HE[NR[CHZ;;/(
UNIVERSITAT

DUSSELDORE

Funktionen der alternsrelevanten Proteine
Thioredoxin-1 und Telomerase Reverse
Transkriptase in umweltinduzierten Prozessen

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Heinrich-Heine-Universitit Disseldorf

vorgelegt von

Nicole Biichner

aus Bremen

Diisseldorf, Mai 2010



aus dem Leibniz-Institut fiir umweltmedizinische Forschung
an der Heinrich-Heine Universitét Diisseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultit der
Heinrich-Heine-Universitiat Diisseldorf

Referent: PD. Dr. Judith Haendeler
Koreferent: Prof. Dr. William Martin

Tag der miindlichen Priifung:



Erkliarung

Hiermit erklére ich, die vorliegende Dissertation eigenstindig und ohne unerlaubte Hilfe
verfasst und diese in der vorgelegten oder dhnlicher Form noch bei keiner anderen Institution
eingereicht zu haben. Alle Angaben, die verdffentlichten Schriften entnommen sind, wurden

als solche gekennzeichnet.

(Nicole Biichner)

Diisseldorf, 26. Mai 2010






Inhaltsverzeichnis

1. Altern und AlternStheorien ................ooooiiiiiiiiiiii e 2
2, HAULAILEITING ...t eee ettt e et e et e et e e et e e sateeesseeessteesnseeanseessseeessseesnseesnseennseenn 6

2.1 Effekte von Thioredoxin-1 bei strahlungsinduzierter Hautalterung.............cccccoooeeiiiiiiicnncnnenn. 7
3. GEFABAILEITINE ..ottt ettt ettt et e bt e bt e s be e s bt e s bt e sbeesbtesbtesatesaeesateenneenee 10
4. Regulation von TERT ...ttt ettt ettt e sanesraesnneenneenns 11
5. Regulation von mitochondrialer TERT ...................cccoi i 15
6. Effekt von TERT auf die durch korperliche Ertiichtigung

reduzierten Alternsmerkmale iz Vivo .............c.ccocoiviiiiiiiiiiiiiiieeeeeeeeee e 16
7. Direkte Effekte von ultrafeinen Partikeln auf Endothelzellen................................ 18
8o AUSDIICK ...ttt et et e b ettt ettt e bt e b e bt e be e bt e naeas 20
9. ZUSAMMENTFASSUIIG ........ooviiiiiiiiiiiieieeie ettt ete e e be e be e bt e st e bt e beesseesseesseesseesseesseesseessnesnsesnsesnns 24
T0. SUIMIMATY ...ttt b e b e b e s a e e e bt e sae e s ateeabeeabeeateeabeenbeenbe e be e bt enbeenbeaseas 26
11, LiteraturverzeiChmis..............cccoiiiiiiiiiiieiiee ettt ettt ettt e te et et e b e s e naeas 27
12. Eigene VeroffentlichUungen ...................oooooiiiiiiniiniinieiece et 33



1. Altern und Alternstheorien

Bislang ist noch nicht vollstindig geklirt, warum ein Organismus altert. Wie alt ein Mensch wird,
hingt zwar unter anderem von seinem Lebensstil ab, aber hoher als 115 Jahre liegt die maximale
Lebenserwartung nur im Ausnahmefall. In der Gesellschaft wird allgemein davon ausgegangen, dass
bereits im Erbgut festgelegt ist, wie hoch die Lebenserwartung des Finzelnen maximal ist. In
Wirklichkeit beeinflussen jedoch viele Prozesse in der Zelle, die sich auf molekularer Ebene abspielen
den biologischen Grundvorgang des Alterns. Hinzu kommen weitere Faktoren wie Krankheiten,
vermehrter Verschleil und schlechte Umgebungsbedingungen. Daher ist es manchmal schwierig
Alterungssymptome von Krankheiten zu trennen.

Eine einheitliche Theorie des Alterns gibt es nicht. Die verschiedenen Alternstheorien, die stetig
erweitert und veridndert werden, stammen aus unterschiedlichen Forschungsbereichen und verstehen
sich nicht als Gegenmodelle, sondern als unterschiedliche Erkldrungsansitze, die jeweils einen Aspekt
des Alterns besonders betonen.

Die Ergebnisse dieser Arbeit nehmen Bezug auf drei bedeutende Theorien des Alterns. Die Theorie
der Telomerverkiirzung, die Theorie des oxidativen Stresses und die mitochondriale Theorie des
Alterns.

Von Spezies zu Spezies variiert die maximal mogliche Lebensspanne, ebenso weisen Zellen des
selben Lebewesens unterschiedliche maximale Lebenszeiten auf. Schon 1961 wurde von Hayflick
beschrieben, dass Zellen ein phasenhaftes Teilungspotential besitzen, sich aber nicht unbegrenzt teilen
konnen. Die letzte Phase, die so genannte Krise, ist dadurch gekennzeichnet, dass die Zellen ihr
Teilungspotential verlieren und absterben (Hayflick und Moorhead 1961). Nachdem von Hayflick
gezeigt wurde, dass Zellen nur eine begrenzte Anzahl von Zellteilungen durchfiihren kdnnen, wurde
von Olovnikov erstmals angenommen, dass der Grund hierfiir die Verkiirzung der Telomere ist
(Olovnikov 1996).

Telomere bilden die Enden der Chromosomen und sind fiir deren Stabilitdt und Integritit notwendig.
Sie bestehen aus repetitiven DNA-Elementen, die in allen Vertebraten aus der Sequenz TTAGGG
bestehen, und eine Gesamtlidnge von 5 bis 15 kbp aufweisen. Die erste Telomersequenz wurde 1978
von Elizabeth Blackburn beschrieben (Blackburn und Gall 1978), die fiir ihre diesbeziiglichen
Arbeiten 2009 mit dem Nobelpreis ausgezeichnet wurde. Zusammen mit regulatorischen Proteinen
bilden die Telomere den Telomerkomplex. Die Telomere schiitzen die Chromosomen vor
Fusionsereignissen mit anderen Chromosomen und davor als DNA Doppelstrangbriiche erkannt und
infolgedessen degradiert zu werden (Blackburn 2001). Sie bilden eine Art mitotische Uhr, weil die
Enden der Chromosomen durch die DNA-Polymerase nicht vollstindig repliziert werden und die
Telomere sich somit bei jeder Zellteilung verkiirzen. Dieser Umstand wird als Endreplikationsproblem

bezeichnet (Blasco 2005). Ab einer kritischen Telomerldnge, dem Hayflick-Limit, kommt es zu einem



Zellzyklusarrest und damit zu replikativer Seneszenz (Hayflick und Moorhead 1961; Vaziri et al.
1993). Die Telomere sind demzufolge zentrale Regulatoren des Alternsprozesses.

Zur Umgehung dieses Problems gibt es es vor allem in mitotisch hoch aktiven Zellen Systeme zur
Telomerverlidngerung, zum einen das Enzym Telomerase (Blackburn 2001) und zum anderen den
Mechanismus der alternativen Verlingerung von Telomeren (ALT) (Muntoni und Reddel 2005).
Telomerase ist ein Ribonukleoproteinkomplex der aus zwei Hauptkomponenten besteht. Sie wurde
1985 von Carol Greider, die fiir ihre Arbeit ebenfalls 2009 mit dem Nobelpreis ausgezeichnet wurde,
in humanen Zellen entdeckt (Greider und Blackburn 1985). Telomerase besteht aus der katalytischen
Untereinheit Telomerase Reverse Transkriptase (TERT) und einer RNA Komponente (TERC), welche
bei der Synthese der Telomere als Matrize dient (Greider und Blackburn 1989; Nakamura und Cech
1998). Fiir den Aufbau und die Aktivitdt des Holoenzyms sind zusitzliche Telomerase-assoziierte
Proteine essentiell.

Wihrend TERC in fast allen Geweben exprimiert wird, ist TERT nicht in allen Geweben nachweisbar
(Liu  1999). Demzufolge beeinflussen TERT und seine Regulation malgeblich die
Telomeraseaktivitit. Besonders in hochregenerativen Geweben ist eine betrichtliche
Telomeraseaktivitit nachweisbar. So weisen Zellen der Keimbahn, Stammzellen und Tumorzellen
eine hohe Telomeraseaktivitit auf, wihrend die Enzymaktivitit in Zellen des Himatopoetischen
Systems und in humanen somatischen Fibroblasten nur schwer nachweisbar ist. In Endothelzellen
konnte Telomeraseaktivitit sowohl in vitro als auch in vivo nachgewiesen werden (Hsiao et al. 1997,
Minamino et al. 2002; Haendeler et al. 2004; Jakob und Haendeler 2007).

Die Lebensspanne einer Zelle wird nicht nur durch die Telomerverkiirzung bestimmt. Stochastische
Faktoren die in der Signaltransduktion oberhalb der Telomerverkiirzung liegen, kénnen ebenso die
Lebensspanne einer Zelle beeinflussen. Einer dieser moglichen Faktoren ist oxidativer Stress. Die
Theorie des oxidativen Stresses hat ithren Ursprung in der Alternstheorie der freien Radikale die 1956
zuerst von Harman postuliert wurde. Sie erklért, dass es mit zunehmendem Alter zu einer Erhohung
der freien Radikale in den Zellen kommt, und dass die Zellen durch die im Stoffwechsel entstehenden
Radikale geschédigt werden und somit altern (Harman 1956).

Ein GrofBteil der freien Radikale bilden die reaktiven Sauerstoffspezies (ROS), die vorwiegend in
Geweben mit hohem Sauerstoffumsatz, wie zum Beispiel Gehirn, Herz, Muskel und Leber gebildet
werden. Zu den ROS zdhlen das Superoxidanion (O,"), das Hydroxylradikal (OH) und
Wasserstoffperoxid (H,0,). AuBlerdem reagiert das O, “-Radikal direkt mit Stickstoffmonoxid (NO),
wodurch Peroxynitrit (ONOQO") gebildet wird, welches Zellmembranen leicht passieren kann. Durch
die Bildung von Peroxynitrit, kommt es zusétzlich zum oxidativen Stress auch zu nitrosativem Stress,
der ebenfalls zu zellschidigenden Modifikationen von Makromolekiilen fiihrt.

ROS haben verschiedene Urspriinge in der Zelle. Die wichtigsten endogenen ROS Quellen sind die
NADPH Oxidasen, die Mitochondrien und die entkoppelte NO-Synthase (NOS), die mit

vortschreitendem Alter statt NO verstirkt O2™ produziert (Higashi et al. 2006). Im Allgemeinen sind
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ROS fiir die Zellfunktion essentiell, es wird jedoch auch eine Reihe von antioxidativen Systemen
benoétigt, die der Wirkung von ROS entgegenwirken. Die Akkumulation von ROS wird auf diese
Weise vermieden und die Menge an generierten ROS auf ein physiologisches Level begrenzt. In der
Zelle stehen somit ROS generierende, oxidative Systeme und antioxidative Systeme in einem
physiologischen Gleichgewicht. Man spricht von einem kontrollierten Redoxgleichgewicht. Eine
Storung dieses Gleichgewichts, entweder durch die Produktion von ROS oder durch eine reduzierte
antioxidative Kapazitit, fithrt zu einem Zustand der allgemein als oxidativer Stress bezeichnet wird
(Sies und Cadenas 1985). Hierbei kommt es durch ROS zu schiddigenden Modifikationen von
biologischen Molekiilen einschlieBlich Proteinen, Desoxyribonukleinsduren (DNA) und Lipiden.

Zu den antioxidativen Systemen zdhlen Enzyme und Molekiile mit der Eigenschaft, ROS zu
beseitigen, zu reduzieren oder zu inaktivieren. Als antioxidative Systeme wirken unter anderem
Superoxiddismutasen, Peroxiredoxine, Katalase, Glutathionperoxidasen, Glutaredoxin und das
Thioredoxinsystem. Superoxidanionen werden durch Superoxiddismutasen zu H,O, reduziert und
dann hauptsichlich durch Katalase, aber auch durch Glutathionperoxidasen zu Wasser metabolisiert.
Bei diesem Vorgang spielt das Glutathionsystem eine wichtige Rolle. Hierbei wird Glutathion zu
Glutathiondisulfid oxidiert, das wiederum durch die Glutathionreduktase zu Glutathion reduziert wird,
welches erneut in diesem System zur Verfligung steht. Ein weiterer Haupt-Redoxregulator in Zellen
neben dem Glutathionsystem ist das Thioredoxinsystem.

Das  Thioredoxinsystem besteht aus den zwei Oxidoreduktasen Thioredoxin  und
Thioredoxinreduktase. Thioredoxin ist ein wesentlicher Redoxregulator (Holmgren 1989; Nordberg
und Arner 2001), der ubiquitér in S#dugerzellen exprimiert ist (Holmgren 1989). Die Thioredoxin-
Familie, zu der die drei Proteine Thioredoxin-1 (Trx-1), Thioredoxin-2 (Trx-2) und sp-Thioredoxin
gehoren, besitzt eine konservierte redoxregulatorische Doméne mit der Aminosdureabfolge Cys-Gly-
Pro-Cys. In Trx-1 sind die redoxaktiven Cysteine an Position 32 und 35 im Protein lokalisiert
(Holmgren 1989). Trx-1 reduziert iiber seine redoxregulatorische Domine Disulfidbriicken von
Proteinen und wird dadurch selbst oxidiert. Trx-1 wird anschlieBen durch die Thioredoxin-1-
Reduktase (TR1) wieder reduziert und somit regeneriert, als Kofaktor dient hierbei NADPH. Die
zentrale Rolle von Trx-1 wird daraus ersichtlich, dass Trx-1 defiziente Miuse wéhrend der
Embryonalentwicklung sterben (Matsui et al. 1996).

Trx-1 besitzt nicht nur die Rolle einer Oxidoreduktase im Thioredoxinsystem, sondern {ibt iiber seine
redoxregulatorische Doméne noch weitere Funktionen aus. Trx-1 kann iiber diese Doméne auch ROS,
zum Beispiel H,O,, direkt reduzieren (Nordberg und Arner 2001), jedoch spielt diese Reaktion eine
untergeordnete Rolle. Des Weiteren interagiert Trx-1 durch Bildung von Disulfidbriicken mit
verschiedenen zytosolischen Proteinen und reguliert so deren Funktion (Liu und Min 2002; Schulze et
al. 2002). Neben diesen Befunden ist auch bekannt, dass Trx-1 in den Zellkern transloziert und durch

Bindung an verschiedene Untereinheiten von Transkriptionsfaktoren deren Aktivitit reguliert



(Matthews et al. 1992; Schenk et al. 1994; Hirota et al. 1997; Watson und Jones 2003; Schroeder et al.
2007).

Die antioxidativen Systeme unterscheiden sich in den einzelnen Zellkompartimenten. Im Zytosol
stehen die Kupfer-Zink-Superoxiddismutase (SOD 1), die Katalase, Glutathionperoxidasen,
Glutaredoxin und das Thioredoxinsystem im Vordergrund, wihrend im Nukleus besonders Trx-1 und
die APEX nuklease 1 (apurinic/apyrimidinic endonuclease 1) hervorzuheben sind (Lukosz, ... ,
Biichner et al.)). In den Mitochondrien konnen die O,"-Radikale durch die Mangan-
Superoxiddismutase (SOD 2) zu H,O, dismutiert werden. Zudem verfiigen Mitochondrien iiber ein
eigenes Thioredoxinsystem, das aus Thioredoxin-2 und der zugehorigen Thioredoxin-2-Reduktase
(TR2) besteht. Das aus der Dismutation entstandene H,O, wird von Glutathionperoxidasen oder vom
Peroxiredoxin 3/Thioredoxin-2-System zu H,O reduziert (Thomas et al. 2008).

Lange Zeit glaubte man dass die Bildung von ROS generell schédlich fiir die Zelle ist. Heute weil3
man, dass ROS in der Zelle fiir den Organismus lebensnotwendig sind und eine wichtige Rolle bei
Signaltransduktionsprozessen in der Zelle spielen (Ristow und Zarse 2010). So ist eine Vielzahl von
Proteinen bekannt, deren Funktionen redoxreguliert sind (Gutierrez et al. 2006; Lopez-Mirabal und
Winther 2008; Lukosz, ... , Biichner et al. 2010).

Mitochondrien sind die Hauptquelle der zelluldren Energie und werden deshalb oft als Kraftwerke der
Zelle bezeichnet. Neben ihrer Hauptaufgabe in der Energiebereitstellung sind Mitochondrien zudem
zentrale Regulatoren des Zelltodes aber auch eine Quelle von ROS. Die Energie stellen Mitochondrien
in Form von Adenosintriphosphat (ATP) zur Verfiigung, dessen Generierung durch die zelluldre
Atmungskette erfolgt. Es handelt sich hierbei um einen Prozess, der durch fiinf Proteinkomplexe
betricben wird. Die Komponenten der Atmungskette befinden sich in der inneren
Mitochondrienmembran. Komplex I (NADH : Ubichinon—Oxidoreduktase) der Atmungskette
tibertrdgt Elektronen von NADH iiber das Coenzym Q10 auf Komplex III (Ubihydrochinon :
Cytochrom c—Oxidoreduktase). Von hier werden die FElektronen durch Cytochrom c auf den
Komplex IV (Cytochrom c : O, — Oxidoreduktase) transferiert, wo sie auf O, tibertragen werden und
0O, zu H,0 reduziert wird. Der Elektronentransfer an den Komplexen I, III und IV ist mit einem
Transport von Protonen von der Matrix in den Intermembranraum verbunden. Es wird so ein
Protonengradient iiber die Mitochondrienmembran aufgebaut, der im letzten Schritt der Atmungskette
durch den Protonenriickfluss iiber Komplex V (F,F;-ATP-Synthase) zur Bildung von ATP aus
Adensosindiphosphat (ADP) und anorganischem Phosphat genutzt wird. Innerhalb der Atmungskette
kommt es durch das fehlerhafte Ubertragen von Elektronen an den Komplexen I und III zur Bildung
von ROS. Diese mitochondriale ROS-Produktion wird unter anderem von der Rate des
Elektronenflusses durch die Atmungskettenkomplexe bestimmit.

Mit fortschreitendem Alter kommt es, wie in der von Harman aufgestellten Theorie der freien
Radikale beschrieben, zu einer erhohten Bildung von ROS (Harman 1956). Ebenso verindert sich die

Mitochondrienfunktion, wenn Zellen das Ende ihrer replikativen Lebensspanne erreichen. Dies fiihrt
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zu einer erhohten Produktion von ROS und einer metabolischen Ineffizienz, was allgemein als
mitochondriale Dysfunktion beschrieben wird (Allen et al. 1999; Hutter et al. 2002; Zwerschke et al.
2003; Hutter et al. 2004; Passos et al. 2007).

Mitochondrien sind das am stirksten reduzierende Zellkompartiment und sehr sensibel in Bezug auf
Oxidation.  Demnach  scheint  oxidativer = Stress eine der  Hauptursachen  von
Mitochondrienfehlfunktionen zu sein. Mitochondrien enthalten eigenes genetisches Material, die
mitochondriale DNA (mtDNA), ein beim Menschen 16559 bp langes zirkuldres doppelstringiges
Molekiil, welches in mehrfacher Kopie in jedem Mitochondrium vorliegt. Durch die Ndhe der mtDNA
zur Atmungskette ist sie den schidigenden Einfliissen der dort gebildeten ROS unmittelbar ausgesetzt
und somit wesentlich anfilliger als nukleire DNA (Mandavilli et al. 2002). Die Schiadigung der
mtDNA manifestiert sich unter anderem in Form von Basenmodifikationen. Die Konsequenz sind
fehlerhaft oder gar nicht mehr transkribierte mitochondriale Gene (Miquel 1991). Auf der mtDNA
sind 13 Untereinheiten der Atmungskettenkomplexe kodiert (Mandavilli et al. 2002). Es kann somit
durch Schiddigung der mtDNA zu einer fehlerhaften Expression von Atmungskettenproteinen
kommen, was wiederum Fehlfunktionen in der Atmungskette zur Folge hat. Dysfunktionale
Mitochondrien bilden wiederum eine erhohte Menge an O2" -Radikalen, was zu einer weiteren
Schidigung der mtDNA fiihrt. Eine Schadigung der mtDNA steht also mit der Produktion von
mitochondrialen ROS in Wechselbeziehung. Hierbei entsteht eine Art ,,Teufelskreis“, der sich in
vielen Alternsprozessen niederschlidgt. Es konnte gezeigt werden, dass Mutationen der mtDNA im
normalen Alternsprozess akkumulieren und die Funktion der Atmungskette umgekehrt proportional
dazu abnimmt, was zu einer Abnahme der Energiebereitstellung fiihrt und als mitochondriale Theorie

des Alterns zusammengefasst wird.

2. Hautalterung

Mechanismen des Alterns, wie sie fiir den gesamten Organismus von Bedeutung sind, spielen auch bei
der Hautalterung eine Rolle. Die Haut stellt aufgrund der besonderen Schutzfunktion fiir den Korper,
jedoch eine Ausnahme im Alternsprozess dar. Als mechanische und biologische Grenze zwischen
inneren Organen und Umwelt ist die Haut tédglich einer Vielzahl von exogenen Einfliissen ausgesetzt,
die nicht nur einmal und direkt, sondern auch repetitiv und mit gro3er Latenz, einwirken.

Man unterscheidet bei der Hautalterung die intrinsische und extrinsische Hautalterung. Bei der
intrinsischen Hautalterung wird von der genetischen oder chronologischen Alterung gesprochen, bei
der extrinsischen von der exogenen oder vorzeitigen Hautalterung. Morphologisch ist die intrinsische
Hautalterung nicht immer scharf von der extrinsischen zu trennen. Hautalterung manifestiert sich in

Faltenbildung, reduzierter struktureller Integritit und beeintrichtigter Wundheilung, bedingt durch



Verinderungen in der Extrazelluldren Matrix, die hauptsédchlich aus Kollagen Il (Kol Iol) besteht
(Jenkins 2002). Im Vergleich zu junger Haut wurden in gealterter Haut vermindertes Kol Ia1, erhShtes
Elastin und hohere Level des Kollagen abbauenden Enzyms Matrixmetalloproteinase-1 (MMP-1)
gezeigt (Jenkins 2002). Vorrangige Aufgabe der Matrixmetalloproteinasen (MMPs) ist es, dermale
Matrixproteine proteolytisch zu degradieren, die Hauptsubstrate der MMPs sind Strukturproteine der
Dermis, wie Kollagene und Gelatine. Dieser Abbau fiihrt letztendlich zu den klinisch und histologisch
sichtbaren Verinderungen, die charakteristisch fiir gealterte Haut sind.

Bei der vorzeitigen Hautalterung spricht man, weil sie zu grolen Teilen durch Sonnenstrahlung
hervorgerufen wird, auch von Lichtalterung. Hauptursache der Lichtalterung ist die chronische
Exposition der Haut mit solarem ultraviolettem (UV) Licht. UV-Strahlung wird in drei
Spektralbereiche eingeteilt: UV-C mit der kiirzesten Wellenlidnge (100 - 280 nm), sowie UV-B (280 -
315 nm) und UV-A (315 - 400 nm) mit lingeren Wellenldngen. Hervorzuheben ist, dass nur UV-A-
(UVA) und UV-B-Strahlung (UVB) die menschliche Haut erreicht und penetriert. Zudem haben
verschiedene Untersuchungen gezeigt, dass auch Infrarotstrahlung einer Wellenlénge von 760 - 1440
nm (IRA) eine Rolle bei der Lichtalterung spielt (Schroeder et al. 2010).

Von UV-Strahlung ist bekannt, dass sie mehrere biologische Effekte iiber unterschiedliche
Mechanismen erzeugt, in denen ROS eine wichtige Rolle spielen. Sowohl fiir UVA als auch fiir UVB
wurde gezeigt, dass sie zu oxidativen Schiden und zur ROS Produktion fiihrt (Herrling et al. 2002;
Herrling et al. 2003). Im allgemeinen beinhaltet die Wirkung von UV-Strahlung folgende
Mechanismen (Gonzalez und Pathak 1996): (a) direkte Interaktion von Photonen mit Zielmolekiilen
wie DNA, (b) Generierung von reaktiven freien Radikalen und/oder ROS und (c) Induktion von
proinflammatorischen Molekiilen, welche die physiologische Produktion von ROS induzieren. Fiir
IRA zeigte sich ebenfalls eine Erhhung von intrazelluldren ROS.

Fiir alle drei Strahlungsarten (UVA, UVB, IRA) wurde nachgewiesen, dass sie die Expression und
Aktivitit von MMP-1 steigern, und es dadurch zu einem Ungleichgewicht zwischen
Kollagenneubildung und Kollagenabbau kommt, was Veridnderungen der extrazelluliren Matrix nach

sich zieht. (Krutmann 2003).

2.1 Effekte von Thioredoxin-1 bei strahlungsinduzierter Hautalterung

Dermale Fibroblasten kénnen vor den negativen Effekten von UVA, UVB und IRA durch nicht-
enzymatische und enzymatische Antioxidantien geschiitzt werden (Yan et al. 2005; Russo und
Halliday 2006; Schroeder et al. 2007). Es war daher von Interesse, ob auch Trx-1 in der Lage ist, die

Haut vor Lichtalterung zu schiitzen. Zu diesem Zweck habe ich den FEinfluss von Trx-1 auf



strahlungsinduzierte Verdnderungen der Expression von Kollagen Ial (Kol Iatl) und MMP-1 sowie
die zugrunde liegenden zelluldren Signalwege untersucht (Biichner et al. 2008).

Im Rahmen dieser Studie bestrahlte ich primire dermale Fibroblasten von mehreren Spendern mit
physiologisch relevanten Dosen von UVA, UVB und IRA. Des Weiteren inkubierte ich in einem
Parallelansatz die Zellen nach der Bestrahlung mit rekombinantem, humanem Trx-1, um einen
therapeutischen Ansatz zu simulieren. Die RNA Expression von Kol Ioel und MMP-1 wurde in den
Versuchen durch quantitative Polymerase-Kettenreaktion (qPCR), die Proteinmenge iiber
Immunoblot-Analysen nachgewiesen.

Eine Bestrahlung der Fibroblasten mit UVA, UVB und IRA fiihrte, wie erwartet zu einer Erhhung
der MMP-1 RNA- und Proteinlevel. Uberraschenderweise inhibierte Trx-1 nur die durch UVA nicht
aber die durch UVB induzierte Expression von MMP-1. Der Befund, dass Trx-1 der UV A-induzierten
Heraufregulation der MMP-1 Expression entgegenwirkt, deckt sich mit Untersuchungen von Yan et
al., in denen gezeigt wurde, dass das Antioxidans Tempol den gleichen Effekt hervorruft (Yan, Hong
et al. 2005). Alle drei Strahlungsarten reduzierten die Kol Il RNA Expression signifikant.
Interessanterweise wirkte die Inkubation der dermalen Fibroblasten mit Trx-1 den durch UVB und
IRA induzierten negativen Effekten auf die Kol Io.l Expression entgegen, wihrend sich kein Einfluss
auf die UV A-Regulation zeigte (Abbildung 1). Diese Befunde weisen eindeutig darauf hin, dass die
Regulation beider Gene durch die verschiedenen
spektralen Anteile des Sonnenlichts iber
unterschiedliche Signalwege verliuft.

Es ist bekannt, dass die UVB induzierte

Heraufregulation von MMP-1 in dermalen Fibroblasten

A MMP-1 ¥ Kol lal von der Phosphoinositol-3-Kinase abhingig ist

Expression Expression (Brenneisen et al. 2002). Im Gegensatz dazu wurde fiir

Trx-1 gezeigt, dass es den Phosphoinositol-
3 Kinase/Akt-Signalweg aktiviert (Haendeler et al.

2004). Daher ist es nicht verwunderlich, dass die

exogene Gabe von Trx-1 die Steigerung der UVB
Abb. 1.: Signalprozesse der Lichtalterung.
UVA, UVB und IRA induzieren eine
Heraufregulation der MMP-1 Expression und  verhindern kann.

Herabregulation der Kol Iol Expression. Die . . .
UVA und UVB induzierte Regulation der Es wurde bereits gezeigt, dass Trx-1 an die p50-

Proteine MMP-1 und Kollal erfolgt iiber  {yhtereinheit des Transkriptionsfaktors NFKB binden
unterschiedliche Signalwege. Trx-1 ist in der

Lage die UVA und IRA induzierte MMP-1 und dessen DNA-Bindeaktivitit erhohen kann
Heraufregulation und die UVB und IRA
induzierte ~ Kol Ial =~ Herabregulation zu

induzierten MMP-1-mRNA-Expression nicht

(Matthews, Wakasugi et al. 1992). Ebenso wurde
beeinflussen. gezeigt, dass UVA die Translokation einer anderen

NF«xB-Untereinheit, p65, in den Zellkern induziert
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(Wenk et al. 2004). Daher war es naheliegend zu untersuchen, ob NFxB fiir die durch Trx-1
inhibierbare UVA induzierte Heraufregulation von MMP-1 notwendig ist. Die Blockade des NFxB-
Signalwegs mit dem NFxB-Inhibitor Pyrrolidin-dithiocarbamat (PDTC) hob den Trx-1-Effekt auf die
durch UVA induzierte MMP-1-Expressionserhohung auf, hatte aber, wie Trx-1 selbst, keinen Einfluss
auf die UVA-vermittelte Repression von Kol Iatl. Dies ldsst darauf schlieBen, dass die UVA-
Regulation der Kollagensynthese, im Gegensatz zum UV A-induzierten Kollagenabbau, nicht iiber
einen NFkB-abhidngigen Signalweg vermittelt wird. Auch dies deckt sich mit Befunden anderer
Arbeitsgruppen, die zeigten, dass die Transkription von Kol Iatl in Fibroblasten nicht von NFkB
kontrolliert wird (Buttner et al. 2004). Zusammenfassend ldsst sich sagen, dass Trx-1 in dermalen
Fibroblasten nur NFxB-abhingige Gene regulieren kann.

Interessanterweise konnte Trx-1 die Heraufregulation von MMP-1 sowie die Herabregulation von
Kol Il durch IRA blockieren, was auf einen gemeinsamen Signalweg in der Regulation beider Gene
hinweist. Es ist bekannt, dass die IRA induzierte MMP-1-Heraufregulation funktionell von der
Bildung mitochondrialer ROS abhiingt (Schroeder et al. 2007) und dass die Uberexpression von Trx-1
die mitochondriale ROS Bildung inhibiert (Zhou et al. 2007). Demzufolge kann man vermuten, dass
die inhibitorischen Effekte von Trx-1, im Fall von IRA-regulierter Genaktivitit, auf die antioxidative
Kapazitiat von Trx-1 zuriickzufiihren ist. Es wire deshalb denkbar Trx-1 in Kombination mit bereits
genutzten Therapeutika, die andere Signalwege beeinflussen, als "anti-Photoaging-Cocktail" zu
verwenden.

Es ist nicht erstaunlich, dass Trx-1 sich derart unterschiedlich auf die durch UVA, UVB und IRA
induzierten Effekte, beziiglich der Regulation von MMP-1 und Kol Ial, auswirkt. Dies liegt in der
Multifunktionalitidt des Proteins begriindet, welches sowohl als Oxidoreduktase fungiert, aber auch
iber seine Cysteine an Position 32 und 35 mit anderen Proteinen wechselwirken, und damit deren
Funktion regulieren kann. Im Zytoplasma steht hochstwahrscheinlich die Oxidoreduktasefunktion im
Vordergrund. Nach Translokation in den Zellkern ist wahrscheinlich die Reduktion von
Transkriptionsfaktoren entscheidend, da viele Transkriptionsfaktoren nur an DNA binden und damit
genregulatorisch wirken kdnnen wenn kritische Cysteinreste reduziert vorliegen (Lukosz, ... , Biichner
et al. 2010). Zur Unterscheidung, ob die zytoplasmatische oder die nukledre Funktion zur
Verhinderung von strahlungsinduzierten Hautalterungsphédnomenen notwendig ist, konnten spezifische
Trx-1-Mutanten eingesetzt werden, welche die Translokation in den Zellkern durch Mutation mehrerer

Lysinreste im Carboyterminus von Trx-1 verhindern (Schroeder et al. 2007).



3. GefaBalterung

GefiBalterung ist durch eine beeintrdchtigte Endothelfunktion und eine Versteifung der Arterien
charakterisiert (O'Rourke und Hashimoto 2007). Im Prozess der GefidBalterung spielen unter anderem
auch die durch oxidativen Stress induzierten Veridnderungen von biologischen Molekiilen eine Rolle,
so dass sich die von Harman postulierte Alternstheorie der freien Radikale auch in der Entwicklung
von alternsassoziierten Gefaverdnderungen wiederspiegelt.

Das Endothel bildet die innerste Zellschicht der Gefalwand, liegt also zwischen dem strémenden Blut
und der glatten GefiaBBmuskulatur. Stickstoffmonoxid (NO) ist ein kurzlebiges, radikales Gas, das
wichtige Funktionen im Gefal} hat. Es wirkt gefderweiternd, senkt dadurch den GefdaBwiderstand und
Blutdruck und verbessert somit die Durchblutung. NO verhindert die Proliferation von glatten
GefidBmuskelzellen. Zudem wirkt NO anti-thrombotisch und verhindert die Adhidrenz von Monozyten
und damit das Eindringen dieser Zellen in die GefdBwand. NO wird von den NO-Synthasen (NOS) aus
Sauerstoff und der Aminosdure L-Arginin unter NADPH Verbrauch synthetisiert. Das von der
endothelialen NOS (eNOS) produzierte NO wirkt aulerdem in Endothelzellen, durch S-Nitrosylierung
eines essentiellen Cystein im katalytischen Zentrum von Caspasen, anti-apoptotisch (Dimmeler et al.
1997; Li et al. 1997). Caspasen bilden eine Familie von Cysteinproteasen, die wesentlich an der
Apoptoseinduktion beteiligt sind (Nunez et al. 1998). Eine der Hauptverdnderungen im Zuge der
Alterung des Gefifles ist eine geringere Bioverfiigbarkeit von NO als Folge einer reduzierten eNOS-
Proteinmenge und Aktivitit. Die Folge ist eine daraus folgende erhohte Sensitivitit der Endothelzellen
gegeniiber apoptotischen Prozessen (Hoffmann et al. 2001).

Weitere Mechanismen, die als wesentlich fiir die GefidBalterung diskutiert werden sind: (a) Eine
gesteigerte Arginase [-Expression und Aktivitit (Santhanam et al. 2007), die dazu fiihrt, dass die
Enzyme Arginase I und eNOS um das gleiche Substrat, L-Arginin kompetitieren und so die NO
Bioverfiigbarkeit weiter reduzieren (Kim et al. 2009). (b) Eine gestdrte Redox-Balance, die sich in
gealterten Gefdllen durch eine gesteigerte Aktivitit der NADPH Oxidasen, einer Anhdufung von
dysfunktionalen Mitochondrien, sowie einer reduzierten Trx-1-Proteinmenge duflert (Wallace et al.;
Lambeth 2007; Jones 2008; Altschmied und Haendeler 2009).

(c) Eine reduzierte Prokollagen 1-Synthese und reduzierte MMP1-Expression und Aktivitit. Durch
den verminderten Abbau von Kollagen kommt es zur Akkumulation und Ablagerung von Kollagen 1
in der Matrix. Dies fiithrt zur Versteifung der Gefidfle und zu erhohtem Blutdruck im Alter (Diez 2007;
Greenwald 2007). (d) Ein Verlust von Telomeraseaktivitit und Telomerase Reverse Transkriptase-
(TERT) Proteinmenge. Wihrend der GefédBalterung kommt es durch eine geringere NO-
Bioverfiigbarkeit und die erhdhte Bildung von ROS zu einer verminderten TERT-Expression in vitro
und in vivo. Dadurch vermindert sich die Funktionalitit der Endothelzellen, so dass die

gefiBauskleidende Schicht vermehrt dysfunktionale Endothelzellen enthilt (Erusalimsky 2009;
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Farsetti et al. 2009). Demzufolge ist es von wesentlicher Bedeutung die Regulation von TERT in vitro

und in vivo zu verstehen.

4. Regulation von TERT

Schon vor Beginn meiner Arbeiten waren telomerunabhingige Funktionen von TERT beschrieben.
Das Enzym spielt nicht nur eine Rolle in der Telomerverlingerung, sondern wirkt auch als
Apoptoseinhibitor in verschiedenen Zelltypen (Fu et al. 1999; Mattson und Klapper 2001; Oh et al.
2001; Gorbunova et al. 2002), darunter auch Endothelzellen (Haendeler et al. 2003). Zum Verstindnis
unter welchen Bedingungen welche Funktionen von TERT ausgeiibt werden, ist es unerlésslich die
Regulation der Aktivitit dieses Proteins zu verstehen.

Zum einen kann die Verfiigbarkeit von TERT auf transkriptioneller Ebene reguliert werden. An
diesem Prozess sind verschiedene Transkriptionsfaktoren beteiligt, darunter z. B. c-Myc (Wang et al.
1998) , Spl (Kyo et al. 2000), HIF-1 (hypoxia inducible factor 1) und AP-1(activating protein-1) (Kyo
et al. 2008).

Entscheidende Prozesse der TERT-Regulation finden jedoch auch auf post-translationaler Ebene statt.
Hier sind die Interaktionen von TERT mit Bindungspartnern und die TERT-Phosphorylierung durch
verschiedene Kinasen zu nennen. Die Kinase Akt (Proteinkinase B) hat eine dominante Rolle in der
Aktivierung von TERT in Endothelzellen (Breitschopf et al. 2001). Durch Akt wird, iiber die
Phosphorylierung von Serin 823 im TERT Protein, die Telomeraseaktivitit gesteigert. Fiir die
Telomeraseaktivitit im Kern ist zudem die Bindung von Hsp90 an TERT essentiell, da Hsp90 den
TERT/Akt Komplex stabilisiert (Haendeler et al. 2003). Kinasen der Src-Familie hingegen kénnen
TERT inaktivieren. In Folge von Alterung und einem damit verbundenen Ungleichgewicht im
Redoxzustand kommt es in Endothelzellen zu oxidativem Stress und einer damit verbundenen
erhohten Src-Kinaseaktivitit. Dies hat eine Src-abhédngige Phosphorylierung von TERT am
Tyrosinrest 707 (Y707) und einen TERT-Kernexport zur Folge (Haendeler et al. 2003; Jakob, ...,
Biichner et al. 2008), was in einer erhohten Sensitivitit gegeniiber Apoptose und vorzeitiger
Seneszenz resultiert (Haendeler et al. 2003; Haendeler et al. 2004).

Aufgrund der bedeutenden Funktion der Telomerase im Zellkern ist anzunehmen, dass der Export von
TERT stringent reguliert sein muss. Die Regulation kann entweder iiber die Dephosphorylierung von
TERT oder iiber die Inaktivierung der TERT phoshorylierenden Kinase erfolgen. Ein Kandidat fiir den
Gegenspieler des Src-abhingigen TERT-Kernexports ist die Phosphatase Shp-2, welche im Zytosol als
Regulator der Src-Kinase-Familie beschrieben ist (Doan et al. 2004). Daher untersuchten wir, ob Shp-
2 eine Rolle im TERT-Kernexport in Endothelzellen hat (Jakob, ... , Biichner et al. 2008). In dieser
Arbeit konnten wir zeigen, dass sich Shp-2 nicht nur im Zytosol, sondern auch im Zellkern befindet

und dort mit TERT assoziiert vorliegt. Shp-2 erhoht die Telomeraseaktivitdt im Zellkern und schiitzt
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TERT unter physiologischen Bedingungen vor dem Src-induzierten Kernexport. Fiir die Retention im
Zellkern ist die katalytische Aktivitdit von Shp-2 notwendig, was darauf hindeutet, dass Shp-2
entweder das phosphorylierte Tyrosin 707 in TERT dephosphoryliert oder dessen Phosphorylierung
durch Inaktivierung der Src-Kinasen Src oder Yes verhindert (Biichner et al. 2010). In Endothelzellen
wird die Menge an Shp-2 sowie die Shp-2-Phosphataseaktivitit durch oxidativen Stress verringert,
was letztendlich zum Export von TERT aus dem Zellkern fiihrt.

Wihrend einige Proteine nur in einem zelluldren Organell lokalisiert sind, gibt es auch andere die in
mehr als einem Zellkompartiment zu finden sind. Einige Proteine von denen man bisher annahm, dass
sie nur im Zytosol und/oder Zellkern vorkommen, wurden erst vor wenigen Jahren in Mitochondrien
nachgewiesen, darunter auch TERT (Santos et al. 2004; Santos et al. 2006). Basierend auf diesen
Befunden untersuchte ich die Lokalisation von TERT in Mitochondrien und ihre Funktionen in diesen
Zellorganellen in vitro und in vivo (Haendeler, ... , Biichner et al. 2009). Nach Zellfraktionierung
konnte ich Telomeraseaktivitit im Kern, Zytosol und in Mitochondrien von humanen primiren
Endothelzellen aus der Nabelschnur (HUVEC) und der Zelllinie HEK293 detektieren und TERT-
Protein in den Mitochondrien nachweisen. TERT besitzt neben einem Kernlokalisationssignal im C-
terminus eine Aminosdureabfolge im N-terminus, welche eine typische Mitochondrienimportsequenz
darstellt. Proteine mit einer solchen Importsequenz werden iiber die Translokasen der &duBeren
(TOM: translocases of outer membrane) und inneren Membran (TIM: translocases of inner membrane)
in die Mitochondrien transportiert. Durch Immunoprézipitationsstudien konnte ich zeigen, dass TERT
mit dem TOM20/TOM40-Komplex und dem TIM23-Komplex interagiert, was auf einen
Importmechanismus iiber diese Proteinkomplexe schlieBen ldsst. Um die genaue Lokalisation von
TERT in den Mitochondrien zu bestimmen, verdaute ich die du3ere Mitochondrienmembran und die
Proteine im inneren Membranraum mit Proteinase K und konnte mit diesem Ansatz zeigen, dass ein
Teil des TERT-Proteins in der mitochondrialen Matrix lokalisiert ist. Da sich in der mitochondrialen
Matrix auch die mtDNA befindet, stellte sich die Frage ob TERT, das im Zellkern an die Enden der
Chromosomen bindet, auch mit mtDNA in Wechselwirkung treten kann, auch wenn diese als
ringféormiges Molekiil keine Telomerstrukturen ausbildet und in der Sequenz keine typischen
,,Telomerrepeats aufweist. Zur Kldrung dieser Frage wurde ein modifizierter Chromatin-
Immunoprizipitationsversuch durchgefiihrt, mit dem gezeigt werden konnte, dass TERT in Zellen
spezifisch an bestimmte Regionen der mtDNA bindet (Haendeler, J., ... , Biichner, N. et al. 2009).
Einen ersten Hinweis auf die Funktion der mtDNA-Bindung von TERT erhielten wir aus in vitro
Experimenten, in denen gezeigt wurde, dass TERT die mtDNA vor Abbau durch UV-Bestrahlung
schiitzt, wobei zu erwihnen ist, dass es sich hierbei nicht um einen Reparaturmechanismus handeln
kann, da nur die Vorinkubation mit TERT, nicht aber eine nachtrigliche Zugabe zum Reaktionsansatz
protektiv wirkte. Der Schutz der mtDNA gegen duBlere Einfliisse ist auch in lebenden Zellen relevant,
da die Expression von TERT in HEK293 Zellen diese vor mtDNA Depletion durch Behandlung mit

Ethidiumbromid schiitzte. Einen dhnlichen Nachweis konnte ich in einem weiteren Modell fiihren,
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indem ich primire Lungenfibroblasten aus TERT-defizienten (TERT /") Mausen und ihren Wildtyp-
Geschwistern isolierte, diese mit unterschiedlichen UVB-Dosen bestrahlte und danach die
Zellviabilitdt mit einem MTT-Test bestimmte, der eine Riickschluss auf die Mitochondrienaktivitit
erlaubt. In diesem Versuchsansatz zeigten die Fibroblasten aus den TERT/ -Tieren eine wesentlich
hohere Suszeptibilitdt ihrer Mitochondrienfunktion als die Zellen aus den Wildtyp-Tieren, was
wiederum den protektiven Effekt von TERT auf die Mitochondrien unterstreicht. Ein positiver
Nachweis des Einflusses von TERT auf die Mitochondrienfunktion wurde durch Uberexpression des
Proteins gefiihrt. In den transfizierten Zellen fiihrte, TERT zu einer erhohten Atmungskettenaktivitit,
hauptsichlich von Komplex I. Diese Aktivitit war an die enzymatische Aktivitdt von TERT gebunden,
da eine Mutante ohne Reverse-Transkriptaseaktivitit keinen Einfluss auf die Atmungskette hatte.
Auch diese Befunde konnten in vivo durch Messung der Respiration in Mitochondrien aus Herz und
Leber von TERT /- und Wildtyp-Tieren belegt werden. Interessanterweise ergaben diese
Experimente, dass zwar die respiratorische Aktivitit der Herzmitochondrien, nicht aber der gleichen
Organellen aus der Leber der TERT/"-Tiere stark reduziert war (Haendeler, ... , Biichner et al. 2009).
Dies ldsst darauf schlieen, dass die mitochondriale Funktion von TERT vor allem in postmitotischen
Geweben mit hoher respiratorischer Aktivitit wichtig ist.

Zusammenfassend zeigen diese neuen Befunde, dass sowohl die mitochondriale TERT als auch die

nukledre TERT wesentliche Zellfunktionen aufweisen (Abbildung 2).

Zytosol\

Nukleus

Plasmamembran

Abb. 2: Kompartiment-spezifische Funktionen von TERT. TERT schiitzt die Telomere im Nukleus vor
Degradation. Uber einen TOM/TIM abhingigen Mechanismus wird TERT in die Mitochondrien importiert.
Im Mitochondrium bindet TERT an mitochondriale DNA (mtDNA) und beeinflusst iiber Komplex I die
Atmungskettenaktivitdt. Die einzelnen Atmungskettenkomplexe sind nach allgemeiner Konvention mit
romischen Zahlen benannt.
Wie bereits erwidhnt sind Mitochondrien extrem sensitiv gegeniiber oxidativen Stress. Daher
untersuchte ich auch, ob TERT einen Einfluss auf die Bildung mitochondrialer ROS hat. Die
Herabregulation von TERT mittels shRNA fiihrte zu einer Erhohung der Menge an mitochondrialen
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ROS, was den Umkehrschluss zuldsst, dass TERT eine Erhohung von mitochondrialen ROS
verhindert. Dies spiegelt sich ebenfalls in einer reduzierten Sensitivitit gegeniiber H,O,-induzierter
Apoptose in TERT-iiberexprimierenden Zellen wider. Der Effekt der Apoptose-Inhibition steigerte
sich zudem durch die Uberexpression eines TERT-Fusionsproteins mit einer mitochondrialen
Lokalisationsequenz aus der Untereinheit VIII der humanen Cytochrom c-Oxidase, welche auch die
mtDNA Depletion durch Ethidiumbromid effizienter inhibierte als Wildtyp-TERT. Diese Befunde
zeigen eindeutig, dass TERT eine essentielle Funktion in der Aufrechterhaltung mitochondrialer
Funktionen hat. Von einer anderen Arbeitsgruppe wurde postuliert, dass mitochondriales TERT-
Protein unter oxidativem Stress verstirkt zu Schadigungen der mtDNA fiihrt und Zellen somit
empfindlicher gegeniiber oxidativem Stress macht (Santos et al. 2004). Allerdings erscheint auch im
Licht der Arbeiten von Ahmed et al. (Ahmed et al. 2008) eine protektive Funktion von TERT als
wahrscheinlicher. In diesen Untersuchungen wurde gezeigt, dass eine Uberexpression von TERT in
Fibroblasten die mtDNA schiitzt, das Mitochondrien-Membranpotential erhoht und die mitochondriale
Superoxid- und Peroxidproduktion verringert (Ahmed et al. 2008). Eine mogliche Erkldrung fiir die
Diskrepanz zwischen den Studien von Santos gegeniiber Ahmed und Haendeler kénnte auch die
Mengen an TERT in den Mitochondrien sein. In den von Santos et al. verdffentlichen Unteruchungen
wurden sehr hohe TERT-Mengen in Fibroblasten eingebracht. Auch ich konnte zeigen, dass
endogenes TERT exprimierende Zellen nach transienter TERT-Uberexpression neben hohen Mengen
an mitochondrialem TERT-Protein auch dysfunktionelle Mitochondrien aufweisen (unpublizierte
Ergebnisse).

Interessanterweise ist TERT nicht das einzige "nukledre" Protein, das in den Mitochondrien
nachgewiesen werden konnte. Auch der Transkriptionsfaktor STAT3 (Signal Transducer and
Activator of Transcription 3), der primidr als Schliisselkomponente fiir Cytokin- bzw.
wachstumsfaktorabhidngige direkte Signaltransduktionsprozesse von der Zelloberfliche in den
Nukleus beschrieben wurde (Darnell et al. 1994; Mertens und Darnell 2007), konnte in Mitochondrien
nachgewiesen werden, wo er mit Proteinen der Atmungskettenkomplexe interagiert. Die funktionelle
Relevanz von mitochondrialem STAT3 wurde in STAT3-defizienten pro-B-Zellen nachgewiesen,
welche trotz eines unverdnderten Gehalts an Mitochondrien eine drastisch verringerte
Atmungskettenaktivitdt aufwiesen. Rekonstitution von STAT3-defizienten Kardiomyozyten mit
verschiedenen STAT3-Mutanten zeigte, dass STAT3 die Atmungskettenaktivitit unabhingig von der
Transkriptionsfaktorfunktion des Proteins moduliert (Wegrzyn et al. 2009). In einer weiteren
Publikation wurde gezeigt, dass mitochondriales STAT3 durch Steigerung der Atmungskettenaktivitéit

zur zelluldren Transformation durch das Onkogen Ras beitrigt (Gough et al. 2009).
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5. Regulation von mitochondrialer TERT

Nachdem zuvor gezeigt wurde, dass TERT wichtige Funktionen in der Aufrechterhaltung der
Mitochondrienfunktion und dem Schutz der mtDNA vor exogenen Noxen hat und unter dem
Gesichtspunkt, dass Mitochondrien sensitiv gegeniiber oxidativem Stress sind, stellte sich die Frage,
ob mitochondriale TERT durch oxidativen Stress reguliert wird und wenn dies der Fall wére, wie diese
Regulation erfolgt. Interessanterweise konnte ich in Mitochondrien aus HEK293 Zellen und aus
primdren humanen Endothelzellen genau die Proteine nachweisen, welche im Zellkern an der
Regulation von TERT beteiligt sind, namlich Akt und Src (Biichner et al. 2010). Unter oxidativem
Stress konnte ich eine Inaktivierung der Kinase Akt, eine Aktivierung der Src-Kinase und eine
Reduktion der Menge an mitochondrialem TERT-Protein feststellen, die hier allerdings nicht auf
einem Export beruhen kann, da ein Export von Proteinen aus dem Mitochondrium nicht moglich ist.
Daher muss die Abnahme an TERT auf einem Abbau des Proteins beruhen. Eine TERT-Mutante, die
nicht mehr durch Src am Tyrosin 707 phosphorylierbar ist, war hiervon nicht betroffen (Abbildung 3).
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Abb. 3: TERT Regulation im Mitochondrium. Im Mitochondrium liegen die Kinasen Src und Akt sowohl
in der aktiven Form als auch in der inaktiven Form vor. Unter Normalbedingungen (A) liegt Src vermehrt in
der inaktiven und Akt vermehrt in der aktiven Form vor. Das TERT Protein ist unter diesen Bedingungen
nicht an Tyrosin 707 phosphoryliert. (B) Unter oxidativem Stress liegt Akt vermehrt in der inaktiven und Src
iiberwiegend in der aktiven Form vor. Infolgedessen wird TERT an Tyrosin 707 phosphoryliert und
abgebaut. TERT-Y707F symbolisiert eine Mutante, die von dieser Regulation nicht betroffen ist.

Diese Beobachtungen fiithren zu dem Schluss, dass in Mitochondrien die gleichen Mechanismen zur
Regulation von TERT genutzt werden wie im Zellkern. Untermauert wird dies durch Experimente in
unserer Arbeitsgruppe, in denen auch Shp-2 in Mitochondrien nachgewiesen wurde (personliche
Kommunikation S. Jakob)

Es wurde bereits gezeigt, dass der durch oxidativen Stress induzierte Export von TERT aus dem
Zellkern zu einer Erhohung der TERT-Menge im Mitochondrium fiihrt (Ahmed et al. 2008), was im

ersten Moment kontrér zu den von mir erhobene Daten erscheint. Allerdings kann man aus der Summe
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der Befunde folgende Hypothese aufstellen: Unter oxidativem Stress kommt es zuerst zu einem wie
von mir gezeigten Verlust von mitochondrialer TERT, welcher dadurch kompensiert wird, dass TERT
aus dem Nukleus exportiert und in die Mitochondrien transportiert wird, um hier die
Mitochondrienfunktion aufrecht zu erhalten. Unter dem Aspekt, dass die telomerverlingernde
Funktion von TERT im Zellkern nur in sich teilenden Zellen - und hier auch nicht in jedem Zelltyp —
benotigt wird, wiirde unter oxidativem Stress somit die mitochondriale Funktion des Proteins im
Vordergrund stehen. Um diese Hypothese zu beweisen, miissen in Zukunft Zeitkinetiken durchgefiihrt
werden, in denen die relative TERT-Menge in den unterschiedlichen Zellorganellen untersucht wird.

Meine Befunde und publizierte Daten zu einer Reihe weiterer Proteine deuten darauf hin, dass viele
Proteine unterschiedliche Funktionen in verschiedenen Zellorganellen haben. Um diese Funktionen im
Detail zu verstehen, ist es daher unerldsslich ihre subzelluldre Kompartimentierung in Betracht zu

ziehen (Biichner et al. 2010).

6. Effekt von TERT auf die durch korperliche Ertiichtigung reduzierten

Alternsmerkmale in vivo

Im Alter verschlechtern sich alle Dimensionen der Bewegung wie Kraft, Ausdauer, Koordination und
Beweglichkeit. Die Kraft nimmt jahrlich um 1-2% ab und unterschreitet nach dem Schwellenkonzept
zu einem bestimmten Zeitpunkt einen Wert, der schlieBlich zu einem Verlust der Bewegungsfunktion
fithrt (Oster et al. 2005). Durch regelméBige korperliche Aktivitit kann diesem Funktionsverlust
entgegengewirkt werden. Zudem reduziert korperliche Ertiichtigung das Auftreten kardiovaskuldrer
Ereignisse und verbessert sowohl die Endothelfunktion als auch die Durchblutung, durch Bildung
neuer Gefille (Hornig et al. 1996; Hakim et al. 1998; Hambrecht et al. 1998; Manson et al. 2002;
Stewart 2002).

Die molekularen Mechanismen, welche der verlangsamten GefidBalterung zugrundeliegen, sind jedoch
noch weitgehend unbekannt. Bezugnehmend auf die protektiven Effekte von TERT und eNOS auf die
Endothelzellalterung, wurden in Kooperation mit der Arbeitsgruppe von Prof. Dr. Laufs in
Homburg/Saar, die Effekte von korperlicher Ertiichtigung in Abhéngigkeit von TERT und eNOS
untersucht. Zu diesem Zweck wurden TERT /- bzw. eNOS defiziente (eNOS’~) Miuse einem
freiwilligen Lauftraining unterzogen. Im Anschluss an diese Form von ko&rperlicher Ertiichtigung,
wurden die vaskuldren Verinderungen der TERT /"-Méiuse im Vergleich zu den Wildtyp-
Geschwistern analysiert (Werner, ... , Biichner et al. 2009). Wildtyp-Méuse zeigten nach dem
freiwilligen Lauftraining in der Aorta eine erhohte Expression und Aktivitdit von TERT und eine
Heraufregulation der telomerassoziierten Proteine TRF2 (Telomeric Repeat Binding Factor 2) und
Ku70 (70 kDa Untereinheit des Ku Proteins). Da replikative Seneszenz und Apoptose im Endothel

miteinander assoziiert sind (Hoffmann et al. 2001), wurde in den Aorten ebenfalls die Expression von
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Zellzyklusinhibitoren und Apoptoseregulatoren untersucht. Das Aortengewebe von trainierten Miusen
wies eine reduzierte Expression von p16, p53 und Chk2 (checkpoint kinase 2) auf. Die beschriebene,
erhohte Expression von TRF2 und Ku70 und Herabregulation von p16, Chk2 und p53 war in
trainierten TERT /~-Miusen jedoch nicht vorhanden (Abbildung 4B). Diese Daten belegen eindeutig
eine TERT-Abhingigkeit der durch korperliche Ertiichtigung induzierten Effekte auf die
Telomerbiologie, den Zellzyklus und die Apoptose. Die beschriebenen Ergebnisse stimmen mit
Untersuchungen iiberein, welche die Proteine p53 und p16 in der Signalkaskade dem Telomerkomplex
nachgeschaltet vermuten (Chin et al. 1999; Leri et al. 2003; Veitonmaki et al. 2003; Danial und
Korsmeyer 2004; Fuster und Andres 2006). Untersuchungen an trainierten eNOS ™/~ ~Méusen ergaben
interessanterweise ebenfalls keine Verdnderungen der Expression von TERT, TRF2, Ku70, p16, p53
und Chk2 (Abbildung4B). Daraus ldsst sich schlieen, dass die eNOS in der Signalkaskade oberhalb
von TERT liegt. Die hier beschriebenen Daten werden durch Studien von Grasselli et al. untermauert,
in denen gezeigt wurde, dass ein kombinatorischer Komplex aus eNOS und dem Ostrogenrezeptor o
die TERT-Transkription im Endothel verstirkt (Grasselli et al. 2008). Zudem wurde in TERT ' —
Miusen {iiber den cGMP-Gehalt in den Aorten und die endothelabhingige Vasodilatation
nachgewiesen, dass die NO-Bioverfiigbarkeit in diesen Méusen nicht gestort ist. Ein Fehlen von TERT
scheint demnach die NO vermittelten Effekte iiber cGMP nicht zu beeinflussen, was die Hypothese

dass TERT in der Signalkaskade der eNOS nachgeschaltet ist, weiter untermauert.

A B
Korperliche Aktivitat Molekulare Effekte
NO Bioverftigbarkeit {
Freiwilliges -
@ m Lauftraining ggg?smse Altivitit ¢
= " TRF24
Vaskulare Funktionen Ku704
Vaskularisierung 4 sNOS NO p16 3§
Endothelfunktion @ pS3¢
Durchblutung 4 Chk2 ¥

p16, p53¥ M
ERT/ °

@ — > keine Verédnderung !
Erhalt der 2 m

Bewegungsfunktion

— keine Veranderung !

Abb. 4.: Korperliche Aktivitit beeinflusst den Alterungsprozess. (A) Korperliche Aktivitit beeinflusst
das kardiovaskuldre System positiv und trdgt zu einem Erhalt der Bewegungsfunktion bei. Die Effekte
werden vermutlich iiber p16 und p53 abhiingige Signalwege erzielt, in denen eNOS durch die NO Produktion
tiber TERT Einfluss auf p16 und p53 nimmt. (B) Freiwilliges Lauftraining fiihrt in Wildtyp-Miusen (grau) zu
positiven, vaskuldren Effekten. In TERT- (blau) und eNOS (gelb)-defizienten Miausen sind unter gleichen
Bedingungen keine vaskuldren Effekte zu beobachten.
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Von stressinduzierter endothelialer Apoptose wird angenommen, dass sie eine endotheliale
Fehlfunktion verursacht und dies mit der Heraufregulation von p16- und p53-abhéngigen Signalwegen
korreliert (Fuster und Andres 2006; Chen et al. 2008). Zudem bewirkt eine Uberexpression von TERT
in Endothelzellen eine Reduktion der replikativen Seneszenz und Apoptose (Haendeler et al. 2004).
Daher wurde der Effekt von korperlicher Aktivitit auf die durch Lipopolysaccharid und Paraquat
induzierte Endothelzellapoptose in Wildtyp-, eNOS™ - und TERT/ —Miusen untersucht. In
Wildtyp-Méusen reduzierte korperliches Training die durch Liposaccharid und Paraquat induzierte
Endothelzellapoptose dramatisch, wohingegen in TERT /-Miusen der antiapoptotische Effekt nur
teilweise vorhanden und in eNOS /"~ Tieren vollstindig aufgehoben war.

Diese Befunde zeigen, dass fiir eine vollstindige antiapoptotische Wirkung im Gefidl3 sowohl die iiber
NO/cGMP als auch die iiber TERT vermittelten Signalwege notwendig sind.

Diese Daten zeigen erstmals, dass korperliche Aktivitit die Expression und Aktivitdt des ,,Anti-
Aging* Proteins TERT steigert. Dies begriindet die weitldufige Meinung dass Ausdauertraining gerne
als natiirlicher Jungbrunnen gesehen wird, weil es durch die positiven Auswirkungen auf das Herz-

Kreislauf-System alternsassoziierten Effekten entgegenwirkt.

7. Direkte Effekte von ultrafeinen Partikeln auf Endothelzellen

Luftverschmutzung durch Schwebstoffe ist weltweit eine der fithrenden Todesursachen und stellt
somit eine enorme Belastung fiir die Volksgesundheit dar. Obwohl es offensichtlich ist, dass
partikuldre Substanzen in der Luft (feine und ultrafeine Partikel) eine Gefihrdung fiir die Lunge
darstellen, gibt es mehr und mehr Hinweise, dass das kardiovaskuldre System mindestens genauso
stark betroffen ist (Brook et al. 2004; Pope und Dockery 2006). Mehrere Studien zeigten, dass
ultrafeine Partikel direkt in die Zirkulation gelangen konnen (Nemmar et al. 2002; Nemmar et al.
2003; Nemmar et al. 2004). Eine der Hauptfragestellungen ist, wie die Inhalation von Partikeln {iber
die Atemorgane das kardiovaskuldre System in seiner Funktion beeintrdachtigen kann. Grundsitzlich
werden zwei Mechanismen diskutiert: Die Auslésung von einer systemischen Entziindung oder ein
direkter Einfluss von Partikeln, welche in der Lage sind das GefdB3system zu erreichen, auf dieses.
Tatsédchlich zeigten mehrere Studien, dass ultrafeine Partikel direkt in die Zirkulation eindringen
(Stone und Godleski 1999; Nemmar et al. 2002) und somit mit dem Endothel in Wechselwirkung
treten konnen (Lohbach et al. 2006).

Jedoch sind bis heute die molekularen Vorginge, die von nicht-toxischen-, in vivo-relevanten
Konzentrationen ultrafeiner Partikel im Endothel ausgeldst werden, vollstandig unbekannt. Daher

wurde in unserer Arbeitsgruppe eine Pilotstudie in Endothelzellen gestartet, um aufzukldren, ob nicht-
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toxische Dosen von Nanopartikeln die NO-Bioverfiigbarkeit, die Telomeraseaktivitit und das
Auftreten von Endothelzellalterung beeinflussen. Als Modell-Nanopartikel wurde Printex 90
verwendet. Hierbei handelt es sich um ultrafeine Carbon Black Nanopartikel mit einem mittleren
Durchmesser von 14 nm. Diese Nanopartikel sind als Hauptbestandteil der durch Laserdrucker,
Kopiergerite und Verbrennungen in die Luft abgegebenen Partikel bekannt. Zunéchst habe ich die
Menge an Nanopartikeln bestimmt, die in humanen Endothelzellen sowohl im Laktatdehydrogenase-
Aktivitdts-Assay als auch im MTT-Test keine Veridnderungen gegeniiber unbehandelten Zellen
aufwiesen. Eine Menge von 0,01 ug/cm’ Printex 90 zeigte keinen Unterschied in der Vitalitit
verglichen mit Kontrollzellen. Diese Menge an Printex 90 reduzierte jedoch dramatisch die NO-
Bioverfiigbarkeit von Endothelzellen. Diese Verminderung der NO-Bioverfiigbarkeit war vergleichbar
mit der NO-Bioverfiigbarkeit in durch Passagieren gealterten Endothelzellen (Hoffmann et al. 2001).
Daher vermutete ich, dass ultrafeine Carbon Black Partikel Seneszenz in Endothelzellen auslosen.
Eine zweiwochige Behandlung von Endothelzellen mit 0,01 pg/cm’ Printex 90 fithrte zu einer

erhohten Aktivitit der seneszenzassoziierten, sauren -Galaktosidase (Abbildung 5).

C

>

| Exogene Noxe |

|  Endothel |

deformierte
: S ROST@ Mitochondrien
CB uf "‘if'*» gl N
K = Kontrolle

CB uf = Carbon Black ultrafein ( 0,1ug/cm®)

SA B Galaktosidase-
Farbung

|

K CB uf

GLB1 >|E:|IB: GLB1
Erk 1/2 :IB: Erk 1/2

K = Kontrolle
CB uf = Carbon Black ultrafein ( 0,1ug/cm®)
GLB1 = Galaktosidase, beta1

ERK 1/2 = Extrazellular regulierte Kinase 1/2
(als Ladeskontrolle verwendet)

Immunoblot

Abb. 5.: Carbon black (CB) induziert zelluléire Seneszenz. (A) HUVECsS reagieren auf CB uf-Behandlung
mit einer erhohten seneszenzassoziierten (SA) P—Galaktosidaseaktivitit. (B) Nach CB uf-Behandlung lésst
sich eine erhohte P-Galaktosidase-Proteinmenge im Immunoblot nachweisen. (C) CB uf wirkt sich als
exogene Noxe negativ auf die Endothelfunktion aus. Eine Erhohte ROS Menge, deformierte Mitochondrien
und eine reduzierte TERT-Expression und Aktivitit fithren als Folge zu zelluldrer Seneszenz.
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Die Steigerung der sauren B-Galaktosidaseaktivitit durch ultrafeine Carbon Black Partikel war
vergleichbar mit frither in der Arbeitsgruppe erhobenen Daten mit nicht-toxischen Konzentrationen
von H,O, (Haendeler et al. 2004). Daher lésst sich vermuten, dass Printex 90 iiber eine Verschiebung
des intrazelluliren Redoxgleichgewichtes zugunsten der oxidativen Systeme wirkt. Es konnte bereits
in Lungenepithelzellen nachgewiesen werden, dass nicht-toxische Konzentrationen von Printex 90 zu
einer Steigerung der intrazelluliren ROS fithren (Unfried et al. 2007). Durch dieselben
Konzentrationen von Printex 90 konnte ich in Kooperation mit der Arbeitsgruppe von Herrn PD Dr.
Unfried nachweisen, dass die Telomeraseaktivitiit in den Mitochondrien der Lungenepithelzellen herab
reguliert ist. Diese Herabregulation ist mit dem von mir untersuchten, durch H,O, in Endothelzellen
induzierten Verlust an mitochondrialer TERT vergleichbar (Biichner et al. 2010). Dies ldsst wiederum
darauf schlieBen, dass es durch ultrafeine Nanopartikel auch in nicht-toxischen Konzentrationen zu
einer Steigerung der intrazelluliren ROS kommt. Weitere Untersuchungen zum FEinfluss von
Printex 90 auf TERT und ihre Regulation in Endothelzellen sind geplant. Zudem soll nach Gabe von
Printex 90 im Mausmodell untersucht werden, welchen Einfluss Nanopartikel auf die
Endothelzellalterung in vivo haben. Hier miissen jedoch zunichst die Mengen an Printex 90 ermittelt
werden, die keine systemische Inflammation in der Maus auslésen, um von einem direkten Effekt der
Partikel auf das kardiovaskulédre System ausgehen zu konnen und nicht von einem durch Inflammation

induzierten Sekundaireffekt.

8. Ausblick

In meinen Untersuchungen konnte ich zeigen, dass Trx-1 die strahlungsabhingige Regulation von
MMP-1 und Kol al iiber unterschiedliche Signalwege beeinflusst. Bei der Signaltransduktion spielen
unterschiedliche Transkriptionsfaktoren aber moglicherweise auch die Oxidoreduktsefunktion von
Trx-1 eine Rolle. Durch den Einsatz verschiedener Trx-1-Mutanten, die in unserem Labor erzeugt
wurden, soll in weiteren Arbeiten untersucht werden, welche Trx-1-Funktion fiir die Regulation des
jeweiligen strahlungsinduzierten Signalweg relevant ist. Die unterschiedlichen Trx-1-Mutanten sollen
transient in Zellen exprimiert werden. Eine Applikation der verdnderten Proteine in rekombinanter
Form wird hierbei nicht in Betracht gezogen, da deren Herstellung relativ aufwéndig wire. Um die
Rolle der anti-oxidativen Kapazitidt von Trx-1 zu untersuchen, stehen Trx-1-Mutanten zur Verfiigung
in denen zum einen beide redoxaktiven Cysteine 32 und 35 zu Serin mutiert sind oder zum anderen
nur eines der beiden Cysteine mutiert ist. In Endothelzellen wurde bereits gezeigt dass die Trx-1-
Mutante in der beide redoxaktiven Cysteine mutiert sind, keine Oxidoreduktasefunktion mehr hat
(Haendeler et al. 2002). Eine Interaktion von Trx-1 mit Transkriptionsfaktoren wiirde man im Zellkern
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erwarten. Daher sollen zur Untersuchung dieser Funktion Mutanten genutzt werden, in denen der
Sequenzabschnitt, welcher fiir die Translokation in den Nukleus verantwortlich ist, entweder komplett
deletiert oder an spezifischen Positionen mutiert ist. Fiir den Kernimport von Trx-1 sind die Lysine an
den Positionen 81, 82 und 85 in dem 105-Aminosduren-groen Trx-1-Protein essentiell. In unserer
Arbeitsgruppe haben wir sowohl den C-terminus ab Aminosdure 80 deletiert, als auch die drei
genannten Lysinreste einzeln und in allen méglichen Kombinationen zu Glutamatresten verdandert, um
den Transport in den Kern zu verhindern (Schroeder et al. 2007). Der Einsatz der verschiedenen
Mutanten in Bestrahlungsexperimenten soll Aufschluss dariiber geben, welche Trx-1-Funktion
notwendig ist, um die beschriebenen strahlungsinduzierte Verinderungen in der Genexpression von
MMP-1 und Kollal zu erzielen (Abbildung 6). MMP-1 und Kol Il sind Proteinen der
extrazelluldren Matrix, die im Prozess der Lichtalterung und dem damit verbundenen Veridnderungen

der extrazelluldren Matrix eine Rolle spielen.
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Abb. 6: Aufkliarung der Trx-1 Wirkweise unter Beriicksichtigung von Redoxaktivitit und Lokalisation.
(A) Trx-1 verfiigt iber eine N-terminale redoxaktive Domine mit den Cysteinen 32 und 35 und iiber eine
Kernlokalisationssequenz, in der die Lysine 81, 82 und 85 von Bedeutung sind. In zukiinftigen Arbeiten sollen
Trx-Mutanten eingesetzt werden in denen jeweils eine Doméne mutiert ist. (B) Die Mutanten sollen Aufschluss
dariiber geben ob die Redoxdomine oder die Kernlokalisation fiir die beobachteten zelluldren Effekte von
Bedeutung sind.

Fiir TERT und mehrere an der Regulation von TERT beteiligte Proteine konnte ich zeigen, dass diese
sowohl im Zellkern als auch in den Mitochondrien lokalisiert sind. Aus den geschilderten
Experimenten wird jedoch nicht klar, ob spezifische TERT-Funktionen exklusiv dem nukledren oder
mitochondrialen Protein zuzuschreiben sind. Grund hierfiir ist, dass in den beschriebenen

Experimenten entweder mit TERT ’"-Zellen bzw. -Miusen gearbeitet wurde oder mit einem
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mitochondrial adressierten Protein auf einem zelluldren Hintergrund, der noch endogenes TERT
enthielt. Eine definitive TERT-Funktionszuweisung kann nur durch Einbringen von Organell-
spezifisch-adressierter TERT in TERT-defiziente Zellen oder Tieren erfolgen. Das hierfiir verwendete
TERT-Protein darf hierbei entweder nur in den Zellkern oder nur in die Mitochondrien transportiert
werden. Fiir diese geplanten Versuche sollen in Zukunft unterschiedliche Zelltypen aus TERT ' —
Maiusen isoliert und mit lentiviralen Expressionsvektoren fiir TERT Fusionsproteine, die entweder ein
starkes Kern- oder Mitochondrienlokalisationssignal enthalten, transduziert werden. Untersuchungen
zur Protektion gegeniiber Apoptose und Seneszenz werden dann zeigen, ob mitochondriale und/oder
nukledre TERT diese Effekte vermittelt. Fiir physiologische Untersuchungen am Tiermodell sollen
Miuse erzeugt werden, in denen nur eines der beiden beschriebenen Fusionsproteine exprimiert wird.
Hierfiir sollen transgene Tiere erzeugt werden, die diese Proteine ubiquitdr, aber nur schwach
exprimieren. Dies soll vermeiden, dass eine Uberexpression im Fall nukleirer TERT zur malignen
Entartung und im Fall mitochondrialer TERT zum Funktionsverlust der Mitochondrien fiihrt. Nach
Kreuzung von homozygot-TERT-transgenen Tieren mit TERT /~-Miusen erhilt man eine F1-
Generation, in der alle Tiere heterozygot fiir beide Loci sind. Aus der Verpaarung dieser doppelt
heterozygoten Nachkommen erhilt man Miuse, die negativ fiir endogene TERT sind, aber das
Transgen exprimieren und so entweder nur nukledre bzw. mitochondriale TERT in allen Organen

enthalten (Abbildung 7).
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Abb. 7: Unterscheidung nukleiirer und mitochondrialer Funktionen von TERT in vitro und in vivo. (A)
Um TERT Funktionen mit subzelluldren Lokalisationen des Proteins korrelieren zu kdnnen, sollen Zelllinien,
die keine endogene TERT enthalten mit Transgenen fiir nukleidre bzw. mitochondriale TERT erzeugt werden.
(B) Entsprechende Tiermodelle erhilt man durch Kreuzung TERT defizienter Miuse mit Tieren, die diese
Transgene exprimierenin der F2-Generation, hier gezeigt fiir mitochondriale TERT.
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TERT-Defizienz fiihrt aufgrund der groen Linge von Telomeren in Maus-Laborstimmen erst nach
mehreren Generationen zu einem durch Telomererosion hervorgerufenen Alterungsphinotyp, so dass
dieser in den geschilderten Kreuzungen nicht auftritt. Mit Hilfe der so erhaltenen Méuse kénnen dann
die spezifischen, telomerunabhiingigen nukledren und mitochondrialen Funktionen von TERT im

gesamten Tier und allen Organen untersucht werden.
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9. Zusammenfassung

Es existieren drei bedeutende Theorien des Alterns. Die Theorie der Telomerverkiirzung, die Theorie
des oxidativen Stresses und die mitochondriale Theorie des Alterns. Die von ihnen beschriebenen
Phinomene zeigen, dass die Telomere der Chromosomen, in den Zellen entstehende reaktive
Sauerstoffspezies (ROS) und dysfunktionale Mitochondrien im Alternsprozess eine wesentliche Rolle
spielen. Eine Verkiirzung der Telomere unter eine kritische Léange fiihrt zu replikativer Seneszenz.
Kommt es durch eine Stérung des Redoxgleichgewichtes zu einer erhhten ROS Produktion werden
Makromolekiile in der Zelle geschidigt. Ist die Mitochondrienfunktion beeintrichtigt, fiihrt dies
ebenfalls zu einer erhthten ROS Produktion und trdgt zu einer Anhdufung von schédlichen ROS in der
Zelle bei.

Es existiert eine Vielzahl von Schliisselproteinen, die in Alternsprozessen eine wesentliche Rolle
spielen. In dieser Arbeit sind zwei Proteine in den Vordergrund gestellt deren Wirkung sich in
umweltinduzierten Prozessen bemerkbar macht. Das redoxaktive Protein Thioredoxin-1 (Trx-1) und
die katalytische Untereinheit der Telomerase, die Telomerase Reverse Transkriptase (TERT).

Trx-1 ist ein 12 kDa groBes, redoxaktives Protein, das sowohl in einem im antioxidativen
Thioredoxinsystem eine Rolle spielt, als auch durch Interaktion mit anderen Proteinen, wie zum
Beispiel Transkriptionsfaktoren, zellulidre Prozesse beeinflussen kann. Im Prozess der Lichtalterung
kann Trx-1 durch Einflussnahme auf mehr als einen Signalweg dem Prozess des Kollagenabbaus in
Folge von strahlungsinduzierter Lichtalterung, entgegenwirken.

Von der Telomerase war seit langem bekannt, dass sie durch den Schutz der Chromosomenenden
einer vorzeitigen Alterung entgegenwirkt. Neu ist jedoch der Befund, dass die katalytische
Untereinheit dieses Enzyms, Telomerase reverse Transkriptase (TERT), auch in den Mitochondrien
lokalisiert ist. In meinen Untersuchungen konnte ich die Lokalisation von TERT in den Mitochondrien
von priméren Endothelzellen (HUVECs) nachweisen und neue telomerunabhingige Funktionen dieses
Proteins aufzeigen. TERT hat einen protektiven Effekt auf die mtDNA, beeinflusst die Aktivitit von
Komplex I der Atmungskette positiv und wirkt der Bildung von mitochondrialen ROS und
apoptotischen Prozessen entgegen. Da noch keine Regulationsmechanismen von mitochondrialem
TERT Protein bekannt sind, beschiftigte ich mich mit der TERT-Regulation unter Bedingungen des
oxidativen Stresses und konnte hierbei zeigen, dass die im Zellkern an TERT-Regulationsprozessen
beteiligten Kinasen Src und Akt auch bei der mitochondrialen TERT-Regulation eine entscheidende
Rolle spielen.

Zusammen mit unseren Kooperationspartnern konnte ich in meinen Untersuchungen zudem zeigen,
dass positive Effekte von korperlichem Training auf das kardiovaskuldre System, die Alternsprozessen
entgegen wirken, iiber TERT vermittelt werden. In der hierbei beeinflussten Signalkaskade wirkt eine,
durch korperliches Training erzielte, hohere Enzymaktivitit der endothelialen Stickstoffoxidsynthase

(eNOS) auf die Stickstoffmonoxid (NO)-Bioverfiigbarkeit ein und bewirkt iiber einen TERT-
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regulierten Prozess eine verdnderte Expression von antiapoptotischen und zellzyklusregulatorischen
Proteinen.

In weiteren Untersuchungen konnte ich den schédlichen Einfluss einer in Druckertoner verwendeten
Sorte von Nanopartikeln (Printex 90/Carbon Black ultrafein) auf Zellen nachweisen. Hierbei
untersuchte ich den Zustand der zelluliren Seneszenz, der mit Alterungsprozessen in Verbindung
steht. Es zeigte sich, dass die Nanopartikel nicht nur die zelluldre Seneszenz induzieren, sondern auch
die TERT-Aktivitét in primédren Endothelzellen negativ beeinflussen.

Zusammenfassend zeigen die Arbeiten dieser Doktorarbeit, dass sowohl die Mitochondrienfunktion
als auch die nicht-mitochondriale Redoxregulation fiir das Verstindnis der zelluldren
Alterungsprozesse wichtig sind. Im Hinblick auf eine ,,Healthy-Aging“-Therapie ist es daher von
entscheidender  Bedeutung bei einer  pharmakologischen Intervention die  zellulédre

Kompartimentierung spezifischer Proteine, insbesondere von Trx-1 und TERT, zu beriicksichtigen.
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10. Summary

The basic mechanisms of aging have been explained by three main theories: the theory of telomere
shortening, the oxidative stress theory and the mitochondrial theory of aging. The respective theories
state that the telomeres of chromosomes, endogenously generated reactive oxygen species (ROS) or
dysfunctional mitochondria play a critical role in the aging process. Telomere shortening below a
critical length results in replicative senescence. A similar consequence has been proposed for the
dysbalance of oxidative and antioxidative systems during aging leading to an increased ROS
production. Impairment of mitochondrial function also results in elevated, harmful ROS levels.
Numerous molecules play key roles in the aging process. In this thesis two proteins have been
highlighted, the impact of which is noticeable in environmentally induced processes: Thioredoxin-1
(Trx-1) and the catalytic subunit of telomerase, Telomerase Reverse Transcriptase (TERT). Trx-1 is a
12 kDa redox active protein, which can also modify cellular functions by direct protein-protein
interactions, e.g. with transcription factors. In the process of photoaging Trx-1 has protective
properties by influencing different signaling pathways involved in the light-induced disturbance of the
collagen equilibrium of the extracellular matrix in the skin. Telomerase was long known to avert
premature aging by preventing telomere shortening. Recent reports have revealed that its catalytic
subunit TERT is also present in mitochondria. In my investigations I could demonstrate mitochondrial
localization and new telomere independent functions of TERT. It protects mitochondrial DNA,
improves respiratory chain function through complex I, counteracts mitochondrial ROS production
and prevents apoptosis. Under conditions of oxidative stress mitochondrial TERT is regulated by the
kinases Src and Akt, which determine the fate of nuclear TERT and are also present in the
mitochondria.

Together with our cooperation partners I could show that the anti-aging effects of physical exercise on
the cardiovascular system are mediated by TERT. Increased activity of the endothelial nitric oxide
(NO) synthase and elevated NO-bioavailability result in a TERT-dependent inhibition of apoptotic and
cell cycle regulatory processes.

In another line of experiments I could show that ultra fine carbon particles present in printer toner
downregulate TERT activity and induce senescence in endothelial cells providing a potential
explanation for the hazardous influence of nanoparticles on the cardiovascular system.

Taken together, my work demonstrates that mitochondrial functions and non-mitochondrial redox
regulation have to be considered when trying to understand cellular aging. Therefore, any
pharmacological intervention aimed at a "healthy-aging" therapy has to take into account the

subcellular compartmentalization of specific proteins, in particular of Trx-1 and TERT.
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Exposure of human skin to solar radiation, which includes ultraviolet (UV) radiation (UVA and UVB) vis-
ible light and infrared radiation, induces skin aging. The effects of light have been attributed to irradia-
tion-induced reactive oxygen species (ROS) formation, but the specific signaling pathways are not well
understood. Detrimental effects of solar radiation are dermal diseases and photoaging. Exposure of cul-
tured human dermal fibroblasts to UVA, UVB or IRA increased ROS formation in vitro. One important
redox regulator is the oxidoreductase thioredoxin-1 (Trx). Trx is ubiquitously expressed and has anti-oxi-

ﬁ;}i/r\:vgords: dative and anti-apoptotic properties. Besides its function to reduce H,0,, Trx binds to and regulates tran-
Thioredoxin-1 scription factors. The aim of this study was to investigate whether Trx influences the regulation of MMP-1
UV light and collagen Ia1 by UVA, UVB and IRA. We irradiated human dermal fibroblasts with UVA, UVB and IRA.
Infrared UVA, UVB and IRA upregulated MMP-1 expression. Trx inhibited UVA-induced MMP-1 upregulation in a
Metalloproteinase-1 NFkB dependent manner. UVA, UVB and IRA reduced collagen Io1 expression. Incubation with Trx inhib-
Collagen ited the effects of UVB and IRA on collagen Ia1 expression. In conclusion, MMP-1 and collagen Ia1, which

play important roles in aging processes, seems to be regulated by different transcriptional mechanisms
and Trx can only influence distinct signaling pathways induced by UVA, UVB and probably IRA. Thus,

Trx may serve as an important contributor to an “anti-aging therapeutic cocktail”.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The skin acts as a physiological barrier protecting the organism
against pathogens and chemical or physical damage. Aside from
this important function, the skin shows age spots or wrinkles
and signs of photoaging at the sun-exposed sites. It has become
apparent that chronic sun exposure not only accelerates the forma-
tion of age spots and wrinkles, but also has various effects on skin
function. Photoaging as a result of chronic sun exposure is charac-
terized by dermal connective tissue changes, which give the skin a
yellowish hue and leathery consistency. Histopathological studies
of photodamaged skin have revealed reduced amounts of collagen
and increased expression and activity of matrix metalloproteinases
(MMPs). Further studies on the degradation system of collagen
have shown that aging and irradiation accelerate the degradation
of extracellular matrix, demonstrating a decrease in dermal colla-
gen and an increase in the matrix metalloproteinase-1 (MMP-1)
expression level, which cleaves interstitial collagen, associated
with aging (Fligiel et al., 2003; Jenkins, 2002). One major signaling
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E-mail address: juhae001@uni-duesseldorf.de (J. Haendeler).
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0531-5565/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.exger.2008.04.009

pathway, which contributes to photoaging, is the formation of
reactive oxygen species (ROS) (Jenkins, 2002). UV (UVA and UVB)
irradiation and infrared A (IRA) induce ROS formation in dermal
fibroblasts (Russo and Halliday, 2006; Schroeder et al., 2007a). Der-
mal fibroblasts can be protected against the adverse effects of UVA,
UVB and IRA irradiation by a number of both enzymatic and non-
enzymatic anti-oxidants (Yan et al.,, 2005; Russo and Halliday,
2006; Schroeder et al., 2007a). The endogenous anti-oxidant capac-
ity of the skin is a major determinant in its response to oxidative
stress-mediated damage. Thus, anti-oxidants constitute an impor-
tant group probably capable of preventing the occurrence and
reducing the severity of irradiation-induced skin diseases and
photoaging. One of the molecules, which is highly regulated by
changes of the redox status in cells, is the oxidoreductase thiore-
doxin-1 (Trx). Trx is a 12-kDa protein, which is ubiquitously ex-
pressed in mammalian cells (Holmgren, 1989) and exerts its
enzymatic activity as an oxidoreductase via cysteines 32 and 35
in the active site (Holmgren, 1989; Martin, 1995). Besides its well
described function as an oxidoreductase, Trx exerts several other
functions. By binding to different proteins, it modulates their func-
tion: Inhibition of binding to the apoptosis signaling kinase 1 and
to the transcription factors AP1, Ref1 and NFkB modulates the abil-
ity of Trx to regulate cellular functions (Liu et al., 2000; Tanaka
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et al., 2001; Malik et al., 2006; Schroeder et al., 2007b). Therefore,
we investigated the effects of Trx on UVA, UVB and IRA irradiation
induced changes in MMP-1 and collagen I expression.

2. Materials and methods
2.1. Cell culture

Human dermal fibroblasts were isolated from foreskin of three
different donors. Cells were cultivated in Eagle’s minimum essen-
tial medium with Earle’s salts (MEM, PAA Laboratories Pasching,
Austria) supplemented with 10% fetal bovine serum (Gibco, Kar-
Isruhe, Germany), 1% anti-biotics/anti-mycotics (penicillin, strep-
tomycin, and amphotericin B), 1% glutamine (Gibco) and were
cultivated on 100 mm plastic culture dishes (Greiner, Solingen,
Germany) at 37 °C in humidified air with 5% CO,. Cells were used
between passages 5 and 10, grown to 100% confluence before
treatment. Media was changed to serum-free MEM 24 h before
irradiation with UVA, UVB and IRA respectively.

2.2. Irradiation

For irradiations, medium was replaced by phosphate buffered
saline (PBS), lids were removed, and cells were exposed to radia-
tion from a Hydrosun 500 H IRA device (Hydrosun Medizintechnik
GmbH, Miillheim, Germany), or a UVA SUN 5000 Biomed UVA1
metal halogenide irradiation device, or a bank of four Philipps
TL20W/12RS UVB fluorescent bulbs (Phillips, Hamburg, Germany).
The IRA device was water-filtered and equipped with a black filter
and emits wavelengths between 760 and 1400 nm leading to an
irradiance of 360 mW/cm? at a distance of 20cm measured
through Hydrosun HBM1 irradiance measuring device (Hydrosun).
The TL20W/12RS lamp emits most of its energy in the UVB range
(290-320 nm) with an emission peak at 310 nm. The UVA1 output
was determined with a UVAMETER (Mutzhas, Munich, Germany)
and found to be 33.4 mW/cm? UVAT at a lamp to target distance
of 30 cm. The UVB output was measured with a UV-Dosimeter
Type Il equipped with a UV6 sensor (Waldmann Medizintechnik,
Villingen-Schwenningen, Germany) and found to be 0.56 mW/
cm? at a tube to target distance of 30 cm. The experimental doses
were 30 J/cm? UVA (represents a duration of 15 min), 33 J/m? UVB
(represents a duration of 5 s) and 240 J/cm? IRA (represents a dura-
tion of 15 min). The culture dishes were placed on a cooled plate
connected to thermostated bath (Thermo Haake GmbH, Karlsruhe,
Germany) to maintain temperatures below 37 °C during irradia-
tion. Control cells were held on a 37 °C thermostated plate under
similar conditions without irradiation. Human Trx (0.1-10 ng/ml,
Sigma) and pyrrolidine dithiocarbamate (PDTC) (NFkB inhibitor,
10 uM, Sigma) were incubated directly after irradiation. Following
the treatment cells were cultivated for 24 h with serum-free MEM
culture medium at 37 °C.

2.3. Real-time PCR measurements of relative mRNA levels

RNA was extracted using the NucleoSpin RNA II kit (Macherey-
Nagel, Diiren, Germany) according to the manufacturer‘s instruc-
tion. The gene-specific mRNA expression of the isolated total
RNA was determined by semi-quantitative differential real-time
PCR. The RNA concentration was determined via photometric mea-
surement at 260 nm. Aliquots of total RNA (100 ng) were applied
for cDNA-Synthesis using the Superscript™ III First-Strand synthe-
sis system for RT-PCR (Invitrogen, Karlsruhe, Germany). The PCR
reactions were carried out on an Abi Prism 7000 (Applied Biosys-
tems, Foster City, CA, USA) using SYBR® Green PCR Master Mix (Ap-
plied Biosystems, Darmstadt, Germany). For relative expression

comparison between control cells and treated cells the 2-AACT
method was used, utilizing the18S RNA as housekeeping gene.
Three independent experiments were performed for each of three
different dermal fibroblast cells with duplicate determinations
each and the mean value of these was calculated. Primer was de-
signed with the help of the online-software Primer3. The following
primer pairs were used (5-3'): 18S RNA: GCC GCT AGA GGT GAA
ATT CTT G, CAT TCT TGGC AAA TGC TTT CG, MMP-1: CAT GAA
AGG TGG ACC AAC AAT TT, CCA AGA GAA TGG CCG AGT TC Col1at:
CGC TAC TAC CGG GCT GAT GAT, GTC TTG GGG TTC TTG CTG ATG
TA.

2.4. Immunoblot

Proteins were isolated after treatment and subjected to SDS-
PAGE sample buffer and resolved on an 8% or 10% SDS-PAGE.
Immunoblotting was performed with antibodies directed against
MMP-1 (1:1000, overnight 4 °C, The binding site), collagen type I
a1 (1:200, overnight 4 °C, Santa Cruz), actin (1:50,000, overnight
4 °C, Sigma), tubulin (1:50,000, Dianova) and GAPDH (1:50,000,
overnight 4 °C Abcam). Antibodies were detected by the enhanced
chemiluminescence system (Amersham).

2.5. Statistical analysis

Results are given as means * standard error of the mean. Results
were compared using a Mann-Whitney rank-sum test. A signifi-
cance level of p < 0.05 was considered to be statistically significant.

3. Results
3.1. Effects of Trx on UVA, UVB and IRA induced MMP-1 mRNA

UVA, UVB and IRA all penetrate into the skin. In order to inves-
tigate the effects of UVA, UVB and IRA on MMP-1 expression, we
irradiated dermal fibroblasts with 30 J/cm? of UVA, 33]/m? of
UVB and 240 J/cm? of IRA. These doses are physiologically relevant
and can penetrate into the skin after sun exposure. All three doses
did not induce cell death (data not shown). Twenty-four hours
after irradiation, MMP-1 expression was measured by real-time
PCR. UVA, UVB and IRA increased MMP-1 expression (Fig. 1A-C).
It has previously been demonstrated that upregulation of MMP-1
expression by UV and IRA irradiation is dependent on ROS forma-
tion (Schroeder et al., 2007a; Yan et al., 2005). One important intra-
cellular anti-oxidant is the protein Trx. Inhibition of Trx protein
leads to dramatic cell death (Haendeler et al., 2004a) and Trx defi-
cient mice are embryonic lethal (Matsui et al., 1996), demonstrat-
ing the absolute requirement of Trx for the organism. However, the
effects of Trx in dermal fibroblasts have never been investigated.
Therefore, we incubated dermal fibroblasts after UVA, UVB and
IRA irradiation with 10 ng/ml Trx for 24 h. Surprisingly, Trx inhib-
ited the upregulation of MMP-1 induced by UVA, but not by UVB
(Fig. 1A and B). It has to be noted that the dose of IRA investigated
here showed only a slight, but significant increase in MMP-1
expression (n=6). Due to the huge interindividual differences of
the donors, we did not observe a statistically significant effect of
Trx on MMP-1 regulation after IRA exposure probably due to the
minor effects observed (Fig. 1C).

3.2. Effects of Trx on collagen type I o1 (Colle1) mRNA after exposure
to UVA, UVB and IRA

Colla1 is the most abundant protein in skin connective tissue,
which also contains other types of collagen (III, V and VII), elastin,
proteoglycans, fibronectin, and other extracellular matrix proteins.
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Fig. 1. MMP-1 and Collor1 mRNA regulation by irradiation. (A) Fibroblasts were irradiated with 30 J/cm? UVA and incubated with 10 ng/ml Trx for 24 h. Data are means + SEM
of nine independent experiments. ‘Significantly different to respective sham (p < 0.05), *significantly different to respective irradiated sample without Trx (p < 0.05). (B)
Fibroblasts were irradiated with 33 J/m? UVB and incubated with 10 ng/ml Trx for 24 h. Data are means + SEM of nine independent experiments. ‘Significantly different to
respective sham (p < 0.05). (C) Fibroblasts were irradiated with 240 J/cm? IRA and incubated with 10 ng/ml Trx for 24 h. Data are means + SEM of six independent experi-
ments. ‘Significantly different to respective sham (p < 0.05). (D) Fibroblasts were irradiated with 30 J/cm? UVA and incubated with 10 ng/ml Trx for 24 h. Data are means +
SEM of nine independent experiments. Significantly different to respective sham (p < 0.05). (E) Fibroblasts were irradiated with 33 J/m? UVB and incubated with 10 ng/ml Trx
for 24 h. Data are means + SEM of nine independent experiments. ‘Significantly different to respective sham (p < 0.05), *significantly different to respective irradiated sample
without Trx (p < 0.05). (F) Fibroblasts were irradiated with 240 J/cm? IRA and incubated with 10 ng/ml Trx for 24 h. Data are means + SEM of six independent experiments.

“Significantly different to respective sham (p < 0.05).

These extracellular matrix proteins are mainly synthesized by the
dermal fibroblasts. Therefore, we investigated the expression of
Colla1 after UVA, UVB and IRA irradiation. UVA, UVB and IRA sig-
nificantly reduced the expression of Colla1l (Fig. 1D-F). Next, we
analysed the effect of Trx on Colla1. Unexpectedly, we found that
Trx did not inhibit UVA induced reduction of Colla1, but abrogated
the effects of UVB on Colla1 (Fig. 1D and E). Trx also inhibited the
reduced Collal expression in IRA irradiated samples (n=6,
p=0.051, Fig. 1F).

3.3. Effects of Trx on MMP-1 and pro-Collo.1 protein levels after
exposure to UVA, UVB and IRA

In order to confirm our data obtained by real-time PCR, we per-
formed immunoblot analyses of MMP-1 and pro-Collal. As ex-
pected from the mRNA data, UVA, UVB and IRA also increased
MMP-1 and decreased pro-Colla1 protein levels (Fig. 2A-C). Incu-
bation with Trx starting from 1 ng/ml to 10 ng/ml inhibited UVA
induced MMP-1 upregulation (UVA vs. UVA+10ng/ml Trx,
p <0.05, Fig. 2A). However, reduction of pro-Colla1 protein levels

by UVA was not blocked by all Trx concentrations (Fig. 2A). In con-
trast, Trx blunted UVB-induced pro-Colloel downregulation start-
ing from 0.1 ng/ml, whereas MMP-1 upregulation was not
affected (Fig. 2B). Finally, Trx inhibited IRA induced upregulation
of MMP-1 and downregulation of Colla1 (Fig. 2C).

3.4. Blockade of NFiB abrogated the protective effect of Trx on UVA
induced MMP-1 upregulation

In order to get insight in one of the mechanisms how Trx reg-
ulates MMP-1, we investigated the involvement of NFxB. It has
previously been demonstrated that Trx binds to and thereby en-
hances DNA binding of the p50 subunit of NFkB and that UVA
induces nuclear translocation of the p65 subunit of NFkB (Mat-
thews et al,, 1992; Wenk et al., 2004). Thus, Trx may alter the
composition of the NFkB complex. Therefore, we incubated der-
mal fibroblasts with Trx in presence of the well established
NFkB inhibitor PDTC. Indeed, incubation with PDTC abrogated
the effects of Trx on UVA induced upregulation of MMP-1
(Fig. 3). In contrast, blockade of NFkB did not change pro-Collo1
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Fig. 2. MMP-1 and pro-Collal protein regulation by irradiation. (A) Fibroblasts
were irradiated with 30 J/cm? UVA and incubated with 0.1, 1 and 10 ng/ml Trx for
24 h. Immunoblots were performed with antibodies recognizing pro-Collal and
Colla1 (upper panel) and MMP-1 (middle panel). GAPDH was used for confirming
equal loading (lower panel). (B) Fibroblasts were irradiated with 33 J/m? UVB and
incubated with 0.1, 1 and 10 ng/ml Trx for 24 h. Inmunoblots were performed with
antibodies against pro-Collo1 and Collol (upper panel), actin (upper middle panel),
MMP-1 (lower middle panel) and GAPDH (lower panel). Actin and GAPDH were
used for confirming equal loading. (C) Fibroblasts were irradiated with 240 J/cm?
IRA and incubated with 0.1, 1 and 10 ng/ml Trx for 24 h. Immunoblots were
performed with antibodies recognizing pro-Colla1 and Colla1 (upper panel), actin
(upper middle panel), MMP-1 (lower middle panel) and GAPDH (lower panel). Actin
and GAPDH were used for confirming equal loading.

protein levels, indicating that regulation of collagen synthesis is
not dependent on NFkB.

4. Discussion

The findings of our present study demonstrate that the expres-
sion of two major players in the process of photoaging, namely
MMP-1 and Colla1, are regulated by UVA, UVB and IRA. Trx inhib-
ited the UVA induced expression of MMP-1, but not of UVB. In con-
trast, Trx abrogated the reduction of Colla1 mRNA by UVB, but not
by UVA. Moreover, Trx affected the IRA induced effects on Collo1
expression (p =0.051).

UNA
sham  PDTC PDTC
+Trx
pro-Colla1 | s
GAPDH gl il

MMP-1

GAPDH

Fig. 3. Blockade of NFkB abrogated the protective effect of Trx on UVA induced
MMP-1 upregulation. Fibroblasts were irradiated with UVA and incubated with
10ng/ml Trx and 10 uM PDTC for 24 h. Immunoblots were performed with
antibodies against pro-Collal and Collal (upper panel), GAPDH (upper middle
panel), MMP-1 (lower middle panel) and GAPDH (lower panel). GAPDH was used
for confirming equal loading.

Skin aging manifests as wrinkles, diminished structural integ-
rity, and impaired wound healing, due to alterations in the extra-
cellular matrix formed predominantly of Collal (for review see
(Jenkins, 2002)). Decreased structural Collal, increased elastin
and higher levels of MMP-1, which degrades collagen, have been
demonstrated in aged skin relative to young skin (Jenkins, 2002).
Several applications have been shown to inhibit wrinkle formation
by restoration of collagen formation, e.g. retinoic acid (Griffiths
et al., 1993). The dermal fibroblasts investigated in our study are
the predominant cells responsible for the alterations in extracellu-
lar matrix. Trx inhibited UVA induced MMP-1 exression in our
study. This is in accordance with data from Yan et al., who demon-
strated that tempol, one of the nitroxides, reduced MMP-1 induc-
tion by UVA (Yan et al, 2005). Moreover, we found that the
protective effects of Trx on UVA induced upregulation of MMP-1
depend on NFkB. It has previously been shown that Trx enhanced
DNA binding of the p50 subunit of NFkB and that blockade of the
thioredoxin reductase inhibited Trx NFxB binding and reduced
expression of a number of anti-apoptotic genes (Matthews et al.,
1992; Lan et al., 2007). In contrast, Wenk et al. demonstrated that
nuclear translocation of the p65 subunit occurred when dermal
fibroblasts were exposed to UVA which consequently resulted in
an increase of IL-6 production and MMP-1 upregulation (Wenk
et al.,, 2004). Therefore, we hypothesized that enhanced binding
of Trx to the p50 subunit of NFkB could change subunit composi-
tion of the NFkB complex, which may result in activation of a dif-
ferent subset of NFkB target genes. However, Trx did not influence
reduction of Collal by UVA, suggesting that Collol expression is
not regulated by NFkB. This is in accordance with our data pre-
sented here and with findings by Buttner et al., demonstrating that
transcriptional regulation of Collal was independent of NFkB in
fibroblasts (Buttner et al., 2004). Thus, one may speculate that
UVA induced regulation of MMP-1 and NFxB occurred via different
signaling pathways and that Trx only influenced the NFxB
signaling.

Furthermore, we found that Trx prevented UVB induced reduc-
tion of Collal expression, but did not influence upregulation of
MMP-1 expression by UVB. Thus, similar as for UVA separate path-
ways exist, which are regulated by UVB, but differentially influ-
enced by Trx. Brenneisen et al. demonstrated that the UVB
induced increase in MMP-1 is completely inhibited by LY294002,
a specific inhibitor of PI3K, in dermal fibroblasts (Brenneisen
et al,, 2002). We have previously been shown that Trx increased
PI3K/Akt pathway activity in endothelial cells (Haendeler et al.,
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2004b). Therefore, Trx rather increased UVB induced upregulation
of MMP-1 than decreased seems not surprising to us (Fig. 2B).

Finally, we demonstrated here that Trx inhibited IRA induced
upregulation of MMP-1 and downregulation of Collal. One may
speculate that the anti-oxidative capacity of Trx may play a role
in IRA signaling, since we previously demonstrated that IRA in-
duced MMP-1 upregulation completely depends on mitochondrial
ROS formation (Schroeder et al., 2007a) and that cells overexpress-
ing Trx inhibit mitochondrial ROS formation (Zhou et al., 2007).

In conclusion, our study demonstrates that MMP-1 and Colla1
are at least in part regulated by different signaling pathways and
that UVA and UVB induce several pathways, which regulate either
the expression of MMP-1 or of Collal. With respect to IRA, Trx can
influence both MMP-1 and Colla1 expression. Moreover, Trx can
only influence distinct signaling pathways induced by UVA and
UVB. In the case of UVA induced MMP-1 expression, Trx seems
to alter NFkB signaling. Thus, Trx in combination with other ther-
apeutics, which affect other pathways, may serve as an anti-photo-
aging “cocktail”.
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Aging is one major risk factor for numerous diseases. The
enzyme telomerase reverse transcriptase (TERT) plays an
important role for aging and apoptosis. Previously, we demon-
strated that inhibition of oxidative stress-induced Src kinase
family-dependent nuclear export of TERT results in delayed
replicative senescence and reduced apoptosis sensitivity. There-
fore, the aim of this study was to investigate mechanisms inhib-
iting nuclear export of TERT. First, we demonstrated that H,O,-
induced nuclear export of TERT was abolished in Src, Fyn, and
Yes-deficient embryonic fibroblasts. Next, we wanted to identify
one potential negative regulator of this export process. One can-
didate is the protein tyrosine phosphatase Shp-2 (Shp-2), which
can counteract activities of the Src kinase family. Indeed, Shp-2
was evenly distributed between the nucleus and cytosol. Nuclear
Shp-2 associates with TERT in endothelial cells and dissociates
from TERT prior to its nuclear export. Overexpression of Shp-2
wt inhibited H,O,-induced export of TERT. Overexpression of the
catalytically inactive, dominant negative Shp-2 mutant (Shp-
2(C459S)) reduced endogenous as well as overexpressed nuclear
TERT protein and telomerase activity, whereas it had no influence
on TERT(Y707F). Binding of TERT(Y707F) to Shp-2 is reduced
compared with TERTwt. Ablation of Shp-2 expression led only to
an increased tyrosine phosphorylation of TERTwt, but not of
TERT(Y707F). Moreover, reduced Shp-2 expression decreased
nuclear telomerase activity, whereas nuclear telomerase activity
was increased in Shp-2-overexpressing endothelial cells. In conclu-
sion, Shp-2 retains TERT in the nucleus by regulating tyrosine 707
phosphorylation.

Telomeres are the physical ends of the chromosomes. They
maintain chromosome stability, genetic integrity and cell via-
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bility in a variety of different species (1, 2). Telomeres can also
function as a mitotic clock, because telomeres are progressively
shortened during each cell division. The enzyme telomerase,
with its catalytic subunit telomerase reverse transcriptase
(TERT),® counteracts the shortening of telomeres. Introduc-
tion of TERT into human cells extended both their life-span
and their telomeres to lengths typical of young cells (3-5). In
addition to this well known function of TERT, functions inde-
pendent of telomere shortening have been described. TERT has
been shown to inhibit apoptosis (6, 7). Recently, it has been
demonstrated that TERT is also localized in the mitochondria,
but its function there is discussed controversially (8 —-10). TERT
is regulated by transcriptional and post-translational mecha-
nisms. Phosphorylation, binding proteins, and cellular localiza-
tion have been described for post-translational modifications of
TERT (11-15). TERT can be phosphorylated and its activity is
regulated by kinases like c-Abl, PKC, ERK1/2, and Akt (16 —20).
We demonstrated that TERT is tyrosine-phosphorylated by the
Src kinase family under conditions of oxidative stress (21, 22).
Functionally, this results in nuclear export of TERT disrupting
the anti-apoptotic and telomere-extending potential of the
enzyme, which subsequently leads to enhanced apoptosis sen-
sitivity and accelerated senescence of cells (21, 22).

One important regulator of the Src kinase family activity is
the protein tyrosine phosphatase Shp-2 (Shp-2). The impor-
tance of Shp-2 for survival has been documented by the Shp-2
knockout mice which are embryonic lethal (23). All the
described mechanisms for the regulatory mechanisms of Shp-2
are associated with its ability to dephosphorylate target mole-
cules such as Src kinase family members, which are bound to
growth factor receptors at the membrane to inhibit the perma-
nent activation of the receptors by kinase phosphorylation (for
review see Ref. 24). Recently, it has been demonstrated that
Shp-2 is also localized in the nucleus, where it binds to the
transcription factor STAT5a and thereby regulates its function
(25). Because the regulation, which leads to nuclear export of
TERT has to occur in the nucleus, we hypothesized that Shp-2
might counteract the nuclear export of TERT.

° The abbreviations used are: TERT, telomerase reverse transcriptase; Shp-2,
protein tyrosine phosphatase Shp-2; EC, human umbilical venous endo-
thelial cells; HEK, human embryonic kidney cells; MEF, mouse embryonic
fibroblasts; wt, wild type; GFP, green fluorescent protein; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase.
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Our data demonstrate that nuclear export of TERT is trig-
gered by Src and/or Yes. One negative regulator of this export is
Shp-2. Shp-2 is localized in the nucleus, is associated with
TERT and dissociates from TERT prior to its export. The cat-
alytic activity of Shp-2 is crucial for retaining TERT in the
nucleus.

EXPERIMENTAL PROCEDURES

Cell Culture—Endothelial cells (EC) were cultured in endo-
thelial basal medium supplemented with hydrocortisone (1
png/ml), bovine brain extract (12 pg/ml), gentamycin (50
pg/ml), amphotericin B (50 ng/ml), epidermal growth factor
(10 ng/ml), and 10% fetal calf serum. After detachment with
trypsin, cells were grown for at least 18 h (26, 27). Human
embryonic kidney cells (HEK) were cultured in DMEM basal
medium with 10% heat-inactivated fetal calf serum. Mouse
embryonic fibroblasts deficient of Src, Fyn, and Yes and their
wild-type counterparts were cultured in Dulbecco’s modified
Eagle’s medium with 10% heat-inactivated fetal calf serum and
gentamycin.

Plasmids—Human Shp-2 was cloned out of endothelial cell-
derived ¢cDNA incorporating EcoRI and BamHI restriction
sites. The amplified PCR product was subcloned into
pcDNA3.1 (—) vector containing a Myc tag (Invitrogen) or into
pGEFP vector creating a Shp-2 GFP fusion. The catalytically
inactive mutant of Shp-2 (Shp-2(C459S)) was generated by site-
directed mutagenesis (Stratagene) out of Shp-2 wt. The hTERT
construct was kindly donated by Dr. Weinberg (28). TERT was
subcloned into pcDNA3.1(—)Myc-His vector (TERTwt) con-
taining the Myc tag at the C terminus. TERT(Y707F) was gen-
erated by site-directed mutagenesis. ShRNA vectors were
obtained from Sigma (Mission shRNA series).

Transfection—HEK were transiently transfected with Lipo-
fectamine/Plus according to the manufacturer’s protocol
(Invitrogen) as previously described (29) with a transfection
efficiency of 90 = 4%. EC were transiently transfected with
Superfect (Qiagen) as described previously. Mouse embryonic
fibroblasts were transiently transfected with Lipofectamine/
Plus according to the manufacturer’s protocol (Invitrogen).
Transfection of siRNA was performed by using INTERFER-
Rin™ according to the manufacturer’s protocol (POLYPLUS
transfection). Sequence of scrambled siRNA: 5-AACU-
UGAGAAUCGCCUGAA-3', sequence of Shp-2 siRNA:
5'-GAAGCACAGUACCGAUUUA-3".

Telomerase Enzyme Activity Measurement—Telomerase
enzyme activity was measured using a commercially available
PCR-based assay according to the manufacturer’s protocol
(Roche Applied Science) as previously described (30). In brief,
after PCR amplification, PCR products were either used for
detection of telomerase enzyme activity by 1) ELISA or by 2)
telomerase-mediated DNA laddering. 1) For ELISA, PCR prod-
ucts are immobilized via the biotin-labeled TS primers (pro-
vided with the assay) to a streptavidin-coated microtiter plate.
The linearity of the assay was assured by the positive controls
provided by the company, and as negative controls heat (95 °C,
2 min) and RNase-treated samples were used in the presence of
the biotinylated primers (inset, Fig. 5b).
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Separation of Nuclear and Cytosolic Extracts—Nuclear and
cytosolic extracts were separated using a commercially avail-
able kit according to the manufacturer’s protocol (Pierce). In
brief, cells were scraped off the dish and centrifuged at 800 X g
for 5 min at 4 °C. The resulting pellet was resolved in cytosolic
extraction reagent I (CERI buffer) and incubated for 10 min at
4 °C. After adding cytosolic extraction reagent II (CERII buffer)
and further incubation for 1 min at 4 °C, samples were centri-
fuged at 16,000 X g for 5 min at 4 °C. The resulting supernatant
contained the cytosolic fraction. The resulting pellet was
washed with phosphate-buffered saline and resuspended in
nuclear extraction reagent (NER buffer) and incubated for 60
min at4 °C. After centrifugation for 15 min at 16,000 X gat4 °C,
the resulting supernatant was obtained as nuclear fraction.
Purity of the nuclear and cytosolic extracts was always assured
by immunoblotting with topoisomerase 1 (nuclear) and HSP70
(cytosolic).

Immunoprecipitation and Immunoblotting—Lysates (250
pg) were immunoprecipitated with 2.5 ug of Shp-2 antibody or
2.5 pg of Myc antibody overnight at 4 °C. After incubation with
A- and G-Sepharose (Amersham Biosciences) for 2 h at 4 °C,
resulting beads were washed, subjected to SDS-PAGE sample
buffer, and resolved on a 10% SDS-PAGE.

Immunoblotting was performed with antibodies directed
against TERT (1:200, overnight, 4 °C, Calbiochem or 1:500,
overnight, 4°C, Rockland), actin (1:8000, overnight 4 °C,
Sigma) and Shp-2, Myc, Hsp70, Ref-1, topoisomerase I (2 h,
1:250, all Santa Cruz). Antibodies were detected by the
enhanced chemiluminescence system (Amersham Bio-
sciences). Semi-quantitative analyses were performed on
scanned immunoblots using Scion Image 1.6 (Scion Corp.).

Immunostaining—Cells were fixed in 4% paraformaldehyde
and permeabilized using 0.3% Triton X-100 and 3% bovine
serum albumin in phosphate-buffered saline. For immuno-
staining, cells were incubated with an antibody against TERT
and stained with an anti-rabbit Texas-Red-conjugated Fab
fragment. Nuclei were counterstained with Sytox-Blue or DAPI
(1:1000, 5 min, Molecular Probes). Cells were visualized with
confocal microscopy (Zeiss, LSM 510 META, magnification
1:40 oil).

Statistics—Statistical analysis was performed with Student’s ¢
test or Wilcoxon, Mann-Whitney test using XLSTAT 2008.

RESULTS

Nuclear Export of TERT Depends on Src and Yes—
Recently, we demonstrated that short term exposure to oxi-
dative stress as well as aging-induced reactive oxygen species
formation led to a Src kinase family-dependent nuclear
export of TERT. Loss of nuclear TERT resulted in increased
apoptosis sensitivity and accelerated senescence (21, 22). To
reduce the number of candidates of the Src kinase family,
which are responsible for oxidative stress-induced nuclear
export of TERT, we used embryonic mouse fibroblasts defi-
cient for Src, Fyn, and Yes and overexpressed TERTwt in
these cells. Treatment with 500 um H,O, for 6 h resulted in
areduction of nuclear TERT protein and an increase in cyto-
solic TERT protein in wildtype fibroblasts. In contrast, in
fibroblasts deficient for Src, Fyn, and Yes, nuclear export of
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FIGURE 1. Absence of Src, Fyn, and Yes completely abrogates nuclear
export of TERT. g, Src, Fyn, Yes-dependent nuclear export of TERT. Embry-
onic fibroblasts from mice deficient for Src, Fyn, and Yes (SFY~/7) and from
their wild-type counterparts (WT) were transfected with TERT-myc and incu-
bated with 500 um H,0, for 6 h. Nuclear and cytosolic extracts were prepared
as described under “Experimental Procedures” and used forimmunoblotting;
shown is a representative blot of three independent experiments. Upper
panel, detection of TERT-myc with an anti-Myc antibody. The middle and
lower panel show the purity of the nuclear and cytosolic extracts with the
nuclear marker topoisomerase | and the cytosolic protein Hsp70. b, nuclear
localization of Srcand Yes. Nuclear and cytosolic extracts were prepared from
EC and used forimmunoblotting. The following proteins were detected with

specific antibodies (from top to bottom): Src, Yes, Fyn, topoisomerase |
(nuclear marker), and GAPDH (cytosolic marker).

Topoisomerase |

GAPDH

TERT was completely abolished (Fig. 14) demonstrating that
these three kinases play a role in this process.

The functional relevance of these kinases in EC is substanti-
ated by the fact that Src and Yes could be detected in nuclear
extracts of them (Fig. 15). Having demonstrated that Src and/or
Yes are responsible for oxidative stress induced nuclear export
of TERT, we next wanted to identify one of the counter players,
which inhibits nuclear export of TERT. One known inhibitor of
Src kinase family functions is Shp-2. However, to inhibit
nuclear export of TERT, Shp-2, like Src and Yes must be local-
ized in the nucleus. Therefore, we first investigated the cellular
localization of Shp-2 in EC. We found that Shp-2 is evenly dis-
tributed between the nuclear and cytosolic extracts (Fig. 2a).
Thus, we hypothesized that Shp-2 could be indeed the counter
player for oxidative stress-induced nuclear export of TERT.
Similar to endogenous Shp-2, overexpressed, myc- or GFP-
tagged Shp-2 were also localized in the nucleus (Fig. 2a and
supplemental Fig. S1).

If Shp-2 is involved in TERT nuclear export by oxidative
stress, we hypothesized that Shp-2 itself must be regulated by
H,0, in EC. Indeed, incubation with 200 um H,O,, which led to
a nuclear export of TERT, resulted in a minor, but significant
decrease of total Shp-2 protein and activity (Fig. 2, b and c).
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FIGURE 2. Subcellular localization of Shp-2 and regulation by H,O,.
a, endogenous and overexpressed Shp-2 are evenly distributed between
nucleus and cytoplasm in EC. Shp-2 wt-myc was overexpressed in EC. Nuclear
and cytosolic extracts were prepared as described under “Experimental Pro-
cedures” and used forimmunoblots. Upper panel shows an immunoblot with
an anti-Shp-2 antibody, middle and lower panels demonstrate the purity of
the extracts using antibodies against the nuclear marker topoisomerase | and
the cytosolic marker GAPDH. One representative immunoblot is shown (n =
6). EV, empty vector; b, H,0, reduces Shp-2 protein levels. Upper panel, EC
were incubated with 200 um H,0, for 6 h and immunoblots were performed
with an anti-Shp-2 antibody and anti-actin for normalization. Lower panel,
semi-quantitative analysis of four independent experiments. Shown are the
Shp-2 levels relative to actin, data are means *= S.E. (relative levels in
untreated cells set to 1; ¥, p < 0.05). ¢, H,0, reduces Shp-2 activity. EC were
incubated with 200 um H, 0, for 6 h, lysed, and Shp-2 activity was measured in
the lysates. Data are means = S.E. (n = 6) and are shown relative to Shp-2
activity in untreated cells (¥, p < 0.05).

Shp-2 Associates with TERT and Retains It in the Nucleus—
To get first insights whether Shp-2 could be a direct player in
the regulation of TERT, we next determined whether TERT
and Shp-2 associate with each other in the nucleus. Therefore,
we co-immunoprecipitated endogenous Shp-2 and TERT-myc
from nuclear extracts of TERT-myc-transfected cells. Indeed,
the majority of TERT is associated with Shp-2 in the nucleus
(Fig. 3). This association seems to be specific as we did not find
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FIGURE 3. Shp-2 associates with TERT. HEK cells were transfected with TERT-
myc and endogenous Shp-2 was immunoprecipitated from 250 n.g of nuclear
protein. Immunoblots with the precipitate (/P) and 25 ug of total protein from
the supernatant (SN) were performed with an anti-Myc antibody (TERT-myc,
upper panel) and anti-Shp-2 (lower panel). 1gG served as negative control. The
inset shows the reciprocal immunoprecipitation with an anti-Myc antibody.
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FIGURE 4. Shp-2 wt rescues H,0,-induced loss of nuclear TERT protein and
telomerase activity. g, EC were transfected with either empty vector (EV) and
TERT-myc or with Shp-2 and TERT-myc. After incubation with 200 um H,0,,
immunoblot against TERT-myc and topoisomerase | was performed in nuclear
extracts. a, upper panel shows a representative immunoblot with an Myc anti-
body, the upper middle panel shows purity of nuclear fraction with an anti-topoi-
somerase | antibody and upper lower panel shows purity of nuclear fraction with
an anti-GAPDH antibody (n = 4). Lower panel shows the semi-quantitative anal-
ysis of four independent experiments. TERT levels were normalized to topoi-
somerase | and are shown relative to the levels of cells transfected with EV/TERT-
myc not treated with H,0,. Data are means = S.E. (¥, p < 0.05 versus TERT-myc/
EV + H,0,). b, overexpression of Shp-2 rescued H,0,-induced reduction of nuclear
telomerase activity. EC were transfected and treated as in a. Nuclear telomerase
activity was measured as described under “Experimental Procedures” and is
shown relative to the level in EV-transfected cells not treated with H,O,. Data are
means * S.E. (n = 6; *, p < 0.05 versus EV-H,0,. **, p < 0.05 versus EV + H,0,).

complexes between TERT-myc, Shp-2, and the transcription
factor Ref-1 (supplemental Fig. S2). Having demonstrated that
nuclear Shp-2 interacts with TERT, we next examined whether
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FIGURE 5. Nuclear retention of TERT requires catalytically active Shp-2.
a, EC were transfected with empty vector (EV) or Shp-2(C459S). Immunoblot
was performed with an anti-TERT antibody (left panel, top), an anti-topoi-
somerase | antibody (left panel, middle) and an anti-GAPDH antibody (left
panel, bottom). TERT levels were determined by semi-quantitative analysis
and normalized to topoisomerase | (right panel). Data are means = S.E. of four
independent experiments, the relative TERT levels in EV-transfected cells are
set to 1 (¥, p < 0.05). b, EC were transfected with empty vector (EV), Myc-
tagged Shp-2 wt or Shp-2(C459S) and incubated with 200 um H,O, for 6 h.
Nuclear telomerase activity was measured and is shown relative to the level in
EV-transfected cells not treated with H,0,. Data are means = S.E.(n = 3;*,p <
0.05 versus EV; #. p < 0.05 versus EV + H,0,; $, p < 0.05 versus Shp2(C459S)).
Lower inset shows absolute values (A ,5,) of negative and positive controls; the
measured absorbances of all samples were within the range of these controls.
To assess the levels of both Shp-2 wt and Shp-2(C459S) immunoblot of whole
cell lysates was performed with an anti-Myc antibody (upper inset, top panel),
equal loading was confirmed using GAPDH (upper inset, bottom panel).

Shp-2 has an inhibitory effect on oxidative stress-induced
nuclear export of TERT.

We overexpressed Shp-2 and TERT-myc in EC and incu-
bated them for 6 h with 200 um H,O, to induce nuclear export
of TERT. As shown in Fig. 4a, overexpression of Shp-2 com-
pletely abolished nuclear export of TERT. In line with this find-
ing, overexpression of Shp-2 inhibited H,O,-induced reduc-
tion of endogenous, nuclear telomerase activity (Fig. 45).

Nuclear Retention of TERT Requires Catalytically Active
Shp-2—To determine whether the catalytic activity of Shp-2 is
required for retaining TERT in the nucleus, we investigated the
effects of the catalytically inactive, dominant negative Shp-2
mutant, Shp-2(C459S). First we verified that this mutant like
the wild-type protein is evenly distributed between nucleus and
cytoplasm (supplemental Fig. S3).

Overexpression of Shp-2(C459S) induced already under
basal conditions reduction of nuclear TERT protein (Fig. 54). In
addition, we transfected EC with Shp-2 wt or Shp-2(C459S),
incubated them with H,O, and measured telomerase activity in
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FIGURE 6. Tyrosine 707 is a target for Shp-2. g, EC were transfected with
Myc-tagged TERT-wt (WT) or TERT(Y707F) (Y707F) together with GFP or Shp-2
wt GFP. After incubation with H,O, nuclear extracts were prepared and
nuclear telomerase activity was measured. Data are means = SE. (n = 4)
relative to the values obtained with TERT-wt/GFP in untreated cells (¥, p <
0.05 versus TERT wt/GFP w/o H,O,; **, p < 0.05 versus TERT wt/GFP with H,0,.
b, EC were transfected with Myc-tagged TERT-wt (WT) or TERT Y707F (Y707F)
together with GFP or Shp-2(C459S)-GFP. 24 h after transfection, nuclear
extracts were prepared, and nuclear telomerase activity was measured. Data
are means * S.E. (n = 4) relative to the values obtained with TERT-wt/GFP (*,
p < 0.05 versus TERT-wt/GFP; **, p < 0.05 versus TERT-wt/Shp2(C459S)-GFP).

nuclear extracts. Shp-2 wt increased, whereas Shp-2(C459S)
reduced endogenous, nuclear telomerase activity under basal
conditions. This effect seems to be specific for Shp-2, because
overexpression of another phosphatase, namely the protein
phosphatase 2a (PP2A) did not alter nuclear TERT protein and
telomerase activity (supplemental Fig. S4). Shp-2 wt completely
abrogated the effect of H,O, on endogenous, nuclear telomer-
ase activity, which is in accordance with our data presented in
Fig. 4a. Interestingly Shp-2(C459S)-overexpressing cells showed a
stronger effect on endogenous, nuclear telomerase activity com-
pared with empty vector transfected cells under H,O, treatment
(Fig. 5b). These data clearly demonstrate that nuclear retention of
TERT depends on the presence of Shp-2 protein and its activity.
This is in accordance with the findings shown in Fig. 2 that H,O,
treatment reduces total Shp-2 protein and activity, providing one
possible explanation for the H,O,-induced nuclear export of
TERT.

We previously reported that TERT(Y707F) is retained in the
nucleus under H,O, treatment, suggesting that this tyrosine is
crucial for nuclear export (21). The involvement of Shp-2 in this
process suggests that phosphorylation/dephosphorylation reg-
ulates subcellular TERT localization. As expected, Shp-2 wt did
not alter nuclear telomerase activity in TERT(Y707F)-overex-
pressing cells even after H,O, treatment because this mutant
cannot be phosphorylated at position 707 and thus does not
require dephosphorylation for nuclear retention (Fig. 6a and
Ref. 21). Moreover, under basal conditions, overexpression of
dominant negative Shp-2(C459S) reduced nuclear telomerase
activity in TERT-wt transfected cells, whereas it had no influ-
ence on TERT(Y707F) (Fig. 6b), suggesting that tyrosine 707 in
TERT is the target for Shp-2 phosphatase activity. Next, we
investigated the influence of tyrosine 707 on the TERT Shp-2

NOVEMBER 28, 2008« VOLUME 283 +NUMBER 48

Nuclear Shp-2 Regulates TERT
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FIGURE 7. Tyrosine phosphorylation of TERT depends on Shp-2. a, HEK
cells were transfected with Myc-tagged TERT-wt (WT) or TERT(Y707F) (Y707F),
incubated with H,O, for 1 h as indicated and immunoprecipitated with an
anti-Shp-2-antibody from nuclear extracts. Immunoblots with the precipi-
tates (IP) and the supernatants of the IP (SN) were performed with an anti-Myc
antibody (upper panel) or an anti-Shp-2 (lower panel). b, HEK cells were first
transfected with a shRNA vector targeting Shp-2 (shShp-2) or a scrambled
control (scr) and 24 h later with TERT-wt (WT) or TERT(Y707F) (Y707F). Another
24 h later, cells were treated with H,O, for 1 h, and nuclear lysates used for
immunoprecipitation (/P) with an anti-Myc antibody. Immunoblots with the
precipitates were performed with an anti-phosphotyrosine antibody (upper
panel) or an anti-Myc antibody (lower panel).

association in the nucleus in the presence and absence of H,O.,,.
Association of TERT(Y707F) to Shp-2 is markedly reduced
compared with TERT-wt. This is also reflected in the superna-
tants of the immunoprecipitations where more unbound
TERT(Y707F) is found (Fig. 7a). Finally, ablation of Shp-2
increased tyrosine phosphorylation of nuclear TERT-wt, whereas
TERT(Y707F) was unaffected (Fig. 7b). Similarly, reduced Shp-2
expression decreased nuclear telomerase activity and TERT pro-
tein already under basal conditions (supplemental Fig. S5 and
Fig. 7b).

DISCUSSION

The present study demonstrates that nuclear Shp-2 is asso-
ciated with nuclear TERT and dissociates from TERT prior to
its export, that Shp-2 inhibits nuclear export of TERT and that
tyrosine 707 in TERT is a target for Shp-2.

Shp-2 was identified as a cytosolic SH2 domain containing
tyrosine phosphatase, which is ubiquitously expressed. The
wide distribution of the enzyme indicates that it might regulate
various physiological functions. Homozygous Shp-2 knockout
mice are embryonic lethal underscoring the importance of the
enzyme. It is clear that Shp-2 plays a critical role in regulating
signal transduction; however, a profound biochemical basis for
the different functions of this phosphatase remains to be eluci-
dated. Our data now add another important issue to the list of
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unaddressed questions: What is the function for nuclear Shp-2?
Chughtai et al. (25) reported that Shp-2 exists in a complex with
the transcription factor Stat5a. The authors speculate that
active Shp-2 and a tyrosine-phosphorylated Stat5a translocate
to the nucleus and potentially function in the nucleus to regu-
late transcription as both Shp-2 and Stat5a as a complex bind
DNA. Our data now provide evidence that Shp-2 is localized in
the nucleus already under basal conditions, where it is associ-
ated with TERT. Thus, it is tempting to speculate that some of
the physiological functions of Shp-2 have to be addressed to its
nuclear localization. The question remains how Shp-2 is
imported into the nucleus, because it lacks a nuclear localiza-
tion sequence. Therefore, a binding protein for Shp-2 could be
required to induce its nuclear import. A possible candidate is
Gabl, which has a nuclear import sequence (31) and has been
shown to bind to Shp-2 (32). Preliminary data from our labora-
tory indicate that overexpression of a nuclear localization defi-
cient Gab1 mutant prevents nuclear import of Shp-2.6

Under oxidative stress, TERT is tyrosine-phosphorylated
and thereby exported from the nucleus in a Src kinase family/
CRM1-dependent manner (21). In this study we demonstrate
that Src and Yes are also localized in the nucleus of EC and
thereby could be responsible for tyrosine phosphorylation of
TERT. Moreover, the Src kinase family has been implicated in
aging processes. This is mainly due to the fact that reactive
oxygen species, which accumulate with age and induce lipid
peroxidation, protein modification, DNA strand breaks, and
cause oxidative damage, enhance the activity of the Src kinase
family, which results in a progressive loss of cell function, a
hallmark for aging processes (22, 33-35). We provide func-
tional evidence that Src, Fyn, and Yes could play a role in aging
processes, because cells deficient in these kinases can retain
TERT in the nucleus under oxidative stress.

It has to be assumed that the export of nuclear TERT is reg-
ulated. Here, we demonstrate that Shp-2 is associated with
TERT in the nucleus under basal conditions. More importantly,
endogenous Shp-2 dissociates from nuclear TERT prior to its
export and down-regulation of endogenous Shp-2 expression
reduced nuclear telomerase activity. Thus, one may speculate
that Shp-2 protects TERT from nuclear export by complex for-
mation with TERT. Our data also suggest that tyrosine 707 in
TERT is a target for the phosphatase activity of Shp-2. There-
fore, Shp-2 might indeed be the unknown counterplayer for
oxidative stress-induced nuclear export of TERT. However, we
still do not know whether it acts solely via dephosphorylation.
However, our data presented here strongly suggested that tyro-
sine 707 in TERT is a target of Shp-2 because the phosphoryl-
ation status of TERT(Y707F) is unaffected by Shp-2 and more
importantly tyrosine phosphorylation of TERT-wt is negatively
regulated by Shp-2. As a functional consequence nuclear Shp-2
could protect the cell either against accelerated senescence or
increased apoptosis sensitivity or even both.

To our knowledge Shp-2, or more precise nuclear Shp-2, has
not been implicated in aging processes until now. It has only
been suggested that Shp-1 is responsible for aging-related

6. Jakob, unpublished observation.
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attenuation of EGF receptor signaling in dermal fibroblasts
(36), which suggests that Shp-1 negatively contributes to aging
processes. This is in line with findings that Shp-1 plays a nega-
tive role in transducing signals for cellular responses (24). Pre-
vious biochemical evidence has shown that the enzymatic
activity of Shp-2 is required for its function in signal transduc-
tion (37, 38). Replacing cysteine 459 with serine completely
abolished its enzymatic activity. Binding of this mutant to other
proteins via its SH2 domains remained unaltered. However,
introduction of this mutant markedly inhibited the activation
of MAP kinases in response to EGF and insulin (37, 39). This is
in line with our data presented here that Shp-2(C459S) has also
a nuclear localization (data not shown), but reduced nuclear
telomerase activity and TERT protein already under basal
conditions.

In summary, our study demonstrates a new important func-
tion for nuclear Shp-2 in retaining TERT in the nucleus. In
addition, tyrosine 707 is a target for Shp-2. It counteracts the
Src and Yes effects on TERT protein and telomerase activity in
the nucleus under conditions of oxidative stress, most likely by
regulating the net phosphorylation status of tyrosine 707 in
TERT. This suggests that keeping Shp-2 in the nucleus delays
aging processes and inhibits apoptosis.
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supplementary figure 1: Jakob et al.

DAPI Shp-2 wt GFP merge

Shp-2 localization in endothelial cells. Shp-2 wt-GFP was overexpressed in EC
and detected by fluorescence microscopy. Left panel: nuclear staining with DAPI,
middle panel: Shp-2 wt GFP, right panel: merge. Transfected cells show an even
distribution of Shp-2 wt-GFP between nucleus and cytoplasm.



supplementary figure 2: Jakob et al.
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The nuclear transcription factor Ref-1 does not associate with TERT-myc and
endogenous Shp-2. HEK cells were transfected with TERT-myc, lysed and the
lysates used for immunoprecipitations (IP) with an anti myc-antibody.
Immunoblots with the precipitates (left panels) and 25 pg of total protein (IB)
(right panels) were performed with an anti-myc antibody (TERT-myc, upper
panels), anti-Shp-2 (middle panels) and anti-Ref-1 (lower panels). IgG denotes the
antibody used for immunoprecipitation.



supplementary figure 3: Jakob et al.

Shp-2(C459S)-GFP Sytox-Blue

endogenous TERT merge

Dominant negative Shp-2 reduces nuclear TERT protein. Endothelial cells were
transfected with Shp-2(C459S)-GFP and analyzed by fluorescence microscopy.
Endogenous TERT was detected by immunostaining using a Texas Red coupled
secondary antibody. Top left panel: Shp-2(C459S)-GFP, top right panel: nuclear
staining with Sytox Blue, bottom left panel: endogenous TERT, bottom right
panel: merge. In Shp-2(C459S)-GFP transfected cells (white arrow) the nuclear
staining of TERT is reduced in comparison to non-transfected cells.



supplementary figure 4: Jakob et al.
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PP2A did not alter endogenous nuclear TERT protein. HEK cells were transfected
with empty vector (EV) or PP2A. Immunoblots of lysates from nuclear and
cytosolic extracts were performed with an anti-TERT antibody (upper panel) and
an anti-PP2A antibody (lower upper panel). Anti-topoisomerase I antibody (upper
lower panel) was used as nuclear marker and anti-GAPDH antibody as cytosolic
marker (lower panel).



supplementary figure 5: Jakob et al.

scr Shp-2

Shp-2 — | —— . -

actin —> | " e

0.18 -
0.16 -
0.14 -
0.12 1

0.1 7
0.08 1
0.06 1
0.04 -
0.02 1

—l*

nuclear telomerase activity

scr Shp-2

Downregulation of Shp-2 reduces nuclear telomerase activity. HUVEC were
transfected with Shp-2 siRNA (Shp-2) and scrambled siRNA (scr). Upper panel
verifies downregulation of Shp-2. Middle panel shows equal loading using an anit-
actin antibody. Nuclear telomerase activity was measured as described under
experimental procedures. Data are means +/- SEM (n=3, *p< 0.05 vs scr, n=3) (lower
panel).
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Mitochondrial Telomerase Reverse Transcriptase Binds to
and Protects Mitochondrial DNA and Function
From Damage

Judith Haendeler, Stefan Drose, Nicole Biichner, Sascha Jakob, Joachim Altschmied, Christine Goy,
Ioakim Spyridopoulos, Andreas M. Zeiher, Ulrich Brandt, Stefanie Dimmeler

Objective—The enzyme telomerase and its catalytic subunit the telomerase reverse transcriptase (TERT) are important for
maintenance of telomere length in the nucleus. Recent studies provided evidence for a mitochondrial localization of
TERT. Therefore, we investigated the exact localization of TERT within the mitochondria and its function.

Methods and Results—Here, we demonstrate that TERT is localized in the matrix of the mitochondria. TERT binds to
mitochondrial DNA at the coding regions for ND1 and ND2. Binding of TERT to mitochondrial DNA protects against
ethidium bromide—induced damage. TERT increases overall respiratory chain activity, which is most pronounced at
complex I and dependent on the reverse transcriptase activity of the enzyme. Moreover, mitochondrial reactive oxygen
species are increased after genetic ablation of TERT by shRNA. Mitochondrially targeted TERT and not wild-type
TERT revealed the most prominent protective effect on H,0,-induced apoptosis. Lung fibroblasts from 6-month-old
TERT /" mice (F2 generation) showed increased sensitivity toward UVB radiation and heart mitochondria exhibited
significantly reduced respiratory chain activity already under basal conditions, demonstrating the protective function of

TERT in vivo.

Conclusion—Mitochondrial TERT exerts a novel protective function by binding to mitochondrial DNA, increasing
respiratory chain activity and protecting against oxidative stress—induced damage. (Arterioscler Thromb Vasc Biol.

2009;29:929-935.)

Key Words: aging m apoptosis m mitochondrial functions m mitochondrial DNA m reactive oxygen species
m telomerase reverse transcriptase

To date several theories exist to explain the phenomenon
of normal and pathological aging. The free radical theory
of aging' proposes that reactive oxygen species (ROS) in
biological systems attack molecules and thereby cause func-
tional decline of organ systems that eventually leads to death.
This damage accumulates over time and may contribute to
diseases associated with aging like atherosclerosis, neurode-
generation, or cataracts.> Recently, Schriner et al produced
transgenic mice that overexpressed human catalase localized
to the peroxisome, the nucleus, and the mitochondria. Only
mice overexpressing mitochondrially targeted catalase
showed a significant increase in life span and a reduction in
oxidative damage to DNA and consequently in apoptosis.>
Thus, these data define the mitochondria as compartment of
ROS formation, which contributes to aging processes. Further
evidence supporting the importance of mitochondria and
formation of ROS in the mitochondria comes from findings
that overexpression of mitochondrially localized antioxidant
enzymes lengthens lifespan of Drosophila*> and that deletion

of manganese superoxide dismutase results in the age-related
decline of mitochondrial function, culminating in increased
apoptosis.® Recent studies using isolated complex I of the
respiratory chain clearly demonstrated that superoxide pro-
duction into the mitochondrial matrix is predominantly de-
pendent on flavine-mononucleotide within complex .78
The enzyme telomerase counteracts the shortening of the
physical ends of chromosomes and, thereby, prevents the
onset of replicative senescence and genetic instability.?—'2
The catalytic subunit, which antagonizes telomere-
shortening, is the telomerase reverse transcriptase (TERT).®
Several studies suggested that TERT exerts functions inde-
pendently of its net telomere lengthening (for review see!3).
TERT increased cell survival and resistance against oxidative
stress after short term incubation of cells with different
stimuli, which did not affect telomere shortening.'4-'®8 TERT
has been shown to have a genuine mitochondrial leader
sequence which targets this protein to the mitochondria.!®20
However the exact role of mitochondrial TERT remains
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controversial, with 1 group showing that it exacerbates
oxidative injury!®-2° and another group demonstrating a pro-
tective effect after oxidative stress.?! Taking into account that
aging processes are associated with dysfunctional mitochon-
dria, the goal of the present study was to elucidate the
localization of TERT within the mitochondria and its func-
tional role in the mitochondria with specific respect to
respiratory chain activity, apoptosis, and formation of ROS.

Methods

Please see http://atvb.ahajournals.org for expanded Methods section.

Cell Culture

Human umbilical vein endothelial cells (HUVECs; Lonza, Cologne,
Germany) were transfected with Superfect as previously described.??
After detachment with trypsin, cells were grown for at least 18 hour
prior to all further manipulations.

Isolation of Primary Mouse Lung Fibroblasts

A small piece of lung tissue was minced with 2 scalpels in a culture
dish and incubated in HEK 293 medium at 37°C. After 5 days the
fibroblasts grown out from tissue fragments were passaged to culture
flasks.

Proteinase K Digestion of Mitochondria

To determine whether TERT is localized in the mitochondrial matrix
or the intermembrane space, 700 wg of mitochondria was distributed
in 3 equal aliquots. Mitochondria were pelleted and incubated at 4°C
on a shaker in 40 uL of 3 different buffers for 20 minutes. Buffer 1
(isotonic buffer): 250 mmol/L sucrose, 1 mmol/L EGTA, 10 mmol/L
HEPES, pH7; Buffer 2 (hypotonic buffer): 1 mmol/L EGTA,
10 mmol/L HEPES, pH7, 25 ug/mL proteinase K; Buffer 3 (hypo-
tonic buffer with detergent): 1 mmol/L EGTA, 10 mmol/L HEPES,
pH7, 1% (v/v) Triton-X100, 25 ug/mL proteinase K. After 20
minutes, digestion was stopped by adding phenylmethylsulfonyl
fluoride to a final concentration of 2 mmol/L and incubated for
further 5 minutes with shaking. Aliquot 3 was boiled for 5 minutes
in Laemmli-buffer. Aliquot 1 and 2 were washed once with Buffer 1
and resuspended in 40 uL RIPA-buffer (50 mmol/L Tris/HCI pH8,
1% [v/v] Nonidet, 150 mmol/L NaCl, 0.1% [wt/vol] SDS, 0.5%
[wt/vol] Desoxycholate) and boiled for 5 minutes in Laemmli-buffer.
Western blot analyses were performed using antibodies against
endogenous TERT (Epitomics, 1:500), TOM40 (Santa Cruz, 1:250),
and TIM23 (BD Transduction laboratories 1:1000).

Results
TERT Is Localized in Mitochondria

It has been demonstrated that mitochondria contain measur-
able telomerase enzymatic activity,'® suggesting that a frac-
tion of cellular TERT is localized in these organelles. After
having previously shown that telomerase activity is found in
mitochondria of HUVECs,2 we confirmed that this is also
true for HEK cells. As shown in Figure 1A, telomerase
enzyme activity was detectable in all 3 compartments under
basal conditions. Because commercially available antibodies
against endogenous TERT could not be used for immunopre-
cipitation, we next tested whether overexpressed TERT
wild-type protein containing a myc-tag at the C terminus
(TERTwt-myc) is detectable in mitochondria. From our
previous studies, we knew that TERTwt-myc is exported
from the nucleus on stress and thereby behaved identical to
endogenous TERT in HEK cells and HUVECs.!7 Overex-
pressed TERTwt-myc was detected in the mitochondria by
immunoblot (supplemental Figure IA). The biochemical frac-
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Figure 1. TERT is localized in mitochondria. A, Endogenous
telomerase enzyme activity was measured in the nuclear (nuc),
cytosolic (cyt), and mitochondrial (mito) fraction of HEK cells. B,
Total mitochondrial proteins (1), matrix proteins (2), and protein-
ase K-treated matrix proteins (3) were assayed for the presence
of TERT, TIM23, and TOM40. C, TIM23 was immunoprecipitated
from the mitochondrial fraction of the TERTwt-myc transfected
cells and the precipitate analyzed for the presence of TERTwt-
myc (upper panel) and as a control for TIM23 (lower panel).

tionation was always controlled by proteins, which are known
to be located in the nucleus or in the mitochondria.

To determine the exact localization of TERT, which has a
genuine mitochondrial leader sequence at the N terminus,
within these organelles, we digested the outer mitochondrial
membrane with proteinase K. With this approach we could
demonstrate that a large portion of endogenous TERT is
localized in the mitochondrial matrix as indicated by its
presence in the proteinase K resistant fraction (Figure 1B).
This requires an import into the mitochondria, as the protein
is encoded by the nuclear genome and thus translated in the
cytoplasm. The best-characterized pathway to import a pro-
tein into the mitochondria of higher eukaryotes is by binding
to a complex containing the translocases of the outer mem-
brane 20 and 40 (TOM20 and TOM40) and the translocase of
the inner membrane 23 (TIM23). We therefore investigated
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whether TERT can associate with this complex by coimmu-
noprecipitation studies. As stated above, TERTwt-myc was
detected in the mitochondria, and all antibodies directed
against endogenous TERT could not be used for immunopre-
cipitation. Therefore, we performed all further experiments
with overexpressed TERTwt-myc. The fact that TERTwt-
myc physically interacts with the TOM20/TOM40 complex
(supplemental Figure IB) and with TIM23 (Figure 1C)
strongly suggests a transport mechanism involving these
proteins. However, these experiments do not exclude partic-
ipation of other translocases, like for instance TIM22.

TERT Binds to mtDNA

One important component of the mitochondrial matrix is the
mtDNA. This prompted us to test whether TERTwt-myc can
associate with the genome of the organelle. Therefore, we
performed a modified chromatin-immunoprecipitation assay,
using primers amplifying segments of mtDNA. After careful
examination of the different regions of the circular mitochon-
drial genome, we identified 2 regions containing the coding
sequences for NADH:ubiquinone oxidoreductase (complex I)
subunit 1 and 2 (ND1, ND2) as interaction sites for overex-
pressed TERTwt-myc protein. In contrast, another region of
the mtDNA containing the coding sequence for ATP synthase
subunit 6 (ATP6) did not show interaction with TERTwt-myc
(supplemental Figure II).

TERT Protects mtDNA From Damage

It has previously been shown that telomerase can protect
mitochondrial function under oxidative stress.?! As a number
of mitochondrial proteins are encoded by the mitochondrial
genome it was suggestive to analyze whether TERT bound to
mtDNA could protect it against damage. Therefore we first
assessed in vitro whether TERT can prevent UV-induced
destruction of mtDNA. We treated isolated total cellular
DNA (containing nuclear and mtDNA) in vitro in the pres-
ence or absence of TERTwt-myc for 3 minutes with short-
wave UV light (254 nm) and analyzed intactness of mtDNA
by long-range PCR. Indeed, preincubation of the DNA with
in vitro translated TERTwt-myc effectively protected
mtDNA against UV-induced degradation, whereas immediate
irradiation showed only weak protection. Preincubation with
B-galactosidase, a protein of comparable size, had no effect
(Figure 2A).

To assess whether this protection of mtDNA is of rele-
vance in living cells, we irradiated primary lung fibroblasts
from homozygous TERT knockout (TERT /) mice and
their wild-type littermates with different doses of UVB
irradiation and determined MTT conversion as a measure for
mitochondrial activity. We demonstrated that TERT '~ fi-
broblasts are more sensitive to UV-irradiation with regard to
their mitochondrial activity (Figure 2B), indicating that
TERT has a protective function for mitochondria in vivo. In
addition we could show that TERTwt-myc directly protects
mtDNA in HEK cells (Figure 5A).

TERTwt Protects the Respiratory Chain and
Specifically Complex I in Cells and in Mice

To further investigate whether TERT binding to mtDNA has
an impact on mitochondrial function, we next measured
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Figure 2. TERT protects mtDNA and function from UV-induced
damage. A, Isolated total cellular DNA containing nuclear and
mtDNA was irradiated with short wave UV light (254 nm). In vitro
translated TERTwt-myc or B-galactosidase were added as indi-
cated. Integrity of mtDNA was assessed and the products ana-
lyzed by agarose gel electrophoresis. B, Isolated primary lung
fibroblasts from homozygous TERT knockout mice (TERT ™)
and their wild-type littermates (TERT*/*) were irradiated with
different doses of UVB and mitochondrial function was mea-
sured. Data are presented as mean+SEM, n=3 with 8 replicates
in each experiment, *P<<0.05 vs TERT** cells.

respiratory chain activity in TERT-transfected cells. We
included a TERT mutant (TERTD868A-myc) lacking reverse
transcriptase activity,?* from which we know that it can still
bind to mtDNA (data not shown), to elucidate whether
catalytic activity of the protein is required for maintaining
mitochondrial functions. Measuring the respiratory chain
activity in general, we discovered a 30% reduction in
succinate-dependent respiration in cells overexpressing
TERTD868A-myc (Figure 3A and supplemental Figure III),
suggesting that not only the mtDNA binding but also the
activity of TERT plays a role for mitochondrial functions.
Besides the overall decrease found in respiratory chain
activity, we wanted to determine whether the effect was most
pronounced for complex I. To emphasize the latter, we
normalized all other values to the same rate of succinate-
respiration that was set to 1 (Figure 3A) and found a
significant reduction in complex I activity. To further under-
score these findings, we used a second method to measure
complex I activity. Indeed, a significant increase in complex
I activity was only found in cells overexpressing TERTwt-
myc. (Figure 3B). Of note, the data shown in Figure 4b
demonstrate that although all respiratory rates were decreased
in TERTD868A, the mitochondria showed no differences in
respiratory chain control factors ie, in the ratios of state
4/state 3 or state 4/FCCP-uncoupled rates, which essentially
also excludes changes in membrane permeability. To deter-
mine whether our results obtained by overexpression of
TERT are of relevance in vivo, we next analyzed the
respiratory chain activity of intact heart and liver mitochon-
dria isolated from TERT '~ mice and wild-type animals.
Indeed, we found that heart mitochondria from TERT '~
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Figure 3. TERT alters respiratory chain activity in mitochondria.
A, Respiratory chain activity was measured in transfected HEK
cells as indicated. Rates were normalized to succinate-linked
respiration that in absolute terms was on average 30% lower for
TERTD868A-myc than for TERTwt-myc. Data are presented as
mean=*=SEM, n=4, *P<0.05 vs TERTwt-myc. B, NADH:decylu-
biquinone oxidoreductase activities were determined in trans-
fected HEK cells as indicated. Data are presented as mean=SD,
n=6 *P<0.05 vs TERTwt-myc.

mice showed a significant reduction of the complex I-depen-
dent respiration with the NADH-generating substrates malate
and glutamate, which was most obvious in state 3 (ADP-
stimulated) respiration (Figure 4a). In contrast, no difference
between TERT /™ mice and their wild-type littermates was
observed in liver mitochondria. This indicated that the pro-
tective effect of TERT in vivo might be more important in
tissues with a high respiratory rate like the myocardium and
with no or weak regenerative capacity.

TERT Reduces Formation of ROS

in Mitochondria

Recent studies from Santos et al using a retroviral approach
showed that reintroduction of human TERT into human
fibroblasts increased oxidative stress, mtDNA lesions, and
apoptosis.’®2° In contrast, Ahmed et al showed that TERT
protects mitochondria from damage and reduces oxidative
stress.?! Therefore, we investigated the effect of TERT under
basal and EtBr-induced conditions on ROS formation. Over-
expression of TERTwt-myc reduced ROS formation com-
pared to LacZ- and TERTD868A-myc—overexpressing cells
(Figure 4B). This is in contrast to Santos'® but in agreement
with Ahmed et al.2! Moreover, ablation of endogenous TERT
by shRNA (Figure 4C and supplemental Figure IVA) re-
vealed increased mitochondrial ROS formation as measured
with Mitosox, a specific compound, which is imported into
the mitochondria for ROS detection (Figure 4D and supple-
mental Figure IVB), suggesting that the presence of TERT in
the mitochondria protects from respiratory chain dysfunction.
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Figure 4. TERT protects respiratory chain activity in mice and
inhibits mitochondrial derived ROS. A, State 3 respiration with
the NADH-generating substrates malate and glutamate was
measured in intact heart and liver mitochondria isolated from
TERT ™/~ or TERT"'* mice. Data are presented as mean+SD,
n=>5 for each group, *P<0.05 vs their wild-type littermates.

B, Formation of endogenous ROS (-/+EtBr) was measured with
2',7" dichlorodihydrofluorescein diacetate (H,DCF-DA). n=4,
*P<0.05 vs without EtBr, #P<0.05 vs TERTwt-myc, §<0.05 vs
TERTwt-myc with EtBr. C, HEK cells were transfected with vec-
tors expressing GFP and a TERT-specific shRNA (shRNA TERT)
or a scrambled control sequence (scr). The transfection effi-
ciency (=GFP-positive cells) was 54+9%. PCR analyses were
performed out of whole cell lysates. D, The transfected living
HEK cells from (C) were incubated with Mitosox. GFP/Mitosox
double positive cells were measured by FACS analyses. Data
are presented as=SEM, n=3 to 5, *P<<0.05 vs scr.

Mitochondrially Targeted TERT Is More
Protective Than TERTwt Against mtDNA
Depletion and Oxidative Stress—Induced Apoptosis
Because mitochondrial damage importantly contributes to
apoptosis induction, we cloned TERT into a mitochondrial
target vector (mitoTERT-myc) to specifically investigate the
effect of the mitochondrial localization of TERT on mtDNA
protection and apoptosis inhibition.

After having shown that TERT binds to mtDNA and
protects cells against UVB-induced decrease of mitochon-
drial function, we first assessed the effect of mitoTERT-myc
on mtDNA protection in living cells. Therefore we reduced
mtDNA content in HEK cells transfected with an empty
control vector, TERTwt-myc, or mitoTERT-myc by treating
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Figure 5. Mitochondrially targeted TERT rescues cells from
ethidium bromide—induced mtDNA depletion and oxidative
stress—induced apoptosis. A, HEK cells were transfected with an
empty control vector (EV), TERTwt-myc, or mitoTERT-myc and
treated with EtBr. mtDNA content was measured by quantitative
real-time PCR and normalized to a unique nuclear DNA
sequence using the AACt method. Values are mean=SEM and
are shown relative to untreated cells. n=2 to 6 with 2 duplicates
in each experiment, *P<0.05 vs EV + EtBr. B, HUVECs were
transfected with the constructs indicated and treated with
200 umol/L H,0,. Apoptosis was measured with annexin V
using FACS analysis. Data are mean+=SEM, n=4, *P<0.05 vs
mitoTERT-myc + H,0,, **P<0.05 vs mitoTERT-myc+H,0,.

cells with low doses of ethidium bromide (EtBr). Expression
of TERTwt-myc completely rescued the loss of mtDNA
content observed in control transfected cells. This effect was
even more pronounced in cells expressing mitoTERT-myc
(Figure 5A).

We previously described that H,O, induces apoptosis in
endothelial cells.?> Overexpression of TERTwt-myc in
HUVECs showed a slight but significant inhibition of H,O,-
induced apoptosis, whereas mitoTERT-myc completely ab-
rogated H,O,-triggered apoptosis (Figure 5B). These data
suggest that protection of mtDNA integrity, mitochondrial
function, and apoptosis protection by TERT can be mainly
ascribed to the mitochondrial function of this protein.

Discussion
Our results presented here demonstrate that a large portion of
endogenous mitochondrial TERT is localized in the mito-
chondrial matrix. TERT binds to mtDNA and thereby pro-
tects mtDNA from damage. Concomitantly we observe a
reduction in the formation of mitochondrially produced ROS.
Overexpression of mitochondrially targeted TERT is more
protective than TERT wild-type against EtBr-induced DNA
damage and ROS-induced apoptosis. Strikingly, the protec-
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tive function of TERT was also evident in vivo from the fact
that heart mitochondria from TERT '~ mice exhibited sig-
nificantly reduced respiratory chain activity.

Previous studies have shown that TERT contributes signif-
icantly to processes of aging by protecting telomeres from
critical shortening and by inhibiting apoptosis and decreasing
oxidative stress. At the same time, oxidative stress and
mitochondrial dysfunction have been demonstrated to be
important players of aging processes. Our study now shows
that mitochondrial TERT inhibits formation of mitochondri-
ally produced ROS and can contribute to increased energy
metabolism. Thus, it is tempting to speculate that not only
nuclear TERT has an impact on aging processes, but also
mitochondrially localized TERT. A reduction in mitochon-
drially produced ROS has recently been demonstrated to
increase the lifespan of mice. Schriner et al produced mice
that overexpressed mitochondrially targeted catalase as well
as nuclear targeted catalase and showed that in both mice
strains catalase was able to reduce H,O,, but only mice which
overexpress mitochondrially targeted catalase exhibited an
increased lifespan compared to their wild-type littermates.>
Likewise, overexpression of manganese superoxide dis-
mutase, a mitochondrially localized antioxidative enzyme
reducing O, " to H,0,, increased the lifespan of adult
Drosophila melanogaster.?> However, recent studies on mice
deficient for the mitochondrially localized DNA polymerase
v (Pol-vy) did not find an increase in oxidatively damaged
proteins or a reduction in mitochondrial aconitase activity, a
classic marker for oxidative damage of proteins. Neverthe-
less, an accumulation of mitochondrial mutations and the
development of many of the phenotypes characteristic of
human premature aging were reported.?®?” Thus, it was
concluded that the Pol-y—deficient mice exhibited an aging
phenotype in the absence of enhanced ROS production.
However, it was also demonstrated that embryonic fibroblasts
of the Pol-y—deficient mice show a 95% reduction in oxygen
consumption,?’” which would suggest that the extensive mu-
tations lead to a complete breakdown of the respiratory chain.
This would exclude the formation of mitochondrially pro-
duced ROS in these mice. Therefore, these data do not prove
that mitochondrially produced ROS are not involved in aging
processes.

Recently, it has been reported that flavine-mononucleotide
in complex I of the respiratory chain is the major site where
ROS are produced.”-® Our data now demonstrate that TERT
protects the genes for subunits ND1 and ND2 in the mtDNA
specifically. Thus, it is tempting to speculate that an increase
in ROS production by complex I leads to more damaged
mtDNA spurring a vicious cycle finally resulting in dysfunc-
tional respiratory chain and mitochondria. Mitochondrial
TERT may counteract ROS production by complex I by
binding to the ND1 and ND2 genes, thereby increasing the
synthesis of functional complex I subunits which in turn can
reduce the formation of damaged complex I that leaks
electrons onto oxygen. Unfortunately, too little is still known
about the structure and function of complex 1.28 Therefore, we
do not know whether protection of ND1 and ND2 subunit
genes by TERT is a key prerequisite for reducing complex I
produced ROS.
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Several studies discuss an important role for apoptosis in
the process of aging and age-related diseases. Here, we
demonstrate that TERT protects mtDNA from damage and
that mitochondrially targeted TERT is protective against
oxidative stress induced damage. Our data could implicate
that mitochondrial TERT also plays an important role in
apoptotic processes leading to pathological aging. Key pro-
cesses during the onset of apoptosis are outer mitochondrial
membrane permeabilization, release of cytochrome c into the
cytosol, and activation of caspases. Of note, Bayir et al
demonstrated that a mitochondrial pool of cytochrome c
exists which acts as a cardiolipin oxygenase.?° This cyto-
chrome c/cardiolipin oxygenase is activated during apoptosis,
uses ROS, and causes selective oxidation of cardiolipin. The
oxidized cardiolipin is required for the release of proapoptotic
factors from mitochondria to the cytosol. Thus, a reduction of
ROS by mitochondrial TERT could result in a reduced
activation of the cytochrome c/cardiolipin oxygenase, re-
duced oxidized cardiolipin, and therefore inhibition of the
release of proapoptotic factors into the cytosol. Taking this
into account, it is not surprising that nuclear as well as mito-
chondrial TERT can inhibit apoptotic processes, because one
may speculate that mitochondrial TERT inhibits the formation
of ROS by complex I, blocks cardiolipin oxidation and release of
proapoptotic factors from the mitochondria, whereas nuclear
TERT protects telomeres from shortening, interacts with the
antiapoptotic proteins PARP and Akt and is regulated by p53, a
known gatekeeper of apoptotic processes.>0-32

Moreover, it has been shown that cells depleted of mtDNA
(p0 cells) are resistant to apoptosis induction by several
stimuli.?? Dissipation of mitochondrial potential and release
of cytochrome c into the cytosol was absent in these cells.3?
These data clearly demonstrate that mitochondria are neces-
sary for the onset of apoptosis. Similar to these findings, it has
been demonstrated that mitochondrial dysfunction is a pre-
requisite for the onset of aging processes. Therefore, it is
tempting to speculate that apoptosis is also a prerequisite for
aging processes or that apoptosis and aging processes are tied
together. This hypothesis is strengthened by data from Kujoth
et al who found that many tissues of Pol-y—deficient mice
show at early age a phenotype of accelerated aging with
increased levels of caspase-3 activity and TUNEL-positive
cells. Similar to this study in mice, patients who carry a high
load of mitochondrial mutations show an increase in TUNEL-
positive muscle fibers.3* We show here that protection of
mtDNA by TERT is also associated with a higher protection
from apoptosis.

Conclusion/Perspectives

Therefore, one may consider revising the old dogma that only
the nuclear function of TERT is important for aging and
apoptotic processes. Mitochondrial TERT may also exert a
significant contribution to the antiaging and antiapoptosis
function of TERT.
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Methods

Cell Culture

Primary human umbilical vein endothelial cells (HUVEC) were cultured in endothelial
basal medium supplemented with hydrocortisone (1 ug/ml), bovine brain extract (12
ug/ml), gentamicin (50 ug/ml), amphotericin B (50 ng/ml), epidermal growth factor (10
ng/ml), and 10 % fetal calf serum (FCS). HEK 293 cells (HEK cells) were maintained in
DMEM containing 10 % FCS and were transfected with Lipofectamine/Plus according to
the manufacturer’s protocol (GibcoBRL) as previously described ' with a transfection
efficiency of 90 + 4 %.

cDNA cloning, plasmids and PCRs

A human cDNA TERT construct was kindly donated by Dr. Weinberg . Human TERT
cDNA was subcloned into pcDNA3.1myc-his vector (TERTwt-myc) or into mitochondrial
pShooter vector, which targets TERT into the mitochondria (mitoTERT-myc) (Invitrogen).
The mitochondrial pShooter mammalian expression vector incorporates signal
sequences into TERT to direct TERT to its localization. TERTD868A-myc was generated
by site-directed mutagenesis (Promega). Moreover, we cloned shRNA TERT under the
control of an U6 promoter into a GFP-containing vector to control the transfection
efficiency. shRNA TERT target sequence: 5-TCCTGCGTTTGGTGGATGATT-3".

cDNA was prepared from total cellular RNA using reverse transcriptase and used as
template for gene specific PCRs with intron spanning primers. TERT specific PCRs were
performed with primers derived from exon 6 (5'-CCGCCTGAGCTGTACTTTGT-3") and
exon 7 (5-ATGTACGGCTGGAGGTCTGT-3"). As housekeeping gene L32 was used
(primer sequences: 5-GTGAAGCCCAAGATCGTCAA-3’ and 5'-
TTGTTGCACATCAGCAGCAC-3").

Detection of oxidative stress

Living cells were incubated for dye uptake with 20 uM 2',7' dichlorodihydrofluorescein
diacetate (H,DCF-DA) or 5 yM Mitosox for 30 min (Molecular Probes, Germany). Cells
were trypsinized for 2 min and reaction was stopped with PBS containing 10 % FCS and
cells were pelleted by centrifugation. Cells were resuspended in PBS and measured
using FACS analysis.

Cellular fractionation and Immunoprecipitation
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Cellular fractionation was performed as described previously ® and nuclear, cytosolic or
mitochondrial lysates were immunoprecipitated with 5 ug TOM20-antibody, 5 pg TIM23-
antibody or 5 pg myc-antibody overnight at 4°C in the corresponding lysis buffers *. After
incubation with A/G Plus agarose (Santa Cruz) for 2 h at 4°C, resulting beads were
washed three times with the same buffers and subjected to SDS-PAGE.

Measurements of TERT-mitochondrial DNA binding

Living cells were incubated with 1% formaldehyde in cell culture medium for 1h at 4°C.
Cross-link reaction was terminated by adding 0.125 M glycine and cells were scraped off
the plate. DNA-protein immunoprecipitation was performed according to the
manufacturer’s instructions (Upstate Biotechnology) and after separating of protein and

DNA, PCR was performed with primers specific for human ND1 (5-

ATACCCATGGCCAACCTCCTACTCCTCATT-3,, 5'-
CCCTGATCAGAGGATTGAGTAAACGGCTAG-3)), ND2 (5'-
CGCACTGATTTTTTACCTGAGTAGGCCTAG-3', 5'-
AGATTAGGCGTAGGTAGAAGTAGAGGTTAAGG-3') and ATP6 (5'-
GTACTGATCATTCTATTTCCCCCTCTATTGATCC-3/, 5'-

CTAGAAGTGTGAAAACGTAGGCTTGGATTAAGGC-3') coding regions.

Preparation of mouse heart and liver mitochondria

Intact heart and liver mitochondria from 6 months old TERT-/- mice and their wildtype
littermates (F2 generation) were prepared as described earlier for mitochondria from rat
organs *. Buffer volumes were reduced by a factor of ~ 2 due to the lower mice organ
sizes and one washing step was omitted to reduce preparation dependent losses. Upon
completion of the respective preparation, the mitochondrial suspensions were generally
stabilized by the addition of 40 mM malate and 50 mM glutamate. The substrate addition
ensured that the mitochondria retained high respiratory control factors (ratio between
state 3 respiration after ADP addition and state 4 respiration; for heart mitochondria ~
10; for liver mitochondria > 7) over a longer time period.

Mitochondrial respiration

The rate of mitochondrial respiration was monitored at 25 °C using an Oxygraph-2k
system (Oroboros) equipped with two chambers and DatLab software. Mitochondria
(depending on the yield of the preparations 130-338 g protein of TERTwt or 72-296 ug
protein of TERTD868A mitochondria) were added to 2 ml of a buffer containing 200 mM
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sucrose, 10 mM potassium phosphate, 10 mM Tris-HCI, 10 mM MgSO,4, and 2 mM
EDTA, pH 7.0. State 4 respiration was measured after the addition of the NADH-
generating substrates malate (6 mM) and glutamate (7 mM). Then, 0.5 mM ADP was
added to measure state 3 respiration. After determining coupled respiration, 50 nM
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) was added to the reaction
chamber, and respiration was measured in the absence of a proton gradient. To inhibit
complex | activity, a total 0.1 yM rotenone was added. Then, 25 mM of succinate were
added, and complex Il dependent respiration was determined. Finally, 2 mM KCN was
added to inhibit complex IV activity. TERTD868A and TERTwt mitochondria were
measured in parallel pairs using the same conditions (crossover design). Measurements
with intact heart and liver mitochondria followed the same scheme in the identical buffer,
but the concentrations of substrates/ inhibitors were: 6 mM malate + 7 mM glutamate, 1
mM ADP, 50 nM FCCP, 1 uM rotenone, 5 mM succinate and 2 mM KCN. Heart
mitochondria were added in the range of 173-214 ug protein from wt mice and 180-252
Mg protein from TERT™ mice, liver mitochondria at 452-728 Mg protein from wt mice and
440-686 pg protein from TERT” mice. For each preparation, duplicates (heart) or
triplicates (liver) were measured.

Complex | activity

For the determination of complex | activity, mitochondria (223 — 442 pg protein of
TERTwt or 147 — 356 pg protein of TERTD868A) were solubilized using sodium cholate.
The final concentration in the assay was 0.01% sodium cholate. NADH:ubiquinone
oxidoreductase activity was measured at room temperature in a buffer containing 2 mM
Na*/Mops, 50 mM NaCl, and 2 mM KCN, pH 7.2, using 100 uM n-decylubiquinone
(DBQ) and 100 yM NADH as substrates °. Oxidation rates of NADH were recorded with
a Shimadzu UV300 dual-wavelength spectrophotometer (ODs40-400 nm = 6.1 mM™" cm™).
After ~ 10 min, 50 uM rotenone were added to inhibit complex | activity.

Measurements of mitochondrial DNA (mtDNA)

Total cellular DNA (including nuclear and mtDNA) was isolated from HEK 293 cells by
standard methods. To determine the relative mtDNA content 250 ng were used as
template for real-time PCR. PCR reactions were carried out on an Abi Prism 7000
(Applied Biosystems, Foster City, CA, USA) using SYBRGreen PCR Master Mix
(Applied  Biosystems, Darmstadt, Germany). Primers for mtDNA (5'-
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GATTTGGGTACCACCCAAGTATTG-3,, 5'-AATATTCATGGTGGCTGGCAGTA-3")
amplified a 83 bp segment of the mtDNA. For normalization with the AACT method a
unique genomic segment of 104 bp from the chromosomal region 9p21.3 was amplified
(primers: 5'-GCAGAAACGGAGAGACATAC-3', 5-TTTTGGGGTGAACATATTG-3").
Measurements of intact mtDNA after UV-irradiation in vitro were performed with a long
range PCR yieldng a 6.3 kb amplification product (primers: 5'-
ATACCCATGGCCAACCTCCTACTCCTCATT-3,, 5'-
CTAGAAGTGTGAAAACGTAGGCTTGGATTAAGGC-3"), which was analyzed by
agarose gel electrophoresis.

Measurement of mitochondrial activity with MTT

10000 lung fibroblasts per well were seeded on 96well microtiter plates. 24 h later the
cells were serum deprived for 24 h. Before exposure to UVB irradiation cells were
washed with PBS. The cells were exposed to UVB irradiation in 100 pl PBS per well.
UVB output was measured with a UV-Dosimeter Type |l equipped with a UV6 sensor
(Waldmann Medizintechnik, Villingen-Schwenningen, Germany) and found to be 0.56
mW/cm? at a tube to target distance of 30 cm. After irradiation PBS was exchanged to
serum free medium and cells were incubated at 37°C for 24 h. Cells were incubated for
four hours in medium containing 0.25 mg/ml MTT (3-(4,5- Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, Sigma Aldrich). Medium was exchanged to 200 yl DMSO
before measurement of absorption at 550 nm.

Apoptosis

Apoptosis was determined by FACS analysis using annexin V-PE binding and 7-Amino-
actinomycin (7AAD)-FITC staining (Pharmingen). Apoptotic cells were defined as
annexin V-positive, 7AAD-negative cells. In brief, cells were trypsinized of the dish and
pelleted. After washing twice with annexin binding buffer (10 mM Hepes, 140 mM NaCl,
2.5 mM CaCly, pH 7.4), cell pellets were resuspended in 50 pl of annexin binding buffer
and incubated with 2.5 ng/ml annexin V-PE and 2.5 ng/ml 7AAD-FITC for 20 min. The
reaction was terminated by adding 250 pl of annexin binding buffer and analyzed by
FACS.

Telomerase enzyme activity measurement

Telomerase enzyme activity was measured using a commercially available PCR-based

assay according to the manufacturer’s protocol (TRAPeze assay, Roche, Germany).
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Telomeric repeat amplification protocol ® assays were performed using biotin-labelled TS
primers as previously described 7

Statistics

All values are expressed as mean = SEM. Statistical analysis was performed using

student t-test.
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Figure Legends:

Figure |: TERT is localized in mitochondria. (A) TERTwt-myc overexpressed in HUVEC
was detected by immunoblot. Purity of fractions was controlled with topoisomerase |
(nuclear fraction) and cytochrome c¢ (mitochondrial fraction). (B) After fractionation of
HEK cells transfected with TERTwt-myc into nuclear, cytosolic and mitochondrial
fractions, an immunoprecipitation for TOM20 was performed. The immunoprecipitates

were immunoblotted with antibodies directed against TERTwt-myc (upper panel),
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TOM40 (middle panel) and TOM20 (lower panel). The absence of precipitated TOM20 in
nuclear and cytosolic fractions demonstrates the purity of fractions.

Figure Il: TERT binds to the region of mtDNA encoding ND1 and ND2. (A) After cross-
linking protein and DNA in HEK cells transfected with TERTwt-myc or an empty control
vector (EV), TERTwt-myc was immunoprecipitated. (a) PCRs were performed with the
eluted DNA formerly bound to TERTwt-myc using ND1, ND2 and ATP6 specific primers.
The left panel (IP: myc) shows the fragments amplified from the co-immunoprecipitated
DNA, the right panel (input) the bands ontained after amplification of the material before
immunopreciptation (B) Success of immunoprecipitation assessed by immunoblot.
Figure lll: TERT alters respiratory chain activity in mitochondria. Respiratory chain
activity was measured in HEK cells transfected with TERTwt-myc (upper plot) or
TERTD868A-myc (lower plot).

Figure IV: TERT inhibits mitochondrial derived ROS. (A and B) HEK cells were
transfected with vectors expressing GFP and a TERT-specific shRNA (shRNA TERT) or
a scrambled control sequence (scr). The transfection efficiency (=GFP-positive cells)
was 54 +/- 9 %.Immunoblot analysis was performed out of whole cell lysates. (B) The
transfected living HEK cells from (A) were incubated with Mitosox. GFP/Mitosox double
positive cells were measured by FACS analyses as indicated. Panel shows

representative FACS plots.
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Exercise Physiology

Physical Exercise Prevents Cellular Senescence in
Circulating Leukocytes and in the Vessel Wall

Christian Werner, MD; Tobias Fiirster, MD; Thomas Widmann, MD; Janine Poss, MD;
Cristiana Roggia, MD; Milad Hanhoun, MD; Jiirgen Scharhag, MD; Nicole Biichner, DBBSc;
Tim Meyer, MD; Wilfried Kindermann, MD; Judith Haendeler, PhD;

Michael Bohm, MD; Ulrich Laufs, MD

Background—The underlying molecular mechanisms of the vasculoprotective effects of physical exercise are incom-
pletely understood. Telomere erosion is a central component of aging, and telomere-associated proteins regulate cellular
senescence and survival. This study examines the effects of exercising on vascular telomere biology and endothelial
apoptosis in mice and the effects of long-term endurance training on telomere biology in humans.

Methods and Results—C57/Bl6 mice were randomized to voluntary running or no running wheel conditions for 3 weeks.
Exercise upregulated telomerase activity in the thoracic aorta and in circulating mononuclear cells compared with
sedentary controls, increased vascular expression of telomere repeat-binding factor 2 and Ku70, and reduced the
expression of vascular apoptosis regulators such as cell-cycle—checkpoint kinase 2, p16, and p53. Mice preconditioned
by voluntary running exhibited a marked reduction in lipopolysaccharide-induced aortic endothelial apoptosis.
Transgenic mouse studies showed that endothelial nitric oxide synthase and telomerase reverse transcriptase synergize
to confer endothelial stress resistance after physical activity. To test the significance of these data in humans, telomere
biology in circulating leukocytes of young and middle-aged track and field athletes was analyzed. Peripheral blood
leukocytes isolated from endurance athletes showed increased telomerase activity, expression of telomere-stabilizing
proteins, and downregulation of cell-cycle inhibitors compared with untrained individuals. Long-term endurance
training was associated with reduced leukocyte telomere erosion compared with untrained controls.

Conclusions—Physical activity regulates telomere-stabilizing proteins in mice and in humans and thereby protects from
stress-induced vascular apoptosis. (Circulation. 2009;120:2438-2447.)

Key Words: aging m exercise m nitric oxide synthase m prevention m telomeres

hysical training is associated with improvements in ex-

ercise capacity, blood pressure regulation, insulin sensi-
tivity, abdominal fat reduction, lipid profile, and psychoso-
cial, hemodynamic, and inflammatory parameters. These
effects contribute to an augmentation of endothelial function,
delayed atherosclerotic lesion progression, and enhanced
vascular collateralization in patients with diabetes mellitus,
coronary artery disease, and chronic heart failure. However,
despite the wealth of evidence, our understanding of the
underlying molecular mechanisms, especially with regard to
cellular survival and senescence, is limited.

Clinical Perspective on p 2447

Aging is a predominant and independent risk factor for the
development of atherosclerotic diseases. Vascular aging is

characterized by impaired endothelial function and arterial
stiffening.! On the cellular level, telomere biology is a central
regulator of the aging process. Telomeres and their regulatory
proteins compose t-loop structures at both ends of eukaryotic
chromosomes and protect the genome from degradation
during repetitive cellular divisions.2 The enzyme telomerase
with its catalytic protein subunit telomerase reverse transcrip-
tase (TERT) is the main component of the telomere complex.
Other important proteins in the t loop include the telomere
repeat-binding factors (TRFs), which interact with telomere-
associated proteins and serve as binding platforms.3

Recent clinical data suggest that parameters of telomere
biology in circulating mononuclear cells (MNCs) are associ-
ated with cardiovascular morbidity and can be used as
indicators for the effect of therapeutic interventions.*-¢ Fur-
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ther studies revealed a close correlation of blood and vascular
leukocyte telomere DNA content.” Our previous work dem-
onstrated beneficial effects of physical exercise on myocar-
dial telomere-regulating proteins.® However, the effects of
physical exercise on vascular telomere biology and aging are
unknown.

Methods

Animals and Exercising

Eight-week-old male C57/B16 (Charles River Laboratories, Wil-
mington, Mass), endothelial nitric oxide (NO) synthase—deficient
(eNOS™'~; B6.129/P2-Nos3, Charles River) mice, TERT '~
(B6.129S-Tert™'¥*/J, The Jackson Laboratory, Bar Harbor, Me;
mutant generation 2) mice, and strain-matched controls were studied.
Exercising mice were kept in individual cages equipped with a
running wheel and a mileage counter. The mean voluntary running
distance of wild-type mice was 4280+670 m/24 h and did not differ
significantly between TERT '~ mice and eNOS™'~ mice. Indicated
mice were treated with paraquat or lipopolysaccharide (Sigma-Al-
drich, Munich, Germany).

Track and Field Athletes and Untrained

Control Subjects

Blood MNCs were studied in professional young middle- and
long-distance runners (German National track and field team; n=32;
mean age, 20.4+0.6 years; 25 male, 7 female subjects; average
running distance, 73+4.8 km/wk). In addition, we studied middle-
aged athletes (marathon runners, triathletes) performing regular
endurance training and competitions (n=25; mean age, 51.1*=1.6
years; 19 male, 6 female subjects; average running distance, 80*+7.5
km/wk; 35*2.7 years of training history). Two groups of nonsmok-
ing healthy volunteers (26 young control subjects: mean age,
21.8%+0.5 years; 15 male, 11 female subjects; 21 middle-aged control
subjects: mean age, 50.9+ 1.6 years; 14 male, 7 female subjects) who
reported <1 hour of exercise per week in the last year served as
controls (the Table). Endurance capacity was assessed in all subjects
by standardized ECG stress test. Blood samples were taken in the
morning in the fasting state before training. Leukocytes were isolated
from sodium citrate blood by Ficoll density gradient centrifugation.
All subjects gave informed consent, and the study was approved by the
ethics committee of the Arztekammer des Saarlandes (No. 116/07).

Telomerase Activity and Telomere

Length Analysis

Telomerase activity was assessed with the quantitative telomerase
repeat amplification protocol. Telomere length was determined
through the use of flow—fluorescence in situ hybridization (FISH),
quantitative FISH, and real-time polymerase chain reaction (PCR).8
Details are given in the online-only Data Supplement.

Western Blot Analysis, ELISA, Real-Time PCR,
Aortic Ring Preparation and Tension Recording,
and Quantification of Apoptosis by Hairpin
Oligonucleotide Assay

These protocols are described in detail in the online-only Data
Supplement.

Statistical Analysis

Band intensities were analyzed by densitometry. In mouse experi-
ments, median values between 2 independent groups were compared
by use of the Mann—Whitney test. The Kruskal-Wallis test was used
to compare median values across =3 groups, and Bonferroni posthoc
analyses were performed to account for multiple testing. In the
figures, boxes represent medians and 25% and 75% percentiles;
whiskers represent ranges. Means of the human data were compared
by use of ANOVA and the Bonferroni test for posthoc analyses.
Endothelial function data were subjected to regression analysis with
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Figure 1. Voluntary physical exercise increases telomere-
regulating proteins in the aorta. Effects of voluntary running
exercise in C57/Bl6 mice for 21 days vs sedentary controls on
aortic (A) telomerase activity determined by the telomerase
repeat amplification protocol, (B) protein expression of the
murine TERT, (C) mRNA expression of TRF1, (D) TRF2 protein,
(E) mRNA expression, and (F) mRNA expression of the 70-kDa
subunit of the DNA repair protein Ku, each shown with repre-
sentative Western blots/PCR images and standardized for the
housekeeping gene GAPDH. Box plots represent median and
25% to 75% percentiles; whiskers represent range; n=8 per
group. **P<<0.001.

a general linear model for repeated measures and Bonferroni posthoc
tests. SPSS software version 17.0 (SPSS Inc, Chicago, Ill) was used.
Differences were considered significant at P<<0.05. Absolute values
are shown for P>0.001.

Results

Exercise Increases Aortic Telomerase Activity and
Telomere-Stabilizing Proteins in Mice

Voluntary running for 3 weeks had no effect on lipid levels,
body weight, blood pressure (controls, 116/91 mm Hg; exer-
cise, 119/92 mm Hg; n=10 per group), or resting heart rate
(controls, 478 bpm; exercise, 474 bpm) in C57/B16 mice but
induced a 2.9-fold increase in aortic telomerase activity as
determined by the telomere repeat amplification protocol
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Figure 2. Running exercise decreases aortic expression of cell-
cycle inhibitors independently of changes in telomere length. A,
Effects of 21 days of running exercise in C57/BI6 mice on aortic
protein expression of Chk2, p16, and p53 standardized for
GAPDH; n=8 per group. B, Effects of 6 months of running
wheel exercise vs 3 weeks, 6 months, and 18 months of seden-
tary condition on aortic telomere length as determined by quan-
titative FISH (QFISH) and displayed as box plots and median
telomere fluorescence units per high-powered field; n=4, with
each n consisting of 4 aortic sections and 2 high-powered fields
captured from each section. C, Exemplary images of aortic telo-
meres (QFISH, red dots) and the corresponding nuclei (DAPI,
blue). Top row, X1000 magnification; bottom row, X400
magnification.

(Figure 1A). Physical training upregulated the protein expres-
sion of the murine TERT by 3.2-fold (Figure 1B). TRF1
mRNA expression was upregulated by 1.5-fold (Figure 1C).
TRF2 protein expression increased by 2.6-fold, and TRF2
mRNA increased by 2.0-fold (Figures 1D and 1E). Exercise
also upregulated mRNA expression of the 70-kDa subunit
(3.0-fold; Figure 1F) but not of the 80-kDa subunit of the
DNA repair protein Ku (data not shown).

Exercise Downregulates Vascular Cell-Cycle
Inhibitors and Apoptosis Regulators

Mice supplied with a running wheel for 3 weeks were
characterized by decreased aortic expression of cell-cycle
inhibitors compared with animals without a running wheel
(Figure 2A). Protein expression of pl16 was reduced to 45%,
of cell-cycle—checkpoint kinase 2 (Chk2) to 57%, and of p53
to 42%.
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Figure 3. Effects of exercise on aortic telomere biology and cell
cycle are blunted in TERT ™~ mice. Representative Western blot
analysis and quantification of the aortic effects of voluntary
exercise for 21 days in B6.129S-Tert™'¥°/J and their corre-
sponding wild types (WT) on the expression of (A) TRF2 protein,
(B) TRF2 mRNA, (C) Ku70 mRNA, (D) p16 protein, (E) Chk2 pro-
tein, and (F) p53 protein. Standardization for GAPDH. P values
are calculated vs median of wild-type control; n=6 to 8 per
group. ***P<0.001.
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Long-Term Exercise for 6 Months Does Not Alter
Aortic Telomere Length

Telomere length in aortic sections was examined by FISH
(Figure 2B and 2C). There was no significant difference in
aortic telomere length between mice after 3 weeks and 6
months of exercise and those in the sedentary condition. As a
positive control, we studied a group of 18-month-old mice,
which showed shorter telomeres.

Effects of Exercise Are Absent in TERT '~ Mice

TERT™~ mice and their strain-matched wild types were
subjected to 21 days of voluntary running. Similar to the
C57/Bl16 mice, B6.129S wild-type mice exhibited a marked
upregulation of aortic TRF2 or Ku70 expression (Figure 3).
However, running had no effect on TRF2 or Ku70 expression
in TERT '~ mice. Importantly, the exercise-induced down-
regulation of p16, Chk2, and p53 expression in B6.129S wild
types was completely absent in TERT '~ mice (Figure 3).
These data identify TERT as a central mediator of the effects
of exercising on telomere regulation and on survival proteins.
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Figure 4. Exercise has no effects in eNOS ™/~ mice, and eNOS
function is not impaired in TERT ™~ mice. A through C, Training
effects on aortic murine TERT activity and protein expression of
TRF2 and p53 in eNOS~/~ (B6.129/P2-Nos3) mice. Standardiza-
tion for GAPDH; n=8. D, cGMP in TERT ™~ mice and wild-type
controls; n=5. E, Effects of 3 weeks of running exercise on pro-
tein expression of phospho-eNOS (peNOS)/eNOS in TERT '~
mice and wild-type controls (WT) standardized for GAPDH; n=6.
**P<0.001. F, Endothelium-dependent (carbachol-induced)
vasodilation of isolated aortic rings; regression analysis:
P=0.037, wild-type runner vs wild-type control; P=0.028, TERT
runner vs TERT control. G, Endothelium-independent (nitroglyc-
erin-induced) vasorelaxation in sedentary and exercised wild-
type, TERT /-, and eNOS™~~ mice expressed as percent of max-
imal phenylephrine (PE) -induced vasoconstriction (P=NS for all
groups); n=5.

Effects of Voluntary Exercise Are Mediated

by eNOS

Increased availability of endothelial NO is a hallmark of
physical exercise.® Therefore, the experiments were repeated
in eNOS ™~ mice. Figure 4A through 4C and Figure I of the
online-only Data Supplement show that there was no modi-
fication of aortic telomerase activity (telomere repeat ampli-
fication protocol) by exercise in eNOS ™~ mice. PCR analysis
showed no changes in TRF1, TRF2, Ku70, Ku80, or p53
mRNA expression. Similarly, Western blots found no signif-
icant differences in aortic TRF2, p16, Chk2, and p53 protein
levels between running and sedentary eNOS ™'~ mice. There-
fore, eNOS is a necessary mediator of the exercise-induced
regulation of telomere proteins. Aortic cGMP content was not
different in TERT '~ compared with wild-type mice (Figure
4D). Both B6.129S and TERT '~ mice showed an increase in
the ratio of phospho-eNOS to total eNOS in the thoracic aorta
after 3 weeks of exercise (Figure 4E). Endothelium-
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Figure 5. Exercise protects mice against stress-induced aortic
endothelial apoptosis. Endothelial apoptosis of the thoracic
aorta was measured by hairpin oligonucleotide assays in C57/
BI6, TERT /-, and eNOS™/~ mice. A, Representative images
showing dark brown peroxidase staining of apoptotic nuclei in
the aorta of sedentary+lipopolysaccharide (LPS) and
running+LPS mice (X400 magnification). B, Effect of LPS treat-
ment (120 mg IP for 48 hours) in sedentary vs running wild-type,
TERT ', or eNOS™~ mice vs vehicle-treated controls (Co). Box
plots represent median and 25% to 75% percentiles; whiskers
represent range; n=4 to 5 per group. ***P<0.001 vs untreated
control mice; ###P<0.001 vs LPS-treated sedentary control
mice.

dependent vasodilation improved markedly in both wild-type
and TERT '~ mice after 3 weeks of exercising but was
completely absent in eNOS ™~ animals (Figure 4F), whereas
endothelium-independent vasodilatation was comparable in
all groups (Figure 4G).

Exercise Reduces Endothelial Apoptosis

To test whether the exercise-induced regulation of telomere
regulators and survival proteins would be physiologically
relevant, endothelial cell apoptosis (hairpin oligonucleotide
assays) was induced by treatment with lipopolysaccharide
(120 mg IP for 48 hours; Figure 5A) or paraquat (25 mg/kg
IP for 24 hours). Both agents strongly induced apoptosis
(lipopolysaccharide by 7-fold, paraquat by 5-fold). Precondi-
tioning with 3 weeks of voluntary exercise potently decreased
the number of apoptotic aortic endothelial cells in the
lipopolysaccharide experiments (2.1-fold; Figure 5B) and to a
similar degree in the paraquat experiments (2.9-fold; P<<0.05;
data not shown). Importantly, in C57/B16 mice exercise train-
ing conferred potent protection from oxidative stress-induced
endothelial apoptosis. When these experiments were repeated in
TERT '~ mice, exercising partially abolished the exercise-
induced antiapoptotic effect (Figure 5B). In eNOS ™~ mice, a
complete loss of the protective effect of exercise was observed
(Figure 5B).
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Exercise Decreases Senescence Proteins in MNCs
via Upregulation of Telomere Proteins

Exercise potently activated telomerase in MNCs isolated
from the spleen by 3.3-fold (Figure 6A). This activation was
also observed in circulating blood MNCs and MNCs isolated
from bone marrow. Running led to an upregulation of TRF2
protein and mRNA expression (Figure 6B and 6C). In parallel
to aorta, TRF2 protein levels were increased in the spleen-
derived MNCs of exercised B6.129S wild-type animals
(1.7-fold) but not in trained TERT knockout animals (Figure
6D). The exercise-induced downregulation of p53 was abol-
ished in MNCs of TERT-deficient mice (Figure 6E). These
data suggest that physical training positively influences telo-
mere biology to similar degrees in MNCs and the vascular
wall.

Comparison of Telomere Biology in Athletes With
Untrained Individuals

To evaluate the effects of physical activity on telomere
biology in humans, we compared young professional athletes
from track and field disciplines and middle-aged athletes with
a history of continuous intense endurance exercise since their
youth with untrained control subjects of similar ages. All
study participants were healthy nonsmokers. The fitness level
of the athletes was superior; they were characterized by a
lower resting heart rate, lower blood pressure, lower body
mass index, and more favorable lipid profile.

Western blot analysis of circulating MNCs revealed an
upregulation of TRF2 protein in young (1.8-fold) and middle-
aged (1.7-fold) athletes compared with the untrained control
groups (Figure 7A). TRF2 mRNA was upregulated in the
young athletes (1.7-fold) and the middle-aged athletes (2.2-

fold) (Figure 7B). Chk2 mRNA was downregulated in both
the young and middle-aged athletes to less than half that of
the controls and did not significantly differ between the age
groups (Figure 7C). p53 Protein was not influenced by sports
in the MNCs of young subjects, but its expression was
upregulated in the untrained middle-aged individuals by
2.1-fold (Figure 7D). Interestingly, this upregulation was not
observed in MNCs from middle-aged athletes. In young
individuals, training did not change the expression of p16 or
Ku proteins. However, in older individuals, training was
associated with a marked downregulation of pl6 and an
increase in Ku 70 and 80 mRNA (Figure 7E through 7G).

Long-Term Exercise Training Activates
Telomerase and Attenuates Telomere Attrition in
Human Leukocytes

Exercise was associated with a marked increase in telomerase
activity in the MNCs of both the young (2.5-fold) and
middle-aged (1.8-fold; Figure 8A) athletes. Telomere length
was measured in blood leukocytes cells through the use of 2
independent protocols. The Flow-FISH method allows differ-
entiation between granulocytes and lymphocytes in the scat-
terplot (Figure 8C and Figure II of the online-only Data
Supplement). In lymphocytes and granulocytes, telomere
length was not different between professional athletes and
untrained young subjects. However, older untrained individ-
uals exhibited shorter MNC telomeres (P<<0.001 versus all
other groups; Figure 8B). This age-dependent telomere loss
was attenuated in lymphocytes (P<<0.001; Figure 8B) and
granulocytes (P<<0.001; Figure 8D) from individuals who
had performed endurance exercise for several decades.
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Baseline Characteristics of Young Athletes, Middle-Aged Athletes, and Control Subjects Without

Young Control

Subjects Young Athletes P Young Controls  Young Athletes P

n 26 32 21 25

Gender, M/F 15/11 25/7 14/7 19/6

Age, y 21.8(2.8) 20.4 (3.3 0.097 50.9 (7.6) 51.1(7.8) 0.953
Body mass index, kg/m? 22.1(3.3) 20.3(1.3) 0.010 27.0 (3.6) 22.8(2.4) <0.001
Systolic BP, mm Hg 125.8 (6.8) 117.6 (10.6) 0.147 135.8 (21.1) 127.5(17.0) 0.162
Diastolic BP, mm Hg 72.5(9.6) 65.2 (7.5) 0.081 87.5(7.6) 79.8(17.7) 0.310
Heart rate, bpm 82.8 (5.1) 59.5 (8.9) <0.001 78.5(5.7) 51. 8( 5) <0.001
Training duration, h/wk 0.4(0.4) 13.9 (4.1) <0.001 0.4 (0.49) .6 (3.3) <0.001
Training load, km/wk NA 72.9(27.1) NA 80.5 (15.7) *0.06
Maximum workload, W 206 (83) 340 56) <0.001 203 (45) 271 (71) 0.032
Relative maximum workload, W/kg .8(1.1) 0.8) <0.001 2.2(0.3) .8(0.7) <0.001
Fasting glucose, mg/dL 89.6 (12.1) 82.5(11.8) 0.087 90.9 (14.3) 87.5(10.0) 0.214
Total cholesterol, mg/dL 188.3 (43.5) 170.4 (28.8) 0.041 225.2 (36.6) 197.2 (29.5) <0.001
HDL cholesterol, mg/dL 56.2 (16.4) 64.3 (20.2) 0.138 60.6 (13.7) 65.9 (20.0) 0.185
LDL cholesterol, mg/dL 115.3(36.2) 87.6 (30.7) 0.005 143.0 (29.4) 108.2 (25.9) <0.001
Triglycerides, mg/dL 112.8 (48.6) 78.8(27.1) 0.005 140.3 (97.3) 82.9(39.1) <0.001

BP indicates blood pressure; HDL, high-density lipoprotein; and LDL, low-density lipoprotein. Data are presented as mean (SD).
Training load (running distance [km/wk]) was not recordable in the control groups because <1 h/wk was spent on sports activities

(mostly other than running).
*Young versus aged athletes.

To confirm these results, a real-time PCR method for
measuring telomere length was used (online-only Data Sup-
plement)* and showed a reduction in leukocyte telomere
length in middle-aged control subjects (P=0.006 versus
young control subjects). This telomere erosion was reduced in
middle-aged athletes (Figure 8E).

Discussion

Our animal data show that physical exercise upregulates
telomere-stabilizing proteins in the vascular wall and in
MNCs. The underlying mechanism is the increase in endo-
thelial NO, which synergizes with activation of telomerase to
protect against cellular senescent and apoptotic signaling
events. In mice, these effects are observed after only 3 weeks
of voluntary running. Circulating leukocytes of track and
field athletes show similar changes in telomerase activity,
telomere-stabilizing proteins, and senescence markers com-
pared with untrained individuals.

Improvement in endothelial NO availability is central to
the vascular protection observed in the mouse model of
voluntary running by mediating antioxidant effects and
increasing circulating endothelial progenitor cells.” These
data are now extended by the observed effects on the
regulation of telomere proteins. One of the key findings of
the present study is the marked upregulation of aortic and
MNC telomerase activity. In accordance with this obser-
vation, protein expression of the catalytic subunit, the
aortic TERT, is increased. Both telomerase and TERT have
been shown to regulate endothelial cell growth and sur-
vival, and they act as antiapoptotic factors.'® Defects in
mice lacking the RNA component of telomerase involve
apoptosis, and telomerase directly protects cells against

programmed cell death.?-':12 As a consequence, these mice
show a hypertensive phenotype.'? In addition to telomer-
ase, exercise upregulated the expression of TRF1 and
TRF2. Interestingly, TRF2 has been suggested to serve as
a binding platform for additional telomere-associated pro-
teins, mediating signal transduction to DNA damage
checkpoint controls.?-!415> TRF2 mediates proapoptotic sig-
naling in cardiomyocytes and was shown to signal inde-
pendently of telomere length in endothelial progenitor
cells.!>!¢ In progenitor cells, TRF2 was identified as a
regulator of clonogenic potential and migratory capaci-
ty.'e17 In agreement with the literature, it seems likely that
TREF2 serves as a regulator of cellular aging and function beyond
and potentially independently of protecting telomere length.10-12

The regulation of aortic telomere regulating proteins by
exercise was paralleled by an inhibition of the expression of
the DNA damage checkpoint kinase, Chk2, and the regulators
of cell-cycle progression and survival, p16 and p53. The data
agree with reports suggesting a role of these transformation-
related proteins downstream of the telomere com-
plex.1114.15.18.19 Qur data identify voluntary running as a novel
and potent inhibitor of Chk2, p16, and p53 in the vessel wall.
To test whether the exercise-induced regulation of the telo-
mere complex and the regulation of p53 represent a coinci-
dence or may be causally related, the experiments were
repeated in TERT-deficient mice. Running induced a very
similar regulation of the transformation-related proteins in
TERT** B6.129S and C57/Bl6 mice, but the exercise-
mediated effects on these survival proteins were absent in the
TERT ™~ mice.

Stress-induced endothelial cell apoptosis has been sug-
gested to cause endothelial dysfunction and is linked to the
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upregulation of pl6- and p53-dependent signaling path-
ways.'>20 In cultured endothelial cells, TERT gene transfer
reduces replicative senescence and apoptosis.'®2! We there-
fore tested whether the observed upregulation of telomere-
protecting proteins would be meaningful by protecting cellu-
lar survival in the presence of vascular injury. Two separate
sets of experiments applying the bacterial endotoxin lipopoly-
saccharide and the herbicide paraquat, which induce endothe-
lial cell apoptosis in vivo, revealed that running mice were
potently protected from endothelial cell death. This protection
may be mediated in part by NO-dependent telomerase acti-
vation during lipopolysaccharide stress in the mitochondria.
Of note, the only intervention to achieve this marked effect
was supplying mice with a running wheel in their cages for
only 3 weeks before their intoxication.

One of the hallmarks of signaling induced by exercising is
the increased bioavailability of endothelial NO.22 Reduced
NO bioavailability has been proposed as a major component
of the endothelial aging process.?! Recent evidence shows
that active eNOS regulates TERT expression in the endothe-
lium.?® Our experiments show that the observed protective

Aged
Controls Athletes

Aged

effects were completely absent in eNOS™~ animals. Func-
tional assays showed a normal endothelium-dependent vaso-
dilation and upregulation of phospho-eNOS in TERT '~
mice; however, they exhibit reduced protection against endo-
thelial apoptosis by exercising. These data prove the impor-
tance of telomere proteins for exercise-mediated endothelial
survival benefits. Because the protection by exercise in
TERT '~ was incomplete but fully absent in eNOS '~ mice, it
seems likely that eNOS exerts additional beneficial effects in
this situation independently of TERT regulation, eg, benefits
related to antioxidant effects.®2!22 The data are consistent
with the concept that exercise-dependent improved vascular
stress resistance reduces the need for reparative turnover and
thus telomere attrition. Taken together, the data demonstrate
the crucial role of eNOS for the exercise-mediated protection
against endothelial apoptosis upstream of telomere-regulating
proteins.

Relatively little is known about the physiological develop-
ment of telomere length in healthy untreated mice over
time.>!5 After 6 months of exercise, telomere length in the
aorta, leukocytes, and myocardium was not changed.®? A
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control group of 18-month-old C57/B16 mice exhibited sig-
nificantly shorter telomeres. Rodents have large telomeres, a
fact that impedes the measurement of this parameter. Never-
theless, the regulation of telomerase activity, telomere-
regulating factors, and downstream survival signaling may be
independent of telomere length.

The functional capacity of bone marrow—derived MNCs
and endothelial progenitor cells depends on age-related
changes.?*~2¢ Thus, the functional improvement seen in mu-
rine endothelial progenitor cells after running wheel exercise®
may be linked to changes in telomere biology. Our experi-
ments show a robust regulation of telomerase activity,
telomere-associated proteins, and senescence markers in leu-
kocytes of running mice. The results were comparable in
MNCs isolated from blood, bone marrow, and spleen, sug-
gesting a systemic effect on these cells. Parameters of
telomere biology in circulating MNCs are associated with the
incidence and severity of cardiovascular disease in hu-
mans.*-¢ Recently, Ornish et al?>” showed a positive effect of
lifestyle changes on MNC telomerase activity. Importantly,
Wilson et al” reported that leukocyte telomere length corre-
lates with aortic telomere length. Circulating MNCs from our
young athletes and from middle-aged athletes with a long
history of endurance exercise were characterized by a pro-
found upregulation of telomerase activity and telomere pro-

teins and downregulation of proapoptotic proteins compared
with untrained individuals. In agreement with the animal
data, this regulation occurred in the absence of a detectable
change in telomere length in the young athletes. Recently,
Cherkas and colleagues®® reported a positive correlation
between leukocyte telomere length and physical activity in
2401 twin volunteers. Our study population may have been
too small and too young to detect subtle differences in
telomere length, but the data show that beneficial antisenes-
cent effects of physical activity are observed more rapidly
than effects on telomere length itself. Indeed, long-term
vigorous physical exercise in the older athletes is associated
with a conservation of telomere length, as shown by the use
of 2 independent methods of telomere length measurement,
namely Flow-FISH assays and quantitative real-time PCRs.
The published data on the effects of exercise on vascular
telomere length in older subjects are limited. One study in a
cohort of Chinese individuals >65 years of age reported no
differences in leukocyte telomere length between physically
active and inactive participants.?® Another small study in 16
obese middle-aged women showed no differences in leuko-
cyte telomere length after 6 months of aerobic exercise
training.3° However, these studies may have been limited by
the use of questionnaires to detect physical activity or by the
late onset of exercise. Presumably, the continuity, camulative
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duration, and intensity of endurance training were signifi-
cantly higher in our study population.

Our study has limitations. We cannot rule out that the
extent of telomere shortening in the older control group is due
in part to an unknown selection bias. However, the key novel
finding is the protection against telomere shortening by
intensive exercise that is independent of the absolute telomere
length of the control group. As expected, the athletes were
characterized by a lower resting heart rate, blood pressure,
and body mass index and a more favorable lipid profile. In the
mouse studies, the regulation of telomere proteins was
independent of blood pressure, heart rate, or lipid profile;
however, in our clinical study, we cannot determine whether
or to what extent the exercise-induced beneficial effects on
metabolism, heart rate, and blood pressure affect the telomere
proteins compared with exercising itself. It is conceivable that
long-term exercise training has protected their cardiovascular
system by increasing stress resistance and their maintenance
systems in a way that vascular damage and subsequent
reparative endothelial cell turnover over the years have been
reduced and thus telomere attrition has been minimized. On
the other hand, because mice lacking the RNA component of
telomerase develop hypertension,'? one could speculate that
exercise-induced long-term upregulation of telomere-
stabilizing proteins may exert direct beneficial vascular ef-
fects in humans.

Conclusions

The data identify voluntary physical exercise as a powerful
intervention to upregulate telomere-stabilizing proteins in
circulating cells and the vasculature, thereby protecting
against endothelial apoptosis in mice. In agreement with the
animal data, long-term continuous exercising leads to an
attenuation of telomere erosion in the leukocytes of middle-
aged athletes. Our data improve the molecular understanding
of the vasculoprotective effects of exercise and underline the
potency of physical training in reducing the impact of
age-related diseases.
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CLINICAL PERSPECTIVE

Telomere erosion is a central component of aging, and telomere-associated proteins regulate cellular senescence and
survival. To elucidate the cellular mechanisms of the vasculoprotective effects of physical exercise, mice were randomized
to voluntary running or no running wheel conditions. Exercise upregulated telomerase activity and telomere regulating
proteins in the thoracic aorta and in circulating mononuclear cells compared with sedentary controls and reduced the
expression of vascular apoptosis regulators such as cell-cycle—checkpoint kinase 2, p16, and p53. Mice preconditioned by
voluntary running exhibited a marked reduction in lipopolysaccharide-induced endothelial apoptosis. Transgenic mouse
studies showed that endothelial nitric oxide synthase and telomerase reverse transcriptase synergize to confer endothelial
stress resistance after physical activity. To test the significance of these data in humans, telomere biology in circulating
leukocytes of young and middle-aged track and field athletes was analyzed. Peripheral blood leukocytes isolated from
endurance athletes showed increased telomerase activity, expression of telomere-stabilizing proteins, and downregulation
of cell-cycle inhibitors compared with untrained individuals. Older athletes were characterized by reduced leukocyte
telomere erosion compared with untrained controls. We therefore conclude that physical activity represents an “antiaging”
intervention mediating cellular antisenescent and antiapoptotic vascular effects.
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SUPPLEMENTAL MATERIAL

A - Expanded Materials and Methods

Animals

Animal experiments were approved by the animal ethics committee of the Universitit des

Saarlandes and conformed with NIH Pub. No. 85-23, revised 1996.

Telomerase activity

Telomerase activity was quantified using the Telomerase Repeat Amplification Protocol."™
Protein extracts (1ug) of mouse thoracic aorta or 10,000 mononuclear cells in 1 x CHAPS lysis
buffer (Trapeze, MP Biochemicals, Germany), 0.1pg of Primer TS (template), 0.05ug Primer
ACX in 20ul Lightcycler Fast Start SYBR Green PCR Master Mix (Roche, Mannheim,
Germany) containing 1.5mM MgCl, were incubated at 30°C for 30 minutes to allow template
elongation by telomerase activity. After immediate transfer to the Lightcycler instrument (Roche,
Mannheim, Germany), telomerase activity was terminated and hotstart DNA polymerase
activated by incubation at 95°C for 10 minutes. 40 cycles of amplification were carried out with
20s at 95°C, 30s at 60°C and 50s at 72°C. Protein extracts from human embryonic kidney (HEK
293, Gibco, Karlsruhe, Germany) cells were measured as positive controls in each assay (intra-
assay variability 5.2%). A standard titration curve of HEK 293 cells was established from 0 to
10,000 cells to ensure linearity of the assay (R2:0.99, Suppl. Fig. 3A). Furthermore, serial
dilutions of aortic protein extracts, Suppl. Fig. 3B) and human MNCs (5,000 to 20,000 cells,
Suppl. Fig. 3C) were tested to ensure linearity of the PCR reaction. A positive result of the
telomerase assay was considered if the quantity of telomerase activity was 3 times above the
standard deviation of the mean negative control’s background level (1 x CHAPS lysis buffer). To
reduce the risk of systematic errors in the human study samples from each of the four

experimental groups were present in each run.

Telomere length analysis by Flow-FISH assays

Telomere length was determined by the Flow-FISH method." *° In brief, 600,000 peripheral
blood leukocytes from athletes and controls were washed once (5% dextrose, 0.1% BSA, 10mM
HEPES) and resuspended in hybridisation buffer (75% deionised formamide, 20mM Tris (pH
7.1), 20mM NaCl, 1% BSA) for 10 minutes. After denaturing cells, 90 minutes incubation with
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either no probe (unstained control) or 0,18ug FITC labelled, telomere-specific (C3TAz); DNA
probe (Cambridge Research Biochemicals, Cleveland, UK) was performed. After 3 rounds of
washing (75% deionised formamide, 0.1% BSA, 10 mM Tris, 0.1% Tween 20), cells were
resuspended in PBS, 0.1% BSA, RNAse A at 10ug/ml and 0.1pug/ml LDS 751 (Exciton, Ohio,
USA) for DNA counterstaining. Proper gating and DNA counterstaining with LDS751 ensured
that only single, mononuclear and euploidic cells were analyzed (Online Suppl. figure 2). Flow
cytometric analysis was carried out on a FACSCalibur (Becton Dickinson, Heidelberg,
Germany). Telomere length was expressed as mean fluorescent signal intensity. To control for
interday variation, FITC-labelled beads (Quantum-FITC low level, Polysciences, Eppelheim,
Germany) with defined amounts of fluorescence (MESF = molecules of equivalent soluble
fluorochrome) were run in parallel each day. To further reduce the risk of systematic errors all
study samples were measured on only two experimental days. In addition, a reference MNC
sample isolated from a donor not included in the study was run in parallel for each experiment
and yielded identical median fluorescence intensities in all runs. A previously established
standard curve > was used for the conversion of the median telomere fluorescence intensities into

kilobase pairs (kbp).

Histological telomere length analysis by quantitative fluorescence in-situ hybridization

Telomere length is directly related to its integrated fluorescence intensity when marked with a
specific telomere peptide nucleic acid (PNA) probe using quantitative fluorescence in-situ
hybridization as described. SuM cryosections of the thoracic aorta were fixed in 4%
paraformaldehyde for 30min at room temperature followed by treatment with 0.1% Pepsine
solution (Sigma-Aldrich, Germany) for 10min at 37°C. After washing and dehydration, 25ul of
the hybridisation mix (70% formamide, 0.13pug Cy3-conjugated telomere-specific PNA probe
(C2TA3); (Applied Biosystems, Germany), blocking reagent (Roche, Germany), MgCI2 buffer
and ImM Tris pH 7.2) was added to the sections. Denaturation was carried out at 80°C for 3min
and preceded incubation for 2 hours in a humid chamber and washing with wash buffer (70%
formamide, 10mM Tris pH 7.2, 0.1% bovine serum albumin), tris-buffered saline (+ 1% Tween)
and phosphate-buffered saline for a total of 1 hour. Nuclei were then counterstained with DAPIL.
All sections were analyzed using a Nikon E600 epifluorescence microscope (Nikon, Germany)
by an investigator blinded to the study. At least 3 representative images of the Cy3 and DAPI

channel from each section were recorded at 1000 X magnification with Lucia G software with
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identical exposure times. Telomere fluorescence intensity was calculated with TFL-Telo freeware
version  2.2.07.0418 - 2002 (URL:  http://  www.bccre.ca/tfl/research_lansdorp/
Applications.htm).’

Measurement of telomere length by real-time PCR

Genomic DNA was extracted from the mononuclear cells of athletes and controls with the Qlamp
DNA blood mini kit (Qiagen, Germany) according to the manufacturer’s protocol. Mononuclear
cell telomere length was measured with a real-time PCR-based assay that compares telomere
repeat sequence copy number to the single-copy gene 36b4. During optimisation of the assays, a
six-point standard curve (two-fold dilution from 40 ng - 1.25 ng) was run from a pool of 10
control DNAs for both the telomere and 36b4 PCRs to ensure linearity of the reaction (R* >
0.99). PCR efficiencies for target and reference gene were approximately equal (data not shown).
In each run 20ng of sample DNA was measured in duplicate. The pooled control DNA (20ng)
was tested in all assays to allow comparability of the results. The mastermix for each 25u1 PCR
reaction was prepared with 12,5 pl Platinum SYBR Green qPCR Supermix-UDG (Invitrogen,
Germany), 0.5 uM/l ROX reference dye, 150 nmol/L of telomere-specific primers (Forward:
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT; Reverse: GGCTTGCCTTACC
CTTACCCTTACCCTTACCCTTACCCT) or 100 nmol/L 36b4 primers (Forward:
CAGCAAGTGGGAAGGTGTAATCC; Reverse: CCCATTCTATCATCAACGGGTACAA).
All Real-Time PCR reactions were carried out on a 7900 HT Sequence Detector (Applied
Biosystems, Germany). The thermal cycling profile for both reactions consisted of a 95°C
activation step, followed by 40 cycles of 95°C for 15 seconds and 58°C for 60 seconds. The PCR

2—AAC{) tO

data were analyzed as age- and gender-matched pairs with the comparative Ct method (
calculate the relative differences in the amount of telomere repeat DNA between the athletes and

their corresponding controls.

Western blot analysis

Aortic tissue from mice or mononuclear cells from mice and humans were homogenized with
200ul lysis buffer (100mM Tris pH 6.8, 4% SDS, 20 Glycerol) containing the protease inhibitors
PMSF 0.1mM , leupeptin 0.5ul and Aprotonin 0.5ul. 50ug protein were separated on 10% SDS—
PAGE. Proteins were transferred to nitrocellulose membranes (Biorad 162-0112), blocked with
5% dry milk for 30 minutes and exposed to rabbit polyclonal IgG TRF2 (H-300 Santa Cruz, sc-
9143, dilution 1:200), mouse monoclonal IgG P16 (F-12 Santa Cruz, sc-1661, dilution 1:250),

3
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rabbit polyclonal IgG anti-P53 (FL-393 Santa Cruz, sc-6243, dilution 1:500 in dry milk 1%),
mouse monoclonal IgG Chk2 (A-11 Santa Cruz, sc-17747, dilution 1:1000 in dry milk 1%) and
mouse monoclonal IgG GAPDH (6C5 Santa Cruz, sc-32233, dilution 1:1000), rabbit polyclonal
IgG eNOS (Acris Antibodies, Germany) and mouse monoclonal IgG p-eNOS S1177 (BD1250
Acris Antibodies, Germany). For analysis of TERT, immunoprecipitation was performed on
150ug total protein in HNTG buffer (20mM HEPES, 150mM NaCl, 0.1% Triton-X-100, 10%
Glycerol) using polyclonal IgG anti-TERT (H-231 Santa Cruz, sc-7212) and Agarose-A Protein
goat anti-rabbit IgG (Sigma, Germany). Immunodetection was accomplished using goat anti-
rabbit IgG (1:4000 dilution) (Sigma, Germany) and goat anti-mouse IgG (1:5000 dilution)
(Biorad, Germany) secondary antibodies, and an enhanced chemiluminescence kit (ECL,

Amersham).

¢GMP Measurement by ELISA

For cGMP measurements 2 mm? pieces from murine aortas were frozen in liquid nitrogen and
homogenized. The obtained powder was dissolved in 5% trichloroacetic acid. After
centrifugation, trichloroacetic acid was removed from the supernatant by ether. Equal amounts of
the supernatant were used in a commercially available cGMP ELISA according to the
manufacturer’s instructions (IBL Immuno-Biological Laboratories, Hamburg), and cGMP levels

were obtained using a standard included in the assay.

Aortic Ring Preparations and Tension Recording

After excision, the descending thoracic aorta was immersed in Tyrode's solution (118 mM NaCl,
2.5 mM CaCl2, 4.73 mM KCl, 1.2 mM MgCI2, 1.2 mM KH2PO4, 2.5 mM NaHCO3, 0.026 mM
Na EDTA, and 5.5 mM D-(+)glucose, pH 7.4). Adventitial tissue was carefully removed. Per
animal, four 3mm rings were mounted in organ bath chambers filled with Tyrode's solution
(37°C, continuously aerated with 95% O2 and 5% CO2) and were attached to a force transducer
recording isometric tension. Aortic rings were gradually stretched to a resting tension of 10 mN,
which was maintained throughout the experiment, and were allowed to equilibrate for further 30
min.. Pharmacologically induced contraction of aortic rings was performed with a B-agonist,
Phenylephrine-HCI (5§ uM). Drugs were added in increasing concentrations to obtain cumulative
concentration-response curves for carbachol (carbamylcholine-chloride, 1 nM—100 pM) as an

endothelium-dependent relaxing agent, and glyceryl trinitrate (1 nM—10 uM) as an NO donor.

4
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The drugs were washed out before adding the next substance. The relaxing effect of carbachol

was abolished by adding N-nitro-L-arginine methyl ester (1 pM).

RT-PCR
Reverse transcription-polymerase chain reaction standardized to GAPDH was performed using

the following primers (designed to match mouse cDNA unless otherwise specified):

TRFI1-for 5°-CAT GGA CTA CAC AGA CTT AC-3° 55°C, 27 cycles
TRFI-rev 5-ATC TGG CCT ATC CTT AGA CG-3°
TRE2-for 5°- TGT CTG TCG CGC ATT GAA GA-3° 55 °C, 26 cycles

TREF2-rev 5°-GCT GGA AGA CCT CAT AGG AA-3°
TREF2-human-for 5’-TGT CTG TCG CGG ATT GAA GA-3° 53°C, 35 cycles
TRF2-human-rev 5°-GCT GGA AGG TCT CAT ATG AA-3”

Ku70-for 5-GAG CAT CCA GTG TAT CCA GA-3° 55 °C, 26 cycles
Ku70-rev 5°-CAG CAT GAT CCT CTT GTG AC-3°
Ku80-for 5°-TCA CAG TGT GCA GAC ACC TG-3° 56 °C, 26 cycles

Ku80-rev 5°-AAC TGC AGA GAG ATG CCA GA-3°

Ku70-human-for 5"-GAG CAT CCA GTG TAT CCA AA-3° 52 °C, 35 cycles
Ku70-human-rev 5°-CAG CAT GAT CCT CTT ATG AC -3°

Ku80-human-for 5°-TCA CAG TGC ACA GAC ATC TG -3 56 °C, 40 cycles
Ku80-human-rev 5°-AAT TGC AGG GAG ATG TCA CA -3°

Chk2-human-for 5’-GCA GCA GTG CCTGTT CAC A-3’ 55°C, 35 cycles
Chk2-human-rev 5°-TGG ATA TGC CCT GGG ACT GT-3’
GAPDH-for 5-ACC ACA GTC CAT GCC ATC AC-3’ 60°C, 30 cycles

GADPH-rev 5-TCC ACC ACC CTG TTG CTG TA-3’

Quantification of apoptosis by hairpin oligonucleotide assay

To detect apoptosis, 3 um thick paraffin sections of formalin-fixed murine thoracic aortae were
stained using the ApopTag Peroxidase In Situ Oligo Ligation Kit (Millipore).'® This in-situ oligo
ligation assay specifically detects apoptosis by staining only cells that contain double-stranded
breaks that are blunt-ended or have a one base 3' overhang (apoptosis). Cells containing nicked,
gapped, 3'-recessed, 3'-overhanging ends longer than one base and single-stranded ends are not
detected. Thus, unlike conventional terminal transferase-based labelling (TUNEL), the hairpin

assay specifically stains apoptotic but not necrotic or transiently damaged cells.'
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B - Supplementary figures

Supplementary Figure 1 —

No effects of exercise on aortic telomere biology and apoptosis regulators in eNOS™ mice

B
. 200+ . 200,
o o
c b=
o o
Q Q
== I 52
« 100 « 1001 ’
= = : ]
[Ta J_ [1a : ]
£ £ 1
- =]
L S
= “2
eNOS-/- eNQS-/- eNOS-f- eNOS-/-
Control Run Control Run
C D
E‘ 500 - —_ 300 -
5 [+)
G 400 £
o o
== o 200-
— 300 =2
f= =
£ 2001 )
5 o 100+
Y 100] i o L
O - o 1
0
eNOS-/- eNOS-/- eNOS-f- eNQOS-/-
Control Run Control Run

Suppl. Figure 1

Quantification of the aortic effects of voluntary exercise for 3 weeks in B6.129/P2-Nos3 mice on
(A) TRFI mRNA (p=0.377), (B) Ku70 mRNA (p=0.774), (C) Chk2 (p=0.711) and (D) p16
protein (p=0.748) expression. Standardization for GAPDH. N=8 per group.
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Supplementary figure 2 — Standard gating procedure for Flow-FISH assays

A - FACS gates for the fluorescent reference beads
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Suppl. figure 2

(A) Beads: Microbeads of defined size and fluorescence are depicted in scattergraphs. Median
intensity values are measured for each bead (M1-MS5S) and settings are adjusted to allow
comparable measurements between runs. Bead fluorescence intensity correlates with molecules
of soluble fluorochrome (MESF, R2>0.99); (B) Neg. controls: MNCs with LDS751 but no PNA
probe are present in each run; lymphocytes / granulocytes are gated, marked by a weak FITC
autofluorescence and DNA staining. The histogram shows a minor FLI-intensity below 10
arbitrary units. (C and D) Gating for an aged control and an aged athlete: R1 — lymphocytes /
granulocytes; R2 — cells with DNA stain are gated; R3 — cells with high LDS fluorescence are
excluded (cell clusters); R4 — LDS751-stained cells with sufficient PNA hybridization are
selected. Analysis histograms show mean fluorescence intensity values of cells in R1-R4 (ranging

between 40 and 120 arbitrary units).
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Supplementary figure 3 — Standard curves for Telomere-Repeat Amplification Protocols

A — Standard titration curve with HEK 293 cells
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Suppl. figure 3
Telomerase activity was measured by TRAP assay in serial dilutions of (A) 0-10,000 HEK 293

cells, (B) 0.31-2.5ug aortic CHAPS protein lysates and (C) 1,000-20,000 human MNCs.
Correlation coefficients (R2) were > 0.99 for all experiments.
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Abstract

Reactive oxygen species have been described to modulate proteins within the cell, a process called redox
regulation. However, the importance of compartment-specific redox regulation has been neglected for a long
time. In the early 1980s and 1990s, many in vitro studies introduced the possibility that nuclear redox signaling
exists. However, the functional relevance for that has been greatly disregarded. Recently, it has become evident
that nuclear redox signaling is indeed one important signaling mechanism regulating a variety of cellular
functions. Transcription factors, and even kinases and phosphatases, have been described to be redox regulated
in the nucleus. This review describes several of these proteins in closer detail and explains their functions
resulting from nuclear localization and redox regulation. Moreover, the redox state of the nucleus and several
important nuclear redox regulators [Thioredoxin-1 (Trx-1), Glutaredoxins (Grxs), Peroxiredoxins (Prxs), and
APEX nuclease (multifunctional DNA-repair enzyme) 1 (APEX1)] are introduced more precisely, and their
necessity for regulation of transcription factors is emphasized. Antioxid. Redox Signal. 12, 713-742.
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I. Introduction

OXYGEN IS ONE OF THE MOST RELEVANT MOLECULES for all
aerobic organisms. For many years, it has been clear that
aerobic organisms produce reactive oxygen species (ROS)
from oxygen. The molecules, which belong to the ROS, are
superoxide anion O, ", hydroxyl radical (OH"), and hydrogen
peroxide (H,O,). Even under physiologic conditions, all of
these molecules are produced within cells.

Several oxidative systems exist that generate O " from
oxygen. Potential sources of this ROS production are, for ex-
ample, the NADPH oxidases, the respiratory chain within the
mitochondria, and the xanthine/xanthine oxidase system
(Fig. 1A). Conversely, a pool of several antioxidative enzymes
scavenge, reduce, or inactivate ROS (Fig. 1A). Specifically,
O, " is reduced by superoxide dismutases (SODs) to H,O,.
H,0; is then metabolized to H,O by several enzymes, mainly
by catalase, but also by glutathione peroxidase (GPx), which
in turn results in oxidation of glutathione. The glutathione
disulfide (GSSG) itself is then reduced to glutathione by
the glutathione oxidoreductase (GR) to feed back into this
cycle (Fig. 2). Another important antioxidative system, the
thioredoxin/thioredoxin-reductase (Trx/TR) also has been
described to metabolize H,O, directly. However, this seems
to be a rather rare event in cells, and the Trx/TR system
mainly reduces oxidized proteins. In the course of this pro-
cess, reduced Trx itself is oxidized. Reduced Trx is then re-
generated by TR by using the cofactor NADPH to be further
available for the reduction of oxidized proteins (Fig. 3).

Therefore, a controlled redox balance exists in cells. Per-
turbation of this balance either by increased production of
ROS or by reduced antioxidative capacity will result in so-
called oxidative stress (Fig. 1B). Increased ROS lead to mod-
ifications of biological molecules, including proteins, DNA,
and lipids. In line with this, under conditions of oxidative
stress, O, ~ can directly react with nitric oxide (NO) to form
peroxynitrite (ONOO™), which readily crosses cell mem-
branes. Although possessing a short half-life, ONOO™ inter-
acts with target molecules even in neighboring cells.
Peroxynitrite is involved in protein nitration by nitrating
tyrosine residues irreversibly to form 3-nitrotyrosine (95). The
interplay of ONOO™ with ROS to damage cells is then termed
nitrosative stress. ONOO™ itself is extremely toxic to cells
because it is readily converted to two other radical species,
OH’ and NO;, by hemolytic decomposition (92). Therefore,

these species are often referred to as ROS/RNS (reactive ni-
trogen species). Oxidative and nitrosative stress-induced
modifications of biological molecules have been implicated in
a variety of diseases, such as cardiovascular diseases, neuro-
logic disorders, and cancer. Over a long period, it was be-
lieved that the production of ROS is, in principle, bad for cells,
and therefore, the term “redox signaling” was under-
estimated. However, several lines of evidence have estab-
lished that redox signaling exists and is required for
organisms to survive. Moreover, ROS have a wide range of
action because of their ability to interact with almost all bio-
logical molecules. The mode of action of ROS is also depen-
dent on the localization of their target molecules. Thus, the
modifications induced by ROS can be separated depending
on the cellular compartments they affect. Several studies
investigated whether mitochondrial and nuclear redox sig-
naling exist, in addition to the well-described cytosolic (pre-
viously termed cellular) redox-dependent events. Under
physiologic conditions, ROS can induce changes in gene ex-
pression (203), whereas under conditions of oxidative and
nitrosative stress, ROS and RNS can directly damage DNA
in the nucleus, which can result in apoptosis or malignant
transformation (140, 233).

This review focuses on nuclear redox signaling and oxi-
dative stress-induced nuclear translocation of proteins and
their resultant nuclear modes of actions. The antioxidative
enzymes, Trx-1 and the APEX nuclease (multifunctional DNA
repair enzyme) 1 (APEX1, also known as Ape/Ref-1), and
their important role in nuclear redox signaling are high-
lighted. A number of proteins, which belong to the classes of
transcription factors, chromatin-modifying enzymes, kinases,
and phosphatases, are discussed in detail. All of the men-
tioned proteins have in common that they have a nuclear
localization and function and are redox regulated or regulated
by oxidative stress in higher eukaryotes. Although this review
tries to be as comprehensive as possible, we are aware that we
might not have discussed all of them.

Il. Nuclear Redox Regulators

A. Redox state of the nucleus

The term redox state describes the balance between the
oxidized and reduced forms of biologically relevant re-
dox pairs, including NADH/NAD", NADPH/NADP™, and
GSH/GSSG. 1t is reflected in the balance of several sets of
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FIG. 1. Balance between oxidative and antioxidative sys-
tems. (A) The generation of ROS by oxidative systems (e.g.,
NADPH oxidase, xanthine/xanthine oxidase, and the respi-
ratory chain) is controlled by the activity of antioxidant sys-
tems, like superoxide dismutase (SOD), catalase, thioredoxin/
thioredoxin reductase (Trx/TR), glutathione/glutathione re-
ductase (GSH/GR), glutathione peroxidase (GPx), gluta-
redoxin (Grx), and peroxiredoxin (Prx). They scavenge ROS
or reduce their levels and thus maintain the redox balance in
healthy cells and tissues. (B) A state of oxidative stress occurs

either by increased activity of the oxidative systems or by
reduced antioxidative capacity of the cells.

metabolites (e.g., lactate and pyruvate) whose interconversion
is dependent on these ratios. An abnormal redox state can
develop in a variety of deleterious situations, such as hypoxia,
shock, and sepsis. Determination of the relative concentra-
tions of the components of these redox pairs showed that the
GSH/GSSG and NADPH/NADP™ ratios are >1 (234, 236),
whereas the NADH/NAD™ ratio is <1 (221, 261). Generally,
the nucleus provides a reductive environment.
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FIG. 2. The GSH/GR/GPx system: a general model of the
GSH/GR/GPx system. Glutathione peroxidase (GPx) reduces
H,0, to H,O and thereby oxidizes GSH to GSSG. GSSG itself
is reduced by glutathione reductase (GR) to regenerate GSH.
The reductant in this reaction is NADPH +H", created by
metabolic substrate oxidation.

NADP*

NAD"/NADH is required as a coenzyme for metabolic
processes. The high NAD"/NADH ratio allows this coen-
zyme to act as both an oxidizing and a reducing agent. In
contrast, the main function of NADP™" is as a reducing agent in
anabolism. Since NADPH is needed to drive redox reactions
as a strong reducing agent, the NADPH/NADP™ ratio is kept
high. Because no barrier exists to diffusion of these dinucle-
otide coenzymes across the nuclear membrane (160, 261), it is
assumed that the NAD* /NADH and NADP*/NADPH ratios
are the same in the cytoplasm and the nucleus. The majority of
these coenzymes are protein bound, and the concentration of
free NADH in the nucleus has been calculated to be 130 nM
(261).Itis assumed that the NADPH/NADH ratio is ~4 (210);
therefore, the concentration of free NADPH in the nucleus
must be ~500 nM.

NADP*

~
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FIG. 3. The Trx/TR system: simplified model of the Trx/

ox

TR system and Trx function. The Trx/TR system consists of
two oxidoreductase enzymes, thioredoxin (Trx) and thio-
redoxin reductase (TR). Reduced Trx (Trxmy,) directly in-
teracts with oxidized proteins by forming disulfide bridges.
This involves formation of a mixed-disulfide intermediate
in the thiol-disulfide exchange reaction (124). As a conse-
quence of this two-step reaction, the protein is reduced, and
Trx itself is oxidized (Trxs). The regeneration of reduced
Trx from its oxidized form is catalyzed by TR by using
NADPH +H™.

NADPH<+H"
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Glutathione (L-y-glutamyl-L-cysteinylglycine, GSH) is a
ubiquitous thiol tripeptide and is the most abundant thiol
present inside the cell. GSH has multiple direct and indirect
functions in many critical cellular processes like synthesis of
proteins and DNA, amino acid transport, enzyme activity,
and metabolism (149). GSH also serves as a reductant to de-
stroy free radicals, hydrogen peroxide, and other peroxides
and as a storage form of cysteine. The redox state of the
GSH/GSSG couple is often used as an indicator of the overall
redox environment of the cell (200). GSH is found in a fairly
high concentration of ~10mM within cells. As it can freely
diffuse (160, 172), the cytoplasmic and nuclear concentrations
are similar (215, 236). Interestingly, the nuclear levels change
during the cell cycle, with the highest levels found in the S
and G,/M phases (137). In line with these findings, depletion
of GSH leads to reduced proliferation and apoptosis (138,
151). Taken together, one would hypothesize that during
the G,/M phase, a more reductive nuclear environment is
required for cell proliferation to proceed. This was corrobo-
rated by a combined in vitro/bioinformatic investigation,
which showed that 69 proteins containing redox-sensitive
motifs have functions in central cell cycle processes like tran-
scription, nucleotide metabolism, (de)phosphorylation, and
(de)ubiquitinylation. The majority of these oxidant-sensitive
proteins function during the G,/M phase, indicating that
oxidant-sensitive proteins may be temporally regulated by
oscillation of the intracellular redox environment (39).

B. Antioxidative enzymes in the nucleus

As mentioned earlier, this review focuses on nuclear redox
signaling. Therefore, it is important to introduce the anti-
oxidative systems that have been described to be localized in
the nucleus. Already in the late 1980s, Cu/Zn SOD and cata-
lase were detected in the nuclear fractions of the developing
rat cerebral cortex (43). In contrast, in adult Langerhans cells in
catalase-overexpressing mice, catalase could not be detected
in the nucleus (34). These findings point out that the presence
of catalase in the nucleus seems to be dependent on cell type
and perhaps also on age.

Several studies investigated the nuclear localization and
activity of enzymes of the glutathione system, including GR,
GPx, and glutathione S-transferases (GSTs). In rat liver cells, all
proteins were found to be localized in the nucleus. Moreover,
enzymatic activity could be measured in nuclear extracts (191).
Recently, the exact localization of GSTx-a was determined to be
at the nuclear membrane. Thus, the authors speculated that
GSTo-a probably has a role as a defense barrier at the nuclear
envelope (220). Several lines of evidence demonstrated that
Trx-1 is localized in the nucleus, and its major nuclear function
seems to be the binding to and reduction of transcription fac-
tors, thereby modulating their activities. Other thiol reductases,
namely nucleoredoxin and glutaredoxin (Grx), which have
similar, but also distinct functions from those of Trx-1, have
been reported to be localized in the nucleus (80). Another im-
portant enzyme this context is APEX1. It is known that the
DNA base excision-repair pathway is responsible for the repair
of alkylation and oxidative DNA damage. A crucial step in the
base excision-repair pathway involves the cleavage of an
apurinic/apyrimidinic (AP) site in DNA by AP endonucle-
ases (248). The major AP endonuclease in mammalian cells is
APEX1, a multifunctional enzyme that acts not only as an AP
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endonuclease but also as a redox-modifying factor for a vari-
ety of transcription factors. Moreover, several studies demon-
strated that APEX1 and Trx-1 act in concert in regulating
transcription factors, which is discussed in more detail later in
this review.

The variety of antioxidative enzymes reported to be local-
ized in the nucleus and to be present in their active forms
underscores the existence of a nuclear redox signaling net-
work. Several nuclear proteins will now be introduced whose
activity and functions depend on the redox balance and on
nuclear redox signaling.

C. Thioredoxin-1 (Trx-1)

One major redox regulator in cells besides the glutathione
system is the thioredoxin system. Thioredoxin was first dis-
covered by Peter Reichard and co-workers (118) in 1964 as an
electron donor for ribonucleotide reductase from Escherichia
coli. In 1968 Holmgren and co-workers (85) determined the
amino acid sequence of thioredoxin from E. coli after isolation
of the pure protein and showed the classic active site -Cys-
Gly-Pro-Cys-. The crystal structure of E. coli Trx in its oxidized
form resulted in the definition of the thioredoxin fold: a cen-
tral f-sheet surrounded by o-helices with the active site at
the end of a f-strand and in the beginning of an a-helix (88).
This structure defines a large superfamily of proteins (124). It
is adopted by bacterial glutaredoxins (Grx) and appears in
the other members of the family as a substructure or domain
(9, 50, 139). Besides Trxs and Grxs, protein disulfide isomer-
ases, GSTs, GPxs, peroxiredoxins, and chloride intracellular
channels (CLICs) are members of the Trx superfamily (12, 139,
202). Mammalian cells contain two Trxs, Trx-1 and Trx-2
(exclusively localized in mitochondria) and three TRs: cyto-
solic TR1, mitochondrial TR2, and the testis-specific thio-
redoxin glutathione reductase (TGR). In 1985, Holmgren (87)
introduced Trx-1 as a small, ubiquitous protein with two
redox-active cysteine residues in an exposed active center,
having the same amino acid sequence as E. coli Trx -Cys-Gly-
Pro-Cys- (Cys 32 and Cys 35 within Trx-1), which is essential
for its redox-regulatory function. The thioredoxin-1 system
consists of Trx-1 and TR1. The regeneration of reduced Trx-1
from its oxidized form is catalyzed by TR1 by using NADPH
(162). One important function of Trx-1 is the reduction of
oxidized proteins, which depends on cysteine 32 and cysteine
35. The functions of Trx-1 are dependent on its cellular lo-
calization. Cytosolic Trx-1 interacts with its active-site cyste-
ines with several proteins by forming disulfide bridges and
thereby inhibits apoptosis induction. Trx-1 associates with
ASK1 and the vitamin Ds—upregulated protein 1 (Txnip, also
named VDUP-1) (194, 258). Thereby, reduced Trx-1 protects
cells from apoptosis through an inhibitory binding to ASK1,
whereas this binding is lost when Trx-1 is oxidized (194).
Similarly, binding of Trx-1 to Txnip completely abrogates the
antiproliferative function of Txnip (204). It has been demon-
strated that, under certain conditions, Trx-1 accumulates in
the nucleus and directly or indirectly interacts with different
transcription factors (203). In the case of direct association,
Trx-1 reduces oxidized transcription factors and thereby
allows them to interact with DNA. The capacity of Trx-1 to
interact with several transcription factors and thereby alter
their functions is discussed in more detail later in this re-
view. In case of an indirect action on transcription factors,
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Trx-1 binds to APEX1, and APEX1 itself reduces the oxidized
transcription factors. APEX1 is a complex protein with several
functions, including endonuclease activity, redox factor, and
redox chaperone properties. Because of its importance in
nuclear redox signaling, APEX1 is introduced in more detail
later in this review.

D. Glutaredoxins (Grxs) and peroxiredoxins (Prxs)

Glutaredoxins (Grxs) belong to the Trx superfamily of
proteins. Grxs were first described as glutathione-dependent
reductases three decades ago (86). They play an important role
in cellular redox-dependent processes, mainly through deglu-
tathionylation of proteins. In addition to the early-discovered
dithiol Grxs, another group of Grxs has been identified. These
monothiol Grxs lack the C-terminal active-site cysteine but
contain all structural and functional elements to bind and use
GSH. Therefore, two distinct mechanisms are known, the di-
thiol reaction in which the two cysteines in the active center
take part in reducing both low-molecular-weight and protein
disulfides and the monothiol mechanism in which only one
cysteine in the active center is present (for review, see ref. 123).
In humans, four Grx isoforms have been identified: the dithiol
isoforms Grx1l and Grx2 and the monothiol isoforms Grx3
(PICOT/TXNL-2) and Grx5 (94, 131, 249, 250). Grx1 is con-
sidered mainly to be a cytosolic protein, although some studies
show a nuclear localization (133, 219) and a presence in the
intermembrane space of mitochondria (171). Several studies
have shown that Grx1 is able to deglutathionylate a variety of
proteins, like actin, protein tyrosine phosphatase-1B, glyceral-
dehyde-3-phosphate dehydrogenase, Ras, and caspase 3 (3, 19,
126, 173, 240) and thereby influences several important cellular
functions, including actin polymerization, hypertrophy, and
apoptosis (3, 173, 240, 242). Furthermore, Grx1 regulates tran-
scription factor activity directly as well as indirectly, which is
discussed later in this review in the respective transcription
factor sections. Grx2 is known to exist in at least three different
splicing variants, Grx2a, Grx2b, and the newly discovered
Grx2c. Grx2a is considered a mitochondrial protein, and Grx2b
was detected in nuclear fractions (62, 131). A recent screening
of diverse tissues showed a ubiquitous expression of Grx2a,
whereas Grx2b and Grx2c were found exclusively in testis and
some cancer cell lines (129). Grx3, also termed PICOT (protein
kinase C-interacting cousin of thioredoxin), was first identified
in 2000 as an interaction partner of protein kinase C 0 (PKC0)
and described to exist in the cytosol (250). Grx5 is a monothiol

FIG. 4. APEX1. General model of APEX
nuclease (multifunctional DNA-repair en-
zyme) 1 (APEX1) redox regulator function.
APEX1 converts a transcription factor (TF)
from an oxidized, less DNA binding competent
state to its reduced state that can bind more
avidly to the regulatory regions of a variety of
genes. This leads to activation of these down-
stream targets.
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enzyme with a mitochondrial localization signal and therefore
resides within the mitochondria (190). Thus, only Grx1 and
Grx2b are localized in the nucleus, and regulation of tran-
scription factor activity in the nucleus has been demonstrated
only for Grx1.

Peroxiredoxins (Prxs) are members of a superfamily of
Se-independent peroxidases. Six members have been identi-
fied and characterized in mammals. Prxs execute enzymatic
degradation of H,O, and organic hydroperoxides by using
electrons donated by Trx-1 (Prx1 to Prx5), cyclophilin A (Prx1
to Prx4), or glutathione (Prx6). Prxs are divided into three
classes: typical 2-Cys Prxs; atypical 2-Cys Prxs; and 1-Cys Prxs
(for review, see refs. 102 and 187). These enzymes share the
same basic catalytic mechanism, in which the single, redox-
active cysteine is oxidized to a sulfenic acid by the peroxide
substrate (38). The recycling of the sulfenic acid back to a thiol
distinguishes the three enzyme classes: 2-Cys Prxs are re-
duced by thiols, particularly thioredoxin (188), whereas the
1-Cys enzymes are reduced by glutathione (136) and ascorbic
acid (152). By using crystal structures, a detailed catalytic
cycle has been derived for typical 2-Cys Prxs, including a
model for the redox-regulated oligomeric state proposed to
control enzyme activity (251). Prxs have a wide tissue distri-
bution and specific subcellular localization. Nuclear locali-
zation has been demonstrated for Prx1, Prx2, Prx4, Prx5, and
Prx6, at least in tumor cells (109). However, only for Prx5 has a
nuclear function been demonstrated. Nuclear Prx5 signifi-
cantly reduced nuclear DNA damage induced by H,O (15).

E. APEX nuclease (multifunctional
DNA-repair enzyme) 1 (APEX1)

APEX1 is a multifunctional protein. Its first abbreviation,
human apurinic/apyrimidinic (AP) endonuclease, or Apel
(also called HAP1 or APEX) derived from one of its functions
as an essential enzyme in the base-excision repair (BER)
pathway. This pathway is responsible for repair of apur-
inic/apyrimidinic (AP) sites in DNA, which are a major end
product of ROS damage. Unrepaired AP sites can halt mRNA
and DNA synthesis or act as noncoding lesions resulting in the
increased generation of DNA mutations (248). To initiate re-
pair, APEX1 cleaves 5’ to the baseless site, which leads to
generation of a 3"-hydroxyl group and an abasic deoxyribose-
5-phosphate. Subsequently, DNA polymerase ff and DNA li-
gase I are recruited to the abasic site to complete the repair
process (223).
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The second abbreviation, Ref-1, stands for redox effector
factor-1 and reflects its function as a redox regulator of tran-
scription factors (Fig. 4). Through its redox function, APEX1
maintains transcription factors in an active, reduced state re-
quired for DNA binding and transcriptional activation. The
two functions of APEXI, repair and redox regulation, are
independent and located in separate domains of the pro-
tein, which was demonstrated by deletion analysis. The
N-terminal portion of APEXI that is not present in function-
ally related proteins from other organisms is required for
the redox activity, whereas the DNA-repair activity requires
conserved C-terminal sequences. Chemical alkylation or oxi-
dation of cysteines inhibits the redox activity of APEX1
without affecting its DNA-repair activity (255). In addition,
mutation of cysteine residue 65 (Cys 65), which is unique
to mammalian APEX1, abrogates the redox function of the
human protein. The wild-type zebrafish APEX has a threo-
nine residue in the corresponding position (Thr 58) and is
redox inactive, but can be converted to a redox enzyme by
conversion of Thr 58 to cysteine (59). Conversely, when Cys 65
in human APEX1 is converted to alanine, the resulting protein
is redox deficient (132).

Two reports uncovered a third function of APEX1, the
stimulation of transcription factor reduction independent of
its intrinsic redox activity. In vivo analysis of mouse APEX1
mutated at the cysteine previously identified as the redox
catalytic site revealed a surprising result. Unlike APEX1-null
mice, which die very early in embryonic development, ho-
mozygous APEX1(C64A) mice were viable with no overt
phenotype. Although APEX1 is the major redox regulator of
activator protein 1 (AP-1) in murine cells, AP-1 DNA binding
activity and reduction of Fos and Jun were unaltered com-
pared with wild-type mice, demonstrating that the redox ac-
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FIG. 5. APEX1 as a redox chaperone: model
for the redox chaperone function of APEX1.
A mutant of APEX nuclease (multifunctional
DNA-repair enzyme) 1, in which all seven
cysteine residues are replaced with serine
(APEX C/S), can bind to the p50 and Jun
subunits of the transcription factor complexes
nuclear factor-kappa B (NF-«xB) and activator
protein 1 (AP-1), respectively. In this complex,
APEX C/S can recruit thioredoxin-1 (Trx-1) or
glutathione (GSH), which subsequently reduce
both subunits of the heterodimeric transcrip-
tion factors. Reduction enables them to bind
their cognate response elements and activate
transcription of their target genes.

tivity of APEX1 is not required for redox regulation of AP-1
(169). A more-robust proof was obtained by the analysis of
human APEXI1, in which all seven cysteine residues were
substituted to serine (APEX1 C/S; Fig. 5). It was demonstrated
that APEX1 can directly reduce in vitro oxidized recombinant
P50, a subunit of nuclear factor-kappa B (NF-«B), at relatively
high concentrations (i.e., at concentrations >50-fold higher
than that of p50). However, when Trx-1 or GSH was included
in the reaction, a much lower concentration of APEX1 was
sufficient to stimulate p50 DNA binding activity, indicating
that APEX1 might facilitate reduction of transcription factors
by other reducing molecules such as Trx-1. Surprisingly, un-
like the direct reduction of p50, this effect was not dependent
on the redox activity of APEX1 because APEX1 C/S increased
p50 DNA binding as efficiently as APEX1 wt in the presence
of GSH or Trx-1. This activity of APEX1 was not restricted to
the NF-xB transcription factor complex, as also the DNA
binding activity of AP-1 was stimulated by APEX1 C/S. In-
terestingly, a physical interaction of APEX1 and the C/S
mutant occurs only with one subunit of these heterodimeric
transcription factors (with p50, p52, c-Rel, and c-Jun, but not
with p65 and c-Fos) (8).

Thus, APEX1 binding to certain subunits of heteromeric
transcription factors leads to reduction of the transcription
factor subunits by other reductive systems. Therefore, APEX1
can function as a redox chaperone. This activity may be im-
portant for the modulation of the activity of a subset of tran-
scription factors.

F. Trx-1/APEXT1 interactions

A direct interaction between overexpressed APEX1 and
Trx-1 has been demonstrated in the nucleus. Detailed analysis
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FIG. 6. Interaction of endoge- DAPI
nous APEX1 and Trx-1 in human
endothelial cells. Nuclear associa-
tion of endogenous thioredoxin-1
(Trx-1) and APEX nuclease (multi-
functional DNA-repair enzyme) 1
(APEX1). Representative immuno-
stainings of human umbilical vein
endothelial cells are shown. Nuclear
staining with DAPI is shown in
blue, APEX1 staining in green, and
Trx-1 staining in red. The second
panel from the right shows the
merging of APEX1 and Trx-1 stain-
ing; the rightmost panel, the merg-
ing of DAPI, APEX1, and Trx-1.

Neg control

APEX1 Trx-1
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Cells were fixed and permeabilized. For coimmunostaining, cells were first incubated with an antibody against human Trx-1
(mouse, 1:50, overnight, 4°C; BD Pharmingen); as a secondary antibody, anti-mouse rhodamine RedX (1:100, 30 min, 37°C;
Invitrogen) was used. Because both the Trx-1 and the APEX1 antibodies are from the same host species, a blocking step with
an excess of mouse IgG was performed. After that, the cells were incubated with an antibody against human APEX1 (mouse,
1:200, overnight, 4°C; Novus Biologicals) followed by a secondary anti-mouse Alexa 488 (1:200, 30 min, 37°C; Invitrogen).
Nuclei were stained with DAPT (0.2 ug/ml). Cells were visualized with fluorescence microscopy (Zeiss Axiovert 100, mag-
nification 1:40, oil). The top row represents the negative control without primary antibodies.

of the cysteines in Trx-1 in a yeast two-hybrid system revealed
that cysteines 32 and 35 are required for direct interaction
with APEX1 (79). Conversely, cysteines in APEX1 were not
mapped for Trx-1 interaction. We found that colocalization of
the two endogenous proteins, APEX1 and Trx-1, is detectable
mainly in the nucleus in human endothelial cells (Fig. 6).
Mapping of the interaction domain within APEX1 is under

further investigation. It must be noted that, under certain
conditions, Trx-1 and APEX1 act in concert to regulate tran-
scriptional activation (8, 244), whereas in other cases, APEX1
or Trx-1 alone is sufficient to control DNA binding of tran-
scription factors. This is discussed in closer detail for the
redox-regulated transcription factors in the following sections

of this review.

TABLE 1. REDOX-REGULATED TRANSCRIPTION FACTORS

Transcription

Compartment of

factor Critical amino acid Affected function modification
AP-1 Cys 269 (c-Fos) DNA binding (1) Nucleus (79)
Cys 154 (c-Jun)
BPV E2 Cys 340 DNA binding (146) n.d.
CBP/PEBP2 Cys 115, Cys 124 DNA binding (5) n.d.
c-Myb Cys 130 DNA binding (67, 155) Nucleus (67)
CREB Cys 300, Cys 310 DNA binding (64) n.d.
Egr-1 n.d DNA binding (91) Nucleus (91)
Estrogen n.d. (DBD) DNA binding (122) n.d.
receptor
Glucocorticoid n.d. (DBD) DNA binding (93, 229) Nucleus (135)
receptor Cys 481 Nuclear import (167) Cytoplasm (167)
HIF-1a Cys 800 CBP interaction (51) n.d.
HLF Cys 28 DNA binding (116) n.d.
Cys 844 CBP interaction (51)
HoxB5 Cys-232 Cooperative DNA binding (58) n.d.
MyoD Cys 135 DNA binding (218) n.d.
NFI/CTF Cys 3 DNA binding (13) n.d.
Cys 427 Transcriptional activation (154)
NF-«xB Cys 62 (p50) DNA binding (81, 142) Nucleus
Tyr 66, Tyr 152 (p65) Stability, nuclear retention (176) n.d.
NEF-Y Cys 85, Cys 89 DNA binding (156) n.d
Nrf-2 Cys 506 DNA binding (26) Nucleus (76)
p53 Cys 173, Cys 235, Cys 239 DNA binding (73, 185) n.d.
Pax-5 n.d. DNA binding (226, 227) Nucleus (226, 227)
Pax-8 n.d. DNA binding (103, 226) Nucleus (226)
Spl n.d. DNA binding (6, 7) Nucleus (36)
TTF-1 Cys 87 DNA binding (11, 103, 225) n.d.
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lll. Redox-Regulated Transcription Factors
and Chromatin Modifiers

Transcription factors regulate cellular functions through
altering the gene expression profile. A number of transcrip-
tion factors have been shown to be redox regulated through
modulation of their DNA binding capacity. Additional lay-
ers of regulation are on the level of transcriptional activation
by changing cofactor interactions, oligomerization, or sub-
cellular localization. Thereby cells can modulate their tran-
scriptome to adjust to physiologic and pathophysiologic
changes in ROS levels and exogenous noxae. Table 1 provides
an overview over the mammalian transcriptional regula-
tory proteins for which a redox regulation has been shown.
In the following sections, we review the molecules for which
a more-detailed knowledge of their redox regulation is
available.

A. Activator protein-1 (AP-1)

Activator protein-1 (AP-1) is one of the first mammalian
transcription factors that were identified (119). AP-1 is not a
single protein, but represents various homo- or heterodimers
formed between the proteins of the basic region-leucine
zipper (bZIP) family. They belong to the Jun (c-Jun, JunB,
JunD), Fos (c-Fos, FosB, Fra-1, and Fra-2), Maf (c-Maf, MafB,
MafA, MafG/F/K, and Nrl), and ATF (ATF2, ATF3/LRF1,
B-ATF, JDP1, JDP2) subfamilies of the bZIP proteins. Their
complexes bind to a canonical AP-1 site, originally described
as 12-O-tetradecanoylphorbol-13-acetate (TPA) response ele-
ment, or variants thereof. Recruitment of other transcription
factors, coactivators, and chromatin-remodeling proteins
generates a plethora of regulatory complexes with cell- and
stimulus-specific transcriptional activities (for review, see ref.
35). Therefore, AP-1is involved in a wide range of physiologic
functions, including proliferation and survival, differentia-
tion, growth, apoptosis, cell migration, transformation, and
carcinogenesis. AP-1 itself is target of a variety of upstream
kinases like c-Jun NH,-terminal kinases (JNKs), extracellular
regulated kinases (ERKSs), and p38 mitogen-activated protein
kinases (MAPKSs) through phosphorylation of Jun and Fos
proteins.

DNA binding of AP-1 is regulated by the redox state of a
cysteine residue within the DNA binding domains of both
proteins. Oxidation of Cys 154 in human Fos and Cys 269 in
human c-Jun inhibits DNA binding of AP-1 in vitro (1). This
was ascribed to an intermolecular disulfide bridge formed
between the two cysteines. Oxidation of these residues could
be achieved enzymatically, by using GPx, and DNA bind-
ing protected them from oxidation in vitro (16). In the viral
homologue of c-jun, the transforming oncogene v-jun, the
corresponding cysteine residue is replaced by a serine, which
results in an insensitivity to oxidation, leading to constitutive
DNA binding and aberrant transcriptional regulation. Simi-
larly, Fos can escape regulation and is converted to a trans-
forming protein when the critical cysteine is mutated (168).
Shortly after uncovering the redox sensitivity of AP-1 DNA
binding, a nuclear protein was identified that copurified with
AP-1 and stimulated DNA binding of oxidized Fos-Jun het-
erodimers, Jun-Jun homodimers, and AP-1 complexes puri-
fied from HeLa cells (253, 254). This protein turned out to be
APEXI1. Besides a direct redox function, APEX1 can act as
redox chaperone for AP-1, as discussed earlier.
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B. Cyclic AMP response element—binding protein (CREB)

The transcription factor CREB binds the cAMP response
element (CRE) and functions in glucose homeostasis, growth
factor-dependent cell survival, and has been implicated in
learning and memory. CREB is activated in response to,
among other signals, cAMP. The accumulation of cAMP
triggered by extracellular signals induces most cellular re-
sponses through protein kinase A (PKA). An increase in cel-
lular cAMP levels liberates the catalytic from the regulatory
subunits of PKA, which then translocate into the nucleus and
induce cellular gene expression by phosphorylating CREB at
serine residue 133. Together with the related activating tran-
scription factor 1 (ATF1) and the CRE modulator (CREM),
CREB comprises another family of bZIP transcription factors
(for review of the CREB/ATF family, see refs. 145, 175, and
197). Originally, the Fos/Jun and ATF/CREB protein families
were regarded as distinct sets of transcription factors that
recognize closely related, but different DNA binding sites and
form intrafamily dimers. However, it was shown that mem-
bers of these two families can form selective cross-family
heterodimers. These display DNA binding specificities dis-
tinguishable from each other and from their parental homo-
dimers (21, 72). Analogously to AP-1, DNA binding of CREB
is regulated by its oxidation status. The reduction of two
cysteine residues (Cys 300 and Cys 310) located in the DNA
binding domain, enhances the binding efficiency of CREB to
DNA and regulates CRE-mediated gene expression. Sub-
stitution of these residues to serine renders CREB insensitive
to reduction. These substitutions, which do not alter the sec-
ondary structure of the protein (189), enhance the binding of
CREB to its cognate DNA sites under oxidative conditions
and CREB dependent gene expression during normoxia (64).
Interestingly, this redox regulation is bypassed by the Tax
protein of the human T-cell leukemia virus type 1 (HTLV1),
which recruits CREB independent of phosphorylation and
redox status to the HTLV1 promoter (61, 64) to promote viral
transcription.

C. Specificity protein 1 (Sp1)

Specificity protein 1 (Spl) is one of the best-characterized
zinc-finger transcription factors. It is a member of an extended
family of DNA binding proteins, harboring three Cys,-His,
zinc-finger motifs, which bind to GC-rich DNA recognition
elements. By regulating the expression of a large number of
genes that have GC-rich promoters, Sp1-like transcription fac-
tors are involved in the regulation of many cellular processes,
including proliferation, apoptosis, differentiation, and neo-
plastic transformation. Individual members of the Sp1 family
can function as activators or repressors, depending on which
promoter they bind and the co-regulators with which they in-
teract (for review of the Sp1 family, see refs. 100 and 193).

A first hint that DNA binding by Spl is regulated by
the cellular redox status came from the analysis of nuclear
extracts from 30-month-old rat tissues, in which the DNA
binding efficiency of Sp1 was greatly decreased, although the
protein was present in levels comparable to those in younger
tissues (6). This was attributed to increased levels of reactive
oxygen intermediates in the aged animals because high con-
centrations of DTT, added to the aged tissue extracts, fully
restored Spl DNA binding. Conversely, H,O, treatment of
extracts from young tissues strongly decreased the Sp1 DNA
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binding activity, which again could be restored with DTT. The
same results were obtained with purified Spl, clearly dem-
onstrating that oxidation directly affected Sp1 and not a co-
factor (7). A similar phenomenon was observed during the
transition of thymocytes from the resting to the proliferating
state, in which production of ROS upon priming with phorbol
12-myristate 13-acetate (PMA) is nearly abolished. In the
proliferating state, Sp1 DNA binding activity increased and
could be compromised by the addition of H,O, to extracts
from these cells, whereas the binding activity in nuclear ex-
tracts from resting cells could be fully restored with DTT
(199). This susceptibility to oxidation is conferred by thiol
groups, depends on zinc coordination, and is prevented by
DNA binding, suggesting that the DNA binding domain is
the target for oxidation and is protected when in contact with
DNA. This was corroborated in vivo by findings that arsenic
treatment of promyelocytic leukemia cells prevented DNA
binding of Spl to specific promoters. Of note, the nuclear
levels of Spl did not change with arsenic treatment, sug-
gesting that the oxidation occurs in the nucleus (36). In ad-
dition, Sp1l DNA binding was inversely correlated with the
GSSG/GSH ratio added to nuclear extracts in vitro (110).
Moreover, Trx-1 alone or in conjunction with the full thio-
redoxin system (Trx-1/TR and NADPH) was able to increase
the DNA binding activity of recombinant Sp1 produced in
Escherichia coli and of the protein from a mammalian cell line
(27). Interestingly, not only DNA binding of Sp1l might be
affected by oxidation, but also its transactivation properties;
however, this phenomenon has not been investigated in detail
(153).

D. Nuclear receptors

Nuclear receptors constitute to a large superfamily of
ligand-activated transcription factors (for review, see ref. 147).
These intracellular receptors are activated by lipophilic ligands
and play crucial roles in development, differentiation, meta-
bolic homeostasis, and reproduction. The prototypic gluco-
corticoid and estrogen receptor (ER) consist of an N-terminal
transactivation domain (TAD), a central DNA binding domain
(DBD) containing zinc-finger motifs, and a C-terminal ligand-
binding (LBD) domain. In the cytosol, they are complexed
with various chaperones of the heat-shock protein family.
After steroid binding, glucocorticoid and estrogen receptors
are released from these cytosolic complexes and translocate to
the nucleus, where they interact as homodimers with their
cognate DNA binding sites, the glucocorticoid response ele-
ment (GRE), and estrogen response element (ERE), respec-
tively, from where they activate transcription.

Early studies with biochemically purified glucocorticoid
receptor showed that it changes its conformation under oxi-
dizing conditions, when it seemingly can form intra- and
intermolecular disulfide bonds. This conformational change
was completely reversible with DTT, and only the reduced
form of the receptor was capable of binding DNA (93, 212,
229), which was later confirmed in intact cells (52). A role
for Trx-1 in this process was first suggested by experiments
that showed that suppression of Trx-1 expression decreases
glucocorticoid-inducible gene expression (134). Mammalian
two-hybrid and pull-down assays finally demonstrated a di-
rect interaction between the two proteins involving the DNA
binding domain of the glucocorticoid receptor. Analysis of the
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subcellular localization demonstrated that this interaction
most likely takes place in the nucleus under oxidative con-
ditions (135). Besides DNA binding, the nuclear import of the
glucocorticoid receptor also is under redox control, which
affects a cysteine residue in its nuclear localization signal (167).
Similar observations were made for the estrogen receptor,
whose DNA binding activity is also sensitive to oxidation,
which alters the conformation of the DNA binding domain
(122). As for the glucocorticoid receptor, the transcription of
endogenous and transfected synthetic ER target genes was
shown to depend on Trx-1 when cells were placed under
oxidative stress (78).

E. Nuclear factor-kappa B (NF-kB)

NF-«xB is a collective name for inducible dimeric tran-
scription factors composed of members of the Rel family of
DNA binding proteins that recognize a common sequence
motif, the kB site. NF-«B is found in essentially all cell types
and is involved in activation of an exceptionally large num-
ber of genes in response to infections, inflammation, and other
stressful situations requiring rapid reprogramming of gene
expression. NF-xB was originally identified as a nuclear pro-
tein binding to the immunoglobulin kappa light-chain en-
hancer (208). Shortly thereafter, it was demonstrated by the
same investigators that its DNA binding activity in pre-B cells
can be induced by bacterial lipopolysaccharide (LPS) with a
superinduction upon cycloheximide treatment (207), which
then provided the first evidence that the activity of tran-
scription factors can be regulated posttranslationally. Later
it was shown that NF-xB represents a protein complex com-
posed of hetero- or homodimeric combinations of five dif-
ferent members of the NF-xB/Rel family: NF-«B1 encoding
p50 and p105, NF-kB2 encoding the p52 precursor p100, RelA
or p65, RelB, and c-Rel. All subunits contain a conserved Rel-
homology domain important for nuclear localization, dimer-
ization, and DNA binding (for review see ref. 161). However,
only the three Rel proteins contain transactivation domains
required for the transcriptional activation of target genes.
Therefore, and because each subunit has distinct biologic ac-
tivities, different dimer combinations regulate specific sets of
genes (for review, see ref. 157). This combinatorial mode of
action results in diverse effects on cell fate and function.

In unstimulated cells, NF-«B is sequestered in an inactive
form in the cytosol. It can be released from these cytosolic
pools by two main pathways (for review, see ref. 201),
resulting in nuclear translocation of NF-«B complexes. The
canonic pathway, which is triggered by several proin-
flammatory cytokines, pathogen-associated molecules, and
antigen receptors, depends on phosphorylation of the inhib-
itor of NF-xB (IxB) by an IxB kinase (IKK) complex consisting
of the catalytic subunits IKKa, IKKf, and a regulatory IKKy
subunit. Phosphorylated IxB is then subject to proteasomal
degradation. This pathway leads primarily to the activation of
p50/RelA and p50/c-Rel dimers. The noncanonic pathway
engaged by various members of the tumor necrosis factor
(TNF)-receptor family selectively requires IKKu activated by
the upstream kinase NF-kB-inducing kinase (NIK). IKKa in
turn phosphorylates p100, leading to proteasomal degrada-
tion of its C-terminus to generate p52, which then forms het-
erodimers predominantly with RelB. Besides these two major
pathways, other mechanisms can release cytosolically
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sequestered NF-xB components [e.g., the phosphorylation of
p105 by TPL-2, accelerating proteasome-mediated removal of
the carboxy terminus yielding p50 (20)].

The observation that increased levels of the oxidoreductase
Trx-1 are found in lymphocytes under conditions in which
the transcription factor NF-«B is active [e.g., after lymphocyte
activation or in EBV- or HTLV-1-infected cells (238)], led to
the suspicion that NF-kB might be under redox control. It
could be shown that in vitro DNA binding activity of NF-xB is
inhibited by agents modifying free sulfhydryls (141, 142, 230).
Mutagenesis of conserved cysteine residues in the p50 subunit
revealed that Cys 62 is critical for high-affinity binding to the
kB motif. DNA binding activity of wild-type p50, but not a
mutant, in which Cys 62 was exchanged to serine (C62S), was
stimulated by Trx-1. Detection of disulfide cross-linked di-
mers in p50 wild type but not C62S suggested that Trx-1
stimulates DNA binding by reduction of a disulfide bond
involving Cys 62 of the NF-«B subunit p50. Cotransfection of
a plasmid expressing human Trx-1 and an NF-xB-dependent
reporter construct demonstrated that Trx-1 also can regulate
DNA binding and transcriptional activation by NF-«B in
living cells (142). Interestingly, depending on its subcellular
localization, Trx-1 can have opposing effects on NF-«B. In the
cytosol, it interferes with signals to IKKs and thereby blocks
the degradation of IxB, resulting in cytosolic retention of
NF-xB, which prevents the activation of target genes. In
contrast, nuclear Trx-1 has a positive effect on NF-«xB tran-
scriptional activity by enhancing its ability to bind to DNA
(81). Molecular-modeling studies finally provided a clue to
this dual role of Trx-1. Oxidized, disulfide-bridged NF-«B is
more compact than the reduced form, which might facilitate
its nuclear translocation. However, the inter-subunit disulfide
blocks DNA from entering the active site of the oxidized di-
mer, explaining why reduction in the nucleus is essential for
DNA binding and transcriptional activation to occur (32).
Similar to Trx-1, Prx1 has the same dual role in the regulation
of NF-«B activity (75). Besides disulfide cross-linked dimer
formation, another oxidation product of NF-«B subunits has
been detected. Both p50 and p65 can be glutathionylated,
which leads to reduced NF-«B DNA binding and transacti-
vation (181, 182). In the case of p65, glutathionylation was
detected under hypoxic conditions, when the intracellular
GSH levels were increased. The modification of p65 required
Grx1, and the authors speculated that p65-SSG formation
takes place in the cytosol and that modified p65 is still
transported to the nucleus (182). However, as Grx1 can be
detected in the nucleus, it also is possible that glutathionyla-
tion of this transcription factor subunit takes place there.

In addition to cysteine oxidation, the modification of spe-
cific tyrosine residues in p65 has been reported. Peroxynitrite
inhibited NF-xB activity through nitration of p65 at Tyr 66
and Tyr 152, leading to p65 destabilization and nuclear export
(176).

An interesting observation was made concerning the role of
NF-«B redox regulation in the action of thalidomide, which
causes severe malformations, especially of the extremities, in
children when taken by the mothers during pregnancy. Tha-
lidomide increases the production of free radicals and elicits
oxidative stress. Oxidative stress, as marked by GSH deple-
tion, occurs preferentially in limbs of thalidomide-sensitive
rabbits. Activation of an NF-xB-dependent reporter gene is
attenuated in limb bud cells of treated rabbits and can be
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restored by addition of N-acetylcysteine and a free radical
spin-trapping agent (74). NF-«B is a key factor in limb de-
velopment, because it regulates expression of twist and
fibroblast growth factor 10 (fgf10), two genes necessary for
proper limb outgrowth. Therefore, its oxidative inactivation
triggered by thalidomide might explain the malformations
occurring in children.

F. p53

The protein p53 is one of the best-characterized tumor
suppressors and is constitutively expressed in nearly all cells
and tissues. It functions as a tetrameric transcription fac-
tor found at very low levels in normal cells. Several genome-
wide surveys have been undertaken to map genomic binding
sites of p53 and thus to identify its target genes (83, 104, 213),
yielding a plethora of genes potentially regulated by p53.
Various kinds of cellular stress that alter normal cell cycle
progression or induce mutations in the genome lead to sta-
bilization and thus accumulation of the protein. Depending
on the cell type and tissue and the extent of damage, p53
now either leads to cell cycle arrest to repair the lesions or
forces the cell into apoptosis. Therefore, p53 has been termed
“guardian of the genome” (117). Somatic mutations in the p53
gene are critical events in a wide variety of malignancies, and
p53 is the gene most frequently mutated in human cancers.
The majority of the mutations are missense mutations, and a
hotspot is the region of the gene coding for the DNA binding
domain (for review of p53 and its mutations, see refs. 28, 84,
217, and 239).

Because of its prominent role in human cancers, the regu-
lation of p53 has been at the focus of intensive studies. With
respect to redox regulation, it has to be noted that all 10 cys-
teine residues in p53 are within its DNA binding domain.
This prompted very early studies on redox regulation. It was
shown that oxidation of in vitro translated and recombinant,
baculovirus-produced p53 disrupted its DNA binding, which
was attributed to a change in conformation that could be re-
versed by reduction (44, 73). Interestingly, the redox state of
P53 seemingly regulates only sequence-specific DNA binding
and activation of p53-dependent genes. In contrast, no dif-
ference is found in the binding of oxidized p53 and reduced
p53 to double-stranded nonspecific DNA (177).

That APEX1 can modulate the redox-dependent properties
of p53 was demonstrated by the stimulation of sequence-
specific DNA binding of oxidized p53 in vitro (97). The
expression of reporter genes driven by p53-responsive pro-
moters and endogenous p53 target genes, like p21 and cyclin
G, was equally stimulated on overexpression of APEX1 (57,
97). Importantly, downregulation of APEX1 caused a marked
reduction in p53-dependent induction of p21 and diminished
the transcriptional activation of p21 and Bax by p53. In addi-
tion, the same authors demonstrated a physical interaction
between APEX1 and p53, although only a small portion of
both proteins was present in the same complex (57). Inter-
estingly, APEX1 modulates p53 DNA binding, not only as a
redox regulator, but also to facilitate formation of p53 tetra-
mers, the most active form in terms of DNA binding (245),
independent of its redox activity (77). This is substantiated by
the fact that the cysteine residues, which are exclusively found
in the DNA binding domain of p53 and are the targets for
oxidation/reduction, have no influence on tetramerization
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(185). Collectively, these data suggest that APEX1 stimulates
p53 by both redox-dependent and -independent means and
imply a key role for it in p53 regulation.

G. Nuclear factor I/ CAAT transcription factor (NFI/CTF)

NFI/CTF was originally described as being required for the
replication of adenovirus DNA (for review, see ref. 42). Later
it was shown that NFI can regulate the transcription of a large
number of cellular and viral genes. NFI represents a family of
four genes in vertebrates (NFI-A, NFI-B, NFI-C, and NFI-X),
which are expressed in overlapping patterns. The transcripts
of all four genes can be spliced differentially, yielding distinct
proteins. NFI proteins have been associated with changes in
the growth state of cells and a number of malignancies (for
review of NFI proteins, see ref. 65).

As for other transcription factors, it has been shown for NFI
that its DNA binding activity is redox sensitive (164). A single
cysteine residue (Cys 3) in the DNA binding domain of the
NFI-family proteins, which is conserved from Caenorrhabditis
elegans to humans is the target for this regulation, as was
shown by site-directed mutagenesis (13). Oxidized, inactive
NFI can be reduced to a DNA binding form by Grx1 in vitro.
This requires the GSH/GR system to regenerate reduced
Grx1. The in vivo relevance has been shown by treatment of
HeLa cells with buthionine sulfoximine, an agent that inhib-
its GSH synthesis. This GSH depletion potentiated the inac-
tivation of NFI by the oxidizing agent diamide. Similarly,
a stronger restoration of NFI activity after oxidation with
diamide was observed, when the cells were treated with
N-acetylcysteine, an agent that can replenish intracellular
GSH (14).

In the case of NFI, not only DNA binding is subject to redox
control. By using fusions with a heterologous DNA binding
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FIG. 7. Redox regulation of NFI/CTF: dual regulation of
NFI/CTF transcriptional activity. Nuclear factor I/CAAT
transcription factor (NFI/CTF) must be reduced to activate its
target genes. Oxidative stress leads to oxidation of its trans-
activation domain (TAD) and DNA binding domain (DBD),
which prevents DNA binding. Much lower concentrations
of ROS only oxidize the TAD in a thioredoxin-1 (Trx-1)-
dependent manner. This partially oxidized molecule can still
bind to DNA, but is incapable of activating transcription.
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domain from the Gal4 protein, it was demonstrated that
transcriptional activation by NFI also is regulated through
oxidation of a cysteine residue (Cys 427) in the transcription-
activation domain (TAD) (153) (Fig. 7). These findings were
corroborated in living cells subjected to various stress condi-
tions that induce cellular ROS formation, including inflam-
matory cytokine treatment, GSH depletion, heat and osmotic
shocks, and chemical stress. In all cases, suppression of a
reporter gene was specific for the NFI TAD, as no effects
were observed with the transactivation domains of activator
protein 2 (AP-2) and octamer transcription factor 2 (Oct-2). A
common target for all these stressors was again Cys 427,
leading to the suggestion that the NFI TAD might be a
negative sensor of cellular stress (154). Based on the concen-
trations of exogenously applied H,O, required to block tran-
scriptional activation and DNA binding by NFI, it was
calculated that a 100-fold difference in sensitivity to oxidation
exists between the DNA binding domain of NFI and its TAD
(153). During this investigation, TADs from other transcrip-
tion factors (Spl and Oct-2) were analyzed to show that re-
dox regulation of TADs is not a general effect. Whereas the
Oct-2 TAD was not sensitive to oxidative stress, the analo-
gous domain of Sp1 showed some responsiveness, indicating
that other transcription factors could be subject to similar
control mechanisms, which might have been overlooked
during the characterization of the redox dependency of their
DNA binding capacity.

It is not clear whether the thiol moiety of Cys 427 of NFI
undergoes an oxidation with a gain of oxygen atoms or if it
forms an intra- or intermolecular disulfide bridge, although
mutations of a cysteine in the neighborhood (Cys 405) indi-
cate that the formation of an intramolecular disulfide bridge
within the TAD is not the mechanism most likely to trigger the
effect. The oxidation of Cys 427 could affect the conformation
of the TAD, which is the interface for interactions with the
TATA-box-binding protein TBP, the coactivator CBP/p300,
and histones H1 and H3.

H. Hypoxia-inducible factor 1 (HIF-1)

HIF-1 is the most prominent regulator of genes induced by
hypoxia. It is a transcription factor that binds to the hypoxia-
responsive element (HRE) in the promoters and enhancers
of various hypoxia-inducible genes. HIF-1 is a heterodimer
composed of HIF-1o and HIF-1f, which is identical to the aryl
hydrocarbon-receptor nuclear translocator (ARNT). Both pro-
teins contain a basic helix-loop-helix ((HLH) and a PAS do-
main at their N-terminus, the latter being an acronym for Per,
ARNT, and Sim, the first three members of the protein family
characterized. Whereas the basic domain is essential for DNA
binding, the HLH domain and the N-terminal half of the PAS
domain are required for heterodimerization and DNA binding.
HIF-1§ contains a single C-terminal transactivation domain,
whereas in HIF-10, two such domains are found, termed NAD
and CAD, according to their location closer to the N- or C-
terminus. The NAD is embedded in a region controlling pro-
tein stability, the oxygen-dependent degradation domain
(ODD). Both subunits of HIF-1 are expressed constitutively,
but the a-subunit has an extremely short half-life (<5min)
under normoxic conditions, because of continuous proteolysis
by the ubiquitin-proteasome pathway targeting the ODD. As
both subunits are required for the activation of HIF-1 target
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genes, these are not or only weakly expressed at normal oxy-
gen tension. During hypoxia, HIF-1« is instantaneously stabi-
lized, resulting in a functional heterodimer and expression of
hypoxia-inducible genes. HIF-1a is hydroxylated at proline 564
(Pro 564) in the ODD in an oxygen-dependent fashion. This
hydroxylated HIF-1a is bound by the von Hippel-Lindau
(VHL) protein, which acts as an E3-ubiquitin ligase, tagging
HIF-1« for proteasomal degradation. The critical molecules for
the rapid turnover of HIF-1o under normoxia are members of a
family of prolyl-4-hydroxylases (PHs). These enzymes require
oxygen and 2-oxoglutarate as cosubstrates and contain iron
liganded by two histidine and one aspartic acid residues.
Oxygen binding requires the vitamin C-dependent mainte-
nance of iron in its ferrous state. When oxygen is low, Pro 564
in HIF-1o remains unmodified, resulting in stabilization of the
protein, which is no longer bound by VHL. Similarly, iron
chelation or replacement by transition metal ions (Co“, Ni2™,
Mn?*) can mimic hypoxia-inducible stabilization, explaining
the apparent “upregulation” of HIF-1o by these metals (for
review of HIF-1, see refs. 205, 206, 246, and 247).

In addition to HIF-la, two other family members are
known, HIF-2a/HLF (HIF-1o-like factor) and HIF-3c. They
show a more-restricted expression pattern, but contain do-
mains similar to HIF-1a and have comparable biochemical
properties.

In 1996, it was shown that pretreatment of cells with hy-
drogen peroxide has an inhibitory effect on transcriptional
activation by HIF-1, which suggested an additional redox
control mechanism. Sulfhydryl alkylation or oxidation, the
latter being reversible, indicated an involvement of cysteine
residues in this process. These findings were supported by
the fact that purified, oxidized Trx-1 in combination with
DTT could stimulate HIF-1 DNA binding in hypoxic extracts.
In addition, overexpression of Trx-1 or APEX1 enhanced the
hypoxic induction of a HIF-1-dependent reporter gene
(90). Interestingly, DNA binding of HLEF-, but not HIF-1o—
containing complexes was redox dependent. This is explained
by the fact that the critical cysteine residue in the basic domain
of HLF (Cys 28), which seems to be a target for APEX], is
replaced by a serine residue at the corresponding position (Ser
25) in HIF-1o. However, APEX1 also is important for tran-
scriptional activation by HIF-1a (116). The last finding is in
agreement with a previous report that the CADs of HIF-1x¢ and
HLF interact with the transcriptional coactivator CBP/p300
and that APEX1 and Trx-1 further enhanced the activity of a
luciferase reporter activated by a fusion protein between the
Gal4 DNA binding domain and CAD under hypoxic condi-
tions. This potentiation required the catalytic activity of Trx-1,
suggesting that a redox reaction is involved. Interestingly, a
single cysteine residue is conserved in the 49-amino-acid CAD
between HLF (Cys 844) and HIF-1« (Cys 800). Mutation of this
cysteine abolished the hypoxia-inducible transcriptional acti-
vation by Gal4-CAD and interaction with CBP. The impor-
tance of this cysteine residue was confirmed by mutation in
the context of full-length HIF-1a and HLF, which markedly
reduced the transcription-enhancing activity (51).

1. Nuclear factor erythroid 2-related factor 2/
NF-E2 related factor 2 (Nrf-2)

The NF-E2-related factor 2 (Nrf-2), not to be confused with
the GA-binding protein nuclear respiratory factor 2, which is
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also called Nrf-2, is a transcription factor implicated in the
cellular responses to oxidative stress and to chemical com-
pounds that are metabolically transformed to reactive or
electrophilic intermediates. Nrf-2—deficient mice show a lower
expression of xenobiotic enzymes and are predisposed to tu-
mors induced by carcinogens (186). Nrf-2 is a member of the
so-called cap 'n’ collar basic region leucine zipper (CNC-bZIP)
family of transcription factors, the bZIP region of which is
distinct from other bZIP families, such as the Jun/Fos family.
Nrf-2 heterodimerizes with other bZIP transcription factors,
including the small Maf (sMaf) proteins. These heterodimers
bind to antioxidant-response elements (AREs) and thereby
upregulate numerous genes coding for detoxification en-
zymes, antioxidants, and the enzymes required for de novo
GSH synthesis (148). However, Nrf-2 controls not only in-
ducible, but also low-level gene expression under nonstressed
conditions, suggesting that its activity is tightly controlled. It
has been shown that Nrf-2 is tethered by the Kelch-like ECH-
associated protein 1 (Keapl), and in this complex, is not
available as a transcriptional activator. Keap1 serves not only
simply to sequester Nrf-2, but also functions as an adaptor for
a Cul3-dependent E3 ubiquitin ligase modifying Nrf-2 for
proteasomal degradation, which explains the short half-life of
Nrf-2 (~15min). It is still a matter of debate whether Keapl
transiently enters the nucleus and targets Nrf-2 for ubiquiti-
nylation there or is capable of engaging in a nucleocytosolic
shuttling of Nrf-2 dependent on CRM-1 (235). Nevertheless,
the generally accepted scenario involves a cytosolic retention
and degradation of Nrf-2 by Keap1.

Keapl contains an N-terminal BTB/POZ domain (for
broad-complex, Tramtrack and Bric-a-brac; also known as a
Poxvirus and zinc finger domain) potentially serving as
an interface for homomeric or heteromeric interactions. The
C-terminus comprises six Kelch repeats, each of which forms a
four-stranded f-sheet resulting in a propeller-like structure
binding Nrf-2. Keap1 contains 25 cysteine residues, the most
reactive of which are found in the intervening region between
the BTB/POZ and Kelch repeat domains (47). Inducers of
ARE-dependent genes disrupt the Keapl/Nrf-2 interactions
by modifying two of these residues (Cys 273 and Cys 288).
Transfection of Keapl- and Nrf-2-deficient mouse embry-
onic fibroblasts with constructs expressing cysteine-to-alanine
mutants of these two amino acids in Keap1 demonstrated that
release of Nrf-2 is the consequence of the formation of an
intermolecular, disulfide-linked Keap1l dimer. In this dimer,
the disulfide bridges most likely are formed crosswise
between Cys 273 and Cys 288 (237). After release from Keapl,
Nrf-2 escapes degradation and can bind to AREs in a hete-
romeric complex with an sMaf to activate gene expression.
Several kinases have been shown to phosphorylate Nrf-2, but
the molecular consequences of these phosphorylation events
have not been elaborated (for review of Nrf-2 and its regula-
tion by Keapl, see refs. 107, 158, and 159).

Besides the cytosolic retention of Nrf-2 by Keapl and its
release upon formation of an intermolecular Keapl dimer, a
second layer of Nrf-2 activity regulation exists. Like other
transcription factors, Nrf-2 must be in a reduced state for ef-
ficient DNA binding. The critical residue is Cys 506, whose
oxidation reduced its affinity for the ARE, leading to de-
creased expression and antioxidant induction of NAD(P)H/
quinine oxidoreductase 1 (NQO1). However, mutation of this
residue to serine did not affect the retention of Nrf-2 by Keap1
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FIG. 8. Activation of Nrf-2: general model of
gene induction by the Keapl/Nrf-2 pathway.
Nuclear factor erythroid 2-related factor 2/NF-
E2-related factor 2 (Nrf-2) is sequestered in the
cytosol by Kelch-like ECH associated protein 1
(Keapl). In addition to binding Nrf-2, Keapl
functions as an adaptor for an E3 ubiquitin
ligase, which ubiquitinates Nrf-2, thereby tag-
ging it for proteasomal degradation. After in-
duction, Keapl is oxidized to an intermolecular,
disulfide-linked dimer involving reciprocal cys-
teine residues of both monomers. This oxidation
requires GSSG. Released Nrf-2 translocates to
the nucleus, where it is reduced by thioredoxin-1
(Trx-1). Nrf-2 must be in a reduced state for
efficient DNA binding as a heterodimer with a
small Maf protein (sMaf). These heterodimers
induce transcription of genes, whose promoters
contain antioxidant responsive elements (AREs).

in the cytosol or its release in response to antioxidants (26).
It has been shown that this two-layered, compartmentalized
regulation of Nrf-2-dependent gene expression involves two
cellular redox systems. Whereas cytosolic retention is con-
trolled by GSH/GSSG ratios, the Nrf-2/DNA interactions
depend on nuclear Trx-1 (76) (Fig. 8).

J. Homeobox B5 (HoxB5)

To our knowledge, only one case exists in which oxidation
of a cysteine residue in a transcription factor can enhance
DNA binding, homeobox B5 (HoxB5). It is a homeodomain
(HD) protein of the antennapedia family and functions as a
sequence-specific transcription factor that is involved in lung
and gut development. In the cardiovascular system, HoxB5 is
an upstream transcriptional switch for differentiation of the
vascular endothelium from precursor cells (252). It was shown
in vitro that the cooperative stabilization of HoxB5 DNA
binding, but not sequence-specific DNA binding, is under
redox regulation. Cooperative binding and redox regulation
were found to require the presence of a cysteine residue (Cys
232) in the turn between homeodomain helices 2 and 3 and
that oxidation of this cysteine is necessary for cooperative
binding of the protein to tandem binding sites. This was
shown by DTT treatment of purified, recombinant HoxB5,
which resulted in loss of cooperativity (58). Multiple clustered
HD protein-binding sites are found in the promoters of Dro-
sophila and vertebrate genes whose expression is regulated by
antennapedia-type HD proteins. Thus, cooperative interac-
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tions could have a large influence on the DNA binding of HD
proteins to these sites.

K. Other redox-regulated transcription factors

Besides the transcription factors discussed in detail, DNA
binding of several others is inhibited by oxidation: CBP/
PEBP2 (5, 101), c-Myb (67, 155), Egr-1 (91), MyoD (218), NF-Y
(156), Pax-5 (226, 227), Pax-8 (103, 224), TTE-1 (11, 103, 225),
and bovine papilloma virus E2 (BPV E2) (146). In some of these
cases, oxidation sensitivity has been mapped to the DNA
binding domain; in others, it has been shown that Trx-1 or
APEX1 can restore the DNA binding capacity after oxidation.

L. Histone deacetylase 2 (HDAC2)

Interestingly, not only transcription factors as bona fide
DNA binding proteins are affected by modification of cysteine
residues. Recently, it was shown that the chromatin modifier
histone deacetylase 2 (HDAC 2) becomes nitrosylated after
treatment of rat cortical neurons with neurotrophins. This
modification occurs on two cysteine residues (Cys 262 and
Cys 274) and is dependent on neuronal nitric oxide synthase
(nNOS), as shown in neurons from nNOS-deficient mice and
nonneuronal cells expressing nNOS. Intriguingly, nitrosyla-
tion of the two cysteines did not change the enzymatic activity
of HDAC 2 but rather induced its release from chromatin. This
dissociation of HDAC 2 leads to acetylation of histones H3
and H4, activation of BDNF target genes, and dendritic
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TABLE 2. NUCLEAR KINASES AND PHOSPHATASES

LUKOSZ ET AL.

Critical amino Molecular Cellular Compartment of
acid consequence consequence modification Ref.
Nuclear kinase
PKCé Tyr 512 Kinase activation Apoptosis Cytosol 46, 222
PKA nd Kinase activation Cell survival Nucleus 17
JNKs nd Kinase activation Apoptosis Nucleus 24
Akt Ser 473 Kinase activation Apoptosis inhibition, Nucleus 68, 70
delayed
ERK2 Thr 183, Kinase activation De novo GSH synthesis  Nucleus 108, 263
Tyr 185
Src Tyr}zl16 Kinase activation Senescence, apoptosis Cytosol 68, 69
Cys 277 Kinase inactivation n.d. Cytosol 106
Yes Tyr 426 Kinase activation Senescence, apoptosis Cytosol 68, 69, 96
n.d. (Cys) Kinase inactivation n.d. Cytosol 106
Nuclear phosphatase
Shp-2 Cys 459 Reduced phosphatase ROS induction, nd. 37,96
activity apoptosis
Cys 331, Cys 367  Backdoor cysteines, n.d. n.d. 33
protection of Cys 459
TC-PTP nd. Dephosphorylation of n.d. Nucleus 228, 257
transcription factors
Cdc25C Cys 330 Reduced phosphatase Cell cycle Nucleus 179, 198
activity progression
Cys 377 Backdoor cysteine, Cell cycle progression

protection of Cys 330

growth (163). This mechanistic study could explain why
HDAC 2 can negatively regulate memory formation and
synaptic plasticity (66).

IV. Redox-Regulated Nuclear Kinases
and Phosphatases

A. Nuclear-localized kinases

Protein kinases are involved in many different cellular
signaling pathways. Therefore, a strict regulation of these
kinases is necessary for the survival of the cell. The most
important regulatory mechanism is their activation by phos-
phorylation (for review, see refs. 98 and 99). Kinases are
phosphorylated under physiologic and pathophysiologic
conditions. Recently a direct oxidation of Src and the fibro-
blast growth factor type 1 was demonstrated, leading to their
inactivation. This mechanism seemingly only works for ki-
nases containing a cysteine in the Gly loop capable of forming
disulfide homodimers and therefore applies only to a small
number of human protein tyrosine kinases (106).

In the context of this review, we restrict the detailed dis-
cussion to kinases, for which a nuclear localization has been
demonstrated, even if the redox regulation takes place outside
the nucleus. Nuclear localization has been shown for protein
kinase C ¢ (PKC0), PKA, JNKs, Akt, ERKs, and some members
of the Src kinase family. The following paragraphs discuss the
kinases mentioned earlier in more detail; a brief overview is
given in Table 2.

1. Protein kinase C5 (PKC3). The protein kinase C (PKC)
family of serine/threonine kinases is involved in many cel-
lular signaling pathways such as growth, proliferation, and
cell death (for review, see ref. 259). This family consists of
three groups: (a) the conventional PKCs (cPKCs: o, fI, fII y);

(b) the novel PKCs (nPKCs: 6, ¢, 0, 1); and (c) the atypical PKCs
(aPKCs: {, 4). PKCo belongs to the novel PKCs and is redox
regulated in several cell types. One well-described role for
PKCé is in mitochondria-dependent apoptosis induction.
Overexpression of PKCo in keratinocytes leads to transloca-
tion of PKCé to mitochondria, alterations in mitochondrial
functions, and induction of cell death (121). However, other
studies also show translocation of PKC¢ into the nucleus in
various cell types. In response to cellular stresses, like oxida-
tive stress, PKCo is activated by tyrosine phosphorylation,
and nuclear translocation occurs. PKCo possesses its own
nuclear localization sequence (NLS) (46) and has several ty-
rosine phosphorylation sites, which regulate its kinase activ-
ity. One of these sites, tyrosine 512, is phosphorylated by the
proapoptotic tyrosine kinase c-Abl in response to oxidative
stress. Phosphorylation results in activation of PKCé followed
by its nuclear translocation (222, 260). After nuclear translo-
cation, activated PKCJ initiates a sequence of events that ac-
tivates caspase 3, which in turn cleaves PKCo (25, 46). This
cleavage results in a 40 kDa catalytically active fragment and
a 38 kDa regulatory fragment of PKCo. The catalytically ac-
tive fragment induces apoptosis by phosphorylation of the
apoptosis-related protein DNA-dependent protein kinase
(DNA-PK) (22, 60). DNA-PK is essential for repair of DNA
double-strand breaks (214). Phosphorylation by PKCo and
also its catalytically active fragment induces the dissociation
of DNA-PK from DNA, resulting in an inhibition of DNA
repair and enhanced DNA fragmentation (22) DeVries et al.
(46) showed that caspase 3—dependent cleavage of PKCé in-
creases the rate of nuclear translocation of the 40 kDa PKCé
cleavage fragment, which results in an amplification of the
apoptotic signal (46) (Fig. 9).

PKCé also interacts with and activates IKKo in response
to oxidative stress. Active IKKo translocates into the nucleus
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FIG. 9. Role of nuclear PKCé. ROS induce asso-
ciation of protein kinase C ¢ (PKCJ) and c-Abl. This
leads to phosphorylation, activation, and nuclear
import of PKCJ. In a direct or indirect way, phos-
phorylated PKCJ activates caspase 3, which in turn
leads to cleavage of PKCJ into a catalytically active
(PKCé CF) and a regulatory fragment (PKCo RF).
PKCo CF translocates into the nucleus and, like
PKCo, induces the dissociation of DNA protein
kinase (DNA-PK) from the DNA, which leads to
fragmentation of DNA.

and regulates the transcriptional activity of the tumor-
suppressor p53 by phosphorylation at serine 20 (256). This
is a recently described mechanism for ROS-induced p53
activation.

2. Protein kinase A (PKA). Cyclic AMP formed by ade-
nylyl cyclases binds the regulatory subunits (R) of the tetra-
meric PKA holoenzyme and promotes dissociation of the
catalytic subunits (C-PKA). A fraction of C-PKA translocates
to the nucleus and stimulates cAMP-dependent gene ex-
pression in different cell types (174). The best-characterized
target of nuclear C-PKA is CREB, which is phosphorylated at
serine 133 by C-PKA (71). H,O, has been shown to initiate an
increase in CREB phosphorylation at serine 133 in a non-
transformed murine alveolar type II epithelial cell line (18),
leading to transcriptional activation (145). The increased
phosphorylation of CREB was due to an H,O,-induced in-
crease in nuclear accumulation of C-PKA (17). This was con-
firmed by pharmacologic inhibition of PKA with H89, which
reduced H,O,-mediated phosphorylation of CREB. Because
the downregulation of CREB by siRNA increased the sensi-
tivity of cells to H,O»-induced apoptosis and reduced tran-
scription of the antiapoptotic gene B-cell lymphoma protein 2

cytosol
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(Bcl-2), CREB seems to play a role in cell survival in response
to oxidative stress (17).

3. c-Jun NHy-terminal kinases (JNKs). JNKs are in-
volved in the regulation of cell proliferation and apoptosis.
The activation of these pathways is dependent on the actual
stress stimulus and cell type (125, 128). Sustained activation of
JNKs leads to apoptosis, whereas the acute and transient ac-
tivation induces survival pathways and cell proliferation
(196). The sustained stress-induced activation of JNKs by
phosphorylation through upstream MAP-kinases, ASK1, and
MAP kinase kinase (MKK) 4/7 leads to an induction of apo-
ptosis (for review, see ref. 127). JNKs translocate into the nu-
cleus and phosphorylate c-Jun and activating transcription
factor2 (ATF2) (for review, seeref. 41), leading to the formation
of an AP-1 complex and to the transcription of genes coding
for proapoptotic proteins [e.g., tumor necrosis factor o (TNF-
), Fas-L, and Bak] (53). However, JNKs also regulate physi-
ologic and homeostatic processes. One attractive explanation
for these differences is the existence of three isoforms of JNK
and the subcellular pools of the JNKs. Only combined siRNA
knockdown of all JNKs 1, 2, and 3 provides substantial pro-
tection from cell death. In contrast, knockdown or knockout
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of individual JNKs or two JNKs together does not protect.
Moreover, to determine whether cytosolic or nuclear JNKs are
responsible for JNK-dependent cell death, compartment-
specific inhibitors for J]NKs were generated. Therefore, a nu-
clear-exclusion sequence (NES) from MKK1 or three NLSs
from SV40 large-T antigen were fused in tandem upstream of
the JNK inhibitor protein JIP. These targeted proteins local-
ized to cytosolic and nuclear compartments, respectively (23).
Overexpression of these compartment-specific JNK inhibitors
revealed that cell death requires nuclear but not cytosolic JNK
activity, as the nuclear dominant-negative inhibitor of JNK
protected against apoptosis, whereas the cytosolic form only
blocked physiologic JNK function (24). Thus, any one of the
three JNKs is capable of mediating apoptosis, and this is de-
pendent on their nuclear localization (Fig. 10).

4. Protein kinase B (Akt). The activity of the serine/
threonine kinase Akt is redox regulated by Grx. By keeping

FIG. 10. Nuclear targeting and signaling of JNKs
in the regulation of apoptosis. Growth factors and
cytokines elevate ROS levels mediated by death
receptor-coupled Traf2. This induces the activation of
c-Jun NH,-terminal kinases (JNKs) through upstream
kinases apoptosis-signaling kinase 1 (ASK1) and MAP
kinase kinase (MKK) 4/7. Activated JNK1, 2, and 3
translocate into the nucleus and phosphorylate c-Jun
and activating transcription factor 2 (ATF2), which
leads to formation of an activator protein 1 (AP-1)
complex and to transcription of proapoptotic genes.
Inhibition of nuclear active JNK1, 2, and 3 by JNK
inhibitor protein (JIP) results in complete apoptosis
inhibition.

Akt in its reduced form, Grx enables the activation and
stimulation of the endothelial NO-synthase/NO signaling
pathway (241). However, it is unclear whether this has to be
attributed only to cytosolic Akt or also to the nuclear Akt.
We previously reported that nuclear Akt is required
for the maintenance of telomerase activity and inhibition of
apoptosis in human umbilical vein endothelial cells (70).
Mechanistically, after the first assembly of the telomerase
holoenzyme, which requires Hsp90 and p23 (89), Akt is re-
cruited into this complex in the nucleus. Upon its recruitment,
Akt phosphorylates TERT at serine 823, which increases
nuclear telomerase activity (29, 70). Furthermore, the complex
formation of TERT with HSP90 and Akt protects Akt from
being dephosphorylated by the protein phosphatase 2A
and thereby keeps Akt and TERT in their active forms (70,
105). Independent of its telomere-elongation function, nuclear
TERT also has antiapoptotic effects. Inhibition of telomerase
activity or overexpression of nuclear TERT induces or inhibits
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FIG.11. Nuclear Src and Yes induce TERT
export under conditions of oxidative stress.
Cytosolic and mitochondrial ROS induce
increased activity of nuclear Src and Yes. This
leads to tyrosine phosphorylation of telo-
merase reverse transcriptase (TERT) and its
nuclear export. The functional consequences
are increased apoptosis sensitivity and accel-
erated senescence.

nucleus

apoptosis, respectively (68, 166, 192, 262). Thus, maintaining
TERT in its active state in the nucleus by Akt protects cells
against apoptosis.

It has been demonstrated that, upon its activation, myo-
cardial Akt accumulates in the nucleus (30). Therefore, im-
portant studies investigated the specific function of nuclear
Akt in cardiomyocytes by using an adenovirus expressing Akt
with nuclear localization signals. Nuclear-targeted Akt in-
hibited cardiomyocyte hypertrophy and apoptosis (211, 232).
Moreover, transgenic mice with cardiac-specific expression
of nuclear-targeted Akt were protected from ischemia/
reperfusion injury (211). Given the fact that constitutive active
Akt causes hypertrophy in cardiomyocytes, specifically,
nuclear-targeted Akt provides a new opportunity for thera-
peutic applications.

5. Extracellular regulated kinases 1/2 (ERK1/2). ERK1/
2s are a subfamily of the MAP kinases and are involved
in many important cellular processes like cell proliferation,

729

Aging
Nolxae

Py
el } cell membrane
CEESEEEAEAEAEESEEEEIEIES SEEEEESEEEE i

cytosol

QRAABRAARAARAARAAREANEAOA

accelerated senescence
increased apoptosis sensitivity

survival, apoptosis, and metabolism (165). Their stimulation
is triggered by growth factors and different environmental
and oxidative stresses. The cytokine epidermal growth factor
(EGF) is one of the activators of ERK1/2 through phos-
phorylation of the EGF receptor (EGFR) (31), whereas H,O,
activates ERK1/2 by EGFR-dependent and -independent
pathways (63, 243). The phosphorylation state of ERK2 is
more important for its nuclear retention than is the activity of
ERK2. This was confirmed with catalytically inactive ERK2,
in which lysine 52 was mutated to arginine [ERK2(K52R)].
Like the wild-type protein, microinjected ERK2(K52R) tran-
siently translocated to the nucleus after stimulation. To reduce
the susceptibility to dephosphorylation, the two activating
phosphorylation sites were thiophosphorylated in vitro. The
stably phosphorylated wt and K52R mutant directly moved
into and remained in the nucleus, demonstrating that ERK2
activity is not necessary for nuclear accumulation (108).
Besides phosphorylation of ERK2, homodimerization is
necessary for its nuclear accumulation (108). The dimerization
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of ERK2 induces a change of conformation and exposes a
binding site for a NLS-containing protein. One of the potential
candidates for such a NLS protein is growth factor—receptor
bound protein 2-associated protein 1 (Gab1), which associates
with ERK2. It was suggested that binding of ERK2 and Gab1
regulates the nuclear import of phosphorylated ERK2 (170).
Another important role for ERK1 and ERK2 is their involve-
ment in the nuclear localization of Nrf-2, which, among oth-
ers, activates genes coding for enzymes required for de novo
GSH synthesis (263). Thus, ERK1/2 or mainly ERK2 plays a
role in ensuring an appropriate GSH supply for the cell.

6. Src kinase family. The Src kinase family consist of at
least nine members (178). The most prominent members are
the kinases Src, Fyn, and Yes. In the nucleus, only the kinases
Src and Yes can be found, but not Fyn (96). In response to
oxidative stress or growth factors, Src is phosphorylated at
tyrosine 416, and Yes at tyrosine 426, which increases their
enzymatic activity. Under conditions of oxidative stress or
during the process of aging, these nuclear kinases are in-
volved in tyrosine phosphorylation of TERT, which then leads
to nuclear export of TERT. This has been demonstrated by
mutation of tyrosine 707 within TERT, resulting in nuclear
retention of the enzyme and by pharmacologic inhibition of
Src kinase family activation, which inhibits tyrosine phos-
phorylation of TERT and its subsequent export from the nu-
cleus (70, 96) (Fig. 11). The underlying export mechanism is
mediated by a complex formation between TERT, the well-
described export receptor CRM-1, and the nuclear GTPase
Ran (70). Functional consequences of this Src kinase family—
dependent nuclear tyrosine phosphorylation of TERT are in-
creased apoptosis sensitivity and accelerated senescence (68,
69). This is in agreement with other studies, demonstrating
that nuclear TERT acts as an inhibitor of apoptosis in several
cell types (56, 144, 166). Therefore, an imbalance in the redox
status seems to enhance active nuclear Src and Yes, which
importantly contribute to apoptosis and accelerated senes-
cence.

Recently a new mechanism for inactivation of the Src kinase
was discovered. Src is active only in its reduced form, and
oxidation results in complete inactivation. This inactivation is
caused by a specific, reversible oxidation of Cys 277, located in
the catalytic domain of Src, which results in homodimeriza-
tion of Src linked by a disulfide bridge. This cysteine residue is
conserved only in three of the Src family members, Src, Yes,
and Egr, and could therefore be a specific mechanism for
regulating a specific subset of Src kinases (106). Interestingly,
only Src and Yes could be found in the nucleus, leading to the
speculation that the formation of disulfide homodimers might
be a prerequisite for nuclear import.

B. Redox-regulated phosphatases

Protein phosphatases can be divided into serine/threonine
phosphatases and tyrosine phosphatases (PTPs). Both are
important regulators in the activation and inactivation of cell-
signaling pathways. Serine/threonine phosphatases are ge-
nerally regulated by association with regulatory subunits and
their own phosphorylation (49, 209). In the last few years, the
role of oxidative stress in the regulation of PTPs has received
more attention. PTPs have been shown to be redox sensitive
and to be inhibited reversibly or irreversibly, depending on
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the degree and mechanism of oxidation (120, 150, 180, 231).
Oxidation of the essential cysteine in the active site by H,O,
inactivates phosphatase activity (45). The reversible oxidation
of this cysteine residue to sulfenic acid (Cys-SO~) has been
identified as a key mechanism for the regulation of many
pathways. Higher oxidation to sulfinic (Cys-SO, ") or sulfonic
(Cys-SO;7) acid leads to an irreversible inactivation of the
phosphatase (Fig. 12A). Many PTPs prevent a higher oxida-
tion by formation of intracellular disulfide bonds between the
active-site cysteine and nearby so-called backdoor cysteines
[for example, Cdc25 phosphatases (216) or the phosphatase
and tensin homologue (PTEN) (113)]. These intramolecular
disulfides can then rapidly and effectively be reduced by

thiolate
anion
A( PP )
Cys—s~ oxidation
erT sulfenic
acid
N N
PTP )&—— ( PTP )
L - GSH _—
Cys—S=SSG Cys—S0~
oxidationl
sulfinic
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/_\\\
PTP )
Cys=—SO,
oxidationl
sulfonic
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e
—
Cys=—SO,
/ . reductants o
B (PP ) &= ( PTP
~_
Cys=S=S=Cys Cys=SH (':ys
SH

FIG. 12. Model for the regulation of PTP activity. (A)
Under physiologic conditions, the catalytic cysteine of active
protein tyrosine phosphatases (PTPs) is in the thiolate anion
form. Oxidation leads to reversible sulfenic acid formation.
Further oxidation is irreversible and leads to sulfinic and
sulfonic acid formation. To prevent this further oxidation,
GSH can form a mixed disulfide with the sulfenic acid,
which is then reduced by glutaredoxin (Grx). (B) To prevent
PTPs from being irreversibly oxidized, the reversible inactive
state is stabilized by formation of an intramolecular disulfide
bond between the cysteine in the catalytic center and a
backdoor cysteine. This intramolecular disulfide bond can be
rapidly and effectively reduced by several reductants.
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reductants like dithiothreitol (DTT), GSH, Trx-1, or a combi-
nation of these (113, 216) (Fig. 12B). The oxidation of PTPs is
important for the regulation of many cellular signaling path-
ways in response to oxidative stress.

C. Nuclear-localized phosphatases

Recently a new concept emerged, which emphasizes an
important role for nuclear tyrosine phosphatases and their
signaling pathways in response to oxidative stress. We con-
centrate on the detailed discussion of PTPs for which a nuclear
localization has been shown, even if the redox regulation
takes place outside the nucleus: Shp-2, T-cell protein tyrosine
phosphatase (TC-PTP), and Cdc25C (an overview is given in
Table 2).

1. Protein tyrosine phosphatase Shp-2. The Src homol-
ogy 2 (SH2) domain containing protein tyrosine phosphatase
Shp-2 is involved in many signal-transduction processes in-
duced by cytokines and growth factors (2, 4, 54, 55). Further
findings indicated a regulation of Shp-2 by ROS (150). Sti-
mulation of Rat-1cells with platelet-derived growth factor
(PDGF) induced production of intracellular ROS, which leads
to oxidation and inactivation of Shp-2. This oxidation requires
complex formation between Shp-2 and the activated PDGF
receptor (PDGFR). In its basal state, the active site of Shp-2 is
covered by the N-terminal SH2 domain (N-SH2). The binding
of a specific phosphotyrosyl ligand opens the active site of
Shp-2 (82). Meng et al. (150) speculated that binding of PDGFR
to Shp-2 promotes an open, active conformation of Shp-2, and
that not only substrates but also ROS can interact with this
site.

Like other PTPs, Shp-2 is oxidized by ROS. Recently, two
backdoor cysteines were found to be involved in the redox
regulation of Shp-2. Instead of forming a disulfide bond
between the active-site cysteine and a backdoor cysteine to
prevent the phosphatase from further oxidation, the reduced
catalytic cysteine in Shp-2 (and also in Shp-1) is shielded by a
disulfide bond between two backdoor cysteines (33).

In 2002, Chughtai et al. (37) reported a nuclear localization
of Shp-2 in connection with an association of the signal
transducer and activator of transcription 5 (STAT5) and Shp-
2. This nuclear translocation of Shp-2 in a complex with Stat5
is induced by the stimulation with prolactin in mammary
cells. Formation of this complex requires the carboxy-terminal
SH2 domain and the catalytic activity of Shp-2 and correlates
with the tyrosine phosphorylation of STATS5 by Janus kinase 2
(JAK2) on the tyrosine residue 694 (Fig. 13). The authors
speculated that the nuclear Shp-2/STAT5 complex binds to
DNA and regulates transcription of milk-protein genes (37).
In endothelial cells, Shp-2 is localized in nuclear and cytosolic
fractions under basal conditions (96). Our findings identified
nuclear Shp-2 acting as a counterplayer for the nuclear export
of TERT. Under conditions of oxidative stress, the nuclear
export of TERT is blocked by Shp-2 overexpression. This is
dependent on the activity of Shp-2 because the dominant-
negative Shp-2(C459S) reduces nuclear TERT protein and
telomerase activity. Ablation of endogenous Shp-2 leads to an
increased tyrosine phosphorylation of TERT. Tyrosine 707
within TERT (which has previously been shown, once phos-
phorylated, to be essential for nuclear export of TERT) seems
to be the target tyrosine for Shp-2. Thus, Shp-2 inhibits the
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nuclear export of TERT by regulating the tyrosine 707 phos-
phorylation (Fig. 14). This implies a new role for nuclear Shp-2
in protecting nuclear TERT, and therefore, nuclear Shp-2 may
delay cellular senescence.

2. T-cell protein tyrosine phosphatase (TC-PTP). T-cell
protein tyrosine phosphatase (TC-PTP) is a ubiquitously ex-
pressed PTP. As aresult of alternative splicing, two isoforms of
TC-PTP are generated, a 45 kDa isoform located in the nucleus
and a 48 kDa isoform targeted to the endoplasmic reticulum
(130). Specific cellular stresses cause a reversible cytosolic
accumulation of the 45 kDa isoform of TC-PTP (114). For ex-
ample, oxidative stress or hyperosmolarity induces the nu-
clear export of TC-PTP, whereas other stresses like heat shock
have no effect on the localization of TC-PTP. This change in

Prolactin

cell membrane

cytosol

I milk protein genes

nucleus

FIG. 13. Nuclear translocation of Shp-2 induces STAT5-
dependent gene transcription. Prolactin induces tyrosine
phosphorylation of STATS at tyrosine 694 by the Janus ki-
nase 2 (JAK2), which leads to complex formation of Shp-2
and STATS. This complex translocates into the nucleus, binds
to DNA via STAT5, and induces milk-protein gene tran-
scription.
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localization could be observed in different cell types. Non-
nuclear TC-PTP is involved in the regulation of cell growth
and cell differentiation in endothelial cells (143). There, TC-
PTP binds to vascular endothelial growth factor receptor 2
(VEGFR2) and dephosphorylates specific tyrosine residues.
Dephosphorylation of tyrosines 1045 and 1059 delays VEGF-
induced VEGFR? internalization and thus reduces sprouting
angiogenesis.

Another target tyrosine of TC-PTP is tyrosine 1214, which
has been implicated in VEGF-induced actin remodeling and
thereby plays a role in endothelial cell migration (115). To-
gether, these data suggest an important role for cytosolic TC-
PTP in endothelial cell growth and differentiation.

Several other groups have investigated the functions of
nuclear TC-PTP. The 45 kDa form of TC-PTP was first iden-
tified as a nuclear STAT1 tyrosine phosphatase. Upon stim-
ulation, STAT1 becomes tyrosine phosphorylated by the
family of JAKs and translocates into the nucleus. There it

accelerate escence
increased apo i

s sensitivity

FIG. 14. Shp-2 inhibits TERT nuclear ex-
port induced by oxidative stress. ROS induce
increased activity of nuclear Src and Yes. This
leads to tyrosine phosphorylation of telo-
merase reverse transcriptase (TERT) and to its
nuclear export. Nuclear Shp-2 prevents this
export.

binds to DNA and activates transcription (40). To terminate
this transcription, STAT1 must be dephosphorylated to dis-
sociate from DNA. Ten Hoeve et al. (228) were the first to
identify the 45 kDa form of TC-PTP to be the tyrosine phos-
phatase of STAT1. They also investigated the dephosphory-
lation of other STATSs (STAT3, STAT5, and STAT6) and found
that, in TC-PTP-deficient mouse embryonic fibroblasts, only
the dephosphorylation of STAT1 and STATS3 is affected on
interferon stimulation, but not that of STAT5 and STAT6
(228). This is in agreement with findings of Yamamoto et al.
(257), who demonstrated dephosphorylated STAT3 after in-
terleukin 6 treatment and showed a direct interaction between
STAT3 and nuclear TC-PTP. Similarly, Aoki and Matsuda (10)
found that in epithelial cells, stably expressing mouse TC-PTP
STAT5a and STATSb are dephosphorylated after prolactin
stimulation (10). TC-PTP has different regulatory roles in
diverse pathways, dependent on its localization. Because
nuclear export of TC-PTP occurs under specific stresses, one
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can imagine stress-specific functions of TC-PTP. This opens
up an interesting field for further studies to understand why
specific stress inducers like heat shock do not induce the nu-
clear export of TC-PTP.

3. Cdc25C. In mammalian cells, cell cycle progression
is tightly regulated by the cyclin-dependent protein kinases
(CDKs). CDK1 (also named Cdc2) is the key component of the
checkpoint pathway, which delays mitotic entry after DNA
damage or stalled replication. CDK1 forms complexes with
cyclin Bl that, in their phosphorylated, inactive form, are
retained in the cytosol. During prophase, CDK1/cyclin Bl
complexes accumulate in the nucleus and are activated
through the phosphatase Cdc25C by dephosphorylation of
threonine 14 and tyrosine 15 of CDK1 (48, 112). As mentioned
earlier, phosphatases can protect themselves from irrevers-
ible oxidation by forming a disulfide bond between their
catalytic cysteine and a backdoor cysteine. This protection has
also been demonstrated for Cdc25C. Its catalytic cysteine
is cysteine 330, and the backdoor is cysteine 377. Mutation of
cysteine 377 in Cdc25C leads to irreversible oxidation of
cysteine 330, which results in degradation of Cdc25C (198).
During interphase of the cell cycle, a formation of the disulfide
bond between cysteine 330 and 377 in Cdc25C is induced, and
Cdc25C is phosphorylated at serine 216. This phosphoryla-
tion leads to binding of Cdc25C to 14-3-3 proteins and results
in the nuclear export of Cdc25C (179). Mutation of serine 216
in Cdc25C perturbs mitotic timing and allows cells to escape
the G,-checkpoint arrest (179, 195).

For the fate of the cytosolic Cdc25C, different hypotheses
exist. One possible mechanism is the degradation of Cdc25C,
according to the destruction hypothesis of Savitsky and Finkel
(198). It has been demonstrated that vitamin C induces for-
mation of ROS, which leads to decreased Cdc25C levels.
Conversely, the formation of cytosolic Cdc25C/14-3-3 com-
plexes occurs without reduction in the Cdc25C levels. Thus,
one may speculate that, dependent on the levels of ROS, cells
decide to induce cell death or G,-checkpoint arrest. High ROS
levels would lead to irreversible oxidation of Cdc25C, its
degradation, and finally to cell death. Minor damage, con-
versely, could induce formation of the disulfide bond in
Cdc25C, its phosphorylation, and cytosolic sequestration by
14-3-3 proteins. Thus, Cdc25C would be immediately avail-
able for cell cycle progression after damage repair.

V. Conclusions and Outlook

Redox regulation plays an important role in intracellular
signal transduction. Numerous proteins have been described
to be redox regulated. However, it must be noted that, for the
nuclear import and export receptors, only initial studies in
yeast have shown that these receptors change their localiza-
tion from the nucleus to the cytosol and can be oxidized on
oxidative stress, which could importantly contribute to gene
regulation (111, 183, 184). Thus, further studies in higher
eukaryotes are required to investigate the redox regulation of
the nuclear import and export machinery. Furthermore, many
studies do not distinguish between the intracellular com-
partments in which the redox modification of the protein of
interest takes place. This is of special importance, because
many antioxidative systems exist in different cellular com-
partments like the cytosol, the mitochondria, and the nucleus.
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However, not all antioxidative systems are equally distributed
throughout the cell. The distribution strongly depends on the
cell type and on the stimulus used. Therefore, it is noteworthy
that cellular functions regulated by redox modifications of
proteins are intimately associated with their cellular localiza-
tion. Unfortunately, many previous investigations did not
accurately discriminate between the compartments where re-
dox regulation occurs and the corresponding cellular function.
Without this differentiation, pharmacologic interventions may
exhibit undesirable and unanticipated side effects because the
compartment-specific effects of the proteins have been dis-
regarded in the past. Therefore, compartment-specific inves-
tigations will help us to determine protein functions in more
detail and to uncover misunderstood protein functions.

Finally, compartment-specific delivery of inhibitors and
activators will open a new field of drug design to regulate
protein actions more precisely and to reduce unwanted side
effects.

Acknowledgments

The first two authors contributed equally to this work. We
apologize for the failure to cite many of the important and
relevant articles in this field due to space limitations. This
study was in part supported by the Deutsche Forschungs-
gemeinschaft (HA-2868/3-2, SFB 612 TP B15, and SFB 728 TP
B5 to J.H.). M.L. received a scholarship from the Research
Training Group 1089.

References

1. Abate C, Patel L, Rauscher FJ 3rd, and Curran T. Redox
regulation of fos and jun DNA-binding activity in vitro.
Science 249: 1157-1161, 1990.

2. Adachi M, Sekiya M, Miyachi T, Matsuno K, Hinoda Y,
Imai K, and Yachi A. Molecular cloning of a novel protein-
tyrosine phosphatase SH-PTP3 with sequence similarity
to the src-homology region 2. FEBS Lett 314: 335-339, 1992.

3. Adachi T, Pimentel DR, Heibeck T, Hou X, Lee Y], Jiang B,
Ido Y, and Cohen RA. S-Glutathiolation of Ras mediates
redox-sensitive signaling by angiotensin II in vascular
smooth muscle cells. | Biol Chem 279: 29857-29862, 2004.

4. Ahmad S, Banville D, Zhao Z, Fischer EH, and Shen SH. A
widely expressed human protein-tyrosine phosphatase
containing src homology 2 domains. Proc Natl Acad SciU S A
90: 2197-2201, 1993.

5. Akamatsu Y, Ohno T, Hirota K, Kagoshima H, Yodoi J, and
Shigesada K. Redox regulation of the DNA binding activity
in transcription factor PEBP2: the roles of two conserved
cysteine residues. | Biol Chem 272: 14497-14500, 1997.

6. Ammendola R, Mesuraca M, Russo T, and Cimino F. Spl
DNA binding efficiency is highly reduced in nuclear ex-
tracts from aged rat tissues. | Biol Chem 267: 17944-17948,
1992.

7. Ammendola R, Mesuraca M, Russo T, and Cimino F. The
DNA-binding efficiency of Spl1 is affected by redox chan-
ges. Eur | Biochem 225: 483-489, 1994.

8. Ando K, Hirao S, Kabe Y, Ogura Y, Sato I, Yamaguchi Y,
Wada T, and Handa H. A new APE1/Ref-1-dependent
pathway leading to reduction of NF-kappaB and AP-1, and
activation of their DNA-binding activity. Nucleic Acids Res
36: 4327-4336, 2008.

9. Andricopulo AD, Akoachere MB, Krogh R, Nickel C,
McLeish M], Kenyon GL, Arscott LD, Williams CH Jr,



734

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Davioud-Charvet E, and Becker K. Specific inhibitors of
Plasmodium falciparum thioredoxin reductase as potential
antimalarial agents. Bioorg Med Chem Lett 16: 2283-2292,
2006.

Aoki N and Matsuda T. A nuclear protein tyrosine phos-
phatase TC-PTP is a potential negative regulator of the
PRL-mediated signaling pathway: dephosphorylation and
deactivation of signal transducer and activator of transcrip-
tion 5a and 5b by TC-PTP in nucleus. Mol Endocrinol 16: 58—
69, 2002.

Arnone MI, Zannini M, and Di Lauro R. The DNA binding
activity and the dimerization ability of the thyroid tran-
scription factor I are redox regulated. ] Biol Chern 270: 12048—
12055, 1995.

Ashley RH. Challenging accepted ion channel biology: p64
and the CLIC family of putative intracellular anion channel
proteins [Review]. Mol Membr Biol 20: 1-11, 2003.
Bandyopadhyay S and Gronostajski RM. Identification of a
conserved oxidation-sensitive cysteine residue in the NFI
family of DNA-binding proteins. | Biol Chem 269: 29949-
29955, 1994.

Bandyopadhyay S, Starke DW, Mieyal JJ, and Gronostajski
RM. Thioltransferase (glutaredoxin) reactivates the DNA-
binding activity of oxidation-inactivated nuclear factor I.
J Biol Chem 273: 392-397, 1998.

Banmeyer I, Marchand C, Verhaeghe C, Vucic B, Rees JF,
and Knoops B. Overexpression of human peroxiredoxin 5
in subcellular compartments of Chinese hamster ovary
cells: effects on cytotoxicity and DNA damage caused by
peroxides. Free Radic Biol Med 36: 65-77, 2004.

Bannister AJ, Cook A, and Kouzarides T. In vitro DNA
binding activity of Fos/Jun and BZLF1 but not C/EBP is
affected by redox changes. Oncogene 6: 1243-1250, 1991.
Barlow CA, Kitiphongspattana K, Siddiqui N, Roe
MW, Mossman BT, and Lounsbury KM. Protein kinase
A-mediated CREB phosphorylation is an oxidant-induced
survival pathway in alveolar type II cells. Apoptosis 13: 681—
692, 2008.

Barlow CA, Shukla A, Mossman BT, and Lounsbury
KM. Oxidant-mediated cAMP response element binding
protein activation: calcium regulation and role in apoptosis
of lung epithelial cells. Am | Respir Cell Mol Biol 34: 7-14,
2006.

Barrett WC, DeGnore JP, Konig S, Fales HM, Keng YF,
Zhang ZY, Yim MB, and Chock PB. Regulation of PTP1B
via glutathionylation of the active site cysteine 215. Bio-
chemistry 38: 6699-6705, 1999.

Belich MP, Salmeron A, Johnston LH, and Ley SC. TPL-2
kinase regulates the proteolysis of the NF-kappaB-
inhibitory protein NF-kappaB1 p105. Nature 397: 363-368,
1999.

Benbrook DM and Jones NC. Heterodimer formation
between CREB and JUN proteins. Oncogene 5: 295-302, 1990.
Bharti A, Kraeft SK, Gounder M, Pandey P, Jin S, Yuan ZM,
Lees-Miller SP, Weichselbaum R, Weaver D, Chen LB, Kufe
D, and Kharbanda S. Inactivation of DNA-dependent pro-
tein kinase by protein kinase Cdelta: implications for apo-
ptosis. Mol Cell Biol 18: 6719-6728, 1998.

Bjorkblom B, Ostman N, Hongisto V, Komarovski V, Filen
JJ, Nyman TA, Kallunki T, Courtney M], and Coffey ET.
Constitutively active cytoplasmic c-Jun N-terminal kinase 1
is a dominant regulator of dendritic architecture: role of
microtubule-associated protein 2 as an effector. | Neurosci
25: 6350-6361, 2005.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

LUKOSZ ET AL.

Bjorkblom B, Vainio JC, Hongisto V, Herdegen T, Courtney
MJ, and Coffey ET. All JNKs can kill, but nuclear locali-
zation is critical for neuronal death. | Biol Chem 283: 19704—
19713, 2008.

Blass M, Kronfeld I, Kazimirsky G, Blumberg PM, and
Brodie C. Tyrosine phosphorylation of protein kinase Cdelta
is essential for its apoptotic effect in response to etoposide.
Mol Cell Biol 22: 182-195, 2002.

Bloom D, Dhakshinamoorthy S, and Jaiswal AK. Site-
directed mutagenesis of cysteine to serine in the DNA
binding region of Nrf2 decreases its capacity to upregulate
antioxidant response element-mediated expression and
antioxidant induction of NAD(P)H:quinone oxidor-
eductasel gene. Oncogene 21: 2191-2200, 2002.

Bloomfield KL, Osborne SA, Kennedy DD, Clarke FM, and
Tonissen KF. Thioredoxin-mediated redox control of the
transcription factor Spl and regulation of the thioredoxin
gene promoter. Gene 319: 107-116, 2003.

Bourdon JC. p53 and its isoforms in cancer. Br | Cancer 97:
277-282, 2007.

Breitschopf K, Zeiher AM, and Dimmeler S. Pro-atherogenic
factors induce telomerase inactivation in endothelial cells
through an Akt-dependent mechanism. FEBS Lett 493: 21—
25,2001.

Camper-Kirby D, Welch S, Walker A, Shiraishi I, Setchell KD,
Schaefer E, Kajstura J, Anversa P, and Sussman MA. Myo-
cardial Akt activation and gender: increased nuclear activity
in females versus males. Circ Res 88: 1020-1027, 2001.
Carpenter G. Employment of the epidermal growth factor
receptor in growth factor-independent signaling pathways.
J Cell Biol 146: 697-702, 1999.

Chandrasekaran V and Taylor EW. Molecular modeling of
the oxidized form of nuclear factor-kappa B suggests a
mechanism for redox regulation of DNA binding and
transcriptional activation. | Mol Graph Model 26: 861-867,
2008.

Chen CY, Willard D, and Rudolph J. Redox regulation of
SH2-domain-containing protein tyrosine phosphatases by
two backdoor cysteines. Biochemistry 48: 1399-1409, 2009.
Chen H, Li X, and Epstein PN. MnSOD and catalase
transgenes demonstrate that protection of islets from oxi-
dative stress does not alter cytokine toxicity. Diabetes 54:
1437-1446, 2005.

Chinenov Y and Kerppola TK. Close encounters of many
kinds: Fos-Jun interactions that mediate transcription reg-
ulatory specificity. Oncogene 20: 2438-2452, 2001.

Chou WC, Chen HY, Yu SL, Cheng L, Yang PC, and Dang
CV. Arsenic suppresses gene expression in promyelocytic
leukemia cells partly through Sp1 oxidation. Blood 106: 304—
310, 2005.

Chughtai N, Schimchowitsch S, Lebrun JJ, and Ali S. Pro-
lactin induces SHP-2 association with Stat5, nuclear trans-
location, and binding to the beta-casein gene promoter in
mammary cells. | Biol Chem 277: 31107-31114, 2002.
Claiborne A, Yeh JI, Mallett TC, Luba J, Crane EJ 3rd,
Charrier V, and Parsonage D. Protein-sulfenic acids:
diverse roles for an unlikely player in enzyme catalysis and
redox regulation. Biochemistry 38: 15407-15416, 1999.
Conour JE, Graham WYV, and Gaskins HR. A combined
in vitro/bioinformatic investigation of redox regulatory
mechanisms governing cell cycle progression. Physiol Gen-
om 18: 196-205, 2004.

Darnell JE Jr, Kerr IM, and Stark GR. Jak-STAT path-
ways and transcriptional activation in response to IFNs and



NUCLEAR REDOX SIGNALING

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

other extracellular signaling proteins. Science 264: 1415-
1421, 1994.

Davis RJ. Signal transduction by the JNK group of MAP
kinases. Cell 103: 239-252, 2000.

de Jong RN and van der Vliet PC. Mechanism of DNA
replication in eukaryotic cells: cellular host factors stimu-
lating adenovirus DNA replication. Gene 236: 1-12, 1999.
Del Maestro R and McDonald W. Subcellular localization
of superoxide dismutases, glutathione peroxidase and cat-
alase in developing rat cerebral cortex. Mech Ageing Dev 48:
15-31, 1989.

Delphin C, Cahen P, Lawrence JJ, and Baudier J. Char-
acterization of baculovirus recombinant wild-type p53: di-
merization of p53 is required for high-affinity DNA
binding and cysteine oxidation inhibits p53 DNA binding.
Eur | Biochem 223: 683-692, 1994.

Denu JM and Tanner KG. Specific and reversible inacti-
vation of protein tyrosine phosphatases by hydrogen per-
oxide: evidence for a sulfenic acid intermediate and
implications for redox regulation. Biochemistry 37: 5633
5642, 1998.

DeVries TA, Neville MC, and Reyland ME. Nuclear import
of PKCdelta is required for apoptosis: identification of a
novel nuclear import sequence. EMBO ] 21: 6050-6060,
2002.

Dinkova-Kostova AT, Holtzclaw WD, Cole RN, Itoh K,
Wakabayashi N, Katoh Y, Yamamoto M, and Talalay P.
Direct evidence that sulfhydryl groups of Keapl are the
sensors regulating induction of phase 2 enzymes that pro-
tect against carcinogens and oxidants. Proc Natl Acad Sci
us A 99: 11908-11913, 2002.

Dunphy WG and Kumagai A. The c¢dc25 protein contains
an intrinsic phosphatase activity. Cell 67: 189-196, 1991.
Egloff MP, Johnson DF, Moorhead G, Cohen PT, Cohen P,
and Barford D. Structural basis for the recognition of reg-
ulatory subunits by the catalytic subunit of protein phos-
phatase 1. EMBO ] 16: 1876-1887, 1997.

Eklund H, Cambillau C, Sjoberg BM, Holmgren A, Jornvall
H, Hoog JO, and Branden CI. Conformational and func-
tional similarities between glutaredoxin and thioredoxins.
EMBO ] 3: 1443-1449, 1984.

Ema M, Hirota K, Mimura ], Abe H, Yodoi ], Sogawa K,
Poellinger L, and Fujii-Kuriyama Y. Molecular mechanisms
of transcription activation by HLF and HIFlalpha in re-
sponse to hypoxia: their stabilization and redox signal-
induced interaction with CBP/p300. EMBO ] 18: 1905-1914,
1999.

Esposito F, Cuccovillo F, Morra F, Russo T, and Cimino F.
DNA binding activity of the glucocorticoid receptor is
sensitive to redox changes in intact cells. Biochim Biophys
Acta 1260: 308-314, 1995.

Fan M and Chambers TC. Role of mitogen-activated pro-
tein kinases in the response of tumor cells to chemotherapy.
Drug Resist Update 4: 253-267, 2001.

Feng GS, Hui CC, and Pawson T. SH2-containing phos-
photyrosine phosphatase as a target of protein-tyrosine
kinases. Science 259: 1607-1611, 1993.

Freeman RM Jr, Plutzky ], and Neel BG. Identification
of a human src homology 2-containing protein-tyrosine-
phosphatase: a putative homolog of Drosophila corkscrew.
Proc Natl Acad Sci U S A 89: 11239-11243, 1992.

Fu W, Begley JG, Killen MW, and Mattson MP. Anti-
apoptotic role of telomerase in pheochromocytoma cells.
J Biol Chem 274: 7264-7271, 1999.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

735

Gaiddon C, Moorthy NC, and Prives C. Ref-1 regulates the
transactivation and pro-apoptotic functions of p53 in vivo.
EMBO ] 18: 5609-5621, 1999.

Galang CK and Hauser CA. Cooperative DNA binding of
the human HoxB5 (Hox-2.1) protein is under redox regu-
lation in vitro. Mol Cell Biol 13: 4609-4617, 1993.
Georgiadis MM, Luo M, Gaur RK, Delaplane S, Li X, and
Kelley MR. Evolution of the redox function in mammalian
apurinic/apyrimidinic endonuclease. Mutat Res 643: 54—63,
2008.

Ghayur T, Hugunin M, Talanian RV, Ratnofsky S, Quinlan
C, Emoto Y, Pandey P, Datta R, Huang Y, Kharbanda S,
Allen H, Kamen R, Wong W, and Kufe D. Proteolytic ac-
tivation of protein kinase C delta by an ICE/CED 3-like
protease induces characteristics of apoptosis. | Exp Med 184:
2399-2404, 1996.

Giebler HA, Loring JE, van Orden K, Colgin MA, Garrus
JE, Escudero KW, Brauweiler A, and Nyborg JK. Anchoring
of CREB binding protein to the human T-cell leukemia
virus type 1 promoter: a molecular mechanism of Tax
transactivation. Mol Cell Biol 17: 5156-5164, 1997.
Gladyshev VN, Liu A, Novoselov SV, Krysan K, Sun QA,
Kryukov VM, Kryukov GV, and Lou MF. Identification and
characterization of a new mammalian glutaredoxin (thiol-
transferase), Grx2. | Biol Chem 276: 30374-30380, 2001.
Goldkorn T, Balaban N, Matsukuma K, Chea V, Gould R,
Last ], Chan C, and Chavez C. EGF-receptor phosphory-
lation and signaling are targeted by H,O, redox stress. Am
J Respir Cell Mol Biol 19: 786798, 1998.

Goren I, Tavor E, Goldblum A, and Honigman A. Two
cysteine residues in the DNA-binding domain of CREB
control binding to CRE and CREB-mediated gene expres-
sion. | Mol Biol 313: 695-709, 2001.

Gronostajski RM. Roles of the NFI/CTF gene family in
transcription and development. Gene 249: 31-45, 2000.
Guan JS, Haggarty SJ, Giacometti E, Dannenberg JH, Joseph
N, Gao J, Nieland TJ, Zhou Y, Wang X, Mazitschek R,
Bradner JE, DePinho RA, Jaenisch R, and Tsai LH. HDAC2
negatively regulates memory formation and synaptic plas-
ticity. Nature 459: 55-60, 2009.

Guehmann S, Vorbrueggen G, Kalkbrenner F, and Moelling
K. Reduction of a conserved Cys is essential for Myb DNA-
binding. Nucleic Acids Res 20: 2279-2286, 1992.

Haendeler J, Hoffmann J, Brandes RP, Zeiher AM, and
Dimmeler S. Hydrogen peroxide triggers nuclear export
of telomerase reverse transcriptase via Src kinase family-
dependent phosphorylation of tyrosine 707. Mol Cell Biol
23: 4598-4610, 2003.

Haendeler J, Hoffmann J, Diehl JF, Vasa M, Spyridopoulos I,
Zeiher AM, and Dimmeler S. Antioxidants inhibit nuclear
export of telomerase reverse transcriptase and delay replica-
tive senescence of endothelial cells. Circ Res 94: 768-775, 2004.
Haendeler J, Hoffmann J, Rahman S, Zeiher AM, and
Dimmeler S. Regulation of telomerase activity and anti-
apoptotic function by protein-protein interaction and
phosphorylation. FEBS Lett 536: 180-186, 2003.

Hagiwara M, Brindle P, Harootunian A, Armstrong R,
Rivier J, Vale W, Tsien R, and Montminy MR. Coupling of
hormonal stimulation and transcription via the cyclic AMP-
responsive factor CREB is rate limited by nuclear entry of
protein kinase A. Mol Cell Biol 13: 4852-4859, 1993.

Hai T and Curran T. Cross-family dimerization of tran-
scription factors Fos/Jun and ATF/CREB alters DNA bind-
ing specificity. Proc Natl Acad Sci U S A 88: 3720-3724, 1991.



736

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Hainaut P and Milner J. Redox modulation of p53 confor-
mation and sequence-specific DNA binding in vitro. Cancer
Res 53: 44694473, 1993.

Hansen JM, Gong SG, Philbert M, and Harris C.
Misregulation of gene expression in the redox-sensitive
NF-kappab-dependent limb outgrowth pathway by thalid-
omide. Dev Dyn 225: 186-194, 2002.

Hansen JM, Moriarty-Craige S, and Jones DP. Nuclear and
cytoplasmic peroxiredoxin-1 differentially regulate NF-
kappaB activities. Free Radic Biol Med 43: 282-288, 2007.
Hansen JM, Watson WH, and Jones DP. Compartmentation
of Nrf-2 redox control: regulation of cytoplasmic activation
by glutathione and DNA binding by thioredoxin-1. Toxicol
Sci 82: 308-317, 2004.

Hanson S, Kim E, and Deppert W. Redox factor 1 (Ref-1)
enhances specific DNA binding of p53 by promoting p53
tetramerization. Oncogene 24: 1641-1647, 2005.

Hayashi S, Hajiro-Nakanishi K, Makino Y, Eguchi H, Yodoi
J, and Tanaka H. Functional modulation of estrogen re-
ceptor by redox state with reference to thioredoxin as a
mediator. Nucleic Acids Res 25: 4035-4040, 1997.

Hirota K, Matsui M, Iwata S, Nishiyama A, Mori K, and
Yodoi J. AP-1 transcriptional activity is regulated by a di-
rect association between thioredoxin and Ref-1. Proc Natl
Acad Sci U S A 94: 3633-3638, 1997.

Hirota K, Matsui M, Murata M, Takashima Y, Cheng FS,
Itoh T, Fukuda K, and Yodoi J. Nucleoredoxin, glutar-
edoxin, and thioredoxin differentially regulate NF-kappaB,
AP-1, and CREB activation in HEK293 cells. Biochem Bio-
phys Res Commun 274: 177-182, 2000.

Hirota K, Murata M, Sachi Y, Nakamura H, Takeuchi J,
Mori K, and Yodoi J. Distinct roles of thioredoxin in the
cytoplasm and in the nucleus: a two-step mechanism of
redox regulation of transcription factor NF-kappaB. ] Biol
Chem 274: 27891-27897, 1999.

Hof P, Pluskey S, Dhe-Paganon S, Eck MJ, and Shoelson SE.
Crystal structure of the tyrosine phosphatase SHP-2. Cell
92: 441450, 1998.

Hoh ], Jin S, Parrado T, Edington J, Levine AJ, and Ott J.
The p53MH algorithm and its application in detecting p53-
responsive genes. Proc Natl Acad Sci U S A 99: 8467-8472,
2002.

Hollstein M, Sidransky D, Vogelstein B, and Harris CC. p53
mutations in human cancers. Science 253: 49-53, 1991.
Holmgren A. Thioredoxin 6: the amino acid sequence of the
protein from Escherichia coli B. Eur | Biochem 6: 475-484,
1968.

Holmgren A. Glutathione-dependent synthesis of deoxyri-
bonucleotides: purification and characterization of glutar-
edoxin from Escherichia coli. | Biol Chem 254: 3664-3671, 1979.
Holmgren A. Thioredoxin. Annu Rev Biochem 54: 237-271,
1985.

Holmgren A, Soderberg BO, Eklund H, and Branden CI.
Three-dimensional structure of Escherichia coli thioredoxin-
52 to 2.8 A resolution. Proc Natl Acad Sci U S A 72: 2305-
2309, 1975.

Holt SE, Aisner DL, Baur J, Tesmer VM, Dy M, Ouellette M,
Trager JB, Morin GB, Toft DO, Shay JW, Wright WE, and
White MA. Functional requirement of p23 and Hsp90 in
telomerase complexes. Genes Dev 13: 817-826, 1999.
Huang LE, Arany Z, Livingston DM, and Bunn HF. Acti-
vation of hypoxia-inducible transcription factor depends
primarily upon redox-sensitive stabilization of its alpha
subunit. | Biol Chem 271: 32253-32259, 1996.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

LUKOSZ ET AL.

Huang RP and Adamson ED. Characterization of the DNA-
binding properties of the early growth response-1 (Egr-1)
transcription factor: evidence for modulation by a redox
mechanism. DNA Cell Biol 12: 265-273, 1993.

Hughes MN. Relationships between nitric oxide, nitroxyl
ion, nitrosonium cation and peroxynitrite. Biochim Biophys
Acta 1411: 263-272, 1999.

Hutchison KA, Matic G, Meshinchi S, Bresnick EH, and
Pratt WB. Redox manipulation of DNA binding activity
and BuGR epitope reactivity of the glucocorticoid receptor.
J Biol Chem 266: 10505-10509, 1991.

Isakov N, Witte S, and Altman A. PICOT-HD: a highly
conserved protein domain that is often associated with
thioredoxin and glutaredoxin modules. Trends Biochem Sci
25: 537-539, 2000.

Ischiropoulos H, Zhu L, Chen J, Tsai M, Martin JC, Smith
CD, and Beckman ]S. Peroxynitrite-mediated tyrosine ni-
tration catalyzed by superoxide dismutase. Arch Biochem
Biophys 298: 431437, 1992.

Jakob S, Schroeder P, Lukosz M, Buchner N, Spyridopoulos
I, Altschmied ], and Haendeler J. Nuclear protein tyrosine
phosphatase shp-2 is one important negative regulator of
nuclear export of telomerase reverse transcriptase. | Biol
Chem 283: 33155-33161, 2008.

Jayaraman L, Murthy KG, Zhu C, Curran T, Xanthoudakis
S, and Prives C. Identification of redox/repair protein Ref-1
as a potent activator of p53. Genes Dev 11: 558-570, 1997.
Johnson GL and Lapadat R. Mitogen-activated protein ki-
nase pathways mediated by ERK, JNK, and p38 protein
kinases. Science 298: 1911-1912, 2002.

Johnson LN, Noble ME, and Owen DJ. Active and inactive
protein kinases: structural basis for regulation. Cell 85: 149—
158, 1996.

Kaczynski J, Cook T, and Urrutia R. Sp1- and Kriippel-like
transcription factors. Genome Biol 4: 206, 2003.

Kagoshima H, Akamatsu Y, Ito Y, and Shigesada K. Func-
tional dissection of the alpha and beta subunits of tran-
scription factor PEBP2 and the redox susceptibility of
its DNA binding activity. J Biol Chem 271: 33074-33082, 1996.
Kalinina EV, Chernov NN, and Saprin AN. Involvement of
thio-, peroxi-, and glutaredoxins in cellular redox-dependent
processes. Biochemistry (Mosc) 73: 1493-1510, 2008.

Kambe F, Nomura Y, Okamoto T, and Seo H. Redox reg-
ulation of thyroid-transcription factors, Pax-8 and TTF-1, is
involved in their increased DNA-binding activities by
thyrotropin in rat thyroid FRTL-5cells. Mol Endocrinol 10:
801-812, 1996.

Kaneshiro K, Tsutsumi S, Tsuji S, Shirahige K, and Abur-
atani H. An integrated map of p53-binding sites and his-
tone modification in the human ENCODE regions.
Genomics 89: 178-188, 2007.

Kang SS, Kwon T, Kwon DY, and Do SI. Akt protein kinase
enhances human telomerase activity through phosphory-
lation of telomerase reverse transcriptase subunit. | Biol
Chem 274: 13085-13090, 1999.

Kemble DJ and Sun G. Direct and specific inactivation of
protein tyrosine kinases in the Src and FGFR families by
reversible cysteine oxidation. Proc Natl Acad Sci U S A 106:
5070-5075, 2009.

Kensler TW, Wakabayashi N, and Biswal S. Cell survival
responses to environmental stresses via the Keapl-Nrf2-
ARE pathway. Annu Rev Pharmacol Toxicol 47: 89-116, 2007.
Khokhlatchev AV, Canagarajah B, Wilsbacher J, Robinson
M, Atkinson M, Goldsmith E, and Cobb MH. Phosphor-



NUCLEAR REDOX SIGNALING

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

ylation of the MAP kinase ERK2 promotes its homodimeri-
zation and nuclear translocation. Cell 93: 605-615, 1998.
Kinnula VL, Lehtonen S, Sormunen R, Kaarteenaho-Wiik R,
Kang SW, Rhee SG, and Soini Y. Overexpression of per-
oxiredoxins I, II, III, V, and VI in malignant mesothelioma.
J Pathol 196: 316-323, 2002.

Knoepfel L, Steinkuhler C, Carri MT, and Rotilio G. Role of
zinc-coordination and of the glutathione redox couple in
the redox susceptibility of human transcription factor Sp1.
Biochem Biophys Res Commun 201: 871-877, 1994.

Kuge S, Toda T, lizuka N, and Nomoto A. Crm1 (Xpol)
dependent nuclear export of the budding yeast transcrip-
tion factor yAP-1 is sensitive to oxidative stress. Genes Cells
3: 521-532, 1998.

Kumagai A and Dunphy WG. The cdc25 protein controls
tyrosine dephosphorylation of the cdc2 protein in a cell-free
system. Cell 64: 903-914, 1991.

Kwon], Lee SR, Yang KS, Ahn Y, Kim Y], Stadtman ER, and
Rhee SG. Reversible oxidation and inactivation of the tumor
suppressor PTEN in cells stimulated with peptide growth
factors. Proc Natl Acad Sci U S A 101: 16419-16424, 2004.
Lam MH, Michell B], Fodero-Tavoletti MT, Kemp BE, Tonks
NK, and Tiganis T. Cellular stress regulates the nucleocy-
toplasmic distribution of the protein-tyrosine phosphatase
TCPTP. ] Biol Chem 276: 37700-37707, 2001.

Lamalice L, Houle F, Jourdan G, and Huot ]J. Phosphor-
ylation of tyrosine 1214 on VEGFR?2 is required for VEGF-
induced activation of Cdc42 upstream of SAPK2/p38.
Oncogene 23: 434445, 2004.

Lando D, Pongratz I, Poellinger L, and Whitelaw ML. A
redox mechanism controls differential DNA binding activ-
ities of hypoxia-inducible factor (HIF) lalpha and the HIF-
like factor. | Biol Chem 275: 4618-4627, 2000.

Lane DP. p53, guardian of the genome. Nature 358: 15-16,
1992.

Laurent TC, Moore EC, and Reichard P. Enzymatic syn-
thesis of deoxyribonucleotides. IV, isolation and character-
ization of thioredoxin, the hydrogen donor from Escherichia
coli B. ] Biol Chem 239: 3436-3444, 1964.

Lee W, Haslinger A, Karin M, and Tjian R. Activation of
transcription by two factors that bind promoter and en-
hancer sequences of the human metallothionein gene and
SV40. Nature 325: 368-372, 1987.

Leslie NR, Bennett D, Lindsay YE, Stewart H, Gray A, and
Downes CP. Redox regulation of PI 3-kinase signalling via
inactivation of PTEN. EMBO ] 22: 5501-5510, 2003.

Li L, Lorenzo PS, Bogi K, Blumberg PM, and Yuspa SH.
Protein kinase Cdelta targets mitochondria, alters mito-
chondrial membrane potential, and induces apoptosis in
normal and neoplastic keratinocytes when overexpressed
by an adenoviral vector. Mol Cell Biol 19: 8547-8558, 1999.
Liang X, Lu B, Scott GK, Chang CH, Baldwin MA, and
Benz CC. Oxidant stress impaired DNA-binding of estro-
gen receptor from human breast cancer. Mol Cell Endocrinol
146: 151-161, 1998.

Lillig CH, Berndt C, and Holmgren A. Glutaredoxin sys-
tems. Biochim Biophys Acta 1780: 1304-1317, 2008.

Lillig CH and Holmgren A. Thioredoxin and related mol-
ecules: from biology to health and disease. Antioxid Redox
Signal 9: 25-47, 2007.

Lin A and Dibling B. The true face of JNK activation in
apoptosis. Aging Cell 1: 112-116, 2002.

Lind C, Gerdes R, Schuppe-Koistinen I, and Cotgreave IA.
Studies on the mechanism of oxidative modification of

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

737

human glyceraldehyde-3-phosphate dehydrogenase by
glutathione: catalysis by glutaredoxin. Biochem Biophys Res
Commun 247: 481-486, 1998.

Liu H, Nishitoh H, Ichijo H, and Kyriakis JM. Activation
of apoptosis signal-regulating kinase 1 (ASK1) by tumor
necrosis factor receptor-associated factor 2 requires prior
dissociation of the ASK1 inhibitor thioredoxin. Mol Cell Biol
20: 2198-2208, 2000.

Liu | and Lin A. Role of JNK activation in apoptosis: a
double-edged sword. Cell Res 15: 36-42, 2005.

Lénn ME, Hudemann C, Berndt C, Cherkasov V, Capani F,
Holmgren A, and Lillig CH. Expression pattern of human
glutaredoxin 2 isoforms: identification and characterization
of two testis/cancer cell-specific isoforms. Antioxid Redox
Signal 10: 547-557, 2008.

Lorenzen JA, Dadabay CY, and Fischer EH. COOH-terminal
sequence motifs target the T cell protein tyrosine phosphatase
to the ER and nucleus. ] Cell Biol 131: 631-643, 1995.
Lundberg M, Johansson C, Chandra ], Enoksson M,
Jacobsson G, Ljung ], Johansson M, and Holmgren A.
Cloning and expression of a novel human glutaredoxin
(Grx2) with mitochondrial and nuclear isoforms. ] Biol Chem
276: 26269-26275, 2001.

Luo M, Delaplane S, Jiang A, Reed A, He Y, Fishel M,
Nyland RL 2nd, Borch RF, Qiao X, Georgiadis MM, and
Kelley MR. Role of the multifunctional DNA repair and
redox signaling protein Apel/Ref-1 in cancer and endo-
thelial cells: small-molecule inhibition of the redox function
of Apel. Antioxid Redox Signal 10: 1853-1867, 2008.

Lysell ], Stjernholm Vladic Y, Ciarlo N, Holmgren A, and
Sahlin L. Immunohistochemical determination of thiore-
doxin and glutaredoxin distribution in the human cervix,
and possible relation to cervical ripening. Gynecol Endocrinol
17: 303-310, 2003.

Makino Y, Okamoto K, Yoshikawa N, Aoshima M, Hirota
K, Yodoi J, Umesono K, Makino I, and Tanaka H. Thior-
edoxin: a redox-regulating cellular cofactor for glucocorti-
coid hormone action: cross talk between endocrine control
of stress response and cellular antioxidant defense system.
J Clin Invest 98: 2469-2477, 1996.

Makino Y, Yoshikawa N, Okamoto K, Hirota K, Yodoi J,
Makino I, and Tanaka H. Direct association with thioredoxin
allows redox regulation of glucocorticoid receptor function.
] Biol Chem 274: 3182-3188, 1999.

Manevich Y, Feinstein SI, and Fisher AB. Activation of the
antioxidant enzyme 1-CYS peroxiredoxin requires gluta-
thionylation mediated by heterodimerization with pi GST.
Proc Natl Acad Sci U S A 101: 3780-3785, 2004.

Markovic J, Borras C, Ortega A, Sastre J, Vina J, and Pallardo
FV. Glutathione is recruited into the nucleus in early phases
of cell proliferation. | Biol Chemn 282: 20416-20424, 2007.
Markovic J, Mora NJ, Broseta AM, Gimeno A, de-
la-Concepcion N, Vina J, and Pallardo FV. The depletion of
nuclear glutathione impairs cell proliferation in 3t3 fibro-
blasts. PLoS One 4: e6413, 2009.

Martin JL. Thioredoxin: a fold for all reasons. Structure 3:
245-250, 1995.

Mates JM, Segura JA, Alonso FJ, and Marquez ]. Intra-
cellular redox status and oxidative stress: implications for
cell proliferation, apoptosis, and carcinogenesis. Arch Toxi-
col 82: 273-299, 2008.

Matthews JR, Botting CH, Panico M, Morris HR, and Hay
RT. Inhibition of NF-kappaB DNA binding by nitric oxide.
Nucleic Acids Res 24: 22362242, 1996.



738

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Matthews JR, Wakasugi N, Virelizier JL, Yodoi J, and Hay
RT. Thioredoxin regulates the DNA binding activity of
NF-kappa B by reduction of a disulphide bond involving
cysteine 62. Nucleic Acids Res 20: 3821-3830, 1992.

Mattila E, Auvinen K, Salmi M, and Ivaska ]J. The protein
tyrosine phosphatase TCPTP controls VEGFR2 signalling.
J Cell Sci 121: 3570-3580, 2008.

Mattson MP and Klapper W. Emerging roles for telomerase
in neuronal development and apoptosis. | Neurosci Res 63:
1-9, 2001.

Mayr B and Montminy M. Transcriptional regulation by
the phosphorylation-dependent factor CREB. Nat Rev Mol
Cell Biol 2: 599-609, 2001.

McBride AA, Klausner RD, and Howley PM. Conserved
cysteine residue in the DNA-binding domain of the bovine
papillomavirus type 1 E2 protein confers redox regula-
tion of the DNA-binding activity in vitro. Proc Natl Acad Sci
Uus A 89:7531-7535, 1992.

McEwan IJ. Nuclear receptors: one big family. Methods Mol
Biol 505: 3-18, 2009.

McMahon M, Itoh K, Yamamoto M, Chanas SA, Henderson
CJ, McLellan LI, Wolf CR, Cavin C, and Hayes JD. The
Cap'n’Collar basic leucine zipper transcription factor Nrf2
(NF-E2 p45-related factor 2) controls both constitutive and
inducible expression of intestinal detoxification and gluta-
thione biosynthetic enzymes. Cancer Res 61: 3299-3307, 2001.
Meister A and Anderson ME. Glutathione. Annu Rev Bio-
chem 52: 711-760, 1983.

Meng TC, Fukada T, and Tonks NK. Reversible oxidation
and inactivation of protein tyrosine phosphatases in vivo.
Mol Cell 9: 387-399, 2002.

Mirkovic N, Voehringer DW, Story MD, McConkey DJ,
McDonnell TJ, and Meyn RE. Resistance to radiation-
induced apoptosis in Bcl-2-expressing cells is reversed by
depleting cellular thiols. Oncogene 15: 1461-1470, 1997.
Monteiro G, Horta BB, Pimenta DC, Augusto O, and Netto
LE. Reduction of 1-Cys peroxiredoxins by ascorbate changes
the thiol-specific antioxidant paradigm, revealing another
function of vitamin C. Proc Natl Acad Sci U S A 104: 4886-
4891, 2007.

Morel Y and Barouki R. The repression of nuclear factor
I/CCAAT transcription factor (NFI/CTF) transactivating
domain by oxidative stress is mediated by a critical cysteine
(Cys-427). Biochem | 348: 235-240, 2000.

Morel Y, Coumoul X, Nalpas A, and Barouki R. Nuclear
factor I/CCAAT box transcription factor trans-activating
domain is a negative sensor of cellular stress. Mol Pharmacol
58: 1239-1246, 2000.

Myrset AH, Bostad A, Jamin N, Lirsac PN, Toma F, and
Gabrielsen OS. DNA and redox state induced conforma-
tional changes in the DNA-binding domain of the Myb
oncoprotein. EMBO | 12: 4625-4633, 1993.

Nakshatri H, Bhat-Nakshatri P, and Currie RA. Subunit
association and DNA binding activity of the heterotrimeric
transcription factor NF-Y is regulated by cellular redox.
] Biol Chem 271: 28784-28791, 1996.

Natoli G and De Santa F. Shaping alternative NF-kappaB-
dependent gene expression programs: new clues to speci-
ficity. Cell Death Differ 13: 693-696, 2006.

Nguyen T, Pickett CB, and Nioi P. The Nrf2-ARE signaling
pathway and its activation by oxidative stress. | Biol Chem
284: 13291-13295, 2009.

Nguyen T, Yang CS, and Pickett CB. The pathways
and molecular mechanisms regulating Nrf2 activation in

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

LUKOSZ ET AL.

response to chemical stress. Free Radic Biol Med 37: 433—
441, 2004.

Nigg EA, Baeuerle PA, and Luhrmann R. Nuclear import-
export: in search of signals and mechanisms. Cell 66: 15-22,
1991.

Nolan GP and Baltimore D. The inhibitory ankyrin and ac-
tivator Rel proteins. Curr Opin Genet Dev 2: 211-220, 1992.
Nordberg ] and Arner ES. Reactive oxygen species, anti-
oxidants, and the mammalian thioredoxin system. Free
Radic Biol Med 31: 1287-1312, 2001.

Nott A, Watson PM, Robinson JD, Crepaldi L, and Riccio
A. S-Nitrosylation of histone deacetylase 2 induces chro-
matin remodelling in neurons. Nature 455: 411-415, 2008.
Novak A, Goyal N, and Gronostajski RM. Four conserved
cysteine residues are required for the DNA binding activity
of nuclear factor L. | Biol Chem 267: 12986-12990, 1992.
O'Neill E and Kolch W. Conferring specificity on the ubig-
uitous Raf/MEK signalling pathway. Br | Cancer 90: 283—
288, 2004.

Oh H, Taffet GE, Youker KA, Entman ML, Overbeek
PA, Michael LH, and Schneider MD. Telomerase reverse
transcriptase promotes cardiac muscle cell proliferation,
hypertrophy, and survival. Proc Natl Acad Sci U S A 98:
10308-10313, 2001.

Okamoto K, Tanaka H, Ogawa H, Makino Y, Eguchi H,
Hayashi S, Yoshikawa N, Poellinger L, Umesono K, and
Makino I. Redox-dependent regulation of nuclear import of
the glucocorticoid receptor. | Biol Chem 274: 1036310371,
1999.

Okuno H, Akahori A, Sato H, Xanthoudakis S, Curran T,
and Iba H. Escape from redox regulation enhances the
transforming activity of Fos. Oncogene 8: 695-701, 1993.
Ordway JM, Eberhart D, and Curran T. Cysteine 64 of Ref-1
is not essential for redox regulation of AP-1 DNA binding.
Mol Cell Biol 23: 4257-4266, 2003.

Osawa M, Itoh S, Ohta S, Huang Q, Berk BC, Marmarosh
NL, Che W, Ding B, Yan C, and Abe J. ERK1/2 associates
with the c-Met-binding domain of growth factor receptor-
bound protein 2 (Grb2)-associated binder-1 (Gab1): role in
ERK1/2 and early growth response factor-1 (Egr-1) nuclear
accumulation. ] Biol Chem 279: 29691-29699, 2004.

Pai HV, Starke DW, Lesnefsky EJ, Hoppel CL, and Mieyal JJ.
What is the functional significance of the unique location
of glutaredoxin 1 (GRx1) in the intermembrane space of
mitochondria? Antioxid Redox Signal 9: 2027-2033, 2007.
Pallardo FV, Markovic J, Garcia JL, and Vina J. Role of
nuclear glutathione as a key regulator of cell proliferation.
Mol Aspects Med 30: 77-85, 2009.

Pan S and Berk BC. Glutathiolation regulates tumor necrosis
factor-alpha-induced caspase-3 cleavage and apoptosis: key
role for glutaredoxin in the death pathway. Circ Res 100:
213-219, 2007.

Paolillo M, Feliciello A, Porcellini A, Garbi C, Bifulco
M, Schinelli S, Ventra C, Stabile E, Ricciardelli G, Schettini
G, and Avvedimento EV. The type and the localization of
cAMP-dependent protein kinase regulate transmission of
cAMP signals to the nucleus in cortical and cerebellar
granule cells. | Biol Chem 274: 6546—6552, 1999.
Papavassiliou AG. The CREB/ATF family of transcription
factors: modulation by reversible phosphorylation. Anti-
cancer Res 14: 1801-1805, 1994.

Park SW, Huq MD, Hu X, and Wei LN. Tyrosine nitration
on p65: a novel mechanism to rapidly inactivate nuclear
factor-kappaB. Mol Cell Proteomics 4: 300-309, 2005.



NUCLEAR REDOX SIGNALING

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Parks D, Bolinger R, and Mann K. Redox state regulates
binding of p53 to sequence-specific DNA, but not to non-
specific or mismatched DNA. Nucleic Acids Res 25: 1289—
1295, 1997.

Parsons SJ and Parsons JT. Src family kinases, key regula-
tors of signal transduction. Oncogene 23: 7906-7909, 2004.
Peng CY, Graves PR, Thoma RS, Wu Z, Shaw AS, and
Piwnica-Worms H. Mitotic and G, checkpoint control:
regulation of 14-3-3 protein binding by phosphorylation of
Cdc25C on serine-216. Science 277: 1501-1505, 1997.
Persson C, Sjoblom T, Groen A, Kappert K, Engstrom U,
Hellman U, Heldin CH, den Hertog J, and Ostman A.
Preferential oxidation of the second phosphatase domain of
receptor-like PTP-alpha revealed by an antibody against
oxidized protein tyrosine phosphatases. Proc Natl Acad Sci
us A 101: 1886-1891, 2004.

Pineda-Molina E, Klatt P, Vazquez ], Marina A, Garcia de
Lacoba M, Perez-Sala D, and Lamas S. Glutathionylation of
the p50 subunit of NF-kappaB: a mechanism for redox-
induced inhibition of DNA binding. Biochemistry 40: 14134—
14142, 2001.

Qanungo S, Starke DW, Pai HV, Mieyal JJ, and Nieminen
AL. Glutathione supplementation potentiates hypoxic ap-
optosis by S-glutathionylation of p65-NFkappaB. ] Biol
Chem 282: 18427-18436, 2007.

Quan X, Tsoulos P, Kuritzky A, Zhang R, and Stochaj U.
The carrier Msn5p/Kap142p promotes nuclear export of
the hsp70 Ssa4p and relocates in response to stress. Mol
Microbiol 62: 592-609, 2006.

Quan X, Yu J, Bussey H, and Stochaj U. The localization of
nuclear exporters of the importin-beta family is regulated
by Snfl kinase, nutrient supply and stress. Biochim Biophys
Acta 1773: 1052-1061, 2007.

Rainwater R, Parks D, Anderson ME, Tegtmeyer P, and
Mann K. Role of cysteine residues in regulation of p53
function. Mol Cell Biol 15: 3892-3903, 1995.

Ramos-Gomez M, Kwak MK, Dolan PM, Itoh K, Yamamoto
M, Talalay P, and Kensler TW. Sensitivity to carcinogenesis
is increased and chemoprotective efficacy of enzyme in-
ducers is lost in nrf2 transcription factor-deficient mice. Proc
Natl Acad Sci U S A 98: 3410-3415, 2001.

Rhee SG, Chae HZ, and Kim K. Peroxiredoxins: a historical
overview and speculative preview of novel mechanisms
and emerging concepts in cell signaling. Free Radic Biol Med
38: 1543-1552, 2005.

Rhee SG, Kang SW, Chang TS, Jeong W, and Kim K. Per-
oxiredoxin, a novel family of peroxidases. IUBMB Life 52:
35-41, 2001.

Richards JP, Bachinger HP, Goodman RH, and Brennan RG.
Analysis of the structural properties of cAMP-responsive
element-binding protein (CREB) and phosphorylated CREB.
J Biol Chem 271: 13716-13723, 1996.
Rodriguez-Manzaneque MT, Tamarit ], Belli G, Ros ], and
Herrero E. Grx5 is a mitochondrial glutaredoxin required
for the activity of iron/sulfur enzymes. Mol Biol Cell 13:
1109-1121, 2002.

Rogers LK, Gupta S, Welty SE, Hansen TN, and Smith CV.
Nuclear and nucleolar glutathione reductase, peroxidase,
and transferase activities in livers of male and female Fi-
scher-344 rats. Toxicol Sci 69: 279-285, 2002.

Rudolph KL, Chang S, Millard M, Schreiber-Agus N, and
DePinho RA. Inhibition of experimental liver cirrhosis in
mice by telomerase gene delivery. Science 287: 1253-1258,
2000.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

739

Safe S and Abdelrahim M. Sp transcription factor fam-
ily and its role in cancer. Eur | Cancer 41: 2438-2448,
2005.

Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada
Y, Kawabata M, Miyazono K, and Ichijo H. Mammalian
thioredoxin is a direct inhibitor of apoptosis signal-regulating
kinase (ASK) 1. EMBO ] 17: 2596-2606, 1998.

Sanchez Y, Wong C, Thoma RS, Richman R, Wu Z, Piw-
nica-Worms H, and Elledge SJ]. Conservation of the Chkl
checkpoint pathway in mammals: linkage of DNA damage
to Cdk regulation through Cdc25. Science 277: 1497-1501,
1997.

Sanchez-Perez I, Murguia JR, and Perona R. Cisplatin in-
duces a persistent activation of JNK that is related to cell
death. Oncogene 16: 533-540, 1998.

Sassone-Corsi P. Transcription factors responsive to cAMP.
Annu Rev Cell Dev Biol 11: 355-377, 1995.

Savitsky PA and Finkel T. Redox regulation of Cdc25C.
J Biol Chem 277: 20535-20540, 2002.

Schifer D, Hamm-Kunzelmann B, Hermfisse U, and Brand
K. Differences in DNA-binding efficiency of Sp1 to aldolase
and pyruvate kinase promoter correlate with altered redox
states in resting and proliferating rat thymocytes. FEBS Lett
391: 35-38, 1996.

Schafer FQ and Buettner GR. Redox environment of the
cell as viewed through the redox state of the glutathione
disulfide/glutathione couple. Free Radic Biol Med 30: 1191-
1212, 2001.

Scheidereit C. IkappaB kinase complexes: gateways to NF-
kappaB activation and transcription. Oncogene 25: 6685—
6705, 2006.

Schroder E and Ponting CP. Evidence that peroxiredoxins
are novel members of the thioredoxin fold superfamily.
Protein Sci 7: 2465-2468, 1998.

Schroeder P, Popp R, Wiegand B, Altschmied ], and Haen-
deler J. Nuclear redox-signaling is essential for apoptosis
inhibition in endothelial cells: important role for nuclear
thioredoxin-1. Arterioscler Thromb Vasc Biol 27: 2325-2331,
2007.

Schulze PC, De Keulenaer GW, Yoshioka J, Kassik KA, and
Lee RT. Vitamin Dz-upregulated protein-1 (VDUP-1) reg-
ulates redox-dependent vascular smooth muscle cell pro-
liferation through interaction with thioredoxin. Circ Res 91:
689-695, 2002.

Semenza GL. Regulation of mammalian O2 homeostasis
by hypoxia-inducible factor 1. Annu Rev Cell Dev Biol 15:
551-578, 1999.

Semenza GL. HIF-1, O(2), and the 3 PHDs: how animal
cells signal hypoxia to the nucleus. Cell 107: 1-3, 2001.
Sen R and Baltimore D. Inducibility of kappa immuno-
globulin enhancer-binding protein Nf-kappa B by a post-
translational mechanism. Cell 47: 921-928, 1986.

Sen R and Baltimore D. Multiple nuclear factors interact
with the immunoglobulin enhancer sequences. Cell 46: 705—
716, 1986.

Shenolikar S. Protein serine/threonine phosphatases: new
avenues for cell regulation. Annu Rev Cell Biol 10: 55-86,
1994.

Shigemori K, Ishizaki T, Matsukawa S, Sakai A, Nakai T,
and Miyabo S. Adenine nucleotides via activation of ATP-
sensitive K+ channels modulate hypoxic response in rat
pulmonary artery. Am | Physiol 270: L803-L809, 1996.
Shiraishi I, Melendez J, Ahn Y, Skavdahl M, Murphy E,
Welch S, Schaefer E, Walsh K, Rosenzweig A, Torella D,



740

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

Nurzynska D, Kajstura J, Leri A, Anversa P, and Sussman
MA. Nuclear targeting of Akt enhances kinase activity and
survival of cardiomyocytes. Circ Res 94: 884-891, 2004.
Silva CM and Cidlowski JA. Direct evidence for intra- and
intermolecular disulfide bond formation in the human
glucocorticoid receptor: inhibition of DNA binding and
identification of a new receptor-associated protein. | Biol
Chem 264: 6638-6647, 1989.

Smeenk L, van Heeringen SJ, Koeppel M, van Driel MA,
Bartels SJ, Akkers RC, Denissov S, Stunnenberg HG, and
Lohrum M. Characterization of genome-wide p53-binding
sites upon stress response. Nucleic Acids Res 36: 3639-3654,
2008.

Smith GC and Jackson SP. The DNA-dependent protein
kinase. Genes Dev 13: 916-934, 1999.

Soboll S, Grundel S, Harris J, Kolb-Bachofen V, Ketterer B,
and Sies H. The content of glutathione and glutathione
S-transferases and the glutathione peroxidase activity in rat
liver nuclei determined by a non-aqueous technique of cell
fractionation. Biochem ] 311: 889-894, 1995.

Sohn ] and Rudolph J. Catalytic and chemical competence
of regulation of cdc25 phosphatase by oxidation/reduction.
Biochemistry 42: 10060-10070, 2003.

Soussi T and Beroud C. Significance of TP53 mutations in
human cancer: a critical analysis of mutations at CpG di-
nucleotides. Hum Mutat 21: 192-200, 2003.

Starovasnik MA, Blackwell TK, Laue TM, Weintraub H,
and Klevit RE. Folding topology of the disulfide-bonded
dimeric DNA-binding domain of the myogenic determi-
nation factor MyoD. Biochemistry 31: 9891-9903, 1992.
Stavreus-Evers A, Masironi B, Landgren BM, Holmgren A,
Eriksson H, and Sahlin L. Immunohistochemical localiza-
tion of glutaredoxin and thioredoxin in human endome-
trium: a possible association with pinopodes. Mol Hum
Reprod 8: 546-551, 2002.

Stella L, Pallottini V, Moreno S, Leoni S, De Maria F, Turella
P, Federici G, Fabrini R, Dawood KF, Bello ML, Pedersen
JZ, and Ricci G. Electrostatic association of glutathione
transferase to the nuclear membrane: evidence of an en-
zyme defense barrier at the nuclear envelope. | Biol Chem
282: 6372-6379, 2007.

Stubbs M, Veech RL, and Krebs HA. Control of the redox
state of the nicotinamide-adenine dinucleotide couple in rat
liver cytoplasm. Biochem | 126: 59-65, 1972.

Sun X, Wu F, Datta R, Kharbanda S, and Kufe D. Interaction
between protein kinase C delta and the c-Abl tyrosine ki-
nase in the cellular response to oxidative stress. | Biol Chem
275: 7470-7473, 2000.

Tell G, Damante G, Caldwell D, and Kelley MR. The in-
tracellular localization of APE1/Ref-1: more than a passive
phenomenon? Antioxid Redox Signal 7: 367-384, 2005.

Tell G, Pellizzari L, Cimarosti D, Pucillo C, and Damante G.
Ref-1 controls pax-8 DNA-binding activity. Biochem Biophys
Res Commun 252: 178-183, 1998.

Tell G, Pines A, Paron I, D’Elia A, Bisca A, Kelley MR,
Manzini G, and Damante G. Redox effector factor-1 regu-
lates the activity of thyroid transcription factor 1 by con-
trolling the redox state of the N transcriptional activation
domain. | Biol Chem 277: 14564-14574, 2002.

Tell G, Scaloni A, Pellizzari L, Formisano S, Pucillo C, and
Damante G. Redox potential controls the structure and
DNA binding activity of the paired domain. | Biol Chem 273:
25062-25072, 1998.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

LUKOSZ ET AL.

Tell G, Zecca A, Pellizzari L, Spessotto P, Colombatti A,
Kelley MR, Damante G, and Pucillo C. An “environment
to nucleus” signaling system operates in B lymphocytes:
redox status modulates BSAP/Pax-5 activation through
Ref-1 nuclear translocation. Nucleic Acids Res 28: 1099-1105,
2000.

ten Hoeve ], de Jesus Ibarra-Sanchez M, Fu Y, Zhu W,
Tremblay M, David M, and Shuai K. Identification of a
nuclear Statl protein tyrosine phosphatase. Mol Cell Biol 22:
5662-5668, 2002.

Tienrungroj W, Meshinchi S, Sanchez ER, Pratt SE, Grippo
JE, Holmgren A, and Pratt WB. The role of sulthydryl groups
in permitting transformation and DNA binding of the glu-
cocorticoid receptor. | Biol Chem 262: 6992-7000, 1987.
Toledano MB and Leonard WJ]. Modulation of transcription
factor NF-kappa B binding activity by oxidation-reduction
in vitro. Proc Natl Acad Sci U S A 88: 4328-4332, 1991.
Tonks NK. PTP1B: from the sidelines to the front lines!
FEBS Lett 546: 140-148, 2003.

Tsujita Y, Muraski J, Shiraishi I, Kato T, Kajstura ], Anversa
P, and Sussman MA. Nuclear targeting of Akt antagonizes
aspects of cardiomyocyte hypertrophy. Proc Natl Acad Sci
U S A 103: 11946-11951, 2006.

Valko M, Rhodes CJ, Moncol J, Izakovic M, and Mazur M.
Free radicals, metals and antioxidants in oxidative stress-
induced cancer. Chem Biol Interact 160: 1-40, 2006.

Veech RL, Eggleston LV, and Krebs HA. The redox state
of free nicotinamide-adenine dinucleotide phosphate in the
cytoplasm of rat liver. Biochem | 115: 609619, 1969.
Velichkova M and Hasson T. Keapl regulates the oxida-
tion-sensitive shuttling of Nrf2 into and out of the nucleus
via a Crm1-dependent nuclear export mechanism. Mol Cell
Biol 25: 4501-4513, 2005.

Wahllander A, Soboll S, Sies H, Linke I, and Muller M.
Hepatic mitochondrial and cytosolic glutathione content
and the subcellular distribution of GSH-S-transferases.
FEBS Lett 97: 138-140, 1979.

Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD,
Kang MI, Kobayashi A, Yamamoto M, Kensler TW, and
Talalay P. Protection against electrophile and oxidant stress
by induction of the phase 2 response: fate of cysteines of
the Keap1 sensor modified by inducers. Proc Natl Acad Sci
U S A 101: 2040-2045, 2004.

Wakasugi N, Tagaya Y, Wakasugi H, Mitsui A, Maeda M,
Yodoi J, and Tursz T. Adult T-cell leukemia-derived fac-
tor/thioredoxin, produced by both human T-lymphotropic
virus type I- and Epstein-Barr virus-transformed lympho-
cytes, acts as an autocrine growth factor and synergizes
with interleukin 1 and interleukin 2. Proc Natl Acad Sci U S A
87: 8282-8286, 1990.

Walker DR, Bond JP, Tarone RE, Harris CC, Makalowski
W, Boguski MS, and Greenblatt MS. Evolutionary conser-
vation and somatic mutation hotspot maps of p53: corre-
lation with p53 protein structural and functional features.
Oncogene 18: 211-218, 1999.

Wang ], Boja ES, Tan W, Tekle E, Fales HM, English S,
Mieyal JJ, and Chock PB. Reversible glutathionylation
regulates actin polymerization in A431cells. | Biol Chem
276: 47763-47766, 2001.

Wang ], Pan S, and Berk BC. Glutaredoxin mediates Akt
and eNOS activation by flow in a glutathione reductase-
dependent manner. Arterioscler Thromb Vasc Biol 27: 1283—
1288, 2007.



NUCLEAR REDOX SIGNALING

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Wang ], Tekle E, Oubrahim H, Mieyal J], Stadtman ER, and
Chock PB. Stable and controllable RNA interference: in-
vestigating the physiological function of glutathionylated
actin. Proc Natl Acad Sci U S A 100: 5103-5106, 2003.
Wang X, Martindale JL, Liu Y, and Holbrook NJ. The
cellular response to oxidative stress: influences of mitogen-
activated protein kinase signalling pathways on cell sur-
vival. Biochem | 333: 291-300, 1998.

Wei §], Botero A, Hirota K, Bradbury CM, Markovina S,
Laszlo A, Spitz DR, Goswami PC, Yodoi J, and Gius D.
Thioredoxin nuclear translocation and interaction with re-
dox factor-1 activates the activator protein-1 transcription
factor in response to ionizing radiation. Cancer Res 60: 6688—
6695, 2000.

Weinberg RL, Veprintsev DB, and Fersht AR. Cooperative
binding of tetrameric p53 to DNA. | Mol Biol 341: 1145-
1159, 2004.

Wenger RH. Cellular adaptation to hypoxia: O,-sensing
protein hydroxylases, hypoxia-inducible transcription fac-
tors, and O,-regulated gene expression. FASEB | 16: 1151-
1162, 2002.

Wenger RH, Stiehl DP, and Camenisch G. Integration of
oxygen signaling at the consensus HRE. Sci STKE 2005:
rel2, 2005.

Wilson DM 3™ and Barsky D. The major human abasic
endonuclease: formation, consequences and repair of abasic
lesions in DNA. Mutat Res 485: 283-307, 2001.

Wingert RA, Galloway JL, Barut B, Foott H, Fraenkel P,
Axe JL, Weber GJ, Dooley K, Davidson AJ, Schmid B, Paw
BH, Shaw GC, Kingsley P, Palis J, Schubert H, Chen O,
Kaplan J, and Zon LI. Deficiency of glutaredoxin 5 reveals
Fe-S clusters are required for vertebrate haem synthesis.
Nature 436: 1035-1039, 2005.

Witte S, Villalba M, Bi K, Liu Y, Isakov N, and Altman
A. Inhibition of the c-Jun N-terminal kinase/AP-1 and
NF-kappaB pathways by PICOT, a novel protein kinase
C-interacting protein with a thioredoxin homology domain.
J Biol Chem 275: 1902-1909, 2000.

Wood ZA, Schroder E, Robin Harris J, and Poole LB.
Structure, mechanism and regulation of peroxiredoxins.
Trends Biochem Sci 28: 3240, 2003.

Wu Y, Moser M, Bautch VL, and Patterson C. HoxB5 is an
upstream transcriptional switch for differentiation of the
vascular endothelium from precursor cells. Mol Cell Biol 23:
5680-5691, 2003.

Xanthoudakis S and Curran T. Identification and charac-
terization of Ref-1, a nuclear protein that facilitates AP-1
DNA-binding activity. EMBO ] 11: 653-665, 1992.
Xanthoudakis S, Miao G, Wang F, Pan YC, and Curran T.
Redox activation of Fos-Jun DNA binding activity is me-

255.

256.

257.

258.

259.

260.

261.

262.

263.

™

diated by a DNA repair enzyme. EMBO | 11: 3323-3335,
1992.

Xanthoudakis S, Miao GG, and Curran T. The redox and
DNA-repair activities of Ref-1 are encoded by nonover-
lapping domains. Proc Natl Acad Sci U S A 91: 23-27, 1994.
Yamaguchi T, Miki Y, and Yoshida K. Protein kinase C delta
activates IkappaB-kinase alpha to induce the p53 tumor
suppressor in response to oxidative stress. Cell Signal 19:
2088-2097, 2007.

Yamamoto T, Sekine Y, Kashima K, Kubota A, Sato N, Aoki
N, and Matsuda T. The nuclear isoform of protein-tyrosine
phosphatase TC-PTP regulates interleukin-6-mediated sig-
naling pathway through STAT3 dephosphorylation. Bio-
chem Biophys Res Commun 297: 811-817, 2002.

Yamanaka H, Maehira F, Oshiro M, Asato T, Yanagawa Y,
Takei H, and Nakashima Y. A possible interaction of
thioredoxin with VDUP1 in HeLa cells detected in a yeast
two-hybrid system. Biochem Biophys Res Commun 271: 796~
800, 2000.

Yoshida K. PKCdelta signaling: mechanisms of DNA dam-
age response and apoptosis. Cell Signal 19: 892-901, 2007.
Yuan ZM, Utsugisawa T, Ishiko T, Nakada S, Huang Y,
Kharbanda S, Weichselbaum R, and Kufe D. Activation of
protein kinase C delta by the c-Abl tyrosine kinase in re-
sponse to ionizing radiation. Oncogene 16: 1643-1648, 1998.
Zhang Q, Piston DW, and Goodman RH. Regulation of
corepressor function by nuclear NADH. Science 295: 1895-
1897, 2002.

Zhu H, Fu W, and Mattson MP. The catalytic subunit of
telomerase protects neurons against amyloid beta-peptide-
induced apoptosis. | Neurochem 75: 117-124, 2000.

Zipper LM and Mulcahy RT. Erk activation is required for
Nrf2 nuclear localization during pyrrolidine dithiocarba-
mate induction of glutamate cysteine ligase modulatory
gene expression in HepG2 cells. Toxicol Sci 73: 124-134, 2003.

Address correspondence to:

Judith Haendeler, Ph.D.

Molecular Cell & Aging Research

IUF (Institute for Molecular Preventive Medicine)
At the University of Duesseldorf gGmbH

Auf’m Hennekamp 50

40225 Duesseldorf

Germany

E-mail: juhae001@uni-duesseldorf.de

Date of first submission to ARS Central, March 31, 2009;
date of final revised submission September 2, 2009; date of
acceptance, September 5, 2009.



742

Abbreviations Used

AP-1 =activator protein 1
APEX1 = APEX nuclease (multifunctional
DNA-repair enzyme) 1
ATF = activating transcription factor
bZIP =basic region-leucine zipper
cAMP = cyclic adenosine monophosphate
CDK = cyclin dependent kinase
CRE =cAMP response element
CREB = cAMP response element-binding
protein
CREM = CRE modulator
DBD = DNA binding domain
DNA-PK =DNA protein kinase
DTT = dithiothreitol
Egr-1=early growth-response factor 1
ER = estrogen receptor
ERE = estrogen response element
ERK = extracellular regulated kinase
GPx = glutathione peroxidase
GR = glutathione reductase
GRE = glucocorticoid response element
Grx = glutaredoxin
GSH = glutathione
GST =glutathione S-transferase
HIF = hypoxia-inducible factor
HLF = HIF-1a-like factor
HRE = hypoxia-response element
Hsp = heat-shock protein
HTLV =human T-lymphotropic virus
IxB = inhibitor of nuclear factor-«xB
IKK =1IxB kinase
JAK =Janus kinase
JIP = JNK-inhibitor protein
JNK = c-Jun NH;-terminal kinase
Keap1 = Kelch-like ECH-associated protein 1
MAP kinase = mitogen-activated protein kinase
MKK =MAP kinase kinase
NFI/CTF =nuclear factor I/CAAT
transcription factor
NF-xB = nuclear factor-xB
NIK = NF-xB-inducing kinase
NLS =nuclear localization signal
Nrf-2 = nuclear factor erythroid 2-related
factor 2/NF-E2 related factor 2
ODD = oxygen-dependent degradation
domain
PKA =protein kinase A
PKC = protein kinase C
Prx = peroxiredoxin
PTP = protein tyrosine phosphatase
ROS = reactive oxygen species
SOD = superoxide dismutase
Sp1 = specificity protein 1
STAT =signal transducer and activator
of transcription
TAD = transcription-activation domain
TC-PTP =T-cell protein tyrosine phosphatase
TERT = telomerase transcriptase
TR1 = thioredoxin-1 reductase
Trx-1 = thioredoxin-1
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Abstract

One distinguishing feature of eukaryotic cells is their compartmentalization into organelles, which all have a
unique structural and functional identity. Some proteins are exclusively localized in a single organelle, whereas
others are found in more than one. A few proteins, whose function was thought to be completely understood,
were only recently found to be present in the mitochondria. Although these proteins come from diverse func-
tional classes, their common new denominator is the regulation of respiratory chain activity. Therefore, this
review focuses on new functions of the Signal Transducer and Activator of Transcription 3, originally described
as a transcription factor, the most prominent Src kinase family members, Src, Fyn, and Yes, which were so far
known as plasma membrane-associated molecular effectors of a variety of extracellular stimuli, the tyrosine
phosphatase Shp-2 previously characterized as a modulator of cytosolic signal transduction involved in cell
growth, development, inflammation, and chemotaxis, and Telomerase Reverse Transcriptase, the key enzyme
preventing telomere erosion in the nucleus. Their unexpected localization in other organelles and regulation
of mitochondrial and/or nuclear functions by them adds a new layer of regulatory complexity. This extends
the flexibility to cope with changing environmental demands using a limited number of genes and proteins.

Antioxid. Redox Signal. 13, 000-000.

Introduction

ONE DISTINGUISHING FEATURE OF EUKARYOTIC CELLS in
comparison to prokaryotes is their compartmentali-
zation into organelles, which are obvious already at the
microscopic level. Each compartment or organelle contains a
characteristic set of proteins providing it with a unique struc-
tural and functional identity. Therefore, proteins, which—
with the exception of a few respiratory chain components in
the mitochondria—are translated in the cytoplasm, have to be
targeted to their place of final destination. Eukaryotic cells
have evolved highly specialized mechanisms to perform this
task. Most commonly, specific topogenic sequences within
proteins are used to target them to a distinct subcellular
localization, such as the nucleus, mitochondria, peroxisomes,
and the endoplasmic reticulum, from where they are trans-
ported through the Golgi apparatus to become secreted or
membrane proteins. All these targeting sequences are char-
acterized by conserved amino acids and are recognized by
highly specialized transport complexes that are required to
carry their cargo to the respective organelle. Specific se-
quences of amino acids can easily be recognized by appro-

priate analysis software and therefore a large number of
programs are available to predict the subcellular localization
of a protein based on its primary structure (Table 1). However,
not all proteins contain such conserved targeting sequences
despite a highly specific subcellular distribution (7, 8, 11,
20, 21).

Besides proteins that are exclusively localized in a single
organelle, others exist, which are present in more than one
compartment. One cellular strategy to achieve distribution to
several or different locations is to produce different poly-
peptides possessing or lacking one or the other targeting
sequence, either from separate genes or from a single gene
by means of alternative transcription or translation initia-
tion, differential splicing, or post-translational modifica-
tion. However, several proteins possess two targeting signals
leading to distribution between several organelles. In these
cases, the desired and/or required localization can be
achieved by different relative affinities to the transport ma-
chineries, accessibility of the targeting signals, incomplete
translocation or redistribution via retrograde transport, leak-
age out of the organelle, or active export (for review, see Refs.
9 and 23).

'Molecular Aging Research, LIUF (Leibniz-Institute for Molecular Preventive Medicine), University of Duesseldorf, Duesseldorf, Germany.
2Crucible Laboratory, Institute for Ageing and Health, Newcastle University, Newcastle upon Tyne, United Kingdom.
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TABLE 1. PUBLICLY AVAILABLE PROGRAMS FOR THE PREDICTION OF PROTEIN LOCALIZATION
OR SPECIFIC TARGETING SEQUENCES

Program Prediction Homepage Reference
WOoLF PSORT Subcellular localization http: //wolfpsort.org (21)
TargetP Subcellular localization www.cbs.dtu.dk/services/TargetP/ (1)
MultiLoc Subcellular localization www-bs.informatik.uni-tuebingen.de /Services/MultiLoc/ (20)
TargetLoc
Mitoprot Mitochondrial targeting http: //ihg2. helmholtz-muenchen.de/ihg/mitoprot.html (7)
sequence and cleavage site

SignalP Signal peptide www.cbs.dtu.dk/services/SignalP/ 1)
PredictNLS Nuclear localization sequence http: //cubic.bioc.columbia.edu/services/predictNLS/ ()]

As the distribution of single translation products to more
than one destination within the cell is less well understood
than targeting to a single compartment, this review will be
far from comprehensive, but rather a compilation of a few
interesting proteins, for which a role in the nucleus and in
the mitochondria has been shown just recently. The aim is
not to describe the regulation of targeting of these proteins,
but rather their function in different organelles. The major
emphasis will be on proteins newly discovered in the mi-
tochondria, which play a role in regulating the electron
transfer chain. Mitochondria contain the most reducing
compartment, have the highest rate of electron transfer, and
are highly sensitive to oxidation. They are the most redox-
active compartment of mammalian cells, accounting for
more than 90% of electron transfer to O, as the terminal
electron acceptor. Therefore, proteins that have well-de-
scribed functions in other cellular compartments and were
recently shown to be involved in the regulation of respira-
tory chain regulation are in the focus of this review. Speci-
fically, we will discuss functions of four proteins in
compartments where they had not been suspected before: a)
the Signal Transducer and Activator of Transcription 3
(STATS3), originally described as a transcription factor; b) the
most prominent Src kinase family members, Src, Fyn, and
Yes, which were so far known as plasma membrane-
associated molecular effectors of a variety of extracellular
stimuli; c) the tyrosine phosphatase Shp-2 previously cha-
racterized as a modulator of cytosolic signal transduction
involved in cell growth, development, inflammation, and
chemotaxis; and d) Telomerase Reverse Transcriptase
(TERT), the key enzyme preventing telomere erosion in the
nucleus.

1. Signal Transducer and Activator
of Transcription 3

Signal transducers and activators of transcription (STATs)
were originally described as key components of a direct signal
transduction pathway from the cell surface to the nucleus in
response to cytokines and growth factors. For a long time, the
tyrosine phosphorylation of STATs by ligand activated re-
ceptors was thought to be an obligatory requirement for di-
merization in an active conformation, nuclear import, and
transcriptional activation (10, 25). More recently it has been
shown that nonphosphorylated STATs shuttle between the
cytoplasm and the nucleus at all times in a constitutive
manner and that also these nonphosphorylated STATSs can be
transcriptionally active, either as homodimers or in a complex

with other transcription factors. However, these nonpho-
sphorylated STATs regulate a different set of target genes
than their phosphorylated counterparts (36, 42) (Fig. 1).
Lately, new functions for STAT3 outside the nucleus
became evident. STAT3 was shown to be present in the mi-

Cytokine
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FIG. 1. Nuclear functions of STAT3. STATS3 is tyrosine
phosphorylated by Janus kinase (Jak) activation in response to
cytokine binding to the corresponding receptor. Phosphoryla-
tion of tyrosine 705 leads to nuclear translocation of the STAT3
protein. Dimerized, phosphorylated STAT3 causes transcrip-
tional activation of a specific set of target genes (X). Nonpho-
sphorylated STAT3 can shuttle between the cytoplasm and
nucleus. Dimers of unphosphorylated STAT3 activate a dif-
ferent set of target genes (Y) than phosphorylated dimers.
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tochondria of cultured cells and primary tissue, although it
does not contain a mitochondrial targeting sequence.
Immunoprecipitations demonstrated an association with
complex I and possibly with complex II of the electron
transport chain. On the functional level, an influence of
STATS3 on the respiratory chain was demonstrated in STAT3-
deficient pro-B cells, where the activities of complexes I and II
were reduced by 40% and 85%, respectively, although the
mitochondrial content in the STAT3 -/- cells was unaltered.
These findings were confirmed in hearts of mice with cardio-
myocyte specific ablation of STAT3. Reconstitution of STAT3-
deficient cells with different STAT3 mutants specifically
targeted to the mitochondria revealed that mitochondrial
STATS3 is sufficient to modulate respiratory chain activity and
that phosphorylation on serine 727 and a monomeric con-
formation play a crucial role in this process. In addition, the
effects of STAT3 on the respiratory chain were unrelated to its
actions as a transcription factor (39). A second report de-
scribed a function of mitochondrial STAT3 in cellular trans-
formation by the nontyrosine kinase oncogene Ras (14). Ras
mediated transformation in vitro and tumor growth in mice
were impaired in STAT3-deficient cells. Mutational analysis
demonstrated that the N-terminal DNA binding domain, the
Src homology 2 (SH2) domain, phosphorylation on tyrosine
705, and nuclear localization of STAT3 are dispensable for
supporting malignant transformation by Ras. In contrast,
tyrosine phosphorylation and presence in the nucleus are re-
quired for transformation by the tyrosine kinase oncogene v-
Src. This newly discovered function of STAT3 was ascribed to
its mitochondrial localization accompanied by augmentation
of respiratory chain activity, particularly that of complex II
and V, and a dependence on phosphorylation of serine 727. In
summary, these reports lead to the conclusion that mito-
chondrial STAT3 can modulate the activity of the electron
transport chain and that the structural requirements are
completely different than the ones for transcriptional activa-
tion in the nucleus (Fig. 2).

2. Src, Fyn, and Yes Kinases

The Src family of nonreceptor protein tyrosine kinases
consists of at least 9 members, some of which, like Src, Yes,
and Fyn, are ubiquitously expressed, whereas others show
more limited expression patterns (28). In this review we will
focus on the most prominent kinases, Src, Fyn, and Yes, be-
cause they can compensate for each other. These three kinases
are important for the regulation of cell proliferation by modu-
lating cell metabolism, division, survival, and migration.
Their function as plasma membrane-associated molecular
effectors of a variety of extracellular stimuli is well known.
However, recent studies demonstrated that at least Src fulfills
also important functions in the nucleus and mitochondria.
Changes in the chromatin structure indicative of active or
inactive transcription are observed during cell cycle, tumori-
genesis, and senescence. Increased euchromatic hypoconden-
sation and heterochromatic hypercondensation are detected
upon growth factor stimulation. These processes depend on
nuclear tyrosine phosphorylation by Src, Fyn, and/or Yes,
since they are not observed in Src, Fyn, Yes-triple deficient
mouse embryonic fibroblasts (MEFs) (38). Recently, our
group revealed a different cellular function for nuclear Src and
Yes in endothelial cells by demonstrating that they contribute
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mitochondrion

FIG. 2. Mitochondrial functions of STAT3. Phosphoryla-
tion on serine 727 is required for STAT3 translocation to the
mitochondria. Here, monomeric STAT3 binds to complexes
of the respiratory chain and thereby enhances their activities.
This newly discovered function is unrelated to its actions as a
transcription factor. Mitochondrial STAT3 is also required
for malignant transformation induced by the proto-oncogene
Ras.

to the hydrogen peroxide-induced nuclear export of telo-
merase reverse transcriptase (TERT) (22), which will be dis-
cussed in more detail later in this review.

A mitochondrial localization of Src has been demonstrated
by several groups (2, 26, 30). In the experiments described in
these publications, several complexes of the respiratory chain
have been identified as substrates for Src. First, the cyto-
chrome c oxidase, the terminal complex of the electron
transport chain was shown to be activated by Src (26). Re-
cently, it has been discovered that Src has also effects on other
complexes of the respiratory chain. Arachiche et al. (2) re-
ported an increase of Src activity in response to ATP in rat
brain mitochondria. ATP addition induced an autophos-
phorylation of Src at its catalytic site, which leads to its acti-
vation. This activated Src increased the activity of the
complexes I, III, and IV, and decreased that of complex V (2).
Taken together, these data indicate that respiratory chain
activity is partially dependent on tyrosine phosphorylation
by Src.

3. Protein Tyrosine Phosphatase Shp-2

The ubiquitously expressed protein tyrosine phosphatase
Shp-2 contains two N-terminal SH2 domains and a C-terminal
protein tyrosine phosphatase domain. Shp-2 plays an im-
portant role in cytosolic signal transduction. It modulates
different pathways involved in cell growth, cell development,
tissue inflammation, and cellular chemotaxis. These cytosolic
functions of Shp-2 are well known and reviewed elsewhere
(5). However, over the last years also nuclear and mitochon-
drial functions of Shp-2 have been identified.

In 2002 Chughtai et al. (6) reported a nuclear localization of
Shp-2 associated with the signal transducer and activator of
transcription 5 (STATS). After stimulation of mammary cells
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with prolactin, Shp-2 forms a complex with STAT5, which
translocates into the nucleus. Formation of this complex is
dependent on tyrosine phosphorylation of STATS in response
to prolactin. Shp-2 binds to tyrosine phosphorylated STAT5
for which it requires the distal SH2 domain and an intact
catalytic center. The nuclear Shp-2/STAT5 complex binds to
DNA and regulates transcription of milk protein genes (6),
demonstrating a transcriptional regulation by nuclear Shp-2.
Given the fact that Shp-2 does not dephosphorylate STAT5
and that binding of Shp-2 to STATS is required for keeping
STATS5 in its tyrosine phosphorylated and thereby active state,
nuclear Shp-2 acts as an enhancer of transcription by binding
to STAT5 and not as a phosphatase. Thus, these findings re-
vealed a new phosphatase independent function of Shp-2. In
contrast, an inhibition of the transcriptional activity of STAT1
by dephosphorylation of tyrosine and serine residues of
STAT1 in the nucleus by Shp-2 has been shown (41), dem-
onstrating that nuclear Shp-2 can also function as a phos-
phatase. In line with these findings are data from our group.
We demonstrated that hydrogen peroxide-induced nuclear
export of TERT is dependent on the tyrosine kinases Src and
Yes. We identified nuclear Shp-2 as the counterplayer for this
export, demonstrating again a phosphatase activity of Shp-2
in the nucleus (22). The maintenance of TERT in the nucleus
by Shp-2 under conditions of oxidative stress will be dis-
cussed in more detail later in this review.

Recently, a tyrosine phosphatase activity was detected in
the mitochondria of rat brains. The responsible phosphatase
was identified as Shp-2. It was mainly located inside the mi-
tochondria associated with cristae and the intercristal space
(31). Arachiche et al. also showed a mitochondrial localization
of Shp-2 (2). As mentioned above, the same group also de-
tected the tyrosine kinase Src in the mitochondria and sug-
gested that Src is partially involved in the regulation of
respiratory chain activity. For cytosolic Src and Shp-2, it has
long been demonstrated that the two proteins regulate each
other in their activity. Therefore, it is tempting to speculate
that mitochondrial Shp-2 acts as a phosphatase and inhibits
Src activity and is thus also involved in the regulation of
respiratory chain activity.

4. Telomerase Reverse Transcriptase

Telomeres, the physical ends of chromosomes, are neces-
sary for their stability and integrity. They are shortened du-
ring each cell division. This shortening is counteracted by the
enzyme telomerase. Telomerase is a large ribonucleoprotein
complex and consists of the reverse transcriptase subunit
telomerase reverse transcriptase (TERT), which contains the
catalytic activity of the enzyme, and the associated RNA
component TERC, which serves as the template for synthesis
of the telomeric sequence (15, 27). Several telomerase-associ-
ated proteins are involved in the assembly and activity of the
holoenzyme (Fig. 3).

TERT is differentially regulated on transcriptional and
post-translational levels but also via its localization. One
major post-translational event is the phosphorylation of TERT
by kinases such as Src, Akt, PKC, and ERK1/2. The kinase Akt
has a dominant role in the activation of TERT (3). Upon
phosphorylation of serine 823 in TERT by Akt, telomerase
activity is increased. Also the binding of HSP90 to TERT is
essential for telomerase activity via stabilization of a TERT/
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FIG. 3. Nuclear function of TERT. Telomerase is com-
posed of the catalytic subunit telomerase reverse transcrip-
tase (TERT) and the telomerase RNA component (TERC).
TERC binds to the telomeric repeats (TTAGGG,) and thus
serves as a template for the reverse transcriptase. Several
telomerase binding proteins are involved in the assembly
and activity of the holoenzyme.

Akt/Hsp90 complex (19) (Fig. 4). The localization of TERT is
highly regulated. Our group demonstrated that TERT is ex-
ported from the nucleus after treatment with tumor necrosis
factor alpha in combination with cycloheximide as well as
with hydrogen peroxide in a CRM1/Ran-GTPase-dependent
manner. This export is mediated by phosphorylation of TERT
on tyrosine 707 by Src kinases in several cell types, including
endothelial cells (19). During induction of replicative senes-
cence in the latter cell type, an increase in active Src kinase
phosphorylated on tyrosine 416 is observed, which induces
nuclear export of TERT (18). Taking into account that cytosolic
Shp-2 and Src kinases can regulate and antagonize each other
under certain conditions, we hypothesized that a nuclear
Shp-2 also exists in endothelial cells which may counteract
the Src kinase-dependent nuclear export of TERT. Indeed,
ablation of endogenous Shp-2 resulted in increased tyrosine
phosphorylation of nuclear TERT and a reduction of telo-
merase activity in the nucleus. Moreover, overexpression of
Shp-2 inhibited hydrogen peroxide-induced tyrosine phos-
phorylation and export of TERT from the nucleus. It has to be
noted that this process requires the catalytic activity of Shp-2,
since the catalytically inactive mutant Shp-2(C459S) cannot
prevent nuclear export of TERT (22), suggesting that either
nuclear Src or TERT or both are dephosphorylated by Shp-2
(Fig. 5).

Interestingly, nuclear TERT was shown to be not only in-
volved in telomere elongation but also in the regulation of
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telomere elongation T
apoptosisl

FIG. 4. In the nucleus TERT forms a complex with Akt
and Hsp90, which keeps TERT phosphorylated on serine 823
and therefore in its active state. Active nuclear TERT prevents
telomere erosion and can inhibit apoptosis. Under conditions
of oxidative stress, Src kinases induce phosphorylation of
nuclear TERT on tyrosine 707 resulting in nuclear TERT export
via the nuclear pore in a CRM1/RanGTP dependent manner.
Protein tyrosine phosphatase Shp-2 inhibits phosphorylation
and TERT export.

apoptosis (13, 17, 19). The anti-apoptotic capacity of TERT
occurred within few hours after transfection, which indicates
a function independent of direct telomere elongation. Further
studies supported telomere-independent functions of TERT.
In cell culture models, the suppression of TERT or TERC in
cancer and stem cells has been shown to reduce proliferation

L

C459

FIG. 5. Regulation of nuclear TERT tyrosine phosphory-
lation by Src and Shp-2. Active Src, phosphorylated on ty-
rosine 416, phosphorylates TERT on tyrosine 707, leading to
nuclear export of TERT. This is counteracted by catalytically
active Shp-2 (C459), which either dephosphorylates TERT
directly or indirectly through inactivation of Src by dephospho-
rylation.
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FIG. 6. TERT is imported into the mitochondria via the
translocases of outer and inner membrane (TOM, TIM).
Here, TERT is located in the matrix and can bind mito-
chondrial DNA (mtDNA). Mitochondrial TERT improves
mitochondrial function, decreases apoptosis, and lowers
ROS levels in the cell.

and render the cells more vulnerable to apoptosis in a largely
telomere length independent fashion (12, 34, 43). Similar re-
sults were obtained by ectopic expression of TERT. Stewart
et al. demonstrated that TERT enhances tumorigenesis inde-
pendent of its telomeric function although the mechanism for
this effect is not entirely clear (37). Importantly, Sarin et al.
showed that conditional transgenic induction of TERT can
activate epidermal stem cells independent of its catalytic
function (35). This demonstrated for the first time that TERT
has an important telomere-independent function in stem and
progenitor cells. In line with the emerging nontelomeric
functions, Santos et al. showed that telomerase activity and
TERT protein can be detected in mitochondria (32, 33). Al-
though this came as a surprise to the scientific community, it is
supported by the finding that TERT has a N-terminal mito-
chondrial targeting sequence. In addition, we showed that
TERT is imported into mitochondria by the translocases of
outer and inner membrane (16) (Fig. 6). However, the func-
tions that TERT fulfills in mitochondria are still controversial.
Santos et al. associated the mitochondrial localization of TERT
with an increased apoptosis induction and interpreted this as
a potential selective mechanism for the elimination of dam-
aged stem cells (33). Recently our laboratories have contra-
dicted these findings by demonstrating a beneficial role of
TERT within mitochondria (1, 16). Independent of each other
we found an improved mitochondrial function, decreased
apoptosis, and reduced mitochondrial reactive oxygen spe-
cies measured as a decrease in Mitosox fluorescence in cells
expressing TERT (Fig. 6). Furthermore, we demonstrated that
TERT directly or indirectly binds to mitochondrial DNA.
Moreover, we showed that mouse lung fibroblasts from TERT
knockout animals are more sensitive to ultraviolet B (UVB)-
induced decrease in proliferation and respiration than their
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wild-type counterparts. UVB radiation causes cell death
and DNA damage. It induces the formation of cyclobutane
pyrimidine dimers and pyrimidine (6-4) pyrimidone photo-
products (44). Together with our finding that TERT associates
with mitochondrial DNA, one could speculate that TERT
protects mitochondrial DNA against the deleterious effects of
UVB. However, there is accumulating evidence that other
mechanisms, such as free radical formation, play important
roles in the cellular responses caused by UVB radiation (24).
This would offer an additional explanation for the protective
function of mitochondrial TERT, which reduces reactive
oxygen species in this organelle. We also demonstrated that
TERT overexpression enhances respiratory chain activity and
found that the respiration rate is decreased in heart, but not in
liver from TERT knockout animals (16).

In accordance with TERT expressing cells having lower
reactive oxidative species levels, it has recently been demon-
strated that cells and tissues from mice deficient for the RNA
component of telomerase (TERC) have an imbalance in their
redox systems, resulting in higher levels of oxidative stress.
Perez—Rivero and colleagues (29) found increased MnSOD
level in MEFs and tissues from first generation TERC knock-
out mice, which do not display telomere shortening, but a
decrease in catalase accompanied by a higher oxidative stress
and oxidative damage. Elevated reactive oxygen species were
shown by increased dichlorofluorescein diacetate and dihy-
droethidine fluorescence and oxidative damage of proteins
was assessed by quantitation of 4-hydroxynonenal protein
adducts. Most importantly, re-introduction of TERC restored
the redox balance (29). This in vivo demonstration of a direct
relationship between telomerase deficiency and oxidative
stress is supported by data from our laboratories. We showed
a reduced oxygen uptake in heart tissue from TERT knockout
mice and a decreased UVB resistance in lung fibroblasts de-
rived from these animals (16). These data are complemented
by our in vitro findings demonstrating a decrease of reactive
oxygen species and improvement of mitochondrial function
in TERT overexpressing fibroblasts (1). In accordance with
this, higher catalase protein levels were found in TERT over-
expressing fibroblasts while there was no change in the levels
of MnSOD (Saretzki, unpublished data). Moreover, the in-
fluence of TERT on heart function has been further investi-
gated in a voluntary running mouse model (40). We showed
that physical exercise can stimulate telomerase in the heart
and has beneficial anti-aging effects measured by a decrease
in senescence-associated markers such as p16, p53, and Chk2.
In TERT-deficient mice, however, the effect of exercise was
absent, pointing to an important role of telomerase in this
process. This leads to the conclusion that the running-induced
upregulation of telomerase reduces oxidative stress and
thereby may slow down senescence. Given the facts that
serum levels of insulin-like growth factor 1 (IGF-1) are in-
creased with voluntary running and that IGF-1 has been
shown to activate Akt in cardiomyocytes, we wanted to de-
termine whether increased IGF-1 levels serve as a mediator of
increased telomerase activity. Therefore, mice were treated
with IGF-1 and as expected, the IGF-1 treatment resulted in an
activation of Akt in the heart and a substantial increase of
telomerase (40). In addition, an increased proliferation rate in
cardiomyocytes was observed after voluntary running. One
possible explanation might be a change in pro-proliferative
transcriptional programs due to increased TERT levels, be-
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cause changes in the cellular transcriptome have been ob-
served upon overexpression of TERT (4). However, it is
undeniable that mitochondrial function is required for car-
diomyocyte proliferation, suggesting that increased TERT
levels, which result in enhanced respiratory chain activity, are
one of the reasons for cardiomyocyte proliferation.

In conclusion, it is tempting to speculate that nuclear and
mitochondrial TERT act in concert to improve cardiomyocyte
and thereby heart function.

Conclusion

In this review we have summarized recent evidence for
several proteins extending their functions to cellular com-
partments beyond the ones, which have been textbook
knowledge for a long time. These proteins can have similar
roles in different organelles or can perform completely dif-
ferent, so far unexpected tasks depending on their subcellular
localization. These new functions are not restricted to a spe-
cific class of proteins, as they have been described for tran-
scription factors, protein kinases and phosphatases, and the
only eukaryotic reverse transcriptase, TERT. Interestingly, all
these proteins are involved in regulatory processes, which
help cells to adapt to changing environmental situations.
Thus, one may speculate that such additional functions in
other cellular compartments, especially in the mitochondria,
are not restricted to the few examples described here, but
could be a more general phenomenon, which might have been
overlooked in the past. Changing the subcellular distribution
of a particular protein and thereby sometimes making use of
other functional properties, adds a new layer of complexity in
addition to the well described regulatory processes on the
transcriptional, translational, or post-translational levels.
Thereby cells, organs and whole organisms would extend
their flexibility to cope with changing environmental de-
mands using a limited number of genes and proteins.
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Telomerase with its catalytic subunit telomerase reverse transcriptase (TERT) prevents telomere erosion
in the nucleus. In addition, telomerase has also telomere-independent functions in protection from apop-
tosis. Unexpectedly, TERT was found in the mitochondria. However, its regulation in this organelle is
completely unknown. Here, we demonstrate that mitochondrial TERT is downregulated by exposure to
H,0, in primary human endothelial cells. This depletion is dependent on the Src phosphorylation site
within TERT, tyrosine 707. In accordance with this finding, we also detected Src in the mitochondria
and demonstrated that Src is activated upon H,0, treatment. This regulation of mitochondrial TERT is
Telomerase reverse franscriptase remini§cent of thg situation in the nucleus from vyhere TERT is exported undgr conditif)ns of oxi'dative
Src kinase stress in a Src kinase dependent manner. In addition, Akt1 was also found in the mitochondria and
Akt1 H,0, treatment led to reduced active Akt1 in these organelles, suggesting that similar regulatory mech-

Keywords:
Mitochondria

Endothelial cells
H,0;

anisms operate in mitochondria and the nucleus.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The enzyme telomerase counteracts the shortening of telo-
meres, the physical ends of the chromosomes. Thereby it prevents
the onset of replicative senescence and genetic instability (Black-
burn, 2000; Buys, 2000; Collins, 2000; Hemann et al., 2001). Its
catalytic subunit is the telomerase reverse transcriptase (TERT)
(Collins, 2000). Several studies demonstrated that nuclear TERT in-
creases cell survival and resistance against oxidative stress after
short term incubation with different stimuli, which did not affect
telomere length (Haendeler et al., 2003a,b; Rahman et al., 2005;
Ramirez et al., 2003; Ren et al., 2001). Another unexpected finding
was the observation that TERT is also localized in mitochondria
(Ahmed et al., 2008; Haendeler et al., 2009; Santos et al., 2004,
2006). Since the circular mitochondrial DNA does not contain
any telomeric repeats, mitochondrial TERT has to have also a telo-
mere-independent role within mitochondria. However, the exact
functions of TERT in mitochondria remain controversial. Santos
et al. demonstrated in fibroblasts overexpressing TERT that it
exacerbates oxidative injury (Santos et al., 2004, 2006). In
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contrast, Ahmed et al. showed in the same cells a protective role
for mitochondrial TERT after oxidative stress (Ahmed et al.,
2008). Furthermore, we recently revealed that endogenous, mito-
chondrial TERT protects mitochondrial DNA from damage and
importantly contributes to the respiratory chain activity under ba-
sal conditions in endothelial cells as well as in human embryonic
kidney cells (Haendeler et al., 2009). Besides this controversy, it is
completely unknown how TERT is regulated in mitochondria.
However, since changes in reactive oxygen species formation reg-
ulate nuclear TERT, one could speculate that also mitochondrial
TERT is affected by oxidative stress. Moreover, there exists accu-
mulating evidence that mitochondria are one compartment within
the cell producing reactive oxygen species that contribute to aging
processes, which has been demonstrated by several lines of evi-
dence. Mice overexpressing mitochondrially targeted catalase
show a significant increase in life span and a reduction in oxida-
tive damage to DNA and consequently in apoptosis (Schriner
et al.,, 2005). Moreover, overexpression of mitochondrially local-
ized antioxidant enzymes lengthens lifespan of Drosophila (Orr
and Sohal, 1994; Ruan et al., 2002) and deletion of manganese
superoxide dismutase in mice results in the age-related decline
of mitochondrial function, culminating in increased apoptosis
(Kokoszka et al., 2001). Thus, aging and apoptotic processes are
associated with increased reactive oxygen species formation with-
in the mitochondria. Because also TERT is involved in aging and
apoptotic processes, we elucidated for the first time the regulation
of mitochondrial TERT by oxidative stress and the role of the Src
kinase therein.
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2. Materials and methods
2.1. Cloning of expression vectors for mitochondrially targeted TERT

The N-terminal mitochondrial targeting sequence was ampli-
fied from pCMV/myc/mito (Invitrogen) using the primers mito-
link forl (5'-CAATTGCTAGCCACCATGTCCGTCCTGACGCCG-3') and
mito-link revl (5'-GCATGAATTCCAACGAATGGATCTTGGCGCG-3)
in a standard PCR reaction. The resulting amplification product
was cut with Nhel and EcoRl, inserted into hTERT expression vec-
tors for TERT wild-type and TERT(Y707F), respectively (Haendeler
et al., 2003a) and verified by sequencing.

2.2. Cell culture, transfection

Human embryonic kidney (HEK) cells were cultured in DMEM
basal medium with 10% heat-inactivated fetal calf serum. Human
umbilical vein endothelial cells (HUVEC) were cultured in endothe-
lial basal medium supplemented with hydrocortisone (1 pg/ml),
bovine brain extract (12 pg/ml), gentamicin (50 pg/ml), amphoter-
icin B (50 ng/ml), epidermal growth factor (10 ng/ml), and 10% fe-
tal calf serum. After detachment with trypsin, cells were grown for
at least 18 h. HUVEC were transiently transfected with Superfect
(QIAGEN) as described previously (Haendeler et al., 2002). The
transfection efficiency in HUVEC was between 20% and 30%.

2.3. Cellular fractionation

Cellular fractionation and isolation of mitochondria was per-
formed as described previously (Yang et al., 1997). To obtain total
cell lysates, cells were lysed in RIPA-buffer as described previously
(Haendeler et al., 2003a).

2.4. Immunoblotting

Immunoblotting was performed with antibodies directed
against TERT (1:500, overnight, 4 °C, Rockland), total Src (1:500,
Invitrogen), phospho-SrcY418 (1:500, Invitrogen), phospho-
SrcY529 (1:1000, Abcam), phospho-Akt1 (1:1000, Cell Signaling
Technol.), Akt1 (1:1000, Cell Signaling Technol.), tubulin (1:5000,
Sigma), Thioredoxin-1 (1:500, BD Biosciences), and translocase of
inner membrane 23 (TIM23, 1:500, BD Biosciences). Blots were
incubated with primary antibodies overnight at 4 °C and with sec-
ondary HRP-coupled antibodies 2 h at room temperature. Antibod-
ies were detected by the enhanced chemiluminescence system (GE
Healthcare). Semi-quantitative analyses were performed on
scanned immunoblots using Scion Image 1.6 (SCION Corporation)
or Image] (Abramoff et al., 2004).

2.5. Statistics

Statistical analyses were performed with student’s T-test using
winLSTAT 2008.

3. Results
3.1. TERT and the Src kinase are localized in mitochondria

We recently demonstrated that TERT is localized in mitochon-
dria, where it protects mitochondrial DNA from damage and pre-
serves mitochondrial functions (Haendeler et al., 2009). However,
the regulation of mitochondrial TERT is completely unknown. From
our studies of nuclear TERT in endothelial cells as well as in human
embryonic kidney cells, we know that TERT is exported from the
nucleus under conditions of oxidative stress in a Src kinase depen-

dent manner (Haendeler et al., 2003a, 2004 ). Moreover, it has re-
cently been demonstrated that the Src kinase is localized in
mitochondria in rat brain and that the complexes of the respiratory
chain are substrates for Src, indicating that respiratory chain activ-
ity is partially dependent on tyrosine phosphorylation (Arachiche
et al., 2008). Therefore, we first investigated whether the Src kinase
is present in mitochondrial fractions from human embryonic kid-
ney cells as well as endothelial cells. Indeed, the Src kinase is local-
ized in the mitochondria of these cell types (Figs. 1A and 2).

3.2. Mitochondrial Src kinase is activated by treatment with H,0,

Next, we determined whether treatment with H,0, activates
the Src kinase in mitochondria. Therefore, human endothelial cells
were incubated with 200 pM H,0-, and active Src kinase was mea-
sured by immunoblot analysis of mitochondrial lysates. For that
purpose immunoblots were performed with an antibody against
active Src, phosphorylated at tyrosine 418 and an antibody against
inactive Src, phosphorylated at tyrosine 529. The ratio between
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Fig. 1. Localization of TERT, Akt1 and Src kinase in mitochondria. (A) Mitochondrial
and cytosolic fractions of HEK 293 cells were isolated as described in Section 2.
Lysate proteins were resolved by SDS-PAGE, blotted onto PVDF membranes and the
blots probed with antibodies against TERT, Src and Aktl. Antibodies against
thioredoxin-1 (Trx-1) and translocase of inner membrane 23 (TIM23) were used to
control for purity of the fractions. (B) Immunoblots with mitochondrial lysates from
HUVEC were probed with antibodies against TERT, Akt1, Tim23 and Trx-1.
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Fig. 2. Src kinase is activated by H,0, in mitochondria. HUVEC were treated with
200 uM H,0, for 3-4 h (H,0;) or left untreated (co) and mitochondrial lysates
prepared as described in Section 2. The proteins were resolved by SDS-PAGE and
blotted onto PVDF membranes. Blots were probed with antibodies against active
Src phosphorylated on tyrosine 418 (SrcY418-P), inactive Src phosphorylated on
tyrosine 529 (SrcY529-P) and translocase of inner membrane 23 (TIM23). (A)
Representative blot. (B) Blots were quantitated densitometrically and the levels
of SrcY418-P and SrcY529-P normalized to TIM23 levels. The graph shows the
ratio of active to inactive Src. Data are mean +/— SEM of 4 independent
experiments. * Significantly different to control (p <0.05).

these two differently phosphorylated forms reflects the activity of
Src in the mitochondria. Incubation with H,0, increased the phos-
phorylation at tyrosine 418 within Src, whereas the phosphoryla-
tion at tyrosine 529 remained unaltered (Fig. 2A). Semi-
quantitative analysis of the immunoblots revealed that exposure
to H,0, significantly increased the activity of the Src kinase in
the mitochondria (Fig. 2B).

3.3. Mitochondrial Akt1 is deactivated by treatment with H,0,

We previously demonstrated that nuclear TERT is complexed
with Akt1 and Heat Shock protein 90 (Haendeler et al., 2003b). Dis-
ruption of this complex resulted in inactivation of Akt1, which sub-
sequently led to a reduction of nuclear TERT and to induction of
apoptosis (Haendeler et al., 2003b). Therefore, we next determined
whether Akt1 is also localized in the mitochondria. Indeed, Akt1
was identified in mitochondria of HEK293 cells as well as endothe-
lial cells (Fig. 1A and B). Since Akt1 is negatively regulated by in-
creased oxidative stress in endothelial cells (Hoffmann et al,
2001), we hypothesized that incubation with H,0, could also re-
duce active Akt1 in the mitochondria. To determine active Akt1,
we measured phosphorylation of Akt1 on serine 473 in mitochon-

dria of endothelial cells. Incubation with H,0, reduced active Akt1
(Fig. 3A and B). These data suggest that mitochondrial TERT and
nuclear TERT are regulated similarly.

3.4. Downregulation of mitochondrial TERT by H>0, depends on
tyrosine 707 in TERT and thereby on the Src kinase

Having demonstrated that exposure to H,0, increases mito-
chondrial Src kinase activity and decreases mitochondrial Aktl
activity, we next wanted to investigate whether mitochondrial
TERT is regulated by H,0,. Taking into account that TERT is ex-
ported from the nucleus (Haendeler et al., 2003a) and that after nu-
clear export, the TERT level is increased in the cytosol and in the
mitochondria (Ahmed et al., 2008; Haendeler et al., 2003a), we
decided to use TERT exclusively targeted to the mitochondria
(mitoTERT) containing a myc-tag to prevent detection of endoge-
nous TERT, which may be newly imported into these organelles.
After overexpression of myc-tagged mitoTERT in endothelial cells
and treatment with 200 uM H,0,, we measured the levels of mito-
chondrial TERT by immunoblot. Interestingly, H,O, induced a sig-
nificant reduction of TERT in the mitochondria (Fig. 4A and B).
From our previous studies, we knew that tyrosine 707 in TERT is
a putative Src kinase phosphorylation site (Haendeler et al.,
2003a; Jakob et al., 2008). Mutation of tyrosine 707 to phenylala-
nine resulted in complete inhibition of nuclear TERT export trig-
gered by the Src kinase. Therefore, we inserted a mitochondrial
targeting sequence into the TERT(Y707F) expression construct to
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Fig. 3. Akt1 is deactivated by H,0, in mitochondria. HUVEC were treated with
200 uM H,0, for 3-4 h (H,0;) or left untreated (co) and mitochondrial lysates
prepared as described in Section 2. The proteins were resolved by SDS-PAGE and
blotted onto PVDF membranes. Blots were probed with antibodies against active
Akt1 phosphorylated on Serine 473 (P-Akt) and translocase of inner membrane 23
(TIM23). (A) Representative blot. (B) Blots were quantitated densitometrically and
the levels of active Akt1 (P-Akt) were normalized to TIM23 levels. Data are mean +/
— SEM of 4 independent experiments. * Significantly different to control (p < 0.05).
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Fig. 4. Mitochondrial TERT wild-type, but not TERT(Y707F) is reduced by H,0,.
HUVEC were transfected with expression vectors for mitochondrially targeted,
myc-tagged human TERT wild-type (mitoTERT wt) or a mutant, in which tyrosine
707 was exchanged to phenylalanine (mitoTERT Y707F), treated with 200 uM
H,0, for 3-4h (H,0,) or left untreated (co). Total lysates were prepared as
described in Section 2, proteins resolved by SDS-PAGE and blotted onto PVDF
membranes. Blots were probed with an anti-myc antibody (TERT-myc) and an
antibody against tubulin. (A) Representative blot. (B) Blots were quantitated
densitometrically and the levels of TERT normalized to tubulin. The graph shows
the relative amount of TERT protein. Data are mean +/— SEM of 3-6 independent
experiments. * Significantly different to untreated cells expressing mitochondrial
TERT wild-type (p < 0.05).

force TERT(Y707F) into the mitochondria, to elucidate whether the
downregulation of mitochondrial TERT levels is also dependent on
the Src kinase. As shown in Fig. 4, downregulation of mitochondrial
TERT by H,0, was completely abrogated by mutation of this single
tyrosine residue, demonstrating that the mitochondrial Src kinase
is responsible for H,0,-induced downregulation of mitochondrial
TERT.

4. Discussion

In our present study we investigated for the first time regula-
tory mechanisms of mitochondrial TERT. Here, we demonstrate
that in primary human endothelial cells the Src kinase and Akt1
are localized in the mitochondria. The Src kinase is activated and
Akt1 is deactivated upon stimulation with H,0,. H,0, treatment
results in downregulation of mitochondrial TERT levels, which is
dependent on tyrosine 707 within TERT, indicating a phosphoryla-
tion-dependent mechanism.

The functions and role of nuclear TERT have extensively been
studied and this years Nobel Prize in Physiology or Medicine was
awarded for the discovery of how chromosomes are protected by
telomeres and the enzyme telomerase, which underscores the

importance of this enzyme. Therefore, it is important to understand
the regulation of the catalytic subunit of telomerase, TERT. Over the
last 10 years, it has become evident that nuclear TERT is not only
regulated transcriptionally, but also post-translationally by binding
proteins and phosphorylation. In human endothelial cells, we and
others demonstrated that nuclear TERT requires protein kinase B
(Akt) for its activation under basal conditions (Breitschopf et al.,
2001; Haendeler et al., 2003b). In contrast, under conditions of oxi-
dative stress, Src kinases are activated and TERT is exported from
the nucleus, which results in the onset of replicative senescence
and in increased apoptosis sensitivity (Haendeler et al., 2003a,
2004). Recent studies demonstrated a mitochondrial localization
of TERT. However, the regulation of mitochondrial TERT is com-
pletely unknown. Several studies were undertaken to investigate,
whether Akt1 and Src kinase are localized in mitochondria. Indeed,
Akt1 and Src kinase were found to be localized in mitochondria of
fibroblasts and rat brain, respectively (Antico Arciuch et al., 2009;
Arachiche et al., 2008). Akt1 has been shown to cycle between the
nucleus and the mitochondria dependent on the redox status of
the cell (Antico Arciuch et al., 2009) and complexes of the respira-
tory chain have been demonstrated to be substrates of the Src ki-
nase (Arachiche et al, 2008). Taking into account that
mitochondrial TERT enhances respiratory chain activity and mito-
chondrial function (Haendeler et al., 2009) and the known regula-
tion of TERT by the kinases Aktl and Src in the nucleus as
mentioned above, it is tempting to speculate that Aktl and Src
can also regulate mitochondrial TERT. Indeed, we also found the ki-
nases Akt1 and Src in the mitochondria of primary human endothe-
lial cells as well as human embryonic kidney cells (Figs. 1 and 2).
Therefore, these kinases could also regulate mitochondrial TERT.
Interestingly, H,O, treatment led to a reduction in active Akt1, to
an induction in active Src kinase and to a reduction in mitochon-
drial TERT levels. Thus, one may speculate that mitochondrial TERT
is regulated in a similar fashion as nuclear TERT. This speculation is
underscored by our finding that oxidative stress-induced downreg-
ulation of mitochondrial TERT (Fig. 4) like nuclear TERT (Haendeler
et al., 2003a) depends on tyrosine 707. However, it has to be noted
that export of nuclear TERT results in an increased amount of mito-
chondrial TERT (Ahmed et al., 2008). Taken these findings together,
one has to suggest that oxidative stress initially leads to a reduction
of TERT levels in the mitochondria, which is followed by a nuclear
export of TERT and a concomitant mitochondrial import, but this
is pure speculation and requires further experimental proof. How-
ever, the finding that an increased amount of TERT is found in the
mitochondria after oxidative stress-induced nuclear export (Ahmed
et al., 2008), suggests also that the mitochondrial Src kinase has to
be inactivated at that time. Since we identified the tyrosine phos-
phatase Shp-2 as the counterplayer for Src dependent nuclear ex-
port of TERT (Jakob et al., 2008) and Arachiche et al. found that
Shp-2 is also localized in the mitochondria of rat brain (Arachiche
et al., 2008), it is tempting to speculate that Shp-2 inactivates the
mitochondrial Src kinase.

In conclusion, our study demonstrates for the first time that the
Src kinase and Akt1 are present also in the mitochondria of human
endothelial cells and human embryonic kidney cells. Mitochondrial
Src is activated, Akt1 is deactivated and mitochondrial TERT levels
are downregulated by H,0,. This downregulation is dependent on
a Src kinase dependent phosphorylation site, tyrosine 707, within
TERT. Therefore, both mitochondrial and nuclear TERT might be
regulated by the same mechanisms at least in primary human
endothelial cells.
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