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Objectiu 1. Aprofundir en el coneixement dels mecanismes que confereixen
resistencia a la mort dependent de caspases al miocardi, mitjancant
I’analisi de I’expressi6 de la maquinaria de mort cel-lular
dependent de caspases en els cardiomiocits en condicions control i
en condicions d’estres.






Resultats

1. La regulacié a la baixa de les vies de mort dependents de caspases durant el
desenvolupament s’associa amb una disminucio en I’activacio de caspases induida
per isquémia en els cardiomiocits.

L’expressio de les principals proteines reguladores de la mort cel-lular
dependent de caspases disminueix amb 1’edat en el miocardi de rata (Fig. 29A).
Caspases, proteines de la familia de Bcl2 pro 1 antiapoptotiques, 1 la proteina
adaptadora de la via intrinseca de mort Apaf-1 sén silenciades durant el
desenvolupament cardiac. La repressid dels gens apoptotics es dona també en

cardiomiocits postnatals in vitro (Fig. 29B).
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Figura 29. Silenciament de I’expressio de caspases in vivo i in vitro durant la diferenciacio dels
cardiomiocits. A) L’expressio de caspases, citocrom c, proteines de la familia de Bcl2 i Apaf-1 s’ha
detectat en extractes en SDS de ventricles de cors de dia embrional 16 (E16), neonatals (P0) i de rates
de 60 dies (P60). B) Expressio6 d’Apaf-1 en extractes proteics de fibroblasts cardiacs (HF), de
ventricle de rata de 2 dies d’edat (Vp,) i1 de cardiomiocits de rates de 3 dies d’edat en cultiu entre 0 i

20h. Les imatges son representatives de tres experiments independents.

El nostre model de isquémia experimental en cultius cel-lulars s’aconsegueix
sotmetent les cel-lules en cultiu a solucié de Tirode dins d’una cambra hipoxica
(descrit a Materials 1 Métodes), 1 que s’acidifica durant la hipoxia (pH final 6,1 —
6,4). S’han utilitzat cultius primaris de fibroblasts de pell com a control positiu de
I’activacio de caspases (Mayorga et al., 2004). En tincions per immunocitoquimica

hem observat activacio de caspasa 3 executora en els cardiomiocits embrionals i1 en
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els fibroblasts de pell durant el tractament de 16h en isquémia o 16h en
estaurosporina 1 uM, pero en canvi no s’ha detectat activacid de caspasa 3 ni en els
cardiomiocits neonatals ni en els adults durant els mateixos tipus de tractament (Fig.

30, A, B, CiD).
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Figura 30A. Els cardiomiacits, un cop finalitzada la vida embrional, no presenten caspasa 3
activa. Les cél-lules que expressen caspasa 3 tallada i presenten el nucli fragmentat s’han comptat
com a apoptotiques en cultius de fibroblasts de pell i de cardiomidcits embrionals, postnatals i adults.
C, control; S, estaurosporina 1uM 16h; I, 16h d’isquémia. Els fibroblasts de pell (SF) s’utilitzen com a

control positiu de mort apoptotica dependent de caspases.
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Figura 30B. Detecci6 per immunofluorescencia de caspasa 3 activa i fragmentacié nuclear en
cardiomiocits embrionals. El cultiu de cardiomiocits embrionals s’ha realitzat a partir d’embrions de
rata de dia embrional E17, plantats en plaques pretractades amb col-lagen. Al cap de 20h de cultiu es
canvia el medi a medi isquémic i es cultiven durant 16h en condicions de hipoxia (ischemia) o es
deixen sense tractar (control). Les cé¢l-lules s’han fixat en una solucié de PFA 4%, utilitzant anticossos
per detectar la proteina especifica de cor actinina (vermell) i de caspasa 3 activa (verd). La cromatina
s’ha tenyit utilitzant el colorant especific Hoechst (blau). Les puntes de fletxa senyalen els
cardiomidcits que presenten mort cel-lular dependent de caspases. S’ha amplificat la imatge d’un nucli
representatiu de control i isquémia per apreciar la morfologia nuclear. Les imatges son representatives

de tres experiments independents.
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Figura 30C. Detecci6 per immunofluorescencia de caspasa 3 activa i fragmentacié nuclear en
cardiomiocits postnatals. Cultiu de cardiomidcits postnatals a partir de cries de rata de 5 dies d’edat,
sembrats en plaques pretractades amb gelatina. Al cap de 24h de cultiu es canvia el medi a medi
isquémic i es cultiven durant 16h en condicions de hipoxia (ischemia) o es deixen sense tractar
(control). Es realitza la immunofluorescéncia de la proteina especifica de cor actinina (vermell) i de
caspasa 3 activa (verd) en cél-lules fixades en una solucié de PFA al 4%. La cromatina s’ha tenyit
utilitzant el colorant especific Hoechst (blau). S’ha amplificat la imatge d’un nucli representatiu de
control i isquémia per apreciar la morfologia nuclear. Les imatges son representatives de tres

experiments independents.
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Figura 30D. Detecci6é per immunofluorescéncia de caspasa 3 activa i fragmentacié nuclear en
cardiomiocits adults. Cultiu de cardiomiocits adults a partir rates mascle de 6 mesos d’edat,
sembrats en plaques pretractades amb laminina. Al cap de 24h de cultiu es posen en medi isquémic i
es cultiven durant 16h en condicions de hipoxia (ischemia) o es deixen sense tractar (control). Es
realitza la immunofluorescéncia de la proteina especifica de cor actinina (vermell) i de caspasa 3
activa (verd) en cel-lules fixades en una solucié de PFA al 4%. La cromatina s’ha tenyit utilitzant el
colorant especific Hoechst (blau). S’ha amplificat la imatge d’un nucli representatiu de control i
isquémia per apreciar la morfologia nuclear. Les imatges son representatives de tres experiments

independents.
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A pesar que els cardiomiocits no presenten activacido de les vies de mort
dependents de caspases després del naixement, hem observat que la isquémia indueix
aproximadament el mateix nivell de mort cel-lular en els cardiomidcits postnatals que
en fibroblasts de pell, un tipus cel-lular on es produeix mort dependent de caspases,
mentre que els fibroblasts cardiacs sobreviuen al mateix periode de isquémia (Fig.
31). En relaci6 a aquest tema, en treballs anteriors del nostre grup hem demostrat que
els fibroblasts cardiacs son resistents a la mort apoptotica gracies a I’elevada
expressio de la proteina antiapoptotica Bcl2 (Mayorga et al., 2004).

El conjunt d’aquestes dades estableixen una correlaci6 entre el silenciament
dels gens apoptotics durant el desenvolupament del miocardi i la pérdua de 1’habilitat

d’activar mort cel-lular dependent de caspases en els cardiomidcits postnatals.

| L

100 ™ * + Figura 31. Recompte de viabilitat cel-lular
80 - I en cardiomiocits postnatals, en fibroblasts
E | cardiacs i de pell. Els valors representen el

s - | .
3 percentatge de cél-lules vives versus cél-lules
g a0 L totals a la placa comptades a temps 0. *, p <

71 Cardiomyocyles
20 B Heart fibroblasts II 0,01 versus cardiomiocits i fibroblasts de
0 .| - Skinfbroblagis T pell. Les dades son la mitjana =S.E. de tres
6 lll 1|2 ;_,',4 experiments independents realitzats per
ischemia (hours) triplicat.

2. Manca de reexpressio de caspases i d’activitat caspasa en els cardiomiocits
durant la isquemia, i rellevancia de la via mitocondrial en la mort apoptotica dels
fibroblasts induida per isquémia.

L’expressio de les caspases iniciadores 8 i1 9, de la proteina reguladora
postmitocondrial Apaf-1 i de la caspasa executora 3, es troba significativament més
reduida en els cardiomiocits postnatals en cultiu que en els fibroblasts cardiacs i1 de
pell (Fig. 32). Es important destacar que 1’expressio cardiaca d’aquests gens no
augmenta durant un curs temporal de isquémia (Fig. 32), indicant que en condicions
d’estrés no s’indueix la reexpressio de les proteines de reguladores de mort cel-lular

reprimides durant el desenvolupament (Fig. 29). En els fibroblasts de pell hem

106



Resultats

observat processament de caspasa 9, la caspasa iniciadora de la via mitocondrial, al
cap de 6 hores de isquémia i a temps més llargs també 1‘hem observat en els
fibroblasts cardiacs, perd no s’observa processament de caspasa 9 en els

cardiomiocits neonatals (Fig. 32).
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Figura 32. Manca de reexpressio de caspases en cardiomiocits en isquémia. Detecci6 de caspases,

els seus productes tallats (actius) i d’alguns reguladors d’apoptosi per Western Bot en extractes totals
de cardiomiocits de dia postnatal 4, i fibroblasts cardiacs (HF) i de pell (SF) en cultiu en preséncia o
abséncia de sérum, glucosa (S&G) i oxigen. Les imatges son representatives de tres experiments

independents.

L’activitat de caspasa 8 es mesura com a un indicador del paper de la via dels

receptors de mort durant la mort cel-lular en isquémia, encara que [’activitat
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enzimatica detectada en aquest assaig no es deu Unicament a caspasa 8, sind que
altres caspases també poden tallar el substrat fluorogenic utilitzat, perd en menor
proporcid, pel que s’anomena activitat caspasa 8-like. En els nostres resultats no s’ha
detectat activitat de caspasa 8 ni en els cardiomiocits en isquémia, ni en els
fibroblasts de pell i cardiacs en isquémia (Fig. 33A), indicant que la via extrinseca de
mort no estd implicada en la mort dels cardiomiocits i fibroblasts en la isquémia
cardiaca. El tractament de fibroblasts de pell amb TNFa i1 actinomicina D s’ha
utilitzat com a control positiu de I’activaci6 de caspasa 8.

En assaigs d’activitat enzimatica de caspases executores (o caspasa 3-like) no
hem detectat activitat de caspasa 3 en els cardiomiocits en isquémia, perd en canvi
els fibroblasts de pell si que presenten clarament activitat de les caspases executores
en condicions de isquémia (Fig. 33B). Aquests resultats suggereixen que la baixa
expressio de la maquinaria dependent de caspases en les cardiomiocits postnatals es

manté durant la isquémia, limitant aixi I’impacte de 1’activacio de caspases.
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Figura 33. A) Activitat de caspasa 8 iniciadora en extractes de cardiomiocits (Card.), fibroblasts
cardiacs (HF) i de pell (SF) cultivats en preséncia o abséncia d’un inhibidor de caspasa 8 (C8i),
mesurada en unitats arbitraries (AU, Arbitrary Units). Els fibroblasts de pell tractats amb TNFa +
actinomicina D s’han utilitzat com a control positiu. B) Activitat de les caspases executores mesurada
en extractes de cardiomiocits postnatals, fibroblasts de pell (SF) i cardiacs (HF) en deprivacié de
sérum i glucosa (S&G) o en deprivaci6é de serum, glucosa i oxigen (ischemia) mesurada en unitats
arbitraries (AU, Arbitrary Units). zZVAD, inhibidor general de caspases z-VAD.fmk a 100 pM; *,
p<0,01 versus control. Les dades son la mitjana *S.E. de tres assaigs independents realitzats per

duplicat.
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A més a més, el processament de les caspases executores no incrementa
substancialment quan els cultius de cardiomiocits adults en isquémia (pH 6,1 — 6,4)
sOn sotmesos a reoxigenacio i medi estandard (pH 7 — 7,5) (Fig. 34). No obstant, el
tractament de isquémia activa la via de mort mitocondrial en tipus cel-lulars

proliferants, com ara els fibroblasts (Fig. 32) o els cardiomiocits embrionals (Fig.

34).
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Figura 34. Recompte de cel-lules apoptotiques en cultius de cardiomiocits adults (barres gris clar),
cardiomiocits embrionals (barra gris fosc) i fibroblasts cardiacs (barra negra), en diversos punts
temporals de isquémia i reoxigenacio. Es consideren cél-lules apoptotiques aquelles que expressen
caspasa 3 activa per immunofluorescéncia i cromatina condensada. Les dades representen el nombre
de cel'lules apoptotiques respecte el nombre total de cél-lules en cada pou, i s’ha calculat la mitjana

+S.E. de 4 pous per tractament. *, p<0,01 versus cardiomiocits adults.
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Objectiu 2. Esbrinar els mecanismes implicats en la mort induida per isquémia
en els cardiomiocits, mitjancant I’estudi sistematic de les vies

apoptotiques conegudes en un model cel-lular de isquémia.

a) Estudi de les molecules proapoptotiques conegudes independents de
caspases alliberades del mitocondri en condicions d’estres, AlF i
EndoG.
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3. El patré de degradacié d’ADN induit durant la isquémia en els cardiomiocits
suggereix la participacio de mecanismes independents de caspases.

La mort cellular dependent de caspases indueix un patrd caracteristic de
degradaciéo d’ADN, relacionat a I’activitat d’endonucleases que tallen I’ADN entre
els nucleosomes alliberant fragments d’ADN de baix pes molecular, aquest fenomen
es refereix utilitzant 1’anglicisme ladder (escala) d’ADN, en referéncia a qué després
de I’electroforesi d’aquests fragments s’observa un patr6 de bandes que recorda a
una escala de ma. La mort cel-lular programada (MCP) independent de caspases pot
induir fragmentaci6 d’ADN d’alt pes molecular, principalment en fragments
d’aproximadament 50kb (Susin et al., 1996), i/o fragmentaci6 d’ADN de baix pes
molecular, que en I’electroforesi s’observa un patr6 de bandes difoses amb un fons
de degradacio, patr6 que s’anomena Smear, i que ¢€s degut a la capacitat de les
nucleases independents de caspases, com ara endonucleasa G, de tallar entre els

nucleosomes i també dins dels nucleosomes d’ADN (Widlak et al., 2001).

cardiomyocytes HF 5F
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Figura 35. Analisi simultani de la fragmentaci6 d’ADN de baix (LMWF) i alt (HMWF) pes
molecular en cardiomiocits, fibroblasts cardiacs (HF) i de pell (SF) en un curs temporal de isquémia,
en cultius exposats a la preséncia o abséncia d’oxigen i/o de glucosa i sérum (S&G). Els resultats

d’aquesta figura son representatius de tres experiments independents.
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En condicions aerdbiques, la deprivacié de glucosa i serum durant 20h en un
cultiu de cardiomiocits dona dos tipus de degradaci6 d’ADN. Una degradacié debil
de I’ADN que presenta un patr6 de ladder d’ADN (Fig. 35, panell inferior) que es
pot prevenir parcialment amb 1’us de I’inhibidor general de caspases z-VAD.fmk
(Fig. 36, panell inferior), i fragmentacié6 de I’ADN d’alt pes molecular (Fig. 35,
panell superior) que no es bloqueja per 1’as de I’inhibidor z-VAD.fmk (Fig. 36,

panell superior).

cardiomyocyies HF 5F

HMWF

LMW

Figura 36. La isquémia indueix fragmentaci6 d’ADN independent de caspases en els
cardiomiocits postnatals. Analisi simultani de la fragmentaci6 d’ADN de baix (LMWF) i alt
(HMWF) pes molecular en cardiomidcits, fibroblasts cardiacs (HF) i de pell (SF) després de 18 hores
d’exposicid a deprivacié de serum i glucosa (S&G) o a isquémia en cardiomidcits, fibroblasts cardiacs
(HF) i de pell (SF), amb o sense 100 uM de I’inhibidor general de caspases z-VAD.fimk (zV), 30 uM
de I’inhibidor de PARP-1 DIQ, o 100 uM de I’inhibidor de calpaines MDL28170 (CI). Els resultats

d’aquesta figura son representatius de tres experiments independents.

Durant la isquémia, és a dir, durant el tractament amb deprivacié de sérum i
glucosa en condicions de hipoxia i acidosi, ’ADN dels cardiomiocits es fragmenta
de tal manera que presenta un patrd difos dels fragments de baix pes molecular quan
¢s migrat en un gel d’agarosa. Aquest patré difés de ’ADN en isquémia no es pot

inhibir per 1’ts de I’inhibidor de caspases z-VAD.fmk. La proteina PARP-1 s’ha
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implicat en la mort cel-lular neuronal induida per isquémia (Eliasson et al., 1997), no
obstant aix0, 1’utilitzacié dels inhibidors de PARP, DIQ 1 DPQ, en cardiomiocits en
isqueémia no bloqueja el dany a I’ADN. A més, tot i que s’ha proposat la implicacio
de les calpaines en I’alliberament d’AIF in vitro (Polster et al., 2005), en el nostre
model la utilitzacié de I’inhibidor general de calpaines MDL 28170 no pot prevenir
la degradacié d’ADN d’alt pes molecular en cardiomiocits en isquémia (Fig. 35 i
36). La fragmentacio d’ADN d’alt pes molecular observada en els cardiomiocits, que
¢s compatible amb ’activitat de les vies de mort independents de caspases, s’activa
rapidament al cap de poques hores de isquémia (Fig. 35, panell superior), i no és
inhibible per tractaments amb I’inhibidor de caspases z-VAD.fmk ni amb I’inhibidor
de PARP-1 DIQ.

Dr’altra banda, en els fibroblasts cardiacs no s’ha observat degradacio d’ADN
en isquémia després de 24h de tractament, en concordanca amb resultats previs del
nostre grup (Mayorga et al., 2004), i en ’assaig de viabilitat cel-lular hem demostrat
que els fibroblasts cardiacs sobreviuen a 24h de isquémia (Fig. 31). En canvi, els
fibroblasts de pell en isquémia presenten un patr6é canonic de degradacié d’ADN de
baix pes molecular (ladder), (Fig. 35 i 36).

Fins a la publicacio dels resultats mostrats en aquesta tesi, cap treball havia
publicat estudis de fragmentacio de I’ADN d’alt pes molecular en cardiomiocits
primaris en cultiu, els estudis sobre MCP al cor fins aleshores només mostraven
fragmentaci6 de ’ADN de baix pes molecular. El nostre treball revela que la
fragmentacio de I’ADN d’alt pes molecular apareix després de 4 hores de isquémia,
mentre que no es dona una degradaci6é de I’ADN de baix pes molecular clara fins a
les 24 hores (Fig. 35).

Per tant, el patr6 de degradaci6 d’ADN durant la isquémia en els
cardiomiocits 1 la seva execuci6 tot i la preséncia d’inhibidors de caspases,

suggereixen un mecanisme de mort cel-lular independent de caspases.
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4. La isquemia indueix I’alliberament de citocrom c, AIF truncat i endonucleasa G
dels mitocondris en absencia d’activacio de caspases.

Resultats previs del grup han demostrat que el tractament amb estaurosporina
no indueix activacio de caspases en cardiomiocits tot i que s’observa translocacio de
citocrom c, i que la sobreexpressi6 d’Apaf-1 antagonitza parcialment aquesta
resistencia (Sanchis et al., 2003). Per estudiar els mecanismes de mort cel-lular dels
cardiomiocits durant la isquémia hem analitzat [I’alliberament de factors
mitocondrials proapoptotics durant la isquemia en cardiomiocits en cultiu.

Durant la isquemia s’ha detectat translocacio de citocrom c en cardiomiocits
embrionals i postnatals (Fig. 37, panells B, D, F i H, i Fig. 39); no obstant aixo,
aquest esdeveniment va seguit de tall de caspasa 3 (activacid) i fragmentacio nuclear
en els cardiomiocits embrionals (Fig. 30 i 37, panells C i D) perdo no en els
cardiomiocits postnatals (Fig. 37, panells G i H). Aixi doncs hem observat que
I’alliberament de citocrom c en els cardiomiocits postnatals no va seguit d’activacio

de caspases.

Figura 37. La isquemia dispara la translocacié de citocrom c en els cardiomidcits. Tincié per
immunofluorescéncia de citocrom c¢ (vermell) i caspasa 3 tallada (verd) en cultius primaris de
cardiomiocits embrionals (panells A-D) o cardiomiocits postnatals (panells E-H), en condicions
control (panells A i E) o tractament de 6h de isquémia (resta de panells). La cromatina es mostra en
blau. Els panells B i F corresponen a citocrom c; els panells C i G mostren I’expressié de caspasa 3
tallada i la cromatina nuclear; els panells D i H mostren la superposicio dels panells anteriors. Les
fletxes senyalen les cél-lules on s’esta produint alliberament de citocrom c, activacié de caspasa 3 i
fragmentacio6 nuclear, i les puntes de fletxa senyalen les cél-lules on es déna translocaci6 de citocrom

c sense activacid de caspases. S’ha amplificat una cel-lula embrional representativa en apoptosi.
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Les proteines mitocondrials AIF i EndoG han estat proposades com a
proteines executores de la MCP, un cop translocades al citosol (Susin et al., 1996; Li
et al., 2001). Hem observat que AIF surt del mitocondri durant la isquémia cardiaca

tant per immunocitoquimica (Fig. 38) com per Western Bot (Fig. 39).

AlF overlay

control

ischemia

Figura 38. La isquéemia dispara la translocacié6 d’AlF truncat en els cardiomidcits.
Immunofluorescéncia d’AIF (verd) i de marcador mitocondrial Hsp60 (vermell) en cardiomiocits
control (control) o després de 18h de tractament en deprivacié de sérum, glucosa i oxigen (ischemia).
Superposicié d’AIF i Hsp60 (overlay), on el color taronja significa localitzacié mitocondrial i el color

verd translocacié d’AIF al citosol.

La forma citosolica d’AIF que s’observa per Western Blot és més petita que
la forma mitocondrial, tal com ho detecta 1’anticos utilitzat (Taula 2, Materials i
Me¢todes) dirigit a la regid6 C-terminal de la proteina (Fig. 39). Aquest resultat
concorda amb el tall proteolitic d’AIF, en posicié N-terminal, induit per isquémia
que s’ha proposat recentment, tall que permet a AIF desunir-se de la membrana
mitocondrial interna i la seva translocacio subsegiient (Otera et al., 2005). S’ha
proposat que aquest tall pot dependre, in vitro, de I’activitat calpaina o catepsina
(Otera et al., 2005; Polster et al., 2005). No obstant, el pretractament dels
cardiomiocits en cultiu amb I’inhibidor general de calpaines MDL 28170 no pot

evitar el tall d’AIF ni el seu alliberament durant la isquémia (Fig. 39).
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Figura 39. La isquémia dispara la translocaciéo d’AlF truncat en els cardiomiocits, de forma
independent de I’activacio de caspases. Immunodeteccio de citocrom c i AIF en extractes citosolics
de cardiomiocits en deprivacid de sérum i glucosa (S&G) i en isquémia. zV, 100 uM inhibidor general
de caspases z-VAD.fmk; DQ, 30 puM inhibidor de PARP-1; CI, 100 uM inhibidor de calpaines
MDL28170. La proteina citosolica lactat deshidrogenasa (LDH) s’ha utilitzat com a control de
carrega, i la subunitat IV de I'oxidasa de citocrom ¢ (COXIV) s’ha detectat com a marcador de
contaminacié mitocondrial. *, AIF mitocondrial, no tallat. Cada imatge en aquesta figura és

representativa de tres experiments independents.

La translocaci6 d’EndoG induida per isquémia s’ha estudiat per
immunofluorescencia 1 per Western Bot utilitzant tres anticossos comercials (Taula
2, Materials 1 Me¢todes). No obstant, els nostres resultats suggereixen que aquestes
anticossos no son especifics en mostres de rata. Per tant, es va construir un plasmid
per a la sobreexpressid6 d’EndoG de ratoli unit a una cua polipeptidica FLAG al
extrem C-terminal. El seguiment de EndoG-FLAG va demostrar que EndoG presenta
un patré puntuat que exclou els nuclis en condicions basals, que concorda amb una
localitzacié mitocondrial (Fig. 40, panells A i B). No obstant, ¢l patr6 de EndoG
canvia durant la isquémia, en concordanga amb la seva translocaci6 al citosol i al

nucli (Fig. 40, panells C i D).
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Figura 40. La isquémia indueix I’alliberament d’EndoG dels mitocondris cardiacs. La transfeccio
dels cardiomiocits amb la construcci6 EndoG-FLAG s’ha realitzat tal com s’ha descrit a Materials i
M¢todes. Analisi de 1’expressi6 d’EndoG-FLAG exogen per immunofluorescéncia utilitzant un
anticos anti-FLAG en cardiomiocits control en cultiu al cap de 3 dies de transfeccio (Panells A i B), i

en cardiomiocits exposats a 16h de isquémia al tercer dia de transfeccié (Panells C i D). Les imatges

son representatives de tres experiments independents.

Hem verificat per Western Blot que la proteina EndoG sobreexpressada
presenta la talla esperada d’aproximadament 30kDa, i que no s’observen altres
bandes que indiquin un possible tall de la molécula en els extractes de cardiomiocits
en isquémia (Fig. 41), suggerint que la translocacido de EndoG no depén d’un tall
proteolitic, al contrari que el que s’observa per la molécula AIF (Fig. 41). El conjunt
d’aquests resultats demostra que les proteines mitocondrials citocrom ¢, AIF truncat i
endonucleasa G es transloquen al citosol durant la isquémia en cardiomiocits
postnatals de rata, tot 1 que caspases i1 calpaines no son essencials per al seu

alliberament.
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Figura 41. La isquémia indueix I’alliberament d’EndoG dels mitocondris cardiacs. La transfeccid
dels cardiomiocits amb la construcci6 EndoG-FLAG s’ha realitzat tal com s’ha descrit a Materials i
Meétodes. Deteccidé d’EndoG-FLAG per electroforesi en SDS-PAGE en extractes de proteina totals i
en extractes de proteina citosolica en cardiomiocits control i en isquémia. La detecci6 d’AIF i
citocrom ¢ s’ha utilitzat per comprovar que el tractament de isquémia indueix 1’alliberament de
proteines endogenes mitocondrials. COXIV s’utilitza com a marcador mitocondrial i LDH com a
marcador de I’enriquiment en proteines citosoliques. Les imatges son representatives de tres

experiments independents.

5. EndoG és un executor important del processament de I’ADN en els cardiomiocits
durant la isquémia.

El patr6 de tall de I’ADN en els cardiomiocits postnatals en isquémia indica
la participaci6 de mecanismes de mort independents de caspases. S’ha suggerit que
AIF 1 EndoG executen la degradacié de ’ADN en abséncia d’activacié de caspases
(Susin et al., 1996; Li et al., 2001). Aix0 ens va encoratjar a verificar si AIF i EndoG,
que son alliberats del mitocondri en condicions de isquémia, participen en la
fragmentacio d’ADN observada durant la mort cel-lular cardiaca en aquest model. Es
transdueixen els cardiomiocits amb vectors lentivirals que porten construccions per
shRNAIi (small hairpin-based RNA interference) de cada proteina. Al cap de 6 dies
de la transduccid, es tracten els cardiomiocits en isquémia (veure Materials i
Metodes). L’eficacia del vector shRNAi d’AIF s’ha verificat mitjancant 1’analisi de
I’expressid dels nivells de proteina AIF detectada en extractes totals de

cardiomiocits, que disminueix en els cultius transduits amb I’RNAi d’AIF (Fig. 42).
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L’analisi del curs temporal d’expressio d’AlF als cardiomiocits transduits
amb el plasmid especific per al sShRNA1 d’AIF ha mostrat que la maxima reduccié en
I’expressio d’AIF s’aconsegueix al cap de sis dies de la infeccio (Fig. 42, panell
superior). Per tant, tots els experiments s’han iniciat el dia 6 de la transduccio.
L’expressio d’AlF s’ha reduit en un 80% en els cardiomiocits transfectats (Fig. 42,

panell inferior).
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e - — — —
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Figura 42. Curs temporal de I’expressio d’AIF en extractes de proteina total de cardiomiocits
transduits amb la construccid especifica per shRNAi d’AIF (panell superior) analitzat per electroforesi
de proteines en SDS. Expressio d’AIF en extractes proteics totals de cardiomiocits control (no RNAI1),
transduits amb la construcci6 scrambled (scr), deficients en AIF (AIF) i deficients en EndoG (EndoG)
al cap de 6 dies de transduccio, carregant 5 i 10 pug de cada (Panell inferior). Hsp60 s’ha utilitzat com

a control de carrega. Les imatges son representatives de tres experiments independents.

Per comprovar la reduccid en I’expressié d’EndoG en les cel-lules transduides
utilitzant la construccid shRNAi d’EndoG s’ha utilitzat el metode de transcripcid
reversa acoblada a PCR (RT-PCR) en extractes totals d’ARN (Fig. 43). Degut a que
la reaccié de PCR amplifica molt el senyal i pot saturar-se, s’han analitzat varis
cicles d’'una mateixa reaccio, amb la qual cosa aconseguim discernir molt millor si

les diferéncies observades entre els tractaments son significatives o no.
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Figura 43. Nivells del producte de transcripci6 d’EndoG en cardiomiocits transduits amb la

construccié scrambled (scr) o cardiomiocits deficients en EndoG (EndoG). Reaccio de RT-PCR
realitzada a partir de 1 1 4 pg d’extractes d’ARN total. S’han carregat i migrat volums iguals dels
productes de PCR extrets als cicles 27, 30 1 35 de la reaccié de PCR en gels d’agarosa al 3% tenyits
amb SYBR® Safe. Com a control de carrega s’ha realitzat la reaccié de PCR a partir de 1 pg d’ARN
en paral-lel per a la deteccid del transcrit de unr. Les imatges son representatives de tres experiments

independents.

La reduccié en I’expressi6 d’EndoG en cardiomiocits neonatals en cultiu,
pero no la reduccid en els nivells d’AIF, correlaciona amb una reduccié important en
el dany a ’ADN durant la isquémia (Fig. 44). Els cardiomiocits en isquémia amb
expressio d’EndoG reduida mostra un patréo de ladder deébil, que es pot inhibir
utilitzant 1’inhibidor de caspases z-VAD-fmk, suggerint una contribucié molt baixa
de les caspases (Fig. 44). Cal remarcar que la fragmentaci6 d’ADN d’alt pes
molecular induida durant la isquémia no es troba bloquejada en c¢l-lules amb nivells
reduits d’expressi6 d’EndoG, suggerint la preséncia d’una altra nucleasa no
identificada, independent d’AIF i d’EndoG, o d’un altre procés no vinculat a cap

nucleasa en concret, i que treballa en abséncia d’activacio de caspases.
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HMWF

LMWF

Figura 44. La disminucié en I’expressi6 d’endonucleasa G protegeix als cardiomiocits
diferenciats de la fragmentacioé d’ADN induida durant la isquémia. Detecci6 de la fragmentacio
d’ADN d’alt i baix pes molecular (HMWF i LMWF) en cardiomiocits en cultiu transduits amb les
construccions scrambled (Scr), RNAi d’EndoG (EndoG) i RNAi d’AIF (AIF) exposats a 18h de
isquémia i en preséncia (+) o abséncia de 100 uM de z-VAD-fik (zV). La fletxa senyala la banda a

50 kDa. Les imatges son representatives de tres experiments independents.

El fet que la proteina AIF no sigui responsable de la degradacio de I’ADN en
els cardiomiocits isquémics contrasta amb la troballa que AIF resulta essencial per al
processament de I’ADN d’alt pes molecular en fibroblasts de pell (Fig. 45), mentre
que el processament d’ADN de baix pes molecular no és degut a Dactivitat
endonucleasa d’EndoG, sin6 a 1’activitat nucleasa dependent de caspases (Fig. 36 i

45).
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Figura 45. Fragmentacio6 d’ADN d’alt pes
molecular (HMWF) 1 baix pes molecular
(LMWF) induit per exposici6 a 18h de
isquémia en fibroblasts de pell transduits amb
la construccié scrambled (Scr), deficients per
AIF (AIF), deficients per EndoG (EndoG) o
deficients per ambdoés (AIF+EndoG). Les
imatges son representatives de tres experiments

independents.

Per esbrinar si la reduccié de ’expressio d’EndoG afavoria la supervivencia

dels cardiomiocits en isquémia, s’han realitzat analisis de supervivencia cel-lular en

cardiomiocits deficients en EndoG, en AIF i transduits amb la construccié scrambled

(control). Ni la reduccié en I’expressié d’AIF ni la d’EndoG poden evitar la mort

cel-lular cardiaca induida per isquémia, tot i que la reduccid en I’expressié d’AIF

bloqueja substancialment la recuperacid cel-lular cardiaca durant la reoxigenacid

(Fig. 46). Conjuntament, aquests resultats revelen un paper principal dels

mecanismes de mort cel-lular independents de caspases en els cardiomiocits en

isquémia, 1 identifiquen la proteina EndoG com a un executor essencial del

processament de I’ADN induit per isquémia en aquestes c¢l-lules.
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Figura 46. L’activitat d’EndoG no afecta la viabilitat dels cardiomiocits durant la isquémia i
AIF limita la mort cel-lular durant la reoxigenacid. Curs temporal de viabilitat dels cardiomiocits
en cultiu entre Oh i 20 h de tractament de isquémia (Ischemia). També s’ha realitzat el recompte de
viabilitat després de 2h de isquémia seguides de 18h de reoxigenacié en medi estandard (ReOx.). Les
dades son la mitjana =S.E. de tres experiments independents realitzats en duplicat. *, p<0,05 deficient

en AIF versus scrambled i deficient en EndoG al mateix punt temporal.
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Objectiu 2. Esbrinar els mecanismes implicats en la mort induida per isquémia
en els cardiomiocits, mitjancant I’estudi sistematic de les vies

apoptotiques conegudes en un model cel-lular de isquémia.

b) Analisi d’altres nucleases candidates que han estat relacionades
amb I’activitat d’EndoG en la bibliografia: Fen-1, DNAses de tipus
I'i Il, Topoisomerasa de tipus II, TatD i Exoscb.
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En aquest apartat ens hem proposat d’esbrinar I’accié d’altres nucleases
durant la mort dels cardiomiocits en isquémia que complementin 1’acci6 d’EndoG i
expliquin la fragmentaci6 d’ADN d’alt pes molecular que no es pot explicar per
I’accié d’EndoG. Aquestes nucleases les hem escollit com a possibles candidates per
diversos motius, relacionats amb la bibliografia existent, que es detallen a la
introducci6 de cada una d’elles.

Tot 1 que en apartats anteriors hem demostrat que el silenciament d’EndoG
evita gairebé la totalitat de la fragmentacié d’ADN de baix pes molecular durant la
isqueémia cardiaca, el processament de I’ADN en fragments d’alt pes molecular en
abséncia d’EndoG ens va fer pensar que existia alguna altra activitat nucleasa
implicada en la degradacié d’ADN als cardiomiodcits durant la isquémia. Per aquest
motiu vam iniciar 1’estudi de diverses nucleases, que consideravem possibles

candidates a modular la degradacio d’ADN segons la bibliografia existent.

6. La repressio en I’expressio de DNAsa | en els cardiomiocits no afecta al patro de
degradacio isquemic, aixi com la disminuci6 conjunta en I’expressio d’AlF i EndoG
en els cardiomiocits no presenta efectes additius en el patré de degradacié d’ADN
en isquémia.

En el nematode C. elegans es coneixen diverses nucleases responsables de la
degradacio apoptotica de I’ADN (Parrish and Xue, 2006) que, juntament amb la
proteina CPS-6 (Parrish et al., 2001) homologa de la proteina EndoG dels mamifers,
considerem que podrien ser potencials responsables de la fragmentaci6 d’ADN
durant ’apoptosi en els cardiomiocits en isquémia. Per tal d’identificar la/les
nucleasa/es responsable/s de la fragmentacio6 d’ADN d’alt pes molecular en els
cardiomiocits, hem disminuit 1’expressi6é de les diverses nucleases candidates, que
anirem detallant a continuacid, gracies a la transducci6 dels cardiomiocits amb
construccions plasmidiques per a shRNAi de les nucleases estudiades.

L’ADN nucleasa de tipus I (DNAsa I) dels mamifers és una nucleasa
secretada present en sérum, orina i algunes secrecions que s’ha implicat en la
digestio de I’ADN extracel-lular o cromatina en zones de 1’organisme amb elevat
recanvi cel-lular o mort apoptotica (Napirei et al., 2000). Estudis del mecanisme

molecular de la fragmentacié d’ADN apoptotica en linies cel-lulars han revelat la
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possible cooperacié entre EndoG 1 DNAsa I, 1 han suggerit que DNAsa I produeix
talls a ’ADN que faciliten 1’acci6 d’EndoG (Oliveri et al., 2001; Widlak et al.,
2001). Hem construit un plasmid lentiviral per a disminuir la transcripcié de la

DNAsa I en els cardiomiocits, 1’eficacia del qual hem verificat per rtPCR (Fig. 47).

ENAI:  DNAsal Scr

PCR Cycle: 25 30 35 25 30 35

DNAsa |

Figura 47. Nivells del producte de transcripcié de I’ADN nucleasa I (DNAsa I) en cardiomiocits

transduits amb la construccié scrambled (scr) o amb la construccid shRNAi per disminuir la
transcripcid de DNAsa I (DNAsa I). Reaccié de RT-PCR a partir de 1 pg d’extractes d’ARN total.
S’han carregat i migrat volums iguals dels productes de PCR extrets als cicles 25, 27 i 30 de la reaccid
de PCR en gels d’agarosa al 3% tenyits amb SYBR® Safe. La deteccid en paral-lel del transcrit de unr
s’ha utilitzat com a control de carrega. Les imatges sOn representatives de tres experiments

independents.

L’estudi de la integritat de I’ADN durant a repressi6 de DNAsa I en
cardiomiocits en cultiu en condicions de isquémia (Fig. 48) ens mostra que DNAsa I
aparentment no ¢és essencial en el procés de degradaci6 d’ADN durant la mort dels
cardiomidcits de rata. A pesar que en apartats anteriors ja hem verificat que AIF no
afecta a la degradacido d’ADN i que EndoG controla la fragmentacio d’ADN de baix
pes molecular, es va voler verificar si la repressié d’ambdos en una mateixa cel-lula
potenciava I’efecte de la repressié d’EndoG (Fig. 48), i el resultat observat és que la
repressio conjunta d’AIF i EndoG no modifica el patré de degradacid6 de I’ADN
durant la isquémia. Per la qual cosa podem pensar que no es troben en una mateixa

via.
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Ischemia
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Figura 48. Deteccio de la fragmentacié d’ADN d’alt i baix pes molecular (HMWF i LMWF) en
cardiomiocits en cultiu transduits amb les construccions scrambled (Scr), RNAi d’EndoG (EndoG),
RNAi d’AIF (AIF), RNAi d’EndoG i d’AIF alhora (AIF + EndoG) i RNAi de DNAsa I (DNAsa I)
exposats a 16h de isquémia. La fletxa senyala la banda a 50 kDa. Les imatges son representatives de

tres experiments independents.

7. Assaig d’integritat de I’ADN en cardiomiocits en cultiu amb disminucié de
I’expressid de: TatD, DNAsa | i I, Topoisomerasa Il, Fen-1 i Exoscb.

En E. coli s’ha observat que TatD és una proteina citoplasmatica amb activitat
DNAsa (Wexler et al., 2000). Estudis posteriors han trobat que TatD té un paper en
la degradacié apoptotica d’ADN en C. elegans (Parrish and Xue, 2003) i en llevats
(Qiu et al., 2005). En C. elegans I’utilitzaci6 de I’RNAi contra CRN-2 (TatD)
augmenta el fenotip de TUNEL observat en el mutant per CPS-6, suggerint que
TatD podria funcionar en una via de degradaci6 d’ADN diferent que la de EndoG
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(Parrish and Xue, 2003). Els estudis en S. Cerevisiae deficients en TatD han
observat un fenotip similar al dels nematodes deficients en CRN-2, i a més que la
sobreexpressio de TatD en llevats facilita la mort (Qiu et al., 2005), suggerint que
realment TatD actua com a una nucleasa apoptotica. Aixi doncs hem dut a terme
dues construccions lentivirals per a reprimir I’expressié de TatD en els cardiomiocits,

de les quals hem verificat I’eficacia per rtPCR (Fig. 49).

RNAiT Scr TatD1  TatD2
PCRCycle: 25 27 25 27 25 27

Figura 49. Nivells del producte de transcripci6 de TatD en cardiomiocits transduits amb la

TatD

unr

construccié scrambled (scr) o amb les dues construccions per a la reduccié de la transcripcio de TatD:
TatD RNAi 1 (TatD 1) i TatD RNAi 2 (TatD2). La reacci6 de RT-PCR s’ha realitzat partint de 1 pg
d’extractes d’ARN total. S’han carregat i migrat volums iguals dels productes de PCR extrets als
cicles 25 1 27 de la reaccidé de PCR en gels d’agarosa al 3% tenyits amb SYBR® Safe. Com a control
de carrega s’ha realitzat en paral-lel la reaccid6 de PCR per a la deteccid del transcrit de unr. Les

imatges son representatives de tres experiments independents.

L’ADN nucleasa de tipus II (DNAsa II) dels mamifers té dues proteines
homologues en C. elegans, NUC-1 (Wu et al., 2000b) i CRN-6 (Parrish and Xue,
2003). S’ha suggerit que tant CRN-6 com NUC-1 participen en la digestio d’ADN no
necessari o forani en C. elegans, en els lisosomes o altres compartiments acidics
(Lyon et al., 2000), encara que sembla que CRN-6 podria estar especialitzat per a la
degradacio apoptotica d’ADN (Parrish and Xue, 2003). Aixi mateix, la DNAsa II en
els mamifers s’ha involucrat en la degradacié d’ADN de les c¢l-lules apoptotiques
engolides pels macrofags (Mcllroy et al., 2000). La deteccié de 1’eficacia de la
construccidé shRNAi contra la DNAsa II s’ha realitzat per rtPCR en extractes de

cardiomiocits transduits (Fig. 50).
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RMNAI DNAsa I Scr
PCR Cycle: 25 27 30 25 27 30

DNAsa Il

unr

Figura 50. Nivells del producte de transcripcié de I’ADN nucleasa II (DNAsa II) en cardiomiocits
transduits amb la construccié scrambled (scr) o amb la construccid shRNAi per disminuir la
transcripcio DNAsa II (DNAsa II). Reaccio de RT-PCR a partir de 1 pg d’extractes d’ARN total.
S’han carregat i migrat volums iguals dels productes de PCR extrets als cicles 25, 27 i 30 de la reaccio
de PCR en gels d’agarosa al 3% tenyits amb SYBR® Safe. La deteccio en paral-lel del transcrit de unr
s’ha utilitzat com a control de carrega. Les imatges son representatives de tres experiments

independents.

En linies cel-lulars de ratoli s’ha proposat que la topoisomerasa d’ADN de
tipus II (Topo II) és la nucleasa responsable la fragmentaci6 d’ADN d’alt pes
molecular, en col-laboraciéo amb la nucleasa dependent de caspases CAD (Solovyan
et al., 2002). Per tal de comprovar si Topo II esta involucrada en la degradacio de
I’ADN en els cardiomiocits de rata, juntament amb Endonucleasa G, hem construit el

plasmid lentiviral per a shRNAi de Topo II, que s’ha verificat per rtPCR (Fig. 51).

RNAI: Topo |l Scr RT-

PCR Cycle: 25 27 30 25 27 30 30

Topo Il

Figura 51. Nivells del producte de transcripcio de I’ADN topoisomerasa II (Topo II) en cardiomiocits
transduits amb la construccidé scrambled (scr) o cardiomiocits deficients en Topo II (Topo II). La
reacci6 de RT-PCR s’ha realitzat partint de 1 pg d’extractes d’ARN total. S’han carregat i migrat
volums iguals dels productes de PCR extrets als cicles 25, 27 1 30 de la reaccié de PCR en gels
d’agarosa al 3% tenyits amb SYBR® Safe. Com a control de carrega s’ha realitzat en paral-lel la
reacci6 de PCR per a la deteccid del transcrit de unr. Les imatges son representatives de tres

experiments independents.
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L’endonucleasa-1 FLAP (FEN-1, flap endonuclase-1) humana, 1 el seu
homoleg en C. elegans, CRN-1, estan involucrats en els processos de replicacio i
reparaci6 d’ADN, perdo també té un paper important durant la mort cel-lular
programada. Estudis en el nematode C. elegans han mostrat que CRN-1 es localitza
al nucli 1 que es pot associar i cooperar amb CPS-6 (homoleg d’EndoG) per a
promoure la fragmentaci6 d’ADN (Parrish et al., 2003). Donat que Fen-1 podria
interaccionar amb EndoG, hem construit el plasmid lentiviral per a shRNAi Fen-1, i
aixi comprovar si intervé en la degradacié de I’ADN durant la isquémia cardiaca. Per
tal de verificar 1’eficacia de la nostra construccié hem analitzat per rtPCR extractes
d’ARN de cardiomiocits transduits amb la construccié control (Scr) i la construccio

per a reprimir la transducci6 de Fen-1 (Fig. 52).

RNAI: Fen-1 Scr
PCR Cycle: 25 27 30 25 27 30

Fen-1

Figura 52. Nivells del producte de transcripcié de Fen-1 en cardiomiocits transduits amb la

construccid scrambled (scr) o cardiomiocits deficients en Fen-1. La reaccié de RT-PCR s’ha realitzat
partint de 1 pg d’extractes d’ARN total. S’han carregat i migrat volums iguals dels productes de PCR
extrets als cicles 25, 27 i 30 de la reaccid de PCR en gels d’agarosa al 3% tenyits amb SYBR® Safe.
Com a control de carrega s’ha realitzat en paral-lel la reaccié de PCR per a la deteccio del transcrit de

unr. Les imatges son representatives de tres experiments independents.

El component 5 de I’exosoma (Exosome component 5, Ecosc5), també
anomenat Rrp46 (Ribosomal RNA processing protein 46), forma part del complex de
I’exosoma, que €s un complex multiproteic capac de degradar diferents tipus d’ARN,
1 que s’ha observat que és crucial per a la supervivéncia dels llevats (Perumal and
Reddy, 2002). L’homoleg de Exosc5 en C. elegans s’anomena CRN-5 i la
disminuci6 de la seva expressio en el nematode per la técnica de shRNAIi presenta un
fenotip similar a la repressid6 de I’homoleg d’EndoG (CPS-6) (Parrish and Xue,

2003), i s’ha detectat interaccio in vitro entre CPS-6, CRN-5 i d’altres nucleases que
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podrien actuar en la mateixa via i formar un complex multiproteic, juntament amb
components no apoptotics com 1’homoleg d’AIF, WAH-1 (Parrish and Xue, 2003).
Per a comprovar aquesta possible interaccié hem preparat la construccié del shRNAi
de ExoscS, i hem verificat la seva eficacia en cardiomiocits al cap de 6 dies de la

transduccio per rtPCR (Fig. 53).

RMNAI:  Exosch Scr
PCR Cycle: 25 27 30 25 27 30

o

unr

Figura 53. Nivells del producte de transcripci6 del component 5 de I’exosoma (Exosc5) en
cardiomiocits transduits amb la construccié scrambled (scr) o amb la construccid shRNAi per
disminuir la transcripcié d’Exosc5. Reaccié de RT-PCR a partir de 1 pg d’extractes d’ARN total.
S’han carregat i migrat volums iguals dels productes de PCR extrets als cicles 25, 27 i 30 de la reaccio
de PCR en gels d’agarosa al 3% tenyits amb SYBR® Safe. La deteccio en paral-lel del transcrit de unr
s’ha utilitzat com a control de carrega. Les imatges son representatives de tres experiments

independents.

A pesar que en C. elegans s’ha detectat interaccid entre els homolegs de
DNAsa II i EndoG (Parrish and Xue, 2003), i també entre els homolegs de Fen-1 i
EndoG (Parrish et al., 2003), i que a més es sap que DNAsa II actua en condicions
acicliques, condici6 que també es dona durant la isquémia en els cardiomidcits, la
repressio de I’expressié de DNAsa I1 i de Fen-1 en els cardiomiocits en isquémia no
afecta de forma destacada al patr6é de degradacié de I’ADN (Fig. 54).

Topoisomerasa II i Exosc5 han estat implicats en mort cel-lular apoptotica.
Topo II ha estat implicada en fragmentaciéo d’ADN d’alt pes molecular en ratoli
(Solovyan et al., 2002) 1 la repressio dels homolegs d’Exosc5 i d’EndoG en C.
elegans presenten fenotips molt similars (Parrish and Xue, 2003). No obstant aixo, la
repressio d’ambdds gens en cardiomiocits de rata en cultiu durant 16 hores de

isquémia no modifica el patrd de degradacio d’ADN (Fig. 54).
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Ischemia

HMWF

Figura 54. Deteccio de la fragmentaci6 d’ADN d’alt i baix pes molecular (HMWF i LMWF) en
cardiomiocits en cultiu transduits amb les construccions scrambled (Scr), RNAis 1 i 2 de TatD (TatD
1 i TatD2), RNAi d’EndoG (EndoG), RNAIi de Fen-1 (Fen-1), RNAi de Topo II (Topo II), RNAi de
DNAsa II (DNAsa II) i RNAi d’Exosc5 (Exosc5) exposats a 16h de isquémia. La fletxa senyala la

banda a 50 kDa. Les imatges son representatives de tres experiments independents.

En C. elegans s’ha observat que 1’abséncia de TatD augmenta la reaccio de
TUNEL en el mutant per ’homoleg d’EndoG suggerint que ambdds podrien estar
situats en vies diferents de degradacié de I’ADN (Parrish and Xue, 2003), en els
cardiomiocits en isquémia amb disminucié de I’expressio de TatD es va observar un
lleuger augment en la degradaci6 de I’ADN (Fig. 54). Quan es reprimeixen
endonucleasa G i TatD alhora (Fig. 55), la fragmentacio d’ADN d’alt pes molecular
segueix el mateix patrd que la repressio d’EndoG sol, pero en canvi la degradacio
d’ADN de baix pes molecular augmenta lleugerament. Aquests canvis son bastant

lleugers, 1 son dificils de discernir de la variabilitat metodologica, per la qual cosa
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vam decidir de realitzar un curs temporal de isquémia i a més provar un nou model

de isquémia.

Ischemia
L] IG
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HMWF
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Figura 55. Deteccio de la fragmentacié d’ADN d’alt i baix pes molecular (HMWF i LMWF) en
cardiomiocits en cultiu transduits amb les construccions scrambled (Scr), RNAi d’EndoG (EndoG),
RNAis 2 de TatD (TatD 2), RNAi 2 de TatD i d’EndoG alhora (TatD 2 + EndoG) i RNAi de Fen-1
(Fen-1) exposats a 16h de isquémia. La fletxa senyala la banda a 50 kDa. Les imatges son

representatives de tres experiments independents.

El sistema utilitzat per aconseguir isquémia en cultiu utilitzant la cambra
hipoxica Billups-Rothengerg ha resultat ser poc eficient 1 perdurable, a més no ens
permetia controlar la concentracid6 d’O2 al interior i augmentava la pressio
atmosferica a la que eren sotmesos els cultius. L’adquisicié d’una cambra hipoxica

de la casa Biotrace (veure detalls a I’apartat de Materials i Métodes), que controla la
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temperatura, la concentracio parcial d’oxigen i el nivell de pressio, ens ha permes
aprofundir en el mecanisme d’aquestes nucleases. En concret de la nucleasa TatD,
que ¢és la unica que en ser disminuida la seva expressid0 presenta una menor
degradacio d’ADN de baix pes molecular (Fig. 55). En un curs temporal per a
determinar d’eficacia de la nova cambra hipoxica (Fig. 56), hem observat que la
repressio d’EndoG no només prevé la degradacido d’ADN de baix pes molecular sind
també prevé en gran part la degradacio d’alt pes molecular, efecte que atribuim a que
en el model antic de cambra hipoxica I’augment de pressié provoca una fragmentaciod

d’ADN d’alt pes molecular per algun altre mecanisme.

Ti Scrambled EndoG RNAi TatD RNAI1 TatD RNAiL2
ime
(hours) 0 2 4 81624 0 2 4 81624 0 2 4 816 24 0 2 4 81624

HMWF

LMWF

Figura 56. Deteccio de la fragmentacié d’ADN d’alt i baix pes molecular (HMWF i LMWF) en
cardiomiocits en cultiu transduits amb les construccions scrambled (Scr), RNAi d’EndoG (EndoG),
RNAis 112 de TatD (TatD 1 i TatD 2), RNAi 2 de TatD i d’EndoG alhora (TatD 2 + EndoG) i
RNAI de Fen-1 (Fen-1) exposats a un curs temporal de isquémia entre 0 i 24 hores, en una atmosfera

controlada a 0,2% O, i 5% CO,. Les imatges son representatives de tres experiments independents.

La utilitzacié de la campana hipoxica amb pressio parcial d’oxigen controlada
ens ha permeés discernir que la repressid parcial de TatD no només no prevé la
degradacio d’ADN de baix pes molecular, sind que 1’augmenta (Fig. 56), suggerint
una nova funcié de TatD en la proteccido de I’ADN de la degradacié durant la mort

cardiomiocitaria en la isquémia.
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Aixi doncs, la conclusi6 logica sembla que la recerca de la nucleasa
responsable de la fragmentaci6 de ’ADN ¢és endonucleasa G, que resulta essencial
per a tot el procés de fragmentacid de I’ADN en els cardiomiocits neonatals en

isquémia.

8. Estudis preliminars de caracteritzacio de la proteina TatD

La recerca de la nucleasa responsable de la fragmentacio de ’ADN en els
cardiomiocits isquémics ens ha portat a 1’estudi d’aquesta nucleasa amb aparent
funci6 de proteccio de I’ADN durant el dany isquémic. Per al seu estudi s’ha realitzat
el clonatge del gen tatD de ratoli en el plasmid pcDNA3-FLAG3’ a partir del seu
clon IMAGE de manera idéntica al clonatge realitzat per al gen d’EndoG en el
mateix plasmid i que esta detallat a 1’apartat de Materials 1 Métodes. La forma
exogena de TatD-FLAG presenta una localitzacio puntuada consistent amb una
possible localitzacié mitocondrial, tot 1 que I’excés de proteina transduida no permet
discernir un patr6 clar en aquest tipus cel-lular, i la seva talla aparent detectada per

Western Bot és inferior a 37kDa (Fig. 57).

FLAG-Tagged overexpression in 293 cells

‘r?
1'? —
ab

Figura 57. Transduccié de la construccié TatD-FLAG en la linia cel'lular humana HEK293T. La

cromatina s’ha tenyit utilitzant el colorant especific Hoechst (blau). En el panell dret mostra la
immunodeteccid6 de FLAG en cél-lules HEK293 transduides amb la construcciéo TatD-FLAG. Les

imatges son representatives de tres experiments independents.

La manca de disponibilitat d’anticossos comercials contra la proteina TatD
ens ha portat a la produccié d’un anticos policlonal contra la proteina de rata. Amb la
qual hem verificat 1’eficacia de I’RNAi contra el gen tatD huma (Fig. 58A) en la

linia cel-lula humana HEK293T, on veiem que la construccié de shRNAi disminueix
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la proteina TatD endogena, perd només de forma lleugera. A més, confirmem que la
talla de la proteina endogena es troba per sota de 37kDa. La immunodeteccio de
TatD de rata endogen en cardiomiocits neonatals en cultiu (Fig. 58B) mostra un
patré puntuat, que ens indica una possible localitzacié mitocondrial, tot i que no

s’observa exclusio del nucli.

Endogenous expression in cardiomyocytes
HEK293T

s &

48 kDa-

37 kDa-

T —
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Figura 58. A) Immunodetecciéo per WB de TatD endogen en cél-lules HEK293T transduides amb la
construccié Scr o la construccié shRNAi de TatD. B) Immunocitoquimica contra TatD endogen
(vermell) en cardiomiocits no transduits. La cromatina s’ha tenyit utilitzant el colorant especific

Hoechst (blau). Les imatges son representatives de dos experiments independents.

La caracteritzaci6 d’aquesta proteina al llarg del desenvolupament cardiac de
rata ens indica que la proteina TatD s’expressa en els diferents estadis del
desenvolupament, perd que experimenta algun tipus de modificaci6 post-traduccional
a partir del moment del naixement, ja que s’observa que al llarg del desenvolupament
va augmentant la talla de les bandes detectades (Fig. 59, A). Hem comprovat
I’eficacia de 1’anticos utilitzant els 2 shRNAi de TatD de rata dels quals disposem, al
igual que hem fet per TatD huma (Fig. 58), i podem descartar que les bandes
observades siguin degudes a unions inespecifiques de 1’anticos (dades no mostrades).
En cardiomiocits de rata aillats, neonatals i1 adults, s’observa el mateix patr6 de

bandes observat en extractes totals de cor durant el desenvolupament (Fig. 59, B).
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Figura 59. Immunodeteccié de TatD endogen durant el desenvolupament cardiac en extractes totals
de cor (A) i en cultius aillats de cardiomiocits neonatals i adults (B). Les imatges son representatives

de tres experiments independents.

El patr6 de localitzaci6 subcel-lular de TatD no coincideix amb el patré d’una
proteina de localitzacié mitocondrial reconeguda, com és EndoG, sind que s’observa
clarament que TatD també es troba present al nucli, mentre que en el patr6 d’EndoG
el nucli queda exclos (Fig. 60). Podem descartar que la localitzacié nuclear de TatD
sigui un artefacte degut a I’anticos secundari o al gruix dels cardiomiocits, ja que la
immunocitoquimica d’EndoG mostrada esta realitzada utilitzant el mateix anticos

secundari i en el mateix tipus cel-lular i si presenta exclusi6 nuclear.

endogenous TatD

endogenous EndoG

Figura 60. Tinci6 per immunofluorescéncia de TatD (panells A i C) i de EndoG (panells D i F). La

cromatina es mostra en blau (panells B, C, E i F). Els panells C i F mostren la superposicié dels

panells anteriors. Les imatges son representatives de tres experiments independents.
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El treball mostrat en aquest apartat és un treball preliminar, que requereix
d’un analisi més profund que no s’ha pogut incloure en la durada d’aquesta tesi.
Caldra analitzar en un curs temporal més acurat el procés de fragmentacio d’ADN
utilitzant ambdos RNAIs, ja que els punts actuals disten 8 hores durant les quals
podria haver-hi un pic de fragmentacidé que ja estigui de baixa en el seglient punt.
Estudiar quin és el mecanisme de modificacid posttraduccional que afecta a la
proteina TatD durant el desenvolupament cardiac, i com realitza la funci6 protectora

de ’ADN durant I’estimul isquémic.
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Objectiu 2.

Esbrinar els mecanismes implicats en la mort induida per isquémia
en els cardiomiocits, mitjancant I’estudi sistematic de les vies

apoptotiques conegudes en un model cel-lular de isquemia.

Esbrinar la relaci6 entre BNIP3 i EndoG, dues proteines
mitocondrials apoptotiques implicades en el processament de

I’ADN induit per isquemia.
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La nostra hipotesi parteix de 1’observacié que la repressio de la fragmentacid
isquémica d’ADN en absencia d’EndoG en els cardiomiocits que nosaltres hem
observat en els apartats anteriors presenta un patré similar a la fragmentacio de
I’ADN de baix pes molecular en isquémia en abséncia de BNIP3 en cardiomiocits
observada pel grup del Dr. Webster (Kubasiak et al., 2002; Webster et al., 2005). Cal
remarcar que cap treball fins a la publicacio del nostre article [(Bahi et al., 2006)
(objectius 1 1 2a; ANNEX 2)] ha estudiat la fragmentacié d’alt pes molecular en
cel-lules cardiaques, per la qual cosa no es pot comparar totalment els patrons de
fragmentacio. El que ens ha portat a la hipotesi segiient: BNIP3, una proteina
proapoptotica de la familia de Bcl2 sense activitat nucleasa, controla o bé la sortida

d’EndoG del mitocondri o bé la seva posterior translocaci6 al nucli.

9. BNIP3, pero no Nix, dispara la fragmentacio de I’ADN en els cardiomiocits en
isquemia.

Per una banda, la molécula BNIP3, un dels membres proapoptotics de la
familia de Bcl2, s’ha implicat en la mort cel-lular programada independent de
caspases (Vande Velde et al., 2000), i en la fragmentaci6 d’ADN de baix pes
molecular induida per isquémia en els cardiomiocits (Kubasiak et al., 2002; Regula
et al., 2002). D’altra banda, tot i que la proteina Nix, una molécula BH3-only
relacionada amb BNIP3, presenta també un paper proapoptotic (Chen et al., 1999) i
la seva expressido es veu augmentada en condicions de hipoxia en algunes linies

cel-lulars (Bruick, 2000), no ha estat involucrada en I’apoptosi induida per hipoxia.

RNAi:  Bnip3 Nix BRT-
[ L] ]
PCR cycle: 25 30 35 25 30 35 35
Bnip3

Nix

nnr

Figura 61. Nivells de producte de transcripcié de BNIP3 i NIX en cardiomiocits deficients en NIX
(Nix) o en BNIP3 (Bnip3). Reaccié de RT-PCR realitzada a partir de 1 pg d’extractes d’ARN total.
S’han carregat i migrat volums iguals dels productes de PCR extrets als cicles de PCR 25, 301 35 en
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gels d’agarosa al 3% tenyits amb SYBR® Safe. Com a control de carrega s’ha detectat el transcrit de

unr en paral-lel. Les imatges son representatives de tres experiments independents.

Utilitzant la interferéncia d’ARN (shRNAi) acoblada a la transduccié dels
cardiomiocits per lentivirus hem pogut disminuir I’expressio dels gens bnip3 i nix en
cultius primaris de cardiomiocits (Fig. 61). Els nostres resultats demostren que la
manca de BNIP3 en cardiomidcits tractats en condicions de isquémia redueix la
fragmentacio d’ADN de baix i d’alt pes molecular, tot i que la manca de la proteina

homologa NIX no és capag de prevenir la degradacio de I’ADN (Fig. 62).
1schemia
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Figura 62. La disminucio en I’expressié de BNIP3 protegeix als cardiomiocits diferenciats de la
fragmentaci6 d’ADN induida durant la isquémia. Deteccio de la fragmentacié d’ADN d’alt i baix
pes molecular (HMWF i LMWF) en cardiomidcits en cultiu transduits amb les construccions
scrambled (Scr), RNAi de BNIP3 (BNIP3) i RNAi de NIX (Nix) en condicions control o exposats a
16h de isquémia en una atmosfera controlada a 0,2% O, 1 5% CO, i en preséncia (+) o abséncia de 100
uM de z-VAD-fmk (zV). La fletxa senyala la banda a 50 kDa. Les imatges son representatives de tres

experiments independents.
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La reaccio de TUNEL marca fluorescentment aquelles cel-lules que presenten
discontinuitats en I’ADN nuclear que tot sovint s’atribueixen a I’activitat de la
nucleasa CAD (veure detalls en 1’apartat de Materials i Métodes). Els cardiomiocits
que tenen ’expressié de BNIP3 reduida, no presenten reaccio positiva de TUNEL,
indicant que no hi ha fragmentacié d’ADN en abséncia de BNIP3 als cardiomiocits

(Fig. 63).
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Figura 63. Reaccié de TUNEL en cardiomiocits neonatals en cultiu. A) Imatge de cardiomiocits
tenyits per la reaccié de TUNEL en condicions control i durant 16 hores de isquémia, transduits amb
la construcci6 Scr, amb ’RNAi de BNIP3 i amb I’RNAi de NIX. B) Recompte de c¢l-lules positives
per TUNEL respecte el nombre total de cél-lules en el pou, expressat en percentatge de cel-lules
positives per TUNEL realitzat per duplicat en tres experiments independents. Les imatges son

representatives de tres experiments independents.

10. Caracteritzacio de la distribucié de les formes exogenes i endogenes d’EndoG en
cardiomiocits i dels anticossos disponibles.

Tal com hem vist en apartats anteriors la isquémia experimental en els
cardiomiocits indueix [D’alliberament de la construcci6 EndoG-FLAG dels
mitocondris cardiomiocitaris (Fig. 41 i 42). En els cardiomiocits I’EndoG endogen es
troba implicat en la degradaci6 d’ADN independent de caspases induida durant la
isquémia (Fig. 46). Hem utilitzat 1’expressio de la construcci6 EndoG-FLAG per a
detectar la translocaciéo d’endonucleasa G perque, almenys a les nostres mans, els

anticossos comercials contra EndoG detecten una banda inespecifica d’un pes

147



Resultats

molecular aparent d’aproximadament 35kDa en extractes de rata i ratoli, mentre que
la massa de la molécula de proEndoG ¢és de uns 32kDa, i un cop tallada en el seu

extrem N-terminal en de ser translocada al mitocondri presenta una massa molecular

aparent de 29kDa (Fig. 64) (Schafer et al., 2004).

ENAi1: scrambled EndoG FENAs1
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Figura 64. Analisi per Western Bot de I’eficacia de sobreexpressié de la construccio EndoG-FLAG,
mitjangant els anticossos comercials contra EndoG, i 1’anticos contra FLAG per a detectar la proteina
EndoG-FLAG sobreexpressada. La fletxa senyala la talla esperada per EndoG, que és inferior a la
talla d’EndoG-FLAG. La proteina cardiaca a-actina s’utilitza com a control de carrega. Les imatges
son representatives de tres experiments independents utilitzant els tres anticossos comercials contra

EndoG descrits a Materials i Métodes.

Es va observar que la banda de 35kDa detectada pels anticossos comercials
no es veu afectada per 1’s de la construccié de shRNAi per a la repressid genica
d’EndoG (Fig. 64), a pesar de la forta disminucié observada a nivell de ’ARNm
d’EndoG endogen (Fig. 44) i que la construccié shRNAi contra EndoG reprimeix
completament la sobreexpressié de la construccié d’EndoG-FLAG, detectat per amb
anticos contra FLAG en Western Bot (Fig. 64) i per immunofluorescéncia en
cardiomiocits en cultiu (Fig. 65). Aixi doncs s’evidencia que els anticossos
comercials disponibles detecten la proteina sobreexpressada d’EndoG de ratoli i una

banda inespecifica a 35kDa, pero no detecten la proteina endogena d’EndoG de rata.
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EndoG RN A1

Figura 65. Immunocitoquimica anti-FLAG (verd), en cardiomiocits de rata postnatals (dia 5)

sobreexpressors de la construccio EndoG-FLAG transduides per la construccié scr o la construccio
shRNAi d’EndoG. La cromatina s’ha tenyit utilitzant el colorant especific Hoechst (blau). Les imatges

son representatives de tres experiments independents.

La sobreexpressio d’EndoG acoblada a la disminucié de gens per shRNAi
ocasiona alguns problemes metodologics, principalment que I’'utilitzacié6 d’ambdoés
disminueix la quantitat de EndoG-FLAG sobreexpressat. Hem solucionat aquest
problema modulant la quantitat dels dos tipus de virus, fins aconseguir la mateixa
sobreexpressio en tots els tractaments i comprovant en cada experiment individual
I’eficacia de I’RNAI, perd aixo ens ha induit a sol-licitar la preparacié d’un anticos
policlonal anti-EndoG. La seqiiéncia polipeptidica (Fig. 66) contra la qual s’ha
produit I’anticos esta diferent de la utilitzada en els anticossos comercials dels que

disposem (ProScience, Sigma i Santa Cruz; veure referéncies a Materials 1 Metodes).

Rn ATGCGCGCGCTACGGGCCGGTTTGACCCTGGCGCTGGGCGCCGGCCTGGGCGCCGCGGCA 60
Mm ATGCGCGCGCTGCGGGCCGGCCTGACCCTAGCGCTGGGCGCGGGGCTGGGCGCCGCGGCA 60
Hs ATGCGGGCGCTGCGGGCCGGCCTGACCCTGGCGTCGGGCGCGGGGCTGGGTGCGGTCGTC 60

EX e EX *

Rn GAGCATTGGCGGCGGCGAGAGGGTAA-———————- AGGGCCGGGGCTGCTGGGCCGAGTG 111
Mm GAGCATTGGCGGCGGCGGGAGGGCAA-———————— AGCGCCGGGGCTGCTGGGCCGAGTG 111
Hs GAGGGCTGGCGGCGGCGGCGGGAGGACGCGCGGGCGGCGCCGGGACTGCTGGGCCGGCTG 120

Fkk Fhkdk Ak hAdhkhk *k * * *x

Rn CCAGTGTTGCCGGTTGTCGCGGC---CGATCTTCCCGCGCTGCCGGGGGGACCGGCTGGC 168

Mm CCATTGTTGCCGGTGGTCGCGGC---CGATCTTCCCGCGCTGCCGGGGGGACCGGCGGGC 168

Hs CCCGTGCTGCCCGTGGCGGCGGCAGCCGAGTTGCCCCCTGTGCCCGGGGGACC---CCGC 177
G G P R

** Kk KAhkkk Kk K E e KKKk * KKkKk K KAAKA KAAAAKk* **

Rn AGCACCGGAGAGTTGGCCAAGTACGGGCTGCCCGGCGTGGCGCAGCTCCGGAGCCGCGAG 228

Mm GGCACCGGGGAACTGGCCAAGTACGGGCTGCCCGGCGTGGCGCAGCTCCGGAGCCGCGAG 228

Hs GGCCCGGGCGAGCTGGCCAAGTACGGGCTGCCGGGGCTGGCGCAGCTCAAGAGCCGCGAG 237
G P G EL AKYGLP

*hk K Kk Kk e

Rn TCCTACGTGCTGAGCTACGACCCGCGCACGCGCGGTGCGCTCTGGGTGTTGGAGCAGCTG 288
Mm TCCTACGTGCTTAGCTACGACCCGCGCACGCGCGGTGCGCTCTGGGTGTTGGAGCAGCTG 288
Hs TCGTACGTGCTGTGCTACGACCCGCGCACCCGCGGCGCGCTCTGGGTGGTGGAGCAGCTG 297

*k
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Figura 66. Sequiéncia del gen d’Endonucleasa G huma, de rata i de ratoli. En groc esta ressaltada
la seqliencia contra la qual es dirigeixen els tres anticossos comercials (especific contra EndoG huma
pero que les cases comercials asseguren que també detecta la proteina de ratoli) i en verd la seqliéncia
contra la qual es dirigeix el nostre anticos (especific per a rata i ratoli; malgrat petits canvis en la

seqiiencia nucleotidica, presenten idéntica seqliencia d’aminoacids). En color magenta es mostra la

AGGCCAGAGCGGCTCCGTGGCGATGGGGACCGTCGCGCCTGCGACTTCCACGAGGACGAT
AGGCCAGAGCGGCTCCGTGGCGACGGGGACCGTAGCGCCTGCGACTTCCGCGAGGATGAC
CGACCCGAGCGTCTCCGCGGCGACGGCGACCGGCGCGAGTGCGACTTCCGCGAGGACGAC

* *

* K%k * E *

TCTGTGCACGCGTACCACCGCGCCACCAATGCGGACTACCGCGGCAGTGGCTTTGACCGC
TCTGTGCACGCGTACCACCGCGCCACCAATGCGGACTACCGCGGCAGTGGCTTTGACCGC
TCGGTGCACGCGTACCACCGTGCCACCAACGCCGACTACCGCGGCAGTGGCTTCGACCGC
** **k

GGCCACTTGGCGGCCGCCGCCAATCACCGCTGGAGTCAGCGGGCCATGGACGACACCTTC
GGCCATTTGGCCGCCGCCGCCAACCACCGCTGGAGTCAGCGGGCCATGGACGACACCTTC
GGTCACCTGGCCGCCGCCGCCAACCACCGCTGGAGCCAGAAGGCCATGGACGACACGTTC

*hk Kk EE FhFxhkhkhAkArhkrkik Khkk

TACCTGAGCAACGTAGCGCCTCAGGTGCCACACCTCAACCAGCATGCCTGGAACAACCTT
TACCTGAGCAACGTAGCGCCTCAGGTGCCACACCTCAACCAGAATGCCTGGAACAACCTT
TACCTGAGCAACGTCGCGCCCCAGGTGCCCCACCTCAACCAGAATGCCTGGAACAACCTG

GAGAAGTACAGCCGCAGCTTGACTCGAACTTACCAAAACGTTTATGTCTGCACAGGGCCT
GAGAGGTACAGCCGCAGCTTGACGCGAACTTACCAAAATGTCTATGTCTGCACGGGGCCG

GAGAAATATAGCCGCAGCTTGACCCGCAGCTACCAAAACGTCTATGTCTGCACAGGGCCA
CTTTTCCTGCCCAGGACCGAGGCTGATG CCAGGTTATTGGG
CTTTTCCTGCCCAGGACCGAGGCTGATG CCAGGTTATTGGG

CTCTTCCTGCCCAGGACAGAGGCTGATGGGAAATCCTACGTAAAGTACCAGGTCATCGGC
** **

**k KKk

AAGAACCACGTGGCAGTGCCCACACACTTCTTCAAGGTGTTGATCCTGGAGGCAGCCAGT
AAGAACCACGTGGCAGTGCCCACACACTTCTTCAAGGTGCTGATCCTGGAGGCAGCCGGT
AAGAACCACGTGGCAGTGCCCACACACTTCTTCAAGGTGCTGATCCTGGAGGCAGCAGGT

**

GGGCAAATCGAGCTGCGTTCCTATGTGATGCCCAATGCCCCGGTGGATGAGACTCTCCCT
GGGCAGATCGAGCTACGTTCCTACGTGATGCCCAATGCCCCCGTGGATGAGACCATCCCT
G Q I ELRSYVMPNAPVDTET

GGGCAAATTGAGCTCCGCACCTACGTGATGCCCAACGCACCTGTGGATGAGGCCATCCCA

*k Kk

TTGGAGCGCTTCCTAGTGCCCATCGAGAGCATCGAGCGGGCCTCGGGATTGCTCTTCGTG
CTGGAGCGGTTCCTGGTGCCCATCGAGAGCATCGAGCGGGCCTCGGGATTGCTCTTCGTG
CTGGAGCGCTTCCTGGTGCCCATCGAGAGCATTGAGCGGGCTTCGGGGCTGCTCTTTGTG

E

CCCAATATTCTGGCTCGAGCTGGAAACCTCAAGGCCATCACTGCTGGTAGCAAGTGA 885
CCCAATATTCTGGCTCGAGCTGGAAACCTCAAGGCTATCACTGCTGGCAGCAAGTGA 885
CCAAACATCCTGGCGCGGGCAGGCAGCCTCAAGGCCATCACGGCGGGCAGTAAGTGA 894

KA AKA AEA AEAEAEAEA AKA AEA AK A AAAAAAAAKX AAAAK Kk Kk Kk dhkkkk
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348
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408
408
417

468
468
477

528
528
537

588
588
597

648
648
657

708
708
717

768

768

777

828

828
837

seqliencia de 19 nucleatids escollits per a shRNAI el gen d’endonucleasa G de rata i ratoli.

Hem verificat el nostre anticos comparant-lo amb I’anticos de Proscience, ja
que tots els anticossos comercials disponibles (Sigma, Proscience, Santa Cruz) estan

fets contra el mateix epitop. Hem observat que I’anticos anti-EndoG que hem
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obtingut ¢és especific per a detectar Endonucleasa G de rata, pero no detecta EndoG
endogena humana (linies cel-lulars HEK293T, HelLa 1 SY5Y) ni la proteina endogena
de ratoli (linia cel-lular NIH3T3), tot i que si detecta la forma sobreexpressada

d’EndoG de ratoli (Fig. 67).
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Figura 67. Western Bot de diversos tipus cel-lulars utilitzant ’anticos comercial anti-EndoG de
Proscience (A) o utilitzant I’anticos anti-EndoG que hem obtingut nosaltres (B). La sobreexpressio
d’EndoG-FLAG, I’'RNAi d’EndoG i el control no transfectat () s’han realitzat en cultius de

cardiomiocits neonatals de rata després de 6 dies de la transduccio.

L’obtenci6 de I’anticos anti-EndoG ens ha permés determinar, per mesures de
densitometria de taques, que la nostra construccié6 d’RNAi contra EndoG disminueix
en un 70% I’expressi6 endogena d’EndoG en cultius de cardiomiocits transduits
versus els no transduits (Fig. 67), que anteriorment només haviem mesurat a nivell
del transcrit d’EndoG.

Durant el desenvolupament cardiac 1’expressi6 d’EndoG es veu molt
augmentada en el cor, tant en extractes totals de cor com en cultius de cardiomiocits
aillats (Fig. 68), mentre que en el cervell, un tipus cel-lular que també és altament

diferenciat, no es detecta practicament expressié d’Endonucleasa G.

HEART BRAIN LIVER CM
Age (days) _'5 2 1 5 15 90"-5 2 1 515 9:}' -'5 2 1 15 9{1'1 90
37 kDa- ' o |
- - - -
T = I I -
26 kDa- —

Figura 68. Caracteritzacio de ’expressi6 d’EndoG endogen en extractes totals de cor (HEART),
cervell (BRAIN) i fetge (LIVER) de rata durant el desenvolupament, i en cultius de cardiomiocits

neonatals (1 dia) i adults (90 dies). S’ha utilitzat ’anticos que hem produit nosaltres.
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11. BNIP3 no indueix I’alliberament d’EndoG a nivell mitocondrial, tot i que
demostrem que BNIP3 i EndoG estan implicats en el mateix mecanisme de
degradacio de I’ADN.

Els nostres resultats mostren que la repressio de ’expressido de la proteina
proapoptotica BNIP3 endogena en cardiomiocits en cultiu en isquémia no pot
bloquejar la sortida de la construccid6 EndoG-FLAG del mitocondri, ni tampoc la
sortida de citocrom ¢ (Fig. 69, A), refutant aixi la nostra hipotesi inicial de qué

BNIP3 podria estar controlant la sortida de EndoG del mitocondri.

Cytosolic extracts Pellets
Ischemia(h) | 0 8 16 0 8 16| 0 0 0

EndoGFLAG | + + + + + + |- + +
BNIP3RNAi | - - - + + + |- - +
—
EndoG-FLAG i — S 26
Cyt. C
—— —— —15
B
Pellets

Ischemia (h) 0O 0 8 16 0 8 16

EndoGFLAG| - + + + + + +
BNIP3 RNAx = = = = + + o+
-19

COX e e e o o c— —

Figura 69. A) Immunodetecci6 de Citocrom ¢ i FLAG en extractes citosolics en un curs temporal de
isquémia en cardiomiocits neonatals de rata transduits amb EndoG-FLAG i la construccioé Scr o la
construccié shRNAi per a BNIP3. B) Control de carrega en els pellets mitocondrials procedents dels
mateixos extractes citosolics, immunodeteccio d’EndoG-FLAG 1 del marcador mitocondrial COX.

Les imatges son representatives de tres experiments independents.

Hem comprovat que la transduccio conjunta de shRNAi de BNIP3 i EndoG-

FLAG no afecta a I’expressio6 de FLAG en els pellets mitocondrials de cada
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experiment independent (Fig. 69, B), i hem verificat 1’eficacia del plasmid lentiviral
shRNAi per BNIP3 transduit sol o conjuntament amb el plasmid lentiviral EndoG-
FLAG en cardiomiocits neonatals de rata per rt-PCR (Fig. 70), i per tal de descartar
que la doble utilitzacié de lentivirus disminueixi 1’eficacia del shRNAi de BNIP3 o

de la sobreexpressié d’EndoG-FLAG en el nostre model.

EndoG- FLAG

RNA1: "-.F} .%,'é‘@.b de é&ﬁ
wr Bew W
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Figura 70. Detecci6 dels nivells de transcrit d’ ARN de Bnip3 per rtPCR en extractes d’ARN totals de

cardiomiocits neonatals transduits Unicament amb la construccid Scr o shRNAi de BNIP3, o
conjuntament amb el plasmid sobreexpressor per EndoG-FLAG. S’ha utilitzat el gen unr com a

control de carrega.

A pesar que no detectem efectes en 1’alliberament al citosol d’EndoG en
absencia de BNIP3, el silenciament de 1’expressio de la proteina EndoG endogena
mitjancant la construccié6 shRNAi bloqueja la fragmentacio de ’ADN de baix i alt
pes molecular tant detectada per electroforesi en gel d’agarosa (Fig. 71) com per
reaccio de TUNEL (Fig. 72), en un patré practicament idéntic al que s’observa en els
cardiomiocits isqueémics amb repressio de la molécula BNIP3. Suggerint aixi que, tot
1 que la relacio entre BNIP3 i EndoG no es troba a nivell mitocondrial, podrien estar
relacionats més endavant amb la mateixa via, ja que BNIP3 en abséncia d’EndoG no
pot induir fragmentacidé de I’ADN en els cardiomiocits en isquémia i viceversa (Fig.

71i72).
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Figura 71. La disminucio en I’expressio de BNIP3 i/o de I’expressio d’EndoG protegeixen als
cardiomiocits diferenciats de la fragmentacié d’ADN induida durant la isquémia. Deteccio de la
fragmentaci6 d’ADN d’alt i baix pes molecular (HMWF i LMWF) en cardiomiocits en cultiu
transduits amb les construccions scrambled (Scr), RNAi de BNIP3 (BNIP3), RNAi d’EndoG
(EndoG) 1 d’ambdés RNAis alhora (BNIP3 + EndoG) en condicions control o exposats a 16h de
isquémia en una atmosfera controlada a 0,2% O, i 5% CO,. La fletxa senyala la banda a 50 kDa. Les

imatges son representatives de tres experiments independents.

L’expressi6 d’endonucleasa G és la responsable de la produccio de talls a
I’ADN que son detectats en la reaccio de TUNEL (Fig. 72), técnica que ha estat
erroniament utilitzada com a indicador de I’activitat de la nucleasa activada per
caspases (CAD) i, per tant, com a indicador de D’activacié de caspases en els
cardiomiocits (Olivetti et al., 1996; Bialik et al., 1997; Mehrhof et al., 2001;
Gonzalez et al., 2007).
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Figura 72. Reacci6 de TUNEL en cardiomiocits neonatals en cultiu. Recompte de cél-lules positives
per TUNEL respecte el nombre total de cél-lules en el pou expressat en percentatge de cél-lules
positives per TUNEL en cardiomiocits neonatals de rata en condicions control i durant 16 hores de
isquémia, transduits amb la construccié Scr, amb I’RNAi de BNIP3, amb I’RNAi d’EndoG i ambdues

construccions alhora. Els experiments s’han realitzat per duplicat en tres experiments independents.

La repressio de BNIP3 en els cardiomiocits neonatals en cultiu no afecta
significativament a la viabilitat dels cultius de cardiomiocits ni en condicions control
ni en 16h de isquémia (Fig. 73), treballs en neurones tampoc veuen diferencies
significatives de superviveéncia entre Oh 1 24 hores de hipoxia en abséncia de BNIP3
(Zhang et al., 2007b), i I’estudi de la mida de I’infart en el ratoli bnip3-/- no varia
respecte el control (Diwan et al., 2007), demostrant que 1’abséncia de BNIP3 no
augmenta la supervivéncia cardiaca durant la isquémia. En un apartat anterior
d’aquesta tesi hem observat que la repressi6 d’EndoG en 16 hores de isquémia
tampoc afecta a la viabilitat dels cardiomiocits de rata en un curs temporal de
isquémia (Fig. 46). Aquests estudis de viabilitat ens indiquen que la prevenci6 del
mecanisme de degradaciéo de I’ADN, per eliminacié de BNIP3 o d’EndoG, no pot
augmentar la viabilitat dels cardiomiocits en isquémia, ja que logicament en una
situaci6 de hipoxia sostinguda la cel-lula resulta irremeiablement danyada, fent que si
aquesta no pot activar el mecanisme habitual de mort cel-lular n’activi d’altres

d’alternatius.
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Figura 73. Recompte de viabilitat amb Blau Tripa, en cardiomiocits neonatals transduits amb la
construccid Scr o shRNAi de BNIP3, en condicions normals o en 16h de isquémia. Les dades son la
mitjana *S.E. de tres experiments independents realitzats en duplicat. Les diferéncies observades no

son significatives.

Aixi doncs, tot 1 que no hem pogut discernir el mecanisme pel qual BNIP3 1
Endonucleasa G controlen el mateix procés de degradacid6 de ’ADN durant la
isquémia cardiaca, sabem que ambdds sén essencials per al mecanisme de
degradaci6o de ’ADN durant la isquémia cardiaca, ja que sin6 la repressio de només
un dels dos no afectaria al patrd de degradacié de I’ADN observat ni a la reaccid de
TUNEL.

Una nova hipotesi de treball, formulada al finalitzar ja aquesta tesi pero abans
de I’obtenci6 de [D’anticos anti-EndoG, seria que BNIP3 pugui controlar
Endonucleasa G a nivell nuclear, que és on es dona la fragmentacié de I’ADN.
Aquest és un nou projecte que s’haura de realitzar més endavant, i que sera molt més
profitos ara que ja podem detectar EndoG endogen, ja que no hi haura impediments
per a realitzar shRNAi de BNIP3. No obstant, el nostre estudi preliminar de la
distribucid6 d’EndoG-FLAG en els cardiomiocits durant la isquémia ens ha mostrat
que, per a la nostra sorpresa, EndoG-FLAG es localitza al nucli en condicions control
no isquémiques (Fig. 74). Hem utilitzat la proteina nuclear PTB (polypymidine tract
binding protein), que localitza a nucli i es troba unida a I’ARN, com a marcador de la

fraccio nuclear soluble.
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Figura 74. Immunodeteccié de FLAG en extractes de proteina nuclear en condicions control i 16
hores de isquémia en cardiomiocits neonatals de rata transduits amb EndoG-FLAG i la construccid
Scr o la construccié shRNAi per a BNIP3. S’utilitza PTB (polypymidine tract binding protein) com a
marcador de la fraccid soluble nuclear. La fletxa assenyala la talla d’EndoG mitocondrial i I’asterisc la

talla de proEndoG.

La troballa d’EndoG-FLAG al nucli en condicions control no esta en
desacord amb la bibliografia existent, ja que endonucleasa G va ser aillada per
primera vegada simultaniament en nuclis de timus de vedella (Ruiz-Carrillo and
Renaud, 1987) 1 en mitocondris de cor de vedella (Cummings et al., 1987). També
s’observa que en una situacid de 16 hores de isquémia EndoG-FLAG podria
heterodimeritzar amb alguna proteina donant una talla aparent més elevada, 1 que una
forma d’EndoG més gran, potser abans del tall proteolitic que li permet translocar al
mitocondri, localitzada en la fracci6 nuclear insoluble podria trobar-se unida a alguna
estructura nuclear (Fig. 74). No obstant tots aquests suposits, la preséncia d’EndoG-
FLAG al nucli podria ser un artefacte degut a I’s d’una proteina sobreexpressora,
per la qual cosa és fa imprescindible realitzar un estudi acurat de la distribucid
subcel-lular (mitocondrial o nuclear) de la molécula d’EndoG endogena abans de

poder extreure conclusions.
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La perdua de massa cel-lular al miocardi no es pot compensar per renovaciod
de cardiomiocits (Anversa and Nadal-Ginard, 2002), la qual cosa s’ha observat que
correlaciona amb un mal pronostic del curs de la malaltia cardiaca. Tot i que la
perdua de massa cardiaca tradicionalment sempre s’havia atribuit a necrosi, s’esta
comengant a revelar la contribuci6é de la mort apoptotica a les malalties cardiaques
(Narula et al., 1996; Olivetti et al., 1996; Foo et al., 2005).

Treballs del meu grup anteriors a la meva incorporacié van demostrar que els
cardiomiocits neonatals tenen reduida expressio d’Apaf-1 i que 1’expressio transitoria
d’Apaf-1 en els cardiomiocits augmenta la susceptibilitat dels cardiomiocits a la mort
per Estaurosporina perd €s només un petit increment que pot ser inhibit per la
proteina antiapoptotica BelxL (Sanchis et al., 2003), posteriorment altres grups han
recolzat la nostra troballa d’expressi6 reduida d’Apaf-1 en cardiomiocits en cultiu
(Potts et al., 2005). La repressio del gen Apaf-1 s’ha descrit en tumors resistents a
apoptosi induida per drogues (Jia et al., 2001; Soengas et al., 2001). A més, hi ha
altres estudis que evidencien que la manca d’expressio d’Apaf-1 en les fibres
musculars esquelétiques (Burgess et al.,, 1999) i en les neurones corticals adultes
(Yakovlev et al., 2001) els hi confereix certa resisténcia a la mort. L’evidéncia que
unicament la manca d’Apaf-1 no pot explicar la resisténcia dels cardiomiocits a la
mort cel-lular programada (MCP) va estimular la nostra recerca dels mecanismes

moleculars implicats en la resisténcia a la mort dels cardiomiocits.

El silenciament dels principals gens apoptotics durant el desenvolupament
cardiac s’associa a la manca d’activacié de caspases durant la isquémica
cardiaca.

Els resultats presentats en aquesta tesi mostren que el silenciament de la
maquinaria apoptotica en els cardiomiocits durant el desenvolupament, tant in vivo
com in vitro, pot explicar I’abséncia de mort apoptotica dependent de caspases durant
la isquémia cardiaca. Altres investigadors, treballant en biopsies de cors humans
isquemics (Knaapen et al., 2001; Kostin et al., 2003; Corbucci et al., 2004), cors de
conill exvivo en isquémia (Gottlieb et al., 1994; Ohno et al., 1998) i en cardiomiocits
aillats de rata en isquémia (Webster et al., 1999) tampoc poden detectar activacio de

caspases als cardiomiocits, tot i que també detecten activacid de caspases en cors de
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ratoli embrionals (Knaapen et al., 2001). Aquests treballs estan d’acord amb la nostra
observacid que els cardiomiocits perden 1’expressié de les caspases durant el
desenvolupament i1 per tant en els cardiomiocits neonatals i adults no es detecta
activacio de caspases. Es més, treballs posteriors del grup no inclosos en aquesta tesi
demostren que el silenciament de gens apoptotics es dona en ratoli tant en cor com en
el cervell [(Zhang et al., 2007a) i ANNEX 3], demostrant que el silenciament de gens
apoptotics no €s un mecanisme exclusiu del cor sin6 que es dona en tipus cel-lulars
molt diferenciats i1 en estadis postmitotics.

Durant el dany isquémic els cardiomiocits postnatals no activen les caspases
tant facilment com altres tipus cel-lulars (Scarabelli et al., 2002; Kostin et al., 2003;
Corbucci et al., 2004). No obstant, els mecanismes moleculars subjacents no es
coneixen bé degut a que tot sovint s’assumeix que les cél-lules cardiaques expressen
una via dependent de caspases funcional. Varis investigadors detecten sortida de
citocrom ¢ i una petita activitat caspasa 3 en immunofluorescencia en cors exvivo que
podrien ser degudes a fibroblasts o endoteli i/o reaccié de TUNEL positiva, que els
nostres resultats determinen que en els cardiomidcits ¢s degut a 1’activitat d’EndoG 1,
erroniament, assumeixen que es dona formacio de I’apoptosoma i mort dependent de
caspases (Borutaite et al., 2003; Cai et al., 2003). Els nostres resultats demostren que
efectivament es dona sortida de citocrom c durant la isquémia en cardiomiocits
neonatals en cultiu tal com d’altres investigadors han aportat (Takatani et al., 2004),
perdo tot i la sortida de citocrom c observada no s’indueix la formaci6 de
I’apoptosoma ni ’activacid de caspasa 9. La nostra observacié de que la sortida de
citocrom c al citosol no és capac d’induir apoptosi esta en concordanca amb estudis
que mostren una sortida substancial de citocrom ¢ no unida a una activacio detectable
de les caspases en cors humans amb cardiomiopaties (Narula et al., 1999; Scheubel et
al., 2002), i que la microinjecci6 de citocrom ¢ no indueix MCP en cardiomiocits en

cultiu (Potts et al., 2005).

La isquemia cardiaca indueix la sortida de la forma truncada d’AlF dels
mitocondris
AIF és una proteina mitocondrial sense activitat nucleasa propia que ha estat

involucrada en la degradacio d’ADN independent de caspases en la MCP tal com
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Kroemer 1 col-laboradors han revisat (Kroemer and Martin, 2005). AIF es va
descobrir per primera vegada com a un factor mitocondrial inductor d’apoptosi en ser
alliberat al citosol (Susin et al., 1996). Al cap de poc es va descobrir que en ser
alliberat del mitocondri AIF transloca al nucli i1 activa fragmentacio periférica de la
cromatina i digestié de la cromatina en fragments de ~50kpb de forma independent
de caspases (Susin et al., 1999), pero no es va detectar que AIF requeria un tall
proteolitic per a poder sortir del mitocondri fins al 2005. La forma mitocondrial
d’AIF és de 62kDa i es troba inserida a la membrana mitocondrial interna. Estudis en
mitocondris aillats i en la linia cel-lular HeLa han mostrat que AIF per a ser alliberat
del mitocondri necessita d’un tall proteolitic que dona una forma citosolica d’AIF de
57kDa (Otera et al., 2005; Polster et al., 2005). Amb la publicacié dels nostres
resultats el 2006 s’ha observat per primera vegada el truncament d’AIF endogen en
un cultiu primari. Estudis en mitocondris aillats de fetge i cervell han demostrat que
el tall 1 alliberament d’AIF es pot produir per I’accid proteolitica de la caspasa
dependent de calci Calpaina I (Polster et al., 2005). Altres estudis amb mitocondris
aillats han demostrat que hi ha diferents mecanismes de tall d’AIF, que poden actuar
de forma dependent o independent de calci, i que impliquen calpaines, proteases
dependents de calci, i/o catepsines, proteases independents de calci (Yuste et al.,
2005a). Recentment en un model neuronal de dany isquémic s’ha demostrat un paper
essencial de calpaina I en el tall i alliberament d’AIF (Cao et al., 2007). Els nostres
resultats en estudis d’integritat de I’ADN en cultius de cardiomiocits neonatals en
isquémia utilitzant un inhibidor de calpaines no descarten la implicacidé de les
calpaines en el tall d’AIF el nostre model perd evidencien que no son les Uniques
proteases implicades en el processament d’AlF, potser conjuntament amb catepsines

tal com alguns treballs han proposat (Yuste et al., 2005a).

Endonucleasa G, perd no AlF, controla de la degradacié de I’ADN de baix pes
molecular en els cardiomiocits en isquémia

La mort apoptotica independent de caspases s’ha proposat com a mecanisme
rellevant en la mort de les cel-lules cardiaques en diverses patologies cardiaques com

ara infart de miocardi, dany per reperfussio i1 diverses cardiomiopaties (Kang et al.,

2000; Knaapen et al., 2001; Kostin et al., 2003).
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El descobriment de la funcié apoptotica d’EndoG es va realitzar en estudis de
fragmentacié6 d’ADN in vitro en nuclis aillats de la linia cel-lular HeLa (Li et al.,
2001) i independentment en un screening genétic en C. elegans (Parrish et al., 2001).
Endonucleasa G és una abundant nucleasa altament conservada que es localitza
principalment al espai intermembrana mitocondrial (Cote and Ruiz-Carrillo, 1993;
Prats et al., 1997; Schafer et al., 2004; Widlak and Garrard, 2005), i que va ser
aillada per primera vegada en mitocondris de cor bovi (Cummings et al., 1987) i en
nuclis de timus bovi (Ruiz-Carrillo and Renaud, 1987). Les funcions mitocondrials,
no apoptotiques, d’EndoG so6n amplies, prenent part en la replicacio i reparacid de
I’ ADN mitocondrial, i en la transcripcid de I’ARN mitocondrial, entre d’altres (Cote
and Ruiz-Carrillo, 1993; Widlak et al.,, 2001). Els nostres resultats en
immunocitoquimica recolzen que endonucleasa G s’expressa majoritariament al
mitocondri, tant en la proteina endogena com en la proteina sobreexpressada EndoG-
FLAG.

Diverses molecules han estat implicades en la fragmentacié d’ADN d’alt pes
molecular (HMWEF), entre elles AIF, de la qual s’ha demostrat que participa en la
fragmentacio d’ADN d’alt pes molecular (Susin et al., 1999); i que en ser alliberada
del mitocondri promou HMWF en condicions independents de caspases i que indueix
condensacid nuclear de la cromatina de tipus I (Susin et al., 2000). Posteriors
investigacions perd apunten a qué¢ AIF no participa en la fragmentacié d’ADN d’alt
pes molecular sind6 que només participa en I’estadi I de la condensacié de la
cromatina al voltant de I’embolcall nuclear (Yuste et al., 2005b).

Estudis en el nematode C. elegans han demostrat que els homolegs d’AIF i
d’EndoG cooperen per tal de dur a terme la degradacié apoptotica de ’ADN de
forma dependent de caspases (Wang et al., 2002), encara que en estudis en mamifers
s’observa que ambdues molécules actuen de forma independent de caspases (Susin et
al., 2000; Parrish et al., 2001). Els nostres resultats en cardiomiocits en isquémia
mostren que la fragmentaci6 d’ADN és un procés independent de caspases,
dependent de la nucleasa EndoG pero independent de la proteina sense activitat
nucleasa AIF. Aquesta troballa es troba en concordanca amb els estudis recents que
han demostrat que AIF no és essencial per a la fragmentacié d’ADN d’alt pes (Yuste

et al., 2005b), sind només per a I’estadi I de fragmentaci6 nuclear de la cromatina. La
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proteina AIF no té activitat nucleasa propia i, ja des del descobriment del seu paper
apoptotic, s’ha proposat que actui a través de ’activacio d’alguna nucleasa nuclear
(Susin et al., 1999). Posteriorment es va identificar a la nucleasa PARP-1
(Poly(ADP-ribose) polymerase 1) com a la nucleasa activada per AIF en condicions
apoptotiques (Yu et al., 2002). La utilitzaci6 de inhibidors de PARP-1 en
cardiomiocits neonatals en isquémia no modifica el disminueix la fragmentacio de
I’ADN, confirmant la no implicaci6 de PARP-1 i, indirectament, la d’AIF, en el
patr6 de HMWF observat en els cardiomiocits isquémics.

Tot i que en cardiomiocits neonatals podem afirmar la rellevancia de
I’activitat Endonucleasa G 1 la no implicacié d’AlIF, en d’altres models cel-lulars com
son els fibroblasts de pell observem que la fragmentacié d’ADN d’alt pes molecular
¢s independent de caspases 1 depen d’AIF tal com ja ha estat descrit en d’altres tipus
cel-lulars (Susin et al., 2000) i que, en canvi, en els fibroblasts de pell la
fragmentacio d’ADN de baix pes molecular és dependent de caspases i on ’activitat
d’endonucleasa G no és essencial. En canvi, els fibroblasts cardiacs no moren durant
24h de isquemia, gracies a I’expressio constitutiva de la proteina antiapoptotica Bcl-2
que hem caracteritzat en estudis anteriors (Mayorga et al., 2004), la qual cosa esta
d’acord amb el descrit en la bibliografia sobre el paper dels fibroblasts en I’infart de
miocardi, ja que esta descrit que els fibroblasts cardiacs son els encarregats de
sintetitzar la matriu extracel-lular que omple els buits deixats pels cardiomiocits
morts (Guyton and Hall, 2001).

Els resultats obtinguts amb la primera cambra hipoxica ens indicaven que
Endonucleasa G només era responsable de la fragmentaci6 d’ADN de baix pes
molecular (LMWF), perd no de la fragmentaci6 d’alt pes molecular (HMWEF).
Després del canvi metodologic dut a terme al nostre laboratori, i que ens ha permes
treballar en una estaci6 de treball amb una pressio parcial d’oxigen molt més estable,
hem pogut concloure que Endonucleasa G, en el model postmitotic que son els
cardiomiocits neonatals, és responsable del processament de I’ADN en fragments
grans de =50kpb seguit del tall inter- i intra-nucleosomal de I’ADN, tal com estudis
en nuclis aillats tractats amb la forma recombinant humana d’EndoG han també
demostrat (Widlak et al., 2001). Aquesta variacid en els resultats obtinguts creiem

que ¢és deguda a que la primera cambra hipoxica provocava un augment de la pressio
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considerable al interior de la cambra degut al meétode de gasseig que causava un dany
a I’ADN que no era degut a la isquémia, 1 que aquest factor de dany cel-lular no es
doéna en el nou model de la cambra hipoxica, observant-se només la degradacio
d’ADN causada per la hipoxia.

Es important destacar que els estudis de mort cel-lular en els cardiomiocits
exclusivament s’han centrat en I’estudi de la fragmentaci6 de I’ADN de baix pes
molecular, i que el nostre treball ha estat el primer en publicar estudis de degradacio6
de ’ADN d’alt pes molecular en cardiomiocits. La manca d’aquests estudis pot
portar a afirmacions erronies, ja que els nostres resultats en I’estudi de diverses
nucleases ens mostren que sovint prevenir la formacié del ladder no és sinonim
d’evitar el dany a ’ADN, ja que la degradaci6 de ’ADN pot estar en els estadis
inicials de degradaci6 portant a la formacié de HMWF.

Per ultim voldria remarcar que ’expressidé d’EndoG es veu augmentada
durant el desenvolupament cardiac tal com demostren els nostres estudis amb la
proteina endogena, a diferéncia del patré observat en les principals molécules de la
maquinaria apoptotica dependent de caspases, trobant-se aixi en nivells elevats tant
en extractes de cor adult com en cultius de cardiomiocits adults. Per tant la
importancia d’EndoG en el dany a ’ADN induit per isquémia observat en els
cardiomiocits neonatals possiblement sera molt rellevant també en els cardiomiocits

adults.

AIF podria estar involucrat en la proteccié contra I’estres oxidatiu induit per
isquémia i reperfussio en els cardiomiocits

Els resultats presentats en aquesta tesi mostren que la proteina mitocondrial
AIF juga un paper antiapoptotic en la supervivencia dels cardiomiocits neonatals de
rata durant la reoxigenacid després d’un tractament curt de isquémia. Aquests
resultats estan en consonancia amb la funci6 reguladora de la fosforil-lacié oxidativa
d’AIF descrita (Vahsen et al., 2004). El primer ratoli knock out per AIF és letal en
estadis primerencs del desenvolupament embrional ja que no permet la cavitacié de
I’embrio (Joza et al., 2001), fet que no va permetre realitzar un estudi acurat de la
funci6 d’AIF més enlla que concloure que era essencial per a la mort cel-lular

programada en estadis embrionals primerencs, i que realitzava la seva funcio de
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forma independent a Apaf-1 i caspasa 9. El ratoli Harlequi (Hq) (Barber, 1971) duu
una mutacié espontania 1 ha estat utilitzat per ’estudi de I’estrés oxidatiu en
neurones, i que posteriorment s’ha caracteritzat com a una mutacié del gen d’aif
degut a una insercid proviral en el primer intro del gen, que causa una disminucio6 del
80-90% en I’expressio d’AIF (Klein et al., 2002; Klein and Ackerman, 2003). Aquest
ratoli presenta una fenotip d’alopécia, que i dona el nom, 1 d’ataxia, degut a la mort
apoptotica de les neurones del cerebel (Bronson et al., 1990).

La deficiencia d’AIF en el ratoli Hq sensibilitza les neurones granulars del
cerebel a la MCP induida per peroxids, suggerint un paper d’AIF com a protector en
front dels radicals lliures (Klein et al., 2002). En cardiomiocits aillats del ratoli Hq,
que presenten fosforil-lacid oxidativa deficient, s’ha demostrat que AIF protegeix els
cardiomiocits de I’estres oxidatiu induit per isquémia i reperfussié (van Empel et al.,
2005). Aquest treball esta d’acord amb els nostres resultats en els que observem que
la repressio transitoria d’AIF per la técnica de shRNAi en cardiomiocits neonatals de
rata en cultiu no afecta a la viabilitat durant la isquémia perd disminueix la seva
supervivéncia durant el periode de reoxigenacié després de 2 hores de isquémia.
Estudis molt recents, que treballen amb un ratoli deficient en AIF especificament en
el teixit muscular i en el fetge, han demostrat que 1’abseéncia de d’AIF provoca una
disminucié en la fosforil-lacié oxidativa mitocondrial (Pospisilik et al., 2007),
recolzant el paper d’AIF mitocondrial, en condicions no apoptotiques, en la cadena
respiratoria mitocondrial, aixi com el seu paper antioxidant proposats anteriorment

(Vahsen et al., 2004; van Empel et al., 2005).

Per a la fragmentacio d’ADN d’alt pes molecular no son essencials les nucleases
Topoisomerasa 11, DNAses I i Il, Fen-1, Exosc5 i TatD; en canvi, Endonucleasa
G ha revelat la seva implicacio en les dues formes de degradacio de I’ADN.

La recerca de la/les nucleasa/es responsable/s que, en col-laboracié amb
EndoG, duen a terme la degradaci6o de I’ADN en els cardiomiodcits en condicions
isquémiques ens ha portat a I’analisi de diverses nucleases, implicades de forma
directa o indirecta amb Endonucleasa G o amb la degradacié de I’ADN apoptotica.
Totes les nucleases estudiades en aquest apartat de la tesi, Topoisomerasa II,

DNAses 1111, Fen-1, Exosc5 i TatD, han estat implicades en la degradacié de I’ADN
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en treballs en C. elegans (Parrish and Xue, 2003) i en d’altres treballs que també les
han mencionat com a candidates per a la degradacio apoptotica de I’ADN.

Estudis del mecanisme molecular de degradacié de I’ADN per part d’EndoG
han revelat que aquest coopera juntament amb la nucleasa d’ADN de tipus I (DNAsa
I) i amb exonucleasa, suggerint que DNAsa I produeix talls a I’ADN que faciliten
I’accio d’EndoG (Oliveri et al., 2001; Widlak et al., 2001). Malgrat aquests indicis,
en el nostre model de cardiomiocits en isquémia la DNAsa I no mostra un paper
rellevant en el patré de degradacio de I’ADN.

L’ADN nucleasa de tipus II (DNAsa II), la topoisomerasa de tipus II (Topo
IT) i AIF han estat implicades en la degradacio apoptotica de I’ADN en estudis in
vitro (Zhang and Xu, 2002), pero resta per a determinar la seva implicacio real en la
MCP in vivo. En el nostre model de cardiomiocits neonatals en isquémia, hem
descartat la implicacié de la molécula proapoptotica AIF, tal com hem discutit en
apartats anteriors. La DNAsa II és una endonucleasa lisosomal ubiqua que requereix
d’un entorn acidic per tal de tallar ’ADN (Evans and Aguilera, 2003), similar a les
condicions acidiques que es donen en cultius cel-lulars de cardiomiocits en
condicions isquémiques (Webster et al., 1999; Kubasiak et al., 2002). S’ha observat
que Topo II participa en la fragmentacio de ’ADN d’alt pes molecular juntament
amb CAD en linies cel-lulars de ratoli (Solovyan et al., 2002). Els nostres resultats no
obstant descarten la implicaci6 d’ambdues nucleases, DNAsa II i Topo II, en la
fragmentacio de I’ADN d’alt pes molecular en un model de cardiomidcits neonatals
en isqueémia.

L’endonucleasa-1 FLAP (FEN-1, flap endonuclase-1) esta involucrada en la
replicacid i reparacid de I’ADN i es localitza al nucli, perd també se 1’ha relacionat
com a un possible candidat a la degradacio apoptotica de I’ADN en C. elegans en
interaccié amb 1’homoleg d’EndoG a C. elegans (Parrish et al., 2003). En el mateix
treball també es proposa a la nucleasa Exosc5, component del complex de
I’exosoma, complex multiproteic capa¢ de degradar I’ARN, i que s’ha observat que
¢és crucial per a la supervivencia dels llevats (Perumal and Reddy, 2002), com a
possible nucleasa apoptotica. No obstant, almenys en el nostre model d’estudi, hem

descartat la seva implicaci6 en la degradacié de I’ADN durant la isquémia.
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En E. coli s’ha observat que TatD és una proteina citoplasmatica amb activitat
DNAsa (Wexler et al., 2000), que podria estar implicada en la degradacié apoptotica
d’ADN en C. elegans (Parrish and Xue, 2003) i en llevats (Qiu et al., 2005). De totes
les nucleases estudiades en aquest apartat, la repressio de TatD és la unica que
presenta un patré de degradacié diferent, perd sorprenentment la repressio de la
transcripcid de TatD no disminueix la degradacio apoptotica de ’ADN sind que
I’augmenta lleugerament, suggerint que TatD és important per a la proteccid de
I’ ADN durant un procés de mort isquémic.

Tot i que en la primera part d’aquesta tesi només s’ha pogut demostrar que
endonucleasa G era responsable de la fragmentaci6 d’ADN de baix pes molecular
induida per isqueémia, els treballs posteriors amb millor control sobre la pressio i la
concentracio d’oxigen durant la hipoxia ens han permes desvelar que endonucleasa G
controla tot el procés de degradacié de I’ADN durant la isquémia cardiaca, és a dir,
endonucleasa G ¢és responsable de la fragmentacido d’alt i baix pes molecular
observada en els cardiomiocits en isquémia. Aixi doncs, la recerca de la nucleasa
responsable de la fragmentaci6 d’ADN d’alt pes molecular ens ha portat a la
conclusio que el procés de degradacio de I’ADN en els cardiomiocits isquémics és un
procés unic controlat per endonucleasa G. No obstant, la nostra recerca d’aquesta
nucleasa no ha estat del tot infructuosa, ja que ens ha portat a iniciar estudis

preliminars sobre la possible funcié preventiva de la degradaci6 de I’ADN de TatD.

Caracteritzacio de TatD

En els nostres estudis inicials en els cardiomiocits neonatals en isquémia hem
observat que el patré de degradacio de I’ADN en abséncia de TatD és poc clar. La
innovacio tecnologica que ha suposat 1’adquisicié d’una cambra hipoxica que ens
permet controlar acuradament la pressio parcial d’oxigen al interior sense provocar
un augment de la pressid interior ens mostra que la repressid6 de TatD en
cardiomiocits neonatals sota condicions isquémiques, una nucleasa que
consideravem candidata a degradar I’ADN, lluny de prevenir la degradacié de
I’ADN, I’augmenta lleugerament; indicant-nos que TatD podria tenir una funcié en

la proteccio de I’ADN durant la isquémia cardiaca.
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En aquest apartat només hem realitzat I’estudi preliminar de TatD i en cap cas
pretenem aprofundir en I’estudi de la seva funcid, sind tant sols caracteritzar-ne la
ubicacio, mobilitat 1 possibles modificacions per tal d’establir unes bases sobre les
quals en un futur realitzar un estudi en profunditat de TatD.

Els estudis fisiologics i funcionals sobre TatD existents en la bibliografia han
estat realitzats tant sols en llevats i en E. coli, i es desconeixen les funcions i la
localitzacid subcel-lular en mamifers de TatD. En llevats s’ha vist que TatD és una
proteina citosolica que presenta activitat nucleasa, i que no esta involucrada en el
sistema de transport Tat, tal com les seves proteines homologues TatA, TatB, TatC i
TatE (Wexler et al., 2000). Els nostres resultats en immunofluorescéncia mostren una
localitzacid puntejada perd difosa, que no exclou el nucli, indicant que una possible
localitzacié nuclear i citoplasmatica de TatD. A més, observem que TatD manté la
seva expressio en el cor adult i que a partir del periode postnatal possiblement
experimenta algun tipus de modificacié post-traduccional que fa que augmenti el seu
pes molecular aparent en gel d’electroforesi en condicions desnaturalitzants.

Per a la continuaci6 d’aquest treball caldra realitzar un nou curs temporal de
isqueémia per a I’estudi de integritat de I’ADN més ajustat, amb temps més curts que
ens permetran determinar bé el patré de fragmentacidé d’ADN en I’RNAi de TatD
versus la construccidé Scr. I també es realitzaran estudis de viabilitat en abséncia i
presencia de TatD per tal de determinar la importancia de TatD en la supervivéncia

en condicions de isquémia i reperfussio.

BNIP3 controla la degradacio de I’ADN dependent d’EndoG, perd no indueix
directament la sortida d’endonucleasa G del mitocondri

BNIP3 és una proteina mitocondrial de la familia de Bcl2 de tipus BH3-only
implicada en la mort cel-lular (Chen et al., 1997), la seva sobreexpressioé en mamifers
causa mort cel-lular independent de caspases (Vande Velde et al., 2000; Guo et al.,
2001; Regula et al., 2002), augmenta el senyal de TUNEL (Vande Velde et al., 2000)
i no indueix alliberament de citocrom ¢ (Vande Velde et al., 2000; Guo et al., 2001).
BNIP3 presenta una regié transmembrana que permet el seu ancoratge a la
membrana mitocondrial (Ray et al., 2000), encara que BNIP3 també¢ pot realitzar la

seva funci6 proapoptotica unit a membranes d’altres organuls cel-lulars (Ray et al.,
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2000). L’expressio de BNIP3 és induible per hipoxia (Bruick, 2000; Guo et al., 2001)
1 ha estat implicada en la degradacio de I’ADN en la mort cel-lular induida per
hipoxia en cardiomiocits en cultiu (Kubasiak et al., 2002; Regula et al., 2002).
Recentment s’ha obtingut el ratoli Bnip3 -/- (Diwan et al., 2007), amb el que s’han
realitzat estudis in vivo de isquémia i reperfussio que han determinat que BNIP3 no
afecta a la grandaria de l’infart immediatament després de produir-se el dany
isquemic, dades que concorden amb la nostra observacio que la manca de BNIP3 no
pot prevenir la mort cardiomiocitaria induida per isquémia, i que contradiuen estudis
en que el tractament amb un dominant negatiu de BNIP3 disminueix la mort
cel-lulars induida per isquémia en cardiomiocits en cultiu (Regula et al., 2002) i en
cors exvivo en reperfussio (Hamacher-Brady et al., 2007).

Tot i la implicaci6 de BNIP3 en la degradaci6 apoptotica de I’ADN
(Kubasiak et al., 2002), BNIP3 no té activitat nucleasa intrinseca, la qual cosa
suggereix que actua mitjangant 1’activacid/alliberament d’alguna nucleasa. Els
nostres resultats mostren que I’abseéncia d’EndoG i de BNIP3 produeixen patrons de
degradacié de I’ADN durant la isquémia cardiaca molt similars, i que ambdues
molécules son essencials per a dur a terme aquesta degradacio, ja que la manca d’un
o altre disminueix visiblement el dany a I’ADN observat. Aquesta observacio ens va
portar a formular la hipotesi que BNIP3, proteina proapoptotica de la familia de Bcl2
associada al mitocondri, controlava la sortida d’Endonucleasa G del mitocondri en
condicions de hipoxia. Malgrat tots els antecedents, hem observat que la sortida
mitocondrial d’EndoG-FLAG no es veu afectada quan I’expressio de BNIP3 es troba
disminuida per mitja d’una construccid6 shRNAI, i a més hem detectat que EndoG-
FLAG podria estar localitzat al nucli en condicions basals. Tot i que no hem pogut
esbrinar el mecanisme concret que relaciona EndoG i BNIP3, hem pogut confirmar
que ambdds son rellevants per al control del dany a I’ADN en els cardiomiocits
neonatals, 1 possiblement també en el cor adult ja que hem demostrat que EndoG es
troba altament expressat en el cor adult i estudis recents demostren I’expressio de
BNIP3 en el cardiomidcits adults (Hamacher-Brady et al., 2007).

En un futur, 1 gracies a qué recentment hem obtingut un anticos contra la
proteina EndoG endogena, ens caldra confirmar la distribucio subcel-lular d’EndoG

endogen en condicions control i isquémiques i també 1’efecte de la repressio de
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BNIP3 mitjangant shRNA1 sobre la localitzacié d’EndoG en els cardiomiocits en
isquémia per tal de verificar si BNIP3 controla o no la sortida d’EndoG del
mitocondri o la seva accio en el nucli.

Aquesta part del nostre treball ens ha portat a constatar que la reaccié de
TUNEL observada en els cardiomiocits és deguda a 1’activitat independent de
caspases d’Endonucleasa G, i no com a indicador de mort dependent de caspases tal
com freqiientment s’ha utilitzat (Olivetti et al., 1996; Bialik et al., 1997; Mehrhof et
al., 2001; Gonzalez et al., 2007). En cardiomiodcits isquémics amb repressio de la
transcripcio de BNIP3 s’observa la desaparici6 total del senyal de TUNEL, igual que
passa quan EndoG esta reprimit, la qual cosa també¢ ens indica que BNIP3 i EndoG
estan relacionades en la mateix via, a pesar que nosaltres no haguem pogut clarificar

en quin punt estan relacionades.
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Conclusions

L’expressio dels principals gens reguladors de la mort cel-lular dependent de
caspases, aixi com de les caspases executores, €s silenciada durant el

desenvolupament cardiac en els cardiomiocits.

La mort dels cardiomiocits embrionals induida per isquémia o pel tractament
amb drogues citotoxiques (estaurosporina) implica 1’activacio de caspases i
segueix un patré6 morfologic apoptotic, mentre que els cardiomiocits
postmitotics moren de forma independent de caspases, adoptant una

morfologia no apoptotica que inclou condensaci6 nuclear.

L’expressi6 d’Endonucleasa G i Apoptosis Inducing Factor (AIF) augmenta

al miocardi durant la diferenciacio.

Endonucleasa G ¢és la principal responsable de la degradacio de ’ADN als
cardiomiocits postmitotics durant la isquémia. En canvi, AIF sembla protegir

la supervivéncia dels cardiomiocits durant la reoxigenacio.

La reaccié de TUNEL, que s’utilitza comunament com a indicadora de mort
cel-lular dependent de caspases, en els cardiomidcits isquémics ¢és deguda a

I’activitat independent de caspases d’Endonucleasa G.

La molécula proapoptotica BNIP3, proteina BH3-only de la familia de Bcl2,
controla la degradacio de I’ADN dependent d’Endonucleasa G durant la
isquémia als cardiomiocits postmitotics, sense impedir 1’alliberament

d’Endonucleasa G del mitocondri.
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Cardiac fibroblasts play an essential role in the phys-
iology of the heart. These produce extracellular matrix
proteins and synthesize angiogenic and cardioprotec-
tive factors. Although fibroblasts of cardiac origin are
known to be resistant to apoptosis and to remain meta-
bolically active in situations compromising cell sur-
vival, the underlying mechanisms are unknown. Here,
we report that cardiac fibroblasts were more resistant
than dermal or pulmonary fibroblasts to mitochondria-
dependent cell death. Cytochrome ¢ release was blocked
in cardiac fibroblasts but not in dermal fibroblasts
treated with staurosporine, etoposide, serum depriva-
tion, or simulated ischemia, precluding caspase-3 acti-
vation and DNA fragmentation. Resistance to apoptosis
of cardiac fibroblasts correlated with the expression of
the anti-apoptotic protein Bcl-2, whereas skin and lung
fibroblasts did not express detectable levels of this pro-
tein. Bel-x;, Bax, and Bak were expressed at similar
levels in cardiac, dermal, and lung fibroblasts. In addi-
tion, the death of cardiac fibroblasts during hypoxia was
not associated with the cleavage of Bid but rather with
Bcl-2 disappearance, suggesting the requirement of the
mitochondrial apoptotic machinery to execute death re-
ceptor-induced programmed cell death. Knockdown of
bel-2 expression by siRNA in cardiac fibroblasts in-
creased their apoptotic response to staurosporine, se-
rum, and glucose deprivation and to simulated ische-
mia. Moreover, dermal fibroblasts overexpressing Bcl-2
achieved a similar level of resistance to these stimuli as
cardiac fibroblasts. Thus, our data demonstrate that
Bcl-2 is an important effector of heart fibroblast resist-
ance to apoptosis and highlight a probable mechanism
for promoting survival advantage in fibroblasts of car-
diac origin.
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Programmed cell death (PCD)! is involved in heart morpho-
genesis during embryonic development (1). In the early post-
natal period, cardiac myocytes exit the cell cycle and differen-
tiate (2, 3). This implies that in the adult heart newly formed
cells cannot replace dead cardiomyocytes although a limited
capacity of proliferation has been described (4). The require-
ment of maintaining heart function in stress situations has
selected mechanisms of resistance against stress-induced cell
death in this organ. Indeed, an incomplete apoptotic phenotype
of cardiomyocytes occurs in heart disease (5, 6). The molecular
mechanisms involved in resistance against apoptosis in the
heart are now being elucidated. It has been reported that
cardiomyocytes are relatively resistant to Fas-induced cell
death (7-9). On the other hand, cardiomyocyte mitochondrial
dysfunction, comprising mitochondrial potential dissipation,
permeability transition, and cytochrome ¢ release, occurs in
response to several stress stimuli such as postischemic reper-
fusion (10), H,0,-induced oxidative stress (11), or hypertrophy
(12). However, the exact role that mitochondria play in cardiac
apoptosis is still a matter of debate (13). In this regard, we have
recently reported that cardiac myocytes are resistant to apo-
ptosome-driven apoptosis by a mechanism involving the silenc-
ing of Apaf-1 expression (14).

Despite the relative resistance of cardiac myocytes to caspase-
dependent death, it is well established that apoptosis accounts
for cardiac cell death during ischemia/reoxygenation (15, 16),
hypertension (17), and in maladaptive hypertrophy (18), al-
though necrosis and autophagic cell death also play a relevant
role (19). Interestingly, the space left by dead myocytes is filled
by granulation tissue composed of several cell types, including
macrophages, endothelial cells and fibroblasts (20), and newly
synthesized extracellular matrix (ECM) (21, 22), which is pro-
duced mainly by cardiac fibroblasts (23). This observation im-
plies that cardiac fibroblasts are able to endure and secrete the
ECM that constitutes the fibrotic scar under situations that
threaten survival of other cell types. Consistent with the en-
hanced survival potential of cardiac fibroblasts, it has been
reported that these cells have reduced apoptosis and sustained
proliferation during hypoxia (24), alcohol exposure (25), and
oxidative stress (26, 27). However, the molecular mechanisms
underlying the resistance of cardiac fibroblasts to stimuli in-
ducing cell death are presently unknown.

In an attempt to highlight the possible existence of mecha-

! The abbreviations used are: PCD, programmed cell death; COXIV,
cytochrome ¢ oxidase subunit IV; ECM, extracellular matrix; EYFP,
enhanced yellow fluorescent protein; MEF, mouse embryonic fibroblast;
PFA, paraformaldehyde; siRNA, small interfering RNA; STS, stauro-
sporine; z-VAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoro-
methyl ketone; PBS, phosphate-buffered saline; SD, serum deprivation;
RT, reverse transcriptase; SDGD, serum and glucose deprivation.

This paper is available on line at http://www.jbc.org
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nisms conferring survival advantage specifically to fibroblasts
of cardiac origin, we decided to explore them with several
inducers of apoptosis and to compare their response and the
expression of several apoptotic regulators with those of pri-
mary dermal and pulmonary fibroblasts. Indeed, fibroblasts of
cardiac origin were more resistant than dermal- and lung-
derived fibroblasts to staurosporine (STS), etoposide, serum
deprivation, and simulated ischemia. We further analyzed the
intracellular mechanisms involved. Our data pointed to the
blockade of cytochrome ¢ translocation as the main mechanism
of cardiac fibroblast resistance to apoptosis. Furthermore, car-
diac fibroblasts expressed an easily detectable level of the anti-
apoptotic protein Bcl-2, which is repressed in many cell types
after development (28), including dermal (29) and lung (30)
fibroblasts. Here, we provide evidence supporting the notion
that the maintenance of Bcl-2 expression in cardiac fibroblasts
confers their resistance to mitochondria-dependent apoptosis.

EXPERIMENTAL PROCEDURES

Cell Cultures and Treatments—We obtained neonatal cardiac fibro-
blasts from the heart of 2—4-day-old Sprague Dawley rats. After diges-
tion of the hearts with type 2 collagenase (Worthington, Lakewood, NJ),
cells were pelleted, seeded in 10-cm FALCON polystyrene dishes (BD
Biosciences), and incubated for 45 min in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) with 10% fetal calf serum (Invitrogen) and
antibiotics. Medium was removed to eliminate cardiomyocytes that did
not attach to the non-coated plates, and these were replaced with fresh
medium. Cardiac fibroblasts were allowed to grow until confluence was
reached, then trypsinized, and passaged twice before use. Skin and lung
fibroblasts were obtained by collagenase digestion of dorsal skin
patches and lungs from the same pups used to obtain the heart fibro-
blasts. Dermal and lung fibroblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium plus 10% fetal calf serum and used after two or
three passages. At the time of performing the experiments, all cultures
were between 70 and 90% confluent. Etoposide (Sigma) was used at 100
uM over 24 h. STS was added to the culture medium at the concentra-
tions and times described in the figures. We added the pan-caspase
inhibitor z-VAD-fmk (Enzyme System Products, Livermore, CA) at 100
uM when indicated. For serum and glucose deprivation, cells were
rinsed twice in sterile PBS and cultured in Dulbecco’s modified Eagle’s
medium without glucose and pyruvate (cat. no. D-5070 from Sigma).
Simulated ischemia was performed by culturing cells in deprivation
medium inside a hypoxic chamber (Billups-Rothenberg) in a mixture of
5% CO, and 95% N, following the manufacturer’s instructions to attain
a 0.1% oxygen concentration, and incubated at 37 °C for the time
periods indicated in the figures.

Quantification of Cell Death—Detection of cell death was performed
by the trypan blue exclusion assay at the end of treatment. Data are
expressed as percentage of cell death in treated dishes versus equally
seeded control dishes at the initiation of the treatments. Apoptosis was
quantified as percentage of cells showing condensed or fragmented
nuclear morphology versus total nuclei after nuclear staining with
bis-benzimide Hoechst H33258 dye (Sigma). Cell death and apoptosis
for each experimental condition were measured in duplicate, and error
bars represent the S.E. of three independent experiments. DNA frag-
mentation was assessed by conventional agarose gel electrophoresis as
previously reported (14).

Preparation of Cytosolic Extracts—Cytosolic fractions were obtained
at the end of the treatments by mixing pelleted cells in a buffer without
detergent containing 220 mM D-mannitol and 70 mM sucrose (Sigma).
Cells were incubated on ice for 25 min and subjected to a serial centrif-
ugation protocol as previously reported (31). Purity of the cytosolic
extracts were checked by Western blot detection of lactate dehydrogen-
ase (LDH) as a specific marker of the cytosolic fraction, and cytochrome
oxidase subunit IV (COXIV) as a marker for mitochondrial membrane
contamination. Images are representative results of three independent
experiments.

Protein Extraction, Western Blotting, and Immunofluorescence—At
the end of the treatments, cells were scraped from the culture dishes,
pelleted, and washed with ice-cold PBS. After lysis in 95 °C prewarmed
125 mMm Tris, 2% SDS (pH 6.8), cell lysates were centrifuged, and the
supernatant was used as whole protein cell lysate. Protein concentra-
tion was then measured in total and cytosolic extracts by the Lowry
assay. SDS-PAGE electrophoresis was performed, and protein was elec-
trotransferred to Immobilon-P filters (Millipore, Bedford, MA) and re-
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acted with relevant primary antibodies. Immunoblots were exposed to
appropriate peroxidase-conjugated secondary antibodies and developed
with the ECL System (Biological Industries, Israel) or the SuperSignal
Substrate (Pierce/Cultek). For immunofluorescence detection of cyto-
chrome ¢ and activated caspase-3, cells were grown in 4-well plates
(Nunc, Roskilde, Denmark) and were fixed with 4% paraformaldehyde
(PFA), rinsed twice with PBS, and processed as described (14). Finally,
cell nuclei were stained with Hoechst for 10 min at room temperature.
Cells were rinsed twice with PBS and mounted in Vectashield (Vector
Laboratories, Burlingame, CA).

Antibodies—Primary antibodies used in this work were: rabbit poly-
clonals anti-rat Bel-x;, (cat. no. 610211, BD Transduction Laboratories,
Palo Alto, CA), anti-caspase-3 (cat. no. AB1899, Chemicon, Temecula,
CA) diluted 1:3,000, anti-human-processed caspase-3 (cat. no. 9661,
Cell Signaling, Beverly, MA) diluted 1:2,000, anti-human Bak (cat. no.
12-01-16348, Biocarta, Hamburg, Germany) diluted 1:5,000, anti-hu-
man Bax (cat. no. 2772, Cell Signaling) diluted 1:5,000, anti-Bim (cat.
no. AAP-330, Stressgen Biotech, Victoria, BC, Canada) diluted 1:4,000,
anti-human Smac/DIABLO (cat no. PSC-2409-C100, ProSci Inc.) di-
luted 1:3,000; goat polyclonal anti-rabbit lactate dehydrogenase (code
100-1173, Rockland, Gilbertsville, PA) diluted 1:5,000; rat monoclonals
anti-mouse Apaf-1 (cat. no. ALX-804-349) diluted 1:4,000, anti-mouse
Bid (cat. no. MAB860, R&D Systems, Minneapolis, MN) diluted 1:2,000;
mouse monoclonals anti-mouse Bcl-2 clone 10C4 (NeoMarkers, Fre-
mont, CA) diluted 1:2,000, anti-COX subunit IV (cat. no. A-21348,
Molecular Probes, Eugene, OR) at 1:5,000, anti-rat cytochrome c (cat.
no. 556432, BD PharMingen) diluted 1:500, anti-pigeon cytochrome ¢
(cat. no. 556433, BD PharMingen) at 1:5,000, and anti-human-XIAP
(cat. no. AAM-050, Stressgen) diluted 1:1,000. Horseradish peroxidase-
conjugated secondary antibodies were donkey anti-rabbit (cat. no.
NA9340V, Amersham Biosciences) at 1:10,000, rabbit anti-rat (cat. no.
61-9420, Zymed Laboratories, San Francisco, CA) at 1:5,000, and goat
anti-mouse (cat. no. A9917, Sigma-Aldrich) diluted 1:10,000. For im-
munofluorescence, secondary antibodies were Rhodamine Red-conju-
gated donkey anti-mouse (code no. 715-295-150, Jackson ImmunoRe-
search, West Grove, PA) and Alexa Fluor 488-conjugated goat anti-
rabbit (cat. no. A-11008, Molecular Probes), both at 1:500.

Extraction of RNA and RT-PCR of Bcl-2—Total RNA was purified
with the Tri Reagent method (Molecular Research Center, Inc., Cinc-
innati, OH) from 3 to 4 X 10° control cardiac and dermal fibroblasts,
following the manufacturer’s instructions. Equal amounts of total RNA
were retrotranscribed using ThermoScript reverse transcriptase (Invi-
trogen) and random hexamers (Roche Applied Science). The presence of
Bcl-2 transcripts was checked by PCR using the rat Bcl-2-specific prim-
ers Bcl2RnFWD 5'-TGCACCTGACGCCCTTCAC-3’' and Bcl2RnREV
5'-ACACAGCCAGGAGAAATCAAACAG-3’, which amplify a fragment
of 293 bp. The annealing temperature was 58 °C, and elongation time
was 30 s per cycle, in a GeneAmp PCR System 2700 thermocycler
(Applied Biosystems, Foster City, CA). PCR products from cycles 25, 30,
and 35 from retrotranscribed samples and control samples, where the
RT reaction was omitted, were migrated in 2% agarose gels and visu-
alized by ethidium bromide staining. Amplification of ribosomal gene
L27 was carried out as the control for cDNA input in the amplification
reaction (32).

Bcl-2 and Bax Transfection—Human Bcl-2 gene was cloned in
pcDNAS3 (31). Dermal fibroblasts were transfected by electroporation
(Bio-Rad Gene Pulser II) at 240 V and 500 microfarads in 0.5 ml of cold
PBS with 1 pg of pcDNAS3-Bcl-2, or empty vector, plus 0.3 ug of
pecDNA3-enhanced yellow fluorescent protein (EYFP) per 10° cells. Car-
diac fibroblasts were electroporated at 330 V with 1 ug of pcl-His-Bax
(generously supplied by Jean-Claude Martinou, University of Geneva)
or the empty vector, plus 0.3 pg of pcDNA3-EYFP. In all the vectors
used, expression was driven by the cytomegalovirus promoter. Trans-
fected cultures were treated 48 h later with STS at a final concentration
of 0.1 uM or serum deprivation, for 24 h. Nuclei were visualized by
bis-benzimide staining in 4% PFA-fixed cells, mounted with Vectashield
(Vector Laboratories) and visualized with an Olympus IX70 vertical
epifluorescence phase-contrast microscope. Apoptosis was counted as
the percentage of transfected (green) cells showing chromatin conden-
sation or fragmentation. Data shown are the mean of three independent
experiments in duplicate.

Bel-2 Gene Silencing—The following primers were annealed by
standard protocols and cloned into pSUPER.retro.puro (Oligoengine
Inc., Seattle, WA) previously digested by HindIII and BglII, in order to
obtain the rat-specific Bcl-2 small interfering RNA (siRNA) construct
(pSRPrBcl-2i): 5'-gatccccCGAGTGGGATAACTGGAGATttcaagagaAT-
CTCCAGTATCCCACTCttttt-3' and 5’-agctaaaaaCGAGTGGGATAC-
TGGAGATtctettgaaATCTCCAGTATCCCACTCGggg-3'; or the scram-
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bled construct (pSRPrBcl-2scr): 5'-gatccccGAGTATGAATAGCGAAG-
GCttcaagagaGCCTTCGCTATTCATACTCttttt-3’, and 5'-agctaaaaa-
GAGTATGAATAGCGAAGGCtctcttgaaGCCTTCGCTATTCATACTC-
ggg-3'.

In order to test the efficiency of the siRNA construct in repressing
Bcl-2 expression, both constructs were transfected by electroporation
into Rat1 rat embryonic fibroblasts (generous gift of Dr. Martin-Zanca).
Stable transfected pools of Ratl cells were obtained by puromycin
selection and amplified in presence of the antibiotic. SDS-protein ex-
tracts of Bcl-2i-Rat1 and Bel-2scr-Rat1 cells were tested for the expres-
sion of Bel-2 and Bel-x;, by Western blot. Then, 10 ug of pSRPrBcl-2i or
pSRPrBcl-2scr were co-transfected with 3 ug of pCDNA-EYFP by elec-
troporation in 106 cardiac (330 V) or 10° dermal fibroblasts (240 V) at
500 microfarads in a volume of 0.5 ml of ice-cold PBS. Cells were then
seeded in six 60-mm culture dishes and cultured in standard medium
for 96 h before the initiation of the treatments, as described in the figure
legend. Blind counting was adopted to minimize observer bias. Apo-
ptosis was quantified in the cultures by counting green (transfected)
cells with fragmented nuclei, visualized by Hoechst staining. Between
300 and 500 green cells were counted for each condition. Data were
expressed as percent of green cells with fragmented nuclei versus total
transfected cells in the culture plate. Experiments were repeated three
times with independently isolated, amplified, and transfected primary
fibroblasts.

Statistics—Student’s ¢ test was used to compare the difference be-
tween the response of cardiac and non-cardiac fibroblasts for every
experimental condition, as well as to compare the difference between
control group versus treatment group in the same type of fibroblasts. A
p value < 0.05 was considered statistically significant.

RESULTS

Cardiac but Not Dermal or Pulmonary Fibroblasts Are Re-
sistant to Stimuli Inducing Mitochondria-dependent Pro-
grammed Cell Death—Cell death was measured in primary
cardiac, dermal and pulmonary fibroblasts exposed to stimuli
known to promote mitochondria-driven PCD: the topoisomer-
ase-II inhibitor etoposide, which induces DNA damage (33); the
kinase inhibitor STS (33), and serum deprivation (34). Cell
death induced by 24 h of exposure to 100 uMm etoposide, 0.1 um
STS, and serum deprivation, was more than 2-3-fold higher in
pulmonary and dermal fibroblasts than in cardiac fibroblasts
(Fig. 1A). The dose dependence analysis of the effect of expo-
sure to STS for 24 h on fibroblast viability indicated that
cardiac fibroblasts were less affected than dermal fibroblasts in
a wide range of STS concentrations known to readily kill a
number of other cell types (Fig. 1B). Nuclear fragmentation
detected by bis-benzimide staining was also 2—3-fold higher in
non-cardiac fibroblasts (Fig. 1C). We carried out the same
treatments in wild type and Bak/Bax double knockout mouse
embryonic fibroblasts (MEF), in parallel experiments. Indeed,
cell death was completely blunted in Bak/Bax double knockout
MEFs (Fig. 1B and data not shown), confirming that STS,
etoposide, and serum deprivation induced cell death mainly by
activating mitochondria-dependent apoptosis in fibroblasts, as
has been previously reported (33). These results indicate that
fibroblasts of cardiac origin were more resistant than skin and
lung fibroblasts to apoptotic cell death driven by the mitochon-
drial pathway.

Cardiac Fibroblasts Do Not Attain Caspase-3 Activation nor
DNA Degradation after STS Treatment and Serum Depriva-
tion—The resistance of cardiac fibroblasts to apoptosis was
confirmed by Western blot detection of the activated fragment
of caspase-3, p17. STS and serum deprivation did not activate
caspase-3 significantly in cardiac fibroblasts (Fig. 2A), but in-
duced the activation of virtually the complete pool of caspase-3
in skin fibroblasts (Fig. 2B). Conventional agarose gel electro-
phoresis of DNA extracts from cardiac and dermal fibroblasts
treated with 1 um STS or serum deprivation showed the ab-
sence of fragmented DNA in cardiac fibroblasts, whereas lad-
dering was obvious in DNA extracts of dermal fibroblasts (Fig.
2, C and D). The role of caspases in DNA damage induced by
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Fic. 1. Cardiac fibroblasts are more resistant than lung and
skin fibroblasts to cell death induced by the apoptotic mito-
chondrial pathway. A, fibroblast cell death after 24 h of culture in the
presence of 100 uM etoposide, 0.1 uMm STS or SD. Cell death was
measured using the trypan blue exclusion assay and is expressed as
percentage of cell death versus untreated cultures at time 0. B, dose-
dependent effects of STS on cell viability after 24 h of exposure. Cell
death in wild type and Bak/Bax double knockout MEF's treated with 1
uM STS are depicted to highlight the relevance of mitochondrial apo-
ptotic pathway in this treatment. C, apoptosis elicited by the same
treatments as in A was calculated as percentage of cells showing nu-
clear condensation or fragmentation. Values are means + S.E. of three
independent experiments in duplicate. Statistically significant differ-
ences between treatment groups and their controls (p < 0.05), except for
Bak/Bax double knockout MEFs and serum-deprived cardiac fibro-
blasts. *, p < 0.05 versus skin and/or pulmonary fibroblasts.

STS and serum deprivation was highlighted by the fact that
DNA degradation was inhibited in dermal fibroblasts pre-
treated with 100 uMm pan-caspase inhibitor z-VAD-fmk (Fig. 2D,
and data not shown). These results reveal that cardiac fibro-
blasts can block caspase-dependent apoptosis before entering
the execution phase.

Apoptotic Mitochondrial Pathway Is Blocked in Cardiac Fi-
broblasts before Cytochrome ¢ Release—To provide insight into
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Fic. 2. Staurosporine and serum deprivation do not induce
activation of executioner caspases nor DNA fragmentation in
cardiac fibroblasts. A, activation of caspase-3 was analyzed by im-
munodetection of the cleaved activated fragment (17/19 kDa) in protein
extracts from cardiac (Heart F) and dermal (Skin F) fibroblasts treated
with STS or SD. B, Western blot of total caspase-3 in whole protein
extracts of cardiac (Heart F) and dermal (Skin F) fibroblasts treated
with 1 um STS. The band at = 32 kDa corresponds to full-length
procaspase-3. Asterisk indicates a product of the cleavage of caspase-3
not corresponding with the length of the active fragment. C, DNA low
molecular weight fragmentation resolved by 1% agarose-gel electro-
phoresis and visualized by ethidium bromide staining of DNA extracts
from cardiac (Heart F) and dermal (Skin F) fibroblasts after treatment
with 1 um STS for the indicated time intervals. D, DNA fragmentation
induced by 24 h of SD in the presence or absence of 100 uM pan-caspase
inhibitor z-VAD-fmk (I). A representative experiment out of three is
depicted.

the molecular pathways involved in cardiac fibroblast relative
resistance to mitochondria-driven caspase-dependent apo-
ptosis, we analyzed the translocation of cytochrome ¢ and
Smac/DIABLO in control, STS-treated, and serum-deprived
cells. Both treatments induced translocation of cytochrome c
and Smac/DIABLO to the cytosolic fraction in dermal fibro-
blasts but not in cardiac fibroblasts (Fig. 3A). The release of
pro-apoptotic factors from mitochondria (Fig. 3A) correlated
with the activation of caspase-3 (Fig. 2A4) and nuclear fragmen-
tation (Fig. 3B). These results suggest that cardiac fibroblast
resistance to mitochondria-driven apoptosis occurs upstream of
cytochrome c release.

Cardiac Fibroblasts Are More Resistant than Dermal Fibro-
blasts to Apoptosis Induced by Simulated Ischemia—Blood flow
interruption leads to a complex pathological situation termed
ischemia. In addition to a drop in oxygen tension, which inac-
tivates the respiratory chain and, therefore, impairs the effi-
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Fic. 3. Staurosporine- and serum deprivation-induced pro-
grammed cell death is blocked in cardiac fibroblasts before
cytochrome ¢ translocation. A, immunodetection of cytochrome c,
Bax, and Smac/DIABLO in the cytosolic fraction of cardiac (Heart F)
and skin fibroblasts (Skin F) treated for 3 and 6 h with 0.1 and 1 um
STS; or after 6 h of SD. COXIV is a marker of mitochondrial membrane
contamination, and LDH is a cytosolic marker. B, immunofluorescence
detection of cytochrome ¢ (red) and nuclear morphology (blue) in control
(C) heart (HF) and dermal (SF) fibroblasts and treated with 0.1 um STS
for 24 h. Arrowhead indicates cell with diffuse cytochrome ¢ staining
and fragmented nuclei. Images show representative results from three
independent experiments.

cient production of energy, ischemia also leads to a local defi-
ciency in trophic factors, precursors, and energy-providing
metabolites such as glucose. We focused on comparing the
response of cardiac and dermal fibroblasts to such an adverse
situation because it has been described that cardiac fibroblasts
have a certain capacity to overcome heart infarction, at least
for a certain time period (35), and die, in part, by apoptosis (36).
In our experimental model of serum and glucose deprivation
plus hypoxia, dermal fibroblasts readily activated apoptosis
(Fig. 4A). Activation of executioner caspases and nuclear frag-
mentation in dermal fibroblasts was correlated with the deple-
tion of the cytochrome ¢ pool (Fig. 4, B and C). Cardiac fibro-
blasts resisted up to 72 h of simulated ischemia (Fig. 4A), and
caspase-3 activation was only detected from 72 h onwards (Fig.
4B). These data suggest that cardiac resistance to ischemia-
induced apoptosis involves mechanisms acting upstream of
cytochrome c release.

Bcl-2 Is Expressed in Cardiac but Not in Dermal or Pulmo-
nary Fibroblasts—Bcl-2 family proteins control the integrity of
membranes in mitochondria, endoplasmic reticulum, and nu-
cleus and are the major known regulators of apoptotic cyto-
chrome c release (37). The inactivation of anti-apoptotic mem-
bers of the Bcl-2 family, such as Bcl-2 and Bel-x;, induces
cytochrome ¢ release by a mechanism involving pro-apoptotic
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Fic. 4. Cardiac fibroblasts are resistant to PCD induced by
simulated ischemia. A, apoptotic cells were counted as described
under “Experimental Procedures” in cardiac (Heart F) and dermal (Skin
F) fibroblast cultures exposed to serum, glucose, and oxygen depriva-
tion for periods between 6 and 72 h in a hypoxic chamber. Values are
mean * S.E. of three independent experiments in duplicate. *, p < 0.05
versus controls; #, p < 0.05 versus cardiac fibroblasts at the same time
point. B, cleaved (activated) caspase-3 was immunodetected in whole
protein lysates from cardiac (Heart F) and dermal (Skin F) fibroblasts
cultured in deprivation medium (SDGD) in normoxia or hypoxia. Rep-
resentative Western blot is shown from three independent experiments.
C, cytochrome ¢ was detected by immunofluorescence (red), and nuclei
were stained with bis-benzimide (blue) in cultures of cardiac (HF) and
dermal (SF) fibroblasts exposed to simulated ischemia during 48 h.
Images were captured at X400 and are representative of three inde-
pendent experiments. Arrowhead points to a cell with cytochrome ¢
redistribution and intact nucleus. Arrows point to cells with cytochrome
¢ redistribution and fragmented chromatin. Asterisks denote cells de-
pleted of cytochrome ¢ showing fragmented nuclei.

Bcl-2 family proteins, namely Bax and Bak. Changes in the
activity of anti-apoptotic Bcl-2 family proteins are orchestrated
by another subset of pro-apoptotic Bcl-2 family members
known as BH3-only proteins (38). Furthermore, by modulating
both anti- and pro-apoptotic members of the Bel-2 family, BH3-
only protein Bid is responsible for the activation of cytochrome
¢ release upon induction of the death receptor pathway (39).
Therefore, we analyzed the expression of Bcl-2-related proteins
in total protein extracts from cardiac, pulmonary, and dermal
fibroblasts. Detection of Bcl-2-related proteins was undertaken
with much attention to the reliability of the antibodies, because
several commercially available antibodies against these pro-
teins are not specific (40). Thus, we directly tested antibodies
against Bax and Bak on extracts from double knockout MEFs
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Fic. 5. Cardiac fibroblasts but not dermal or pulmonary fibro-
blasts express the anti-apoptotic protein Bel-2. A, Western blot
analysis of Bcl-2 family members and apoptotic regulators was per-
formed in whole protein extracts from control cultures of fibroblasts
from heart (H), lung (L), and skin (S). B, representative agarose gel
image from three independent experiments of Bcl-2 mRNA semi-quan-
titative RT-PCR amplification from total RNA samples of cardiac and
dermal fibroblasts at PCR cycles 25, 30, and 35, as well as from reac-
tions at cycle 35 where the reverse transcription was omitted (35%77).
LMW, ladder of molecular mass. Ribosomal L27 transcript amplifica-
tion was used as control of the initial cDNA input.

(data not shown), and we chose antibodies against Bid, Bim,
Bcl-x;, and Bel-2 in contrast to the bibliography (40). BH3-only
proteins Bid and Bim, pro-apoptotic Bcl-2 family members Bax
and Bak, and anti-apoptotic Bcl-x; were expressed at similar
levels in cardiac, pulmonary, and dermal fibroblasts (Fig. 5A).
Pro-apoptotic proteins Smac, XIAP, and Apaf-1, which act
downstream of the mitochondrial release of cytochrome c, were
also expressed in all fibroblast cell types (Fig. 4A). Most inter-
estingly, Bcl-2 was undetectable in protein lysates of pulmo-
nary and dermal fibroblasts whereas cardiac fibroblasts ex-
pressed easily detectable amounts of this protein (Fig. 5A).
Fibroblasts were passaged several times before being used. We
discarded the possibility of in vitro-induced Bcl-2 re-expression
in cardiac fibroblasts or Bcl-2 repression in dermal and pulmo-
nary fibroblasts by analyzing Bcl-2 expression in extracts of
freshly isolated fibroblasts (data not shown).

In an attempt to determine whether the inhibition of Bcl-2
expression in dermal fibroblasts occurred at the transcriptional
or translational level, we carried out Bcl-2 mRNA semi-quan-
titative determinations. We found no detectable levels of Bcl-2
transcript in total RNA extracts from dermal fibroblasts
whereas in cardiac fibroblasts, the Bel-2 mRNA was amplified
from 25 cycles onwards (Fig. 5B), suggesting that bcl-2 expres-
sion is regulated in primary fibroblasts at the transcriptional
level. Specific expression of Bcl-2 in fibroblasts of cardiac origin
suggests that it plays a role mediating the resistance of these
cells against apoptosis.

Resistance of Cardiac Fibroblasts to Apoptosis Correlates
with Bcl-2 Expression but Not with Expression or Post-transla-
tional Modification of Other Bcl-2-related Proteins—Bcl-2 ex-
pression was maintained in heart fibroblasts during treatment
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FiG. 6. Activation of caspase-dependent apoptosis during hy-
poxia correlates with disappearance of Bcl-2 rather than with
Bid cleavage and Bcl-x, expression in cardiac fibroblasts. A,
immunodetection of Bel-2 family proteins in protein extracts of cardiac
(Heart F) and dermal (Skin F) fibroblasts treated for 6 and 24 h with 0.1
and 1.0 uMm STS or 24 h of SD. A representative image from three
independent experiments is depicted. B, cardiac and dermal fibroblasts
were exposed to 24 h of SDGD or to serum and glucose deprivation plus
hypoxia during periods from 6 to 72 h as reported under “Experimental
Procedures.” Bid, Bcl-2, Bcel-x;, and cleaved caspase-3 were immunode-
tected in total protein lysates. Images are representative of three inde-
pendent experiments.

with 100 nm and 1 um STS and serum deprivation and was not
induced in dermal fibroblasts by either treatment, whereas
anti-apoptotic Bel-x;, and pro-apoptotic Bak and Bax were ex-
pressed at similar levels independent of cell type and treatment
(Fig. 6A). BH;-only proteins Bid, Bim, and Bad control PCD
upstream of the above-mentioned Bcl-2 family members (38).
They respond to apoptotic stimuli by increasing their expres-
sion and/or by post-translational modification, such as cleavage
(Bid) or phosphorylation (Bim, Bad) (38). Enhanced expression
and/or phosphorylation of BHj-only protein Bim isoforms,
which are necessary for apoptosis induction in other cell types
such as neurons (40), did not correlate with caspase-3 activa-
tion in fibroblasts (Fig. 6A). We did not test Bad expression/
phosphorylation because, to our knowledge, there are no reli-
able and commercially available antibodies detecting
endogenous levels of this protein in rat samples (Ref. 40 and

34887

data not shown). In addition, the resistance of cardiac fibro-
blasts to simulated ischemia-induced PCD lasted while Bcl-2
expression was maintained. Caspase-dependent apoptosis was
significant in these cells from 72 h of hypoxia and did not
correlate with Bid cleavage but rather with the disappearance
of Bcl-2 (Fig. 6B). Altogether, these data demonstrate that,
contrary to dermal and pulmonary fibroblasts, cardiac fibro-
blasts maintain Bcl-2 expression in normal conditions, and that
activation of apoptosis correlates with a decrease in Bcl-2 ex-
pression rather than with transcriptional or post-translational
modifications of other Bcl-2-related proteins.

Expression of Bcel-2 Is Involved in the Resistance of Cardiac
Fibroblasts to Apoptosis—We further aimed at providing func-
tional evidence for the role of Bcl-2 expression in the resistance
of primary cardiac fibroblasts to apoptosis. We obtained a con-
struct allowing Bcl-2 gene silencing using siRNA. A 19-base
sequence specific for rat bel-2, (selected from several primers
suggested by the siRNA designer, available at the web address:
www.promega.com/siRNADesigner/default.htm), was synthe-
sized followed by a short hairpin sequence and the same Bcl-
2-specific sequence in reverse order. This primer and its re-
verse were annealed and cloned into the pSUPER.retro.puro
vector allowing selection by puromycin. Primary fibroblasts are
transfected at 20-30% efficiency by electroporation. Very few
cells remained after a 10-day selection with puromycin and, in
addition, did not proliferate. Thus, in order to test the efficacy
of the Bcl-2 siRNA construct in repressing Bcl-2 expression, we
decided to use the Ratl rat embryonic fibroblast cell line, as
described under “Experimental Procedures” (Fig. 7A, inset).
Once the specificity of the siRNA construct in repressing Bcl-2
but not the Bcl-x; gene was verified, we performed transient
transfection of cardiac and dermal fibroblasts. Bcl-2 gene si-
lencing induced a higher apoptotic rate in cardiac cells treated
with STS, serum, and glucose deprivation or simulated ische-
mia, whereas it had no effect on dermal fibroblasts, as expected
(Fig. 7A). These data confirmed a major role of Bcl-2 in pre-
venting drug-induced and hypoxia-induced apoptosis. Percent-
ages of apoptosis were lower than in experiments done with
non-transfected cells. This fact could be explained by a subesti-
mation of apoptotic-transfected cells caused by the loss of green
fluorescence preferentially in apoptotic cells.

Confirming the role of Bel-2 in the resistance of heart fibro-
blasts to apoptosis, dermal fibroblasts transfected with a vector
encoding for Bcl-2 (31) were more resistant to STS treatment
and serum and glucose deprivation than cells transfected with
empty vector (Fig. 7B). Actually, in Bcl-2-overexpressing der-
mal fibroblasts apoptosis dropped down to values similar to
those observed in STS-treated cardiac fibroblasts, which ex-
press Bcl-2 (16.78% = 3.01 in dermal fibroblasts expressing
Bcl-2 versus 17.40% =+ 2.12 in cardiac fibroblasts; n = 3).
Furthermore, transient transfection of pro-apoptotic Bax in
cardiac fibroblasts induced apoptosis despite Bcl-2 expression
(50.08% =+ 6.25 versus control, 5.58% =+ 1.73, and STS, 17.40%
* 2.12; n = 3). Taken together, the above data suggest that
apoptosis occurs through the mitochondrial pathway in pri-
mary fibroblasts and point to Bcl-2 as the main factor respon-
sible for cardiac fibroblast resistance to programmed cell death.

DISCUSSION

Cardiac injury resulting from myocardial infarction triggers
the so-called cardiac remodeling, a complex phenomenon com-
prising changes of ventricular size, shape, and thickness (41).
Remodeling palliates insufficient heart work, but finally leads
to heart failure because of the loss of function of cardiomyocytes
and a disproportionate accumulation of ECM, which increases
tissue stiffness (42). During heart remodeling, cardiac fibro-
blasts proliferate and secrete ECM components that will fill up
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FiG. 7. The presence of Bcl-2 dictates the resistance of cardiac
fibroblasts to apoptosis induced by STS, serum and glucose
deprivation, and simulated ischemia. A, cardiac and dermal fibro-
blasts were co-transfected with EYFP and a vector allowing the inhibi-
tion of bcl-2 expression (siRNA Bcl-2) or a control vector, as described
under “Experimental Procedures.” Ninety-six hours later, cells were
treated with 0.1 um STS, deprived of serum and glucose (SDGD), or
cultured under hypoxia without serum and glucose (Ischemia), for 24 h.
Then, cells were PFA-fixed and stained with bis-benzimide. Apoptosis
was counted as green (transfected) cells with nuclear fragmentation and
expressed as percentage of total green cells. Values are means * S.E. of
three independent experiments. Inset shows Bcl-2 and Bcl-x;, expres-
sion in stable transfected pools of the rat fibroblast cell line Ratl
expressing the Bcl2-siRNA vector (siRNA) or the control scrambled
vector (scr), which were obtained as described above. *, p < 0.05 versus
wild-type cells for each treatment. B, transient expression of Bcl-2
induces resistance to STS and SDGD-driven apoptosis in dermal fibro-
blasts. Fragmented nuclei were counted in Bcl-2 transiently transfected
dermal fibroblasts as described under “Experimental Procedures.”
Treatments were initiated 48 h after transfection. STS was used at a
final concentration of 0.1 uM for 24 h, and SDGD was maintained for
24 h. Data are expressed as condensed and fragmented nuclei per 100
total nuclei in transfected cells, i.e. cells expressing EYFP (mean = S.E.
of three independent experiments performed in duplicate; *, p < 0.05
versus wild-type cells).

the space left by dead myocytes. The increased metabolism of
cardiac fibroblasts, during stress situations promoting death of
other cell types, underlies the development of resistance mech-
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anisms against cell death.

The results presented here provide a likely explanation for
the molecular mechanisms underlying the resistance of cardiac
fibroblasts to PCD, and therefore at least in part, to cardiac
fibroblast cell death. We report that primary cardiac fibroblasts
are more resistant than fibroblasts of other origins, i.e. dermal
and pulmonary fibroblasts, to cell toxicity triggered by stimuli
inducing PCD. Treatment with STS, etoposide, serum depriva-
tion, and simulated ischemia induced cell death at a much
lower extent in fibroblasts of cardiac origin than in dermal
fibroblasts. The high resistance of MEFs deficient for the Bcl-
2-related pro-apoptotic proteins Bax and Bak, which are essen-
tial for mitochondrial dysfunction and PCD (33), confirmed the
relevant role of the cytochrome c-dependent pathway in these
experimental settings.

The main finding of the present work is that apoptotic cyto-
chrome c release is blocked in isolated cardiac but not dermal
fibroblasts, pointing to a mechanism of resistance to PCD that
does not depend on cell type but on cell origin or level of
differentiation. Inhibition of cytochrome c¢ release correlated
with constitutive expression of Bcl-2 but not of Bel-x;, and other
Bcl-2 family members, which were equally expressed in all
kinds of fibroblasts. We also show that Bid is cleaved in cardiac
and dermal fibroblasts during simulated ischemia irrespective
of executioner caspase activation. This suggests that mitochon-
dria control the progression of death receptor-dependent PCD
in fibroblasts and, by blocking this death pathway, cardiac
fibroblasts are protected against a wide range of death stimuli.
Furthermore, our data (showing resistance of cardiac fibro-
blasts up to 3 days from glucose and serum deprivation plus
hypoxia) go beyond a previous report describing the lack of
DNA degradation after 48 h of hypoxia alone (24). These find-
ings are of pathophysiological relevance because cardiac fibro-
blasts play an important role in the healing of the ischemic
lesion, where the drop in local oxygen tension is accompanied
by a restriction in serum and glucose availability.

Originally, overexpression of Bcl-2 was identified as the
main cause of lymphoblastic leukemia (43) and was found to
provide a survival signal (44). Although the mechanisms by
which Bcl-2 induces cell survival are still a matter of debate
(37), they include blockade of cytochrome ¢ translocation (45).
This suggests that expression of Bcl-2 in fibroblasts of cardiac
origin is involved in the blockade of cytochrome c release and in
resistance against toxic stimuli. Maintenance of Bcl-2’s consti-
tutive expression in cardiac fibroblasts is interesting because
Bcl-2 is down-regulated in most tissues after birth and remains
restricted to lymphoid tissue, precursor hematopoietic cells,
thymocytes, glandular epithelia, stem cells within the gastro-
intestinal system, and differentiated long lived cells such as
neurons (46). In particular, bcl-2 is expressed in many cell
types of the skin during embryonic life but is repressed after
birth in all skin cells but the epithelium (29). Down-regulation
of Bcl-2 expression in dermal fibroblasts must involve tran-
scriptional regulation and/or alteration of the Bcl-2 mRNA
stability because, as presented here, Bcl-2 transcript was al-
most undetectable in these cells. In addition, lung-derived fi-
broblasts also lacked Bcl-2 expression. It is again in accordance
with results published by others, showing that pulmonary fi-
broblasts lose Bcl-2 expression during lung maturation (30).
Finally, our data pointing to Bcl-2 as a relevant mediator of
cardiac fibroblast resistance to hypoxia are consistent with
previous reports where endogenous or induced overexpression
of Bel-2 has been involved in the resistance of other cell types,
mainly tumoral cells, to hypoxia (47). Furthermore, overex-
pression of Bcl-2 in the fibroblast cell line REF52 has been
shown to allow Ela-induced proliferation during anoxia by
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blocking apoptosis induced by this transcription factor (48).

Here, we also provide experimental evidence in support of a
major role of Bcl-2 in the inhibition of cytochrome ¢ release and
enhanced survival of cardiac fibroblasts. First, inhibition of
Bcl-2 expression increased apoptosis in cardiac but not in der-
mal fibroblasts during STS treatment, serum and glucose dep-
rivation, or simulated ischemia. Second, forced expression of
Bcl-2 in dermal fibroblasts conferred resistance to STS-induced
and serum- and glucose-induced apoptosis at the same level as
in wild-type cardiac fibroblasts. And third, overexpression of
pro-apoptotic Bax in cardiac fibroblasts overrode the anti-apo-
ptotic effect of Bcl-2, demonstrating that cardiac fibroblasts are
able to complete apoptosis if Bcl-2-controlled steps are
bypassed.

Although it is beyond the scope of the present work, it is
tempting to speculate about the role of Bcl-2 as cell cycle
controller in cardiac fibroblasts. Indeed, Becl-2 prolongs G,
phase, thus delaying cell cycle progression by a mechanism
involving increased expression of the Cdk-2 inhibitor p27<iP!
and the retinoblastoma family protein p130 (49). This delaying
effect of Bcl-2 in cell cycle entry is of relevance because prema-
ture entry into S phase under adverse conditions (such as
hypoxia) has been associated with apoptosis.

In summary, we provide evidence for the existence of a
constitutive anti-apoptotic mechanism acting in cardiac, but
not in dermal or pulmonary fibroblasts, which involves the
maintenance of Bcl-2 expression and blocks cytochrome ¢
translocation, arresting drug-induced and ischemia-induced
PCD before the execution phase. This anti-apoptotic mecha-
nism could be involved in the resistance of cardiac fibroblasts to
cell death during heart disease, allowing these cells to remain
active when other cell types are dying. Altogether, our data
unveil Bcl-2 as a key factor regulating cardiac fibroblast sur-
vival and, therefore, regulating the role of cardiac fibroblasts in
scar formation and heart remodeling.
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Differentiated cardiomyocytes are resistant to caspase-depend-
ent cell death; however, the mechanisms involved are still uncer-
tain. We previously reported that low Apafl expression partially
accounts for cardiomyocyte resistance to apoptosis. Here, we
extend the knowledge on the molecular basis of cardiac resistance
to caspase activation by showing that the whole caspase-dependent
pathway is silenced during heart development. Experimental
ischemia triggers caspase activation in embryonic cardiomyocytes
and proliferating fibroblasts, but not in neonatal and adult car-
diomyocytes. Ischemia induces the release of the proapoptotic fac-
tors cytochrome ¢, truncated-AIF, and EndoG from mitochondria
in postnatal cardiomyocytes in the absence of caspase activation.
On the one hand, lentiviral-driven knockdown of EndoG shows
that this gene is essential for ischemia-induced DNA degradation
in neonatal cardiomyocytes, but not in proliferating fibroblasts; on
the other hand, the AIF gene is essential for high molecular DNA
cleavage in fibroblasts, but not in postmitotic cardiomyocytes,
where it plays a prosurvival role during reoxygenation. These
results show the switch from caspase-dependent to caspase-inde-
pendent death pathways after cardiac cell differentiation, and dis-
close the relevance of EndoG in the caspase-independent DNA
processing of differentiated cardiomyocytes.

Apoptosis, the best characterized type of programmed cell
death (PCD),’ is executed by a family of cysteinyl aspartate pro-
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teinases known as caspases (1). Activation of caspases, either by
extrinsic or intrinsic signals, is regulated by a set of proteins,
including the components of the death-inducing signaling
complex (DISC), in the death receptor-mediated extrinsic
pathway, and the Bcl-2 family of anti- and proapoptotic pro-
teins, as well as the apoptosome complex including Apaf-1, in
the intrinsic pathway, which involves the mitochondrion (2).
The apoptotic process ends with the degradation of nuclear
DNA by the caspase-dependent endonuclease CAD/DFF40 (3).

Although the order in which every step of caspase-dependent
PCD takes place is well defined in proliferating and undifferen-
tiated cells, the precise cell death pathways activated in differ-
entiated cardiomyocytes and neurons remain more elusive
(4-6). In cardiomyocytes, the prevailing dogma that the
caspase-dependent machinery is fully functional has been
recently challenged (4, 7). In addition, although cardiac apopto-
tic rates of 0.1-0.01% occurring during cardiac disease have
been estimated to be pathologically relevant (8, 9), the underly-
ing mechanisms for the low incidence of apoptosis have not
been addressed. Nevertheless, apoptotic cells have been
detected in the heart and in cardiomyocyte cultures during
ischemia (10-13). Therefore, cardiac ischemia is a clinically
relevant model for analyzing the mechanisms that promote
death in differentiated cardiomyocytes.

Potential executors of caspase-independent cell death have
been discovered. The mitochondrial protein apoptosis-induc-
ing factor (AIF) was identified as an important executor of cell
death when translocated to the nucleus (14). Translocation of
AIF has been proposed to be both caspase-dependent (15, 16)
and caspase-independent (17-19), although the reason for this
discrepancy is uncertain (20). Furthermore, the death-inducing
role of AIF in differentiated cells is controversial. Indeed, the
participation of AIF in cell death has been either confirmed (19,
21-23) or discarded (24, 25). Thus, the role of AIF in promoting
cell death and the mechanisms involved in promoting its
release from mitochondria need to be better characterized.

In the nematode Caenorhabditis elegans, AIF is a component
of the caspase-dependent mitochondrial pathway, which also
involves the mitochondrial endonuclease EndoG (26). How-
ever, the role of EndoG in apoptotic DNA damage was initially
suggested to be caspase-independent (27, 28). Furthermore,

quinoline; DIQ, 1,5-dihydroxyisoquinoline; EndoG, endonuclease G; PARP,
poly-ADP-ribose polymerase; Z, benzyloxycarbonyl; fmk, fluoromethyl-
ketone; TNF, tumor necrosis factor; shRNAI, small hairpin RNA interference.
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recent data from EndoG deficient mice do not apparently sup-
port a relevant role of this protein in mammalian cell death and
DNA processing (29, 30). Therefore, the role of EndoG in mam-
malian cell death and the mechanisms involved in its release
from mitochondria deserve further investigation.

While studying the mechanisms involved in cardiomyocyte
cell death, we found that these cells down-regulate the expres-
sion of caspases after birth. Therefore, we checked the role of
several known caspase-independent effectors of cell damage by
using a lentiviral-driven gene knockdown approach. Results
herein reported prove that cardiomyocytes lose the compe-
tence to dye by apoptosis after the caspase-dependent
machinery is silenced during development, and show the
existence of a caspase-independent, yet mitochondria-de-
pendent, cell death pathway involving translocation and
activation of EndoG, leading to the degradation of nuclear
DNA, independently of AIF.

EXPERIMENTAL PROCEDURES

Chemicals—Executor caspase-specific substrate Z-Asp-Glu-
Val-Asp-AFC (Z-DEVD-AFC), caspase-8-specific substrate
Z-lle-Glu-Thr-Asp-AFC (Z-IETD-AFC), pan-caspase inhibitor
Z-Val-Ala-Asp(OMe)-CH,F (z-VAD-fmk), poly-ADP-ribose po-
lymerase (PARP) inhibitors 3,4-dihydro-5[4-(1-piperindinyl)bu-
toxy]-1(2H)-isoquinoline (DPQ) and 1,5-dihydroxyisoquinoline
(DIQ), and calpain inhibitor carbobenzoxy-valinyl-phenylalaninal
(MDL 28170) were purchased from Calbiochem. Other chemicals
were purchased from Sigma unless otherwise stated.

Cell Culture, Treatments, and Viability Measurements—Rat
neonatal cardiomyocytes and heart fibroblasts were obtained
from the heart of 3-5-day-old Sprague-Dawley rats as
described elsewhere (4, 31). Embryonic cardiomyocytes (E16)
were obtained following essentially the same protocol, but
reducing the time of digestion to 15 min, and were cultured in
the same medium enriched with 1 um insulin (Sigma), 1 ng/ml
cardiotrophin-1 (R&D Systems), and 10 nM mouse epidermal
growth factor (Upstate). Adult cardiomyocytes (P180) were
obtained and cultured following the protocol described by
Ravassa et al. (32). Experimental ischemia was achieved by cul-
turing cells in Tyrode’s solution (NaCl 137 mm, KCI 2.7 mw,
Na,HPO, 8 mm, KH,PO, 1.5 mm, CaCl, 0.9 mm, and 0.5 mwm,
initial pH: 7.2) inside a hypoxic chamber (Billups-Rothenberg)
in a mixture of 5% CO, and 95% N, following manufactur-
er’s instructions to attain a 0.1% oxygen concentration (31).
Quantification of cell death was performed by the trypan blue
exclusion assay at the end of treatments as reported (31). Cell
death in each experimental condition was measured in
duplicates, and error bars represent the S.E. of three inde-
pendent experiments.

Enzymatic Caspase Activity Assay—Caspase-8 (Z-IETD-
AFC) and executioner (Z-DEVD-AFC) caspase activity were
measured in cell extracts as previously reported (4), using the
fluorogenic substrates at 50 ™ in 96-well plates. Fluorescence
was detected with a Bio-tek FL 600 fluorometer (Izasa). Data
obtained for different experimental conditions were com-
pared within the linear phase of absorbance increase. Data
are the mean of three independent experiments performed
in duplicates.
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Cytosolic Extracts—Cytosolic fractions were obtained as pre-
viously reported (4) at the end of the treatments to detect the
release of apoptotic factors from the mitochondria.

Western Blot and Immunofluorescence Detection—Whole
cell lysates were obtained by addition of Tris-2%SDS pH: 6.8
buffered solution to the cell cultures at the end of the treat-
ments. Protein extracts were denatured by heat shock at 95 °C
for 3 min and quantified by the Lowry Assay (Bio-Rad). Equal
amounts of protein were electrophoresed by SDS-PAGE, trans-
ferred to polyvinylidene difluoride membranes (Amersham
Biosciences), and probed with specific antibodies (supplemen-
tal Table S1). For immunofluorescence detection, cells were
cultured in 4-well plates (NunClon) and fixed by either incuba-
tion with paraformaldehyde 4% for 10 min or by 100% methanol
for 5 min. Cells were rinsed, permeabilized, and stained as
described previously (31). For apoptosis quantification, cells
showing cleaved caspase-3 expression and nuclear fragmenta-
tion were counted as apoptotic. At least, 100 cells were analyzed
per condition and values are mean * S.E. of three independent
experiments.

DNA Integrity Assay—Cells were pelleted at the end of each
treatment and frozen at —80 °C. Pellets from the same experi-
ment were processed at once. They were diluted in 40 ul of
sterile phosphate-buffered saline, mixed with 40 ul of melted
1% low melting agarose (Sigma) in 0.5X TBE (45 mM Tris pH
8.3,45 mM boric acid, 1.0 mm EDTA). Each mixture was poured
into a block caster and let to solidify. Each agarose block was
submerged into 1 ml of lysis buffer (1% lauryl sarcosil, 0.5 m
EDTA, 10 mm Tris, pH 8, 100 ug/ml proteinase K) at 50 °C
during 24 h in mild agitation, and rinsed twice with 0.5X TBE
for 1 h at room temperature. For analysis of DNA high molec-
ular weight degradation, the blocks were then laid into wells of
a 1% agarose, 0.5X TBE gel (CHEF grade, Sigma). Pulse field
electrophoresis was performed in a CHEF DR-II system (Bio-
Rad) set to the following protocol: run time, 14 h; switch time
from 5 to 50 s; voltage gradient, 6 V/cm. Initial lysis buffer was
further processed to analyze DNA low molecular weight degra-
dation. Briefly, 1 ml of lysis buffer from DNA extraction was
mixed with 1 ml of ethanol, kept at —20 °C for 18 h, and centri-
fuged. The pellet was rinsed with 70% ethanol, centrifuged
again, and the final DNA pellet was diluted in 20 ul of 10 mm
Tris, pH 8,1 mm EDTA, and 10 ug/ml RNase. Conventional 2%
agarose-gel electrophoresis was performed. Gels were stained
with SYBR Safe (Molecular Probes), visualized by UV exposure
and recorded with a Kodak DC290 digital camera.

Overexpression and Detection of FLAG-tagged EndoG in
Cardiomyocytes—To test the hypothesis that EndoG translo-
cates from mitochondria to cytosol during ischemia in car-
diomyocytes, the coding sequence of EndoG contained in the
mouse IMAGE clone 5029633 (MRC Gene Service) was PCR-
amplified flanked by the EcoRI and Xbal sites and was sub-
cloned into the pCDNA3.1 expression plasmid (Invitrogen) in-
frame and upstream to a FLAG tag. Cardiomyocytes were
transfected by the Lipofectamine system (Invitrogen) and over-
expressed EndoG-FLAG was detected by immunofluorescence
and Western blot with an anti-FLAG antibody (Sigma).
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FIGURE 1. Silencing of caspase expression during cardiomyocyte differentiation in vivo and in vitro cor-
relates with a reduction in ischemia-induced caspase activation. A, expression of caspases, cytochrome ¢,
Bcl-2-related proteins, and Apaf-1 was detected in SDS extracts of ventricles from embryonic day 16 (E16),
neonatal (P0), and 60-day-old rats (P180). B, Apaf-1 protein expression in protein extracts of cardiac fibroblasts
(HF), ventricle of a 2-day-old rat (VP2), and isolated cardiomyocytes from 3-day-old pups, at 0-20 h in vitro. C,
cells expressing cleaved caspase-3 and presenting fragmented nucleus were counted as apoptotic in cultures
of skin fibroblasts, and embryonic, neonatal and adult cardiomyocytes. C, control; S, staurosporine 1 um 16 h; /,
ischemia 16 h). Skin fibroblasts (SF) were used as positive control. D, cell viability during ischemia in postnatal
cardiomyocytes, cardiac, and dermal fibroblasts. Values are percentage of living cells versus cells in plates
counted at time 0. *, p < 0.01 versus cardiomyocytes and skin fibroblasts. Data are means * S.E. of three

independent experiments made in triplicates.

Gene Knockdown by Small Hairpin RNA Interference (shRNAi)
using Lentiviral Vectors—Specific 19 nucleotide sequences were
chosen for each gene (AIF, EndoG) using the free RNAi design
interfaces available at the Promega and Invitrogen web sites.
Primer couples were designed for cloning in the pSUPER plas-
mid (Oligoengine) using the BglIl and HindIII sites. Primers
were designed against the sequences 5'-GGCAACATGGTGA-
AACTTA-3' for rat AIF and 5'-GGAACAACCTTGAGAA-
GTA-3' for rat EndoG. Then, an EcoRI/Clal fragment contain-
ing the H1 promoter for the RNA polymerase III and the
shRNAi sequence was cut from pSUPER and subcloned into the
pLVTHM plasmid (from Dr. Trono, Geneva). For each gene, we
designed a couple of primers carrying two nucleotide changes
from the original sequence that were initially used to verify the
specificity of the shRNAi constructs. Each specific shRNAi vec-
tor was transfected into HEK293T cells together with the plas-
mids psPAX2 and pMD2G (from Dr. Trono), using the poly-
ethyleneimine transfection method (Sigma). Transfection
efficiency was analyzed by detection of the enhanced green flu-
orescence protein (EGFP) expression, whose coding sequence
is contained in the pLVTHM plasmid and driven by an IRES
sequence. The 293T medium was collected after 48 h of trans-
fection and centrifuged at 50,000 X g for 3 h. The final viral
pellet was diluted in sterile phosphate-buffered saline plus 2%
bovine serum albumin and titrated by transduction of cardiac
fibroblasts before treating cardiomyocytes. Cardiomyocytes
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RNA Reverse Transcription Coupled
to Standard PCR—Gene expression
was analyzed by reverse transcrip-
tion coupled to PCR (RT-PCR) from
total RNA extracts as reported for
other genes (31). Conventional PCR
was performed in a GeneAmp PCR
System 2700 thermocycler (Applied
Biosystems), using an annealing
temperature of 55 °C, with the pri-
mers forward: 5'-GACTTCCAC-
GAGGACGATTC-3’, and reverse: 5'-AAGCTGCGGCTG-
TACTTCTC-3', producing an amplicon of 218 bp. Control for
c¢DNA input in the amplification reaction performed with a
couple of primers amplifying a fragment of the “upstream of
n-Ras” (unr) gene. PCR products were migrated in 2% agarose
gels and visualized by SYBR Safe staining.

Statistical Analysis—Data are expressed as mean * S.E. of
three independent experiments. The significance of differences
among means was evaluated using the Student’s ¢ test. A value
of p < 0.05 was considered significant.

RESULTS

Down-regulation of the Caspase-dependent Death Pathway
during Cardiac Development Is Associated with a Decrease in
Ischemia-induced Caspase Activation in Cardiomyocytes—Ex-
pression of the main regulators of caspase-dependent cell death
decreased with age in the rat myocardium (Fig. 14). Apoptotic
gene repression took place also in vitro in postnatal cardiomyo-
cytes (Fig. 1B). Experimental ischemia (ischemia, hereafter) was
achieved by culturing cells inside a hypoxic chamber (31) in a
Tyrode’s solution without serum and glucose that becomes
acidic during hypoxia (final pH 6.1-6.4). We used skin fibro-
blasts as positive control for the activation of caspases in this
setting (31). Executioner caspase-3 activation was observed in
embryonic cardiomyocytes and skin fibroblasts, but not in
postnatal and adult cardiomyocytes during ischemia or stauro-
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FIGURE 2. Lack of caspase re-expression in ischemic cardiomyocytes and relevance of the mitochondrial pathway in ischemia-induced fibroblast
apoptosis. A, detection of caspases, their cleaved (active) products, and some regulators of apoptosis, in total protein extracts of postnatal day 5 cardiomyo-
cytes, cardiac (HF), and skin fibroblasts (SF), cultured in presence or absence of serum and glucose (S&G) and oxygen. B, initiator caspase-8 activity in extracts
of ischemic cardiomyocytes (Card.), cardiac (HF), and dermal fibroblasts (SF), in the presence or absence of a caspase-8 inhibitor (C8i). Skin fibroblasts treated
with TNF-a+actinomycin were used as positive control. C, executioner caspase activity measured in extracts of serum and glucose-deprived (S&G), or serum-,
glucose-, and oxygen-deprived (ischemic) postnatal cardiomyocytes, heart fibroblasts (HF), and skin fibroblasts (SF). zZVAD, pan-caspase inhibitor z-VAD.fmk
100 pm; *, p < 0.01 versus control. Caspase activities are expressed as fold increase versus control value. D, adult cardiomyocytes (gray bars), embryonic
cardiomyocytes (dark gray bar), and heart fibroblasts (black bar) expressing processed caspase-3 were counted as apoptotic, at several time points during
ischemia and reoxygenation. Data are apoptotic cells versus total cells in each well and means were calculated from 4 wells per treatment. *, p < 0.01 versus

e

adult cardiomyocytes.

sporine treatment (Fig. 1C and supplemental Figs. S1-S3).
However, ischemia induced cell death to a similar extent in
postnatal cardiomyocytes and skin fibroblasts, whereas cardiac
fibroblasts survived to the ischemic period (Fig. 1D). On this
account, we have previously reported that cardiac fibroblasts
are resistant to apoptosis because of their strong expression of
the antiapoptotic factor Bcl-2 (31). These data establish a cor-
relation between the silencing of the apoptotic genes during
myocardial development and the reduction in the competence
of postnatal cardiomyocytes to activate apoptosis.

Lack of Caspase Re-expression and Caspase Activity in Car-
diomyocytes during Ischemia and Relevance of the Mitochon-
drial Pathway in Ischemia-induced Fibroblast Apoptosis—Ex-
pression of the initiator caspases-8 and -9, the postmitochondrial
regulator Apaf-1, and the executioner caspase-3, were significantly
less expressed in cultured postnatal cardiomyocytes than in car-
diac and dermal fibroblasts (Fig. 24). Importantly, myocardial
expression of these genes was not up-regulated during ischemia
(Fig. 2A). Processing of caspase-9, an initiator caspase in the
mitochondrial pathway, occurred in skin fibroblasts and, later
in cardiac fibroblasts, but not in cardiomyocytes (Fig. 24). Ini-
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tiator caspase-8-like activity was measured as an indication of
the role of the death receptor-dependent pathway during ische-
mic cell death. Caspase-8 activity was not detected in ischemic
cardiomyocytes, cardiac, and dermal fibroblasts before
caspase-3 was engaged (Fig. 2B). Executioner caspase activity
was not detected in ischemic cardiomyocytes but was evident in
skin fibroblasts (Fig. 2C). These results suggest that a low
expression of the caspase-dependent machinery in postnatal
cardiomyocytes is maintained during ischemia, thus limiting
the impact of caspase activation. Furthermore, executioner
caspase processing was not substantially enhanced when ische-
mic adult cardiomyocyte cultures (pH 6.1— 6.4) were reoxygen-
ated and cultured in standard medium (pH 7-7.5) (Fig. 2D).
However, ischemia activated the mitochondrial pathway of
apoptosis in proliferating cell types such as fibroblasts (Fig. 2A4).

The Pattern of DNA Degradation Induced during Ischemia in
Cardiomyocytes Suggests the Participation of Caspase-inde-
pendent Mechanisms—Caspase-dependent cell death induces a
characteristic pattern of DNA degradation related to the activ-
ity of endonucleases that cleave DNA between nucleosomes,
rendering fragments of low molecular weight, the so-called
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FIGURE 3. Ischemia induces caspase-independent DNA fragmentation in postnatal cardiomyocytes. Simultaneous analysis of high and low molecular
weight fragmentation (HMWF and LMWF) in DNA obtained from cardiomyocytes, heart-derived (HF), and skin (SF) fibroblasts. A, time course of DNA degrada-
tion in cultures exposed to the presence or absence of oxygen and/or serum and glucose (S&G). B, DNA fragmentation at 18 h of serum and glucose (S&G)
deprivation or ischemia in cardiomyocytes, cardiac (HF) and skin (SF) fibroblasts, with or without 100 um pan-caspase inhibitor z-VAD.fmk (zV), 30 um PARP-1
inhibitor DIQ, or 100 um calpain inhibitor MDL 28170 (C/). Results in this figure are representative of three independent experiments.

DNA laddering. Caspase-independent PCD can induce high
molecular weight fragmentation of DNA, mainly in fragments
of ~50 kb (14), and/or low molecular weight fragmentation,
which appears as a smear after electrophoresis, because of the
ability of the caspase-independent DNAses, such as EndoG, to
cleave inside the nucleosomes (33). In aerobic conditions,
serum and glucose deprivation for 20 h induced two types of
DNA degradation in cardiomyocytes. A faint DNA low molec-
ular weight laddering (Fig. 34, lower panel) that was partially
reverted by the pan-caspase inhibitor z-VAD.fmk (Fig. 3B,
lower panel), and high molecular weight fragmentation (Fig.
3A, upper panel), which was not blocked by z-VAD.fmk (Fig.
3B, upper panel). During ischemia, i.e. serum and glucose dep-
rivation in hypoxia and acidosis, cardiomyocyte DNA was frag-
mented rendering a low molecular weight smear in agarose
gels. Upon ischemia, DNA smear was not inhibited by the
caspase inhibitor z-VAD.fmk. PARP-1 has been involved in
ischemia-induced neuronal cell death (34); however, ischemia-
induced cardiac DNA damage was not blocked by the two
PARP inhibitors DIQ and DPQ. In addition, although calpains
have been shown to trigger the release of AIF in vitro (35),
addition of the pan-calpain inhibitor MDL 28170 did not pre-
vent DNA high molecular weight degradation in ischemic car-
diomyocytes (Fig. 3, A and B). Furthermore, high molecular
weight fragmentation of DNA, compatible with the activity of
caspase-independent pathways, was rapidly activated within a
few hours of ischemia (Fig. 3A, upper panel), and was not inhib-
ited neither by z-VAD.fmk, nor by DIQ. In contrast, DNA deg-
radation was not observed in ischemic heart fibroblasts after
24 h of treatment, in agreement with our previous results (31).
Ischemic skin fibroblasts showed a canonical pattern of DNA
low molecular weight degradation, which was completely abol-

AUGUST 11, 2006 +VOLUME 281-NUMBER 32

ished by z-VAD.fmk (Fig. 3, A and B). Therefore, the pattern of
DNA degradation during cardiomyocyte ischemia and its exe-
cution in the presence of caspase inhibitors suggest the pre-
dominant role of a caspase-independent mechanism of cell
death.

Ischemia Induces Cytochrome ¢, Truncated AIF, and EndoG
Release from Cardiac Mitochondria in the Absence of Caspase
Activation—We have previously reported that staurosporine
does not induce caspase activation in cardiomyocytes despite
cytochrome c translocation, and that overexpression of Apaf-1
partially antagonizes this resistance (4). Therefore, we analyzed
the release of proapoptotic mitochondrial factors during ische-
mia in cardiomyocytes. Cytochrome c¢ translocation was
detected during ischemia in embryonic and postnatal cardio-
myocytes (Fig. 44, panels B, D, F, and H, and Fig. 4C); however,
this event was followed by caspase-3 cleavage (activation), and
by nuclear fragmentation in embryonic (Fig. 1C and Fig. 4A,
panels C and D) but not in postnatal cardiomyocytes (Fig. 44,
panels G and H).

AIF and EndoG are mitochondrial proteins that have been
reported to act as executioners of PCD after their translocation
to the cytosol (14, 27). AIF was released from mitochondria
during cardiac ischemia (Fig. 4, B and C), but cytosolic AIF was
smaller in size than mitochondrial AIF, as detected with an
antibody raised against the C terminus of the protein (Fig. 4C).
This is in agreement with the recently proposed apoptosis-in-
duced cleavage of AIF at the N terminus, which allows its
detachment from the inner mitochondrial membrane and sub-
sequent translocation (36). This cleavage has been proposed to
depend in vitro on calpain and/or cathepsin activity (35, 36).
However, pretreatment of cardiomyocytes with the pan-cal-

JOURNAL OF BIOLOGICAL CHEMISTRY 22947

800z ‘0g Arenuer uo Aq 610 0g['mmm wol) papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

o

EndoG Executes Ischemia-induced Cardiac DNA Processing

A

control

ischemia

C Oxygen + + + + + +
S&G| +
Inhibitor| -

Time(h) 24 2 4 816242 4 8 88 8 16 24 v
Cyt. c - e ] 1
-

AIF Spep——— L

LD H ettt e o o S S o o —

e e S — —— — ———— —
COXIV =

FIGURE 4. Ischemia triggers the translocation of mitochondrial regulators of programmed cell death cytochrome c and truncated AIF in cardiomyo-
cytes independently of caspase activation. A,immunofluorescence staining of cytochrome c (red) and cleaved caspase-3 (green), in embryonic (panels A-D)
and postnatal (panels E-H) cardiomyocytes cultured in standard conditions (panels A and E), or after 6 h of ischemia. Chromatin is shown in blue. Panels B and
F correspond to cytochrome ¢; panels C and G are cleaved caspase 3 expression and nuclear chromatin; panels D and H are overlay compositions. Arrows point
to cells undergoing cytochrome c release, caspase-3 activation and nuclear fragmentation, and arrowheads point to cells undergoing cytochrome c release
without caspase activation. Inset, high magnification of a representative apoptotic embryonic cell. B, AIF (green) and the mitochondrial marker Hsp60 (red) in
control cardiomyocytes (control), or after 18 h of serum, glucose, and oxygen deprivation (ischemia). Overlay of AIF and Hsp60 images, orange means
co-localization and green indicates AIF translocation. C, cytochrome ¢ (Cyt.c) and AlF in cytosolic extracts of serum and glucose (S&G)-deprived, and ischemic
cardiomyocytes. zV, 100 um pan-caspase inhibitor z-VAD.fmk; DQ, 30 um PARP inhibitor; C/, 100 um calpain inhibitor MDL 28170. Cytosolic Lactate dehydro-
genase (LDH) was used as a loading control, and cytochrome ¢ oxidase subunit IV (COXIV) was detected as a marker for mitochondrial contamination.
*, full-length AIF. Each image in this figure is representative of three independent experiments.
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FIGURE 5. Ischemia induces EndoG release from cardiac mitochondria.
EndoG-FLAG was transfected in cardiomyocyte cultures as described under
“Experimental Procedures.” A, expression of exogenous EndoG-FLAG was
examined by immunofluorescence with an anti-FLAG antibody in control car-
diomyocyte cultures 3 days after transfection (panels Aand B), and in cardiom-
yocytes exposed to 16 h of ischemia the 3rd day (panels C and D). B, EndoG-
FLAG was detected in SDS-PAGE-electrophoresed total protein extracts and
cytosolic protein extracts in control and ischemic cardiomyocytes. AIF and
cytochrome ¢ were detected to check the effectiveness of the ischemic treat-
ment in releasing endogenous mitochondrial proteins. COXIV is a mitochon-
drial marker and LDH is a marker for the enrichment in cytosolic proteins. The
images are representative of three independent experiments.

pain inhibitor MDL 28170 did not prevent AIF cleavage and its
release during ischemia (Fig. 4C).

Ischemia-induced EndoG translocation was investigated by
immunofluorescence and by Western blot with three commer-
cial antibodies (supplemental Table S1). However, our results
suggested that these antibodies are not specific when used on
rat samples. We therefore constructed a plasmid for the over-
expression of mouse EndoG with a C-terminal FLAG tag.
EndoG-FLAG tracking demonstrated that EndoG had a punc-
tuated pattern that excluded the nucleus under basal condi-
tions, which is consistent with a mitochondrial localization
(Fig. 5A, panels A and B). However, EndoG pattern changed
during ischemia in accordance with its translocation to the
cytosol and nucleus (Fig. 54, panels C and D). We verified by
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Western blot that overexpressed EndoG had the expected size
of 32 kDa, and no cleavage bands were observed in ischemic
cardiomyocyte extracts (Fig. 5B), suggesting that EndoG trans-
location was not dependent on its cleavage, contrary to AIF
(Fig. 5B). Taken together, these results demonstrate that mito-
chondrial proteins cytochrome ¢, truncated AIF and EndoG are
translocated to the cytosol in ischemic postnatal cardiomyo-
cytes, yet caspases and calpains are not essential for their
release.

EndoG Is an Important Executor of DNA Processing during
Ischemia in Cardiomyocytes—The pattern of DNA cleavage in
ischemic postnatal cardiomyocyte indicated the participation
of caspase-independent mechanisms. AIF and EndoG have
been suggested to execute cell death in the absence of caspase
activation (14, 27). This prompted us to test if AIF and EndoG,
which were released from mitochondria during ischemia, were
responsible for cardiac cell death in this model. Cardiomyo-
cytes were transduced with lentiviral vectors carrying con-
structs for small hairpin-based RNA interference (shRNAi) of
either protein. Six days after transduction, cardiomyocytes
were exposed to ischemia (see “Experimental Procedures”).
The effectiveness of AIF shRNAi vector was evidenced by the
decrease in AIF protein levels measured in cardiomyocyte total
lysates (Fig. 6A). A time course analysis of AIF expression in
cardiomyocytes transduced with the AIF-specific shRNAi plas-
mid showed that maximal reduction of AIF expression was
achieved at day six after infection (Fig. 6A, upper panel). There-
fore, all experiments were carried out at day six of transduction.
AITF expression was reduced up to 80% in cardiomyocytes (Fig.
6A, lower panel). Reduction in EndoG expression was checked
by RT-PCR from total RNA extracts to confirm the efficacy of
the EndoG-specific shRNAi construct (Fig. 6B). Reduction in
EndoG expression, but not in AIF levels, correlated with an
important reduction of DNA damage (Fig. 6C). A faint ladder
pattern was observed after electrophoresis of DNA from ische-
mic cardiomyocytes in which EndoG expression was reduced.
This faint ladder was inhibited by z-VAD.fmk addition, sug-
gesting a very low contribution of caspases (Fig. 6C). Interest-
ingly, ischemia-induced DNA high molecular weight fragmen-
tation was not blocked in cells with reduced EndoG expression,
suggesting the presence of another yet unidentified AIF-inde-
pendent, EndoG-independent nuclease working in the absence
of caspase-activation. In contrast, AIF was essential for the
ischemia-induced high molecular weight processing of DNA in
skin fibroblasts (Fig. 6D), whereas the caspase-dependent
DNase activity, but not EndoG, was involved in the low molec-
ular weight DNA cleavage in these cells (Fig. 6D).

To ascertain whether the reduction in EndoG expression
favored cardiomyocyte cell survival during ischemia, analysis of
cell survival in scrambled-transduced, AIF-deficient and
EndoG-deficient cardiomyocytes was performed. Neither AIF
nor EndoG knockdown prevented ischemia-induced cardiac
cell death, although reduction in AIF expression substantially
blocked cardiac cell recovery during reoxygenation (Fig. 7).
Altogether, these results reveal a main role of caspase-inde-
pendent mechanisms in cardiomyocyte ischemic cell death,
and identify EndoG as an essential executor of ischemia-in-
duced DNA processing in these cells.
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FIGURE 6. Reduction of EndoG expression protects differentiated car-
diomyocytes from ischemia-induced DNA fragmentation. A, time course
of AIF expression in cardiomyocytes transduced with an AlF-specific ShRNAI
construct (upper panel), and expression of AIF in 10 and 5 ug of protein from
total extracts of normal cardiomyocytes (No RNAi), scrambled-transduced
(scr), AlF-deficient (AIF) and EndoG-deficient (EndoG) cardiomyocytes, 6 days
after infection. Hsp60 was used as loading control. B, EndoG transcript levels
in scrambled-transduced cardiomyocytes (scr) or EndoG-deficient cardiom-
yocytes (EndoG). RT-PCR was performed from 1 and 4 pg of total RNA and
equal volumes of the PCR product extracted at PCR cycles 27, 30, and 35 were
loaded and electrophoresed in a SYBR Safe-stained 3% agarose gel. PCR reac-
tion from 1 g of total RNA was conducted in parallel for amplification of the
unrtranscript, used as loading control. C, DNA high and low molecular weight
fragmentation (HMWF and LMWF) induced by exposure to 18 h of ischemia
with (+) or without 100 um z-VAD.fmk (zV), in scrambled-transduced (scr),
AlIF-deficient (AIF), and EndoG-deficient (EndoG) cardiomyocytes. Arrow indi-
cates band at 50 kb. D, DNA high and low molecular weight fragmentation
(HMWF and LMWF) induced by exposure to 18 h of ischemia in scrambled-
transduced (scr), AIF-deficient (AIF), EndoG-deficient (EndoG), and AIF/EndoG
double-knockdown skin fibroblasts. The images are representative of three
independent experiments.
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DISCUSSION

The results presented here show that the silencing of the
caspase-dependent machinery during cardiac differentiation
(both in vivo and in vitro) accounts for the lack of caspase-
dependent cell death during experimental ischemia. Our
data also prove that the main pathway for DNA processing in
cardiac cells involves the caspase-independent release of the
mitochondrial endonuclease EndoG, which helps other
caspase-independent, AIF-independent, DNAses in the
cleavage of cardiac DNA. Furthermore, our results suggest
the presence of a previously not described caspase-inde-
pendent nuclease activity that induces high molecular
weight fragmentation of DNA in ischemic cardiomyocytes.
Finally, the prosurvival role of AIF in cardiomyocytes during
reoxygenation is described.

During an ischemic insult, postnatal cardiomyocytes do not
activate caspases as readily as other cell types (9, 37). However,
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FIGURE 7. EndoG activity does not affect cardiomyocyte viability during
ischemia and AIF limits cell death during reoxygenation. Cardiomyocyte
viability in ischemic cultures at several time points between 0 and 20 h (/sche-
mia). Survival was also counted in cardiomyocytes cultured for 2 hin ischemic
conditions and then reoxygenated in standard medium for 18 h (ReOx.). Data
are mean = S.E. of three independent experiments made in duplicates. *, p <
0.05 AlF-deficient versus scrambled and EndoG-deficient at the same time
point.

the underlying molecular mechanisms are not well understood
because cardiac cells have been assumed to express a functional
caspase-dependent pathway. Several molecules have been
described to protect cardiomyocyte mitochondria by blocking
cytochrome c release, and have been proposed to be apoptotic
blockers in cardiomyocytes. Heat shock proteins have been
suggested to be endogenous protectors against ischemic dam-
age in cardiomyocytes (38, 39) by protecting mitochondrial
function (40). Experimental overexpression of Bcl-2 or Bcl-X;,
which block cytochrome ¢ translocation, have been reported to
be cardioprotective during ischemia/reoxygenation (41-43).
Accordingly, the hearts of mice deficient for Bax, which induces
cytochrome c release, are partially protected during ischemia
(44). Apoptosis Repressor with Caspase Recruitment Domain
(ARC) is highly expressed in the heart (45), and protects this
organ against ischemic-induced cell death (46). ARC blocks
cytochrome c release by interfering with Bax (47, 48). From the
above-mentioned observations, it has been assumed that acti-
vation of the mitochondrial apoptotic pathway leading to exe-
cutioner caspase activation is relevant in the cardiac ischemic
damage. However, caspase activity was not measured (46), or it
was only analyzed in the heart-derived cell line H9¢2 (45, 47,
48). Importantly, heart-derived cell lines H9¢2 and HL-1 (49)
are not terminally differentiated cells and, contrary to cardiom-
yocytes, express all the apoptotic regulators.”

Furthermore, it is unknown why in conditions where caspase-
dependent programmed cell death should be engaged (i.e. after
cytochrome c release (50)), there was only low caspase activa-
tion in cardiomyocytes (51). What blocks cardiomyocyte
apoptosis after cytochrome c release? We have previously
described that cardiomyocytes lack significant Apaf-1 expres-
sion (4), and this could hamper the activation of caspase-9 after

7 N. Bahi, J. Zhang, and D. Sanchis, unpublished data.
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cytochrome c release. A recent report proposes that the low
expression of Apaf-1 helps inhibitor of apoptosis proteins
(IAPs) to better counteract executioner caspase activation in
cardiomyocytes, which were suggested to express caspases at a
similar level than fibroblasts (52). Contrary to this work, the
datareported here demonstrate a global down-regulation of the
whole caspase-dependent machinery in the heart during devel-
opment. Reduction in caspase expression is evident when com-
paring pure isolated embryonic and adult cardiomyocytes,”
suggesting that most of the caspase expression in neonatal car-
diomyocyte cultures comes from dividing cardiac fibroblasts,
which usually contaminate cardiomyocyte cultures. In addi-
tion, our results discard an inhibition of caspase activation by
ischemia-induced acidosis, because fibroblasts and embryonic
cardiomyocytes do activate caspases in this setting, even at pH
6.1. Therefore, we propose that differentiation-related repres-
sion of the whole caspase-dependent machinery accounts for
postnatal cardiac protection against caspase activation. We
hypothesize that down-regulation of the apoptotic machinery
during differentiation can be a mechanism for reducing
caspase-induced cell damage by accidental cytochrome c trans-
location due to the high number of mitochondria and the con-
stant change of cardiomyocyte volume during the contraction/
relaxation cycle.

Our results demonstrate that cytochrome ¢ translocation
during cardiac ischemia is not linked to the caspase-dependent
death pathway, contrary to the dogma that has been established
in recent years. Nevertheless, mitochondrial damage is
involved in ischemia-induced cardiomyocyte cell death and
hampers cardiac recovery during reoxygenation. In this
respect, truncated-AlIF translocation from mitochondria was
detected in ischemic cardiomyocytes. Of note, pharmacological
calpain inhibition did not prevent ischemia-induced AIF cleav-
age and release. This fact discards an essential role of calpains in
AIF translocation and release in ischemic cardiomyocytes. In
our experimental model, AIF release did not account for
ischemia-induced cardiac DNA damage. Furthermore, we
show that AIF depletion hampers cardiac survival during
reoxygenation. Importantly, the ischemic lesion is bigger in the
AIF-defective Harlequin mouse (25). In addition, we have
recently shown that AIF is not related to DNA damage in stau-
rosporine-treated neuroblastoma cells (53). Therefore, our data
suggest that AIF role in DNA cleavage depends on the cell type
and does not support a relevant role for AIF in cardiac DNA
processing.

The present study also reveals that EndoG is the main con-
tributor for the DNA low molecular weight degradation in
ischemic cardiomyocytes. Interestingly, two recent works
reported no obvious effects on cell death and DNA degradation
in EndoG-deficient mice (29, 30). However, DNA integrity
analysis was studied in splenocytes, which otherwise activate
caspase-dependent apoptosis (29). It must be taken into
account that Li et al. showed the EndoG role in mammalian
apoptotic DNA degradation in fibroblasts deficient for caspase-
activated DNase (27). Furthermore, here we show that EndoG
silencing in primary skin fibroblasts, which express caspases,
does not induce a reduction in DNA cleavage. Taken together,
these results suggest that EndoG cleaves DNA in systems where

AUGUST 11, 2006 +VOLUME 281-NUMBER 32

caspases are absent, irrespective of the death stimulus, and
could be the final step of DNA processing in postmitotic cells.

Finally, our results show that high molecular weight frag-
mentation of DNA is caspase-independent in dividing fibro-
blasts and postmitotic cardiomyocytes and that AIF is involved
in this step of DNA degradation only in proliferating skin fibro-
blasts but not in cardiomyocytes. Indeed, a functional genomic
approach in C. elegans has highlighted the involvement of many
genes in the final apoptotic DNA degradation process, which
could be controlling the final cell fate (54). Therefore, we are
currently investigating the identity of the nuclease activities
involved in the ischemia-induced DNA high molecular weight
fragmentation.

In summary, the involvement of caspases in cardiac cell
death has been based on the assumption that the caspase-de-
pendent machinery is expressed in differentiated cardiomyo-
cytes and has been inferred mainly from the experimental evi-
dence of cytochrome ¢ translocation and the cleavage of DNA
rendering 3'-OH ends, which are detected by the TUNEL assay,
a characteristic feature of the caspase-dependent DNase CAD/
DFF40, but that can be also produced by EndoG (55). In con-
trast, here we show that cardiomyocytes reduce the expression
of the caspase-dependent cell death machinery during differen-
tiation and that these proteins are not up-regulated during
ischemia. Our results show that, after differentiation, caspase-
independent mechanisms substitute for caspases in the ische-
mic cell damage of cardiomyocytes. Furthermore, our data dis-
close the essential role of EndoG, which works in concert with
ayet unidentified nuclease activity, as an important executor
of caspase-independent DNA cleavage in differentiated
cardiomyocytes.
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Abstract The involvement of caspases in postmitotic cell death
is controversial. Here we report that adult brain and heart are
devoid of many key pro-apoptotic proteins due to a progressive
postnatal silencing event involving a reduction of their transcript
levels. E2F has been shown to control cell cycle progression and
to be transcriptional activator of apoptotic genes. However, our
data demonstrate that apoptotic gene expression in heart, brain
and liver, as well as cardiac and neuronal apoptotic gene silenc-
ing during development, are E2F-independent events. Therefore,
the genes regulating caspase-dependent cell death are expressed
in embryonic organs in an E2F-independent manner and a devel-
opmental-related silencing event represses these genes in postmi-
totic adult tissues.

© 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Heart; Brain; Development; Apoptosis; Caspase;
E2F

1. Introduction

Deregulation of the caspase-dependent cell death process
has been involved in the onset and progression of autoimmune
diseases [1,2], and cancer [3,4]. However, despite a considerable
effort directed to untangling the processes implicated in cardiac
and neuronal diseases involving cell loss, the relevance of casp-
ases in these diseases remains debated. Many reports of cyto-
chrome c translocation, nuclear condensation and chromatin
DNA degradation during cardiac and neuronal disease suggest
the involvement of caspases in these situations. However, other
reports have challenged the relevance of caspase activation in
cardiomyocyte and neuron death in these pathologies [5-9].
Changes in the expression of key regulators of the cell death
pathway related to the experimental models used, which in-
clude from cell lines to adult animals, could underlie the differ-
ences in the results.

We previously reported that although embryonic cardiomyo-
cytes express the proteins regulating caspase activation, low lev-
els of these proteins are found in the adult heart, concomitant
with a switch to caspase-independent mechanisms being in-

“Corresponding author. Fax: +34 973702213.
E-mail address: daniel.sanchis@cmb.udl.cat (D. Sanchis).

volved in ischemia-induced cardiomyocyte damage [9]. Others
have reported low levels of Apaf-1 in cortical neurons [10], ret-
inal neurons [7] and sympathetic neurons [11], as well as low lev-
els of caspase-3 and pro-apoptotic Bcl-2 family members in
retinal neurons [7,8]. However, some reports have shown high
expression of caspases 3 and 9 in neonatal neurons [11], sus-
tained caspase-9 expression in brain [10,12,13] and high expres-
sion of Apaf-1 and some caspases in the heart [13-15].
Therefore, controversy exists about the extent and magnitude
of the changes on apoptotic gene expression in postmitotic cells.
Our aim was to characterize the timing and broadness of the
silencing event affecting the genes regulating the caspase-
dependent death pathway during heart and brain develop-
ment, and to get some clues into the underlying mechanisms.
We show that the development-related silencing of the main
genes involved in the control of caspase-dependent cell death
affect the heart and the brain, and to a lesser extent the liver,
in both rat and mouse. In general, this event initiates after
birth in rodents and culminates during adulthood, with some
genes being expressed only in embryos, such as Caspase-2,
and others, like Bcl-XL, expressed steadily until adulthood.
The apoptotic genes are not re-expressed in vitro in adult
cardiomyocytes during stress situations. Our results also show
that embryonic expression of the caspase-dependent cell death
machinery and its silencing is not influenced by the transcrip-
tion factor E2F1, despite the fact that E2F1 controls the
expression of some of these genes in other cell types.

2. Materials and methods

2.1. Animals, tissues and cells

Sprague-Dawley rats were housed in our Experimental Animal Ser-
vice under standard conditions. Wild-type and mice deficient for E2F1,
E2F2 or both genes were housed and kept at the Animal Facility, Uni-
versity of the Basque Country, as previously reported [16]. Animals
were sacrificed in compliance with the guidelines defined by our Insti-
tutional Ethical Committee, which approved the experimental design
of this project. Heart, brain and liver were dissected, minced into small
cubes, rinsed with cold phosphate buffered saline and snap-frozen into
liquid nitrogen. Embryonic and adult cardiomyocytes were prepared
and stored as described elsewhere [9]. Other primary cells, tissues
and cell lines were a kind gift from members of our lab.

2.2. Adult ventricular myocyte culture and lentiviral infection

Adult ventricular myocytes were obtained from 9-month-old male
Sprague-Dawley rats and cultured as previously described [9]. Plates
were either treated with 1 or 10 nM Angiotensin-II (SIGMA) for

0014-5793/$32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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48 h in standard medium as described by others [17] or submitted to
6 h of ischemia (Tyrode’s solution, 0.1% O, in an InVivo400 hypoxic
chamber, see details in [9]) followed by 18 h of reoxygenation in stan-
dard medium, as described by Kang et al. [18], or left untreated. For
inducing E2F1 expression, the fragment HindIII-EcoRI of the vector
pRc/CMV-HA-E2F1 (kind gift of Erik K Flemington, Dana-Farber
Cancer Institute, Boston, USA), containing the open reading frame
of human E2F1 followed by a hemaglutinin tag (HA) was subcloned
into the Pmel site of the lentiviral overexpression vector pWPI, then
lentivirus particles carrying the empty vector or the E2F1 expression
vector were obtained and added to the cell cultures as described previ-
ously [9] for 72 h. E2F1 expression was monitored by immunodetec-
tion of the HA tag.

2.3. Detection of protein expression

Protein expression was detected in protein extracts diluted in Tris-
buffered 2% SDS solution at pH 6.8 as previously reported [9]. Anti-
body data can be found in the Supplementary Table 1. Each immuno-
detection was repeated with two to three different membranes
containing samples coming from different animals of each age.

2.4. Analysis of the steady-state transcript levels

Total RNA was obtained from frozen tissues with the RNA Spin
Mini kit (GE Healthcare). RNA concentration measurements and ret-
rotranscription were done as described [9]. Equal volumes of cDNA
were amplified by PCR using a couple of specific primers expanding
at least two exons within the gene of interest (see Supplementary Table
2 for details) as described elsewhere [9]. Ten microlitre aliquots were
taken at PCR cycles 25, 30 and 35, mixed with SYBR Safe dye (Invit-
rogen) and migrated in a 1% agarose gel. Densitometry of the DNA
bands was performed with the Scion Image software (Scion Corpora-
tion) and qualitative calculations were done comparing data from non-
saturated products (usually, corresponding to PCR cycle 30). Loading
was checked by amplification of the unr transcript [9]. Transcript anal-
ysis was performed from three samples of each tissue coming from dif-
ferent animals.

3. Results

3.1. Expression of the genes implicated in the caspase-dependent
signalling is silenced during postnatal development, notably
in heart and brain

Expression of proteins involved in the control of caspase-
dependent cell death was analyzed in tissues from rats of differ-
ent ages ranging from embryos to adults by using the antibod-
ies described in Supplementary Table 1. Antibodies that have
been checked against knock out mice or knocked down cul-
tured cells were used when possible. Our results show that
the genes involved in the induction of cell death were intensely
repressed in the adult heart and, most of them, also in the
brain. Exceptions were caspase-2, which was only expressed
in embryos, and Bak and Bax, which were downregulated in
all tissues during postnatal development (Fig. 1 and Supple-
mentary Fig. 1). The expression of caspase-9 and executioner
caspases 3 and 7 was reduced in postnatal heart and brain.

We checked the specificity of caspase-9 antibodies supplied

by Alexis and Cell Signaling comparing the signal obtained

in the same blot for human and rodent cells (Supplementary

Fig. 2). We concluded that caspase-9 expression is reduced in

adult heart and brain when compared to the embryonic stage.

With regard to the expression of anti-apoptotic proteins, Bcl-2

was silenced in heart and brain during development and unde-

tectable in the liver, whereas Bcl-XL was expressed in all tis-

sues until adulthood (Fig. 1).

Decreased expression of the proteins involved in caspase-
dependent cell death has been frequently associated with
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Fig. 1. Detection of proteins involved in apoptosis at different
developmental stages in heart, brain and liver. Protein extracts from
cardiac ventricles, brain homogenate and liver were collected from rats
at ages ranging from embryonic day 17 (E17) to 3-month-old adults.
Protein detection was carried out with the antibodies listed in the
Supplementary Table 1. The image is representative of the results
obtained with samples coming from three different animals per age. a:
Adaptor proteins; b: caspases; c: Bcl-2 family proteins; d: mitochon-
drial proteins (Cyt ¢: cytochrome c¢); and e: structural proteins. CM:
primary isolated rat cardiomyocytes.

post-translational modifications, involving a reduction of pro-
tein stability [19]. To ascertain whether the developmental
silencing process affected the steady-state amount of the corre-
sponding transcripts, we performed semi-quantitative RT-
PCR in RNA extracts from embryo and adult tissues, as
described in Section 2. Our results demonstrated that expres-
sion silencing affects the amount of mRNA pointing to a
decrease in transcription (Fig. 2).

3.2. E2F1 is neither involved in apoptotic gene expression in the
embryo nor does its development-linked repression affect
apoptotic gene expression in adult tissues

E2F transcription factors are well known by their role in the
control of cell cycle progression. Recently, E2F1 has been sug-
gested to be transcriptional activator of some genes regulating
the caspase activation cascade, such as Apaf-1 [20-23], cas-

pase-8 [24,25], caspase-3 [23,25], caspase-7 [22,23,25], Bid [24]

and Smac [26]. Our results showed that E2F1 expression de-

creases during differentiation in all tissues analyzed and its
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Fig. 2. Analysis of the transcript levels for different genes involved in apoptosis, in embryonic and adult heart, brain and liver. (a) Total RNA was
extracted from cardiac ventricles, brain homogenate and liver of E17 embryos and 3-month-old rats. RNA was retrotranscribed and the expression of
the genes of interest was measured by PCR as described in Section 2. RT-: PCR product at cycle 35 from a non-retrotranscribed neonatal heart RNA
sample. (b) Bar graphs represent the semi-quantification of each specific gene in arbitrary units (AU), corrected by loading (upstream of n-Ras gene
expression); gray bars: E17 embryo; white bars: 3-month-old adult. For each gene, differences between embryo and adult expression are shown as
percentage. Values are percent expression change between embryo and adult. nsc: no significant change. Graphs are representative of three

experiments made with independent tissue samples.

expression level is proportional to the expression levels of
many apoptotic genes in the embryo, pointing to a role of
E2F in the control of the genes regulating caspase-dependent
death in heart, brain and liver (Fig. 1). However, E2F1 and
E2F2 single and double knockout mice showed no differences
neither in the embryonic expression of these genes nor in their

repression during development when compared with their
wild-type littermates (Fig. 3). These data demonstrated that,
although E2F factors can act as transcriptional activators of
key genes regulating the caspase signalling cascade in embry-
onic and tumor cells, they do not control the normal expres-
sion of these genes in heart, brain and liver.
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Fig. 3. Expression of proteins involved in apoptosis in the heart, brain and liver of embryos and adult mice from wild-type and E2F1, E2F2 or
double E2F1-2 knock out strains. Total protein extracts were obtained as described in Section 2 and protein expression was detected by Western blot
using the antibodies listed in the Supplementary Table 1. Images are representative of three independent experiments with comparable results. wt,
wild-type; KO, E2F knockout; DKO, E2F1-2 double knockout. E: E19 embryo; A: P60 adult.

3.3. The main regulators of the caspase-dependent cell death are
not re-expressed in cultured adult cardiomyocytes submitted
to stress stimuli

In order to investigate whether the apoptotic machinery can

be re-expressed after a stress input, the expression of apoptotic
genes was analyzed in primary adult ventricular myocytes cul-
tured for 48 h with 1 or 10 nM Angiotensin-II, which has been
reported to induce hypertrophy as well as apoptotic-like DNA
damage and cell death [17], or in cardiomyocytes after 6 h of
ischemia and 18 h of reoxygenation, which induces cell death,
cytochrome c release and apoptotic-like DNA degradation
[18]. The major regulators of the caspase-dependent death
pathway were not re-expressed during these treatments
(Fig. 4). Enhanced E2F1 expression can activate the expression
of genes involved in apoptosis in embryonic fibroblasts and cell
lines [25]. In order to verify whether E2F1 has similar effects in
adult ventricular myocytes, expression of apoptotic genes was
analyzed three days after E2F1 transduction in these cells. De-
spite the increase in E2F1 expression, cardiomyocytes did not
re-express any of the apoptotic genes (Fig. 4). Taken together,
our results suggest that adult cardiac myocytes loss the ability
to express the genes that regulate the caspase-dependent death
pathway and, therefore, cytochrome c release, DNA damage
and phosphatidylserine externalization [17,18] are likely cas-
pase-independent events in these cells.

4. Discussion

Here we report that the proteins controlling caspase-depen-
dent cell death are expressed in the embryonic heart, brain and
liver, but are later silenced during postnatal development,
especially in the heart and the brain. Of note, the expression
of many genes controlling intermediate steps leading to cas-
pase activation is always low in the liver, whose sensitivity to
caspase-dependent cell death could depend on the high expres-
sion of Bid and executioner caspases 3 and 7. The gene silenc-
ing event implies a reduction in the amount of the transcripts
coding for these proteins. Our analysis also demonstrates that
E2F factors are not involved in the expression of the major

regulators of the caspase signalling cascade in the embryo
heart, brain and liver. Finally, the results presented here sug-
gest that postmitotic cardiomyocytes do not re-express the
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Fig. 4. The expression of the major apoptotic regulators is not
enhanced in adult cardiomyocytes submitted to different stress stimuli
reported to induce cell damage. Rat adult ventricular myocytes were
treated with 1 or 10 nM Angiotensin-II (Ang-II) for 48 h, 6 h of
ischemia and 18h of reoxygenation (I/R), or were induced to
overexpress E2F1 for 72 h (see Section 2). The expression of several
genes involved in the caspase-dependent cell death pathway was
immunodetected after SDS-PAGE in total protein extracts from
control cardiomyocyes (C), cardiomyocytes transduced with empty
vector (J) and stressed cardiomyocytes. Control neonatal cardiac
fibroblasts (CF). The image is representative of three independent
experiments.
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apoptotic genes neither during stress nor after an increase in
E2F1 expression.

Although previous reports have shown that the expression
of some apoptotic proteins is reduced in postnatal animals
[7-15], simultaneous data argue in favour of high expression
of some of these proteins [10-15]. From our point of view, clar-
ifying this fact has important consequences for the correct
understanding of the mechanisms engaged in cardiomyocyte
and neuron cell death in the adult. Indeed, outstanding re-
search on neurodegenerative and cardiac diseases is being fre-
quently conducted or complemented with studies performed
with embryonic cells and immortalized cell lines, which express
the full caspase-dependent death machinery. Using these mod-
els, caspase activation has been proposed to play a relevant
role in cardiomyocyte and neuron death during disease [27-
29]. However, although the role of caspase-dependent events
on the morphogenesis of the brain and the heart are well estab-
lished [30-32], the role of caspases in postmitotic cell death is
controversial [5-7,33].

Our results show that the pro- death genes in the caspase-
dependent pathway are repressed at both protein and transcript
level during development, in apparent contradiction with previ-
ous reports [14,15]. Although reduction in Apaf-1 expression
and relatively unchanged levels of caspase-9 are observed when
comparing embryos with early neonatal cardiomyocytes [15], in
the present work we show that adult fully differentiated cardio-
myocytes lack both proteins. A previous work showed that cas-
pase-9 expression increases during heart development [14].
However, the size of the caspase-9 band shown in that report
was smaller than expected and varied in size when comparing
heart and brain extracts. We checked the specificity of two com-
mercial antibodies against caspase-9. We found that only one
antibody detected correctly the different size of the human
and rodent caspase-9 isoforms. This antibody detected cas-
pase-9 only in embryonic and at lesser extent in young heart,
but not in adult heart and adult isolated cardiomyocytes.
Therefore, we conclude that caspase-9 is actually silenced dur-
ing development in heart and brain, alike the rest of caspases
analyzed. Caspase-9 has been suggested to be expressed in adult
mouse heart both at the protein and transcript levels [13]. In
support of the decrease in caspase-9 expression in the myocar-
dium, we report here that isolated adult cardiomyocytes are vir-
tually devoid of caspase-9 (Figs. 1 and 4), suggesting that the
remnant caspase-9 signal in adult heart comes from non-mus-
cular cells. In addition, we have taken into account only non-
saturated signals for our comparative transcript analysis
(Fig. 2), which confirm an important decrease in caspase-9 tran-
script both in the heart and the brain.

If the key regulators of the caspase-dependent cell death
pathway are silenced in postmitotic tissues, the suggested
involvement of caspases in cardiac and neuronal diseases in
the adult (e.g. [28,29,34]) could depend on the re-expression
of the apoptotic signalling cascade in certain pathological con-
ditions. The results presented here suggest that cultured pri-
mary adult cardiomyocytes can not re-express the apoptotic
genes in vitro when submitted to certain death stimuli, although
this does not rule out the re-expression of apoptotic genes
in vivo. In neurons, expression of Apaf-1 has been reported
to be enhanced in a model of brain injury [10] and Caspase-2
up-regulation occurs in certain neurons of a Huntington’s dis-
ease mouse model [29]. However, experiments conducted to
identify the mechanisms involved in neuronal and cardiac cell
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death during disease have been performed usually in embryonic
cells. Our results put forward a note of caution on the interpre-
tation of results obtained with embryonic cells or cell lines. We
suggest the need to prove the implication of caspases in adult
cells to confirm the apoptotic gene re-expression event, which
would have important clinical consequences.

Our results also show that expression of apoptosis inducing
factor (AIF), a potentially deleterious protein, is increased in
the adult heart. Interestingly, we and others have demon-
strated that AIF plays actually a beneficial role during reoxy-
genation in cardiomyocytes [35,9], and protects the heart and
the brain against oxidative damage [35,36]. Another interesting
fact is that the expression of pro-death proteins Bax and Bak,
thought to play redundant roles, vary when comparing differ-
ent tissues. While both Bax and Bak are expressed in the young
heart, Bak is the major Bcl-2-related pro-death member in the
brain, whereas Bax is more expressed than Bak in the liver.
These results suggest that the relevance of Bak and Bax in
the control of the mitochondrial events leading to cytochrome
c release is tissue-specific. Finally, our results show that Bcl-
XL expression is sustained at significant levels until adulthood,
suggesting that it could be a crucial protector of mitochondrial
integrity in the adult brain and heart.

Regarding the mechanisms involved in apoptotic gene down-
regulation, our data discard an essential role of E2F1, despite
the fact that this protein has been involved in the expression
of key regulators of the caspase-dependent pathway in prolifer-
ating cells and in the immune system [20-26,37-40]. The lack of
effects on the expression of these genes in E2F1 and 2 double
null mice is unlikely due to compensation by other members
of the E2F1 family because E2F1 has been described to be
the only member able of inducing apoptotic gene expression
[39], and because the ability of other E2F proteins for inducing
apoptosis rely on endogenous E2F1 expression [40].
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