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l1Einleitung

1 Einleitung

11 Die Familie der Glutathion Peroxidasen
Dikamilie der Glut @dGpbupwhalPelr 0% U@ atsigeersead
verschiedene DErezy@leut at hi oh (Pred o %6d Wsaisihed e iln
konserviertes, aktives Zent rwuimonmi $el ckarro c At
Gl ut aTmiynpt oupnhda nA s p @rcahgaiknt er.Bei e riGip x 5, 7 und 8
Sehecystein durch zQyssttezd g ,cGbdua@pr er[bn er se
Geneti Maohant en, lreinzellemen Andensosdakt emen Zent
ausgetauscht wurden, verdeutlichen, dass ein
einer deutlichen Verringerung der enzymati sc
fehrt. Allein der Austausch voreri@eil edhecy&prd
di e Reaktionsrate [B8m dr ei Potenzstufen

Die Hauptaufgabe der Glutathion Per@windlasen

Hydr operlpxiHien bei reagiert das Sel endoecnyst eir
ZUu reduzi erenden Mol ek ¢ | Zzu &Srerdemsituoeés umgaw
Mol ek ¢ lthh oGl ut@SH) wieder reduziert. Das Gl ut

Disulfid (GS&%®bbirgHang 1)

RN =

/_\

GSSG

H,0 GSH
Abbil deEmgktli onsweise der Glutathion Peroxidasen.
Das Selen (Se) im aktiven Zentrum der Glutathion
dabei zur Selens?2ure (SeOH) umgesetzt. In zwebbl BRE&
GSH wird die Selens2ure wieder reduziert. Dab®i

zweiten Zwischenschritt ein Mo[l2)k.l GSSG (Graphik
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Neben di eser antioxidativen Funkti on konnt
Gl uli @tn Per oxi dians ed eFna mi e tmzetaaurc- bhaterbkr ganspezi f i

Funkti omemdrzeily wer den.

So f¢hrt zum Bei spi el eiine eébereexkie/Sxidog a0

undC57 BBLM?2 us ermu ei ner erh°hten l nsulinsekret
! bergewicht und reduzierter | nsurhelnlsf@tness ti vi
Gp x 2 i st i n mehr er en humanen Tumor zel I |

Kolkoanr 2z o mz 8Julnedn Adenokarae molnj@rededernmehrt expri
Ei n &pnxo2c kdownhuamnede rKilaulmonr zel R219fF phet HZIu ei n
verringerten Tumerdwadhsatuucnhh wrug ederer | rEwahsi v
Mgrati onsf @higkei ti ni nAisdsrads@pS oenti htle eitdsetnedn e | i ¢ h
Rol | eGpke&r bei der Tpmogr rdmdk bDNieotng s h @ snhiea hutn g

voll st2ndig gekl 2rt

Die Gpx3 ist di e ei nzeéeax ibdeaksaen,nt i wG Ir[ddd ad rhn ioe
Haupthsdch wirdndiZel Gpr3der proxi madredh iINnsr e
Bl ut abgegebeni ndesaxtdoazehus!|l dbr vor all em an
der Nierentubulii i n der Nierenrinde deowi e
Epithetdessgmnen Gastr oi,ntbeesgtiinieelgtema kimneds e nd e n
i m Kdl 2d Gpx3 Knockout M2use haben [kRinen ¢
jedoch wird der Gpx3 eine Rollgenbaindi rFfelt d mm:

zugeschrigbraue DFiexntk t jibeddsol cahn gllunk | ar

Die Gpx5 ist bei M2usgpr nmrised hty tNzatll echdhrotd eunnt er
die DNA vor einer 262 di gung durch H

Die physiologische Bedeutung der Gpx6 ist bi:
an der Verarbeitung vorl]. 5edewuhrsdree i ezieme vvee rnmd
Gp&Expression in der Kochlea in ein@furmder moc
in Toxopl assimofsiezigemdemn PAdl |l en gefunden



l1Einleitung

Ob auck ®Gpxundsp88zifdelclhfeunkéebnthiusstsebj sl anc
weedtgehend uvrlkleaahedw&i eder vbal tPumg ei nen bet ¢
seibhe genaue Roll e deemess bpedeamdEnmywaiktuerf

spezifizi[eTt werden

1.2 Die Glutathion Peroxidase 4 (Gpx4)

Die Gpx4 wurde er 8tmahi ge um&P .ad iss cEmizeyrmt bes cth
dali ol ogi sche Membranen DahePerghrtdatuoh deh
NamPhospholipid Hydroperoxid GL@Gakiddtas Per o
einzige bekannst & oBmpzZlyemx,e Bi omol ek¢l e wie oxic
Chol esterine rpEd®24AiDeareesn gkednnemodann, iwenn d
Makr omol e kg lpeorp rmmteshirincel o gMiesnmbhreanen i ntegriert
Gpx4 eiisnt Monomer mami &k weli anreeg n M2<2s ek Daon Dalni t
unt er schseiicdretvioeesi se@an ander emo ) Gil dida sednit iweddi ed? e

Di mer eTeotdreamer @ 1lbi |l den

Ein weiterer deneasdébrired Kut glaimderen icGdcder, @GR
Gpx4 ni ch&l utuart ha uafh s (zi6 & 8 Hoednk taonrg e wiiessteu ¢ h

ThiGQrluppen von D[Artohtieoitnherde,i Met captoet hanol k
Kosubstr at( Abubniglidaéu2ndggn 2 )
H202 202
A. PLOOH B. p.g-s PLOOH
GSSG LOOH P.SSG LOOH
j/' \\‘ PLOH j/' \\‘ F’LOH
LOH P LOH
SeOH S-P SeOH
N—
/—\ /—\
H,0 GSH H,0 P-SH

Abbi | dEmgk 2i onswei se der Gpx4.

Anal og zu Abbildung 1 kann die Gpx4 auch oxidiert:¢
Al s Kofaktor kommen neben -GSiHp peStHh)( P rno tFeiamgee niGr §pt
2]) .

|l nsgegamt es drei Gpx o feannotreehno ndjerriea mée| e rde
ei nzegyt os ol i Bichere awérdevnom sel bdhd WrPemr eknadd i ceir &
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zytosel Fecim ann?2 heexmiretb iigiundt &tr man di e mito
und nukl e?2r e Foirmm Hd242nki eEgeno kkKonut der mi tocho
Gpxldsoform f¢hrt zur UnfruchS$parrkaeti-8z mekrtcuhr e
26 Die nukle®re Form der Gpx4 i st mitverant
Chromatins in d&nmw28peremadorgenf ¢hrt ein Knoc
Gpx4 zu keiner 2@OnfDarc hGrbwamk ehiter kommiesit kih @ac h
jedowdhrd zumindest teilweise ein komp[glnsiere
Geringe Konzentrationen an nNukl eéreen Gpad

Nierenzaethwei sablalreni di hgs|l ang unbekdnReéevBuon

[3 0

| di verSsduinen mit -MRnusekbeti denen ein einzelne
Enzym aus gekrnkoocnkgte ewalir gite , we r dFeenh, le adna z eRle il @

Enzemnt er Basal bédi dlgec@Faemkt i omy mern deeampe rEsni e
weg den kann. M8 use -KmiotckeuhemnGwkitkeln sich
voll kommenmndozmalgen kei nlenfAnuzcehifg8blasenk bfiedr gi |t
féer M2use mit  eian eardmkansded IuiAtudcrhereikh Knockout v
einer speziegleliemmeildn des -AQY S tpiom/t @fir¢gsit, a tddieeo n

intrazBelraltseell ung von Glunatsomint veegulk avb
Einfl ¢¢sse beRegdédrat Reiaid e Kidif zi tee ik t Iinn eviinvean
Mausmodel |, w2 hrend Fi br okbn cacskk eemnt vmmiitc oei ne

cberl ebensB3MDigegpsdAndgegénr i di e ebBubtrwionlall eng
unent behirl i Kmockout des Enzyms resultiert [
Let aantEmbryon&aj3dtag 7,5

Wird deKndGpkadut erst i1 n dargdragldmut tédine Maiusn e mh
Wochen zum Tod der Ti asbes daderie keoinmda e Mal f
Mi t oc h odhedrr i lesstbveire ei ne er h°hte Raet éEdeanlLapept
und Weirnl ust hi ppokameal prachNgeWBijfesen wer den
Mittels Zel | kulgteu raenxgp e rdieme n tNearc hwe ih® ndeeas e
Signal webes,ederem Verl ust der Gpx4 zum Zel lt
Ein Mangel an Gpx4 oder seines Hasutpeingeer ratbeon i
AktivitatLidgerxylgZx/nlas e . Die daraus resultierer
¢ber die A&dAipwipadomwdegc d nig AFlaFc)t ownd dessen Tr af
in den Zel |l kgrAb bz d)yd3uXVglciBtt o dgy hi er beeri i st , das
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Signal weg spleizpfdpehoxibeati on wir ktpoShi |Ikeann
Antioxidant ineE, wisles odriedira,mb p loarea!| dem

wasserl °slichen 6Miytda#ixrp ;tHe,tBrear mevtalty21 c hr o man
carbongdROLHXF f evketrihvi nd e r[3d. wWeyrddeorphi | e Ant i oxi
haben jedoch keinen Effekt.

Gpx4”’- € 9 GSH

X

12/15 LOX

|

Lipidperoxidation 1

AlF- TranslokationT

|

Apoptose

Abbi |l dAIhlg Bermi ttelte Aplbipgiodere rdaixicca teircr®.ht e

Ein Gpx4 Knockout f¢ghrt zu einem erh®hten Substra
die Lipidperoxidation in der Zelle. Dies | °st eine
wird diedkpopgZtedde induziert8)(.Graphi k adaptiert au:s

Neben dem Schutz pardegpx iddidelsregingegn der Apoptose
die Gpx4 aber auch erifnuen kwd eoint idgné | Rkgskealt ogi
anderemdwer dikvewvsthtedener Imi p o xWrektais@eme n
Ar aicchons 2 ur estda frfekegc hdsuerlc h di e Gpx4 kontrol |
unter ander eindh dd4ilkE5poxygee3afseDi e Gpx4 ¢bt hier
direkte hemmende Wirkung auf die untergeord
fé¢hrt ei ne regelrechte Funktion der Gpx4 z
Hydr oper oxye- cmomdHaytde torxayeen c 0 semt et diae n svinlerd
Subbgat f¢gr die LipoxmglEathseme ididemeendaniget t en
Gpx4 Aktivitnt Leak@RBisehelziluendi-harcehr°dht en
Freisgtzwxon LOX Met abol i toedne,r vwHEO BrefnkBit meé en B
! berexpression von Gpx4 f¢hrt konsekuti v zu
B &

A h Aike 1 vit?at von Reaepnor dTyer owsiicnhkt i g e tr
Signal wegedewstleatdednnet Deri vebd PBrdainwtRe zEptoor
ver mi,ttwalrmd durch Lipi dphroixeAd@pixvh d 2s{® dmotd ud u r
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So f¢ghrt die erh°hte KonizrenRalagea oeni mnaenr -Lri epd udzi
Aktizutéitner Oxi daPhosnpvamna IS¢ nuons ddniee WA ketdievri t 2@
Rezepltyaroismaken verringern.

I n der humanen Endothelzweddnitzai gt EQYr ddd, koa
' berexpression @Bohn@upk4idinediliFcandnsemi eu&in
wi chtigsten Signalmtegeaufi ni rdfelra miat we i sche
unter gdidndet

Somi t hat di el hegeixdz inged®mretnil ge al s protektives
Me mb rlainpi dper oxi dati on ei mgi o/ad lreez alluf graolme np |
umf aseenegul atorische Fudkbnsénor @ anwhAd avble h s el

zentralen i nfl ammat psowicherei ¢ gn aRteeaagdtrioiro n
Tyr oismaken. Letzteres wiedhmdromkbede&i af | agsh
auf di e Mingdr awaicohnsst umsf 2 hi gkeit von Zell en.

1.3 Di eedket ung von reaktiven (BOGRrdst Gpkdpezm e
Gef2Csystem

Nurine i ntakt esr mErgdaautchhde he r egeldrCdaumtke D@r € h

mul tiple Interaktionen mit intral dmiegal eéer Ze

das Enaduotah e Gedér® Ct onus, Thrombogenit2t, i nfl

verschiedene Si @gredlPwWweee mdddidii ¢ 2t

Ei ne Dysfunktion kaebei EpdsedidsevEat st ehung Vo
atherosklerotischen L2sionen, Vasospasmus, e
Remodefidleirn @@amdC sowi @mezuer h°hten Expression
Mar k etrr &¢deln

Ei ne ver mehrte Konzentrat i(oROSyiolnt e Samlese rdsetro f
Hauptachen f¢irDeasflonaMBoal e

Unt ebrest i mmt en For men der mechani schen Ak
oszill atorischem Shear Stress, K°nnen Endot
abh2ngig vermehrt SuperfdoikAdami ameear @rbrnaymer

Xant hin ,Oxvemsehi edene mi tochondri a,ldki eEnzyn
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endot helSyanltehuahs@® ver schi eden @ 54 hlponxryegre nzawsre nR O ¢
Produktion in EndoHhetft zedk@h!| died @X A/gkbhe durc
Gpx4 kontrolliert wird nm nEd deoitrhee | h cahuef weexi psrte s s i

AuCer denmhiter Agt iewsi Rredumriggi adt-Aelndso siSg s o pdmss ei nes

dewi cht ikgsitneendcaleae der anti hypdat stxaul beeinneTh e
Eh°hung des oxi dedaii £ene SAAgs eApeprisiikmmt i on ¢ be
Tage f ¢ghrtnibceht Rmaurt eznu eihrfenru ndge wtelsi dBBH eunt dE u c k
auch zu einer vermehrfénaBi kduerg VvandBaucSesft
mangel nder Gef 2Cdi | atlatni oSt i[4mud Dt fceetry | Ecfhf e k t
maCgebl i dhStdiumwelhati on und erMARDH/eNADPH e@xsii dans
vermittelt. Zel |l kul t ur e x pdeirei snee nlt red uhkatbieonn eirng e
Zell en der Gef&Cwand, unter ander ¢ abBchein
Therapie mit |IAdfgihatte neidreanh greun ngwen Bl ut dr uck
gleichzeitig die NADH/ NADMH). Obi daseegedbemmt
Bedeutung der ROS IReditAtgii @n-Aelddsad snthed@as Syst em

Kl'ini sch gesehen kann bei Patienten mit art
oxi dativem Stress anhand zirkulieif5ender Bi om

Trotz dieser experj meing edil emen [Ea tghea mhes sveoon oRJO S
bei Gef2Cerkrankungen wlné& b s h &ilnlniicshc h ena cSht eu
Antioxidantmemu best ahg&Eclgebddamsiseder - Pmd mar

Sekund2rpradieov aohkulkdrrer Efdei5dni Bises gmadg huin't
anderem daran l i egen, dass ent weder di e f

Antioxidantien oder die fal[bsffche Dosierung ge

Wa hrend ROS €irngekescheaer 2Mi ge&ksuanlgri eben wur de, h
den |l etzten Jahren ver mehrt Bedeut Uurpg dalise S
physi ol ogi sche FdearktGefn? CveanEdgdiRennnhenwer den
ROS als wichtige Signal molek¢le in der Feine
untechiedliche Stoixmwslcih shweet; rhaemtne ti .hrTe Konzent
hoch[54%Wte bereits beszutmi RBbRep emetradrenTyr osi nk
direkt durch di e Lipi dpd3% xiAdilcthn zdeinet r@x ii want
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Cystein zu Cystin skiremttilbaisf akB btereddlTEHguwn e NF
Red@abhangigen [REguSedthiioges gilt auch?*fgr die
Fé&bei -PHIoAFHydr oxyl asen, die zu -&U0ndbrfALkDtiiewieer L
Signal wege sindobafter Zeilnephyaemngled $Sginkéhn ei n

ungezielter Einsatz von Antioxidantien bei |

[4 &

Aus diesem Grund ist es von groCeri Bzdlerudnu n ¢
Enzyme, die an der Regul ation des oxidative
verstPhes.soll in Zukunft neue, m°glichst ge
ermeglichen.

Die Unter suwrmlutnigo ndeelrl efn Be d envzeyunmgge st aarl t et S i
] edoafht mat Bwi er i gKknodcak o@it a@ienizneeEsn 2 y ms dur ch d
verstaarkte Expression und/ei nder aggagiyensgert
kompensiert weired eme tkeainini.gti e Radliekna logfntd kur z

i nstsmbidlhgsendeNachweis technisch aufwendig i st

Wi e b éresicthg i eban es Glpgtdavto hlaill o anchi voo ei nem
durch erh°hte Lipidpelrlotxodaandnhatndmuali teir pp leen

verschiedenen zedddidr®ren Signal kas

Ob di e Qpexdoch auch ddease k GefianCs ¥ sl leens , vor
Gef2Cendot hel mit seiner zentral en | BBeedgiu,t ung
i st bislang wunklnakrl.a rWe iotbe rehiinne -Bitekrbut nogn, d enr ZGp
die durch die Freisetzung vgoenn eMaec hssttiunmuslfiaekrteor

Einfluss auf diese Angiogeneseprozesse hat.

Aus diesem Grunde wurden i m errstteenFiTheridb lda stse
einem -lGpxeatkout generiartM2use dmpsantiert. Z
untersuchen, ob eine ver&andert aeSe lri dtriiodbord asnt

verur sacht duKobackewnt Gpxd#t nachgeschaltete S

Ver2anderung der Tumorvaskularisation f ¢hrt.
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I m zweitkn diTeser Arbeit wur den M2 use mi

endot hel s p@rexKiniosckieurt , g eamehrainedr tder er de-r Ei nf

Knockouts mit nachfolgender er h%ltl dmt Lvii priod p
untersucht werdenesobhakogHrzerbdem wor4dorarbe
PhanoitrypyveitmoUnteemgaBkgdot hel zell en sowie eir
Anti thrombogenit?2t derchEndenhheEzrfl @asas de
Li pidperoxidation erwartet.



2 Eigene Arbeit

2 Ei gene Arbeiten

21 Absence of Glutathione Peroxi dase 4 Af f
throughbreaseldi déxydenase Activity

Manuel a ScMarek Wser Wo,r t Ramik aj Kumar Mandal ,
Arpornchayanon, KafFhaukea AlaersascShebastian S
Conrad and Hei ke Beck

Neopl a6ita. Mar ; -63(3): 254

Da i n kultiviertekmoZkbluen obnae Sp h Pptoipthu tl iear
Antioxidantien zum ZXKealolctkoodutf ¢Zherltl ,e ns inrud Gpexgd e
des Einflusses daebhaGpxidgeaudel RO Mkeisomgen tgea

allem f¢gr I 2nger andauernde Prvwaoeehssteumvi e Tum

Um di esesm Pzruohll®eédieme Di fferenzkFemkhigomeirn Gpa
verschiedenen Stadi en yntewusdehenZekuenk®mn

induzierbarkmockGpx4 mittels ei nfese/ 4 Dxde n e
RekombinatibgeeseysekbimsztDéer I E>poxms QGoednasn twu
zwei -SeogxuPenzen flankiert, die sp2ter als Schi

Cr-Bekombi ndesn®i @isen Zel | en vkeafdléde tatuermn @md sei ch
Wenn diese Z&Rlekembmintas€r ¢ér ansreizdetrtdiwesaean
ent sprecheRgmuenzebida&zwi schegend-8e guNeAnizr d

entfernt nuctht kaehr abgealBesknnzywerwdend ni cht m

funktionell en. Form exprimiert

Um eine gezielte | ndwkhbiemsteind&Zei Kpaankad etns zu e
wi rdli e -Rorkeombi nase i n MEoCme PMxionted n&o® mpilne x

Fi brobtaaneghie@i das gefl oxteteGpbdb&enwient bBah
ver wendaeuf dem die Rekwenbi ndese QGue czhwedieg Se
MERPTr ot dmunteat ed murine estr-lmigeai nroe cfel@atmokringlr it g

wi rdur ch dgi eenseet si Ksocnhset w iu kedi n Fusionsprot-<ein au

Rekombi nasvweiuRE®Rtres ynnet het iEdimetrftbét i n den Zel
ei neukltnidkon des Knockouts ist somit nicht m°gl
dssoziiert di eseaufRrroutnedi nkeormp Rexept orei gensc

Protei@eBekombi nasei rkachein ndienl | k e rdne r¢ bKeorattr et e r

10
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wirduzinert (AAD®I I dung

floxed allele —E-HHD>HHl—
¥ TAM

deleted allele —EEHH

Albi | dukigocdk out Strategie.

Digef |l oFxitbernrob| west den MERCrdeeMBER tragenden Plasmid t
von Tamoxi fGpxKmiorck odugr dur ch diteSkaluetnizem ddranmideirz

Auf di ese Veeiins ei nsdtuakhnde c kMaoudees! Ve e fI g,g ushaye i ne

Kultivierung der Zellen unter StandeaemkenZel | k
ein Gpx4 JKmoberknoaitt durch die Zugabe von Tamo:
Di e ent sprikicthremldleanst eneiwwernd eweiitrer en Schrit
ProtoonkdMgemnd dem OnkdMgreas2trans,fi ziimerithnen
Tumor zell ei gensch.afrtoeare zdu eserl|l eirmernut en Tr an
sich die Zellen genauso wi &edie¢i scbbtdiSenhadeid
zu einem funkdtymehnywdmdePhachurch die Transf el

induziert.

Ver gl ei chbhanrl i Beéondeandaemr en Z[8l | sbenendi ese
transf omi ert ewnn tifeiocbh maddelalsk ielnt ur be dZ mgameg eno m h
|l i popAntieoaxi daner bBal b vonnad4c8h Stnudnudketni o n des
KnockouWse abr wart et konnte dieser Zelltod d
Antioxi danti en oder durch-L@X ne eHHreimmdieigt dwa
Hydrophile Anti perdd&aehtnieenn rzd it gtnaelre n tH fofne kdte.r D
Onkogene hat tket kaeuifnedni eEfKneo ¢ leoutr alinsd wk tmi em .t e

ver hi eldieems sa zhggleincahu saol swoo e di e nicht transfo

Um die Auswirkd&Kmgckest sGpaxuf die I nterakti ol
Fi br cetlnl amit t Proteinen der extrazell ul 2ren M
anschlieCend 1in Matri gelt eiimgebMitxtteur. aMast r v
Komponenten der extrazell ul Hoe®waddamhr $&r, Kk @dmen
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2 Eigene Arbeit

i solierwVewwefddnudnegt Matri gal Extpreoalmeemeinn bei

eine I nteraktion von Zell enmntmarts edmte (wlkexd em zs

Obwoh!| Gpx4i brobl asten unt er Zel l kul turbedi
ent sprepheone&knt i ver Antioxidantien ¢berl eben,
Zugabe | ApophbklTduammotrizeenl | spher oi de. Weder in
noch auf die Anzahl der siTamofriskaretrern d Ef fweak t
Knockouts nachwei sbar

De genauehiGrrufnedr i st bi edacth esreirek asnunncth uwnt
Zel |l kul turbedingungen, dass Zelleaendiwehndsk
konf |l uerutn dwaseametimg e-L eKbakt zueinander hatte

Auchn yvinesabkut aner | mpl antati on i n c57BI1 /
transformi é&Fft ehaped und formten Tumor e
Diese waren 16 Tage nach | mplantation sowohl
mit den entsprecherfddérmi Wdludtgy bt umor en

E 3000
Ll
E
E 2000
£
2
5 1000 : s
3 9 4]
.
0
-TAM + TAM
F
4
]
7’ $
L]
E 2 ..0
s oo
5 3 <
** o
. e et
-TAM +TAM

Abbil dumgmdrexpmérnti mematinesf or-Mi brobhaSpen.

Die transFobmobklrashnen bilden Tuimopr €57WBh6 Mtesesub
unabh@ngig davon ob sie mit Tamoxifen belEbrdeslot svaee
die I ndukti o-Knoedhkeewt sGpkxkedi nen Unterschied in Bezu:
Tumor masse (F).

Ein withtegechjieddeawarer h°hter AnteidZelalnemmi t o
Dieser wurdehUlhercén elamtegit ot i schen, -ZdJNEdn po:
k ompensiseor tdiarsssg eelssiaenht  zu ei nem ver mekharmen Tu

Der genaue Grund hierf¢r bleibt jedoch Dbisla
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Hi st ol ogi scchhes Ahwmrhgrseef 2 Cseyisngesgse nmiEtntdeoltsh el z e
gerichteten AL€DISKIY rzpeeirgst epanteadiddh clkeenermwasku
Ph2not wp.den”-T@pmo4 en fehlten weitestgehend C
Lumen. Daf ¢r war das| INenemweuvukd alub eiKmpn Gef
dichter. Zus?atzI|liche Aanlaplhyas eSimomitth EUBUNSACMh eg eAqce
geahteten Aertbhrkaeahpteem signifikant voéltisndede g
ausgebi | disMémo s imiitven Zellen (gl atte Gef2aCmu
umgebeGeefnt CAmbi l)dung 6

-TAM + TAM

CD 31/aSMA

B -TAM
O +TAM

aSMA-covered vessels

Abbil dRedguBi er t eUSMiAThd iet iandre i ZaleMmdGmade n .

Die Ggu#imore (B) zeigen in der Doppelf2rbung gegen

USMA (gre¢n) als Marker fg¢gr glatte Muskel zell etlSMANd Perizy
positiven Zellen. TAIm®r¥erdglresiedtbedi amtaearsf or mi erten
GpxKnockout ni cht induziert worden war (B).

Um d@mund der veranderten Momphehddgipmomer Tur
zu unterswehee di e KonzentdoahBa o h heabkmsofreern

(Vascul ar Endot hel VEIGRGPR loavd éhn tFalc t @ (Pd WtFifu niFda ct o
basic Fi brobl astbFGQFowhh THadtygmwelsst i mmt . Di
Proben zeigten j edoch kei msusignschikadne en I
Negativergelenims tdlwiaalih e Het erdegenTiunor gewebes

erkl.@2ren

Il m | berstand der t/rRinbsrf olr Ine setnet B ieudnG@pggdnn wa r
di e Konzentr atjieadmscwgomi ébhR@Mti e veAmsi YBGF I kant
erniedrigt
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2 Eigene Arbeit

Di eKeornzentrationsanstbeigs wioadl sbmeGiFs ekiannen v e r me
Aktivit2thOXererkd/2158). wer den

Il n der L ibteesrcdhteumre idatver ei ngedPredbkGFon mit €
R¢ckgang der Dichte der Bl utgef2Ce einherge
Abnahme des Gef 2Cdur c hmb 96JEisn eb edsicrherkiteeb el nn hiist
bFGF f¢hrt zu einer reduzierten NaowgaDlgelnar i
Ther dpiiesvsehi edenen Tumorer 6rlankungen evaluie
Di es i st i ns xfuerdneéonkm nge nammnt ebneGPp a'dleunmo r cean
genau d@da@asntGei | |, al so eine erh°hte bFGF Konzc¢
Tumorgefu€Cemitt

Erfolgte w8hblkotdactehnsst ums “dleumo@@dexsdyy st emi sche

Ther ager Mamiste Bai cal ei n, einem spez4ifisch
Li poxygenase, waren ameBbeyga/ett €Cayeremgeéaut!| ic
ausgepr Sgt konnte eine deutliche Abnahme der

Zunméd der Tudior glemeé £s eri nZzeuonvaihemeUSMAposi ti ven
Zel benobacht et Alwkeir Id)gdunn g

- Baicalein + Baicalein

CD 31

D

[0 - Baicalein [0 - Baicalein
O + Baicalein [ + Baicalein

*

O

N
N
N

-

o
-
o

vascular area per area [%]
(2] [+
aSMA-covered vessels
(o]

»

+ Tam + Tam

Abbil dB@&@l®in Therapie

W2 hrend-TGmére ohne Baicalein Behandlung eine deutl
Ther apBai ecnaltein zu einer Normalisierung des Tumor
als auch in B&xMApoaut idieengPibielnem de)f.2 Ce (B

Zusammenf assend -Kgabckionetitnr aGpxX4r mi erutngrer Fi br
Zel |l kul turbedingungen zum Zel |l tod. We n n di

extruwlz®rld Matri x implantiertdemeridmrcy zisedretrdre|
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2 Eigene Arbeit

Knockouts, wobei der Grund hierf¢r bislang wu
Wer dtemansf or mi-ErbeolGlpxeit an bsobK?2use biihgllean tsii
i m Vergl eich zuTuWiolrgdtrgipd wenor @n°® Ce. d &®n esiechunt
jedoch i n der T™Momoprhgod fo?gQd selyesdieesm c HK.n o@ekro uGp X4 hr
cber einkehpdRé9ydé® vermittel teeinneSn gAmaslitweeg zduer
FreisetzDings wi edeuunei hghr trRidluddureg t e n gr o
Tumorgef2Cen wund einer h© hegreefn? C2inc h tdei ea nwi lel
wenidg@emMositi vamfvelDsemh eine Behanddlhurg tmirt
der 2i/pldbxygenase kann dieser Ph2notypnrg¢gckg?
sich, vergleichbar mi t den KonGer omiltt ugneriemg
Dichte@uedemne er h° htUs MAmasaihtli vadnre sZ ¢ Izleen
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2.2 Combined Deficiency in Glutathione Peroxidase 4 (Gpx4) and Vitamin E
Causes Multi-Organ Thrombus Formation and Early Death in Mice
Markus Wortmann*, Manuela Schneider*, Joachim Pircher, Juliane Hellfritsch,
Michaela Aichler, Naidu Vegi, Pirkko Koelle, Peter Kuhlencordt, Axel Walch, Ulrich
Pohl, Georg W. Bornkamm, Marcus Conrad and Heike Beck
Circ Res. 2013 Aug 2;113(4):408-17. Epub 2013 Jun 14. (* equal contribution)

Zur Analyse der bi sher Fweaiktt g e@me nddeE mu ch@pexkda Inin

wurden transgene M2usen mit, eiimdcuziermndaotrheal

Knockout' BEC(Gpxetner DBest Mausmodel | basi eirts au
beschri &bréeiPiMode | | . Die letzten-GdaewerkEdems
hi erdwrich AZd®ESiequenzen flankiert-R&k amlkei ndausrec h
ausgeschnittemi wewded. d8r Knockout I nduzi er
Model |l wur-Bekamki Caee unt er CdhPo nkootngtersalelld tde

der in der adulten Maug62?nubDadwirrédn deod cthke | d iaek t
Rekombi nas€endmurheilmt r asisrke 0 dii ed dar dérgvi Kndo adk ceu t
Cr-Be&kmbi nase wiederRirmotdanurceAt MMERmur i ne estrog
| i g-ahdddomgabhpc kDuerrcth. di e Gabe von Tamoxi fen
MERPr ot elieme Knat wird indu6?2rt (Abbil dung 8

1a 1b 23 4 56 7

fored alee — i HHI-D>—HHEH>T—

deleted allele —l—l—lH—DuJ’—

GPx4 vl x VE-Cadherin(PAC)CreERT2

\

GPx4 M x GPx4 Wil [VE-Cadnerin(PAC)-CreERT2]

\

GPx4 N [VE-Cadherin(PAC)-CreERT2]

\l, +TAM
GPX4{ECKO

Abbi |l duKgonagtk Strategi e ceardoithed siperzbkineokhhant GFxusds e

Die Exbnkes Gpx4 Gens siAorRFedusmgemafnin&Zmulgiadret .v odu |
kann d-Rek@mbinase, di e v ePrrhoetre idnuer cbhl odcike eMBER und so
in den Zell kern ¢bertreten und dem Kmomd&ktoart winrdd z
Cr-BRekombina€Eamdotheilzell en expremiert wird.
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2 Eigene Arbeit

Um die Effektivit2at des Knockout Modell s zu
Herz und Lungnei titseollsi eWets tuenr&nr oBtl eoitn ndei neg eG pbxeds t i
Deendot hel spezi fi seuheeithnndSd#ande diugkhtriton- der G|
ExpresBamiei ne Kk oRmepd wekttieon der Proteinmenge
konnltieegt dar an, dlarsdu ldtuieariAh dla®ESwts treintc hz u
einem wvreelnleknomKnock[663 Zyutiem gelli sgli edriveng d
Endot helmnel |l eem auf magnet $isehe Mle®s r kQuen g b
Separi@Syisotreihdt i n absoluter Reinheit

Da f¢r verschiiend enietr rZaetl $ | g @z @ing, t dwaesrsd eeni nk oGpn
Knockout zumi[3&4d | woadde¢s glpri m2 Ef ekt sdaskendod
GpxKnockbmt &ef 2 Csysreiemqmn eWiewadAhdererseits k°%°nn
auch in Analogidefzuzi denerGpXdmor zell en mit [
Sezernierung ver muten, dass es aucrh BRMGHFENdO!H
Sekretion komman guinadg edraed uR rctheveesrsd@ fs t i1 mu |

' berraschendiegwens&i¥d2 Gpas h Tarmonxdiufzener-ter Gp
Del eti on cber ei nen Beobachtt ub g sMoehi attreasunm v
of fensi ®emMehioclyenHwesliieecht nauf das | berdieeben n

Mor phodergi Rl ut gleeft2zQeer es wurde mittels versch

i mmunhi st oc hFémibsutnhgeaal ysk»xpltanti ert e und i n
eingebettete Ringe der pixétMkasem Bobolrdat ams]
weniger und k¢rzere Gef 2 Causs@x osvuaogteinc i n

Ri idode(lAbbil dunbDi e wur de al s Hi nwei s auf
Funktionsdefekt gedeutet.
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16 1 n.s.

12 1

number of sprouts
(o]
_

pr4conrrol pr4IECKO

C D
3 *
150 1
. 25

® E
5 E 24
< 100 A £
s B
E g 151
o =
= S
3 50 3 1
§ I &
&= 0,5 1 I

0 0 -

pr4conlrol pr4lECKO pr4comro! pr4IECKO

Abbi l dum@r9ic Rings falrs Aexgi.wigwem eMedel |

Ringe aus der thorakalen Aorta werden explanti e&°§°
M&@usen bilden zwar dieselbe Anzahl an Aussprossun
weniger Verzweigungen (C)

Um diese divergente Situatiiom wihdodemhélihala
Funkgeiomschre®nkvoidvigoer zu anavuysdieenr eamus Mausemt
mbryonale endothel(@mbeyomwird 2Ehdorzbkl eal Pr
eEPCB8i)sol i ealts ukbirdsat z f ¢r die nur i Aunbde gr en
kul tivier bBBmrent h@difzfeCdeelnl kubbnbtuer.sve@dher auch [
ver schiedenen andgdde ben edReCs ,|l i :no0leal-&ndekionGp x 4

Kul tiunrduziuedtDi wser Zommhledaodchk eine Sebstitu
Zel |l kul t umime MIROMOX, einem wasserni°nselEfcehketni vDe
ver hit ndewer den. |Socemi tsewahrohdhesl i al eenl | Rrnoignenntietro i
vi Breadi ngungzewn amnddearleinniZed-Kmiotc k&[4 4

I n dilksesretme xt I st es vondMBeddutumaudzdadsir dnd
F¢trtuenm g der Ver suchsuriee he c weerrmawdingdeér sw hi ede

Vitaminen, unter anderem warch Vitamin E, ang

Mi t Hd/grot hedass ede/ri tteath n E Gehal tdiien Mfairs eStvan
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dem Effekt des e-Kdot kseduh ¢satl zetn, QGpuki4dié m s €p X 4 r
menrere Monate auMaregelediVdtt agnenetEzt i nbexiber de

wur de.

Unter diesen Bednongunaeal aigmMBigeenVi Siatnruati on i
i n \Eixtprea i meeteihi che EfTf avletra ebleno bGedda redlaetnz
KontKmddkloer en <tiasbh®n G 8CEM2 usuent er Vit amin
Mangeldefhal b der er strearcKineic &enudt Wkdtdibddmd d u

10

100

Gpxdoviox (12/12) Gpx4ox (3/3)

Gpx4'> Cdh5(PAC)-CreERT2
(9/10)

80
myocardial infarction

v paralysis

=
o

sudden death

survival (%)

'S
o

IECKO (4/
20 Gpx4 (4/18)

0 2 4 6 8 10 12 14 16 18 20[days]

Abbi ldabige I nduktion des ene&ntolcklosupg esz iufnHviamnhgegd t Gpavirdn

I m Vergl @dieah Komtrol | grPuppenxugicep x ASpY At f shrt di e
endothel spezifische%°Kmanekdwutlh veGmx L Wochen-MBeiseci
Tod.

Di e hi stol ogischen Areanlinwsemul zeipdteeaan OThrromin,
wi edezunmkr oskepicbhetbafankteeaint fMghss ®egereannt en
TUNER2r buognt eknaulf t r et endaep o eti mtzied mlree @A msdot he
m° gl i cbesache deren TBhirsgrabnacht wer den.

el ektronenmi kroskogerscAert &aufsowheme nkeoaon nNieer er
gezeigt, weasendezreslplpdof he-Kheclcpadnem parti el
Abl °sen e mdzeetl meelvo enl | ceenr Basalp meablrialnd)ung 11
ApoptotndadathteelEzel | en wtilerdemluang esn ,ndnipalt nur v
Abl ®°sung die Basal membran freiliegk°nmnred dor
sonder n wautnh, sietfu ndl i che,chBpodoptt oelozsel | en W €
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antithrombogene Mo6@k¢l e exprimieren

Gpx4centroll-yitE Gpx4ECKO[itE

lumen lumen

aorta

kidney

Abbi ldiEd gkt ronenmi kroskopi sche Aufnahmen der Aort.
In den Aorten und Ni'ef¥lhgbemeeubtedsercBpriédn partice

Durch dwendeng vo+byEKhemkout di e auf rdear eVer w
Rekombi nase °mansinerjeend,ockh augc ht e inliseptesirshé® ideanh e

verur sach&T7 wer den

Um auszuschlieCen, dasss deenrdoltented lzee | PRB-peati yp

Knockouts unMang¥itamchtEauf ei nRenk Nmbiemas$ é e

beruht, wurde ein Exptrimeaohesdubamgzdicthr t .
zuerst unter normaler, Vitamin E reicher Di?2
Wartezeit, in denen sichnsgpeziMPiusehearm RE M gl ti

Re k o mb il nnadsueketrihoon e n k o n ndtaesn ,U nesreftozlegnt eauf ei ne
MangelHdie?rth.ei wd hrdd eRBEenobac htiutngvsozne 12 Wochen ir
40% der Tiere) . (Abbil dung 12

F¢r dibegseesnc haw2 cht en Ph2 mPtgy p cdhieb tErekd 2z wenig e n.
k°nnten sich die M2use w2@hrend deei Zleén DNt e
potentiell an den enHobobkbespepafisehkenaGaptdi
akute oxidative Stress in &erocKkhase drefrgllincduel
durch Viagamlmgefnranggen Amwredeer sei ts w2r e oehse m° gl
Letalit2at bei einer I ndubtrentdebekKhebkadets

Mangel di @t eine Kombination-Khes k®ahaderds dd er
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uns piezdtlien Nebenwir-Rekgebi Wase Ciret . Di ese F
jedoch im Rahmen dieser be@pearntiwoenteen ni cht el
v v

100

Gpx4°x Ch5(PAC)-CreERT? (5/5)
Gpx4w/»t (1/1)
Gpxdexox (9/10)

80 4

60 4

survival (%)

40 A Gpx4ECKO (4/10)

v hemiparesis/paralysis

myocardial infarction

20 1 sudden death/poor general condition

¥ bite injury

8 12 16 20 24 28 [weeks]

Abbi |l d2Dnge Adaptation an den Knockout f¢ghrt zu ein

Wird der endot heKKespekblit saume eGpx4d ner Vitamin E r
sekund?r auf eMameg eVidi &ami numgeset zt, st erffMA useutnl
Knocklonudtu kt i on unMaenrg eMidtia®mi.n E

Auktine genaue Quawtiitfaimbipe reiguendit éed® € r wendet en
Vi tamMaangee !l di 2itn mlliss¥ekme Pz b ht et wéeedénj sdh
sehr aufwendig i st und zudem eineE uinml ei c
verschiedenen Organen vorliegt. Aus St-udi en
Mangel di 2t f¢r 1di Wdadgeme dzuuk teiionne reEe sS pVietgaerhisn
i m HG @btezi ehungswetsb e8cOaug daeidnuekrt i on i n Lysaten
f¢h[ed Limitierend mu s s hier jedoch angeme
standar di si eMatneg eMidtia?ni ng iBont -Genhda | de rd eMi tvaemmiwe n
Spezial di2ten oftmals nur unzureichend beka

Studi e auch unterscheiden kann.

Zusammenfassend f¢sghrte der -Emdokhheil zERI Useerz
u retr Vi t-Hanm gne [Edui 2eveaemehrten AgEopbobobel el en
somi tmi rzdie st feolknaelm zdui r ekt en Kont akt des Bl
t hrombogenen Basal membhaent Duc k @ edniteemmtd 8 r o mb
mul tiple Infarkte in dgdeeszhiialer sk iOx gldheint st
(wie La@hmungseumnsd hhii enrue)gieond eif kdeweM? u e hrt en
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Unteirner Di 2t mi E-GhbhbhaEingVéint aimiesdhbeggeMhesne

nachweinsb®hénotyp. Ein RhSophieerg e IV i tkaami m aH s o
enddohel zell sch2digenden ETf fKkenlotc kdbaus se rweea thh enldiea
Somit konnte erstmals gezeigt werdédmgetlass |
ein ausreichefBdeeg®itamhn®Een i stiommaudi ee &h
zZu erhaltennshbhedr ohébebmbotl hsemleo Kr aznkkhei ts

verhindern.
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3 Zusammenfassung

3 Zusammenfassung

Wa hrend Sauerstoffradikalen fr¢her l ediglicl
wurde, 1ist inzwischen bekannt, dass sie auch
haben. Il n eng regulierten Konzentrationsber
Di f fzeireernu n g von Zel |l en, sondern auch der en

Ap o p t[bB5e}

Ver mehrtem oxi dat iSMeme Sterienses, eirth® ht en Kon
Sauerstoffradi kal en, sei es durch eine ver
Reduktion durch anpwiiroki jjpead chaoolp hEsz pymegi sch ei
Rol |l e bei vielen verschiedenen, mei st chror
bei gemesAks Beispiele sind[7hi eDi akoreetbesd rnkerlal ni k
und neurodegener afri2zaeef Eukgankungadoch die Zel
groCen Teilen einer chronisthendBbkhfdiguggsd

[7 3

Des Weiteren wer denaradiicdiv aesitknudr 2aReki uhneg e kz ,u m
Beispi el arterieller Hypertonus wundatAtvieenr os

Stress i nnhKagghrmec ht .

Dennodlabehkl|l ini Sthbhdien mi nt iAarun oxTihdear api e \
kardi ovaskul 2r én sBHkadargaenrk u\hagretpeli n i eeirrbirgagecrh tSt u d
habesnch sogar nactheazeHgtger glIEIf ¢ le& t &r K| adrassmsg w
durch eine ungezielte Ther apalerdi ROXoxnwm ewnd Ir 2al
wi rd, dass auch deren physiologische Funktio

wird.

Aus di esem Grduinfdi zirebrtfeoirnrsec hapmegz idfered h ®em e n

einzeReckd®Exzy me not wbinels g di ent sowohlerdem V
physi ol ogi schen BeddeerutRmlgl eal sdiaeucsi e in der
verschiedener Er kK Eamkumegen asthptiieolxeaendati ve The
dann iumfZulkiuch bessere Ergemci Sekumaedr gplreap P
verschiedener Krankheitsbilder erm°glichen.

23



3 Zusammenfassung

Di e Gpnxtder schei det sich von anderen anti oxi
dadur cshssi ed &dianszi ge bekannte &ExizgiPdoise ho lwiep ic de
oderolChsterine reduziereni rkakomp lseX s t Mavkernaimec
integrieZudesi nhdat di e Gpxedr erd@en Erefglul s s

Ar aichons2urest ofvfewesachspdld/esuirodl o0 gi sche Signal we
Bei sRezé pltyarosi nki nas ewerodietrt alitee AAfFopt ose.

 ber die Roll e QiseyrstGpmx 4 iieng eGe fj2edoch nur weni

I m erstent Tewvuk pge o jdeekr Ef Kelbckeutnes i Gpxtx4 ansf
Fi brobl asten audendesee Twmtoerrdseuyd hdid c mnHi ees ¢ ber
l12/-0l5poxygenase ver mitt evietrerni nSg egrntael wSegk rzeut iear
A in Kombination mit ei ner. eDiheshtfecnhrSe kzrwneatri
nderung der muVYorrglreiCoahl ilztuu mbd oetnln hHat - der G
Knockout ei nen EinflussDi agt deevdumedaget & C
Mor phol ogi e mit kl eineren Gef2ClumiUdaMA sowi e

positiven Zellen auf.

I m Al l gemeiasen daecht sdl i dBel uTwreorse® rigruimegr t &k ¢
Tumorgef 2 Cnaent zWer gl ei ch zZu nor mal en Gef 2 Ce
Unterschieden. Unter anderem sind die Tumor g
gewundeinger eine h°here PegirenecBmddt hdltgrbide mmut
Muskel zel |l en we im®e& m h od eougti Isicchhee Un[7 & rBecrhi ede
Nor mal i sierung des TumorgefaCnetzwerkes wird
steigende Bedeihthuentg 2weger durch eine Redukti
hohen Permeabilit2at eine Reduktion der Metas
verbessert sich di e Anfl utung und Verteil
Chemot herapeutika und g70dmit deren Wirksamkei

I n di esem Kontext konnt e gezei gt wer den, C

Nor mal i sierung der Tumorgef2Ce beitr2gt.

Ei ne Erkl @rung fer di esedbechlTudte-Kgo@pkxedu tt r o
vera2nderten &effnin@seydsstessmsGp x4 auch 1 nsedebnstTum

wichtige Signal wege steuert und s[@fiDti edas

24



3 Zusammenfassung

genaRel der Gipx 4 der Tumoripsito g1 e gi ounn bweokbaeni n t
vor wi egemdnidiinort salmér dBfsf eTu mor wachEgtfum pos
Erscewar kommt Wiaszsu di e Gpx4 i n verschied
unterschiedlichen Einfl us[8éurnud draess &tuzmoironwa cvhe

der PthaseTumorwachstu[m abh@ngig ist

Il m zweiten Teilprojekt k orentkeo mpe naitgto n warude
endot hel zel |l Kpezkbuscheonnd¥Giptxad mi-Ma n geezlu

| ebbadrohl i chen i ThrManbsorBeedd®ltilt ¢ h aeuisnreei chende
Vitanmabllann dieser Ph2notyp komplett wverhinc

Obwo hl mehrere SeutigerprkEhbek®iThemiapi E auf
|l nzi dekardoovaskul 2ren Erkr dnlkiBngkonmteeg el gt
AVo meGn Heal timei St a@rydtver Eff ekt-Swep mlee meitti aemiun
bez¢gglich vers®%semalkhrgembesen werden. Dies wa
relevant, die in der Vorgeschicht7e) bereits e
Il n diesem Zusammenhang w?2rleinniwsecihtee rSet uudmfeann gnr
um Patienten mi t Funktionseinschr2nkungen

verifizieren, ob dieseGwbekprohivorrenner Vi

DaM2 use mi t einem enddphx#inhope klo s p edze itfhi eslcidael ne
Dysfunktion aufwei sen urngdacdhieens fesirnedi ed el n thHse
Pl aques ist, |l i egt eine Beteiligunglerdese Gpx
nahe&i ne \ berexpression von Gpx4 im Mausmod e
Bil dung volneratthercchsel8 Q. L 2Asuicohn einn der Pat hophy
At heroskl erose spielt di e AfBdii oderedeteterad
Bedeutung der Gefa2Cneubi |l diuajgéddooecih du rekslear .Er&
ein positiver EwdriktzuwdmnBdiagpiseli nhochgradi ge
Ausbil dung wvon Kol l ateral kreisl2ufehrtkootpen
vermehrte Einwachsen von Gef2aCen in atherosk
Ruptur ¢gelf ahr

Obwo hl der EfKekbtkdess Gpr4den transformiert
Tumor angiogenese ni cht direkt auf di e Angi ¢
Prozesse ¢(bertragen werden ikianmdn ,e siesablsamnruet xR o
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3 Zusammenfassung

denkbar.

So gte zum Bei spi el bdriGF Sleukrrcent irkbarts tvecerh éener h?o
Angiogemdseriosm k| et agusesfidedn nhieah hier #&°nnte
ei nreedgul atno rEii il & kuesrs

Soll ten sich di e Er-Reguot at semr derchbFGpx4
kardiovaskul @2r en Er kr ankunguemnt e b e suniseti 2gnedne, n
doppel te BRBedeudbpexmdgdi esen ErkrankEngemseahs!| &
die Gpx4 eine Roll e bei der endot helial en
Regul ation der Angiogenese durch Gpx4 denkba

in diesem Rahmen weiter zu spezifizieren sin

Zusammenfwsseiend Rahmen dieser Pbwebhttderodsa
Ef f eiknte se -IGpax@dkouts Emdatdheéelelssel dasah Ef f ekt el
GpxKnockout s I n transformiertemol Fileroklreaes
Tumorgefa@gCslysaeimt .

Dies tr2gt zum weiteren Verst@2ndnis der komp
einer man Gp kMidteinvuintd® t der dami t ei nhergehen
Lipidperaui ddhdas oGef @2 Csystem bei

Da die Gpx4 neben der ant ieoxVidaltz alel Famé&zi
Funkt i oniemt heaitn genaues Verst2andnis der Fun
Zell typen notwandigxi dmt neae TGefraa@e rek oamlewmn ¢

ZUu entwickel n.

26



Literaturverzei

4

S

teraturverzeichni

Li

an

nsi
C
1
U

en

C i
e
b
S
6

i d
2
n
|
e
e
S
n
pr

tcralCamar
;
[
i d
he
y s

[
a
degr a

g

I

k

t

h

a

P

|
emer gi

I
Sci
and
e 0 0 x11$38ic)¢: 0 aps.,

a

®i

t-
av

dviea tahb.,
iagnm & ly
[
S
of

resi star
n

peroxid

rPehnyasli oclo rRte
a
i
[
e

signal ir

2-
S
P
&l§).
t he
L HBv.e rG3R

r
0
prfmiJnaPd lytsiRewnlad E8(

senses
and

t

2681

0 X

B

h

m

of
raagti ncgoNcEhul

n

[
gl

i ver

dati ve

ihad hidnmp | Bihop Iy
p
|
1o

redox
4
Ceell |l

nsul

p |
pRe
g
roxi
S

of

reticlu?2u
p i
ero
pho

i mf Soxioemn aE maimg b
es

moAuns eJ

spdreo xoifdaglewtxa tdh i

nd structu
q XGipk ) Res di @
m
th
me mbr anes

t roi n3gkklt)

Peroxi dase
glutathione
glutathione
of

Mi gr ah i of2 99 MAdd elnnovcaasrica n o ma
he

,of

om
P
i

a

f n

C N
, anrdelcaanecdergene
Im lamdd nBanhbe? $02)0

pattern
pFHli onhcea ,

on

4

mependent
Glnitne glrnitEs7t) , n

t
. el
0 X ytgreing gsepreecdi etsr o p

f

S
ar
es
4
n
from
a
e
[

()} 1

Amtainsxird
r

T uQmonrcse ri NR e @ & )ON0i 8p

I
n
2

& an
A
n,
[
2

0.8 .1515
tiabnary
peroxi dAstei
at
a
[ aull .a,r
ds i Lc.

dopl asmic

t

P

p

de
&t alaylt.i,c
hway

| d
br
3F
e ra
D
ail
S
8

s
e
4

- —

mm5¢msnlenm2
1

B %o >0 "4

basement
Ga
lu
a
1
i8
NJ
0
4

okaln.g
med d Iu

aBma
of

a
0
a
o
|

a

c
2

;
d ¥E
el ep mean t.
g ocneel |puelrBorxo gdl abstet.t h Ac a d
0

nasn
6
SEm
as
of
Physi ol

' o ©T
eP_,WeD.
nol—m .-
oS8 "©_
d_m_P.,dO
— n.—C
X -G XQ .
ocEound
rt0r0£
vocCc VoW
ol aoax

AGl,ut eatt hiad ne

wt h
XE€.r acetl
renal
GEEK.t
PR.i,f iectatalo.n,
bi omembr anes

e
4
O
1
I
0
E
R.Gl ut athiadne3d perodku dead eby

ti on

sJ.

w8

lmm aelp ).|S.| |n/__ e ! « '"©®© O = C
o .. N oW cHdccgoa o c._ o900 .
X 1 ..

)
i

. Ve > O "= 0 Q o
="k o, = Q—-— EX__ -0HXC .C. cEo T -0V - BEw©=

b .0 o' e X OG- B8-S0 VCeoOT — @ SN ,Imnaiotkmgx
OCX O GO oo _ v —0FCCOC_—wc@RxSno0QnocCcOdE ~ @OO0W
—=320_00nTAaS —cLUVd®_OCVONCTV.— OV >NBmCem . OTH._T®
L O@B._VECOOVO— - BOSO>SOFvooLovece>s . S0 _0OCC@@VOSCCO. O™

DTNV, _NFE-DaS oNS o0d< na=0d0S+-2000 0,00 E-TCX. caM

i
t
0
&
X
1
ni

Ur si
and

o N o™ < W (e] N~
i i i - i i

18

— (o}]
— i

27



Literaturverzei

4

hyc

Fr pep Ratde icn
e
t

phospholipid
and
|

—— O .=

aeeryng

= aoXDco
o —
I I

|l apddAhyRooeer pxi
t Bhiaonmeadn Eannvtiirooxni o
glutathio

eduwc 8d od miChae ma c ild
prof il

208D F

eroxi de
.expression
gl ut at hiGeme [Ermpo x iPhdabd B)r:nsp.

. M. MaiPbhoispdp
e (PHGPx) : mor e
p3.2 .327
RP.h,0 septh-badyld.p,o @
NA, c¢cDNA, and d
7342
MEmbryoni &l

- @
s® X hm
o—- =
- o fm
o Oe
o]
n3e =
.MEQM nmw.
o (@)
0”02
B2 )
e NT 99
+ wn
8% . o)
c .® om
=) o, -
.napuwph
] ==
S0 o5 ®
2c o0
w_@ S
CcBag-
D.OH\i. ——
vodJs—-0
e Qcg®T
s< S8R O
2 g o
RD@C 1R 0
2 g5 -
= MB@USEO
mME So©
-0 - &

§-————0c Ouon~T._0O0cBo -
BXNVO CO_ w 0ig®8x0caS
C0CCOVNg.— VO
.Srahlromeconrlrosg .,rQ\ .,n..l.CﬂdoomZ
C DO L VOOXNT TV OBOECEN— VDO O0OVDOOLE._VOO0ONODVTB.o TEO O O®©
DodnOanNcoLaoNESomAcaOaoSmnNo T caNI nvNE> dN> @

o O I~
N N N

ST

He x Krueha
nucl eus
md tirderst i

specific
a f
m

d bhi ioh g cFsAPSsESBm Jmat u

a

of

s ho

t Ch2BS3uld 0D Al B r3y2.8 0 4

i s

i n cystdenfei/cgileuntta
37423
GP X4 e
i at i ofr eaen dR aodxii

t ein

coapt arl carsma ldleyv b u't
e

n
— m <t
> B> - . =

M <F
[SP RN

N
(92]

resu
2

mi c e
nB i Bb@ & )Me.dp .

adul t
| Roasdsi ci

i n

ation

ur oFmraele

[ ad S —
pt
) m o® (&)
Zoe ...Ilm c X
QLT go c ®
cT& g, < O n
@ o 3d eu m
—® - o
i
o0 _ £€9 w~c Wh c
V& o> o B
— = X O~K
& T = 4o
..n&e Bfl_u =
©nwa - c Lo o9 o
0Q 8g_2 Beogs
+— T C I &
€0 0© Nlpm
— —_ NS
22 Coheo gg- =
eoosw O ..
o o0 < =38
T T xQ o .
om o 9@96{

O® - O =

S FPlwa ogc
S-—q-leog i
Q>0 ~N8ung—

o T Co
> ) .
SEe WS\).N).|A
L oS c> S0 . X -
nmorw&e@M — &
-0 ©.— O._ D 0S5

—o_Cempmton .c@Q
NXOGB_O -0 -Cwn b

'm0 C . SCB._ Ev 00D

0 DD B OV = O.—
V. S_ OOV E>Cc 0> o
S _VWo.EfE_o000.am
0
™

[C< 2 (e}} o
[SP N2 ™ <

28



Literaturverzei

4

S
h .
en
n
e

i
n
es
5
bal
at |l
cph
0e
| N
20
wlr
th
i S
t al

I
hel al
mechano
speci es
vascul a

i d
e

y

act

Comn

S
a
h
dax i darsce
g
o

el I's:o SiiAaptaica x iodn  Raet dhoeXs( &i cgl near |
e

e
a
a
hy

ogenesi

Caofcees

ticas

0 X

St
angiogenes

om Y -

cardi ovascu
on

| ar
t €

hy
ed
7
a
t
g
t
483

wmua

e
1
i
oxygen
s

X

r

oy
sO=t
I

m

8

ot

li oimreml 42dad t,pi.@rBs..

0
sc
wp
physPloy iga Ic aRe \«¢,
n
V!
3
n
R
s
d

e a
Banrsien ¢ ,ndi eupnaln K

fal
a
H

i da
535
isMtirteisess baymd oodxuicd ast i

DB 110 9 6

a n@o oHd Hs. t rSecshsmt-

U Iseacthu rAe .zt eb0(6412nt:,-8

aklt ] veen osxpyegci e s,

f
B
g mplicationsAnof
e
X
Wi
v

he

Du e r rNSADHPri
o]

PH2A..

t

Cr e
tumor

- sdukEGF

Contributd
H
¢}
t

eactive
2
ac
2

rypieori.ensiddrp,) :

n

cdusupe®mo xv idee
N .

{P)

gdadti Keaoneygedrspeci es
3) :

i5d(15 )Me ep,2 . 2907181 .
t eme daiha t,leld

NIAD
. . B
JA.n,t ieotx iadla n,t
A.
.o f
gfrfoeve ths faartloy

an
b u
J . 309
hadal i deotmi &lieb ji tso @ no fi rParnogci oNgaet nl e sAicsa

hypertensi on:
QAL 9 )1:9 9g5...

anSdu pTer &Kx ied z mamd ,der i
re gaf ahnydpuocxiibal Ke tf aed ® r En z
of
agd domaihresn
\Y
¥
e
a
a

pero
E

C

2

n

X

y

5]

W

g

a

C

s

C

a

9
a tail an

W
| eetti arl

e
D
B
Coi
r,
I
<
e
t
0
[
A
S
Y
1
c
e f

| i Ahtcekl df Red o B0B) ;g nin
2
K
n
fa
a
.S,
g
3
U,
2
7

|Oh1e| O - —_ T wn
v g oldfma VaooXwe” T a_
na,ﬂ,iononiH. - o oQowm
(@] — 0 >0 - — n © R
e xCcce eenAHaYaeae RN T o N
ccldvsCoN ._—0zZ _CL000NO_0O0 o BoionX_@®&, _Qoc. Ro_ai.awzeperOSY
BedCONC—_T 020 -2Q50V0OBNENEAN ¢ -~ VT .— LA=T OO - Eo2_cNc NOQ.
>8 @8 0-08 ~l0HC i O0EMOVR X _SCL_>SNT OB E . Lo €0 0RTw .. ®—- ®D .C

—— e —— = O C - deeehaeard%co%dfoeg NE~DP DV = O Vpym— -N.—->0~>+ .E O

~50T_CO0D-0 w0 e DN.,0_OVT +cTACVSOMOO._- + H_ONVOC- NTTEG® n<C._cE

O— —00>_BECV - NVEBIT_CCXDITE . e D™ COmFLOLCOCNVDOMN . DOV CO. DV O @ >
ag(WCMhSCthpHideRiOlRepVIRhWtTS4DZBiGi4Fr2KbSd|GelGORDSWI

i n

radical s
I

Hd

B

0

I

1

S_

-p

(5.

e

A

E pehtiBi2 a

Y
.3
e
[
d
5
n
m
t
a
I
R
9
a
h
angi dNgenme 2]

K.

d MHypertedh

a
2
te
r
a

i a
1
M
I
R

RA I

— « M <F o O I~ (e} O O «—H M < W (] N~ o [o2] o — «N
< < < < < < < < < 0 0w n W w Lo 0 w Lo (] © o

29



Literaturverzei

4

l
1
l

e
t
a
C

r

0
ac
c h
de
v. el
i onf
sup

w
d.ev.

n
devel
radi c

Cre Treemsmgleinn a&s R ei:
n
cardi ovze

sdress

n

,4 . 2208056 .
n

tasspess

149D6.

freé

scul ature

suppl emen
E

r
Q.

o®

hi one p
eo mica s iv
vascul atur e

on
thr omboembol i s m:

stress

eebmbchancyn
@e reambir 5y ,4 §H220)0:
oxidative

1

r

I

e

i t amidnu cke do Mmoaulsleo xda m
X
1
A
9
R
e
1
i
p

af . glutat
t hr odghpoixnyare
CRad p/d it oya rcraauls, e s
n

of

r
by
o cAknotuito xmidc e
h
)2
d
g

LR ©—
8 T L O > nm/_Om.O. < >h

t
1
u
I
B
e
d
i
c ataindm nmt alJviot a mi
venous
7
p
e
n
8
a
f

| s:
\"
e
d
7
n
i a
d
2
]

€
3)2:00M0314

e€ssion

n

- — [

ar etblad
vated
e

\,
s
0

S
cel

e rCeetlilv eGr doi

poptot iad .

pd.2 .2429
d
|
it
®
Ec
yJ
y

0 )

o
(0]
26
t
0
a
RO
|
ntQcl
g
de
()
B
0

c
1

. - — -_—

.. ® .mWYeM.QIQ:QQSimﬁhRm ced x TS0,

ng -ONO T B> - — MQI.ImLtMQnSrG,.gHW B _micgd K o —

"L . DA ® oo, og3 ,B.Dlo:sroBos.eouErlv
V. TVBTVr o -+ w._-0g® -Bo coNoZocomlora 0o .o ©ocCO
Od-—O ccao 0% SO0  ug.-——ce C@ =c0w -OuX® Cgo— -
Vg O B O yTC— . E X0V O0@E - - BELb_c@cOn - ©OT@©O
Man.l)IO.lbOC W._Cc .0 . 0cQOV-EO0_VES._rO0DOKOVE T .- ~coo0v 0
LCOCOMBTDEO_TWE . 0 T>TCTSee0C._w._E_+WHO>0300 .5000+
IToaNcd1OoocMNMZan~XO0OEOXEENTLZIO0OO0 o I nNoXToO 0O o~ ©dn<<

BAsjc efi

- b ) N A
c ~& JQ%D? H— o —X .imﬂccmmn eﬂSC

B
a
S
4

e

L.

onga,

MmO O © I~ 0 O O d4 N M < I © M~ 0O o O 9 +«H «
© © ©o© ©o © © O© ~~ M~ M N N N MMM NN M O 00 oo

30



5 Anhang

5 Anhang

51 Publi kati onen
511 Absence of GPairt max ihd ao&fef e4€ t s Tumor Angi og

Through I ncrdeapedyd2dthiSwei tAy.

Schnei Wer t hann MEIndal PK, Arpornchayanon W, J:
Strieth S, Conrad M, Beck H.

Neopl a6t 8. Mar ;-63(3): 2514

31



5 Anhang

NE::C?)PLAS| A Volume 12 Number3  March 2010  pp. 254-263 254

www.neoplasia.com

Absence of Glutathione
Peroxidase 4 Affects Tumor
Angiogenesis through Increased
12/15-Lipoxygenase Activity’

Abstract

The selenoenzyme glutathione peroxidase 4 (GPx4) has been described to control specific cyclooxygenases (COXs)
and lipoxygenases (LOXs) that exert substantiated functions in tumor growth and angiogenesis. Therefore, we hy-
pothesized a putative regulatory role of GPx4 during tumor progression and created transformed murine embryonic
fibroblasts with inducible disruption of GPx4. GPx4 inactivation caused rapid cell death /n vitro, which could be pre-
vented either by lipophilic antioxidants or by 12/15-LOX-specific inhibitors, but not by inhibitors targeting other LOX
isoforms or COX. Surprisingly, transformed GPx4 "~ cells did not die when grown in Matrigel but gave rise to tumor
spheroids. Subcutaneous implantation of tumor cells into mice resulted in knockout tumors that were indistinguish-
able in volume and mass in comparison to wild-type tumors. However, further analysis revealed a strong vascular
phenotype. We observed an increase in microvessel density as well as a reduction in the number of large diameter
vessels covered by smooth muscle cells. This phenotype could be linked to increased 12/15-LOX activity that was
accompanied by an up-regulation of basic fibroblast growth factor and down-regulation of vascular endothelial growth
factor A protein expression. Indeed, pharmacological inhibition of 12/15-LOX successfully reversed the tumor pheno-
type and led to “normalized” vessel morphology. Thus, we conclude that GPx4, through controlling 12/15-LOX activity,
is an important regulator of tumor angiogenesis as well as vessel maturation.

Neoplasia (2010) 12, 254-263

Abbreviations: «SMA, a-smooth muscle actin; bFGF, basic fibroblast growth factor; COX, cyclooxygenase; ECM, extracellular matrix; FITC, fluorescein isothiocyanate; fpVCT,
flac-panel volume computed tomography; GPx4, glutathione peroxidase 4; HODE, hydroxy octadecadienoic acid; LOX, lipoxygenase; MEF, murine embryonic fibroblast;
MTT, thiazolyl blue tetrazolium bromide; PIGE placenta growth factor; TAM, 4-hydroxy-tamoxifen, tamoxifen; tMEF, transformed murine embryonic fibroblast; VEGF-A,
vascular endothelial growth factor A
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Neoplasia Vol. 12, No. 3, 2010

GPx4 and 12/15-LOX in Tumor Angiogenesis

Schneider et al. 255

Introduction

The selenoenzyme glutathione peroxidase 4 (GPx4) was initially de-
scribed as an important intracellular antioxidant enzyme for the pro-
tection of membranes by its unique capacity to reduce phospholipid
hydroperoxides [1]. Later, GPx4 has been considered to be involved
in eicosanoid synthesis by controlling cyclooxygenase (COX) and
lipoxygenase (LOX) activities [2]. Because these enzymes require
basal amounts of lipid hydroperoxides for their activation [3,4], the
modulation of GPx4 activity should effectively influence COX and
LOX activities and thus eicosanoid synthesis. Indeed, aberrant arachi-
donic acid metabolism has been demonstrated to play a crucial role in
carcinogenesis and tumor angiogenesis [5]. Thus, pharmacological tar-
geting of GPx4, which in turn influences arachidonic acid metabo-
lism, can be considered as a promising strategy to interfere with the
tumor-host communication. Yet, it has remained obscure if there is
specificity of GPx4 toward distinct LOX and COX isoforms and if
an unbalanced regulation of distinct enzymes may influence tumor de-
velopment in vivo [6]. Our recent study using inducible inactivation
of GPx4 in cells and mice provided unequivocal evidence that GPx4
effectively prevents oxidative stress—induced cell death by specifically
controlling 12/15-LOX [7,8]. The impact of 12/15-LOX (or the
corresponding human ortholog 15-LOX-1) on carcinogenesis seems
quite complex, and its role in cancer development and progression is
controversially discussed [9]. 12/15-LOX shows increased expression
in normal tissues and benign lesions, but not in carcinomas of the blad-
der, breast, colon, lung, or prostate [10-14]. However, other studies
suggested that the 12/15-LOX product, 13-S-hydroxyoctadecadienoic
acid (13-HODE), enhances colon carcinogenesis [15]. Moreover, 13-
HODE has been shown to enhance cell proliferation and to potentiate
the mitogenic response to epidermal growth factor (EGF) in different
cell types such as BALB/c 3T3, Syrian hamster embryo (SHE) cells
[16], as well as human pancreatic adenocarcinomas [16,17]. In addition,
overexpression of the human ortholog 15-LOX-1 induces extracellular
signal-related kinase 1/2 phosphorylation, decreased p21 (cip/WAF1)
expression, and increased colon cancer growth [18]. Conversely, Kim
et al. [19] described an antiproliferative effect of 15-LOX-1 in colorec-
tal cancer cells associated with p53 phosphorylation. In line with these
results, Shureiqi et al. reported that 13-HODE induces apoptosis and
cell cycle arrest in colorectal cancer cells [20]. Studies analyzing the
biological relevance of 12/15-LOX in the vascular system seem similarly
inconsistent, and 12/15-LOX has been described to either promote or
inhibit neovascularization. Here, we hypothesize a putative regulatory
role of GPx4 during carcinogenesis. We strongly believe that our ge-
netic model of inducible GPx4 disruption is an ideal model to study
tumor progression and tumor angiogenesis in the context of modified
linoleic acid metabolism because GPx4 ablation specifically leads to
changes in 12/15-LOX activity.

Materials and Methods

Cell Line and Reagents

The 4-hydroxy-tamoxifen (TAM)—-inducible GPx4 knockout mu-
rine embryonic fibroblasts (MEFs) were used as described by Seiler
et al. [7]. All cell culture reagents were purchased from Invitrogen
(Karlsruhe, Germany). MEFs were cultured at 37°C under 5% CO,
and 5% O, in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin. To maintain the viability of the cells after

induction of GPx4 deletion by adding TAM, cells were always main-
tained in the presence of (+)-6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid (Trolox; 1 uM, #56510; Sigma-Aldrich, Deisenhofen,
Germany), a water-soluble analog of a-tocopherol (see MTT Assay
for Cell Viability section). Tumor cells were harvested near conflu-
ence by brief trypsination in 0.25% trypsin/EDTA solution, washed
several times, and placed in sterile phosphate-buffered saline (PBS)
shortly before implantation. The pan-COX-inhibitor indomethacin
(I7378), the pan-LOX-inhibitor NDGA (N5023), and the 12/15-
LOX-specific inhibitors Baicalein (#465119) and PD146176 (P4620)
as well as 4-hydroxy-tamoxifen (H7904) were purchased from Sigma-
Aldrich. pBJ3Q ¢-Myc and pUC EJ6.6 Ha-ras"" were a kind gift from
Dr. Hartmut Land. Each time before performing an in vitro or in vivo
assay, GPx4-deleted cells were thoroughly washed with PBS to remove
Trolox. Furthermore, an aliquot of the cells was checked for GPx4 ex-
pression by quantitative polymerase chain reaction (PCR; see below).
As a second control, another aliquot was plated under normal cell culture
conditions without adding Trolox, and cell death was analyzed within the
next 48 to 72 hours (see below).

Transformation of Conditional GPx4-Deficient MEFs

For oncogenic transformation, GPx4-deficient MEFs were co-
transduced with e-Myc— and ha-ras”"*—expressing lentiviruses. Soft agar
assays were conducted to select for transformed cells. The assay was per-
formed in 60-mm dishes (BD Falcon; Becton Dickinson, Heidelberg,
Germany) containing two layers of soft agar. The top and bottom layers
were 0.3% and 0.4% agarose, respectively, in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum. A total
of 2 x 10* of the c-Myc— and ha-ras-infected cells were added to the
top layer before pouring. Single-cell colonies were isolated approxi-
mately 2 to 3 weeks after culturing at 37°C and 5% CO,. Single-cell
clones were individually expanded, and GPx4 deletion was tested later
in each of the established cell lines by adding TAM (+Trolox) followed
by analysis of GPx4 expression (see quantitative reverse transcrip-
tion [RT]-PCR) and cell death, respectively (see MTT Assay for Cell
Viability section).

Immunoblot Analysis

Cell lysates and tumor tissue lysates, protein concentration determi-
nation, and immunoblot analysis of GPx4 were performed as described
previously [7). Ha-ras"'? and c-Myc expression was confirmed using
anti—Ha-ras (#3965; Cell Signaling Technology, New England Bio-
laboratories, Frankfurt am Main, Germany) and anti—c-Mjyc antibodies
(sc-788; Santa Cruz Biotechnology, Heidelberg, Germany).

MTT Assay for Cell Viability

Cells were plated in 96-well plates at 1 x 10% cells per well and
incubated overnight. Cells were treated either with Trolox (a water-
soluble analog of a-tocopherol; #56510; Sigma-Aldrich), with the
pan-COX inhibitor indomethacin, the general LOX inhibitor NDGA
and the 12/15-LOX-specific inhibitors Baicalein and PD146176 for
72 hours at various concentrations. Then, 10 pl of 5 mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; M2003;
Sigma-Aldrich) in PBS was added to 100 pl of culture media. Plates
were incubated for 4 hours, and the formazan precipitate was redis-
solved in 200 pl of 0.04N HCI in isopropanol. The absorbance at
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540 nm was recorded using a Sunrise microplate absorbance reader

(Tecan, Crailsheim, Germany).

Three-dimensional BD Matrigel Assay

Three days before starting the assay, deletion of GPx4 was induced
by adding TAM to the cell culture medium. To ensure survival of the
cells, Trolox, which fully complements GPx4 deficiency in vitro (see
MTT Assay for Cell Viability section), was given as a supplement to
the medium.

Two types of frozen Matrigel (Matrigel as well as Growth Factor—
reduced Matrigel; #356234 and #35623; Becton Dickinson GmbH)
were thawed overnight at 4°C, and 200 pl of each undiluted Matrigel
was placed on 24-well plates and incubated for 1 hour at 37°C.
Thereafter, tGPx4 knockout as well as control cells were thoroughly
washed with PBS to remove Trolox. Cells were counted and 5 x
10% cells each were reconstituted in 20 pl of culture medium +
TAM. Finally, cells were plated on the BD Matrigel layer, coated with
200 ! of undiluted Matrigel, and incubated for an additional hour at
37°C. Normal cell culture medium + TAM was added on the top layer.
In parallel, the same amount of wild-type and knockout cells was plated
on uncoated 24-well plates + TAM, and GPx4 deletion was verified by
analyzing cell death within the next 48 to 72 hours.

The average number of spheroids per well was determined after
14 days of growth in both types of Matrigel. Pictures were taken from
triplicate experiments.

RNA Isolation, Reverse Transcription, and Quantitative RT-PCR

Cells were kept 72 hours under the conditions described above add-
ing either TAM and Trolox or Trolox alone to the cell culture medium.
Total RNA was extracted with the Qiagen RNA isolation kit (RNeasy
Mini Kit #74106; Qiagen, Hilden, Germany), and residual genomic
DNA was removed by the RNase-Free DNase Set (#79254; Qiagen).
RNA was reverse-transcribed into complementary DNA as described
before [21]. Real-time PCR was performed with Lightcycler in a
reaction volume of 10 pl using SYBR Green I (LC-FastStart DNA
Masterm“s, #03 515 885 001; Roche, Mannheim, Germany) according
to the manufacturer’s protocol. Primers were used at a final concentra-
tion of 0.5 1M each. An initial denaturation step at 95°C for 10 min-
utes was followed by 40 cycles of denaturation (95°C, 1 second),
annealing (65°C, 10 seconds), and extension (72°C, 20 seconds). Stan-
dard curve was prepared using four dilutions of complementary DNA
obtained from mouse embryonic fibroblasts. Relative messenger RNA
levels were normalized to B-actin messenger RNA levels in the same
samples. Primer sequences are as follows: GPx4 A forward (5'-GCA
ACCAGT TTG GGA GGC AGG AG-3'), GPx4 B reverse (5'-CCT
CCA TGG GAC CAT AGC GCT TC-3'); B-actin forward (5'-CTA
CGA GGG CTA TGC TCT CCC-3') and reverse (5'-CCG GAC
TCATCG TAC TCC TGC-3').

In Vivo Tumor Model

For in vivo implantation studies, cells were kept for at least 72 hours
under TAM and Trolox, and the knockout was verified as described
above. Before injecting the cells, cells were washed thoroughly with
PBS to remove TAM and Trolox. After cell counting, 5 x 10° ¢-Myc/
Ha-ras""?~transformed GPx4-deficient or GPy4-proficient MEFs di-
luted in 100 pl of sterile PBS were implanted subcutaneously into

the flanks of C57BL/6 or severe combined immunodeficient (SCID)

mice, respectively. Tumors were collected 16 days after implantation
(n = 8 mice per group). Tumor volume was calculated by caliber mea-
surement according to the following formula: V' (mm?) = (length x
width x high) x /6. For the in vivo pharmacological studies, mice were
treated with Baicalein (1.5 mg/kg in Tween 20) orally every second day
beginning at day 3 after tumor cell implantatdon.

Mice were kept under standard conditions with food and water
ad libitum (ssniff, Soest, Germany). All animal experiments were per-
formed in compliance with the German Animal Welfare Law and
have been approved by the institutional committee on animal experi-
mentation and the government of Upper Bavaria.

Hematoxylin-Eosin Histology
Five-micrometer sections of 4% (wt./vol. in PBS) paraformaldehyde-
fixed and paraffin-embedded tumor material were stained as de-

scribed [22].

Immunobhistochemistry and Image Analysis

Tumor tissue samples were snap frozen in liquid nitrogen and
stored at -80°C. Ten-micrometer frozen sections were prepared using
a cryotome (HM 560; Microm, Walldorf, Germany) and mounted on
poly-L-lysine—coated glass slides (Menzel, Braunschweig, Germany).
Immunostaining was performed using a phospho-histone H3 anti-
body (1:200; # 9701; Cell Signaling Technology, New England Bio-
laboratories) for proliferating cells, a CD31 antibody (1:800; BM 4086B;
Acris Antibodies, Hiddenhausen, Germany) for endothelial cells, an
a-smooth muscle cell antibody (1:200, A2547; Sigma-Aldrich) to
mark endothelial coverage by vascular smooth muscle cells/pericytes
and the ApopTag Peroxidase /n Situ Apoptosis Detection Kit (S7100;
Serologicals Corporation, Millipore, Schwalbach, Germany) for the
detection of apoptotic nuclei according to the manufacturers’ recom-
mendations. Immunoperoxidase staining was performed using the
Vector ABC Kit and Vector DAB Kit (Vector Laboratories, Linaris,
Wertheim-Bettingen, Germany).

Quantification of Proliferation and Apoptosis

The number of proliferating or apoptotic cells, respectively, was de-
termined in a genotype-blinded fashion in 10 random microscopic
visual fields at 200-fold magnification and quantified using pixel-based
thresholds in a computer-assisted image analysis software (KS400 Im-
aging System; Carl Zeiss Vision, Hallbergmoos, Germany) defined as

positively stained area per total area.

Quantification of Blood Vessel Density

The number of total blood vessels was determined in a genotype-
blinded fashion by counting the number of blood vessels in 10 random
microscopic visual fields at 200-fold magnification. Blood vessel den-
sity, defined as percentage of CD31-positive staining per unit area, was
quantified using pixel-based thresholds in a computer-assisted image
analysis software (KS400 Imaging System; Carl Zeiss Vision).

Quantification of Pericyte-Covered Tumor Vessels

Tumor sections were double-stained with anti-CD31 antibody for
endothelial cells, and anti-a-smooth muscle actin («SMA) antibodies
for smooth muscle cells/pericytes. The number of a-smooth muscle
cell-covered vessels was determined in a genotype-blinded fashion in
10 random microscopic visual fields at 200-fold magnification.
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Figure 1. Inducible deletion of GPx4 in transformed cells leads to rapid cell death, which can be prevented by Trolox or 12/15-LOX inhibitors.
(A) MEFs isolated from conditional GPx4 knockout mice were transfected with a TAM-inducible GPx4 knockout system [7]. MERCreMER
(MER = mutated estrogen receptor) is retained in the cytosol. On addition of TAM, MERCreMER translocates to the nucleus where Cre-
mediated deletion of the floxed GPx4 alleles occurs. (B) Immunoblot analysis with a monoclonal antibody directed against murine GPx4
peptide shows strongly reduced GPx4 protein levels after TAM administration (upper panel). TAM-inducible GPx4 MEFs were transformed

with the oncogenes ¢-Myc and Ha-ras"'?

using lentivirus-mediated gene transfer. The expression of both oncogenes was confirmed by

immunoblot analysis (lower panel). (C) TAM-induced cell death of GPx4 knockout MEFs can be prevented by Trolox or (D) by the general
LOX inhibitor NDGA and the 12/15-LOX specific inhibitors Baicalein and PD146176 but not by the general COX inhibitor indomethacin. Cell
viability was determined 72 hours after TAM treatment by MTT assay. Trolox, NDGA, Baicalein, or PD146176 treatment caused a statistically
significant increase in cell viability compared with cell viability in nontreated GPx4-deleted cells.

In Vivo Fluorescence Microscopy

Experiments were performed in male C57BL/6 mice (8-10 weeks
old, 25-35 g, n = 4 mice per group). A dorsal skinfold chamber was
implanted under anesthesia (subcutaneous injection of 75 mg of ke-
tamine hydrochloride/25 mg xylazine per kilogram body weight) as
described [23]. Animals were allowed to recover from the chamber
implantation surgery for 2 to 3 days before tumor cells were inocu-
lated into the skinfold chamber preparation.

Before measurement of vessel diameter and vessel density at days
7, 10, and 14 after tumor cell implantation, animals were placed in a
polycarbonate tube and were injected intravenously with 0.1 ml of a
fluorescein isothiocyanate (FITC)-labeled dextran solution (5% in
0.9% NaCl, My = 200,000, FD20; Sigma-Aldrich).

The chamber preparation was mounted on an individually designed
microscope stage (Axioplan; Zeiss, Jena, Germany), and tumor vascu-
larization was observed by using a 20x objective (LD acroplan; Zeiss).
Epi-illumination was achieved with a 100-W mercury lamp with a
fluorescence filter for FITC (excitation, 450-490 nm; emission, 515-
525 nm). Images of microvessels in five areas of the tumor were acquired

by using a CCD camera (AVC D7; Sony, Tokyo, Japan), displayed on a

video monitor and recorded on digital tapes by using a video recorder

(SVO-9500MD; Sony) for offline analysis.

Flat-Panel Volume Computed Tomography Imaging

Mice were imaged with flat-panel volume computed tomography
(fpVCT), a nonclinical volume computed tomography prototype (GE
Global Research, Niskayuna, NY) as described [24,25]. In brief, mice
were anesthetized with vaporized isoflurane at 0.8% to 1% concentration,
centered on the fpVCT gantry axis of rotation, and placed perpendicu-
larly to the z-axis of the system. At distinct time points, iodine-containing
contrast agent, 150 pl of Isovist 300 (Bayer-Schering, Berlin, Germany)
per mouse, was applied intravenously approximately 30 seconds before
scan, and for better demonstration of small blood vessels, the blood
pool agent eXia 160 (Binito Biomedical Inc, Ottawa, Canada) was ad-
ministered intravenously 90 seconds before each scan as described by
Jannasch et al. [25]. All data sets were acquired with the same protocol:
500 views per rotation, 4 seconds rotation time, 360 used detector rows,
tube voltage of 80 kilovolt (peak), and a current of 100 mA. A modi-
fied Feldkamp algorithm was used for image reconstruction resulting in
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isotropic high-resolution volume data sets (512 x 512 matrix, with an
isotropic voxel size of approximately 100 ptm). For tumor segmentation
and volume estimation, data sets were analyzed with voxtools 3.0.64
Advantage Workstation 4.2 (GE Healthcare, UK).

Enzyme-Linked Immunosorbent Assay for Vascular
Endothelial Growth Factor A, Placenta Growth Factor,
and Basic Fibroblast Growth Factor

Lysates from GPx4 knockout and control tumors as well as cell cul-
ture supernatants from both types of cells were prepared, and enzyme-
linked immunosorbent assays (ELISAs) for vascular endothelial growth
factor (VEGF; MMV00), placenta growth factor (PIGF; MP200),
and basic fibroblast growth factor (bFGE DFB50; all purchased from
R&D Systems GmbH, Wiesbaden-Nordenstadt, Germany) were per-
formed as described in the accompanying Quantikine ELISA protocols.
All ELISA results were read on a Sunrise microplate absorbance reader
(Tecan) at an absorbance of 450 nm, with wavelength correction at
550 nm, and calculated according to the manufacturers’ reccommenda-
tons. Total protein concentrations of tumor homogenates and super-
natants were measured with the BCA Protein Assay Kit (#23227;
Pierce, Fisher Scientific GmbH, Schwerte, Germany).

Statistical Analysis

Statistical analysis was performed using SigmaStat software. The
statistical significance of the results was tested by Student’s # test. P <
.05 was considered statistically significant. Results were expressed as
mean + SD.

Results

Transformation of Inducible GPx4 Knockour MEFs with the
Oncogenes c-Myc and Ha-ras""

To investigate the impact of GPx4 depletion on tumorigenesis,
we took advantage of our recently established TAM-inducible GPx4
knockout fibroblasts (Figure 14) [7]. These cells were cotransduced
with ¢-Myc— or Ha-ras""?—expressing lentiviruses. To establish stably
transformed cell lines, colony formation assays were performed, which
allowed to isolate single-cell colonies after 2 to 3 weeks of growth in
soft agar. Single-cell clones were individually expanded, and the ex-
pression of both oncogenes ¢-Myc and Ha-ras”'? was confirmed by im-
munoblot analysis (Figure 1B). All the following experiments were
performed using the c-Myc— or Ha-ras”"*~transformed TAM-inducible
GPx4 knockout fibroblasts (tGPx4).

As shown previously, inducible depletion of GPx4 in nontransformed
MEFs caused rapid cell death within 48 hours after knockout induc-
tion, which could be prevented either by a-tocopherol or by 12/15-
LOX-=specific inhibitors. Water-soluble antioxidants and 5-LOX- and
COX-specific inhibitors were shown to be ineffective in preventing cell
death [7]. To address whether transformed GPx4 knockout cells behave
differently with respect to cell proliferation and cell survival, the knock-
out was induced by TAM in the presence and absence of Trolox, an
a-tocopherol analog, and various LOX and COX inhibitors. Cell via-
bility was determined by MTT assay 72 hours after TAM treatment.
As illustrated in Figure 1, C and D, cell death of transformed GPx4
knockout cells could be prevented by Trolox, NDGA, Baicalein, and
the 12/15-LOX-specific inhibitor PD146176, but not by the COX
inhibitor indomethacin. Hence, in terms of cell viability 7 vitro, trans-
formed GPx4-null cells do not substantially deviate from the non-
transformed parental cell lines.

tGPx4-Deficient MEFs Form Tumor Spheroids in
Three-dimensional Extracellular Matrix

One characteristic of tumor cells is their ability to form three-
dimensional structures in reconstituted extracellular matrix (ECM)
such as BD Matrigel, a solubilized basement membrane preparation
extracted from the Engelbreth-Holm-Swarm mouse sarcoma [26].
Interaction of tumor cells with the ECM is thought to be a critical
event in controlling angiogenesis and tumor growth. To compare the
(tumor cell) behavior of GPx4-deficient and -proficient transformed
MEFs, cells were plated in between two layers of BD Matrigel to
obtain a three-dimensional culture assay.

Unexpectedly, tGPx4-null cells embedded in three-dimensional BD
Matrigel survived and indeed formed tumor cell colonies (Figure 2B).
Such colonies were similar in appearance and number (17.53 + 6.51;
Figure 2, B and E) compared with the colonies formed by control cells
(17.60 + 2.67; Figure 2, A and E). To test whether survival of GPx4-
deficient MEFs was dependent on the growth factor content of BD
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Figure 2. GPx4 knockout MEFs survive in BD Matrigel. TAM-induced
GPx4 knockout MEFs and uninduced control cells were either em-
bedded in BD Matrigel (A and B) or plated on normal culture dishes
(Cand D). After 14 days in BD Matrigel, GPx4 knockout cells formed
tumor spheroids (B and E) that were comparable in appearance and
number to tumor spheroids formed by control cells (A and E). Similar
results were obtained when tumor cells were embedded in Growth
Factor-reduced Matrigel (F). In contrast, GPx4 knockout cells plated
on normal dishes died within 48 hours (D).
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Figure 3. GPx4-deficient transformed MEFs are capable to form tumors in vivo (A-D) and display elevated tumor proliferation and apop-

tosis (H-M). (A-F) c-Myc/Ha-ras""?~transformed GPx4-deficient MEF

s were implanted subcutaneously into C57BL/6 mice. Tumors were

collected 16 days after implantation. Control and GPx4 knockout tumors did not show a significant difference in the macroscopic ap-
pearance (A-D), tumor volume (E), and tumor mass (F). (G) Deletion of GPx4 in the tumors was confirmed by immunoblot analysis. (H-J)
Immunohistologic analysis revealed a higher proliferation rate in GPx4 knockout tumors (I) compared with control tumors (H) using PH3
antibody as marker for proliferation. (K-M) TUNEL staining demonstrated more apoptotic cells in tumors derived from GPx4-deficient

tumor cells (L) compared with control tumors (M).

Matrigel, cell survival and colony formation were tested in parallel in
BD Growth Factor-reduced Matrigel. No significant difference in
the number of colonies could be found between the two types cells,
although the overall number of colonies was reduced under the condi-
tions of limited growth factor availability (12.77 + 7.07 control colonies
vs 13 + 5.24 knockout colonies; Figure 2F). In contrast, a strong reduc-
tion in cell number of #GPx4-null cells seeded on uncoated plates was
observed after 48 hours (Figure 2D), whereas wild-type cells survived
(Figure 2C).

Transformed GPx4-Deficient MEFs Form Tumors with
Higher Mitotic Activity but Also an Increased Number
of Apaptotic Cells

Because transformed GPx4-deficient cells died under normal cell
culture conditions, but survived and formed colonies when plated in
ECM-like BD Matrigel, we asked whether #GPx4-deficient cells gen-
erate tumors i vivo. To this end, #GPx4-deficient MEFs and the cor-
responding noninduced control cells were subcutaneously injected into
the flanks of C57BL/6 mice. Tumor growth was monitored every sec-

ond day, and tumors were harvested and analyzed at day 16 after tumor
cell injection. Surprisingly, GPx4-deficient and GPx4 control tumors
revealed no significant difference with regard to morphologic appearance
(Figure 3, A and D), tumor volume (1399.49 + 767.21 vs 1427.86 +
1088.49 mm?; Figure 3E) and tumor mass (1.77 + 0.72 s 1.62 +
1.58 g; Figure 3F). To exclude the possibility that tumors arose from
noninduced wild-type cells in the TAM-treated group, GPx4 expression
in tumor tissue was analyzed by immunoblot analysis with a GPx4-
specific antibody. As illustrated in Figure 3G, tumor lysates showed
strongly reduced GPx4 expression, indicating that tumors were indeed
derived from #GPx4-null cells.

Interestingly, immunohistochemical staining using the proliferation
marker phospho-histone H3 revealed an increase in the proliferation
rate of GPx4-deficient tumors (8.08 + 2.07%) compared with con-
trol tumors (6.82 + 2.08%; Figure 3, H—/). Whereas tumors from
both groups displayed regions of necrosis, the portion of apoptotic
cells was higher in GPx4-deficient tumors (3.85 + 0.78%) than in
control tumors (2.30 + 1.22%) as detected by TUNEL staining (Fig-
ure 3, K-M).
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To quantitate the precise tumor growth and progression over time in
a noninvasive fashion, we applied the high-resolution imaging tech-
nique, fpVCT. By virtual isolation of the tumor from the acquired iso-
tropic high-resolution fpVCT data sets, tumor volumes were calculated
automatically by considering all three dimensions, allowing the genera-
tion of precise growth kinetics for each tumor over time. Single fpVCT
scans of the entire mice after application of an iodine-containing con-
trast agent were performed three times per week beginning at day 3 after
tumor cell inoculation. In addition, at day 7 and day 14 after tumor
cell implantation, we applied the blood pool contrast agent eXia 160
to illustrate the intratumoral vascular network as well as the vessel re-
cruitment from the host in response to the developing tumor. Evalua-
tion of GPx4-deficient tumors and control tumors over time by fpVCT
imaging yielded no differences in tumor size and progression. Further-
more, contrast medium—containing blood vessels with sizes greater than
150 pm in diameter around and within the tumors were determined.
The observed recruitment of host vessels by the tumors as well as the
characteristics of large diameter tumor vessels was comparable within

the two groups (Figure 4, A-D).

Increased Number of Microvessels in GPx4-Deficient Tumors

GPx4-deficient tumors displayed a higher rate of apoptotic cells,
nevertheless an increase in tumor cell proliferation. Therefore, no signifi-
cant alterations about tumor size, tumor weight, or growth rate could
be determined between GPx4-deficient tumors and control tumors.
In the next step, we performed CD31 immunostaining to evaluate
tumor vascularization. Analysis of serial sections for the CD3 1-positive
area demonstrated a markedly increased number of small microvessels in
GPx4-deficient tumors (total vessel number, 364 + 119.21), whereas
control tumors displayed decreased total vessel numbers (279.73 +
83.79; Figure 5, A-D). However, it is noteworthy that, in control
tumors, the mean vessel area was clearly augmented compared with
GPx4 knockout tumors (mean +SEM: 100.26 + 10.35 vs 83.94 +
12.69 pm?).

To analyze the density of effectively perfused tumor vessels i vivo,
tGPx4-deficient MEFs and control cells were implanted into the dorsal
skinfold chamber. Tumor cells were implanted 3 days after chamber
preparation, and 77 vivo fluorescence microscopy was performed at days
7, 10, and 14 after intravenous administration of FITC-dextran, respec-
tively. At days 7 and 10, no differences were observed in vessel diameter
and vessel density between GPx4-deficient and control tumors. How-
ever, at day 14, GPx4-null tumors showed a significantly higher func-
tional microcapillary density (262.96 + 13.72) than control tumors
(202.26 + 13.97; Figure 5, E-G), whereas control tumors had a signifi-
cantly increased tumor vessel diameter and caliber size (15.93 + 0.60 vs

9.95 + 0.47; Figure 5, E, F, and H).

Decreased Number of aSMA-Covered Vessels

Tumor vessels were also characterized with respect to smooth mus-
cle cell/pericyte coverage by staining tumor sections with anti-CD31
and anti-aSMA antibodies; smooth muscle cell-positive vessels were
defined as CD31-positive structures associated with «aSMA-positive
cells. Analysis of double-stained sections revealed a statistically sig-
nificant reduction in aSMA-positive vessels in GPx4 knockout tumors
when compared with control tumors (7.21 + 1.81 s 12.25 + 0.76;
Figure 6, A-C).

VEGF-A, PIGF, and bFGF Levels of Tumors Derived from
tGPx4 Deficient Cells Were Similar to Control Tumors
Because GPx4 knockout tumors displayed a higher microvessel den-
sity that was associated with poor mural cell coverage, we wondered if
this might be due to an increased endothelial growth factor production
by GPx4 knockout tumors. Therefore, we quantified the amount of
VEGEF-A, PIGE and bFGF in tumor tissue lysates. Surprisingly, all en-
dothelial growth factor levels obtained from control tumors (VEGEF-A,
479.61 + 220.55 pg/ml; PIGE 221.41 + 151.27 ng/g; bEGE 272.63
125.33 pg/ng) did not differ from the values obtained from GPx4
knockout tumors (VEGF-A, 555.63 + 432.29 pg/ug; PIGE 257.04 +

day 14

Figure 4. /n vivo imaging by fpVCT showed no significant alterations for GPx4-null tumors. SCID mice with tumors derived from either
GPx4-knockout cells or control cells were scanned over time using fpVCT in combination with the blood pool agent eXia 160. Repre-
sentative pictures from fpVCT data sets show that 7 days after implantation of tumor cells, tumors with comparable volumes formed in
both groups (A and C), whereas vessels could not be detected (B and D); red circles indicate tumor localization. Likewise, at the end of
the experiment, 14 days after tumor cell implantation, there were no differences in tumor volume and tumor vascularization between the
two groups. Note that the tumors of both groups showed similar vessel recruitment (arrows). Scale bars, 10 mm.
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Figure 5. Altered tumor vascularization in GPx4-null tumors com-
pared with control tumors. (A-D) Immunohistologic evaluation of
CD31-stained tumor sections revealed higher vessel density, in
particular more microvessels in GPx4 knockout tumors. (E-H) For
analysis of functional vascular density and vessel diameter, GPx4-
deficient cells were implanted into the dorsal skinfold chamber
preparations in mice. The microvessel density in knockout tumors
is significantly increased (E-G). However, newly formed vessels
had thinner diameter and markedly reduced vessel lumina in con-
trast to control tumors (E, F, and H).

83.82 ng/ug; bFGE 233.03 + 67.26 pg/ug). Because the SD in tumor
tissue samples was high, we also analyzed cell culture supernatants after
induction of GPx4 deletion (see below).

Increased bFGF and Decreased VEGF-A Levels in
Supernatants of GPx4-Deleted tMEFs

Quantification of VEGF-A, PIGE and bFGF levels in supernatants
of GPx4-deleted tMEFs and control cells revealed a decrease in VEGF-A

protein expression levels (729.4 + 29.38 pg/pg in control super-
natants »s 204.8 + 6.13 pg/ng in GPx4 knockout supernatants), no
change in the levels of PIGF (2.49 + 1.29 ng/ug in control vs 2.13 +
0.76 ng/ng in GPx4 knockout supernatants), as well as a strong increase
in bFGF expression levels (14.6 + 6.37 pg/ug in control vs 38.4 +
8.66 pg/ng in GPx4 knockout supernatants). The increase of bFGF
is in accordance with data from the literature describing that the 12/

15-LOX product 13-HODE is an inducer of bFGF [27].

Baicalein Treatment of Tumor-Bearing Mice Reverses the
Vascular Alterations in GPx4-Deficient Tumors

Baicalein, a specific LOX inhibitor, was originally described as an
inhibitor of platelet-type 12-LOX, but later also reported to inhibit
human 15-LOX [28]. Moreover, Baicalein has already been success-
fully used for treating neurological disorders in mice [29,30]. Because
cell death of #GPx4 knockout cells could be prevented by Baicalein
in vitro, we sought to address whether the effects of GPx4 disruption
and perturbed 12/15-LOX activity might be reverted by Baicalein ad-
ministration in vive. For this reason, GPx4 knockout and GPx4 con-
trol tumor-bearing mice were treated daily by intraperitoneal injections
of Baicalein. Immunohistologic analyses of Baicalein-treated tumor tis-
sue revealed a clear reduction in microvessel density (untreated GPx4
knockout tumors 8.40 + 0.45% wvs treated knockout tumors 6.54 +
0.85%; Figure 7, A-C), which was accompanied by an increase in tumor
vessel diameters and mural cell coverage evaluated by «SMA-positive
vessels (untreated GPx4 knockout tumors 7.21 + 1.81 25 treated knock-
out tumors 9.22 + 2.55; Figure 7D). Tumor vessel density and smooth
muscle cell/pericyte coverage in Baicalein-treated control tumors revealed
no difference compared with the untreated control group (tumor vessel
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Figure 6. Vessels of GPx4-null tumors show diminished pericyte
coverage. To further analyze vessel morphology, double staining
for CD31 and aSMA was performed on tumor sections (A and
B). We observed a reduced number of pericyte covered vessels
in GPx4 knockout tumors when compared with control tumors (C).
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Figure 7. Baicalein treatment reversed the vascular alterations in
GPx4 knockout tumors. The increased microvessel density (A-C)
as well as the reduced number of vessels covered by smooth
muscle cells in GPx4 knockout tumors (D) could be reverted by
Baicalein administration /n vivo. Vascular alterations were evaluated
by CD31 immunohistochemistry as well as by CD31/aSMA double
staining. Note the strong reduction of the overall vascular area (C) as
well as the increase of the number of smooth muscle cell covered
vessels (D) after Baicalein treatment.

density 8.79 + 0.29% in untreated control tumors »s tumor vessel den-
sity 8.40 + 0.42% in Baicalein-treated control tumors).

Discussion
Numerous studies focusing on the relationship between polyunsaturated
fatty acid metabolism and carcinogenesis have identified novel promis-
ing compounds targeting COX and LOX activities for anticancer thera-
pies [5,31]. Our recent findings, which identified GPx4 as an important
regulator of LOX-catalyzed arachidonic and linoleic acid metabolism by
specifically keeping 12/15-LOX activity on a low level [7], prompted us to
investigate the function of GPx4 in tumorigenesis and tumor angiogenesis.
Therefore, we transformed TAM-inducible GPx4 knockout MEFs with
the oncogenes c-Mye and Ha-ras"". Like in the nontransformed parental
cell line, inducible GPx4 disruption caused massive cell death i vitro,
which could be prevented by lipophilic antioxidants such as Trolox as well
as by broad-range LOX inhibitors or 12/15-LOX-specific inhibitors.
Contrary to our expectations #GPx4-deficient cells survived when em-
bedded into BD Matrigel as well as into Growth Factor—reduced Matrigel
and formed three-dimensional “tumor spheroids,” which were compa-
rable to spheroids formed by tGPx4 wild-type cells. When implanted
subcutaneously into mice, 1GPx4-deficient cells formed tumors that
were indistinguishable from wild-type tumors regarding tumor mass or
volume. However, further analysis revealed a strong vascular phenotype.
Tumors derived from tGPx4-deficient cells displayed more micro-
vessels. This phenotype was combined with a reduced number of large
diameter vessels as well as a reduction of endothelial tubes covered by

smooth muscle cells. Because overexpression of 15-LOX-1 in human
prostate cancer cell line PC-3 led to high levels of VEGF-A secretion
and therefore enhanced tumor angjiogenesis [32], we were interested to
analyze whether GPx4-deficient tumors also produce higher levels of
VEGEF-A. Interestingly, elevated 12/15-LOX activity in tGPx4 cells
did not result in increased VEGF-A protein levels in tumor tissues.
In addition, neither PIGF nor bFGF protein expression levels were in-
creased in vivo. However, analysis of cell supernatants derived from
GPx4-deficient and -proficient tMEFs revealed even a decrease of
VEGEF-A protein expression levels and, at the same time, an increase in
bFGF expression levels. The increase of bEGF protein expression levels is
in accordance with previous data, showing that the 12/15-LOX product
13-HODE can induce this proangiogenic growth factor. Altogether,
results from various studies investigating the biological relevance of 12/
15-LOX in the vascular system seem rather inconsistent. 12/15-LOX
expression and function have been extensively studied in endothelial
cells, smooth muscle cells, and atherosclerotic animal models, where it
was shown to play a role in vascular remodeling as well as in the progres-
sion of atherosclerotic lesions [33,34]. Conversely, tumor studies demon-
strated that the enzyme and its metabolites can either promote or inhibit
neovascularization. For example, tumor formation and angiogenesis were
inhibited in transgenic mice overexpressing 15-LOX-1 in endothelial
cells [35]. In line with these data, Viita et al. [36] showed antiangiogenic
action of 15-LOX-1 in a model of hindlimb ischemia. Here, 15-LOX-1
significantly decreased all angiogenic effects induced by VEGF-A and
PIGE including capillary perfusion, vascular permeability, vasodilatation,
and increase in capillary number.

One explanation for such inconsistent observations is that 12/
15-LOX overexpression might not necessarily result in an increased
activity of the enzyme. However, our genetic model of GPx4 ablation
leads to increased 12/15-LOX activity, and application of specific 12/
15-LOX inhibitors specifically prevents cell death in vitro. Interestingly,
no up-regulation of 12/15-LOX RNA or protein can be observed after
GPx4 deletion. A second explanation might be that various tumor
cell types might behave in a different way when exposed to altered
12/15-LOX activity.

By treating our GPx4-deprived tumor-bearing mice with the broad-
range LOX inhibitor Baicalein, we could successfully reverse the vascu-
lar alterations. Thus, we conclude that GPx4 through controlling 12/
15-LOX activity is an important regulator of tumor angiogenesis as well
as vessel maturation. Second, modulating 12/15-LOX activity through
GPx4 might be an interesting way to reshape tumor vessels.
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