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Chapter 7

SUMMARY

Heart failure (HF) is the common end stage syndrarhenany cardiac disorders,
including valve insufficiency (volume overload), gertension (pressure overload),
myocardial infarction and cardiomyopathies. The#féer@nt initial events all result in
altered ventricular wall stress triggering cardiamodeling. One of the main processes that
contributes to cardiac remodeling is cardiomyoocgtewth (hypertrophy). Induction of
hypertrophy is accompanied by marked changes ie gapression profiles of which the
re-expression of fetal genes, the so called “fgémle program” is well knowr. The aim of
this thesis was to generate an inventory of genpression changes specific for
cardiomyocyte hypertrophy and to further investigdhe role of these changes in
hypertrophy developmenti{apter 1). In particular, we explored the function of A kse
interacting protein 1 (AKIP1), which was identifigdthe inventory as a novel hypertrophy
associated gene.

That cardiomyocyte growth and changes in cardiowgofunction are the underlying
causes of cardiac hypertrophy and HF developmesst tbeen recognized for ages.
Unravelling the molecular mechanism underlying ¢hesocesses has, however, only
started in the last decades and it has becometblaathese changes are very complex. In
chapter 2, we reviewed the current knowledge on gene expnessegulation during
hypertrophy development. We described how neurobbnaihand biomechanical signals
are transduced to the nucleus and affect a setaoidription factors and chromatin
modulators. Calcium signaling and protein (de)phosplation plays an essential role in
this transduction process. Multiple transcriptiaeatbrs, including MEF2, GATA, Nkx-2.5
and NFAT, cooperate in controlling cardiomyocytengexpression and binding sites for
these proteins have been found in promoters of mapertrophy associated genes.
However, even for an extensively explored gene MkéP (atrial natriuretic protein) the
regulation of its expressiom vivo is still mysteriou¥ Genetic modulation of signal
transduction pathways and transcription factorns vitro studies and in animal models has
shown that targeting these systems allows modulatd hypertrophy development.
However, due to their central role, not only indiamyocytes, but also in many other cells
it is unlikely that targeting these central systemils provide therapeutic opportunities. We
therefore postulated that it might be more prongisito investigate the potential
downstream targets of these pathways. Severalestuiat target downstream genes are
currently underway and provide promising resultse IBNF', SERCA, and myosif
Generating an inventory of hypertrophy associatesheg may therefore allow the
identification of new potential targets against HF.

In order to identify novel HF associated genespedormed a whole genome analysis
on several cardiac hypertrophy/HF models and coetptre gene expression profiles with
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their corresponding control groupsdhapter 3. In vitro models included PE, Iso and ET-1
stimulated neonatal rat ventricular cardiomyocytd®VCs) andin vivo animal models
consisted of post-myocardial infarction (MIl) andosfaneous hypertensive Ren-2 rat
models. In addition to the identification of estabéd hypertrophy associated genes like
ANP, BNP, XIRP2 and FHL1, we also identified a n@nlof genes not previously
reported to be associated with hypertrophy/HF. Atsaitro andin vivo specific gene sets
were identified as well as genes specific for tmelarlying aetiologies. Together these
results showed that combining multiple models, hatkivo andin vitro, could provide a
robust set of hypertrophy/HF associated genes anodided insight in the differences
between the used models. Amongst others we idedtibhrs7¢é and AKIP1 to be
differentially expressed in most models. The latteas also one of the strongest
upregulated genes and hence was further investigatelescribed in the next chapters.

In chapter 4, we investigated the role of AKIP1 in hypertropdgvelopment in
NRVCs. We first confirmed the gene array data dmolnved that AKIP1 expression was
elevated in the used hypertrophy/HF models botthatmRNA level and at the protein
level. Gain of function experiments by overexpnegsiAKIP1 revealed that AKIP1
overexpression was sufficient to induce hypertrophydetermined by an increase in cell
size, protein synthesis and cytoskeletal reorgéniza This hypertrophy effect was,
however, not associated with re-expression of fietal' gene program”. Further analysis
revealed that Akt kinase pathway was activated asdential for AKIP1-induced
hypertrophy effect. Moreover, downstream targetstradliing protein synthesis, including
rpS6 and eEF2, were activated by AKIP1 overexpoessAlthough, AKIP1 was not
essential for PE induced hypertrophy in NRVCs,idt dotentiate neurohormonal induced
protein synthesis. In conclusion, our results shibwbat AKIP1 was induced in
hypertrophic/HF hearts and could stimulate adaptargliomyocyte growtin vitro via Akt
signaling.

During our studies on hypertrophy it was reportey bthers that besides
nucleus/cytoplasmic localization, AKIP1 also lozalil to mitochondrfa Given the strong
association between bioenergetics and hypertroptydecided to investigate the role of
AKIP1 in metabolic respiration. Irchapter 5, the effect of AKIP1 on the oxygen
consumption rate (OCR) in cardiomyocytes was dbeedtiUsing a Seahorse flux analyzer
the OCR in cultured cardiomyocytes was investigatedl it was shown that PE
significantly stimulated the OCR. Silencing of AKlRittenuated this increase indicating
that this was partially mediated via AKIP1 uprediaa. Interestingly, AKIP1
overexpression was sufficient to stimulate OCRsTihcrease of OCR was independent of
glycolytic flux, since a similar increase was olvser by using pyruvate instead of glucose
as a substrate. Mitochondrial biogenesis was noameed in AKIP1 overexpressing cells.
Instead, we observed lower levels of the electn@msport chain (ETC) complexes,
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suggesting that these complexes worked more efficiBespite increased OCR, less
superoxide was generated, and this was not a rebuttcreased expression of reactive
oxygen species (ROS) scavenging systems. Thisefugthpports the notion that the ETC
worked more efficiently in AKIP1 overexpressing lselln contrast silencing of AKIP1
resulted in enhanced production of reactive oxygpacies (ROS) production without
changes of ETC complexes, suggesting less effiglttron transport coupling. Together,
these results show that AKIP1 is able to modulait®chondrial function and limit ROS
production in cardiomyocytes. This more efficierspiration could be important under
conditions of stress, and hence might be a companysaffect. In line with this idea is the
recent observation that mouse hearts with overegpre AKIP1 are more resistant against
ischemia/reperfusiomx vivo®. Thus, AKIP appears to modulate mitochondrial fiorc
resulting in improved respiration and less productf toxic ROS.

To translate then vitro findings to thdan vivo situation, we generated a cardiac specific
AKIP1 transgenic (Tg) mouse line as describedhapter 6. Based on ouim vitro studies,
we first evaluated cardiac hypertrophy in theseemidowever, we did not observe a
spontaneous hypertrophy phenotype in AKIP1-Tg mate4 and 12 month of age.
Subsequently, these mice were subjected to a eeseswaortic constriction (TAC) pressure
overload model for chronic hypertrophy. Sham-optanice were used as controls. TAC
induced considerable hypertrophy in both Wt and RKITg groups, as determined by
increased heart weight, cardiomyocyte size and fnggic markers. Moreover, both
aortic and LV pressures were higher in the TAC gsand cardiac contractility and
relaxation functions decreased in TAC mice, resgltin reduced cardiac function as
assessed by echocardiography and cardiac MRI nexasat. Unexpectedly, we did not
observe any differences between Wt and AKIP1-Tgnais. Thus, whereas vitro in
neonatal rat cardiomyocytes AKIP1 induced profoaacdiomyocyte hypertrophy this was
absent in thén vivo situation in transgenic mice. As discussed in tda, there might be
multiple reasons for this observed difference, liaeversus mouse, neonatal versus adult
and of course the differemh vitro context. Thus, although AKIP1 expression is chearl
elevated in multiple hypertrophy/HF models our eatrdata do not support a role for
AKIP1 in mediating cardiomyocyte growth vivo.

FUTURE PERSPECTIVES

AKIP1 is upregulated upon multiple forms of cardisitess and although it could
induce cardiomyocyte growtim vitro it did not appear to have a similar effatwivo in a
pressure overload model. Further investigations ather hypertrophy models (adrenergic-
and exercise-induced hypertrophy) will be requiaed may show that this effect could be
stimulus dependent. During our studies, anothemmgreported that AKIP1 expression was
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controlled by oxidative stress and that AKIP1 coattbnuate cardiac ischemia/reperfusion
damageex vivo®®. We also observed changed oxidative consumptioes ran AKIP1
overexpressing cardiomyocytes and reduced ROS faman these cell$n vitro. This is
highly interesting because under normal conditiomgeased oxidative metabolism is
accompanied by increased ROS production. Mored\Jel1 silencing in cardiomyocytes
had an opposite effect and resulted in increasefi ROduction. Thus, AKIP1 could be an
important target in controlling toxic ROS radicalherefore investigating mitochondrial
respiratory function and ROS production in our $genic mouse may be a more rewarding
avenue. Preliminary results showed already thaiAKE’1 transgenic mice are less prone
to in vivo cardiac ischemia/reperfusion injury (unpublishetedrom Harmen G. Booij and
B. Daan Westenbrink), confirming and extending ékeivo data. Whether this is a result
of diminished ROS production has still to be defeed, but it does support the notion that
AKIP1 upregulation may have a stress adaptive fanctinally, it will be interesting to
investigate whether an AKIP1 knock out mouse wdagdmore prone to oxidative damage
and show advanced aging.

129



Chapter 7

REFERENCES

1. Cappola TP. Molecular remodeling in human higdiire. J Am Coll Cardiol. 2008; 51: 137-138.

2. Taegtmeyer H, Sen S, Vela D. Return to the fggak program: a suggested metabolic link to ggpeession
in the heartAnn N Y Acad Sci. 2010; 1188: 191-198.

3. Horsthuis T, Houweling AC, Habets PE, de LangedF Azzouzi H, Clout DE, Moorman AF, Christoff&$/.
Distinct regulation of developmental and heart @#seinduced atrial natriuretic factor expressionvioy separate
distal sequence€irc Res. 2008; 102: 849-859.

4. Chen HH, Glockner JF, Schirger JA, Cataliottifedfield MM, Burnett JC,Jr. Novel protein therapes for
systolic heart failure: chronic subcutaneous B-tyatiuretic peptide] Am Coll Cardiol. 2012; 60: 2305-2312.

5. Jessup M, Greenberg B, Mancini D, Cappola T yPBE&, Jaski B, Yaroshinsky A, Zsebo KM, Dittrich, H
Hajjar RJ, Calcium Upregulation by Percutaneous iéstration of Gene Therapy in Cardiac Disease ({LYP
Investigators. Calcium Upregulation by Percutanedukninistration of Gene Therapy in Cardiac Disease
(CUPID): a phase 2 trial of intracoronary gene dpgrof sarcoplasmic reticulum Ca2+-ATPase in p&ievith
advanced heart failur€irculation. 2011; 124: 304-313.

6. Aronson D, Krum H. Novel therapies in acute ahrbnic heart failurePharmacol Ther. 2012; 135: 1-17.

7. Lu B, Tigchelaar W, Ruifrok WP, van Gilst WH, @&®er RA, Sillje HH. DHRS7c, a novel cardiomyocyte-
expressed gene that is down-regulated by adrenstigiclation and in heart failur&ur J Heart Fail. 2012; 14:
5-13.

8. Sastri M, Haushalter KJ, Panneerselvam M, ChBnd-ridolfsson H, Finley JC, Ng D, Schilling JM,
Miyanohara A, Day ME, Hakozaki H, Petrosyan S, oW\, King CC, Darshi M, Blumenthal DK, Ali SS, Rot
DM, Patel HH, Taylor SS. A kinase interacting piotéAKIP1) is a key regulator of cardiac streBsoc Natl
Acad Sci U SA. 2013; 110: e387-396.

9. Giusti B, Marini M, Rossi L, Lapini |, Magi A, &palbo A, Lapalombella R, di Tullio S, Samaja Mpé&sito F,
Margonato V, Boddi M, Abbate R, Veicsteinas A. Gempression profile of rat left ventricles revepéssisting
changes following chronic mild exercise protocafplications for cardioprotectioBMC Genomics. 2009; 10:
342.

130



Summary and Perspectives

131






Nederlandse samenvatting



SAMENVATTING

Hartfalen (HF) is het eindstadium van veel verdehde cardiovasculaire
aandoeningen, waaronder een verminderde werkingledrartkleppen (volume belasting),
hoge bloeddruk (drukbelasting), hartinfarct en aedbartspier aandoeningen. Deze
verschillende oorzaken resulteren allemaal in eerhaogde wandspanning van de kamer,
en kunnen leiden tot remodelering van het hart. ¥#m de belangrijkste processen die
bijdraagt aan deze remodelering is de groei vamadispiercellen, zogenoemde hypertrofie.
Hypertrofie gaat gepaard met veranderingen in deressie van specifieke genen. De
activatie van het “fetal gene program” is hiervam éekend fenomeen, waarbij genen die
normalerwijze in het foetale hart tot expressie komveer tot re-expressie komen in het
adulte zieke hatf. Het doel van dit proefschrift was het genereran gen overzicht van
deze specifieke genexpressie veranderingen en orfurtdie van deze genexpressie
veranderingen te onderzoeken (Hoofdstuk 1). Hidiblhben we ons specifiek gericht op
het gen coderend voor A kinase interacting prolei®KIP1), die prominent naar voren
kwam in onze screen naar hypertrofie geassociegndexpressie veranderingen.

Het is reeds bekend dat de groei van hartspiercelieveranderingen in de functie van
deze cellen belangrijke onderliggende oorzakenwam de ontwikkeling van hartfalen. De
laatste decennia, wordt in toenemende mate ondergmelaan naar de complexe
moleculaire mechanismen die hieraan ten grondggen. In hoofdstuk 2 hebben we de
huidige stand van zaken over de regulatie van gemesie tijdens de ontwikkeling van
hypertrofie en hartfalen beschreven. We beschrijhégrin hoe neuro-hormonale en
biomechanische signalen worden overgebracht naeelédern en daar effect hebben op de
activiteit van transcriptiefactoren en chromatinedulatoren. Bij deze signaaloverdracht
spelen calcium en eiwit (de)defosforylatie een bgigke rol. In de celkern werken
verschillende transcriptiefactoren, zoals MEF2, @GANRX2.5 en NFAT, samen om de
genexpressie te reguleren. Bindingsplaatsen vooe ttanscriptiefactoren zijn veelvuldig
aanwezig in promotorgebieden van hypertrofie geassade genen. Echter, zelfs voor
uitvoerig onderzochte genen zoals ANP (atrial nagtic peptide) is de precieze regulatie
van de expressie door deze transcriptiefactorensteers niet opgeheldérdJit in vitro
studies en diermodellen is gebleken dat de ontdiikdxevan hypertrofie beinvioed kan
worden door het manipuleren van deze signaaltraigdwoutes en transcriptiefactoren.
Klinisch is dit echter moeilijk toe te passen, otndeze factoren een essentiéle functie in
hartspier- en vele andere cellen hebben. Het isodaavellicht zinvoller om de rol van
downstream genen die een minder centrale funatienten te onderzoeken. Zo worden er
momenteel meerdere studies gedaan waarbij downstgemen zoals BNPSERCA en
myosiné worden gemanipuleerd, waarmee hopelijk postiewiltaten behaald kunnen
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worden. Het identificeren van genen die met hypédrgeassocieerd zijn kan daarom
mogelijk nieuwe kandidaten opleveren voor het bdein van HF.

Om genen die geassocieerd zijn met hypertrofie ErteHidentificeren hebben we in
hoofdstuk 3 een analyse gemaakt van de genexpressieet hele genoom in verschillende
hypertrofie en HF modellen en vergeleken met dbebiprende controlegroepen. De
vitro modellen die we hierbij hebben gebruikt waren r¢ale rat hartspiercellen die waren
gestimuleerd met fenylefrine (PE), isoprenalined)len endotheline (ET-1). D vivo
diermodellen bestonden uit ratten met een harrahfMl) en REN2 ratten.Deze laatste
ontwikkelen een hoge bloeddruk wat leidt tot HFabtade identificatie van bekende met
hypertrofie geassocieerde genen zoals ANP, BNRp2Xen FHL1 hebben we ook een
aantal genen gevonden waarvan de relatie met hgfieren HF niet eerder beschreven
was. Daarnaast werden clusters van genen gevotielepetifiek waren voor da vitro en
in vivo situatie, evenals genen die specifiek waren vaoouderliggende oorzaak. Deze
resultaten laten zien dat door verschillende medellzowelin vitro als in vivo, te
combineren, een robuuste lijst met hypertrofie éhdeassocieerde genen verkregen kan
worden die ook inzicht geeft in de verschillen arssle gebruikte modellen. We hebben
onder andere Dhrs7@n AKIP1 geidentificeerd als genen die in de neeesbdellen
differentieel tot expressie kwamen. Laatstgenoenvde één van de genen waarvan de
expressie sterk omhoog ging in verschillende medelDaarom hebben we AKIP1 verder
onderzocht zoals beschreven wordt in de volgendédstukken.

In hoofdstuk 4 hebben we de rol van AKIP1 in dewdkiteling van hypertrofie
onderzocht in neonatale hartspiercellen. We heldmat de data van de genanalyse uit
hoofdstuk 3 bevestigd door te laten zien dat deesgie van AKIP1 verhoogd was in de
gebruikte hypertrofie en HF modellen zowel op mR&lé op eiwit niveau. Studies waarbij
AKIP1 tot overexpressie werd gebracht, lieten vigens zien dat AKIP1 overexpressie
resulteerd in de ontwikkeling van hypertrofie. Ondeze condities werd een duidelijke
toename in celgrootte gemeten, aslwel een verhoegdiisynthese en een veranderde
organisatie van het cytoskelet. Activatie van héttdl gene program bleef echter
achterwege. Verdere analyse liet zien dat de Akade signaalroute werd geactiveerd en
dat dit essentieel was voor het door AKIP1 geindwibe effect. Ook andere eiwitten die de
eiwitsynthese beinvioeden, waaronder rpS6 en eEeflem geactiveerd door AKIP1
overexpressie. AKIP1 was niet nodig voor de door ddEnduceerde hypertrofie in
neonatale rat hartspiercellen, maar versterktedsediwit synthese. Onze resultaten laten
zien dat AKIP1 wordt geinduceerd in harten met nlypée en HF en dat AKIP1 de groei
van hartspiercellem vitro stimuleert via de Akt signaalroute.

Tijdens onze studies kwam er een publicatie uignmabeschreven werd dat AKIP1
naast de reeds bekende lokalisatie in het cytoglammde kern, ook gelokaliseerd is in de
mitochondriéfl. Doordat er een sterke relatie is tussen de bévgetische regulatie en
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hypertrofie hebben we vervolgens gekeken naar bearo AKIP1 in het metabolisme in
hartspiercellen. In hoofdstuk 5 hebben we het effen AKIP1 op de zuurstof opname
snelheid (OCR) in hartspiercellen beschreven. Dyebruik te maken van een Seahorse
flux analyzer hebben we de OCR in hartspiercelletieozocht en hebben we laten zien dat
PE de OCR significant stimuleert. Deze toename @Rkon worden verlaagd door de
AKIP1 expressie te verlagen (AKIP1 silencing). Béeft aan dat deze toename in OCR na
PE toediening gedeeltelijk werd veroorzaakt dooresrhoging van AKIP1. Overexpressie
van AKIP1 liet vervolgens zien dat dit resulteemesen verhoogde OCR. Deze toename
was onafhankelijk van de glycolyse, omdat een Jgkbare toename werd gemeten met
pyruvaat als substraat. Er werd echter geen toevaméet aantal mitochondrién in cellen
met AKIP1 overexpressie gemeten en het bleek dabdwlexen van de electron transport
chain (ETC) zelfs verlaagd waren. Dit suggereerde @b ETC onder deze condities
efficiénter functioneerde. Inderdaad werd er ondad& verhoging van de OCR minder
superoxide gemeten in de mitochondrién wat nietrestiltaat was van veranderingen in
expressie van antioxidant systemen in de cel. &yebtigt een efficiéntere werking van de
ETC in cellen met AKIP1 overexpressie. In cellent werlaagde AKIP1 expressie werden
daarentegen verhoogde niveaus van reactieve ztiunsteculen (ROS) gemeten, zonder
veranderingen in de ETC niveaus. Dit duidt op eender efficiénte ETC koppeling in
afwezigheid van AKIP1. Deze resultaten laten ziah AKIP1 de mitochondriéle functie
moduleert en de ROS productie verminderd in hatspllen. Deze efficiéntere cellulaire
respiratie kan vooral belangrijk zijn onder stredley situaties, en kan daarom een
compenserend mechanisme zijn. De recente obsedattibarten van muizen met AKIP1
overexpressie meer beschermd zijn tegen ischempeéfusie schadex vivo sluit aan bij
deze bevindingén AKIP1 lijkt de mitochondriéle functie te beinviben wat leidt tot een
verbeterde cellulaire respiratie en verminderdepetie van toxische ROS.

Om de bevindingen van de vitro experimenten te bevestiganvivo, hebben we een
transgene muis (Tg) gemaakt die AKIP1 specifiekhiet hart tot expressie brengt
(Hoofdstuk 6). Gebaseerd op ons vitro onderzoek hebben we eerst gekeken naar
hypertrofie in de harten van deze muizen. We zagsm spontaan hypertroof fenotype in
deze muizen op een leeftijd van 4 en 12 maandeopzichte van de niet transgene
wildtype (Wt) muizen. Daarom hebben we vervolgees @rukbelastingsmodel voor
chronische hypertrofie gebruikt. We hebben een strarse aorta constrictie (TAC)
toegepast, waarbij sham geopereerde dieren werdbruigt als controle groep. TAC
induceerde een duidelijke hypertrofie in zowel dé & de Tg groepen , zoals bepaald
door een toename in hartgewicht, hartspiercel ¢goeh hypertrofie markers. Zowel de
druk in de aorta als in de LV waren hoger in de T4©epen en de contractie en de
relaxatie van het hart waren verminderd. Dit rerile in een verminderde functie van het
hart dat bepaald werd d.m.v. echocardiografie en. Mielaas zagen we geen verschillen
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tussen de Wt en Tg dieren. Dus, waar AKIPLlinnvitro experimenten in neonatale

hartspiercellen duidelijk hypertrofie induceerdagen we dit effect niet in de transgene
muizen. Zoals we beargumenteren in hoofdstuk 6 é&ariner meerdere redenen voor zijn,
zoals verschillen in species (rat versus muis)algien in leeftijd (neonataal versus adult)
en natuurlijk de bijzondera vitro context. Samengevat, hoewel AKIP1 expressie dijkdel

verhoogd is in meerdere hypertrofie en HF modédtiemnen onze data de rol van AKIP1 in
het moduleren van de groei van de hartspierceivo momenteel niet ondersteunen.

TOEKOMST PERSPECTIEVEN

AKIP1 expressie is verhoogd in meerdere modellem caxdiale stress en hoewel het
de groei van hartspiercellénvitro induceerde bleek AKIP1 niet hetzelfde effect tblien
in een drukbelastingsmodai vivo. Omdat we momenteel niet kunnen uitsluiten dat dit
context afhankelijk is, is verder onderzoek in amdbypertrofie modellen nodig, zoals
adrenerge of inspanning (training) geinduceerdectiggfie. Tijdens onze experimenten
werd door anderen gepubliceerd dat de expressie AkiPl beinvioed werd door
oxidatieve stress en dat AKIP1 de schade die aitipischemie/reperfusiex vivo kan
vermindereft®. Onze metabole studies lieten zien dat AKIP1 exeressie de zuurstof
consumptie snelheid in cellen verhoogde en tegetijd de ROS niveaus in deze cellen
verminderde. Dit is een interessante bevinding, atnothder normale omstandigheden een
verhoging van de zuurstof consumptie gepaard gat een verhoging van de ROS
productie. In cellen met verminderde AKIP1 expresgagen we een tegenovergesteld
effect, namelijk een verhoging van de ROS nivedAKIP1 kan dus een belangrijke
functie hebben bij het reguleren van de toxischeSR@oductie. Daarom zou het
onderzoeken van de mitochondriéle functie en de R€@8uctie in de transgene AKIP1
muizen een belangrijke volgende stap moeten ziporlépige resultaten laten zien dat de
AKIP1 transgene muizen minder vatbaar zijn voorasehdie wordt geinduceerd door
ischemie/reperfusién vivo (niet gepubliceerde data van Harmen G. Booij enDBan
Westenebrink). Dit is een bevestiging vaneadevivo data. Of dit een resultaat is van een
verminderde ROS productie moet nog onderzocht wordear het ondersteund wel de
stelling dat het verhogen van de expressie van AKil®gelijk een aanpassing is van de cel
op stress. Tot slot zou het interessant zijn oontderzoeken of een AKIP1 knock-out muis
meer vatbaar is voor oxidative schade en mogedijsnelde veroudering.

137



REFERENCES

1. Cappola TP. Molecular remodeling in human higdiire. J Am Coll Cardiol. 2008; 51: 137-138.

2. Taegtmeyer H, Sen S, Vela D. Return to the fggak program: a suggested metabolic link to ggpeession
in the heartAnn N Y Acad Sci. 2010; 1188: 191-198.

3. Horsthuis T, Houweling AC, Habets PE, de LangedF Azzouzi H, Clout DE, Moorman AF, Christoff&$/.
Distinct regulation of developmental and heart a#seinduced atrial natriuretic factor expressionvioy separate
distal sequence€irc Res. 2008; 102: 849-859.

4. Chen HH, Glockner JF, Schirger JA, Cataliottifedfield MM, Burnett JC,Jr. Novel protein therapes for
systolic heart failure: chronic subcutaneous B-tyatiuretic peptide Am Coll Cardiol. 2012; 60: 2305-2312.

5. Jessup M, Greenberg B, Mancini D, Cappola T yPBE&, Jaski B, Yaroshinsky A, Zsebo KM, Dittrich, H
Hajjar RJ, Calcium Upregulation by Percutaneous iéstration of Gene Therapy in Cardiac Disease ({LYP
Investigators. Calcium Upregulation by Percutanedukninistration of Gene Therapy in Cardiac Disease
(CUPID): a phase 2 trial of intracoronary gene dpgrof sarcoplasmic reticulum Ca2+-ATPase in p&ievith
advanced heart failur€irculation. 2011; 124: 304-313.

6. Aronson D, Krum H. Novel therapies in acute ahrbnic heart failurePharmacol Ther. 2012; 135: 1-17.

7. Lu B, Tigchelaar W, Ruifrok WP, van Gilst WH, @&®er RA, Sillje HH. DHRS7c, a novel cardiomyocyte-
expressed gene that is down-regulated by adrenstigiclation and in heart failur&ur J Heart Fail. 2012; 14:
5-13.

8. Sastri M, Haushalter KJ, Panneerselvam M, ChBnd-ridolfsson H, Finley JC, Ng D, Schilling JM,
Miyanohara A, Day ME, Hakozaki H, Petrosyan S, oW\, King CC, Darshi M, Blumenthal DK, Ali SS, Rot
DM, Patel HH, Taylor SS. A kinase interacting piotéAKIP1) is a key regulator of cardiac streBsoc Natl
Acad Sci U SA. 2013; 110: e387-396.

9. Giusti B, Marini M, Rossi L, Lapini |, Magi A, &palbo A, Lapalombella R, di Tullio S, Samaja Mpé&sito F,
Margonato V, Boddi M, Abbate R, Veicsteinas A. Gempression profile of rat left ventricles revepéssisting
changes following chronic mild exercise protocafplications for cardioprotectioBMC Genomics. 2009; 10:
342.

138



Nederlandse samenvatting

139






Acknowledgments



For a new wife and mother, four years time wouldende short without the husband
and the son. However, time was really flying, witle speed | could never catch up. Today
when | look back, | find most of my days here wiersuch a big hurry, that | have not even
got a chance to express my gratitude to all thegleewho make my life in Groningen not
helpless and lonely.

First of all, my sincere thanks go to my promofemf. dr. Wiek H. van Gilst. Dear
Wiek, thank you for giving me the chance to studyeh It is such a precious experience
and it will be the most valuable wealth in my stinlife. You always have unique ideas
about the research and your scientific mind of vigwe me a lot of inspiration. During the
four years | studied here, you are always patiewt mice to me, thank you for all your
kindness.

Secondly, my special thanks go to my co-promoter, Hierman H.W. Silljé. Dear
Herman, | am lucky to have you as my daily supemvigou are a good supervisor.
Whenever | felt disappointed about my results yould always find the positive side of
the coin; whenever | was self-satisfied about @ dyou could always show me the bigger
picture of the science. You are always kind andepato me and help me to improve my
scientific thinking and writing as well. You taughte to be a PhD and a person during
these four years and for me words are too palegoess my gratitude.

My utmost thanks go to my reading committee membersf. dr. J. Boonstra, Prof.
dr. M.P. van den Berg and Prof. dr. O.C.M. Siboharfk you very much for your critical
and efficient evaluating of my thesis.

| owe my sincere thanks to people from GSMS, Drseki@ J.W. Kapteyn, Drs.
Mathilde T.L. Pekelaer and Drs. Maaike H. Banserima, providing all support and
information during my study here.

| also want to give my warmest thanks to Prof Rirdolf A. de Boer and Dr. B. Daan
Westenbrink. Dear Rudolf, you are a good sciemtitt a lot of enthusiasm, your positive
attitude of science has influenced me a lot. Thamkfor your scientific guide and support
on my project. Dear Daan, thank you very much felpimg me with the manuscript and
animal experiments. Your positive attitude to reske@ave me a lot of motivation.

| would like express my gratitude to Dr. Kees WvAn de Kolk, Dr. Beatrijs Bartelds
and Dr. Debby P.Y. Koonen as well. Dear Kees, thamk for all efforts to make the MRI
measurement more professional. | am really appestigour help. Dear Beatrijs, thank you
for your help with echo and MRI measurements. Ymuavery brilliant person with great

142



Acknowledgments

personal charisma. | enjoyed all your talks and@méations very much. Dear Debby, thank
you for your support with my project. We have nalkéd much yet, but | can feel your
positive attitude to the science.

My words of thank also go to Dr. Peter van der M&r Pim van der Harst and Dr.
Alexander H. Maass. Thank you for giving me valeabbmments and suggestions for my
project.

Many thanks go to my Paranimfen, Anne-Margreet diesvde Jong and Wardit
Tigchelaar. Dear Anne-Margreet, you are a sweétrgio gave me a lot of generous help.
There are so many funny talks between you and m#l. hever forget the “queen-like” girl,
and | promise | will remember this with happinessthie future. Dear Wardit, you have
helped me so much since the beginning of my Phankhyou for helping me with my
project and the Dutch summary for my thesis as.wdtlad really happy times to work
together with you and | start to miss these momaineady.

Big thanks go to my colleagues in the departmerExgerimental Cardiology. Dear
Carla, thank you for helping me to settle down wheame here. You guided me to the city
center and to the hospital and provided me a gtatl &f life here. Thank you for all your
support during these four years. Dear Daniellenkhgou for all the work you did for me
all these years. You are an elegant person witbsitipe attitude, | learnt a lot from you.
Dear Janny, thank you for your help with my expenital work. You gave me help at every
aspect of my project which made my work a lot eaglear Silke, you are a warm-hearted
person, thank you for all your selfless help. llseappreciated all these nice help from you.
Dear Inge, there were so many good times when wkegldogether, thank you for helping
me with my animal experiments. Without your helpyduld never make today happen.
Dear Linda, it is very nice to work with you, yolways have a lot of critical view of
science, which influenced me so much. Thank yowafioyour kind support and warm help.
Dear Martin, we had so much nice talks in the lalam really appreciated all the
histological work you did for me. Dear Bibiche, tkayou for all you nice and kind words
to me, | hope you all the best in future. Dear Banthank you for your help with my
animal experiment. It is so nice to work with youGDL.

My utmost thanks also go to all PhDs, post docs stodents. Dear Megan, your
warmest help and encouragement supported me alirtfee You always stood with me
during my gloomy moments, and told me never give Tipere were SO many precious
times we spent together, memories are througheulatke, the sea, the beach, also behind
the tables and they will be all in my heart. My r@ommates, dear Reinout, Michael and

143



Frank, thank you for all the happy times you brdaughme. My dearest roommates, Atze,
Rogier and Jasper, thank you all to bring the ped@nvironment, and all your warm
support when we sat together. Dear Harmen, thankfgoall your help with the animal
experiment. You are doing great and | believe yduhave a fruitful PhD life here. Dear
Wouter (Meijers), we had some nice talks togethmat laappreciated your nice words and
your special humors very much. Dear Wouter (Rijtank you for your warm help and
concern. | hope you will go to China again in fetuDear Niek, you have an intelligent
scientific mind and | believe you will have brilfiafuture. Dear Vincent, thank you for
your kind help with my experiment and | hope eviiryg goes well with your project. Dear
Hasan, there were many nice times we worked togeYoe learnt me a lot. | believe you
will have a wonderful time with your lovely wife dryour cute son. Dear Irene, thank you
for all social events you organized for us, theyally made my life colorful here. Dear
Laura, Martijn (Hoes), Martijn (Jansen), Jan Rerigsanne, Hilde, Maarten and Mathilde,
I hope you all have fruitful life in ECG. Dear Irmélisko, Lisa, Willium-Peter, Maxi,
Nicolas, Mariusz and Leonine, we spent quite some times together, thank you for all
the help you gave me during my stay here.

My warmest thanks go to my Chinese friends andeegllies in Groningen. Dear
Cheng and Yunwei, thank both of you to introducehmaee. Your help to make me adapt to
the new environment is beyond my words. Dear Liim happy to meet you in Holland.
You treated me as your little sister. | enjoyedryoice cooking so much. Cheng and Lili, |
hope you two have a wonderful life in China. DearaLand Yan, thank you for inviting me
to your home when | came here. Your nice attitudkifé gave me a lot of inspire. | believe
you two will have an excellent life together witbur little Mille in USA. Dear Bo, thank
you very much for helping me with the experimerittha beginning of my project. You are
a confident girl with a clear goal of life. | homwerything goes well with you both in
research and in life. Dear Meimei, | am happy toyber roommate and | am very glad to
be one of your paranimfen. | really appreciatedyour help with the new environment
here. | cherish all the times we spent togethekrirsterdam, in Gent and in Harbin. Dear
Hongying, | had spent very good times with you. Guuge day is just yesterday. | wish
you all the best in China with your family. Deaondgyi, | enjoyed your cookings so much,
| hope we will have a chance to see each othenagathina. Dear Naishi, we knew each
other at the end of our stay here, but | reallyrapipted all your nice words. Dear Weijie
and Ye, your PhD life just started here, | wish ymve wonderful life in Groningen. Dear
Ranran and Chongxia, | hope you have a fruitfel ilif Groningen.

My badminton friends, Deli, Qi, Xiaoyu, Xiaoming,iabyun, Ming and our coach,
Adriaan, thank you all to be with me all the tinBear Adriaan, you are such a nice coach

144



Acknowledgments

not only in badminton but also in the attitude iéd.11 appreciate all the words you said to
me. Dear Deli and Xiaoyu, thank both of you to bgether with me when | felt lonely. |
will remember the days we cooked together, playaghiinton together and outing together.
Dear Qi, you are a sun-like boy with unlimited egyeiThank you for all these sunshine you
brought to everyone. Dear Xiaoming, thank you fouryorganization that we hanged out
for a beautiful Leek trip. Dear Xiaoyun, thank ymuencourage me to start swimming. |
hope you will have a fruitful life in Groningen.

My swimming friends, it was such nice experiencéet@rn swimming together. Dear
Rohani, girl with a lot of surprising humors, | Wigou all the best in Malaysia. Don't
forget our appointment in China, | will be thereitivey for you. Dear Huili, we had nice
times with swimming, and with badminton and tenisu are such a vigorous girl, | learnt
a lot of spirit from you. Dear Nobina, girl with Bt of backstrokes, your vitality
encouraged me to hold on. And in the end we allili@ear Jiajia, we have not talked
much yet, but | really appreciate your sweet smlil¢he time.

Last but not the least, many thanks to all thellogéls | met in Groningen. Dear Ee
So0, you are a lovely girl with a brave heart. lidha you will overcome all the difficulties
in the end. And they can only make you strongemnjbyed all the talks between us. Dear
Heng, we had nice experience together at Lili's d8puyou are nice and frank. | wish
everything goes well for you in Taiwan. Dear Pemgpét was nice to talk to you all the
time, thank you for all the help you brought to rhkope you all will gain a fruitful PhD in
Groningen.

145






Acknowledgments

B

HREBHBENMLSITAEHARSFRNBNBORS EEF  AEIMAF™E
RE, FATNBAE , HRBTUVARAWEN  EERBRMAZE  ERIBVLE,

RPENRXE , BEMRIISFHFTE  RENSEHE , RIOINAXNERLE
FRTHARENRE  RNKZREREIREZANOR , RLAZF , BRMREE
NEBEEFEMNTREEEMNHNE , SKRBEEFEIE - RERMN. BGFRHLE | G
RINEE I BRNEL  BRERNILT , DERBFERBNSZINME , RHE
RINBER—NEERNRNYLS EENLE RARWB T , EATFRM—IFILE.
BEENELN , BVEE  BIHR-OBRANENZEEXE | RERENALERTT
BN, WTF2F BEFEE ALEBEETAH  LRNEEFAAENALENNE
ML, BRI Kz | BENILF , RNEIL , HEEE | BEEFTHRER N
HPWEIL , RRAMRERK , MAATE , MLAES , OFX , RABBEEHHZ D
MEINES |, BRI FFH

RGRNVTHE, BX  BRENMBK , BTEERNNEEF | GERMNERBBME |
UREBROMTERF L, RAZNABL HNENETF  FERNBREEHEK,

RORBBETRELBNPR., BFERE GHEHR —E RN FMEm

147






Biography

Curriculum Vitae

Hongjuan Yu was awarded her Masters degree in Mé@iciences in 2008 after 7 years of
study at Harbin Medical University (HMU). Under thepervision of Prof. dr. Jin Zhou and
Prof. dr. Jialan Shi, she investigated the relatigm between phosphatidylserine exposure
and coagulant activity of blood cells during blostdrage. Following her graduation, she
was trained as a resident physician at the Firligkéd Hospital of HMU. To improve her
scientific skills, she began her PhD project in ulag 2010 at the department of
Experimental Cardiology, University Medical Centeroningen, under the supervision of
Prof. dr. W.H. van Gilst and Dr. H.H.W. Silli¢. HehD thesis focused mainly on
investigating the role of novel heart failure-asated genes in the heart. During her
research period, she learned multiple experimeaetiniques, especially in the field of
molecular and cellular biology, and learned to waskan independent researcher. After 4
years of research, she completed her thesis wraimd) will obtain her PhD degree in
December 2013. Thereafter, she will return to Cliind continue her research and clinical
training at the First Affiliated Hospital of HMU.

149






