05 and **P < 0.01.

Figure 5. Calpeptin treatment reduced the number of invasive colonies. Formed colonies in T241,
PC3 and A7 cell treated with calpeptin at a dose of 100 uM (left panels). Total number of
colonies in each group (right graph). Data from triplicate experiments are presented as mean +

SD values. Unpaired two-tailed Student’s t-test, **P < 0.01.
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ABSTRACT

BACKGRUND: Actin-binding protein filamin A (FLNA) regulates signal transduction
important for cell locomotion, but the role of FLNA during atherogenesis has not been explored.
We found that FLNA is exclusively expressed by macrophages (M®) in human atherosclerotic
plaques.

METHODS: To determine the biological significance of M®-specific expression of FLNA, we
produced mice deficient for Flna in M® by cross-breeding mice expressing floxed FIna (FIna"™)
with mice expressing Cre under the M®-specific lysosome M promoter (LC) and then
transplanted bone-marrow (BMT) from male (FIna®"/LC) mice into atherogenic low-density
lipoprotein receptor-deficient (Idir ") recipients. In another model of atherogenesis, FIna®" and
FIna®"/LC male mice were infected with AdPCSK9. Furthermore, wild-type C57BL/6 mice
infected with AAPCSK?9 were treated with a calpain inhibitor, calpeptin.

RESULTS: FIna®"/LC M® showed impaired proliferation and migration as well as expressed
lower levels of p-AKT and p-ERK1/2. Deficiency of FIna in M® produced smaller size of aortic
atherosclerotic plagues in both Idlr™=BMT: FInoMLC and Flna®/L.C mice infected with AdPCSKO.
Intima/media ratios and number of CD68-positive M® were reduced in these plaques. Inhibition
of FLNA cleavage by calpeptin reduced nuclear expression of p-STAT3 and secretion of
proinflammatory 1L-6 in vitro. In addition, FIna®"/LC M® showed reduced foam cell formation

and lipid uptake. Treatment of FIna®"

M® with calpeptin reduced foam cell formation and lipid
uptake. Finally, C57BL/6 mice infected with AdPCSK?9 displayed reduced size of atherosclerotic
plaques after treatment with calpeptin.

CONCLUSIONS: Deletion of Flna or inhibition of FLNA cleaved by calpain in M® reduced

atherosclerotic plaque size as a result of impaired M® function and signaling.
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INTRODUCTION

Filamin A (FLNA) is a large actin-binding protein that stabilizes delicate three-dimensional actin
filament networks and link them to cellular membranes where they integrate cell architectural and
signaling functions important for cell locomotion.! Genetic mutations in the human FLNA have
been linked to a wide range of human genetic disorders, including cardiovascular malformations,?
highlighting distinct FLNA interactions with vascular cell signaling molecules and transcriptional
factors with diverse functions. In mice, Flna-null embryos display abnormal endothelial
organization and aberrant adherens junctions in developing organs including blood vessels and
heart.®

Atherosclerosis is a type of slow progressing inflammatory disease characterized by
the presence of monocyte-derived macrophages (M®) in all stages.* However, migration and
proliferation of monocytes after they enter the artery wall within the atherosclerotic plaques is not
completely understood. M® act on cells directly and/or potentiate the effects entrained by other
stimuli and also secrete soluble proinflammatory and anti-inflammatory cytokines based on their
roles in inflammation. The overlap of inflammatory processes operating in atherosclerosis and the
riched presence of M® within the plaques make M® a strong candidate for therapeutic targeting
in atherosclerosis.* Another hallmark of atherosclerosis is that the M® uptake of oxidized lipids,
differentiate into foam cells, progress lesion development, and ultimate plaque disruption. Foam
cell formation involves the disruption of normal M® cholesterol metabolism, which is governed
by a homeostatic mechanism that controls the uptake, intracellular metabolism, and efflux of
cholesterol. A better understanding of macrophage cell biology will enable novel M® targeting
therapies to be developed for use in the clinical intervention of atherosclerosis.

In this study, we investigated how inactivation of FLNA in macrophages affects the
development of atherosclerosis in low-density lipoprotein (LDL) receptor—deficient (Idlr™") mice
received BMT or in mice became atherogenic after infection with AJPSCK9. We hypothesized
that knockout of Flna in M® would impair atherosclerosis. This hypothesis was based on three
observations. First, M® lacking FLNA exhibit reduced inflammatory response that would likely
inhibit lesion development.® Second, inhibiting regulation of intracellular actin dynamics in M®

has been proposed as a strategy to reduce inflammation and to treat atherosclerosis.® Third, lipid
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uptake in the vasculature is partly dependent upon cytoskeletal reorganization mediated by
FLNA.” We then treated atherogenic mice with an inhibitor of calpain, cleaving FLNA and
producing a 100-kDa C-terminal fragment (FLNA®T) that interacts with important molecules
involved in cellular signaling and transcription.2 We hypothesized that inhibition of cleavage of
FLNA by calpain would inhibit development of atherosclerosis in mice. This hypothesis was
based on our earlier observations on the inhibitory effect of calpain blockage in cellular signaling

during proliferation and migration.
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METHODS

Human carotid arteries

Human carotid endarterectomies® displaying either intermediate (n = 9) or advanced (n = 9)
atherosclerotic plagues were immunofluorescently stained with antibodies recognizing CD68-
positive M® (DAKO), FLNA (Bethyl laboratories), smooth muscle-specific [J-actin (Sigma
Aldrich), and CD31-positive endothelial cells (DAKO) on the same sections. Nuclear staining
was done by DAPI.

Mice
To produce mice that are deficient for Flna in M®, female C57BL/6 mice homozygously

expressing floxed Flna gene (FIna"™)™

were crossbred with the male mice heterozygously
expressing Cre under the monocyte-specific lysomozyme-M promoter (LC). For experiments,
mice were genotyped as described earlier.'!

Primary murine bone marrow macrophages

°™ or lacking Flna

Primary M® were isolated from bone marrow of mice expressing Flna (FIna
(FIna®"/LC) as described.® M® lysates were assayed by immunoblotting as described earlier.'?
Primary antibodies directed against FLNA (Chemicon, Bethyl laboratories and Novus
biologicals), P-STAT3 (Cell Signalling), STAT3 (Cell Signalling), p-AKT, AKT, p-ERK1/2,
ERK1/2 (Cell Signaling), SR-B1 (Santa Cruz), LXR(/[], CD36, COX2, ABCGI1, and ABCAI
(Novus biologicals) were used for immunoblotting. The band densities bands were quantified by
ImageQuant software (Bio-Rad) in at least quadruplated experiments. Nuclear and cytoplasmic
extracts were seperated by using extraction kit (Thermo Scientific). Tubulin (Abcam) was used as
cytoplasmic loading control or actin (Sigma Aldrich) as total cell lysate control.

To co-immunoprecipite total cell lysates were isolated from primary MO,

immunoprecipitated with FLNA®T antibody and then immunoblotted against STAT3 according to

manufacturer’s protocol (Thermo Scientific).

To assay M® for proliferation, the cells were seeded in 6 well plates and cultured

up to 6 days as described earlier.*® To assay M® for migration, the cells were incubated for 12
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hours using Boyden chambers with a microporous nitrocellulose filter (8 um thick, 8 pm pores in

diameter) as described earlier.*?

Secreted levels of IL-6, IL-10 and IL-12 were detected by ELISA (eBioscience)
from either mouse serum or M® as described earlier.® Before experiments with ELISA,
immunoblotting, proliferation, migration lipid uptake assays, murine M® were treated with
calpain inhibitor calpeptin (Sigma Aldrich) at a concentration of 80 uM and STAT3 inhibitor
DPP 5,15 (Sigma Aldrich) at a concentration of 60 pM.

Mouse model of atherosclerosis using bone marrow transplantation

°ofl control mice.

Bone marrow was isolated from 10-12 weeks old FIna®"/LC and control Flna
Four hours after irradiation by 9.5 Gy lethal dose, 12 weeks old Idlr’~ mice received bone
marrow transplantation (BMT) as described earlier.** Mice that received BMT were fed with
Western diet containing 1.25% of cholesterol for 25 weeks. Aortas were then isolated to iliac
bifurcation, fixed with 4% formaldehyde, pinned out under inverted microscope and stained with
Sudan IV as described earlier.® Paraffin-embedded mouse aortas were sectioned and
immunofluoresently stained with an antibodies against FLNA (Chemicon International), CD31
(Thermo Scientific), SM22a (Dako) and CD68 (Dako) on the same section as described earlier.™
Pinned aortas and aortic histological images were captured by Leica Microsystems microscope
and quantified by using Biopix software as described earlier.®

Mouse model of atherosclerosis by adenoviral infection with ADPCSK9

To induce atherogenesis, 8-10 weeks old Flna™"

or FIna®"/LC mice were infected with
adenoviral vector overexpressing proprotein convertase subtilisin/kexin type 9 (PSCK?9) at a dose
of 2x10" viral particles/mouse as described earlier."® These mice were then fed with high fat diet

for 20 weeks and aortas were analysed as described above.

For calpeptin treatment, 8-10 weeks old C57BL/6 mice were infected with
AdPSCK9 as described above. These mice received a high-cholesterol diet for 20 weeks and
treated with calpeptin by intraperitoneal injection during last 8 weeks (3 times/week). Calpeptin
was first dissolved in DMSO and later diluted in saline at 1:1000 dilution (0.65 mg/kg per
mouse) and same solution except that of calpeptin was administered as control.
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Primary human macrophages

Human primary M® was isolated from peripheral donor blood as described earlier.'” These M®
were cultured for 6 days and then transfected with siRNA FLNA (Mm01187533_m1). mRNA
was isolated (RNeasy Mini Kit, Qiagen) and cDNA was synthesized (High capacity cDNA
reverse transcription kit, Applied Biosystems) according to the manufacturer protocol. Gene
expression was then analyzed by TagMan assays with human probes for FLNA and GAPDH.

Lipid uptake assay

Primary human and murine M® were incubated with 50 pg/mL of minimally oxidized-LDL
(mmLDL) to measure intracellular mmLDL foamed within 24 hours. In some experiments, total
LDL and OxLDL were also Dil-labelled for 3 hours to assay lipid uptake and images were

analyzed by using Biopix software as described earlier.®

Statistics
Two-tailed Student t test or 1-way ANOVA statistical analyses were performed by using
GraphPad Prism 6 between the experimental groups. Quantitative results were reported as means

+ SEMs. A P value <0.05 was considered significant.
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RESULTS

Filamin A Expressed by Macrophages in Human Atherosclerotic Carotid Arteries

We observed that FLNA was expressed within human carotid arteries displaying atherosclerotic
plaques. Co-localization studies indicated that FLNA expressed mainly by M® in advanced
atherosclerotic plaques (Figure 1A, right lower panel). In addition, FLNA was also expressed by
vascular smooth muscle cells (vsmc), particularly in the medial layer (Figure 1A, left lower
panel). We observed an increased number of M® in advanced plaques as compared to
intermediate plaques (8.5 x 10° pixels versus 1.8 x 10* pixels, P<0.05, Figure 1B). In advanced
atherosclerotic lesions, number of M® expressing FLNA was increased as compared to the M®
that are present in intermediate lesions (0.19 versus 0.22 Manders overlap coefficient, P<0.05,
Figure 1C).

Macrophages Deficient for Filamin A (FInA) Proliferate and Migrate Poorly
To determine the biological role of FLNA in M®, we produced mice that are deficient for FIna*?
and extracted M® from these mice (FIna”"LC). Mice that lack FIna in M® were fertile and did

oy To verify deficiency

not show any phenotype as compared to controls expressing Flna (FIna
of Flna in M®, we extracted murine M® from bone marrow with or without Flna for
immunoblotting (Figure 2A). M® without FLNA displayed rounded shape, whereas M® with
FLNA were elongated as detected by immunoflouresence staining of actin phalliodin (Figure
2B). M® lacking FLNA proliferated less than M® expressing FLNA (Figure 2C). These
differences reached significant differences at day 4 (6.1 + 1.2 versus 3.8 + 0.9, P<0.05) and day 5
(15.2 + 3.2 versus 11.8 £ 2.4, P<0.01). In addition, M® lacking FLNA were migrated less than
M® expressing FLNA (by 58%, P<0.01, Figure 2D). As compared to the M® expressing FLNA,
M® lacking FLNA expressed lower levels of phosphorylated AKT (pAKT) (by 40%, P<0.05,

Figure 2E) and ERK1/2 (p-ERK1/2) (by 62%, P<0.05, Figure 2F).
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Deficiency of Filamin A in Macrophages Leads to Smaller Size of Atherosclerotic Plaques
To determine biological importance of FLNA in M® during atherogenesis, we transplanted bone

off "~ mice and observed a

marrow (BMT) from FIna®" or FIna®"/LC mice to atherogenic IdIr
significant reduction in atherosclerotic plaque size in Idir’ mice received BMT from FIna®"/LC
mice (Idlr’ BMT: FInaoiLCy 1y, 5504 (P<0.001, Figure 3A) as compared with controls Idlr”’ BMT
Finaoffl - Similarly, a significant reduction in ratio of intima/media was observed in of Idlr”~ BMT
Finaoffl 2ortas by 39% (P < 0.05, Figure 3A). Localization studies in immunofluorescently stained
histological sections indicated that majority of intimal cells within the atherosclerotic plaques in

Idlr”’ BMT: Flnao/fl —~/— BMT: Flnao/fl/LC

aortic arches was M® and there was almost no M® in ldIr aortic

arches (Figure 1A in the online-only Data Supplement). In another mouse model of

M or FIna®™/LC mice with an adenoviral vector (Ad) driving

atherosclerosis, we infected Flna
overexpression of proprotein convertase subtilisin/kexin type 9 (PSCK9) and observed a
significant reduction in plaque size in FIna®"/LC aortas infected with AJPCSK9 as compared
with FIna®" infected with AdPCSK9 (by 66%, P<0.05, Figure 3B). Number of CD68-positive
M® in FIna®"/LC aortic arches infected with AJPCSK9 by 41% (P < 0.05, Figure 3C) was
reduced. However, there was no difference in the number of SM22[1-positive cells between the

M and FIna®"/LC aortic arches (Figure IB in the online-only Data Supplement).

Flna
Deficiency of Filamin A in Macrophages Impairs Secretion of Inflammatory Cytokines

We have observed a significant reduction in IL-6 secretion by ELISA in cultured primary
FIna”"/LC M® as compared with FIna®" controls (29045.3 + 573.4 pg/ml versus, 16905.5 +
386.5 pg/ml, P<0,05, Figure 4A left panel). Similarly, serum levels of IL-6 was lower in IdIr '
BMT: Finao/fLC hlood as compared to IdIr™ BMT FInaof oontrols (202.9 + 8.9 pg/ml versus 308.5 +
45.4 pg/ml, P<0.05, Figure 4A right panel). In contrast, secretion of pro-inflammatory cytokine
IL-10 in primary cultured FIna®"/LC M® was higher than in FIna®" controls (358.5 £ 57.3 pg/ml
versus 202.9 + 8.9 pg/ml, P<0.01, Figure 4B). Secretion of another inflammatory cytokine I1L-12
was also reduced in primary cultured FIna®"/LC M® compared with FIna®" controls (3863.1 +
205.8 pg/ml versus 525.7 = 159.4 pg/ml, P<0.01, Figure 4C).
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C-terminal fragment of filamin A facilitates nuclear transportation of phosphorylated
STAT3 and subsequently regulates release of IL-6.

We identified STAT3 as an interacting partner of CT-fragment of FLNA (FLNACS") by co-
imunoprecipitation assay (Figure 5A). We separated nuclear and cytosolic extracts from LPS-
stimulated M® and immunoblotted for p-STAT3"'® to study its nuclear transportation. In
FIna”"/LC M®, level of nuclear p-STAT3""® was less than control FIna®" M® (0.51 + 0.19
versus 0.23 + 0.06, P<0.001, Figure 5B). However, there was no difference in the cytosol
between the FIna®" and FIna®"/LC M® (Figure 5B). Similarly, nuclear expression level of
another site of STAT3 phosphorylation (p-STAT3%'?) was also less in FIna”"/LC M® as
compared to FIna®" M® (Figure IIA in the online-only Data Supplement). Tubulin was served as
cytosolic loading controls. Treatment of M® with calpain inhibitor calpeptin reduces production
of FLNACT by 59% (P<0.01, Figure 5B). Total level of phosphorylated STAT3Y'% was higher in
FIna® M® compared to FIna”"/LC M® (Figure 5C). Treatment of FIna”" M® with calpeptin
reduces nuclear expression of p-STAT3Y'% (0.55 + 0.18 versus 0.13 + 0.04, P<0.01, Figure 5D)
to the similar level of nuclear expression observed in FIna®"/LC M®. Similarly, treatment of

' M® with calpeptin reduced nuclear expression of p-STAT3%"?’ (Figure 11B in the online-

Flna
only Data Supplement). As p-STAT3 binds to the promoter of IL-6 to subsequently induce
secretion of IL-6, we studied secreted levels of IL-6 by ELISA and observed that treatment of
FIna®" M® with calpeptin reduces levels of IL-6 (1.05 + 0.05 versus 0.19 £0.02, P<0.01, Figure
5E). Similarly, treatment of these cells with STAT3 inhibitor 5,15 DPP reduces secretion of IL-6
(1.05 + 0.05 versus 0.60 + 0.03, P<0.01, Figure 5E) to the similar level observed in FIna”"/LC
M®. Compared with FIna®" controls, treatment with calpeptin increased secretion of 1L-10 in
primary cultured FIna®"/LC M® (from 201.69 + 54.51 pg/ml to 291.28 + 49.04 pg/ml) (Figure
I1IA in the online-only Data Supplement) and reduced secretion of IL-12 (from 4200 + 231.85

pg/ml to 335 + 18.21 pg/ml, P<0.01) (Figure I1IB in the online-only Data Supplement).

Filamin A Deficiency in Macrophages Leads to Impaired Lipid Uptake.

We silenced expression of FLNA in human primary M® by siRNA FLNA (P<0.01, Figure 6A left
graph) and observed a reduced minimally modified lipids (mmLDL) by 52% in these M®
(P<0.05, Figure 6A right graph). We analysed lipid profile in peripheral blood from Flna®" and
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FIna®"/LC mice by lipid chromatography. The higher plasma lipid levels, particularly in VLDL
fraction, were evident in FIna®"/LC when the plasma lipoproteins were fractionated by fast
protein liquid chromatography. (Figure 6B). Similar to the human M®, FIna®"/LC M@ displayed
lower levels of oxidized lipid by 68% as compred to FIna®™ M® (P<0.01, Figure 6C). Following
treatment with calpeptin, higher levels of mmLDL in FIna®" M® reduced to the levels observed
in FIna®"/LC M® by 63% (P<0.05, Figure 6C). Similarly, treatment of these M® with 5,15 DPP
reduced levels of mmLDL in FIna”" M® (P<0.05, Figure 6C). We then assayed these M® for
lipid uptake and observed that FIna®"/LC M® have impaired uptake of both total LDL and
oxidized-LDL (OxLDL) by 52% and 41%, respectively as compred to FIna®" M® (P<0.01,
Figure 6D). Following treatment with calpeptin, higher levels of total LDL and OXLDL uptake in
FIna”" M® reduced to the levels observed in FIna”"/LC M® by 79% and 82%, respectively
(P<0.01, Figure 6D). We immunoblotted proteins that are involved in lipid metabolism and
observed increased levels of CD36 (54%, P<0.01), COX2 (106%, P<0.001), and SRB1 (31%,
P<0.05) in FIna”" M® as compared to FIna®"/LC M® (Figure 6E). However, differences in

LXR[[1, ABCGI1, and ABCAT1 did not reach a statistical significances.

Calpeptin Reduces Formation of Aortic Atherosclerotic Plaque.

Treatment with calpeptin was inhibited proliferation of M® and this inhibition reached a
statistical significance at day 3 (3.32 + 3.5 fold versus 1.01 + 0.8 fold, P<0.05, Figure 7A) and
continued until the end of proliferation assay. In addition, migration of M® was reduced by 27%
after treatment with calpeptin (P<0.05, Figure 7B). Levels of p-AKT were reduced in in FIna®"
M® by 55% (P<0.05, Figure IVA in the online-only Data Supplement). Levels of p-ERK1/2
were also reduced in these M® by 26%, but did not reach a statistical significance (Figure IVB in
the online-only Data Supplement). To study these inhibitory effects of calpeptin on M®
proliferation and migration in vivo, we infected control mice with AAPCSK9. These mice were
fed with high-cholesterol diet for 20 weeks and treated with calpeptin last 8 weeks. Following
treatment with calpeptin, formation of aortic plaque size reduced by 49% (P<0.05, Figure 7C).
Image analysis of histological sections was demonstrated a reduced ratio of intima/media by 56%
(P<0.01, Figure 7D). Number of M® within the atherosclerotic plaques was reduced by 42%

after treatment with calpeptin (P<0.05, Figure 7E).
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DISCUSSION

This study is the first to show that deletion or knockdown of FLNA expression in macrophages in
vivo inhibits aortic plaque development in atherogenic Idlr’™™ mice and mice infected with
AdPCSKO. In macrophages, cellular migration, proliferation, secretion of interleukins and lipid
uptake are key events during the development of atherosclerosis.” In the absence of FLNA,
macrophages displayed impaired migration and proliferation by decreased levels of AKT and
ERK1/2. These macrophages secreted decreased levels of IL-6 that is partly regulated by STAT3
that physically interacts with cleaved fragment of FLNA by calpain. Inhibition of this cleavage
by chemical inhibitor calpeptin reduced aortic plaque formation in atherogenic mice. These
mechanisms not only provide an evident link between the biological role of FLNA and
atherogenesis but also identifies a specific proteolytic target that modifies atherosclerotic plaque
formation.

Macrophage proliferation and migration was reduced in the absence of FLNA and
these macrophages displayed impaired AKT and ERK signaling. In addition, we observed less
number of macrophages in atherosclerotic plaques in the absence of FLNA. Similar to
macrophages, vascular endothelial cells'® and human melanoma cells™® express lower levels of
AKT in the absence of FLNA. FLNA controls monocyte migration by regulating actin dynamics
via Rho GTPases® and FLNA phosphorylation by AKT promotes cell migration®. Furthermore,
AKT deficiency in macrophages reduces the progression of atherosclerosis in ldlr’"~ mice®® and
Akt2” macrophages display reduced migration, inflammatory response to proatherogenic
cytokines and cholesterol metabolism in vitro®.. Similar to AKT, ERK signaling is also necessary
in the cytokine-mediated changes in macrophage cholesterol homeostasis and gene expression
during atherosclerosis.'® Our study demonstrated lower levels of ERK in macrophages deficient
for FLNA.

Macrophages secrete multiple pro- as well as anti-inflammatory cytokines. We
observed decreased levels of pro-inflammatory cytokines IL-6 and IL-12 in macrophages
deficient for FLNA. IL-6 is expressed by macrophages in atherosclerotic apoE™ aortas? and

anti-1L-6 therapy using an IL-6 receptor antibody prevents atherogenesis in Idlr”~ mice®. IL-6
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expression is regulated by the phosphorylated STAT3.* Here, we have shown that STAT3 binds
to FLNACT cleaved by calpain. Lack of FLNT decreased nuclear expression of STAT3 and then
secretion of IL-6. Calpain inhibition reduces development of abdominal aortic aneurysm

7 mice.”® We treated macrophages with calpeptin and

formation and atherosclerosis in Idlr
observed reduced nuclear expression of STAT3 and IL-6 production. This in vitro result
supported by the systemic administration of calpeptin to treat aortic atherogenesis in mice that
displayed reduced size of atherosclerotic plaques.

The finding of reduced atherosclerosis in macrophage-specific Flna-deficient mice
is likely explained by three factors. First, foam cell formation in FIna-deficient macrophages was
reduced. Second, the signaling pathway that led to increased cholesterol efflux of FIna-deficient
macrophages was associated with increased expression of SR-B1, CD36, and COX2.%° Third,
plasma lipid levels were higher in Flna-deficient mice. Each of these factors—Iess unloaded
cholesterols by cultured macrophages, decreased macrophage reverse cholesterol transport, and
higher plasma lipid levels in vivo—would be expected, on the basis of previous studies, to reduce
atherogenesis. The finding that ABCA1 and ABCG1 were not involved in the cholesterol
metabolism of FIna-deficient macrophages was surprising because those transporters are
considered crucial for the unloading of cholesterol from macrophages. However, SR-B1 and
CD36 contributed to macrophage cholesterol efflux in previous studies, and our present
experiments provide strong evidence for their contribution to efflux of Flna-deficient
macrophages. In macrophages, calpains induce proteolytic degradation of ATP-binding cassette
transporters, ABCA1 and ABCGL1, which results in impaired cholesterol efflux and subsequent
macrophage foam cell formation.?” Furthermore, calpains facilitate the CD36-dependent uptake
of LDL, and block cholesterol efflux through ABCA1 and ABCGL1 in lesional macrophages,
allowing the expansion of lipid-enriched atherosclerotic plaques.?® Blocking cleavage of FLNA
by calpain reduced lipid uptake to similar reduced levels observed in Flna-deficient
macrophages. Furthermore, atherosclerotic plaque size induced by the infection with AAPCSK9
reduced following treatment with calpeptin. Thus, this study identifies FLNA as one of the
substrates proteolyzed by calpains, regulating lipid metabolism in macrophages during

atherogenesis.
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Overall, we have established a causative correlation between FLNA signaling and
atherogenesis in vivo and identified FLNA cleavage in macrophages as a potential target to
inhibit atherosclerosis. The identification of increased FLNA expression in macrophages in
human patients with carotid artery plaques suggests that expression of FLNA might be a
prognostic biomarker for atherosclerosis, and the chemical agents that prevent FLNA cleavage

may have therapeutic potential for atherosclerosis and other cardiovascular disorders.
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FIGURE LEGENDS

Figure 1. Filamin A is expressed by macrophages in human atherosclerotic carotid arteries.
A, Hematoxylin & eosin-stained sections of intermediate and advanced atherosclerotic lesions in
human endarterectomies (upper panels). Immunofluorescence detection of macrophages (M®),
filamin A (FLNA), vascular smooth muscle cells (SMC), endothelial cells (EC) in intermediate (n
= 8) and advanced (n = 9) atherosclerotic human plaques (lower panels). Nuclear staining by
DAPI. Arrowhead points internal elastic lamina bordering intimal thickening from medial layer.
B, Number of M® in advanced lesions as compared to intermediate lesions. C, Expressin of

FLNA by M® in advanced and intermediate lesions. Mean + SEM values. *P<0.05.

Figure 2. Macrophages deficient for filamin A proliferate and migrate poorly.

A, Immunoblot analysis of FLNA in M® extracted either from male mice either expressing FIna
(FIna®™ controls) or lacking Flna (FIna”"/LC). M®-specific expression driven by lysomose
promoter (LC). Actin was included as internal loading controls. B, Morphological shape of M®

°™M or lacking Flna (FIna®"/LC) as detected by immunofluorescence actin

expressing Flna (FIna
staining. C, Number of FIna®"/LC and FIna®" M® as assayed for cellular proliferation up to 5
days. D, Number of FIna®"/LC and FIna®" M® as assayed for cellular migration up to 8 hours.
Phosphorylated level of p-AKT (E) and p-ERK (F) proteins as detected by immunoblotting.
Total AKT and total ERK were used as loading controls. Mean = SEM values of at least

quadruplicated data. *P<0.05 and **P<0.01.

Figure 3. Mice lacking filamin A in macrophages develop smaller aortic atherosclerotic
plaques.

A, Sudan IV-stained atherosclerotic aortic plaques obtained from mice that are deficient for low-
density lipoprotein receptor (Idir’") and received bone marrow transplantation (BMT) from
FIna”"/LC mice that are deficient for FLNA in M® (n = 15) as compared to IdIr "~ mice that

offl

received BMT from FIna™ mice expressing Flna (n = 12) (left panels). Quantification of
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Ml and FIna®"/LC aortas (middle graphs).

atherosclerotic plague size by image analysis in Flna
Aortic intima/media ratios in ldlr ""mice received FIna®"/LC BMT (right graphs). B, Sudan IV-
stained atherosclerotic aortic plaques obtained from FIna®"/LC mice infected with adenoviral

ol controls

vector driving overexpression of PSCK9 (AdPSCK9) (n = 13) as compared to Flna
infected with AAPSCK9 (n = 9) (left lanels). Quantification of atherosclerotic plaque size by
image analysis in FIna®" and FIna®"/LC aortas infected with AdPSCK9 (middle graphs). Aortic
intima/media ratios in FIna®" and FIna”"/LC aortich arches from mice infected with AdPSCK9

o and FIna®"/LC aortic arches

(right graphs). C, Immunofluorescent detection of CD68 in Flna
(left panels). Number of CD68-positive M® in FIna®" and FIna®"/LC aortic arches from mice
infected with AdPSCKS9 (right graphs). Arrowheads point internal elastic lamina bordering

intimal thickening from tunica media. Mean + SEM values. *P<0.05 and ***P<0.001.

Figure 4. Secretion of Inflammatory Cytokines Impaired in Macrophages Deficient for
Filamin A.

A, Secretion of IL-6 in primary M® either expressing Flna (FIna®™) or lacking Flna (FIna®"/LC)
as detected by ELISA (n = 8 in each). Serum blood level of secreted IL-6 in atherogenic low-
density lipoprotein receptor-deficient mice (Idlr”") that received bone marrow transplantation
(BMT) either from FIna®"/LC mice or IdIr’~ mice that received BMT from FIna®" mice (n = 6 in
each). Secretion of IL-10 (B) and IL-12 (C) in primary FIna®" or

FIna®"/LC M® as detected by ELISA (n = 8 in each). Mean + SEM values. *P<0.05 and
**P<0.01.

Figure 5. C-terminal fragment of filamin A produced by calpain interacts with
phosphorylated STAT3 and facilitates nuclear transportation of STAT3 to subsequently
regulate secretion of I1L-6.

A, Co-immunoprecipitation identifying STAT3 as an interacting partner of C-terminal fragment
filamin A (FLNA®T). B, Quantification of immunoblots demonstrating expression of p-
STAT3""® in cytosol (C) and nucleus (N) in lipopolysaccharide-treated M® deficient for FLNA
(FIna®"/LC) and expressing FLNA (FIna®"/LC). C, Quantification of immunoblots

demonstrating FLNA expression after treatment with calpeptin, a calpain inhibitor. ACTIN was
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served as internal loading control. D, Quantification of immunoblots demonstrating nuclear

M and FIna®/LC M® following treatment with calpeptin. E,

expression of p-STAT3Y'® in Flnal
Secretion of pro-inflammatory IL-6 as detected by ELISA following treatment with calpeptin and
STAT3 inhibitor 5,15 DPP in FIna®" and FIna®"/LC M®. Mean + SEM values of at least

quadruplicated experiments. *P<0.05 and **P<0.01.

Figure 6. Lacking of filamin A impairs uptake of oxidized lipids in macrophages.

A, Expression of mMRNA FLNA in human primary M® transfected with siRNA FLNA. Scrambled
siRNA (siRNA @) were served as controls. GAPDH mRNA was used to normalize ratios (left
panel). Level of minimally modified low density lipoprotein (mmLDL) in human primary M®
transfected with siRNA ® or siRNA FLNA (right panel). B, Cholesterol and triglyceride levels in

-

fast protein liquid chromatography—fractionated plasma pooled from 6 Idlr " mice received bone

marrow transplantation (BMT) from FIna®"/LC mice for as compared to mice received BMT

from FIna®"

mice in each after a high-fat diet for 24 weeks. HDL indicates high-density
lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; and VLDL,
very-low-density lipoprotein. C, Levels of mmLDL in murine FIna®" and FIna®"/LC M® after
treatment with calpain inhibitor calpeptin and STAT3 inhibitor 5,15 DPP. D, Uptake of total LDL
(left graphs) and OXLDL (right graphs) in FInA”" and FINA°"/LC M® after treatment with
calpain inhibitor calpeptin. E, Quantification of immunoblots of SR-B1, LXR[/[], CD36,
COX2, ABCG1, ABCAL proteins extracted from FIna®" and FIna®"/LC M®. Mean + SEM

values of quadruplicated data. *P<0.05 and **P<0.01.

Figure 7. Calpeptin reduces proliferation and migration of macrophages in vitro and aortic
atherosclerotic plague size in vivo.

A, Proliferation assay of M® treated with calpeptin up to 5 days. B, Migration assay of M® for
16 hours. C, Images of Sudan IV-stained—aortas extirpated from C57BL/6 mice infected with
AdPCSK9 and treated without (n = 8) or with calpeptin (n = 9) (left panels) and their
quantification by image analysis (right graphs). D, Hematoxylin and Eosin-stained sections of
C57BL/6 aortic arches infected with AdPCSK9 and treated without or with calpeptin (left

panels). Histomorphological analysis of aortic intima/media ratios of C57BL/6 mice infected
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with AdPCSK®9 and treated without (n = 7) or with (n = 9) calpeptin (right graphs). E, Number of
CD68-positive M® in aortas of C57BL/6 mice infected with AAPCSK9 and treated without (n =

7) or with (n = 9) calpeptin. Mean = SEM values of at least quadruplicated experiments. *P<0.05
and **P<0.01.
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DATA SUPPLEMENT FIGURE LEGENDS

Figure I Data Supplement. Deficiency of filamin A in macrophages decreases number of
macrophages in atherosclerotic aortic plaques, but does not change number of smooth
muscle cells.

A, Immunofluorescence detection of M®, filamin A (FLNA), vascular smooth muscle cells
(SMC), endothelial cells (EC) in mice that are deficient for low-density lipoprotein receptor (IdIr
") and received bone marrow transplantation (BMT) from Flna®"/LC mice that are deficient for

filamin A in M® (n = 4) as compared to ldIr’ offl

mice that received BMT from Flna™ mice
expressing Flna (n = 4). Nuclear staining by DAPI. Note absence of macrophages in
atherosclerotic plaque (right panel). B, No significant change in number of SM22[]-positive
vascular smooth cells in Idir"mice received either FIna®" or FIna®"/LC BMT. Mean + SEM

values.

Figure 11 Data Supplement. Reduced nuclear expression of p-STAT3%'? in the absence of
filamin A in macrophages.

A, Reduced nuclear transportation of phosphorylated STAT3 (p-STAT3>%) in
lipopolysaccharide-treated M® deficient for Flna (FIna®"/LC) as compared to M® expressing
Flna (FIna®™. C; cytosolic protein extract and N; nuclear extract. B, Inhibition of cleavage of

FLNA by calpeptin reduces nuclear transportation of p-STAT3%%" in FIna®"

M® as quantified of
immunoblots. Mean = SEM values of at least quadruplicated experiments. *P<0.05 and

**p<0.01.

Figure 11l Data Supplement. Cleavage of filamin A regulates secretion of interleukins in
macrophages.

Inhibition of cleavage of FLNA by calpeptin reduces secretion of anti-inflammatory I1L-10 (A)
and pro-inflammatory 1L-12 (B) in FIna®" M® as detected by ELISA. Mean + SEM values of at

least quadruplicated experiments. *P<0.05 and **P<0.01.
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Figure IV Data Supplement. Inhibition of cleavage of calpain reduces levels of
phosphorylated AKT and ERK1/2.

Treatment of M® by calpeptin decreases level of p-AKT (A) and p-ERK (B) proteins in M® as
detected by immunoblotting. Total AKT and total ERK1/2 were used as loading controls. Mean +
SEM values of quadruplicated data. *P<0.05.

Figure V Data Supplement. Association of gene expression of FLNA, STAT3, and IL6 in
public datasets.

A, Increased gene expression of FLNA, STAT3, and IL6 in human brain cortex during either
normoxia or ischemia. Reads were downloaded from the European Nucleotide Sequence archive
accession PRINA242801 and aligned to the hgl9 reference genome with STAR v (GSE56267).
2.5.2,% with splice junctions supplied from the GENCODE v17 reference genome annotation
(otherwise default parameters). Gene expression levels were quantified with HTSeq v. 0.6.0
(specifying the parameter “-s reverse”).* DESeq2 and limma tests were used for differential
expression, respectively, relative to the control conditions. B, Comparison of Flna, STAT3, and
IL6 gene expression in ApoE ™ murine aortic plaques with wild-type C57BL/6J adventitia and
media. Note that FIna gene is expressed in atherosclerotic plaques more than wild-type adventitia.
Increased FIna gene expression in apoE " plaques compared to wild-type medial and adventitital
layers. Raw CEL files were downloaded from the ArrayExpress accession and normalized using
the “rma” function of the “oligo” R package (v. 1.40.2, default settings) (E-G EOD-21419).* The
quality of the normalization was assessed using the arrayQualityMetrics R package (v. 3.32.0).%
Differential expression analysis was performed with the “eBayes” function of the limma R

package (V. 3.32), using default settings.®* *P<0.05.
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Aims Actin-binding protein filamin A (FLMNA) regulates signal transduction important for cell locomation, but therde of FLMA
after myocardial infarction (M) hasnot been explored. The main purpose of this study was to determine the impactof

endothelial deletion of FLMA on post-MI remodelling of the left ventricle (LV).

‘We found that FLMA is expressed in human and mouse endothelial cells (ECs) during ML To determine the biolo gical
significance of endothelial expression of FLMA, we used mice that are deficient for endothelial FLMA by cross-breeding
adult mice expressing floxed Fina [Fbm"m} with mice expressing Cre underthe vas cularendothelial-specific cadherin pro-
moter (W¥ECodCre +). Male Fina®™ and Ang®™/VECadCre + mice were subjected to permanent coronary artery ligation to
induce ML Flna®™WECadCre + mice that were deficient for endothelial FLIMA exhibited larger and thinner LV with
impaired @rdiac function as well as elevated plasma levels of NT-proBMP and decreased secetion of VEGF-A. The
number of capillary structures within the infarcted areas was reduced in FAna®™ " WECadCre+ hearts. ECs silenced for
Ana mRMA expression exhibited impaired tubular formation and migration, secreted less VEGF-A, and produced
lovwer leveks of phosphorylated AKT and ERK1/2 as well as active RACT.

Dedetion of FLMA in ECs aggravated Minduced LV dysfunction and cardiac failure 2= a result of defective endothelial
response and increased scar formation by impaired endothelial functionand sigraling.

Actin-binding protein » Angiogenesis = Cell migration » Heart

acute ML Despite the tremendous efforts on hypoxia-stimulated
angiogenesis, an esblished curative treatment is lacking Therefore,
a comprehersive understanding of the endothelial responses in

1. Introduction
After myordial infarction (M), the left ventricle (LV) undergoes mo-

lecular, cellular, and microcirculatory changes that dramatically alter
the size, shape, and function at the argan level Recent advances in our
ur-der:landingcrf the control mechanisms regulating the development
of new blood vessels in coronary heart disease have led to a better
understanding of this essential compensatory healing process that ac-
companies myocardial ischaemiaand irrfarctian.'ﬁ\rgiagerﬁisexecuted
byvascularendothelial cells (BCs) hasthe potential tosalvage the ischae-
miic rryocardium at earty stages after M1 and isalso essential to prevent
the transition to heart failure through the control of cardiomyocyte
hypertrophy and contractility. Pro-angiopenic therapy has long been
considered a promising strategy for the treatment of patients with

angiogenesis and identifiation of new molecules argeting the vascular
endothelium are essential in developing therapies to prevent and
treat MI.

Filaminsare a family of cytoskele tal proteinsthat have been implicated
as critical mediators of organ developmentand cell signalling and migra-
tion.® FLMA, a rmajor isoform of the filamin family, is ubiquitous ly
expressed andis indispensable for normal developrment. MNull mutations
in FLMNA have been reported tocause brain malformations known asperi-
ventricular nodular heterotopia accompanied by high cardiovascular
abnormalities including patent ductus arteriosus, acrtic aneurysms, pre-
rmature stmokes, and minor cardiovasoular abnormalities inhumans who
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die prenatalty * In mice, loss of Fing is associated with embryonic le thality
caused by cardiac defects in the formation of ventricles, atria, and
outflow tracts. The evident outcome of FLMA deficiency on structural
defects in the blood vessels and heart suggests that FLMA plays a key
rode in cardiovasoular l‘I'K:Il'pI'IDgEI‘EiS."

Although expression of FLMA has previousty been reported in vessels
and in cubtured ECs” the endothelial significance of FLMA expression
has not been determined. Besides, no data on the expression of FLIMA
have been reported in a remodelling myocardium in response to ML
To study the role of FLMA invasaular BCs during cardiovasoular remod-
elling, weused micethataredefidgent for FLMAin ECsand induced Ml by
ligation of the left descending coronary artery. Using this mouse model,
we demonstrate that infarcted hearts lacking FLMA, in ECs exchibit
impaired cardiac function and developed severe cardiac failure In
addition, we show a key role of FLMA in EC tube formation and motility,
exerted through its function asaninteracting protein affecting signalling
proteins.

2. Methods

2.1 Mice

All mice induded in this study had a CS7BI/6 genetic badeground. Female
mﬁwﬁﬂlgﬂw“mmss—bmd“ﬂnmm ke mice expres-
sing Cre under the control of the BEC-spedfic VE-Cadherin promoter
(VECadCre 4, The Jadkson Laboratory, Bar Harbor, ME). Because the Rno
fgene is located on the X chromosome, male mice were hemizypous
{Flna™). Tweo experimental groups, Ana™ and Ana™ WEGadCre+, were
included in this study. Mouse experinments wene approved by the Ressardh

Animal Ethics Committee in Gothenburg ac ing to the Burcpean
a5 desoribed earfier®
2.2 Mlsurgery

Contral Flng™ (n= 15) and experimental Flno™VECadCre+ (n=15)
male mice aged 13—14 weeks were used for induction of Ml by permanent
igaﬁondﬂieleﬁcu‘myaﬂuyasdmrbadpmﬁmﬁhr.?&rm
artery ligation was performed underinhalation of 3% isoflurane supplemen-
ted with 30% O To recover mice after surgery, buprenomphine (005 mg!
keg) was administered intraperitoneally.

1.3 Immunostaining

Paraffin-embedded infarced human and mouse hearts were sectioned and
immunchistochemically stained with an antibody ageing FLMA, (Chemicon
Intern ational ), FLMB { Chemdoon), and FLMC [ Kinasource) as described pre-
\irmsl].r.s Antibodies directed against CD31 (Thermo Sdentific) and Kie7
[Thermo Sdentific) were used to detect candiac ECs and replicating cells,
repectively, as described earlier” For IF, secondary FITCconjugated
and Alexa conjugated antibodies (Molecular Probes, Sweden) were used.
Images were captured using Leica Microsystems microscope. Number of
CD3-positive structures in infarcted (entire area) and non-infarcted
areas (5 randomby areas) was counted in at least seven mice in each group.

1.4 Echocardiography

Echocardiography was performed under anaestheda by inhalation of 15—
1% oflurane (Forene oflurane, Abbott Scandinavia AB, Sweden) a
described earlier” Innages were acquired using the Vevo&60 system (Visual
Sonics) with a 30 MHz linear transducer. The left ven tride was investigated
i both long-asds and short-ads views 25 weels after ML Egtimated ejection
fraction (EF), an index of the cardiac systolic funct on was ol oulated asEF =
[(ED& — ESAMEDA] x= 100, where EDA and ESA representing end-
diagtolic and end-systolic LY luminal areas, regpedively, messured in

high-resolution parasternal short-axis EKV acquired cine loops (1000 Hz)
at the level of the papillary muscles and LWV apes For the stress test, dobuta-
mine [ 1 pgly mouse welght, Sigma Chemicals) was injected intraperitone-
ally. Short-axis dne loops at the papillary plane wene stored at baseline, 5,
and 10 min post dobutamine, and EF was caloulated . Offline neasuremenits
ware performed using the manub cturer’s software (VI.000, VevoT 70, Visual
Sonics).

2.5 ELISA of NT-proBMP and VEGF-A

Following echocardiography, intracardiac blood was collected from Ang™ "
and Ane™ YVE CadCre+ mice under inhalation of 2%isoflurane. NT-proBHP
[ Mty BicSource) amd WEGF-A [R&D Biosystems) levels were detected by a
standard ELISA according to the manufacturer’s protocol from both
myouse semm in independent quadrplicates, and conditioned medium col-
lected from cell cuttures of M5-1 and HUWEC cell ines, and measured byan
Epoch spectrophotometer (Bio-Tek Instruments).

2.6 Histology and image analysis

Mouse chest was opened under anaestheda by inhalation of 7% boflurane
immediately after echocardiography. Mouse hearts wereamested in diastole
by intracardiac injection of 30 mMKCL removed, embedded in paraffin, sec-
tiomed at six different levels at 0.5-mm intervals starting from the apesc, and
stained with Masson's trichrome or haematowxdin and eosin to study histo-
marphology. The diameter (average of longest and shortest awis), entire
lumen, and thickness (average of longest and shortest thicknes) of LV
were measured by Biopb: software (Version 2.3 Biopbe, www biopbcse).
Images of Mason's trichrome-stained sections were procesed using a
Mirax scanmer (Carl Zless) and digitized (TIFF format; with a resolution of
B pieels'pm) Aress of blue (scar ti=we) and red (non-infarcted) stain
were quantified by Biopb: software as described earlier ® Infarct scar size
wis calculated by dividing the blue-coloured area by the sum of blue- and
red-coloured areas Images ofimmunchistochemically CD31-positive struc-
tures were printed in papers and manuslly counted in the entire infarcaed
aneas

2.7 lsolation and culture of ECs

Mice were killed under inhalation of 5% koflurane, and mouse death was
confimmed by dissecting hearts. Primary cardiac ECs were kolated using
rat ant-ICAMZ (BD PharMingen) antibody-coated magnetic beads (Dyna-
beads M-450, sheep anti-Rat IgG. Dynal) from whole mouse hearts as
described earfier® The trangomed pancreatic endothelial M51 cell line
[ATCC) was cultwred as desoribed earfer’ Human umbilical vein ECs
[HUWECs) were cultured in basal medium supplemented with growth
factors (EBM-2 bullet kit LOMZA) s described earfier

2.8 Transfection with shRMNA and siRNA

For shRMA transfection, M51 cells were transfected with plasmids esxpres-
sing either contral shRMA or shRMA Ano (5-GRAGTGCTATGTCACAGA
AAT3') (SABiosdences) using Fupene & (Promega) according to manufc-
turer’s protooo] 3 days before experimenits. For siRMA, transfection, MS1
cells and HUWVECs were transfected with either negative control sRMA or
siRMA Ana [ 5-TACAGGCAATATGETGAAGAA-T') (O apen) usingLi pofec tamin
siMAN (Life technologies) following manu B clurersinstructions 48 hbefore
Emeriments.

2.9 Migration assay

Migration assay was performed on primarny cardiac and M51ECs. Cellmigra-
tion was quan tified with a modified Boyden chamberassay whene theability
of cells to migrate through a microporous nitrocellulose filter (8 wm thick,
8 um pores in dameter) was measured as described eadier® Triplicates
aof each sample are presented a= mean + 50 values.

aded from hitps:/facademic.oup.confcardiovascresfarticla-abstract /10521561 FI9308E1

st
Fabruary 2018

99



Endothelial filamin A impacts cardiac remodelling

153

2.10 Phalloidin staining

In triplicated independent experiments, MS1 cells transfected with either
negative control (@) or Flno siRNA were incubated in 4-well chamber
slides for 24 hat 37°C with 5% CO,. The cells were fixed with 4% parafor-
maldehyde for 30 min at rcom temperature (RT), permeabilized for 30 min
with PBST plus 0.01% Triton X-100 for 30 min, and stained with Phalioidin
(Invitrogen) for 1 hat RT followed by three wash steps for 10 min. Pictures
were taken from five optical fields ( x20) on eachwell and cell shape was
analysed In at least seven high-power fidds consisting of at least 150 MS1
cells, the ratio of length between cellularlongand short ads was quantified

2.11 Tube formation assay

HUVEC cells were tranSected with either negative siRNA or siRNA Ana 2
days before tube formation assay. Forty-eight-well plates were coated with
growth factor-reduced Matnigel 50 pl/cm? following the manufacturer’s
instructions (BD Blosdences). After trypanization, HUVECs were centri-
fuped; 1 x 10" celswere re-suspended in 250 plcomplete DMEM contain-
ing 10% fetal bovine serum and seeded in each well Cdls were culturedina
5% CO,; incubator ovem ight. Five images were taken from eachwellby using
an inverted microscope ( x40). Tube length was quantified by using Image]
software.

2.12 Immunoblotting and RAC-1 activity

Cell lysates were assayed by immunoblotting as described earfier.” Primary
antibodies directed against FLNA (Chemicon), FLNB (Chemicon), FLNC
(Kinasource) p-AKT, AKT, p-ERK1/Z ERK12 (Cell Sgnaling), RAC-1
(Abcam), and actin (Sigma Aldrich) were used. The band densities of tnpl-
cated independent experiments were quantified by ImageQuant software
(Bio-Rad). GTP-bound RACT was affinity precpitated with PAK1-GST
(Rac1 Activation Kit; Plerce) following the manufacturer’s instructions and
was immunoblotted using antibody supplied in the kit (Millipore).

2.13 Quantitative PCR

mRNA was solated using the RNeasy Mini Kit (Qiggen), and cDNA was
synthesized with High Capadty cDNA Reverse Transcription Kit (Appled

A Human Mi

FLNA/CD31

Blosystems) according to the protocol provided by the manufacturer.
Gene expresdon was analysed using TaqgMan assays with mouse probes
for Fina (Mm01187533_m1), Anb (MmM01311723_m1), Finc (Mm00471824
m1),and Hprt (Mm01545399_m1).

2.14 Statistics

All the values are mean + SD, and the dffferences between groups were
evaluated with a two-talled Student’s t-test or one-way ANOVA. The sur-
vival rates between groups were plotted by the Kaplan—Meler Xtest A
P-value of <<0.05 was considered sgnificant.

3. Results

3.1 FLNA is expressed by ECs in infarcted
human and mouse hearts

To detect whether FLNA is expressed in infarcted hearts, we stained
human biopsies of Ml for FLNA. FLNA was expressed by infarcted
human cardiac tissues. Particularly, endotheliadl structures in these
tissues expressed ALNA as detected by double labelling of FLNA and
CD31 (Figure 1A). The FLNA staining in infarcted mouse hearts is con-
sistent with human biopsies as microvasaular structures were positively
stained for FLNA (Fgure 1B). In addition to ECs, cardiac myocytes, vas-
cular smooth muscle cells, and fibroblasts also expressed FLNA in heart
sections (Supplementary material online, Figure S14).

3.2 Deficiency of endothelial FLNA leads to
enlargement and thinning of the cardiac wall
following Ml

To produce mice that are deficient for endothelial FLNA we cross-bred
female Am™ mice with transgenic male mice expressing Cre under
control of EC-specific VE-Cadherin promoter (VECadCre +) as reported
earlier.® Their male offspring with Cre expression and thuslacking FLNA
specifially in ECs are designated as Ang®"/VECadCre +. Mice that are

Figure | FLNA ks expressed by endothelial cells (ECs) in infarcted hearts both in human and in mice_ (A) Representative images of IF double-staining of
FLNA (red) and CD31 (green) on sectionsof humanbiopsesofMi (n = 5 sections). The bright field ( BF) picture and merged picture (yellow) of FLNAand
CD31 double-staining are shown. Original magnification x 40. Scale: 50 wm. (B) In infarcted mouse hearts (n = 3), vascular ECs (arrowheads) immuno-
histochemically express FLNA (brown color). Enlarged view of upper panel (lower panel). Original magnificaion x 20 (upper panel) and x 40 (lower
panel). Scale: 50 wm. Haemataxylin counterstain.
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Figurel Leftventriclewall lacking endothelial FLMA becomes larger and thinner following Ml in mice. (A) Representative immunoblots demonstratelack
of FLMA expression in ECs extracted from Fing™™/VECaodCre+ hearts compared with Ana™ ™ hearts (n = 3). (B) Macroscopic appearances of Ana™® and
Ana™ IVECodre+ hearts 75 wieeks after M. Measurement of histomonp hol ogical changes in diameter (C), lumen (DY), and thidess (E) of myocardial left
ventricle (LV) in Flna™ (n = 7) and Ang™ “VMECadCre + (v = 8) hearts 25weels after Ml (F) Intracardiac plasma levels of biachemical marker NT-praBP
in Ana™® and Ana™9/VECadCre+ mice (n = 4 in each) 25 weels after ML Data presented as mean + SDvalues. Two-talled Student’s t-test, *P << 0,05 and

P < 001 ve. Ana™®.

deficient for endothelial FLNA survived normally and esthibited no car-
diovascular malformation and no impairment in cardiac pump function
and histomorphology atthe bazal level® To verify that ECs lack expres-
sion of FLINA, weextractedprimary cardiac ECsandimmunoblotted cell
brzates for FLMNA expression (Fgure 24 Our data indicated that FLIMA s
remariably deleted in the ECs of Fing™" WECadCre+ hearts. These ECs
also expressed FLMB and FLINC; however, no compensatory increasein
the expression of either FLMB or FLMC was observed at the protein
level in the FLIMNA-deficient ECs (Supplementary material online, Figure
51B and C). To determine whether endothelial expression of FLMNA
has a biological importance during cardiac remodelling, we induced MI
by permanent ligation of the left coromary descending artery as
desmibed earlier® and removed hearts for anabysis 25 weeks after ML
There was no difference in the survival rate between Flng®™ and Ang®™/
VECodCre+ mice following Ml (P < 0.6, X test). No difference in totl
cardiac weight between Ana®™ and Flna®WWECodCre+ (26.4 + 26 vs.
275 + 2.7 mg P = (L4) hearts was observed either. However, infarcted
Ana®VECadCre + hearts were macroscopiclly larger compared with
Ana™ control hearts (Figure 2B). To determine differences in @rdiac
morphology, we measured the diameter, lumen, and thickness of the
LV wal. Compared with Anc®™™ control hearts, Flno™WECodCre+
hearts displayed increases both in diameter (504 0.5 vs 40+
08 mm, P=005) (Fguwe 2C) and in luminal areas (202 +4.1 v=
13.1 4 5.0 mm® P < 0.01) (Figure 20) of the LV, but decreases in thick-
nessofthe LV (598 + 226v= 1111 £ 404 wm, P < 0.01) (Figure 2E). To
analyse whether the enlargementand thinning of LY wall resultin a bio-
chemical sign of @rdiac filure, we measured the serum level of

MT-proBM P, which showeda significant inarease in Ana™MVECodCre+
hearts compared with Ana®™ hearts (%.1 + 2.0vs 29 + 0.6 ng/mL.P <

0.01) (Figure 2F).

3.3 Impaired cardiac function in infarcted
hearts lacking endothelial FLNA

To determine whether morphological changes in hearts lead to con-
sequences in cardiac function, we performed echocardiography at
both the papillary and apex plane 35 weeks after MI (Table 1). At the
papillary plane, Ang™™VECadCre+ hearts, in comparison with Fing="
controk, showed impairment in EF (206 + 81 w 379+ 87% P <
0.01) (Figure 34 and B). We further stressed hearts by intraperitoneal
injection of dobutamine and collected images at the papillary level
after 5 and 10 min (Table 2). At 10 min after the dobutamine stress
test, Ana®™ hearts showed an increase in EF (449 + 8.3 v 312 +
6.0, P =2 0L01); however, Ang“™VECadCre+ hearts lacked this response
(285 + 115vs 211 + 115% P = 0.18) (Fgure 30}

3.4 Increased infarction size and decreased
capillarity in hearts lacking endothelial
FLNA

Following edocrdiography, hearts were removed for histologicl
studies. To quantify infarction scar size, cardiac sections were smined
with Masson's trichrome at six different levels (Figure 44, left panels).
The infarction scar size was inoreased in Flna™™VECodCre + hearts
26fold compared with Ana™" hearts (P< 0.001) (Fgure 4A, right

aded from https://facademic.oup.com/cardiovascresfarticla-ahstract /105727151 /2930851
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Table | Cardiac function parameters

Papillary plane Apex plane
Fina™ (n=17)  Fina" [VECodCre+ (n = B) Ana™ (n=5)  Flna™ WECodCre 4 (n = §)
Diiastalic auter w: e (rrm ) 330+ 88 7T+ 64 186 + 47 238 + 102
Diiastalic lurmen .L'm[rrrrl'llu 206+ 58 254 + 46 130 + 25 1946 + 82
Systolic lumen aras (mm) 131 & 49 202 + 4.0 97 + 19 178 £ 74
Fractiona| sres e hange (%) 75+ 84 W6+ 75 286 + 103 173 £ 27
Ledt wentric be bength (o) 85+ 0.4 87 + 04
Heart rate (bpm) 328 & 45 298 + 35
Data presenied as mean + 300
#4p < (L0 increase and P < 001 decrease vs rﬁpbrhme."i‘-uﬂ“g;rwp.
B ¥ %
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Figure 3 Impaired cardiac function in mouse hearts eking end othelial ALMNA following ML (A) Short-aods images at the papd lry level using echocardi-
ography 25 weeks after ML Upper panels represent Ana™, wheress |ower panels demonstrate Fina™/VECodCre+ hearts Disstolic luminal area is deli-
B) hearts 25 wedks after M.
Diata presented as mean + 5D values. **P <2 001 v Ana™®. (C) Comparison of EF after stress induction by dobutamine at 10 min between Ana™
{n = &) and Fla™*VECadCre+ hearts (n

neated to the right (B) Percentages of estimated EF in the left ventride of Fing™® ]

Table 2 Cardiac function parameters under dobutamin stress at papillary plane

7) and Fing™*/\VECadCre+ (0

T) 15 weeks after ML Cata presented as mean + 50 values. Paired t-test, **P <2 001 va. basal level.

Basal 5 min 10 rmin
Flna™ " Ana™VECadCred  Floa™  Fla"WVECodCre+  Fla™  Ana™VECadCred
Dhsmtabic lumen .'_'-:ul'rrrrl'.:- 188 + 52 M4 4 20* 172+ 46 219+ 27+ 172 + 52 De+42
Systolic lurmen ares [rrnl":- 133 £ 5.1 192 4 22+ 111+ 52 160 + 35 106 + 50 61 4 36*
Fractional ares change (%) 312 + 153 2.1+ 6.0 429 + 193 274 % 123 449 + 193 BS5+ 115
Heart rate (bpm) 3T £ 62 309 + 52 379+ 27 417 £ 75 408 + 36 413+ 21
Dz presented 2 mean + 50 (p = &7 in each grown).
*P <z (05 and =P = 101 increase vs respective fina™ group.
27151529 £l
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Figure 4 increased scar sze formation and decreased capillarity in hearts lacking endothelial FLNA following ML (A) Histomorphological changes of
Ang™? (n = 7) and Anc® VEGadCre+ (n = 8) hearts 25 weeks after M as detected by Masson's trichrome staining with scar area stained blue and
viable myocardium red (left pands). Fold changes in infarct scar size as quantified by automated image analysis (right panel). One-way ANOVA,
++p < 0001 vs. Flna™". (B) IF detection of CD31in Ana™" (n = 7) and Ane™ WVECadGre+ (n = B) left ventrides 25 weeks after Mi (left upper paneks).
Haematoxyiin and eosn stain served to demonstrate hisomorphology (left lower panels) Scale: 100 um. Relative changes on the number of
CD31-positive capillary structures in fields x 10 (right panel). Data presented as mean + SD values. Two-tafled Student’s t-test, %P < 0.001 vs. Ang®™.

panel). As blood vessel remodelling is cucial for myocardial healing after
Ml and Flna deficiency results in impaired tumour capilarity.® we
assessed capillary structures of these hearts by immunohistochemistry
with CD31 antibody (Figure 48, left paneks). Interestingly, there was no
difference in the number of CD31-positive capillaries in non-infarcted
myocardium between Ana®™ and Ana®™VECadCre + hearts (7988 +
1454 vs 820.2 + 283.8 celts per field x 10, P = 0.8). Howewer, we
observed a significant decrease in apillarity by 55% in the entire
infarcted area of Flna®”"WWECodCre+ hearts compared with Ang®™
hearts (414.1 + 1333 vs 186.0 + 544 cells, P < 0001) (Fgure 48,
right panel). In the infarcted areas, there were no differences in the
number of Ki6é7-pasitive replicating cells between Flna®" (186 + 246
cells in high-power field) and Fina®"/VECadCre+ (184 + 13.3 cells in
high-power field) hearts.

3.5 Absence of FLNA impairs endothelial
tube formation and migration

The reduced capillarity in Ana®"/VECadCre+ hearts is likely caused by
compromised angiogenesis of Anodeficient ECs. To measure the
ability of ECs to form capillary-like structures, we performed atube for-
mation assayusing HUVEC in Matrigel The efficient knockdown of Flna
in HUVEC (Supplementary material online, Figure 52) displayed signifi-
cantly reduced tube length compared with control cells (203 + 321
vs. 134 + 161 pum, P < 0.01) (Fgure 5A). The shortened tube length

‘Fabruary 2018

can be caused by impaired EC migration as a result of Ana deficiency
as reported earfier in tumours.® We therefore tested this hypothesis
both on primary cardiac ECs deficient for FLNA (Figure 58) and on
Flnaknockdown MS1 ECs (Ffigure 5C), and observed a significant reduc-
tionin cellmigration by 19% (P << 0.05) and 29% (P < 0.01), respectively.
Inaddition, non-silenced and Flna knockdown MS1 cells displayed differ-
ent morphology in vitro. Non-silenced MS1 cells were characterized by
an elongated morphology with apparent ventral stress fibres, while
Flna knockdown M$1 cells displayed more round shape (Figure 5D, left
paneks). Theratio of length between long and short axis of Flna knock-
down MS1 ECs was dropped significantly (from 3.2 + 06- to 2.4 +
0.4-folds, P < 0.01, Figure 5D, right panel).

3.6 Lack of FLNA compromises endothelial
signalling

To determine the molecular mechanisms behind the decreased tubular
formation and cell migration, we studied the expression of signalling
molecules p-AKT, p-ERK 1/2, and RAC-1 thatare essential for cell migra-
tionand angogenesis (Figure 6A). These studies indiated reduced levels
of p-AKT (by 54%, P < 0.001, Figure 6B), p-ERK1/2 (by 19%, P < 0.05,
Figure 6C), and RAC-1 (by 52%, P < 0.05, figure 6D) in ECs transfected
with shRNA Flna compared with cells transfected with control shRNA
@. Consistent with MS1 ECs, Ana knockdown HUVEC akso displayed
signifi@antly reduced p-AKT (Supplementary material online, figure 52).
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Figure 5 Impaired endothelial function in the absence of FLMA (A) Representative images oftube formation asay of HUVEC tranfected with negative
control (a) orsiRMNA Fina (left paneks) and average measurements of tube length (right graph, n = 4). Scale barshows 100 pm. Mormalized cellmigration of
(B) primary cardiac BCs isolated eit herfram Ang™ " or from Fing ™ VECadCre+ miceand (C) M5-1 BCs transfected with negative control or Flno shRNA 2
assayedbya modified Boydenchamber (n = 3] (D) Representative images of phalloidin stainingon M51 celbs transfect edwith negative control (@) orsiRMNA
Fna (left panels). The ratio of length between long 2ds and short 2ds of cells was quantified (right graph,n = 3)_ Scale bar shows 2.5 wm. Two-tailed Stu-

dent’s t-test, *P < 005 and **P < 001 vs. respective control groups.

Importantly, the RALC-1 activity was decreased by 51% in M31 EC
transfected with shRMA Flna (P < 0,05, Figure 6E). VEGF-A is one of
the activators of AKT/ERK/RAC-1 signalling pathway. We found a
decrease inthe level of secreted VEGF-A from ailtured M351 ECs after
Flna  silendng 175+ 232 w 1080+ 70 pgml, P< 001,
Figure 6F). Consistent with this finding, Fing®™WECadCre + mice ako
produced significantty lower level of secreted VEGF-Ain the droulating
blood compared with And™™ mice (121 + 2.5 v= 17.1 + 07 pgfml,
P = 0.05, Figure 6G) after ML

4. Discussion

This study evaluated the impact of endothelial FLNA deletion on
MEinduced LY remodelling and dysfunction, focusing on the EC fundtion
and signalling. The major findings are asfollows: (i) FLMNA isexpressed by
myocardial ECs after Mi; (i) endothelial deletion of FLMNA leads to
impaired LV remodeling and dysfunction, accompanied by increased
M size, thinning of LV wall, and entargement of LV lumen; (i) FLMA de-
fidencyin ECs leads to reduced capillarityininfarcted hearts; and (iv) EC
signalling is impaired by the absence of FLNA, resulting in reduced EC
tube formation and migration. Taken together, these findings demaon-
strate that FLMA deficiency in vasoular ECs aggravates post-M| remod-
elling and @rdiac dysfunction by impairing EC sigralling and migration.
Importantly, this study deepens our understanding of FLIMA, function
in EC biology and @rdiovascular diseaszes, in addition to our precon-
ceived idea that FLMA primarily plays structural roles in the cytoplasm.

Recently, an increasing number of reports indicates that car diovasou-
|ar defectsare associated with the lossof FLNA functisnin hurmans *The
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X-linked form of hereditary cardiac valwular dystrophy and cardiac valve
disease are linked to mumtions in the FLNA gene’® FLMA is highly
expressed in ECs, the endocardial cushion, and mesenchymal celis. !
Furthermore, deficiency of Ang in mice results in severe malformations
inthe heartand blood vessels, suggesting that FLN A affects the develop-
ment of the endocardial cushion which is essential for cardiovascular
rn{:nrp-i'u{:ngenﬁi:iJ All these previous findings point to a potential role
of endothelial FLMA, in @rdiovascular development. Surprisingly, our
mice lacking FLMA specificalty in ECz grow normally and their cardiac
functions appear tobe normal.® Thus, we questioned whether endothe-
lial FLMA could play arole in car diovasoulardisease ssuch as Mlwhen the
demand for cellular signallingmediated by FLNA iz inareased. As we have
shown, FLMA is expressed in the infarcted areaafter ML while its conse-
quence on mycardial remodellingand function has not been explored.
In this study, we found that endothelial deletion of FLMNA led to war-
sened histomorphological and functional properties in infarcted
hearts. In addition, mice that are deficient for endothelial FLMA had
no response to dobutamine stress, indicating that the cardiac motility
reserve is compromisedin these mice. Finally, the elevated MT-proBMP
levels in mice lacking endothelial FLMA indicated exacerbated
Mlinduced LY failure. Therefore, deletion of endothelial FLMA alone
iz not sufficient to retard heart development, whereas in ML, if expres-
sion of endothelial FLMA, is not present, aberrant myocardial remodel-
ling and heart dysfunction oocur.

Due to the limited regenerative capacity of the mammalian myocar-
diumn, a proper angogenic response is required to repair the substantial
|oss of cardismyocytes during ML both to provide nutrientsand tomain-
tain normal blood vessel wall function. Thus, fully functicnal ECs are of

104



158

5 Bandamn et al.

A B 120
100
shRNA a Fina -
r 1 E_ 80
= &0
FLMA e - ol -
'E_ 40
p-AKT  ——— e . e, 20
o
shRNA
AKT s - - — -
D 150
: = 10 -
ERK12 TNGDUDEREEEE
=
L&)
RAC.| S ERE T g 50
Actin - — - - .
shRMA
F
ary
-.E_ 200
oh
=
@
w100
-

o
siRNA 6]

Fina

C 120
‘__‘1l]l] *
£ a0
k¥ = 60
= ¥
I.I:I 40
o 20
0
1] Fina shRNA ] Fina
* E 1m0 —E
-
£
f 2 100 E
2
'
B0
3
N
@ Fina LA T -
siRNA @ Fina
G
T g
-
E
L T
5 8
E 4
o
Flna® Fina=""WECadCre+

Figure & Impaired cell signalling and VEGF-A secretion in ECs lacking FLMA. (A) Representative imnunoblots of p-AKT, AKT (total AKT), p-ERKZ,
ERK1/2 (total ERK1/2), RAC-1, and actin in control negative shRMA (@) or shRMA Ang-transfected M31 BECs. Momalized quantification of p-AKT (B},
p-EREAS2 (C), and RAC-1 (D). Levek of total AKT and ERK1/2 were uwsed to normalize respective phasphorylated proteins, wheress actin was wed as
an intemal loading control for RAC-1 (n = 3). (E) Representative immunoblot of precipitated RAC-1 and nomalized quantification of RAC-1 activity
in M51 cells trancfected with negative control @ or Anag SRMNA (0= 3} (F) Level of secreted VEGF-A as assayed by ELISA from M5 1 cells transfected
with negative control @ or Ane sSRMAInmedium. Data are presented asmean + SDwvalues, n= 3. *P < 0.05,**F < 0.01, and ***P < 0001 v=. respective
control @ transfected cells. (G) Level of secreted VEGF-A |nﬁ'earculanrgbhadafﬂna“'qarﬂrra“'mm+ mice & assayed by ELISA 25 weelos after

Ml = 4) Two-tailed Student’s t-test, *P << Q05 v Ana™® mice.

great importance to form anew vasculature and to prevent progressive
LV remodelling. Endothelial malfunction may partly contribute to the
phenotype that accounts for the severe cardiac developmental defects
in mice defident for FLMA® Moreover, in patients with multiple
myeloma, FLMA i implicated in multiple endothelial angogenesis-
related functions, including cell spreading, migration, and tubular mor-
m{:gerﬁii” We therefore tested whether endothelial FLMA could
impact angiogenesis in infarcted hearts. Interestingly, the number of
formed capillary structures was not altered in non-infarcted myocar-
dium but was signifiantly reduced in infarcted areas in hearts lacking
endothelial FLMNA, which likely results in increased infarction size
These findings suggest that the pro-angiogenic function of FLMA i
only induced under stressed conditions, which may explain the nommmal
phenotype of mice lacking endothelial FLMA. In contrast, no difierence
in EC proliferation was observed between hearts expressing and lacking
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endothelial FLMA in this study, indicating that the reduced capillarity may
be due toimpaired migration of pre-existing ECs.

In the heart, both the vasculature and interior surfaces of the
chambers called endocardium are covered by ECs. Active migration of
pre-existing EC: towards an ischaemic stimulus may precede cell
profiferation during cardiac adaptive angogenesis. FLMNA has been
implicated in both profferation and migration processes, though the
published results are controversial in various cell types. In our study,
we found that FLMA does not regulate EC proliferation. Thus, the
imjpaired angiogenesis observed in hearts lacking endothelial FLNA is
likety mediated by reduced cell migration. In supportof this hypothesis,
we have earlier found that mrgeted deletion of FLMA, in ECs leads i
reduced migration and angiogenesis in cancer cells and thus tumour
growth in mice.® In this study, we observed that both genetic deletion
of FLMA in primary cardiac ECs and acute knockdown of FLMA

30851

105



Endothelial filamin A inpacts cardiac remodelling

159

expression in transformed ECs inhibit cell migration. Since ECs play a
crugial rolein the formation of blood vessels, decreased cell migration
may result in poor angiogenesis in these mouse hearts that are stressed
with ML

The VEGFsignalling pathway plays an essential rolein the initiation and
regulation of angiopenesis during ML ™ Interestingly, we have recently
shown thatthe naturally occurring C-terminal fragment of FLMA inter-
acts with HIF-Te in tumour cells." A= a consequence ofthis interaction,
secretion of VEGF-Ais up-regulated during hyposxia HIF-1e and VEGF
are also up-regulated during Ml and regulate hyposda-stimulated
angiogenesis."'® Importartly, we showed in this study that mice
with infarcted hearts ldking endothelial FLNA  secrete less
WEGF-A. VEGF-A can readily bind to its plasma membrane receptor
WEGFR-2 on ECs and activate its downstream pathways, including the
AKT, ERK, and small G TPase RAC-1 signalling pathways. " Our immun o-
blotting data confirmed a decreasein the level of active RAC-1 and phos-
phorylated AKT and ERK in ECs lacking FLMA, indicating that impaired
WEGF-A production may at least be one @use of the reduced migration
in these cells. The differential morphology between non-silenced and
Flng lnockdown ECs were reminiscent of FLMA-expressing and
-laddng melanoma cells, whith may acoount for the differential migration
capability. Thus, FLMA may regulate angiogenesis through either direct
interaction with small GTPases or indirect regulation of VEGF-A-
secretion that reciproclly adivate MAPK zignalling. FLMB, another
filamin isoform, has been shown to regulate EC migration by interacting
with RAC1." Whereas FLMA has been shown to interact with small
GTPases Rhod, Cded2, and RAC-1 in other cell types.” its functional
importance in ECs has not been studied. Our study provides the first
evidence that FLNA-regulated RAC-1 signalling may be involved in
angiogenesis in M.

In conclusion, endothelial FLMA deletion aggravated post-MI LV dys-
function and @rdiac failure by blunting the angiogenic responses thatare
necessary for proper wound healing. Therefore, inducing FLMA and
associated pathways in thepost-M| setting would like ly provide a vour-
able approadh to inhibit abnormal cardiac remodelling post-Ml.

Supplementary material

Supplementary material is available at Cordiovascular Research online.
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