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OZET

Makrofaj gogilinii engelleyici faktor (MIF) bircok hiicre tipi tarafindan
sentezlenen ve ismi insan monositlerinin gogiinii engellemesi nedeniyle verilmis olan
bir immun mediatordiir. Son yillarda, MIF’in Jabl/CSN5 (c-Jun-aktive edici domain-
baglayici protein 1)’e baglanarak, COP9 (constitutive photomorphogenesis: siirekli
1is1ikla degisim 9) signalozomun (CSN) denedilaz (Cullin proteininden Nedd8 proteinin
uzaklastirilmasi) aktivitesini durdurdugu ortaya konulmustur. CSN’nin hedef
proteinlerinden biri Cullin proteini SCF (Skp1-Cullin-F box) E3 iibikiitin ligaz ailesine
aittir. SCF E3 ibikiitin ligazlar, 26S protazomda yikima ugratilan substratlarin
iibikiitinlenmesinden sorumludurlar. MIF’in UPS’deki biyolojik roliinii daha iyi
anlamak amaciyla, bu calismada MIF’i siirekli olarak ekspre eden NIH3T3 (fare
fibroblast hiicre dizisi) hiicrelerinde biyotinlenmis MIF ile iligkide olan proteinleri
arastirdik.

Biyotinlenmis MIF ve onun iliskide oldugu proteinler, streptavidin ile
saflagtirildi. MIF’e baglanan proteinlerin kiitle spektrometrisi ile tanimlanmasi sonucu,
MIF ile birlikte peroksiredoksin 1 ve RP S19 (ribozomal protein S19) gibi MIF’e
baglandig1 bilinen proteinlerin de belirlenmesi kullandigimiz metodun giivenilirligini
gosterdi. Belirlenen yeni proteinler yaninda Valosin-igeren protein (valosin-containing
protein, VCP) gibi endoplasmik retikulum (ER)’la iliskili ve UPS’de calisan proteinler
de saptandi. Belirlenen proteinlerin biiytik bir cogunlugunun UPS’de gorevli oldugunun
bulunmasi, bundan sonraki arastirmalarin MIF ile VCP arasindaki iliski {izerine
yogunlagmasina neden oldu. MIF’in VCP’ye Jabl/CSNS5 aracili baglandigi, VCP ve
Jabl/CSN5 arasindaki baglanmanin ise direk oldugu immun ¢okeltme (ko-
immunopresipitasyon), in vitro ¢okeltme (in vitro presipitasyon) ve floresan rezonans
enerji transferi (FRET) yontemleriyle kanitlandi.

VCP ve Jabl/CSNS5 arasindaki baglanma, her iki proteine ait mutant ve vahsi tip
proteinlerin hiicreye transfeksiyonu ve sonra da onlarin immun c¢okertmeleri ile
belirlendi. Jab1/CSN5’in MPN (Mprl Padl-N-terminal) domainin, VCP’nin NDI
domaini ile baglandig1 belirlendi. Ayrica, baglanmanin izopeptidaz aktivitesine sahip
MPN domainindeki JAMM (Jabl/MPN domain-associated metalloisopeptidase:
Jab1/MPN domain-iligkili metaloizopeptidaz) motifine bagli olmadig1 da gosterildi. Jel
filtrasyon kromatografisi kullanilarak da, VCP’nin sadece Jabl/CSN5’a degil de tim
CSN kompleksine baglandigi ortaya konuldu.

RNA interferans aracili gen susturma (nakdavn: gen ekspresyonunun
azaltilmasi) calismalari ile, Jabl/CSN5’in JAMM motifinin, CSN kompleksi
subunitelerinin ve CSN’e bagli deiibikiitinlaz USP15 (ubikiitin spesifik proteaz 15)’in
VCP’ye bagli substratlarin deiibikiitinlenmesi (iibikiitin zincirlerinin uzaklastirilmasi)
icin gerekli olduklar1 gosterildi.

Kisacasi, bu sonuglar, VCP’nin CSN ile birlikte bir kompleks olusturdugunu
ortaya cikardi. Bu kompleksin gorevi ise, iibikiitinlenmis ve yanlis katlanma gosteren
proteinlerin kaderlerini belirlemede gorev yaparak, bu proteinleri bagli bulunduklar
komplekslerden uzaklastirmaktir.

Anahtar kelimeler: MIF, VCP, Jab1/CSN5, UPS



ABSTRACT

Macrophage migration inhibitory factor (MIF) is an immune modulator which is
synthesized by various cell types and originally has been named by its ability to inhibit
the random migration of human monocytes. More recently, evidence has accumulated
that MIF may function in the inhibition of the deneddylase activity of the COP9
signalosome (CSN) by interacting with its subunit Jabl/CSNS5. The target of the CSN
deneddylase activity is the cullin component of SCF E3 ubiquitin ligases that are
significantly more active when neddylated. These ligases are responsible for the
selective ubiquitinylation of substrates which are hydrolysed in the 26S proteasome.
Thus, ubiquitinylating enzymes and the proteasome form the two main components of
the ubiquitin proteasome system (UPS). To better understand the biological role of MIF
in the UPS, a systematic interactome screen was performed in NIH3T3 cells that are
constitutively expressing biotinylated MIF.

Biotinylated MIF and its associated proteins were purified by streptavidin
binding. Subsequent identification of MIF interacting proteins by mass spectrometry
detected a number of already known MIF interacting proteins including MIF itself,
peroxiredoxin 1 and RPS19, thus emphasizing the validity of the approach. Besides
other new candidates, endoplasmic reticulum (ER) associated chaperones and the AAA
ATPase valosin-containing protein (VCP), which are all involved in ER-associated
degradation were identified. As many new MIF interacting partners are involved in the
UPS, further investigations were concentrated on the association of MIF with
Jab1/CSNS and VCP. While the binding of MIF to VCP is mediated by Jabl/CSNS5, the
interaction of VCP with Jabl/CSNS5 1is direct as verified independently by co-
immunoprecipitation (co-IP), in vitro pull-down assays and fluorescence resonance
energy transfer experiments.

The interaction interface between VCP and Jabl/CSN5 was investigated by
transient transfection of wild type and mutant proteins followed by co-IP. It emerged
that Jab1/CSNS5 associates with VCP via the core of its MPN domain that is contacting
the ND1 domain of VCP. Its binding is independent of the JAMM motif harboring the
NEDDS isopeptidase activity. Using gel filtration chromatography, VCP co-migrated
with the CSN and co-IP experiments confirmed that the interaction of VCP is not
restricted to Jabl/CSNS5, but involves the whole CSN complex in the association.

RNA interference mediated knockdowns demonstrated that the JAMM motif of
CSNS, a functional CSN complex and the CSN-associated deubiquitinase USP15 are all
required for deubiquitinylation of substrates bound to VCP.

Taken together, these results suggest that the CSN together with VCP forms a
complex. Therefore, the CSN together with VCP could have the function to extract
ubiquitinylated and abnormal folded proteins from larger protein complexes or
membranes and to determine their fate.

Key words: MIF, VCP, Jab1/CSNS5, UPS
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GIRIS VE KONU iLE iLGILI KAYNAK BILGILER

1.1. MIF’in Kesfi

Makrofaj migrasyonunu inhibe edici faktor (Macrophage migration
inhibitory factor: Makrofaj goclinii engelleyici faktor, MIF), bilinen en eski
immunolojik mediatorlerden bir tanesidir. MIF ismi, yapilan in vitro ¢alismalar sonucu
bu faktoriin makrofaj gociinii engellediginin goriilmesi nedeni ile verilmistir [1, 2].
1989’da MIF proteini, basarili bir sekilde klonlanmis [3], biyoaktif MIF proteini ve
notralize edici MIF antikorlari tiretilmistir [4].

Inflamasyonda gorevli glukokortikoidlerin arastirilmasi sirasinda, MIF’in &n
hipofiz bezi hiicrelerinden tipki bir hormon gibi salgilanabilen yeni bir protein oldugu
ac1ga ¢ikarilmistir [5]. Intraperitonel olarak farelere MIF enjeksiyonunun, dnhipofizdeki
MIF igeriginde bir diisiise neden oldugunun gdosterilmesi MIF’in immun ve
inflamatuvar sistem arasinda calisan bir mediator oldugunu agiga cikarmustir.

1.2. MIF Geni ve Protein Yapisi

MIF geni, insan genomunun 22. kromozomunda lokalize olmustur. Bu gen, ii¢
kisa ekzon ve 2 kisa intron icermektedir. 5’regulator bdlgesi, aktivator protein (AP-1)
ve niiklear faktor kB (NF-kB) gibi insan MIF geninin regiilasyonunda gorevli gesitli
transkripsiyon faktorleri i¢in DNA’ya baglanma bdlgeleri igermektedir. MIF’in homologu
olan genlerin arastirilmasi sirasinda, D-dopakrom tatomeraz (DDT)’in MIF ile homoloji
gosterdigi belirlenmistir [6] Tiim memeli MIF’leri (insan, fare, kedi, sican), %90 homoloji
gostermektedir. MIF geninin bu sekilde korunmus olmasi, bu genin onemli biyolojik
aktivitelere sahip oldugunu gostermektedir. MIF ¢cDNA’s1 12,5kDA luk molekiiler agirlikli,
114 aminoasitlik proteini kodlamaktadir.

X-ray kristallografisi ile birlikte, sican ve insan MIF proteininin kurdele yapisi
belirlenmistir [7-9]. Yapilan ¢aligmalar, MIF’in hem trimer olarak kristal yapida [10] hem
de dimer olarak eriyik formda [9] bulundugunu gdstermistir. Son calismalar, fizyolojik
sartlar altinda, MIF’in monomer, dimer ve trimer oldugunu goéstermektedir.

1.3. MIF’in Enzimatik Aktivitesi

Ug boyutlu yapisi ve de prokaryatik enzime benzemesi nedeniyle MIF’in
enzimatik aktivitesi ile ilgili ¢aligmalar hiz kazanmistir. MIF, hem totameraz [11-13]
hem de oksidorediiktaz [14-16] aktivitelerine sahiptir.



1.4. MIF’in Biyolojik Aktiviteleri

1.4.1. MIF Aracih ERK1/ERK2 Yolaginin Aktivasyonu

MIF’in mitojen aktive edici protein kinaz (MAPK) ailesine ait ekstrasellular
sinyal-diizenleyici kinaz 1 (ERK1)/ERK2’1 aktive ederek hiicre proliferasyonuna neden
oldugu ortaya konulmustur [17]. MIF indiikli ERK1/ERK2 aktivasyonu protein kinaz
A’ya ve de ayn1 zamanda da sitoplazmik fosfolipaz A2 (PLA2) enzim aktivitesindeki
artisa baglidir. PLA2 proinflamatuvar yolaklarin aktivasyonunda 6nemli bir hiicreigi
aract molekiildiir ve glukokortikoidlerin anti-inflamatuvar etkilerinin gdsterilmesinde
hedef bir proteindir. ERK1/ERK2 aracili PLA2’nin aktivasyonu, MIF’in steroidler
iizerindeki immun baskilayic1 etkilerini nasil ortaya c¢ikardiklarini gdsteren bir
mekanizma olmustur [17].

CD74’un ekstraselliiler domaininin, MIF’e baglandig1 ispatlanmistir [18]. CD74
prostaglandin E2 (PGE2) iiretimi, hiicre ¢ogalmasi, ERK1/ERK2 aktivasyonu gibi
MIF’in direk i¢inde bulundugu bir¢ok aktivitede gérev yapmaktadir. Fakat, CD74’iin
hiicrei¢i domaininin MIF ile baglantis1 gosterilemedigi i¢in, CD74’un MIF i¢in
belirlenmis bir reseptor oldugu bulusu tartigsma yaratmustir.

1.4.2. MIF’in p53’ii Inhibisyonu

MIF’in p53 aracili biliylime geriligi ve apoptozu negatif yonde etkiledigini
gosteren caligmalar inflamasyon ve tlimorogenez arasinda bir baglanti kurulmasini
saglamustir [19]. Bu ¢alismayi takiben, LPS (lipopolisakkarit) stimulasyonu sonrast MIF
geni susturulmus makrofajlarin proinflamatuvar fonksiyonlarmin ve canliliklarinin
normal hiicrelere gore diistiigiinii gostermistir [20]. MIF geni susturulmus makrofajlar,
normal hiicrelerle karsilastirildiklarinda, heriki hiicreninde esit NO (nitrik oksit)
irettikleri bilinse de, NO’in MIF geni susturulmus makrofajlarda apoptozu artirici
onemli bir aracit molekiil oldugu diisiiniilmiistiir. Dahasi, MIF’in hiicre i¢inde p53’in
intraseliiler birikimini engelledigi de bulunmustur. MIF tarafindan p53’nin inhibisyonu
ERK1/ERK2, PLA2, sikloksijenaz 2 (COX2) and PGE2’nin ard1 ardina aktivasyonunu
gerektirmektedir (Sekil 1.4.2.1). Bu caligmalara ek olarak, MIF’in normal ve tiimorli
hiicre gelisimini saglamak i¢in E2F—p53 yolagi ile de etkilesimde oldugunu gostermistir
[21].
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Sekil 1.4.2.1. MIF’in ekstraseliiler reseptor aracili ve intraselliiler etkilesimlerini gésteren hiicre
yolagi.
(a) Ekstraseliller MIF hiicre yiizeyinde CD74 ile etkilesir. (b) MIF, CD74 aracili, p38
mitojen aktive edici protein kinaz (MAPK) yolagmi ve ekstraseliiler sinyal kontroliinii
saglayan kinaz 1 ve 2 (ERK1/2)’1 aktive eder. (b, c, d) CD74 ve MIF arasinda bu yolakta
calisan proteinlerin bazilar1 ( SRC ailesine ait tirozin kinaz ve Rho kinaz ailesine ait tirozin
kinaz) izlenmektedir. (¢) CD74/MIF yolagmin aktivasyonu, siklin D1, ETS domainini
iceren transkripsiyon faktoriinii de aktive ederek gen ekspresyonunu, hiicre cogalmasini ve
hiicre siklusunun ¢aligmasii baslatmaktadir. (f) MIF tarafindan p53 yolaginin inhibisyonu
MIF ve CD74 etkisiminin baslamasi ve de sitosolik fosfolipaz A2 (cPLA2), araknoik asit,
siklooksijenaz 2 (COX2) ile olmaktadir. Oksidatif stres ile indiiklenen apoptoz MIF’in
antioksidant aktivitesi ile inhibe edilmektedir. (g, h) Araknoik asit, MAPK aktivasyonuna ve
AP1 diizenleyici gen ekspresyonuna neden olmaktadir. (i) Yiiksek konsantrasyonlardaki
endositoz ile hiicre igine alman MIF, c-jun aktive edici domain baglayici protein 1
(JAB1)’ne baglanir ve MIF sinyal yolunu negatif yonde etkiler. (j) Hiicreigi MIF, JAB1
yaninda peroksiredoksin 1(PAG), tihoredoksin (TRX) ve hepatopoetin (HPO)’e baglanir.

1.4.3. MIF’in Toll Benzeri Reseptor-4 Ekpresyonunu Kontrol Etmesi

Toll benzeri reseptorler (Toll-like receptor, TLR) mikroorganizmalarin {iriinii
olan maddeleri taniyarak immun sistemde temel rol alirlar [22, 23]. TLR4 gram negatif
bakterilerin hiicre duvarinin temel bir elemant olan LPS i¢in bir reseptordiir [24]. MIF
ekspre etmeyen makrofajlarin LPS ve gram negatif bakterilere yanit vermedikleri ve
TLR4 ekspresyonundaki diisiisden dolayr da sitokin {iretiminlerinde de diisiis
gosterdikleri ortaya cikarilmistir [25, 26]. MIF, fare TLR4 geninin transkripsiyonu i¢in
temel olan ETS ailesine ait transkripsiyon faktorleri iizerinde etki gostererek TLR4



ekspresyonunu artirmaktadir. Bu nedenle, MIF invasif bakterilere hizli cevap
verilmesini saglayarak endotoksin iceren bakterilerin saptanmasina yardimei olur.

1.4.4. MIF’in Glikolizi Uyarmasi

MIF’in glikolozisi regiile ettigi in vivo ve in vitro ¢alismalarla kanitlanmistir
[27]. MIF periferal glukoz metabolizmasin1 ve inflamatuvar cevaplar tarafindan
indiiklenen katabolik etkileri kontrol eder. Rekombinant MIF’1n farklilasmis sican kas
hiicrelerine eklenmesi, friikktoz bifosfat sentezini artirmistir. Ayni ¢calismada, TNF-o’ nin
kas hiicrelerine olan katobolik etkisinin MIF aracili oldugu ve bu etkinin friiktoz
bifosfat tiretimini sagladigr belirtilmistir. Farelere TNF-o verilmesi serum glukoz
diizeyinin diismesine ve kas fruktoz bifosfat diizeylerinin ylikselmesine neden olmustur.
Buna ek olarak, notralize edici anti-MIF antikorunun uygulanmasi, bu etkieri tamamiyle
ortadan kaldirmigtir. Ayn1 zamanda, anti-MIF antikorunun uygulanmasi hipoglisemiyi
de engellemis ve LPS ile muamele edilmis TNF-o—nakavt farelerde, kas fruktoz bifosfat
diizeyleri de ylikselmistir. Bu sonug¢, MIF’in bu inflamasyon indiiklii metabolik
degisikliklere katkisin1 da desteklemektedir. Kisacasi, MIF insulin saliniminin otokrin
uyaricisi olarak bilinmektedir ve glukoz, karbonhidrat metabolizmasinin kontroliinde
onemli bir rol oynadig1 kanitlanmustir.

1.4.5. MIF’in JAB1/CSNS Aktivitesini Engellemesi

MIF ve COP9 signalozomun besinci komponenti olarak bilinen c-Jun-aktive
edici domain-baglayici protein 1 (JAB1) arasindaki baglanma, protein-protein
baglanmasin1 saptamada kullanilan maya iki-hibrit sistemi (yeast two-hybrid sistemi)
ile gosterilmistir [28]. Jabl/CSNS5, Jun N-terminal kinaz (JNK) ve c-Jun’u aktive eder
ve hiicre biiylimesi, transformasyonu ve Oliimiinde gorev alan aktivatér protein 1
(AP1)’1 uyarir [29]. MIF ve Jabl/CSN5’in sitoplazmada birlikte bulunduklari, MIF’in
JNK ve AP1’nin regiilator etkisini engelledigi ortaya cikarilmistir [28].

1.4.6. MIF’in AKT Yolagim Uyarmasi

MIF tarafindan p53 aracili apoptozun engellendigi gosterilmis olmasina ragmen,
MIF indikli AKT (serin/tirionin-spesifik protein kinaz) yolaginin da, apoptozu
engelleyip fibroblast, HelLa serviks karsinoma hiicreleri ve bircok gogiis kanseri
hiicrelerinde hiicre yasamini sagladigir gosterilmistir [30]. Fosfoinositol-3-kinaz
(PI3K)/AKT sinyal yolagi, biiylime, metabolizma, migrasyon, apoptoz ve hiicre yasami
gibi hiicresel fonksiyonlar1 kontrol etmede 6nemli bir rol oynamaktadir [31]. Bu sinyal
yolagi, reseptor tirozin kinaz ve ya G-protein esli reseptorlerin indiiklenmesi ile
baglatilmaktadir [32]. PI3K/AKT aktivasyonu bir¢ok hiicresel yolagin calismasini
baglatmakla beraber, en dnemlisi, hiicre yasamin1 saglayarak apoptozu engellemektedir.
MIF indiiklii AKT yolagi, sinyalini MIF reseptorii CD74 ile ve de Src, PI3K kinazlar
yoluyla iletmektedir. Bunlara ek olarak, MIF indiiklii AKT aktivasyonu, proapoptotik
proteinlerden BAD ve Foxo3a’nin inaktivasyonuna neden olmaktadir. Bu sonuglara
paralel, MIF tarafindan apoptozun baskilanmas1 AKT yolak inhibitérii PTEN ( Fosfotaz
ve tensin homologu olan gen, Phosphatase and tensin homolog gen) tarafindan da


http://en.wikipedia.org/wiki/Serine/threonine-specific_protein_kinase

engellenmistir. Bu sonug, apoptozun inhibisyonunun p53 yardimiyla olmadigini
kanitlamistir. Kisacasi, MIF’in hiicre yasami iizerine olan etkisinin bir¢ok hiicrede,
PI3K/AKT ve onun altyolaklari araciligtyla oldugu kanitlanmistir.

1.4.7. MIF’in Lokosit Gociinii Diizenlemesi

MIF’in makrofaj gdcilinii engelledigi kesfedilmis olmasina ragmen [2], MIF’in
regiile ettigi hiicre gogiiniin mekanizmasi ve bu gocde gorev alan proteinler uzun
yillardir ¢alisgtimamistir. Son c¢alisma, MIF’in kemokin reseptorleri olan CXCR2
(kemokin reseptorii 2) ve CXCR4 icin fonksiyonel bir baglayict molekiil oldugunu ve
bu nedenlede inflamatuvar ve atherojenik lokosit alimimini kontrol ettigi ortaya
cikarilmistir [33]. Bu calismada, MIF’in CXCR2 ve CXCR4 aracili monosit ve T
hiicrelerinin kemotaksisine, hizli integrin aktivasyonuna ve kalsiyum akisina yardimci
oldugu gosterilmistir. MIF direk olarak CXCR2’ya baglanir, CXCR2 ve CXCR4’e
baglanmak i¢in rekabete girer. Bu calismada ayni zamanda, CXCR2 ve CD74
interaksiyonun da bulunmasi, CXCR2-CD74 kompleksi i¢in yeni bir sinyal yolagi
olusturacagimi onermektedir. Bunlara ek olarak, in vivo caligsmalar, MIF eksikliginin
atherosiklorotik farelerde, monositlerin arterial duvara adhezyonunu azalttigini
gostermistir. Kisacasi, MIF atherosiklerozda temel bir CXCR2 ligandi olarak
tanimlanmistir. Ileri diizeyli arterosiklerozlu farelerde MIF blokaji1 plak gerilemesine ve
plaklarda monosit ve T hiicre iceriginde azalmaya neden olmustur. Bu 6nemli buluglar
1s18inda, MIF’in  kemokin benzeri Ozellikleri, inflamasyon ve arterosiklerozdaki
diizenleyici rolii kesfedilmistir [33].

1.4.8. MIF’in AMPK Yolagin1 Aktive Etmesi

MIF’in metabolik etkilerinden bir tanesi de AMP-aktiveli protein kinaz (AMPK)
yolagi tizerinde ¢alismis olmasidir [34]. AMPK yolagi, hiicresel stress sirasinda hem
glukoz alimimin hem de glikolizin kontroliinde ve de apoptoz ve iskemik hasara kars1
kalbin korunmasinda rol oynamaktadir. AMPK farkli yolaklar {izerinde etki
gostermektedir. Ornegin, AMPK glikolizi ve 6-fosfofruktoz-2-kinaz aktivitesini uyarir
[35], glukoz tasiyicisi-4 (GLUT-4) translokalizasyonunu indiikler, miyokardiyal hasari
ve apoptozu engeller [36].

MIF’in CD74 araciligiyla, AMPK aktivasyonunu uyardigi ve iskemik kalpden
salindig1 gosterilmistir. Bu uyar1, glukoz alinimini indiikledigi gibi, kalbi iskemi-
reperfiizyon hasari boyunca da korur. MIF geninin delesyonu, fare kalbinde iskemik
AMPK sinyalini engellemektedir. Buna ek olarak, insan fibroblastlarinda MIF salinimi
ve AMPK uyarisi hipoksiya boyunca azalmistir. Bu nedenlerden dolayi, MIF, iskemi
boyunca, kalbi koruyucu AMPK yolagi uyaran bir diizenleyici olarak kabul
edilmektedir. Bu sonuglar, kalbde metabolizma ve inflamasyon arasinda bir baglanti
oldugunu gostermektedir. Ayrica, MIF’in AMPK yolag:1 araciligiyla insan kalbinin
iskemiye cevabinda 6nemli bir role sahip oldugunu da diisiindiirmektedir.



AMPK, iskelet kas glukoz alimimini arttirmasit ve hepatik glukoz {iiretimini
baskilamasi1 gibi metabolik etkilerinden dolay1r birgok hastaligin tedavisinde hedef
molekiillerden birisidir. AMPK ’nin, iskemik sartlardaki rolii ve kalbi koruyucu etkisi de
bilinmektedir [37]. Bu nedenlerden dolay1, miyokardiyal iskemi ve hasarina karsi, MIF
ve MIF agonistlerinin uygulanmasi, AMPK aktivasyonunu hedef alan bir tedavi olabilir.

1.5. MIF Ve Patalojisi

MIF kronik ve akut birgok hastaligin patogenezinde rol oynamaktadir. MIF ile
iliskili, bir¢ok hastaligin farkli sistem ve organlardaki dagilimi Tablo 1.6.1°de
gosterilmistir [38].

Tablo 1.5.1. MIF ile iliskili Patolojiler

Sistem ve organlar

Patoloji

Immiin sistem

Akciger

Bobrek

Kemik ve eklemler
Gastrointestinal kanal
Deri

Endokrin sistem
Beyin

Goz

Kalp ve damarlar

Kulak

sepsis, septik sok ve allograft rejeksiyonu

astim, tiiberkulosis ve Wegenerin granulomatosis

glomerulonefritis

rheumatoid arthritis, polikondiritis

kolitis ve Crohn hastaligi

atopik dermatitis, psoriasis ve sistemik sklerosis
tip—2 diabet ve pankreatis

multiple sklerosis ve noro-Behget hastaligi
uvitis ve iridosistis

atherosklerosis

otitis

1.6. MIF’in Hiicre Ve Dokulardaki Dagilimi

Immun sistem yaninda, MIF’in genis bir hiicre ve doku dagilimi vardir (Tablo
1.6.1). Onceleri, MIF’in kaynagmin immune sistem T hiicreleri oldugu diisiiniiliirdii.
Fakat monosit, makrofaj, kan dendritik hiicreleri, B hiicreleri, nétrofiller, eozinofiller,
mast hiicreleri ve hipofiz 6n lobu kortikotropik hiicrelerinin MIF ekspre ettikleri
gosterilmistir  [38, 39]. MIF aynm1 zamanda, akciger, derinin epitel tabakasi,
gastrointestinal ve lirogenital kanallar gibi dogal ortamla direk kontakta olan hiicre ve
dokular tarafindan da ekspre edilir. Bunlara ek olarak, yiiksek diizey MIF ekspresyonu,
hipotalamus ve adrenal bezlerde de goriilmiistiir [40-43].



Tablo 1.6.1. MIF’1n hiicre ve dokulardaki dagilinu

Hiicre tipi Stimiilasyon Referanslar

On hipofiz

Kortikotropik hiicreler RF, LPS [5]
[44]

Immiin sistem

Monosit/makrofajlar LPS, TNFa, IFNy, [45]

Glukokortikoidler
TSST-1, ekzotoksin [46]

T hiicreleri, mast hiicreleri PMA/ionomycin, PHA [47]

Eozinofiller PMA, C5a, IL-5 [48]

HL-60, miyelomonosistik LPS [49]

Adrenal bezler

Korteks-zona glomeruloza, LPS [41]

zona fasikiilata

Akciger

Brons epitel hiicresi LPS [41]

Alveolar makrofajlar [50]

Bobrek

Tiibiil epitel hiicreleri, proksimal tiibiiller LPS [51]

Glomerul epitel hiicreleri, endotel LPS [43]

Kupfer hiicreleri

Tiibiiler epitel hiicreleri LPS [52]

Mezangiyal hiicreler LPS, PDGF-AB, IFNy [53]

Karaciger

Sentral ven etrafindaki hepatositler LPS [41]

Deri

Keratinositler, sebakdz bezleri, LPS, kroton yagi [54]

Kl folekiiliiniin ortiisi, UV B [54]

epidermal tabaka, endotel hiicreleri Akut inflamasyon [55]

Testis

Leydig hiicreleri [56]

Pankreas

B hiicreleri Glukoz [57]

Goz

Korneyal epitel hiicreleri [58]

Endotel hiicreleri, lens [59]

Iris, siliar epitel [59]

Beyin

Korteks, hipotalamus LPS [60]

Glial hiicreler, ependima, astrositler [61]

Telensephalon

Kemik

Neonatal kemik ve osteoblastlar, LPS [62]

Yag hiicreleri

3T3L1 adipositler TNFa [63]

Prostat

Epitel hiicreleri [64]
[65]

Damarlar

Endotel hiicreleri LPS [66]




1.7. MIF ile iliskide Olan Proteinler

Bir¢ok proteinle olan iligskisi nedeniyle, MIF hiicrede ¢ok cesitli aktiviteler
gostermektedir (Tablo 1.7.1). MIF’in Jab1/CSN5’a direk olarak baglanmasi ile, INK ve
AP1 aktivitelerinde degisiklikler goriilmiistiir [28]. Son bir ¢alisma, MIF’in MPN
domainin, sadece COP9 signalozomun (detaylar i¢in 1.9’a bakiniz) besinci komponenti
olan Jab1/CSNS5 ile degil, ayn1 zamanda, CSN6 ile de etkilestigini gostermistir [67].
Jab1/CSNS5, CSN kompleksinin bir subunitesi olarak, bitkilerde ve hayvanlarda da
onemli bir rol oynamaktadir. CSN kompleksi, SCF (Skpl/Cullin/F-box protein) E3
iibikiitin  ligaz ile etkilesmekte ve Cullin proteininden Nedd8’in ayrilmasini
saglamaktadir [68]. Ozellikle, Cullin 1’den Nedd8’in ayrilmasi, Jabl/CSN5’in MPN
domainindeki JAMM motifin isopeptidaz aktivitesi tarafindan saglanmaktadir. Bu motif
sadece CSN kompleksi ile bir biitiin oldugu zaman fonksiyon goérmektedir [69].
Cullin’den Nedd8’in ayrilmasi (denedilasyon), p27 ve Cyclin E’nin iibikiitin
proteozomal sisteme yoOnlenmesini saglayarak, SCF ligazin aktivitesinin artisiyla
sonuglanir [69, 70].

MIF’in, tihol-spesifik antioksidant olan PAG (proliferation associated gen:
cogalma ile iligkili gen) ile etkilesimi gdsterilmistir. MIF ve PAG arasindaki baglanma,
MIF’in dopakrom totameraz aktivitesinin diisiisiine neden olmaktadir [71]. Bir baska
calismada, hepatopoetin (HPO)’nin, hem Jab1/CSNS5 hem de MIF ile etkilesimde olup,
AP-1 yolaginin diizenlenmesinde gorev aldig1 gosterilmistir [72].

Son caligmalardan bir tanesi, CD74’u MIF’in reseptorii olarak tanimlamistir
[18]. Fakat MIF eksprese eden tiim hiicreler hiicre yiizeylerinde CD74’i
bulundurmamalar1 ve de CD74’iin sinyal iletimi i¢in hiicrei¢i domainini igermemesi
nedeniyle, CD74’un reseptdorden daha c¢ok, MIF’in diger proteinlerle etkilesmesini
saglayacak araci bir protein olabilecegi onerilmistir.

MIF ve insulin arasindaki direk baglanti belirlenmemis olmasina ragmen,
insulinin MIF ile birlikte pankreatik adacigin salgi graniillerinde lokalize oldugu ve de
MIF’in glukoz uyarimli insiilin saliniminin diizenlenmesinde rol oynadigi ¢alisiimigtir
[57].

Son zamanlarda, MIF’in miyozin-hafif-zincir-kinaz isoformu (MLCK) ile olan
direk etkilesimi tanimlanmistir [73].



Tablo 1.7.1. MIF’e baglanan proteinler

Proteinin ismi Fonksiyonu Baglanmanin etkileri

API uyarani
MIF, Jabl uyarimin
P27KIP1’a baglanir ve yikimini
. engeller
indiikler ‘
Jab1/CSNS ) JNK aktivasyonunu azaltir
Glukokortikoidlere ve progesteron _ _
) c-jun fosforilasyonunu
reseptorlerine baglanir

P53 yikimini indiikler engeller
Tihol 6zgiin antioksidant protein MIF’in tatomeraz
PAG Sistein gruplarina sahiptir ve aktivitesini azaltir
indirgeyici olarak Tiholii kullanir
BNIPL MIF aracili timor

BNIPL Apoptoza neden olan bir proteindir
hiicre ¢ogalmasini engeller

ER’den golgiye MHC sinifi II
o CD74, MIF aracili ERK1-2
proteinlerinin tasinmasinda rol oynar ‘
CD74 . fosforilasyonunda, hiicre
CD44’a baglanarak immun hiicre o
cogalmasinda gereklidir
uyarilmasinda rol alir

HPO Karacigere 6zgii rejenerasyon Jab1’a baglanarak AP-1

baglaticisidir yolagin1 kontrol eder

1.8. MIF’in Ubikiitin Protazom Sistemindeki (UPS) Rolii

Son bir aragtirma, UPS’de onemli fonksiyon gordiigli bilinen SCF {ibikiitin
ligazin aktivitesinin saglanmasinda, Jabl/CSN5-MIF etkilesiminin 6nemli rol
oynadigini gostermistir [74]. MIF, Jabl/CSN5’in Cullin proteinleriyle olan etkilesimini
engelleyerek, Jabl/CSN5’in fonksiyonunu engellemektedir [74]. Cullin 1, hem substrat
Ozgiinliigii olan hem de iibikiitinlenmeyi kontrol eden SCF E3 iibikiitin ligaz ailesine ait
bir proteindir. SCF kompleksi, li¢ farkli komponentden olusmustur: Rbx1 (Ring box-1),
Cullinl (Cull, scaffold: iskelet protein), Skpl (adaptor protein) ve substrat
taninmasindan sorumlu F-box ailesine ait proteinlerdir (Sekil 1.8.1b) [75]. SCF’nin
temel katalitik merkezi ise Rbx1 ve Cull subunitleridir. SCF’nin aktivitesi, Cullinl
proteinine ibikiitin benzeri bir protein olan Nedd8’in eklenmesi (nedilasyon) ile




uyarilmaktadir [76]. Buna zit olarak da, Cullin proteininden Nedd8’in ayrilmasi
(denedilasyon), COP9 signalozomun bir subuniti olan Jabl/CSN5 tarafindan
gergeklesmektedir [68]. Denedile olan Cullinler, inhibitor protein Candl tarafindan
ayrilmaktadir (Sekil 1.8.1b) [77]. Boylelikle, SCF aktivitesi, Candl ve CSN ile
etkilesimde olan MIF tarafindan inhibe edilmektedir [78]. Bu baglamda, MIF-
Jab1/CSNS5 etkilesimi SCF kompleksinin aktivitesini etkilemektedir. Kisaca, MIF’in
UPS aktivitesini nasil etkiledigi Sekil 1.8.1a lizerinde gdsterilmistir.

A
DNA hasari
ATR ATM
+ + Sinyal
— S iletimi
_Chk1 _Chk2
\‘ !—! Hedef protein
SECRat modifikasyonu:
— E2F1
MIF —{ Jabi “Se® fosforilasyon
.. DP1 ubiquitinleme
F —

_”/
—— Hedef protein
@ yikimi
B Inaktif SCF kompleksi

Cull o
Cul1'in nedilasyonu  Rbxl. Cand1 baglanmasi

gNedda

Cu|1 F box  Culi

\ / — be1
Cand1 yerdegisimi Cult'in Jab1/CSN5

aracili denedilasyonu

Nedd8

F-box Cull e
—
——

Aktif SCF kompleksi

Sekil 1.8.1. SCF aktivitesinin MIF-Jab1/CSNS5 etkilesimi ile kontrolii.

(A) DNA hasarinin kontrol yolaklari, temel hiicre siklusu proteinlerinin yikimi i¢in SCF
tarafindan kontrol edilmektedir. Bu yolaktaki sinyal ileticiler (ATM, ATR, Chkl ve Chk2) ve
etkili yapilar (SCF, CSN ve 26S proteazom) gosterilmistir. (B) SCF E3 iibikiitin ligaz
Cullinler, Skpl and F-box proteinlerinden olugmustur. Denedilasyon (Cullinl’den Nedd8’in
ayrilmasi) Jab1/CSN5 sayesinde gerceklesir. Nedilasyonu takiben, Skpl ve F-box proteinleri
inhibitor protein Cand-1’nin Cullin’e baglanmasi ile yerdegistirirler ve SCF kompleksi inaktif
hale gelir. Ayni sekilde MIF’in Jabl/CSN5’a baglanmasi Cullin-Jabl/CSN5 etkilesimini
engeller ve SCF kompleksi inaktif hale gelir [79].
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1.9. COP9 Signalozom (CSN)

CSN, UPS’in en 6nemli iiyelerinden birisidir. Deng ve arkadaglari, 1994 ilk
olarak, Arabidops’larda (COP: constitutive photomorphogenesis: stirekli 1g1kla
degisim), 151k bagimli gelisimin baskilayicisi olarak tanimlanmigtir [80, 81]. Jab1/CSNS5
iceren signalozom olarak da bilinen memeli CSN kompleksi, izole edilip, 26S
proteazom ile birlikte saflagtirilmistir [82].

CSN, gel filtrasyon kolonlarinda, 450-550 kDa molekiiler agirliginda oldugu
saptanmis ve CSN1’den CSN8’e kadar 8 subuniteden olusmustur (Sekil 1.9.1). CSN
subunitelerinin en belirgin karakteristik Ozellikleri, PCI/PINT (Proteazom, COP9
signalozom, Initiation factor 3/Proteazom subunits, Int-6, Nip-1, and TRIP-15) ve
MPN/MOV34 (Mprl Padl-N-terminal) domainlerinin bulunmasidir [83]. Bu iki
domain ayn1 zamanda, CSN yaninda, 26S proteazom kapak kompleksinde ve dkaryotik
translasyon baslatic1 faktor 3 (eIF3)’de de bulunmustur [84, 85]. Okaryatik hiicrelerde,
lizozomal olmayan protein yikimindan sorumlu 26S proteazom (detaylar i¢in 1.10°da
Sekil 1.10.1C’ye bakimiz,), 20S kor ve 198 diizenleyici iki kissmdan olusmustur. Ilging
olarak, sekiz CSN subunitelerinin herbiri, 19S diizenleyici bdliimiin kapak kismindaki
unitelerle homoloji gostermektedir. Bu homoloji, CSN ve proteazom kapaginin,
evrimsel olarak ayni atadan gelebilecegini gostermektedir.

@@ MPN domainli subuniteler
<> PCI domainli subuniteler

. Fosforilasyon alanlari

Sekil 1.9.1. CSN subunitelerinin birbiriyle iliskileri.
MPN domainine sahip olan subuniteler mavi, PCI domainine sahip olanlar ise sar1 ile
gosterilmigtir. CSN2 ve CSN7’nin fosforilasyonu ise kirmizi ile belirtilmistir.
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CSN’nin agagida agiklanan bir¢ok biyokimyasal aktiviteleri vardir:

1.9.1. CSN’in Metalloproteaz Ve Denedilaz Aktivitesi

Jabl/CSN5, JAMM (Jabl/MPN domain-associated metalloisopeptidase:
Jab1/MPN domain-iliskili metaloizopeptidaz) ya da MPN olarak bilinen metalloproteaz
motifini icerir. Bu motifdeki mutasyonun, metalloproteaz aktivitesini engelledigi
goriilmiistiir. Benzer bir sekilde, proteazom kapaginda yer alan, Jabl/CSN5 paralogu
olan ve 26S proteasomun deiibikiitinleme aktivitesinden sorumlu RPN 11’nin da, ayn1
motifi igerdigi bilinmektedir [86]. Diger baz1 proteinlerde, JAMM/MPN motifine sahip
olmalarma ragmen [87-89], bu proteinlerin metalloproteaz aktivitesi gostermedikleri
saptanmistir. Hem Jab1l/CSN5 hem de RPNI11, ancak CSN kompleksi ya da 26S
proteazom yapisinda bulunduklari zaman bu aktiviteyi gosterdikleri belirlenmistir [68].
Jab1/CSN5 ve RPN11’in metalloproteaz aktiviteleri, deiibikiitinleme ve denedilasyon
aktiviteleri ile uyumlu bir sekilde yonetilmektedir.

Molekiiler biyololojide ilgileri ¢eken CSN’nin diger bir énemli fonksiyonu da,
Jab1/CSN5’in MPN motifinden dolayi, SCF kompleksinin denedilasyonunda gorev
almasidir. SCF iibikiitin ligaz kompleksi, CSN’nin temel hedefidir. SCF, hedef proteine
iibikiitinin eklenmesinde gorev yapan bir E3 iibikiitin ligazdir. Ubikiitin eklenmesine
benzer bir sekilde, nedilasyon, Nedd8 aktive edici enzimler ile katalize edilmektedir.
Fakat, denedilasyon ise Jabl/CSNS5’in metaloisopeptidaz aktivitesi ile katalize
edilmektedir [68]. Nedilasyon ve denidilasyonun aktif bir sekildeki bu siklusu, SCF
aktivitesinin saglanmasi i¢in gereklidir.

1.9.2. CSN iligkili Protein Kinaz Ve Deiibikiitinlasyon Aktivitesi

CSN’nin c-Jun (Ser63 and Ser73), IkBa, NF-«kB prekiirsorii p105°i ve de timdr
supresorii pS3 (Ser149, Thr 150 ve Thr 155)’ii fosforladigi in vitro olarak gdsterilmistir
[82, 90]. Aym1i zamanda, bazi CSN subuniteleri tiizerinde fosforlanma alanlari
bulunmasindan dolay1 da, CSN’nin kendisi de fosforlanmaya hedefdir [91].

Son olarak, {ibikiitin isopeptidaz aktivitelerinin CSN ile iligkili oldugu
gosterilmistir [92-95]. CSN’nin deiibikiitinleme aktivitesi iki yolla agiklanmaktadir:
CSN ya mono-iibikiitinlenmis substratlardan iibikiitinin ayrilmasini ya da poliiibikiitin
zincirlerinin ~ depolimerize olmasimi saglar [93]. CSN’nin bu ilk aktivitesi,
Jab1/CSN5’indeki metaloproteaz domainine ihtiya¢ duyarken [93], sonraki aktivitesi ise
tim CSN ile iliskilidir [92, 94, 95]. Kisacasi, CSN hem denidilasyon hem de
detibikiitinlasyon aktivitelerine ya kendisi sahiptir ya da diger deiibikiitinleyici
enzimlerle iliskide olmasi nedeniyle yiiriitmektedir.
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1.9.3. Protein Yikimi

Jab1/CSNS5, p27Kip, Lutenize edici hormon reseptorii (LHR), p53, Ostrojen
reseptorii, Smad4, Smad7, 1d1, Id3 ve IxBa gibi birgok proteinin proteazoma bagl
yikilimina yardimci olmaktadir [96-101].

Protein yikimi, hiicre igerisindeki proteinlerin steady-state diye adlandirilan
normal diizeylerinde fonksiyon gormelerini saglamak amaciyla isleyen diizenli bir
mekanizmadir. Okaryotlarda protein yikimi, hem sitoplazmada hem de ¢ekirdek UPS ve
onun diizenleyici proteinleri sayesinde gerceklesmektedir. Bu diizenleyici proteinler
arasinda hem CSN hem de VCP belirli substratlarin yikimi kontrol etmektedirler [102,
103].

1.10. Ubikiitin Protazom Sistemi (UPS)

UPS, okaryotlarda hiicreigi diizenleyici proteinlerin seviyelerini kontrol etmede
onemli bir fonksiyona sahiptir. UPS’in iibikiitinleme ve {iibikiitinlenmis proteinlerin
yikimi olmak {izere iki temel faz1 vardir. Ik {ibikiitinleme fazinda, iibikiitin (Ub) ATP
yardimiyla tbikiitin aktive edici enzimin (E1) sistein kuyruguna eklenir ve sonra
iibikiitin baglayici edici enzimin (E2) sistein kuyruguna transfer edilir. Son olarak ise,
iibikiitin, protein ligaz (E3) sayesinde substratin lizin kuyruguna transfer edilir. Ub,
substrata izopeptid bagi ile baglanir. Ub aktivasyonu ve ligasyonu, Ub’nin son
aminoasidinin (G76) karboksil grubunda gerceklesir (Sekil 1.10.1) [104, 105].

Tek bir ibikiitin molekiiliiniin substrata eklenmesi (monoiibikiitinleme) ise,
lizozomal siniflandirma, gen ekspresyonu ve endositoz gibi substratin farkli gorevlerde
is yapmasina neden olmaktadir [106]
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7—>  —>
Ub+ATP
G i Substrat
Ubikiitin aktivasyonu Ubikatinlenmesi

C
19S
26S protazom | 20S
Proteoliz  \19S
Sekil 1.10.1. Ubikiitin Sinyali

A: Ubikiitin, iibikiitin aktive edici enzim (E1) ile aktive edilip ve sonra iibikiitin baglayict
enzime (E2) transfer edilir. Substrat (mavi kutu) ve E2 enzimi 6zgiin olarak iibikiitin protein
ligaza baglanabilirler ve de aktive olmus libikiitin substrata transfer olur. B: E3, substrata ve
E2’ye farkli alanlarda baglanir. Substrat, iibikiitinlenme sinyali ile taninir. C: Proteolizin
gerceklestigi 26S protazom, 19S kapak kismi ve esas proteolitik aktiviteye sahip 20S
kismindan olusur. Proteoliz dncesi 19S kapakla baglantili deiibikiitinleyici enzimler ile
substratdan iibikiitin zincirlerinin uzaklagmasi saglanir [107].

UPS siklusunun ikinci fazinda, protazom poliiibikiitin zincirleri sayesinde,
substrat1 tanir. Substrat, kii¢iik peptidlerine yikilir ve Ub’nin 6zgiin deiibikiitinleyici
enzimi sayesinde geri eldesi saglanir. Ub’nin substrata konjugasyonu gibi, proteazomal
yikim da, ATP bagimhdir. 26S proteazomun, hem {ibikiitinlenmis proteinlerin
iibikiitinden ayrilmasi hem de onlarin yikimlarinin katalizlenmesinde 6nemli bir gorevi
vardir [108, 109]. Protazom, birbirine bagli 2 farkli boliimden olusmustur (Figure
1.10.1C). 20S silindirik temel boliim, proteolitik aktiviteye sahip iken, silindirik
boliimiin alt ve st kisimlarina yerlesmis 19S’lik  proteazom kapaklar
polilibikiitinlenmis substratin taninmasi ve proteoliz gorevini iistlenmislerdir. Herbir
19S kompleksi, 6 tanesi ATP az aktivitesine sahip 15-20 subuniteden olusmustur.

1.11. VCP Bagimh Protein Yikim

97-kDa’luk Valosin-igeren protein (p97 ve ya VCP), iibikiitin-protazom sistemine
bagli proteolizde 6nemli fonksiyonlara sahiptir. Bu proteoliz, VCP’nin, {ibikiitin ve
kofaktorleri ile iliskisine baglidir. VCP, UPS’de saperon protein olarak gorev
yapmaktadir. Toplam hiicresel proteinin 1% den fazlasinin VCP oldugu bilinmektedir.
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VCP, tip II AAA (ATPases Associated with a variety of Activities: Bir¢ok aktivitesi
bulunan ATPazlar) ATPaz ailesine ait bir proteindir ve AAA domaini olarak
adlandirilan iki ATPaz domainine sahiptir [110-114]. VCP c¢esitli tiirlerde farkl
isimlerle anilmaktadir. Ornegin: arkebakteride VAT, mayada CDC48, Drosophilada
TER94, memeli ve bitkilerde ise p97 ve ya VCP olarak bilinmektedir [115, 116].

VCP, N-terminal domain (N), iki tane ATPaz domaini (D1 and D2) ve de C-
terminal domaini (C) olmak {izere dort domainden olugmustur. N terminal domaini,
poliiibikiitin zincirlerine baglanma ve substrat taninmasindan sorumlu iken, D1 ve D2
domainleri, VCP’nin saperon aktivitesinden sorumludur (Figure 1.11.1) [117].

N D1 D2 C

f N 7 N N \
187 208 459 481 761 806

——! I:E--E—A-—

Sekil 1.11.1. VCP’nin yapisal domainleri.
A: Walker A, B: Walker B ve SRH: VCP’nin D1 ve D2 domainlerindeki ikinci bolge
homoloji motifleri. [118].

Elektron mikroskobu caligsmalari, VCP’nin silindirik sekilli homo hekzemerik
yapida oldugunu kanitlamistir [117].

VCP, hiicre igerisinde birgok aktivitede gorev yapmaktadir: hiicresiklusu
gelisimi [119], mitoz sonrast membrane kaynasmasi ve ig ipliklerinin ayrilmasi [120-
122], yanhs katlanmis proteinlerin ER’dan geri atilimi [103, 123, 124], proteazomda
polilibikiitinlenmis proteinlerin degrade edilmesi [125, 126] ve transkripsiyon
faktorlerinin aktivasyonu [127, 128].

VCP, kofaktorlerinin de yardimiyla, iibikiitinlenmis proteinlere 6zgiin olarak
baglanir ve bu proteinlere 26S protazomda degrede olmadan 6nce, saperonluk yaparak
onlara yol gosterir. Substrat {ibikiitinlenmesinden sonra, VCP protein komplekslerini
birbirinden ayirmak i¢in ATP’yi kullanir ve proteinlerin protazoma yoOnlenmesini
saglar. Ornegin: Herhangi bir sekilde stimiile edilmeyen hiicrelerde, NF-xB
sitoplazmada inaktif formda inhibitor IkB proteini ile etkilesim halindedir [129, 130].
Sitimulasyona cevap olarak, NF-kB aktive olur ve IkBoa hizlica fosforile olup,
politibikiitinlenir [129]. Bunu takiben, VCP, poliiibikiitinlenmis IkBa’ya baglanir ve
onu NF-«B kompleksinden ayirir [131]. IkBa’nin NF-kB’dan ayrilmasindan sonra, NF-
kB hedef genin regiildssyonu nedeniyle niikleusa transfer edilir. Bu arada, VCP,
politibikiitinlenmis [kBa’ya saperonluk yaparak, onun 26S proteazomda yikimi i¢in yol
gosterir [131].
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1.12. Tezin Amaci

Makrofaj gociinii engelleyici faktér (MIF), temel olarak sitoplazmik bir
proteindir ve hiicre gelisimi, bliylimesi ve bir¢cok akut ve kronik inflamator hastaligin
kontroliinde gorev yapmaktadir [38, 132]. Hiicre i¢ci MIF ile iliskide olan proteinleri
bulmak amacrtyla yapilan ‘maya iki-hibrit: yeast two-hybrid’ taramasinda Jab1/CSN5’n
MIF’e baglandigi bulunmustur [28]. MIF’in Jabl/CSN5’in MPN domainine baglandigi
ve MIF’e baglanarak MIF’in diger proteinlerle olan iliskisini etkiledigi bilinmektedir.
Son calismalar, MIF’in UPS aktivitesinin kontroliindeki roliine isaret ederken, MIF’in
Jab1/CSNS5’in denedilaz aktivitesini inhibe ederek, proteazomal aktiviteyi kontrol altina
aldiginm1 gostermistir [79].

MIF aracili sinyal yollarindaki bu son gelismelere ragmen, MIF {izerinden
isleyen molekiiler yolaklar, 6zellikle de UPS ve ERAD’da MIF ile etkilesimde
fonksiyon goren diger proteinler ¢caligilmamistir.

Bu calismanin amaci, MIF’e baglanan yeni proteinlerin tanimlanmasi ve bu
tanimlanan proteinlerin hiicresel fonksiyonlarinin aragtirilmasidir.
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MATERYAL VE METOD

Tezin bu boliimiinde, deneyler boyunca kullanilan sarf malzemeler ve ait
olduklar1 kaynaklar ayr1 bagliklar halinde verildi.

2.1. Kimyasallar Ve Ait Olduklar1 Kaynaklar

Asetik asit

Akrilamid 30%

Agaroz

Bakto-Tripton

Bakto-yeast ekstrakt
Biyotin

Bromofenol blue sodyum tuzu
CHAPS

Kloroform

Komasi Mavisi Boyasi
Deksamethazon
1,4-Ditiotetritol

Etanol

Etidyumbromid

Genetisin

Glutatyon

Gliserol

Glisin

Guanidin hidroklorid
Igepal CA-630 (NP-40)
[zopropiltiyo-B-D-galaktosid
Iyoasetamid

Imidazol

Lipopolisakkarid
Magnezyum klorid
Magnezyum siilfat
Mangan klorid
B-Merkaptoethanol
Methanol

MG132 (proteazom inhibitorii)
Morfolinethan siilfonik asit
Stittozu

Paraformaldehit
Fenilmetilstilfonilflorid
Ponseu S
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Merck, Darmstadt

Roth, Karlsruhe
Invitrogen, Karlsruhe

BD Bioscience, Sparks
BD Bioscience, Sparks
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
AppliChem, Darmstadt
Merck, Darmstadt
Sigma-Aldrich, Steinheim
Sigma Aldrich, Steinheim
Roche, Mannheim
Sigma-Aldrich, Steinheim
Roth, Karlsruhe
Invitrogen, Karlsruhe
Amersham, Freiburg
Merck, Darmstadt
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Serva, Heidelberg
Bio-Rad, Miinchen

Fluka, Steinheim
Sigma-Aldrich, Steinheim
Merck, Darmstadt
Sigma-Aldrich, Steinheim
Merck, Darmstadt
AppliChem, Darmstadt
Sigma-Aldrich, Steinheim
Calbiochem, Germany
Serva, Heidelberg
Bio-Rad, Miinchen
Merck, Darmstadt
Sigma-Aldrich, Steinheim
Roth, Karlsruhe



Potasyum klorit
Rotiforez Jel 30
Sodyum asetat
Sodyum azid
Sodyum klorid
Sodyum sitrat
Sodyum karbonat

Sodyum dodesil siilfat

Sodyum periyodat
Sodyum tiyosiilfat
Tris

Triton X-100
Tween-20

Ure

Zeosin

2.2. Enzimler Ve Ait Olduklar1 Kaynaklar

Taq Polimeraz
T4 DNA Polimeraz
EcoRI

Xhol

Ndel

Bglll

HindIII

T4 DNA Ligaz
DNAaz
RNAaz

TEV proteaz

Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

Merck, Darmstadt
Sigma-Aldrich, Steinheim
Merck, Darmstadt

Roth, Karlsruhe

Merck, Darmstadt
Sigma-Aldrich, Steinheim
Roth, Karlsruhe

Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Roth, Karlsruhe

Merck, Darmstadt
Invitrogen, Karlsruhe

Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Invitrogen, Germany

2.3. Antikorlar, Ait olduklar1 Kaynaklar Ve Kullanim Oranlan

Primer antikorlar

Rabbit a-rat MIF
a-GST-HRP
Rabbit a-Jab-1
o-Biotin-HRP
Mouse o-VCP
Rabbit a-VCP
Goat a-Pgk-1
Goat a-Fetuin
Mouse FLAGM2
Rabbit a-CSN1
Mouse a-Myc (9E10)
Rabbit a-Cullinl

Firmasi

Kendi iiretimi
Amersham, Freiberg
Santa Cruz, USA
Amersham, Freiburg
ABR, USA

Santa Cruz, USA
Santa Cruz, USA
Santa Cruz,USA
Sigma, Stenheim
Biomol, Hamburg
Santa Cruz, USA
Abcam, UK
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Dilusyon oram

1:20,000
1:5,000
1:500
1:1,500
1:1,000
1:200
1:200
1:200
1:10,000
1:1,000
1:3,000
1:250



Rabbit a-Nedd8 Axxora, USA 1:500

Rabbit a-peroxiredoxin-1 Abcam, UK 1:500
Sekonder antikorlar

Goat a-rabbit-HRP ICN, Ohio, USA 1:10,000
Donkey a-rabbit [gG-Cy3  Chemicon, Hampshire, UK 1:1,000
Donkey a-mouse IgG-FITC Dianova, Hamburg 1:1,000
Donkey a-goat IgG Santa Cruz, USA 1:1,000
Rabbit a-mouse 1gG Cell Signaling , USA 1:100

2.4. Rekombinant Proteinler Ve Ait Olduklar1 Kaynaklar

Human MIF kendi uretimi
His-VCP kendi tUretimi
GST-Jabl/CSN5 kendi uretimi

2.5. Kitler Ve Ait Olduklar1 Kaynaklar

Bradford kiti Roth, GmbH, Karlsruhe
Gel Ekstraksiyon Kiti Qiagen, Hilden
Maxiprep Plasmid Saflastirma Kiti Genomed GmbH, Lohne
Miniprep Kiti Genomed GmbH, Léhne
PCR Saflastirma Kiti Qiagen, Hilden

Silver boyas1 Kiti Invitrogen, Karlsruhe
DNA ekstraksiyon Kiti Qiagen, Hilden

FLAG purifikasyon Kiti Sigma, Steinheim

2.6. Hiicreler

NIH 3T3 (fare fibroblastlari),

HEK293T (insan epitelyal bobrek hiicresi),

264.7 RAW (fare makrofajlari),

HeLa (insan servikal karsinoma hiicresi) hiicreleri.

2.7. Hiicre Kiiltiirii Medyumlari, Antibiyotikler Ve Ait Olduklar1 Kaynaklar

Ampisillin sodyum tuzu Ratiopharm, Ulm
Kanamisin sodyum tuzu Ratiopharm, Ulm

S1g1r serum albumini Invitrogen, Karlsruhe
Dulbecco Minimal Essential Medyumu PAA Laboratories, Colbe
Fetal kalf serum Invitrogen, Karlsruhe
L-Glutamin PAA Laboratories, Colbe
Penisillin/Streptomisin PAA Laboratories, Colbe
RPMI 1640 medyumu PAA Laboratories, Colbe
Tripsin PAA Laboratories, Colbe
Ultrasalin A PAA Laboratories, Colbe
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Optimem-serumsuz medyum

2.8. Deney Aletleri Ve Markalar

Hiicre kiiltiirii inkiibatorii

Hiicre kiiltiirii bengi

Konfokal lazer scanning mikroskobu TCS SP2
Easypet 4420 Pipet Seti

Electronik balans SPB50

Gel Jet Imager 2000

Heater Block DB-2A

Horizontal Mini Elektroforez Sistem
Microdalga firini

Mini santrifiij

Floresan mikroskobu

PCR sistemi

Potter S homojenizator

Power supply uniteleri

Pre-Kast Gel Sistemi

SDS jel elektroforez uniteleri
Semi-dry-elektroblotlama unitesi
Vertikal elektroforez sistemi
Ultrasonik homojenizator

2D-PAGE sistemi

2.9. siRNA’ler

Invitrogen, Karlsruhe

Binder, Tullingen
BDK,Sonnenbiihl
Leica, Wetzlar
Eppendorf, Hamburg
Ohaus, Giessen
Intas, Gottingen
Techne, Cambridge, UK
PEQLAB, Erlangen
Samsung, Schwalbach
VWR International
Carl Zeiss, Jena
Biozyme, Oldendor
B. Braun, Melsungen
Keutz, Reiskirchen
Invitrogen, Karlsruhe
Invitrogen, Karlsruhe
PEQLAB, Erlangen
PEQLAB, Erlangen
Bandelin, Berlin
BioRad, Miinchen

1. Negatif kontrol (kat#:AM4621), Applied Biosystems, Darmstadt

2. VCP (Cat#: AM16708), Applied Biosystems, Darmstadt

3. Jabl/CSN5 (hedef sequensi: GCUCAGAGUAUCGAUGAAALtt), Applied
Biosystems, Darmstadt

4. CSN1 (hedef sequensi: GAACCUUUAACGUGGACAUtt), Applied Biosystems,
Darmstadt

5. UPS 15 (hedef sequensi: GCACGUGAUUAUUCCUGUUtt), Applied Biosystems,
Darmstadt

2.10. pSUPER Vektoriine Klonlanan Oligoniikleotidler

Oligoniikleotidlerin (Sigma, Steinheim, Germany) 19bp lik hedef sekanslar1 alti
cizili olarak belirtilmistir. Kontrol olarak ise ayni vektore, 19bplik kismin sekans
dizilimi degistirilerek (scrambled: scr) klonlama yapilmistir.
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Tablo 2.10.1. MIF, VCP ve Jab1/CSN5 nakdavlari i¢in pSUPER vektoriine klonlanan 64 bplik

oligoniikleotidler

SCr.réverse

Isim Sekanslar
?grlvl;ar d 5’-GATCCCCCCGCAACTACAGTAAGCTGTTCAAGAGACAGCTTACTGTAGTTGCGGTTTTTGGAAA -3’
lr\ngeFrse 5’ AGCTTTTCCAAAAACCGCAACTACAGTAAGCTGTCTCTTGAACAGCTTACTGTAGTTGCGGGGG-3’
15\;[1‘Ilftorwar d 5’-GATCCCCGCCAACATCGACATATCGGTTCAAGAGACCGATATGTCGATGTTGGCTTTTTGGAAA-3’
ggrlfeverse 5’ AGCTTTTCCAAAAAGCCAACATCGACATATCGGTCTCTTGAACCGATATGTCGATGTTGGCGGG-3’
?(])?\:l)ar d 5’-GATCCCCGGGCACATGTGATTGTTATTTCAAGAGAATAACAATCACATGTGCCCTTTTTGGAAA-3’
?;S:;se 5’ AGCTTTTCCAAAAAGGGCACATGTGATTGTTATTCTCTTGAAATAACAATCACATGTGCCCGGG-3’
;;?fl':)rwar d 5’-GATCCCCGATCGGTATTAGCAGCTAGTTCAAGAGACTAGCTGCTAATACCGATCTTTTTGGAAA-3’
:ifriverse 5’ AGCTTTTCCAAAAAGATCGGTATTAGCAGCTAGTCTCTTGAACTAGCTGCTAATACCGATCGGG-3’
Jab1/CSN5 | _, ;
forward 5’-GATCCCCGCTCAGAGTATCGATGAAATTCAAGAGATTTCATCGATACTCTGAGCTTTTTGGAAA-3
Jab1/CSN5 | _, )
reverse 5S’AGCTTTTCCAAAAAGCTCAGAGTATCGATGAAATCTCTTGAATTTCATCGATACTCTGAGCGGG-3
Jabl/CSN5 | _, ,
o forunrd, | 3 -GATCCCCCGTGACTGAAGATAGACGATTCAAGAGATCGTCTATCTTCAGTCACGTTTTTGGAAA-3
Jab1/CSN5

5’AGCTTTTCCAAAAACGTGACTGAAGATAGACGATCTCTTGAATCGTCTATCTTCAGTCACGGGG-3’
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2.11. Hiicre Kiiltiirii Teknikleri

2.11.1. Hiicre Kiiltiiri

Bu calismada NIH 3T3 (fare fibroblastlar1), HEK293T (insan epitelyal bobrek
hiicresi), 264.7 RAW (fare makrofajlar1) ve HelLa (insan servikal karsinoma hiicresi)
hiicreleri kullanildi. Hiicreler 2 mM glutamin, 1s1 ile inaktive edildi. 10%’luk fetal sigir
serumu, 100 U/ml penisilin/streptomisin, %?2.7 ultrasalin A igeren Dulbecco’nin
modifiye Eagle medyumu (DMEM) ile %S5’lik CO, lik ve 37°C’lik inkiibatore
yetistirildi. Hiicreler, her 2-4 giin sonunda %80-90’lik konfluensiye (doyum noktasi)
ulagtiktan sonra, iki kez PBS ile yikandi1 ve sonra 1:8 oraninda medyum ile suspanse
edildiler. Sonra, hiicrelerin 1 ml Trypsin/EDTA (0.5 g/L Trypsin, 0.2 g/ EDTA) ile 2-3
dakika 37°C de inkiibasyonu sonucu, 75 cm® lik hiicre kiiltiirii kaplarindan ayrilmasi
saglandi. Inkiibasyon siiresi sonucu, 7 ml DMEM medyumu flasklara eklenerek,
hiicreler flaskdan toplandi. 15 ml’lik falkon tiiplerinde toplanan hiicreler santrifiiye
edilip (500 x g, 10 dakika, oda 1sisinda) ve elde edilen pellet medyum ile yeniden
suspanse edilip, yeni flakslara ekildi.

2.11.2. Hiicre Dondurulmasi ve Coziilmesi

Hiicre siispansiyonu, 1:1 oraninda taze olarak hazirlanmis dondurma medyumu
(freezing medium: 70% DMEM, 10% FCS and 20% DMSO) ile yeniden suspanse
edildi. Dondurma islemi i¢in, ilk olarak hiicreler -80°C’de geceboyu ve sonrada sivi
nitrojende depolandi. Dondurulan hiicrelerin ¢dziilmesi i¢in, sivi nitrojendeki tiip, 2, 3
dakikaligina 37°C lik inkiibatorde bekletilip, direk olarak taze medyum iceren kiiltiir
kaplarina ekildi.

2.11.3. Transfeksiyon

Tranfeksiyon, yabanci bir genetik materyalin (6rnegin: virus, plasmid, faj veya
DNA segmentleri) kompotent hiicrelere 6zel yontemler kullanilarak aktarilmasi
islemidir. Bu c¢alismada kullanilan transfeksiyon metodlarinda, hiicre membraminda
gecici delik ya da porlar agilarak, plasmid DNA sinin ya da siRNA konstraklarinin
hiicre i¢ine alinim1 saglandi. Bu ¢alismada, ti¢ farkli transfeksiyon yontemi kullanildi.

2.11.3.1. Gegici Transfeksiyon

Transfeksiyon oncesi, 2 x 10 hiicre, 6 vellik hiicre kiiltiirii kaplarmna ekildi. 1 pg
plasmid DNA’s1 FuGene 6 (Roche) transfeksiyon ajani kullanilarak hiicrelere verildi.
Ciftli transfeksiyon igin, transfekte edilecek konstrak basmma 0.5 pg DNA ve lg¢li
transfeksiyon i¢in ise konstrak bagina 0.33 pg DNA kullanildi. Vel basina ise total DNA
miktar1 stirekli 1 pg olarak sabit tutuldu. Transfeksiyondan 24 saat sonra, gen
ekspresyonu immunoblot ile degerlendirildi.
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2.11.3.2. Sabit Transfeksiyon

Bu deneyde uygulanan sabit transfeksiyon i¢in, pBudCE4.1-birA ve pN3-CTB-
MIF vektorleri tek baslarina ve c¢iftli olarak NIH 3T3 hiicrelerine Lipofectamine
(Invitrogen) transfeksiyon ajani kullanilarak transfekte edildi. Antibiyotik se¢imine
pN3-CTB-MIF klonu i¢in 800 pg/ml Geneticin ile pBudCE4.1-birA klonu i¢in ise 600
ug/ml Zeocin ile baslanip, 4 hafta sonunda dereceli bir sekilde antibiyotik miktarlar
100 pg/ml Geneticin and 150 pg/ml Zeocin’e kadar azaltildi. Daha sonra, klonlar 22
kDa luk biyotinlenmis MIF’in ekpresyonunu gozlemlemek i¢in rabbit anti-rat-MIF
antiserumu ve streptavidin HRP ile muamele edildi. 5-8 hafta sonunda, klonlar tripsin
solusyonu icinde steril filtreler kullanilarak izole edildiler. En yiiksek diizeyde
biyotinlenme 0.1 mg/ml biyotinin medyuma eklenmesi ile bagarildi. Biyotinlenmis MIF
ekspresyonu gosteren bir klon ve sadece birA ekspresyonu gdsteren kontrol klonu %10
FKS, biotin (0.1 mg/L), Geniticin (100 pg/ml) ve Zeocin (150 pg/ml) iceren DMEM
medyumu igerisinde 37°C’de kiiltiire edildi.

2.11.3.3. siRNA Transfeksiyonu

Hiicredeki genlerin gecici nakdovnlar1 (gen susturulmasi: gen ekspresyonunun
bastirilmasi) igin, hiicreler 6 vellik kiiltiir kaplarina 24 saat oncesinden % 30-50 lik
konfluenz ile ekildiler. Transfeksiyon sonrasi, hiicreler 2 defa yikandi ve serum
icermeyen OptiMEM medyumu (Invitrogen) ile siispanse edildiler. siRNA (son
konsantrasyon:100  pmol) transfeksiyonu, Opti-MEM  medyumu igerisinde
Lipofectamine 2000 ajani kullanilarak (4ul transfeksiyon ajani/100 pmol siRNA)
gergeklestirildi. Transfeksiyondan 6 saat sonra, medyum degistirilerek, yerine serum
iceren DMEM eklendi ve hiicre kiiltiiriine 72 saat kadar devam edildi.

2.12. Protein Biyokimyasi ile ilgili Methodlar

2.12.1. Hiicre Ekstraktimin Hazirlanmasi

75 ¢m? lik hiicre kiiltiirii flakslarinda % 80-90 konfluensiye kadar gelistirilen
hiicreler, soguk PBS ile yikandi ve 1 ml lizis solusyonu (50 mM Tris-Cl pH 8.0, 150
mM NaCl, 1 mM EDTA, 1% NP-40, 1 uM leupeptin, 1 mM PMSF) ile 15 dakika
inkiibe edildi. Sonrasinda, hiicreler skraper yardimiyla flakslardan ependorf tiiplerine
transfer edilerek, sonikasyona tabi tutuldu (iki kez 10 saniye, 200-300 W, herbir
sonikasyon i¢in 10 saniye O0rnekler buzda bekletildi). Sonikasyon sonrasi, 13,000 x g’de
10 dakika, 4°C’de santrifiij edildiler. Santrifiij sonrasi elde edilen supernatan hiicre
sitoplazmik ekstrakti olarak kullanilirken, pellet kullanilmadi.

2.12.2. Protein Konsantrasyonunun Belirlenmesi (Bradford Yontemi)

Bradfort yontemi, solusyondaki protein konsantrasyonunun belirlenmesi igin
kullanildi. Deneyde kullanilan Bradfort boyasi 1:4 oraninda distile su ile diluye edildi (1
hacim stok Bradfort boyasi, 4 hacim distile su ). Diluye dncesi mavi olan boya, diluye
isleminden sonra kahverengini aldi. Standart olarak, 0, 250, 500, 1000, 1500, 2000
png/ml konsantrasyonlarinda Bovine serum albumin (BSA) kullanildi. Hem standartlar
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hem de 6rnekler, PBS igerisinde hazirlandi ve 1ml lik diluye Bradfort solusyonu 20 pl
ornek ve standart ile karistirildi. 5 dakika inkubasyon siiresi sonunda 595nm absorbans
altinda spektrofotometrede ol¢iimler yapildi.

2.12.3. Afinite Saflastirilmasi

2.12.3.1. Biyotinlenmis Proteinlerin Elusyonu (elenmesi) Ve Saflastirilmasi

Biyotinlenmis MIF (biotin.MIF) ve iliskide oldugu proteinler, streptavidin
agaroz boncuklar1 kullanilarak, NIH 3T3 hiicre ekstratlarindan saflastirildi. Hem deney
( biyotinlenmis MIF ve biotin ligaz birA ekspre eden grup) hem de kontrol (sadece
biotin ligaz birA) gruplarindan hazirlanan hiicre ekstratlari, 50 ul streptavidin-agaroz
boncuklari (Novagen) ile 1.5 saat oda 1sisinda rotator iizerinde inkiibe edildi.
Inkiibasyonu takiben, boncuklar ii¢ kez lizis solusyonu ile yikandi. Yikama, boncuklarm
santrifiigasyon ile pellet halinde tiibliin dibine ¢Oktiiriilmesinden sonra, streptavidin
bocuklarina bagl proteinler, 1 x SDS solusyonu (62.5 mM Tris pH 6.8, 2% SDS, 5%
gliserol, 0.3% bromofenol mavisi, 0.9% (v/v) p-merkaptoetanol) ile 10 dakika 90°C de
kaynatilarak boncuklardan eliiye edildi. Eliiye edilen proteinler, % 4-12 NuPAGE Bis-
Tris jelinde (Invitrogen) yiiriitiiliip, molekiiler agirliklarina goére ayrismalart saglandi.

2.12.3.2. Streptavidin Boncuklarinin TEV-proteaz ile Inkiibasyonu

Biyotinlenmis MIF’in biyotin kuyrugunu uzaklastirip sadece biyotinlenmis MIF
ve iligkide oldugu proteinleri elde etmek amaciyla, streptavidin boncuklarina bagl
proteinler Tobacco Etch Virus (TEV) proteaz ile inkiibe edildi. TEV proteaz biyotin
kuyrugu ve MIF arasina yerlestirilmis Glu-X-X-Tyr-X-GIn-Ser olarak bilinen yedi
aminoasitlik bir dizilimi tamiyan bakteriyel bir enzimdir. Streptavidin boncuklariyla
yapilan afinite saflastirmasi sonrasi, 150 ul’lik TEV solusyonu (Invitrogen, enzim firma
tarafindan saglanan 6zel bir solusyon ig¢inde, taze olarak hazirlandi) 30°C’de 1 saat
boncuklar ile muamele edildi. TEV proteaz ile inkiibasyon sonucunda, boncuklar
santriflij edilip, MIF ve MIF ile iliskide olan proteinleri igeren supernatan toplandi.
Protein konsantrasyonunu artirmak amaciyla, iic deney sonucu elde edilen supernatanlar
birlestirilip, 450 ul’lik eluye supernatan aseton ile (aseton c¢oktiirmeu, 4 volume
asetonun bir volume supernatan ile inkiibasyonu ile yapildi) geceboyu -20°C’de
presipiye edildi. Presipiye edilen proteinler, 1D ve 2D SDS PAGE’de yiiriitildii.

2.12.4. 1D-SDS Poliakrilamid Jel Elektroforezi

Sodyum-dodesil-siilfat (SDS) poliakrilamid jel elektroforezi [133], hiicre
ekstraktlarindaki protein ekspresyonlarint belirlemek amaciyla kullanildi. %18’lik
ayirict jel solusyonu (375 mM Tris-HCI pH 8.8, %0.1 SDS, %18 akrilamid, %0.05
APS, %0.05 TEMED), 1 mm aralikli iki cam plaka arasina dokiildii. Polimerasyon
sonrasi, st ayristirict jel solusyonu (125 mM Tris-HCl pH 6.8, %0.1 SDS, %4
akrilamid, %0.05 APS, %0.1 TEMED), bolgeye yerlestirilen taraklar {izerine dokiildii.
Ornekler ise, 1 x SDS jel yiikleme solusyonu (62.5 mM Tris pH 6.8, %2 SDS, %5
gliserol, %0.3 bromofenol mavisi, %0.9 (v/v) B-merkaptoethanol) igerisinde hazirlanip,
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5 dakika kadar kaynatilip proteinlerin denature olmasi saglandi. Ust jelin
polimerazyonu sonucu tarak jelden uzaklastirilip, elektroforez kab1 igerisine
yerlestirildi. Kab 1x SDS elektroforez solusyonu (25 mM Tris, %1.44 glisin, %0.1
SDS) ile doldurulup, taragin uzaklasmasi ile olusan veller yikanmis ve ornekler herbir
vele teker teker yiiklendi. Elektroforez, 150V altinda yiiriitiildii.

Immunogdktiirme igin, &rnekler NuPAGE % 4-12 lik gradient-jelllerde,
elektroforez solusyonu olarak 1x MES solusyonu (50 mM MES, 50 mM Tris, 3.46 mM
SDS, 1.025 mM EDTA) ve ya 1x MOPS (50 mM MOPS, 50 mM Tris, 3.46 mM SDS,
1.025 mM EDTA ) solusyonu kullanilarak 200 V’da 1saat yiiriittildd.

2.12.5. 2D-SDS Poliakrilamid Jel Elektroforezi

2D-SDS poliakrilamid jel elektroforezinde yiiriitiilmek istenen proteinler, 130
ul’lik izoelektrik fokuslayici (IEF) rehidrasyon solusyonunda (8 M iire, 50 mM DTT,
%4 CHAPS, %0.2 kariyer amfolat, %0.0002 Bromofenol Mavisi) oda 1sisinda
resuspanse edildiler. Resuspanse edilen 6rnekler rehidrasyon kaplarina yerlestirildikten
sonra, seritler halindeki linear stripler (IPG Strips, BioRad) 6n yiizleri rehidrasyon
kaplarindaki orneklerle yiiz yiize gelecek sekilde yerlestirildi. Bu striplerin gece
boyunca oda 1sisinda 6rnekle temas edip, drnegin olabildigince strip tarafindan emilimi
saglandi. Daha sonra, striplerin toplam 10.000 Volt-saat lik (250 V’da 15 dakika, 4000
V ve iistiinde 2 saat, 4000 V da 3 saat) voltaj kosullar altinda, yiirtitiilmesi saglandi.
Ikinci elektroforezin yiiriitiilmesinden &nce, stripler 15 dakika taze olarak hazirlanmis
equilibirasyon solusyonu 1 (6 M iire, %20 gliserol, %2 SDS, 0.375 M Tris-HCI pH 8.8,
130 mM DTT) de ve tekrar bir 15 dakika equilibirasyon solusyonu II’de (6 M iire, %20
gliserol, %2 SDS, 0.375 M Tris-HCI pH 8.8, 135 mM iodoasetamid) inkiibe edildiler.
Daha sonra, stripler, iki kez 1x SDS elektroforez solusyonu (bakiniz 4.2.4) ile yikanip,
% 12.5’luk SDS jeline yerlestirildiler. %3’liikk agaroz jele yerlestirilen strip lizerini
kapatmak amaciyla ince bir tabaka halinde strip tizerine uygulandi. Bu ikinci
elektroforezin ise 160V da 45 dakika yiirtimesi saglandi. Elektroforez sonrasi, amaca
uygun sekilde jel ya Glimiis, Komasi mavisi gibi boyalarla boyandi ya da immunoblot
icin degerlendirildi.

2.12.6. immunoblotlama

Proteinler, % 8-18 lik SDS-PAGE jelinde yiiriitiiliip, membran basina 100 mA
lik akim altinda, 90 dakika semi-dry (yar1 kuru) blotlama yoéntemi ile nitroselliiloz
membrana transfer edildi. Proteinlerin membrana transferinden sonra, membran
bloklama solusyonu (% 0.1 Tween-20 igeren PBS ile hazirlanmis %5 (w/v)’lik non-fat
dry milk) ile oda 1sisinda 1 saat rotator iizerinde inkiibe edildi. Hemen ardindan,
membran geceboyu oda 1s1s1 veya 4°C’de bloklama medyumunda hazirlanmis primer
antikorla inkiibe edildi. Ug kez 10’ar dakika PBS-Tween ile yikama sonrasi, membran 1
saat bloklama solusyonu icerisinde hazirlanmig sekonder antikor ile inkiibe edildi. Ug
kez 10’ar dakika, PBS-Tween ile yikandiktan sonra, membran ECL Deteksiyon Ajani
ile (1:1 oraninda (v/v) Ajan 1: Ajan 2) 2-5 dakika kadar inkiibe edildi. Daha sonra,
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membran plastik folye arasmma konulup, X-ray filmi iizerine ekspoz edilip, film
gelistirildi.

2.12.7. SDS Jelinin Boyanmas1 Ve Matriks-Yardimhh Lazer Desorpsiyon-
fyonlasmali (MALDI) Kiitle Spektrometrisi ile Protein Analizi

ID ve 2D SDS-PAGE’de oOrneklerin yiirlitilmesinden sonra, kiitle
spektrometrisi ile incelemenin yapilmast i¢in, jel 6ncelikle Glimiis ve Komasi mavisi ile
boyandi.

2.12.7.1. Giimiis Boyasi

1D- ve 2D-SDS poliakrilamid jel elektroforezinde yiiriitiilen proteinler, Giimiis
boyast ile boyandi [134]. Oncelikle jel, 1 saat fiksatif solusyonunda (%50 metanol, %10
asetik asit) inkiibe edilip, 30 dakika % 30’luk etanol ile yikandi. Daha sonra jel, 1
dakika kadar, %0.02 lik sodyum tihosiilfat ile inkiibe edilip, distile su ile calkalanip,
Glimiis boya solusyonunda (%0.2 Giimiis nitrat, %0.075 formaldehit) inkiibe edildi.
Tiim inkiibasyonlar rotator iizerinde gerceklestirildi. Inkiibasyon siiresi sonunda, jel
yeni temiz bir kaba alinip, distile su ile yikanip, gelistirici solusyon (%6 sodyum
karbonat, %0.03 formaldehit, %2 sodyum thiosiilfat) icerisinde, protein noktalari
belirene kadar bekletildi. Gelistirmeyi durdurmak amaciyla, 15 dakika fiksatif
solusyonu ile inkiibe edildi. Boyanmus jel, iki kez distile su ile yikanip, 2 saat kadar jel
koruyucu solusyonu (%30 etanol, %5 gliserol) igerisinde bekletildi. Jelin uzun stireli
saklanmasi i¢in, koruyucu solusyon ig¢inden, jel kurutucu (Sigma) selefan plakalar
arasina alindiktan sonra 3 giin stire ile oda 1s1sinda jellerin kurumasi saglandi.

2.12.7.2. Komasi Mavi Boyasi

Elektroforez sonrasi, jel 1 saat fiksatif solusyonu (40% metanol ic¢inde
hazirlanmis %7 glasial asetik asit) icerisinde inkiibe edildi. Boyama solusyonu ise, 4
voliim 1X Brilliant Blue G-Colloidal (Sigma) ve 1 voliim metanoliin karisimi ile
hazirlandi. Boyama solusyonu igerisinde, gece boyu rotator iizerinde inkiibe edildi.
Daha sonra jel, 60 saniye fazla boyanin uzaklastirilmasi amaciyla boya uzaklastirici
solusyon I (destaining solusyon: % 25 (v/v)’lik metanol i¢inde hazirlanmis %10 asetik
asit) ve ardindan boya uzaklastirict solusyon II (% 25 metanol) ile yikandi. Jelin
saklanmasi i¢in, skan edilip, iki sephalon arasinda kurumaya birakildi.

2.12.7.3. Protein Analizi (MALDI)

Komasi ve Giimils boyanmalarindan sonra, 1D-SDS-PAGE’den elde edilen
bantlar ve 2D-SDS-PAGE’den elde edilen noktalar kiiciik parcalara ayrilarak, tiim bu
kiiciik jel pargalari tripsin ile muamele edildi [135]. Tripsinize edilen proteinler, Q-TOF
cihazindaki (Q-TOF ultima, Waters), LC-coupled ESI-tandem MS programinda sekans
analizine tabi tutuldular. Proteinler, MASCOT programi altinda NCBI datalarina
(bilgilerine) uygun olarak peptid fragmentleri arastirilarak tanimlandi.
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2.12.8. Immiin-cokeltme (Ko-immunopresipitasyon)

Hiicreler, soguk PBS ile bir kez yikandiktan sonra, proteinaz inhibitorii igeren
500 pl RIPA solusyonu (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 10 mM
KoHPOy4, %10 gliserol, %1 NP—40, %0.15 SDS, 1 mM Na3;VOs, 1 mM sodyum
molibdat, 20 mM NaF, 0.1 mM PMSF) ile lizis edildi. Daha sonra hiicreler, skraper
yardimiyla bulunduklar1 hiicre kiiltiiri kaplarindan ependorf tiiplere aktarilarak 21’lik
insulin igneleri ile siispansiyon haline getirilirler ve sonrada 10 dakika 4°C’de 13,000 x
g de santrifiij edildiler. Santrifiij sonras1 elde edilen supernatan (500ul), 1:2 oraninda
immunocoktiirme (IP) solusyonu [20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM
EDTA, 1% NP-40, 20 mM NaF, proteaz inhibitor koktail (Sigma)] ile diliiye edildi. Bu
arada, 30 pl Protein G-Sepharose 4B Fast Flow boncuklari (Amersham), IP i¢in
kullanilacak 1-2 pg antikor ile odaisist veya 4°C’de rotator iizerinde (10 r.p.m.) 3
saatten geceboyuna kadar inkiibe edildi. Daha sonra, hazirlanan hiicre ekstrakti, antikor
ile yiiklenmis Protein G boncuklar ile 4°C’de rotator lizerinde, 3 saatten geceboyuna
kadar degisen siirelerde inkiibe edildi. Inkiibasyon sonunda, boncuklar 3 kez 1ml soguk
IP solusyonu ile yikandi. Yikama solusyonunun uzaklagtirilmasindan sonra, boncuklar
iizerinde toplanmig immun kompleksler, 25 pl’lik 3x SDS-PAGE yiikleme solusyonu
ile siispanse edilip, 10 dakika 95°C’de kaynatilmis ve immun kompleksler NuPAGE %
4-12 Novex Bis-Tris jelinde (Invitrogen) yiiriitiildii. Amaca uygun olarak, elektroforez
sonunda jel ya immunoblot i¢in Nitroselluloz membrana aktarildi ya da kollaidal
Komasi mavi boyasi ile boyand.

2.12.9. Rekombinant GST-Jab1/CSNS Ve His-VCP Proteinlerinin Ekpresyonu Ve
Saflastiriimasi

Jab1/CSNS5, GST kuyrugu ile, VCP ise His kuyrugu ile fiizyon proteini olarak
ekspre edildiler. GST-Jabl/CSNS5 ve His-VCP’nin ekspresyonu i¢in kompotent haldeki
E. coli BL21 DE3 hiicreleri pET28" ) His-VCP ve ya pGEX-4T;-Jabl/CSN5
konstraklar1 ile transforme edildiler (bakteriyal transformasyon i¢in bakiniz 3.3.1).
Transformasyon sonucu elde edilen pozitif klonlar, antibiyotik igeren (His-VCP i¢in
kanamisin ve GST-Jab1/CSNS icin ampisilin) 5 ml 2YT medyumu (%1.6 tripton, %1
yeast ekstrakt and %1 NaCl, pH 7.0) igerisine ekilip, 37°C’de geceboyu ¢alkalamali
etlivde kiiltiire edildi. Ekspresyon kosullarini optimize etmek amaciyla, 50 pg/ml
antibiyotik (kanamisin ve ya ampisilin) igeren 50 ml 2YT medyumundan (%2
baktotripton, % 1 yeast ekstrakt, 100 mM NaCl, pH 7.0) 500 pl alinip geceboyu kiiltiir
hazirlandi. Kiiltiirler 37°C’de ODgop = 0,5’¢ ulasana kadar tutuldular. Daha sonra
kiilttirler iki kisma boliiniip, herbir kiiltiirden 1ml SDS-PAGE analizi i¢in korundu. Bir
kiiltiir, 0.5 mM IPTG ile indiiklenip, 37°°de calkalamali inkiibatdrde 1, 2 ve 3 saatlik
periyotlarla inkiibe edildi. Her bir inkiibasyon siiresi sonunda 1 ml kiiltiirden alinip,
SDS-PAGE analizi i¢in saklandi. 1ml lik kiiltiir 6rnekleri maksimum hizda 1 dakika
kadar santrifiij edilerek elde edilen pellet 1x SDS yiikleme solusyonu ile karistirilip,
95°C’de 3 dakika kaynatildi. Ornekler %12.5’luk SDS-PAGE’e yiiklenip, jel Komasi
mavisi boyast ile boyandi.
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Daha biiyiik diizeyde ekspresyon elde etmek i¢in, 5 ml’lik gece boyu kiiltiiri,
400 ml 2YT medyumunu (100 pg/ml ampisilin veya kanamisin igeren) inokiile etmek
icin kullanildi. ODggo: 0.5’a ulastiginda, 0.5 mM IPTG ile indiiklenip 3 saat 37°C’de
inkiibasyona devam edildi. Inkiibasyon sonunda, hiicreler 3,000 x g, 4°C’de 30 dakika
santrifiij edildi, elde edilen supernatan atilip ve pellet soguk PBS ile siispanse edildi.
Hiicreler sonrasinda sonikasyon ile lizis edilip, kiigiik bir aliquat (parca: kisim)
saklandi. Lizise ugramis hiicreler %1 lik Triton X-100 ile muamele edilip, 30 dakika
kadar fiizyon proteini solubilize etmek amaciyla nazik bir sekilde rotatorda dondiirtildii.
Daha sonra, 1200 x g 4°C’de 10 dakika santrifiigasyon yapilip, pellet atilip supernatan
temiz bir kaba aktarildi. Flizyon proteinin hangi fraksiyonda oldugunu anlayabilmek
icin hem pellet hem de supernatandan bir miktar aliquat SDS-PAGE analizi i¢in
kullanildi.

His-VCP veya GST-Jabl/CSNS igeren supernatanlar, daha sonrasinda lizis
solusyonu (50 mM Tris-HCI, I1mM EDTA, 100 mM NacCl, pH 8.0) ile siispanse edilip,
Img/ml lizozim ve DNAaz I ile 30 dakika buz {izerinde inkiibe edilmeye birakildi.

Lizise edilen hiicreler 14,000 x g 4°C’de 15 dakika santrifiij edildikten sonra
inkliizyon badileri i¢eren pellet lizis solusyonu ile 4 kez yikandi. Daha sonra inkliizyon
badileri igeren temizlenmis pellet denatiirasyon solusyonu (6 M guanidyum hidroklorid,
10 mM DTT in PBS) ile 30 dakika oda 1sisinda rotator iizerinde inkiibe edildi ve
sonrasinda 12.000 rpm 4°C’de 15 dakika santrifiij edildi. Santrifiigasyon sonunda elde
edilen temizlenmis pellet, 0.5 mM PMSF and 1 mM DTT igeren PBS pH 7.8
solusyonuna kars1 4 saat diyaliz edildikten sonra, temizlenmis hiicre ekstrakt1 4°C’de 60
dakika % 50 Ni-NTA (10 ml ekstrat igin 1ml Ni-NTA kullanildi) ile inkiibe edildi.
Daha sonra Ni-NTA matriksi 2 kez 50 mM NaH,PO4 pH 8.0, 300 mM NaCl ve 20 mM
imidazol solusyonu ile yikanip, matrikse bagl proteinler, 50 mM Na,HPO4, 300 mM
NaCl, 250 mM imidazol, pH 8.0 solusyonu ile eluye edildi. Eluye edilen proteinlerin
safligi, SDS-PAGE’de analiz edildi.

GST-Jabl/CSN5’nin saflastirilmasi i¢in, GST-Jabl/CSNS5 iceren supernatan
Glutatyon Sepharoz 4B kramotografisine 4°C’de 2 saat maruz birakildiktan sonra
matriks, iki kez PBS (140 mM NaCl, 2.7 mM KCIl, 10 mM Na,HPO,, 1.8 mM
KH,PO4) ile yikandi ve bagh proteinler 50 mM Tris-HCI pH 8.0 igerisinde hazirlanmis
10 mM Glutatyon ile eluye edildi.

2.12.10. In vitro Cokeltme
2.12.10.1. His-VCP Cokeltmesi
His-VCP (1 pg), 30 ul Ni-NTA boncuklart ile oda 1sisinda 1 saat, rotator

iizerinde inkiibe edildi. Baglanmamis proteinleri uzaklagtirmak i¢in, boncuklar, 3 kez
PBS ile yikandiktan sonrasinda, boncuklar, artan miktarlarda (0.5, 1 ve 2 ug sirasiyla)
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rekombinant GST-Jab1/CSN5 ile 25 mM Tris-HCI pH 8.0, 200 mM KCI, 2 mM MgCl,,
I mM ATP, 1 mM ditioteitol, %5 gliserol and %1 Triton X—100 solusyonu igerisinde 2
saat 4°C inkiibe edildi. Kontrol olarak, Ni-NTA boncuklar1 His-VCP ile kaplanmadan,
sadece 2 pg GST-Jabl/CSNS5 kaplanmamis boncuklarla inkiibe edildikten sonra,
boncuklar yikanarak, 3 X SDS yiikleme solusyonunda 5 dakika kaynatildi. Daha sonra,
proteinler, SDS-PAGE’de yiiriitiiliip ya kolloidal Komasi mavisi boyasiyla boyandi ya
da immunoblot ile deneye devam edildi.

2.12.10.2. GST-Jab1/CSNS Cokeltmesi

1 pg of GST-Jab1/CSNS, 30 ul glutatyon sepharoz boncuklari ile oda 1sisinda 1
saat rotator iizerinde inkiibe edildi. 3 kez PBS ile yikandiktan sonra, boncuklar His-VCP
proteini (0.5, 1 ve 2 ug sirasiyla) ile 2 saat 4°C’de rotator iizerinde inkiibe edildi.
Kontrol olarak, His-VCP kaplanmamis glutatyon boncuklar1 ile inkiibe edildi. Daha
sonrasinda boncuklar yikanip, GST-Jabl/CSN5’a baglanmis proteinler immunoblot ile
analiz edildi.

2.13. Molekiilar Biyoloji Methodlar:

2.13.1. Kompetent E. coli Hazirh@ Ve Bakteriyal Transformasyon

Kompetent E. coli hazirligi dondurulmus gliserol stogu halindeki E. coli DH5a
hiicrelerinin antibiyotik icermeyen LB agar kiiltiir kaplarina ekilmesi ile baslatildi.
Ekim sonrasi, kiiltiir kaplar1 16 saat 37°C’de inkiibe edilip hiicrelerin iiremesi saglandi.
Inkiibasyon siiresi sonunda, tek bir koloni 5 ml SOB medyumu igerisine alinip
geceboyu calkalamali etiivde 37°C’de inkiibe edildi. 50 ml 6nceden 37°C’de 1litilmig
SOB medyumu (%2’lik baktotripton veya pepton, 0.5 %’lik yeast ekstrakt, 10 mM
NacCl, 2.5 mM KClI) i¢ine geceboyu kiiltiirden 0.5 ml eklendi ve hiicrelerin 2.5-3.0 saat
kadar kiiltiirdeki gelisimleri izlenerek ODggo: 0.45-0.50 olana kadar spektrofotometre
altinda okuma yapildi. Hiicreler sonrasinda, 20 dakika buz iizerinde inkiibe edildi.
Hiicreler 1075 x g’de 4°C’de 15 dakika santrifiij edildi, supernatan atildi. Pellet 100 ml
TFB solusyonu (10 mM MES, 45 mM MnCl,, 10 mM CacCl,, 100 mM KCI, pH 6.2)
icerisinde buz iizerinde 10-15 dakika bekletildi ve sonrasinda 1075 x g’de 15 dakika
4°C’de santrifiij edildi. Santriflij sonrasi, supernatan atild1 ve pellet nazik bir sekilde
3.9 ml TFB buffer igerisinde siispanse edilip, 5 dakika buz iizerinde inkiibasyona
birakildi. Sonra ardi1 ardina 140 pl DMSO ile 5 dakika, 140 ul 1M DTT ile 10 dakika ve
tekrar 140 pul DMSO 5 dakika inkiibe edildi. Transformasyon icin, 200 pl lik
komponent hiicreler, Ependorf tiibiine transfer edilip, buz {izerinde 3-7 pl lik 50 ng
plasmid kompenent hiicreler iizerine eklendi ve 30 dakika buz {izerinde inkiibe edildi.
Inkiibasyon siiresi sonunda, ependorf tiibii, 42°C’de 45 saniye bekletilip hemen buz
tizerine alindi. 2 dakika buz iizerinde sogutulduktan sonra, 200 ul lik komponent
hiicreler tizerine 800 pl lik ilitilmig SOC medyumu (5 mM glukoz iceren SOB
medyumu ) eklendi. Daha sonrasinda, 60 dakika ¢alkalamali1 inkiibatérde inkiibe edilip,
inkiibasyon sonunda 200 pl lik transforme olmus komponent hiicreler, uygun
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antibiyotik (50 pg/ml) iceren LB agar petrilerine ekildi. Petri kaplar1 odaisisinda 30
dakika kadar bekletilip, 37°C de geceboyu inkiibe edildiler. Inkiibasyon sonunda,
petrilerden 1 koloni segilerek Sml’lik minikiiltiir (Antibiyotik iceren SOB medyumu)
igerisine ekildiler.

2.13.2. Plasmid DNA izolasyonu (mini ve maksi bakteriyal kiiltiir hazirhig)

5 ml’lik mini kiltiir (antibiyotik iceren SOB medyumu) igerisine bir koloni
konulup, bakteriyel kiiltiir 37°C’de calkalamali inkiibatdrde geceboyu inkiibe edildi.
Promega Miniprep DNA izolasyon kitinde verilen protokole uygun bir sekilde
geceboyu kiiltiirden DNA izolasyonu yapildi. Maksi kiiltiirden DNA izolasyonunun tek
farkli, kiiltiir hacminin fazla olmasiydi. Promega DNA izolasyon Kitinde belirtilen ayni
protokol uygulandi. Fakat minikiiltiirdeki 5 ml lik kiiltiir yerine 200 ml lik maksi kiiltiir,
plasmid igeren koloni ile 37°C’de 12-16 saat calkalamali inkiibatorde inkiibe edildi.
Izole edilen plasmid DNA’s1 agaroz jel elektroforezinde yiiriitiildii.

2.13.3. Agaroz Jel Elektroforezi

% 0.8-% 1°lik agaroz jeli, 100 bp ile 10 kb arasindaki DNA fragmentlerini
ayirmak amaciyla kullanildi. Hazirlanacak jelin ylizdesine gore, belli bir miktardaki
agaroz 1x TAE solusyonu (40 mM Tris-asetat, ]| mM EDTA pH 8.0) igerisinde ¢oziildii
ve mikrodalga firin1 igerisinde 1sitilarak ¢dziilmesi saglandi. Jel kaplara dokiilmeden
once, 1x SYBR green boyasi eklenerek iyice karistirildi. Hazirlanan jel solusyonu taragi
yerlestirilmis jel kaplarina dokiildii ve 30 dakika sonra jelin polimerize oldugu
goriildiikten sonra, tarak jelden uzaklastirildi. Sonra, jel elektroforez kabi igerisine
yerlestirilip, tizeri 1x TAE solusyonu ile kaplandi. DNA 6rnekleri ve markerlar, uygun
oranda DNA 06rnek solusyonu (%3 gliserol, %0.025 bromofenol blue, 0.025% xylene
cyanol FF) ile karistirilip, jeldeki veller icerisine yiiklendi. Jel, 100V (2-10V/cm jel)’da
yuriitiiliip, 305 nm UV transilluminatérii altinda incelenip, fotograflandi.

2.13.4. shRNA Vektorii pSUPER’e Klonlama

MIF geninin nakdovnu (susturulmasi) i¢in, shRNA vektorii pSUPER kullanildi
[136]. shRNA igerisine 64’liik oligoniikleotid ¢iftinin annealing edilmesi ile elde edilen
kisa insertler klonlandi. Vektor igerisine klonlanan bu 64 oligoniikleotid, 19
niikleotidlik MIF mRNA sindan alinmis bir kisim ve 9 bp lik ayiricilar (spacer)
icermekteydi.

Spesifik gen susturma (nakdavn) i¢in kullanilan pSUPER vektoriine klonlama
isleminin basamaklar1 asagida 6zetlenmistir:

e Insertin iist ve alt dizilerinin annealing (1s1 ile ayristirma) edildi.
e pSUPER vektorii Bgl II ve Hind III ile linear (diiz) hale getirildi.

e Annealing edilmis oligolar pSUPER vektdriine klonlandi.
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e Bakteriye transformasyonu, pozitif klonlarin se¢imi, plasmid DNA

saflagtirilmasi, DNA sekanslanmasi yapildi.

e pSUPER-MIF’in memeli hiicrelerine transfekte edildi.
e Nakdavn etkisi protein ve mRNA diizeyinde kontrol edildi.

2.13.4.1. Oligolarin Ayristiriimasi

MIF i¢in segilmis olan 64’liik oligoniikleotidler, Sigma firmasindan satin alinip,
konsantrasyonlar1 100 pmol/ul olacak sekilde Tris-EDTA, pH 8.0 solusyonu igerisinde
cozildiler. 20 pl herbir oligoniikleotitden (yaklagik 20 pg), 10 ul 10x annealing
solusyonu (100 mM Tris-HCI pH8.0, 10 mM EDTA, 300 mM KCI), 50 ul distile su
reaksiyon tiibii igerisinde karistirildi. Daha sonrasinda, reaksiyon tiibii, kaynatilmis su
icerisinde inkiibe edildi ve sicak suyun 1s1s1 oda 1sis1 sicakligina diisene kadar tiipler su
icerisinde inkiibe edilip, oligoniikleotidlerin anneal olmasi saglandi ve inkiibasyon
sonunda, ayristirilmis oligoniikleotidler diliiye edilip, -20°C de kullanilana kadar
saklandi.

2.13.4.2. pSUPER Vektoriine Ligasyon (baglama)

20 ug pSUPER vektorii, Hind IIT ve Bgl II ile linearize edildi. Lineariye edilen
vektor, %1°lik agaroz jelden purifiye edildikten sonra, DNA jel purifikasyon Kkiti
kullanilarak, jel igerisinden DNA purifiye edildi. Ligasyon reaksiyonu, 1 pl pSuper
(100 ng/ul), 2 ul anneal edilmis oligolar (4 ng/ul), 5 pul 2x T4 DNA ligaz solusyonu, 1
ul H,O ve 1 pl T4 DNA ligazlarin karistirilmasiyla hazirlandi. Kontrol olarak ise,
ligasyon reaksiyonu, ligaz enzimi reaksiyon icerisine konulmadan gerceklestirildi.
Ligasyon reaksiyonunun yarisi, kompotent E. coli DH5a’ya transform edildi. 5 ng
standart plasmid vektor, transformasyon kontrolii olarak kullanildi. Bakteri ampisilin
iceren agar kaplarina yayilip, geceboyu Kkiiltiire edildi. Koloniler, ertesi giin kiiltiir
kaplarindan toplanip, ampisilin igeren LB medyumu igerisinde yetistirildi. Klonlarin,
Bgl II enziminin bulundugu reaksiyon solusyonu igerisinde kontrolii sagland1 (Bgl II
alani, pozitif klonlarda goriilmemesi gerekmektedir Bgl II klonlamada kullanilan bir
enzimdir ve klonlama sonunda Bgl II alan1 kaybolmaktadir, dolayisiyla pozitif klonlar
Bgl II ile secildi). Daha sonrasinda, DNA sekanslanmasi ile pozitif klonlarin gen
dizilimleri dogruland1 (Seqlab, Géttingen).

2.13.4.3. Memeli Hiicrelerine Transfeksiyon

Transfeksiyondan bir giin Once, hiicreler, %10 fetal bovin serumu igeren
Dulbecco’nun modifiye Eagle medyumu (DMEM) ile % 50-70 konfluent olacak sekilde
kiiltiire edildiler. Transiyent (gegici) transfeksiyon Lipofectamine 2000 (Invitrogen)
kullanilarak gerceklestirildi. MIF geninin baskilanma derecesi, immunoblot yontemi ile
protein diizeyinde belirlendi.
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2.14. FRET (Floresan Rezonans Enerji Transferi)

Iki protein arasindaki yakinligi saptamak amaciyla, konfokal mikroskobu
altinda, ¢iftli indirek immunofloresan ile proteinler isaretlendikten sonra FRET 6l¢iimii
gerceklestirildi. Hiicreler, 24 vellik kiiltiir kaplarina ekildikten sonra, ¢iftli transfekte
edildiler. Transfeksiyon herbir protein i¢in hazirlanmig plasmidlerin hiicrede overekspre
edilmesi 1ile gerceklestirildi. Transfeksiyondan 24 saat sonra, hiicreler % 4’lik
paraformaldehit ile 15 dakika fikse edildi. Jabl/CSN5 ve VCP indirek c¢iftli
immunofloresan teknigi ile isaretlendiler ( Jabl/CSNS5, anti rabbit CyS5-konjuge
sekonder antikor ile VCP ise, anti mouse Cy3- konjuge sekonder antikoru ile
isaretlendi). Her iki primer antikor ayn1 zamanda uygulanip, geceboyu 4°C’de inkiibe
edildi. Ertesi giin, yikama isleminden sonra, Cy3-konjuge donkey anti-mouse-Ig ile 1
saat oda 1sisinda inkiibe edilip, ardindan ikinci yikamaya gecildi ve sonrasinda, Cy5-
konjuge donkey anti-rabbit-Ig ile 1 saat inkiibe edildi. Kontrol olarak, sadece
Jab1/CSNS5 antikoru ve ardindan da her iki sekonder antikorlar uygulandi.

FRET akseptoriin sondiiriilmesi (photobleaching) temeline dayali bir metod
olup, konfokal altinda hesaplandi. FRET sinyali, Cy5 isaretli alicinin (akseptoriin:
Jab1/CSNS5) sondiiriilmesinden oOnce ve sonrasinda, Cy3 isaretli verici (donor)
kanalindaki floresan yogunlugundaki artis olarak hesaplandi. Akseptor, 5 kez (1.28
s/scan) miimkiin olan en yliksek fokuslama alaninda, 633 nm lik HeNe lazer 15181
altinda sondiiriildii. FRET den kaynaklanmayan ol¢iimleri de degerlendirmek amaciyla,
akseptoriin  sondiiriildiigi alanlara yakin bolgeler (ROI: region of interest) de
sondiiriildii. Donor floresanindaki artig: (AIF)=Ips (sondiiriilmeden sonraki floresan
yogunlugu)-Ipp (sondiiriilmeden onceki floresan yogunlugu) seklinde hesaplandi.

Konfokal mikroskobu i¢in gerekli olan degerler: Cy3 nin deteksiyonu: 543 nm

altinda 52% lazer giicli; Cy5’in deteksiyonu: 633 nm altinda, 20% lik lazer giicii
kullanildi.
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ISTATIKSEL ANALIZ

3.1. FRET (Floresan Rezonans Enerji Transferi)

FRET deneyi sonunda, deney ve kontrol gruplar arasindaki FRET farki, SPSS
programinin, siirim 12 (SPSS GmbH Software, Munich, Germany) ile Mann-Whitney
testi ile hesaplanda.
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BULGULAR

4.1. MIF’e baglanan proteinlerin belirlenmesi

MIF’e baglanan proteinlerin tanimlanmasi igin, asagidaki stratejiler sirasiyla
uyguland. Ilk olarak, in vivo biyotin ile isaretleme (in vivo biotin tagging) metodunu
takiben, afinite temelli kromatografik methodlar ile MIF ve MIF’e baglanan proteinler
hiicre ekstratlarindan saflastirildi ve ardindan saflastirilan proteinlerin tanimlanmasi
amaciyla kiitle spektrometrisine basvuruldu. Ayrica, MIF ve MIF ile iliskide olan
proteinlerin birbirlerine baglanmalar1 Floresan Rezonans Enerji Transferi (FRET), in
vivo immuncgokeltme ve in vitro ¢okeltme metodlariyla birkez daha dogrulandi.

4.1.1. MIF’in biyotin ile in vivo isaretlenmesi

In vivo MIF’in biyotinlenmesi, MIF’i eksprese eden vektor pN3-CTB-MIF ve
BirA enzimini eksprese eden vektdr pBudCE4.1-birA’nin birlikte NIH 3T3 hiicrelerine
sabit bir sekilde transfekte edilmesi ile saglandi. Bu biyotinleme isinin temel prensibi
Sekil 4.1.1.1°de gosterildi.

P5

P4

Biyotin

Lys

= — Glu-X-X-Tyr-X-GIn/Ser — | Biyotin kuyrugu (19 aa)|— COOH
g TEV proteaz

Sekil 4.1.1.1. NIH 3T3 hiicrelerinde MIF’in in vivo biyotinlenmesinin temel prensibi. MIF ve P1, P2, P3
gibi MIF’le iligskili proteinlerin biyotine baglanmasi goriilmektedir. MIF biyotine
kalmoduline baglanan peptid (KBP) ve TEV proteaz kesici kisim ile baglanmis durumdadir.
Biyotinlenme igin gerekli olan bakteriyal biyotin ligaz birA’nin sabit olarak NIH 3T3
lerinde MIF ile birlikte ayn1 klonda ekspre edildigi goriiliiyor.

MIF hedef proteinin etkili bir sekilde biyotinlenmesi, SDS-PAGE analizi ile
degerlendirildi (Sekil 4.1.1.2). Hedef MIF ve beraberinde BirA enzimiyle c¢iftli
transfekte edilen (biyotin. MIF/BirA) ve de sadece BirA enzimiyle tekli transfekte
edilen (BirA) hiicrelerden elde edilen protein ekstraktlart %18’lik SDS jelinde
yiiriitiildii. Daha sonra proteinler, nitroselilloz membrana transfer edilip, endojendz ve
biyotinlenmis MIF’i saptamak amaciyla anti-MIF antikoruyla inkiibe edildi. Ayni
membran, striplenip biyotinlenmis MIF’1 belirlemek amaciyla streptavidin-HRP (Sekil
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4.1.1.2, alt panel) ile muamele edildi. Ciftli transfekte edilen grupdaki hiicre
ekstraktlarinda, 22 kDa’luk biyotinlenmis MIF (Sekil 4.1.1.2, {ist panel, sira 2, ok) ve de
12 kDa’luk endejendz MIF (Sekil 4.1.1.2, iist panel, sira 2, yildiz) Western blot ile
belirlendi. Tekli transfekte edilen grupta ise, sadece endojendz MIF saptandi (Sekil
4.1.1.2, tust panel, sira 3). Ayrica, MIF’in basarili bir sekilde biyotinlendigi,
streptavidin-HRP uygulanmasi ile de dogrulandi. Ciftli transfekte edilen grupda,
biyotinlenmis MIF’deki artan sinyal belirgin olarak saptanirken (Sekil 4.1.1.2, alt panel,
sira 2, ok), tekli transfekte edilen grupda biyotinlenme goriilmedi (Sekil 4.1.1.2, alt
panel, sira 3). Bu sonuglar, MIF’in NIH 3T3 hiicrelerinde, etkili bir bi¢imde
biyotinlendigini gosterdi.

MIF
30 kD
il —— - |
2D\ MIF
* - e 11 kD
—_— 42 kD
=30 kD
- - Lo kp WE: Biyotin

Sekil 4.1.1.2. MIF’in biyotinlenmesi ve saflastirilmasini gdsteren immunblot.
Biyotinlenmis MIF ve biyotin ligaz bir A ekspre eden ¢iftli transfekte edilmis (sira 2, 4 ve
6) ve sadece birA ile transfekte edilmis (sira 3, 5 ve 7) hiicrelerden elde edilen sitoplazmik
ekstraktlar streptavidin agaroz boncuklar1 ile inkiibe edildigi gozlenmektedir. Supernatan
(streptavidine baglanmamis, sira 6 ve 7), streptavidine baglanmis proteinler (sira 4 ve 5) ve
hiicre ekstraktinin %5°1 (sira 2 and 3) % 18’lik SDS-PAGE analizine maruz birakildiktan
sonra MIF ve biyotinlenmis MIF’in saptanmasi Western blot (WB) ile gosterilmistir. Yildiz:
Endojendz ve rekombinant MIF (rMIF), ok: biyotinlenmis MIF

MIF’in etkili bir sekilde in vivo biyotinlendiginin gosterilmesinden sonra,
biyotinlenmis MIF ve iliskide oldugu proteinlerin hiicre ekstraklarindan saflastirilmast,
streptavidin ile kapli boncuklar ile afinite kromatografisi yardimiyla gerceklestirildi.
Total protein ekstraklarinin = streptavidin  boncuklarina baglanma oran1 farkl
miktarlardaki protein ekstraklarinin ve farkli inkubasyon zamanlarinin kullanilmas: ile
saptandi. Total protein ekstraklart (Sekil 4.1.1.2, sira 2 ve 3), streptavidine baglanan
materyal (Sekil 4.1.1.2, sira 4 ve 5) ve baglanmayan supernatan (Sekil 4.1.1.2, sira 6 ve
7) Western blot ile analiz edildi. Sekil 4.1.1.2°de goriildiigii lizere (alt panel), bir¢ok
endojendz olarak biyotinlenmis proteinlerin de streptavidin-HRP’ye baglandiklar
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saptandi. Sonug¢ olarak, bu bulgular, biyotinlenmis MIF’in tek adimli afinite
saflagtirmasi ile hiicre ekstraktlarindan geri elde edilebilecegini gosterdi.

4.1.2. MIF’e Baglanan Proteinlerin Gozlenmesi Ve Saflagtirilmasi

Hiicre ekstraklarindan biyotinlenmis MIF’in tek basamakli saflastirilmasi
sonucu elde edilen biyotinlenmis MIF ve onunla etkilesimde olan proteinler Komasi
mavisi ve giimiis boyasi ile boyandi (Sekil 4.1.2.1A ve B). Her iki boyama yontemi ile
de ayni boyanma paterni gézlendi ve glimiis boyasinin Komasiden daha hassas olmasi
nedeniyle, elde edilen protein bantlarinda bir artis belirlendi. Biyotinlenmis MIF sadece,
ciftli transfekte edilen grubun hiicre ekstratlarinda goézlendi. Biyotinlenmis MIF
proteinini gosteren band, Komasi mavisi ile boyanmis jelden kesilip kiitle
spektrometresinde incelenmesi ile dogrulandi. Biyotinlenmis MIF ve MIF ile iliskide
olan proteinlerin bulundugu siranin (sira 3) boyanma paterninin, arkaplan
boyanmasindan (sira 4) farkli olmasi, biyotinlenmis MIF ile iliskide olan proteinlerin
saflagtirmanin basar1 ile sonuglandigini gosterdi. Ciftli ve tekli transfekte edilen hiicre
ekstratlarinin SDS PAGE’de analiz edilip, Komasi mavisi ile boyanmasi sonrasi
gozlemlenen protein bandlari, jelden kesilip, kiicliik pargalara ayrilip, kiitle
spektrometresinde incelendi.

A biotin.MIF/ B biotin.MIF/
M rMIF BirA BirA BirA BirA
kDa ' :
185 e ==t s E
98 e =S Iy —
—
52 -
31—
= _._biotin. —| -
17| - MIF —
1 2 3 4 1 2

Sekil 4.1.2.1. Saflagtirilmis biyotinlenmis MIF ve iligskide oldugu proteinlerin Komasi mavisi ve giimiis
ile gosterilmesi. Biyotinlenmis MIF ve birA (A, sira 3; B, sira 1) ve de sadece birA (A, sira
4; B, sira 2) ekspre eden hiicrelerden elde edilen proteinlerin streptavidin biyotin
saflagtirmasi sonras1t Komasi mavisi (A) ve giimiis (B) boyalari ile goriintillenmistir. M =
molekiiler agirlik standarti (sira 1), rMIF (A, sira 2).
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Kiitle spektrometri analizinden sonra, ¢iftli ve tekli transfekte edilen gruplardaki
(Sekil 4.1.2.1, sira 3 ve sira 4) proteinler karsilastirildi. Biyotinlenmis MIF ve onunla
birlikte saflastirilan proteinler (sira 3), endojendz olarak biyotinlenmis proteinlerle (sira
4) rekabet edebilecekleri igin bu grupdaki proteinler listeden elimine edildi. Kiitle
spektrometrisi sonucu tanimlanan proteinler arasinda, daha dncesinden bilinen MIF ile
iligkisi bilinen proteinlerden peroksiredoksin—1 and RPS 19 de yer almaktaydi.

MIF’in biyotinlenmesi sonucu, MIF’e eklenen biyotin igaretleyicisi, MIF’in ii¢
boyutlu yapisini degistirebilecegi ihtimali g6z Oniinde bulundurularak, biyotinlenmis
MIF’in hala protein-protein baglantisini koruyup koruyamayacagi da test edildi.
Biyotinlenmis MIF, streptavidin boncuklariyla piirifiye edildikten sonra, MIF ile iligkisi
bilinen proteinlerden Jabl/CSNS5 ve peroksiredoksin-1’in de biotin.MIF ile birlikte
saflastirildig: (Sekil 4.1.2.2, sira 3) bulundu.

Prx-1 |«

WB: Jab1/
CSN5 |

Biyotin | s R
1 2 3 4

Sekil 4.1.2.2: Biyotinlenmis MIF’e baglanan proteinlerin gosterilmesi.Biyotinlenmis MIF ve BirA (sira 1
ve 3) ve de sadece BirA (swra 2 ve 4) eksprese eden hiicre ekstraktlart streptavidin
boncuklart ile inkiibe edildikten sonraki immunoblot analizi goriilmektedir. Baslangic
materyali (sira 1 ve 2) ve biyotinlenmis MIF’e baglanmis proteinler (sira 3 ve 4) % 16°lik
SDS jelde yiiriitiiliip, Jab1/CSNS5, peroksiredoksin-1 (Prx-1) ve biyotin antikorlar
kullanilarak immunoblot ile analiz sonuglar1 gozleniyor.

4.1.3. Streptavidin Boncuklarinda TEV Proteaz Reaksiyonu Ve 1D-SDS-PAGE

Biyotin isaretleyici {izerinde yer alan spesifik TEV proteaz bolimii (Sekil
4.1.1.1’e bakiiz), streptavidin boncuklarindan MIF ve bagli bulundugu proteinleri
ayirmak amaciyla kullanildi. Ciftli ve tekli transfekte edilmis hiicrelerden elde edilen
hiicre ekstratlari, streptavidin boncuklart ile inkiibe edildikten sonra, boncuklar yikanip,
TEV proteaz ile inkiibe edildiler. Farkli ii¢ deneyden elde edilen TEV elusyonlari
birlestirilip, proteinler aseton ile ¢oktiiriildii. Coktlirme sonucu proteinler, 1D ve 2D-
SDS-PAGE’de analiz edildi.
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4.1.4. TEV Proteaz Reaksiyonu Sonucu Elde Edilen Protein Komplekslerinin 2D-
SDS-PAGE Analizi

Ciftli ve tekli transfeksiyon sonrasi TEV elusyonlarindan elde edilen
proteinlerin 2D-SDS-PAGE’de ayrimi yapilip, Giimiis boyanmasi ile goriintiilenmeleri
saglandi (Sekil 4.1.4.1). Ciftli ve tekli transfeksiyon gruplarindan elde edilen proteinler
karsilastirilip, sadece ciftli transfeksiyonda gozlemlenen proteinler Gilimiis boyasi ile
boyandi ve jelden cikarilarak, tripsin uygulandiktan sonra kiitle spektrometresi ile
incelendi. Kiitle spektrometrisi sonrasi tanimlanan proteinlerin listesi Tablo
4.1.4.1°dedir. Toplam 30 protein inceleme altina alindi, bunlar arasinda 4 gen iirlinii
1D-SDS jelinde de saptandi.
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Sekil 4.1.4.1. TEV proteaz reaksiyonu sonrasi elde edilen proteinlerin 2D-SDS-PAGE analizi.
Biyotinlenmis MIF ve BirA eksprese eden hiicrelerden (iist panel) elde edilen proteinler,
sadece BirA (alt panel). ekspre eden hiicrelerdeki proteinlerle karsilastirilip, sadece
biyotinlenmis MIF ve BirA eksprese eden hiicrelerdeki proteinler jelden ¢ikarilip, kiitle
spektrometrisinde incelendikten sonra elde edilen protein noktalar1 gézleniyor. Ust panelde
belirtilen numaralar, Tablo 4.1.4.1°de liste halinde belirtildi.
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Tablo 4.1.4.1. 2D-SDS-PAGE analizi sonrasi, MIF’e baglanan proteinlerin MALDI-MS ile

tanimlanmalari
Noktalar Protein ismi NCBI M. Eslesen peptit
numaralari (kDa) sayisi
3 Peroksiredoksin 1 gi|56103807 22 10
14 Valosin-igeren protein gi|55217 89 12
4 Fosfogliserat kinaz 1 21987048 45 11
Heterojen niiklear .
> riboniikleoprotein F £i[17390408 46 7
6 Serin proteinaz inhibitori 2127806941 49 5
11 Alfa-2-HS-glikoprotein 2127806751 58 5
Okaryatik translasyon baslatic .
2 faktor SA-1 (eIF-5A-1) gi[124231 19 3
20 Malat dehidrogenaz gi|164543 36 4
19 MIF £i/694108 11 4
1 Troponin C- protein 21223036 17 2
21 | AHAL 90kDausisokuprotein | 4115653109 38 2
aktivatorii
22 Pirofosfataz gi[27754065 42 2
23 ?glmk ribozomal fosfoprotein 4il6671569 35 )

4.1.5. MIF’e Bagh Proteinlerin NIH 3T3 Hiicrelerinde immunocékeltmesi

In vivo biyotin ile isaretleme sonrasi yapilan kiitle spektrometri analizi sonucu
belirlenen MIF’e bagl proteinleri, bagska yontemlerle de dogrulamak amaciyla protein-
protein baglanmasin1 saptamada c¢ok kullanilan birlikte-immungdkeltme (co-IP)
yontemine bagvuruldu. Peroksiredoksin-1, Fetuin, Pgk-1, RPS 19 and VCP proteinleri,
MIF ile coktiiriildi (Sekil 4.1.5.1). NIH 3T3 fibroblast hiicre ekstratlari, protein G-
Sepharoz boncuklar1 iizerine baglanmis olan rabbit anti-rat MIF ve rabbit kontrol
preimmun serumuna maruz birakildi. Daha sonra, immun kompleksler,
Peroksiredoksin-1, VCP, Fetuin, RPS 19, Jabl/CSN5 and Pgk-1’nin saptanmalari i¢in
herbir proteine ait spesifik antikorlar ile muamele edilip, membranlar striplendikten
sonra MIF i¢in problandi. Sekil 4.1.5.1°de gosterildigi iizere, anti-MIF antikoru, MIF ile
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birlikte NIH 3T3 hiicre ekstratlarindan Peroksiredoksin-1, VCP, Fetuin, Pgk-1 ve RPS
19’in ¢okmesini sagladi.

IP
W o
Prx-1 [
VCP D  SS—
WB: Fetuin | —
Pgk-1 [ —
Jab1/CSNS | ===
RPS 19 [ v
V11 N P——
1 2 3

Sekil 4.1.5.1. Endejonez MIF ile birlikte MIF’e baglanan proteinlerin NIH 3T3 hiicrelerinde
¢oktiiriilmesini gosteren Western blot sonuglari.
Hiicre ekstratlari, rabbit anti-MIF antiserum (sira 2) ve rabbit pre-immunserum (sira 3) ile
muamele edilerek, MIF ile ¢oktiiriilen proteinlerin (solda isimleri siralanan), Western blot
analiz sonuglar1 goriilmektedir. Immuncokeltmede hiicre ekstratimn %5’i  baslangic
materyali (sira 1) olarak kullanildi.

4.1.6. MIF ve MIF’e Baglanan Proteinlerin Ortak Yerlesimleri

MIF ve MIF’e baglanan proteinler arasindaki iliski, konfokal mikroskobu ile bu
proteinlerin ortak yerlesimlerinin gosterilmesi ile bir kez daha dogruland: (Sekil
4.1.6.1).
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Sekil 4.1.6.1. MIF ve MIF’e baglanan proteinlerin NIH 3T3 hiicrelerindeki ortak yerlesimlerinin
konfokal mikroskopta gosterilmesi. Hiicreler, MIF ve VCP, RPS 19 ve ya Pgk-1’c karsi
gelistirilmis primer antikorlar ve ardindan florasan ile isaretlenmis sekonder antikorlar ile
muamele edilerek c¢iftli lokalizasyonlari gozlenmektedir. MIF kirmizi ile (A), MIF’e
baglanan proteinler yesil ile (B), proteinlerin ortak yerlesimleri (overlay) turuncu ile
gosterildi(C).

Bu ¢alismada kullanilan in vivo biyotin ile isaretleme yontemi, 1D- ve 2D-SDS-
PAGE analizleri sonucu yapilan kiitle spektrometrisi ile yeni MIF’e baglanan proteinler
belirlendi. Son bir ¢alisma, MIF’in UPS (Ubikiitin Protazom Sistem) de énemli bir rol
oynadig1 bilinen SCF f{ibikiitin ligaz aktivitesini kontrol ettigini gostermistir [74]. Bu
caligmayla uyumlu olarak, bu tezde de UPS’in dnemli elemanlarindan birisi olan VCP
(Valosin-igeren protein) 2D-SDS-PAGE analizinde yiiksek peptit skoru vermesi nedeni
ile MIF’e baglanan protein aday1 olarak belirlendi. Bu nedenle, daha sonraki analizler
MIF ve VCP arasindaki etkilesimi detayli incelemek amaciyla yapildi.
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4.1.7. MIF Ve VCP Arasindaki Baglanma Domainlerinin Belirlenmesi

MIF ve VCP arasindaki baglanma domainlerini arastirmak amaciyla, VCP’nin
FLAG isaretli N-terminal domaini (1-202 residuleri), D1 domaini (203—450 residuleri),
D2 domaini (451-807 residuleri) ve ND1 domaini (1-450 residuleri) (Sekil 4.1.7.1A),
MIF ile birlikte NIH 3T3 hiicrelerinde, eksprese edildiler. Transfekte edilen hiicrelerden
hazirlanan ekstraklar, MIF’in ¢oktiirlilmesi amaciyla kullanildi ve MIF ile birlikte
coktiiriilen proteinler anti-FLAG antikoru ile saptandi. Fakat VCP’nin ¢alisilan higbir
domaininin MIF ile birlikte ¢kmedigi belirlendi (Sekil 4.1.7.1B).

A Flag-VCP ve mutantlari
®-I N H B |_4?0 aa
@‘ETQB aa

G L 02 Iy

471 aa 806 aa
B Baslangi¢ materyali IP: MIF
ka_V N D1 D2ND1VCP V N D1 D2 ND1VCP
100
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IB: Flag so- -
37 —
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IB:MIF [ e e e e e e e e e e e
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Sekil 4.1.7.1. VCP’nin MIF’e baglandig1 domainlerinin belirlenmesini gosteren sekil.

(A) VCP and onun N-terminal FLAG (FL) isaretleyicisi tagiyan delesyon mutantlariin
sematik gosterimi (B) wt-VCP ve onun N-terminal domain (1-202 residuleri), D1 domain
(203-450 residuleri), D2 domain (451-807 residuleri) ve ND1 domain (1-450 residuleri)’i
ektopik olarak NIH 3T3 hiicrelerinde FLAG ile isaretli proteinler olarak ekspre edildigi,
kontrol olarak ise, hiicrelerin, VCP expresyon vektorii (V) ile transfekte edildigi
gozlenmektedir. Ayni1 anda, MIF, VCP ile birlikte ekspre edildikten sonra. anti-MIF
antikorlari (7-12) kullanilarak, hiicre ekstratlarindan MIF ¢oktiiriiliip, ¢oken proteinler, anti-
FLAG antikoru ile saptantig1 gosterilmektedir. Hiicre ekstratlarindaki FLAG ve MIF
proteinleri immunoblot (IB) ile saptand1 (baslangi¢ materyali; 1-6).

Protein-protein baglantisini bulmada kullanilan bir bagka yontem olan Floresan
rezonans enetji transferi (FRET), VCP ve MIF arasindaki hiicresel uzakligin 10 nm’den
daha yakin olup olmadigini saptamak amaciyla kullanildi. MIF ve VCP heriki protein
de sitopldzmada yerlesmis olmalarina ragmen, iki protein arasinda herhangi bir anlamli
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FRET sinyali saptanamadi. Biitiin bu sonuclar, MIF ve VCP arasinda direk degilde
indirekt olarak bir kofaktor aracili baglanma olabilecegini akla getirdi. Bilinen MIF ile
iligkide olan proteinler arasindan, Jabl/CSN5, VCP gibi UPS’de calismasi nedeniyle
MIF ve VCP arasinda kofaktor olarak baglantiyr yapabilecek bir protein olarak
diistintildii. Jab1/CSNS5’nin kofaktdr olup olamayacagini anlayabilmek amaciyla, FLAG
isaretleyicisi tasiyan VCP ve mutantlari, wt-Jabl/CSN5’la birlikte NIH 3T3
hiicrelerinde ko-ekspre edildiler (Sekil 4.1.7.2). Jabl/CSNS5 presipitiye edildikten sonra,
sadece ND1 domainin (sira 11) ve wt-VCP’nin (sira 12) Jabl/CSNS5’a baglandigi
belirlendi.

Baslangig materyali IP: Jab1/CSN5
wa_V_N D1 D2ND1VCP V_ N D1 D2 ND1VCP
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Sekil 4.1.7.2. VCP’nin Jab1/CSNS5’e baglandig1 domainler.
Jab1/CSNS5, VCP ve mutantlart ile birlikte ekspre edildikten sonra anti-Jabl/CSN5
antikorlar1 (7-12) kullanilarak, hiicre ekstratlarindan Jab1/CSNS5 presipiye edilip, presipiye
edilen proteinler, anti-FLAG antikoru ile saptanmalai gbzlenmktedir. Hiicre ekstratlaridaki
FLAG ve Jab1/CSNS proteinleri immunoblot (IB) ile saptanmistir (baslangi¢ materyali; 1—
6).

4.2. MIF’in VCP’ye Jab1/CSNS Araciligiyla Baglanmasi

4.2.1. Jab1/CSN5 VCP’ye in vivo Ve In vitro Baglamir

VCP ve Jabl/CSN5’nin direk olarak bir kofaktére ihtiya¢ duymadan
baglandigin1 kanitlamak amaciyla birlikte ¢oktiirme (ko-IP) ve in vitro ¢Oktlirme
deneyleri uyguland1. ilk olarak, iki protein arasindaki baglanma, proteinlerin normal
ekspresyon diizeylerine bakilarak in vivo olarak incelendi. Endojen6z Jab1/CSN5-VCP
kompleksi, NIH 3T3 ve HEK293T hiicre ekstratlarindan anti-Jabl/CSNS5 (Sekil
4.2.1.1A, sira 2) ve anti-VCP (Sekil 4.2.1.1B, sira 2) antikorlar1 kullanilarak ¢oktiiriildii.
Ko-IP i¢in kullanilan hiicre ekstratlari, VCP ve Jab1/CSNS5 ekspresyonlar1 i¢in analiz
edildi (Sekil 4.2.1.1A ve B, sira 1). Izotip kontrol antikorlar1 kullamildiginda (Sekil
4.2.1.1A ve B, sira 3) ¢oktiirme gozlenmedi.
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Sekil 4.2.1.1. Jabl/CSN5’in VCP’ye in vivo baglanmasi.
(A) NIH 3T3 (ist panel) ve HEK293T (alt panel) hiicre eckstratlarindaki, VCP ve
Jab1/CSNS proteinlerinin ekspresyonlar1 immunoblot (IB) ile (baslangig materyali, sira 1).
incelenmistir. Hiicre ekstraktlari, anti-Jabl/CSN5 antikoru (2) ve izotip kontrol antikoru
(kontrol, sira 3) ile inkiibe edilerek, Jabl/CSN5 ¢oktiiriildii. (B) VCP, Anti-VCP antikoru
(2) ile ¢oktiiriildii. izotip kontrol 1gG (lane 3) ile ise ¢dktiirme gdzlenmemistir. VCP ile
birlikte ¢oktiiriilen proteinler, anti-VCP ve anti-Jab1/CSN5 antikorlari ile saptandi.

Bunlara ek olarak, proteinler arasindaki direk etkilesim in-vitro ¢oktiirme deneyi
ile de incelendi. Bu amagla, Oncelikle rekombinant His-VCP ve GST-Jabl/CSN5
bakteriden saflastirilarak, artan konsantrasyonlarda His-VCP (Sekil 4.2.1.2, sira 1: 0.25
pg, sira 2: 0.50 pg, sira: 1 pg, sira 4: 2 ug) glutatyon agaroz boncuklarina immobilize
edilmis 1pg GST-Jabl/CSNS5 ile inkiibe edildi. Kontrol olarak, glutatyon agaroz
boncuklari, sadece 2 pg of His-VCP (sira 5) ile inkiibe edildi. Boncuklarin
yikanmasindan sonra, GST-Jab1/CSN5’a baglanan proteinler, Western blot ile saptandi
(Sekil 4.2.1.2). Bu deney sonucunda, artan miktarlardaki His-VCP’nin GST-Jab1/CSN5
ile ¢oktiigii gosterilerek, bu iki protein arasindaki direk etkilesim belirlendi.
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Sekil 4.2.1.2. Jab1/CSN5’m VCP’ye in vitro baglanmasi.
Rekombinant His-VCP’nin rekombinant GST-Jabl/CSN5’a baglanmasi. Glutatyon
boncuklarima baglanmig olan GST-Jabl/CSNS5, saflastirilmis His-VCP’nin (sira 1-4) artan
miktarlartyla inkiibe edildigi gozlenmektedir. His-VCP’nin GST-Jab1/CSN5’a baglanmasi
anti-VCP antikoru ile saptandi ( sira 1-4, {ist). Esit miktarlarda, GST-Jab1/CSNS5 (1 pg) (sira
1-4, alt) kullanildi. Kontrol olarak, sadece glutatyon boncuklari, 2 pg of His-VCP (sira 5) ile
inkiibe edildi. His-VCP: 0.25 pg ( sira 1); 0.5 pg (sira 2); 1 ug (swra 3); 2 ug (sira 4 ve 5).

4.2.2. Jab1/CSNS Ve VCP Arasindaki Baglanti Domainlerinin Saptanmasi

Bundan 6nceki sonuglar, Jabl/CSN5’1n VCP nin ND1 domainine baglandigini
gosterdi (bakinmiz 4.1.7, Sekil 4.1.7.2). Jabl/CSN5’nin hangi domaininin VCP ile
etkilesdigini bulmak amaciyla, FLAG-VCP, Myc-Jabl/CSN5 and Myc-Jabl/CSN5’nin
delesyon mutantlar1 (1-191, 1-110, 110-191), HEK293T hiicrelerinde birlikte ekspre
edildi. Sekil 4.2.2.1°da, Jab1/CSN5 ve onun delesyon mutantlar1 sematik olarak
gosterildi. Transfekte edilen hiicrelerden elde edilen ekstraktlar, Flag-IP sine maruz
birakildi (Sekil 4.2.2.1B). Anti-FLAG antikoru yardimiyla, FLAG-VCP, Myc-
Jab1/CSNS ile ¢oktiiriildii, Jabl/CSN5 ve delesyon mutantlart anti-Myc antikoru ile
saptandi. Myc-Jabl/CSN5 ekspresyon vektoriiniin transfeksiyonu, immunogdktiirme
(IP)’nin 6zgiinliigii i¢in kontrol olarak kullanildi. Deney sonuglari, wt-Jabl/CSN5 nin
ve onun delesyon mutantlarindan 1-110 ve 1-191’in FLAG-VCP’ye baglandigini
(Sekil 4.2.2.1B, sira 7, 8, 9) fakat 110-191 mutantinin (Sekil 4.2.2.1B, sira 10) ise
baglanmadigini gosterdi. Bu sonuglar, wt- Jabl/CSN5’nin ve MPN domainine sahip 1—
191 delesyon mutantinin VCP ile baglandigini gosterdi.

Jab1/CSN5’nin 110-191 domainin VCP’ye baglanmadigi saptandiktan sonra,
bundan sonraki caligmalar, VCP-Jabl/CSNS5 baglanmasinin Jabl/CSN5’mn JAMM
motifine baglt olup olmadigini anlamak amaciyla yapildi. Bu nedenle, Myc isaretli
JAMM mutant Jabl/CSNS5, HEK293T hiicrelerinde, FLAG-VCP ile birlikte ekspre
edildi ve transfekte edilen hiicrelerden elde edilen ekstratlar, Myc ve FLAG-IP si i¢in
kullanildi. Sekil 4.2.2.1C’de goriildiigi tizere, Myc-JAMM mutant Jabl/CSN5, FLAG-
VCP ile birlikte ¢oktiiriildii. Buna paralel olarak, FLAG-VCP, Myc- Jabl/CSNS5 ile
birlikte coktiiriildii (Sekil 4.2.2.1C, sira 8). Hem FLAG hem de Myc ¢oktiirme
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sonuglari, Jabl/CSN5-VCP baglanmasinin JAMM motifinden bagimsiz oldugunu
gosterdi (Sekil 4.2.2.1C).
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Myc-Jab1/CSN5 ve mutantlar
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Sekil 4.2.2.1. Jab1/CSN5’nin VCP’e baglandigi domainler

(A) Jabl/CSN5 ve onun delesyon mutantlarinin sematik gosterimi. (B) FLAG-VCP’nin
Jab1/CSN5’nin N-terminal domainine baglanmasi. FLAG-VCP ve Myc-Jabl (wt, 1-334),
delesyon mutantlart Myc—1-110, Myc—1-191, Myc-110-191 HEK293T hiicrelerinde
birlikte transfekte edildi. Anti-FLAG ve anti-Myc antikorlar1 kullanilarak, Myc ve FLAG
ekspresyonlart1 hem hiicre ekstratlarinda (baslangic materyeli, 1-5) hem de ¢oken
materyallerde (6—10) saptandi. Yildiz, [gG’nin agir zincirini gostermektedir. (C) JAMM
mutant-Jabl/CSN5’nin VCP’ye baglanmasi. FLAG-VCP ve Myc-Jabl/CSN5 mutant
HEK293T hiicrelerinde birlikte transfekte edildi. Baslangi¢ materyeli ( sira, 1, 2, 5 ve 6) ve
¢oken materyal ( sira, 3, 4, 7 ve 8) anti-Myc ve anti-FLAG antikorlar1 kullanilarak,
immunoblot ile saptandi.
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4.2.3. Floresan Rezonans Enerji Transferi (FRET)

VCP ve Jabl/CSNS5 proteinlerinin hiicre igerisinde birbirine yakinlik
derecelerini belirleyebilmek i¢in konfokal mikroskobu altinda Floresan Rezonans Enerji
Transferi (FRET) teknigi uyguland1 [137, 138]. Iki protein NIH3T3 hiicrelerinde
birlikte ekspre edildi ve bu proteinler indirek ciftli-immunofloresan yontemi ile
saptandi. Overekspre edilen VCP ve Jabl/CSNS5 proteinleri primer olarak sitoplazmada
gozlendi. FRET deneyinde, her iki proteinin birlikte ekspre edildigi bir bolge
secildikten sonra, o bolgedeki Cy3 isaretli verici floresan yogunlugu, akseptor (alici)
floresan sonmesi (bleaching) Oncesi ve sonrasinda hesaplanarak belirlendi. Akseptor
(Jab1/CSN5) floroforun (Cy5) sonmesi, flurosan yogunlugunun hemen hemen yok
olmasini sagladi (Sekil 4.2.3, C ve D’deki ROI (ilgilenilen bolgeyi karsilastiriniz). Bu
sirada, ayn1 bolgede Cy3 (donor) kanalinda, flurosan yogunlugunda bir artig goriildi
(Sekil 4.2.3.1B). Her deney i¢in, 18-20 hiicre ( n=76 deney grubu, n=85 kontrol grubu,
4 farkli deney ) analiz edildi. Her deneyde pozitif FRET sinyali saptandi. Cy3
fluroforundaki belirgin artig, CyS5 in fluroforunun sondiigii alanda 7,8 median degeri ile
saptandi (Sekil 4.2.3.1E). Sekonder antikorun verdigi yalanct FRET sinyali ise, kontrol
deneyleri kullanilarak belirlendi (median AIF = 2.75) (Sekil 4.2.3.1E).
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Sekil 4.2.3.1. VCP ve Jab1/CSNS proteinlerinin birbirlerine olan hiicresel yakinlik derecelerinin NIH 3T3
hiicrelerinde, FRET analizi ile O6l¢iimi. VCP ( Cy3-konjuge sekonder antikor ile
isaretlenmis donor; A and B) ve Jabl/CSN5 ( Cy5-konjuge sekonder antikor ile
isaretlenmis alict; C+D)’nin immunofloresan fotografi. Cy5 ilgili bolgede (ROI: Region
of interest) sondiiriilmiis (C ve D deki ROI’leri karsilastir). ROI 2-5: kontrol alanlari (E)
Deney gruplart kontrol gruplariyla karsilastirilarak, AIF deki degisiklik belirlenmistir.
***=p < 0.001, Mann-Whitney test; n = deney sayist (4 deney). O: verilerdeki ekstrem
degerleri. Bar: 20um
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4.2.4. VCP’nin COP9 Signalozom (CSN) ile iliskisi

Jab1/CSN5-igeren signalozom olarak da bilinen CSN kompleksi, CSN1’den

CSN8’e kadar 8 subuniteden olusmustur [139]. Bu ¢alismada bulunan Jab1/CSN5’nin
VCP’ye baglanmasi, CSN kompleksinin diger subunitelerinin de VCP’ye baglanip
baglanamayacag1 sorusunu akla getirdi. Bu soruya yanit bulabilmek i¢in CSNI
coktiirme deneyleri uygulanmistir. CSN1 bazli ¢oktiirmelerin tim CSN kompleksini
coktiirebilecegi onceki ¢alismalarla gosterildi [140].
Bu c¢alismada da, Anti-CSN1 antikoru ile tiim CSN kompleksinin c¢oktiiriilmesi,
CSN’nin VCP’ye baglandigini agiga ¢ikardr (Sekil 4.2.4.1). Coktiirmenin 6zgiinligi,
Jab1/CSN5’inde tiim CSN kompleksi ile birlikte ¢oktiiriilmesi ile dogrulandi (Sekil
4.2.4.1).

IB:VCP | e —

1B:Jab1/ [
CSN5
IB: CSN1| e -

1 2 3

Sekil 4.2.4.1. VCP’nin CSN kompleksine baglanmasi
HEK293T hiicre ekstraktlart VCP, Jabl/CSN5 ve CSNI1 proteinlerinin ekspresyonlari igin
immunoblot ile incelendi (IB, sira 1). Sirastyla, hiicre ekstratlari, anti-CSN1 antikoru (sira
2) ve izotip kontrol antikoru (swra 3) kullanilarak birlikte immunog¢dktiirme yapilarak
sonuglar dogrulndi. Immunoblot analizi ile c¢oktiriilen proteinler, anti-VCP ve anti-
Jab1/CSNS antikoru ile saptandi, membran strip edilerek, anti-CSN1 antikoru ile yeniden
muamele edildi.

4.3. Jab1/CSN5’1n VCP-poliiibikiitin Baglanmasim Diizenlemesi

VCP’nin temel fonksiyonu, {iibikiitinlenmis proteinlere baglanarak, onlari
iligkide olduklari proteinlerden ayirmak ve bu iibikiitinlenmis proteinlere yol gostererek
onlarm protazoma ydnlenmelerini saglamaktir. Ubikiitinlenmis proteinler VCP
yardimiyla diger proteinlerden ayrildiktan sonra, bircok kofaktdriin yardimiyla {ibikiitin
zincirlerinlerinden uzaklastirilirlar (detibikiitinlenme) [141].

Bu ¢alismada, CSN kompleksiyle iliskide olan Jabl/CSN5’1n ise deiibikiitinleme
aktivitesine sahip oldugu [94] bilindiginden, Jabl/CSN5’nin VCP’ye bagli proteinlerin
iibikiitinlenme durumlarini diizenleyip diizenlemeyecegi arastirildi. Jabl/CSNS ancak CSN
kompleksi i¢indeyken kendi aktivitelerini gosterdiginden, sadece Jabl/CSNS5’in degil de
tim CSN’nin VCP-poliiibikiitin etkilesimini etkileyip etkileyemeyecegi RNA interferans
ile belirlendi (Sekil 4.3.1). Ilk olarak, CSN altbirimlerinden Jabl/CSN5 ve CSN1, HEK
293T hiicrelerinde nakdavn (gen susturulmasi, gen ekspresyonunun azaltilmasi)

48



edilmistir. Bu birimlerden birinin nakdavn edilmesi, CSN kompleksinin stabilizesinin
bozulmasina neden oldu. Ayrica VCP’ye baglanmis poliiibikiitinlenmis proteinler de
Jab1/CSNS5 and CSNI nakdovn gruplarinda kontrol gruplariyla karsilagtirildiginda bir
birikme goriildi (Sekil 4.3.1B, sira 6, 7).

Bunlara ek olarak, Jabl/CSN5’nin JAMM motifinin {ibikiitinlenmis proteinlerin
deiibikiitinlenmesini sagladigi bilindiginden, Jab1l/CSN5’nin JAMM motifi mutant
(mCSNS5) formu ve wt-Jabl/CSNS5, HEK293T hiicrelerine transfekte edildi ve VCP’ye
bagl iibikiitinlenmis proteinler bu iki grup arasinda karsilagtirildi (Sekil 4.3.1A). Deney
sonunda, JAMM motifi mutant (mCSNS5) Jabl/CSNS5 transfekte edilen grupda, wt
Jab1/CSNS5 ile transfekte edilen gruba gore VCP’ye baglanmig iibikiitinlenmis
proteinlerde bir toplanma gozlendi (Sekil 4.3.1A). Bu deney sonuglar1 ile JAMM motifi
mutant (MCSNY5) Jab1/CSNS5 ve CSN kompleksinin, VCP’ye baglanmus iibikiitinlenmis
proteinlerin deiibikiitinlenmesinde gorev yaptig1 kanitlandi.

CSN’e bagli olan bir deiibikiitinlaz USP15’nin de aymi etkiyi gosterip
gostermedigini belirlemek amaciyla, USP15, HEK 293T hiicrelerinde nakdavn edildi.
Ayni CSN1 ve Jabl/CSN5 nakdavn deneylerinde oldugu gibi, USP15 nakdavn edilmis
hiicrelerde, VCP’ye bagh poliiibikiitinlenmis proteinlerde bir toplanma gozlendi (Sekil
4.3.1B, sira 8). Bu nedenle, bu deney, USP15 aktivitesinin de, VCP’ye baglanmis
substratlarin VCP iizerinde toplanip toplanmayacaginin belirlenmesinde rol oynadigini
gosterdi.
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Sekil 4.3.1. CSN kompleksi ve USP15 deiibikiitinlazin VCP’ye baglanmis olan poliiibikiitinlenmis
substratlar1 kontrol etmesi (A) HEK293T hiicreleri, vektor, Jabl/CSN5 (wtCSNS5) ve
JAMM mutant Jabl/CSNS5 ile transfekte edilip, proteazom inhibitor MG132 ile muamele
edildi. Transfekte hiicre ekstraktlarindan VCP immunogdktiiriilerek, ¢dken proteinler,
iibikiitin, VCP ve CSNS5 igin gelistirilmis antikorlar ile saptandi. Beta-aktin, immunoblotda
protein yiikleme kontrolii olarak kullanildi. (B) HEK293T hiicreleri, kontrol, CSN1, CSN5
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ve USP15 siRNA’leri ile transfekte edildi. 1 saat proteazom inhibitdrii MG132 ile muamele
edildikten sonra, hiicre ekstraktlari spesifik antikorlar ile incelendi. Ayni hiicre ekstraktlari,
VCP immunog¢dktiirmesi i¢in kullanildi, VCP’ye bagl iibikiitin zincirleri anti-iibikiitin
antikoru ile saptandi. Yildiz: IgG nin agir zincirini, #: Myc-isaretli CSN5 JAMM mutantini
gostermektedir. (C) CSN5-nakdavn edilmis hiicreler, CSNS5, cullinl, IkBa, CSN1 ve Beta-
aktin i¢in immunoblot analizi ile incelendi (iist panel). Mutant CSNS5 ile transfekte edilmis
hiicre ekstratlari, CSNS, cullin 1 ve Beta-aktin (alt panel) antikorlar ile muamele edildi.

Nakdavnlarin fonksiyonel olup olmadigi, Jabl/CSNS5 nakdavn edilmis gruplarda
incelendi (Sekil 4.3.1C f{ist panel). Jabl/CSN5’in nakdavn edilen gruplarda, kontrol
gruplarina gore nedile edilmis cullin 1°de bir artig gozlenmistir ki bu da Jabl/CSNS5’in
nakdavnu sonucu CSN1 ve ya CSNS5’in yeterli diizeyde sentezlenmemesi nedeniyle,
CSN fonksiyonunun da bozuldugunu ortaya koydu. Ayni etkiler, JAMM motifi mutant
(mCSN5) Jabl/CSNS5’in hiicrelerde overekspre edildiginde de goézlenmistir ki bu da
mutant proteinin, CSN’nin denedilaz aktivitesi {izerinde etkili oldugunu gosterdi.
Bunlara ek olarak, IkBoa’nin da, Jabl/CSN5 nakdavn edilmis hiicrelerde kontrol
gruplarina gore bir artis gosterdigi belirlendi.

4.4. MIF, VCP ve Jab1/CSN5’nin Farkh RNAi Stratejeleri Ile Nakdavnu

RNA interferans (RNAI), ¢ift zincirli RNA (dsRNA)’nin komplement mRNA
sinin  degradasyonunu hedef alarak genin susturulmasinin indiiklendigi bir
mekanizmadir. Bu mekanizma, ilgili genin hiicresel fonksiyonunda da 70-90%’lik bir
diisiis saglar.

Memeli olmayan sistemlerde, uzun ¢ift zincirli RNA (dsRNA)’nin hiicrede
ekspresyonu RNAi yolagini baglatir. Sitoplazmik niikleaz olan Dicer isimli enzim, uzun
dsRNA’leri 21-23bp lik kii¢iik interfering RNA (siRNA)’lara ayirip, bu siRNA’larin
acilimini saglarlar ve RNA indiiklii susturucu kompleksler (RISC) iizerinde toplanirlar.
Antisense siRNA zinciri, RISC kompleksinin komplementer RNA molekiilii iizerine
kaymasini1 saglar ve RISC mRNA’yi pargalayarak spesifik gen susturulmasina neden
olur. Bircok memeli hiicresinde, 30bp den daha uzun dsRNA’lerin hiicreye tanitimi
antiviral cevaba neden oldugu i¢in, arastirmacilar, daha ¢ok ya siRNA’leri hiicreye
transfekte ederek ya da Dicer’lar yardimiyla siRNA molekiillerine doniistiiriilen kisa
hairpin RNA (shRNA)’lar1 ekspre etmek icin DNA-bazli vektorler kullanarak RNAi’yi
indiiklemektedirler.

Bu calismada da, memeli hiicrelerinde RNA1’yi indiikleyebilmek i¢in 2 yontem
kullanildt: 1. siRNA’ler aracilt 2. shRNA ekspresyon vektorii ile MIF, Jabl/CSNS5 ve
VCP’nin nakdavnu.
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4.4.1. MIF, VCP Ve Jab1/CSNS Genlerinin shRNA pSUPER Vektorii Yardimiyla

Susturulmasi

pSUPER RNA:I sistemi, MIF, VCP ve Jabl/CSN5 genlerinin NIH 3T3, 264.7
RAW makrofajlart ve HEKT293 hiicrelerindeki nakdavnlart i¢in kullanildi (Deneysel
basamaklarin detay1 i¢in metod kismina bakiniz). MIF geninin makrofaj ve NIH3T3
hiicrelerindeki nakdavnu Sekil 4.4.1.1°de gosterilmistir.

Makrofaj NIH 3T3

WB:MIF e - -

WB: f-aktin IS G W G

1. 22 3 L id )

Sekil 4.4.1.1. MIF’in 264.7 RAW makrofaj ve NIH 3T3 hiicrelerinde nakdavnu.
264.7 RAW makrofajlar1 ve NIH 3T3 hiicreleri ya pSUPER vektorii (sira 1) ya da
MIFsiRNA si (sira 2 ve 3) ile transfekte edildi. Transfeksiyondan 48 saat sonra, sitoplazmik
ekstraktlar Western blot ile analiz edildi. Blot 6nce MIF sonrada B-aktin antikoru ile inkiibe
edildi.

4.4.2. VCP ve Jab1/CSN5’nin siRNA’ler ile Nakdavn Edilmesi

Jab1/CSNS ve VCP gen ekspresyonlart, UPS proteinlerinin geri doniisiimlerini
gostermek amaciyla 6zgiin siRNA’ler kullanilarak azaltilmigtir. 72 saatlik transfeksiyon
sonucu, HEK293T hiicre ekstraktlar1 immunoblot ile incelendi. Etkili nakdavnlar,
Jabl/CSNS5 ve VCP-siRNA’leri ile proteinlerin ekspresyonlarmin biiyiik bir Slgiide
baskilanmas1 ile gosterildi. Kontrol siRNA’lerinde ise herhangi bir etki goriilmedi
(Sekil 4.4.2.1). Jabl/CSN5’1n nakdavn edilmesi, CSN1 ekspresyonunu da baskilamigtir
ki, bu da CSNS5 subunitesinin nakdavn edilmesinin total CSN {izerinde etkili oldugu
goriigiinii desteklemektedir [142]. Boylece, CSN subunitelerinden birinin kompleksden
ayrilmasinin tiim CSN kompleksini etkileyerek bu subunitelerin de ekspresyonlarinda
bir azalma gosterecegini birkez daha ortaya konuldu. Ayn1i zamanda CSN
fonksiyonunun bozulmasi, UPS substratlarindan IxBa nin ekspresyon diizeyinde de bir
degisiklik yaratt1. Ixpa’nin protein miktar1 Jabl/CSNS5 nakdavn edilmis hiicrelerde bir
artis gosterdi (Sekil 4.4.2.1).
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Sekil 4.4.2.1. Jab1/CSN5 and VCP’nin nakdavn edilmesinin etkileri.

(A) HEK293T hiicreleri Jabl/CSN5 siRNA ve kontrol siRNA ile transfekte edildi.
Transfeksiyondan 72 saat sonra, kontrol ve Jabl/CSN5 nakdovn hiicre ekstratlar
immunoblot ile incelendi. Jabl/CSN5, CSNI, Ikpa, MIF ve pAKT (bakiniz sagdaki
proteinler) 6zgiin antikorlar kullanilarak saptandi.

(B) HEK293T hiicreleri, VCP siRNA ve kontrol siRNA ile transfekte edildi. VCP’nin
nakdavnu hiicre ekstratlarinda immunoblot ile incelendi. Ubikiitin ve VCP, spesifik
antikorlar ile saptand1. Beta-aktin esit miktardaki protein yiiklenmesini gostermektedir.

VCP nakdavnunun {iibikiitinlenmis proteinler {izerine etkisini gérmek amaciyla,
HEK293T hiicreleri, VCP siRNA ve kontrol siRNA si ile transfekte edildi. VCP’nin
nakdavn edilmesi, tibikiitinlenmis proteinlerin hiicrede toplanmasina neden olmustur ki,
bu da VCP’nin {iibikiitinlenmis proteinlere yol gosteren 6nemli bir saperon oldugu
gercegini bir kez daha dogruladi [131].

4.5. His-VCP ve GST-Jab1/CSNS5’nin Ekspresyonu ve Saflastirilmasi

4.5.1. His-VCP ve GST-Jab1/CSN5’nin Ekspresyonu

pET28a “-VCP ve pGEX-4T,-Jab1/CSN5 konstraklari, E. coli BL21 (DE3)’de
His-VCP and GST- Jabl/CSN5’nin ekspresyonlar1 icin Oncelikle bu bakteriyal
hiicrelere transforme edildi. Protein ekspresyonu i¢in gerekli optimal sartlar1 saptamak
amaciyla, bakteriyel hiicreler 37°C’de 0.5 mM IPTG ile indiiklendi. 3 saatlik bir

indiikleme sonunda, flizyon proteinleri temel bakteriyel proteini olarak secildi (Sekil
4.5.1.1A ve B; oklar).
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Sekil 4.5.1.1. E. coli’de His-isaretli VCP ve GST-isaretli Jabl/CSN5’nin ekspresyonu.

VCP ekspresyon plasmidini (A, sira 1) ve Jabl/CSN5 expresyon plasmidini (B, sira 1)
tastyan 500 ml E. coli BL21 (DE3) kiiltiirii 0.5 mM IPTG ile 37°C de indiiklendi. 3 saat
indiiksiyon sonrasi (sira 2) hiicreler, 1 mg/ml lizozim ve DNAaz I (sira 3) ile muamele
edildiler. Lizis edilen hiicre supernatanlari (sira 4) atildi. Geriye kalan ve inkliizyon badileri
iceren pellet (sira 5) siispanse edilip, denatiirasyon solusyonu ile inkiibe edildi ve santrifiij
edildiler. Temizlenmis lizat (sira 7), PBS’le diyaliz edildi. Diyaliz sonras1 herbir fraksiyon,
12.5% SDS-PAGE de yiiriitiiliip, Komasi mavisi ile boyandi. (M) = molekiilar agirlhik
marker1 (kD).

4.5.2. His-VCP ve GST-Jab1/CSN5’nin Saflastirilmasi (piirifikasyonu)

His-VCP proteini Nikel agaroz boncuklari, GST-Jabl/CSNS5 proteini ise
glutatyon agaroz boncuklar ile saflagtirildi. Ayristirilan (eluye edilen) fraksiyonlar,
SDS-PAGE’de yiirttiildii (Sekil 4.5.2.1).

His-VCP piirifikasyonu B GST-Jab1 purifikasyonu
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Sekil 4.5.2.1: His isaretli VCP ve GST isaretli Jabl/CSN5’nin saflastiriimasi

Ayristirilan herbir fraksiyondan (sira 1- 6) alman 6rnekler, 12.5% SDS-PAGE’de yiriitiiliip,
Komasi mavisi ile boyandi.
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TARTISMA

Makrofaj gociinli engelleyici faktor (MIF), yaklasik 40 yil dnce kesfedilen ilk
immun mediatorlerden birisidir [1, 2]. Daha sonraki yillarda, makrofajlar tarafindan
iiretildigi [40] ve On hipofiz hiicreleri gibi endokrin ve parankimal hiicreler tarafindan
da ekspre edildigi gosterilmistir [S]. MIF’in, septik sok [143], romatoid artritis [144],
inflamatuvar akciger hastaliklar1 [50] ve kanser [145] gibi birgok immun ve
inflamatuvar hastalikta kritik bir molekiil olarak gérev yaptigi ortaya ¢ikarilmistir. Bu
nedenle, hem sitokin hem de kemokin olarak gorev yapan bir diizenleyici olarak da
tanimlanmistir [146].

MIF ile ilgili proteinlerin kesfedilmesi amaciyla yapilan ¢alismalarda, MIF’in
tihol-6zgiin antioksidant bir protein olan ¢ogalma ile iliskili gen (PAG: proliferation
associated gen)’e baglandigi bulunmustur [71]. MIF ile PAG arasindaki baglanma,
PAG’in Cys173 ile MIF’in Cys residuleri arasinda olmaktadir ve bu ¢aligmada MIF’in
PAG’1n antioksidant aktivitesini engelledigi ortaya ¢ikarilmistir. MIF’in ayn1 zamanda,
pankreatik adaciklarimin B-hiicrelerindeki sekresyon graniillerinde bulunan insiilin ile
birlikte yerlesim gosterdigi bulunmustur [57]. PAG ve insiiline ek olarak, hepatopetin
(HPO), MIF’e direk baglanarak MIF’in redoks diizenleyici fonksiyonunda gorev
almaktadir. [72]. MIF’in ayn1 zamanda, COP9 signalozom (CSN)’in bir parg¢asi olan c-
Jun aktiveli domaine baglanan protein (c-jun activation domain binding protein-1)
(JAB1)/CSN5’a baglandigi bulunmustur [28]. Bu ¢alismada, MIF’in JABI aracili AP-1
aktivasyonunu engelledigi ve JABI aracili p27 yikimini kontrol ettigi gosterilmistir.
Doku uyumlu kompleks iligkili zincir (Major histocompatibility complex (MHC) class
[I-associated invariant chain)’in hiicre yiizey formu olan CD74’un hiicre ylizeyinde
MIF’e baglandigi bulunmustur [18]. CD74 sinyal iletici domaini olmamasi nedeniyle
MIF i¢in tanimlanan bir reseptor kabul edilememistir. Fakat CD74’tin MIF aracili hiicre
cogalmast ve MAPK aktivasyonunda gorev aldigi ortaya konulmustur [18]. Biitiin
bunlara ek olarak, MIF’in apoptozla iliskili protein, BNIPL’e de baglandig1r ve
BNIPL’ nin de hiicre ¢ogalmasinda gorev yapip, MIF aracili tiimor hiicre ¢ogalmasini
engelledigi belirlenmistir [147].

Bugiine kadar yukarida da belirtildigi gibi MIF ile iliskili bircok protein
tanimlanmis olmasina ragmen, MIF ile ilgili hiicre yolaklar1 ve MIF’in bu yolaklardaki
fonksiyonu tam olarak anlagilamamistir. Bu nedenle, bu calisma MIF ile iliskili
proteinlerin tanimlanmasi ve bu proteinlerin hiicre i¢i fonksiyonlarmin belirlenmesi
amaclanmustir.

MIF ile iligkili yeni proteinlerin tanimlanmasi amaciyla, MIF’in hiicrede siirekli
ekspresyonunu saglayacak in vivo biyotinleme yontemi kullanildi. Biyotinin avidine

54



olan yiiksek afinitesi bilindiginden, hedef proteini 6zgiin olarak biyotinlemek amaciyla
in vivo methodlar gelistirilmistir [148-151]. Bu ¢alismada MIF in vivo biyotinlenip,
iliskide oldugu MIF’e baglanan proteinler streptavidin ile saflastirildi. Afinite temelli
saflagtirma metodlar1 arasinda, biyotin-avidin sisteminin bir¢ok avantajlar1 vardir. Bu
caligmada gosterildigi lizere, biyotinlenmis MIF hiicre ekstratlarindan tek bir basamakta
direk olarak saflastirildi. Oysaki birbiri ardina yapilan afinite saflastirma (tandem
affinity purification tag, TAP) metodu gibi diger in vivo modeller, bircok saflagtirma
basamaklari1 igermektedir [152]. Ayrica, memeli hiicresinde ¢ok az sayida biyotinlenmis
proteinlerin olmas1 6zgiin olmayan baglantilar1 engellemektedir. Avidinin biyotine olan
cok yiiksek afinitesi aynt zamanda, yikama basamaklarinda daha gii¢lii ajanlarin
kullanilmasini sagladi. Biyotin ile diger isaretleyiciler karsilastirildiginda, biyotinin
saflagtirmatirmada kullanilan en iyi isaretleyicilerden biri oldugu gosterilmistir [153].
Biyotin kisminin alt boliimlerine TEV proteaz kesici alaninin yerlestirilmesi, biyotinin
uzaklastirilmasini ve sadece MIF ve MIF ile iliskili olan proteinlerin ayrilmasini
sagladi.

Tiim bunlarin yaninda, biyotin peptit isaretleyicisi MIF’in diger proteinlerle
iliskiye girmesini engellememistir ki bu da kullandigimiz metodun basarisini ve
uygulanabilirligini gostermektedir. Calismamizda kullanilan biyotin ile isaretleme
yonteminin yukarida da belirtilen birgok iistliin 6zelliginden dolay1r bu yontem tercih
edildi.

Bu zamana kadar higbir ¢aligmada, afinite kromatografisi ve kiitle spektrometrisi
ile birlikte in vivo biyotin ile isaretleme metodu MIF ile iligkide olan proteinleri
tanimlamak amaciyla kullanilmadi. Bu ¢alismada ise ¢ok sayida MIF ile iliskili yeni
proteinler tanimlandi. Bunlardan bazilar1 MIF ile dolayli olarak ve gecici bir sekilde
etkilesmektedirler. Bu yontemle tanimlanan proteinlerin ¢ogu, protein-protein
baglantisint  bulmada kullanilan maya iki-hibrid (yeast two-hybrid), birlikte
immunogokeltme gibi baska yontemlerle tanimlanmustir. /n vivo biyotin ile isaretleme
yontemiyle ayni zamanda direk ve ya dolayli yonden bulunan etkilesimlerin birgogu
saptanabildi. Daha Oncesinde bilinen MIF’e baglanan proteinlerin yanisira
(peroksiredoksin, RPS 19), {ibikiitin protazom sistemine ait ( VCP, clatrin, iibikiitin,
protazom subunit a4, B5) ve endoplazmik retikulum iligkili protein yikimi (ERAD)
kompleksine ait ( BIP, ERp57, Sec61 ve T-kompleks protein 1) bircok protein
tanimlandi.

UPS’de c¢alisan cok sayida proteinlerin MIF’le baglantida olabileceginin
belirlenmesi ve kiitle spektrometrisi sonucu UPS proteinlerinden VCP’nin yiiksek
peptid skoru vermesi nedeniyle, ¢aligmada MIF-VCP baglantisi {izerinde duruldu. Son
bir ¢alisma [79], MIF’in UPS aktivitesini Jabl/CSNS5 aracili kontrol ettigini
gostermistir. Bu bulguyla uyumlu bir sekilde, bu c¢alismada da MIF’in VCP ile
etkilestiginin bulunmasi, MIF’in ger¢cekten de UPS’de 6nemli rolleri oldugu gergegini
bir kez daha vurguladi.
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Bu c¢aligmada, MIF ile iliskide olan bir bagka protein ise glikolitik yolakta
calisan fosfogliserat kinaz-1 (Pgk-1) dir. Pgk-1, hipoksiya, tiimor gelisimi ve yara
iyilesmesinde olduk¢a ¢ok ekspre edilen bir gen olarak bilinmektedir. Hipoksiya
indiikleyici transkripsiyon faktorii (HIF-1), hiicreler diisiik oksijen kosullarina maruz
birakildiginda glikolitik yolagin kontroliinde 6nemli bir rol oynar. Son ¢aligmada, HIF-
la’in Pgk-1’1 ve glukoz tasiyic1 tip 1(GLUTI1) protein ve hekzokinaz 1(HK1)’in
diizenlenmesini arttirdigi gosterilmistir [154]. Ilging olarak, MIF genininde promoter
bolgesinde Hipoksiyadan sorumlu bolge (Hipoksiya Response Element, HRE)’in
bulundugu ve hipoksik kosullarda bu genin indiiklendigi gosterilmistir [155-158]
Hipoksiyaya neden olan doku yaralanmasinda da, monosit ve makrofajlarin direk
devreye girdigi belirlenmistir [159]. Herhangi bir inflamasyon durumunda, HIF-1a nin
MIF’1 upregiile ettigi ve inflamasyon bolgesine inflamatuvar hiicreleri c¢ektigi
diistiniilmektedir. Dahasi, MIF kanser hiicrelerinde hipoksiya indiikleyici bir gen olarak
bilinmektedir [156, 160].

Bu bilgiler 1s18inda, Pgk-1 ve MIF’in hipoksiyada kritik roller oynadiginin
bulunmasi, bu ¢alisma da MIF ve Pgk-1 arasinda fonksiyonel bir iliski oldugunu
destekledi.

MIF’in otokrin bir yolla, glukoz indiiklii insiilin salinimin1 kontrol ettigi bir
baska arastirmada da gosterilmistir [57] ki bu ¢alismada MIF ve Pgk-1 arasindaki
etkilesimin var olabilecegini desteklemektedir. MIF’in aym1 zamanda glikolitik yolakda
calisan AMP-aktive edici protein kinazi stimiile ederek, iskemik kalpden salindigi da
bulunmustur [34].

MIF ve bu calismada yeni kesfedilen MIF’le iligkili proteinler arasindaki
baglanti, birlikte immung¢oktiirme ve birlikte yerlesim caligsmalar1 ile bir kez daha
dogrulandi. MIF ve VCP arasindaki baglanti, NIH 3T3 hiicre sitoplazmik ekstratlarinda
bulundugu i¢in, immunohistokimyasal analizler her iki proteininde sitoplazmada
yerlesim gosterdigini ortaya ¢ikardi. Bu iki protein arasindaki yakin iligki ayn1 zamanda
floresan rezonans enerji transferi (FRET) ile incelendi. Fakat FRET sonuglar1 bu iki
protein arasinda direk bir iliski olmadigim1 gosterdi. FRET’inde protein-protein
baglantisin1  saptamada bir takim dezavantajlart vardir. Ornegin, verici ve alict
florokromlarin uygun bir sekilde oryante olamamasi da pozitif FRET sonucu
vermeyebilir. Kisacasi, negatif FRET sonucu iki proteinin birbirine baglanmadigini
gostermez.

Bu calismada, ektopik olarak ekprese edilmis MIF ve VCP’nin delesyon
mutantlar1 arasindaki baglanti da in vivo olarak incelendi. Fakat VCP’nin higbir
domainin MIF’e baglanmadigini ortaya ¢ikarildi. Tiim bunlara ek olarak, saflastirilan
rekombinat VCP ve MIF proteinleriyle gerceklestirilen in vitro ¢okertmede, MIF ve
VCP’nin direk baglanmadiklarini, ancak baglanmanin bir kofaktdr aracili olabilecegini
gosterdi. Kofaktor olarak ise, VCP ile ayni yolakta ¢aligmasi nedeniyle Jabl/CSN5
secildi.
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5.1. Jab1/CSN5’1n, VCP’ye Direk olarak In vivo ve In vitro Baglanmasi

VCP’nin ardi ardina gelen iki ATPaz domainleri (D1 ve D2) ve de N-terminal
domaini (N-domain) bulunmaktadir. VCP’nin kofaktorleri ve {ibikiitinlenmis
proteinlerle nasil etkilestigi, bilim diinyasinda merak konusu olmustur ve iki
mekanizma olabilecegi diisliniilmektedir. VCP’nin direk olarak N-domaini [126] ile ve
ya dolayli yoldan kofaktorler araciligiyla [127, 161-164] proteinlere baglandig:
gosterilmistir. Burada belirtilen ikinci mekanizma yani VCP’nin kofaktdrler aracili
diger proteinlerle etkilestigi, daha kabul goérmiis bir mekanizmadir. Bu c¢alisma da,
ongoriilen ikinci goriisii  destekleyerek, MIF ve VCP arasindaki baglanmada
Jab1/CSN5’in arac1 bir molekiil oldugunu gosterdi.

VCP’ye baglanan birgok substratin, VCP’nin {ibikiitin baglanma domainin
S3/S4 kolunu kullandigin1 belirtmektedir [141]. Bu baglamda, Jabl/CSN5, VCP’ye
baglanmak i¢in, MPN domainini kullanan tek molekiildiir.

VCP-Jab1/CSN5 arasindaki direk iliski, herbiri i¢in rekombinant proteinlerin
saflagtirilmasindan sonra incelenerek, baglanmanin direk oldugu herhangi bir kofaktore
ihtiya¢ duyulmadigini ortaya ¢ikardi. Yapilan birlikte yerlesim ve FRET analizleri
sonucu, diger calismalarla uyumlu bir sekilde, Jabl/CSN5’in ¢ekirdek ve sitoplazmada,
VCP’nin ise sitoplazmada yerlestigi gosterildi [165, 166].

5.2. VCP’nin CSN Kompleksine Baglanmasi

Jab1/CSNS5’in CSN kompleksine ait olmasi ve serbest olarak CSN kompleksi
disinda fonksiyon gosterememesi nedeniyle, VCP’nin CSN kompleksine de bagh
olabilecegi diisiiniildii. CSN1 ise, CSN kompleksinin diger tiim {iyeleri ile ¢oktiiriildi
[140]. HEK 293T hiicre ekstratlarindan CSN1 ¢oktiiriilerek, VCP’nin tiim kompleksine
baglandig1 bu ¢alismada ispatlandi. Bu bulug, CSN’nin VCP ile birlikte bir kompleks
olusturabilecegi ve bu kompleksinde protazomun regiilator pargasina benzer oldugu
hipotezini dogurdu. Yapilan son calismada, VCP’nin substrat yonlendirici bir faktor
olarak proteinlerin iibikiitinleme durumlarmi belirlemede gorev yaptigi gosterilmistir
[141].

Bu tez calismasinda da, Jabl/CSN5’n denedilaz aktivitesinin ve deiibikiitinlaz
(DUB) USP15’nin VCP’ye baglanan iibikiitinlenmis proteinlerin kontroliinde gorev
aldigmin bulunmasi, bir Onceki ¢alismayr destekleyici yondedir. Ayrica diger
deiibikiitinleyici enzimler de bu kontrolde gorev altyor olabilirler [93, 94].

VCP-Jab1/CSN arasindaki baglanmanin kesfi, MIF interaktom (MIF ile iligkili
proteinlerin belirlenmesi) taramasindan kaynaklanmasi nedeniyle, bu ¢alismanin
sonuglari, MIF’in Jabl/CSN5’a baglanmasi ile proteinlerin iibikiitinlenme durumlarini
kontrol ettigini dnermektedir.
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5.3. Jab1/CSN5’in VCP-poliiibikiitin Baglanmasim1 Kontrol Etmesi

VCP, iibikiitinlenmis proteinlere baglanip onlar1 protazoma yonlendirir. VCP’ye
baglanmig iibikiitinlenmis proteinlerin kaderi VCP’ye baglanmis faktorler tarafindan
belirlenir [141, 167]. Bu faktorler, iibikiitinlenmis substratlarin ya poliiibikiitinlenip
protazoma yonelmelerini ya olduklar1 halde kalmalarin1 ya da deiibikiitinlenmelerini
(Ubikiitinin uzaklastirilmasi) saglarlar. Bu baglamda, bu ¢alismada Jabl/CSN5-VCP
arasindaki iligkinin, VCP’ye baglanmis proteinlerin deiibikiitinlenmesine neden olup
olamayacagi arastirildi. HEK293T hiicreleri vahsi-Jabl/CSN5 ve JAMM mutant
Jab1/CSNS5 ile transfekte edilip, FLAG-VCP hiicre ekstratlarindan ¢okeltildi. VCP’ye
baglanmis poliiibikiitinlenmis proteinlerin JAMM mutant transfekte hiicrelerde arttigi,
fakat vahsi tip Jabl/CSNS transfekte hiicrelerde ise poliiibikiitinlenmis proteinlerde bir
azalma gozlendi. Benzer bir sekilde, CSN1 ve Jabl/CSN5 hiicrelerde siRNA ile
nakdavn edildiginde, CSN kompleksinin fonksiyonun bozuldugu ve VCP {izerinde
poliiibikiitinlenmis proteinlerin toplandigi goézlendi. Sonu¢ olarak, bu tezde
Jabl/CSN5’in JAMM motifinin ve fonksiyonel CSN kompleksinin VCP’ye bagh
iibikiitinlenmis proteinlerin deiibikiitinlenmeleri i¢in gerekli olduklar1 ortaya ¢ikardi.
CSN ayni1 zamanda bir deiibikiitinlaz olan USP15 ile de iliskili oldugu i¢in [94], bu
calismada USP15 nakdovn hiicrelerinde VCP’ye bagli poliiibikiitinlenmis proteinlerde
de bir toplanma goriildii.

Bu nedenle, ilk defa bu calismada gosterildigi {izere, USP15 aktivitesinin de
VCP’ye bagli substratlarin kaderinin belirlenmesinde temel rol oynadigi vurguland.

Bu c¢alismada kullanilan  Jabl/CSN5 nakdavnlarin  ve  mutantlarin
fonksiyonlarmin belirlenmesi amaciyla HelLa hiicreleriyle yapilan deneylerde,
Jab1/CSNS5 nakdavnlarinda nedilenmis Cullinl’in ekspresyonunda bir artis gézlendi.
Ayni etki, JAMM motifi mutant olan Jabl/CSNS5 i¢inde belirlendi. Fakat bu Cullin 1
proteinin nedilasyonu, Jabl/CSN5 nakdavn HEK293T hiicrelerinde tam olarak
gozlenmedi. Bu sonuglar, daha 6nce yaymlanmis sonuglarla uyumluluk gdsterse de
HelLa ve HEK293T hiicrelerindeki denilasyon arasindaki farkliligin sebebi
anlagilamamistir  [69]. Bunlara ek olarak, Jabl/CSN5 nakdavn grubunda,
IkBa proteininde kontrol grubuna gore bir artig goriildii. Bu artisin ise daha dncede
belirtildigi tizere USP15’den kaynaklandigi diistiniilmektedir [95].

Bunlara ek olarak, bu c¢alismada, tek bir CSN subunitesinin nakdavn
edilmesinin, tiim CSN kompleksi fonksiyonunu etkiledigi gosterilmistir ki bu sonuglar
diger ¢alismalarla desteklenmistir [95, 168, 169]. Ornegin, Jab1/CSN5 nakdovnu CSN1
protein ekpresyonunda %50 bir diislise neden olmustur ve bu CSN’nin denedilaz,
detibikiitinlaz aktivitesinin bozulmasina ve de poliiibikiitinlenmis proteinlerin VCP’ye
bagli kalmasina neden oldu.
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SONUCLAR

Sonug olarak, bu ¢alisma ile;

1- MIF’in iibikiitin protazom sistemi (UPS)’ne ait bir protein olan VCP’ye bir kofaktor
gorevi goren JAB1/CSNS aracili baglandig;

2- VCP ve JABI/CSNS arasindaki baglanmanin kofaktore ihtiyag¢ duymadan direk
oldugu ve VCP’nin ND1 domainin, JAB1/CSN5’nin MPN domaini ile etkilestigi;

3- VCP’nin, JAB1/CSNS5 sayesinde tiim CSN kompleksi ile iligki i¢erisinde oldugu

4- CSN’nin ve CSN bagimli USP 15’nin VCP’ye baglanmis polilibikiitinlenmis
proteinlerin deiibikiitinlenmesinde (VCP den ayrilmasinda) gorev gordiigii;

5- MIF’in JAB1/CSNS5 fonksiyonunu engelleyerek VCP {izerinde politibikiitinlenmis
proteinlerin birikimini sagladigi ortaya konulmustur.

Tiim bu sonuglar 15181nda, protein yikimi ve iibikiitin protazom sisteminin bir¢ok
hiicre yolagindaki énemi diisiiniildiiglinde, bu ¢alismada kesfedilen MIF-JAB1/CSNS5-
VCP kompleksi arasindaki etkilesim bugiine kadar anlasilmamis bir¢ok mekanizmanin
aydinlanmasini saglamustir.
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Macrophage migration inhibitory factor (MIF) is a pleiotropic
cytokine that has been implicated in the pathogenesis of inflam-
matory disorders such as infection, sepsis, and autoimmune dis-
ease. MIF exists preformed in cytoplasmic pools and exhibits an
intrinsic tautomerase and oxidoreductase activity. MIF levels
are elevated in the serum of animals and patients with infection
or different inflammatory disorders. To elucidate how MIF
actions are controlled, we searched for endogenous MIF-inter-
acting proteins with the potential to interfere with key MIF
functions. Using iz vivo biotin-tagging and endogenous co-im-
munoprecipitation, the ribosomal protein S19 (RPS19) was
identified as a novel MIF binding partner. Surface plasmon res-
onance and pulldown experiments with wild type and mutant
MIF revealed a direct physical interaction of the two proteins
(Kp = 1.3 x 107°% m). As RPS19 is released in inflammatory
lesions by apoptotic cells, we explored whether it affects MIF
function and inhibits its binding to receptors CD74 and CXCR2.
Low doses of RPS19 were found to strongly inhibit MIF-CD74
interaction. Furthermore, RPS19 significantly compromised
CXCR2-dependent MIF-triggered adhesion of monocytes to
endothelial cells under flow conditions. We, therefore, propose
that RPS19 acts as an extracellular negative regulator of MIF.

A large body of evidence now shows that macrophage migra-
tion inhibitory factor (MIF)? activates a range of intracellular
pathways and plays a key role in host immune and inflamma-
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tory responses (1, 2). Certain of the MIF inflammatory func-
tions also have been proposed to be the result of the unusual
enzymatic properties of the protein, namely tautomerase and
oxidoreductase activities (3—6). Inhibition or deletion of MIF
attenuates disease progression in experimental models such as
atherosclerosis, arthritis, glomerulonephritis, sepsis, autoim-
mune encephalitis, and autoimmune diabetes (7—13). A pivotal
step in the inflammatory response is the chemokine-governed
adherence of monocytes to the endothelial lining which is then
followed by their egress from the vasculature at the affected site.
Earlier data from MIF /" mice illustrate a role of MIF in leu-
kocyte recruitment that was recently substantiated by the find-
ing that MIF serves as a chemoattractant for monocytes and T
cells by directly binding to the chemokine receptors CXCR2
and CXCR4 (14, 15). On the cell surface MIF also associates
with CD74 (invariant chain of major histocompatibility com-
plex class II) which colocalizes with CXCR2 (14, 16). Interac-
tion with different surface molecules is thought to partly
explain the wide impact of MIF on cellular pathways.

Despite its role as a key mediator in immune and inflamma-
tory diseases, very little is known of how MIF action is regulated
and terminated. Accordingly, we searched for endogenous
molecules with the ability to control key steps of MIF signaling
(i.e. receptor binding and/or receptor-associated functions). In
this study, we identified ribosomal protein S19 (RPS19), a com-
ponent of the small ribosomal subunit that is also released by
apoptotic cells (17), as such a candidate.

EXPERIMENTAL PROCEDURES

Identification of MIF-interacting Partners by Coimmuno-
precipitation—Mouse NIH 3T3 fibroblasts were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal calf serum (PAA Laboratories, Colbe,
Germany) and antibiotics. Cells were lysed in Nonidet P-40 (1%
IGEPAL CA-630) buffer containing protease inhibitors. Lysed
cells were disrupted by passage through a 21-gauge needle and
subjected to sonication by two 10-s bursts at 200—-300 watts

S-transferase; HAOEC, human aortic endothelial cells; Ni-NTA, nickel-
nitrilotriacetic acid; co-IP, co-immunoprecipitation.
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separated by a 10-s cooling period. After centrifugation at
12,000 X g at 4 °C for 10 min, the supernatant was precleared
with 30 ul of protein G-Sepharose 4B Fast Flow beads (GE
Healthcare) on a rotating wheel at 4 °C for 1 h before incubation
with either rabbit anti-rat MIF antibody or preimmune serum
immobilized on 30 ul of protein G-Sepharose commenced at
4.°C for 2 h. After 5 washes with lysis buffer for 10 min each,
beads were resuspended in Laemmli sample buffer and boiled
for 10 min. Immunoprecipitates were separated on a NuPAGE
4.-12% Novex Bis-Tris gel (Invitrogen) and stained with colloi-
dal Coomassie staining solution (Sigma).

Identification of MIF-interacting Partners by in Vivo Biotiny-
lation of Tagged MIF—The method of de Boer et al. (18) was
employed using the modified tagging construct pN3-CTB
developed by Rischitor (19). The rat MIF cDNA insert was pro-
duced by standard PCR using the upstream primer CGAAT-
TCCGCCACCATGCCTATGTTCATCGTG (EcoRI site in
bold) and the downstream primer GATGTCGACAGCGAAG-
GTGGAACCGTTCCA (Sall site in bold) and a pGEX-4T-2-
MIF full-length expression construct (48) as template. pN3-
CTB-MIF was constructed by cloning the EcoRI/Sall-restricted
PCR fragment into pN3-CTB. For stable transfection,
pBudCE4.1-birA (18) and pN3-CTB-MIF were linearized with
Xhol and Eco 010911, respectively, and transfected together
or individually (pBudCE4.1-birA) into NIH 3T3 cells using
Lipofectamine (Invitrogen). Antibiotic selection started
with 800 wg/ml Geneticin (for pN3-CTB-MIF) and 600
png/ml zeocin (for pBudCE4.1-birA) and was successively
reduced in three steps down to 100 pwg/ml Geneticin and 150
pg/ml zeocin after 4 weeks. After 5-8 weeks clones were
isolated using small sterile filter discs soaked in trypsin solu-
tion. Clones were examined for expression of a biotinylated
22-kDa MIF fusion protein using immunoblots with rabbit
anti-rat-MIF antiserum and streptavidin horseradish perox-
idase conjugate (Dako, Hamburg, Germany).

One of the clones that strongly expressed the MIF fusion
protein and one control clone expressing birA only were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, biotin (0.1 mg/liter), Geneticin (100
pg/ml), and zeocin (150 pg/ml) at 37 °C. Cells were lysed in 1%
IGEPAL CA-630 (v/v), 150 mMm NaCl, 50 mm Tris-HCI, pH 8,
and proteinase inhibitors and applied to streptavidin-agarose
beads (Novagen; 200 ul of bead slurry per mg of cell extract).
After 1 h onarocking platform, beads were washed 3 times with
lysis buffer. Bound proteins were eluted by boiling for 10 min in
SDS sample buffer, separated by SDS-PAGE on a 4-12%
NuPAGE Bis-Tris gel (Invitrogen), and stained with colloidal
Coomassie Blue (Sigma). Both lanes were cut into 12 gel slices,
and proteins in all slices were digested with trypsin (20).
Extracted peptides were separated and sequenced by liquid
chromatography-coupled electrospray ionization-tandem
mass spectroscopy on a quadrupole-time of flight (TOF) instru-
ment (Q-TOF Ultima, Waters) under standard conditions. Pro-
teins were identified by comparing peptide fragment spectra
against all entries in the NCBI nr data base using MASCOT as
search engine.

7978 JOURNAL OF BIOLOGICAL CHEMISTRY

Identification of RPS19 by Matrix-assisted Laser Desorption/
Ionization (MALDI)-Mass Spectroscopy Fingerprint Analysis
and Peptide Matching—A 16-kDa band identified by co-immu-
noprecipitation was excised from the gel. The gel piece was
washed once with water and twice with 50 mmM ammonium
hydrogen carbonate:acetonitrile (1:1) and acetonitrile, alter-
nately. Gel pieces were re-swollen in a minimal volume of a 10
ng/ul trypsin solution (sequencing grade, Roche Diagnostics)
in 25 mmM ammonium hydrogen carbonate and incubated for
16 h at 37 °C. Peptides were extracted with 5 ul of 1% (v/v)
trifluoroacetic acid containing 5 mm octylglycoside. 2 ul of the
solution were applied to a thin layer of a-cyano-4-hydroxycin-
namic acid on an AnchorChip target (Bruker Daltonik, Bremen,
Germany). After 10 min the supernatant was removed, and the
spot was washed twice with 2 ul of 0.1% (v/v) trifluoroacetic
acid. Mass fingerprints of tryptic digests were obtained by
MALDI-TOF mass spectrometry using an Ultraflex™ TOF/
TOF mass spectrometer (Bruker Daltonik). The identified pro-
tein was verified by analyzing selected peptides in LIFT mode
(tandem mass spectroscopy), and fragment masses were also
submitted to MASCOT.

Expression and Purification of Wild Type and Mutant MIF
Proteins—Recombinant rat MIF that differs from mouse MIF
by only one amino acid (rat MIF, Ser-54; mouse MIF, Asn-54)
was expressed and purified as previously described (21). Possi-
ble endotoxin contamination was removed using Detoxi-Gel
(Pierce) which was also applied to the wild type human MIF
preparation (see below). Human MIF and MIF mutant proteins
were obtained from 1 liter of LB cultures of Escherichia coli
BL21(DE3) transformed with constructs for wild type (wt) MIF
and mutants P2A MIF (N-terminal amino acid alanine 2
exchanged for proline), A4 MIF (N-terminal four amino acids
deleted), and C60S MIF (amino acid cysteine 60 replaced by
serine) (22). Expression was induced with 0.5 mm isopropyl
1-thio-B-Dp-galactopyranoside for 3 h. Cells were harvested, and
alysate was prepared exactly as described (23). Cell lysates were
sonicated on ice by five 10-s bursts using a microtip (Sonoplus,
Bandelin, Berlin, Germany) and centrifuged at 17,000 X g at
4.°C for 30 min. wtMIF and P2A MIF and A4 MIF mutants were
purified from the soluble fraction of the lysate, whereas the
C60S MIF mutant was purified via an inclusion body prepara-
tion. The A4 MIF mutant was present in comparable portions
in soluble and inclusion body fraction alike. Soluble proteins
were precipitated with 70% ammonium sulfate (saturation),
taken up in PBS, and chromatographed on a Sephacryl S100
HiPrep 16/60 gel filtration column (GE Healthcare) using an
AKTAbasic UPC10 HPLC system (GE Healthcare). Positive
fractions were pooled and passed over directly coupled 1-ml
Resource S/Mono Q 5/50 columns (GE Healthcare). In PBS
wtMIF, P2A MIF and A4 MIF proteins are in the flow-through
with the majority of impurities binding to the column.

For the C60S MIF mutant the pellet of the initial lysate was
resuspended in 25 ml of 50 mMm Tris-HCI, pH 8.0, 10 mMm EDTA,
100 mm NaCl, 0.5% (v/v) Triton X-100, and washed 4 times in
the same buffer. The washed inclusion bodies were denatured
in 6 M guanidine hydrochloride, 100 mm dithiothreitol in PBS.
The solubilized protein was dialyzed against 5 mm dithiothrei-
tol, 1 mm phenylmethylsulfonyl fluoride in PBS, cleared by cen-
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trifugation, and passed over directly coupled Resource S/Mono
Q columns as described above. All proteins had a purity of more
than 98% as assessed by SDS-PAGE.

The identity of all purified proteins was confirmed by
MALDI-TOF mass spectrometry as described above. Human
wtMIF, P2A MIF, and C60S MIF had the N-terminal methio-
nine removed due to a second cleavable residue as predicted
(24), whereas the A4 MIF mutant had retained this methionine.
Because of the internal mutation, the C60S mutant could not be
confirmed.

Expression and Purification of GST-RPS19 and RPS19-His—
Mouse RPS19 ¢cDNA clone IRAKp961E1430Q was obtained
from ImaGenes (Berlin, Germany). The RPS19 cDNA was
amplified by PCR with Pfu polymerase (Promega) using for-
ward primer 5-CGAGGAATTCCCATGCCCGGAGTTA-
CTG-3" and reverse primer 5-CGCCTCGAGTAATGCT-
TCTTGTTGGC-3' for the glutathione S-transferase (GST) tag
vector and forward primer 5-CGCCATATGCCCGGA-
GTTACTGTAAAA-3" and reverse primer 5'-GCG-
AAGCTTATGCTTCTTGTTGGCAGC-3' for the His tag vec-
tor (introduced restriction sites are underlined). EcoRI- and
Xhol-restricted PCR fragments were ligated into pGEX-4T-2
(GE Healthcare) yielding pGST-RPS19. Because of an internal
Ndel site within the RPS19 ¢DNA, pET21a(+) (Merck) was
restricted with Ndel, blunted, restricted with HindIIl, and
ligated to the HindIII-restricted PCR fragment. Both inserts
plus flanking regions were validated by DNA sequencing
(Seqlab, Gottingen, Germany). GST-RPS19 and RPS19-His
were expressed in E. coli BL21(DE3) by induction with 0.5
mM isopropyl 1-thio-B-p-galactopyranoside at 37 °C for 3 h.
For the GST-tagged RPS19 protein, cells were lysed in PBS
by sonication and treated with 1% Triton X-100 for 30 min.
After centrifugation at 12,000 X g for 15 min, the superna-
tant containing GST-RPS19 was subjected to glutathione-
Sepharose 4B (GE Healthcare) chromatography. The purity
of the eluted protein was higher than 95% as estimated by
SDS-PAGE.

For the His-tagged protein, bacterial cells were lysed with
lysozyme followed by sonication, and the native protein was
purified from the lysate by standard Ni-NTA chromatography.
Bound protein was eluted with 50 mm NaH,PO,, 300 mm NaCl,
250 mm imidazole, pH 8.0, and dialyzed against PBS, pH 7.8,
containing 0.5 mM phenylmethylsulfonyl fluoride and 1 mm
dithiothreitol.

Surface Plasmon Resonance—Biosensor analyses were per-
formed on a BIACORE X system (GE Healthcare). Recombi-
nant MIF dissolved in 0.01 M sodium acetate, pH 4.5, was
covalently attached to a CM5 sensor chip (GE Healthcare) by
the amine coupling method according to the manufacturer’s
instructions. Final levels of immobilization were ~5000
response units. 1000 response units correspond to 10 ug/ul on
a CM5 chip. Analyses were performed at 25 °C using 0.01 M
HEPES, pH 7.4, 0.15 m NaCl, and 0.005% surfactant P20 as a
driving buffer at a flow rate of 20 ul/min. All experiments were
carried out at 25 °C at a constant flow rate of 20 ul/min HBS-EP
buffer. 40 ul of the analyte (RPS19) diluted in HBS-EP buffer
(GE Healthcare) were injected over the immobilized MIF fol-
lowed by a 2-min period when buffer was passed over the sur-
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face. Five concentrations of RPS19 were passed over the chip
(62.5, 125, 250, 500, and 1000 nm).

Preparation of Antibodies against RPS19 and MIF and Dou-
ble Immunofluorescence—Antibodies against His-tagged
RPS19 or wild type rat MIF were raised in New Zealand White
rabbits. In the case of anti-RPS19, serum samples were affinity-
purified using His-tagged RPS19 immobilized on Ni-NTA-aga-
rose (25). The purified RPS19 immunoglobulins were dialyzed
against water for 1 h and against PBS overnight at 4 °C. A sec-
ond chicken anti-RPS19 antibody was obtained from Lydie Da
Costa (26). The MIF antibody is available through Invitrogen
(#36-7401).

Cells were cultured on coverslips and fixed with ice-cold
methanol for 10 min. Blocking for 1 h in 5% bovine serum albu-
min (w/v) and 5% (v/v) normal horse serum was followed by
incubation with rabbit anti-mouse RPS19 (1:200) decorated
with donkey anti-rabbit IgG conjugated with Cy3 (1:1000) and
mouse anti-MIF (1:200, clone 3D9, available by NIH resource
sharing) detected by donkey anti-mouse IgG conjugated with
fluorescein isothiocyanate (1:1000). Primary antibodies were
applied overnight at 4 °C, and both secondary antibodies were
incubated for 1 h at room temperature. 4,6-Diamidino-2-phen-
ylindole was used for nuclear staining. Images were acquired
with a confocal laser scanning microscope (Leica TCS SP2).

Pulldown Assays—Biotinylation of rat MIF was performed
using the ECL protein biotinylation module (GE Healthcare)
according to the recommendations of the manufacturer. Non-
reacted succinimide ester was separated from biotinylated MIF
using Sephadex G-25 columns. Biotinylated MIF was eluted
with PBS, pH 7.5, and 2.5 ug were immobilized on 30 ul (50%
slurry) of monomeric avidin beads (Pierce) by incubation in 500
wl of PBS at room temperature on a rotating wheel for 30 min.
To completely remove free biotinylated MIF, beads were
washed with PBS and then incubated in 500 .l of lysis buffer (50
mwm Tris-HCI, pH 8.0, 150 mm NaCl, 1% IGEPAL CA-630) with
increasing amounts of GST-RPS19 (50, 100, and 200 ng) on a
rotating wheel at 4 °C for 1 h. As a control, uncoated avidin
beads were incubated with the same amounts of GST-RPS19
alone. Beads were then washed 5 times with lysis buffer and
finally boiled in Laemmli sample buffer for 5 min. Protein com-
plexes were separated by SDS-PAGE, transferred onto nitrocel-
lulose membrane, and detected with anti-GST antibody conju-
gated with peroxidase.

Similarly, RPS19-His (2 ug) was immobilized on Ni-NTA-
agarose beads, washed with PBS, and incubated for 1 h with
different amounts of recombinant rat MIF or 2 ug of human
wild type MIF or P2A MIF, C60S MIF, and A4 MIF proteins. As
a control, MIF proteins alone were incubated with Ni-NTA-
agarose beads. After extensive washing with lysis buffer as
described previously or radioimmune precipitation assay buffer
(150 mm NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxy-
cholate, 0.1% SDS, 50 mm Tris-HCI, pH 8.0, 1 mm phenylmeth-
ylsulfonyl fluoride) in the case of human MIF and MIF mutants,
proteins bound to the beads were boiled in Laemmli sample
buffer, resolved by SDS-PAGE, and stained with colloidal Coo-
massie (Sigma) or blotted and probed for RPS19, stripped, and
reprobed for MIF.
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L-Dopachrome Methyl Ester Tautomerase Assay—The sub-
strate L-dopachrome methyl ester was freshly prepared before
each measurement as described but without HPLC purification
(27). Enzymatic activity was determined in an 800-ul assay
reaction obtained by mixing 400 ul of PBS containing recom-
binant rat wtMIF at a concentration of 1 um with 400 ul of
crude L-dopachrome methyl ester substrate. In reactions that
contained MIF and RPS19, both proteins were preincubated in
400 pl of PBS for 1 h before measurement. As control, SCGB
2A1-His (28), a protein of similar size and with the same tag,
was used. Enzyme activity was measured by monitoring the
reaction kinetics at 475 nm in an Ultrospec 2100 pro spectro-
photometer (GE Healthcare). These conditions resulted in fast
and non-linear kinetics leading to a quantitative turnover of the
substrate over a time period of 1 min after reaction start. There-
fore, the decrease in absorbance from O to 4 s, ie. the initial
reaction rate, was calculated and defined as tautomerase activ-
ity. Unpaired ¢ tests were performed to compare the reaction
rates +/— RPS19. Differences with a value of p < 0.05 were
considered statistically different.

Flow Chamber Adhesion Assay—Human aortic endothelial
cells (HAOEC; PromoCell, Heidelberg, Germany) were main-
tained in PromoCell medium and used at passages 3—5. Mono-
Macé cells (a gift of Prof. H. W. L. Ziegler-Heitbrock, University
of Leicester) were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum, 2 mm L-glutamine, 1% non-
essential amino acids, 1 mm sodium pyruvate, and 10 pg/ml
human insulin as described (29). The laminar flow assays were
performed as described previously (14). Briefly, HAoEC were
grown to confluence in 35-mm dishes and preincubated with
MIF (50 ng/ml) and RPS19-His (6 ug/ml) or control buffer for
2 h at 37°C, 5% CO,. The dishes were assembled at the
bottom of a parallel wall flow chamber and mounted on the
stage of an Olympus IX71 inverted microscope with 20X and
40X phase contrast objectives. MonoMacé6 cells (1 X 10°/ml)
labeled with calcein-AM were pretreated with a blocking anti-
body against CXCR2 (R&D Systems, Minneapolis, MN) or
matching isotype control IgG (3 ug/ml) and resuspended in
assay buffer (1 X Hanks’ balanced salt solution, 10 mm Hepes,
pH 7.4, 0.5% bovine serum albumin). The cell suspension was
supplemented at 37 °C with 1 mm Ca®"/Mg>" shortly before
perfusing 5 X 10 cells/ml into the flow chamber at a shear rate
of 1.5 dyn/cm? for 2 min. The number of adherent monocytes
was analyzed in multiple high-power fields using the cell M
software (Olympus, Tokyo, Japan). Data are expressed as the
means * S.E. Student’s ¢ tests (two-sided, unpaired) were per-
formed to compare experimental groups. Differences with a
value of p < 0.05 were considered statistically different.

MIF-RPS19 Capture Assay—The assay was performed as
published (30). Briefly, 96-well plates were coated with 60
wul/well of 26 ng/ ul purified soluble CD74 (amino acids 73-232)
at 4 °C overnight. After washing 4 times with 250 ul/well Tris-
buffered saline, the plates were incubated with 100 wl/well
Superblock (Pierce) at 4 °C overnight. Various concentrations
of RPS19 were preincubated with 2 ng/ul biotin-MIF (biotin
labeling kit from Roche Applied Science) for 1 h at room tem-
perature in the dark. The Superblock was removed and
replaced with 120 ul/well of the RPS19 protein/biotin-MIF pre-
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FIGURE 1. Co-immunoprecipitation of MIF and RPS19. A, extracts from
mouse NIH 3T3 fibroblasts were incubated with a polyclonal rabbit anti-rat
MIF antibody or with a rabbit IgG polyclonal isotype control antibody before
immobilization on protein G-Sepharose beads. Co-immunoprecipitated pro-
teins were separated on a NUPAGE 4 -12% Novex Bis-Tris gel and stained with
Coomassie. The MIF band is visible at the very bottom of the gel (left lane). The
band at ~16 kDa was excised from the gel and analyzed by tryptic digestion
and MALDI-TOF mass spectrometry. B, lysates from NIH 3T3 cells were immu-
noprecipitated (/P) with anti-rat MIF antibody (MIF, left panel) and anti RPS19
antibody (RPS19, right panel) in comparison to an isotype control antibody
(Ctrl). Separated immunoprecipitates were immunoblotted (WB) and probed
for RPS19 and, after stripping the membrane, for MIF (left panel) or vice versa
(right panel).

incubated mixture, and incubation was continued in the
dark at 4 °C for overnight. After washing the plate 4 times, 60
wml/well of streptavidin-alkaline phosphatase (R&D) was
added for 1 h at room temperature in the dark followed by
washing of the plate before adding 60 ul/well of PNPP
(Sigma) and allowing color to develop in the dark at room
temperature and reading at 405 nm. For control, human MIF
was denatured by incubation at 100 °C for 5 min.

RESULTS

Identification of RPS19 as a MIF-interacting Protein—A far
Western analysis was performed under reducing conditions to
evaluate possible sources for the identification of MIF-interact-
ing proteins. As each cell type (PC12, NIH 3T3) or tissue extract
(rat and mouse testis) examined exhibited a similar pattern of
reactive bands (data not shown), co-immunoprecipitation (co-
IP) experiments were performed with endogenous lysates of
NIH 3T3 fibroblasts. In co-IPs with a polyclonal MIF antibody a
number of putative MIF-interacting proteins were co-precipi-
tated. A prominent band at 16 kDa was readily identified in the
anti-MIF precipitate but not in a reaction with an isotype con-
trol antibody (Fig. 1A). This 16-kDa protein was analyzed by
tryptic in-gel digestion followed by MALDI-TOF mass spec-
trometry and identified as ribosomal protein S19 (RPS19). Con-
firmation of this finding was provided when the same IP sam-
ples were blotted and probed with an RPS19 antibody, stripped,
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FIGURE 2. Direct interaction between MIF and RPS19 in vitro using pulldown and surface plasmon resonance assays. A, biotinylated rat MIF (Biot-rMIF)
immobilized on avidin beads was incubated with increasing amounts of RPS19-GST (lanes 4 -6). As control, unloaded avidin beads were incubated with the
same amounts of RPS19-GST (lanes 1-3). Preincubation of RPS19 with a 10-fold molar excess of unlabeled soluble MIF prevented a pulldown (lane 7), which was
not observed when B-lactoglobulin was used in the preincubation (lane 8). Detection of recovered RPS19-GST was performed using Western blot (WB) analysis
with an anti-GST antibody. B, His-tagged RPS19 was immobilized on Ni-NTA-agarose beads and incubated with different amounts of recombinant rat MIF (lane
1-3) or with human MIF (lane 4). As control, recombinant rat MIF was incubated with naked Ni-NTA beads (lane 5-7). The immobilized proteins were resolved
by SDS-PAGE and stained with Coomassie. C, equal amounts of His-tagged RPS19 were immobilized on Ni-NTA-agarose beads and incubated with 2 ug of
recombinant human MIF or with human MIF mutants P2A MIF, C60S MIF, and A4 MIF (lanes 5-8), respectively. As control, all proteins were incubated with
naked Ni-NTA matrix (data not shown). Immobilized proteins were resolved by SDS-PAGE, and MIF and RPS19 were detected by immunoblotting. D, interaction
between RPS19 and recombinant MIF monitored in real time by biosensor analysis. Increasing concentrations of RPS19 (62-1000 nm) were passed over a sensor
chip with immobilized MIF for 120 s (association phase) before the flow was switched to buffer alone for another 120 s (dissociation phase). Association and
dissociation rate constants were derived using BlAevaluation 4.1 software and a 1:1 curve fitting model. The table provides association and dissociation rate

constants (k, and k) and the dissociation equilibrium constant (K,,) derived from three biosensor experiments.

and then re-probed with an antibody against MIF (Fig. 1B).
Both proteins were detected in the anti-MIF co-IP sample,
whereas the control-IP was negative.

Further verification was obtained when RPS19 could also be
identified as a MIF-interacting protein in a different screen uti-
lizing a tagged MIF fusion protein that was expressed in NIH
3T3 cells. The C-terminal tag was a peptide that is recognized
and biotinylated in vivo by the bacterial birA biotin ligase that
was stably co-expressed in the same NIH 3T3 clone (18). Bioti-
nylated MIF and associated MIF-interacting proteins were
purified in a single step by binding to streptavidin-agarose
beads and separated by SDS-PAGE. A stable NIH 3T3 clone
that expresses birA ligase only was used as control. Both SDS-
PAGE lanes were cut into 12 slices, and proteins within each
slice were identified by mass spectrometry. RPS19 was identi-
fied among the proteins that were purified from cells expressing
biotinylated tagged MIF but not from cells expressing the biotin
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ligase only. The finding that two independent assays identify
RPS19 as an MIF-interacting protein provides robust evidence
for a bona fide interaction of both proteins.

MIF Directly Interacts with RPS19 in Vitro—Pulldown assays
were performed to determine whether the interaction between
MIF and RPS19 was direct or indirect (Fig. 2A). Biotinylated-
MIF immobilized on monomeric avidin beads was incubated
with increasing amounts of RPS19-GST (lanes 4—6). As a con-
trol, unloaded avidin beads were incubated with the same
amount of RPS19-GST alone (lanes 1-3). Detection of recov-
ered RPS19-GST by GST-immunoblotting confirmed that MIF
directly interacted with RPS19, and accordingly, the more
RPS19 was added, the more was bound to and recovered from
the coated beads. The specificity of this interaction was deter-
mined by a competition experiment using rat MIF and B-lacto-
globulin. RPS19 and a 10-fold molar excess of unlabeled MIF
(lane 7) or lactoglobulin (lane 8) were preincubated together
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FIGURE 3. MIF and RPS19 co-localize in NIH 3T3 cells. Double-labeling immunofluorescence of MIF and
RPS19 reveals co-localization in the cytoplasmic compartment of NIH 3T3 cells. Distribution of MIF is shown in
green (upper left picture) and of RPS19 in red (upper right picture). The yellow areas in the merged image indicate
colocalization of MIF and RPS19. Cell nuclei are stained blue with 4,6-diamidino-2-phenylindole. The graph
illustrates the distribution of fluorescence intensities over a virtual cellular cross section (green line in the
merged image). Colocalization is mostly prominent in the perinuclear region.

before the mixtures were added to avidin beads coated with
biotinylated MIF. When RPS19 was preincubated with unla-
beled MIF, no RPS19 could be pulled down anymore (lane 7),
whereas the unspecific competitor lactoglobulin did not affect
the interaction of RPS19 with immobilized biotinylated MIF
(lane 8).

In an independent pulldown assay (Fig. 2B), His-tagged
RPS19 was immobilized on Ni-NTA-agarose beads and incu-
bated with either increasing amounts of rat MIF (0.5-2 pg) or 2
pg of human MIF. Protein complexes bound to the beads were
separated by SDS-PAGE and stained with Coomassie. Rat MIF
did not bind to the Ni-NTA matrix (lanes 5-7) but was retained
on RPS19-coated beads (lanes 1-3). RPS19 also directly inter-
acted with human MIF (lane 4), which is 95.7% homologous to
the rat protein.

To further characterize the nature of the interaction, we
also used three MIF mutants in the latter pulldown assay
(P2A MIF, A4 MIF, and C60S MIF) (22). Whereas the A4 MIF
mutant was pulled down like the wild type MIF, the P2A MIF
and C60S MIF mutants were not bound to RPS19-coated
beads (Fig. 2C).

Thermodynamic parameters of the formation of the MIF-
RPS19 complex were quantified employing surface plasmon
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resonance. The kinetic data (Fig.
2D) were used to determine the
association (k, = 2.04 X 10* = 6.5 X
10> (Ms)~ ') and dissociation rate
constants (k, = 0.021 £ 3.2 X 10~ *
s~ 1) and the dissociation constant
K,=13X10"°*4X10 %m.In
summary, interaction of MIF with
RPS19 has been shown by four inde-
pendent methods, namely endoge-
nous co-IP, in vivo biotin tagging,
pulldown experiments, and surface
plasmon resonance.

MIF and RPSI19 Co-localize in
NIH 3T3 Cells—Two-color immu-
nofluorescence confocal micros-
copy of NIH 3T3 cells showed that
MIF co-localized with RPS19 (Fig.
3). Colocalization of both factors is
most prominent in the perinuclear
region with varying overlap in the
more peripheral cytoplasm. Little
(RPS19) or no staining (MIF) was
evident in the nucleus. MIF and
RPS19 fluorescence intensities
monitored along virtual cellular
cross-sections indicate overlapping
signals (see a typical example in Fig.
3, merged image).

MIF Tautomerase Activity Is Only
Moderately Affected by RPS19—Be-
cause the tautomerase activity of
MIF may play arole in several of its
functions as a cytokine (31), we
investigated if RPS19 binding to
MIF modulates its enzymatic activity. Tautomerization of
L-dopachrome methyl ester to 5,6-dihydroxyindole-2-car-
boxylic acid by MIF was measured in the absence or presence
of His-tagged RPS19 (Fig. 4). Increasing concentrations of
RPS19 resulted in a dose-dependent but moderate decrease
of MIF tautomerase activity, which was statistically signifi-
cant only at a 3-fold molar excess of RPS19 over MIF but not
at any other ratio used. When an excess of His-tagged secre-
toglobin 2A1 (32), a protein of similar size and without enzy-
matic activities, was used as control, MIF tautomerase activ-
ity was moderately increased, which was statistically
significant also at a 3-fold molar excess over MIF but not at a
5-fold molar excess. Therefore, we conclude that overall
both proteins have only a marginal effect on MIF tautomer-
ase activity.

RPS19 Inhibits MIF Binding to Its Receptor CD74—To inves-
tigate if RPS19 can interfere with the binding of MIF to its
receptor CD74, a sensitive capture competition assay system
was used. Preincubation of RPS19 to biotin-MIF inhibited the
interaction of biotin-MIF with CD74 by 55% at the highest dose.
Interestingly, the lowest concentration of RPS19 applied
reached already close to maximal inhibition rates (43%), which
improved only marginally at higher doses (Fig. 5). As a control,
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FIGURE 4. PRS19 has only a moderate effect on the tautomerase activity
of MIF. MIF catalyzes tautomerization of L-dopachrome methyl ester to 5,6-
dihydroxyindole-2-carboxylic acid. Reaction kinetics were spectrophoto-
metrically recorded at 475 nm over 1 min. The reaction rate within the initial
4 s was calculated and defined as tautomerase activity (see “Experimental
Procedures”). The activity of MIF in the absence of RPS19 was set to 100%. The
assay was performed with 1 um MIF and after preincubation of MIF with a 1-,
3-or 5-fold molar excess (1:1, 1:3, 1:5) of His-tagged RPS19 or His-tagged SCGB
2A1 for 1 h.The control protein SCGB 2A1 is of a similar size like MIF and has no
enzymatic activity. Data are expressed as the mean = S.E. Differences with a
value of p < 0.05 were considered statistically different and are marked with

an asterisk.
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FIGURE 5. RPS19 inhibits MIF binding to its receptor CD74. Purified soluble
CD74 was immobilized on a plastic matrix. Binding of biotinylated MIF to
immobilized CD74 was measured by enzyme-linked immunosorbent assay
after preincubation of biotin MIF with increasing amounts of native MIF,
denatured human MIF, or RPS19. Data are expressed as the mean = S.D. of
three different experiments. For data points without the error bar the error is
less than the width of the symbol.

increasing concentrations of unlabeled human MIF (0.5— 4 um)
suppressed the binding of biotin-MIF to immobilized CD74 by
80%, whereas denatured human MIF showed no inhibitory
effect (Fig. 5). Of note, the inhibitory effect of RPS19 at the
lowest concentration tested (0.5 uM; 43% inhibition) was sub-
stantially more effective than the same concentration of human
MIF (25% inhibition).
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FIGURE 6. RPS19 inhibits MIF-triggered mononuclear cell arrest. HAoECs
were preincubated with MIF and control IgG, RPS19, and/or anti-CXCR2 anti-
bodies as indicated. After preincubation HAOECs were perfused with cal-
cein-AM labeled mononuclear MonoMacé cells, and the number of adherent
cells was determined. Data are presented as relative increase compared with
pretreatment with MIF and anti-CXCR2 antibodies, which was set to 1. Data
are expressed as the mean = S.E. of the indicated number of experiments.
Differences with a value of p < 0.05 were considered statistically different.

MIF-induced Monocyte Arrest through CXCR2 Is Compromised
by RPS19—Recently, it was shown that MIF controls inflamma-
tory and atherogenic leukocyte recruitment through Ga;-coupled
activities of chemokine receptors CXCR2 and CXCR4 (14).

We used this assay to explore if the number of arrested
mononuclear cells can be modified by RPS19. Calcein AM-la-
beled mononuclear MonoMacé6 cells were passed over HA0ECs
with a defined shear rate. When HAoECs were pretreated with
wild type human MIF in the presence of anti-CXCR2 antibod-
ies, the basal level of arrested mononuclear cells was defined
(Fig. 6, second column from left). Replacement of the specific
anti-CXCR2 antibody by mouse IgG control antibodies
resulted in a 2-fold MIF-induced increase in the number of
arrested cells (left-most column). After pretreatment of
HAOECs with MIF and RPS19, the number of arrested cells
decreased by 39% (third column from left). This effect was dose-
dependent and statistically significant at a 100-fold molar
excess of RPS19 over MIF (data not shown). The addition of
anti-CXCR2 antibodies to MIF and RPS19 during pretreatment
reduced the number of arrested cells to almost basal levels. This
demonstrates that induction of arrest of mononuclear cells by
MIF as well as MIF blockage by RPS19 is CXCR2-mediated (Fig.
6, right-most column).

DISCUSSION

In the past 20 years significant progress has been made in our
understanding of the role MIF plays in normal cellular physiol-
ogy and in a variety of pathological conditions ranging from
infection to autoimmunity and cancer (33, 34). In preclinical
studies neutralization of MIF whether by antibodies, gene dele-
tion, or small molecule inhibitors has shown promise as a
potential treatment of these diseases (35, 36). As MIF functions
within the cytokine cascade to control the initiation and pro-
gression of an inflammatory response, any shift toward MIF
up-regulation increases the likelihood of systemic inflamma-
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tion (37). Consequently, the identification of endogenous pro-
teins that inhibit excess MIF activity is of great interest. Using
an established in vivo biotinylation tagging approach (18), the
RPS19 was identified as a new MIF-interacting partner in NIH
3T3 cells. By using endogenous co-immunoprecipitation as an
independent method for the detection of protein-protein inter-
actions, we could confirm RPS19 as an MIF binding partner.
The validity of our co-IP approach was corroborated by the
co-precipitation of JAB1, a well established MIF-interacting
partner (38) (data not shown).

Direct physical interaction was shown by pulldown experi-
ments of purified recombinant proteins and real-time binding
analysis by surface plasmon resonance. The dissociation con-
stant of formation of the MIF-RPS19 complex (K, = 1.3 X 10~°
M) is well within the range of commonly observed and biologi-
cally relevant interactions, for instance in intracellular signal
transduction cascades or in the binding of peptides to the T cell
receptor or major histocompatibility complex. The dissociation
rate indicates that 2% of the MIF-RPS19 complex decays per sec-
ond. This together with a K, in the micromolar range is strongly
indicative of not only a fast but also reversible adjustment of the
equilibrium, thereby allowing rapid changes of bioavailable MIF
rather than an irreversible blockage of MIF function.

Certain pro-inflammatory activities of MIF are known to be
impaired by mutations affecting its enzymatic activity (3, 22,
27). This prompted us to investigate whether critical MIF
mutations that abolish these activities impact on RPS19 bind-
ing. MIF tautomerase activity is dependent on Pro’, whereas its
thiol-protein oxidoreductase activity is based on the Cys®”-Ala-
Leu-Cys®® (CALC) motif (22).

Pulldown assays showed that the A4 MIF mutant had a sim-
ilar binding affinity as the wild type protein, whereas the P2A
and C60S mutants did not bind to RPS19. This suggests that
Cys® is essential for a direct interaction. Although the A4 and
P2A mutants are both missing Pro” and, hence, have lost their
tautomerase activity (22), they differ in binding to RPSI9.
Whereas the loss of the first four amino acids does not affect
RPS19 binding, an exchange of Pro” for alanine prevents bind-
ing, indicating that this is caused by the introduced alanine
instead by the missing proline. These results suggest that Pro” is
not required for interaction, which is supported by our results
showing that RPS19 only moderately interferes with MIF tau-
tomerase activity. This is in contrast to the synthetic MIF inhib-
itor ISO-1 which specifically addresses the N terminus of the
cytokine (4).

Although considered primarily as a component of the 40 S
small subunit of the ribosome and, hence, an integral part of the
protein translation machinery, RPS19 also exists in a free form
in the cytosol (39). As such, RPS19 has important extrariboso-
mal functions exemplified by its ability to interfere with growth
factor signaling via its association with internalized fibroblast
growth factor 2 (39, 40) and the PIM-1 oncoprotein (41). A
comprehensive analysis of RPS19-binding proteins that were
affinity-purified on immobilized GST-RPS19 identified a total
of 159 proteins with many non-nucleolar and non-ribosomal
factors (42). The list, which comprised many previously identi-
fied RPS19 interactors (e.g. RPS8), did not include PIM1, fibro-
blast growth factor 2, or MIF, however. This discrepancy can be
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attributed to the different methods employed to detect the
interacting partners (ie. yeast two-hybrid, co-IP, in vivo
biotin-tagging).

Interestingly, a transglutaminase cross-linked RPS19 dimer
has been described as a selective monocyte chemotactic factor
in human rheumatoid arthritis when released by apoptotic cells
into the extracellular fluid (43). Like MIF itself, the RPS19
dimer exerts a strong chemotactic stimulus on monocytes by
mimicking the complement factor C5a and binding as a ligand
to the C5a receptor (CD88) (44). This observation led to the
inclusion of RPS19 in the family of chemokine-like function
chemokines which also includes C5a and MIF (14, 45). Chemo-
kine-like functions are characteristic for a group of proteins
which, although they do not show typical structural chemokine
features such as the chemokine-fold or the eponymous cysteine
residues, have chemokine-like functions (14, 45). Therefore, we
also investigated if MIF can bind to an RPS19 homodimer pre-
pared in a type II transglutaminase reaction with monomeric
protein (42). As we could produce only analytical amounts of
the dimer (data not shown), we were unable to further investi-
gate interaction of the PRS19 dimer with MIF.

Evidence that RPS19 can indeed be released from cells into
extracellular fluids is supported by studies showing that
another ribosomal protein, L4, is found in serum of ovarian
cancer patients (46). It is tempting to speculate that by inhibit-
ing MIF cytokine activity, monomeric RPS19 may, thus, limit
an excessive inflammatory response. This view is supported by
the finding that already low concentrations of RPS19 (0.5 um)
resulted in a significant blockage of MIF binding to its receptor
CD74 comparable with the concentration of unlabeled MIF
required to obtain the same level of inhibition (1 um). We
obtained further support for our hypothesis by investigating the
effect of RPS19 on the recently discovered function of MIF as a
non-cognate ligand of chemokine receptors CXCR2 and
CXCR4 (14). MIF was found to promote the recruitment of
monocytes and T lymphocytes by interacting with CXCR2 and
CXCR4, a process that also involves CD74. In our flow chamber
assays RPS19 significantly inhibited the MIF-dependent adhe-
sion of monocytes to aortic endothelial cells, suggesting that
RPS19 limits extracellular bioavailability of MIF for receptor
binding. In analogy, Nm23H1, which inhibits MIF-mediated
suppression of p53 activity, was recently identified as an intra-
cellular inhibitor of MIF function (47).

In conclusion, our data suggest that RPS19 functions as an
extracellular inhibitor of MIF. A shift in equilibrium from free
MIF to a MIF-RPS19 complex may counteract excessive MIF
function at sites of inflammation and, thus, decrease the likeli-
hood of tissue damage, septic shock, and autoimmune reaction.
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Vasculogenesis in the human placenta comprises differentiation and growth of newly forming blood vessels derived from
hemangiogenic stem cells within the mesenchymal core of villi. In a second stage, angiogenesis leads to the expansion and
remodeling of the already existing vessels. At present, relatively little is known about the regulatory mechanisms of vasculogenesis
and angiogenesis during very early placentation. Using placental villous tissues from days 22 to 48 of pregnancy, we analyzed the
spatial and temporal expression of Tie-1 and Tie-2 in parallel to vascular maturation in the human placenta. In
immunohistochemistry both receptors, Tie-1 and Tie-2 show a cell and villous type specific expression during this early phase
of placental development. Especially, cytotrophoblast and hemangiogenic cell cords in mesenchymal villi and Hofbauer cells in
immature intermediate villi have the strongest immunoreactivities. Western blot analysis showed that no significant changes were
detected for Tie-1 and Tie-2 as pregnancy advanced. Moreover, phospho-Tie-2 levels did not change significantly in parallel to
pregnancy ages. We conclude that both receptors are involved in angiogenesis as well as vascular modulation of early vessels. Due
to their spatial distribution we speculate on an additional role in regulation of villous and extravillous trophoblastic behavior.
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INTRODUCTION

In the human placenta vasculogenesis comprises the differen-
tiation and growth of blood vessels derived from hemangio-
genic stem cells, which derived from indifferent mesenchymal
cells of extra-embryonic mesenchymal tissue [1]. Subsequently,
angiogenesis is responsible for the remodeling and expansion of
an already existing vascular network. At present, relatively little
is known about the regulatory mechanisms of vasculogenesis
and angiogenesis. And present information on production,
release and action of angiogenic growth factors in the first stages
of human placental vasculogenesis is not detailed enough to
explain the molecular mechanisms of this process.

At the beginning of the third week of development,
vasculogenesis inside chorionic villi leads to the formation of
first placental vessels. Villous trophoblast may control the
development of blood vessels inside the villous stroma [2], and
it is likely that a multidirectional regulation influences the
function of each other, trophoblast and stromal cells, including
paracrine and autocrine pathways [3]. The early appearance of
macrophages (Hofbauer cells) in the villous core suggests
a paracrine role for these cells during the first stages of
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placental vasculogenesis [4,5]. Previous studies have reported
that Hofbauer cells express angiogenic growth factors such as
vascular endothelial growth factor (VEGF) [3,6] and have been
described as sources of VEGF in villi from early placenta [5,7].

Tie-1 and Tie-2 proteins were first identified as orphan
receptors with an essential role in embryogenic angiogenesis.
The angiopoietins include a receptor activator (Angiopoietin-
1; Ang-1) and a receptor antagonist (Angipoietin-2; Ang-2) for
Tie-2 [8—10]. Ang-1 by binding to Tie-2 remodels the
primitive vessels and provokes the stability of the maturing
vessels by regulating the interactions between endothelial cells
and surrounding matrix and cells [8,9,11,12]. Thus, in
addition to the vital role of VEGF and its receptors [13],
Tie-1 and Tie-2 can be regarded as one of the main molecules
in vasculogenesis during very early placentation.

In knockout mice Tie-1 deficiency resulted in a poor
capillary integrity whereas Tie-2 deficiency revealed an
uncompleted capillary network, in the embryo as well as in
the yolk sac placenta [9,14]. In human placental tissues,
expression of Tie-1 and Tie-2 has been detected at both
protein and mRNA levels [15,16].

So far the exact localization of both receptors is unclear
during vasculogenesis in very early stages of placentation. We
hypothesize that the spatial and temporal expression of Tie-1
and Tie-2 parallels vascular maturation in the human placenta.

© 2005 Elsevier Ltd. All rights reserved.
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Therefore, we investigated Tie-1 and Tie-2 expression in
human placenta and evaluated their expression in different cell
types of the villous tree that are at different stages of
maturation, using immunohistochemistry and Western blot
analysis.

MATERIALS AND METHODS

Samples of human placental tissue were obtained after legal
termination of pregnancy by curettage for medical or
psychosocial reasons, which were unlikely to affect placental
structure and function. None of the normal pregnancies were
receiving hormone treatment. Tissues were supplied from the
Department of Obstetrics and Gynecology, Medical Faculty,
Akdeniz University, and Clinic of Obstetrics and Gynecology,
Government Hospital, Antalya. Written consent was obtained
from patients before the procedure. Consent forms and
protocols to use the tissue were approved by the Ethical
Committee of the Medical Faculty of Akdeniz University.

Tissue collection and storage

Samples of human placental tissues were studied from 23
women with uncomplicated normal pregnancies. Tissue
samples were obtained form curettage material, which was
collected due to social and medical reasons during early
periods of pregnancy (from days 22 to 48 days post conception,
p.c.). Eight placental samples from the 4th week (aged 22—27
days p.c.), six samples from the 5th week (aged 29—36 days
p.c.), five samples from the 6th week (aged 37—41 days p.c.)
and four samples from the 7th week (aged 42—48 days p.c.)
were examined. Placental specimens were classified as de-
scribed in our previous study [1] and by studying embryonic
developmental details following the Carnegie classification
[17]. Immediately after vacuumed aspiration of the conceptus
(no application of prostaglandins), placental samples were
collected (1) for paraffin treatment for further immunohisto-
chemical reaction, (2) were snap-frozen in liquid nitrogen in
PBS and stored at —80 °C for further investigation, and (3)
were double fixed in glutaraldehyde and osmium tetroxide for
electron microscopic examination. For paraffin section analy-
sis, tissue samples were fixed with 4% neutral paraformalde-
hyde for about 6 h before dehydration and paraffin embedding.

Immunohistochemistry

Serial sections were collected on poly-L-lysine coated slides
(Sigma, St. Louis, MO, USA) and incubated overnight at
40 °C. Tissue sections were dewaxed, dehydrated, and placed
in citrate buffer (pH 6; 2.1 g/1 citric acid, 15 ml/1 NaOH). To
unmask antigenic sites in the tissues, antigen retrieval was
performed, by treating the samples in a microwave oven at
750 W for 5 min twice. After cooling for 20 min at room
temperature, the sections were washed in phosphate buffered
saline (PBS; pH 7.4). To block endogenous peroxidase
activity, sections were kept in 3% hydrogen peroxide (Dako
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A/S, Glostrup, Denmark) for 30 min and washed with PBS
three times. The following primary antibodies were used:
rabbit anti-Tie-1 (1:200, polyclonal, C-18, SC-342; Santa Cruz
Biotechnology Inc, Santa Cruz, CA, USA), rabbit anti-Tie-2
(1:200, polyclonal, C20, SC-324; Santa Cruz), mouse anti-
human Tie-1 (25 pg/ml, monoclonal, MAB619, R&D Sys-
tems), and goat anti-human Tie-2 (25 pg/ml, monoclonal,
AF313, R&D Systems).

After blocking with normal serum for 30 min at room
temperature, sections were incubated at 4 °C overnight with
the primary antibodies, followed by sequential incubations
with biotinylated polyvalent antibodies (Dako A/S, Glostrup,
Denmark) and peroxidase-labeled streptavidin (Dako A/S).
Immunohistochemistry was performed using a horseradish
peroxidase-labeled streptavidin biotin (HRP-LSAB) kit
(Dako) according to the manufacturer’s instructions. The
resulting signal was developed with diaminobenzidine (DAB)
(Dako). All incubations were performed in a moist chamber at
room temperature, using PBS for washes between the
incubation steps. The sections were counterstained with
Mayer’s hematoxylin solution (Merck) and mounted with
glycerol gelatin (Dako). Negative control staining was
performed by replacing the primary antibodies with non-
immune rabbit IgG. Photomicrographs were taken with an
Axioplan microscope (Zeiss, Oberkochen, Germany). Tissue
sections from different pregnancy days were evaluated for
protein localization and intensity. All samples for each
individual antibody were exposed to the same protocol and
were stained using the same incubation periods of staining. To
test the antigenic specificity of the antibodies, Tie-1 and Tie-2
primary antibodies were preincubated with their specific
peptides (10 pg/ml dilution for Tie-1P (C-18), and 10 pg/ml
Tie-2P (C20), Santa Cruz) for 1h at 37 °C. Then, the same
protocol was applied.

The intensity of immunoreactivity was semi-quantitatively
evaluated as follows. Positively stained cells were grouped
according to the following categories: — (no staining), 1+
(weak but detectable), 2+ (moderate or distinct), 3+
(intense). For each tissue, an HSCORE value was calculated
by summing the percentages of cells grouped in one intensity
category and multiplying this number with the weighted
intensity of the staining, using the formula [HSCORE = P;
( + 1)], where i represents the intensity scores and P; is the
corresponding percentage of the cells. In each slide, five
different areas were evaluated under a microscope using 400 X
original magnification, the percentage of the cells for each
intensity within these areas was determined by two inves-
tigators who were blinded to slides and gestational age, and the
average score was used [18].

Western blot analysis

From placental tissues total protein was extracted using a lysis
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol,
1% Triton X-100, 1.5 mM MgCl,, 1 mM EGTA, 100 mM
NaF, 10 mM sodium pyrophosphate and protease inhibitors,
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1 mM Naz;VOy, 10 mg/ml leupeptin, 10 mg/ml aprotinin, and
4 mM PMSF). The protein concentration was determined by
a detergent compatible protein assay (Bio-Rad Laboratories,
Hercules, CA, USA). Samples (20 ug) were loaded and
separated by non-reducing SDS-polyacrylamide gel electro-
phoresis using 7.5—12% Tris—HCl ready gels (Bio-Rad
Laboratories) and electroblotted onto Hybond ECL nitrocel-
lulose membrane (Amersham Pharmacia Biotech, Bucking-
hamshire, England). The membrane was blocked with 5%
non-fat dry milk in TBS-T buffer (0.05% Tween-20 in TBS,
pH 7.4) for 1 h to reduce non-specific binding. Afterwards, the
membrane was incubated for 1h with polyclonal antibodies
against Tie-1 (1/200; Santa Cruz Biotechnology) and Tie-2
(1/200; Santa Cruz Biotechnology) and phospho-Tie-2 (1/
500, Cell Signaling Inc., Beverly, MA). Following rinses with
TBS-T for 15min once and 10 min twice, the membranes
were further incubated for 1h with peroxidase-labeled anti-
rabbit IgG (Vector Laboratories) diluted at 1:10000 and
subsequently washed with TBS-T for 15 min once and 10 min
twice. The immunoblot was developed using a chemilumines-
cent kit (NEN Life Science, Boston, MA). After stripping, the
same membranes used for Tie-1 and Tie-2 were also used to
immunoblot B-actin (1/7000; clone no. mAbcam 8226;
Abcam, Cambridge, MA).

To test the antigenic specificity of the antibodies, Tie-1 and
Tie-2 primary antibodies were preincubated with their specific
peptides (10 pg/ml dilution for Tie-1P (C-18), and 10 png/ml
Tie-2P (C20), Santa Cruz) for 1 h at 37 °C. Then the same
protocol was applied. Equal loading was confirmed using
Ponceau staining (Molecular Dynamics, Sunnyvale, CA). The
bands were quantified using the Image J software provided by
NIH.

Statistical analysis

Statistical ~analyses for immunohistochemical data and
Western blot results were normally distributed (tested by

Antibody

200 kDa —»
140 kDa —»
100 kDa —»

200 kDa —»
140 kDa —»
100 kDa —=

Placenta (2006), Vol. 27

Kolmogorov—Smirnov test) throughout the pregnancy days.
Analysis of variance (ANOVA) and the Tukey test were
carried out for statistical analysis and pairwise multiple
comparisons. Statistical calculations were performed using
Sigmastat for Windows, version 2.0 (Jandel Scientific
Corporation, San Rafael, CA, USA).

RESULTS

Results of Tie-1 and Tie-2 immunoreactivities in the villous
tree were evaluated in two categories, according to cell types
and villous types. Moreover, total levels of these proteins were
analyzed using Western blot analysis.

The specificity of the antibodies for Tie-1 and Tie-2 was
evaluated by a pre-absorption test utilizing the specific antigens
(10 pg/ml) for both Western blot analysis (Figure 1) and
immunohistochemistry (Figure 2a—d). Moreover, expression
of each Tie receptor was also examined with two different
antibodies obtained from different companies (Figure 2e—h).

Besides the morphological appearance, the angioblastic and
hematopoietic characteristics of the cells in the villous core
were further confirmed by the intensity of the immunoreac-
tivity with anti-CD34 and anti-CD31 antibodies in parallel to
antibodies against Tie-1 and Tie-2 (Figure 3a—d).

In general, the total immunoreactivities for Tie-1 and Tie-2
did not change significantly as pregnancy progressed.
However, Tie-1 immunoreactivity was stronger than Tie-2
in all pregnancy days evaluated (Figure 4a—c).

Tie-1 expression
Cell types

Cytotrophoblast and angiogenic cells showed the strongest
Tie-1 immunoreactivity, which did not change significantly as
pregnancy progressed. Among the cells of the villous stroma
Hofbauer cells revealed a moderate immunoreactivity while
mesenchymal cells displayed weak staining and no significant

Peptide Blocked
Antibody

~— Tie-1

--— Tie-2

Figure 1. Western blot analysis of Tie-1 and Tie-2 expressions in the presence and absence of their blocking peptides in three samples from different pregnancy
days. Tie-1 and Tie-2 revealed 126-kDa 140-kDa bands, respectively. When pre-absorbed with their specific antigens Tie-1 and Tie-2 antibodies revealed very

weak bands with the same samples.
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Figure 2. Immunohistochemical analysis of Tie-1 and Tie-2 antibodies in the presence and absence of their blocking peptides. (a, ¢) Tie-1 and Tie-2
immunoreactivities are seen, respectively. (b, d) When Tie-1 and Tie-2 antibodies were pre-absorbed with their specific antigens no immunoreactivity was detected
in early placental villi. (e—h) Representative pictures for Tie-1 and Tie-2 immunohistochemistry. Similar immunoreactivities were detected for Tie-1 (e, Santa
Cruz; f, R&D Systems) and Tie-2 (g, Santa Cruz; h, R&D Systems) using primary antibodies purchased from different companies. (a—d) Scale bar = 100 um;
(e—h), scale bar = 50 um.
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Figure 3. Analysis of CD31 and CD34 immunoreactivities in parallel to Tie-1 and Tie-2 immunostaining in human placental villi. (a, b) Angioblastic cells
(arrowheads) and cell cords (arrows) are positive for both CD31 and CD34 while the hematopoietic progenitor cells (double arrows) in the primitive vascular lumen
do not stain positive for CD31 and CD34. (c, d) In parallel sections to CD 31 and CD34 immunostaining in placental villi Tie-1 and Tie-2 immunostaining are
seen. Tie-1 and Tie-2 expression in angioblastic cell cords and presumptive vascular endothelium (arrows), and in some angioblastic cells in stroma (arrowheads)
are seen whereas hematopoietic cells in primitive vascular tubes are immunonegative (double arrows). Scale bar = 100 um.

modification was noted as pregnancy progressed. Interestingly,
vascular endothelium revealed weaker immunoreactivity
than angiogenic cells in all pregnancy weeks evaluated (Figure

5a, ¢, d).

Villous types

Mesenchymal villi expressed a moderate to strong immuno-
reactivity for Tie-1. However, Tie-1 immunoreactivity
revealed a gradual decrease from mesenchymal villi towards
stem villi in parallel to villous maturation but not to the weeks
of pregnancy (Figure 5b—d). Differential expression of Tie-1
in cytotrophoblast and angioblastic cells cords originates from

the difference of their location in progressively maturing
villous types (Figure 5b—d).

Western blot analysis of total Tie-1 expression
in placental villi

Western blot analysis of Tie-1 expression in placental villi was
performed to evaluate total Tie-1 protein levels. Immunoblot-
ting of placental lysates revealed a 120-kDa band for Tie-1. No
significant changes were found for Tie-1 expression related to
week of pregnancy. Equal loading of samples was confirmed by
B-actin immunolabeling of the same membrane used for Tie-1
immunoblotting (Figure 6a).
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Figure 4. Analysis of Tie-1 and Tie-2 expression in early placental villi. (a) Semi-quantitative evaluation of changes in total Tie-1 and Tie-2 expression between
week 4 and week 7 of pregnancy. Note higher Tie-1 expressions in all pregnancy weeks. (b) Tie-1 and (c) Tie-2 immunoreactivities are seen in placental villi at 4
weeks of pregnancy. (b, ¢) Scale bar = 100 pm. (a) The asterisk at week 6 represents significantly higher Tie-1 expression when compared to Tie-2 (p < 0.05).
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Figure 5. Analysis of Tie-1 expression in early placental villi. (a) Semi-quantitative evaluation of changes in Tie-1 expression in different cell types between week
4 and week 7 of pregnancy. Asterisk represents significantly higher Tie-1 immunoreactivity in vascular endothelium compared to that of weeks 4 and 7 (p < 0.05).
(b) Semi-quantitative evaluation of changes in Tie-1 expression in different villous types between week 4 and week 7 of pregnancy. The asterisk represents
significantly higher Tie-1 immunoreactivity in mesenchymal and immature intermediate villi compared to that in stem villi (p < 0.05). (c, d) are from weeks 4 and
6 p.c., respectively. Changes of Tie-1 expression in placental villi from week 4 to week 6 of pregnancy can be seen (arrows, angioblastic cells; arrowheads,
presumptive endothelium); scale bar = 100 pum.

Bt

Tie-2 expression related to the week of pregnancy. Interestingly, vascular
endothelium displayed a gradual decrease from strong to weak,
while stromal cells revealed a gradual increase from absent to
Cytotrophoblast and angiogenic cells exhibited a moderate to moderate for Tie-2 immunoreactivity as pregnancy advanced
weak immunoreactivity for Tie-2 without significant alterations (Figure 7a, c, d).

Cell types



Kayisli et al.: Spatial and Temporal Distribution of Tie-1 and Tie-2

655

a Weeks of Pregnancy

4 B 6 T 9
200 kDa—| == )
140 kDa — - ~— Tie-1
100 kDa—|

200 kDa— ww

140 kDa — ' —_— T h - = =—Tie-2
100 kDa— &5

A7KDaie ~—[B-Actin
b Weeks of Pregnancy

'-‘—PT|e2

‘ n ~af}— P-Actin

Figure 6. Western blot analysis of Tie-1, Tie-2 and phospho-Tie-2 expression in early placental villi. Two placental samples from each week are shown. (a) An
immunoblot signal at around 120 kDa was detected for Tie-1 and around 140 kDa for Tie-2 showing a gradual increase in expression as pregnancy progressed.
When dividing the signals by the B-actin bands, no statistically significant differences can be obtained from the Tie-1 and Tie-2 bands. Two bands for Tie-1 were
detected from placental lysates of 5 and 6 weeks of pregnancy. (b) Phospho-Tie-2 and B-actin revealed bands around 160 kDa and 40 kDa, respectively. When
normalized to B-actin, no significant difference was observed in phospho-Tie-2 expressions among the pregnancy weeks.

Villous type

Cells of mesenchymal villi expressed the weakest immunore-
activity for Tie-2 in all pregnancy days evaluated, while in
immature intermediate villi Tie-2 immunoreactivity was
moderate. In stem villi Tie-2 revealed a gradual increase in
parallel to pregnancy weeks, except for the 7th week of
pregnancy (Figure 7b—d).

Western blot analysis of total Tie-2 expression
in placental villi

Western blot analysis of Tie-2 expression in placental villi was
performed to evaluate total Tie-2 protein levels. Immuno-
blotting of placental lysates revealed a 140-kDa band for Tie-2.
No significant changes were found for Tie-2 expression
related to week of pregnancy. Equal loading of the samples
was confirmed by f-actin immunolabeling of the same
membrane used for Tie-2 immunoblotting (Figure 6a).
Phospho-Tie-2 expression was also analyzed by Western blot.
No significant difference in phospho-Tie-2 levels was
observed among the weeks of pregnancy when normalized to
B-actin (Figure 6b).

Tie-1 and Tie-2 expression by extravillous
trophoblast

The distribution and intensity for both receptors were also
evaluated in extravillous trophoblast cells in cell columns. Tie-1
immunoreactivity was strong in the proximal part of the cell
columns and gradually decreased towards the distal part of the
column (Figure 8a, c). On the other hand, Tie-2 immunore-
activity revealed a homogenous weak and mostly membranous
immunoreactivity throughout the cell columns (Figure 8b, d).

DISCUSSION

Tie-1 and Tie-2 are crucial proteins for vascularization.
Angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) actions are
transformed by binding to their receptor tyrosine kinase (Tie-2).
Both Tie-2 ligands are antagonists to each other while the Tie-1
ligand is still not known. In the present study we evaluated
both Tie-1 and Tie-2 in different stages of vasculogenesis
related to cell type, villous maturation and pregnancy age
during very early placental development.

Angiogenic precursor cells differentiated from pluripotent
mesenchymal cells initiate the first molecular and morphological
signals of vascularization in placental villi just after the development
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Figure 7. Analysis of Tie-2 expression in early placental villi. (a) Semi-quantitative evaluation of changes in Tie-2 expression in different cell types between week
4 and week 7 of pregnancy. Asterisk represents significantly higher Tie-2 immunoreactivity in stromal cells and decreasing Tie-2 immunoreactivity in vascular
endothelium compared to other weeks (p < 0.05). (b) Semi-quantitative evaluation of changes in Tie-2 expression in different villous types between week 4 and
week 7 of pregnancy. Asterisk represents significantly higher Tie-2 immunoreactivity in stem villi compared to that in mesenchymal and immature intermediate
villi (p < 0.05). (c, d) are from week 4 and 6 p.c., respectively. Changes of Tie-2 expression in placental villi from week 4 to week 6 of pregnancy can be seen
(arrows, angioblastic cells; arrowheads, presumptive endothelium); scale bar = 100 pm.

of tertiary villi. The exact mechanisms of how these cells
differentiate or what signals induce differentiation of these cells
are still not known. Because of new vessel formation and
development, placental angiogenesis necessitates a source of cell
type with pluripotent characteristics of differentiation, pro-
liferation and migration. Therefore, placental angiogenesis is

different from conventional angiogenesis as shown by different
investigators [19—21]. The results of the present study suggest
that both Tie-1 and Tie-2 take part in the modulation of placental
angiogenesis and vasculogenesis starting from earliest steps of
placental angiogenesis. Moreover, our results also show that there
is a cell and villous type specific expression for both receptors.
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Figure 8. Analysis of Tie-1 and Tie-2 expression of extravillous trophoblast cells in early placental cell columns. (a, ¢) A gradual decrease of Tie-1 expression
from the proximal to the distal part of the cell column can be seen. (b, d) Comparing to the Tie-1 expression pattern, Tie-2 expression is only weak and more
homogenous. (a, b) are from week 4; (c, d) are from week 7; scale bars = 50 pm.
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Higher Tie-1 expression in angioblastic cell cords suggests
that Tie-1 is likely to be involved in early angiogenic events such
as cell—cell contact, angiogenic differentiation and prolifera-
tion. The observation of double bands for Tie-1 in Western blot
analysis of some samples may be due to the hyper-phosphor-
ylation of Tie-1 that may represent an increased activation of
Tie-1 at these days of pregnancy. On the other hand, increasing
expression of Tie-2 in endothelium in parallel to vascular
maturation suggests a function in later stages of angiogenesis
such as vascular branching and/or vascular tube formation. In
our previous ultrastructural and immunohistochemical obser-
vations [1,22] we suggested that these angiogenic cells and cell
cords turn to main vessels and route to new vascular branching
by cell protrusions and by connecting other main vessels via
angiogenic bridge cells. Thus, the primitive structure of
a vascular network is set up [13]. In the molecular mechanisms
of this differentiation process, a variety of proteins such as
VEGF and its receptors play crucial roles [13]. The results of
this study suggest that Tie-1 also provokes this process possibly
participating to form new main vascular patterns.

Although there are changes in Tie-1 and Tie-2 expression
from week to week of pregnancy investigated, the changes in
either total Tie-1 or Tie-2 expression levels did not reach
a statistically significant value according to HSCORE results
and Western blot analysis. Therefore, the changes may reflect
a switching mechanism from one cell type to the other in
parallel to villous maturation. Increasing levels of Tie-2
expression in stromal cells from mesenchymal villi to stem villi
suggest that Tie-2 expression is related to villous maturation
and may indicate a mesenchymal cell differentiation towards
primitive perivascular cells such as progenitors of pericyte
and/or vascular smooth muscle cells. These findings are in
agreement with data from Brown et al. [23] and own results
[5,13,22]. Brown et al. [23] suggested that VEGF is released
during angiogenesis implicating that VEGF is involved in
autocrine regulation of angiogenesis with an additional para-
crine regulation of angiogenesis in embryonic development.
Presenting a moderate immunoreactivity for Tie-1, Hofbauer
cells are likely to regulate vascularization in villous stroma by
interacting with perivascular mesenchymal cells or by taking
over the paracrine effect from the cytotrophoblast.

Tie-1 expression in villous cytotrophoblast but not syncytio-
trophoblast as well as its differential expression pattern related to
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the villous type suggests a specific role for these cells. Dunk et al.
[10] showed that Ang-1 and Tie-2 mRINA are present in both
layers of villous trophoblast in first trimester placenta, while
Ang-2 mRNA is present only in the cytotrophoblast. Previously,
Ang-1, Ang-2 and Tie-2 expression were analyzed in first
trimester and term placentas at both mRNA and protein levels
[24,25]. It is reported that although Ang-2 was mainly localized
in syncytiotrophoblast, no signal was detected for Ang-1
throughout the gestation by in situ hybridization. Moreover,
Tie-2 was mainly localized to endothelial cells of villi. They also
showed that Ang-2 mRNA but not Ang-1 mRNA reduced in
preeclamptic placentas [24]. However, Wulff et al. [25] have
shown that Ang-1 is mainly expressed in syncytiotrophoblast
and Ang-2 is highly expressed at 10 weeks of gestation.
Moreover, Tie-2 was localized to cytotrophoblasts and vascular
cells. Significantly, lower levels of Tie-1 in cytotrophoblast from
recurrent miscarriage and missed abortion [26] present evidence
for a vital role of Tie-1 in pregnancy.

Our finding regarding a strong expression of Tie-1 in
extravillous trophoblast cells of the proximal parts of cell
columns may represent an additional role for Tie-1 in
proliferation or in keeping the stem cell phenotype of these
cells. The decreased levels of Tie-1 in the distal parts of cell
columns support this hypothesis since the distal cells have
invasive rather than proliferative features. Since Tie-2 shows
a weak but constant expression throughout the cell columns,
the balance between Tie-1 and Tie-2 expressions in these cells
may regulate their invasive and proliferative behavior.
Moreover, expressing angiogenic factors and their receptors
may be part of their differentiation process towards maternal
endothelial cells. Goldman-Wohl et al. [27] showed that
endovascular trophoblast cells express Tie-2 during the
acquisition of an endothelial phenotype.

In conclusion, our results show that both Tie-1 and Tie-2
are involved in early angiogenic events and vascular modula-
tion as well as in regulation of villous and extravillous
trophoblastic behavior. Furthermore, the villous maturation-
dependent localization and expression levels of the two
receptors may point to a spatial role in vascular maturation,
although no significant changes can be detected in their
temporary expression during these very early stages of
pregnancy. However, functional studies need to be done to
further support our findings.
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Cellular maturity and apoptosis in human sperm: creatine
kinase, caspase-3 and Bcl-x;, levels in mature and
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The relationship between human sperm maturity and apoptosis is of interest because of the persistence of immature sperm in
ejaculates in spite of various apoptotic processes during spermatogenesis. We assessed sperm maturity by HspA2 chaperone
levels, and plasma membrane maturity by sperm binding to immobilized hyaluronic acid (HA). We also utilized objective mor-
phometry. Sperm were stained with three antibody combinations: active caspase-3/creatine kinase (CK, a marker of cytoplasmic
retention), caspase-3/the antiapoptotic Bcl-x;, and CK/Bcl-x;. In semen, 13% of sperm stained with CK, caspase-3 or Bcl-x;,
and 28% had stained with two markers. In the mature HA-bound sperm fraction, <4% were single- or double-stained.
Regarding sperm regions, CK staining, whether alone or as double staining, occurred in the head and midpiece (15-20%),
whereas caspase-3 and Bcl-x;, were primarily (>80% of sperm) in the midpiece. Morphometrical attributes of clear, single- and
double-stained sperm, in line with their more pronounced maturation arrest, showed an incremental increase in head size (due
to cytoplasmic retention) and shorter tail length. We hypothesize that during faulty sperm development, three alternatives may
occur: (i) elimination of aberrant germ cells by apoptosis; (ii) in surviving immature cells, caspase-3 is activated, and in response
the antiapoptotic Bcl-x;,, and perhaps HspA2, provide protection; (iii) in a third type of immature sperm, in addition to the CK,
caspase-3 and Bcl-x;, expression, there are related manifestations of increased head size and shorter tail length. Thus, immature
sperm may vary in the type of developmental arrest and in protection mechanisms for apoptosis. These variations are likely to

explain the persistence of immature sperm in the ejaculate.

Key words: apoptosis/hyaluronic acid/maturity/morphometry/spermatogenesis/HspA2

Introduction

Spermatogenesis, a complex process of male germ cell development,
encompasses spermatogonial proliferation, meiosis and spermiogen-
esis. The spermiogenetic events that eliminate the surplus cytoplasm,
such as development of the acrosome, tail growth, along with
cytoplasmic extrusion, result in mature sperm (de Kretser et al., 1998;
Huszar et al., 2000). Developmental defects may occur in both the
cytoplasmic or nuclear compartments, which can result in the
production of immature sperm.

Creatine kinase (creatine phosphokinase, CK) in human sperm is a
marker of cytoplasmic retention and, thus, diminished sperm maturity
(Huszar and Vigue, 1990, 1993). In unison with cytoplasmic
extrusion, there is also a remodelling of the sperm plasma membrane
(Huszar et al., 1997). Functional evidence for the remodelling process
originates in studies of CK-immunostained sperm—hemizona (halved
unfertilized human oocytes) complexes. Immature sperm with
cytoplasmic retention were not able to bind to the zona pellucida,
suggesting that the formation of the zona-binding site(s) is part of the
membrane remodelling process (Huszar et al., 1994, 1997).
Subsequently, we have also demonstrated that synthesis of the
binding sites for hyaluronic acid (HA), a component of the female
reproductive tract, is also regulated by the plasma membrane-
remodelling events (Huszar er al., 1990; Sbracia et al., 1997).

Mature sperm that bind to HA do not show cytoplasmic retention, are
of normal morphology, have high DNA integrity and a low frequency
of chromosomal aneuploidies (Huszar er al., 1997, 1998, 2003;
Kovanci et al., 2001).

In addition, independent observations in our laboratory have
indicated that sperm shape is very closely related to maturity.
Sperm of diminished maturity have larger, rounder and amorphous
heads due to the cytoplasmic retention (Huszar and Vigue, 1993). As
sprouting of the tail is also a spermiogenetic event, immature sperm
also show shorter tail lengths. In two studies, the ratio of tail
length:long head axis was shown to be a very sensitive marker of
sperm maturity (Gergely et al., 1999; Celik-Ozenci et al., 2003).
Furthermore, mature sperm that are able to bind to HA compared to
the non-binding sperm significantly differ in all tail, head, tail:head
long axis ratio parameters (Celik-Ozenci et al., 2002). This relation-
ship is also demonstrated in the present work.

Another important marker of sperm maturation is the testis-specific
Hsp70-2, a member of the highly conserved Hsp70 family of
chaperone proteins. In mice, the targeted disruption of the HSP70-2
gene caused the fragmentation of the synaptonemal complexes
(structures formed between homologous chromosomes during the
meiotic process), and a failure of desynapsis of the paired chromo-
somes (Dix et al., 1996). A second wave of 70 kDa chaperone
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expression (hsc70t in mice) was also demonstrated during terminal
spermiogenesis (Dix et al., 1996; Eddy, 1999). In addition to the
meiotic support, the chaperone proteins are also responsible for the
transport and folding of proteins, such as DNA repair enzymes, or the
proteins for sperm membrane remodelling. HSP70-2 also exhibits an
anti-apoptotic function (Buzzard et al., 1998; Garrido et al., 2001;
Parcellier et al., 2003). Indeed, in Hsp70-2 knockout mice, in addition
to arrested meiosis, there is increased germ cell apoptosis with the
characteristic apoptotic DNA degradation pattern (Dix et al., 1996).

The role of the Hsp70 chaperone proteins in regulating the apoptotic
process is well studied in somatic cells. In cell cultures, Hsp70 anti-
sense oligomer caused an inhibition of Hsp70-1 expression and
promoted apoptosis, whereas heat or other stress induced Hsp70
synthesis with a reduction of apoptosis (Wei et al., 1994, 1995). The
mechanism of Hsp70 action in apoptosis is related to the apoptotic
enzymes caspase-3 and -9. Activated caspase-9 is associated with
cytochrome c that is released from the mitochondria. Both the
apoptosis-triggering effect of cytochrome ¢ upstream and the recruit-
ment of caspase-9 to the apoptosis activating complex downstream,
are inhibited by the C-terminal region of Hsp70. Thus, the Hsp70
chaperones, such as the homologous HSP70-2 as well as the human
HspA2, are likely inhibitors of the apoptotic process (Beumer et al.,
2000; Li et al., 2000).

The identity of HspA2 and the two-wave expression pattern of the
testis-specific chaperone proteins in spermatogenesis and spermiogen-
esis has been established in men (Huszar et al., 2000). HspA2 first
appears in the primary and secondary spermatocytes as a component
of the synaptonemal complex. The second wave of HspA2 (perhaps
hsc70t as in the mouse) expression occurs in elongating spermatids,
simultaneously with cytoplasmic extrusion and plasma membrane
remodelling. In ejaculated human sperm with low levels of HspA2,
there are several other markers that reflect diminished maturity. These
include cytoplasmic retention and consequential abnormal sperm head
shape, diminished binding to the zona pellucida and HA, increased
rate of chromosomal aneuploidies caused by meiotic defects,
increased levels of DNA fragmentation, retarded histone-protamine
replacement, and shape attributes detected by objective morphometry
that are characteristic for immature sperm (Celik-Ozenci et al., 2003;
Huszar et al., 2003; Kovanci et al., 2001; Oviri et al., 2003).

Several studies have focused on various aspects of sperm imma-
turity, DNA damage and apoptosis in sperm (Aitken et al., 1994;
Huszar and Vigue 1994; Manicardi et al., 1995, 1998; Huszar et al.,
1998; Sakkas et al., 1999a,b; Gandini et al., 2000; Irvine et al., 2000;
Aitken and Krausz, 2001; Ricci et al., 2002; Shen et al., 2002). In line
with the general notion that the proportion of immature sperm is
higher in samples with lower sperm concentration, Sakkas er al.
(2002) have demonstrated an inverse correlation between sperm
concentrations and a number of apoptotic marker proteins; however, a
potential link between the morphological attributes of such sperm and
their apoptotic profile is yet unexplored.

In considering the relationship between apoptosis and diminished
sperm maturity, we hypothesized that there may be a relationship
between cytoplasmic retention, larger heads and shorter tails and the
presence of various apoptotic proteins in the same sperm. In the
present study we have therefore investigated the relationship between
diminished sperm maturity and apoptosis. We have applied double
immunostaining for combinations of CK/caspase-3, Bcl-y; /caspase-3
and CK/Bcl-yx; in mature and diminished maturity sperm fractions
characterized by their level of CK and HspA2 content. Subsequently,
we determined the morphometrical attributes of sperm with various
staining patterns originating in semen and in the HA-bound mature
sperm fractions.
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Materials and methods

Patient population

The study samples originated from the leftover portion of semen submitted for
semen analysis at the Sperm Physiology Laboratory, Department of Obstetrics
and Gynecology, Yale University of Medicine. Samples were collected by
masturbation after 2 days of abstinence, and were allowed to liquefy for 30-60
min. All studies were approved by the Yale School of Medicine Human
Investigation Committee.

After determination of sperm concentration and motility according to World
Health Organization (1999) criteria, the semen was diluted with 3 volumes of
human tubal fluid medium (HTF; Irvine Scientific, USA) containing 0.5%
bovine serum albumin (BSA). The diluted semen was centrifuged at 500 g for
15 min at room temperature. The sperm pellet was resuspended in HTF, and
aliquots were taken for CK activity and HspA2 ratio determinations. Sperm
smears were prepared for various studies, including CK immunocytochemistry
for cytoplasmic retention and determination of Bcl-x;, and active caspase-3
expression levels by immunocytochemistry. For preparation of the HA-bound
mature sperm fractions, 7 ul aliquots were applied to HA-coated glass slides
(Biocoat, Inc., USA). After incubation for 10 min in a humidity chamber, the
slides were washed gently in order to remove the unbound sperm (Huszar et al.,
2003). The smears of unselected and HA-selected sperm fractions were air-
dried and fixed with formaldehyde for the CK, caspase-3 and Bcl-xp
immunocytochemical assessments.

In the initial and respective HA-bound sperm fractions, we evaluated 200
cells for staining intensity as light mature (L), slightly dark (S) or dark
immature (D), whether the slides were processed for CK retention or Bcl-xy.
immunocytochemistry.

CK activity and HspA?2 ratio measurements

These assays were carried out by standard procedures as described previously
(Huszar and Vigue, 1990; Huszar et al., 1992). Aliquots of semen were washed
with 10-15 vols of 4°C 0.15 mol/l NaCl and 30 mmol/l imidazole (buffer, pH
7.0) at 5000 g in order to remove seminal fluid. The sperm pellets were
disrupted by vortexing in 0.1% Triton, 30 mmol/l imidazole (pH 7.0), 10%
glycerol, and 5 mmol/l dithiothreitol. The homogenate was clarified by
centrifugation at 5000 g, and aliquots of the extract were subjected to CK
activity determinations by a spectrophotometric CK kit (Sigma, USA).

The sperm CK-B isoform and the HspA2 were separated by electrophoresis
on precast Agarose gels (Helena Laboratories, USA). The separated proteins
were detected by overlaying the gel with a fluorescent ATP substrate. The
fluorescent bands corresponding to CK-B and HspA2 were quantified under
long-wave UV light with a scanning fluorometer. The HspA2 ratio is expressed
as % (HspA2/HspA2 + CK-B).

Immunostaining of sperm for CK, Bcl-x; and caspase-3

The CK immunocytochemistry procedures have been described previously
(Huszar and Vigue, 1993; Huszar et al., 1994). Both the initial semen and the
HA-selected sperm fractions were fixed with 3.7% formaldehyde in phosphate
buffer/sucrose (PB-suc) for 20 min at room temperature. After removal of the
formalin, the slides were allowed to air dry. After three washing steps with PB-
suc, the sperm were exposed to a 3% BSA (blocking solution) in PB-suc at
room temperature. After further washing with PB-suc, the slides were covered
with 1:1000 dilution of either of polyclonal anti-CK-B antiserum (Chemicon
Co., USA), 1:1000 dilution of active caspase-3 (PharMingen, USA), or 1:100
dilution of monoclonal anti-Bcl-x; antibody (Transduction Laboratories, USA)
and incubated overnight at 4°C. After the washing steps, single staining of CK,
Bcel-x. and caspase-3 was carried out with second antibodies and the slides
were visualized with light microscopy. The specificity of the staining was
established by using preimmune serum in place of the first antibody, or by
applying the second antibody only.

In order to visualize the simultaneous presence of caspase-3 activity and CK
retention or Bcl-y; levels in semen sperm or HA-bound sperm fractions, double
labelling was performed with antisera in the same dilution as for single staining.
In order to visualize the CK/Caspase-3, Caspase-3/Bcl-x;, and CK-Bcl-xi.
double markers, caspase-3 immunoreaction was detected by using a 1/400
dilution of alexa flour-350 goat anti-rabbit secondary antibody (Molecular
Probes, USA), CK immunoreaction was detected by using a biotinylated anti-
goat second antibody (Vector Laboratories, USA) at a 1:1000 dilution and a



1:200 dilution of F/TC (fluorescein isothiocyanate)-labelled avidin (Vector
Laboratories) and Bcl-x;, immunoreaction was detected by using a 1:200
dilution of PE (phycoerythrin)-labelled goat anti-mouse secondary antibody
(Molecular Probes, USA).

Objective morphometry measurements by Metamorph

This computer-based program was developed by Universal Imaging Co.
(USA). The details of the methods, along with the validation information, are
described in Celik-Ozenci et al. (2003).

Briefly, calibration of the system was performed by viewing an objective
micrometer scale (OB-M 1/100) at X100 magnification, and digitizing the
image with the Metamorph™ program. The automated conversion of pixels to
wm was 0.13 pm/pixel.

After capturing and digitizing the images, Metamorph™ overlay tools were
used to delineate the head versus tail regions of individual sperm in order to
measure head and tail parameters separately. In the assessment of head
parameters, Metamorph™ recognizes the following elements: area (area of
entire head); perimeter (distance around edge of head, measuring from
midpoints of each pixel that defines its border); long head axis (length of
longest diameter); short head axis (width measured perpendicular to the longest
diameter); shape factor (a value from O to 1 representing how closely the object
represents a circle, with 1 being a perfect circle). For the sperm tail
measurements, Metamorph™ distinguishes the fibre length (the length of an
object, assuming that it is a fibre). In addition, in our laboratory, we have
developed a parameter which is not standard to the Metamorph™ program, but
which reflects well sperm cellular maturity (Gergely et al., 1999): tail length/
long head axis. These additional parameters were calculated using Microsoft
Excel.

Statistical analysis

In order to compare the various sperm attributes—sperm concentrations and
other semen parameters, CK-activity, HspA2 ratios, the staining intensity of the
CK and Bcly; biochemical markers (darkness factor as described in Results),
and the morphometry measures—we used the r-test analysis and non-
parametric comparisons, with the computer-based SigmaStat program
(Version 2.0; Jandel Scientific Corp., USA). In testing the various correlations,
we have used Pearson correlation analysis utilizing the SigmaStat program. P <
0.05 was accepted as significant.

Results

Cytoplasmic retention and Bcl-x; expression in sperm of
various maturity

In focusing upon the relationship between the expression levels of
Bcl-x and of other biochemical markers in human sperm, we studied
30 men, sperm concentration 34.8 * 4.1X10° (min-max: 10—
106x109%), motility 53.3 = 2.5% (min—-max: 27-72%, all data mean
+ SEM). Based on the sperm HspA?2 ratios, we divided the men into
three maturity groups: low (n = 10), intermediate (n = 10) and high
(n =10). The sperm maturity markers of HspA2 ratio and CK activity
were significantly different in the three groups, whereas sperm
concentrations, motility and total motile sperm concentration were
similar (Table I). These data are in agreement with our consistent
findings: sperm maturity is largely independent of the sperm
concentrations (Huszar and Vigue, 1990, 1993; Huszar et al., 1994).

From each sample, we prepared sperm smears and the HA-bound
mature sperm fractions. Further, we subjected the slides to
immunostaining for CK or Bcl-x;, and evaluated the proportion of
sperm according to their staining intensity. In each sample, we
assessed 200 sperm (800 sperm/man, 24 000 sperm in 30 men). The
staining intensity of sperm was quantified by the ‘darkness factor’
using the following scale: unstained clear sperm = 0, partially or
slightly stained sperm = 1.5, and darkly stained sperm = 3. For
instance, considering 200 sperm: 160 clear, 36 slightly stained, and 4
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Table I. The mean HspA2 levels and semen parameters in samples with
low, intermediate and high HspA2 ratios

Low Intermediate ~ High

HspA2 HspA2 HspA2

(n=10) (n =10) (n =10)
HspA2 (%) 178 = 1.5 31.8 = 1.6 60.5 + 2.6
CK activity (IU/10%) 32 *+038 23 +09 0.7 = 0.22
Sperm concentration (10%ml) 273 59 336 36 43.6 = 10.3
Total motile sperm (10%/ml) 13.6 = 4.1 19.1 = 25 25.8 = 6.6
Motility (%) 474 £ 47 568 £ 3.7 56.8 = 3.7

Values are mean = SEM.
Values in bold: P < 0.001 in all comparisons.
3P < 0.05 high HspA2 versus intermediate HspA2 and low HspA2 (z-test).

Table II. The creatine kinase (CK) and Bcl-x;, darkness factor in the semen
and HA-selected sperm fractions

Low HspA2 Intermediate HspA2 High HspA2
(n =10) (n=10) (n =10)
Semen
CK 61.3 £ 52 385 £ 3.5 382 + 52
Bel-x;, 57.5 = 5° 332 £42b 319 = 5.1b
HA-bound
CK 258 £ 4.1° 202 £ 3.3 18.5 + 3.42
Bel-x;, 28.0 = 5° 17.8 = 2.3 17.0 = 3.5°

Values are mean * SEM.

Values in bold: P < 0.05, low HspA2 versus intermediate HspA2 and high
HspA2 ratios (horizontal comparisons).

2 and PP < 0.001 in the respective CK and Bcl-x values of the semen and
HA-bound sperm fractions (vertical comparisons), z-test.

dark, would yield a darkness factor of 66 (36X1.5 + 4X3). The values
reported in Table II are based on the cumulative staining intensity of
200 cells in each sample. The clear, slightly or darkly stained sperm
are easily distinguishable when all three types are observed on the
same slide (Figure 1).

The study of the sperm populations arising from semen and of the
mature sperm selected by HA binding has further supported the
relationship between sperm maturity, the expression levels of CK
content (cytoplasmic retention) and Bcl-yx; expression levels
(Table II). Regarding the three HspA2 maturity groups, both the CK
and Bcl-x; darkness factors reflected the maturity-related differences,
as they were significantly higher in the low versus the less mature
intermediate and high staining intensity groups (Table II, horizontal
comparisons). The staining intensity in the vertical comparisons
between the sample pairs is substantially lower in the HA-bound
versus the semen sperm fraction (P < 0.001, Table II).

These staining differences between the low, intermediate and high
maturity groups arise because in the semen fractions, there is a mixture
of sperm with various degrees of maturity. However, in the respective
HA-bound sperm fractions, the staining pattern is lighter by virtue of
the plasma membrane maturity and higher HA receptor density, which
in turn lead to a higher uniformity of the HA-bound sperm (Huszar
et al., 1994, 1997, 2003).

The common maturity-related origin among CK activity (cytoplas-
mic retention), HspA2 ratio and Bcl-x; expression levels were also
reflected by the significant correlations between these markers: in
semen (CK versus Bcel-x; 7= 0.71, P < 0.001; HspA2 versus Bcl-x 7
=-0.52, P = 0.003; CK versus HspA2 ratio r = -0.55, P = 0.001). In
the HA-bound sperm fraction: CK versus Bcl-yx;. # = 0.75, P < 0.001.
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25 pm

Figure 1. Sperm single- or double-stained for creatine kinase (CK), Bcl-x;, and caspase-3. The fluorescent colour labels are the following: upper row: CK/
caspase-3 (green-blue); middle row: caspase-3/Bcl-x;, (blue-red); and lower row: CK/Bcl-x;, (green—red)]. Column A represents sperm originating in semen
samples; column B demonstrates the same sperm cells under phase contrast microscopy; and column C represents the respective HA-bound sperm fractions. C
= clear; CK = CK positive; CSP = caspase-3 positive; Bcl-xp = Bel-xp, positive; DS = double-stained sperm.

Sperm maturity and levels of active caspase-3 and Bcl-x;,
expression

In the next set of experiments, we examined the hypothesis that sperm
with diminished maturity may arise either from apoptosis as indicated
by the presence of Bcl-x; and active caspase-3, or from a sperm
population with a more retarded development exhibiting cytoplasmic
retention. We have double-stained semen sperm and their respective
HA-bound fractions with the three immuno-marker combinations of
CK/active caspase-3, active caspase-3/Bcl-x; and CK/Bcl-x
(Figure 1 upper, middle and lower rows). In the semen fraction
(Figure 1A), one can identify sperm with three distinct patterns: clear
sperm, single marker-stained sperm with CK, caspase-3 or Bcl-y; , and
double-stained sperm with the various marker combinations. In the
HA-bound mature sperm (Figure 1C), almost all sperm are the clear
type.

In order to better understand the respective association between the
immunostaining patterns, the HA-binding characteristics and the
morphometrical attributes of sperm, we considered three aspects: (i)
the types of staining patterns and the proportion of sperm exhibiting
particular staining patterns; (ii) the head and midpiece distribution of
CK, caspase-3 [with our antibody we are detecting active caspase);
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(iii) the morphometrical attributes of sperm with various staining
patterns.

Staining patterns with CK and active caspase-3 (Figure 1,
upper panel)
In the semen fractions we have identified clear sperm, CK-only-
stained sperm, caspase-3-only-stained sperm, and sperm that were
stained with both CK and caspase-3. In the HA-bound sperm fraction
there were a few lightly stained sperm, but no sperm with substantial
cytoplasmic retention or caspase activity. This finding is in line with
our hypothesis; sperm that stained either for CK or caspase-3 only
likely represent sperm subpopulations that are immature due to an
early and compensated apoptotic process during spermatogenesis.
Conversely, sperm that are double-stained with both CK (cytoplasmic
retention) and caspase-3 most likely arise from a combination of
arrested development and apoptosis. Finally, it is of note that sperm,
whether with the single- or double-staining patterns, are immature as
they have not completed membrane remodelling thus are deficient in
HA binding.

Sperm double-stained for Bcl-x; and caspase-3, or for CK and
Bcel-y;. (Figure 1, middle and lower rows), similar to the CK and
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Table III. Morphometrical attributes of sperm fractions with various staining patterns (n = 1200 sperm evaluated mean * SEM)

Tail length Head area Perimeter Long axis Short axis Shape factor Tail:long n
axis ratio
(um) (um?) (um) (um) (Hm)
HA-bound 62.1 = 0.2 20.6 + 0.2 179 + 0.1 6.5 = 0.03 4.5 * 0.02 0.82 + 0.0 9.7 = 0.0 450
Clear 56.3 + 0.4 21.8 * 03 18.5 + 0.1 6.6 + 0.05 4.7 + 0.04 0.81 + 0.0 8.6 * 0.1 180
Caspase-3 only 46.5 = 0.5 24.0 = 04 20.1 = 0.3 7.2 = 0.08 4.8 = 0.05° 0.76 = 0.01 6.6 = 0.1 190
CK only 455 = 0.5 26.2 £ 0.5 21.1 £ 0.3 7.7 = 0.1 4.9 * 0.08° 0.74 = 0.0 64 + 0.1 140
Bcl-x, only 45.6 = 0.3 21.7 £ 0.6 18.8 £ 0.3 6.8 = 0.1 4.6 £ 09 0.77 = 0.0* 6.9 * 0.1 100
Double-stained sperm 43.6 = 0.6 28.1 £ 0.7 222 £ 04 8.0 = 0.1 5.1 = 0.09 0.72 = 0.01 5.6 = 0.1 140
The attributes in each column are compared to respective ‘clear’ type sperm (underlined).
Values in bold: P < 0.001; ?P < 0.05 compared to ‘clear’ (paired z-test).
caspase-3 staining, showed the four types of pattern, with sperm heads CK and Caspase-3
of clear, caspase-3-only, CK-only, Bcl-x;-only, or the Bcl-x-
caspase-3 and CK-Bcl-x; double-staining. 100,0 T
0,0
Proportions of sperm that showed the various staining
patterns - soa = e
With respect to the proportion of various staining patterns, we have 40,0 O HeadsMdplece
found a remarkable consistency with the three pairs of immunomarker
combinations. In the semen fraction, whether with the CK/caspase-3,
caspase-3/Bcl-x or CK/Bcl-x; combinations (Figure 1, upper, middle

and lower rows), the mean proportions of clear and double-stained
sperm were 45.1 * 1.0 and 27.7 = 0.9% (half of the stained sperm),
whereas the single-stained sperm with the various probe combinations
in the upper, middle and lower rows represented 20.5 = 1.5, 14.1 *
2.1 and 6.5 = 0.5% respectively.

In each study, 300-500 sperm were evaluated in five randomly
chosen men. It is of interest that at least two-thirds of semen sperm that
stained with caspase-3 were also double-stained with Bcl-x; . In the
respective HA-bound mature sperm fractions, >90% of the sperm were
the clear type. The other four sperm staining patterns, caspase-3-only,
CK-only, Bcl-x; -only and double-stained sperm, occurred only at a
mean <4% incidence.

Regarding the staining in the sperm head or midpiece or in both
regions with the various immunomarkers, the CK staining, represent-
ing cytoplasmic retention, was localized in the head (25%), in the
midpiece (>60%) and in the head + midpiece (18-20% of sperm,
Figure 2). This is in agreement with our previous data (Huszar and
Vigue, 1993; Gergely et al., 1999). Caspase-only staining in the
midpiece has occurred with a >92% incidence, whereas the Bcl-x.
only pattern in the midpiece was detected in 75-80% of the sperm.
Others also noted the prevalence of caspase-3 midpiece staining
(Weng et al., 2002).

Morphometrical attributes

Regarding sperm dimensions, there were distinct maturity-related
differences between the clear and the caspase-3-only, CK-only,
Bcl-x; -only and double-stained sperm populations. These morpho-
metrical attributes of the sperm populations have provided independ-
ent supporting evidence for our hypothesis regarding the different
mechanism of how sperm that are single- or double-stained evolve
(1200 sperm originating in five men, Table III). The clear sperm had
significantly longer tails, smaller and better-shaped heads, as well as
higher tail length:long head axis ratios. The sperm with the three types
of single staining patterns had tail and head morphometrical attributes
that were consistent with diminished maturity sperm compared to both
classes of clear mature sperm. Furthermore, the double-stained sperm
had significantly shorter tail length and larger head area, circumfer-
ence and long axis dimensions (P < 0.001), indicating a distinct

i only

Bel-y, and Caspase-3

100,0

80,0

0 head

60,0

40,0 1

o Head+Mdpiece

20,0

0o

Caspase-3 only

Bl only Beky, and Caspase

CK and Bcl-y

CK only Bl only CH and Boky

Figure 2. The distribution of head and midpiece staining patterns in sperm
exhibiting single or double staining with creatine kinase (CK), Bcl-x and
caspase-3 antisera.

difference between the single-stained and even less mature double-
stained sperm population. The sperm populations double-stained with
CK/caspase-3, caspase-3/Bcl-x. or with CK/Bcl-yy firmly support the
morphometrical and maturity-related differences between the single-
stained versus double-stained sperm.

It is of further interest that the HA-bound clear sperm had longer
tails, smaller heads and a smaller SEM in all parameters compared to
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the clear sperm of semen (Table III). These differences are due to the
heterogeneity of clear sperm in semen compared to the uniformity of
HA-bound sperm, which is the most mature sperm population selected
by the highest density of HA receptor.

The maturation-related decline of tail length and increase in head
parameters of area, perimeter and long axis in the five types of sperm
are most impressive (Table III). Indeed, the tail of the clear semen
sperm is >25% longer and the HA-bound clear sperm are 31% longer
than that of the mean of the three classes of stained immature sperm.
The head area, perimeter and long head axis is ~15% larger in the
stained versus the clear sperm fractions. The maturity-related
dimensional differences are best demonstrated by the decline of tail
length:long head axis ratios in the HA-bound clear, clear, single-
stained or double-stained sperm populations (ratios. 9.1 = 0.0, 8.6 =
0.1, 6.6 = 0.1, 5.6 £ 0.1 respectively, independently from the probe
combinations used). The ratio of the double-stained sperm is 35%
shorter than that of the clear semen sperm, and 44% shorter compared
to populations of HA-bound and clear sperm.

The dimensions of the double-stained sperm whether by the CK/
caspase-3, Bcl-xj/caspase-3 and CK/Bcl-x; combinations were
comparable both in the head and in the tail length:long head axis
ratio dimensions. This indicates that these double-stained sperm by the
various markers are actually ‘triple-stained’, i.e. the combination of all
these markers, CK, caspase-3 and Bcl-x, staining. This idea is further
supported by the dimensions of the CK/Bcl-x-stained sperm
compared to the mean of the CK/caspase-3 and caspase-3/Bcl-x.
sperm (in parentheses): tail length: 44.9 um (44.1); head area: 26.2
um?2 (27.5); perimeter: 20.0 um (21.1); long axis 7.3 um (7.9); short
axis 5.0 um (5.1); shape factor 0.78 (0.72); and tail length/head axis
ratio: 6.2 (5.8).

Discussion

During spermatogenesis and spermiogenesis, apoptosis, the controlled
degradation of sperm DNA, has been suggested to play a key role in
adjusting the appropriate number of proliferating germ cells associ-
ated with the surrounding Sertoli cells (Blanco-Rodriguez, 1998; Li
et al., 2000; Print and Loveland, 2000; Kaufmann et al., 2001). The
regulation of apoptosis is based on the intracellular dominance of
various proteins that induce or inhibit the apoptotic process, such as
BAX, Bcl-xp, caspase-3 and several key enzymes. Bcl-x; has been
previously observed in ejaculated sperm (Sakkas et al., 2002). In
samples with low sperm concentrations that also have higher
incidence of immature sperm, a proportionally higher Bcl-x; expres-
sion occurs (Huszar er al., 1988; Huszar and Vigue, 1990; Sakkas
et al.,2002). In the current study, we have found that immature sperm
show a proportionally higher level of Bcl-yx; and caspase-3 expres-
sion. Although the current and previous Bcl-yx; data suggest that this
anti-apoptotic protein is an important factor in the survival of
immature germ cells, and this finding is also supported by the
regulation of mouse germ cell survival, it is clear that the balance of
both pro- and anti-apoptotic members of the Bcl-2 family are involved
in the fate of immature sperm that would otherwise be eliminated by
apoptosis (Rucker et al., 2000; Sakkas et al., 2002).

Our laboratory has focused upon the objective biochemical
markers, such as CK-activity and HspA?2 ratios, for the evaluation
of sperm maturity, function and male fertility (Huszar and Vigue,
1993; Huszar et al., 1994, 2000; Ergur et al., 2002). It has been shown
that diminished expression of the HspA2 chaperone protein is
associated with cytoplasmic retention and consequential abnormal
morphology, along with changes detectable with objective morpho-
metry, such as the increase in head size or shorter tail length (Gergely
et al., 1999). The correlation between sperm CK activity and HspA2
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ratios was consistently close in several studies (r = 0.7, P < 0.001;
Huszar et al., 1992; Lalwani et al., 1996; Ergur et al., 2002). The
HspA2 family of chaperone proteins facilitates the intracellular
transport of proteins in the elongating spermatids, the repair of DNA
strand breaks, and likely supports plasma membrane remodelling and
the collection and externalization of surplus cytoplasm (Dix et al.,
1996; Eddy, 1999; Huszar et al., 2000). Diminished maturity sperm
with low HspA2 levels have extensive DNA fragmentation, increased
rates of aneuploidy and diminished fertility (Huszar et al., 1994;
Kovanci et al., 2001). Mature sperm that are able to bind HA show
none of the markers of diminished maturity (Huszar et al., 2003). In
two blinded studies, we have demonstrated that low levels of sperm
HspA2 predicts the failure of pregnancies in couples treated with IVF
(Huszar et al., 1992; Ergur et al., 2002).

The present work has furthered our knowledge on the relationship
between sperm maturity and the expression levels of CK, caspase-3
and Bcl-x; . We were interested in the mechanism which would allow
the conservation of grossly immature sperm in the ejaculate. These
sperm cells would be expected to be eliminated in the adluminal area
or the epididymis by the ongoing apoptotic process. Focusing on
maturity, we divided the 30 men into three groups based on their high,
intermediate and low HspA2 levels. The data of Table II clearly
indicate that there was a relationship between the HspA2 ratios and the
biochemical markers in the three maturity groups and also in semen
versus the HA-bound sperm fractions. Another relevant aspect, which
highlights the factor of maturity, is the correlations between the
darkness factor and HspA2 ratios on one hand and of the various
apoptotic markers on the other hand. Furthermore, the most mature
sperm fractions bound to HA, which have completed membrane
remodelling and have a higher density of HA receptors, showed a very
low expression of CK, caspase-3 and Bcl-x; (Figure 1C; Huszar et al.,
1997, 2003).

Regarding the staining patterns, we have observed sperm that were
clear and sperm stained exclusively with CK, caspase-3 or Bcl-x; , or
were double-stained with the CK/caspase-3, caspase-3/Bcl-yx; or CK/
Bcl-x; combinations (Figure 1). It is of interest that the proportions of
sperm that were clear, or stained with a single or two markers, were
consistent with the various probe combinations. Also, >90% of the
HA-bound mature sperm were the clear type (Table III).

The regional distribution of the markers in the various sperm types
was also different. The midpiece-stained sperm with caspase-3 occurs
with a >90% incidence, whereas the Bcl-yx; in the sperm midpiece
pattern occurs >75% of the time. However, CK staining, representing
cytoplasmic retention, is present in the head only or in head and
midpiece in ~60% of the CK-containing sperm (Figure 2). These
variations in patterns also indicate that the origin of defect that leads to
caspase-3/Bcl-x; or CK expression is different. The dimensions of
sperm with single- or double-stained patterns were different from that
of the clear sperm, whether one considers the 28% decline in tail
length or the 15% increase in the head parameters of area, perimeter
and long axis (Table III). Thus, if sperm were stained with single or
double markers, they were of lesser maturity compared to the clear
sperm populations, as is further indicated by the substantial decline in
tail length:long head axis ratios in sperm with arrested maturation.

The uniformity in size of the clear, single- and double-stained sperm
by the various probe combinations suggests that the double-stained
sperm actually contain all three markers, or ‘triple-stained’, as they are
the very same immature sperm highlighted independently by the three
sets of biochemical markers. These staining patterns, regional
differences and the morphometrical attributes all support the idea
that immature sperm, if they are single- or double (most likely triple)-
stained may differ in pathogenesis and extent of compensation in the
apoptotic process.



We suggest that the data are consistent with the following concepts.
When spermatogenesis, spermiogenesis and sperm maturation pro-
ceed normally, the process will yield mature fertilizing sperm with a
high level of genetic and functional integrity. However, when sperm
development becomes faulty, three alternatives may occur. (i) There is
early apoptosis in developing germ cells within the adluminal area.
These sperm are eliminated and are not present in the ejaculate. (ii) In
other immature cells, caspase-3 is activated, and in response Bcl-y; is
also expressed which provides a protective effect that substitutes the
presence of HspA2. Other immature sperm (caspase-3 only) may
survive without any compensatory Bcl-y; expression, most likely
because these cells contain HspA2. The continuing development of
immature sperm has been observed in the acrosome formation of the
HSP70-2 knockout mice in which the meiotic process is interrupted
(Mori et al., 1999). (iii) In a third type of sperm with diminished
maturity that proceeds to elongated spermatids, there are secondary
effects of diminished HspA2 chaperone activity, such as cytoplasmic
retention, larger and amorphous heads, lack of sperm membrane
remodelling and retarded tail sprouting. These immature sperm are
more severely affected, and in these ‘triple-stained’ sperm there is CK
retention, in addition to the caspase-3 and Bcl-yx; expression. In
general, it is unclear what proportion of developing sperm is
represented by the apoptotic and immature ejaculated sperm, and
what proportion of the total germ cell population is eliminated by
apoptosis prior to ejaculation.

In addition to the consistency of the proportions and dimensions of
single or double-stained sperm with the CK/caspase-3, caspase-3/
Bcl-x;. and CK/ combinations, these diminished maturity sperm have
all failed to bind to HA. From the point of view of reproduction, this
indicates that the CK-, caspase-3- or Bcl-x; -stained immature sperm
are non-fertilizing in conventional conception based on sperm-zona
pellucida interaction.

Future studies will aim to further define the DNA integrity in the
different types of sperm observed. The CK-containing sperm, due to
their higher level of lipid peroxidation (Aitken et al., 1994; Huszar
et al., 1994) may contain randomly fragmented DNA, whereas the
caspase-3-stained sperm may show DNA degradation with a pattern
more closely related to apoptosis. The relative proportions of the
subpopulations of mature and diminished maturity sperm in the
ejaculate are important in defining why men with similar sperm
concentrations have different chances of reproductive success.
However, it is clear that not all the immature sperm are eliminated
during spermatogenesis and spermiogenesis, and that immature sperm
may vary in the type of developmental arrest and in protection
mechanisms for apoptosis. These variations are likely to explain the
persistence of immature sperm in the ejaculate and contribute to sperm
polymorphism.
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Summary

Distribution patterns of proliferating cell nuclear antigen (PCNA) and atrial natriuretic peptide (ANP)
were determined immunohistochemically and morphometrically in atrium and ventriculum of the
developing rat heart in different stages of the perinatal period. During the prenatal period, PCNA and
ANP were localized in opposite patterns, particularly in trabecular myocytes. A distinct reduction in
the percentage of PCNA-positive nuclei was detected starting at day 19 of the prenatal period, and
these cells were rarely observed on postnatal days 30 and 60. In cardiomyocytes, a distinct increase in
ANP positivity was found, whereas PCNA positivity was very low. It is concluded that PCNA expres-
sion gradually decreased from prenatal day 19 onwards, whereas ANP expression increased in atria
throughout the prenatal and postnatal periods, except for a decrease in ANP expression in ventricles
from prenatal day 21 onwards. The opposite expression patterns of PCNA and ANP in trabecular
myocytes of ventricles indicate that ANP may have antimitogenic/antiproliferative effects in trabecu-

lar myocytes.

Key words: heart - PCNA — ANP — immunohistochemistry — development — rat

Introduction

Proliferating cell nuclear antigen (PCNA) is a marker
for the cell cycle. It is an accessory protein that is neces-
sary for DNA synthesis in mammalian cells (Jonsson
and Hubscher, 1997; Kelman, 1997), since a lack of this
protein prevents a cell to undergo cell division (Bravo
and Macdonald-Bravo, 1987; Prelich et al., 1987).
Besides, PCNA also has a role in DNA repair and con-
trol of the cell cycle (Tsurimoto et al., 1998). Ki-67,
which is also a proliferation marker, has a shorter half
life than PCNA. For this reason, the labelling index (LI)
of Ki-67 correlates better with the BrdU LI than the
PCNA LI does (Scott et al., 1991; Mokry and Nemecek,
1995).

DNA synthesis ceases in mice hearts when the ani-
mals are 4 months of age (Petersen and Baserga, 1965),
in chicks after birth (Clark and Fischman, 1983), and
cell division does not occur in the adult myocardium
(Zak, 1984; Bugaisky and Zak, 1986). In rats, it was
found that cardiac muscle cells do not have the ability to
divide at 4 weeks after birth and as the cells increase in
volume, they do not produce PCNA any longer (Anver-
sa et al., 1980; Claycomb, 1992).

ANP has been found in granules in mammalian heart
myocytes and has natriuretic, diuretic, vasodilator and
hypotensive effects (Forssmann, 1986; Rebuffat et al.,
1989; Mifune et al., 1991; Mochizuki et al., 1991; Ram-
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say, 1991). In adult males, these granules are more
apparent in right atrial cardiomyocytes, and are densely
packed in perinuclear, intermyofibrillar and subsar-
colemmal compartments in myocytes (Forssmann,
1986; Lee and Lee, 1990; Mifune et al., 1991). It has
been suggested that ANP starts to be produced during
very early embryonic stages in fetal rat heart. ANP
granules appear immediately after organogenesis, and
this early secretory activity of ANP is directly related to
either the development or the functioning of the heart
(Thompson et al., 1986; Scott and Jennes, 1988). On the
other hand, it has been determined that ANP plays a
growth-regulatory role in tissues, such as brain and
bone and in some cell types such as myocytes, and
endothelial cells. In vascular smooth muscle cells, it has
an antimitogenic/antiproliferative effect and thus
inhibits cell proliferation (Appel, 1992). However, the
exact mechanisms of the growth-regulatory role of ANP
has not yet been elucidated completely.

Thus far, it has not been investigated what the region-
al distribution patterns are of PCNA and ANP-produc-
ing cells in prenatal and postnatal periods of rat heart
and whether there is a relationship between their distri-
butions patterns. In the present study, the relevance of
the distribution patterns of PCNA and ANP in rat heart
are investigated in different perinatal stages in its devel-
opment.

Material and methods

Tissue preparation

Fourty-eight female and 24 male adult rats (Rattus
norvegicus), weighing 190-230 g, were used and none
of them had mated before the present study was per-

formed. The rats were fed with normal rat chow and tap
water and 2 females and 1 male were kept overnight in
one cage. The following morning, vaginal smears were
prepared and when sperm was found by microscopical
examination, that day was designated as the first day of
pregnancy. Pregnant rats were anaesthetized with ether,
their abdomens were opened, and embryos and fetuses
were removed by excising uterine horns. Of 30 pregnant
rats, 24 fetuses were removed on days 15, 17, 19, and 21
and 6 embryos were removed on day 13. Additionally, 6
rats were used on days 10, 30 and 60 after birth.

Hearts of 13-day embryos, 15, 17, 19, and 21-day
fetuses and 10, 30 and 60-day old rats were removed
and fixed in Holland’s fixative consisting of 4%
formaldehyde, 1-5 ml glacial acetic acid, 4 g picric
acid, 2.5 g cupric acetate in 100 ml distilled water. After
dehydration, tissues were cleared in acetone and
embedded in paraffin, and subsequently, serial sections
(5-7 pm thick) were collected on poly-L-lysine-coated
slides (Sigma, St. Louis MO, USA) and incubated
overnight at 40 °C.

Immunohistochemistry

After dehydrating, heat-induced antigen retrieval was
performed by boiling the sections in citrate buffer, pH
6.0, in a microwave oven as described by Cattoretti et
al. (1993). Sections were then washed 3 times in PBS
(pH 7.4). To block endogenous peroxidase activity, sec-
tions were incubated in an aqueous solution of 3% H,0,
for 20 min at room temp and afterwards, washed 3 times
with PBS. Sections were then incubated with primary
undiluted rabbit anti-PCNA antibodies (Dako, Glostrup,
Denmark) and anti-ANP antibodies (Chemicon, Temec-
ula CA, USA) in an 1:500 dilution. Negative control
incubations were performed by using normal rabbit IgG

Fig. 1. PCNA and ANP immunohistochemistry in prenatal rat heart (day 13). a. PCNA-positive interphase nuclei (arrow) and PCNA-positive
cytoplasm of a cell in prophase (p) are present. b. PCNA positivity is present in a metaphase (m) in the left ventricle. ¢. A PCNA-positive cell
in anaphase (a). d. Negative control incubation. e. Telophase (t} in the right atrium. f. ANP-positive trabecular myocytes (arrows) of the left
ventricle. Magnifications, a—e x250; f, x50.

Fig. 2. Comparison of PCNA and ANP staining in the left ventricie in a prenatal rat heart {day 15). a. Density of PCNA-positive nuclei increas-
as from the inner to the outer part of the ventricular wall (as indicated by the arrows) and its density is lowest in trabecular myocytes. b. Den-
sity of ANP-positive cells decreases from the inner to the outer part of the ventricular wall and its density is highest in trabecular myocytes
(tm). ¢. Negative control incubation. Magnifications, x50.

Fig. 3. Density of PCNA-positive cells is low in prenatal rat heart at day 19. Magnification, x50.

Fig. 4. Immunohistochemical staining of ANP in prenatal rat heart at day 21. ANP-positive cardiomyocytes (arrows) are present throughout
the right atrial wall. Magnification, x100.

Fig. 5. Immunohistochemical staining of PCNA (a) and ANP (b) in rat heart at postnatal day 10. . High frequency of cells that are PCNA positi-
ve (arrows) is found in the atrioventricular (AV) valve and cells with dense ANP staining (arrows) are present in the left atrium. Magnification, x50.
Fig. 6. Immunohistochemical staining of PCNA in rat heart at postnatal day 30. Strong PCNA staining is present in mesenchymal cells of the
right ventricle (arrows) and scarce PCNA immunostaining is present in cardiomyocytes in mitosis (double arrows). Magnification, x100.

Fig. 7. Immunohistochemistry of PCNA (a) and ANP (b,c) in rat heart at postnatal day 60. a. PCNA-positive cardiomyocytes (arrows) are
hardly present in the outer part of the left ventricle. b. Very dense ANP staining is present in the left atrium (arrows) when compared to pre-
vious days. €. ANP-positive Purkinje celis are present in the left ventricle (arrows). Magpnifications, a, x50; b, x250; ¢, x100.
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Fig. 8. Distribution patterns of PCNA-positive cells in atria and ventricles of rat heart (a) and total PCNA-positive cell frequency in develop-
ing rat heart (b). *, Statistically significant difference with the value at day 13.

in the same concentration as the primary antibody.
A secondary anti-rabbit antibody conjugated with biotin
and horseradish-peroxidase-labelled streptavidin (HRP-
LSAB kit, Dako) were applied according to manufac-
turer’s instructions. Peroxidase activity was visualized
with 3-amino-9-ethylcarbozole (AEC; Dako) and H,0,
as substrates. All incubations were performed in a moist
chamber at room temp, using PBS for washes between
incubation steps. The sections were counterstained with
hematoxylin, dehydrated and mounted in mounting
medium (Biogenex, San Ramon CA, USA).

Photomicrographs were taken with an Axioplan
microscope (Zeiss, Oberkochen, Germany) and original
magnifications were calculated.

Morphometric analysis

Six rat hearts were evaluated for each time point. Twen-
ty areas were selected consisting of 5 regions that were
analyzed morphometrically for each heart compartment
(2 atria and 2 ventricles). Morphometry was performed
light microscopically with a 0.01 mm? ocular scale bar,
and PCNA-positive and ANP-positive cardiomyocytes
in a 1 cm’field at X200 original magnification were
counted and their percentages were determined. The
means at each prenatal and postnatal day were calculat-

acta histochemica 104, 3 (2002)

ed as means ( SD and were compared statistically using
the Student’s t-test. All statistical comparisons were
made with 95% as level of significance.

Results

PCNA immunopositivity was strong in cardiomyocytes
on day 13 of gestation. Various stages of mitosis were
observed in large amounts of cardiomyocytes through-
out the hearts. Interphase nuclei and cells in mitosis
showed strong PCNA expression (Fig. 1a). Most of the
PCNA-positive cells were localized in the outer parts of
the heart walls. Immunostaining was present in cells in
prophase, metaphase, anaphase and telophase (Fig. 1).
Immunostaining of PCNA was more extensive in atria
than in ventricles (Fig. 8a).

Myocardial cardiomyocytes of atria and ventricles
were strongly stained for ANP and were found close to
the ventricular chamber, especially in trabecular
myocytes (Fig. 1f). ANP granules were particularly
localized in perinuclear regions. The percentages of
ANP-positive cells were highest in trabecular regions of
the left atrium and left ventricle whereas the right ven-
tricule contained the lowest amount of ANP-positive
cells (Fig. 9a).
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Fig. 9. Distribution patterns of ANP-positive cells in atria and ventricles of rat heart (a) and total ANP-positive cell frequency in developing
rat heart (b). *, Statistically significant difference with the value at day 13.

On day 15 of gestation, the percentage of PCNA-pos-
itive nuclei in atrial and ventricular walls was elevated
and increased from the inner to the outer wall of the
myocardium. The frequency of PCNA-positive trabecu-
lar myocytes was lower than the frequency of other
PCNA-positive myocardial myocytes (Fig. 2a). In con-
trast, ANP immunostaining decreased from the inner to
the outer wall of the myocardium (Fig. 2b). The per-
centage of PCNA-positive nuclei was distinctly higher
in atria than in ventricles and atria showed the highest
amounts of ANP immunostaining in parallel with
PCNA staining.

On day 17 of gestation, PCNA immunostaining was
similar to that on day 15 of embryonic heart develop-
ment and the percentage of PCNA-positive nuclei was
not significantly different from that on days 13 and 15.
Thus, highest percentages of PCNA-positive cells were
found on days 13, 15 and 17 of the prenatal phase (Fig.
8b). In this period, ANP immunostaining increased con-
tinuously in the atrial wall and was highest in the left
atrium.

On day 19 of gestation, there was a significant
decrease in the densities of PCNA-positive cells (Figs.
3 and 8), whereas the total percentage of ANP-positive
cells was highest (Fig. 9b). The increase was statistical-
ly significant when compared with day 13 of gestation

(p<0.05). ANP immunostaining was still intense in
almost every region of the atria.

On day 21 of gestation, most of the PCNA-positive
nuclei were found in the medial and outer parts of the
myocardium, whereas ANP immunostaining was not
present in these regions except for cardiomyocytes in
subendocardial regions of the left ventricle and the pap-
illar muscle. However, in the pectinate muscles of the
atria, dense ANP immunostaining was observed in car-
diomyocytes throughout the myocardial wall (Fig. 4).

After birth on postnatal day 10, the number of
PCNA-positive nuclei in atrial and ventricular walls
was strongly reduced, whereas the atrioventricular wall
still contained cells positive for PCNA (Fig. 5a). There
was a slight decrease in the number of ANP-positive
cells in ventricles of the rat hearts that was not statisti-
cally significant (p>0.05) whereas the atria were still
immunopositive for ANP (Figs. 5b and 9a).

On postnatal day 30, PCNA immunostaining was
strong in mesenchymal cells of the heart, whereas there
was less immunopositivity in cardiomyocytes (Fig. 6).
The total percentage of PCNA-positive cells continued
to decline (Fig. 8b). The percentage of ANP-positive
cells did not change significantly, but its decline in the
ventricles continued (Fig. 9a). Finally, on postnatal day
60, hardly any PCNA-positive cardiomyocytes were
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found (Figs. 7a and 8), whereas ANP immunopositivity
was most intense when compared with the previous
days. Both atrial myocytes and Purkinje cells of the
ventricles were stained strongly for ANP (Fig. 7b,c).

Discussion

The present study shows that the number of PCNA-pos-
itive nuclei in the outer part of atrial and ventricular
myocardium is higher than in other parts of the develop-
ing rat heart. PCNA positivity decreased towards the
trabecular myocytes that are found near the ventricular
chamber. Because trabecular myocytes develop from
myocytes in the outer compact layer of the ventricle
wall (Wenink et al., 1996; Sedmera et al., 2000), our
study suggests that PCNA-negative trabecular myo-
cytes of the ventricular myocardium differentiate from
PCNA-positive cardiomyocytes localized in the outer
layer of ventricular myocardium. Therefore, these
PCNA-negative trabecular myocytes are differentiated
rather than proliferating.

It has been established that ANP has antimito-
genic/antiproliferative effects in tissues such as brain,
bone, myocytes, and red blood cell precursors (Appel,
1992). The present study shows that ANP immunostain-
ing, but not PCNA immunostaining is present in trabec-
ular myocytes in the prenatal period which is in agree-
ment with the findings of Appel (1992). It may be
assumed that ANP has antimitogenic/antiproliferative
effects on cardiac myocytes of rats as well. The percent-
age of PCNA-positive cells was highest on prenatal
days 13, 15, 17 and decreased after prenatal day 17. In
contrast, the number of ANP-positive cells was highest
on prenatal day 19, indicating that ANP has an antimito-
genic effect on cardiomyocytes. In the postnatal period,
a similar contrast in percentages of PCNA-positive and
ANP-positive cells was found as well. PCNA immunos-
taining decreased and ANP immunostaining increased
with age.

PCNA-positive interphase nuclei have been found in
other studies as well (Mathews et al., 1984; Waseem
and Lane, 1990) and indicate that PCNA is necessary
for both DNA replication and cell division (Bravo and
Macdonald-Bravo, 1987; Prelich et al., 1987). PCNA
immunostaining during the various stages of mitosis
was present only in the cytoplasm, implying that the
protein was synthesized in the interphase and during
mitosis expressed in the cytoplasm. Moreover, PCNA-
positive interphase nuclei were mainly localized in the
outer part of the ventricle, indicating that this part of the
ventricular wall serves as a source of new cells.

In contrast with the findings of Marino et al. (1996),
we found that PCNA-positive cardiomyocytes are still
present on postnatal days 30 and 60, indicating that car-
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diomyocytes continue to divide at least up to 2 months
postnatally.

During development, ANP-positive cells were lowest
in number in the right ventricle. During the postnatal
period, ANP-immunostaining in the ventricles decreas-
ed whereas in the atria it increased continuously. The
decrease in ANP immunostaining in ventricular myo-
cytes in the postnatal period may be related to increased
sympathetic innervation in this region. A number of
studies report increased ANP levels after sympathecto-
my in rat ventricles (Albino-Teixeri et al., 1990; Hans-
son et al., 1998; Hansson, 2001). ANP production may
be limited in the ventricular myocardium and conduc-
tion system due to sympathetic innervation or other fac-
tors. However, it is not clear why ANP expression in the
atrium is continuous during development. In the postna-
tal period, ANP staining is reduced in the left ventricle
and is only present in the Purkinje cells, which are part
of the conducting system. These findings are in line
with other studies (Thompson et al., 1986; Toshimori
et al., 1987; Benvenuti et al., 1997). Our findings show
that ANP-positive cardiomyocytes of the left ventricle
are differentiated cells of the conducting system of the
ventricle in the postnatal period, and ANP has an impor-
tant role in the conducting process in heart.

In conclusion, immunostaining of ANP and PCNA
was observed in trabecular myocytes and various cell
types of the heart wall and showed opposite distribution
patterns, thus ANP may have a negative growth-regula-
tory effect in developing rat heart.
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