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Unit prefixes

viv
w/v

Kilo- (103)
Milli (109
Micro (10°)
Nano (10°)

Adenine
Cytosine
Guanine
Thymine

Percent
Degree Celsius
Ampere

Base

Base pair

Day

Dalton

Gram or relative centrifuge force
Hour

Litre

Metre

Molar

Minute

Million

Newton
Second

Hertz

Volt

Volume/volume percentage
Weight per volume



A

-cat
A-band
AAV
AAVS1
ACTC1
ADP
ANOVA
APD
APS
Arcnl
ARVC
ATAC
ATP
ATP2A3
AV

B
b-cat
BafAl
BAG3
BDM
BIC
BMP4
BPKDi
BPM
BSA
BTS

C

c-Myc
C-terminus
C&Clz
CaMK
Cas9
Cat.
CBFHH
Cbx
cDNA
cMyBP-C
Cnnl
CO;

CON
COPII
COPS3
CRISPR
crRNA
Csnkld

Alpha-catenin

Anisotropic band

Adeno-associated virus

Adeno-associated virus integration site 1

Gene encoding for actin alpha cardiac muscle 1
Adenosine diphosphate

Analysis of variance

Action potential duration

Ammonium persulfate

Archain 1

Arrhythmogenic right ventricular cardiomyopathy
Assay for transposase-accessible chromatin
Adenosine triphosphate

ATPase sarcopl asmic/ erfdo palnasspnoir
Atrioventricular

Beta-catenin

Bafilomycin Al

BAG family molecular chaperone regulator 3
Butanedione monoxime

Bicarbonate buffer

Bone morphogenetic protein 4

Bipyridyl protein kinase D inhibitor

Beats per minute

Bovine serum albumin
N-benzyl-p-toluenesulfonamide

Cellular myelocytomatosis oncogene

Carboxyl-terminus

Calcium chloride

Ca?"Calmodulin-dependent kinase

CRISPR-associated protein 9

Catalogue number

Calcium and bicarbonate-free Hanks buffer with HEPES
Chromobox Protein Homolog 1

Complementary deoxyribonucleic acid

Cardiac myosin-binding protein C

Calponin-1

Carbon dioxide

Control

Coat protein complex Il

COP9 signalosome subunit 3

Clustered regularly interspaced short palindromic repeats
CRISPR RNA

Stress-induced protein kinase CK1 delta

Vi



CT Cycle threshold

CTNI Cardiac troponin |

cTnT Cardiac troponin T

D

&eCT Difference of cycle thresholds

DAG Diacylglycerol

DAPI 4' 6-diamidino-2-phenylindole

DCM Dilated cardiomyopathy

ddH20 Double destilled water

DLP1 Dynamindike protein 1

DMEM Dulbecco's Modified Eagle's Medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxynucleoside triphosphate

DSC Desmocollin

DSG Desmoglein

DSP Desmoplakin

DTT Dithiothreitol

DYSF Dysferlin

E

E.g. Exempli gratia (for example)

ECL Enhanced chemiluminescence
EDTA Ethylene diamine tetraacetic acid
EGTA Ethylene glycol tetraacetic acid

EHT Engineered heart tissue

ELISA Enzyme-linked immunosorbent assay
ER Endoplasmic reticulum

ERCIC ER-Golgi intermediate compartment
ERO1L Endoplasmic reticldllivkmee oxi dor ed
ES cell Embryonic stem cell

Et al. Et alii (and others)

ET1 Endothelin-1

EtOH Ethanol

F

F-actin Filamentous actin

FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum

FDR False discovery rate

FGF Fibroblast growth factor

FITC Fluorescein isothiocyanate

FLNC Gene encoding for filamin C

FOR 58 6, f orward

FTDA FGF, TGFs, dorsomorphin, activin a based hiPSC culture medium

VI



GAPDH Glyceraldehyde-3-phosphate-dehydrogenase

gDNA Genomic DNA

GFP Green fluorescent protein

GimC Prefoldin

GPCR G protein-coupled receptors

GPX4 Glutathione peroxidase 4
GRB2 Gr owt hr fracdeopt or bound protein
gRNA Guide ribonucleic acid

GusB b-Glucuronidase

GYG1 Gl ycogenin 1

H

HA-L Left homology arm

HA-R Right homology arm

HBSS Hankdés Balanced Salt Solution
HCI Hydrochloric acid

HCM Hypertrophic cardiomyopathy

HDAC Histone deacetylases

HDR Homology-directed repair

HEK cells Human embryonic kidney cells

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
hES Human embryonic stem cells

Het Heterozygous

HF Heart failure

HIF1la Hypoxia inducible factor 1a

hiPSC Human induced pluripotent stem cell

hiPSC-CMs Human-induced pluripotent stem cell derived cardiac myocytes
Hom Homozygous

HRP Horseradish peroxidase

HSA Human serum albumin

I

I-band Isotropic band

B Immunoblot

ICM Ischemic cardiomyopathy

IDH3G | xdtrate dehydcagaehgawsec3saboani
IEPT Institute of Experimental Pharmacology and Toxicology
Ik1 Inward rectifier potassium current

Ina Sodium current

Indel Insertion/deletion

iPSC Induced pluripotent stem cells

ISO Isoprenaline

K

K+ Potassium ions

KCI Potassium chloride

VI



KD
KEGG

Kl

KLF4
KLHL41
KO
KY02111

L
LB

LC-MS
LDB3
LIM

MDH1
MDP
MEF
MEF2
MG132
MHC
MLP
MM
MOI
MRNA
MRPS5
MS
MURF
MW
MYC-tag
MYH
MYL

N
n

N-cad
N-terminus
Na2+

NacCl

NC

NCBI
NDUFA4
NDUFA4L2
NDUFB7
NF

NGS
NHEJ

Knock-down

Kyoto encyclopedia of genes and genomes

Knock-in

Kruppel-like factor 4

Kelch-like protein 41

Knock-out
N(6-chloro-2-benzothiazolyl)-3,4-dimethoxybenzenepropanamide

Lysogeny broth

Ligquid chromatographyi mass spectrometry
LIM domain binding 3

Lin-11, Isl-1, and Mec-3

Mal ate dehydrogenase 1

Maximal diastolic potential

Mouse embryonic fibroblasts

Myocyte enhancer factor 2
Carbobenzoxyl-L-leucyl-L-leucyl-L-leucine, Proteasome inhibitor
Myosin heavy chain

Cysteine and glycine-rich protein 3/Muscle LIM protein
Maintenance medium

Multiplicity of infection

Messenger ribonucleic acid

Mi tochondri al ri bosomal protei
Mass spectrometry

Muscle RING finger protein

Molecular weight

Polypeptide tag derived from c-MYC gene

Myosin heavy chain

Myosin light chain

Number of biological replicates

N-cadherin

Amino-terminus

Sodium ions

Sodium chloride

Nitrocellulose

National Centre for Biotechnology Information
NADH dehydrogenase 1 alpha subcomplex subunit 4
NADH-dehydrogenase 1 alpha-subkomplex, 4-like 2
NADH dehydrogenase 1 beta subcomplex subunit 7
Non-failing

Normal goat serum

Non-homologous end joining



NKM Non-cardiac myocyte medium

NRAP Nebulin-related anchoring protein
NRVMs Neonatal rat ventricular myocytes

nt Nucleotides

O

02 Oxygen

Oct4 Oktamer-binding transcription factor 4
OE Overexpression

P

p P value, indicator for significance
PAGE Polyacrylamide gel electrophoresis
PAM Protospacer adjacent motif

PBS Phosphate buffered saline

PCA Principal component analysis

PCBP4 Poly(RC) binding protein 4

PCR Polymerase chain reaction

PDMS Polydimethylsiloxane

PDVF Polyvinylidene difluoride

PE Phenyephrine

Pen/Strep Penicillin/streptomycin

PFA Paraformaldehyde

PKA Protein kinase A

PKC Protein kinase C

PKD Protein kinase D

PKG Plakoglobin

PKP-2 Plakophilin-2

PLEKHA7 Pleckstrin homology domain containing A7
PM Plating medium

PMCA Plasma membrane-associated ATPase
PPP1R12C Protein phosphatase 1 regulatory subunit 12C
PRMT1 Prtoein arginine methyltransferce
PTFE Polyetrafluorethylene

PVDF Polyvinylidene fluoride

PYGM Gl ycogen phosphoryl ase
R

Ral-A Ras-related protein A

RAN Ras el antt eldpraort ei n
RBL2 RB transcriptional corepressor like 2
RCM Restrictive cardiomyopathy

REV 3i® 0 , rever se

rH Relative humidity

RIPA buffer Radioimmunoprecipitation assay buffer
RMP Resting membrane potential

RNA Ribonucleic acid

RNP Ribonucleoprotein



ROS
ROX
Rpm
RPMI

RT

RT (80%)
RT-gPCR
RTN3
RYR2

S
SA

SD
SDS
SEM
SERCA
SFXN1
SgRNA
SH3
SH3BGRL
SILAC
SNX5
Sox2
Spl
SR
Sral
SSEA3
ssODN
SYBR

T
T-tubule

TAE
TBS
TBS-T
TCAP
TCEP
TEMED
TFEB

Tm

TNNI
TNPO1
TNRC6B
TOT
TPM1
TracrRNA
TRIC

Reactive oxygen species

Passive reference dye for gPCR amplification
Rounds per minute

Roswell Park Memorial Institute

Room temperature

Relaxation time at 80% relaxation
Real-time quantitative PCR

Reticulon-3

Ryanodine receptor 2

Sinoatrial

Standard deviation

Sodium-dodecyl sulfate
Standard error of the mean

Sarco(endo)plasmic reticulum calcium-ATPase

Siderofl exi
Single guide RNA SOP
SRC homology 3

domaidrg hlgt amat e

SH3

n

1

rkeh

protei

Stable isotope labeling by/with amino acids in cell culture

Sorting nexin 5

SYR (sex determining region Y)-box transcription factor 2

Specificity protein

Sarcoplasmic reticulum
Signal-retaining autophagy indicator
Stage-specific embryonic antigen 3
Single-stranded oligodeoxynucleotide

Fluorescent dye binding double-stranded DNA

Transverse tubulus
Tris acetate EDTA
Tris buffered saline

Tris buffered saline with tween-20

Telethonin

Tris(2-chlorehyl)phosphate

Tetramethylethylenediamine

Transcription factor EB

Melting temperature

Gene encoding for troponin |
Transportin
Trinucleotide repeat containing adaptor 6B
Tropomodulin-overexpressing transgenic

Tropomyosin 1

Trans-activating CRISPR RNA

TCP-1 ring complex

X1

1



Tris Tris-(hydroxymethyl)-aminoethane

TTP Time to peak

U

UKE University Medical Centre Hamburg-Eppendorf

UPS Ubiquitine-proteasome system

Vv

VIN Vinculin

w

WGA Wheat germ agglutinin

wnt Wingless-related integration site

WT Wildtype

X

X-gal 5-Bromo-4-chloro-3-indoxyl-b-D-galactopyranoside

YAV939 3,5,7,8—t§tr§hydro—2—[4—(tr|fluoromethyl)phenyl]—4H—th|opyrano
[4,3d]pyrimidin-4-one

Y

Y-27632 ROCK inhibitor

VWHAE Tyr 9 s-imo p o8xygena s e /—mornyopotxoypgheanna s
activation protein epsilon

Z

ZASP Z-band alternatively spliced PDZ-motif

X1
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l1Zusammenfassung

Kar di omyopatehiineen dsetrelh2unf i gsten Todesursachen w
werden dysfunktionale Glanzstreifen als =eine

el ektromechani sche Verbindung (bémiachdras t-elrl dre.r
wo hl in expmoi meeneKbhedi omyopathiemodell en als
Krankheit sdowakhilmer dveer me h reti evesarI nsi nadeechh e EXpr ess
Gl anzstarsasiofze Nelb theeninat ed Anchof NRAP)Prme rii ailst et .
spielt eine widedlei g8yBRohésebdéer Myofibrillen i
l ung und in der Mechanotransduktion im adultert
NRAP unbekannt i st bestand das ¢bergeordnet e

ob eVemre2nder IRgEdpression zur Progression von

tragt und durch welche Mechani smen diese reguli

Um den Einfl uBsotdeirnmémAgR auf die Funktion vo
wur dheunmane i nNDRUIAZE teerrteex pr i mi er &kmaa & WQK [B)t @ man
zeildillenni PBICY) tICélust ered Regularly I nterspaced Sho
CRI SBRsoci ated( QRIoSLReRs-B®omedi ti erung gehneriert
reicher Validierung der hi PSC, wur dleinc l@lDiems e z |
k¢nstlichen Heamgigewelaln HeaEHTSTi schialsiaktémti si er
suchungRA®E HM zei gMoedeiln 20 ne ver mevhornt eNRTAPan s |
zu den | ateadahen WZRRERKD HM, ahnlich XNRAPKant r
den-SZhei besni drotkawar . Die Analyse der -EBfAtrakt:i
For mat eirmeabgeri mogpeé wé cilkKirdarkeggchl eReli gt &t iionnszei-t
NRAPE uK® EHTs VerglurikKgnupwRARD EHTs reagierte
eimechani schemibDe heniumegm Anstieg der KoNRARKt i ons
OE EHTs ein arrhythmisches Schlagver N&RIAtPen bei
OE EHTs zewgmnéemgeri mfak-&t Poteessnt T@RI)N dMa x i nba fa
stolischeg MPP) ®hei @£Ir ot eomanal yse erNRAPE nsbesoc
EHTs ebewrer dpr 2 Kantdaomyg-apao hiSie egrntad.rwe g e

Auch wurde unter su-Ekpr evd i othi er &NgAR e nt Kwinmad e
(PKD1) reguliert diunmdTHpgmekt opthieon Geatal,drer di
deMyoyte Enhanx2e(rMEFF&®¢tdomwur de zuvor al-lsntpert ent i
aktionspartnebDa iadregqdarnidmmdrer wi r d -Ex ¢ a e sdsudaoceh NRA
MEF2 egul i ert nwiernd,r i WMh dreaet aR aetrt(eNRV Ms ) mi t ei n
selektiven phar ma-kohbbgi soheBPREDl-bpdépoteophdem



Stimulus PhenlydtegrmdealInt .( PE))d eQuawtainfsirifd oieen e

mittSedldd ®t ope | abeAmi nAgi w/hwiEtxlposi ti engmibt eBREDI
ver minder-EeprNeRsA®i on wund eine h°here Abundanz vo
teasomal en, l ysosomal en und spliceddsucrmalnd n Sig
konnte mittelzmenzmmuenddiugptr ewer duenei ndears sp eBHKiDuik | 2 2
l ©chri geMi sNRPARPI i sation f ¢hiStte muDaei anusfghblitehe
Zerrei Qwynofddrament e uAkkeimuwmleat INRAPin diesen Bere

den | at e-EZeallleme rZbeilndungen.

|l nsgesamt kkmmkdmei £t wehulmaZaerddldne | | e generi ert wer (
die Untersuchung der ph@notypi scheinneurndh °f huenrketni c
odegreri nger éemr oNRA RarelnggwebtDere Char akteri ssieerung ze
wo h | eine h°herdual SRABcbt ei nmenge pathophysiolo
wirkungemrcimaet Beobachtung, die durch daebeRroteon
zei gtkeesiomsgd ereRA®Pber expreiss@amagepr 2gdtememhysi o

| ogi schen, PhWdnotayp em enntneerc hawmd tsicrhcer Ayfbe E”ehnun
pressiucids Lokalisationsebene konnte eine Regul a
gezeigt dvie®dteai,| NRAIFRegul atni oHer zer kr st k urhggema

momentaner Untersuchungen



2 Abstract

Cardi pmybi es are one of the maj.dhelgawe eb e e d
linked to i mproper functioning of,whinedemmreadtag ed
cardiac myocytes alsectriramgemaguirdald ycoxp-eraict i | i
me ntmaulri ne model s of cardiomyopathweas nwel ktahat
diassoci at erde lnaetbeud iaanchor i ng sproawtne il m@o (beBRARN wa
regul at ed. NRAP plays a cruci,alrder on ey aodfuirb rnigl h
assembrnd in mechanotransduction in the @dult h
and mecems that regulre@tmaiint sithn&k xghavilesi ehore, t h
was to investalgtaeNeGAdRh ot e & ncolnawelbsut e to cardieé

dewelment and to analyse the us1derlying regul at

NRABverexpressi-kngo edkdEn @KMD)i ndwnceerd pl uri pot ent
(hi PSC) wer e cgemnsereateedd rbeygul arly i nterspaced sh
CRI SBRsoci atredOCRrI cStPeRs 9) genonfeo d dhivteisng gate t he
of NRAPamaimésuxnction, hi PSC were differentiate

funcasoassEOe nign neered hearCharastuesNREBHEsh. of
in 2D car diraes unytoeed/tiers enhanced NRAP transl oca:
bor derNsRAKRIDn cardi ac myocytes, NdR AsPc sl oscianhii lsaerdi |ty
control cardiac myocytes. AssessheHlts aofeveahted
| ower dfeovredeon@nd ast el axat i cNNRAtRDmen WNRAB®E EHTSs
compared to control EHTs . Upon NRARDeEHTEs of m
responded with higher for IRABEVY EHdIGp maretvel bped
arrhyt hmic beating b emlga vs torNRtAeRI r EHIfa 3 nkbtesasi
negati voef ft apkoet ent i al (TOP) and ma xciomaplar dcida sttoo |
contarndliRA-RDEHT®r ot eome analysis rbdRA®DEeEHdspeci
enhanced represent at-i olnatodldicragr glpnant mhywapyast.h y

Addi tonally, underlying regulatory mechani sms

Protein kinase D1 (PKD1) regul at eme dnyaotceydt ef eetnal
and -lpymertrophic gene expression anmarwanseri doefn:
NRAP. Since it has been assumed thatné&®ARt akpr
rat ventricular myexpbeed (NBVMé e wetective pha
i nhi bitor BPKDHY penrdt/roap htihce sptriomul us tpgHdmyltd pmr i
de nbwansl| at ed tparbolteeiinssotboypes | abeling by/ with &

spectr oanfetterry exposurmreveal eBIPKDécreased aldRAP ex



enhanced abundance of proteins involved in proteasomal, spliceosomal and lysosomal

pathways. Further, immunofluorescence of NRVMs showed a perinuclear, punctate-

appearing NRAP mislocalisation. Additional exposureto PEl e dNRAP transl ocati on
t he | atceerlall bcoerCdenbs ned ex posur prevénted iBBdPclddd and PE
disc localisation of NRAP and instead induced a sarcomeric redistribution with disrupted

sarcomeric structure.

Taken togtewdhhehi RE8E€Cel deeel oped that all owed to s
and functional NRANBsaeigumenddms o iBorn h, hi gher and |
NRAP ©protein | evypedtsh orpehsyuslptoe doati e . This observa
confirmed by proteome anal ysRAsPEdlervetl bhimede@nt ext
severe pathophysidupbgngak ofpteemhamcecpeedo mec.hani c al

NRAP expression and | ocali sati on ,walso wehtovenn, t o I
precise mechawi SR&APDPoktdsi aregul ated in cardiac di
me nits subject of ongoing investigations



3l ntroducti on

Cardiovascul ar di seases are the mos(tMaptrheevrasl eentt

al. 20009; RanaAmdn@lt h®0& 1di seases, heart failu
reasons for death. This disease isamadsbuoshbtedpi
function and might wultimately |l ead to sudden ¢
appropriate equilibrium between sufficient <car
of the geéMciNmhéryy et al. 2015)

3. Mechani smsaofceardacti on and rel axati

The heart consists of di fferent cell types inc
cardi ac rnWNagy t 198 0 ; Pi nto Tétec amrlodni a2cO 1rfyagcyt es r
i nclude endot hel i al cell s, sfi bracblophtag,es s moat
| eukodytiemg o et al . 2016 a; Zaman et Tdle. cadadla

myocytes ensure proper f unerteiloanxiantgi (ofhiumd ymcgl eet h a |
2016a)

3.1CaArdiac myocytes

I n the | eft mu rlis®e ov e rcterl il sl ewerenlivdent i fi ed as
90% of the muscular m@BRei s adetheal efl19¥@nt 8oachp
| mmature neonat al cardi ac myocytesduate caridilhlc
myocytes have dorlaypaai tlyy mot e approxi mately 1%
(Bergmann et nakt he2@d@) t heart, cardiac myocyte
manner with a complex cytoarchitecture to forr
contractilitysudEht be. Hhb&ve&)eri{ti in case ,oft hcear di
necrotic tissue is replaced by fibroChcdtassue
myocytes mainly consi st of mitochondria to co
parall el alriigmedt hmytofednsti tute the contracti
produced ener gy f orrelpa xogpteiroBaociyther laedst iadn .1992; E

3.1Mgofibrils

Myofibrils are highly organised structures for
tdt are termedigajyeoBareosmeres are defined as
di scs and mainly <consi-asctt ionf) ,f itlraonpeonmyooussi nag c tai nt |
titin and thickAmmned!| ot 20 Bdgiesdct scr o s salcitnikns btyh e
a-actinin ( Lut her 20009; Takaha.s hWi tamidn Htalt @ @eamidsl®dt8r99

region of the sarcomer e, the thin actin fil ame
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t hat are anchoer eidn ttoh ea csetnrturcet uorf -bha(@isqulc® mer e t
(Lange et. aAt ©2Wi2H)structure, thick filaments ¢
system composed of titi-bahtadiosscarnedt cihse sc rfurcoimalt hf
devel opment (famyefdtbrdll.s 2020; THeiare&a etosaée .t a

discs, which -zotnitrmai mst omdty Mmyosi n, tbsa ndédfei ned as
thin actin fil amnddnstcss -bet end(©M a pf praosm ezt al . 2010; W
WilliamsonFdr89t)abil impartdlolne |pZudrirpsocssegsg@ide connect e
the intermediate filament desmin (tFor amks tamk rFerse y
2011)

Thick filament {(myosin)

Thin filament (F-actin) ——
% 00000000 N

00000000 el Ste_Sar_02. b o
L LT BT Sl ) B Laln 1} T

M line Titin )
Z-disc

Y

Relaxed B eri

e e =]

| band A band | band

Contracted

Figure 1: Contractile machinery of cardiac cells. Schematic overview of hierarchical structures
in cardiac myocytes. Contractile elements of cardiac myocytes consist of myofibrils, which in turn
are subdivided into sarcomeres that are bordered laterally by Z-discs. Sarcomeres enable the
contraction and relaxation of cardiac myocytes by ATP-dependent interaction between the thick
filament (myosin) and the thin filament (F-actin). Myosin is anchored at the M-band by myomesin,
while F-actin is cross-linked at Z-discs with the main Z-disc component a-actinin. Titin stretches
from the M-band to the Z-discs. The A-band corresponds to the overlap between thin and thick
filaments and the I-band corresponds to the area with only thin filaments. The illustration was
generated with BioRender and modified from (Ahmed et al. 2022).
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3.1.Rctlin and myosin interaction

For the contraction of cardiac myocytes, t he

my o sfiin aredutxd ey and Niederger ke 1954Up dHu xrl eelye am
of an action potenti al from pacemaker <cell s in
wave iis transmitted via the atrioventricular

conducted to -tulwlsesr svh 0p&E Y a btkythaed.ec alamineins ¢ h

release calcium into the(Rognalsdblamd Lak atitaec 0
2022)The increase in cytosolic calcium induces
at the sarcoplasmic reticul-umduwdeé dnhcrdelhaimusien d und
the cytosol. This induces the bindtirnogp oarfy osalnc
compl ex, thus |l eading to the removal of tropo
initiating the bindingl Fafbi my os iamid7h8d:a dWaantgo adncdt
Raunser. 20RB)binds to myosin and is hydrolysed
cause the formbhtidgeoWwi ahchiosdi ng of myosin he
Factin. By release of the hydrolysedcpmdop mat é,
to perform a power stroke and induce contract.i
M-band of thdg Sgarnaceme&@ea 9y el axation, ADP is rele
the myosin head | eading to t headteitm cfhinanhge mtfs n
and Rauns.erThe 2r3@ mov al of cytosolic calcium oc:
plasmic reticulum (SR) via the -ABPz9d e08BREARS
or t he pl as mas snoecnbartaende ATPase ( PVi©Cahijc a pampmor
exchangeKué6NEGKd Ehr |l Thbe e26d6¢ti on of <calcium c
bl ocki ngctbiimdheg site,byhusopomyesaitnng further
and inducing rel dx¥Wanhigoandf Rmyosiebr 202 3)

3.1. M2 i brill ogenesi s

Embryonic and postnat al myofibrils are assembl ¢
This process is stildl not completelyocrmder $shoo
a premyofibril mo d e | stamtohgpremyoti byi-ws t hf o
gression to nascent myofi brairfesr miidg r ¢ Rmed | gt m:
al . 1™t ) devel opdmesncts osft-bdDtdbsesa,s Zoamactnmamnd of
actin, in close prox{Ritket 0l9d?;, sRhed!| emmall
201.7)The proteins integrin, talin and vincul:i
forming prothicopi@ meumhersi e(s et al . 2007; Tokuyas
199.0)
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Figure 2: Myofibril assembly and maintenance. A-C) Premyofibril model, distinguished between
A) premyofibrils, B) nascent myofibrils and C) mature myofibrils. A) Talin and vinculin are recruited
to the membrane to form protocostameres. The Z-disc alternatively spliced PDZ-motif protein
(ZASP) recruits a-actinin and the nebulin-related anchoring protein (NRAP) for folding of actin. B)
Nebulin and titin are recruited to Z-discs and extend to the centre of sarcomeres, thus increasing
the sarcomere length. The folding of actin is mediated by prefoldin (GimC) and TCP-1 ring complex
(TRIC). In nascent myofibrils non-muscle myosin is incorporated. C) Formation of thick filaments by
replacement of the non-muscle myosin by muscle myosin Il. The M-band assembles by incor-
poration of myomesin and myosin heavy chain. D) Calpain-mediated clearance and ubiquitin
turnover of dysfunctional proteins from myofibrils. Proteins are released from the sarcomeres by
calpain 1, 2 and 3 and targeted by the ubiquitin system for proteasomal degradation by the muscle
RING finger protein (MuRF) 1, 2 or 3. The image was modified from (Carlisle et al. 2017; Prill and
Dawson 2020).
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Z-di sc al ter n®&tDidweetl iyf spprlatceeidn ( ZASP) | ocal i ses t
f i | a mia-actirinnthdough its chaperone, the nebulin-related anchoring protein (NRAP),

which is suggested to act as a scaffCalrdiohd pt of
200Hani and Sch°ck 2007; Lu and HorNowmnu sc 260 0 8 ;
myosin |1 is incorporated in premyofilburiilmg t ha
mat ur atniacsrc etnad myofibrils, muscle myodkitho Iththe t i
premyofFiibgrulrBesNaphg et aAt. t20i22)st age, nebulin ar
i niti-bBbhngrand -dliisrcks t(cCha et al . 2016; Moncman a
et al . 1995) .i 9 nditshoeu shseeadr t wh eitth er nebul in is
shorter-spacidiac homol Sigmiel anre btud enelrul i n,- nebul
terminal SH3 domain with | ocal i sazadiosnc satwhtehree e
i nt er ac tt g aractinin B and ttcopomyosin (Moncman and Wang 1999). For the for-

mation of thin filamentd, rpmgf clodnpln eGi(M®R)i Cand

folding and orientation along the nebulin scaf
actiamémts occurs by Il eiomodin 2 (Chereau et
mature myofibrils, mus-bhedmybsesdpr ot eiahi gmeme siit
l ink and stabil i se-btamiHd Il HrdeCamleinslse a¢t tal. M201
degradat i-mms wlfe nmywosin and replacement by musc|
ment to form mature myofibrils.

During maturation of cardiac myocytes, transcr.
occur . Whi | e myofibrils mat ur e, sarcomer es ar
existing myofibrils and some sarcomere proteil
i soforms (Beisaw and Wu 2022). For exampl e, t h
murine and human hearts is the skeletal tropol
switch to cardiac troponin | in the adult hear

addition, titin has been identifitedngoi hedisfube¢

i soforms that switch during the maturation pro

(Granzier and Labeit 2004; Lahmers et al. 2004)
to the shorter isoform N2Bghgestdsngoai bataasedDb!
i soforms to be involved in passive tension reg.l
3.1.My@&fi bril maintenance and turnover

I n order to maintain the functional integrity
structur al proteins) and 4mmeocobaniosmé Phatedergr a
(Fi gwmeCarl isle et al. 2017) . Degradation of pr
actin filament osgcuthei autwphpgpheosertBemebisgsit
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(UPShh.e maj or pat hway i n myofil amentmendaiiantteedn a n c ¢
degradation which first requires isolation of

cal pda&iimgserOpgOno and Sori machi 2012; Portbury et al
that cal pains-alctamd b tcdreqmevtagle of troponin T, t

( Di Lisa et al . 1995, Gokhin et beel .r ezl 4)t.e dH dw
protein phosphorylations. For example, -phosphor
dependent protein kinase A (PKA) decreases tropo
phosphoryl ation by protein KkinavsaegeC a(tPkKitche imycorfei
ments (Di Lisa et al. 1995) .

Subsequentl vy, degradat unaoatiobnalheprdteaivesd fnmooam t
medi ated by the UPS or autophagy pathways. The L
|l i gases, El, E2nieodalE3pr dNtoemi ns are first detect
( MuRFs) , they are then wubiquitinylated by E1 a
proteasomal degradation (Carl iMylod i e-taaneethdai 204 d ;
proteins suchtaepoebwoml|l Tnand |, titin, myotilin,

and NRAP have been identified as ubiquitinyl ati

al . 2005) . | f refolding of mi sf ol ded proteins
protegirnegaagt es are formed. These protein aggregat
by the albyspbagsgl pat hway i nto aut eepnhcal goosseodme s
vesicles (Henning and Brundel 2017) . Proteins a

for autophagw-oaa KO®AB3 qui tinylation tag which is |
proteins that enable the transfer to the autop

Willis et al. 2010) . Mor eover, protein aggregat
or auwigopto mal mar ker proteins, such as BAGS3, t he
degradation wi-thguaddedadi Garsredfet al . 2008; Ga me

Lysosome hydrolases recycle protein aggregates

| ysosomes.

Orce the sarcomeres are assembl ed, they are cont
oxidative stress. To avoid proteotoxicity and er
mi sfolded proteins or protein aggregateas i s r e
mai ntenance of myofibrils (Martin and Kirk 2020)

3.1l 8Btercal ated discs
During cardiac myo-cgte manhotavbnenyetebchte to th
anchor myofibrils at the | §CarabllkndsdoHorcawidi g

Thesed el | junctions are termed intercalated di
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domains at the | ateral border smybeyweaen emsiug h i
el emechanical coupling for proper heaRitguruenct i
3; Ehl er 2016; Saphir and Karsner 1924)

Cardiac
myocyte

Transitional / % Adherens
junction y « unction
R A A

’Costamere

Figure 3: Intercalated disc microdomain. Schematic representation of cell-cell connection mainly
composed of gap junctions, desmosomes and adherens junctions. In addition, the transitional
junction involved in mechanotransduction, is depicted. Gap junctions consist of two hemichannels
from adjacent cardiac myocytes. Hemichannels in the left ventricle are mainly formed by connexin
43 (Cx43). Cx43 is transported in vesicles from the trans-Golgi network to the sarcolemma by
microtubules. The degradation of gap junctions occurs by the proteasome system. Desmosomes
connect cells via the cadherin system of desmoglein (DSG) and desmocollin (DSC). Plakoglobin
(PKG) and desmoplakin (DSP) are bounded to the desmosomal cadherin system. In addition, the
intermediate filament desmin connects the filamentous (F-) actin to desmosomes. Adherens junc-
tions connect cells via N-cadherin (N-cad) that binds to PKG and b-catenin (b-cat). b-cat shuttles
into the nucleus to activate the wingless-related integration site (Wnt) canonical pathway and
further binds to a-catenin (a-cat) and vinculin (VIN). In close proximity to the intercalated disc, the
transitional junction is located that replaces the last Z-discs of the sarcomere and connects it to
costameres and adherens junctions. This complex is characterised by the presence of the Z-disc
alternatively spliced PDZzZ-motif protein (ZASP), a-actinin (turquoise) and the nebulin-related
anchoring protein (NRAP). NRAP binds to the muscle Lin-11, Isl-1, and Mec-3 (LIM) protein (MLP)
and the kelch-like protein 41 (KLHL41). The illustration was generated with BioRender and
modified from (Bennett et al. 2006; Lyon et al. 2015; Nielsen et al. 2023).

This compartment ensures the propagation of e
cardi ac myocytes for appropriate contraction

structur al integrity of <cardiac myocglt esodaoae$ n
during hear¢tERkloern.r 2Ichie6 x mt er cal ated disc is dis
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compl exes: Gap junctions, desmosomes and adheren
in close proximity to the inteuoakabed dhat as
directly involved in the intercellular connect.i
considered to contribute t{Benhetineer adl at®d6d¢i J
Mc Kenna. 2010)

3.1.Gafd junctions

Gap junctioes iensgucel ltwml ar ion transfer for un
contr d&Etpiidrant seva and h$mawczUx&) by passive diff
that are smaller than 1 kDa, for eEKlampadrg met abdlb
1995; Zon@® 1L.é)Gad .junctions consi st of 12 connex
ventricular <cardiac myocytes, whildMak bws ni t b hEe
1977 ; Vozzi .etThal hemBP®Bannel s ar e | ocat ed i n t
nei ghbouri myocwptres aand are intercellularly ancl
mi ssion of electrical and met aBobiBresBogonaksghpt
junctions are transi-entesofatag@lpyh&®Rbiemi t et aahal 20
vesicl es from the Gol gi net wor Kk transport conr
mi crotubules that are concomitantly anchored to
proteins that are invol ved ibretwkentrceedHemi csadct
v ol tgaagtee dc Nannel , Nawl.iSedamne Ithhe (imMaiearcadétat at.
2004; Veeraraghavan et al. 2015).

3.1.RdRerens junctions

Adherens junctions and desmosomes are both conn
i oM ved in mechanical stabilisation. Previously,
crosstal k with each ettyhpeer jaunémndctfi omml|l a aminpledx Kkr
compo¢Bbar mann et Bwt.h 2a0d0h6er ens junctions and
commowontpins such dPKG)pkagl abdR2pPERBHhiIi Ina mn

et al .PrR@AG6) been shown to have a higher affinit)
is mainly a component offChcdie datesadoso®md9)j uncti on
Adherens juncdarodisacenmyoeytes strength upon ex|f
stress during contraction. For t his reason, t
myofibrils and connecting actin filB8mgete®tofal ne
201.4)The main codnmpeorneennst joufncéai ons i s the transm
cadherin that interacts with the same cadherins
form homoFdign@resVo(l k and .GeTlyge r c yt9e3tmil m wcsa-@o f N
herin i nt b-ca@mnttlsat cennecth the adherens junctions with actin filaments
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through viacatenini(ve amd j et Mo r ebeRafmiin/j$ involved in
cadhereidnated signalling by shuttlitheginagitesst he
rel ated i nt ot at icoamnosi cal ( pat hway. The | atter

devel opment and cardi a(cVedinsigaset dalvteelrdnfameé ywvtel y
cat ePK @ n d-actinin or p120 catenin can link actin filamentstoN-c a d h ¢ Nii @ | s en

et al. ZBEe3pl20 theeadhet émnm&sjunct itomos ,prhoy eliinrs
PLEKHA7 and Nezha, to the(Nieluseaenagtofh!|l mi 0@8Buy
200.7)

3.1.BessSmosomes

Desmosomes ensure t hy afechamdicad myadbytteds by i
intermedi ate filaments(&Gmeéeeon tdte. abBnettenrebBednd pa dejda cc
cardiac myocytes, th(b8@mer idres rieEIn@)ginmi hhe
intercellul &rg@pedéabi en. @Int ra@®rd) ul arl vy, t hes
l i nked to t he i ntermedi ate fil afme@RPKRas di n by
esmopl akitemr mimal Nregi on ofPKi@snho RKalsiuim gbitrhds
onnection to the dteessrnoismarde rwehgilcen iltisnkCs t he de
Zhao et PRI rRRt0dMgct s with tamehoodingmpc®arnal a
nd connexin 43, l'inking desm8abmak20pplalb)t ei ns t «

Q —~ O o

3.1TAdansitional junctions

The structure that enables the connection bet
termed transi tFign3le Thectiramsiti onal j-duinscct i on
ot he sarcomere in the cl osest(Bprnxitmi tet Tthde .t e
actin filaments integrate in this structure an
anchorage and transmission of forcey fTohlidsedc ol

membr anes that contain high amounts of spectri

cul gBennett et Thk. t2@bh6)tional junction harbou
concomitantl ydiisncv oclovnepdo siint i Z-actinia u @ h d a @\ASrPrmii jn , et
al . 2Dilt7i) n ensures sarcomeric integrity and
transitional junction serves as -da sgi/-tS&RD uloer S 8

compl(eBennett PAl2addi timgof i brhieh | edrRAPB o twdii c h W
i dentified to be distributed throughou(Lthe 1in
et al., MM&a0om)y accumul ates at t ransi a-actnin a | j un
(Bennett et al. 2006)



I ntroducti on

3. 1N&bu-tehated anchoring protein
NRAP is a multidomain protein expressed at myot e
intercal ated diLsucseti mlt.he 00eBg rThhRIAB eernte ails. 11Mc9art) e ¢

on chromosome 10q25.3 of the human gernfamemn and e

42 exons. There are four known NRAP isoforms thea
and mi ssing exon 23 in isoform 4, while isofor]
encoded fromGekmlni cdh2 et al . 2004 ; TMoehritetffdoirne, et

mol ecul ar weight for NRAP isoforms ranges bet wee

The-t Hr mi NRAPwfnt ai nRlsl ,al |Lsibm &8 Ndd M) ( Momaddi n et al
200.3)The LIM domain covers the first t wo exons
remang parts of exon 3 include a |inker region.
exoRrl44 and five super repeat s, each @&dnsiTshtei ng
repeats deri vidrng afrreompeox oxi mately 40% homol ogou
(Mohiddin et al. 2003)

Al t hough the function of NRAP is stildl not comp
NRAP plays a <cruci al role in myofibrillogenesi:
proteins involved in naMahiysdstt mad . s 2r00@me rPeesr v o |

201.8)n addition, an emerging role of NRAP i n me
since NRAPpuwasfied both with adherens junction
(Zhang et. aMor e200v0elr), NRAPe rcroamotd inn sbhiand@C ng domai n
LI'M domain has recently been sho(whndteor siomp aectt anhe
2021; Zhang.ePraliocg®08)udies showed the interat
proteins involved both i imiytodrn dalidt ed adbiidd tyig
LI'M domain and single repeat domdaii s cofpa- RAPN b
actinin, talin and the muscl @@ERIl e petot &li.n ZWMLP)
200 3; Luo etnathe 1988)hedrepeer repeat domains
binding of sarc@obiunewaaMogedbe&®8pdfil amin, KLHLA41
bind to the super réepeakademaiadn . of20NRAP Lu et a
1999)Due to this thtemdacectrican awetdth-dbsc proteins,

NRAP was associated with cardiac muscle mechanot

3.1Méchanotransducti on
During the contraction and relaxation of <cardi a
and respond to hdaghamincdalv afroyricnegs mas a compensat

process ter med mechanotransducti on (Lyon et al
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mechani cal | oad i s transduced i nto el ectrochel

bi ological signalladalng P®GNhways (Wang et

Costameres serve as awrdlmsarsi nign stihtee ss afrocro | tehmamaz
mechani cal tensions from myofibrils to the ext
submembranous structuregtygnsepsbsednd aamdygisaxg wlpih
tadiinhmegrin compl e alnalc aleigd eedch iorf tskag clomer es ( An
Mechanical force transmission mainly occurs Vi e
et al . 202 2; Paulin and Li-d2G&4) .t ol mteckdi tsiudre,e

partments such as mitochondria and the nucl eus

Previous studies showed that LI M pr opgetimvweayasr e i

and mediate the assembly of stres;s Smibtrleset( Ka

2014) . LI'M proteipnmotmedci dDNAppodbteemoti ons by re
dual -fZzinmgaer mot i f f unebtiinaningg iant ea f prcet diFRuer s
Schmei chel and Beckerl e 1994). tMosuutghof toheit
participate in biological processes related to
gene expression. However, i ncreasing numbers

shuttling between the cytopl20sOmM®)and the nucl eu:
Conclusively, dysfunctional mechanotransductio
di scs and the sarcolemma can resul't in pathop
transition to heart failure (Lyon et al. 2015).

3. Zardiac di sease

3.2CAr di omyeospat hi

Heart failure is often preceded by sporadic ol
termed cardi omyopathi e€andimmmyo pat hale.s 2a0r2e0 )c h a
i mpairment of mechani cal or electrical PpPhepert
mechani cal properties include dysfunctioenal Sy
perties refer to arrhythmogenesis (Maron et al
myopathies are hypertrophic (HCM) , di faetedar(C
(ARVC) and restrictive (RCM) cardiomyopathies.

3.2.Hyfdertrophic cardiomyopathy

The most common type of cardiomyopathy is HCM
of 1-128B00 worl dwide. This includes a wiodteh r ang e
genders with a | arge genetic diversity and chal
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HCM is frequentl|l y60%whefi thd aemadesni 80i s caused |
of geACBCMYBPCBYH/MYL2MYL,STNN] BNNT2 ahR®M1l t hat
encode for pathogenic sarcomeric proteins with &

I MYBP@QI MMIYHT Al fares et al. 2015, ElIliott et al

Clinical phenotypes of HCM are heterogeneous, r
severities in symptomatic patients T(lBe amawaltd e
pat hophysiol ogical symptoms include dysfunction
mi as and insufficient bal ance between wxygen s
(Ciarambino et al . 2021; Mar i an and Braunwal d
physiological l evel , HCM i s characterised by
ventricular wall thickness defined as >15 mm in
septum (EIli oOh at haktokROog#uyal l evel , t he diseac
cardiac myocytes with a | oss of parallel al i gnm

myocardium (Marian and Braunwald 2017).

3.2.0Di.I2ated cardiomyopathy

I n tcroamst to HCM, DCM affects all four heart cha
ventricle. The ventricles are characterised by
wal | thickness referring to the termtdiel ateifotn.

ventricular ejection fraction between 45% and 5
dysfunction without any other explanation for ‘
(Pinto et Oal t h20Xk&@b) .ul ar | evel, cargdaaal mgbcyba

areas of necrosis and fibrosis can be observed (

The estimated prevalence for DCM i s 1: 2500 but

common reason for heart failure and is a | eadinc
al 2006) . However, compared to HCM, DCM i s not
mut ati ons. Only 35% of cases i nvol ve mut ati ons
cytoskel et al or nucl ear envelojfbhi peotbensanfdwel n

genettatimmns mostly derive from only a few gence
mor e het erogeneous i nvol ving more than 50 rel e
However, it was shown that 25% of idiopathic D ¢
cases are catuiserms biyn muhe@a gene encodi n@@tfthemr titir
reasons are bacteri al or viral infection resul
exposure to drugs and toxins or diseases relate
al . 2017).
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3. 2.Ar.hhymogenic right ventricular cardi omy
ARVC predominantly affects the right ventricle
myocytes accompanied by replacement with fatty
I n 75% of pati KRVCs aftdidetci edabyfAbrofatty repl a
chamber enl argement and myocarditis have been

phenotypes are <characterised by wventricul ar t

ARVC is oftedomantosomalherited with mutations i
for the desmosomal compartment sucli Caar BB, nBK
et al. 2021)

3.2.Redltrictive cardiomyopathy

Regarding the major types of cardi omcopatthings,
for5%® of cardiomyopathies (Ciarambino et al. 2 (
origins of sporadic or inherited predispositi
di seases and endomyocardi al di s e RLavls un( Btaingn se t

are autdesmimadnt i nherited and affecet pgreonteesi nesn
cTnT, tropobaotilnpMHEd)Mucht ar et al. 2017).
phenotype i s characterised by decreased abild]i
i mpairment of |l eft ventricular wall thickness
et al . 2006) . Pat hophysiologically, RCM i s |

accompanied by dysfunctional di ast élCéembiara hyt h
et al. 2021)

3.2l Btercal ated discs in disease
The contractitonr eofuitrlees e ameobanonal ebaptiaog

adjacent <cardiac myocytes to conduct electroch

tion. As the proplhgmitdc oln offi nedleicttrhr oughout th
intercal ated discs, mut ations or dysfunction of
heart d{idRrascest. al. 2019)

Recent reports identiHiDé&dofhdARVEpparakiemaBelcwansd

desmosomal proteins (Marcus et al . 2013) . Thes
di fferent genes encoding 2he DX&sBAHYC OBP| ammdo §j alint
tional PKG (Broussard et al. 201520ZX4) orMutcat iad
PKR were shown to impair protdeiprensgeabi Idietgy alda
and causing decrpagaosted nPHRvels (Kirchner et al
2014) . Mutations i n t2hei nempaihreed ond ipméort itedn ant iDIStGe r
di sc, altered i ts own posttransl ational modi f |
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junctional protein connexin 43 (Chen et al . 201
2012) . I'n additi ol KGa212ZTbB &kl evlaisoms hionvn t o i nt
binding to other desmosomal proteins and, Si mi
results in |l oss of connexin 43, thus impairing ¢

mi ght be responsible fobseheedrirhyphmienpbenotyp

I n addition, in |l eft ventricular heart samples o
calated disc and costameres were affected, i ndi c
disc in proper electr amecthemirdadal( Offureagtai oenti nagl .o fz
di sorganised intercalated discs with reduced st
cadherin were observed in heart bi opsies of DCM

t wo DCM moustehdbhdddred-asy KQ@and t he t royweomoxdprleéensi ng
transgenic (TOT) mous e, i ncreased protein expre
junctions or the anchor age( BEohfl enmy oefti |&ahn esn2tiosf éw) ausd ed
upregul a-t a @ayanddfta,, RKGV1I &nd NRAP.

Moreover MLIK®O tmoese model , as well as in DCM pat
protein | evel sa(PKGa)atcanmulatedkai tmednterecalatéd discs ( Lange et
al. 200L6¢reased MLP protein | eeabksdeBdi®s-associ at

phoryl ation whil e ML Pawwahdesrgatedin GMaanhdiincreasedin P K C
DCM revealing MLP simultaneousl|l y @af(sL amgei nehti balt.o
201.6)This suggests a potentiat aeguhatonyerobhkanbd
in the progression of cardiomyopathies.

A downstream kinase of PKC that has been associ a
serine/threonine protein kinase D (PKD) which w

i nt r acterldfufliacki ng, cardiac contractiFdmgudaed phos
Avkiran et al. 2008; Bossuyt et al. 2011; Rozenc
i soforms with high homodatga/! yitni ct hdeo maeignu,| att hoer ymaaj
the heart is PKD1 (Simsek Papur et al. 2018) . I
invol ved i n hypertrophyspeicghakl iinngh,i bwhibae oar df
resulted i n cardi ac idmpb g verneedntct aononmpfanhgper !
arrhythmias (Bossuyt et al. 202 2; Fielitz et al

Upon (patho)physiological st i-prud tagiimo ng o UPPKIDeld irse c

stimulation (Rey et al . 2001b) . Cyt owhil ¢ k& PKD1
i nduces PKD1 transl ocati dn gtdgRed yh ee tp |l als.ma2 meInb;r axh
et al . 1996) . At t he pl as ma me mbr ane, PKD1 i s
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Ser 744/ 748 in rodenthsunoarnsat f®drl ©D3w&/d7 42 ianut oph

Ser916 in rodents and Ser910 in humans (1 gl esi
Papur et al. 2018; Waldron et al. 2001) . Conse
and redistri butoilonanidnttohet hreucdytusss ( Rey et al
PKD1 phosphoryl ates c¢class |1 hi stone deacetyl a
t he cytosol and a der-mpdieasedn mpdoc ytthee eHChAah c ¢
( MEFd2dpendent fatyplerampdi prgeneritgngMseBErnpeyoeret (
al. 2002; Vega et al. 2004; Zhang et al. 2002).
....."“" m.... “.." :---...,......
e ...,....‘. 90, .

‘
‘
‘
‘
DAG ) —» (PKD1) /

DMADAN

Ly Growth and
remodelling gene%

S

/

Figure 4: Protein kinase D1 signalling in cardiac myocytes. Upon (patho)physiological stimula-
tion of G protein-coupled receptors (GPCR), diacylglycerol (DAG) increases. DAG binds to PKD1
and leads translocation of PKD1 to the sarcolemma where it is phosphorylated at serine 744/748
by PKC. This is followed by autophosphorylation at serine 916 resulting in full kinase activation.
Active PKD1 translocates either to the cytosol or into the nucleus. In the cytosol, PKD1 impacts on
contractile function by phosphorylating different myofibril-associated proteins, e.g cardiac troponin |
(cTnl) or myosin-binding protein C (MyBP-C). In the nucleus, PKD1 phosphorylates histone
deacetylases (HDAC) leading to their export into the cytosol and a derepression of the myocyte
enhancer factor 2 (MEF2) or the transcription factor EB (TFEB). MEF2 activates the fetal and pro-
hypertrophic gene expression, whereas TFEB is responsible for expression of the proteasome-
associated muscle-RING-finger protein 1 (MuRF1). This illustration was generated with BioRender
and modified from (Simsek Papur et al. 2018).

Mor egovkiDdnedi ated export of HDACS5 resul ts i n de
factor EB (TFEB) t hat drives MuRF1l expression
degradati onal system (PabladdTdntoml & oett hal r 02 @2

i mpacgemg transcription, i mplications of PKD1
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reporRiegdudt@uel |l o et Aalea@iOyObfrwod screen of a huma
l i brary for the <catal yto ci ddeonntaiifny oifn tPekrDalc twaosn upsae

I nvestigation of myofibrillar preparation revea
other myofil ament pCoteyosmmesunohaad MgBBthonin a
as putative PKD subsG4)ate (Haworth et al. 20

3. 2N8burehated anchoring protein in heart di

Recentl vy, i ncreasing evidence suggests an invol
skeletal and cardiac disease, although its spec
been involved imyompothilesilsluawuh as filaminopathy
FLNEncoding for filamin C. Patient bi opsies of
NRAP accumul at ed( Klne ya gegtr. eahhotree2dVLe3r) , a si-mil ar N F
type was i denrtimyicfdi hri lalneort hmyopat hy, the nemal.
hypotonia and muscle weakness. Patliiekneg s p rwittehi na
KLHL41, which is involved in protein turnover
pr emyeniyiobfriiblmrsilt i oma when skeletal muscl e devel c

myofibrils, showed massi(Wd r&a@ac werhu lbhahttieo2n® 4d9f)) n g R A P
reduction of NRAP pratediirci eavelzebiraf KEMLA4EBVer se
phenotype. NRéAdPBeowerp,ressi on alone in zebrafish r
phenotype without repr ese(ndtiartkiao ne to f A hnoat t [udr rie 9 $nt yuodf y
recently showed that reducti on of NRAP in nem,
deficiency rescuecdot hepe dhbpeaeeempdi ng sarcomer i
| owering the amount of protein aggregates and
functCasney et. aNev e2rOt2h3e)l es s, not only NRAP prote
myofibrillar my o pautdhyi eshowe dr eicnenpatsi ent s wi t h
myopat hy, simultaneous oc lRAPearrci efcn. 0366 7t41Gr e>e Adi
c.1556d. 84AC D' Avila. et al. 2016)

I n addition the skeletal muscl e diseasnts,ofNRAP |
cardiomyopat hies. A recent publicati on by Kosk
reference popul NRIA®mrt att sbioRlcldbl%hiwf 0Oakb DCM ca
whil e other studies even suggest(eHEhINRAPe;tasala.n 20

Koskenvuo et al. 2021)
I n a-y ezagl d mal e patient, -oaf umemd »pyngomuwst alt @ ®H i n
(Argl502*) resulted in the devel opment of a DC

failure and ventriwiud alr (ifalosgsatwd&kla. pAGbDT her
homozygous frameshift mutation in -NBRARc{coB259d:
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phenotype, was observed in ac @mpgadctnitonwi tah rleaerfe
cardiomyopathy <characterised rbky iimctreaskdfttratb
walZhang et. aRec e2nit2l3y), di fferent mi ssense or f
unrelated patients were associated wiMButbe de
et al . Mo22)PVver, t wo di ff ertehrgtL IKDOC Ma nmid @Stee mo d e
mouse showed increased NRAP practteimol| dteiveen s atat
i ntercal(aBlelderdietc #Hbowegfe@Dgxpr dNgsippna omouse mod e

l ed to the devel opment of right fvfeendtrs cohat heas

ventricle and the intercalated discs (Lu et al
As indicated in this chapter, many studies bas
model s showed &8RA®Pemdiaeght hdbte i nvol v-adsdani astkeed e
my of irbrmylolpaat hi es as wel | as in different kinds
2020) . However, it remains elusive how NRAP i s

these disease phenotypes.

3. Di sease model l ing

I n recent year s, i mpr adweck | tolpeda fgioe st rleaave clhagan
are not always efficient enough in preventing
t he devel opment of novel therapies, i t- is r e

mechani sms of cardiomgopathioas tawadr dheheapt of a
availability of human heart ti ssue is l i mited,
ani mal model s differ in their cardiac physiolo

restricted translaniimal onhodredssulttos K unmam di seas

therapies (Flenner et al. 2021; Houser et al . 2
3.3H&mainnduced pluripotent stem cell s

To address this i ssue, Yamanaka and <coll eague
fibroblasts for r e perdo gp laummii ppa@gt einrtt ostiemduacel | s
achieved by retroviral transduction with the f

My c , and KIf 4 resulting in murine iPSC with t
gene expression asn de npblruyroinpioct esc g m acel | s ( Guen
Takahashi and Yamanaka 2006) . In 2007, for the
reprogrammed into human i PSC (hiPSC) that <coul
| ayé&rg ByfTak ahashi eltn atlh.e 2f000l71)o.wi ng years, this

opti mi sed all owing i n addition to reprogr amr
hepatocytes into i PSCs (Aasen et al . 2® 0 8 ; Ao
retroviruses integrate into the host genome, t
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was further i mproved by using Sendai virus that

the safety for prospective cli hilaalgeappelti adti @4

The culture of hiPSC was initially performed at
the cultivation of hiPSC at 5% noxwigweons wagg € shted o

to range between 1% and 6% aocsfs omx yagnedn JcPonnscseomt r2a
Shooter and Gey 1952). Il ncreased oxygen tension,

of pluripotency and associated with an ageing pi

200 3; Kwon et al . 2017) . Sevhe sherced | de aagrei Oens aa
arrest ( Feeergruamdeezt al . 2018) . However, it i's sti
di fferences in oxygen tension impact the genome.
Skin biopsies Human-induced - ﬁJZ \
pluripotent stem = | Genetically
cells (hiPSCs) LI L modified hiPSC
Reprogramming N
—> e _
+cMYC, OCT4, Gene editing
Proband/. ’ KLF4, SOX2 (CRISPR-Cas9)
patient
' 3
In vitro differentiation
Ectoderm Mesoderm Endoderm
] i —‘ . Ps
~ - %
Cardiac Skeletal muscle  Endothelial Smooth Red blood
myocytes cell cells muscle cells cells

N J J ) ) )
[

Disease modelling

Figure 5: Schematic overview of reprogramming human fibroblasts into hiPSC and differen-
tiation into different cell types. Fibroblasts are reprogrammed into human-induced pluripotent
stem cells (hiPSC) using pluripotency factors (cMYC, OCT4, KLF4, SOX2). HiPSC can be
genetically modified via the CRISPR-Cas9 gene editing system or directly differentiated into
various cell types of ecto-, endo- or mesoderm. The mesoderm can be differentiated into cardiac
myocytes, skeletal muscle cells, endothelial cells, smooth muscle cells or red blood cells, that can
be enrolled for disease modelling or treatment of patients. The figure was illustrated using
BioRender.

Due to their pluripotent characteristics and abs
an inval uaibn ewxiatordd a€odi sease model|l paspercdfug te
gene théMapuasru et Goncod@t&)ntl vy, di fferent st

devel oped for gene editing approaches, all owi ng

mo d e | humamnetiasedsenut ati ons, g ekmeorcitKes ple@ i ¢ e Icl i
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MRNAs or reporter proteins. To this end, t he
interspaced short pal i nidasceard ¢c g amegpreeat € di(tCGRAGSPE
promoted the precise editing of tdheselmsmamodena
(Fi gwbr eDe Masi .et al. 2020)

3. 3CRI SBRsed genome editing
The CRI SPR/AGRIb&8PRted protein 9 (Cas9) technolo

an adaptive immune responser ésnpbrasd((eBaravamgse@as
et al . 2007; Horvath aMhenBdrreasmrgopur oX@X ot es
Viruses, the viral DNA is cleaved and integrat
genonkei gua A Pourcel et al . 2008poRatthr aeascrailpt

endogenous DNA, CRI SPR RNAs (cr RNAs) are expr
DNA by the Cas pHoteatnh camgl| Ba&rTrhaen gcoaump2l0elx0 )c o n s
the Cas9 ¢rat gacmmnamti ng cr RNA (tracr RNA) t hat
thereby form a guide RNA (gRNA). This activate
compl ex that i nisttiraatneds bDNeAa kdso uwbpset r eam of t he
pr ot osgpdjeaead mot i f (3RBAIM)e a@ft ttthee viraFi guwoé ospa
A; Gasiunas .etSialce 2MEk2)Cas protein complex onl
upstream of the protosmdadarmyr eankdsucdfi onhef haotul
prevented. The PAM sequence is dependeBfdH on tl
NGGG n the case of Nrepr@aeft wintgh(aiilyreenkd @e)i2 oatli.d e

This bacteri al system wafsort rgadnnsefienrgr eadp parnoda crhedsi
human ge(nbanedna . 2620) simplificati on, t he trac
combined t o a gRNA in advanc-editta n g r aarpspfreocatcih
CRI SPR/ Cas9 <can be achieved by dif fiamendeldesl i
i ncluding chemical or physi c@Rant reatns & dthiadnl 3
expression systems can either be delivered by

or by Cas9 mRNA and gRNAs directly or Ibeforeh:a
system i nduecsetsr aan dd cbuwrbelacgk i n mammal i ans pceeclilfsi cd i
designed gRNAs. This is followed by an intrins
either take place in adiprected tepamed hdMB) o
ter meehommon ogous end Fiog BBem gWe(tNeHrEiJNNgs( and Chen

¢
z
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A Streptococcus bacterium B Cas9
v‘%/\/tf\ Linker
[ Target loop
] RepeatecLsequence ‘ D sequence
@ - Primary
‘:ZUIZI]IIIIII ; transcript tracrRNA
Spacer (viral gene) |Transcription
JrTITIT T wu Pre-crRNA ngNA
@ Cas9 Lé- RNase Il PAM
tracrRNA ?
@ <2 8 e . (el |
sl 312 I 3¢ Biiig
crRNA Cleavage
by RNase IlI
Non-homologous Homology-directed
]J? Double- end joining (NHEJ) repair (HDR)
® strand break T I 011 D
. / Error-prone [T Donor
repair | template
‘ I T
PAM (protospacer "
adjacent motif) Mutation Inserted DNA
Gene disruption by Gene correction or insertion
small insertions or by assisted recombination
deletions

Figure 6: CRISPR-Cas9 technology for gene editing approaches. A) Adaptive immune

response of Streptococcus bacterium. Il nvasive viral DNA is inserted int
spacers. The regions are transcripted to crRNAs that interact with tracrRNAs and the Cas9 protein

to induce double-strand breaks upon repeated viral invasion. B) Cellular, intrinsic repair

mechanisms in response to double-strand breaks by homology-directed repair (HDR) or non-

homologous end joining (NHEJ). This illustration was modified from BioRender.

During NHEJ, t he di s rluipgtaetde dD NAT @ammEl sprmamere £ as S
inserfdehe(li mohesl| s) mi ght resul t. This alteration
mut ations and pr enthdwe e rs,t oig ddétohidem geebPea CR | ISP R
performed in the presence of a DNA tssmphdaded in
oligodeoxynucl eotide (ssODN), the intrinsic cell
|l igate and integrate thRamNAt t.aimpd @OdEMiRa tae dHDR
approaches in hiPSC, 4Rd $HRR ee fbfeieMeehtipiaa & eaf0 123 )
This efficiency can further be increas4e8d hby per
podtransfecti onGuiontead hilIPSQ018)

3.3DBfferentiation to cardiac myocytes
As hi PSC represent a human model ht htahte cCaRnl SHPeR/ g €

CaslPased approach to generate pluripotent diseac

set énewal, t heyelsiegrivbel east oanh to study <cell type
potenti al such as cardi ac myocwnt &S8SC Dwr icnagr di lae
myocytes signalling pathways of mammaRfi ggqummr @ mbr y o
7; Cal deron d&toralc.ardDa6) monol ayer di fferentiati
cardiac myocytes cangbenathieweRlall dpehmeirs ddttry al . 2
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The successful di fferentiation from hi PSC to c
the exposure at specific time points of specif

pat hways at spdgkiidguWrceBurnrei dpgoe. netts al . 2012)
—
FGF2 BMP4 :Activln A DKK1— WNT F—IWR-1, IWP-2, -4
TGFB1
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Figure 7: Schematic overview of factors involved in cardiac myocyte differentiation.
Depicted are factors and genes that are associated with the appropriate differentiation steps. The
asterisks indicate surface markers. HiIPSC undergo an epithelial-to-mesenchymal transition,
differentiation to mesoderm, followed by cardiac mesoderm specification, differentiation to cardiac
progenitor cells and finally to immature cardiac myocytes that can be further matured. Adapted
from (Burridge et al. 2012).

The maj or ipndvtotewdayisn car di aomcdiufdfee rtehnblactBiMR,o nT GF
NODALNTWand FGF sign@Bur migd patatwayls. @1011)2I;n Katt
order to mimi-tonebencechpymalel tabnsition during g
cell s, acti vignr oAyt hB MPadc,t ohri gnhat r i gel and B27 wit

used to NBdwexerWsisgiubre Qal der on et al . 2016; P a
Zhang et .alSubXxG®gaent !l vy, the WNT pa3adwawn iss epr
required for i nductionLofancetdiadc ®i0flf2e.r eWitlilaet
However, i nv ehs tPiBgeartiivoends coafr di ac myocytes revea

phenotype di ffering from( Mudwretr y ¢ a2r0dli8a;c  Unhynoecr
Eschenhagelnn 2t0Réd)human f et al heart, growth of
di vision, a proces,s wtheirlme dp chsytpreatpdlashaart s ar
cardiac myocyte growth, a(Hrosebby ¢ DakebdinB9pDeEy
process many metabolic alterations occur that
mi t ochondirriiac,arthbioel ylciyel ac ( TCA) cycle and the
(Ul mer and Eschenhagen 2020)



I ntroducti on

3.3EdAgineered heart tissues

I n order to overcome the idesuevetl thedi amamuyocy
cells are embeddadedneaghywdeo@EHh) afrdr mats swiet h e
silicone post s ensuring phys(itbdnosgeincalt cahtr azQ
Wei nberger .etThael .p h2y0sli7o)l ogi c al contraction of EH

is termed auxot(ohlince rc oanntdr alee dohpennlhnadgeeend , 2 0c2ul t i v a't

hi P8€@rived EHTs revealed metabol i cdimaetnusriaotniaoln i
culturedehi P&8& <cardiac myocytes as indicated
mitochondri al proteins and a switshfaftymeaabdl

met abolism and to a minor( Welxmeernte ta nahle.r ad@dE&)g by c

human EHTSs, cardiac cells of various other spec
generation of EHTs including neamnat alramowseatcar
myocytes (8SRYMs)et al. 2013; TEZheomgemanatieonadf |
provided many ad\uancwisturgont etridng,c transplantati
medi ci ne and di sease model |l i ng capbpdisaaidygortthrea at
prope(Marrshardt et al. 2020; Saleem et al. 2020)
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An i mportant role of intercalated discs is to
functional syncyti um. Dysfunction of mentemwndé¢al a
di fferent forms of cardiomyopathies, such as H
increased NRAP protein |l evels and accumul ati on
into the myofil aments have been detaecdreawi nMpr ¢
number of patients showed that dysfunction of |
with a prevalence of approximately 2% of scree
et al. 2021).

Even though NRAP seems to play a crucial role in different forms of cardiomyopathies as
well as in early myofibrillogenesis, not much is known about the causal impact of NRAP in
heart disease development and progression and the underlying molecular patho-
mechanisms. The contribution of altered NRAP expression and localisation and how this
might be regulated and impact cardiomyopathies remains elusive. Therefore, the main
question of this thesis was to investigate whether NRAP has a protective function during
the development of cardiomyopathies or whether it causally contributes to the deve-

lopment of heart disease.

Our hypothesis was that NRAP as a mechanosensing protein contributes to the
pathophysiology of cardiomyopathies.

In order to enhance the understanding of the impact of NRAP on cardiac myocytes on
myofibrillogenesis and the development of heart disease, we aimed to:

(1) Generate and validate a functional NRAP-overexpressing (OE) and -knock-out (KO)
hiPSC line by CRISPR-Cas9 gene editing.

(2) Generate aNRAP/gr een f | uor gGFP)eOE hiPSCHine tostudy the specific
roles of NRAP during myofibrillogenesis.

(3) Investigate the loss- and gain-of-function of NRAP in a gene-dose-dependent manner
on myofilament structure in two-dimensional hiPSC-derived cardiac myocytes.

(4) Characterise the loss- and gain-of-function of NRAP in a gene-dose-dependent
manner on cardiac function in a three-dimensional EHT model.

(5) Investigate the importance of posttranslational modifications in the regulation of NRAP

functions.
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5Materials and Met hods

Al l material s, mediiaonasndasbuwélelr o mpesiat | ed ir
sequencegyeteheant uhsaed i n thismptrejierwith.s2e | isted
5. Ani mal model s

5. 1Mytbptarget ed nk nmoocuks e model

The cardi-acndcyogi gnot kil inEGse madydedgki3d)n a C57

BL/ 6J genetilbatbapkgvioomslly been devel oped by wusi
a G>A transition iaxbohe6@laasatki mudlye ptr Ddleucta@fle by Pr
Carrier and Dr. Sa/ddéginaetSchl oTshaxd0®@®®u s e model car
mutation that has been associated with a severe
accomp adryda Mydb pmRNA reduction by 50% in heterozygo
zygoMysb pKI3 miWiegni er etn amb.u s20 OnBo)d.el , three diffe
MRNAs were discovered, ultimately resul€ing in 2
in heterozygous and 90% in homozygous mutant n
My bpKIB3 mouse phenotype in homolkggasee ridiyt alnetf t mi
ventricul ar hypertrophy, reduced fractoi omdl ashoao
| engt hi ntaeisiaadi, € a bdaorsdt scar di ac myo€Egptettesaxpayi me
WT miaddehe ageb60fwe2&My bapikd3 nmdtclee age® 7ofwe2k s wer e

enrol |l ed. The mouse heacass lainwerotared sk glaeamtsa l n

i solated with theektiel p of Angeli ka Pia

5. 1Neonat al rat ventricular cardiac myocytes
Experi ment al ani mal procedutrest wer@uipked ioa ene df @r
and use of |l aboratory animals as issued by the

no. -285 revised G&MBrHdanwa ri @ prtditédeec tan 0 malo § . Wi star r
were kept in a 12r oo mmpteé ta/tRifawekt hc ywalteeratand f ood
ad | i.bitum

5.1.12sdl ation of NRVMs

Neonat al rat ventricul ar myocytes ( NRV Ms) wer e
operating phatedueesstablished within t-he | nsti
col ogy xaincdo!| D@y (I EPT) of t he eHlanmbveBrpgp e hgdorMe di ¢
(UKE) . Th8&8r eifatyde Wi 86t a3 ) rwemse (Pcapitated, heart :
and atria were removed. The isolation of the h

Friederiokan@u®lrl Konstantina Stathopoul ou. Al
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performed on ice if not indicatedcal e uwmi saen.d
bi car bfornecaet eHankwsi t hu fHEePPES ( CBFHH) , hseadr tvei tvher e
scissors. ehmd ehovassg transferred to a 50 mL f al
the supernatant was aspir amle dt raynpds kfiorrg esasclhu t3i0o nl
added to the tissue. After 10 min incubation at
di ge sttiepn was ,frelpleawdaddtdyt i omL oON-aBs.edk i ng sol uti o
bl ock digestion. TJared aDiwaosn&ki off solpsioans was a

amount of rat heart s. Avi a rekri nega csho lduitgieosnt i woans,  aDd
suspension was mixed by careful mentariaotnhoof aod
After sedi mentati on, the supernatant was trans

was repeated afdpr dxinmadt eshiynhldl2 gestqwdeén aedt sabise
sing steps at RTrentemaonég whitbef hbart homogce

tubes, containing the cardiac myocyt es, were ¢
aspiration naftamhe Sampmédi aonmyoc NEMansadiduwen ,

foll owed by anodtomerstceepnt rTihfeugsauper nat ant was fi
filtem)iftdedsOt ef al eon tube. Cell s were counted wu

and dalted per mL . For each fNRapW riosxd IBeattNlédoy, 1la
c

el |l s/ hear't was achieved.

5.1.QulRture of neonat al rat ventricular car
I n order to remmyecytddhreramd fhiolmrobl asts; 10 Mi
plating medium (PPM) -9%e rme ni nicnu btahtee di nfcourb agtOor i |
di sh.diAmdnstiwintadr ed NRVMs were maint aiACed ni n an
humi di f ielderaet mofsafh® @@bi ent air oxygen concent
35 mm di shes were coated with 1 mL of 1% (w/ v
compl eti epn adfi ngrethe ecarndiaacni myo csyutsegpsensi on wa

from the 60 mm dish toimach®asmé MNR&V/Mgine ndbdefe Tal
tube, the 60 mm culture dish was washed twice

many cardiac myocytes .as possible from the dist

For counting ofueekhwajsoidxle dOLwicten 130 OL trypan &
counting of eight squares of a Neubauer -chambe
pltcan of the average <cell number OP&®r Pguamre t
plating ofelcettibrag edl %35 mm di shes were washed
40000 cells for immunofluorescent stainings or

35mm dish were plated in PM.
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5. 1.P2r.8at mefnt RV Ms

After incubation for tthwee ddiany svaisn etxic é a infigreeded & too rs,e
mai naece medium (MM) and cardiac myocytes were
i ncubator prior to the start of any experiments
with either 3 OM of the Dpbhanmabiot ogi { BIPKDI pyroi
respective controlt lgawbosuepn cvei tohr DoMSeCs einnc e of e x p o s
10 OM o fhytpheer tprroop uisc phiteinmu e phhd i mMd i( PEPIr Sor)al ii m e

MM. Cells were treated dfarideg daomdiutpi aanos 9por ihori nt c
experiments. Atr t hhe,2 448 alht ,meth2 tand 96 h of i ncl
di f f eruemptosech as i mmsoeh¢e@o and western i mmunot
col | eTcot e dahuitoipthagyaf 50OomwMci n Al (Baf Al) in water
t he r escowelctturvéeh wptier t o tdaompl eFocolilneleii miutiitom of
proteasomeUPsfysie®@M( MG132 in DMSO or DM$© for <co
cultur24 welprsior to sample collection.

5.1.2mdunoprecipitation

To investigate if NRAPnopnecsciupicetatséd,|] | NRYMEs i wenmu ¢
descrdlbefder 72 h with DM esrenBRKDIr iarbs@&nce of I
welpl ates were washed d wWB® awmid hf ricczen on | iquid
purpose, plates were twawedhanvestradndinm@adhpo &s

precipitati ol BAshwo bwdlfles of the sameittor eat men

Eppendorf tubes and incubated on ice Bomi 80 min
During the i mmuncoepsde,dif girteatti cmmpies were taken
tion of successpfruelc i NoORAPatiimomu nboy western i mmunobl

A sample of the crude Impsavweswaentak@o@agdfadt hadr
10 mi MCat Adter centtri $ampteohromneaaputreat ment
and the pellet was kept as well as a sampl e. F
treatment sample werantNiRmAR b@Deaewi dwsi tBi 2t e&lhnol ogy
at 4 AC under constawingotdatyi osamPheshwefel Qui c
and incubated with 40 OL protein A/ G agarose b
rotafAfoer, tstaantpl es wer e .0cOeOntg i f agedC.ati r2oam t4h e

supernatant, 370 OL wetrtrkekkbpadaswar s ampd e cnfdo u
500 OL RIPA buffer each witBhoOngef mi tACe miTheant rdi
proteins of the beads/ pellet fraction were extr e
generate SD¥Fokhmpéamples, that were taken during

reduci ng s awapsl ea dbduefdf er
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For denatur at soodni dontl e pylbft(@SiEnSsp, mpl es wer e ABoi |l ed
for 5 min {polagrry |tgamelDSt r o p(RA G)Easnids west er-n i mmu
bl otting. The i mmunobl ottingetainbs. 8we2t hot med NKRAP
antibody t o i nvestigate i f NRAP waeci mmuatipo
procedure was kindly performegoahoea. by Dr. Kons

5. 1.2t dbsloet olpleel i ng amy hwi B bhdeddu lithur e ( SI LAC)
After culture for uomememnwa si meploavteidn ga nrde diel | s w
once with SILAC medium and then i wmmpuebamedd i n
overmi gtAC37 5%FCQu8).e On the next day, the proce
Af ter 4 8 h i ncubati on i n SILAC 1light medi um,
medi um contai hyi nlgabtehlel elde aavmi mmwmd a& i, ghisdidnpesmh ge t o
di stinguissymt hewl geedi co.mi Cantl vy, cells were tr
BPKDiegui val ent DavsoQu nftosr otfhe respective contro
i ncubation at 37 AT GQMdPB %o 1CO10d e@M tloS O nwleurcee ap

hypertrophic stimulation. These adea@ialt memesi wma
exchange of SILAC heavy medium until 72 h of tr
Isolation of LC-MS/MS
NRvvs Lo 23 1A 88 Days analysis
Plating SILAC light SILAC heavy medium
medium +/- BPKDi
+/- PE
+/-1SO

Figure 8: Stable isotope labelling by/with amino acids in cell culture (SILAC) setup. Neonatal

rat ventricular myocytes (NRVMs) were isolated and incubated in SILAC light medium for 48 h prior

to incubation for 72 h in SILAC heavy medium. Concomitantly with incubation in SILAC heavy

medium, cells were treated with or without 3 mM BPKDi in the presence or absence of 10 nmiv

phenylephrine (PE) and/or 10 nM isoprenaline (ISO). Afterwards, samples were analysed by liquid
chromatography-mass spectrometry (LC-MS/MS analysis).

For sampl et bmddiecmiwans remove@d, wasthewelohs ewevi t |
Then 0.5 mé&weéIBIS waes added and cell s were- scrape
dorf tubes. To increase the amount of <cell s, t
transferred to the same respddtuigwed Otaubrad. v T hoa t&

min and pell ets -8/0AC€ e uvadntayl | yfsniaosz sbngs me gt r o

5.1.MMa$¥s spectrometry
For mass spectrometric analysis, the pellets w
dinium chl oFriids( hysdr axM met Tgrhijsg ohr ngen HOQY ori de
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and 10TrmiMsl Ror ehy | YTpOhRPamhlati ncubathe€d fatr %5 mi n.
Afterwards, the reduced thiols were alkylated wi
obtain a dfiinntaulm gcuhal noir i doef cOo. n6c eMh,t rsagd mmwlnes wer e di
mM Tris/ HCI , pH 8.5 and 10% acetonitrile. After
was determined and 50 Og of samples weyrpesimsed f
overni ghAC atnd27 gteinotnDe gegitti @an washaddietriraurpt @fd

trifluoroacetic acid to a final concent+ation o
stam-do tip (StageTi p) -padd rstkasi mimdgsH hSICXeh eC1Bur i f i
and elutionwveopee pepmedesas pr e v(iPaipspsyi Idbeesrc re tbh eal

Finally, t he peptides wer e eluted i n a mi cr ot
acetonitrile, supplied wi t h 0.1% formic aci d.
performed by Dr.Pelalkksa 7Wi0Ot tamgd wiWaxQuant 1.3.0.5.
analysis was performed with the help of Dr. Stev

5. Human model s

5.2Héart samples from patients
For the val cdatnbasdid RAfP tame i body producedi by t he

Bi otechnol ogagrrt huimasiueéw from the |l eft ventricle o
for i mmunofl uorescence.anFaolrg dwlesstti eornma | il mmuhnecabrito tt i
no-hailing,i sHChve minad carldC)prayt o panttlsy was enrol | ed.

5. 2H@mainnduced pl areimpacteehts s

The est abhloiusshee dc oinnt r ol hi-RISERCOGE) (UK&EMO® 1lheal t hy
was usetdefgeneticalsteatrgdlatnede rwansg roefgi st ered at th
Human Stem Cell Registry (hPSCr eqg)i.PSACddiitnieo nvad 9
approvedetty otatimei t t eeUKOE A2 hePV4798, 28.10.2014) .
generated from der mal fibrobl asvtisoudd sycpruinbcend s k-
(Takahashi et al. 2007).

5.2.Redrogramming of human fibroblasts into
Purmc skin biopsies (3 mm diameter) fromeduman do
thesi a. Skin biopsiesti swes®r esgledteicaredand MALSoC I
digestion with childsaogceeinatseed ttyipsesu2ze was <coll ect ec
containing fi brglbdtasmi me,dipeni di.lOluitmgramwd ngt dep ma i
fibroblasts were exxpasdedfcluarstkuirhneppa$3a8ged with t
cryopreserved (pRn)ssiameFB3 mivierahnldl Ows eDDMSfCor s ubseq

rerogramming until passage number 5. For reprog
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were thawed and <cultured in fibroblast medi un
containidndg f ¥amabhaka reprogramming facto+rs (hOc
My c ) dicegor to the & mdamuwftawtui ding! iacti t (MOPBG i nf ec
(CytoifrBBeSendai Reprogramming Kit).

At day-tfT apestu mmtdiad n-tvri8mssduced f i br os¢elda satnsd weer e
seeded in three dif4 ermdiRt 6d%pnexiOta ewe I(11). 6xrl Of e e
(primary mouse embryoni c-1f imh rc ebiltaosttisc a(l ME/F )i nfarca
10gébmi t omycin C (-BIERVApNnsMWEe r2citB0x ahd cul tur ed
human embr yonh EBrsetdd nu prpdslelme(n t 320d migi/i br obl ast gr o
factF&Fw{(th daily med4iOundacyhsa nagfet.er3 0t ransducti on,
hi PSC colonies were picked with an inverted E
sterile Ewerdiyhgbasicndinei dwaasl furt her expanded a
For the initial passages after -pi MEPMg, ttilaeeldi
hES medium supplemented with FGF on pl ates c
matrigel and for pabksQgvbgmiWi £€Odéi aAed!| wter pa
numb ek 0)5, culture conditions were adapted grad
f ol | oswetch @Tnh.i s met hod was Dp.er Sancead hwpufer and
Shi bamngahas been adopt e ®Rafarbem ethh e tregrau ad ri iomt

5. 2.Rh&wiamgl cul t ur e nodfu cheudmapnl ur i potent stem
Cryopreserved hiPSC from wor k#3ngi ot aBan kish ewme
drawn wup i nto-canthainmlLi nFgT DPAi pet t e -Isrulpiphd-B 768 2by t h
(10mM) When hi PSC were thawed for ge'nreedéa diimt iwags a
used instealdheofceHTDAsuspensi onl5vamlL tfraalmesedmended
centrifuged for 3 min at 800 rpm. Afterdcentri
the pelpendedsius FTDA, s3u0p pmlge/nFe@Ft eadn dwd 6h3 DM Y

These dogmdaeromns 0R27F&HFE wede Yused in all foll owi
those compounds twgelat usgdof Foel | &Gwe clu M| Ihi PSC
were cul tgailrtecdeaxdred pl at esco(lld 1RPMIi nl 6 4c0e) . The

culture conditi oL, of5 % MCEOSEWWEO h endead7iluym exchange
( FTDA, suppl ikdr wexmerFiGknt s to test oxy@gen co
cultured at hypoxic or norhmpoxixd ac aredietrisonso. hlinP
at 59 7C5% GOnd normoxic cul t,u3r7/RCyr e5%Hr680to 20%

When the ctedthedPpecond | uelnl s wer e pagpssaged.heFor
cells were washed once with PBS and then det a
ment ed -2vi 8 h2 MfOormiSn AG@t W7t heLapilpéot e, cell s wer
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and transferred t o a fal con tube. To weerneov e as
washed wwvarhmepd eFTDA, supplemeg7682wi ahdF&Bdaddt ¥
falcon tube. This was followed by centrifugatio

was removed and cells were res®yp8R2dedfiger FEDA nu
of cells with tryp.afQ-0@®oWDe, ceddrsd iOOHiec0sO Ddfe c® D 6

pe6well -6r54Mbo cells per T75 flask were-plated.
ment s, hi PSC were passaged at |l east three times.
5.2.Rr8ezing omduecmaln pl uri potent stem cell s
For freezing of cell s, hi PSC wer e was hed once

accutase solution,-2386@J9))leGmemitrBida pwCEan & 5% O

Cells were detached with a wlaGhC dOLlo fpdidplenti(tteh Yand v
27632)After centrifugation at 800 rpm for 3 min
were resusheEDA eld?6i3n2, foFGEDPuUNting as prseviously
anppropriate ampenmtsalofgsocell gl Ills Mpo®r wer g ot ube
cal cul acdeerdt ri fuged again at 800 rpm for 3 min. |
transferred to driynt uldies20 %Ay It asMSdidadsii yet ¢bes wer
inverted and stepwi se f-8@zCenOnwittte aneMrt. dFaryo s tfyr
were trangb6A€redrtsestorage and to Hiequn o tmirtargegen

5.2.Radyot wpiahg sGiserhsynai ni ng

Karyotype analysas wasvipeacxdfpPmedkwol dt . et nal. 2
brited ,ensure an appropriate proportionO®0 cell s
hi PSC were used for karyotlmpdlngevaiddd i edet baereaeéft |
we | | and incubated fos RAfheat tvd AQtamdi 5%e@O w
PBS, hi PSC were incubat®d wiftlerowabdasaM EBTAs atwer
withLR1On compl ete medium and fourpitpiemd .1t Mihteu rcatl
were then centrifuged for 10 min at 2%Qofy at RT.
75 mM KCI| wadalrwtpiwbse added under swirling and in
AcC. Subsequenttlihfei xB3 i dreopol wufti on were added to t
centrifuged at 250 g femntslweenti mataa mtRaéwda Alemmasefp t t
1 mm vortexdodfadadle®d imi xati ve were dropwise added.

fixatisweretegppeated twice before the fixative w

was then used for slide generation.

First, the slwidtehs tweer ed ertienrsgeednt sol uti on Mucasol
overnight at RT. The slides were was hreidnsoinncge wi
t wiwiet h purified water. ForlOOhad grinR3@t wemne opl a&c
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onto a sfHnamdsfamnrded i nto a .Metahkaetr hcaodw abaanerd nroed H
80 AC wuntil the fixative had evaporatwede Cel |
moni tloy egdhcaosnég r ast microscopy. Afterwards, slid
15 nAor. tniy@mbandi ng, sl ides-5steo e0.p2m%edv /fw)y tir
Hamdk Baded Sal't Solution (HBSS), foll owed by

subsequent incubation for 6 min in 10% (v/v) Gi
rinséed wold watedriaed tbdenabBbewchrombseeme ana
slides were covered with a coverslip and Cyt ose
were smaluynder a | ight mi croscopd@husi mgt hod Owa
ki ndlryf obgb med by Dr. Sigrid Fuchs and has been a

ali.n (preparati on

5.2.%embescanvscseci at-gal bet asi dase activity as

To investigate cellular senescence as well as
actiomrss eanfespcent factors in cells cultured und
hi PSC of the master cell bank were thawé&h and

CQ: 37 AC) ,(05% 2003 WAACY he starting point of th
(FTBAppl emented with FGF) of cells from both c
12 h incubation at the respective oxygen concet
were exchanged to the respective other -hi PSC ¢
cul tured cells received media from cells that v
the experiment and vice versa. After additiona
was removed andnerwe prheacieudm whafhor e t he ccedowsrseover

was repeated.

To investigate directly if media exchange from
scence of the calslso,cia tgmanadradossnibdgaad e @SA I vity
was performed accor di®ngi ntsot tiicatl iaoatsa $ ada e est ai |
Al l used solutions were included in this Kkit.

washed onckPBWS,t hf I Imowed by incubati-a® mhnlatf.i
RT. The plate was themhP®B8sahaerd i wcablaaée dbhtwé2t h 1
gal actosidase staining solution. Pl atpmprsotwea e s
tion and then incubated overnight in a dmy inc
the next day, t hwea ss traeipnliancge ds oblyut 74 %e dg | lyyc elr io g h ta
mi croscopy on a Nikon Eclipse TS2 microscope U
control, hi PSC were treatOelbdeftavediceafool Redt wonh
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For analysis antdthgubhuefscghabs -bmgagr escantviing ,t hd

to five different areas per well were randomly
backgroiumidli ar layl | i mages, i mages were apened i n
threshold was | chamged facrcoaldi ng to the9&,0l 1 owi I
satur at2i5®én D3 i g2bdhe anwl Icfplacc e HSB. After applic
val ues, the appropriate ared®dsbwegeestel gctedHeasnd
was invertedstaaidnetdh earneoans wdrhedtheasaonedf BhWose v
t he tot al area coul d be calcul ated. The stain

percentage of Thhe measbdeemraadopted from the ma

et iam .preparati on

5.2.RNSand ASAQuencing

For RNA seBNAnwasngisolated with the RNeasy Micro
column DNase Udilgreaty omr eparati on was then perfor
t heMARTer Strand&eéqTKifaoll VBWANg th@ermasufacti ons
Libraries were sequenced on an Felnldu nmondae® Ne2x5t xsle0q -
reads per sampl e) . Segqaegnpienfgodmead wihnbhydi ®i nf c
integrated in tRReaGalgxpandl adfapsaeaqueamdimmg nrge ad s
perfopmedadr to mappinguat otyemewads| awd adapter c
RNAsegencdaga was mapped to the human genome (h
2.620Dobin et. aRCR 2d0u@l)i cat es WwWRAMt ofodestovald. usi n
200H)TSecpounAnder s etanal DEHEIQR)e et walre 2aG6k4d) f or

t hreead count and differential gene expression an

Thaessaytrhaospoasaseseschbomavti t m s e quenscdque ncAITRAEL) was
performed taduemdiorsd r (02 0€lwdi)tahl . mi nor modi ficati on
Kaestlmeoror@dx.rdoi . org/ 10. 1750 4;/ pBuoetnorcoosl tsr.o oetb valmn
For the transposilLtTiagmeneéeadtNiAonenzd.m®& Q@ were use
freshly cohkE88cped cehdthadodi)t.i oAf tocraBp h &s ewnr e
ampl iwfiifteéhduor escencneggntmohi tdhe f |l uorescendti @®ingnal r
poi ihe | ibraries were tbhededuppecfedatioomouwdil mg
beads sggnmn@nceanldmi Next sed20000ppai ead mptieR10
reads perTlhamphalysis of sequencing data was pe
tools that wdrbehei nGad garxaQ ugadl aittrfy o rcancha prtod r atnrdi mmi n g
reads paerrfeo mwing d TrimoGealxxcrlegqdal iltoyw r eads and a
cont ami rRetaidensvemappédent o the hgud. XsO7/n@h)Bowt i e?2
PCR duplicates were refmdwdd cumdiersg weAMt omelrsg.ed f o
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The i niptliealprseaprar ati on was performed by me and
by Dr. Pat rTihciks Lmaeutrhread ehas been adopted from t|
(in preparation

5. 2.Rl.uheati ve PAGE

Hi PSC Hypoxic orcumdamumaexiconditiaonnds-fdweyze npeéelinl ¢t g
nitrogen. Pel | esesd wvienr-ech ihjpimode mobeore gl Rod g/er

El vehhpeomgseri at 28000 r pmr okeersogenat esewterief u dread
for 15 mi o ao 6OMmove nucl ei , cell s.deMirti ¢ h oanr
me mbr amerse sedi mented by centr00@gatMi 6oelh omndrlis
enriched pellets from 20 mgeLocoll lgabtiilwenr eb ufefseurs pea
sol gebdi |wi elh204 0( w/ v) digitonin. SadhpiwetsbSWw®Br 8 s ur
Coomassi e G2mM ami n500cOapr oi eL alC.ild% amanceau S i

glycerol . Equal protein amount s 3id 8 %sca nyp laensi dwee r
gradient gel (di mension 14 1 14 c¢cm).beAf t-ebrl uneat
native gels were fixed in 50% (v/v) met hanol ,

acetate for 30 min and stained with Coomassi e
acetic acid). Densitometry was perfToameddouwsi ng
was performed by Dr. 'l ka Wittig and has been
in preparation

5.2.QoM@pl exome anal ysi s

Theompl exome nmarsasl ysspesc,ct rometry raw dat a, i dent
proteins and a dettahd epr desauri @t hawve ofbeen de
ProteomeXchange Consortium vi a PRot eomics | L
reposi t oRiyv ePreale ze't alRi viexzm19)et( Paelr.ez2019) . Il n
|l oaded to Perseus proteom@i8tTkerbbmiat vaarad wBEISD 2 9!
performed by Dr. tlethkaata u bt i ghed mi haHéydTdreset
met havedesaedopted from the maniunscpriei@ldRaatalbdoenr e tet a le
2013) .
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5. BLene edi CRNgERYO

5. SAAVSATnNNRAP/ MMYl\CINRAP/ @HPAsmi d validati on
TheAAV SITARNRAP/ MA@ dAAV SCAITRNRAP/ GBPasmi ds wer e sel
designed, foll owed by producti on by t he compa
Escheri ¢hitcammmndlnig t he r especitai vvee rpel aismd ulsgt ebda citn
|l ysogenyLByYyombedi um s uppl egnrampidllie/clL ow a shhker {16M

rpm) for 16 h at 37 AC.

After incubation, pl asmid DNA was isolated from
copy plasmid DNA ms$aol prieenclil umwst as de&cri bed
i nstroaos. I'n brief, 8 mL bacteria suspension w
11.000 g in 2 mL reaction tubes. For cuedl |l ysi s
buffer Al, faoddiotweodnml tdfér AZWSE6r inverting the reaction tubes 6-

8 times and 5 min innobuffebAS wasaddedaahd tURES  wereS dyydin

inverB8ed i fhes. Angaheoncenepi ffur 10 min at 11. (
permrfmed. Thmat asmpemwas then transferred for bi ndi
columns and centrifuged at 11. 000 g for 1 min.
wi t h mbHuffer AW to increase DNA yield, centrifuged again for 1 min and 600 niL

buffer A4 was aadodbderprcieatrt bugat wandstephtosi Li
membrane was dried for 2 min at 11.000 g centrif
nL aqua destillata at 11.000 g for 1 min. To increase plasmid DNA vyield, this last

centrifuganisonm epteaped by applying the eluted f
Nucl eoSpin plasmid col umn. Subsequently to plas
was measured with the Nanodrop spectrometer and

with restriction enzymes.

For restriction dingXsfastdigaest boffer, Ipng plasmid BRINA and 2

nL fast digest enzyme BamHI or Bglll were combined in 20 niL reactions. The reactions

were mixed, briefly <centrifuged and imicrubated

Subsequentl vy, samples were | oaded on 51%.ag&8rose
For digestAAYBcIToMNNRARE MYICasmi d wi th BamHI product :
3735 bp, 2956 bp,and®a wep,e eletk8&2d bapnd f or di gest
Bgl Il , prod8c4 bpzae®d2886wppe expected. For di ges
AAV SITARNRABFR I asmid with BamHB7®%5 odpgct 285@edbpof:
bp, 1 7a0nd 7bdpwieyr e expected andBdgflolrl dSi#dg2egsstbi pofn 3w2i 4t8h
bpan®2586 wkep e expected. Subs ApVEAT iINRRAPE M¥C whol e
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plasmid was sagogequeuedcibygSusing different pri me
mat er i al 11s.e2cAfitoenr gee oéMUtbhaarg WGFPa t his area w
sequenced again.

5.3C@lture and nucleofection
I n order to gener atNeRAdgevreeteixcpa s ind REA € d

KknooUNRARONiIi PSC | i nlesus e heeliln i ne of a health
waslsed. This cell l ine hassdpredi awwssldy bb/e etma ng/h
within tflhhe ICRPaBSPR meditated genome editing app
genome editing, gDNA was prepared by combining

in a b;1fohtobowed by incuMdGtdmd ifroocubsatmiom aatt OR
resulting in 50 OM gDNA. The gDOAAL.was used dire

For the -CaRsI9SPgRenome editing approach, hi PSC wi't
f oONRAP/ MYE, p2NRAPB/ G&FEP ap@ ANRAKRO)wer e t hawed a s
described 5i.i2.h&petor e, 1 Mio hiPSCnveaveblIpl at e
cul twerl ¢ tphlaatt eh acdo abteeedn wi tghr orwed dhumheact t 0 e | (1:60 in
1640for >1 h at RT. Cel |l s aerde 5¢GNIOt uraesds aagte d3 7 w

times prior to genome editing. Al steps for t
medi um andgmrcewtulcre&darcit g e | unt il producing master
When ctehlel l ayer was stil fwaxsB0h acgdd pieinar tmd EBK

fection toumpllEeSStiRe nt-2d6.3vAnt tbeY we-wal | apll2t e was ¢
with rgdowed factor matrigel (1:60 in RPMI 164
werdeet ached with accutas2763d,pphemefRkiNgPdomet h ¥
plex assembly was performed by combining 2 OL
OL Cas9 (62 OM) and incubated for at |l east 10
cetnri fuged at 800 rpm for *3 A27m6 3r26 s uasnpde ncdoeudn tiend
trypan blue and a Neubauer countiof@® clammserwa s
transferred to a 1.5 mL tube and again cent |
centrifubaPiS€n were resuspended in 100 OL nucle
18 OL supmdtlheneMimaxa nucl e NfRA®Ecen | kil hesFord Og
resped@dnV et nNRAP/ MX@ AV SclT nNRAP/ GFIPasmi d were add

After addi tliecn rofpot a®i oe enhancer (100 OM), th
the prepared RNP complex, mixXedctamdh tcuarsfterr ec
For nucl eofecti on, the program CA137 on- the A

wards, the custetefwrnslODnmubamd 5B% e MHt O ge
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from the coated plates was then removedehhd nucl
in mTBE8Rpl emented with cl one@®0Q 1urtlr)e atFeod ItiomSC
he pool were jpkdied FOom omBRAPEeelalt i chomwmd, a

control .OWiIOt un250 ted cell swewel5.ed3y} saatafdt em raucl2eof
he unedited cells as well-Cas9 twer eedtineat ecdel d i

—

—

days wig/hm.Burlomycin to ensuweerreemaved! | Dunedgt e

—

ol | dvaiymssg after nucl eofection, pictures of each
using the EVOS microscope. The medium §f cell s
suppl emenctleadn esM® tfhor CRI SPR tfedrl sc oonrt roonll yc edTIESS.R

5.3SBngle cell seeding
After puromycinNRAPE&Ecel bnl 5o edsatybse upSd setof ect i on f
t hMRAKRO cel | l i ngp,astkiaR@dl wer d eLrOgR,x 0 ,e s4 000f, 600 an

80 <cell swepéer cvadltlur phlaetef ol | owi mar td &wsgl aat i ve,
containing an integrated marker, was used to mar
of t hkensosity seeded cel Isseocwd s dag p bswi endhE &R eornye R
until the marked circles were almost full of di v
were picked with a 100 OL pipette under sterile
the EVOS microscope and-coaaesié¢|diBrpdalt oc lao mea twa sg e
transferred intowalsi phglae ewwil tt hodnTd&SdRR romeda pr e
met al pl at e. The medi um of si ngleendc | daye s u mtaisl
confluency. This was foll owed-wbVomnéablkerchkopheétt
soon as -wekbke #A8ached aneowktl benpnf each cl one was
descriirbesdebe.t2i.o2n. 3

The other well of the same clone was used to i ¢
geaime editing. Therefore, cell27&%8R2%, debmbhaddwiw
the same amount of medium and centrifuged at 80
aspirated and pel | €t56C wmentei Idrfyurftrivezrengmda i sol at
perforTnmmeed. gener dRARO® sofFmgllle cl ones as wel | as

validation prdaddy NEARDed osmes were performed by

LewandowsKki as part of her Master thesis under n

5.3Vdlidation ofdigdgwadc €€CRIfSIPIR &€& | ones

5.3.@edomic DNA isolation
I n order to validate CRISPR clones and o perfo

l i nes, genomic DNA (gDNA) was iGoiasedudtoil d owoh



Materials and Met hods

DNeasy Bl ood & TSitsasruoet plkciotl Quioark Qi ag=wel | | hobr i
clones or 1 Mio hiPSC were centrifuged for 3 m
The cells were then PBSudp2ddédd pnor&®ion Oki nase
followedilby a@addiR®n0 AL, bmifxing and incubation f
at 56 AC. Thereafter, samples were mixed with
DNeasy mini spin columns and centrifuged for 1
one washing stepgewi AW15@addObnkeufwashing step wi
centrifugation for each step at 8000 rpm for 1
new 1.5 mL microcentrifuge tube and DNA was el
i ncubation ford IcemitmidtugRTi an at 8000 rpm for
fraction was again added to the seoltuhnen DaNnAd ya ged

The DNA yield was measured using the Nanodrop.

5.3.Bol2ymerase chain reaction

For wvalidation ofensucecdeistsifnulC olyi9PGRA SgP Rl y mer as e
reaction ( PCR) was perfor med. ToOAAWEIIT Rt e t !
NRAP/ M6EAAV ST nRNRAP/ &GP pl asmi ds, gDNA was i sol
descri bed 5i.8.dsdidnig oan forward primer i-h Fbe)l ef

and a reverse primer i n tRheRervi)ghal | toovedl odyiystd
bet ween WIgr hredamoodygous <cl ones. I n WT c¢cl ones,

the homozygous cl78iedp MROAR/HIMYEA L eT | line or 84
t heRAP/ GFEP cel | l'ine wasusekpebtyedhetCemozygous
di stinguished as these clones represented the

band. However, inshomopkzygons bhodeat 7787 bp ¢
detected. I n ordemange PERfotmealLbaogdédmp PCR kit
Bi olabs (NEB) was used. Therefore, according t

LongAmp b univfddTiPs, 0.8rMCahe forward and reverse primer, 200 ng gDNA or

1 ng plasmid DNA were combined with 5SLRCRi ts Lol
reaction. The cycling conditions were as foll o
cycles of 30 edaby9%2 ACnfatl 6% AC. The final e
65 AC for 10 min.

Similar to this validation sNMRARO hhRBSGulices s
vadated by performing PCR amplifications with t
theédPSM site i n-ftilhenkprmagmao@Ryr) oand KQowns3I&@AMm of |
site EMEDP Rn the prombRAWT rbkegn o ni.n Tthkee contr ol (

while the successful generation of a KO woul d
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pradt . Due to a smaller PCR product, t he exten
|l owered to 5 min | NRABD&dcefl | 71 mne wvailt idaei on.

For validation of smal |l er regi ons, t he Dreamt ac
Dreamt aq bmuM foefr , e &c tb wivNOT the fonBard2aid reverse primer, 200

ng of the respective gDNA were combined with 1.
cyclidgtcons were as foll ows: Denaturation at 9t
at 95 AC30os 80 shemapprdbpmiatat T72 AC. The fin.
performed at 72 AC for 10 min, follow&dnbg stor:
no hboy@oNRSARO was found, but insteadR#AR®Ogmpound
this hiwd&L tl éNfiReeRdn o-d & wn ( KD) .

5. 3. Ag8B8rose gel electrophoresis

For agarose gel -kl®2%tagphosesrigasd stlaDmA 1 ufTf er
(ABcont ai nnLiMgloriGreén per each 50 mL buffer were prepared. Therefore,

the agsaglosmisshortly boiled in a microwave until
The soluti eamovwasivnt hteon appr AR i matthed gDN6ROer cal at i ng
subst Mnder i green WwWae addedse solranhsberr wad tdet
chamber conZoewe lclomgp . a After solidification of tr
transferred into a gel electrophoresis nmthamber f
of a 100 bp or 1 k50 nDoNsamphes that lead been prémixedwith 6x

l oadi nwgerdey @led h g e | was run at 120 V for approxim
documewitteld t he Chemi doc system.

5.3.BCR purification and sequencing
PCRrpopducts were pur-pii edP@Rt prothedcthi fhoimf iRoathieo
accbnd to the &mainnud atcitaurse.r I n brief, when PCR p
purified after PCR amplification, the amount of
tot al vol ume. To e athindilig®iferwa adtdiean, ms x@d and ap,|
onto a highuporeAfiétecenbdi fUga000ngfotwéOwashi
wi t h m5dn@® 200 nL washing buffer with intermittent centrifugation steps followed.
Subsequentl vy, t he PCR p mowhtercfriors theacelumms idnew ed i n 3
1. 5rmlacticelen by foagat f osatf olr3.60000 g.

| f PCR products were pu€r2i% iaegdarforsem gaed asr owseer eg ellos
PCR products for approximately 45 min at 120 V.
transferredr ¢ oactaui ble.®8arRehr 100 mg gnk bindiagl buffere , 300

waadded, foll owed by incubation at 56 A@ for 10
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mi n. Af terwards, fldeGac®L 1090 prgo paagnaorlose sl ice w
mitkr e and applieditldea kiogbmpur dhe washing an
performed as above described for t he PCR ©pro
reactions. Subsequently to PCR product purific
measuring the | i ghtl eanbgstohr boafn c2e6 Oatn na uwsaivneg t he N

For sequemnaiifg edf PCR product s, 1 5wWa sndgd e@d tPACR2 p
nL of the appropriate forward or reverse primer to a total volume of 17 nL in 1.5 mL

Eppendorf tubes and sensegoeBgiofgins for Sange

5.3Pboduction of master and working cell b a
As soon as heterozygous or homozygous CRI SPR
i dentified ,ancd omalsh alwe e das menseon.hE.ddowRever,

CRI SPIRonces were thawgdowhhaf aetoarteedt (Lg6D dil
RPM1640-«8kctulture welhapl abidsdberat ¢od ef or at | ea
at RT for coating. Fo'rwi @ hloSIR R FGFo nheass, umTeEISR nst

Whenhhe cefrlkath@d®w comnd | aelnlpsa swweatgee daweZdul t ur e
well ,pltdateer Wwteccud t L2 e aved | tpéawetktdl aube wetill pl a
approximately an amountpads aignddoMiao Tc7éi g atstkit b dC
procedur e, coating wagrolwahgédctoommaedugeld to
RPMI) and hi PSC were adjusted in "Zne%iiancioe lmdmdiA:
suppl ement endl FGFipér mL. Bfter3these adjustments, hiPSC were kept f or a't
|l east one weekhiamst bhesor emd sicerzi mglFIb obhgpmloduci n
master c,elrhorbpahnokl ogi c al i mages were taken wusin
cells were counted both, manually anodney CASY
secth.o2nfo.rBast er cvwehdn btamé&k CASY values were: AGC
>80 %. The passagleernoudnbcetmiacdnoeaf c enelr eb apndkds f or
NRAP/ MYEC PhASC | BBef oNoRAPWeGEPIi PSC | i ne anmMdRAFP3I6 f or
KDhi PSC Onienemdrtt he cells wer @3 kppts afgreeeud 6 ur e
working semi| amakt ¢ o ael | bank.

5. 3. Mydoplasma testing

Toensure masatet hewdtd kibmgpkaerd!| cshhll icnd t ure ar e
taminated wi t h mycopl as ma, mycopl as ma testi ng
SteenpaC aneyElI Il ean bOi &©f , 250 OL media supernat
culture was mixed wiitldarmd 20n ©Olb atjend afdéel 0100 h en

sampl esbrweereehtyri fuged and the supernatant trans
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tube. Per each sample 2 OL of the DNA sample w
consisting of 2i6l.l7665a00L ahWxa wesedsttiean, 10 OL & 25
MgGl 1 OL of the 10 pM primer pool, 1 OL dNTPs a
cycler progr am, the following settind€, wadiDe use
cycl essat3®, s80 A®B and 1 AC namdla @fxitrensi on for 10
7 2AC. Wat er served as negative control whil e <co
used as positive control. Af ter war ds, t he PCR
agarose gel in 1x TAE bphbeesfwasshgahbeemgedl atl i

V for approximately 45 miitsed TWwiet DNAhbdba@Gldemweoe

|l mage Lab software.

5.3.68t&geecific embryonic antigen 3 detectio
I ntending to investigate tthikre maled rtir gphoaneknk iy n o f ce
cell , bamménofl uoseaicehnocg with t he stpd gme cpioftiecncy
embr yani cg@&cE3Waper f or med. Duri mgsfteeegiey 5bankh
Mi o cell spewade dSedfhwF bl ockinmgntdfboudrys bd midfiing si t
incubated fOAC.>A4tlerat his, c elfllso wwecrydt wdmelgirtyt e d
centrifuged for 2 mAG. aThe89Dd aem radfdigdati on se

subsequent centrifugati on watseprsemolkresdyi nagn,d scueplelr
resuspendedfiaowl109buaifeéer ywith the dpadpr5dfForate a
each sampl e, a staining wiméntanopfir ogsestptei ncgosn tarto |
t hdovoCyte Quaanymeetnerfainodw ag swiaihnitnhe SSEA3 antib
perfor med. Cell s were voprnetxedt eadn df oirnclibamied |
solutiAd®. akRord removal of fsltoaw nd yiigofrdestirrutwiacn ,a d2l erdL
fl ow cyttwbfeltbrwye d b yg acteinothrsi fpr ocedur e was repeated
500 OLwas@®plied to the isotype control tube and
sampl e. The sampl es wer e vortexed Nowvad Cytmmmedi a
Quantfelomw cyomommBDerCant o I | .rollhewaiss ousyepde fcoorntadj L
sucht Ame mov al of dead cells and cell clumps and
sampTlke data was analysed with the FlowJo softwa

5. 3.KkalByotype anal ysi s

Karyotyping was performed for gdael chyomosbtomal at
nor malities i néduacseOQd nbeyd i GRIeIIPRyenome editing. For
from the respmasi ee OdriSePRasn&kd when t h80e&el | |l ay
confluent to isol aatbeowveDNA as descri bed
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The karyotgpraghpsokendly been performed by EI
using the nCounter human karyotype pamwals from
used f ort atriaognmetnhr ough enzymatic diges2tihonatby t

37AC in a thermalSucgessf ul di gestion wa-s val ic
phoresis. This twadsenfadlulr@awe @nby fACs ad@noprl e mitn 9&
Ssubsequent incubation onsattcenfoup2toomi @0 Bbr of

sampl e wer e misxteedr wiitxh ndaonmma3 OL of reporter Cc
hybsaitdion buffer. | mmedi at eAGlorbelfeo®le, dhicudbp@t i o
pr obeSet were added t o saatciho ns awmapsl ec.o nigef ld eethd &N dh, y bhryi
was transfemmCeodindoeami dge ( Nanostrdimgahadeyr t he n
(Nanostring) to start tthhen@| kg s a stahoef snd@otuyarr toegrr aGm

coll ector tool software was used by Elisabeth K

5. 3. 06ftfdar getsiasnal y

Since nanit aoglys obtuar pdtsso are predicted when de
top ten gHfadigetesd by t he CRYEPORI webstitgatcddcel
|l ine ctadex chr omosomaahblaeldremelfiotriees uni que pri
specific gene region were desiAgnetdheu ssiannge NCBN A
used for the gNeRAR/aMED aMBAPAI&&EP, t he -samgetod f
were vali ddRABEfoel t httamegetl v @i SINPRPARD htei PSC 1 i ne
was performed partly by Vanessa LewandowsKki anc

Table 1: Predicted off-targets for the gRNAs of the NRAP/MYC-OE, NRAP/GFP-OE and
NRAP-KD cell lines. The potentially affected genes are represented, the melting temperature (Tm)
and the expected PCR product size [bp].

NRAP/ MiYItCMRAP/ &8 NRAHKDgRNA NRAHKDgRNA
offfarg Tm [ APCR pr| Ofdfarg Tm [ £ZPCR pr OofffargeTm [ PCR pr
[ bp] [ bp] [ bp]
APPLZ 58.5 1201 SLC38A 62.9 322 RNUG6 62. ¢ 625
QRFPF 58. 5 801 CLI C5 58. 1 635 RP134F1: 58.! 1714
ML I-IPT : 58. 5 1217 EPC2 60. 7 336 MRRF 60. ° 338
SLC8A 58.5 1254 PSD4 60.0 309 RP1181KI 57. . 568
TTN 59. 5 1204 EBP 64.0 313 RN7SKP2 61. ¢ 1276
RP 140/ 59. 5 1202 ABCB9 63. 1 316 EXT1 61.: 463
CDK8 60. 1 1202 MLLTE®G 66. 1 474 FOXO0O3 62. 912
RP 1356 60. 1 1215|RP1306D 62.7 333 ZC3HAV: 62.'! 945
NAB1 60. 1 1253 PGPR26 58. 3 673 RPLITICEB 61. ¢ 424
RHOT2 60. 5 359 RHOBTB 59.0 336 ZNF720 62.9 664

For PCR reactions, 10x dr eamt aq nidoffthe orward 2. 5 mM

and reverse pri mer, 200 ng of the respective g
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pomgrase. The PCR program was set toa®5 9ACAfCor 3
for 30 s, 30 s abftRachppromeiratpaai T and 1 min
extension was performed at 72 AC for 10 min, foc
processing. RHOTEZphemgenati on of P CRedc o nTdhietrieofnosr ewa
5% DMSO was added to PCR reactions, PCR cycl es v
extension time during the cycles was reduced fro
purified as deshr3i.vekdd HnhgPleeet iPrdRd pernti f ik at i on

from Romdhesubsequently sent to Eurofins for San

sectSi.o:n. 4 The sequences were aligned to the sequ
Snapgenéntl|l mupati ons were observed in the PCR pr
were repeated for the hiPSC control cel |l l'ine t

point mutat i otnaragnedt aevfofiedc tosf fi nduced by the Cas9.

5. Aumannduced pl uverm pcoetlelntdesrti ved cardi ac

5.4Ca4rdiac monolayer differentiation

For differentiation of hiPSC into cardiac myocyt
| east three times after thawing prior to cardi e
cell sstweddein their growth phas#agdibs OF DA (cteHGF
an&-27632) @gm owt ph faacicgrmt emde | 6 .pBeaftoerse hand, high
growth &tactogel mwas diclodtde dRPIMI 6 Oa re6ane Liuchek uper we l |
pleewere distributed and i ncubQ.t eAdlppfroorxianatlkeégstl?Z
advance to mesod2i7m32ndast ir@emoyv ¥di nacnudo ad eeldl swi Wweénr
FTDA, supplied with FGF.

As soon as t he caeplplr olxda ymar0 86 wrafdiue aéhnec ymedi um was
aspiratredlaacced by Stage 0 medium to induce meso
point onwar disnc whedtlesd wiemr ea nor AExi 6 %A AOUD@KOTr at
O.. Stage 0 medium was r epll2zd 8 el -npegssoRiteagpeddc mednur
Addi tional 48 h | ater, celtlhseedéeuen washwed plwiatkedF
Stageme@dilum induce cardiac differentiatwifon. On
i ncubation with Sthaegemed.ilu mmenvhissiraegpel azZie®im e d

contaimimagdi ti on to,iStaglei .. 1Fmerdi day e® i vrewlar ds,
cardiac meceytwes gcnd fHagsahr di ac myocytwernedi um
moni tdaiéldy spontaneous beattihteg st F o a rredeamatiei adteifdine | i
condititoemms,twedaisher ef or e, for each 5d0dl.1eelbil s¢ wekt k]| |
550. 001 s/ wed0O. c@d s/ wel | @arse mteildt iaosn dmefdfi a wi t h
activin A entilonmode miwreaatei drest end .t hBea sheedatar ng beh a:
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and meeaesd cardi ac my occTyntTe sa raonuwhn thdy elevy, rc yinhooes t
appr ogxroinadtig i on for each cell l'ine has been sel

5.4DRssociati oMo ffrhomSmonol ayer differenti
When waivkee beaturngfbaieaPSiCed cardi ac myocytes ¢
cell s wer e di ssoci atedngwiet hceclollsl agbatseverl at a
di menspbating, gemgrn aaitciedsredofh&ddMs ) t ossiadseegi ng
cardi ac di f fNeRrAdRnDxhii @PtSiCon dafssoci ati on and gener
EHTs was performed parall NIRA®E tclee | dil fi fnerse mwti it &t

of Vanessa Lewandowski

Thereftdoree,di um was remogked pPpramese andanmlepl ace
Bal anceSdo|laHiB&ES) Beyond 2 min incubation, the HB
removed andvasleepeatemp once before adding 1 mL
well . After up tor2lhlativeublatrbiveinCtyame@f cel | s
starteidsagpgregat e, cell sf iwee ewiiggllmmdd y5 t mLt seabDé
pipette and transferred into 50 mihgf dluddrert whae
added toendugesaltisnpembeomeivhs saentrilfOubgegd f or
and r esus pneonodaerdd iianc my ociKM) gleyli uyn (riturating !

a seropbpetnate. The numbent el aerdl sewhs were ag
and resuspended in appropriate amounts of N K N
geemmr ation of EHTs or freezing cells

5.4FBow cytometry

I n order ttohsduectceersnsifrud di fferentiation of hi PSCc
were stained for dmecicfairdimar kngrocyTrT, foll owe
proportion amyltysned rlyy Fbowt hat purpose, 0.5 M
cytes wdreea rterdd h siw oc yt wbme t wiyt h 2 mL PBS and cen
rpm for 3emamtr iTfhegati on parameters were used

steps ofpttehi.s Thhlea supernatant was remolveml and

Rot i Hi stofix for 20 min wasadded Afwkeasgdimatio
centrifuged, followed by two washifnhgwarcrgtoeametr
per mésabi on buffer. The -pcreoltlesct war eisak eppety mieiadp h & i

overni Alct. at 4

On tfhoel | odvaiyng sampl es were equbhl bw dysobomedbpyed
centrifuged annt hesappedpyepikatier dilsoanb50pooy ¢ he
cTnT APC antibody (1:50)praéafeetrtedcdti hAeQals a2 i4mn ma
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per mesabilbin buffer were addedan@Wwathowgdobycekhsr
500 OL psartmeoanbibluif fer. I n addhtilomL ®B& washiobe
performed before samples wdACe ufsitoow ecdyairoane3t@dysOL P
at he CanQuwantimamrh.i ne

5. 4Fdeezing and thawing of cardiac myocytes
Subsequently to dissociation off ecragndtiiaact i myng c yct «
myoytes were eitidemensedndlor cualwiour e, for t he g:¢
frozen. Forfafcdeaei mgeclys wswehed once with PBS, a
centrifuged at 100 g for 10 rmiart.anAf twears creemtorviefdu
cells were a&amadfed! iy rappuopri ate volumes of FBS

DMSO and transferred t o cryotub€9e. Mion eachi xa

myocytes wergofubeenwefCe I meerftreod damdv Myt-e fFwiost y
80AC. Offiot halwmiyng frozen cell s-1wB€ef orassbeagedan
l iquid nitrogtear masntkser d@e. | ong

For thawing of cardiac myocytes, cryopr8served
min inbatwatagr 37 AC until approximately- 20% fro
pension was gently transferred into a 50 mL fal
to avoid cell damage. The crwarnvmad ovarsdiea cn smydo ¢

t hawi dgumet hatwiwaes addrdoepd over 90 s to the falcon
was repeated once over 60 s before another 7 mL
30 s to the cell suspension. During that process
cdls was ensured by swirling the 50 mL tube. The
chamber and trypan blue and then centrifuged for

washed once in the same thawing medium and again
coll agenase faioan itome pdioxes s. After centrifugat
resuspended in the respective amount of EHT cul't

5.4C6l ture of cardiac myocytes

| n order t o cul ture cardi ac myocyt enanu @ r down
fluoresB8demane di shes were coated with a | ayer of
fo¥0 min at PB7oACtwmarpdiaac nmyhodfyld @elsabahed 35 mm
di shes were washed wi.GhO0 P®BeI lasn df ceri tchrem@amadfidlngo r e s
or 1 Mio cells for protein anaHHTs ecsulpteurr e3 5memim ud
The hidRP8Cved cayteacwmye cultured foand 8%®ys at

COQwith medium exchange three times a week.
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5.Engi neleegardt ti ssues

5.5Gémeati on and culture of engineered hear:
Fi bbased Fduema v e d e-d e rN R\eMi EHTs wer e generat ed
descr(ilHans en et al . 2010, Breckwol dul det wal e 2
prepared-wehl apl2at e f agramets ewistoh u2 %opal y et-rPaBfSI uaon
ethylene &P&FFE)rmadspodow genardam e whai cho t he EHTs |
embeddEidgu@® &, ).C After t he saoglairdoisfeir eathasppod rye n t

di met hyl sPDMgmantes were placedulichd oangheb@T®shieng
master mix were pipetula@GiignBe )G &0 A ghamawe dno

EHTs, 1 Mio cardiac myocytes, 5.-B763I2, 2.2. DMBEM,
fibrinogen (200 mgeLmk hromNa@GNKBIdP &), B3T wer e mi
For N&Rvaswsed EHTs, NRVMs were directly-phaedngfte
The EHT master 5Mi0x 6060hsai eVt MOL 22 % nOgehi mmd 3
OL thrombin per calcul asaedoEHG®f Theallidwimol yr
incubated at 2374008007 H8%Orel ati ve humiEHITsSyY wieo «
overlayed for 30 -mammaevdtNKMO&ONnOLt per ar aewf &€dr
wel | cpdnttaep ngeanrgmed EHT cul ture medi um. Three ti
transferred to a feeding plate with EHT cultur

200 OM tranexamic sacgiidonf.or matrix stabili

5.5TReat ment <adfev@®@BVMagi neered heart tissues
NRV#dderi ved EHTs were daily treated for-97 days
after casting or i n a-2llatad tterierectabsdTi tncgd Ir toumr ed ame
with 3 OM of the pharmacol DMBEO©Oabr PRDMSOnhoenb iyt @r
corresponding vepiebencenbrohbsanttepferzd oPMi cf

stimulus PE

5.5vVB8deptical contraction analysis
Approxi mlak edayy s/ aft er , Endalc rgoesnceavpniscitaid¢yi ng patt e

colud bserovwed all-owthgalidenotraction analysis of
meters such as force, f r e g(lukkanncsye na nedt caoln.t r2aCi d ;o
al . ZTIhrle)e. t i mes-2a hwadlkedilum exchawglklt ephva t 24

the EHTs was placed into a testoptyistcaim amatky sil

t he adeosveri bed parameters.

This system contains an integrated incubator a
at 37 AC, 7%%O® 231%E top of the integrated i
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glass area throueh awleida XX Y&Zheamdroayesyst em can r e
of each EHTweolfl tphleat24 t hat is defined by speci

corresponding softwar(ei g®rAg.he camera system

Force
TIP(-10%) RT(10%)
M TTP(-20%) \ RT(20%)
g r1 | :
Relative TP (atephase) 5 _ " £ Relative AT (early phase)
TTP(-50%)/TTP(-80%) £ 3 N L) RT(50%)/RT(80%)
5 z
TR(so%) O RT(50%)
_ . Force [mN]
/ =27 1 Relative TTP (early phase) Relative RT (late phase)
\‘ l‘ l‘ (TTP(-80%)-TTP(-50%))/TTP(-80%) (RT(80%)-RT(50%))/RT(80%)
4 1]
] 1
[ I l‘ li TTP(-80%) RT(80%)
\ |\ 1 S \
> 17 ¥ TTP(-90%) / RT(90%)
4 Time [s] Baseline

Figure 9: Generation of EHTs and video-optical EHT contraction analysis system. A)
Polyetrafluorethylene (PFTE) spacer, B) polydimethylsiloxane (PDMS) rack, C) generation process
of EHTs (from left to right). Represented are an agarose casting mould, the insertion of PDMS
racks, the addition of the EHT master mix into moulds, the freshly transferred EHTs from casting
moulds into medium and remodeled EHT after 15 days of culture. The scale bar is equal to 1 mm.
Images A-C) are adapted from (Mannhardt et al. 2017). D) Schematic overview of the 24-well plate
in the incubation system with the camera system on top. In the system the crosses can be set to
the EHTs posts via the XYZ-axis system to measure contraction traces. The schematic illustration
was modified from (Schaaf et al. 2011). E) The system uses the EHT shortening for the calculation
of different contractile parameters such as force, frequency, time to peak (TTP) and relaxation time
(RT).

I n the customi-aed-cgof dwaates xand t he border s b
EHTs must be adjusted manually for each EHT to ¢
contraction. The software then emeasdr eal EHITa tseh
contractile parameters (e.g. force tlinflthndfrequert
rel axatisonand mBR[s]s)c atthtaetr result in output excel

calculated valueBi gourBgt .heT e f mavaag er gmenar ioédd each
bet weemnanldosZ®r human EBfTsr an@éBOoved EHTsS since

51
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are beating tihmabhecmudtag.i olhorof different paramet e

peakse weequired.

5. 5EHBectrical synchronisation
I n order to allow analysis of force difference
were electrigedal | yFogynchhartonpiur pose, EHTs -wer e c

made graphite pacimgw él €c tnrLo deersT fcourl tAIQ,e 7ne di u
C Q, 7 2 & nN 232% Human EHTs wer e i nitideaelslcy i medsu
without el éatipbpoaalnsthmutest -sgsmeel, edtot i oalk dp:
previously described (Wi tms bperhadi ce tuil sre) at

strength 2 V/cm) and a frequency of 0.5 to 4
(Hansgéen2alll.0,e tHRaOIL.4) .

Howevdeue to a different beating bdeavivedr E&id,
t hewere electrissdl lay 2y ®dcWrodi ms -dDikhawiitch pul s e
i ncreasi ng EHilcsr eenbeanttdd enodl ect r i cseldl yweg yen cehxrcd nuid
from the anahgsnal ioAdtitiden el ectri caluspeadcifngr, E
downstreaamt iappsi For RNA or protein analyses, |
transf &r med Ep@pendorf tubes and frozen in |iqui
80AC until cessihgr pro

5.5A86tion potential measurements

Actiotnenpoal s wer e kindly measur ed by Anna St

(Wett wer etFoal .r ex0lr3d)i.ngs, sharp microelectroc
control EHTs ,NRAPMAVEYIEg EHHINRAKRDEHTs wer e perf or me
an age4dfdagsiefln BHTs were fixed in a recordi

at the two ends of the EHTsranaeg wdr & 0sunher fyu ©alc
per 15 mimMC.atShaTt p el ectrode measur ement s wer
resistance betwebd® 20i mnt@lilsl ed with 2.5 M KC
sti mwwats set 6tonmsOahx to 10x volts. For el ectri
volts were axdijhusetsvhabl Ittidogdile 5data were analysed b

sof t war e.

5. 5Ffafkagl measur ement s

Prior tSa akrlamky measurements, EHTs were culture
on day 22 of culture. The imeaa ufrresapuidrreciywerde ([de
organ bath with four transducerbse iinnswehritcehd tahlel

measmerets of four EHTs at the same time. The pr
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rimOsteps without applying stretch to EHTs. The organ bath was perfused with
r @ddesol uti on, was hed o-ncred wti t ehn M 6t Crenfllb.rBa C |

seline measurements with constamtd &i%WtfGOsi on w
abilise the meH.t sThendmaadgwr eanal ysi s were perfo
ftware.

5T7ansmi ssion electron microscopy

r transmi ssioocsnc oeplye c tErHOIs mieare fi xed in 4% PFA
PBS overnight at 4 AC. The following steps of
asmeet of | ater al intercal ated disc width were
d Julierliardge.dilxremdb EHTs were washed three ti me
ffer at a4. pPH ©Dhhie 7s@mpl es wer e ri nsed wi t h 1

codyl ate buffer, dehydrated with increasing e
opyl ene odkilye &mbheddiieng at 60 AC for 2 days.
ed to prepare 60 nm thick sections and stained

observation wi t h t he EM9 0 2 el ectron mi cr osc
mer a.
5DBssocianhgbneefed heart tissues

r dissociation of EHTs, EHTs were washed sever
papain solution forAGppHPoO% mMamednd $5%MC@&B at
e digestion was regularly tmrointiusatedaddnad d wEHRSs a

00 OL pipette. The cdalllcsonwetrueb et raannds ftelre esla meo
pain blocking buffer was added prior to centr
Il s were resuspended i n tHBISTSy g ¢ d if tireefreani en dyd rayed | «
| 1l ets forgdtuirdadrher Theepdpain diwistolci talheé ohelwmsc
nnah M¢nch.

5PPot eomi cs

r tryptic digestion, samples were dissolved i
d 1% w/ veorxydhlhion adt e buffer, foll owed by boild:i
ni fication with a probe sonicator. Sufbsequent |

1 M) dithiothreittohlerfsere nd@ofmbM)odoacettmideat ed i n
r i3mtime dadkdi gest edlofwWiginht { Lp $i n) at 37 AC ov
dium deoxychol ate was precipitated by the addi

ntrifug@®®og. atThdb6supernatant was tramssferred
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were dried in a vac-M8mMBeahali ysge, &SampL€s wer ¢
OL 0.1% FA.

The digested peptideaMSWeMiSe bgnalnysedilon b€ t he
nanloi qui d c hr omat ocgoruappl heyd svyisat & @da & ¢ O ma stpoa 3 B
spect e st equi pped with a quadrupol e, a | ineé
foll owed by i nj enifmin)dno aacdumrs(Accign RepMap |bprecolumn,

c18, 3@a0m®m 5 Om, 100 U). The col umn fwalsu fwfaesrh e
B  (r8min) (0.1% FA in ACN) prior to transfer of peptides to the separ at i on col umn (
nL/ min) with-30%riandiea ntti noef i2nt er v al of 65 min

75mel 250 mm, 2 Om, 100 U). The paoélusieldioma of
emi ttem) (dt0 a capillary voltage of 1650 V. The
performed in a positive ion mode and th-e anal)

dependent acqui s;i28% nHG deo I(IDDsA o ®Mer0g yo00t0RRr,
i solation width of -115.060 ,m/rze,s onOu@ O roenigbsl 410200m/ z 2

transient l ength of 256 ms, maxi mum injection
obtained from trhaet ei oonf t6r6a pk D(as/csa, n md x i2MWOmM msn j eAdtC
target of 0.0001, wunder fil!]l ratio of 10 %, i sol @

The data anal yMS/sMSofwatshecak€i ed out with the

2.4.1.15. Proteins were identified and quanti
(howmapiens SwissProt database) with the follow
of 10 ppm, fragment mas s tol erance of 0.2 D

carbami domet hyl ation on cysteine residues as
met hi onidmesrasi a variable modi ficati on. Pepti
Percol ator were identified. At | east two unig
condition for a rTeHda atbod eptiidcendii d ¢ € tait-Nd®/n\dSF sam
procedur e inandatitah eanvaelryesinsgdl vy perfor med almyd S°nk
Hannah Vo.C (UKE)

5. Mol ecul ar anal yses

5. 6RMNA isolation
Ri bonucl eic acid (RNA)t wdaismei nssa lwdnttaeld eiCMdam B&ICt h e

EHTs witM @&9gent, accordi negd tion stthreu cmainounfsa c(tTulre r
Scientific). I'n bfMwefre Gddledr t b6-weddclRRIEHNTISO T n

order to |lyse samples. Subseql€ntanmde samoduopiesr we |
1 LRI ZMolhat was ini tiial | yAf o ®sd hfoomnogbnwing a ti ss
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(2x 30 sampl es baeed Ffocu5 min bef owvaeaddd.e2d, mL c h
foll owed b¥$ amot hercubati on. Subsequentl vy, sampl
min at0012g. The aqueoesd pbadeb5wamtanadd d mrcauppaan celd f ¢
10 min prior to cent t0iOfOugat iTchne fpoerl |le@ miars ate slux
75% et hanol , vortexed and centrifuged for 5 min
f orl 05 resdispedde & rRMasvat ebataendd -fiSnrcmil®-6 @t 55

AC. The RNA concentration was"id&tOe rsmpiercea d owetthe rt |
store®d aAC unt il further processiucy ef or aconpl € De
synt hElsé sRNA i s oplertfioornmewdaswi th the help of Vanes

Hannah M¢nch.

5.6cRPNA synthesi s

Reverse transcription of RNA into c DNA was pe
transcription kit (Applied Biosystems). For eac
buff.ed ,0l0 100 mM deoxynucl eosildeantdroinp hporsilpnheart, e 4(. &
aqua iddaattdaLl r@ver se tweanes ccroinpptianseed and mi xed wi t
sample. The PCR cycler A€as foet 120€ nd td mion e3n7of @15
mi no AG. The c¢cDNA was -2t0h@ nu rsttiolr ewds augneg iflor experin

5. 6R8altime quantitative polyyym€rRgse chain re
Hu man and rat pri mer st hveer datdeosniagnede nwirteh f or E
I nfor mMdCBlonpp@imMérastchimad the foll oceawiomm jcundteirom,
~20 nucleotides, ~60% guanicmoaenpd etmeqitrae i tgnt ginte,
sequences are | i sstetd adrn) @ hfemtrmaatnedr i hau nsdGru s Ba mp | e s,
wasedsas a housekeeping gene. Each 10 OL sampl e
38wel | pl ate anmMoifncdadlredf drOward and SY¥YBRerse p
green/ ROX mix and 50 +fdgeediWAaftor meghetiase contr
green wdsassa fluorescent -smaraknedre db iDONdA f g adganemlt es
to measure PCR product | evels conti nauomnesIPWCRAdur i r
(RGPCR) ewmbopmed wusing t Hieme/ OO@ORHTs yisatseam rwveiatlh t he
amplifoomaconditions: nkbur ani onathenmaobdi de was

2 min and 95 AC for 10 min, dand o6ve dA®yf o4r0 1Ic yneiln
final cycle was performed with st hé0dA€ahoratiiSon
95 AC sfor 15

Tocal cuheatfeoltd change, cycle threshold (CT) wval uct
gen@GusBier e subtracted from CT wvalues of t he a

After vderl@®, val ues were normalised to the mean of
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calcul dte at @&l t Bhe fold change of theéely&m|dalesd w
cT)

5. NRAP antibody devel opment and validat|
Considering that no appropriate human NRAP ant
of this project, a stlrommtad g yYNRIAd®® @ert e rbaotdegy avapold
produced with the help of the company Davids

Therefore, the peptide AKKAHELASDI KYRQDFNK was

used f osrt eap fiimmeuni Biagile pl an (

Immunisation against peptide #2: AKKAHELASDIKYRQDFNK

2. immunisation 5. immunisation
1. immunisation IJ_I 3. immunisation 4. immunisation IJ_I
[——T{ig——{s—B5-—{az}—{s6-—s}» pay
Pre-immune Test serum Anti-serum
serum ELISA titer ELISA titer
1:3000 1:300.000

Figure 10: Immunisation plan for the development of a polyclonal rabbit anti human NRAP

antibody. Rabbits received five immunisations in a 63-day protocol. On day 35, the titer of the test

serum was tested by enzyme-linked immunosorbent assay (ELISA, titer: 1:3000). On day 63, the

test serum was affinity- purified and the titer was again determined by ELISA (titer: 1:300.000). The

development and preparation of the antibody was performed by the company Davids

Biotechnology.

The i mmunisations were performed in intervals
on day én3z,yftehrekmandi n o sorashseant AELt St er was determ
titpresents the concenttaei dhoofd ahed astishadydi

dilution at which the antibody is stildl det ect e

The titer of the test serum at day 35 was 1:30
of 1:300000. The final-panifsedumawRsIPi keggmaafnf i 1
tration of 1.06 mg/ mL . | n order t o val i dat e
i nvestigated f obrl owetsitnegr na nidmmummunof | uorescence
humams,ce and rats. The detail edonpriosc eddaug cer ifboerc

s e c thi..o7’n
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5. ®&rotein anal ysis

5.8Samppreeparan®@bD®PAGE

Tot al protein extracts of <cells for biochemical
pl ated cells after appr eprtieddt eelc clutl u rue ewienrlo mp Igeetl
108003 educing sample buffer. The plobeimh | ysa
reactubes. For human heart or mouse protein sam
using a met al deviacned -2100 ing g af d h aveatstr oagnesuf dedr ro
cryotubes. To generate 10% heart homogenates, ap
7. 4, suppl emented with c¢c@meldatea . prTavtoe ared ail n biekid
cryotube were agladseid & wd c éisowriotrh 2tOhdy steirssuHee ar t
homogenates were then added to 3x -8rCRG@ucPngosampl
use, al | protein sampd efsorwe emibnpirioe @ dasatdBl | S
samples were directlyaubseds for2@iConhbédteatippt h
processFpng-PS®BS, equal a&moull)s df2. SB6d samplLe s f
Precise Plus pr-Race) nwara®% reorc @Biitso nuous (5% and 1

sepfoduced acs.yl amide gel

5.8We@stern i mmunobl ot anal ysi s
For western i nsrblBneolbd o twteireg ,i mmupod tylva tntyd d demf | uo
(PVDHFembr anes aft eme nabcrtainveast iiom noet hanol for 20 s

of ¢t¢hetmaamdeuman NRAP antibody, a dnkimbir mameelsl ywerriet r
tested mat icombwitti hody dil ution series (1:100, 1
1:5000

Prior to blotting, filter paper and membranes
bl otting was performed at 45 mA perdrmermdroand nfgq !
proteinid rorcel |l ulose membranesRewdr Bubsaquent Iwy,t ht
specific binding sites WwW&D&memboaked bpridcuwbatti
10% dAa@an droy @i BSA for nitracweilbudfesedmesrabi are s
0. 1t%e e-@ 0 (-TBSbuffer. Af terwards, a sequenti al i
primary antibodiemiavemni dtbt ,mi fno uwraBiht bhgr smepes i
unbound anti bodies and i ncuhatt d¢ meanfdoarr yl amtwibtoldy
in 1%-fnaotn doy i BRon BEBSas performed. Another four

steps tTn fToBS owed t his prior to anal ysi s. Cher
vi sseal iat t he Che(nBidoRisds)ygtam ECKATf & absPaviDdFs e .
me mhines wer e wisttdaoi nmaesds i e for 16 chieh e @t Rt al pr
foll owed by washang s$wiogeion fler 15 min each.
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5. 9mmunofl uorescence

5. 9Pfdeparation and i mmunofluorescent staini
For the prepaetaitofnasmzen Mype@kid he80t ACY or fr oz
human heart ti ssue f8mMoMCh DBDEMepembedded in Ti
medi um and B@tciOomn g hwerke rywty hveietchoas wer e i mmed.i

transferrEdosb Buperadhesi amdmiinrcaudad pa Dlvied end |

For fi xetdiioonns, wer e i ncubat-ed!| & oac &2 6hien ait d i C
afterwards rehydrated in PBS for 5 min at RT.

DCM heatcitons, addi ti on aplaaf ofrinxaal Riredhmndve® B(® f40a 1 (
mi n at RT, foll owed by three washing steps wit
i cceol d met hanol-20AdCr. 9 nmiom d@atr to block unspeci:

setci ons were blocked wumh( BH&@Shoi mamb®gB8&8Ao0Osescen

buf.Aét Ssubsequent incubations were performed i
shaking. Af tbeart i200n ,mitnh ei nbocluocki ng solution was r
sol uti oinmmuwn olf% u o r ersacnedn chea tchendf ffeor 1 h. After th
washing stepssewiams PWB&SH e i nscobhdteg ant hhbodi e

i mmunofl uoredomedd@aOmb mf.f Srubsequently to three m
PBS, betgiradns were moauwnteidngvi méndiaum Cover slips
the mounting medium and & etgieodn swiwehr en asitlo rpeadl iastt
analysis by microscopy.

5. 9PReparation and staining of engineered h
Forhgreparati emrtciodn s HMedrTe nfciurbsatt ed in 30 mM bu
monoxi me ( BDM) -1i5n nARBS aftorRT1 & o alilaocw nryeolcayxt aetsi oan
then incubated inl@&®Roh i ACHifotroffiixaftoronl2 EHTs wer

from silicon postAzi @drd@s ttehieele pan aT BSaici ®n SEHT
I n order deacipmeparfe xed EHTs were embedded in a
pose, 4% agarose in PBS was prepared and fill

i mmedi ately pl acaegdariorstea tAHd elri ggwild di fying of 1
bl ocks were either overlayed with PBSACplates

directl yseicckedi hgr Therefore, the agarose bl ock:
tri mmed wethaadsghped onto the vibratome plate
which was filled up wistetci #BS, Flobe wyprlepatromg $é
to 100 ®micitchrisc,k the frequency8.t oT hbes afiHid ntsh ew esrpee e
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pl aeeadc h into a islilnegdl eweRBS of a 24 Awelulntgll atfeura rhc
processing.

For i mmunot é&uar exd miagnetaif o redgTp enooinf i ¢ binding sites
were firstly bl ockedsagiiminl awiltyh @wd & htXEph@ @ né ab i | |
i mmunofl uor espceernw24d lbudft eRT for 60 to 90 min. Th
removed and replaced by 250 OL prA@aory anshabery.
After three intermittent wetehs ngeseéepscubatP8E Wi
OLsondary antibodipbamilgheonl DABsadndvheat germ
aggl uwGAon phalloidin for 90 min at RT, foll owe (
with PBsSetci bmae were then trdaea,sfrecurtded owiat lgl maswsn ts
dium and cover gl asses. Untsieici ocosf wealk AGit or esic @|
The i mmunohistochemical staining of EHT sections
Ki 67 and the apoptosis mamkdr bga&pasei 8 Wast man
mouse pathology facility at the UKE.

5.9l Bmunofl uorescence staining of cardiac my
Cardiac myocytes werien fREKS df owi t hO 486 nP Fa&t RT and
times with PBS prior to gt aiereinngs.t aWmeerde afso rc eMiltso
priencat ed with 250 nM MitoSPY in t hAeC,cuatsuhreed me

wiht PBS and then-hifdtxefdi xwi ftt(hr RDQ i mi n. For storag
covered with parafiA@.and kept in PBS at 4

Foper mesabi bin of <cell s, PBS was removed from well
X100r 0. 1% isna pPBS nfiom at RT. Al i ncubation step

humii fi ed chamber at RT while shaking if not stat
min, speci fic antibody binding sitl&sfwer @0bmoake
foll owed bybopdyi mamroubaanttiibBE @a#h€dAniOght hennext day,
washing steps with PBS wer e somdrafror meernt Njsbodd i e e p |
di ami-dpihneony | i ndol @ h@DABh i awW@gAfodB h. Thereafter,
wer e washedest hwieteh tRBrS and were then covered w
coverslippolainssh nas | previously menti oA€duntSaimpl e

mi croscopy.

5.9Cdnfocal mi croscopy

The Zeiss LSM 800 airyscan confocal mi croscope
Zeiss Zen software to analyse captured i mages. T
oi l BEmmer obj ectives. I n order to capture negat:i
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only st asemmend awiyt mnti bodi es, DAPI and WGAaoti ph
and captured at the same l.aser and magnificati c

5. D@ata anal ysi s

5.180flt wares

Dat a wersed anaing Excel 2010, the Gawm&R@dansoft
ImageJd, Gel Ruawid o, LEABCAEBNTt samthvearreepr esent ati or
sttd scal analysis were performed in GraphPad Pr
t he nbontde X6 software. |l mages were processed wit
and visedluals single channels, overl|l ays,asern .speci:

For gPCR th$equence Detection SyBhem 2w 4d avlaas we
ported in Excel files and the | ogtp&an¥¥Bi wehang
met hod, according to the descriptioniseytheéevak
target to the reference mRNA HBooulGiéBi¥akhande
Schmitt gewes200In) bl ots were analysed with the E
guantificaeioaoneabhbr es®i on, |l maged or GellQuant \

nor mal iasteidn tlooadi ng controls using Excel 2010.

5.18ta28tistical analysis

For analysis , @G6famhRad fPciassmever sion 6.0 was US
comared with each apodnrea mettvendpa iwaesd per f or med, w
gruopps were compared to the mevary ANOWVAe amdnfTukek
Bonf edaronDumedtthoc test were pEFrerdorwede &ahsied
as not sMglhids pa@ltO@® were indicatpd. Wilt wi ame t av
asterpp®.kdB01 with tdamdcep<aG.t®F0lskwith four aster:i
t hat were peeffoemetdwasybANMOYAestl fwdas perfor med,
cances were depicted in the figurAd di twautahmvtenh acd dite:

shown in this sentey awse meamse N standard error
values that were obtained from at l east three
group.
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6. 1mpact of different culture conditions
At the Dbeginnitng tdfe tihnpagntojodc di fferences in ct
was investigated. Therefore, skin biopsies of 5.
into hiPSC by using a Sendai virus with pluripot
cultured(@®f i 9®dOas hypoxdiea)i neerd 26% n@r moxi a) and
banks were KBiegelrlsAl £€dil (ur e at nor moxia had no
mor phol ogy of cells but reveal ed oohmoxmas acamd It ua ker
hi PSC with 32% mosaic karyotypes (Fa gddriB®. c hr omo
I n mosaic karyotypes different karyotypes appear
hypoxulct ur edhdcwePdSCa snor mal karyotype and only 3
abnorimad .occof ekaereyotypeaabanormabulti efasdadiafgfeer enc
numbleat weendi timouwlse §Fd sguuirie .

For thei gatvieen of hi PBSICurciep d t gosr sogpsdsy dmeesa,s ur i ng

t he sstpaegcel fi ¢ embr VWSErEABBearti sgemyPpoki c hi PSC cul t
significantly higher pluri potFeingcuyrlec o parcesd |tud am
hypoxia is charact erhyypdxibay iimddladHtihbRima tod avit ghre
western bl ot analysis was performed in order to
Thi s resulted i n HY iRAdpratein i lewedsnin  hypoxickciltgréd ehiPSC
compared toeuhdomumexHidyilPl&€C). H

Since the | oss of pluripotency and increased mu
have been assseockeatedusiut b il et al . 2003he Kwon
cell skeaescence ofandorhmnapuwlxdi wr e d hi PSC was i NV e
Therefore, the activity -b-dalactosidase svasrassessed hyce mar k e
using i t s -Bproagddcuhclt8-mdbopyPigal act opyr agnaols)i.de T h(eX
hydrolysed end product produces a detectable bl
det ectigummnarndi cation by microscopy. Culture at
in significagtlysingreamedr-#dl t or & ¢(plyiikPlERC

To investigate whetmieght hlere siemescedd by paracrine

and normoxic medium was exchangediafet ot hk2 Iktudift
condition for another 24 h. This step was repeat
cultured hi PSC to nNor moxi c medi um iinduced enh:
wher eas rcour! nbouxr i ecd hi PSC that had -ppbeeadmhieapeded

medi um, reveal edgab deereasg.in X

60
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Figure 11: Generation and characterisation of human induced pluripotent stem cells (hiPSC)
cultured at hypoxia (5% O2) or normoxia (20% Q). A) Experimental setup. Fibroblasts from 52
unrelated probands were reprogrammed by a Sendai virus containing pluripotency factors and
subsequently incubated at 5% O: (hypoxia) or 20% O2 (normoxia). Between passage 18 and 30, a
master cell bank was generated and used for different approaches. B) Representative images of
hypoxic and normoxic cultured hiPSC. Scale bars are equal to 400 um. C) Karyotype analysis by
Giemsa banding (n = 52 for hypoxia and n = 28 for normoxia). D) Quantification as parts of whole
representing normal karyotypes (white) and abnormal karyotypes (grey) at hypoxic or normoxic
culture. E) Passage number of hiPSC. F) Stage-specific embryonic antigen 3 (SSEA3)
quantification as a marker for pluripotency. Paired t-test, #### = p<0.0001. G) Western blot for

Hl F1U -actindn=H7),andH)quanti fi cati on

of

Hls& d Utaeiie @ £33 r n

I) Area stained for the b-galactosidase (green bars represent culture with hypoxic medium).
Unpaired t-test, # = p<0.05. This figure was adopted from the manuscript Raabe et al. (in

preparation).
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To investigate underlying abnor mal iatlevessandr esul t i r
senescence +Hdcmul har mdxihé PSC coamplatr eded ohihB®,xi RNA
quencingf wasgknmaenrg t-hepr ¢ @gwl at ed ge NADHEe«lpydersesi ons,
genasad pBabkompHexk, NDIRMFAIWRs i dehit g ali2zéd)d. (Upon

hypoxidd ta®ms, NDUFA4 i ainduced) leadingttoefudthemindactionldf F 1

NDUFA4L2 which then inhibits the complex | of t
The incMNkR@BA4HMHI F1Avels in hypoxic culture con
normoxic culture condi ¢ &tlbinnse wieuwaen t v @ Radt @ @Re)e dP Chry

anal yBi g ulr@8) . Subsequentl vy, t he RNA sequencing r
assaytrfamrs peas a e s schb beqtAiTAC) sequencing to furthe
posttransl ational modi ficationatiofn MNIUFRAYRAXIiocc
normoxic conditions. Results from theul ATUAG ds equ
cells had a higher accessibility of the chromat
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Figure 12: RNA- and ATAC sequencing of hypoxic (5% O) and normoxic (20% O2)-cultured
hiPSC. A) Representation the 5 top significant up- (red) and downregulated (blue) genes in
hypoxic cells compared to normoxic-cultured cells. B) mRNA fold change of NDUFA4L2, NDUFA4
and HIF1A. C) Plots of the RNAseq and ATACseq for NDUFA4L2 (n = 3). For statistics, unpaired t-
test compared to hypoxic-cultured hiPSC was performed (# = p<0.05, ### = p<0.001). This figure
was adopted from the manuscript Raabe et al. (in preparation).

Since NDUFA4L2 has previously reported to be a g

(Bal sa et al . 2012; Tell o et al . 2011) , we perf
mitochondri al compl exomef aladey snat i VQuamand i icat &«
only a trend towards | ower band intensity in S1
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(Fi gur3e, ) B I nterestingly, i n dadrsthreads ti nt & hveh dti t he:
mitochondri al compl ex analysis revealed -NDUFA4I
piratory chain complex 1V, since NDUFA4L-2 was
pl eRxi g(ulr3e) . Mor eovempl exnonmeheancaol ysi s NDUFA4L4 we

in normoxic cekustbuouedi hi PBRLoxi c

A n1 n2 n3 B
8 8 8
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£ 5 &£ 5 & 5 & 60000 Hypoxia H
o z T z T z T I*]
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NDUFA4L2
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Figure 13: Analysis of the composition of the mitochondrial respiratory chain complexes in
hypoxic (5 %0;) and normoxic (20% O»)-cultured hiPSC by blue native (BN) PAGE. A) Image
of the BN PAGE (3-18%) for n = 3 pairs of hypoxic and normoxic samples. The band pattern
obtained from isolated bovine heart mitochondria (BHM) was used as a mass ladder. B)
Quantification of band intensities (AU; arbitrary units) of mitochondrial chain complexes. C)
Mitochondrial complex analysis with magnified representation of NDUFA4L2. This figure was
adopted from the manuscript Raabe et al. (in preparation).

The first chapter of tmhpactheéi #xygeasbing dati &b (

pluripotency during time in jcruelstudrtee.d 9inncien ccr
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kaotyype abnormalities and senescence, reduced pl

hi PSC were consequendulryy nggu letxipreed metht5% id t hi s t |

6. NRAP antibody devel opment and validati

6. 2Wéstern i mmunobl ot anal ysi s

Since there were no commerci al antibodies agai
beginning of thiai mhkesticgdevedWmp tamtyillwi t-h cr oss
react imiicdteydtisnaThe anti bodwawndWaproedsicgdedatiiieh t he h
company DawvichhsroBiogy i n Ger many.r arbhbenrte fboordey, wea sp o
produced -diany a msétdinan pl an wisahi dirdgtehei mpnemt i de
AKKAHELASDI KYR@DFaNKI ow t he detection of al | hur
peptide that 1is identical to the NRAP protein s
amino adgidd, 32vAa s c htolsfeingaatl Ab h eaorft ithhoedbyd m¢t it dh e
NRAP antibody was affinity puridsdcaeldutbiyon hceo rctoaripm
0. 2%ANX&a de. On day 35 and day 63, theenagmesera w
| i nknend nos oashsegiyt. | XA t er. Oea thagsBbet@whbSA: B00DOr
and on day 65 1:300000.

I nitially, the opti mal conditions of the anti boc«
investigated. fFer etshuicshomaci ttiypres of membrane and
as weblvhriasus @and drotdwesr e t e slthed ef or e, either ni
membranes in combination with blocking of unsp e
bovine seruBpalpouymvinnyl i(RIND)iné o maings and 10% mil |
Tr-baffered salin@B&)iwehr eTwenevne2sOt i gat ed N&RAPwel | a ¢
antibodytradnoears ranging from dilutions between

i mmunobl ot(Fiagn 24AY)s i s

On both membranes wit hdeéruimaendChiergoatt iBeaamsl, e NRAP ¢
be detected wup to antibody dilutions of 1: 2000
signals was higher on nitrocellul ose membranes
best s$singealdiotwy bta@ k gr o wrtvdass i entad dPtVeDdE me mbr ane s
and an antibody di luttbaesefcdndiOtOdo fMlshrewerfieot & g €
anaeésyswiitehnttihbody. Since the molecular weight for
close to the molecular weight @&MDAmhy chi c ame advfyt em
|l ead to cricessB peraduceda manttiiiedsd ceirens ,b | ot for NRAP |
waperformed. This reveal edabtovatdéthleenodiddCuband w
wei dlan dNPRAMF iugr k4B).
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A Nitrocellulose PVDF B
Anti-NRAP 250 kDa -
1:100 250 kba 1 150 kDa - ~y—
: BEF| e |44 4 - -
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Figure 14: Validation of anti-NRAP for western immunoblot applications in human heart
samples. A) Testing of 1:100-1:5000 dilutions of anti-NRAP on either nitrocellulose or PVDF mem-
branes. Heart samples from three different patients with dilated cardiomyopathy (DCM) were used.
For detection of total protein level, nitrocellulose membranes were stained with Ponceau Red and
PVDF membranes were stained with Coomassie blue. B) Immunoblot (IB) for myosin heavy chain
(MHC) or NRAP (1:500). Cardiac actin served as loading control and protein levels were stained
with coomassie. C) Anti-NRAP detection in three human heart samples each for non-failing, DCM,
hypertrophic cardiomyopathy (HCM) or ischemic cardiomyopathy (ICM) hearts. Mouse liver tissue
was used as a negative control and cardiac actin as loading control, and D) quantification of NRAP
protein levels normalised to actin.

I n order to invesMNRARt priot ednffievehsesoul d be
forms of caredsi oimyophéeéhhuman heawtent ai ovielsarer ni

sampl es fraarmimagn ( eF)p lhaenameids esr f r emDCMt | HICMs
andschemic carldClvayo patriyrmed.

The quantification of t h ese M FOA Pc aprrdoitaeci na clteivne | &

control, revealed no signi(FiugaedC, D Hoewveoece iduo
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to I'imitation of avail able human heart t

Sssue,

producedgi nthiacathemnenmir gasebienaNRAP protein | eve
sampl es woul dSbksayguadtuhdalbtyge .hi gh s e gwee naciemesdi miol ar

i nvestwihgathdae NRAP eaabddbodyonally detects NRAP
i sof ormse aisstihe reli ablosmspcedvicti es Wwkirduroda her
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Figure 15: Validation of anti-NRAP for western immunoblot applications in mouse and rat
heart samples. A) Testing of anti-NRAP (1:500), anti-Myosin Heavy Chain (MHC) and anti-
myosin-binding protein C (MyBP-C) on PVDF membranes for mouse heart samples derived from
WT- and Myosin binding protein C-Knock in (Mybpc3-KI) mice (n = 5). Skeletal mouse tissue was
used as a positive control for NRAP while mouse liver samples were used as negative control for
NRAP. Loading controls were performed using cardiac actin and membranes were subsequently
stained for coomassie. B) Anti-NRAP (1:500) and anti-MHC were tested on PVDF membranes in
heart samples derived from neonatal rat ventricular myocytes (NRVMs). Mouse liver was used as a
negative control, anti-cardiac actin as loading control and membranes were stained with coomassie
for total protein.
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For the mouse Wielad tWTmsemtifylbegpdcBo-ck MEUFPe sampl es
were usedMybpkKBhdevel ops a HCM pherctsihmesd and pi
t hat NRAP | evel sMyarp&I3i md t e a < @whipliaditwybpnet o(le. The

i ncrease in NRAPcolrevoeblbsoMy epe€ 8 mh@euse sampl es wh
additional band was detected at hadnot e bielear \
detected prior in (RugdalmbA)heAstaspmpi esve-contro
| emalk ctliessue was used while liver tissue was us
was a high reactivity f omutshttdiesasnu @ bioRIAYD Iwsdatsh t h
nodetedtin the | iver sampreacMoveéoyenf d her NRAP
MyBE coul dlbdedxwhileeactowi tyoswsth MHC was de:

n order to investihgeastdamphesanNRUYbMdywenerateat
rr 72 h whypbetheophpole rsytli edpiBaussnegr éd vi ous #Fesults
ated that this stimulation reskhilguwlr58).n Ther eas
orrect band of NRAP coul d be adehtee cetaerdl iweirt ht ihne
n addothieonet NRtAIPpn aoff ai nt asd dett et®O@dk DMor ec
rat hear't sampl es, MHsCa mrea ss i dzeet eacst eal faai ntth eb and
blotting with the NRAP anti body.

o O O

Taken toget hemadd hlreumamstMdMRAP anti body was succ
western i mmunobl ot analysis in kmwmarihvagdryt wtitds
and another wunidentified protein at approxi mat

ti ssue.

6. 21l Bimunofl uorescence

Further more, t he NRAP antibodyxewae ¢erpéedmedamt
i nvestigate NRAP |l ocalisation in cardiac myocyt
heart tissue from healthy probands, human expl

were used for the generation of c¢cryosections.

For ospattii noin , di fferent fixation methods were i
were fixed with either acetone, mettihoamso | o fo r t he
NRAP antibody rangindgifguodm 1T e K eos tl:slioghmal( anc
myofilaments from the heart sectionfiguaeéed be

A) while especially-l PFA bBd&stgiubGEH. ( Mhevamest app
priate intercalated disc signal for NRAP and m
sections that were fixed with acetone and st a
anti bFadgyllrg® . Thi s concentration revealed an appg

| ow background signal. Therefore, for heart se



Resul ts

i mmunofl uorescence stainings. For alls, f dlhleo wi
NRAP anti body was wused in 1:500 dilution.
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Figure 16: Validation of anti-NRAP for immunofluorescence in human heart sections from
dilated cardiomyopathy patients. Anti-NRAP was investigated in dilutions ranging from 1:50 to
1:1000 (red) concomitantly for staining Z-discs with -actinin (green), F-actin with phalloidin
(purple) and nuclei with DAPI (blue). Heart sections of patients with dilated cardiomyopathy (DCM)
were investigated for three different fixation methods. Sections were fixed with A) acetone, B)
methanol or C) 4% paraformaldehyde. For each fixation setup negative controls were performed
that were only incubated with the appropriate secondary antibodies. Scale bars are equal to 20 um.
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Moreover, theayNRARB amtvielsai gated in different h
hi PE€rived cardiac myocytes and EHTs as well a
such as mice and ratdgerTlveds tcairiimg oy olkeiyR G d
sed myofiltameat wistimuparal Uetetdniomice fthg fli7en of

A) . The | ocalisation of detected NRAP by the

entire cell similarly to NRAP di striicbuNRAM i n
| ocal i satciedn atbrgelriB) .( I nvestigation of differ
has no i mpact on NRAP s$Swup mli mme wti dlthy tfhieg ame i b o c

A hiPSC-derived cardiac myocytes

._.;,/

B EHT section

Figure 17: Validation of anti-NRAP in hiPSC and EHT samples by immunofluorescence. Cells
were fixed with 4% paraformaldehyde and stained for NRAP (1:500; red), Z-discs with -actinin
(green), F-actin with phalloidin (purple) and nuclei with DAPI (blue). Staining of A) human-induced
pluripotent stem cell (hiPSC)-derived cardiac myocytes, and B) human engineered heart tissues
(EHTSs). Scale bars are equal to 10 um for EHT sections and 20 um for hiPSC-derived cardiac
myocytes.
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Figure 18: Validation of anti-NRAP in WT- and Mybpc3-KI mouse heart sections by immuno-
fluorescence. Myosin-binding protein C (Mybpc3) -wildtype (WT) and -Knock-in (KI) 10 um thick
heart sections were fixed with acetone and stained for NRAP (1:500; red), Z-discs with -actinin
(green), F-actin with phalloidin (purple) and nuclei with DAPI (blue). The respective negative
controls have only been stained with sondary antibodies. Scale bar are equal to 20 um.
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Figure 19: Validation of anti-NRAP in neonatal rat ventricular cardiac myocytes for immuno-

fluorescence. Neonatal rat ventricular myocytes (NRVMs) were incubated for 48 h incubation

without (control) or with 10 uM of the pro-hypertrophic stimulus phenylephrine (PE), fixed with 4%

paraformaldehyde and stained for NRAP (1:500; red), Z-discs with -actinin (green), F-actin with

phalloidin (purple) and nuclei with DAPI (blue). Scale bar are equal 20 um.
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Figure 20: Gene editing approach for stable overexpression of NRAP in human-induced
pluripotent-derived cardiac myocytes. The gene editing approach was performed by the
CRISPR-Cas9 system. Therefore, the Cas9, the AAVS1-cTnT-NRAP/MYC-OE plasmid and a
specific gRNA, that targets the AAVS1 safe harbour locus on chromosome 19 of the human
genome, were used for nucleofection of human-induced pluripotent stem cells. The plasmid was
self-designed and produced by VectorBuilder. It contains a left and right homology arm that are
identical to those homology arms on the human genome allowing the stable integration mediated
by homology-directed repair (HDR). Moreover, the plasmid contains a puromycin resistance,
enabling the selection of successfully edited cells, a cardiac-specific troponin T (cTnT) promotor, a
Kozak sequence, the NRAP mRNA of NRAP isoform 1, that includes all NRAP exons, coupled to a
MYC-tag allowing to distinguish between endogenous and artificial NRAP. Moreover, that part of
the plasmid that is not integrated into the genome contains an ampicillin resistance for specific
amplification of the plasmid in Escherichia coli.
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Figure 21: Validation of the AAVS1-cTnT-NRAP/MYC plasmid for stable integration into the
human genome. A) Plasmid map with the respective restriction sites for BamHI (3735 bp, 2956
bp, 1791 bp, 1682 bp, 474 bp) and Bglll (4804 bp, 3248 bp, 2586 bp). B) Agarose gel after plasmid
restriction digest with BamHI and Bglll. C) Sanger sequencing for validation of the correct
sequence of the plasmid are indicated by red arrows.
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Figure 22: Puromycin selection of successfully nucleofected human-induced pluripotent
stem cells (hiPSC) with the AAVS1-cTnT-NRAP/MYC plasmid. Represented are either non-
nucleofected or cells 3 days post-nucleofected cells. Images show daily treatment of the puromycin
control and CRISPR cells with 0.5 pg/mL puromycin for 72 h or control cells that were not treated
with puromycin. Images were taken with the EVOS microscope and scale bars are equal to 1 mm.
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Figure 23: Validation of heterozygous and homozygous NRAP/MYC-overexpressing human-
induced pluripotent stem cell (hiPSC) clones. Different PCRs with Sanger sequencing were
performed to validate either the plasmid-genome overlapping parts (1 = 1323 bp, 4 = 572 bp) or
parts in the plasmid (2 = 201 and 1458 bp, 3 = 323 and 1164 bp). Additionally, long-range PCRs (5
= 7843 bp) from the left homology arm (HA-L) to the right homology arm (HA-R) were performed to
investigate the genotype of the A) heterozygous (het) NRAP/MYC-overexpressing (OE) or B)
homozygous (hom) NRAP/MYC-OE clone. The control hiPSC line served as a negative control (-)
and the plasmid as a positive control (+) in order to validate the successful setup of the long-range
PCR. Successful sequencings are represented as red arrows over the plasmid/genome map for the
appropriate clone.
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Figure 24: Quality controls for the heterozygous and homozygous NRAP/MYC-overexpress-
ing human-induced pluripotent stem cell (hiPSC) lines. For quality control, different charac-
teristics of the master cell bank were determined for A, B, C) the heterozygous (het) and D, E, F)
the homozygous (hom) NRAP/MY C-overexpressing hiPSC clone (NRAP/MYC-OE). A, D) Images
of the master cell bank were taken with the EVOS microscope to capture the morphology of hiPSC.
Scale bars are equal to 1 mm. B, E) Agarose gel representing the result of mycoplasma testing
with water as negative control and previously positive-revealed samples as positive control. C, F)
Stage-specific embryonic antigen 3 (SSEA3) measurements by flow cytometry to determine
pluripotency of hiPSC.
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Figure 25: Karyotype analysis of the heterozygous and homozygous NRAP/MYC-over-
expressing human-induced pluripotent stem cell (hiPSC) clones. For investigation of genetic
abnormalities, A, B) karyotypes were analysed to exclude alterations in the number of
chromosomes for the A) heterozygous and the B) homozygous NRAP/MYC-overexpressing
(NRAP/MYC-OE) hiPSC clone. This analysis was performed by Elisabeth Kramer and Niels
Pietsch.
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Figure 26: Validation of the top ten off-targets of the heterozygous and homozygous
NRAP/MYC-overexpressing human-induced pluripotent stem cell (hiPSC) lines. The top ten
predicted off-targets sites were identified by the CRISPOR website and investigated by A, B)
polymerase chain reaction and subsequent C, D) Sanger sequencing for the A, C) heterozygous
(het) and the B, D) homozygous (hom) NRAP/MY C-overexpressing hiPSC cell lines.
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Figure 27: Validation of the AAVS1-cTnT-NRAP/GFP plasmid for stable integration into the
human genome. A) Plasmid map with the respective restriction sites for BamHI (3735 bp, 2956
bp, 2369 bp, 1791 bp, 474 bp) and Bglll (5491 bp, 3248 bp, 2586 bp). The plasmid was self-
designed and produced by VectorBuilder. It contains a left and right homology arm that are
identical to those homology arms on the human genome allowing the stable integration mediated
by homology-directed repair (HDR). Moreover, the plasmid contains a puromycin resistance,
enabling the selection of successfully edited cells, a cardiac-specific troponin T (cTnT) promotor, a
Kozak sequence, the NRAP mRNA of NRAP isoform 1, that includes all NRAP exons, coupled to a
green fluorescent protein (GFP). Moreover, that part of the plasmid that is not integrated into the
genome contains an ampicillin resistance for specific amplification of the plasmid in Escherichia
coli. B) Agarose gel after plasmid restriction digest with BamHI and Bglll. C) Sanger sequencing for
validation of the correct GFP sequence of the plasmid is indicated by red arrows.
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Figure 28: Puromycin selection and validation of heterozygous and homozygous
NRAP/GFP-overexpressing human-induced pluripotent stem cell (hiPSC). A) Represented are
either non-nucleofected or 3 days post-nucleofected cells. Images show daily treatment of the
puromycin control and CRISPR cells with 0.5 pg/mL puromycin for 72 h. Control cells were not
treated with puromycin. Images were taken with the EVOS microscope and scale bars are equal to
1 mm. B) Different PCRs with Sanger sequencing were performed to validate either the plasmid-
genome overlapping parts (1 = 1323 bp, 4 = 1259 bp) or parts in the plasmid (2 = 201 and 1458 bp,
3 = 323 and 1164 bp). Additionally, long-range PCRs (5 = 8474 bp and 926 bp) from the left
homology arm (HA-L) to the right homology arm (HA-R) have been performed to investigate the
genotype of the heterozygous (het) and homozygous (hom) NRAP/GFP-overexpressing clone. The
control hiPSC line served as a negative control (neg) and the plasmid as a positive control (pos) in
order to validate the successful setup of the long-range PCR. Successful sequencings are
represented as red arrows over the plasmid/genome map for the appropriate clone.

























































































































































































































































































































































