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OZET

Eritropoetin’in SHSY-5Y Hiicrelerinde Sinyalleme Mekanizmasinin
Proteomik Yontemi Ile incelenmesi

Dog.Dr. Ziibeyde Erbayraktar, Dokuz Eyliil Universitesi
Saglik Bilimleri Enstitiisii, Sinir Bilimler Anabilim Dal1, 35340 inciralti, Izmir

Eritropoetin (EPO), eritropoezi uyaran hematopoetik biiyiime faktorii ve sitokindir. Son 20
yilda EPO’nun hematopoetik etkileri disinda farkli organ ve sistemler iizerine etkileri oldugu
ortaya konmustur. Ornegin beyindeki noronal ve glial hiicrelerde kendisinin ve reseptdriiniin
varlig1 ortaya konmus, sinir sisteminin gelisiminde, noronal canliligin devaminda ndronal
hasarin tamirinde kritik roller listlendigi gosterilmistir. EPO’nun noroprotektif etkisinin olas1 bir

mekanizmasi hiicre i¢i pek ¢ok proteinin ekspresyonunu etkilemesidir.

Bu c¢alismanin amaci, EPO’nun SHSY-5Y noroblastoma hiicre hattinda protein
ekspresyonuna etkisinin incelenmesidir. Bu sayede EPO’nun etkiledigi hiicre i¢i yolaklarin
bulunmasidir. Projemizde proteomik yaklasim ile EPO’in protein diizeyinde yaptigi
degisiklikler incelenmistir. Bu amagla noronal bir hiicre hatt1 olan SHSY-5Y hiicre hattina EPO
indiiksiyonu uygulanip bunun sonucunda ekspresyonu degisen proteinler 2D jel elektroforez ile
ayrimlamig, ardindan ekspresyon farki bulunan proteinlerin analizi kiitle spektroskopi yontemi
ile yapilmistir. Arastirmanin sonuglarina gére toplam 74 proteinin ekspresyonu EPO uygulamasi
ile degistigi saptanmustir. Ekspresyon degisimi 40 protein ekspresyonunda artig, 34 protein igin
azalma seklindedir. Ekspresyon degisimi gosteren proteinlerin 35’1 sadece 24 saat EPO
uygulamasi ile degisim gosterirken, 17’°si sadece 48 saat EPO uygulamasi ile ekspresyon
degisimi gostermistir. 22 proteinin ekspresyonu ise hem 24 saat hem 48 saat EPO uygulamasi
ile degisim gostermistir. Ekspresyon degisimi gosteren proteinler i¢in “reactome programi”
kullanilarak yolak analizi yapilmistir. Bu analiz sonrasi EPO’nun hiicre metabolizmasini,
protein metabolizmasini, gen ekspresyonunu, RNA metabolizmasini ve mRNA islenmesi ile

ilgili yolaklari etkiledigi gosterilmistir.

Anahtar Sozciikler: Eritropoetin, SHSY-5Y Hiicre Hatti, Protein Ekspresyonu, Proteomik



ABSTRACT

The Investigation of The Effect of Erythropoietin on

The Signaling Mechanism of SHSY-5Y Cell Line by Proteomic Method

Assoc.Prof. Ziibeyde Erbayraktar, Dokuz Eylul University
The Institute of Health Sciences, Department of Neuroscience, 35340 Izmir

Erythropoietin (EPO) is a hematopoietic growth factor and cytokine which stimulates
erythropoiesis. In recent 20 years it’s been shown that EPO affects other systems. For instance, its
receptor is expressed in the brain, neurons and the glial cells. EPO has a critical role in the
development, maintenance, protection and repairment of the nervous system. A possible mechanism

of EPO is alternation of protein expression.

In this study, our aim is to investigate effect of EPO on protein expression in SHSY-5Y
neuroblastoma cell line for finding intracellular pathways affected by EPO. For this purpose
neuronal cell line SHSY-5Y has been induced by EPO and protein expression changes has been

detected by 2D Gel electrophoresis and mass spectroscopy.

According to results, EPO alters 74 protein expression (40 were increased, 34 were decreased).
The levels of 35 proteins were changed by 24 EPO incubation, whereas 17 protein expressions were
altered by 48 hours EPO incubation. Twenty two protein expressions were altered by both of

incubation periods (24 and 48 hours). Altered proteins pathways analysed with “reactome software”.

This analysis showed that EPO affects metabolism, protein metabolism, gene expression, RNA

metabolism and mRNA processing pathways.

Key Words: Erythropoietin, SHSY-5Y Cell line, Protein expression, Proteomic



1. GIRIS VE AMAC

Eritropoetin (EPO), primer fonksiyonu hematopoetik dokularda eritrosit onciisii
hiicrelerin apoptotik 6liimiinii baskilayarak eritrosit {iretimini (eritropoez) uyarmak olan
glikoprotein yapida bir hormon ve sitokindir.

Son yillarda beyindeki néronal ve glial hiicrelerde kendisinin ve reseptoriiniin varhgi
ortaya konmustur. Hematopoetik dokular disindaki dokularda da fonksiyonel EPO
reseptorlerinin - bulunmast bu  maddenin eritropoez disinda baska fonksiyonlarinin
da olabilecegini disiindirmistiir. EPO; sinir sisteminin gelisiminde, ndronal canliligin
devaminda, néronal hasarin tamirinde onemli roller tstlenir. Ayrica EPO’nun iskemik,
hipoksik, metabolik, noérotoksik ve eksitotoksik streste noéroprotektif etkisi oldugu
gosterilmistir. EPO’nun ndron koruyucu etkilerinin kesin mekanizmasi tam olarak bilinmese
de hiicre canliligint arttirict yolaklari uyardigi, anti-apoptotik proteinlerin ekspresyonunu
arttirdigl, hiicre i¢i kalsiyum metabolizmasini diizenledigi, nitrik oksid tiretimini azalttigi,
glutamat salintmint baskiladigi, anjiyogenezi ve noérogenezi uyardigi, norotrofik faktor
sentezini arttirdigi, bu sayede anti-apoptotik, anti-oksidatif ve anti-inflammatuar etki
gosterdigi bildirilmistir.

Eritropoetin, anemi tedavisinde kullanilan bir ilagtir. Yapilan serebral iskemi, multiple
skleroz ve sizofreni klinik ¢alismalarinda EPO uygulamas: ile klinik bulgularda diizelme
gozlenmistir. EPO’nun kullanimini sinirlandiran en 6nemli yan etki hematopoetik etkileridir.
Bunlarin en 6nemlisi eritropoez artisidir. Bu nedenle EPO’nun sinyalleme mekanizmasinin
cok iyi bilinmesi biiyiik 6nem tasir. Bu bize EPO’nun yan etkilerini azaltabilmemizi
saglayacaktir. Son yillarda EPO’ya benzer, ancak hematopoetik yan etkileri olmayan
bilesikler gelistirilmektedir.

Bu c¢alismanin amaci, EPO’nun SHSY-5Y néroblastoma hiicre hattinda post-
transkripsiyonel diizeyde yaptigi degisikliklerin incelenmesidir. Bu amagla ndronal bir hiicre
hatt1 olan SHSY-5Y hiicre hattina EPO indiiksiyonu uygulanip bunun sonucunda ekspresyonu

degisen proteinler proteomik yontemleriyle incelenmistir.



2. GENEL BILGILER
2.1. ERITROPOETIN

Glikoprotein yapida bir hormon olan EPO’in primer fonksiyonu hematopoetik
dokularda eritrosit Onciisii hiicrelerin apoptotik Oliimiinii baskilayarak eritrosit tiretimini
(eritropoez) uyarmaktir (1, 2). Rekombinan EPQO’in sentez edilmesinin ardindan EPO
kronik bobrek yetmezligi, yenidogan prematiiritesi, miyeloproliferatif hastaliklar, talasemi,
kanser, kemik 1iligi transplantasyonu ve AIDS tablolarinda goriilen aneminin tedavisi
amactyla klinik kullanima girmistir (2). Ardindan hematopoetik dokular disindaki
dokularda da fonksiyonel EPO reseptorlerinin bulunmasi bu maddenin eritropoez disinda

baska fonksiyonlari da olabilecegini diisiindiirmistiir (3-11).

2.2. ERITROPOETIN RESEPTORU

Sinir sisteminde EPO ve reseptoriiniin ekspresyonu hipoksi ve metabolik hasar
ile uyarilmaktadir (3). EPO reseptorii (EPOR) araciligiyla gerceklesen sinyalleme normal
beyin gelisimi igin gereklidir (12). EPO’in erigkin kemirgenlerde beyin ve omurilik iskemi
modellerinde koruyucu oldugu gosterilmistir (13-18). EPO in vivo yenidogan kemirgen
hipoksik-iskemik beyin hasart modelinde de koruyucu etki gostermektedir (19-20).
Deneysel parkinsonizm, etanol norotoksisitesi, deneysel otoimmiin ansefalomiyelit,
subaraknoid kanama, intraserebral hematom, epilepsi, travmatik omurilik hasari, periferik
sinir hasari, kafa travmasi, amiloid beta, haloperidol, glutamat, nitrik oksid (NO), hipoksi
ve 6-hidroksidopamin (6-OHDA) gibi ¢esitli norotoksinlerle olusturulan nérotoksisite gibi
birgok in vivo ve in vitro modelde EPO’in ndronal hasara kars1 koruyucu ya da hasari
azaltict etkisi son yillarda gosterilmistir (13, 21- 43). EPO deneysel iskemik stroke
modelinde hasarin olusumundan 2 hafta sonra verildiginde bile uzun siireli
degerlendirmede beyin dokusunda iyilesme saglamaktadir (44). Son yillarda gelismis ve
gelismekte olan iilkelerde stroke, Alzheimer Hastaligi, Parkinson Hastaligi, Multiple
Skleroz, kafa travmasi, sizofreni gibi nérolojik ve ndropsikiyatrik hastaliklarda artig
gozlenmektedir. Henliz etkin tedavileri bulunmayan bu hastaliklarda hastalik siire¢lerinin
temel mekanizmalar1 da kesin olarak aydinlatilamamistir. EPO bu hastaliklarin deneysel

modellerinde etkili bulunmustur. Stroke hastalarinda yapilan smirhi bir caligmada



(Gotingen EPO-stroke c¢alismasi) EPO’in stroke tedavisinde etkin ve giivenilir oldugunu

gosteren bulgular elde edilmistir (45).

EPO’in néron koruyucu etkilerinin kesin mekanizmasi tam olarak bilinmese de
hiicre canliligini arttirict yolaklar1 uyardigi, antiapoptotik proteinlerin ekspresyonunu
arttirdig1, hiicre i¢i kalsiyum metabolizmasini diizenledigi, nitrik oksid liretimini azalttigi,
glutamat salinimini baskiladigi, anjiyojenezi ve nérogenezi uyardigi, norotrofik faktor
sentezini arttirdig1, antiapoptotik, antioksidatif ve anti-inflammatuar etki gosterdigi
bildirilmistir (3, 8, 9, 46 - 52). Ancak EPO’in bu etkilerinin mekanizmalar1 heniiz tam

olarak aydinlatilamamustir.

2.3. ERITROPOETIN’IN ANTI-OKSIDAN ETKIiSI

Yukarida deginilen ve EPO’in antioksidan etkisini destekleyen ¢alismalarin yant
sira deneysel kafa travmasi ve hipoksik-iskemik hasar modellerinde EPO artmis lipid
peroksidasyonunu ve NO diizeyini azaltmaktadir (35, 53). Ayrica EPO preterm bebeklerde
lipid peroksidasyonunu azaltmaktadir (54). Rat eritrositlerinde de EPO’in antioksidan
etkisi bildirilmistir (55).

2.4. ERITROPOETIN’IN ANTI-INFLAMATUVAR ETKISI

Deneysel intraserebral hemoraji modelinde EPO’in hematom ¢evresinde
inflamatuvar hiicre infiltrasyonunu ve proinflamatuvar sitokin (TNF alfa) gen
ekspresyonunu azalttigi bildirilmistir (31). Deneysel omurilik hasar1 modelinde EPO’in
mikroglial infiltrasyonu ve proinflamatuvar sitokin diizeyini azalttigi gésterilmistir (56).
Farelerde olusturulan deneysel travmatik beyin hasar1 modelinde EPO’in apoptotik hiicre
oliimiiyle birlikte inflamasyonu azalttigi saptanmistir (34). Yenidogan rat hipoksi/iskemi
modelinde EPO’in beyinde proinflamatuvar bir sitokin olan IL1beta diizeyini ve lokosit
infiltrasyonunu azalttig1 bildirilmistir (51). Deneysel otoimmiin ansefalomiyelit modelinde
EPO’in inflamasyonu azaltarak yarar sagladigi gosterilmistir (27). Bu modelde EPO
omurilikte inflamatuvar hiicre infiltrasyonunu ve proinflamatuvar sitokin (TNF ve IL6)
diizeylerini azaltmaktadir (26). Deneysel fare otoimmiin ansefalomiyelit modelinde EPO
ve non-eritropoetik EPO tiirevleri klinik tabloyu diizeltmekte, omurilikte TNF, IL1beta ve
IL1Ra diizeylerini, periferik kan mononiikleer hiicrelerinde interferon gamma diizeyini

azaltmaktadir (29).



EPO deneysel stroke modelinde infarkt hacmini, apoptotik hiicre Sliimiini ve
inflamasyonu azaltmaktadir, in vitro EPO hipoksi ile indiiklenen hipokampal ndron
Olimiine karst1 koruma saglamaktadir (18). EPO denecysel stroke, otoimmiin
ansefalomiyelit, kafa travmasi ve kainat toksisitesi modellerinde tedavi edici etkili
bulunmustur. EPO kafa travmasi ve otoimmiin ansefalomiyelit modelinde inflamasyonu
azaltic1 etki de gostermistir (13). MSS disinda bagka dokularin hasar modellerinde ya da in
vivo ¢alismalarda da EPO’in anti-inflamatuvar etkisi gosterilmistir. Deneysel kollajen ile
indiikklenen artrit modelinde EPO apoptotik kondrosit 6liimiinii, TNF alfa diizeyini,
oksidatif hasar1 ve inflamasyonu azaltmaktadir (57). Siklosporin ile olusturulan deneysel
nefropati modelinde EPO’in makrofaj infiltrasyonunu ve proinflamatuvar sitokin diizeyini
azalttigr gosterilmistir (58). EPO dializ hastalarindan alinan polimorfoniikleer 16kositlerde
in vitro phorbol 12-myristate 13-acetate (PMA) ile uyarilan siiperoksid salinimini
azaltmaktadir (59).

2.5. ERITROPOETIN’IN ANTI-APOPTOTIK ETKISI

EPO eritroid onciisii hiicrelerde Fas-FasL aracili apoptozu ve Fas ve FasL gen ve
yiizey ekspresyonunu baskilamaktadir (52). EPO’in bir¢ok in vivo ve in vitro ndronal hasar
modelinde apoptotik hiicre 6limiinii azaltic1 etki gosterdigi bildirilmistir (13, 15, 18, 19,
23, 24, 26). EPO yenidogan rat beyin iskemisi modelinde apoptotik hiicre Sliimiinii ve
buna eslik eden kaspaz aktivasyonu ve sitokrom c¢ salinimini ve infarkt hacmini
baskilamaktadir. Bu etkilere STAT-5 aktivasyonu ve Bcl-2 artis1 eslik etmektedir (50).
Iskemik stroke hasta beyinlerinin otopsi incelemesinde infarkt cevresinde en fazla
yogunlasan apoptotik hiicrelerin Fas ve FasL ekspresyonu ile birlikteligi saptanmistir.
Noronal EPOR ekspresyonu ise iskemik noronal nekrozun siddetiyle ters orantili bir
dagilim gostermektedir (60). Deneysel kapali kafa travmasi1 modelinde EPO tedavisinin

noronal apoptozu ve kaspaz-3 ekspresyonunu azalttigi belirlenmistir (34).

Bu calismanin amaci, SHSY-5Y hiicrelerinde EPO’nun meydana getirdigi
protein ekspresyon degisimlerinin genis Olgekli  belirlenmesi, bu ekspresyon
degisimlerinden yola ¢ikarak EPO uygulamasinin etkiledigi hiicrei¢i yolaklarin ortaya

konmasidir.



3. GEREC VE YONTEM

3.1. ARASTIRMANIN TIPI

Deneysel nitelikte bir aragtirmadir.

3.2. ARASTIRMANIN YERi VE ZAMANI

Bu arasgtirmanin deneyleri, Haziran 2012 ile Aralik 2013 tarihleri arasinda Dokuz
Eylil  Universitesi Tip  Fakiiltesi ~Arastirma  Laboratuvarlari  (AR-LAB)’da
gerceklestirilmistir.

3.3. ARASTIRMA EVRENI VE ORNEKLEMIi/ CALISMA GRUPLARI

Arastirmamiz insan tizerinde yapilan bir calisma degildir.
Calismamizin gruplar su sekildedir:
- Kontrol grubu (n:6)
- 24 saat Eritropoetin uygulanan grup (n:8)
- 48 saat Eritropoetin uygulanan grup (n:8)

3.4. CALISMA MATERYALI

Calismamizda pasaj 17°deki SHSY-5Y néroblastoma hiicre hatti kullanilmastir.
Almanyada bulunan, kisa adi DSMZ (Deutsche Sammlung von Mikroorganismen &
Zellkulturen) olan “Biyolojik Materyal Icin Kaynak Merkezinden 2006°da alinmistir.

Alim siireci firmalar araciligi ile olmustur.

3.5. ARASTIRMANIN DEGISKENLERI
Bu arastirmanin degiskenleri:
- Protein ekspresyon seviyeleri (bagimli degisken)
- Eritropoetin (bagimsiz degisken)



3.6. VERI TOPLAMA ARACLARI

3.6.1. Hiicre Kiiltiirii

Pasaj 15°deki SHSY-5Y noroblastoma hiicreleri -80°C’deki dondurucudan almarak
37°C’deki su banyosunda ¢oziildii. Ardindan i¢indeki hiicre siispansiyonu 6 ml besiyeri
iceren falkon tlipe yavasca aktarildi. Tiip 1500 rpm’de 5 dk santrifiij edildikten sonra iist
stvi atildi ve pelete 2 ml ortam eklendi. Hiicreler iyice suspense edildikten sonra
karisimdan Ornek alinarak hiicrelerin canliligina bakildi. % 90 canlilik yeterli kabul
edildi. Tiipe 3 ml daha besiyeri eklendi. 5 mI’lik hiicre siispansiyonu, i¢inde 5 ml ortam
bulunan flaska aktarildi. Ertesi giin ortam degistirildi. Kiiltir kab1 her giin invert
mikroskop ile kontrol edildi, hiicreler konfluent olduklar1 giin tripsin kullanilarak

pasajlandilar.
3.6.2. In vitro Deney

Pasaj 15’deki SHSY-5Y noroblastoma hiicreleri 75 cm®lik hiicre flasklaria
(Greiner,USA) 3x10° hiicre/flask yogunlukta olacak sekilde %89 DMEM/F12 (Sigma
Aldrich, USA), %10 FBS ve %1 L-Glutamin igeren ortamla ekildi. Flasklar 24 saat siireyle
37°C’de, %5 CO2’li ve nemli hava iceren etiivde (Revco, USA) inkiibe edildi.
Inkiibasyonun ardindan kontrol grubu (n:3) Optimem (serumsuz ortam) ortamina gegildi.
24 saatlik EPO indiikksiyonu uygulanacak grup (n:3), 48 saatlik EPO indiiksiyonu
uygulanacak grup (n:3) da Optimem ortamina ge¢ildi. EPO indiiksiyonu 1 U/ml dozda, 24

ve 48 saat siireyle uygulandi.
3.6.3. Protein Izolasyonu

In vitro deney sonrasinda hiicreler hiicre kiiltiir kaplarindan hiicre kaziyict kullanilarak
kaldirildi. 150g’de 5 dk santrifiij ile hiicre peleti elde edildi. Soguk 1 ml PBS ile hiicreler
resiispande edildi. 700 g’de 5 dk siiren santrifiij ile hiicre peleti elde edildi. Hiicre lizisi
proteaz inhibitdrii iceren hiicre lizis soliisyonu ile gergeklestirildi. Ornek basina 100 ul
hiicre lizis soliisyonu eklendi. 15 dk’lik buz iizeri enkiibasyon sirasinda, 2-3 dk araliklarla
ornekler vortekslendi. Son agsamada 15.000 g’de 15 dk santrifiij ile 6rneklerden protein

lizat1 elde edildi. Analize kadar érnekler -80 °C’de saklandu.



3.6.4. Proteomik Analizi

Proteomik analizi i¢gin AROS (Danimarka) firmasindan hizmet alimi yapilmistir.
Proteomik analizi 2D jel elektroforezi ve kiitle spektroskopisi ile yapilmigtir. Bu yontemde
protein Ornekleri 2 boyutlu jel elektroforezi ile ayrimlandi. Sonrasinda giimiis boyama ile
jeller boyandi. Kosullar arasi1 fark dansitometrik 6l¢iim sonuglarinin istatiksel analizi ile
gerceklestirildi. Kosullararasi fark gozlenen protein spotlari jelden ¢ikartildi. Kiitle
spektroskopi analizi ile peptid sekanslar belirlendi. Spotlarin peptid sekans verileri Mascot
programi kullanilarak insan protein databaz verileri ile karsilastirildi. Bdylece gruplararasi

ekpresyon farklilig1 gésteren proteinlerin hangileri oldugu belirlendi.
3.6.5. Hiicre i¢i Yolak Analizi

Bu amagla reactome programi kullanilmistir (http://www.reactome.org/). Bu programda

“pathways analysis” boliimiinde protein ekspresyonlarinin hangi yolaklar etkiledigi, hangi
proteinlerin bu siirecte yer aldigi, bu yolakta yeralan proteinlerin ne kadarini (%) etkiledigi
belirlenmistir. Programin “analyse expression data” boliimiinde ise ekspresyon degisimi
gozlenen yolaklarin haritalanmasi yapilmistir. Bu analizler i¢in dncelikle 24 saatte ve 48
saatte EPO uygulamasi ile ekspresyonu degisen proteinler ve kat degisim oranlari

girilmistir.

3.7. ARASTIRMANIN PLANI VE TAKVIMI

Invitro Deneyler Haziran 2012 - Eyliil 2012
Proteomiks Analizi Ekim 2012 - Aralik 2012
Proteomiks Verilerinin Analizi  Ocak 2013 - Haziran 2013
Hiicrei¢i Yolaklarin Analizi Temmuz 2013 - Aralik 2013
Verilerin Analizleri Ocak 2014 - Mart 2014

Tez Yazim Nisan 2014 - Aralik 2014


http://www.reactome.org/

3.8. VERILERIN DEGERLENDIRILMESI

Proteomik analizde jel dansitometrik analiz sonuglar1 gruplar arasi karsilastirmada Mann
Whitney U testi kullanilmisgtir. Tiim analitik degerlendirmelerde p<0.05 anlamlilik sinir

olarak kabul edilmistir.
3.9. ARASTIRMANIN SINIRLILIKLARI

Bu arastirmada, noron benzeri bir kanser hiicre dizisi olan SHSY-5Y hiicre hatti
kullanilmistir. EPO’nun néron hiicrelerindeki proteinlerin ekspresyon degisimlerine olan
etkisinin “primer noéron kiiltiiri” veya “diferansiye néron hiicre kiiltiirii” gibi hiicreler
lizerinde incelenmesi sonucunda daha ayrintili bilgilerin elde edilebilecegi

Ongoriilmektedir.

3.10. ETIK KURUL ONAYI
Dokuz Eyliil Universitesi Girisimsel Olmayan Arastirmalar Etik Kurulu tarafindan
21 Haziran 2012 tarih, 562-GOA protokol numarali ve 2012/22-17 sayili karar ile bu

arastirma, etik agidan uygun goriilmistiir.
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4. BULGULAR

4.1. PROTEOMIK ANALIZINDE EPO UYGULAMASI ILE EKSPRESYONU
DEGISEN PROTEINLER

Arastirmamizin sonuglarina gore toplam 74 proteinin ekspresyonu EPO uygulamasi
ile degistigi saptandi. Ekspresyon degisimi 40 protein ekspresyonunda artig, 34 protein igin
azalma seklindeydi. Ekspresyon degisimi gosteren proteinlerin 35’1 sadece 24 saat EPO
uygulamasi ile degisim gosterirken (Tablo 1 ve 2), 17°si sadece 48 saat EPO uygulamasi
ile ekspresyon degisimi gosteriyordu (Tablo 3). 22 proteinin ekspresyonu ise hem 24 saat

hem 48 saat EPO uygulamasi ile degisim gosterdi (Tablo 4 ve 5).

Tablo 1: Sadece 24 saat EPO uygulamasi ile ekspresyonu artan proteinler

Uniprot Kat
PROTEIN ADI no Kontrol ort | EPO 24hort | degisimi
neuroleukin [Homo sapiens] Po6744 0,246 0,784 3,186992
WD repeat domain 1 [Homo sapiens] 075083 0,181 0,439 2,425414
40S ribosomal protein S12 [Homo sapiens] P25398 0,376 0,864 2,297872
DBH protein [Homo sapiens] Pod172 0,271 0,605 2,232472
aralar2 [Homo sapiens] LSO 0,204 0,453 2,220588
zinc finger protein 207 isoform a [Homo sapiens] 043670 0,136 0,299 2,198529
ATP synthase subunit gamma, mitochondrial isoform H (heart) precursor P36542
[Homo sapiens] 0,172 0,375 2,180233
. P17844
growth regulated nuclear 68 protein 0,114 0,241 2,114035
non-POU domain-containing octamer-binding protein isoform 1 [Homo Q15233
sapiens] 0,509 0,994 1,952849
Chain A, Crystal Structure Of Human Paics, A Bifunctional Carboxylase P22234
And Synthetase In Purine Biosynthesis 0,352 0,657 1,866477
hnRNP 2H9B [Homo sapiens] P31942 0,132 0,246 1,863636
elongation factor Tu [Homo sapiens] pag4ll 0,537 0,999 1,860335
Coiled-coil domain containing 51 [Homo sapiens] 96ERS 0,114 0,211 1,850877
prelamin-A/C isoform 2 [Homo sapiens] P02545 0,11 0,203 1,845455
Phosphoserine aminotransferase 1 [Homo sapiens] Y617 0,313 0,577 1,84345
. . . . Q99729
heterogeneous nuclear ribonucleoprotein A/B isoform a [Homo sapiens] 0,255 0,468 1,835294
. - Lo . Q15233
non-POU domain containing, octamer-binding [Homo sapiens] 0,199 0,365 1,834171
GMP synthase [glutamine-hydrolyzing] [Homo sapiens] P49915 0,13 0,238 1,830769
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http://www.uniprot.org/entry/P06744
http://www.uniprot.org/entry/O75083
http://www.uniprot.org/entry/P25398
http://www.uniprot.org/entry/P09172
http://www.uniprot.org/entry/Q9UJS0
http://www.uniprot.org/entry/O43670
http://www.uniprot.org/entry/P36542
http://www.uniprot.org/entry/P17844
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http://www.uniprot.org/entry/P31942
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http://www.uniprot.org/entry/Q9Y617
http://www.uniprot.org/entry/Q99729
http://www.uniprot.org/entry/Q15233
http://www.uniprot.org/entry/P49915

Tablo 2: Sadece 24 saat EPO uygulamasi ile ekspresyonu azalan proteinler

; Uniprot Kat
PROTEIN ADI no Kontrol ort | EPO 24h ort | degisimi
pyruvate kinase [Homo sapiens] P14618 0,25 0,047 0,188
heat shock cognate 71 kDa protein isoform 1 [Homo sapiens] P11142 0,255 0,049 0,192157
glutathione S-transferase-P1c [Homo sapiens] P09211 0,211 0,045 0,21327
gamma subunit of CCT chaperonin [Homo sapiens] P49368 0,112 0,024 0,214286
chaperonin containing TCP1, subunit 5 (epsilon) [Homo sapiens] P48643 0,148 0,033 0,222973
elongation factor 1-alpha 1 [Homo sapiens] P68104 0,154 0,037 0,24026
MTHSP75 [Homo sapiens] P38646 0,14 0,04 0,285714
L-lactate dehydrogenase A chain isoform 1 [Homo sapiens] P00338 0,083 0,024 0,289157
heat shock cognate 71 kDa protein isoform 1 [Homo sapiens] P11142 0,079 0,023 0,291139
polypyrimidine tract-binding protein 1 isoform a [Homo sapiens] P26599 0,098 0,031 0,316327
glyceraldehyde-3-phosphate dehydrogenase [Homo sapiens] P04406 0,383 0,129 0,336815
polyadenylate binding protein 11 [Homo sapiens] P11940 0,106 0,043 0,40566
Hsp89-alpha-delta-N [Homo sapiens] PO7900 0,201 0,084 0,41791
Chain A, Human Glyoxalase | With Benzyl-Glutathione Inhibitor Q04760 0,256 0,107 0,417969
KH domain-containing, RNA-binding, signal transduction-associated protein Q07666
1 [Homo sapiens] 0,087 0,038 0,436782
ATP synthase subunit alpha, mitochondrial precursor [Homo sapiens] P25705 0,107 0,047 0,439252
HNRPF protein [Homo sapiens] P52597 0,066 0,035 0,530303

Tablo 3: Sadece 48 saat EPO uygulamasi ile ekspresyonu degisen proteinler

Uniprot EPO 48h Kat
PROTEIN ADI no Kontrol ort ort degisimi
heterogeneous nuclear ribonucleoprotein R isoform 2 [Homo sapiens] 99729 0,069 0,162 2,347826
CDC10 homolog [Homo sapiens] 16181 0,166 0,384 2313253
ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, | P25705
cardiac muscle [Homo sapiens] 0,424 0,96 2,264151
S3 ribosomal protein [Homo sapiens] P23396 0,616 1 2,146104
aconitate hydratase, mitochondrial precursor [Homo sapiens] 99798 0,093 0,198 2,129032
aldehyde dehydrogenase [Homo sapiens] P05091 0,191 0,386 2,020942
- . . - Q99729
heterogeneous nuclear ribonucleoprotein A/B isoform a [Homo sapiens] 0,149 0,299 2,006711
MLL septin-like fusion protein [Homo sapiens] 9UHDS 0,118 0,225 1,90678
peroxiredoxin-4 [Homo sapiens] 13162 0,122 0,039 0,319672
actin, cytoplasmic 1 [Homo sapiens] P60709 0,291 0,101 0,347079
prohibitin-2 isoform 2 [Homo sapiens] 99623 0,157 0,055 0,350318
cytochrome c oxidase subunit 5A, mitochondrial precursor [Homo sapiens] P20674 0,307 0,109 0,355049
keratin 1 [Homo sapiens] / PEA-15 [Homo sapiens] P04264 0,282 0,113 0,400709
095881
thioredoxin domain-containing protein 12 precursor [Homo sapiens] 0,152 0,066 0,434211
small nuclear ribonucleoprotein F [Homo sapiens] P62306 0,775 0,375 0,483871
Mutant Human Thioredoxin And A PeptideTarget Site In Human Nfkb 0,192 0,1 0,520833
prelamin-A/C isoform 2 [Homo sapiens] P02545 0,157 0,085 0,541401
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http://www.uniprot.org/entry/P14618
http://www.uniprot.org/entry/P11142
http://www.uniprot.org/entry/P09211
http://www.uniprot.org/entry/P49368
http://www.uniprot.org/entry/P48643
http://www.uniprot.org/entry/P68104
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http://www.uniprot.org/entry/P00338
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http://www.uniprot.org/entry/Q04760
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http://www.uniprot.org/entry/P25705
http://www.uniprot.org/entry/P23396
http://www.uniprot.org/entry/Q99798
http://www.uniprot.org/entry/P05091
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http://www.uniprot.org/entry/Q13162
http://www.uniprot.org/entry/P60709
http://www.uniprot.org/entry/Q99623
http://www.uniprot.org/entry/P20674
http://www.uniprot.org/entry/P04264
http://www.uniprot.org/entry/O95881
http://www.uniprot.org/entry/P62306
http://www.uniprot.org/entry/P02545

Tablo 4: Hem 24 saat hem de 48 saat EPO uygulamasi ile ekspresyonu artan proteinler

Uniprot Kontrol 24 hkat | 48hkat
PROTEIN ADI no ort 24hort | 48hort | degisimi | degisimi
sideroflexin-3 [Homo sapiens] 9BWMT | 9099 | 0344 | 0399 | 3474747 | 4,030303
cyclophilin [Homo sapiens] P23284 |1 9054 | 015 0137 | 2777778 | 2,537037
Chain A, Human Mitochondrial Nad(P)- Q16798
Dependent Malic Enzyme 0,061 0,157 0,125 2,57377 2,04918
78 kDa gastrin-binding protein [Homo sapiens] P40939 | 0505 | 1117 | 1197 | 2211881 | 2,370297
2-phosphopyruvate-hydratase alpha-enolase P06733
[Homo sapiens] 0099 | 0218 | o015 | 220202 | 1575758
lamin A/C [Homo sapiens] P02545 | 0oga | 0477 | 0459 | 2,107143 | 1,892857
ATP:citrate lyase [Homo sapiens] P53396 | o390 | 0079 | 0085 | 2025641 | 2,179487
P30042
RecName: Full=ES1 protein homolog, P30042
mitochondrial; AltName: Full=Protein GT335;
AltName: Full=Protein KNP-I;
Flags: Precursor 0,119 0,24 0,24 2,016807 | 2,016807
laminin-binding protein [Homo sapiens] 08865 0,557 1.055 0,934 1,894075 | 1,67684
actin-related protein [Homo sapiens] P61163 | 5348 | 0657 | 0569 | 1,887931 | 1,635057
translation initiation factor elF3 p40 subunit 015372
[Homo sapiens] 0,142 0,261 0,263 1,838028 | 1,852113
PAPS sunthetase [Homo sapiens] 043252 | 0143 | 0258 | 0267 | 1,804196 | 1867133
aldolase A [Homo sapiens] P04075 | 9508 | 0373 | 0518 | 1,793269 | 2,490385
poly(ADP-ribose) polymerase [Homo sapiens] P09874 0,142 0,232 0,372 1,633803 | 2,619718

Tablo 5: Hem 24 saat hem de 48 saat EPO uygulamasi ile ekspresyonu azalan proteinler

Uniprot Kontrol 24 hkat | 48h kat
PROTEIN ADI no ort 24hort | 48hort | degisimi | degisimi
P68133
actin, alpha skeletal muscle [Homo sapiens] 0,584 0,087 0,108 0,148973 | 0,184932
P60709
mutant beta-actin (beta'-actin) [Homo sapiens] 0,344 0,063 0,122 0,18314 0,354651
chaperonin (HSP60) [Homo sapiens] P10809 | o389 | 0126 | 0168 | 0323907 | 0431877
eukaryotic translation elongation factor 1 alpha 1 P68104
[Homo sapiens] 0,205 0,067 0,073 0,326829 | 0,356098
Chain A, Structure Of Rho Guanine Nucleotide P52565
Dissociation Inhibitor 0,242 0,082 0,094 0,338843 | 0,38843
stathmin isoform a [Homo sapiens] P16949 | (63 0314 | 0081 | 0498413 | 0,128571
Q9BV57
acireductone dioxygenase 1[Homo sapiens] 0,114 0,069 0,039 0,605263 | 0,342105
calcium-regulated heat stable protein CRHSP-24 QoY2v2
[Homo sapiens] 0,122 0,098 0,061 0,803279 | 05
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4.2. ANLAMLI DEGIiSiM GOSTEREN mRNA’LARIN YER ALDIGI YOLAKLAR

24 ve 48 saatte ekspresyonu degisen proteinler igin “reactome programinda” analiz
yapildiginda EPO’nun hiicre metabolizmasini, protein metabolizmasini, gene
ekspresyonunu, RNA metabolizmasin1i ve mRNA islenmesi ile ilgili ana yolaklar
etkiledigi gosterildi (Sekil 1 ve 2). EPO uyarimi ile bu ana yolaklarda yeralan alt yolaklar

ve bu yolaktaki degisen proteinler Tablo 6 ve 7°de verilmistir.
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H Statistically over-represented events in hierarchy

Each Event is coloured according to the un-adjusted, i.e. not corrected for multiple testing, probability (from hypergeometric test) of seeing given number or more genes in this Event by chance. Please note that only those "child"
events are shown which have a p-value lower than the "parent" event. The top-level (root) Events are ordered according fo the lowest p-value of their components.
Colour key for probabilities:
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43203, 41109 (4 up, 0 down)
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= RN 2 0=-0'1. 2/136 (2 up, 0 down)

B

Total number of events assessed: 6109

Number of matching events (i.e. individual hypergeometric tests performed): 134
Number of genes matching submitted identifiers: 37

Sekil 1: 24 saat i¢in reactome analiz sonucu: Bu pencerede 24 saatte ekspresyonu degisen
proteinlerin hangi ana yolakta yeraldig1 gosterilmektedir.
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[, 7 001, 2,249 (2 up, 0 down)
Total number of events assessed: 6109
Number of matching events (i.e. individual hypergeometric tests performed): 71
Number of genes matching submitted identifiers: 20

Sekil 2: 48 saat i¢in reactome analiz sonucu: Bu pencerede 48 saatte ekspresyonu degisen
proteinlerin hangi ana yolakta yer aldig1 gosterilmektedir.
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Tablo 6: 24 saat EPO uyarimi ile SHSY-5Y hiicrelerinde ekspresyonu degisen proteinlerin
yeraldigi alt yolaklar

27

5 REACT_1383 |Glycolysis P14618, P04406, P04075, P06733, P06744
5 31 REACT_1520  |Gluconeogenesis P04406, P04075, P0G733, Q8UJS0, P06744

6 62 REACT 723 |Glucose metabolism P14618, P04406, P04075, P06733, Q9UJS0, P06744

19 1083 REAGT 111217 Metaboliem P14618, P09211, P00338, P04406, P07900, P25705, Q9BVS7, P04075, 043262, P49815,

QOY617, P22234, P53396, P36542, P06733, P40939, QSUJSO, P09172, P06744
PB0709, P49368, P48643, P38646, 10808, P68104, P11940, P25705, 015372, P08BES,

12 437 REACT_17015 Metabolism of proteins Q8UJSO, P25398
3 9 REACT_17050 |Folding of actin by CCT/TriC PB0709, P49368, P48643
3 9 REACT_16915 |Hydrolysis of ATP and release of folded actin from CCT/TriC P60709, P49368, P48643
3 9 REACT_17011 |Exchange of ADP for ATP in CCT/TriC:actin complex PB0709, P49368, P48643
6 126 REACT_474 Metabolism of carbohydrates P 14618, P04406, P04075, P06733, QIUJS0, PO6T44
3 19 REACT 118675 ;;(gml‘bﬂrl;&gnmp\ex Transports Proteins Across the Outer Mitochondrial P38646, P10809, P25705
4 52 REACT_118595 |Mitochondrial Protein Import P38646, P10808, P25705, Q9UJSO
4 a7 REACT_1979 Translation initiation complex formation P11940, 015372, P088B5, P25398
N 57 REACT 1515 Formation of translation wt‘\anom comp}exes yielding circularized P11940, 015372, PS8BS, P25398
- Ceruloplasmin mRNA in a 'closed-loop’ conformation ' i '
4 58 REACT 1258 Activation of the mRNA upon binding of the cap-binding complex and P11940, 015372, P088A5. P25398
- elFs, and subsequent binding to 435 ' . !
4 58 REACT_1595 fﬂs&;gatmn of phospho-L13a with GAIT element of Ceruloplasmin P11940, 015372, P0886S, P25398
2 6 REACT_25267 |Association of AUF1 with Translation and Heat Shock Proteins P11142, P11940
3 27 REACT_16936 |Prefoldin mediated transfer of substrate to CCT/TriC PB0709, P49368, P48643
3 27 REACT_16961 |Actintubulin:prefoldin complex associates with CCT/TriC P60709, P49368, P48643
3 28 REACT_17029 |Cooperation of Prefoldin and TriC/CCT in actin and tubulin folding PB0709, P49368, P48643
2 9 REACT_16980 |Association of CCT/TriC with sphingosine kinase 1 P48368, P48643
2 10 REACT_25315 |Ubiguitination of AUF1 (hnRNP D0) P11142, P11940
2 " REACT_1776 Purine ribonucleoside monophosphate biosynthesis P49915, P22234
5 151 REACT_1014  Translation P68104, P11940, 015372, P0BBGS, P25398
3 46 REACT_608 elF3 and elF 1A bind to the 40S subunit 015372, P088ES, P25398
2 14 REACT_118696 |TIMM23 PAM Imports Proteins to Mitochondrial Matrix P38646, P10809
2 14 REACT_118832 |Precursor Proteins Enter TIMM23 PAM P38646, P10809
3 49 REACT_1354 Formation of the 43S pre-initiation complex 015372, P08865, P25398
3 49 REACT_1079 Formation of the ternary complex, and subsequently, the 43S complex 015372, P08865, P25398
3 49 REACT_17004 |Chaperonin-mediated protein folding PB0709, P49368, P48643
2 15 REACT_6759  |Formation of ATP by chemiosmotic coupling P25705, P36542
2 21 REACT_16909 ADP is exchanged for ATP in the (ADP:CCT/TriC):tubulin complex P49368, P48643
2 28 REACT 16984 Association of CCT/TriC with other substrates during biosynthesis P49368. P48643
- (unknown chaperone) v
2 29 REACT_16907  Association of TriC/CCT with target proteins during biosynthesis P49368, P48643
2 32 REACT_522 Purine metabolism P49915, P22234
3 88 REACT_2075  Aminoacyl-tRNA binds to the ribosome at the A-site P68104, P088ES5, P25398
3 88 REACT_552 Hydrolysis of eEF1A:GTP P68104, P08865, P25398
3 89 REACT_1404 Peptide chain elongation P68104, P08865, P25398
3 88 REACT_1937 Translocation of ribosome by 3 bases in the 3' direction P68104, P08865, P25398
2 34 REACT_1877  Formation of pre-mRNPs P26599, P52587
3 92 REACT_1477 Eukaryotic Translation Elongation P68104, P08865, P25398
3 93 REACT 75917 Formation of UPF1:eRF3 Complex on mRNA with a Premature P11940. P08SE5, P25398
- Termination Codon and No Exon Junction Complex ’ v
3 93 REACT_75768 |Nonsense Mediated Decay Independent of the Exon Junction Complex P11940, P08865, P25398
3 98 REACT_1797 Formation of a pool of free 40S subunits 015372, P08865, P25398
3 104 REACT 75753 UPF1 Binds an mRNP with a Termination Codon Preceding an Exon P11940, P08365, P25208
Junction Complex
3 104 REACT_75910 |SMG1 Phosphorylates UPF1 (Enhanced by Exon Junction Complex) ~ P11940, P08865, P25398
3 107 REACT_76787 |SMGE Cleaves mRNA with Premature Termination Codon P11940, P08865, P25398
3 110 REACT_2085 GTP hydrolysis and joining of the 603 ribosomal subunit 015372, P08865, P25398
3 110 REACT_75886 |Nonsense-Mediated Decay P11940, P08865, P25398
3 110 REACT_756891  Phosphorylated UPF1 Recruits SMG5, SMG7, SMGE, and PP2A P11940, P08865, P25398
3 110 REACT_75822 |Nonsense Mediated Decay Enhanced by the Exon Junction Complex  P11940, P08865, P25398
2 54 REACT_25325 Destabilization of mRNA by AUF1 (hnRNP DO) P11142, P11940
3 130 REACT_111083 The citric acid (TCA) cycle and respiratory electron transport P00338, P25705, P36542
4 224 REACT_20605 |Metabolism of mRNA P11142, P11940, P08865, P25398
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Tablo 7: 48 saat EPO uyarimi ile SHSY-5Y hiicrelerinde ekspresyonu degisen proteinlerin
yeraldigi alt yolaklar

3 19 REACT_118675 TOMMA40 Complex Transports Proteins Across the Outer Mitochondrial Membrane  |P10809, Q99798, P25705
) PB0709, PE8104, P10809, P088BS, 015372, Q99798,
8 437 REACT_17015  |Metabolism of proteins 23306, P25705
3 48 REACT_808 elF3 and elF1A bind to the 40S subunit P08865, 015372, P23396
3 49 REACT_1354 Formation of the 43S pre-initiation complex P08865, 015372, P23396
3 49 REACT_1079 Formation of the ternary complex, and subsequently, the 43S complex P08865, 015372, P23396
3 52 REACT_118585 |Mitochondrial Protein Import P10809, Q99798, P25705
3 56 REACT_1516 Ribosomal scanning P08865, 015372, P23396
3 56 REACT 1904 Eﬁmglt’\;r;of translation initiation complexes containing mRNA that does not P088ES, 015372, P23396
3 a7 REACT_1060 elF2:GTP is hydrolyzed, elFs are released P08865, 015372, P23396
3 a7 REACT_1979 Translation initiation complex formation P08865, 015372, P23396
3 57 REACT_656 Start codon recognition P08865, 015372, P23396
3 a7 REACT_931 Ribosomal scanning and start codon recognition P08865, 015372, P23396
Formation of translation initiation complexes yielding circularized Ceruloplasmin
3 57 REACT 1515 o et loop oo epNPIEXES YIEENg P F08865, 015372, P23396
2 58 REACT 1258 ?Eg\;zzzr;:tfél‘w:dr‘:?{\g\d;gnn binding of the cap-binding complex and elFs, and P08885, 015372, P23306
3 58 REACT_1595 Association of phospho-L13a with GAIT element of Ceruloplasmin mRNA P08865, 015372, P23396
QIBV5T7, P20674, P0S733, 043252, P05091, Q99798,

10 1083 REACT_111217  Metabolism P53396, P25705, P40939, PO4075
4 151 REACT_1014  Translation P68104, P08865, 015372, P23396
3 88 REACT_2075 Aminoacyl-RNA binds to the ribosome at the A-site P68104, P08865, P23396
3 88 REACT_552 Hydrolysis of eEF1A-GTP P68104, P088ES, P23396
3 89 REACT_1404 Peptide chain elongation P68104, P08865, P23396
3 89 REACT_1937 Translocation of ribosome by 3 bases in the 3' direction P68104, P088ESE, P23396
3 92 REACT_1477 Eukaryotic Translation Elongation P68104, P088ES5, P23396
2 27 REACT_ 1383 Glycolysis P06733, P04075
3 98 REACT_1797 Formation of a pool of free 40S subunits P08865, 015372, P23396
2 A REACT_1520 Gluconeogenesis P06733, P04075
3 109 REACT_T79 L13a-mediated translational silencing of Ceruloplasmin expression P08865, 015372, P23396
3 109 REACT_1762 3' -UTR-mediated translational regulation P08865, 015372, P23396
3 110 REACT_2085 GTP hydrolysis and joining of the 603 ribosomal subunit P08865, 015372, P23396
3 17 REACT_2159 Eukaryotic Translation Initiation P08865, 015372, P23396
3 17 REACT_2099 Cap-dependent Translation Initiation P08865, 015372, P23396
3 130 REACT_111083 The citric acid (TCA) cycle and respiratory electron transport P20674, Q99798, P25705
2 62 REACT 723 Glucose metabolism P06733, P04075
2 87 REACT_928 Release of 40S and 60S subunits from the 80S ribosome P08865, P23396
2 87 REACT_1227 Peptide transfer from P-site tRNA to the A-site tRNA P08865, P23396
2 87 REACT_1158672 |Synthesis of nascent polypeptide containing signal sequence P08865, P23396
2 88 REACT_3 elF5B:GTP is hydrolyzed and released P08865, P23396
2 88 REACT_198 ‘The 60S subunit joins the translation initiation complex P08865, P23396
2 88 REAGCT_9524 Synthesis of PB1-F2 P08865, P23396
2 89 REACT_1986 Eukaryotic Translation Termination P08865, P23396
2 89 REACT_389 Polypeptide release from the eRF3-GDP:eRF 1:mRNA:80S Ribosome complex P08865, P23396
2 89 REACT 1654 S;F;pli;?rdysws by eRF3 bound to the eRF1:mRNA-polypeptide:803 Ribosome P088ES, P23296
2 89 REACT 227 S;Fr:pl?em;nd eRF3:eRF1 complex binds the peptidyl tRNA‘mRNA:80S Ribosome P088ES, P23296

93 REACT 75017 Zﬁ;ﬂﬂt\g:r: LJJE;L.:EE;E;EE\EX on mRNA with a Premature Termination Codon P0886S, P23296
2 93 REACT_75768  Monsense Mediated Decay Independent of the Exon Junction Complex P08865, P23396
2 04 REACT 6305 Respiratory electron Iranspnrt,_ATP synthesis by chemiosmotic coupling, and heat P20674. P25705

- production by uncoupling proteins. ’
2 o5 REACT 115921 Association of a nascent polypeptide:mRNA:ribosome complex with a signal PO8SES. P23396
- recognition particle (SRP) ’

2 97 REAGCT_116124 |The SRP receptor binds the SRP-nascent peptide:ribosome complex P08865, P23396
2 104 REACT_9514 Viral Protein Synthesis 08865, P23396
2 104 REACT 75753 glernLE;?ds an mRNP with a Termination Codon Preceding an Exon Junction P0S865, P23206
2 104 REACT_75910  |SMG1 Phosphorylates UPF1 (Enhanced by Exon Junction Complex) P08865, P23396
2 104 REACT_115742 Signal peptide cleavage from ribosome-associated nascent protein P08865, P23396
2 105 REAGT_9491 Viral mRNA Translation P08865, P23396
2 107 REACT_75787  |SMGE Cleaves mRNA with Premature Termination Codon 08865, P23396
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Sekil 3: EPO’nun 24 saat uygulamasi ile SHSY-5Y hiicrelerinde 24 saatte % olarak
en fazla protein degisiminin goriildiigli protein katlanma yolaginin grafigi:

Bu yolakta % 8 oraninda protein degisimi saptanmustir.
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Sekil 4: EPO’nun 48 saat uygulamasi ile SHSY-5Y hiicrelerinde 24 saatte % olarak

en fazla protein degisiminin goriildiigii nérotransmitter temizlenme
yolaginin grafigi: Bu yolakta % 16 oraninda protein degisimi saptanmustir.
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5. TARTISMA

Bu c¢alismada noronal bir hiicre hattt olan SHSY-5Y hiicrelerinde EPO
uygulamasi ile degisen proteinler proteomik gibi global bir yaklagimla ilk kez incelenmis
oldu. Arastirmamizin sonuglarina goére EPO’nun genel hiicre metabolizmasini, protein
metabolizmasini, gene ekspresyonunu, RNA metabolizmasini ve mRNA islenmesi ana
yolaklarinda yer alan toplam 74 proteinin ekspresyonunu degistirdigi saptandi. Ekspresyon
degisimi 40 protein ekspresyonunda artis, 34 protein igin azalma seklindeydi. Ekspresyon
degisimi gdsteren proteinlerin 35’1 sadece 24 saat EPO uygulamasi ile degisim gosterirken,
17°s1 sadece 48 saat EPO uygulamasi ile ekspresyon degisimi gdsteriyordu. 22 proteinin

ekspresyonu ise hem 24 saat hem 48 saat EPO uygulamasi ile degisim gosterdi.

Neuroleukin 24 saat EPO uygulamasi ile en fazla ekspresyon artisi gosteren
proteindi. Kontrole gére EPO uygulamasi Neuroleukin protein ekspresyonunu 3 kat
arttirdi. Neuroleukin ilk kez 1998 yilinda fare tiikrikk bezinde varligi kesfedilen bir
norotrofik faktordiir (61). Spinal kord ndronlarini ve kas hiicrelerinin yasaminin devamini
destekleyici fonksiyon goriir. EPO‘nun néronal hiicrelerde néron koruyucu etkilerine

aracilik etmesi olasi bir proteindir.

Pyruvate kinase, glikoliz ve glikoneogenezde rol oynayan enzim yapida bir
proteindir (62). Calismamizda SHSY-5Y hiicrelerinde EPO uygulamasi ile ekspresyonu 24
saatte en fazla azalan proteindir. Literatirde EPO’nun bu protein ekspresyonunu
etkiledigine dair bir yayina rastlanmamistir. Bununla birlikte reactome analizi EPO’nun 24
saatte glukoz metabolizmasi ile ilgili 16 proteinin ekspresyonunu, 48 saatte ise 6 proteinin

ekspresyonunu degistirdigini gostermistir.

Heterogeneous nuclear ribonucleoprotein R, niikleer yerlesimli ve mRNA
tasinmasinda ve stabilitesinin saglanmasinda gorevli bir proteindir (63). SHSY-5Y
hiicrelerine 48 saat EPO uygulamasi ile en fazla ekspresyonu artan protein idi. EPO’nun bu

protein ekspresyonuna etkisi ilk kez bu calismada gdsterilmis bir bulgudur.

Sideroflexin-3, EPO’nun hem 24 hemde 48 saat uygulamasi ile SHSY-5Y

hiicrelerinde ekspresyonu en fazla artan proteindir. Bu protein anemi iliskili, iyon
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tasinmasinda gorevli sideroflexin ailesinin bir {iyesidir (64). EPO’nun bu protein

ekspresyonuna etkisi ilk kez bu ¢aligmada gosterilmis bir bulgudur.

Aktin hiicre iskelet protein ailesinin bir iyesidir. Calismamizda SHSY-5Y
hiicrelerinde hem 24 hem de 48 saat EPO ile ekspresyonu en fazla azalan proteindir.
Kortikal noron kiiltiirinde 12 saat 0.5 U/ml EPO preconditioning uygulamasi ile bu
proteinin ekspresyonunda artis bildirilmisgtir (65). Bu ¢alisma ile bulgularimizin
uyusmamasinin nedeni EPO uygulamasindaki farklardan kaynaklaniyor olabilir. Bu

calismamizdaki EPO dozu 1 U/ml, enkiibasyon siiresi 24 ve 48 saat idi.

Calismamizda SHSY-5Y hiicrelerinde EPO uygulamasi ile ekspresyon azalisi
saptanan Statmin proteini ndronal gelisimde de rolii olan hiicre iskelet proteinidir (66).
Kortikal noron kiiltiiriinde EPO preconditioning uygulamasi ile de ¢alismamizin sonuglari
ile benzer bir sekilde bu proteinin ekspresyonunda azalma oldugu bildirilmistir (65).
Ayrica tek doz intraperitoneal 10.000 U/kg dozda EPO uygulanan fare beyinlerinde de

statmin proteininde azalma saptandigi bildirilmistir (67).

Caligmamizda SHSY-5Y hiicrelerinde EPO uygulamasi ile ekspresyon degisimi
gosteren Hsp 70, ATP sythetase, eukaryotic translation elongation factor 1 alpha 1
proteinlerinde kortikal noron kiiltiiriinde EPO preconditioning uygulamasi ile ekspresyon
degisimi bildirilmistir (65). Translation elongation factor 1 alpha 1 diizeyi hem bizim hem
de Meloni ve arkadaslarinin ¢alisgmasinda EPO uygulamasi ile azalma gosterirken; ATP
synthetase ekspresyonunda azalma saptandi. Calismamizda SHSY-5Y hiicrelerinde EPO
uygulamasi ile ekspresyonu azalan Hsp 70 proteini kortikal néron kiiltiirii calismasinda 3

spotta artis 1 spotta ise azalma seklinde degisim gostermistir (65).

SHSY-5Y hiicrelerinde EPO uygulamasinin etkiledigi sinyal alt yolaklar
inceledigimizde oOne cikanlar glukoz metabolizmasi, protein ve mRNA metabolizmasi
oldugunu goriiyoruz. Ayrica EPO uygulamasi ile ekspresyonu degisen proteinlerin hiicre

iskeleti ve mitokondrial kdkenli proteinler olmasi da diger 6nemli bir bulgudur.
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6. SONUC VE ONERILER

Arastirmamizin sonuglarina gore EPO, SHSY-5Y hiicre hattinda 74 proteinin
ekspresyonunu degistirmektedir. Bu protein ekspresyon degisimlerinden 35’1 sadece 24
saatte, 17’°si sadece 48 saatte ve 22’si her iki siirede degisim gostermistir. SHSY-5Y hiicre
hattinda EPO uygulamas ile ekspresyonu degisen proteinlerin yolak analizi sonuglar1 da
EPO’nun glukoz metabolizmasi, protein ve mRNA metabolizmasini, hiicre iskelet ve

mitokondrial proteinleri etkiledigini gostermistir.

Bu projenin kapsami disinda olmakla birlikte EPO’nun etki mekanizmasinda
aragtirtlmas1 gereken noktalardan birisi epigenetik degisikliklerdir. Eritropoetin’in
epigenetik mekanizmalardan birisi olan mikroRNA ekspresyonunu etkiledigi bilinmektedir
(68). Ancak metilasyona olan etkisi az calisilan konulardan birisidir. Caligmamizda
saptadigimiz EPO uygulamasi ortaya ¢ikan protein ekpresyon degisimleri EPO’nun
metilasyona yaptig1 etki ile ortaya cikabilir. Ileriki calismalarda EPO’nun metilasyona

etkileri incelenebilir.

Gelecekte yapilabilecek bir baska c¢alisma ise EPO tiirevleri ile proteomik
caligmalarmin yapilmasidir. EPO’nun hematopoetik sistemde varolan yan etkileri
nedeniyle gelistirilen non-eritropoetik EPO tiirevleri, noroprotektif etkili molekiillerdir.
Onlarin etki mekanizmalarinin belirlenmesi olduk¢a Onem tasimaktadir. Bu EPO
tiirevlerinden birisi olan asialoEPO’in 80 ng/gr dozda Wistar sicanlara uygulanmasindan 4
saat sonra elde edilen beyin orneklerinden proteomik analizi gergeklestirilmistir (69).
In vivo asialoEPO’nun sinaptik néromediator saliniminda gorevli olan SNAP-25 isimli
proteinin ekspresyonunu azalttigi saptanmistir. Diger EPO tiirevleri ile de benzer

calismalar gelecekte yapilabilir.
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Olarak Duzenleyici)
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Katildigi / Gorev aldigi_Mesleki / Bilimsel / Sanatsal Etkinlikler

4.

5.

10.

1.

12.

13.

14.
15.
16.

17.

18.

19.
20.

21.
22,

23.

24.
25.
26.

Xxiv Ulusal Biyokimya Kongresine Katilmak Uzere, Konya, Eylil 2012(Davetli Konugmaci
Olma)

Olan Febs Workshop On Biyochemistry And Molecular Biology Education Workshopuna
Katilmak Uzere, izmir, Mart 2012(Diizenleme Kurulu Uyesi Olarak Diizenleyici)

. Xxi1. Ulusal Biyokimya Kongresi, Adana, Kasim 2011 (Diger)
. Orpheus, izmir, Nisan 2011 (Egitimci Olarak Dizenleyici)

. Ts En Iso 15189 ve Klinik Laboratuarlarda Akreditasyon, Konak, Mart 2011(izlenimci -

Katilmcei Olarak)

. Klinik Laboratuarlarda Analitik Kalite Yonetimi ve Referans Araliklari Hesaplama Kursu,

izmir, Aralik 2010(Egitimci Olarak Diizenleyici)

Xxi1. Ulusal Biyokimya Kongresi, Eskisehir, Ekim 2010(Teblig / Bildiri Sunma (Poster, S6zIU
v.b.))

Vi Ulusal Tip Egitimi Kongresi, Aydin, Haziran 2010(Teblig / Bildiri Sunma (Poster, S6zlu
v.b.))

X. Ulusal Klinik Biyokimya Kongresi, Fethiye, Nisan 2010(Teblig / Bildiri Sunma (Poster, S6zll
v.b.))

Orpheus Avrupa Sisteminde Biotip ve Sagllk Bilimleri Alaninda Doktora Egitimi Kurulusu
Toplantisina Poster Bildirisi lle Katilmak Uzere, Avusturya, Nisan 2010(Teblig / Bildiri Sunma
(Poster, So6zlii v.b.))

Xx1. Ulusal Biyokimya Kongresi, istanbul, Ekim 2009(Davetli Konugsmaci Olma)
Etik Kurul Gérev ve Isleyisi, izmir, Eylul 2009(izlenimci - Katilimei Olarak)

Immunotherapy And Gene Therapy In Cancer, VOLOS, Yunanistan, Eylul 2009(Davetli
Konusmaci Olma)

Deney Hayvanlari Kullanimi Sertifika Kurs Programi, izmir, Mayis 2009(izlenimci -
Katilimci Olarak)

Cancer Immunotherapy Immunomonitoring Kongresi, Ukrayna, Mayis 2009(izlenimci -
Katilmci Olarak)

School Of Molecular Medicine, istanbul, Mayis 2009(izlenimci - Katilimci Olarak)

Genetics And Statistics, Quality Control, istanbul, Mayis 2009(iz|enimci - Katilimei
Olarak)

Reproductive Medicine, istanbul, Mayis 2009(izlenimci - Katilimci Olarak)

Stem Cells: From Analysis To Clinical Applications, istanbul, Mayis 2009(izlenimci -
Katihmei Olarak)

lu. international Congree Of Molekuler Medicine Kongresi, istanbul, Mayis 2009(izlenimci
- Katilimci Olarak)

Klinik Arastirmalarda Etik Yaklagim Kursu, izmir, Nisan 2009(izlenimci - Katilimci Olarak)
Kavram Haritalari, izmir, Mart 2009(izlenimci - Katilimci Olarak)

Klinik ilag Arastirmalarinin Etik Kurullarca Degderlendiriimesi, izmir, Aralik 2008(izlenimci
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Katildigi / Gorev aldigi Mesleki / Bilimsel / Sanatsal Etkinlikler

- Katilimei Olarak)

27.

28.
29.

30.

31.
32.
33.

34.

35.

36.
37.

38.
39.

40.
4.

42.
43.
44.

45.

46.
47.

48.

49.

"2nd Asco-Semco Multidisciplinary Cancer Management Course And Conference (Mcmc)”,
Cesme, Kasim 2008(lzlenimci - Katilimci Olarak)

Probleme Dayali Ogrenim, izmir, Ekim 2008(izlenimci - Katiimci Olarak)
Oksidati_f Stres, Dna Hasari, Onarimi ve Hastaliklarla lligkisi, izmir, Ekim 2008(Diizenleme
Kurulu Uyesi Olarak Dlzenleyici)

Kenneth S.Warren Enstitiisii, NEW YORK, Amerika Birlesik Devletleri, Ekim 2008(izlenimci -
Katilimci Olarak)

Tez Galismasinin Degerlendirilmesi, izmir, Mayis 2007 (izlenimci - Katilimci Olarak)

Tez Danismanhdi Becerileri, izmir, Mayis 2007 (izlenimci - Katilimci Olarak)

Yaglida Sik Gérulen Nérolojik Hastaliklarin Epidemiyolojisi, izmir, Nisan 2007(izlenimci -
Katilimcei Olarak)

Antijenik Kanser Proteinleri: On Yili Askin Tanimlama GCaligmalarindan Ogrendiklerimiz ve
Beliren Hedefler, izmir, Nisan 2007(izlenimci - Katilimci Olarak)

Enhanced Gene Annotation By Mass Spectrometry Proteomics, izmir, Nisan 2007 (izlenimci
- Katimei Olarak)

Patent Haklari ve Patent Alim Siiregleri, izmir, Mart 2007(izlenimci - Katilimei Olarak)
Tarihi, Simdisi ve Gelecegi icinde Bilim-Kdiltur iliskisi, izmir, Mart 2007 (izlenimci -
Katilimci Olarak)

Tez Danismanhidi, izmir, Mart 2007 (izlenimci - Katilimei Olarak)

Kardiyovask:uler Hastaliklara Yonelik Damar Cidarinda Adenoviruslerle Gen Tedavisi, izmir,
Subat 2007(Izlenimci - Katimcei Olarak)

Ab 7. Cerceve Programi Bilgi Guni, izmir, Ocak 2007(izlenimci - Katilimei Olarak)

Apoptozis, Hastaliklarla iliskisi ve Giincel Belirleme Yéntemleri, izmir, Aralik
2006(Izlenimci - Katilimci Olarak)

Satin Alma Siireci Kursu, Marmaris, Eylil 2004(izlenimci - Katilimei Olarak)
Molekiiller Kanser Sempozyumu, izmir, Nisan 2004(izlenimci - Katilimci Olarak)

Deep Impact Mission, Maryland, Amerika Birlesik Devletleri, Mayis 2003(izlenimci -
Katilimci Olarak)

The Development Of New Medical Therapies, New York, Amerika Birlesik Devletleri, Ocak
2003(lzlenimci - Katilimci Olarak)

Elektroforez Kursu, izmir, Aralik 2002(iz|enimci - Katilimcei Olarak)

Hasta-Basi Analizleri (Point Of Care Testing-Poct), izmir, Nisan 2002(izlenimci -
Katilimei Olarak)

Cellular Therapeutics, Kentucky, Amerika Birlesik Devletleri, Ocak 2002(izlenimci -
Katilimei Olarak)

Deneysel Arastirma Kursu, izmir, Kasim 2001(izlenimci - Katilimci Olarak)
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Katildigi / Gorev aldigi_Mesleki / Bilimsel / Sanatsal Etkinlikler

50.

51.

52.

53.
54.

55.

56.

57.

1. Ulusal Klinik Biyokimya Kongresi, Kusadasi, Ekim 2001 (Teblig / Bildiri Sunma (Poster,
So6zli v.b.))

Bilimsel Aragtirma Projelerinin Planlanmasi, Hazirlanmasi ve Desteklenmesi, izmir, Ocak
2001 (izlenimci - Katilimei Olarak)

Klinik Laboratuvarlarda Yéntem Segimi, Dederlendiriimesi ve Laboratuvara Uygulanmasi,
izmir, Mayis 2000(izlenimci - Katiimci Olarak)

Temel Genetik Kursu, izmir, Mayis 2000(izlenimci - Katilimci Olarak)

1. Ulusal Klinik Biyokimya Kongresi, Kusadasi, Nisan 2000(Teblig / Bildiri Sunma (Poster,
So6zlu v.b.))

Klinik Laboratuvarlarda Analitik Kalite Yénetimi, izmir, Subat 2000(izlenimci - Katilimei
Olarak)

Free Radicals, Nitric Oxide And Antioxidants In Health And Disease, Antalya, Eylul
1999(Izlenimci - Katilimei Olarak)

Ateroskleroz Sempozyumu, izmir, Mart 1999(izlenimci - Katilimci Olarak)

Ceviri Calismalari

3.

. ingilizce'den Tirkge'ye Kitap Cevirisi : Biochemistry, Dog.Dr. Zilbeyde ERBAYRAKTAR

(SAGTAS), 2012

. ingilizce'den Tirkge'ye Kitap ici Bolum Cevirisi : Harper' in Biyokimyasi, Uzm.Dr. Ziibeyde

ERBAYRAKTAR (SAGTAS), 2010

ingilizce'den Turkee'ye Kitap i¢i B61Um Cevirisi : Harper' in Biyokimyasi, Uzm.Dr. Zibeyde
ERBAYRAKTAR (SAGTAS), 2010

Kazanilan Odiil Bilgileri

1.

2:

"TPOG Ozguin Arastirma Odulu", Turk Pediatrik Onkoloji Grubu, Bilim Odulti, Maddi Odl,
Ozel Odl, Ulusal Yarigsma Oduli, Bilim Alaninda, Grup Odula, 2010

"Arastirma Projesi Destek OdUI}"]", Tark Pediatri Onkoloji Grubu Arastirma Projeleri Destek
Programll Proje Odulu, Maddi Odil, Ozel Odil, Ulusal Yarisma Oduld, Bilim Alaninda,
Bireysel Odul, 2008

. "Pediatrik Onkoloji Arastirma Poster Odulu", Turk Kanser Arastirma ve Savas Kurumu,

Birincilik Odult, Maddi Odul, Ozel Odil, Ulusal Yarisma Oduli, Bilim Alaninda, Bireysel
Odul, 2008

. "Bilimsel Arastirmalari Tegvik Oduli", Dokuz Eylill Universitesi, Tesvik Oduli, Maddi Odiil,

Resmi Odill, Ulusal Diizeyde Odiil, Bilim Alaninda, Grup Odili, 2004

. "Bilimsel Yayinlari Tesvik Odult”, TUBITAK, Yayin Tesvik Odiili, Maddi Odil, Resmi Odil,

Ulusal Diizeyde Odul, Bilim Alaninda, Grup Odiilii, 2004

Son 2 Y1l Verilen Ders/Modiil Bilgileri ( Saglik Bilimleri Enstitlisii)

Planning, Applying and Evaluating 2010-2011 Bahar
Experimental Research (Teorik)
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Aldig1 Sertifikalar

1.

"deney hayvanlari kursu", Dokuz Eyliil Universitesi Tip Fakiiltesi, 2009

Uye olunan Mesleki Bilimsel Sanatsal Kuruluslar

1.
2.
3.
4.
S.

Tirk immunoloji Dernegi, 2009
TASSA, 2006

Uluslararasi Soroptimist Dernegi, 2004
Turk Biyokimya Dernegi, 1999

Tirk Klinik Biyokimya Dernegi, 1999

DEU Birimlerinde Komisyon ve Kurullarda Gorev

1
2
3.

Sokrates-Erasmus Kurulu, Saglik Bilimleri Enstitisi,2009-Devam ediyor
AR-GE Komisyonu, Rektorliik,2009-Devam ediyor
, Tip Fakultesi,2009-Devam ediyor

DEU Haricinde Kamu Yararina Olusturulmus Birimlerde Komisyon ve Kurullarda

Gorev
1.

, 2009-Devam ediyor

Gorev Yerleri

an

o © 00 N O

. Dogent : -DEU, Tip Fakiiltesi Tibbi Biyokimya Anabilim Dali Mart 2012-Devam ediyor
. Yardimci Dogent : -DEU, Saglik Hizmetleri Meslek Yiiksekokulu Kasim 2010-Devam

ediyor

. Ogretim Goérevlisi : -DEU, izmir Meslek Yuksekokulu Saglik Programlari Bélumii Temmuz

2009-Devam ediyor

. Arastirma Gérevlisi : -DEU, Saglik Bilimleri Enstitisti Eylul 2007-Temmuz 2009
. UZMAN TABIP : izmir Bélge Hifzissihha Enstitiisti Mudirligu Klinik Biyokimya

Laboratuvarlart Mayis 2004-Temmuz 2006

. Arastirma Gérevlisi : -DEU, Tip Fakiltesi Biyokimya Anabilim Dali Ocak 1999-Mart 2003
. Tabip : iZMIR KONAK MITHATPASA SAG.OC. Eylil 1996-Ocak 1999

. Tabip : iZMIiR KARSIYAKA SUHEYLA KOCABEY SAG.OC. Mart 1996-Eylil 1996

. Tabip : AFYON SANDIKLI DEVLET HAST. Subat 1995-Mart 1996

. Tabip : AFYON SANDIKLI MERK.1 NOLU SAG.OCAGI Aralik 1994-Subat 1995
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Gorev Yerleri

11. Tabip : AFYON EVCILER MERK.SAG.OC. Haziran 1994-Aralik 1994

Yonetim - idari Gorevleri
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1. Saglk Bilimleri Enstitisti Enstitd Mudur Yardimcisi, Mart 2014-Devam ediyor

2. Uygulama ve Arastirma Hastanesi Bashekim Yardimcisi, Ocak 2013- Aralik 2013

Son 2 Y1l Verilen Ders/Modiil Bilgileri { Saglik Bilimleri Enstitilisi)

Deneysel Arastirmalarin Planlanmasi,
Yuruttulmesi ve Degerlendiriimesi (Teorik)
Uzmanlik Alani (Teorik)

Deneysel Aragtirma Projelerinin
Hazirlanmasi Degerlendirilmesi (Teorik)
Deneysel Arastirmalarin Planlanmasi,
Yiritulmesi ve Degerlendirilmesi (Teorik)
Uzmanlik Alani (Teorik)

Tez CGaligmasi (Uygulama)

Uzmanlik Alani (Teorik)

Tez Galigmasi (Uygulama)

Uzmanlik Alani (Teorik)

Deneysel Arastirma Projelerinin
Hazirlanmasi Degerlendirilmesi (Teorik)
Tez Caligmasi (Uygulama)

Uzmanlik Alani (Teorik)

Tez Caligmasi (Uygulama)

Uzmanlik Alani (Teorik)

Tez Galigmasi (Uygulama)

Uzmanlik Alani (Teorik)

Tez Galigmasi (Uygulama)

Uzmanlik Alani (Teorik)

Tez Galigmasi (Uygulama)

Uzmanlik Alani (Teorik)

Molekiiler Tip Anabilim Dali Molekiiler Tip
Yiksek Lisans

Molekiiler Tip Anabilim Dali Molekdler Tip
Yuksek Lisans
Molekiiler Tip Anabilim Dali Molekiiler Tip
Yiksek Lisans
Molekiiler Tip Anabilim Dali Molekiler Tip
Yuksek Lisans
Molekdiler Tip Anabilim Dali Molekdler Tip
Yiksek Lisans
Molekiiler Tip Anabilim Dali Molekiiler Tip
Yiksek Lisans

Molekiiler Tip Anabilim Dali Molekiiler Tip
Yuksek Lisans
Molekiiler Tip Anabilim Dali Molekiiler Tip
Yuksek Lisans
Molekiiler Tip Anabilim Dali Molekdler Tip
Yiksek Lisans
Molekiiler Tip Anabilim Dali Molekiiler Tip
Yuksek Lisans
Molekiiler Tip Anabilim Dali Molekdiler Tip
Yuksek Lisans
Molekiiler Tip Anabilim Dali Molekdler Tip
Yiksek Lisans
Molekiiler Tip Anabilim Dali Molekiiler Tip
Yiksek Lisans
Molekiiler Tip Anabilim Dali Molekiiler Tip
Yuksek Lisans
Molekiiler Tip Anabilim Dali Molekiiler Tip
Yuksek Lisans
Molekiiler Tip Anabilim Dali Molekuler Tip

2010-2011 Bahar
2011-2012 Gz
2011-2012 Guz
2011-2012 Guz
2011-2012 Bahar
2011-2012 Yaz
okul

2011-2012 Yaz
okul

2012-2013 Guz
2012-2013 Guz
2012-2013 Guz
2012-2013 Bahar
2012-2013 Bahar
2012-2013 Yaz
okul

2012-2013 Yaz
okul

2013-2014 Guz
2013-2014 Guz
2013-2014 Bahar
2013-2014 Bahar
2013-2014 Yaz

okul
2013-2014 Yaz
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Son 2 Y1l Verilen Ders/Modiil Bilgileri { Saglik Bilimleri Enstitlisii)

Tez Galismasi (Uygulama)

Uzmanlik Alani (Teorik)

Yiksek Lisans okul

Molekiiler Tip Anabilim Dali Molekdiler Tip 2014-2015 Guz
Yiksek Lisans
Molekiiler Tip Anabilim Dali Molekdiler Tip 2014-2015 Guz
Yiksek Lisans

Son 2 Y1l Verilen Ders/Modiil Bilgileri ( Saghk Hizmetleri Meslek Yiiksekokulu)

Ornek Olay Analizi (Teorik) Tibbi Laboratuar Teknikleri 2010-2011 Bahar
Ornek Olay Analizi (Uygulama) Tibbi Laboratuar Teknikleri 2010-2011 Bahar
Klinikte Egitim ve Uygulama | (Teorik) Tibbi Laboratuar Teknikleri 2011-2012 Guz
Klinikte Egitim ve Uygulama | (Uygulama) Tibbi Laboratuar Teknikleri 2011-2012 Gz
Klinikte Egitim ve Uygulama Il (Uygulama) Tibbi Laboratuar Teknikleri 2011-2012 Bahar

Son 2 Y1l Verilen Ders/Modiil Bilgileri ( Tip Fakiiltesi)

DONEM 2 BLOK 1- Sinir bilimleri blogu
(Probleme Dayali Ogrenme (PDO))
DONEM 2 BLOK 1 2009-2010- Sinir
bilimleri blogu (Probleme Dayali Ogrenme

(PDO))

DONEM 2 BLOK 1- SINIR

BILIMLERI BLOGU (Probleme Dayali
Ogrenme (PDO))

BIYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI
(Laboratuvar Uygulamasi)

DONEM 2 BLOK 1 2009-2010- Sinir
bilimleri blogu (Probleme Dayali Ogrenme

(PDO))

DONEM 2 BLOK 1- Sinir bilimleri blogu
(Probleme Dayali Ogrenme (PDO))
DONEM 2 BLOK 1- SINIR

BILIMLERI BLOGU (Probleme Dayali
Ogrenme (PDO))

DONEM 2 BLOK 3 2009-2010- Tip
bilimlerine giris 2 kan enfeksiyon
Bagigiklik (Probleme Dayali Ogrenme

(PDO))

DONEM 2 BLOK 3- Tip bilimlerine girig
2 kan enfeksiyon Bagisiklik (Probleme
Dayali Ogrenme (PDO))

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI (TUO

Dersi)

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI

(Seminer)

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI (Olgu

Tartigmasi)

BiYOKIMYA ANABILIM DALI-

Tip Doktorlugu 2010-2011 Guz
Tip Doktorlugu 2010-2011 Guz
Tip Doktorlugu 2010-2011 Guz
Temel Tip Bilimleri Biyokimya 2011-2012 Guz
Tip Doktorlugu 2011-2012 Gz
Tip Doktorlugu 2011-2012 Gz
Tip Doktorlugu 2011-2012 Guz
Tip Doktorlugu 2011-2012 Guz
Tip Doktorlugu 2011-2012 Guz
Temel Tip Bilimleri Biyokimya 2012-2013 Guz
Temel Tip Bilimleri Biyokimya 2012-2013 Guz
Temel Tip Bilimleri Biyokimya 2012-2013 Guz
Temel Tip Bilimleri Biyokimya 2012-2013 Guz
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Son 2 Y1l Verilen Ders/Modiil Bilgileri ( Tip Fakiiltesi)

BiYOKIMYA ANABILIM DALI
(Laboratuvar Uygulamasi)
BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI
(Laboratuvar Saatleri)

1.BLOK D3- UGE201;_SBL201 (Probleme
Dayali Ogrenme (PDO))

1.BLOK D3- UROGENITAL-
ENDOKRIN SISTEM201-SINIR
BILIMLERI BLOGU201 (Probleme
Dayali Ogrenme (PDO))

2.BLOK- Lmd101+bya201 (Probleme
Dayali Ogrenme (PDO))

3.BLOK- Tbg201+kib201 (Ozel Galisma
Modiilii (OGM))

1. BLOK- sbl101 (Ozel Galigma Modiilii
(OCM) N

BIYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI
(Laboratuvar Saatleri)

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI
(Laboratuvar Uygulamasi)
BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI (Olgu
Tartigmasi)

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI (TUO
Dersi)

SBL2303-SD2304- SBL 201+SD 201
(Uygulama)

SBL2303-SD2304- SINIR

BILIMLERI 201+SOLUNUM DOLASIM
201 (Uygulama)

GBM 1103+BYA 1101 Blok 3- Gis,
Beslenme, Metabolizma, Bilgi Yénetimi
Arastirma (Uygulama)
SBL2303-SD2304- SINIR

BILIMLERI 201+SOLUNUM DOLASIM
201 (Uygulama)

SDK 1104 Blok 4- Solunum, Dolagim,
Kan (Uygulama)

GBM 1103+BYA 1101 Blok 3- Gis,
Beslenme, Metabolizma, Bilgi Yénetimi
Arastirma (Probleme Dayali Ogrenme
(PDO))

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI
(Laboratuvar Saatleri)

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI (TUO
Dersi)

BiYOKIMYA ANABILIM DALI-
BiYOKIMYA ANABILIM DALI

Temel Tip Bilimleri Biyokimya

Tip Doktorlugu

Tip Doktorlugu

Tip Doktorlugu
Tip Doktorlugu
Tip Doktorlugu

Temel Tip Bilimleri Biyokimya

Temel Tip Bilimleri Biyokimya

Temel Tip Bilimleri Biyokimya

Temel Tip Bilimleri Biyokimya

Tip Doktorlugu

Tip Doktorlugu

Tip Doktorlugu

Tip Doktorlugu

Tip Doktorlugu

Tip Doktorlugu

Temel Tip Bilimleri Biyokimya

Temel Tip Bilimleri Biyokimya

Temel Tip Bilimleri Biyokimya
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2012-2013 Guz

2012-2013 Guz

2012-2013 Guz

2012-2013 Guz

2012-2013 Guz

2012-2013 Gz

2013-2014 Guz

2013-2014 Guz

2013-2014 Guz

2013-2014 Guz

2013-2014 Guz

2013-2014 Giiz

2013-2014 Bahar

2013-2014 Bahar

2013-2014 Bahar

2013-2014 Bahar

2014-2015 Guz

2014-2015 Guz

2014-2015 Guz
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Son 2 Y1l Verilen Ders/Modiil Bilgileri ( Tip Fakiiltesi)

(Laboratuvar Uygulamasi)

TBG 1101 Blok 1 2014-2015- Tip Tip Doktorlugu 2014-2015 Guz
Bilimlerine Girig 101 (Uygulama)
SINIR BILIMLERI BLOGU 2014- Tip Doktorlugu 2014-2015 Guz

2015- SINIR BiLiMLERi._BLOéU 101
(Ozel Galisma Modiilii (OCM))
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EK-2 ETIiK KURUL ONAYI

.

Rk i 1

DOKUZ EVLUL UNGVERSITESI
GIRISIMSEL OLMAY AN ARASTIRMALAR FTIK KURULU

Konu: Karar hk - ({ GYF

Saymn Prof.Dr.Kirgad ¢ TENG

562-GOA protokol numar
de Sinyalieme Mehanizmasinm Proteo
karar ekte sunulmustur.

Kurulumuz tarafindan 21.06.2012 tarih ve
ile goriisiilen “Eritropoetin'in SHSY-5Y Hiicreierin
incelenmesi” konulu aragtirmaniza iliskin Kurulumuz

Bilgilerinizi ve geregini rica ederim.
vror.Dr. Banu ONVURAL
Bagkan

o

o 2l

——

Dokuz Eylil Universitesi Saghk Yerlesiesi Inciralt 35340 [ZMIR-TURKIYE
Tel:0 232 4122254 - 0 232 4122258 Faks: 0232 41 22243 Elektronik posta-efikkurul@deu.edu.tr

25.06.261%

211 2012/22-17 Karar nute
mik Yonien
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o DOKUZ EYLUL UNIVERSITESI
GIRISIMSEL CLMAYAN ARASTIRMALAR ETIK KURUL KARARI

ETIK DOKUZ EYLUL UNIVERSITESI
KOMISYONUN ADI GiRISlMSEL CLMAYAN ARASTIRMALAR ETIK KURULU
ACIK ADRES Dokuz Eyiiii Universitesi Tip Fakiiltesi Dekanigs 2. Kat inciralti-iZMIR
TELEFON 023241222 5402324122258
FAKS 02324122243
E-POSTA etikkurul@veuv.edun.ir e
DOSYA NO: | 362-GOA
ARASTIRMA VC?'\_J\JLII\ TEZI ] AKADEMIK AM-.
: | Zriirspeetiviin SHSY-5Y  Hicreler'nde  Sinyalleme  Mekaniz « v
ARASTIRMANIN ACIK AD] | Proteomik Yontemi ile Incelenmesi
ARASTIRMA PROTOKOL C
KODU i
BASVURU  |SORUMLU ARASTIRMACI | oorKns Gon o er AD
BlLGtLERl UNVANUAD[/S(“ API 7 AdiK Lrnntert nstitdsa Smirpriimier A.
UZMANLIK ALAN!
DESTEKLEYICI VE AC!IX -
ADRESI
DESTEKLEYICININ VASAL -
TEMSILCISI VE ADR
ARASTIRMAYA KAT! TEK MERKEZ X COK MERKEZLI[
MERKEZLER :
Beige 44 | pagi | Yersiyom | Dili
__________ | Numarast |
' Meveur iTﬁrkge B Ingilizee[] Dig-
DECERLENDIRI s MALERLGILE: ‘ 1. i i i
BELGELSR ILEN LITERATTR [ieveut | iTurk(,'e [J  ingilizce Dige:
Y 3 T : ,
BILG'I'LEP\.'.D L !
GONULLU OLUR | Mevcut !""ur‘«;e ingilizce []  Diger !
FORMU R
OLGU RA”“R O ‘i\_‘Ef_ y_n\'d_evcut l : Tiirkge X ingilizce [ Diger

47



Karar No:2012/22-17 i Tarih: 20.66.2012

Prof.Dr.Kiirsad GEN( i usu eldugu  “Eritropoetin'in SHSY-3Y  Hiicrelerinde Sia e v
KARAR BILGILERI | Mekanizmasimn Protec aiemi dle incelenmesi” isimfi klinik aragtirmaya ait bagvuru dos. - v
ilgili belgeler aragtirmani gerzkee, amac, yaklasim ve yontemleri dikkate ahnarak incelennii .
agidan gahsmanm gergeklestirilmesinin uygun olduguna oy birtigi ile karar veriimistir.

ETIK KURUL BILGILERI
Dokuz Eyliil Universitz:i Girigimsel Olimayan Aragtwmalar Etik Kurulu Isleyis Yonergesi

CALISMA ESASI

URUL L YELERI ——

1

T ST | e . &
Unvani/Adi/Soyadi Uzmanhk Alant | Kurumu el A;?f’tf'."m._'je Fmiza
| yet . ligkili mi?
Prof.Dr.Banu [ 'PEU Tip Fakiiltesi Tibbi I
ONVURAL Tibbi Biyokimya | Biyokimya Arabilim Dalt | Kadin | E O |u 7 -
(Bagkan) ! B (s
il Ph.D.Yiksck o logm U B U
i e[l HK TR
(Baskan Yardimcist) Hemsire i EQ] i - b“"" Tt ]
i 4 /
Prof.Dr.Osman " 5 i difn 4 .
ACIKGOZ Ryt e0) lem | A le- 7,
Prof.Dr.Mehtap Ph.D.Fizik Tedavi ve | ; 5 <7 7 e
MALKOC Rehabilitasyon % (EL] |HIY !
7 N ==
E’g;‘a‘-s“eyha" Halk Sagiié: E[] {0l “'LM -
R /A
Prof.Dr.Nejat Kalp Damar | ‘ E] i H 5 | Z/
SARIOSMANOGLU | Cerrahisi 5 roanle Erkek | ©-0 05 | /4
OEU Tip fekiites Plastik ’ ! A
1 v {
3&%&‘2’3“ Plastik Cerrahi | Cerrali Anasitia Dah Ekek (BT [HIR | Yo dlow o)
Prof.Dr.Ece BOBER | Pediatrik -y '
Endokrinolcji l Kacwm | E[]] |H[F Ku—l( I\C. e )
Prof.Dr. Hiiseyin S ' a
BASKIN Y Mikrobiyoloji Erkel:
l¢ Hastaliklan o
Prof.Dr.Refik MAS (Geriatri B.D) Erkek
Dog.Dr.Mukaddes R e e -
GUNELI Tibbi Farmakoloji abilim Dah | Kadin |
1]
Dog¢.Dr.Ayse Aydan : Z 3
OZKITUK Reliebigaig Kadn | E[D |
Dog.Dr.Isil Histoloji ve Eadus ;
TEKMEN Embriyoloji Cadi !
Prof. Dr.Meltem N - -
Kutlu GURSEL e (Kadw P ELT (BB 1 Welle 4,
{hsan CELIKDEMIR | Saghk mensubu S I E s ;
| SlEYER 09 Frkek | E[] | H L ks
yan iiye i ! g

48



EK-3 TEZIN KONUSUNA ILiSKIN YAYINLAR

Erythropoietin-induced changes in brain gene
expression reveal induction of synaptic plasticity
genes in experimental stroke
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Erythropoietin (EPO) is a neuroprotective cytokine in models of
ischemic and nervous system injury, where it reduces neuronal
apoptosis and inflammatory cytokines and increases neurogenesis
and angiogenesis. EPO also improves cognition in healthy volun-
teers and schizophrenic patients. We studied the effect of EPO
administration on the gene-expression profile in the ischemic
cortex of rats after cerebral ischemia at early time points (2 and
6 h). EPO treatment up-regulated genes already increased by
ischemia. Hierarchical clustering and analysis of overrepresented
functional categories identified genes implicated in synaptic
plasticity—Arc, BDNF, Egr1, and Egr2, of which Egr2 was the most
significantly regulated. Up-regulation of Arc, BDNF, Dusp5, Egri,
Egr2, Egrd, and Nrda3 was confirmed by guantitative PCR. We
investigated the up-regulation of £gr2/Krox20 further because of
its role in neuronal plasticity. Its elevation by EPO was confirmed
in an independent in vivo experiment of cerebral ischemia in rats.
Using the rat neuroblastoma B104, we found that wild-type cells
that do not express EPO receptor (EPOR) do not respond to EPO by
inducing £gr2. However, EPOR-expressing B104 cells induce £gr2
early upon incubation with EPO, indicating that £gr2 induction is
a direct effect of EPO and that EPOR mediates this effect. Because
these changes occur in vivo before decreased inflammatory cyto-
kines or neuronal apoptosis is evident, these findings provide
a molecular mechanism for the neuroreparative effects of cytokines
and suggest a mechanism of neuroprotection by which promotion
of a plastic phenotype results in decreased inflammation and
neuronal death.

microarrays | ischemia-reperfusion injury | neurotrophins | early genes |
neuronal cells

ince our first report él), several studies have documented

the nenroprotective effect of erythropoietin (EPC) in models
of ischemic and traumatic brain mjury (reviewed in refs. 2-4)
and the role of endogenous EPO in ischemic preconditioning
(5). Multiple mechanisms can account for the action of EPO,
including inhibition of neuronal apoptosis (6) and decreased
neuroinflammation (7, 8). EPO also activates repair, in particular
through promotion of nenrogenesis, oligodendrogenesis, and an-
giogenesis (9, 10), as well as mobilization of endothelial progenitor
cells (11). It also improves cognition, long-term potentiation
(LTP), and synaptic plasticity (4, 12-14).

However, the early effects of EPO responsible for its neuro-
protective activities are not understood, and there even is debate
whether the classical EPO receptor (EPOR) alone mediates
these effects or an additional tissue-protective coreceptor is re-
quired (15-18).

In the study presented here, we investigated the effect of EPC
on the gene-expression profile of the brain using the rat model
of cerebral ischemia induced by middle cerebral artery occlusion
(MCAOQ) with which we performed most of the studies on EPO.

VAWV PNas.orgicgifdoil10.1073/pnas. 1200554108

To identify early events induced by EPO, experiments were car-
ried out at the time points 2 and 6 h post-MCAQ, when ischemic
damage is not yet detected by histology. The results obtained show
that the early effects of EPO are on genes important for neuronal
synaptic plasticity, particularly early growth response 2 (Egr2).
In vitro experiments using a newronal cell line show that EPOR
is necessary for EPO induction of Egr2, clearly demonstrating
that EPOR is implicated In the effects of EPO on cells of the
nervous system and not just in its erythropoietic activity on
erythroid precursors. These results strengthen the evidence of
EPO as a tissue-reparative cytokine.

Results

Identification of EPO-Regulated Genes. Three groups of rats were
studied: 12 sham-operated rats (S), 12 ischemic rats undergoing
MCAO with saline treatment (I), and 12 ischemic rats undergoing
MCAO with EPO treatment ([E). Six rats per group were killed 2h
after MCAQ, and sixrats were killed at 6 h after MCAO, obtaining
six experimental groups (S, [, and IE at 2h and 6 h). Microarray
analysis was performed in the Ischemic cortex to identify genes
differentially expressed in the EPO-treated groups. For microarray
analysis, RNA samples were pooled from six rats to obtain three
biological replicates per group. Each replicate was obtained from
two rats. Bach rat contributed to only one pool.

With a cutoff of P < 0.01 and of a fold-change of 2 (corre-
sponding to a log base 2 change of 1), strikingly at 6 h EPO
induced the expression of only one gene, Fgr2. At 2 h one gene
(O1r792_predicted) was up-regulated, and one (LOC683790) was
down-regulated, but their absolute expression level was very low
(just above the 4.2 expression threshold).

Because we intended to use the microarray analysis only as
afirst discovery step, and we intended to validate and pursue any
difference of interest by quantitative PCR (gPCR), we decided
to lower the stringency to P < 0.05/1.5-fold to see if there was
a discernible pattern in the transcripts affected by EPO. At this
stringency, as shown in Table 1, EPO regulated 1.4% and 2.2%
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Table 1. Summary of transcriptional changes by ischemia or
ischemia+EPO at 2 and 6 h

Change Total Up by EPO Down by EPO

2h
Up by ischemia 385 0 5
Down by ischemia 240 4 1]
Unaffected 34,707 7 28

6h
Up by ischemia 1,115 25 4
Down by ischemia 442 9 1
Unaffected 37,677 52 198

Expression changes at P < 0.05, 1.5-fold, were considered. Ischemia was
compared with sham-operated rats, and EPO-treated ischemic rats were
compared with ischemia alone.

(at 2 h and 6 h, respectively) of the transcripts affected by is-
chemia, but only 0.09% and 0.2%, respectively, of those un-
affected by ischemia.

At 2 h, EPO up-regulated 11 transcripts (three genes) and
down-regulated 33 transcripts (10 genes) (Table SI1); neither
manual screening nor functional classification analysis using the
Database for Annotation, Visnalization and Integrated Discovery
(DAVID) could identify any functional cluster. At 6 h (Table 2;
see Table S2 for the full list), EPO up-regulated 86 transcripts
(29 genes), and down-regulated 24 transcripts (13 genes).

Hierarchical cluster analysis was performed on the genes
regulated by EPO at 6 h (Fig. 1). Transcripts in cluster 1 include
Are, BDNF, Ccl7, Dusps, Egr2, and Egr4, which already were
up-regulated markedly by ischemia and were up-regulated fur-
ther by EPO. Transcripts in cluster 2 (including Egrl, Fosi2, and
Nr4a3) were not regulated significantly by ischemia at 6 h but
were up-regulated by ischemia+EPO. Clster 3 included a few
genes whose up-regulation by ischemia was Inhibited by EPG,
such as Treml and Ap7a.

‘We then used DAVID to identify overrepresented (enriched)
functional categories among the EPO-up-regulated genes. The
top ranking categories were “regulation of neuronal synaptic
plasticity,” “behavior,” and “learning or memory” (Table 3),
comprising genes in clusters 1 and 2 from Fig. 1. No enriched
functional categories were identified analyzing the transcripts
down-regulated by EPC.

Because we and others had reported that EPO decreased neu-
roinflammation at later times [24 h after MCAO or later (7, 8, 19,
20)], we were surprised that no inflammatory cytokines or their
receptors were among the transcripts down-regulated by EPC. In
fact, in agreement with previous studies, ischemia markedly induced
several inflammatory genes, including 2i1b, 116, Trf, and many other
cytokines, but their mduction was unaffected by EPO (Dataset S1).
The only genes with the Gene Ontology (GO) database description
“inflammatory response” or “immune response” whose expression
was down-regnlated significantly by EPO were Cxcf2 and Treml,
whereas Ccl7 was up-regulated (Table 2 and Dataset SI). In-
terestingly, Cef7 is a chemokine but also belongs to the GO category
“behavior.” Likewise, becanse a previous study on PC-12 cells
treated with EPO for 24 h reported an up-regulation of anti-
apoptotic Bad, Bax, and BelxL (21), we specifically looked for genes
related to apoptosis. None of them was affected by EPO, even when
transcripts with low (below 4.2) expression levels were taken into
account, as can be seen from Dataset S2 that lists all genes with
“apoptosis” or “cell death” in the GO.

Validation of Microarray Data by PCR. Selected genes among those
significantly up-regulated by EPO at 6 h were validated by gPCR.
In this case, unlike the microarray experiment, samples were not
pooled, and gPCR analysis was performed on six individual rats
]zaer group. We also looked in the dataset for their expression at

h. Fig. 2 reports the expression data from the microarrays at
2hand 6 h (Fig. 24) and PCR validation at 6 h (Fig. 2B). Both
Egrl and Nr4a3, belonging to cluster 2, were strongly induced

9618 | wwaw.pnas.orgfegi/doi10.1073/pnas. 1200554109

by ischemia at 2 h but returned to the control level by 6 h. The
effect of EPO on these genes was to maintain and prolong their
otherwise transient induction by ischemia. All the other genes
(Egr2, BDNF, Are, Dusp5, and Egrd), belonging to cluster 1 were
induced by ischemia at 2 h and 6 h and were up-regulated further
by EPC at 6 h. All the results obtained by microarrays at 6 h were
confirmed by gPCR (Fig. 2B).

EPO-Induced Egr2 mRNA Expression in Neuronal Cells. Qur findings
on genes involved in synaptic plasticity support the importance
of EPO in neurorepair. Because only Fgr2 was identified with
the highest stringency analysis (fold-change of 2 and P < 0.01),
we first sought to reproduce its induction by EPO in vivo in
a second, independent cerebral ischemia experiment carried out
exactly as the one used for microarray analysis (6 h after MCAO,
six rats per group; three groups: sham, ischemia, and ischemia
+EPO). Egr2, measured by qPCR, was induced significantly in
ischemic compared with sham-operated rats (log base 2 expression
ratio = SD of [ vs. 8: 1.5 = 1, P < 0.05) and was up-regulated
further by EPO in ischemic animals (log base 2 ratio = SD, [E vs.
I: 0.8 = 0.5, P < 0.05). Thus, EPO increased Egr2 in ischemic
animals 1.8-fold (log base 2 ratio = 0.8), confirming the results
of the first experiment.

Because the microarray experiment did not include a group
of rats treated with EPO in the absence of ischemia, we won-
dered whether EPO directly induced expression of Egr2 or only
up-regulated Egr2 induced by cerebral ischemia. For this purpose,
we treated healthy rats with the same dose of EPO (50 pg/kg ip.)
and measured the expression of Egr2 in the brain at 2h and 6 h.
The results showed that EPO did not affect Fgr2 expression,
compared with that in rats injected with saline alone, at any time
point [Egr2 mRNA levels, log base 2 expression ratio + SD, EPO
vs.n0 BPO, n = 6; at 2 h: 0.5 + 0.3, nonsignificant (ns); at 6 h:
0.3 = 0.9, ns]. Therefore, the in vivo effect of EPC on Egr2 was
to modulate its induction by ischemia.

Because change in gene expression in the brain can take place in
several cell populations, we investigated in vitro the effect of EPO
on Egr2 in neuronal cells using the rat nevronal cell line B104. Se-
rum-deprived cells were treated with 80 ng/mL EPO, and Egr2
mRNA expression was measured 1, 3, and § h later. In our experi-
ments, EPC did not affect Fgr2 expression in wild-type B104 cells,
as measured by gPCR (log base 2 expression ratio + SD, EPO
vs.n0 BEPC,n =3;at 1h:0.01 + 0.06, ns;at 3 h: —0.12 + 0.09, ns;
at 5 h: 0.19 + 0.06, ns). However, we found that these cells do
not express detectable EPOR by gPCR (fluorescence threshold
cycle for EPOR amplification was >38). On the other hand,
EPOR is up-regulated in brain injury and ischemia (22). We
therefore overexpressed EPOR in B104 cells. As shown in Fig.
3, EPO induced Egr2 mRNA at 1 h by about 10-fold; then the
levels decreased but still were up-regulated (1.6-fold) at 3h and
returned to control level at 5 h. Of note, EPOR-expressing cells
showed functional EPOR signaling in terms of autophosphor-
ylation upon EPO treatment (see Fig. S2).

Discussion

Overall, the main transcriptional effect of EPO at early time
points was to regulate genes whose expression already was af-
fected by ischemia. For the majority of transcripts, EPO ampli-
fied or prolonged the effect of ischemia, which was particularly
evident at 6 h, as shown in Table 1, snggesting that EPO poten-
tiates protective or reparative pathways already activated by is-
chemic injury. In particular, Egr2 and other genes implicated in
synaptic plasticity were up-regulated, or their induction by ischemia
was prolonged. Among these genes was BDNF, thus confirming
reports of its induction by EPC in stroke and experimental auto-
immune encephalomyelitis (BEAE) (9, 23). Although a previous
study reported the induction of Egri by EPO in erythroid cells (24),
the effect of EPO on Egr2 was not investigated in that study.

‘We were surprised to find no effect of EPO on genes related
to inflammation or apoptosis, becanse a previous microarray study
in a mouse model of neonatal brain hypoxia/ischemia showed
inhibition of these pathways (25). However, the time point used

Mengozzi et al.
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Table 2. Genes significantly changed by EPO in ischemic cortex at 6 h and relative change in ischemic versus sham

Ischemia+EPQ vs. ischemia

Ischemia vs. sham

Gene symbol Accession number Fold change Pvalue Fold change Pvalue

Up-regulated
RGD1304775_predicted XM_237151 2.80 0.0469 ns —_
RGD1310265_predicted XM_001070727 2.38 0.0423 ns —_
Krt14 D&3774 2.32 0.0377 ns -
Slc10a1 NM_017047 2.28 0.0273 ns —
LOCE79379 XM_001055377 2.23 0.0468 ns —_
ENSRNOT0000001480% ENSRNOT0000001480% 2.02 0.022% ns -
Ces5 XM_341636 1.62 0.047% ns -
RGD1563378_predicted XM_228994 1.60 0.0342 ns —
OIr1461_predicted NM_001000022 1.46 0.0476 ns —_
BDNF* NM_012513 1.03 0.0467 1.4% 0.0026
Dusp5 NM_133578 1.01 0.0333 142 0.0018
Ear2 NM_053633 1.01 0.0077 1.42 0.008%
OIr372_predicted NM_001001048 1.00 0.0153 ns —_
Arc* NM_018361 0.92 0.0467 1.57 0.0008
Fosl2 NM_012954 0.86 0.0089 ns _
Mas1 NM_012757 0.85 0.0188 ns —_
Egrd NM_018137 0.85 0.0253 1.08 0.0066
LOCE84624 XM_001070871 0.84 0.0472 ns —_
Rem2 NM_022685 0.75 0.0183 1.28 0.0182
OIr1678_predicted NM_0010008393 0.73 0.0385 ns —
Prssl1 NM_0010033956 0.68 0.0057 ns —_
XM_22485% XM_22485% 0.66 0.016% ns -
RGD1311223_predicted XM_345871 0.65 0.0300 ns —_
Nrda3* DQ268830 0.64 0.0089 ns —_
Caki3 NM_021772 0.61 0.0274 ns —_
Egr1* NM_012551 0.60 0.0270 ns —_
RGD1562685_predicted XM_231463 0.60 0.008% ns —_
Angptld NM_188115 0.5% 0.0285 1.02 0.0123
Ca7> NM_001007612 0.5% 0.0228 2.84 0.0008

Down-regulated
Olr750_predicted NM_001000366 -1.56 0.0321 ns —_
Atp7a NM_052803 -1.21 0.0159 ns _
Trem1_predicted XM_217336 -1.03 0.0243 1.67 0.0057
OIr1630_predicted NM_001000082 -0.97 0.0240 ns —_
RGD1307837 NM_001013877 -0.82 0.0265 ns —_
RGD1310352 XM_220404 -0.71 0.0141 ns -
Zfp606 XM_218283 -0.67 0.042% ns —
Cxel2 NM_053647 —-0.65 0.036% 6.49 1.4E-07
LOCB73115 XM_001054757 -0.60 0.0235 ns —
RGD1310980_predicted XM_343381 -0.60 0.0358 ns —_
LOCE80443 XM_001057208 -0.60 0.0115 ns —_
Rnf24_predicted XM_342522 -0.5% 0.0243 ns —_
Crispld1_predicted XM_237258 -0.5% 0.04381 ns —

Only genes with a functional annotation changed more than 1.5-fold, # < 0.05, in ischemia+EPO vs. ischemia are included. Fold change is expressed as log

base 2 ratio and is the average of triplicate samples. ns, not significant.

*When genes are identified by different probesireplicates, the average of the gene expression level {gProcessed Signal) of all the different probesfreplicates
has been calculated. For these genes, the numbers of significantly different transcripts#total transcripts were Ccl7, 2/2; Nrda3, 2/3; BDNF, 6/11; Arc 7/10; Egr 1, 8/10.
Al replicates were considered when calculating statistical significance. A list of all significantly up-regulated transcripts, including unmapped probe IDs and

replicates, is presented in Table S2.

in that study was 24 h or longer and thus may reflect the lesser
damage in EPO-treated animals (25). Unlike Juul et al. (25) who
observed, at 24 h or later, an overall normalizing effect of EPO on
genes up- or down-regulated by ischemia, we found that at earlier
time points EPO amplified responses to ischemia. Of note, the
lack of inhibitory effect of EPO on the expression of inflammatory
cytokines (with the exception of Crci2) was observed even if
these genes were markedly induced at the time points analyzed
(Dataset S1). This lack of effect probably indicates that EPO
does not inhibit the early triggering of the inflammatory response
and is in agreement with our earlier report that EPO, although
decreasing inflammatory cytokines 24 h after stroke (8) or in

Mengozzi et al.

EAE (26), did not have any direct effect on the production of
inflammatory cytokines by macrophages or glial cells (8).
Therefore, the decreased neuroinflammation and the decreased
expression of 26, Taf, and Cci2 observed at 24 h may be sec-
ondary to neuroprotection/neurorepair (8).

Interestingly, EPO did not affect brain Egr2 expression in the
absence of cerebral ischemia, thus strengthening the hypothesis
of Brines and Cerami (27) that tissue injury “primes” cells for
response to EPO. For instance, TNF could produce such a prim-
ing, as reported with primary neurons (22), and TNF is induced
early in cerebral ischemia, along with most inflammatory cyto-
kines (28) (see also Dataset S1). Thus, although EPO did not
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Fig. 1. Cluster analysis. Hierarchical clustering and heat map of the differ-
entially expressed transcripts identified by comparing ischemia+EPO (IE) vs.
ischemia alone {l) and setting a threshold of 1.5-fold change, P < 0.05. Each
sample {(pooled RNA from two rats) represents the expression change com-
pared with the mean of three samples from sham-operated rats. Red indi-
cates an increase and green indicates a decrease in expression compared
with sham controls. Average linkage clustering analysis was performed using
Genesis software.

reduce inflammatory genes at these early time points, one might
speculate that neuroinflammation might be a factor that primes
the brain for the tissue-protective action of EPO.

Induction of Egr2 may be important for many central actions of
EPO. Egr2, also known as “Krox20,” is part of the Kruppel-like zinc

9620 | www.pnas.org/cgi/doi/10.1073/pnas.1200554109

Table 3. Functional categories enriched in EPO-up-regulated
genes
Fold
Category enrichment Gene symbols Pvalue
Regulation of neuronal 449 BDNF, Egr1, 7.9E-05
synaptic plasticity Egr2, Arc
Behavior 7.8 BDNF, Egr1, 6.6E-04
Egrz, fosl-2,
Nr4a3, CCl7
Learning or memory 16.7 BDNF, Egr1, 1.5E-03
Egr2, fosl-2
zZinc finger 45.3 Egr1, Egr2, Egrd  1.7E-03

DAVID Functional Annotation Chart analysis showing the overrepresented
{enriched) categories among the genes up-regulated by EPO in rat ischemic
cortex at 6 h. The four top categories are shown. Reported are the fold en-
richment, the list of the gene symbols, and the significance of the enrichment
{P value).

finger transcription factor family, which also includes Egrl, Egr3,
and Egr4 and has several functions that might be important in the
pharmacodynamics of EPO in neurological diseases. Egr genes are
induced by neuronal activity and brain injury, stimuli that cause
synaptic plasticity (reviewed in refs. 29 and 30). The most thor-
oughly studied member of the family is Egr, whose role in synaptic
plasticity associated with learning and memory is well documented
(30, 31). Egr2 is induced by neuronal activity (29), but less is known
about its specific role. However, Egr2 was clearly shown to mediate
stabilization and maintenance of LTP (32, 33) and cognitive
functions associated with attention (34) in models in which Egrl
was induced only transiently (33) or was not induced (34). There-
fore, different members of the Egr family might mediate different
cognitive functions associated with neuronal plasticity. The finding
that EPO preferentially induces Egr2 in cerebral ischemia might
highlight a specific pathway through which EPO induces functional
recovery in stroke and improves cognitive functions in diseases
such as schizophrenia (35) and multiple sclerosis (12).

Although the molecular mechanisms that link Egr induction
to long-term effects mediating neuronal plasticity are unknown,
Egrl and Egr3 can regulate directly activity-regulated cytoskeleton-
associated protein (4rc) (36), a plasticity-associated gene involved
in the maintenance, but not in the induction, of LTP and consoli-
dation of long-term memory (37). Arc can be induced as an early
gene, similar to the Egr, but also through a protein synthesis-de-
pendent mechanism mediated by Egr3 (36). Interestingly, Arc also is
among the genes induced by EPO in our model.

Previous studies have shown that several early genes are up-reg-
ulated in cerebral ischemia. Although the most studied are fos/jun
family members, zinc finger transcription factors, including Egr2,
also are induced in the brain after permanent (38) or transient (39)
ischemia. Studies addressing the role of fosfun in neurotoxicity/
neuroprotection have produced apparently contradictory evidence.
In particular, fosfjun members are implicated in neuronal apoptosis
(40), but when c-fos is inhibited in vivo with antisense oligonucleo-
tides, cerebral ischemia-induced brain damage is increased (41), and
ischemia-induced NGF is inhibited (42), suggesting a protective
function. There are no studies investigating the role of Egr2 in stroke
by blocking its expression, but indirect evidence for a protective
role of Egr in stroke is provided by a study showing that these
genes are expressed preferentially in surviving neurons compared
with neurons committed to die (38). Furthermore, a study carried
out at 6 h after ischemia identified Egrl, Fgr2, Egr4, and Nr4a3
among the neuroprotective genes up-regulated by hypothermia in
amodel of hypothermia-induced neuroprotection in experimental
stroke in rats (43). Likewise, Egr2 protects osteoclasts and T cells
from apoptosis (44, 45) and therefore might contribute to the well-
known antiapoptotic effect of EPO (46).

Further studies in which Fgr2 in the CNS is inhibited by either
conditional knockout or antisense oligonucleotides will be nec-
essary, and are feasible, to investigate the relevance of Egr2, and
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Fig. 2. PCR validation of the microarray data. Results for seven genes
are shown, comparing (A) expression data from microarrays at 2 h and 6 h
{white bars represent sham surgery; gray bars represent ischemia; black bars
represent ischemia+EPOQ) and (B) respective results from qPCR analysis at 6 h.
Results are expressed as log base 2 ratio vs. one of the sham samples at 6 h.
Microarray results are the average = SD of triplicate samples (each sample
was obtained by pooling two rat cortices). qPCR results are the average +
SD of six independent, nonpooled samples assayed in duplicate. ***p <
0.001; **P < 0.01; *P < 0.05 vs. ischemia by Student’s ¢ test.

possibly other genes reported here, in the neuroprotective effect
of EPO.

Methods

Animals and Treatments. All experimental procedures were performed in ac-
cordance with the European Communities Council Directive #86/609 for care of
laboratory animals and in agreement with national regulations on animal re-
search in ltaly and Turkey. Surgery was carried out on male Crl:CD (SD)BR rats
weighing 250-285 g. Recombinant human EPO (rhEPO) (Creative Dynamics)
was given i.p. at the dose of 50 ugrkg 1 h after MCAO, as described previously

Mengozzi et al.

Oserum

Bno serum
®no serum+EPO

Egr2 mRNA (log2ratio)
o - N w s g

1h 3h 5h

Fig. 3. EPO induces Egr2 mRNA in rat B104-EPOR neuronal cells in vitro.
Cells were plated in 24-well plates at 120,000 cells/mL in complete medium.
After overnight incubation, the cells were deprived of serum for 4 h and then
were stimulated with EPO (80 ng/mL) for the indicated time. Egr2 mRNA was
measured by qPCR, using GAPDH as a housekeeping gene. Results represent
the change in expression level vs. one of the control (serum) samples,
expressed as log base 2 ratio, and are the mean + SD of triplicate samples
assayed in duplicate. ***P < 0.001; *P < 0.05 vs. no serum by Student’s ¢ test.

{1, 8). Ischemic rats received either rhEPO or saline {vehicle). Animals were
killed 2 or 6 h after MCAO, the brains were removed, and the ipsilateral cortex
was frozen in liquid nitrogen.

RNA Extraction. Tissue was homogenized in TRIzol {Invitrogen, Life Tech-
nologies). Total RNA was extracted from the homogenates using silica spin
columns provided with the TRIzol Plus RNA Purification kit, following the
manufacturer’s instructions {Invitrogen). RNA quality and concentration
were determined using a NanoDrop ND-1000 {NanoDrop Technologies)
and an Agilent 2100 Bioanalyzer (Agilent Technologies). The RNA from the
six rats in each group was pooled to obtain three biological replicates per
group, each replicate containing RNA pooled from two rats. This pooling
strategy was designed to limit the number of microarrays. It has been shown
that, provided multiple pools are analyzed for each group and each pool
is a biological replicate, pooling RNA samples for microarray analysis can
decrease variability, improve accuracy, and increase power (47, 48). In total,
18 arrays were done: three sham (S), three ischemic+saline {I), and three
ischemic+EPO (IE) samples at each time point (2 and 6 h).

Microarrays. For each sample, 1 pg of total RNA spiked with 10 viral polyA
transcript controls (Agilent) was converted to double-stranded ¢DNA in
a reverse-transcription reaction. Subsequently the sample was converted
to antisense cRNA, amplified, and labeled with Cyanine 3-CTP {(Cy3) in an
in vitro transcription reaction according to the manufacturer’s protocol (Agi-
lent). Purified and labeled cRNA (28 pmol of Cy3-labeled cRNA) was hybridized
on RatWhole Genome array {ID 014879; Agilent) followed by manual washing,
according to the manufacturer’s procedures. To assess the raw probe signal
intensities, arrays were scanned using the Agilent DNA MicroArray Scanner
with SureScan High-Resolution Technology, and probe signals were quanti-
fied using Agilent’s Feature Extraction software {version 9.1.1.1).

Microarray Data Analysis. Raw data from the microarray experiments have
been deposited at the Gene Expression Omnibus (GEQ), http/Avww.ncbi.nlm.
nih.gov/geo under accession no. GSE33725. Normalized data were analyzed
using GeneSpring GX software (Agilent). We then filtered out transcripts
with very low expression, because these transcripts may be a confounding
factor in the analysis and introduce noise (49). Based on the frequency
distribution of the transcript expression levels {gProcessed Signal) shown in
Fig. 51, we filtered out all genes whose average gene expression was <18.4
{log base 2 < 4.2) (49), thereby removing 12.8% of the genes. Transcript
expression between the experimental groups was compared by Student’s ttest
done on the log base 2 of the gProcessed Signal. Fold change in the ex-
pression was calculated as the ratio between the average of the gProcessed
Signals of the various groups and where indicated was expressed as log base
2 ratio. Functional annotation and biological term enrichment analysis was
done by using the DAVID database (50).

PCR Validation. Reverse transcription and real-time qPCR were carried out
as reported (22) on RNA from each individual rat, without pooling. PCR reac-
tions were run on the MX3000 PCR machine (Stratagene, Agilent), using Tag-
man gene expression assays (Applied Biosystems, Life Technologies) and
Brilliant Il qPCR master mix (Stratagene). Gene expression was quantified using
the AACt method, following Applied Biosystems guidelines. Genes expression
was considered undetectable when the threshold cycle for fluorescence de-
tection was >38. Results were normalized to GAPDH expression (housekeeping
gene) and expressed as log base 2 of the relative gene expression (ratio) vs. one
of the sham samples at 6 h, chosen as the calibrator (51).
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Cell Culture. The rat neuroblastoma B104 cell line and the genetically modified
B104-EPCR cell line were cuttured in DMEM (PAA Laboratories) supplemented
with 10% {volisol) FBS (Invitrogen). When treated with EPO, cells were switched
to medium without serum with 5 pg/mL insulin, 5 ug#vL transferrin, and 5 ng/
mL selenium (Sigma-Aldrich). Total RNA was extracted with TRIzol {Invi-
trogen), and reverse transcription and qPCR were done as above.

Generation of Genetically Modified B104-EPOR Cells. B 104 cells were genetically
modified to express EPOR (B104-EPOR) constitutively. Production of lentivector
particles, gene transfer, and cloning of B104 cells were performed as described
(52). Expression and EPO-induced activation of EPOR in transduced celks is
shown in Fig. $2. A more detailed desaiption of the tedniques used for
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S| Methods

Generation of Lentivectors Expressing Erythropoietin Receptor. A DNA
sequence encoding mouse erythropoietin receptor (EPOR) was
amplified by PCR from mouse thymic cDNA using Platinum Pfx
DNA Polymerase (Promega.) at 1 mM MgSO,. The forward
primer SATGGACAAACTCAGGGTG and the reverse primer
5’CTAGGAGCAGGCCACATA were used, and 40 amplification
cycles of 94 °C for 15 s, 60 °C for 30 s, and 68 °C for 1 min 45 s were
completed. The PCR product was treated with Taq polymerase
(Promega) before subcloning in pCR2.1 (Invitrogen). A DNA
fragment encoding EPOR for subcloning in a lentivector was
amplified by PCR from one of the resulting clones. In the PCR
product, the coding sequence was flanked at the 5" end with a Spel
restriction site, which was copied from the multiple cloning se-
quence of pCR2.1 because the M13 reverse primer was used as
a forward primer. At the 3’ end of the coding sequence, the
BstBI site (underlined) was incorporated by the reverse primer
5'CGTAGCTTCGAAGGAGCAGGCCACATAGC to facilitate
subcloning in frame with the V5 epitope. Platinum Pfx DNA
Polymerase (Promega) was used at 1 mM MgSO,, and 35 am-
plification cycles of 94 °C for 15 s, 50 °C for 30 s, and 68 °C for
1 min 45 s were completed. The PCR product was subcloned,
between Spel and BstBI sites, in the constitutive self-inactivating
lentivector with the spleen focus-forming virus promoter (1)
modified by us to include the V5 epitope, the mouse encephalo-
myocarditis internal ribosome entry site, and EGFP (2). Correct
sequences of inserts were confirmed by DNA sequence analysis
at the Genome Centre, Queen Mary University of London.

Production of lentivector particles, gene transfer, and cloning
of B104 cells were performed as described previously (2).

EPOR Expression and Activation in B104-EPOR Cells. The expression
of EPOR in transduced cells was detected as described for other
V5-tagged recombinant proteins (2). Briefly, cells were lysed with
the buffer containing 10 mM Tris (pH 7.4), 100 mM NaCl, 50 mM
NaF, 0.1% SDS, 1% Triton-X 100 (all from VWR), 1 mM EDTA,
1 mM EGTA, 20 mM NasP,05, 2 mM Na3VOy, 0.5% sodium
deoxycholate, 10% glycerol, and 1 mM PMSF (all from Sigma),
and the protease inhibitor mixture (Calbiochem). Cell lysates were
separated by PAGE in the presence of 5% p-mercaptoethanol.
EPOR was detected by immunoblotting with the anti-V5 mouse
monoclonal antibody (Invitrogen).

To determine EPOR activation in response to erythropoietin
(EPO), EPOR-expressing B104 cells were cultured until 90%
confluent in six-well plates, serum-starved for 4 h, and stimulated
or mock-stimulated with 50 ng/mL of human recombinant EPO
(Peprotec) for 15 or 30 min. Lysates of control and stimulated
cells were immunoprecipitated with rabbit polyclonal anti-EPOR
antibody (Santa Cruz Biotechnology) and immunoblotted with
a mixture of the phosphotyrosine-specific mouse mAbs pY20
(Abcam) and 4G 10 (Millipore), 1 mg/mL each (anti-pY). After
stripping at low pH, the blots were reprobed with anti-V5. Immu-
noblots were developed as described (2) using HRP-conjugated
F(ab’), fragment of rabbit anti-mouse IgG (Zymed Laboratories)
as a secondary antibody.

1. Demaison C, et al. (2002) High-level transduction and gene ion in
repopulating cells using a human immunodeficiency virus type 1-based lentiviral
vector containing an internal spleen focus forming virus promoter. Hum Gene Ther
13:803-813.

2 kov A, et al. (2011) A chimeric receptor of the insulin-like growth factor receptor
type 1 (IGFR1) and a single chain antibody specific to myelin oligodendrocyte glycoprotein
activates the IGF1R signalling cascade in CG4 oligodendrocyte progenitors. Biochim
Biophys Acta 1813:1428-1437.
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Fig. S1. Frequency distribution of expression data. The dashed vertical line shows the arbitrary threshold of 4.2 used to filter out low-expression transcripts.
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Fig. S2. Expression and activation of EPOR in B104 cells. {4) Untransduced B104 cells and the clone of EPOR-transduced B104 cells were lysed, and EPOR
expression in cell lysates was determined by immunoblotting with anti-V5. (8) The clone of EPOR-expressing B104 cells was treated with EPO (50 ng/mL) for
15 or 30 min or was mock-stimulated for 15 min. EPOR was immunoprecipitated (IP) from cell lysates with anti-EPOR, separated by PAGE, and immunoblotted
{IB) with anti-pY. The membranes were stripped and reprobed with anti-V5.
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Table S1. Transcripts significantly changed by EPO in ischemic cortex at 2 h and relative changes in ischemia

versus sham

Ischemia+EPQ vs. ischemia

Ischemia vs. sham

Gene symbol Accession number Fold change P value Fold change P value

Up-regulated
XM_226521* XM_226521 1.46 0.0173 -1.31 0.0395
OIr792_predicted NM_001000378 1.45 0.0037 -0.64 0.0038
BF565770* BF565770 1.33 0.0378 ns —_
Al010145* Al010145 1.15 0.0118 ns —_
TC533613* TC533613 1.14 0.0438 -0.55 0.0493
AABS1571* AABY1571 1.1 0.0324 -1.28 0.0144
CB762850% CB762850 1.05 0.0392 -0.96 0.0488
Cyp2a2 NM_012683 1.04 0.0179 ns _
Al230744* Al230744 0.90 0.0395 ns —_
Al589572* Al589572 0.72 0.0262 ns _
lak3 NM_012855 0.59 0.0278 ns —

Down-regulated
XM _226554* XM_226554 -2.04 0.0012 1.44 0.0040
OIr529_predicted NM_001000674 -1.56 0.0128 ns —_
Al231805* Al231805 -1.53 0.0054 ns —_
OIr153_predicted NM_001000167 -1.50 0.0184 ns —_
BE107503* BE107503 -1.38 0.0253 ns —
LOC683790 XM_00106747% -1.33 0.0008 0.92 0.0027
RGD 1560913 _predicted XM_574627 -1.2% 0.0206 1.32 0.0107
BE117594* BE1175%4 -1.14 0.0435 ns —_
BQ201357* BQ201357 -1.03 0.0447 ns —
AABIR700* AAB18700 -0.93 0.0165 ns —
AABSBI50™ AABS83950 -0.92 0.0380 ns —_
Aqpé NM_022181 -0.92 0.0238 ns -
Al113235* Al113235 -0.8% 0.0345 ns —_
LOC684560 XM_00107087% -0.87 0.0352 ns —
RGD1559517_predicted XM_227127 -0.86 0.0366 0.67 0.0392
BG672648* BG672648 —-0.85 0.0308 ns —_
A_44_PB30635% A_44_PB30635 -0.85 0.0270 ns —
BE 105878 BE105878 -0.82 0.0441 1.08 0.0018
ENSRNOTO0000038661 ENSRNOTO0000038661 -0.81 0.0341 ns —
Bmpr2? XM_21740% -0.79 0.0040 ns -
BF567 165 BF567 165 -0.76 0.0273 nsg —_
AAS00594% AAS00594 -0.74 0.0136 ns —
BE104341* BE104341 -0.70 0.0424 ns —_
RGD1561261_predicted XM_001053212 -0.70 0.039% ns —_
Kend3? NM_03173% -0.6% 0.0465 ns -
TC533561% TC533561 -0.68 0.0014 ns —_
1gf1t NM_178866 -0.67 0.0283 ns -
TC562057* TC562057 -0.67 0.0052 ns —
Odz3_predicted® XM_224841 —-0.65 0.0473 ns —
LOC6850761 XM_001062178 -0.63 0.0460 ns —_
TC558054* TC558054 -0.62 0.0037 ns -
BF545735* BF545735 -0.81 0.0361 ns —_
BQ200021* BQ200021 -0.5% 0.0473 ns —_

Fold change is expressed as log2 ratio and is the average of triplicate samples. All transcripts changed more than 1.5-fold, P < 0.05 in
ischemia+EPO vs. ischemia are included, and the relative changes in ischemia vs. sham are reported. ns, not significant.

*Unmapped probe IDs.

Mranscripts identified by different probesireplicates, of which only one probefreplicate changed significanthy.
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Table S2. Transcripts significantly changed by EPO in ischemic cortex at 6 h and relative changes in ischemia versus sham

Ischemia+EPQ vs. ischemia

Ischemia vs. sham

Gene symbol Accession number Fold change Pvalue Fold change Pvalue

Up-regulated
RGD1304775_predicted XM_237151 2.80 0.046% ns -
XM_344767* XM_344767 2.76 0.0183 ns —
XM_224708* XM_224708 2.74 0.0428 ns —
AAS56764* AAS56764 2.60 0.002% ns —
CB547501* CB547501 2.50 0.012¢% ns —_—
RGD1310265_predicted XM_001070727 2.38 0.0423 ns —
Krt14 D63774 2.32 0.0377 ns —
Slc1021 NM_017047 2.28 0.0273 ns -
LOCB79379 XM_001055377 2.23 0.0468 ns —
XM_576553* XM_576553 2.1% 0.0035 ns —_
ENSRNOT0000001480% ENSRNOT 00000014809 2.02 0.022% ns —
AI538863* AI598863 1.96 0.0483 -1.25 0.0051
AI599332* AIS99332 1.93 0.0323 ns —
Ces5 XM_341636 1.62 0.0479 ns —_
RGD1563378_predicted XM_2289%4 1.60 0.0342 ns —
OIr1461_predicted NM_001000022 146 0.0476 ns —
BE111679* BE11167% 1.33 0.0210 ns —_
BE101481* BE101481 1.26 0.0251 ns —_
TC541788* TC541788 1.22 0.0341 ns —_
BI288013* BI288013 1.21 0.0287 ns —
RGD15653 10_predicted’ XM_343014 1.12 0.0064 ns -
Bdnf NM_012513 1.08 0.0323 149 0.0026
Bdnf NM_012513 1.07 0.0450 1.47 0.0048
Banf NM_012513 1.07 0.03%0 1.58 0.004%
XM_342155* XM_342155 1.05 0.0276 ns -
Banf NM_012513 1.05 0.0483 1.4% 0.0040
Bdnf NM_012513 1.02 0.041% 1.54 0.0033
Badnf NM_012513 1.02 0.0405 1.50 0.0023
TC531175* TC531175 1.02 0.0280 -1.06 0.0118
AW142939* AW14293% 1.01 0.0400 2.38 0.0007
Dusp5 NM_133578 1.01 0.0333 1.42 0.0018
AW142832* AW142932 1.01 0.0408 2.35 0.0003
Ear2 NM_053633 1.01 0.0077 1.42 0.008%
OIr372_predicted NM_001001048 1.00 0.0153 ns —
TC530277* TC530277 0.89 0.0071 0.86 0.0180
Arc NM_019361 0.88 0.0433 157 0.0008
Arc NM_019361 0.87 0.0475 1.60 0.0003
Arc NM_013361 0.86 0.0461 1.59 0.0004
Arc NM_018361 0.86 0.0439 1.60 0.0006
Fosl2 NM_012954 0.86 0.008% ns -
Mas1 NM_012757 0.85 0.0188 ns —_
Arc NM_019361 0.85 0.0439 1.59 0.0005
Eard NM_014137 0.85 0.0253 1.08 0.0066
Arc NM_013361 0.85 0.045% 1.58 0.0001
LOCB84624 XM_001070871 0.84 0.0472 ns —
Arc NM_019361 0.84 0.03%6 1.61 0.0003
BF281861* BF281861 0.80 0.028% ns
AABRO3057377* AABR03057977 0.80 0.0448 -0.87 0.0438
TC532746 TC532746 0.77 0.0407 -1.44 0.0045
TC542653* TC542653 0.77 0.0003 ns —
RGD1565022_predicted’ XM_216007 0.76 0.0287 ns -
TC547308* TC547308 0.76 0.0436 ns —_
Rem2 NM_022685 0.75 0.0183 1.2% 0.0192
AF050661* AF050661 0.74 0.0268 ns -
OIr1678_predicted NM_001000833 0.73 0.0345 ns —_
TC549515* TCS548515 0.72 0.031% ns —_—
Prsslt NM_0010033856 0.68 0.0057 ns -
Nrda3 NM_031628 0.68 0.0152 ns —
Al137349* Al13734% 0.67 0.0406 ns —_
XM_22485% XM_22485% 0.66 0.0169 ns —
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Table 2. Cont.

Ischemia+EPQ vs. ischemia

Ischemia vs. sham

Gene symbol Accession number Fold change Pvalue Fold change Pvalue
TC545861% TC545861 0.65 0.0175 -0.6% 0.0318
Numb? DQ336705 0.65 0.0409 ns —
XM_344386> XM_344386 0.65 0.0040 -1.02 0.0072
TC549896* TC549896 0.65 0.0233 -0.84 0.0182
RGD1311223_predicted XM _345871 0.65 0.0300 ns —
TC543180% TC543180 0.65 0.0373 -0.73 0.0220
TC522684* TCS22684 0.64 0.020% -0.91 0.0018
Nrda3 DQ268830 0.64 0.0040 ns -
Egr1 NM_012551 0.63 0.0326 ns —_
TCS563722% TC563722 0.63 0.0340 ns —
Egr1 NM_012551 0.62 0.023% nsg _
Cd? NM_001007612 0.62 0.0185 2.65 0.0064
Egr1 NM_012551 0.62 0.0225 ns —_
Cakl3 NM_021772 0.61 0.0274 ns -
Egr1 NM_012551 0.61 0.0180 ns —_
RGD1564664_predicted* XM_57517% 0.60 0.0472 1.34 0.0007
RGD1562685_predicted XM_231463 0.60 0.008% ns _
Egr1 NM_012551 0.60 0.0267 ns —_
Egr1 NM_012551 0.60 0.0382 ns —_
Al710685* Al710685 0.60 0.0481 ns —_
AAB75032* AAB75032 0.5% 0.0226 0.67 0.0057
Egr1 NM_012551 0.59 0.0326 ns —_
Angptla NM_19%115 0.5% 0.0285 1.02 0.0123
TC567892* TCS67892 0.5% 0.0466 ns —_
Cd? NM_001007612 0.58 0.0298 2.84 0.0008
Ear1 NM_012551 0.58 0.0341 ns —_

Down-regulated
OIr750_predicted NM_001000366 -1.56 0.0321 ns —_
Atp7a NM_052803 -1.21 0.015% ns —_
Trem1_predicted XM_217336 -1.03 0.0243 1.67 0.0057
Olr1630_predicted NM_001000092 -0.97 0.0240 ns -
BM386416* BM386416 -0.96 0.0173 0.64 0.013%
BM384709* BM384709 -0.85 0.0168 ns —_
TC542144* TCS42144 -0.94 0.01%4 ns —_
RGD1307937 NM_001013877 -0.82 0.0265 ns —
Al385136* AI385136 -0.7% 0.0137 ns —
BI277534* BI277534 -0.78 0.0381 ns —_
RGD1310352 XM_220404 -0.71 0.0141 ns -
Art NM_012502 -0.71 0.0234 -1.13 0.029%
Algs’ NM_001025407 -0.69 0.0074 ns -
AAYG25183* AAG25183 -0.69 0.0046 ns —
Zfps0s XM_218283 -0.67 0.0429 ns —
Tex15_predicted* XM_214365 -0.66 0.0258 ns _
Cxcl2 NM_053647 -0.65 0.0369 6.49 1.4E-07
Cbll1_predicted* XM_001073155 -0.61 0.0488 0.64 0.0053
LOCE78115 XM_001054757 -0.60 0.0235 ns —_
olr1271* NM_173300 -0.60 0.0260 ns —_
RGD1310980_predicted XM_343381 -0.60 0.0358 ns -
LOCE80443 XM_001057208 -0.60 0.0115 ns —
Rnf24_predicted XM _342522 -0.59 0.0243 ns —_
Crispld1_predicted XM_237258 -0.59 0.04%1 ns —_

Fold change is expressed as log2 ratio and is the average of triplicate samples. All transcripts changed more than 1.5-fold, P < 0.05 in ischemia+EPO vs.
ischemia are included, and the relative changes in ischemia vs. sham are reported. The table includes replicates identifying the same genes. ns, not significant.

*Unmapped probe IDs.

Mranscripts identified by different probesireplicates, of which only one probefreplicate significantly changed. These transcripts were not included in Table 2.

Other Supporting Information Files

Dataset §1 (XLSX)
Dataset 52 (XLSX)
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Nonerythropoietic Tissue Protective Compounds Are Highly
Effective Facilitators of Wound Healing

Ziibeyde Erbaymktar,1 Serhat Erbuyraktar,1 Osman Yilmaz, Anthony Cerami,” Thomas Coleman,® and
Michael Brines’

'Dokuz Eyliil University, Izmir, Turkey; “Warren Pharmaceuticals, Ossining, New York, United States of America; “The Feinstein
Institute for Medical Research, Manhasset, New York, United States of America

Erythropoletin (EPO) is a type | cytokine that ufilizes different receptor isoforms elther to maintain hematopolesis or protect
against injurles that arise from widely diverse efiologies, EPO dlso facllifates healing by reducing inflammation and mobillizing en-
dothelial progenitor cells to participate In restorative neocanglogenesls, but it Is unclear which EPO receptor isoform Is responsible
for healing and whether this receptor use varies according to the type of wound. In the present studies canied out in the rat, we
have ufilized receptor-selective derivatives of EPO to determine which receptor type operates in (i) a nonischemic wound (skin
punch biopsy), (i} a permanently ischemic wound (aised musculocutaneous flap), iy an intermittent ischemic reperfusion
wound (pressure or decubitus ulcen, or (v) wounds complicated by infection (cecal ligation and perforation). Using these mod-
als, we demonsirate that nonerythropolefic fissue protective compounds administered immediately following Injury limit wound
size and accelerate eschar closure independent of wound type. Moreover, in a model of peritonitis-induced adhesions, daily ad-
ministrafion of the nonerythropoietic derivative carbamyl-EPO (10 pa/kg-bw) was associated with significantly lower serum TNFa
concenfration, liness scores, Increased survival, as well as decreased adhesion formation. These results confirm that wound heal-
ing is mediated by the fissue protective receptor isoform and argue that nonerythropoietic tissue protective molecules conslitute
promising new therapeutics for reaiment of a wide variety of surgical wounds.
© 2009 The Feinstein Institute for Medical Research, www.feinsteininstitute.org
Online address: htip://www.molmed.org

dol: 10.2119/molmed.2009.00051

INTRODUCTION

Erythropoietin (EPO) is a well-known
stimulator of erythrocyte production and
widely used in the treatment of anemia
caused by kidney disease, cancer, or
chronic inflammation (reviewed by Jelk-
mann [1]). Over the past decade, it has
become evident that EPO also possesses
many other biological activities that can
generally be summarized as counteract-
ing the actions of proinflammatory cy-
tokines and their deleterious effects in

tissue injury (reviewed by Brines and Ce-

rami [2]). In these nonhematopoietic ac-
tivities, EPO is locally produced in the
immediate vicinity of the injury.
Cross-talk between the circulating
hematopoietic and the local tissue protec-

tive pools of EPO is avoided by the pres-
ence of EPO receptor isoforms that differ
greatly in their affinity for EPO. Specifi-
cally, the hematopoietic receptor is a ho-
modimer composed of identical EPO re-
ceptor (EPOR) subunits that maintains
erythropoiesis in response to circulating
levels of EPO in the 1-10 pMolar range
(3). In contrast, the tissue protective re-
ceptor is postulated to be a heteromer
formed by EPOR in assembly with
CD131, the p common receptor which
also is used by GM-CSF, IL-3, IL-5, and
other type I cytokines (4). The tissue pro-
tective receptor exhibits a lower affinity
for EPO (2-20 nM) and therefore does not
respond to EPO at concentrations present
within the circulation, but rather only to
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high levels of locally produced EPO. An
additional important functional separa-
tion between the hematopoietic and tis-
sue protective systems arises from the
difference in basal expression of the cor-
responding receptors. In hematopoiesis,
the homodimer is expressed continuously
by a population of red cell precursors
that require constant circulating EPO to
enable survival. In contrast, the tissue
protective receptor typically is not ex-
pressed until after the occurrence of in-
jury or significant metabolic stress and
only requires a brief exposure to EPO to
trigger sustained biological activity (2).
When employed at the high doses re-
quired for adequate tissue protection,
EPO unfortunately possesses use-limiting
side effects, particularly in converting the
vasculature into a prothrombotic state,
which leads to an increased risk of life-
threatening thromboses, as has been ob-
served particularly for injured patients
(5) or those with cancer (6). The identifi-
cation of distinct hematopoietic and tis-
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sue protective EPO receptor isoforms ini-
tiated the quest for molecules that exhibit
a high specificity for the tissue protective
receptor subtype to avoid the adverse ef-
fects associated with EPO therapy. As a
result, a number of nonerythropoietic tis-
sue protective compounds (TPCs) have
been developed that interact exclusively
with the tissue protective receptor, in-
cluding carbamyl-EPO (7), as well as
peptides that mimic the three dimen-
sional structure of EPO (8), for example,
pyroglutamate-helix B surface peptide
(ARA 290, Araim Pharmaceuticals,
Ossining, NY, USA). The utilization of
these reagents has led to an understand-
ing of the major differences in biological
effects of the hematopoietic and tissue
protective receptors. For example, while
the hematopoietic EPO receptor activates
the endothelium into a prothrombotic
state, increases platelet number and reac-
tivity, and increases systemic blood pres-
sure via constriction of vascular smooth
muscle, the tissue protective EPO recep-
tor activates none of these activities (9).

Among the pleiotropic effects of EPO
reported, a number of investigators have
reported significant activity of EPO in
promoting the healing of ischemic raised
cutaneous skin flaps (10-14), ischernia-
reperfusion in random musculocutaneous
flaps (15), incisional wounds (10,13), and
in colonic anastomoses (16,17). Addition-
ally, skin thermal burns also have been
reported to respond in a beneficial way to
EPO (18). In other models, EPO has been
shown to increase the formation and
quality of granulation tissue (19). In con-
trast to the direct, nonhematopoietic ac-
tions, it has been postulated that EPO can
benefit healing of chronic wounds by
augmenting the delivery of oxygen via
increases in the hematocrit (20).

It is currently unclear which receptor
isoform transduces EPO’s activity in the
setting of wounds and, therefore,
whether TPCs could be reasonable candi-
dates to avoid EPO’s adverse effects in
this therapeutic area. In the present work
we examined the action of TPCs on the
development and resolution of injury in a
variety of wound etiologies: i) a predomi-
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nantly ischemic wound; ii) an ischemia-
reperfusion wound model; iii) an inci-
sional wound in which ischemia plays a
limited role; and iv) infectious peritonitis
that produces adhesions. Because we
were interested in modeling potential
clinical scenarios that often cannot be an-
ticipated, dosing of TPCs was initiated
only following wound injury. The results
show that TPCs effectively limit injury,
accelerate healing, and reduce adhesion
formation, confirming a role for the tissue
protective heteroreceptor in this activity.

MATERIALS AND METHODS

All experiments were performed under
protocols approved by the local animal
use and care committee and complied
with the standards in the Guide for the Care
and Use of Laboratory Animals, prepared by
the Institute of Laboratory Animal Re-
sources and published by the National
Academy Press (21). Male Sprague Daw-
ley rats of 275-300 gm body weight were
used for these experiments. Each animal
was acclimated for at least 1 wk prior to
experimentation, maintained under a re-
verse light-dark cycle, and were able to
access food and water ad libitum except as
stated in each individual protocol. Follow-
ing surgical wounding procedures, each
animal was individually housed for the
duration of the experiment.

Compounds

EPO was obtained from Dragon Phar-
maceuticals (Vancouver, BC, Canada).
Carbamyl-EPO was prepared as pub-
lished previously (7). ARA 290 is an 11
amino acid peptide of molecular weight
1,258 synthesized by standard F-moc
solid phase peptide synthesis and puri-
fied by HPLC and ion-exchange chro-
matography.

Cutaneous Punch Biopsy
(Nonischemic Wounding)

Animals were fasted from the evening
before the procedure. Under isoflurane
anesthesia, a region of skin 5 x 5 cm was
shaved on the dorsum in the subscapular
region, washed with povidone-iodine so-
lution, and followed by a sterile water

rinse. Four full-thickness skin punches
were placed at the corners of a 2-cm
square using a 3.5-mm-diameter (area =
9.6 mm’) disposable sterile biopsy
punch. A drop of 1% lidocaine solution
was placed into the wounds followed by
application of 1% lidocaine-saturated
gelfoam attached by adhesive tape. Ani-
mals then received one of three treat-
ments in a blinded fashion. Group 1 (n =
9) received a daily subcutaneous saline
injection in a central location, equidistant
from each punch wound. In a similar
fashion, Group 2 (n = 6) received EPO at
500 IU/kg-bw (~130 picomoles [pmol] /
kg-bw), and Group 3 (n = 9) received

1 nanomole [nmol]/kg-bw of the tissue
protective peptide ARA 290. Wound as-
sessment was accomplished by digital
planimetry of eschar area using dimen-
sionally calibrated serial digital photo-
graphsond 0,1, 3,7, 10, and 14. Wound
size was expressed as the ratio between
the wound area and a size standard. (22).
This experiment was performed twice
with similar results.

Dorsal Skin Flap (Permanent
Ischemia)

Under isoflurane anesthesia, the dorsal
skin was shaved, washed with povidone-
iodine solution, and rinsed with sterile
water. A caudally based 3- x 9-cm-long
cutaneous pedicle flap was constructed
following the general method of McFar-
lane et al. (23). In this procedure, a deep
incision is made down to the areolar tis-
sue plane along three sides through the
dermis and adherent panniculus
carnosus. Following mobilization and el-
evation to make certain that nutrient
blood supply was severed on three sides,
the flap was immediately replaced into
position and the three edges sutured to-
gether at 5-mm intervals using 3-0
Ethicon Products (Sommerville, NJ).
Animals were separated into three
groups, and received intravenous injec-
tions in a blinded fashion twice weekly.
Group 1 (n = 9) received saline, Group 2
(n = 6) received carbamylated EPO
(CEPO) (3 ug/kg-bw), and Group 3 (n =
6) CEPO (0.3 pg/kg-bw). Dimensionally-
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calibrated photographs of the flaps were
obtained weekly for 5 wks following sur-
gery and eschar area determined by digi-
tal planimetry.

Decubitus Ulcer (Recurrent
Ischemia-Reperfusion)

In this protocol, pressure-induced is-
chemia was produced to mimic that en-
countered by a debilitated hospitalized
patient. Over a period of two successive d,
we performed five recurring 2-h ischemic
episodes, each separated by 30 min of
reperfusion (12 h total), were performed,
followed by a period of 12 h of ischemia.
To reliably elicit ischemia-reperfusion of
the skin in freely moving animals, a com-
bination of an implanted steel plate with
an externally applied permanent magnet
was employed (24). Briefly, under isoflu-
rane anesthesia the left flank was shaved
and disinfected. A steel plate (3.3 x 6.3 cm)
was then placed subcutaneously and
sewn into the underlying muscle. Follow-
ing a 24-h recovery period, blood flow
into the overlying skin was arrested, ac-
cording to the protocol, by application of
a neodynium magnet (47 x 22 x 10 mm
thick possessing a surface area of 10.3 cm?)
to the central portion of the steel plate.
Each magnet was oriented to parallel the
long axis of the steel plates, centered to
assure a similar compression for each ani-
mal, and its position marked on the sur-
face of the skin to allow accurate replace-
ment. Treatment groups (n = 8) were
administered saline, ARA 290 (1 nmol/
kg-bw subcutaneously) on d 1 and 2,
ARA 290 (1 nmol/kg-bw subcutaneously),
EPO (300 IU/kg-bw; ~80 pmol/kg-bw)
daily or CEPO (50 ug/kg-bw; ~1 nmol/
kg-bw) once a day for the first 2 d and
the animals followed for a total of 14 d.
Digital photographs were obtained and
necrotic area of the wound determined in
a blinded fashion using digital planime-
try. For the first day following injury, a
clear determination of skin viability
could not be made reliably using photo-
graphs, so tissue viability was deter-
mined by the presence of skin blanching
and confirmed by the presence of bleed-
ing to a slight needle prick.
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Figure 1. Tissue protective compounds improve wound hedaling in a dermal punch biopsy
(nonischemic) model. (A) Punch wound size from an animal representative of each treat-
ment group at d 7 following injury. The ARA 290 group (1 nmol/kg-bw) was characterized by a
more complete closure of the wound compared with animals that received either PBS or
EPO (500 IU/kg-bw). (Standard represents the initial lesion size.) (B) At 7 d following injury, the
ARA 290 group was significantly more advanced in healing of the clean, uncomplicated der-
mal punch biopsy wound compared with saline or EPO (P < 0.001).

Cecal Ligation and Perforation
(Infected Wound)

To produce a model of infectious peri-
tonitis, an abdominal incision was made
under isoflurane anesthesia, followed by
ligation of the cecum and then two punc-
ture wounds made using a sterile 18 gauge
needle. Great care was taken to minimize
the handling of the intestines and to pro-
duce a uniform abdominal wound. No
feces were expressed nor were antibiotics
administered. Four treatment groups were
evaluated: sham (n = 8, saline, abdominal
incision with minimal manipulation of in-
testine but without perforation); control
(n = 14, cecal ligation and perforation
[CLP] followed by saline); EPO (n =8,
CLP followed by EPO 10 pg/kg-bw;
~250 pmol/kg-bw); and CEPO (n = 14,
CLP followed by CEPO 10 ug/kg-bw).
Compounds or saline were administered
intravenously by tail vein once immedi-
ately following manipulation of the intes-
tine, and then continued daily by in-
traperitoneal doses. Animals were scored
daily for signs of illness by noting the
presence (+1) or absence (0) of the follow-
ing twelve criteria: piloerection, immobil-
ity, inability to hold onto an inclined cork-
board, inability to use claws, assuming
hunchbacked posture, abnormal gait, lack
of exploration of surroundings, unable to

grasp a string within 30 sec, diminished
reflexes, lack of appetite, weight loss, or
moribund. Animals were either eutha-
nized when and if appearing moribund or
followed for 8 d after the procedure and
then killed. Immediately following death,
the abdomen was opened and adhesions
scored using the scale of Bothin ef al. (25).

Statistics

Wound sizes in different treatment
groups were analyzed using nonpara-
metric methods (Mann-Whitney U or
Wilcoxon test), by log-rank (Mantel-Cox
test), or by repeated measures analysis as
appropriate using JMP software (SAS
Inc, Cary, South Carolina, USA).

RESULTS

In the skin biopsy wound model, we
detected no differences among the loca-
tion of the punch wounds throughout the
experiment and little change in eschar
size was observed over the first 3 d fol-
lowing injury, irrespective of treatment
type. Thereafter, wound size decreased
rapidly, with complete closure occurring
by d 14 in the saline treatment group.
Maximum difference in wound size be-
tween the treatment groups was largest
ond 7 (Figure 1A). At this time, wounds
on the animals that received the tissue
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protective peptide ARA 290 were 84%
healed and differed significantly from the
saline group, which was 63% healed and
the EPO group, which was 67% healed
(Figure 1B). Thus, daily subcutaneous in-
jections of ARA 290 (1 nmol/kg-bw;
equivalent to ~ 3,000 IU EPO on a molar
basis), a compound with a very short
serum half-life of ~ 2 min, effectively
shortened healing time in a model of
wounding that is not accompanied by
significant hypoxia.

In the random musculocutaneous flap
model characterized by permanent ische-
mia due to the interruption of nutrient
arteries, CEPO treatment at the higher
dose (30 ug/kg intravenously; Figure 2A)
but not the lower dose (3 ug/kg; data
not shown) was associated with an in-
creased rate of healing. In addition to the
degree of eschar resolution, the pattern
of closure also differed between treat-
ment groups. Animals that received
saline exhibited a lateral contraction of
the wound, leading to a long, thin scar
(Figure 2B). In contrast, the CEPO group
healed without constriction, producing a
more rectangular scar.

In the decubitus ulcer model, animals
received the first dose of a TPC 36 h after
the onset of recurrent ischemic episodes.
The results (Figure 3) show that animals
treated with tissue protective com-
pounds exhibited a much smaller wound
size after 3 d than did animals that re-
ceived saline alone (3-3.9 cm’ versus
6.4 cm?). After attaining a peak wound
size, the saline group remained about the
same for the duration of the experiment.
In contrast, treatment with ARA 290 ad-
ministered as two daily doses (1 nmol/
kg-bw) resulted in a smaller peak wound
size (49% of maximum), which also re-
mained the same size for the duration of
the experiment. Two doses of the tissue
protective compound CEPO, which has a
plasma half-life of ~5-6 h, was similar to
daily dosing of EPO: both the EPO and
CEPO groups that received daily dosing
showed a larger reduction in peak
wound area (38% and 30% respectively),
but thereafter declined. In the terminal
phase of the experiment, animals that
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Figure 2. Tissue protective compounds improve wound healing in a raised skin flap (per-
manent ischemia) model. Both treated and untreated rats with a permanently ischemic,
caudally based cutaneous flap exhibited a large necrotic wound area that took more
than 5 wks to fully heal. (A) At 35 d following injury, wounds in the saline group were signifi-
cantly larger (P < 0.05) than the group that received CEPO (30 ug/kg twice weekly in-
traperitoneally). (B) Representative examples of wound size from both treatment groups.
Notably, wounds in the saline group healed by transverse constriction which was not ap-
parent in CEPO group.

Wound Area [cm?]

Figure 3. Tissue protective compounds improve wound healing in a decubitus ulcer
(ischemia-reperfusion) model. (A) Recurrent ischemia-reperfusion (I/R) episodes caused by
compression of the skin lead to a large necrotic wound that reaches a peak in size by d 5.
Animals were subjected to I/R episodes for the first 36 h and then received a first freatment
via tail vein. Wound size first measured on d 3 was smallest in animals that received nonery-
thropoietic tissue protective molecules. The saline group was characterized by a large
wound that did not shrink appreciably over the observational period. Although two doses
of the tissue protective peptide ARA 290 (with an ~2-min plasma half-life) reduced the ini-
tial lesion size at d 3, but no further reduction in size was noted, as compared with the
other treatment groups that received daily doses (EPO and ARA 290) or two treatments
with a nonerythropoietic tissue protective compound with a longer plasma half-life (CEPO;
half-life ~5-6 h). (B) Representative examples of difference at d 8 between wound of a
saline-treated animal compared with one having received ARA 290.
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had received intensive dosing of ARA
290 exhibited the most complete and
rapid resolution of the wound over the
13 d of the study (to ~16% of the maxi-
mum wound size; Figure 3B). Thus, like
the skin punch biopsy model, daily treat-
ment with ARA 290 resulted in a better
outcome than that for EPO in this model
system.

Rats undergoing cecal ligation and
perforation displayed signs of illness
within 24 h following the procedure (Fig-
ure 4A). The group that received CEPO
exhibited a milder course of symptoms
that reached a peak by d 3, and then di-
minished slightly over the observation
time of 8 d. In contrast, the saline group
reached a maximum illness score by d 4,
which was twice as severe as the CEPO
group. Additionally, infected animals
from both groups lost about 10% of basal
body weight over the observation period
(data not shown). Although the saline
group reached a nadir of weight loss ear-
lier than the CEPO group, from d 3, both
groups exhibited the same degree of
weight loss, even though the illness
scores differed greatly. Serial serum
TNFa levels obtained following CLP rose
rapidly in all treatment groups except
sham, peaking by 3 h, and diminishing
slowly over the ensuing 24 h. The mean
value of the CEPO treatment group was
comparable to the sham group, each
being only about half that of the saline
treatment group (Figure 4B).

As shown in Figure 4C, animals that re-
ceived CEPO exhibited an approximate
three-fold improved survival rate com-
pared with either the EPO or saline treat-
ment groups. Animals that survived were
euthanized at d 8 following the proce-
dure. Interestingly, the severity of adhe-
sions was significantly much worse in the
saline group compared with the CEPO
group (means of ~ 10 versus 7; Figure
4D). Although the mean adhesion score of
the EPO group was less than that of the
saline group, the effect did not reach the
level of significance. Figure 4E is a repre-
sentative photograph showing adhesions
present in a surviving saline animal com-
pared with one that received CEPO.
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Figure 4. Tissue protective compounds improve wound healing in a cecal ligation and
perforation infectious peritonitis model. (A) Following wounding. signs of iliness (see Mate-
rials and Methods) intensified, reaching a peak by 2-3 d. Notably, illness in the CEPO-
treated animals was delayed and less severe than in the saline treatment group. (B)
Serum TNFa levels from tail vein samples at 3 h following the procedure. The CEPO group
exhibited a lower peak level (P < 0.05) and was similar to the sham group, consistent with
the less severe clinical scores observed. Horizontal lines are the group means. (C) The
mortality in the saline group was significantly more than for CEPO (P < 0.01), whereas
EPO treatment was not associated with a significant increase in survival. (D) Scoring the
severity of adhesions showed that CEPO treatment was associated with a marked re-
duction (P < 0.01 compared with saline) as well as a nonsignificant trend in reduction as-
sociated with EPO treatment. (E) Representative photos demonstrating the difference
between a saline animal (left) and CEPO (right). Note the white, fibrinous membrane al-
most completely enveloping the opened abdominal surface. This is consistent with highly
inflammatory processes, which are not present in CEPO-treated animals.

DISCUSSION

Using four wound models, each char-
acterized by a different pathophysiology,
we have shown that nonerythropoietic
tissue protective molecules limit maxi-

mum wound size as well as accelerate
closure. Additionally, in a model of infec-
tious peritonitis, carbamyl-EPO, a non-
erythropoietic tissue protective molecule,
suppresses production of the proinflam-
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matory cytokine TNFa, decreases mor-
tality, and is highly effective in reducing
scarring. Because TPCs cannot interact
with the hematopoietic homodimeric re-
ceptor (7), the beneficial effects of TPCs
are mediated through the heteromeric
tissue protective receptor. An additional
conclusion is that effects via the erythro-
poietic receptor (for example, endothelial
cell activation) could account for the in-
ferior activity of EPO on wound healing
when compared with TPCs in some of
the models tested.

Tissue damage is a certainty of life.
Normally, injury is contained and then a
repair and regeneration phase returns tis-
sues to a normal state. The biology of
wounding involves an acute injury phase
that activates hemostatic, inflammatory,
and proliferative cellular responses that
are triggered by molecular signals (26).
These “alarmins” subsequently initiate
the recruitment of inflammatory cells
that both amplify and modulate tissue
damage in a potentially positive feed-
back manner (27,28). One prominent
pathological consequence of this process
is tissue apoptosis and necrosis. Prior
work has shown that a considerable por-
tion of necrotic injury arises from an in-
tensification of ischemia due to nonfunc-
tional capillaries caused by endothelial
cell apoptosis, leukocyte plugging, en-
dothelial cell swelling, and vascular leak-
age, leading to tissue compression by in-
terstitial edema (29,30). If wound volume
is successfully contained, endothelial
progenitor cells migrate into the injured
region supporting the growth of new
blood vessels within granulation tissue.

Tissues respond to a wide variety of
injuries by triggering a stereotyped re-
sponse involving a balance between de-
structive proinflammatory cytokines (for
example, TNFa) and antiinflammatory
responses (for example, locally-produced
EPO) (2). However, these are mutually
suppressive such that within the vicinity
of a wound, the proinflammatory milieu
leads to suppressed EPO synthesis. A
major role of nonerythropoietic tissue
protective compounds is to antagonize
the activities of proinflammatory cy-
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tokines by reducing their production and
attenuating their biological effects (2).

In contrast to EPO, the expression of
the tissue protective receptor is upregu-
lated within the wound, setting the stage
for a potential role of exogenously ad-
ministered TPCs to rescue cellular targets
otherwise programmed to undergo apo-
ptosis. A critical potential therapeutic tar-
get is the capillary endothelium, in that
capillary dropout frequently occurs be-
cause of apoptosis of the endothelial
cells, amplifying injury. Administration
of TPCs could rescue these capillaries,
diminishing wound volume. This phe-
nomenon has been recently reported to
occur in the rodent ischemic random
musculocutaneous flap model (14) in
which EPO administration increased the
proportion of functional capillaries
within the wound. Another important ef-
fect at the capillary level: EPO has been
observed to reduce capillary plugging
dramatically by leukocytes primed for
adherence by proinflammatory mole-
cules (11,12,14,15). However, EPO itself
can strongly activate the endothelium
producing a prothrombotic state which
could neutralize a portion of its thera-
peutic benefit. This disadvantage is
avoided by use of TPCs.

In addition to preserving existing cap-
illaries, EPO has also been shown to ac-
celerate healing in the ischemic flap
model by amplifying reparative angio-
genesis (10-12). It is known that in organ
injury, such as a rodent myocardial in-
farction model (31), EPO mobilizes en-
dothelial progenitor cells (CD34"/flk-1)
that subsequently travel via the circula-
tion and migrate into injury sites to drive
neoangiogenesis, ultimately reducing tis-
sue hypoxia. Further, tissue-specific stem
cells are recruited by EPO to take up resi-
dence within the region of injury and dif-
ferentiate into mature, functional cells
(32). Finally, EPO also improves collagen
deposition and modulates the number of
fibroblasts within a wound site (13).

As discussed previously, the affinity of
the tissue protector subtype is lower than
that of the hematopoietic system (re-
viewed in Brines and Cerami [2]). This re-

quires substantially higher doses of EPO
for treatment of tissue injury than for ery-
thropoeisis and, as a result, invariably in-
teracts with both receptor isoforms. This
is exemplified in the skin flap model in
which CEPO was effective at 3 pg/kg-bw
{equivalent to ~ 300 IU/kg-bw of EPO),
but not at 0.3 ug/kg-bw which is equiva-
lent to ~ 30 IU/kg-bw, a purely hemato-
poietic dose of EPO. In addition to
hematopoiesis, the homodimer also me-
diates a number of other activities. These
include constriction of vascular smooth
muscle, activation of vascular endothelial
cells into a proinflammatory state (ex-
pression of selectins, increased platelet
production, and so on) which are gener-
ally undesirable when one contemplates
the use of EPO as a therapeutic agent for
tissue protection. Nonerythropoetic mol-
ecules completely avoid this issue (9).

It is especially notable that in the decu-
bitus ulcer model, ARA 290 administered
daily produced an initially smaller lesion
than animals receiving EPO. Several
groups using the musculocutaneous skin
flap model have reported that high dose
EPO is associated with significantly infe-
rior effects on healing than lower doses
of EPO (14,33). In these cases, nonbenefi-
cial activities ascribed to EPO, for exam-
ple, reduction of blood supply by pro-
moting thrombosis or from adverse
rheological effects arising from increases
in the hematocrit are explained by inter-
actions with the homodimeric receptor.

In these experiments, treatment was
initiated only following the wounding
injury, mirroring many typical clinical
situations in which therapy in advance
of wounding is not practical. The bio-
logical effects can be explained by a
triggering of the tissue protective recep-
tor, as ARA 290, which is highly effec-
tive, is a compound that has a half-life
of only about 2 minutes when adminis-
tered intravenously in the rat (8). Such
long lasting effects are explained by the
triggering of complex gene expression
programs that provide for sustained ac-
tivities. Thus, in promoting recovery
from wounding, nonerythropoietic tis-
sue protective ligands do not need to be
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present continuously to promote benefi-
cial effects.

The potential clinical utility of TPCs in
wound healing is clear for a reduction of
healing time in a variety of wound types,
including those surgically-induced or
those caused by a debilitated patient
state, for example, decubitus ulcers. Po-
tential additional benefits in modulation
of scarring following peritoneal infec-
tions, or other inflammatory processes
like endometriosis, bear further investi-
gation. Finally, these compounds could
have other beneficial effects not exam-
ined in the current experiments, for ex-
ample, a neurotrophic activity (2) that
likely enhances the regrowth of severed
cutaneous nerves.
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