From the Max Planck Institute of Biochemistry,
Department: Molecular Medicine

Director: Prof. Dr. Reinhard Fassler

Dissertation

zum Erwerb des Doctor of Philosophy (Ph.D.) an der
Medizinischen Fakultat der

Ludwig-Maximilians-Universitdt Minchen

The role of parvins in the cardiovascular system

submitted by

Sarah Scholze

from

Dresden, Germany

Munich, 2021




First supervisor: Prof. Dr. Dr. med Oliver Séhnlein
Second supervisor: Dr. Ralph Bottcher

Dean: Prof. Dr. med. dent. Reinhard Hickel

Date of oral defense: 19.01.2021







TABLE OF CONTENT

TABLE OF CONTENT
LIST OF ABBREVIATIONS
LIST OF FIGURES

LIST OF TABLES
SUMMARY

1 INTRODUCTION

1.1 The integrin family of adhesion receptors
1.1.1 Integrin activation and ligand binding
1.1.2 Integrin outside-in signaling and connection to the actin cytoskeleton
1.1.3 Integrin-dependent adhesion structures
1.1.4  Actin dynamics and Rho GTPase signaling
1.1.5 RhoA/ROCK/MLC2 signaling in contractile cells
1.1.6 Integrins in the cardiovascular system
1.1.6.1 Integrins in the myocardium

1.1.6.2 Integrins in the vasculature

1.2 The Parvins
1.2.1 The ILK-PINCH-parvin (IPP) complex

1.2.11 Role of the IPP complex and its members in cardiomyocytes

1.2.1.2 Role of the IPP complex and its members in vascular smooth muscle cells

1.2.2 Potential novel parvin interactors
1.2.2.1 Myosin phosphatase RhoA interacting protein (Mprip)
1.2.2.2 Deleted in liver cancer 1 (DLC-1)

1.3 The cardiovascular system
1.3.1 The wall of the heart and blood vessels
1.3.2  Cell types of the heart and blood vessels
1.3.2.1  The structural unit of the myocardium- the cardiomyocytes

1.3.2.2 The contractile cells of blood vessels- smooth muscle cells

1.4 Cell-cell communication within the heart and blood vessels

2 AIMS OF THE THESIS

Table of Content

Vil

Xl
Xl

[ERY

N U W=

10
12
15
15
15

17
19
21
22
23
23
24

26
27
28
30
37

41

43



3 MATERIALS AND METHODS

3.1 Animals

3.1.1 Breeding scheme

3.1.2 Tamoxifen-induced knockout of a-parvin

3.2 Common material

3.3 Antibodies

3.3.1 Primary antibodies

3.3.2 Secondary antibodies

34 Molecular biological methods

3.4.1 Plasmids

3.4.2  Primer and Oligonucleotides

3.4.3 DNAcloning

343.1
34.3.2
3433
3434
3435
34.3.6

Digestion of DNA with restriction enzymes
Agarose gel electrophoresis

Extraction of DNA from agarose gels
Dephosphorylation of plasmid DNA
Ligation of DNA fragments

Gibson assembly

3.4.4 CRISPR/Cas9 genome editing

3441
34.4.2
3443
3444
34.45

Identification of target sites

Approaches for sgRNA construction

Approaches for sgRNA delivery

Clonal isolation of MOVAS cells after CRISPR transfection

Identification of knockout cells

3.4.5 Bacteria culture

345.1
3.4.5.2
3453
3454

Strain, growth conditions, media
Transformation of chemically competent bacteria
Plasmid DNA preparation from bacterial cultures

Sequencing

3.4.6 lIsolation of genomic DNA from tissue

3.4.7 Polymerase chain reaction (PCR)

34.7.1
3.4.7.2

Mice genotyping

Preparative PCR

Table of Content

44
44
44
45

45

46
46
47

47
47
48
50
50
50
50
51
51
51
52
52
53
53
54
54
54
54
54
55
55
56
56
56
59



Table of Content

3.5 Cell culture material and techniques 59
3.5.1 Primary cardiomyocytes 59
3.5.1.1 Isolation and culture of primary neonatal mouse and rat cardiomyocytes 59
3.5.1.2 Isolation and culture of primary cardiomyocytes from adult mice 60
3.5.2  Vascular smooth muscle cells (MOVAS cell line) 62
3.5.2.1  Culture, freezing and thawing of MOVAS cell line 62
3.5.3 Viral transduction and transient transfection of cells 63
3.5.4 Immunofluorescence (IF) microscopy 63
3.5.5 ‘Plate and Wash’ adhesion assay 63
3.5.6 Cell spreading assay 64
3.5.7 Time-lapse phase contrast video microscopy of 2D random cell migration 64
3.5.8 Wound closure assay 64
3.6 Biochemical methods 65
3.6.1 Preparation of total protein lysates from adherent cells 65
3.6.2 Preparation of total protein lysates from mouse heart 65
3.6.3  Cell fractionation 66
3.6.4 Determination of protein concentration 66
3.6.5 Proximity-dependent biotinylation of proteins for MS analysis (BiolD2 and TurbolD) 67
3.6.6 Immunoprecipitation and Streptavidin pulldown 68
3.6.7 RhoA pulldown activation assay 68
3.6.8 One-dimensional SDS polyacrylamide gelelectrophoresis (SDS-PAGE) 69
3.6.9 Western blot analysis 69
3.7 Analysis of mRNA expression 70
3.7.1 RNA extraction 70
3.7.2 Reverse transcription of total RNA (cDNA synthesis) 70
3.7.3 Real-time quantitative PCR (qPCR) 71
3.8 Mass spectrometry driven functional proteomics 72
3.8.1 Sample preparation 72

3.8.1.1 In-gel digestion of proteins immunoprecipitated after GFP-IP or Streptavidin pulled down proteins
after proximity-dependent biotinylation using BiolD2 72
3.8.1.2 On-bead digestion of Streptavidin pulled down proteins after proximity-dependent biotinylation
using TurbolD 72
3.8.1.3 Desalting of peptides using SCX StageTips 72
3.8.1.4  Desalting of peptides using SDB-XC StageTips 73



Table of Content

3.8.15 Sample loading onto Cis columns and peptide separation 73
3.8.2  Data acquisition on the Q Exactive™ HF and timsTOF™ mass spectrometer 73
3.8.3 Data analysis 74

3.9 Recombinant protein expression and purification 75
3.9.1 Recombinant protein production in High Five insect cells 75
3.9.2 Recombinant protein purification 76

3.9.2.1 Cell disruption and preparation of cell lysate for purification 76

3.9.2.2 Strep-Tactin®XT purification of Twin-Strep-Mprip 76

3.10 Statistical analysis 77

4  RESULTS 78

4.1 In vitro subcellular localization of a- and B-parvin in contractile cells of the cardio-vascular system 78
4.1.1 Subcellular localization of a- and B-parvin in neonatal ventricular cardiomyocytes 78
4.1.2  Subcellular localization of a- and B-parvin in adult ventricular cardiomyocytes 84
4.1.3  Subcellular localization of a-parvin in MOVAS, a vascular smooth muscle cell line 87

4.2 Generation of a-parvin knockout cells 89
4.2.1 Invitro knockout of a-parvin in isolated NMVCs using AdenoCre 89
4.2.2 CRISPR-mediated knockout of a-parvin in MOVAS 90

4.3 Characterization of a-parvin deficient cardiomyocytes and MOVAS 95
4.3.1 Analysis of integrin-mediated processes in a-parvin deficient, mononucleated NMVCs 95

4.3.1.1  a-parvin deletion impairs cell spreading and induces sarcomere-containing protrusions in NMVCs

95

4.3.1.2 Loss of a-parvin effects the contractility of cardiomyocytes 100
4.3.2 Analysis of integrin-mediated processes in a-parvin knockout MOVAS 100
4.3.2.1  a-parvin depletion results in an early adhesion defect in MOVAS 100
4.3.2.2 a-parvin is important for cell spreading in MOVAS 102
43.2.3 a-parvin is required for collective cell migration in MOVAS 105
4.3.2.4  a-parvin deletion leads to increased contractility in MOVAS 108

4.4 Mass spectrometric analysis of the mouse cardiomyocyte whole proteome 110
4.5 Proteomic mass spectrometry screening analysis of the a- vs. B-parvin interactome 112
4.5.1 Identification of the a- and B-parvin interactome in isolated NRVCs using 114
4.5.1.1  Classical immunoprecipitation of GFP-fusion proteins 114
45.1.2 Proximity-dependent biotin identification using TurbolD 117
4.5.2 Identification of the a- and B-parvin interactome in MOVAS using 119



Table of Content

45.2.1 GFP immunoprecipitation 119
45.2.2 Proximity-dependent biotin identification (BiolD2) 121
45.2.3 Proximity-dependent biotin identification using TurbolD 123

4.5.3 Large numbers of nuclear proteins identified by mass spectrometry in contractile cells of the
cardiovascular system 125
4.5.4 Comparison of the used methods to identify the a- and B-parvin interactome in isolated NRVCs and
MOVAS with focus on RhoA/MLC2 signaling 126
4.5.5 Myosin phosphatase RhoA interacting protein as potential novel parvin interactor 130

4.5.6 DLC-1 as potential novel pan-parvin interactor identified by proximity-dependent biotin identification

using TurbolD 133
4.6 In vivo analysis of cardiac and vascular a-parvin 134
4.6.1 Inducible cardiac-specific deletion of a-parvin 134
4.6.2 Inducible deletion of a-parvin results in smooth muscle defects in the Gl tract 136
DISCUSSION 138

5.1 Tissue- and cell type-specific expression of a- and B-parvin 139
5.2 In vitro subcellular localization of a- and B-parvin 140
5.2.1  Subcellular localization of a- and B-parvin in isolated cardiomyocytes 141
5.2.2  Subcellular localization of a- and B-parvin in MOVAS 143
5.3 MOVAS-a vascular smooth muscle cell line 144
5.4 In vitro technologies to generate a-parvin knockout cells 144
5.4.1 Viral Cre-loxP system induced knockout of a-parvin in NMVCs and adult cardiomyocytes 144
5.4.2 CRISPR/Cas9-mediated knockout of a-parvin in MOVAS 145

5.4.3 Invitro depletion of a-parvin leads to an increase in B-parvin expression and a decrease in ILK and

PINCH protein levels 146
5.5 In vitro characterization of a-parvin deficient contractile cells 147
5.5.1 Loss of a-parvin in NMVCs impairs CM hypertrophy and induces protrusion formation 147
5.5.2 a-parvin is required for cardiomyocyte spreading in response to substrate compliance 149
5.5.3 a-parvin ablation effects cardiomyocyte contractility 150
5.5.4 a-parvin is important for cell-matrix adhesion and focal complex maturation in MOVAS 150
5.5.5 Hypercontractility associated spreading defects in a-parvin knockout MOVAS 152
5.5.6 a-parvin controls cell migration in MOVAS 153
5.5.7 Loss of a-parvin affects integrin-mediated processes in CMs and vSMCs in vitro 154



Table of Content

5.6 Mass spectrometry-based interactomics 157
5.6.1 Comparison of the two techniques used: GFP-IP versus proximity-dependent biotinylation 157
5.6.2 Identification of nuclear interactors 159
5.6.3 GFP immunoprecipitation revealed Mprip as potential parvin interactor 160
5.6.4 A potential parvin-DLC-1 interaction was identified by proximity-biotinylation using TurbolD 162

5.7 In vivo analysis of a-parvin function 163
5.7.1 Invivo deletion of cardiac a-parvin 163

5.7.2 Invivo deletion of a-parvin results in smooth muscle specific defects in the Gl tract but not the aortal66

SHORT SUMMARIES OF PUBLICATIONS 167
Paper I: LCP1 preferentially binds clasped aMB2 integrin and attenuates leukocyte adhesion under flow 167
Paper Il: Bridging length scales in sarcomere organization within native cardiomyocytes 168

REFERENCES 169

ACKNOWLEDGEMENT 194

AFFIDAVIT 195

CONFIRMATION OF CONGRUENCY 196

APPENDIX 197

VI



LIST OF ABBREVIATIONS
ANP Atrial natriuretic peptide
ATP Adenosine triphosphate
o-pv a-parvin
a-SMA a-smooth muscle actin
B-PIX PAK-interacting exchange factor-beta
B-pv B-parvin
Cas9 CRISPR-associated protein 9
Cdc42 Cell division cycle 42
CH Calponin homology domain
CdGAP Cdc42 GTPase-activating protein
CRISPR Clustered regularly interspaced short palindromic repeats
DAG Diacylglycerol
ddH,0 double-distilled water
DLC-1 Deleted in liver cancer 1
ECC Excitation-contraction coupling
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
ERK Extracellular signal-regulated kinase
FA Focal adhesion
FAK Focal adhesion kinase
FAT Focal adhesion targeting domain
FBS Fetal bovine serum
FN Fibronectin
GAP GTPase-activating protein
GDI Guanine nucleotide dissociation inhibitor
GEF Guanine nucleotide exchange factor
HEK293 Human embryonic kidney cells
HEPES 2-[4-(2-hydroxyethyl)-piperazin-1-yl]ethanesulfonic acid
Hic-5 Hydrogen peroxide inducible clone-5
IF Immunofluorescence
ILK Integrin-linked kinase
i.p. intraperitoneal
IP Immunoprecipitation
IPP ILK-PINCH-parvin complex
IP3 Inositol 1,4,5-triphosphate
LC-MS/MS Liquid chromatography-tandem mass spectrometry
LCP-1 Lymphocyte cytosolic protein 1
LIMK LIM (Lin11, Isl1, Mec3) kinase
MAPK Mitogen-activated protein kinases
MCM MerCreMer
MLC Myosin light chain
MLCK Myosin light chain kinase
MLCP Myosin light chain phosphatase
MOVAS Mouse vascular smooth muscle cells
Mprip Myosin phosphatase RhoA-interacting protein

List of Abbreviations

Vil



MYPT1
NPxY motif
NMVCs
NRVCs
o/n
PAK1

PBS

PCR

PD
PDGRF
PECAM-1
PH

PINCH
PIP2 (PtdIns-4,5-P,)
PIP3

PKC

PLC

Rac
RhoA
ROCK
RSU-1
RT

s.d.
SDS-PAGE
SMMHC
START
TESK1
TGF-B
TpnT
VEGFR2
vSMC
WASP
WH?2

List of Abbreviations

Myosin phosphatase target subunit 1
Asn-Pro-X-Tyr motif

Neonatal mouse ventricular cardiomyocytes
Neonatal rat ventricular cardiomyocytes
overnight

p21l-activated kinase

Phosphate buffered saline

Polymerase chain reaction

Pulldown

Platelet-derived growth factor receptor
Platelet endothelial cell adhesion molecule 1
Pleckstrin homology

Particularly interesting Cys-His-rich protein
Phosphatidylinositol-4,5-bisphosphate
Phosphatidylinositol-3,4,5-trisphosphate
Protein kinase C

Phospholipase C

Ras-related C3 botulinum toxin substrate 1
Ras homologous gene A

Rho-associated kinase

Ras suppressor protein 1

room temperature

Standard deviation

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Smooth muscle myosin heavy chain
Steroidogenic acute regulatory (StAR)-related lipid transfer
Testicular protein kinase 1
Transforming growth factor 8

Troponin-T

Vascular endothelial growth factor receptor 2
Vascular smooth muscle cells
Wiskott-Aldrich Syndrome Protein
WASP-homology 2 domain

Vil



List of Figures

LIST OF FIGURES

Fig. 1. Integrin architecture and diversity of iNtegrin SUDUNITS. .....c.ooiiiiiiiii e 2
Fig. 2. Models Of INTEEIN @CHIVATION. . ...ocviiii i ettt et 3
Fig. 3. INtegrin OULSIAE-IN SIZNAIINE.....c.o oottt ettt et et ae et e ene s 6
Fig. 4. Cell adhesion structures commonly found on 2D substrates and actin-based motility structures........c...c......... 9
Fig. 5. The RNOA GTPasE aCtiVAtiON CYCIE. ...iiiiiiiiieii ettt ettt ettt e ettt e et e ebeenaeeteenseenes 11
Fig. 6. Model for the RNOA/ROCK Signaling PatiWaY. .....cc.covioviieieeceeeeeeeeeeeeeeeee ettt 13

Fig. 7. Comparison of the (A) bipolar arrangement of myosin in cardiac and skeletal muscle and (B) the side-polar

arrangement of Myosin iN SMOOTN MUSCIE.....cc.iiiiiiii ettt ettt be et saeeneeeneens 14
Fig. 8. Schematic organization of the ILK-PINCH-parvin complex based on structural data..........ccccccooevveieviceiicien, 20
Fig. 9. Schematic representation of Mprip, with the PH and coiled-coiled domains..........ccccocveviiieeiiciiciceeee e 23

Fig. 10. Schematic representation of DLC-1 with the N-terminal SAM domain, RhoGAP domain and the C-terminal

START domain including KNoOwNn iNteracting Partners........cc.ooiiiiiieeee et 24
Fig. 11. (A) Anatomy of the heart and (B) VaSCUIGTUIE. ......c.ooiiiiieece e 26
Fig. 12. Schematic representation of the heart and blood vessel Wall. ... 28
Fig. 13. Cell morphology of (A) neonatal versus (B) adult cardiomyOCytes .......ccecevviviiiiiiiiciecieeeceeeee e 32
Fig. 14. Sarcomere structure and cellular localization of costameres in cardiomyoCytes .........ccccevveevieveeiieeeeeeen 34
Fig. 15. Sliding filament theory of MUSCIe CONTraCtION .. ..ottt 36

Fig. 16. Phenotypic switching by vascular smooth muscle cells and schematic representation of expression levels of

genes associates with the contractile PhENOTYPE. .....cc.vovi i 38
Fig. 17. Activation of smooth muscle cell CONTraCTION ......ooiiiiiice e 40
Fig. 18. Subcellular localization of endogenous a-parvin in isolated mouse ventricular cardiomyocytes. .................... 79
Fig. 19. Subcellular localization of endogenous IPP complex in isolated NRVCS. .....ccooieiiiiiiieieiiesiee e 82
Fig. 20. Subcellular localization of eGFP-a- and B-parvin in isolated neonatal rat CMS. ........ccoovviiiiviiiecieeeee e 83
Fig. 21. Subcellular localization of a- and B-parvin in isolated adult mouse cardiomyocytes. .......cccocvevveievieiecienne 85

Fig. 22. Subcellular localization of IPP complex members and B1 integrin in isolated adult mouse cardiomyocytes on

LRI <tttk E e E et e Rkt E et R e h ek Rt h ettt ettt 86
Fig. 23. a-parvin localization in primary VSMCs and MOVAS. .........ooiiieee e 88
Fig. 24. In vitro knockout of a-parvin in isolated NMVCs after adenoviral Cre eXpression. .......ccoceeveieeieneeieeienneenns 90
Fig. 25. In vitro knockout of a-parvin in isolated vSMCs from two mice after adenoviral Cre expression..................... 91
Fig. 26. Generation of CRISPR/Cas9-mediated knockout of a-parvin in MOVAS. ........c.ccceeieeeeeeeeeeeeeeeeeeeeeeeeee 93
Fig. 27. Depletion of a-parvin results in reduced ILK and PINCH [€VEIS. ........ccooviiiiiiiiiiiie et 94
Fig. 28. a-parvin expression is important for spreading and hypertrophic growth of NMVCs. ........cccoviiiiiiiiiien. 97
Fig. 29. Substrate stiffness influences NMVC SPreading. ......cc.ooviouiiee it 99
Fig. 30. a-parvin deletion effects spontaneous contractions Of NIMVCS. .......cciiiiiiiiiiiieiiee s 100



List of Figures

Fig. 31. MOVAS require a-parvin for strong cell adhesion to the ECM protein fibronectin during early spreading... 101

Fig. 32. Spreading of a-parvin deficient MOVAS. ........c.oo e e 102
Fig. 33. Spreading of a-parvin deficient MOVAS. ........c.oo oo 103
Fig. 34. Spreading of a-parvin deficient MOVAS. ... ..ottt ettt et e teebe s e eaeeaeeneas 104
Fig. 35. Quantification of cell Spreading DENAVION. .....co.i ittt 105
Fig. 36. a-parvin is required for directional cell MIgratioNn............ccvooioiiiieee e 106
Fig. 37. Re-expressing tagless a- or B-parvin rescues the migration defects.........ocovvvieiiiiiiiiieccee e 108
Fig. 38. Absence of a-parvin results in elevated RhoA activity after 45 min of spreading on fibronectin. .................. 109
Fig. 39. Whole proteome analysis of isolated NMVCs and adult CMS. .......c..oouiiiioiiiieiicceeee e 111

Fig. 40. Schematic representation and validation of the three approaches used to search for novel a- and/or B-parvin

INEEIACTOTS. .ttt ettt etttk et et h et h ekttt e et ekt e bt e ekttt e ekttt e bbb ettt et nnen 113
Fig. 41. GFP immunoprecipitation from isolated and transduced NRVCS..........ccoiiiiiiiiniieie et 115
Fig. 42. Streptavidin pulldown of biotinylated proteins from isolated NRVCs using TurbolID. .......c..ccccevvevvriieenienennn. 118
Fig. 43. GFP immunoprecipitation from wild-type MOVAS CeIIS. ....ccuiiiiiiiiieii et 120
Fig. 44. Streptavidin pulldown of biotinylated proteins from wild-type MOVAS cells. .......ccooiieiiiiiiieiee e, 122
Fig. 45. Streptavidin pulldown of biotinylated proteins from a-parvin KO #3 MOVAS using TurbolD. ...........cccocv..... 124

Fig. 46. Interactome analysis of immunoprecipitated a-parvin in (A) MOVAS and (B) NRVCs revealed a large number

of nuclear proteins (green) as PoteNtial INTEIrACTOIS. ...c.iiuiiiiiiieiciecieeteete ettt 125
Fig. 47. Comparison of the identified proteins in GFP-IP, BiolD2 and TurbolID. ........c.ccveviioiiiiicice e 127
Fig. 48. Comparison of the identified proteins in NRVCs and MOVAS using GFP-IP or TurbolD. .........ccccooveveeiienrnnn. 129
Fig. 49. Mprip as potential molecular linker between a-parvin and the RhoA signaling pathway. ........ccccoeeeiininn. 131
Fig. 50. a-parvin regulates MPrip FUNCTION. ...ttt ettt et teebe st e eteeaeeneas 133
Fig. 51. DLC-1 might be a novel pan-parvin iNtEraCtor. ... ...ooiiiiiiecee e 133
Fig. 52. Deletion of cardiac a-parvin results in rapid Mouse death..........ccociiiiiiiiie e 135

Fig. 53. a-pv(fl/fl) SMMHC-CreERT2 mice succumb from intestinal defects after tamoxifen-induced a-parvin deletion.



List of Tables

LIST OF TABLES

Table 1. List of primary antibodies used in this theSIS........cciciiiiiiiiicece et 46
Table 2. List of secondary antibodies used in this WOIK. ...........ccooiuiiiiiiie e 47
Table 3. List of plasmids received from others and used in My thesis. .......c.coovoiiiiiiiice e 47
Table 4. List of primers used for genotyping, cloning, sequencing, RT-qgPCR and CRISPR/Cas9-mediated knockout. .. 48
Table 5. DNA digESTION PrOTOCOL. . ..iiviitiiticiiitictiete ettt ettt ettt ettt ettt e et e et e et e e beebe et e e be b e ebeebeebeebeebeebesbeebesbesreabesreas 50
Table 6. General pipetting scheme for DNA dephosphorylation.........c..ooiiveoiioi i 51
Table 7. General pipetting scheme for DNA TISatiON. ......coiiiiiiiiiececeeteee ettt eb e ebe et ebe v 51
Table 8. Gibson AsSEMDIY rEACTION SEE-UD. ...icuiiiiiiiiiictiitictecteete ettt ettt ettt ev ettt et e et e et e b e et e ebeebeebeebeebesbesbesbeebesaeas 52
Table 9. Lysis buffer components for GENOLYPING. ....co.voovi i et 56
Table 10. a- and B-parvin GENOTYPING SET-UD...ciiui ittt ettt ettt ettt ettt et e ae e 56
Table 11. PCR protocol for - and B-ParViN. ..ottt ettt ettt ettt et b et e ebeebe et e e beebesbesbesbeebeareas 57
Table 12. a-MHC-MerCreMer eNOtYPING SEE-UD. .ouiiiioriiee ettt ettt ettt ettt ettt ettt et eae e 57
Table 13. PCR protocol for a-MHC-MerCreMer (reaction A and B). ......cc.oovioiioeiiieceeeee e 57
Table 14. SMMHC-CreER™ GeNOTYPING SET-UP. ...voveveveeeeeeeeeeeeeeeeeeeeeee e 58
Table 15. PCR protocol for SMMHC-CIEERT. ...ttt 58
Table 16. Genotyping PCR products for a- and B-parvin, a-MHC-MerCreMer and SMMHC-CreER™.........ccocoovvvevennee. 58
Table 17. Reaction mix used for preparative PCR. .......cici ittt ettt ettt v e bt e et e beeaesbesbeebeeae v 59
Table 18. Cardiomyocyte Medium COMPOSITION. ....cuiiviiiiitiiticteeteete ettt ettt ettt ettt st e beebeebeebeebeebeebeebeebesbesbesreebeerea 60
Table 19. Compositions of buffers needed for the isolation of adult CMS. .......c.oooviiiiiiiiicee e 61
Table 20. Composition of Trypsin-EDTA solution and MOVAS complete medium..........cccooveeieiieieeeeeeceeeeee e 62
Table 21. Components Of the SDS-PAGE ZE1.....c.ociiiiiieiiceicieceeeeeee ettt ettt b et b e bt eebeebesbeebesbesbe v 69
Table 22. Composition of cDNA reaction mix and used PCR ProtoCol. ......cccioviiviiiiiiiiiciicicee et 70
TabIE 23. GPCR FEACHION MIX. .ocviiitiiie ettt ettt ettt e et e e et et e e e e ae et e e s e eae e e et e eae e e e e eae e 71
Table 24. Protocol for quantitative real-time PCR........cioi ittt ettt ettt et eve et sbeereebeaae s 71

X



Summary

SUMMARY

Cell adhesion is a fundamental feature of multicellular organisms that allows cells to attach to each other
or to the extracellular matrix (ECM) to form functional tissues and organs. One important class of cell
adhesion molecules are integrins, a/f heterodimeric transmembrane receptors that lack intrinsic
enzymatic activity and actin binding sites. As a result, these receptors rely on the recruitment of adaptor
and signaling molecules to their cytoplasmic tails to connect to the actin cytoskeleton and to transmit
signals bidirectional across the membrane. Thus, the recruited cytoplasmic tail interactors are important
for the ability of the integrin receptors to regulate various cellular functions, including cell spreading,
migration, proliferation, differentiation and survival. Among the recruited adaptor molecules that link the
integrins to the actin cytoskeleton, are members of the parvin family.

Parvins are a family of three (a-, B- and y-parvin) actin-binding focal adhesion (FA) proteins that consist of
two in tandem calponin homology (CH) domains. Each member of the protein family forms a complex
together with integrin-linked (pseudo-)kinase (ILK) and particularly interesting new cysteine-histidine
protein (PINCH) termed ILK-PINCH-parvin (IPP) complex which is critically involved in integrin-dependent
signaling. As such, the IPP complex is a key regulator in vascular development and in vivo deletion of ILK,
PINCH or a-parvin results in embryonic lethality as consequence of multiple cardiovascular defects
(e.g. hemorrhages, edema, aneurysm). Yet, a detailed analysis of the cardiac defects upon a-parvin deletion
in vitro and in vivo in neonatal and adult mice is lacking. Cells depleted in one of the IPP complex members
exhibit adhesion, spreading and migration defects due to defective integrin signaling. Among other defects,
these cells are hypercontractile, accompanied by increased RhoA/ROCK/MLC2 signaling. However, it is
unknown how the IPP complex, in particular a-parvin, regulates RhoA activity. The first aim of my thesis
was therefore to investigate the molecular function of a-parvin in isolated neonatal mouse ventricular
cardiomyocytes (NMVCs) and vascular smooth muscle cells (vSMCs) in vitro, the contractile cells in the
heart and blood vessels, respectively. While a-parvin is ubiquitously expressed, except in hematopoietic
cells, the expression of its family member B-parvin is enriched in the heart and skeletal muscle. However,
whether B-parvin can compensate the loss of a-parvin in neonatal and adult cardiomyocytes is not known.
Another aim of my thesis was therefore, to investigate the functional divergence and potential
compensatory behavior between the two parvin isoforms in vitro and in vivo.

To achieve these goals, | first analyzed the subcellular localization of a- and B-parvin in isolated neonatal
and adult cardiomyocytes and in vSMCs. In cardiomyocytes, a- and B-parvin localized to costameres and
Z-discs; costameres being the main attachment sites which resemble ‘focal adhesion’-like matrix

attachment sites. Furthermore, the localization of both parvin isoforms to focal adhesions in vSMCs could
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be confirmed. Second, | generated and investigated the loss of a-parvin in isolated a-parvin knockout
NMVCs and in CRISPR a-parvin knockout MOVAS, a vSM cell line. Deletion of a-parvin in NMVCs resulted
in a severe spreading defect on stiff and compliant substrates which was not further enhanced by
simultaneous deletion of B-parvin. NMVCs lost the ability to undergo hypertrophic growth and to
spontaneously contract upon a-parvin deletion. Additionally, | also investigated the function of a-parvin in
adult mice in vivo. Surprisingly, Cre deleted mice died very rapidly (within 3-5 days) after tamoxifen
induction. However, due to the lethality of control animals, further investigations are necessary to confirm
this phenotype. a-parvin deletion in MOVAS cells resulted in early adhesion, spreading and migratory
defects which were linked to elevated levels of active GTP-RhoA and phospho-Myosin light chain 2 (pMLC2)
indicating an hypercontractile phenotype. Furthermore, conditional deletion of a-parvin specifically from
smooth muscle cells in adult mice induced severe intestinal defects with an enlarged stomach, ileum and
cecum within 9 weeks.

To identify novel a- or B-parvin-specific interactors, | determined the parvin interactome in cardiomyocytes
and smooth muscle cells using two complementary approaches, GFP immunoprecipitation and proximity-
dependent biotin identification assays, with subsequent mass spectrometry analysis. A potentially
interesting interactor, Myosin phosphatase RhoA interacting protein (Mprip) was further investigated.
Although the loss of a-parvin in MOVAS did not lead to altered Mprip expression levels or its mislocalization,
Mprip function was impaired in the absence of a-parvin.

In summary, this study shows that a-parvin is an essential component of the integrin-mediated signaling
network in contractile cells of the cardiovascular system in vitro and in vivo in mice, to regulate cell
morphology, adhesion, spreading and migration. On a molecular level, the loss of a-parvin can be linked to
a misregulation of RhoA activity and two possible pathways connecting a-parvin with RhoA have been
identified. Further investigations will be necessary to fully characterize these pathways.

In addition to my main thesis project, | was involved in two other studies. Cytosolic integrin interactors
regulate integrin signaling but also integrin activation on the cell surface. While most studies focus on
integrin activators, talin and kindlin, integrin inactivators that prevent unwanted integrin activation are less
studied. Hui-yuan Tseng, a PhD student under the supervision of Prof. Dr. Reinhard Fassler, took the task
to identify conformation-specific aMB2 integrin interactors using an unbiased proteomics approach
(paper 1). He incorporated recombinant integrin domains into bicelles and identified lymphocyte cytosolic
protein 1 (LCP1) as interactor of associated, inactive aMB2 integrin. | was involved in the subsequent cell

biological analysis in which we were able to show that the knockdown of LCP1 in macrophage cells and in
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differentiated neutrophils results in increased aM@2 integrin surface levels and enhanced cell adhesion in
non-activated macrophages.

In the second paper together with the department of Prof. PhD Petra Schwille and Prof. Wolfgang
Baumeister, we analyzed the structural architecture of sarcomeres during cardiomyocyte contraction.
Although the overall mechanism of muscle contraction is widely known (sliding filament theory), it
remained elusive how the sarcomeres produce contractile forces on the structural level. We therefore used
in situ cryo-electron tomography to analyze sarcomere contraction in frozen-hydrated neonatal rat
ventricular cardiomyocytes (paper Il). The quantitative analysis revealed that myosin filaments organize in
a hexagonal lattice with actin filaments located at trigonal positions already at the neonatal state.
Furthermore, we resolved the de novo structure of F-actin in complex with tropomyosin at 20.7 A resolution

and analyzed the polarity of thin filaments within the sarcomere.
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1 INTRODUCTION

1.1 The integrin family of adhesion receptors

In all tissues, cells are surrounded by a three-dimensional (3D) non-cellular crosslinked network of
macromolecules, proteoglycans and fibrous proteins, that form the extracellular matrix (ECM). The ECM
fulfills both structural and signaling roles, by providing physical support to the cells and through the
initiation of important biochemical and biomechanical cues crucial for tissue morphogenesis,
differentiation and homeostasis. [1] Cell adhesion is a fundamental feature of a cell to attach to each other
into functional tissues and organs or to attach a cell to the ECM, thereby allowing the transfer of cellular
and extracellular environment information. The formation of adhesion structures and their dynamic
regulation are indispensable for cell migration, proliferation, differentiation, survival and tissue
organization, as well as for wound healing and tumorigenesis. As a result, they play a central role in
embryogenesis, remodeling and homeostasis of tissues and organs. [2-4] Cell-cell or cell-ECM attachment
is mediated by transmembrane receptors, of which the integrins constitute a major group. [5] Integrins are
non-covalently associated heterodimeric transmembrane receptors composed of a and B subunits that
mediate the bidirectional communication. [6, 7] Each subunit consists of a large amino-terminal
(N-terminal) extracellular domain (ectodomain), a single membrane-spanning domain and a short carboxy-
terminal (C-terminal) cytoplasmic tail (except B4 integrin) (Fig. 1A). [8] Vertebrates express 18 a- and
8 PB-subunits, which assemble in 24 heterodimeric integrin receptors with distinct ligand-binding
specificities and signaling properties (Fig. 1B). [9] Furthermore, numerous splice variant isoforms of
individual a and B subunits exist which can be differentially expressed or modified throughout the

development of an organism. [7]
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Fig. 1. Integrin architecture and diversity of integrin subunits. (A) Domain organization of the a and B polypeptide
chains. CDs, cytoplasmic domains; TMDs, transmembrane domains; PSI, plexin-semaphorin-integrin. Adapted from
Luo et al. [10] (B) Classification of integrin heterodimers based upon their classical binding profile. Adapted from
LaFoya et al. [11]

The main function of integrins is to establish a link between the ECM and the actin cytoskeleton, thereby
providing mechanical support to the cell. [12] The extracellular domain of integrins binds to ECM proteins
(ligands) such as collagens and fibronectin or counter receptors on adjacent cells while the cytoplasmic tail
interacts with adaptor proteins to create the linkage between the integrin receptor and the cytoskeleton.
Apart from the mechanical support, integrins also transmit signals bidirectional between the ECM and the
cytoplasm to control a wide range of cellular events such as cell adhesion, migration, proliferation,
differentiation and apoptosis. [5, 13-17]

Integrin function can be regulated at different levels, such as cell type-specific expression of integrin
heterodimers and the regulation of their cell surface levels. Most notably however, integrin function is
controlled through the regulation of the ligand-binding affinity, involving huge conformational changes

within the receptor. [10]
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1.1.1 Integrin activation and ligand binding

Integrins are expressed in an inactive state on the cell surface, with a low affinity towards their ligands and
being unable to transmit signals. [18] It is commonly accepted in the field that integrins adapt distinct
conformations with different ligand-binding affinities: a bent-closed low affinity, an extended-closed
intermediate affinity and an extended-open high affinity state. [10] ‘Integrin activation’ is defined as the
shift from the low affinity bent-closed conformation to the high affinity extended-open conformation
through the mechanism of either ‘inside-out’ or ‘outside-in” activation (Fig. 2). [19]

According to the conventional model, integrin activation occurs through the mechanism of ‘inside-out’
activation (Fig. 2A). [19] Integrins in the bent-closed confirmation have the transmembrane domains of the
a and B subunits closely associated and their cytoplasmic tails clasped. Activation of integrins by agonists
lead to the binding of integrin activation proteins, talin and kindlins, to the cytoplasmic B integrin tail and
changes the tilt angle of the B integrin transmembrane domain, resulting in the separation of the
o/B transmembrane and cytoplasmic domains. This separation causes the extension and opening of the

ectodomain, allowing ligand binding. [19, 20]

B
bent-closed: extended-closed: extended-open: bent-closed extended-closed extended-open
inactive integrin inactive integrin active integrin 99.75% 0.1% 0.15%
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Fig. 2. Models of integrin activation. (A) Conventional model of integrin ‘inside-out’ activation. Talin recruitment to the
B integrin cytoplasmic tail disrupts the association of a and B integrin transmembrane domains, leading to a
reorientation of the transmembrane tilt, extension of the ectodomain and opening of the integrin ligand-binding
pocket. (B) New model of integrin ‘outside-in” activation. According to thermodynamic measurements, integrins favor
and adapt the stable bent-closed conformation (indicated by the bold arrow bar). However, due to the existing
thermodynamic equilibrium, integrins can fluctuate to the extended-closed and -open conformations. Adapted from
Sun et al. [19]
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In a recent model it was proposed that integrin activation happens through the mechanism of ‘outside-in’
activation which is induced by an ECM ligand or counter receptor expressed on another cell (Fig. 2B). [19]
According to Springer and colleagues who measured the free energy required to obtain the distinct
conformations and ligand-binding affinities of a5f1 and a4p1 integrins, the thermodynamic equilibrium
plays an important role. [18, 21, 22] The bent-closed conformation has the lowest free energy and is
therefore the energetic favored integrin conformation, with 99.75% of surface integrins staying in the bent-
closed state. [21, 23] However, due to the thermodynamic equilibrium, integrins also adapt the extended-
closed and -open conformations. Once integrins are in the extended-open state binding of talin and kindlins
to the B integrin cytoplasmic tail stabilizes integrins in the extended-open conformation through engaging
with the force-generating actin cytoskeleton and the transduction of small mechanical forces. [23] This
shifts the thermodynamic equilibrium of the distinct integrin conformations in favor of the extended-open
state. [19]

Integrin activation must be tightly controlled by integrin activators but also integrin inactivating proteins.
Indeed, spontaneous integrin activation in resting cells was shown to have pathological consequences such
as thrombosis or tumor metastasis. Furthermore, during cell migration a tight control of the active and
inactive state of integrins is important. [24] On the basis of the existing data, integrin activation can be
prevented or reduced by at least three mechanisms: (i) preferential binding of adaptor molecules to the
clasped integrin, thereby holding the integrin in its inactive state, (ii) competitional binding of adaptor
proteins with talin and kindlin or (iii) altering the integrin trafficking, thereby reducing the integrin surface
levels. [25] Among the identified integrin inactivators, filamin competes with talin for § integrin tail binding
whereas SHANK-associated RH domain-interacting protein (SHARPIN) was shown to bind to the a integrin
tails, stabilizing integrins in their bent-closed conformation. [26-28] Additionally, we have previously shown
that LCP1, a member of the plastin family of actin-bundling proteins, is part of a ternary complex with
aM2 integrin and maintains it in its low affinity conformation (paper 1). [29]

After their activation, integrins bind to ligands and establish a link between the ECM and the cell. However,
the adhesion force of one integrin alone is too weak for a cell to firmly attach to the matrix. Therefore, the
lateral association of integrins synergistically combines numerous weak links to the ECM, a process termed
‘integrin clustering’. Upon clustering, integrins recruit hundreds of adaptor and signaling molecules to their
cytoplasmic tails to assemble a dynamic macromolecular network of proteins that is collectively known as
the ‘integrin adhesome’. [30] The three-dimensional structure of the integrin adhesome was analyzed by
super-resolution fluorescence microscopy and a three-layered structure was described. [31] Vertically, the

cytoplasmic tails of integrins, the focal adhesion kinase (FAK) and paxillin belong to the membrane-apposed
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integrin signaling layer which is followed by an intermediate force-transduction layer containing talin and
vinculin. Zyxin and a-actinin belong to the uppermost actin-regulatory layer. [31] As the short cytoplasmic
integrin tails lack intrinsic catalytic activity and actin binding domains, they depend on their cytosolic

interactors to transmit signals from the outside across the plasma membrane. [32]

1.1.2 Integrin outside-in signaling and connection to the actin cytoskeleton

Integrin outside-in signaling initiates downstream signaling events that can be grouped into three temporal
stages (Fig. 3): (i) immediate (<10 min), (ii) short-term (10-60 min) and (iii) long-term effects (>60 min). [33]
Rapid phosphorylation of substrates and the upregulation of lipid kinase activity that results in increased
phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P,, PIP2) and PtdIns-3,4,5-Ps (PIP3) concentrations are
immediate intracellular effects of integrin activation. [33] Most noticeable are phosphorylation events by
FAK and Src kinases. Autophosphorylation of FAK at Tyr397 occurs in response to integrin-ECM adhesion
and allows the interaction with Src family kinases via their SH2 domain, thereby stabilizing the active
conformation of Src. Phosphorylation of Src Tyr416 and subsequent tyrosine phosphorylations on FAK fully
activate the two kinases. [34] The activated FAK/Src complex phosphorylates early focal adhesion proteins
including paxillin and p130Cas, thereby generating versatile signaling platforms. [33]

Within a few minutes, the enhanced tyrosine phosphorylation and the increased concentration of lipid
second messengers lead to the activation of several signaling pathways including the rat sarcoma
(Ras)/rapidly accelerated fibrosarcoma (Raf)/extracellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK) cascade, or c-Jun N-terminal kinase (JNK) and Akt signaling. Furthermore, the
activation of Ras homolog (Rho) family GTPases and other actin regulatory proteins that are involved in
actin cytoskeletal reorganization also belong to the short-term effects. [33]

One key role of the integrin outside-in signaling is the establishment and regulation of the connection
between the cytoplasmic domain of integrins and the cellular actin cytoskeleton. As integrins lack actin
binding sites, this link is mediated by their binding partners, which belong to one of the four classes:
(1) integrin interactors that directly bind the actin cytoskeleton and function as structural adapters
(e.g. talin, filamin, a-actinin,); (2) integrin-bound proteins that function as scaffolds for actin-binding
proteins, thereby being indirectly involved in the association with the actin cytoskeleton (e.g. paxillin, ILK,
and FAK); (3) non-integrin-associated actin-binding proteins like parvin or vinculin and (4) adaptor and
signaling molecules that regulate integrin signal transduction but do not interact with integrins or the actin

cytoskeleton themselves. [35]
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Fig. 3. Integrin outside-in signaling. Integrin activation stimulates downstream signaling events that can be divided into
three temporal stages: immediate, short-term and long-term effects. Adapted from Legate et al. [33]

Upon ECM binding and integrin clustering, talin is recruited to the B integrin tail to establish the initial link
to the actin cytoskeleton. [36] Talin binds and activates the PIP2-producing enzyme type ly
phosphatidylinositol 4-phosphate 5-kinase (PIPKly) in an integrin and growth factor signaling-dependent
fashion, leading to an enhanced PIP2-mediated talin activation at the plasma membrane. [37, 38] The
importance of talin binding was shown in an in vivo study reporting that mice lacking talin-1 die during
gastrulation due to defects in cytoskeletal organization and cell migration. Furthermore, talin depletion
from mouse skeletal muscle impaired muscle development in vivo. [39-41] After talin binding to the
B integrin cytoplasmic domain, vinculin is quickly recruited to the talin rod domain upon mechanical
stretching or PIP2-induced exposure of cryptic binding sites, to reinforce the linkage to the actin
cytoskeleton. [42] In the absence of PIP2, vinculin can also be recruited to the integrin adhesion sites by
directly binding paxillin. [43] Upon actin binding, vinculin recruits the Arp2/3 complex and induces actin
polymerization. [44] Furthermore, a-actinin is recruited to FAs in a force-dependent manner by either

vinculin, talin or direct B integrin interaction and serves as actin crosslinker. [45] Moreover, several other
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proteins interact with a-actinin such as zyxin, vinculin, and ERK1/2, showing that a-actinin also exhibits an
important role as scaffold within integrin-dependent adhesion sites. [46] The interaction of a-actinin to the
actin filaments is highly regulated; while PIP2 binding increases the interaction, FAK-mediated
phosphorylation of a-actinin reduces its actin binding affinity. [46] Another focal adhesion protein that
binds to the B integrin cytoplasmic domain is the scaffolding protein integrin-linked (pseudo-)kinase (ILK).
[47] Together with PINCH and parvin, which both harbor a Wiskott-Aldrich syndrome protein (WASP)-
homology 2 (WH2) domain, it constitutes the ILK-PINCH-parvin (IPP) complex and establishes a link to the
actin cytoskeleton. [16] ILK as well as parvins directly interact with paxillin and the integrin-actin
cytoskeletal connection can also be mediate via this linkage. [48-50]

Following the upregulation of several integrin-dependent signaling pathways eventually leads to alterations
in the genetic program that controls cell proliferation, differentiation and survival (long-term
consequences). [33]

In addition, integrin-mediated signaling is also regulated by the cross-talk of integrins with several growth
factor receptors (e.g. EGFR, VEGFR2, PDGFR), which intersects at multiple levels and results in the
differential regulation of downstream effectors. [51-55] An excellent example of the interactive growth
factor and integrin signaling is the Ras/ERK/MAPK pathway downstream of the FAK/Src complex. The
phosphorylation of ERK2 leads to myosin light chain kinase (MLCK)-dependent changes in FA dynamics, as
well as cyclin D1 and PI-3-kinase activity-dependent regulation of cell proliferation, cell cycle progression,
and cell survival. [56, 57] In addition, p21-activated kinase 1 (PAK1) is activated by the FAK/Src complex,
leading to the phosphorylation of MEK1 on Ser298. [58]

Overall, the connection between integrins and the actin cytoskeleton is established and regulated on
multiple levels and the individual actin-binding components within integrin-mediated adhesions are highly
interconnected. Furthermore, integrin activation initiates the formation of numerous phosphoprotein
complexes that regulate the actin cytoskeleton, in particular through the activation of Rho GTPases (see

1.1.4).

1.1.3 Integrin-dependent adhesion structures

Integrin-dependent adhesion structures localize in distinct areas of the cells, differing between cell types
and can be classified by their morphology, molecular composition and dynamics. [3, 4] Cells grown in a 3D
environment develop a variety of 3D adhesion structures which represent an in vivo composite of focal
(a-actinin, phosphorylated paxillin-rich) and fibrillar (a581 integrin-rich) adhesion components. [4, 59]

However, the full diversity of in vivo adhesion structures and their functions still remain to be characterized.
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The central focus of various studies are in vitro adhesion structures in cells grown on rigid 2D surfaces.
Here, a number of integrin-dependent adhesion structures have been defined: nascent adhesions, focal
complexes, focal and fibrillar adhesions, as well as podosomes, reticular adhesions and costameres.
Comparable adhesive structures were also observed in vivo such as apical plaques and focal adhesions in
endothelial cells in guinea pig aorta or paxillin-positive dense plaques in chicken gizzard smooth muscle
tissues. [60, 61]

Nascent adhesions are the first integrin-based adhesion structures observable, emerging within the
lamellipodium (Fig. 4). [62] They contain only few integrins and are dot-shaped, very small (~100 nm in
diameter) and highly transient structures that either disassemble very fast (‘turning over’) or mature into
focal complexes. The maturation into focal complexes is characterized by further integrin clustering and
recruitment of adaptor proteins to the cytoplasmic tail. Focal complexes are adhesions in the early state of
maturation, still exhibiting a punctate structure. They are larger than nascent adhesions (>100 nm in
diameter), grow at the lamellipodium-lamellum interface and are induced by Racl. [62-64] If further
stabilized, they will mature and form focal adhesions (FAs), a transition that is dependent on myosin IIA
motor activity. Focal adhesions are sites of tight integrin-mediated cell-ECM adhesion. Structurally, they
are flat elongated structures within the cell periphery at the termini of actin stress fibers. Stress fibers
consist of contractile bundles of actin and myosin filaments that contain a large number of additional
accessory proteins such as the actin filament crosslinker a-actinin. [3, 65] One distinct marker for mature
FAs is the LIM-domain protein zyxin, which localizes to FAs but not nascent adhesions or focal complexes.
[66] Fibrillar adhesions arise from further maturing focal adhesions and are elongated structures that form
mainly along fibronectin fibrils localized more centrally within a cell. In contrast to FAs, fibrillar adhesions
are not associated with stress fibers and contain only a5B1 integrin. The maturation process is
characterized by the recruitment of tensin and the actomyosin-dependent centripetal translocation of

fibronectin receptors (e.g. a5B1 integrin). [67]
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Fig. 4. Cell adhesion structures commonly found on 2D substrates and actin-based motility structures. Adapted from
Ladoux and Nicolas. [68]

Podosomes, which are mainly found in fast migratory and invasive cell lines such as osteoclasts,
macrophages and dendritic cells, represent structurally and functionally different adhesion structure. [69]
They are small (0.5-1 um in diameter), ring-like adhesions with a core containing F-actin and actin-
associated proteins which is surrounded by a ring structure of plaque proteins such as vinculin and talin.
Functionally, podosomes are able to participate in ECM degradation, which clearly distinguishes them from
other adhesion structures (except invadopodia). [69]

Reticular adhesions are the most recently described class of cell-matrix attachment structures. They are
formed by aVB5 integrin during interphase, persist through mitosis and thereby provide cells the ECM
anchor for an efficient cell division. Interestingly, these adhesion structures have an unique adhesome
lacking many consensus adhesome components such as talin and vinculin, but are highly enriched in
PIP2-binding proteins. [70]

Cardiomyocytes, the contractile units of the heart, exhibit yet another cell-matrix integrin-dependent
adhesion structure, known as costameres (Fig. 14B). Many adhesion proteins found in focal adhesions,
including talin, vinculin and the IPP complex are also components of costameres. [71] Costameres are
subsarcolemmal, Z-line associated adhesion plagues found in striated muscle which provide a mechanical
linkage between the cytoskeleton and the ECM. Similar structures were found above the M-lines of the

contractile apparatus. [72] Costameres are mainly composed of two complexes, the dystrophin-
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glycoprotein complex and integrins. Furthermore, desmin is an important subunit of the intermediate
filaments, being among other proteins responsible for the organization of costameres. Intermediate
filaments surround the Z-discs and link the contractile unit of muscle cells to the sarcolemma, nucleus and
other cytoplasmic organelles, thereby providing structural solidity and integrity to the cell. [73] All three
components are required for efficient signal transduction and mechanical sensing, hence, deletion of or
mutations in costamere proteins are linked to many types of muscle dystrophy. [74]

Despite their differences in size and appearance, all cell-matrix adhesion structures described are mediated
by integrins and fulfill two functions: (i) they physically link the extracellular matrix to the intracellular actin

cytoskeleton and (ii) they function as sites of localized cell signaling. [75]

1.1.4 Actin dynamics and Rho GTPase signaling

Cell migration is important for development and homeostasis of multicellular organisms and highly depends
on dynamic assembly and disassembly of actin filaments. These filaments organize into defined subcellular
structures, such as lamellipodia and filopodia, and the formation of these different actin structures depends
on the function of a class of small Rho GTPases Ras homologous gene A (RhoA), Ras-related C3 botulinum
toxin substrate 1 (Rac1) and cell division cycle 42 (Cdc42) (Fig. 4).

The Rho family of GTPases, a subfamily of the rat sarcoma (Ras) protein family, is a family of small (~21 kDa)
signaling G proteins found in all eukaryotes that are key regulators of the intracellular actin dynamics. [76]
They regulate cytoskeleton organization and various cellular functions such as adhesion, migration,
proliferation, and apoptosis. The cycling of G proteins between the active GTP-bound and the inactive GDP-
bound state (Fig. 5), is spatiotemporally controlled by three classes of regulatory proteins: guanine
nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide dissociation
inhibitors (GDIs). [77] GDIs retain the Rho GTPases in an inactive state in the cytoplasm by forming a high-
affinity complex with the geranylgeranyl membrane-targeting moiety present at the C-terminus of the Rho
GTPases. After dissociation from the GDI, Rho GTPases relocate to the plasma membrane and insert into
the lipid bilayer through their isoprenylated C-terminus. [78] At the plasma membrane, the Rho GTPases
interact with membrane-associated GEFs that exchange GDP for GTP, thus, activating the GTPase. In

contrast, GAPs inactivate the Rho GTPases by promoting the GTP hydrolysis to GDP. [76]
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Fig. 5. The RhoA GTPase activation cycle. GDIs bind and retain inactive GDP-bound RhoA in the cytoplasm. After being
released from the GDIs RhoA GTPases translocate to the plasma membrane where their activation status is regulated
by GEFs and GAPs. Adapted from Huveneers and Danen. [76]

The expression of constitutively activated mutants of RhoA and Racl in fibroblasts was shown to induce
the assembly of contractile actomyosin filaments (stress fibers) and actin-rich surface protrusions called
lamellipodia, respectively. [79, 80] Cdc42 was shown to induce the formation of filopodia, actin-rich, finger-
like membrane extensions (Fig. 4). [81, 82] Although Racl and Cdc42 lead to the formation of
morphologically distinct plasma membrane protrusions, they both initiate actin polymerization through the
actin-nucleating activity of the Arp2/3 complex that they indirectly activate through members of the
Wiskott-Aldrich syndrome protein (WASP) family. [83] For lamellipodia formation, for example, the WASP
family verprolin homologous protein (WAVE) complex, which accumulates at the lamellipodia tip, activates
the Arp2/3 complex at the interface between the plasma membrane and the growing actin network. [84,
85] The small Rho GTPase Racl directly targets and activates the heteropentameric WAVE complex,
thereby stimulating lamellipodia formation. [86, 87] In addition to activating the WAVE complex, Racl and
Rac2, as well as Cdc42, activate the formin mDia2, thereby inducing actin polymerization. [88, 89] Another
signaling pathway involved in lamellipodia or filopodia formation involves serine/threonine kinases of the
p21-activated kinase (PAK) protein family. PAK proteins are regulated by Rac and Cdc42 and are direct
activators of LIM (Lin11, Isl1, Mec3) kinase (LIMK). LIMK phosphorylates and thereby inhibits the
depolymerizing activity of cofilin, which effects the lamellipodia and filopodia turnover. [87]

While the diaphanous-related formin (DRF) protein family member mDia2 is a target of Rac and Cdc42,
RhoA targets mDial. Direct binding of GTP-RhoA to mDial leads to the relief of an autoinhibitory interaction
and the exposure of an formin homology 2 (FH2) domain on mDial that directly interacts with the barbed
end of actin filaments. Binding of mDial to actin, which is enhanced through the binding of profilin to the
FH1 domain of mDial, prevents the binding of other capping proteins to the actin filament. [90]

During the initial phase of integrin-mediated cell adhesion and spreading, GTP-RhoA levels are inhibited

while Racl and Cdc42 are activated. This occurs through the activation of FAK through

11



Introduction

autophosphorylation, resulting in the presentation of a binding site for the Src-homology 2 (SH2) domain
of Src. [91] As mentioned above, the activated FAK-Src complex phosphorylates various adaptor proteins
including p130Cas and paxillin. Phosphorylation of p130Cas results in the recruitment of an unconventional
two-part GEF for Racl composed of the dedicator of cytokinesis (Dock180) and engulfment and cell motility
protein 1 (ELMO1), while phosphorylated paxillin recruits the Cdc42 and Racl-specific GEF PAK-interacting
exchange factor-beta (B-PIX). [92, 93] The FAK-Src complex also inhibits RhoA activity through the
regulation of p190RhoGAP. [94-96] As spreading ends, Racl and Cdc42 activity decreases and RhoA activity
is gradually increased, driving stress fiber formation and focal adhesion maturation. This well-established
antagonism between Rac and RhoA results in the suppression of one another’s activity. One other example
of this antagonism is the phosphorylation of FilGAP by the Rho-associated kinase ROCK, which stimulates
its GAP activity towards Rac, leading to the suppression of lamellipodia formation. [97]

The actin-driven processes described are involved in cell-cell or cell-ECM attachment and cell spreading but
also regulate cell migration. A cell requires the tight spatiotemporal coordination of assembly and
disassembly of cell-ECM adhesions with membrane protrusion and contraction to move directional along
gradients of ECM components. This is achieved by the tightly regulated activation and inactivation of Rho
GTPases and their downstream effectors in space and time. [76] For example, Rho activity is associated
with FA assembly, cell body contraction and cell tail retraction in migrating cells. At the retracting end, non-
muscle myosin |l localizes to stress fibers, promoting the movement of the cell body through contraction

and thereby facilitating the detachment of the cell rear during migration. [98]

1.1.5 RhoA/ROCK/MLC2 signaling in contractile cells

In vascular smooth muscle cells, RhoA and the serine/threonine protein kinase ROCK are major regulators
of cell contraction. [99] The Rho-associated kinases (ROCKs) have been identified as one of the first
downstream targets of RhoA. [100, 101] In mammals, two highly homologous ROCK isoforms consist,
ROCK1 and ROCK2. While ROCK?2 is mainly expressed in the central nervous system (e.g. neurons, cerebral
cortex) and the heart, ROCK1 is mainly found in non-neural tissue such as the lung, kidney and skeletal
muscle. [102-104] The domain structure of ROCK is composed of an N-terminal kinase domain, an a-helical
coiled-coil domain containing a Rho binding site and a cysteine-rich domain located within the pleckstrin
homology (PH) motif at the C-terminus. [103] Activated GTP-bound RhoA binds to the a-helical coiled-cail
domain of ROCK thereby removing the autoinhibition of this kinase. This allows ROCK to phosphorylate and
activate its downstream targets, most notable myosin light chain 2 (MLC2). [105, 106] It was reported that

ROCK can influence the phosphorylation state of MLC2 in two calcium-independent ways: either by directly
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phosphorylating MLC2 at Ser19 or indirectly through the phosphorylation of the regulatory subunit of
myosin light chain phosphatase (MYPT1) at the two inhibitory phosphorylation sites Thr696 and Thr853
(Fig. 6). [107-109] Myosin light chain phosphatase (MLCP) is a heterotrimer composed of a catalytic subunit
of type 1 phosphatase & isoform (PP16) and two regulatory subunits: myosin phosphatase target subunit 1
(MYPT1), consisting of seven ankyrin repeats followed by a PP1c-binding motif and a smaller regulatory
subunit (M20). [110] Both the direct and indirect pathway result in increased levels of cytoplasmic
phosphorylated MLC (pMLC) which in turn leads to increased cell contractility. MLC2 Ser19 is also
phosphorylated by the MLC kinase (MLCK) in a calcium/calmodulin-dependent manner. [111] In addition
to controlling MLC phosphorylation, ROCK also activates LIMK1 and 2 by phosphorylating Thr508 and
Thr505, respectively. Activated LIMK phosphorylates cofilin at Ser3, thereby inhibiting the cofilin-mediated
disassembly of actin filaments resulting in increased stress fiber stability (Fig. 6). [83, 112-114]

The RhoA/ROCK pathway is involved in many pathologies including atherosclerosis, coronary vasospasm,
cerebral ischemia, hypertension, myocardial hypertrophy, pulmonary hypertension and vascular
remodeling. [115-122] Not surprising, many inhibitors of the RhoA/ROCK signaling pathway have been
tested in clinics or are presently in clinical trials for beneficial effects on these cardiovascular diseases,
however, only fasudil and its derivative ripasudil (trade name Glanatec), as well as netarsudil (trade name

Rhopressa) have been licenced for clinical use. [123-129]
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Fig. 6. Model for the RhoA/ROCK signaling pathway. Extracellular signals activate RhoA through specific RhoA GEFs
which in turn stimulates the activity of ROCK1/2. The phosphorylation of downstream effectors by ROCK such as MLC,
MLCP, or LIMK1/2 induces actomyosin contractility and F-actin stabilization. Adapted from Huveneers and Danen, and
Mulherkar and Tolias. [76, 129]
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The myosin superfamily consists of more than 20 distinct classes based on phylogenetic analysis and the
human genome encodes more than 40 myosin genes. [130, 131] Myosins from distinct classes have a
unigue structure and serve different functions. The myosin Il subfamily, also termed ‘conventional’ myosins
is the largest myosin class and includes skeletal, cardiac and smooth muscle myosins, as well as non-muscle
myosin Il (NMII). [132] In mammals, three different non-muscle myosins, NMIIA, NMIIB and NMIIC, are
encoded by different genes (MYH9, MYH10 and MYH14). Although non-muscle myosins are also expressed
in muscle tissue, their participation in force generation is controversial and muscle-specific myosin |l
isoforms provide the molecular motors for cell contraction. [133-135] All conventional myosin molecules
exhibit the same hexameric domain structure consisting of two globular head domains, two heavy chains
(~ 230 kDa), as well as two regulatory (~20 kDa) and two essential light chains (~17 kDa). [136] While the
regulatory light chains, which regulate the ATPase activity, can be phosphorylated by ROCK or MLCK at
Ser19 to activate the actomyosin crossbridge cycle, the short non-helical C-terminal tails regulate myosin
filament assembly. [134] Contraction in striated muscle (cardiac and skeletal muscle) is generated by the
ATP-dependent interaction of bipolar myosin Il heads that pull two actin filaments of opposing polarity
towards each other, thereby shortening the sarcomere (Fig. 7A). In contrast, smooth muscle contraction is
initiated by monomeric myosin which assembles into thick filaments in a non-helical, side-polar
configuration (Fig. 7B). Like most other myosins (except myosin VI), myosin Il moves towards the barbed (+)

end of actin. [137]

Fig. 7. Comparison of the (A) bipolar arrangement of myosin in cardiac and skeletal muscle and (B) the side-polar
arrangement of myosin in smooth muscle. Adapted from Dasbiswas et al. [138]
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1.1.6 Integrins in the cardiovascular system
Integrins are indispensable for normal mammalian development and the establishment and function of the
cardiovascular (CV) system. Hence, all cell types of the CV system, including blood cells, smooth muscle

cells, cardiomyocytes and non-muscle cardiac cells express integrins.

1.1.6.1 Integrins in the myocardium

The precise spatial and temporal expression of integrins is critical for a proper organ function. In mouse
myocytes, al, a3, a5, ab, a7, a9 and al0 subunits are expressed and developmentally regulated. These
individual a subunits associate nearly exclusively with splice variants of the B1 integrin subunit, with the
B1D integrin isoform being the major B1 subunit expressed in the postnatal heart. [139, 140] While the
laminin binding a7B1 heterodimer is the predominant integrin in adult cardiomyocytes, mouse CMs during
embryonic development express the a5f1 fibronectin and the a6B1 laminin receptor. [141, 142]

The connection of the ECM and the actin cytoskeleton via B1 integrin in CMs is pivotal for the organization
and maintenance of these cells in the heart. Cardiomyocyte-specific B1 integrin depletion results in
myocardial fibrosis and development of dilated cardiomyopathy within 6 months of age in mice. [143]
Especially the in vivo relevance of the B1D isoform in CMs has been studied intensively. A unique amino
acid sequence at the cytoplasmic domain that is absent in B1A integrin, allows the high affinity binding of
talin which strengthens the ECM connection to sarcomeric proteins, thus, stabilizing costameres. [15, 142,
144, 145]

Integrins exhibit a wide variety of functions in cardiomyocytes. These range from adhesion, formation of
ECM-cytoskeletal junctions and signaling, to the point of modulation of ion channel function, modification
of hypertrophic growth responses, mechanotransduction and protection of CMs from ischemic stress. [145]
In striated and cardiac muscle, the FA equivalent is the costamere, subsarcolemmal protein assemblies that

transmit force from the Z-discs and M-lines of the sarcomere (Fig. 14) to the extracellular matrix.

1.1.6.2 Integrins in the vasculature

Vessel formation in both vasculogenesis, the in-situ formation of a new network of endothelial tubes from
mesoderm-derived cells and angiogenesis, the generation of new vessels from preexisting vasculature by
either vessel sprouting or intussusceptive vessel growth, is a dynamic and complex biological process that
depends on the ability of cells to interact with adhesive substrates and regulatory factors. [146] Especially
the role of integrins as crucial components of vascular development and major mediators of cell adhesion

and migration has been extensively investigated. [147, 148]
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Integrins participate in many aspects of vasculogenesis, such as angioblast repositioning, protrusive activity,
lumen formation and vascular fusion. In addition, integrins are also important for endothelial cell behavior
during angiogenesis. Angiogenesis is highly regulated and involves the coordinated activation of several
signaling pathways (e.g. Notch, VEGF, TGF-B) that can cross talk with integrin-mediated signaling pathways.
[149] Notch signaling regulates cell fates during embryogenesis. During vessel maturation, vSMCs recognize
the Notch ligand Jaggedl on endothelial cells, which leads to the expression of av3 integrin and results in
the adhesion of vSMCs to the von Willebrand factor. Hence, avB3 integrin acts downstream of Notch
activation, allowing vSMC attachment to the endothelial basement membrane. [150] Furthermore,
synergistic cross-activation of av3 integrin and the tyrosine kinase receptor vascular endothelial growth
factor receptor 2 (VEGFR2) is required for a full angiogenic response to vascular endothelial growth factor
(VEGF). [54, 151] Moreover, Raplb was shown to promote VEGF-mediated angiogenesis through the
activation of VEGFR2 in ECs via avB3 integrin. [152] Transforming growth factor B (TGF-B) controls
numerous cellular responses such as cell migration, differentiation, proliferation and apoptosis. [153]
However, TGF-B is always produced as an inactive (latent) cytokine that needs to be activated before it can
bind to its receptor and activate signaling cascades that lead to the modulation of gene transcription. Out
of the 24 integrin receptors, four integrins (avB3, avB5, avf6 and avPp8) have been shown to activate
TGF-B in fibroblasts and epithelial cells. [153]

Altogether sixteen distinct integrin heterodimers are reportedly involved in vascular biology, including eight
out of ten B1 family members and two members of the B3 integrin family. [154, 155] In the absence of
B1 integrin, vSMCs show a highly rounded morphology with disorganized a-smooth muscle actin (a-SMA)-
positive fibers leading to poorly covered blood vessels and the development of vascular aneurysm. [156]
The round cell morphology of B1 depleted vSMCs is not due to altered levels of MLC phosphorylation as it
has been observed in vSMCs lacking the expression of IPP complex components. [157] Although B1 integrin
mediates cell adhesion, cell migration and controls fibrillogenesis through the formation of functional
complexes with various a subunits, the knockout of 1 does not lead to alterations in vSMC survival or
proliferation. Here, avB3 and avB5 are sufficient to transduce pro-mitotic and anti-apoptotic signals. [156,
158]

Microscopically, smooth muscle cells do not have striations and no highly ordered sarcomeric organization
typical for striated muscle. [159] However, as in striated muscle, Z-disc homologues, called dense bodies,
are enriched in a-actinin and bind the actin filament barbed ends. Furthermore, similar to Z-discs in

sarcomeres, these dense bodies are also connected by desmin-rich intermediate filaments. [159] Dense
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plagues, which are structurally akin to dense bodies and focal adhesions in non-muscle cells, are found at

the plasma membrane where they mediate the adhesion and force transduction of SMCs to the ECM. [160]

1.2 The Parvins

As described above, the short cytoplasmic domain of integrins has no actin binding capacity and intrinsic
catalytic activity, thus, integrin signaling depends on the recruitment of intracellular adaptor and signaling
proteins. One key component of the integrin adhesome and integrin outside-in signaling is a ternary protein
complex consisting of integrin-linked (pseudo)kinase (ILK), particularly interesting new cysteine-histidine-
rich protein (PINCH) and parvin (IPP complex).

The parvins are a family of three cytoplasmic adaptor proteins- a-, 8- and y-parvin that localize to focal
adhesions, thereby connecting integrin receptors with the actin cytoskeleton. [48, 161-163] The murine
a-parvin gene (PARVA) lies on chromosome 7, while the murine PARVB and PARVG can be found on
chromosome 15, adjacent to each other. a-parvin, originally termed actopaxin, together with its closely
related paralogue B-parvin (74% identity, 85% similarity), originally called affixin, and the more distant
y-parvin (42% identity, 67% similarity), identified in human and mice, forms a separate family of small
a-actinin related proteins belonging to the a-actinin superfamily. [164, 165] In contrast to vertebrates,
lower organisms like C. elegans and D. melanogaster only express one parvin-like protein, sharing
48% identity and 66% similarity to mouse a-parvin. [165] Like other members of the a-actinin superfamily,
all three parvin isoforms contain a pair of unconventional calponin homology domains (CH1 and CH2)
separated by a linker of about 60 amino acids in their C-terminal region (Fig. 8). [16, 161, 164-166] It was
initially thought that a- and B-parvin interact with F-actin via their CH domains. However, the parvin
CH domains do not share high homology to typical F-actin binding CH domains and it was recently
discovered that both protein isoforms contain a N-terminal WASP (Wiskott-Aldrich syndrome protein)-
homology 2 (WH2) domain that mediates actin binding. [16, 167] The WH2 domain is a small (20-50 amino
acids) actin-binding motif that sequesters G-actin and promotes the nucleation, elongation and bundling
of F-actin via distinct mechanisms. [16, 168] The N-terminal polypeptide stretch of a- and B-parvin harbors
two putative nuclear localization signals (NLS) and three potential Src homology 3 (SH3)-binding sites. [165]
y-parvin on the other hand, which is predominantly expressed in hematopoietic and lymphoid tissues, lacks
the NLS and SH3-binding sites as well as the WH2 motif. [16, 165, 169, 170] In humans and mice, a-parvin
is expressed in all tissues except in hematopoietic cells, while human B-parvin shows highest expression
levels in skeletal muscle and weaker in heart. [163, 164, 170] Mouse B-parvin is predominantly expressed

in heart and moderate levels can be found in lung, spleen and skeletal muscle. [164] In contrast to the
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uniform expression of a-parvin, B-parvin expression increases during mouse embryonic development and
y-parvin is transcribed throughout embryonic development, but downregulated at embryonic day 11 (E11).
[164, 165]

Although a- and B-parvin share a high sequence homology, the loss of a-parvin expression in vivo causes
embryonic lethality between E11.5 and E14.5, whereas mice deficient in 8-parvin are viable and fertile.
[171] However, the loss of B-parvin expression in mouse heart is to a large part functionally compensated
through the induction of a-parvin expression. [172] Similarly, siRNA-mediated knockdown (KD) of a-parvin
in human cells dramatically increased the B-parvin level, hence, the authors hypothesized that a-parvin
might suppress B-parvin expression in cells expressing both members. [173] Nonetheless, the two parvin
isoforms do not have completely redundant functions as they also exhibit specific interactors. [174] Parvins
are not catalytically active but function as adaptor molecules for a number of proteins, most notably ILK,
which will be discussed as part of the IPP complex in a separate chapter (Fig. 8). [174] Another pan-parvin
binding partner is paxillin which is contributing to the correct recruitment of parvins to focal adhesions.
[50, 169, 175, 176] Interestingly, up to date only a-parvin has been shown to bind to the paxillin-related
protein hydrogen peroxide inducible clone-5 (Hic-5). [48, 175] Furthermore, both parvin isoforms interact
with the Rac1/Cdc42 GEF B-PIX while a-PIX has been identified as a specific B-parvin interactor to activate
Racl. [177-179] Moreover, only B-parvin directly interacts with a-actinin, a scaffold protein playing a critical
role in actin polymerization at focal adhesions. [180, 181] In contrast, a-parvin specifically interacts with
the serine/threonine kinase testicular protein kinase 1 (TESK1) in a phosphorylation-dependent manner,
inhibiting the kinase activity and phosphorylation of cofilin. [182] Upon cell adhesion, the MAPK
extracellular signal-regulated protein kinase (ERK) is activated, recruited to focal adhesions by paxillin and
phosphorylates a-parvin. [183] Phosphorylated a-parvin releases TESK1 which phosphorylates cofilin,
leading to F-actin polymerization at lamellipodia and subsequent cell spreading and motility. [182]
Furthermore, the correct spatiotemporal regulation of the Cdc42 GTPase-activating protein (CdGAP)
function, a GAP for Racl and Cdc42, was shown to be dependent on its interaction with a-parvin. [184] In
summary, this shows that although a- and B-parvin can bind to the same interactors, they additionally
interact with isoform-specific binding partners and exhibit distinct functions to regulate integrin-dependent
signaling.

During early cell attachment, integrins bind to ECM proteins and nascent adhesions are established. The
recruitment of adaptor and signaling proteins such as talin, paxillin, ILK, PINCH, parvin, vinculin and FAK
allows the maturation of nascent adhesions to FAs. [174] As previously mentioned, parvins have been

identified as ILK and paxillin binding partners and these protein-protein interactions are critically important
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for their subcellular localization. Both a- and B-parvin were observed in lamellipodia in spreading cells as
well as in FAs. [163, 165] Furthermore, a-parvin was found to localize in focal adhesions and tensin-
containing fibrillar adhesions as well as in nuclei in well-spread transfected fibroblasts. The nuclear
targeting of a-parvin is in agreement with the two putative NLS, which can be found in the N-terminus of
the protein. [165] In isolated neonatal ventricular rat cardiomyocytes (NRVCs) a-parvin showed a
costamere localization. [5] B-parvin was found to co-localize with a-actinin at the junction of FAs and at
fine but not well-developed thick stress fibers. [180] Furthermore, in human skeletal muscle cells B-parvin
was reported to co-localize with ILK at the striated structures, to which Z-discs anchor. [163]

The N-terminal domain of a-parvin but not B-parvin contains phosphorylation sites for prolin-directed
serine/threonine kinases including ERK and Cdc2 that play a role in mitotic events, lamellipodia formation
and cell migration. [183, 185, 186] Other differences between the two isoforms were observed in the
regulation of Racl. While a-parvin knockdown in Hela cells stimulated Racl activation and enhanced
lamellipodia formation, siRNA-mediated KD of B-parvin did not have the same effect. [173] Furthermore,
overexpression of B-parvin in Hela cells significantly increased caspase-3 activity, a key regulator of
apoptosis, whereas overexpression of a-parvin did not. [173] The pro-apoptotic function of a-parvin is
mediated through the activation of Akt, primarily through facilitating the membrane translocation of this
serine/threonine-specific protein kinase. [187]

Together these findings show that despite possessing identical domain architecture, sharing a high
sequence homology and some interactors, a- and B-parvin also bind distinct interacting partners and play
different roles in integrin-mediated cell regulation. It is therefore of great interest to understand the

functional divergence between the two parvin isoforms in more detail.

1.2.1 The ILK-PINCH-parvin (IPP) complex

Proteins of the parvin family do not exhibit intrinsic catalytic activity and their function is mediated by the
recruitment of different interacting proteins. One of the most important binding partners of parvins is ILK,
a pseudokinase that functions as scaffolding molecule and directly interacts with PINCH. Simultaneous
interaction of ILK with PINCH and parvin results in the formation of a stable ternary complex, called the IPP
complex. [188] The IPP complex is formed in the cytosol before its localization to the integrin adhesions, at
which the complex provides the physical link between the integrin receptor and the actin cytoskeleton.
[189, 190] The protein stabilities of ILK, PINCH and parvin depend on each other and deletion of one IPP
complex component leads to proteasome-mediated degradation of the remaining members. [190-192] In

mammalian cells, multiple IPP complexes can assemble depending on the PINCH or parvin members
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incorporated into a give IPP complex. The binding of PINCH1 and PINCH2 to ILK is mutually exclusive and
the three parvin protein family members, whose binding is also mutually exclusive, further expand the
repertoire of different IPP complexes. {173, 193]

ILK is a widely expressed multidomain adhesion protein involved in the regulation of FA assembly,
cytoskeleton organization and signaling. [16, 189] Although initially identified as a serine/threonine kinase,
structural and functional studies show that ILK lacks enzymatic activity and is now widely recognized as a
pseudokinase containing an unusual pseudo-active site that is incapable of catalyzing phosphorylation. [16,
47, 194-197] This pseudokinase is a scaffolding protein comprising five N-terminal ankyrin (ANK) repeats, a
short pleckstrin-homology (PH) domain and a C-terminal serine/threonine kinase-like domain. [198] ILK
binds to the cytoplasmic tail of B integrins (either directly or via kindlin) and with high affinity to particularly
interesting new cysteine-histidine-rich (PINCH) protein, a FA protein containing five LIM domains. [47, 199]
In mammals, two PINCH proteins, PINCH1 and PINCH2, which share a high sequence and structural
similarity, have been described. [200] ILK binds to the second Zinc (Zn) finger of the LIM1 domain via its
N-terminal ankyrin repeat domain (Fig. 8). [189] This interaction is obligatory for targeting the IPP complex
to integrin membrane sites. In addition to PINCH, ILK interacts with the parvins (a-, - and y-parvin, Fig. 8)

through its C-terminal domain and the CH2 domain of parvin. [162, 163]
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Fig. 8. Schematic organization of the ILK-PINCH-parvin complex based on structural data. ILK binds to PINCH LIM1 via
its ankyrin domain and a-parvin CH2 via its pseudo-kinase domain. The WH2 domains indicated in PINCH and parvin
were just recently discovered. Interacting proteins with known binding sites are displayed. Adapted from Vaynberg et
al. [16]
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In the past years several knockout (KO) studies have been performed in C. elegans, D. melanogaster and
mice to understand the function of the IPP complex in vivo and the specific roles of each individual
component. [170, 171, 195, 196, 201-206] In C. elegans deletion of PAT-4 (ILK), UNC-95 (PINCH) or PAT-6
(parvin) results in paralyzed, arrested embryos where the dense bodies, M-lines and myofilaments fail to
organize into mature structures. [196, 201, 202] Similar observations were made in D. melanogaster, where
the deletion of ILK and PINCH resulted in abnormal muscle attachments. In contrast to integrin mutants,
where the primary defect in muscle attachment is due to the detachment of the plasma membrane from
the ECM, the defects in ILK and PINCH mutants results from the detachment of actin filaments from the
muscle ends. [195, 203] In mice, the genetic ablation of /LK, PINCH1 and a-parvin results in lethality at
different stages during embryonic development. [171, 204, 205] Mice deficient in PINCHZ2, 8- or y-parvin
however, are without an obvious phenotype, probably due to compensation by PINCH1 or a-parvin. [170,
171, 206] Both, ILK and PINCH knockout embryos die at the peri-implantation state at embryonic day (E)
5.5-6.5 and E6.5, respectively, whereas a-parvin deficient embryos survive till E10.5 to E14.5. While the
loss of ILK and PINCH leads to abnormal epiblast polarity, impaired cavitation, detachment of the endoderm
from the basement membrane and abnormal actin reorganization, loss of a-parvin primarily results in
severe cardiovascular malformations. [171, 204, 205] Additionally, mice lacking a-parvin developed severe
kidney agenesis/dysgenesis due to an impaired invasion of the ureteric bud into the metanephric
mesenchyme. [207] Although B-parvin can stabilize ILK and PINCH protein levels, it cannot fully compensate
for the loss of a-parvin function in vascular smooth muscle cells (vSMCs). These cells displayed a strong
hypercontractile phenotype with elevated RhoA and pMLC2 levels. [171] Comparable results were obtained
from ILK-deficient vSMCs. [157] SiRNA-mediated knockdown of PINCH-1 in vSMCs disrupted the
cytoskeleton and caused apoptosis. [208] Since vSMCs are one of the analyzed contractile cell types of the
cardiovascular system in the present thesis, the role of the IPP complex within these cells will be discussed
in more detail in a separate chapter (1.2.1.2).

In summary, all these studies confirmed a pivotal role for the IPP complex and its individual components as

adaptor between integrins and the intracellular actin cytoskeleton.

1.2.1.1 Role of the IPP complex and its members in cardiomyocytes

In cardiac muscle the IPP complex localizes at costameres and sarcomeric Z-discs. [5, 209, 210] Ablation of
ILK in the mouse myocardium results in the disruption of the focal adhesion complex and disaggregation of
adjacent cardiomyocytes, leading to cardiomyopathy, increased interstitial fibrosis and heart failure. [194,

209-211] Furthermore, cardiac-specific expression of ILK induces physiological CM hypertrophy in
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transgenic mice while the loss of ILK in heart also causes initial pathological hypertrophy. [5, 194, 212]
While mice with the cardiac-specific ablation of either PINCH1 or PINCH2 have no phenotype, probably
because of compensation between these two isoforms, the generation of cardiac-specific PINCH1/2 double
knockout mice revealed an essential role of these proteins in myocardial growth, maturation, remodeling
and function. [211, 213] PINCH1/2 double KO mice died of cardiomyopathy and heart failure within four
weeks after birth, showing changes in the myocardial architecture as a result of abnormal cardiomyocyte
attachment, cell growth and death. [211] Heart-specific parvin KO mice have not been generated, however,
Montanez and colleagues observed heart abnormalities in a-parvin knockout embryos and hypothesized
that a-parvin is important to maintain the structure and the stability of the sarcomeres. [171] Additionally,
current investigations of the involvement of B-parvin in cardiac hypertrophy, revealed a potential function
as volume-load mechanosensor (Thievessen et al., submitted). Nevertheless, a detailed analysis of a-parvin

function during neonatal development and in adult CMs is still missing.

1.2.1.2 Role of the IPP complex and its members in vascular smooth muscle cells

Conventional a-parvin KO mice develop severe cardiovascular defects, ranging from aberrant vascular beds
with dilated blood vessels to whole-body edema and vessel rupture, and die during the embryonic
development between E10.5 and E14.5. The reason for these defects can be found on the cellular level.
Mural cells developed a hypercontractile phenotype after a-parvin depletion, indicative by elevated active
RhoA and pMLC levels, which resulted in an impaired coverage of blood vessels with pericytes (around
capillaries and venules) and vSMCs. [171] At the same time, ILK deficiency in murine vSMCs showed
defective vascular remodeling due to increased contractility which also resulted in embryonic lethality
(E18.5). [157] Shen et al. showed that ILK plays a crucial role in vSMC homeostasis and structural
organization of arteries. [160] Using conditional /LK knockout mice expressing a Cre recombinase under the
transcriptional control of the SM22a promotor they found that the loss of ILK in vSMC causes perinatal
lethality. Further investigation showed that the tunica media in arteries was disrupted resulting in defects
in arterial morphogenesis and structure (e.g. aneurismal dilation of the aorta). However, in contrast to
previous reports, Shen et al. found less active RhoA in ILK deficient vSMCs. [160] PINCH1 was also shown
to exhibit important roles in vSMCs. PINCH1 KD resulted in actin depolymerization, cell rounding and

apoptosis while mechanical stretch-induced stabilization of PINCH1 prevented vSMC apoptosis. [208]

22



Introduction

1.2.2 Potential novel parvin interactors

1.2.2.1 Myosin phosphatase RhoA interacting protein (Mprip)

Originally identified as RhoA binding partner in a yeast two-hybrid screen, myosin phosphatase interacting
protein (Mprip; also known as p116~°) interacts with the regulatory myosin-binding subunit of MLCP and
is essential for Rho-regulated cell contractility. [214, 215] Mprip is ubiquitously expressed, but most studies
analyzed its function in vascular smooth muscle cells. It contains several potential NLSs and protein and
phospholipid interaction motifs, including two PH domains flanking two proline-rich regions that are

putative binding sites for SH3 domain-containing proteins, and a C-terminal coiled-coil domain (Fig. 9). [215]
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Fig. 9. Schematic representation of Mprip, with the PH and coiled-coiled domains. Minimal regions for actin (number
of aa for binding is unknown), RhoA (278 aa) and MYPT1 binding (113 aa) are indicated. PH, pleckstrin homology;
CC, coiled-coil. Adapted from Surks et al., Koga et al. and Lee et al. [216-218]

Mprip can be found in the cytoplasm and the nucleus but also localizes to F-actin (e.g. stress fibers or
filopodia) via its N-terminal region. [219] The C-terminal coiled-coil domain of the protein (residues
724-837) directly interacts with the C-terminal leucine-zipper domain (residues 991-1030) of the regulatory
myosin-targeting subunit of MLCP (MYPT1). [216-218, 220] Whether Mprip directly interacts with RhoA is
debated. [216, 217, 219] Mulder et al. suggest that Mprip may act as a scaffolding protein linking the MLCP
complex to the actin cytoskeleton, without directly binding RhoA. [219, 220] Others performed direct
binding assays with recombinantly expressed His-RhoA and GST-Mprip to confirm a direct interaction
between the two proteins, independent of the RhoA activity state. [216] In addition, Surks and colleagues
claimed to see a 47% reduction in stress fiber-associated RhoA after Mprip silencing in A7r5 vSMCs. They
hypothesized that Mprip not only fulfills the function of targeting MLCP to the actin cytoskeleton but also
colocalizes RhoA and MLCP to further facilitate the MLCP activity. [221]

Furthermore, Mprip was identified as a target of the cGMP-dependent protein kinase G type la (PKGla),
the main PKG isoform in smooth muscle, that directly binds to MYPT1. [222] PKGla coimmunoprecipitates

with Mprip and can bind to MYPT1 and Mprip simultaneously. [216] The activation of PKGla leads to an
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increased Mprip phosphorylation resulting in a stronger Mprip-MYPT1 association and increased MLCP
activity in gastrointestinal smooth muscle cells. [223]

Overexpression of Mprip disrupts the actin cytoskeleton and inhibits actomyosin contractility (loss of stress
fibers) by facilitating the myosin-MLCP interaction and stimulating the MLCP holoenzyme activity without
affecting the catalytic subunit. [217, 219] Expectedly, RNA interference (RNAi)-mediated silencing of Mprip
prevents the localization of MBS to F-actin stress fibers resulting in increased MLC phosphorylation and
phenotypical changes in vSMCs. These changes are a result of the MLCP uncoupling from stress fibers and

not a change in cellular MLCP, MLCK or RhoA activity. [221, 224]

1.2.2.2 Deleted in liver cancer 1 (DLC-1)

DLC-1, also known as ARHGAP7 or p122RhoGAP, was initially identified as a phospholipase C61 (PLC61)
binding protein. [225] It is widely expressed with the highest expression levels in heart, liver and lung and
was originally reported to be a potential tumor suppressor that is often deleted or downregulated in various
cancers (e.g. liver, breast, lung, brain, stomach). [226-228]

The C-terminus of DLC-1 consists of a Rho GAP domain and a steroidogenic acute regulatory (StAR)-related
lipid transfer (START) domain that binds to PLC&1 (Fig. 10). The N-terminus contains a sterile alpha motif
(SAM) domain followed by a focal adhesion targeting (FAT) sequence that binds to the Src Homology 2
(SH2) domains of tensins. [227, 229]
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Fig. 10. Schematic representation of DLC-1 with the N-terminal SAM domain, RhoGAP domain and the C-terminal START
domain including known interacting partners. SAM, sterile alpha motif; FAT, focal adhesion targeting; START,
steroidogenic acute regulatory-related lipid transfer. Adapted from Liao et al., Zacharchenko et al., Scholz et al. and
Tanaka et al. [229-232]

DLC-1 exhibits various regulatory activities including the regulation of cell shape by influencing actin
cytoskeleton organization and FA formation, and the induction of apoptosis. [233, 234] As mentioned
above, it was first isolated as a PLC61 binding protein that potentiates PLC61 activity to hydrolyze the

intracellular second messenger PIP2. The hydrolysis of PIP2 leads to the generation of diacylglycerol (DAG),
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which is a physiological activator of protein kinase C (PKC) and inositol 1,4,5-triphosphate (IPs) that leads
to the release of Ca?* from internal stores. [225] The Rho GAP and the PLC§1-enhancing activity of DLC-1
might act synergistically to regulate cytoskeletal and morphological changes in cells. DLC-1 knockout mice
die before E10.5 due to defects in the heart, placenta neural tube, and brain. [235, 236]

DLC-1 is a RhoA-specific GAP that functions as a regulator of cell proliferation and migration. [237] Its tumor
suppressor function requires its GAP activity and is tensin-dependent. [229, 238, 239] Tensins are a protein
family of four focal adhesion proteins, tensini, tensin2, tensin3 and C-terminal tensin-like (cten) containing
a SH2 domain and a phosphotyrosine-binding (PTB) domain which allows binding to the NPxY motif in the
cytoplasmic tail of B integrins. [238] Additionally, tensin1-3 contain two actin-binding domains (ABD). [240]
It has been previously suggested that the DLC-1 Rho GAP activity is controlled by an intramolecular
interaction with its SAM domain that functions as a negative intramolecular regulator. [241, 242] The
binding of tensin3 ABD and DLC-1s SAM domain competes for the intramolecular autoinhibitory
interaction, enhancing the GAP activity of DLC-1 and decreasing the cellular GTP-RhoA level. [242] This
model got further defined when DLC-1 was identified as a target of the cytoplasmic serine/ threonine cyclin-
dependent kinase 5 (CDK5). CDK5 phosphorylates four serines (5120, S205, S422 and S509) in DLC-1 which
reduce the binding between the SAM and Rho GAP domain. The release from the autoinhibitory state
renders DLC-1 active, including its ability to bind to tensin and talin, its localization to FAs and its Rho GAP
activity. [243] In addition to CDK5, mitogen-activated protein kinase kinase (MEK)/ERK phosphorylation of
DLC-1 on T301 and S308 seem to be critical for the activation of its Rho GAP activity. [244] An opposing
effect was seen for a tyrosine kinase Src-dependent phosphorylation of Y451 and Y701 on DLC-1, which
decreases the DLC-1-tensin interaction and downregulates the Rho GAP activity. This effect got further
enhanced by ERK1/2 phosphorylation of DLC-1 on $129. [245] However, contradictory results were found
in human kidney epithelial cells (HEK293T) where the binding of TNS1-3, but not cten, enhanced the RhoA
activity in a DLC-1 dependent fashion. [246]
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1.3 The cardiovascular system

The distribution of gases and fluids into organs and cells in vertebrates requires a sophisticated
transportation system and cannot simply rely on diffusion. This transportation task is performed by the
cardiovascular system, consisting of the heart and blood vessels, including the blood itself, that allows the
blood to circulate and transport essential nutrients, hormones and oxygen to the body cells and
simultaneously remove metabolite waste products and carbon dioxide from the cells. [247] The system
thereby nourishes the cells, protects the body from pathogens and regulates the body temperature, blood
pressure and pH to maintain homeostasis.

The heart is the first functional organ to be formed in the developing embryo. [248, 249] It is a hollow
muscular organ, lying between the lungs in the left chest area and beating more than two billion times in
an average human life. [250] At the anatomic level, the heart is composed of four cavities (left and right
atrium and ventricle, respectively), four valves (mitral, tricuspid, aortic and pulmonary valve), large arteries
and veins, that all act in concert to achieve proper pump function (Fig. 11A). [251] Oxygen-rich blood flows
from the left side of the heart to the body (systemic circulation), while the right heart side pumps blood
through the pulmonary valve and artery to be oxygenated in the lungs (pulmonary circulation). During
contraction the four heart valves function as inlet and outlet check-points for the ventricles that allow an
unidirectional blood flow by preventing the passive opening and closing of valves due to pressure gradients.

[252] The heart’s own blood supply is ensured by the left (LCA) and the right coronary artery (RCA). [252]
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Fig. 11. (A) Anatomy of the heart and (B) vasculature. Adapted from the Texas Heart Institute [253]; Adams and Alitalo
[254]

The blood vessels are a highly branched, tree-like tubular network which is organized in a hierarchical

structure (Fig. 11B). Large vessels are called arteries or veins, which either carry oxygen-rich blood under
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high pressure to all tissues or return deoxygenated blood under low pressure back to the heart. According
to their function, arteries can be classified into elastic (e.g. aorta, pulmonary arteries) and muscular arteries
(e.g. radial, femoral and splenic artery). Latter ones distribute the blood to the specific organs and
eventually give rise to the arterioles, small (<100 um in diameter) high resistance vessels of the body which
feed the capillary bed. They exhibit a crucial role in regulating the amount of blood flowing to the tissues
by dilating or constricting. [255] The capillary bed is a dense interweaving network of capillaries which
supply all tissues and organs with gases, fluids and signaling molecules. Post-capillary venules then allow
the deoxygenated blood to return from the capillary bed to veins and subsequently get oxygenated in the

lungs. [256, 257]

1.3.1 The wall of the heart and blood vessels

Atria and ventricles are histologically similar and consist of an external layer, the epicardium, which is
separated from the endocardium, the inner lining of the cavities and valves, by the myocardium (Fig. 12A).
[258, 259] Epi- and endocardium are also morphologically similar, consisting of loose connective tissue and
elastic fibers. Both, the epicardial and endocardial layer, are additionally flanked by a single layer of
squamous epithelial or endothelial cells, respectively. [260] The epicardium assists in the production of
pericardial fluid, a liquid running between the fibrous and serous pericardium, lubricating and protecting
the heart during contraction. [261] The myocardium, the thick middle layer, contains the contractile
elements of the heart and is made of multiple layers of cardiac muscle fibers. Although histological similar,
the myocardial thickness is directly related to the pressure present in each chamber; thus, the atria exhibit
thin walls whereas the ventricle walls are thicker. Furthermore, as blood is pumped into the high-pressure
systemic circuit via the left ventricle (LV), the LV wall is approximately threefold thicker than the wall of the
right ventricle (RV), which is part of the low-pressure pulmonary circulation. [259]

Arteries and arterioles, as part of the systemic circulation, are recipients of blood with high pressure,
therefore requiring thicker vessel walls in comparison to veins and venules, which usually have larger
lumens with thinner and less well-organized walls. [262] Hence, in cross sections, arteries appear round,
whereas veins exhibit an elliptical shape (Fig. 12B, C). However, all types of blood vessels, except capillaries,
share the same general features and vary only slightly in the composition of the wall layers (tunica intima,

tunica media and tunica externa) and the fraction of different cells within those layers. [263]
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Fig. 12. Schematic representation of the heart and blood vessel wall. (A) Structure of the heart wall. Adapted from
Miller et al. [256] (B) Arteries and (C) veins share the same general features but the wall of arteries are much thicker.
Adapted from [264].

Endothelial cells form the inner tunica intima layer, thereby separating blood and organs. Their function
and gene expression are constantly influenced by signals coming from both the vessel inside (luminal) and
outside (abluminal). [265] These include alterations in the blood composition, its mechanical forces, or the
composition of the ECM components of the vessel wall. [252, 265] The middle layer of vessel walls, also
referred to as tunica media, consists of circumferentially oriented smooth muscle cells, that alternate with
rings of the internal elastic lamellae in large elastic arteries. Collagen bundles are located between these
lamellae which lack a pattern at physiological pressure but provide enhanced strength and flexibility with
increasing pressure by becoming circumferentially aligned. [266] In contrast to large arteries, arterioles
have less smooth muscle layers, and capillaries are covered by a discontinuous coat of pericytes instead of
SMCs. [267] Furthermore, in comparison to arteries of similar size, veins have a thinner media and are more
compliant but both vessel types have an outer tunica externa (adventitia) comprised of fibroblasts,
progenitor cells and the ECM. The tunica externa is comparable to the epicardium of the heart and holds

the vessels in place. [267, 268]

1.3.2 Cell types of the heart and blood vessels

The adult human heart consists of mainly four different cell types which maintain the structural,
mechanical, electrical and functional integrity of the heart- cardiac fibroblasts, cardiomyocytes, smooth
muscle cells and endothelial cells. [269] The proportional distribution with respect to number and volume,
however, remains controversial. Cardiac fibroblasts are mesenchymal cells which constitute about half of
all heart cells, being dispersed throughout the ECM and exerting contractile force on myocytes. [270] They
are interconnected by long filopodia and provide mechanical support to the heart as they produce and
maintain the extracellular matrix, primarily collagens type | and lll. [250, 271] However, increased

pathological stress and changes in mechanical stretch alter the physical mechanics of fibroblasts, which
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impair fibroblast function, increase fibrosis and modify the ECM metabolism. Furthermore, changes in gene
expression and the secretion of growth factors (e.g. TGF-B) and cytokines such as TGF-a or interleukin 6
(IL-6) stimulate the differentiation of fibroblasts to myofibroblasts, which actively participate in the
inflammatory response. [271] Morphologically, myofibroblasts contain bundles of actin microfilaments
with associated contractile proteins (e.g. non-muscle myosin), that terminate on the myofibroblast cell
surface in the fibronexus, a specialized adhesion complex where the intracellular actin is linked to the
extracellular fibronectin filaments via integrins. [272] Cardiomyocytes, the contractile cells of the heart,
form the myocardium and contribute about 20-30% to the total cell number in the heart but, given their
size, account for over 70% of the total cardiac mass. [250, 273-275] In contrast, smooth muscle cells, which
provide support to the coronary arteries and vasculatures, and endothelial cells that form the interior lining
of the heart (endocardium), blood vessels and cardiac valves, are less abundant in the heart. [250]

The walls of blood vessels consists of cell types that affect the smooth muscle tone to control resistance,
arterial diameter and tissue blood flow. [276] Endothelial cells (ECs) line the entire vasculature and have
been a subject of numerous studies. They can be identified by several well-characterized markers such as
vascular endothelial (VE)-cadherin, platelet endothelial cell adhesion molecule 1 (PECAM-1, CD31), vascular
endothelial growth factor receptors (VEGFRs) and isolectin B4. [267] During embryonic development, most
mesodermal-derived ECs coalesce into initial blood tubes through the process of vasculogenesis, the
de novo formation of blood vessels, and give rise to further vessels by sprouting and intussusceptive
microvascular growth involving EC proliferation, migration and invasion during angiogenesis. [277, 278]
Approximately 24 hours after blood circulation is initiated, mural cells (vSMCs or pericytes) are recruited to
the endothelial tubes in a PDGF-B-dependent manner, promoting EC quiescence and long-term vessel
stabilization. [147, 267] As endothelial cells differentiate, they establish a concentration gradient of
platelet-derived growth factor-B (PDGF-B) that is sensed by the surrounding vSMCs via specific tyrosine
kinase receptors (PDGFR-B) and promotes vSMC migration and proliferation, leading to vSMC recruitment
to the vessel wall. [279] Although the importance of the cross talk between EC and vSMCs is well
established, a variety of other signaling pathways, such as transforming growth factor B (TGF-B), Notch,
epidermal growth factor (EGF) and angiopoietin-1 (Ang-1)/Tie2 signaling also contribute to mural cell
differentiation, recruitment and stabilization. [254, 280-290] The Angiopoietin-1/Tie2 pathway, for
example, may not contribute to mural cell recruitment but was shown to be crucial to maintain the physical
EC-SMC interaction, as well as for the regulation of vascular integrity through EC-ECM adhesion and matrix
composition. [291] Furthermore, integrins, especially a5B1, have been implicated in the signaling of the

Ang/Tie system, either by the constitutive interaction with Tie2 and the concomitant modulation of Tie2
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activity or the direct interaction with Ang-2. Latter interaction was shown to induce FAK phosphorylation,
resulting in the activation of Racl, EC migration and sprouting angiogenesis. [291-294] ECs do not only play
a key role in angiogenesis but also in various other processes including inflammation, blood flow regulation
and dynamic modulation of ECM components. [295] Given these multiple functions, ECs are essential to
maintain vascular homeostasis and an altered angiogenic balance or EC dysfunction is commonly involved
in pathological disorders, such as systemic and pulmonary hypertension, atherosclerosis, stroke,
inflammatory syndromes and cancer. [295]

The tunica externa (adventitia) additionally plays crucial roles during homeostasis and disease of the
vasculature. [296] The collagen-rich (type | and Il collagens) adventitial layer is located outside the external
elastic lamella and provides vessel wall rigidity to prevent wall rupture at high pressure. [267] This is an
important site for innate immune responses and surveillance as inflammatory cells traffic into and out of
the vessel walls. [296] It furthermore plays a role in regulating the lumen of blood vessels, either by short-
term regulation of smooth muscle contraction or the long-term control of vessel wall remodeling. [297,
298] The adventitia consists of a complex cellular community, including resident mast cells, macrophages,
T and B cells, dendritic cells and fibroblasts embedded in a collagen-rich ECM. [296]

SMCs, the contractile cells of the tunica media, regulate vascular tone through dynamic cycles of cell
contraction and relaxation. Since vSMCs are one of the two cell types analyzed in the present thesis, their

morphology, regulation and function will be discussed in detail in a separate chapter (1.3.2.2).

1.3.2.1 The structural unit of the myocardium- the cardiomyocytes

Cardiomyocytes ensure that the heart effectively pumps the blood to all organs and tissues within an
organism. These cells are required to contract in unison, a phenomenon achieved by the spatial regulation
of ion channels that control the influx and efflux of calcium (Ca?*) ions. For controlling the Ca®* release, the
electrical activity of the sarcolemma plays an important role and hence controls the cells contractility
(1.3.2.1.3). [248]

During late development and early postnatal life, cardiomyocytes undergo physiological hypertrophic
growth, realign cytoskeletal components and acquire a mature, adult cytoarchitecture to meet the
increased hemodynamic load. Cardiac hypertrophy is an acute compensatory or adaptive mechanism by
which the organism tries to preserve cardiac function in response to pressure or volume overload. Clinically,
two forms of hypertrophy can be described: physiological and pathological hypertrophy. [299] While
physiological hypertrophy is defined as an increase in cardiac mass with preserved myocardial architecture

and function in response to normal postnatal maturation or exercise, pathological hypertrophy is
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associated with increased CM death and fibrosis, as well as reduced cardiac function caused by mechanical
stress (e.g. hypertension). [299, 300] Cardiac hypertrophy is usually characterized by three different
aspects: (i) an increase in the assembly of sarcomeres and expanded cell spreading area due to an increase
in global MRNA and protein synthesis, (ii) the re-activation of fetal genes such as atrial natriuretic peptide
(ANP) and (iii) an increase in CM survival. In the early stage, hypertrophic growth exhibits a protective role
as it allows the heart to generate the necessary contractile forces. However, continued hypertrophic
growth often results in heart failure as cardiomyocytes fail to generate the contractile force required for
an effective cardiac output. In addition to hypertrophic growth, pathological conditions often cause CMs

to induce apoptotic and necrotic responses leading to the reduction in the cell number. [248]

1.3.2.1.1 From early fetal to adult cardiomyocytes- cardiomyocyte maturation

The mammalian heart development is a highly dynamic process during which the cardiomyocytes undergo
changes that allow them to sustain billions of contraction-relaxation cycles. These include changes in cell
structure, metabolism, function and gene expression and can be combined under the term ‘cardiomyocyte
maturation’. [301] Four distinct developmental CM stages can be described in vivo: early and late fetal,
neonatal and adult CMs.

Cardiac looping transforms the initial straight embryonic heart tube into a helical wound loop. [302] During
this process cardiomyocytes are divided into early fetal and late fetal CMs, which are either found during
the early or late cardiac looping stages, respectively. [303] In mammals, the cells during the first two weeks
after birth are referred to neonatal CMs, while adult CMs represent the fully developed, mature stage.
[303, 304] When comparing the four different developmental stages, they show severe morphological
differences. While early and late fetal CMs are single nucleated cells with a round morphology and a
spreading area of about 1000-1300 um?, neonatal CMs switch to a more elongated, fibroblast-like
morphology, with some cells being binucleated. [303] During embryogenesis, the heart grows primarily by
hyperplasia and cardiomyocyte proliferation is regulated by several pathways, most notably the
Neuregulin-1 (NRG-1)/ErbB/ERK signaling cascade. Furthermore, while Bone Morphogenetic Protein (BMP)
signaling and the Insulin-like growth factor (IGF)/phosphatidylinositol 3-kinase (PI3K) pathways are required
for hyperplastic growth after midgestation, the Hippo pathway is involved in CM proliferation and organ
size control throughout the development and after birth. [305] In the days after birth, mouse CMs undergo
one to two rounds of cell division without cytokinesis that results in binucleation in some cells. [306]
Furthermore, at the same time as neonatal CMs switch from hyperplastic to hypertrophic growth,

contractile proteins switch from fetal to adult isoforms. [248, 307] Mature adult CMs are elongated and
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rod-shaped (Fig. 13B), with a spreading area of about 10000-14000 pum?. About 30% of adult CMs are
binucleated. [303] It was long thought that adult CMs represent a terminally differentiated, specialized and
structured cell type, however, this dogma was challenged by the characterization of CMs, which re-enter
the cell cycle during cardiac regeneration. [308] The identification of cardiac progenitor cells and the
investigations of the transcriptional regulation of cardiac regeneration revealed new insights into the self-

renewal ability of adult CMs. [307-309]

a-actinin/DAPI

Fig. 13. Cell morphology of (A) neonatal versus (B) adult cardiomyocytes. Neonatal mouse CMs were plated on
fibronectin and fixed 3 days after isolation. Adult mouse CMs were plated on laminin for 1.5 h before fixation. Both,
neonatal and adult CMs were stained using an antibody against the Z-disc marker a-actinin. DAPI was used to stain
the nuclei. Note, the rod-shaped cell morphology of adult CMs in comparison to the star-like morphology of neonatal
cardiomyocytes. Scale, 10 um.

Cardiomyocyte maturation is not only characterized by morphological but also by structural cell changes
(Fig. 13). [310, 311] Myofibrils massively increase with CM maturation as new sarcomeres are continuously
added in alignment with pre-existing myofibrils. In addition, the ultrastructural organization of the
sarcomeres develops with the CM maturation. In early fetal CMs, Z-discs only start to form, while late fetal
CMs have completely developed Z-discs as well as |- and A-bands, and H zones. The typical muscular striated
patterning is visible from the late fetal stage onwards, although M-lines only develop during the neonatal
period. [310, 311] It is not surprising, that contemporaneous with the changes in CM structure and
morphology the expression of contractile proteins changes in temporal relation to the alterations of
functional properties (sarcomeric isoform switching). The most well-known switch in rodents is the myosin
heavy chain (MHC) switch. During embryonic development B-MHC (MYH?7) is predominantly expressed and
starts to decrease rapidly around birth. a-MHC (MYH®6) is also already present during the embryonic
development but the ratio of a-MHC to B-MHC increases in neonatal CMs until a-MHC becomes the only
isoform in adult CMs. [312] Other proteins that experience isoform switching include the regulatory light

chain of myosin, which switches from MYL7 in early fetal CMs to MYL2 in adult ventricular CMs and the
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troponin | isoform that switches from slow skeletal troponin | (TNNT1) in fetal and neonatal CMs to cardiac
troponin | (TNNT2) in adult CMs. [312-315] Other hallmarks of the cardiomyocyte maturation process,
which will not be further discussed in this thesis, are the electrophysiology, the calcium handling and the

metabolism. [301, 303]

1.3.2.1.2 The sarcomere and its function

To provide an effective pump action and to guarantee an adequate blood perfusion of all organs and tissues
within an organism, the hearts’ contractile cells, the cardiomyocytes, need to contract in unison. [248]
Cardiomyocytes are specialized muscle cells that are composed of bundles of myofibrils
(1-2 um diameter) that contain myofilaments. Two proteins, actin and myosin, assemble in two types of
myofilaments, thin actin filaments (6-7 nm diameter) and thick myosin filaments (15-16 nm diameter).
[316] These myofilaments are organized into repeating microanatomical subunits, called sarcomeres, along
the length of the myofibril (Fig. 14A). The sarcomere is responsible for generating the force during CM
contraction, thus, it comprises the fundamental structural and functional unit of these cells. [317] It is
bordered on both ends by a roughly 100 nm thick protein-rich structure, the Z-disc. Due to the highly
organized assembly of actin and myosin filaments within the sarcomere, their overlapping and non-
overlapping patterns produce distinct bands. These bands can be observed under a microscope and are
called the A-band (anisotropic) and I-band (isotropic). [316] The A-band is located in the center of the
sarcomere in the area where thick and thin filaments overlap. However, a less dense region where the thin
filaments are absent, the H zone, can be found within the A-band. The I-band, on the other hand, is the
region on either side of a Z-disc that contains only thin filaments and titin. Titin, a gigantic elastic protein,
builds up the connecting filament within the sarcomeres. It connects the Z-disc with the middle of the
myosin filament at the M-line, the region in the middle of a sarcomere, thereby anchoring the thick filament
during contraction and relaxation. [316, 317] In contrast, the actin filaments are crosslinked and anchored
to the Z-disc by a-actinin. Upon muscle contraction, the thick myosin filament slides on the thin actin
filaments (sliding filament theory, 1.3.2.1.3), resulting in the shortening of the I-band and the movement
of the Z-discs towards each other. On the ultrastructural level the force required to pump blood through
the circulatory system is generated by the shortening of individual sarcomeres. This force transmission can
occur either longitudinal, from one sarcomere to the next one within one myofibril until it reaches the
intercalated disc, or lateral. Lateral force transmission occurs from the Z-disc of one myofibril to the next
one until it reaches the sarcolemma via the costameres. [318] Costameres are complex protein structures

that flank the M-lines and Z-discs and overlie the I-bands of the immediately subjacent sarcomeres
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(Fig. 14B, C). [319] They thereby serve as a direct link and anchor point for the Z-disc with the sarcolemmal
membrane and the ECM, providing stability to the sarcomeres. [145] In addition, they are able to transmit
the contractile forces generated by the myofilaments directly to the ECM (inside-out signaling) and act as
a mechanical sensor that transduces changes in mechanical force to cellular signaling cascades (outside-in
signaling). Two major protein complexes have been described at the costameres: the dystrophin-
glycoprotein and the integrin complex. Latter one is related to integrin-containing adhesion structures

found in most non-muscle cell types (1.1.1). [318]

A
I-band I-band
&
. e R s s
e - e
SRR T — e
B AR ittt ’
thin filament  tropomyosin thick filament  elastic filament
<> (F-actin) (myosin) (titin) ¢ 3
Z-disc M-line Z-disc
(a-actinin) (myomesin)
sarcomere
B C
Z-disc
Costamere
Costamere  Z-disc
Sarcolemma

thick filament
(myosin) thin filament
{F-actin)

Myofibril

Fig. 14. Sarcomere structure and cellular localization of costameres in cardiomyocytes. (A) Drawing of a cardiac
sarcomere illustrating the three major filament types: actin-based thin filaments, myosin-based thick filaments and
elastic titin. Z-disc and M-line marker proteins are a-actinin and myomesin, respectively. Adapted from Burbaum et
al. (paper Il). [320] (B) Schema illustrating costameres that physically couple myofibrils to the sarcolemma at the
Z-discs. Adapted from Ervasti. [321] (C) Isolated neonatal ventricular rat cardiomyocyte plated on fibronectin showing
a-actinin-positive Z-discs and costamere localization. DAPI was used to stain nuclei. Scale, 10 um.
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1.3.2.1.3 Cardiomyocyte contraction- the sliding filament theory

Given their role in heart function, cardiomyocytes are required to work together as a syncytium. They are
connected with each other at the intercalated discs and spread the action potentials through gap junctions
to support the synchronized contraction of the myocardium. In cardiac and skeletal muscle tissue,
contraction occurs through a mechanism known as excitation-contraction coupling (ECC). Cardiac ECC is
the process by which the electrical activation of cardiomyocytes through an action potential from the
neurons leads to a mechanical response that facilitates muscle movement. [322] In CMs, the ECC is
dependent on calcium-induced calcium release, which involves the influx of calcium ions (Ca%*) into the
cells through ryanodine receptors, triggering further release of ions into the cytoplasm from stores in the
sarcoplasmic reticulum (SR). [323] The actual mechanical contraction response can be described via the
sliding filament theory (Fig. 15A): [322, 324, 325]

1) The pacemaker cells in the sinoatrial node induce an action potential, which is conducted to the
cardiomyocytes through gap junctions.

2) The action potential travels through the sarcomeres and activates calcium channels in the T-
tubules, leading to a calcium influx into the cytoplasm.

3) Ca? in the cytoplasm binds to the cardiac troponin-C, causing conformational changes within the
troponin complex that allow the tropomyosin to expose the myosin binding sites on actin. (Fig. 15B)
Subsequently, this movement permits the myosin heads to bind to actin and form a cross-bridge.

4) Myosin then uses energy stored as adenosine triphosphate (ATP). The ATPase activity in the myosin
head hydrolyzes the ATP and tilts the head towards the M-line upon the release of an inorganic
phosphate molecule (Pi) and energy (power stroke). The sarcomere shortens as the actin is pulled
toward the M-line. Upon the binding of a new ATP molecule, the myosin is released from the actin
filament and the myosin head returns to its starting position.

5) For cardiac relaxation, the intracellular Ca** concentration must decline under a certain threshold,
allowing the Ca?* to dissociate from the troponin-C and terminate the myofilament crossbridge

cycle.
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Fig. 15. Sliding filament theory of muscle contraction. (A) The interaction between myosin and actin as basis for muscle
contraction. (B) The role of regulatory proteins and calcium ions in muscle contraction. Adapted from Campell and
Reece. [326]

The central feature of muscle contraction is the interaction of myosin with the actin filaments. Crystal
structures of myosin in different states and the actomyosin complex have provided important insights into
the structural changes driven by the binding of myosin to actin filaments during muscle contraction. [327-
330] There is a general agreement in the field that the sequential releases of P;and ADP, catalyzed by actin,
drives the motor activity of myosin by inducing conformational changes in the myosin motor that allow
movement and force generation. [329] Four structural states of myosin have been identified: the rigor,

post-rigor, pre-powerstroke and the P; release state (Fig. 15A). [329] The rigor state is the nucleotide free
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state in which myosin is bound to F-actin and the actomyosin interface is mainly stabilized by hydrophobic
interactions. [328] Upon ATP binding, myosin rapidly dissociates from the actin filament (post-rigor state)
and subsequent ATP hydrolysis primes myosin for force production by inducing the pre-powerstroke (PPS)
state. In this state, ADP and P; are still trapped within the motor and actin binding is required to induce
structural rearrangements that are necessary to open up an alternative escape route for phosphate

(Pi release state). The release of P; will subsequently induce the power stroke. [327, 329, 330]

1.3.2.2 The contractile cells of blood vessels- smooth muscle cells

Smooth muscle cells are the major cell type found in the tunica media of blood vessels but are also present
in the walls of almost all other organs such as stomach, bladder, intestine, uterus and the eye. These cells
fulfill a variety of functions in the body such as the transport of the food bolus through the intestine, the
sealing of body orifices (e.g. pylorus, uterus) and the shrinking of the pupils in eyes. [331] In mature blood
vessels, vSMCs critically regulate vessel contraction and relaxation, thereby maintaining vascular tone and
allowing the blood perfusion of downstream tissues. Furthermore, they respond to environmental stress
and are involved in the repair of the blood vessel wall after vascular injury. [332-334] Consequently,
abnormalities in vSMC anatomy or physiology contribute to various vessel pathologies leading to
cardiovascular disease (CVD), the number one cause of morbidity and mortality worldwide. [335] The most
common form of CVD is a disorder called atherosclerosis, a progressive inflammatory disease characterized
by the accumulation of lipids and ECM (plaque) inside large arteries which can lead to stroke, heart attack
and thrombosis. [335] SMCs elicit central roles in all developmental stages of this disease, especially in the
formation of the fibrous cap and the plaque stability in advanced atherosclerosis. [335-337]
Microscopically, smooth muscle cells appear homogeneous in contrast to cardiac or skeletal muscle, in
which a regular sarcomeric pattern of contractile proteins can be observed. SMCs are spindle-shaped or
rhomboidal cells, 30-200 um in length with a single central nucleus, and are surrounded by a basal lamina.
Long thick myosin filaments are intermingled with thin actin filaments, which are either anchored by
cytoplasmic dense bodies, an analogous to the sarcomeric Z-disc, or attached to dense plaques on the
plasma membrane. [338, 339] The dense bodies also anchor the desmin-positive intermediate filaments,
which run from one end of the cell to the other, thereby preventing excess stretching. [339] a-actinin is a
well-known component of both dense bodies and plaques, whereas vinculin and talin are only present in
latter ones. [340] The thick filaments are thought to have a non-helical, side-polar arrangement of

crossbridges (Fig. 7B), in contrast to the bipolar kind found in cardiac and skeletal muscle (Fig. 7A). [341, 342]
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After their recruitment to an EC tube during angiogenesis, SMCs assemble into a functional monolayer and
differentiate, adapting a quiescent state with low cell migration, proliferation and ECM synthesis. [343]
However, in contrast to mature terminally differentiated cardiomyocytes and skeletal muscle cells, adult
SMCs have been shown to modulate their phenotype (phenotypic switching) in response to injury or
disease, resulting in differential gene expression of SMC marker, upregulated proliferation potential and
migration properties. Thus, depending on environmental and intracellular cues, SMCs can adapt virtually
every phenotype between a fully differentiated contractile state and an undifferentiated, highly migratory
and proliferative synthetic state. [333, 344] A variety of useful markers allow to label and distinguish the
different SMC pools (Fig. 16). Quiescent vSMC express high levels of proteins required for their contractile
functions, such as smooth muscle myosin heavy chain (SM-MHC) isoforms and a-smooth muscle actin
(a-SMA), the central components of the contractile apparatus. [343] A late stage differentiation marker is
the contractile filament smoothelin B, which is exclusively expressed in mature vSMC and often rapidly
downregulated in proliferating SMC cultures. [345] Other well-characterized markers of mature vSMC
include the actin crosslinking protein SM22aq, also known as transgelin, and the calcium binding protein
calponin. [343, 344] However, a-SMA and other SMC differentiation marker were also found to be
expressed in a variety of non-SMC cell types, for example in endothelial cells during vascular remodeling,
myofibroblasts during wound repair and in cardiomyocytes during normal development or as marker for
myocardial hypertrophy in adult hearts. [343, 346-348] This bedevils the correct identification of primary

vSMCs, where a contamination with other cell types may happen. [343]

synthetic, dedifferentiated phenotype contractile, differentiated phenotype

- rhomboid shape - elongated spindle shape
- pro-migratory - non-migratory
- proliferating - non-proliferating

a-SMA al integrin
SM22a a7 integrin
desmin B1 integrin
h-caldesmon
meta-vinculin

Smoaothelin
SM-MHC

Fig. 16. Phenotypic switching by vascular smooth muscle cells and schematic representation of expression levels of genes
associates with the contractile phenotype. Mature SMC are able to switch between a contractile and synthetic
phenotype. Adapted from Milewicz et al. [349]

38



Introduction

Phenotypic switching occurs as e.g. the endothelial monolayer or the vSMC-ECM interaction is disrupted,
in case of injury, wound healing or vascular remodeling as well as when cells are exposed to growth factors
(e.g. PDGF-BB) which initiate intracellular signaling cascades that lead to a rapid downregulation of
contractile proteins and the acquisition of a dedifferentiated phenotype. [350] Although markers for the
contractile state of vSMCs are well defined, only the upregulation of myosin heavy chain embryonic

(SMemb) and tropomyosin 4 (TM4) have been linked to the proliferative phenotype. [351]

1.3.2.2.1 Regulation of smooth muscle cell contractility

SMCs contract in response to an increase in the intracellular calcium levels through neuronal or hormonal
stimulation. This Ca?*-increase can be either mediated through the opening of voltage-dependent L-type
calcium channels in the plasma membrane or through the release from internal calcium stores by IP3
receptors. [352] The elevated level of cytoplasmic Ca?* results in force generation. The thin filaments in
SMCs contain actin and tropomyosin, but also caldesmon and calponin as regulatory proteins instead of
troponin, which results in a different regulation of the contractile system compared to that in cardiac cells.
While in cardiomyocytes Ca?* binding to troponin-C exposes myosin binding sites on the actin filaments,
Ca?*binding to calmodulin activates MLCK. As a result, the regulation of contractility in CMs is linked to the
thin actin filaments, whereas in SMCs it is linked to the myosin filaments. [353] Furthermore, cardiac muscle
contracts fast in a process known as excitation-contraction coupling, as described above, whereas smooth
muscle cells do not undergo the same type of ECC leading to slower cell contraction. [354]

Following the increase of the cytoplasmic Ca?* concentration through the production of IP3, Ca** binds to
calmodulin, resulting in the activation of MLCK and the subsequent phosphorylation of the regulatory light
chain of myosin Il (pMLC) (Fig. 17B). [355] In addition, the Ca*"/calmodulin complex inhibits calponin and
caldesmon, two proteins that are holding tropomyosin in place and prevent actin-myosin interaction, and
facilitates to turn on the actin-myosin ATPase cycle. Upon tropomyosin movement, myosin heads attach to
the actin binding sites, pull on the thin filaments which then slide past the thick filaments, causing the entire
muscle fiber to contract by pulling the ends towards the center (corkscrew motion) (Fig. 17A). [36] The
phosphorylation of MLC can be reversed by the myosin light chain phosphatase. [355] During recent years,
a parallel signaling pathway was described that partially inhibits this phosphatase in a Ca?*-independent
manner. This regulation involves the monomeric guanosine triphosphate (GTP)-binding protein RhoA. [355-
357] Receptors coupled to trimeric G-proteins activate this small GTPase, which in turn activates ROCK.
[358] ROCK directly phosphorylates MYPT1, the myosin binding subunit of MLCP, and prevents the
dephosphorylation of MLC. [355, 359, 360]
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A Relaxed Contracted

Dense body Intermediate filaments

B Phospholipase C

I;l,> DAG
la

Ca2+
MLCK ‘r Calmodulin
inactive
/Tl/ Ca’*-Calmodulin
CaPr
MLCK
active

MLC —= pMLC

relaxation MLCP  contraction
active

GTP-RhoA ——= ROCK lT
GAP H GEF MLCP
GDP-RhoA inactive

Fig. 17. Activation of smooth muscle cell contraction. (A) Due to the attachment of thin filaments at the plasma
membrane through dense plaques, spindle-shaped SMCs develop pleats as they contract. (B) Biochemical pathway
controlling phosphorylation of the regulatory myosin light chain of myosin Il. Receptor stimulation results in the
production of inositol 1,4,5-triphosphate (IPs) by phospholipase C. Through binding to specific receptors induces IP3
the efflux of Ca?* ions from internal stores. Ca?* binds calmodulin and together activate MLCK. Active MLCK
phosphorylates MLC, a process reversed by MLCP. Activation of RhoA by GTP loading stimulates ROCK, which
phosphorylates and inactivates MLCP. Adapted from Pollard et al. [339]

To maintain blood pressure, stabilize vessels and also regulate intestinal peristaltic, normal RhoA/ROCK
signaling is crucial, while dysfunctional Rho signaling has been observed in a variety of pathologies including

hypertension, asthma, pulmonary fibrosis and gut motility disorders. [361-364]
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1.4 Cell-cell communication within the heart and blood vessels

The adult heart is a complex system of cellular and acellular tissue, harboring a pool of distinct cell types
which physically interact with each other and communicate through a variety of soluble paracrine,
autocrine and endocrine factors. Following an injury, dramatic alterations in the distinct cardiac cell
populations were observed that affect the cell-cell and cell-ECM interactions and cardiac function. [270,
365, 366]

In the myocardium, cardiomyocytes are surrounded by the endomysium, a collagen-rich connective tissue
that also harbors cardiac fibroblasts. [367] Both cell types express several voltage-gated potassium (K*)
channels which have been connected to the Angiotensin Il (Ang Il) pathway. Ang Il upregulation leads to an
enhanced secretion of cytokines and growth factors by cardiomyocytes, including TGF- and endothelin-1,
a potent vasoconstrictor stimulating cardiac hypertrophy. [368] Furthermore, fibroblasts also express
specific Ang Il receptors and Ang Il binding promotes their proliferation and ECM synthesis. [270] PDGF is
another signaling molecule secreted by CMs that was found to induce cardiac fibrosis, observed as
increased fibroblast proliferation, migration and ECM deposition, with the subsequent development of a
lethal dilated cardiomyopathy in vivo. [369] Additionally, CMs secret other growth factors and cytokines,
such as VEGF and tumor necrosis factor-a (TNF-a), respectively. [370, 371] Although found in lower
abundance, endothelial cells are also in direct contact to cardiomyocytes and CM-EC interactions allow for
nitric oxide (NO) involvement in cardiomyocyte contraction. NO is activated by the nitric oxide synthase
(NOS), a family of three isoforms, neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS),
which are all expressed in the heart. [372] Interestingly, eNOS-generated NO inhibits L-type Ca®* channels
whereas nNOS-generated NO stimulates sarcoplasmic reticulum (SR) Ca?" release, leading to opposed
effects on myocardial contractility. [373]

Heart function requires not only the chemical communication between cells but also the mechanical and
electrical coupling between CMs. This is achieved by specialized adhesive structures called the intercalated
disc. Three complexes form the intercalated disc: adherens junctions and desmosomes, that physically link
the actin and intermediate filament cytoskeleton of neighboring CMs, respectively, and gap junctions that
electrically couple cardiomyocytes. [374] Unlike gap junctions, which allow the exchange of ions and small
molecules between adjacent cells, adhesion complex communication is another form of intracellular
signaling and involves cascades that are triggered by cell-cell or cell-ECM engagement. Cardiomyocytes
primarily attach to the ECM and detect mechanical forces via integrins (see 1.1.6.1).

To maintain normal cardiac function, cells of the myocardium have to communicate among each other but

also to the vascular network. In blood vessels, ECs and SMCs utilize various signaling tactics to exchange
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information, which can be mechanistically divided into two signaling strategies- diffusible or juxtracrine
(contact-dependent) signaling. [279] The secretion of diffusible factors and the establishment of
concentration gradients are important strategies employed during blood vessel formation. These include
the already mentioned secretion of the polypeptide PDGF-B or the growth factors Ang-1 and TGF-B during
development. [279] Furthermore, ECs and vSMCs are in close proximity in mature blood vessels, enabling
highly efficient signaling via secreted factors. Endothelial-derived factors such as NO, prostacyclin and
hyperpolarizing factor (EDHF) diffuse to SMCs causing vascular relaxation, while contracting agents like
endothelin-1 and angiotensin Il, released from ECs, are perceived by SMCs, increasing cell contraction and
vascular tone. [276, 339, 375] As observed in cardiomyocytes, also ECs and fibroblasts form homo- and
heterocellular gap junctions, known as myoendothelial junctions (MEJ), allowing a direct and rapid
intercellular communication to control and coordinate vascular function. [376] Connexins (Cx) are
transmembrane proteins that make up these gap junctions, which directly connect the cytoplasm of
adjacent cells, allowing the exchange of ions and metabolites. Gap junctions are made up of six connexin
subunits, called connexon or hemichannel, on both sides of the plasma membrane assembling into
functional channels. [377, 378] Vascular gap junctions are made up of one or more of the four connexin
proteins- Cx37, Cx40, Cx43 and Cx45, however, only Cx37, Cx40 and Cx43 are present in MEJ. [376]

The evolutionarily conserved Notch signaling pathway is important to control cell fates during embryonic
development, vascular repair of injury and vascular pathology in mammals. [350] Membrane-bound Notch
receptors (Notch1-4) are activated by transmembrane ligands of the Jagged (Jag) or Delta-like (DIl) family
(Jag-1, and -2 as well as DII-1, -3, and -4) on adjacent cells. [379] The Notch pathway plays a major role in
arteriovenous identity, tip cell specification, angiogenic sprouting and SMC differentiation. [350, 380]
Perturbations in the expression of Notch pathway components in vSMCs and ECs result in a variety of
vascular defects such as dilated or collapsed aorta, hemorrhaging, defective arterial branching and
disorganized elastic lamina. [350] Moreover, vSMC recognition of the Notch ligand Jag-1 on endothelial
cells induces vessel maturation by regulating integrin-mediated cell adhesion and can be inhibited by the
von Willebrand factor. [150, 381] Furthermore, Notch signaling also regulates the development of the
aortic valve, ventricles and outflow tract. [382]

In summary, cells of the cardiovascular system need to adhere to each other and the ECM, and
communicate with each other to maintain body homeostasis. Integrins and their cytosolic adaptor proteins
at cell-cell and cell-ECM adhesion sites are integral components of the signal transduction machinery in the

cardiovascular system to transmit signals bidirectional across the membrane.

42



Aims of the thesis

2 AIMS OF THE THESIS

The cardiovascular system is a central organ system that is required for the distribution of blood containing
important nutrients and oxygen to all tissues and organs. The development of the heart and blood vessels
as well as the maintenance of body homeostasis is critically influenced by biological processes on the
cellular level. The interactions of cells with each other and the ECM influence hereby for example cell
adhesion, spreading, migration and proliferation. Integrins, as the main receptors for cell adhesion are well
known for their pivotal function during these processes. However, these heterodimeric receptors lack actin
binding capacity and intrinsic catalytic activity, thus, they depend on adaptor proteins to fulfill this function.
Previous studies have shown that B1 integrin as well as members of the IPP complex play a vital role in
maintaining the sarcomeric stability in CMs and in the proper recruitment of vSMCs to maturing blood
vessels. Constitutive deletion of a-parvin results in embryonic lethality due to the missing establishment of
two outflow tracts during heart development and the formation of edema and aneurismal dilations of the
aorta. However, the embryonic lethality prevented the investigation of a-parvin function during late

development or in adult mice.

Aim 1

The primary aim of this thesis was to investigate the role of a-parvin in contractile cells of the cardiovascular
system after embryonic development. | thereby focused on the in vitro generation of a-parvin knockout
NMVCs and MOVAS, through AdenoCre transduction or CRISPR-mediated deletion, respectively, and the
characterization of these cells in respect to integrin-mediated functions. We furthermore analyzed whether
the loss of a-parvin is functionally compensated through the upregulation of B-parvin. Additionally, the in
vivo function of cardiac or SMC-specific a-parvin was investigated using adult aMHC-MerCreMer or

SMMHC-CreER™ transgenic mice, respectively.

Aim 2

To further increase our understanding of a-parvin regulation in the cardiovascular system, the identification
and characterization of novel a-parvin interacting partners in CMs and vSMCs was another aim of this
thesis. | used GFP immunoprecipitation and proximity-dependent biotin labeling identification assays to
search for new a- or B-parvin isoform specific or pan-parvin interactors with a special focus on regulators
of the RhoA/ROCK/MLC2 signaling pathway, which was shown to be misregulated in cells lacking IPP

complex members.
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3 MATERIALS AND METHODS

3.1 Animals

Mice used in this study were housed under specific pathogen free (SPF) and 12 h:12 h light:dark conditions
in an animal facility of the Max Planck Institute (MPI) of Biochemistry in Martinsried. They had continuous
access to water and standard rodent food. At an age of three weeks, mice were gender-matched, marked
with an ear tag and genotyped using PCR (see 3.4.7.1). For breeding, mice of an age of > 6 weeks were
used. All adult animals used for experiments were euthanized by CO, or cervical dislocation. Alternatively,
neonatal mice (three days after birth (P3)) were decapitated. All experiments were carried out in

accordance with the German Animal Protection Law.

3.1.1 Breeding scheme

Constitutive deletion of a-parvin results in embryonic lethality between E10.5 and E14.5, preventing the
analysis of a-parvin function in neonatal and adult animals. [171] Therefore, we used the Cre-loxP system
to control gene disruption in a time and tissue-specific manner. The Cre protein is a tyrosine site-specific
DNA recombinase that recognizes specifically two directly repeated DNA fragment sequences, known as
loxP (locus of X-over P1) sites and mediates site-specific deletion of the JoxP flanked (floxed (fl)) DNA. [383]
A mouse strain carrying loxP sites flanking exon2 of the PARVA gene (a-pv(fl/fl)) was originally generated
by Altstatter et al. [384] These mice were intercrossed with constitutive 8-parvin knockout mice and
backcrossed to C57/BI6 background (F10) to obtain a-pv(fl/fl) 8-pv(-/-) mice. The constitutive 8-parvin KO
mice were originally generated by Thievessen through the replacement of a part of exon2, intron2 and a
part of exon 3 by an internal ribosome entry site (IRES)-regulated lacZ-reporter-gene and a
phosphoglycerate-kinase (PGK)-driven neo-resistance cassette. [385]

To delete a-parvin in CMs, MerCreMer transgenic mice were bred into a background of a-pv(fl/fl) and
a-pv(fl/fl) B-pv(-/-) mice. MerCreMer transgenic mice express the Cre recombinase under the control of the
mouse cardiac-specific alpha-myosin heavy chain (aMHC; MYH6) promotor. [386] The estrogen receptor
was mutated at glycine 525 to arginine, rendering the receptor insensitive to its natural ligand,
17B-estradiol. This mutant estrogen receptor (Mer) is instead sensitive to the estrogen antagonist
tamoxifen (TAM) and permits a tamoxifen-inducible activity within targeted mammalian cells. [387]
SMMHC-CreER™ mice were kindly provided by the Offermanns lab from the MPI for Heart and Lung
Research. [388] To delete a-parvin in SMCs, SMMHC-CreER™ transgenic mice were bred into a background
of a-pv(fl/fl) and a-pv(fl/fl) B-pv(-/-) mice. In SMMHC-CreER™ mice, Cre recombinase is expressed under

control of the mouse smooth muscle myosin, heavy polypeptide 11 (MYH11) promotor. In this mouse strain,
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the Cre recombinase is fused to a mutated, TAM-inducible human estrogen receptor. [389] Due to the
original insertion of the BAC transgene on the Y chromosome, only male animals are carrier of the Cre

recombinase and only male animals were used for the experiments. [388]

3.1.2 Tamoxifen-induced knockout of a-parvin

Tamoxifen (Sigma-Aldrich, #T5648) was dissolved in warm corn oil at a stock concentration of 100 mg/mL.
Shortly before use, TAM was further diluted to 10 mg/mL and used at the indicated doses and frequencies.
Gene inactivation in adult MerCreMer (MCM) mice (12-15 weeks) was triggered by intraperitoneal injection
(i.p.) of 30 or 40 mg/kg tamoxifen per day for three consecutive days. As controls a-pv(fl/fl) MCM mice
treated with vehicle (corn oil) and MerCreMer mice treated with TAM were used.

Gene inactivation in adult SMMHC-CreER™ male mice (16-20 weeks) was triggered by i.p. administration of
50 mg/kg tamoxifen per day for five consecutive days. Gender and age-matched a-pv(fl/fl) SMMHC-CreER™

mice treated with vehicle (corn oil) and a-pv(+/+) SMMHC-CreER™ mice were used as controls.

3.2 Common material

We purchased basic chemical compounds from the following companies: Merck (Darmstadt, Germany),
Sigma-Aldrich (St. Louis, Missouri, USA), Thermo Fisher Scientific (Waltham, Massachusetts, USA) or Carl
Roth GmbH (Karlsruhe, Germany). To prepare the solutions and buffer stocks we used double-distilled
water (ddH,0), purified with the Milli-Q®-System (MilliporeSigma, Burlington, Massachusetts, USA). Stock

solutions of running buffer, transfer buffer and TBS were diluted with normal distilled water (dH,0).
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3.3 Antibodies

3.3.1 Primary antibodies

Table 1. List of primary antibodies used in this thesis.

Materials and Methods

Antigen Species  Application  Dilution Source

a-actinin mouse IF 1:200  Sigma (#A7811)
a-parvin rabbit WB/ 1:1000/ Cell Signaling (#8190)

IF 1:200
B1 integrin rat IF 1:400  Merck (#MAB1997)
B-parvin rabbit IF 1:200 home made
cTnT mouse IF 1:200  Thermo Fisher Scientific (#MA5-12960)
GAPDH mouse WB 1:1000 Calbiochem (#CB1001)
ILK mouse WB 1:5000 BD Bioscience (#611803)
Mprip rabbit VYFB/ 1i2:§88/ Merck (#HPA022901)
Myomesin B4 mouse IF 1:200  DSHB by Perriard, J.-C.
NFK3 kinase rabbit WB 1:1000 Abcam (#ab211442)
Paxillin mouse IF 1:600  BD Bioscience (#610051)
PINCH1 rabbit IF 1:200  Epitomics (#2823-1)
pan-PINCH mouse WB 1:500 BD Bioscience (#612710)
PMLC (Ser19) mouse WB/ 1:1000/ Cell Signaling (#3675)

IF 1:200
PMLC (Thr18/ Ser19) rabbit WB/ 1:1000/ Cell Signaling (#3674)

IF 1:200
RhoA mouse WB 1:500  Cytoskeleton (#ARHO5)
Rsu-1 rabbit WB 1:1000 gift from Xing-An Wang
Talin-1 mouse WB 1:1000 Sigma (#T3287)
Tubulin rat WB 1:1000 Merck (#MAB1864)
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3.3.2 Secondary antibodies

Table 2. List of secondary antibodies used in this work.

Materials and Methods

Antigen Species  Application  Dilution Source

mouse IgG-HRP donkey WB 1:10000 Jackson ImmunoResearch
(#715035151)

rabbit IlgG-HRP donkey WB 1:10000 Jackson ImmunoResearch
(#711035152)

rat IgG-HRP donkey WB 1:10000 Jackson ImmunoResearch
(#712035150)

Streptavidin-HRP WB 1:10000 Vector Laboratories (#SA-5004)

mouse IgG Alexa Fluor™ 647  donkey IF 1:600  Thermo Fisher Scientific (#A31571)

rabbit IgG Alexa Fluor™ 488 goat IF 1:600  Thermo Fisher Scientific (#A11008)

Alexa Fluor™ 488 Phalloidin IF 1:600  Thermo Fisher Scientific (#A12379)

Cy3™ rabbit IgG donkey IF 1:600  Jackson ImmunoResearch
(#711165152)

Cy3™ a-SMA mouse IF 1:800  Sigma (#C6198)

3.4 Molecular biological methods

3.4.1 Plasmids

Only original plasmids are depicted in Table 3. Plasmids that | cloned myself are not included.

Table 3. List of plasmids received from others and used in my thesis.

Plasmid

Received from

PEGFP(C1) a-parvin
PEGFP(N1) a-parvin
PEGFP(C1) B-parvin

pRetroQ AcGFP (C1)

pRetroQ AcGFP (N1)

pRetroQ (C1) myc-BiolD2
pRetroQ (C1) TurbolD
rrl-cPPT-CMV-eGFP-WPRE
pSpCas9(BB)-2A-GFP (px458)
pSpCas9(BB)-2A-Puro (px459)

Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.

Ralph Bottcher
Ralph Bottcher
Ralph Bottcher
Ralph Bottcher
Ralph Bottcher
Ralph Bottcher
Guan Wang

Markus Moser
Peter Krenn

Peter Krenn
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3.4.2 Primer and Oligonucleotides

Table 4. List of primers used for genotyping, cloning, sequencing, RT-gPCR and CRISPR/Cas9-mediated knockout.

Genotyping primer

5->3

APloxPf CTG AGT GACATG GAG TTT GAG
APloxPr GGA CTT GTG GACTAG TTA GAC
APE2f GAA GGA ATG AAC GCC ATC AAC
PGKf GAT TAG ATA AAT GCCTGCTC
1EmBPi2F GTG AACTTCACT GGACTCTT
2BPE3r TCCTTG AACTTG GGG TCT TCT
Slz3_SMMHC-CreERT2 P5 TGA CCC CAT CTCTTCACT CC
Slz4 SMMHC-CreERT2 P6 AACTCC ACG ACCACCTCATC
Slz5_SMMHC-CreERT2 P7 AGT CCC TCA CAT CCT CAG GTT
79 28887 _WT _rev CCA ACT CTT GTG AGA GGA GCA
80_28886_Common TCT ATT GCA CAC AGC AAT CCA
81 28888 Mut_rv CCA GCATTG TGA GAA CAA GG
Cloning primer 553

RTB597_BiolD_rv

RTB598 BiolD_fw_C
RTB599 BiolD_rev_C
Slz6_LV_mBio_fw
Slz7_LV_eGFP_fw
SIz8 LV _apv_rv

SIz9 LV _bpv_rv
SIz10_LV_mBio_rv

Slz11 LV_eGFP_rv

SIz82_ pACEBac-IPP_rv
SLZ83 pACEBac-IPP_fw
SIz84 pACEBac-IPP_bpv_fw
SIz85 pACEBac-IPP_bpv_rv
SIz100_LP1 PreScission
SIz101_LP2 ccdB
SIz102_pCoofyl Mprip_fw

SIz103_pCoofyl Mprip_rv

SIz174 RetroQ_pvTagless f
SIz175_RetroQ_pvTagless r

GGA ATT TAC GTA GCG GCC GCT CTATGC GTAATC CGG TACATC GT
CAG ATC CGC TAG CCA CCATGG AACAAA AACTC

GAG CTC GAG ATC TGA GTC CGG AGC TTC TTC TCA GGC TGA ACT CG
ATA GAA GAC ACC GAC AAC CGT CAG ATC CGCTAG CCA CC

ATA GAA GAC ACC GAC GCT ACC GGT CGC CAC CAT GG

ATC CAG AGG TTG ATT GTC GAC GGT ACC GTC GAC TGC ATCA

ATC CAG AGG TTG ATT GTC GAG CGG TAC CGT CGA CTG CTC A

ATC CAG AGG TTG ATT GTC GAC CCC TAC CCG GTA GAATTATGA
ATC CAG AGG TTG ATT GTC GAT CAT AAT TCT ACC GGG TAG GGG AGG C
CGCCATTAACCT GATGTTC

GGG CCC CTG GAA CAG AAC

AGA ACA TCA GGT TAATGG CGT CACTCCACATCCTTIGTACTTG GTG
AAG TTCTGT TCC AGG GGC CCATGT CCT CCG CGC CAC CA

GGG CCC CTG GAA CAG AACTTC CAG

CGC CAT TAA CCT GAT GTT CTG GGG

AAG TTCTGT TCC AGG GGC CCATGT CGG CGG CCA AGG
CCCCAGAACATCAGG TTAATG GCG TCAGTT ATCCCATGA GACCTG CTC
AAT TAC

AGC AGA GCT GGT TTA GTG AAC CCA GAT CTC GAG CTCAAG CTT CG
CGA AGCTTG AGCTCG AGATCT GGG TTC ACT AAA CCAGCT CTG CT
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Sequencing primer

53

RTB602_aPv_500 fw
RTB603_aPv_600 rv
RTB600_BPv_500 fw
RTB601_BPv_600 rv
Slz12_Lentifw
Slz13_Lentirev

SI1z208 TurbolD_fw
SIz104_Mprip_fw
SIz105_Mprip_rv
SIz108 Mprip_int2_fw
SI1z109_pCoofyl-Mprip_fw
SIz110_Mprip_int3_fw
Slz111_Mprip-pCoofyl fw

CCCTGA AGCTTC CTC CCA GG
GGA AACATG GTC TGG GAG TCG
CGT TGG AAT GTG GACTCT ATCC
CCA CCT GCA CGG TGA CAT GC
AAATGG GCG GTAGGC GTG TACG
AAG CCA TAC GGG AAG CAATAG C
AGA CAA GGT GCG AGT CAAATG G
ACG GGA ACCAGG ACT AGAAAG C
AGA TCC GAG GCT TCT TTCTGG
TTCTGATTC TGG TGA CCC TGG
GCG TAG AGG ATC GAG ATC TCG
GAA AGT AGA GCCACCTACC

AAG TGC CTG GAG AAT GCA CACC

RT-qPCR primer 5->3

rtqPCR apv_p2_fw GGT CCC CAA ATC ACC CAC TC
rtqPCR apv_p2_rv GGA ACT CGG ATACTT CTT TGG CT
rtqPCR bpv_p1_fw GCA CTC GCT TAT GTC CTC C

rtqgPCR bpv_p1 rv
rtgPCR_ILK fw
rtgPCR_ILK _rev
rtgPCR_Lims1_fw
rtgPCR_Lims1_rv

CTG TAAGTCAGT CACCTCCCT G
GCT CAG CAG ACATGT GGA GT
TTC CAG TGC CACCTT CAT CC
CCG GAATGA CCAACA GCAAC
TCA CGA TCT TCT CAG CAG GC

CRISPR/Cas9 primer

53

SI1z92 apv_1.5 fw
SIz93 apv_1.5rev
Slz115_apvl.5seq_fw
Slz116_apvl.5seq_rev
Slz164 bpv_1.1 fw
Slz165 _bpv_1.1 rev
Slz166_bpv_1.1 PCR fw
SIz167 bpv_1.1 PCR_rv
SIz168 bpv_1.1 Seq_rv
SIz169 bpv 5.1 fw
SIz170_bpv_ 5.1 rev
SIz171 bpv_5.1 PCR_fw
SIz172_bpv_5.1 PCR_rv
SIz173 _bpv_5.1_Seq_fw
SIz199 bpv1.1 px459 fw

TAATAC GACTCA CTATAG CGT TCT TGG GGA AAC TCG
TTCTAG CTCTAAAACTCCGAG TTT CCCCAAGAAC
GAATAATTCCGCTTCCGTTTG GA

CCC GAG AAA ACT TTC CAG CAG AAAC

TAATAC GAC TCA CTATAG CGA GTCTTT CTT GGG CAAGT
TTC TAG CTC TAA AAC ACT TGC CCA AGA AAG ACT CGC
ACCTCG GGG TCA GTA GGC

CAAATG TCT TACGGACAGGGAC

ACA GGA GGG CTCATT GGC G

TAATAC GAC TCA CTATAG AGG TGA CGCAGT CCGAGA T
TTC TAG CTC TAA AAC ATC TCG GACTGC GTCACCTC

ATG GTCTCT CAAGTCAGCTTCC

CAA GAG GATGCATTG GTT CTT A

GCT AAG AGG CTG GAT TCCTAG TG
CACCGCGAGTCTTTCTTG GGCAAGT
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SIz200_bpv1l.1 px459 rv.  AAA CAC TTG CCC AAG AAA GAC TCG C
SIz201_bpv5.1_px459 fw  CAC CGG AGG TGA CGC AGT CCG AGA T
SIz202_bpv5.1_px459 rv AAA CAT CTC GGA CTG CGT CAC CTC C
SIz154_Mprip_8.1 fw TAA TAC GAC TCA CTA TAG ACG GGC CAT CCC TAG AAA G
SIz155_Mprip_8.1 rv TTC TAG CTC TAA AAC CTT TCT AGG GAT GGC CCG TC
SIz156_Mprip_8.1 PCR_fw GAC TTG AGA CGA AGT CCA CCT T

SIz157_Mprip_8.1 PCR_rv  CAA GAG GCT AAC TGG AAA GGA A

SIz158 Mprip_8.1 Seq_fw  CCC AGG TAA TTG AGA AAT TTG AGG

3.4.3 DNAcloning

3.4.3.1 Digestion of DNA with restriction enzymes
All restriction enzymes were purchased from New England Biolabs (NEB, Ipswich, USA) together with their
optimized reaction buffers. Digestion was performed according to manufacturer’s recommendation.

Table 5 depicts the general reaction conditions used:

Table 5. DNA digestion protocol.

Component analytical digestion  preparative digestion
DNA 1ug 2-10 ug
10x NEBuffer 2 uL 5 uL
Restriction enzyme 0.3 uL 1-2 uL
ddH,0 ad 20 L ad 50 pL

Digestions were performed at 37 °C. An analytical digestion was carried out for 1-2 h while a preparative

digestion was done overnight (o/n).

3.4.3.2 Agarose gel electrophoresis

After digestion (3.4.3.1) DNA fragments were separated by agarose gel electrophoresis in 1x Tris-acetate-
EDTA (TAE) buffer (for 50x: 2 M Tris; 63 mM EDTA; 60 mM acetic acid ad 1 L ddH,0). Depending on the size
of the desired fragments, different agarose concentrations (1-3% w/v) were used. UltraPure™ agarose
(Invitrogen™, #16500-500) was dissolved in 1x TAE buffer and mixed with ethidium bromide (EtBr, Roth,
#2218.2), which intercalates in the DNA and can be visualized with ultraviolet (UV) light. DNA samples were
mixed with 6x loading buffer to visualize the migrating front and sizes were compared to the 1 Kb Plus DNA

ladder (Invitrogen, #10787026). Electrophoresis was carried out at 100-120 V at RT.

3.4.3.3 Extraction of DNA from agarose gels
Bands of the correct size were isolated and purified using the QlAquick® Gel Extraction Kit (QIAGEN,
#28704) according to the supplied protocol. Purified DNA was eluted in 30 pL ddH,0 or elution buffer (EB).
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3.4.3.4 Dephosphorylation of plasmid DNA

DNA digestion using restriction enzymes generates a 3’-hydroxyl group and a 5’-phosphate group. To
prevent self-ligation of digested plasmids, the 5’-phosphate group was removed using antarctic alkaline
phosphatase (NEB, #M0289). Table 6 depicts the set up for the dephosphorylation reaction that was carried
out at 37 °C for 30 min. Subsequently, dephosphorylation was stopped by heat-inactivation at 80 °C for

2 min.

Table 6. General pipetting scheme for DNA dephosphorylation.

Component Used
DNA 1 pmol
10x Antarctic phosphatase reaction buffer 2 uL
Antarctic phosphatase 5U
ddH,0 ad 20 uL

3.4.3.5 Ligation of DNA fragments
Vector and insert were ligated for 20 min at RT using the Fast-Link™ DNA ligation kit (Lucigen, # LKO750H,
Table 7). The insert-to-vector ratio was always 3:1 and the required insert mass (mMinsert) Was calculated based

on the number of nucleotides in both, the insert (Ninsert) and vector (Nvector), by

Ninsert [bp]

o m [ng]
Nyector [bP] veetor

Mijpsert [ng] =3 X

Table 7. General pipetting scheme for DNA ligation.

Component Used
molar ratio insert:vector DNA 3:1
10 mM ATP 1.5uL
10x Fast-Link ligation buffer 1.5uL
Fast-Link DNA ligase 1L
ddH,0 ad 15 uL

Following ligation, the Fast-Link™ DNA ligase was heat-inactivated at 70 °C for 15 min. 2-5 puL ligation

product were used for transformation (3.4.5.2).

3.4.3.6 Gibson assembly
Known today as the Gibson assembly is an exonuclease-based approach to seamlessly assemble multiple
overlapping DNA fragments without the need of previous digestion with restriction enzymes under

isothermal conditions. [390] The assembly was performed as previously published using the Gibson
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Assembly master mix provided by the Core Facility of the MPI of Biochemistry. [391] Prior assembly, we

designed and amplified (3.4.7.2) specific DNA inserts with 15-20 bp overlapping ends.

Table 8. Gibson Assembly reaction set-up.

Component Used
vector DNA 100 ng
insert DNA 3-fold molar excess
2x Gibson Assembly Master Mix 10 uL
ddH,0 ad 20 pL

For the assembly of two to three DNA fragments, samples were incubated at 50 °C for 30 min. Following

incubation, samples were used for transformation (3.4.5.2) and stored at -20 °C.

3.4.4 CRISPR/Cas9 genome editing

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) is a
powerful method for site-specific genomic targeting of a gene of interest in any organism. [392] There are
two components needed in the system: the DNA cutting nuclease Cas9 and a single guide RNA molecule
(sgRNA). Bound together, these two components form a complex that can identify and cut specific sections
of DNA. Hereby locates and binds the Cas9 enzyme the complex first to a common sequence in the genome,
called the protospacer adjacent motif (PAM). Once the PAM is bound, the sgRNA, which is designed to
particularly bind a specific sequence in the DNA, unwinds the part of the double helix and Cas9 cuts the
DNA leading to a double-strand break precisely three base pairs 5 upstream of the PAM sequence. The
double-strand break causes the cell to activate its own DNA repair mechanisms, non-homologous end
joining (NHEJ) and homology-directed repair (HDR). Without a suitable repair template, double-strand

breaks can produce frame shifts and stop codons, thereby disrupting the gene of interest (knockout). [392]

3.4.4.1 Identification of target sites
The specificity of the Cas9 nuclease is determined by the sgRNA. The sgRNA consists of a 20-nt guide CRISPR
(crRNA) sequence that is specific to the DNA target and a trans-activating crRNA (tracrRNA) sequence that
interacts with the Cas9 protein. [392]
CRISPR target sites were mapped to the PARVA coding sequence within exonl and identified using the
‘ChopChop’ design tool (https://chopchop.cbu.uib.no/) hosted by the Valen lab. [393] This tool additionally

provides information about possible ‘off-target’ sites in the mouse genome. Two DNA target sites
immediately preceding a 5'-NGG PAM (5’-CGTTCTTGGGGAAACTCGGAGGG-3’ and
5’-AGAAGGATGACTCGTTCTTGGGG-3’) were identified which fulfilled the criteria.
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For the generation of a/B-parvin double KO MOVAS (serial targeting), the CRISPR target sites were mapped
to the PARVB coding sequence within exon 1 and 5 using the ‘ChopChop’ design tool. Two DNA target sites
immediately preceding a 5-NGG  PAM (5-  CGAGTCTTTCTTGGGCAAGTTGG-3’ and
5’-GAGGTGACGCAGTCCGAGATCGG-3’, respectively) were identified. Only one off-target sequence with

three mismatches was reported for both these target sites.

3.4.4.2 Approaches for sgRNA construction

For the construction and delivery of the sgRNA, two different approaches, in vitro transcription and cloning
of sgRNA expressing vectors, were tested.

The GeneArt™ Precision gRNA Synthese-kit (Thermo Fisher Scientific, #A29377) was used for generating
sgRNA, targeting PARVA or PARVB, by in vitro transcription. Briefly, two short single-stranded
oligonucleotides that code for the target sequence, are assembled with a T7 promotor in a polymerase
chain reaction (PCR, 3.4.7.2) using the Phusion® High-Fidelity DNA polymerase (NEB, #MO0530). The
assembled product was subsequently used as template in an in vitro transcription reaction followed by a
purification step using the Monarch® RNA Cleanup Kit (NEB, #T2040) according to the manufacturer’s
instructions. The resulting sgRNA was used for lipid-mediated cell transfection (3.4.4.3).

For generating an sgRNA expression plasmid to target PARVB, a pair of partially complementary
oligonucleotides, encoding the 20-nt guide sequence, was cloned into the pSpCas9(BB)-2A-GFP (px458) or
pSpCas9(BB)-2A-Puro (px459) vector. These vectors carry both the Cas9 enzyme and the remains of the

sgRNA as a scaffold immediately following the oligo cloning site.

3.4.4.3 Approaches for sgRNA delivery

Following the sgRNA assembly by in vitro transcription and purification, TrueCut™ Cas9 protein v2 (Thermo
Fisher Scientific, #A36496) was directly transfected with the sgRNA. Before transfection, the Cas9
nuclease/sgRNA ribonucleoprotein complex (RNP) was generated to allow rapid targeting of cells.
Transfection was performed using the Lipofectamine CRISPRMAX according to manufacturer’s protocol and
cells were incubated for 24 h at 37 °C and 5% CO..

When using the px458 or px459 vector, transfection was performed using Lipofectamine™ 2000 (Thermo
Fisher Scientific, #11668027) by following the manufacturer’s instructions. Cells were incubated for 24 h at

37 °Cand 5% CO..
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3.4.4.4 Clonalisolation of MOVAS cells after CRISPR transfection

The isolation of clonal cell lines with a- or a/B-parvin knockout was desired. Therefore, single cells were
isolated after transfection by flow cytometry-based cell sorting in 96 multi-well plates. Cells were incubated
at 37 °C and 5% CO; until colonies were big enough to be expanded to 24 multi-well plates for subsequent
clone analysis. Treatment of cells with puromycin, an antibiotic which terminates protein synthesis, to pre-
select px459 transfected MOVAS cells resulted in complete cell death. Therefore, single cells of px459

transfected MOVAS were also isolated using flow cytometry.

3.4.4.5 Identification of knockout cells

Wild-type MOVAS cells transfected with Cas9 nuclease/sgRNA RNPs targeting PARVA were initially
identified by western blot (WB) analysis (3.6.9) followed by immunofluorescent (IF) microscopic analysis
(3.5.4), mass spectrometry (MS) (3.8) and sequencing (3.4.5.4). a-parvin KO #3 MOVAS that were subjected

for further B-parvin deletion were analyzed by sequencing (3.4.5.4).

3.4.5 Bacteria culture

3.4.5.1 Strain, growth conditions, media

The One Shot® OmniMAX 2 T1R strain of Escherichia coli (E. coli) was used for all cloning steps. E. coli were
cultured in Luria broth (LB) medium (10 g NaCl; 10 g Tryptone-peptone; 5 g yeast extract ad 1 L ddH,0)
which was autoclaved at 120 °C for 20 min and stored at RT. Before use, it was supplemented with the
appropriate antibiotic (100 pg/mL Ampicillin; 50 ug/mL Kanamycin).

Medium for LB-Agar plates (10.5 g agar-agar in 500 mL LB medium) was autoclaved at 120 °C for 20 min.
The solution was cooled down to ~50 °C before adding antibiotics and pouring the solution into 100 mm

Petri dishes. After the medium solidified, plates were stored at 4 °C.

3.4.5.2 Transformation of chemically competent bacteria

50 uL competent bacteria were thawed on ice and incubated with the assembled DNA from a ligation
(3.4.3.5) or a Gibson assembly (3.4.3.6) for 20 min on ice. Bacteria were transferred to a 42 °C warm water
bath for 90 sec (heat shock) to allow temporary pore formation in the cell membrane enabling the transfer
of plasmid DNA into the cell. Subsequently, samples were cooled down on ice (3 min), and incubated
shaking with 600 uL of antibiotic-free LB medium (3.4.5.1) for 30 min at 37 °C (Thermomixer, Eppendorf).
Next, bacteria were pelleted for 30 sec at 13,000 rpm (microcentrifuge, Eppendorf), resuspended in
100 pL LB medium, streaked on antibiotic-containing LB-agar plates (3.4.5.1) and incubated at 37 °C o/n.

Colonies appeared within 12-16 h.
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3.4.5.3 Plasmid DNA preparation from bacterial cultures

To amplify the DNA, single colonies were picked after transformation (3.4.5.2) and inoculated in 5 mL LB
medium containing the appropriate antibiotic (3.4.5.1). Bacterial cultures were grown at 37 °C o/n. The
bacteria were pelleted and the DNA was isolated using the QIAPrep® Spin Miniprep kit (QIAGEN, #27106).
1 mL of non-pelleted bacteria was stored at 4 °C for subsequent big scale DNA amplification after sequence
verification. The final concentration and purity of plasmid DNA was determined by spectrophotometric
measurement at 260 nm (NanoDrop, ND-1000, peQlab Biotechnologie GmbH). Average yield of a high copy
plasmid purified from 2 mL of bacteria culture was 5-10 pg. Miniprep plasmid DNA was used for sequencing
(3.4.5.4) and stored at -20 °C.

After verifying the correct DNA sequence, previously non-pelleted bacteria were used to inoculate 250 mL
antibiotic-containing LB medium and grown shaking overnight at 37 °C. Subsequently, bacteria were
pelleted and DNA extraction was conducted using either the QIAGEN® Plasmid Maxi Kit (QIAGEN, #12162)
or the NucleoBond® Extra Midi kit (Machery-Nagel, #740410) following the supplied protocols. Plasmid
DNA was eluted in 200-300 pL buffer EB or ddH,0, followed by an isopropanol precipitation and stored at
-20 °C. The concentration and purity of plasmid DNA was determined by spectrophotometric measurement

at 260 nm. Average yield of a high copy plasmid was 200-400 pug.

3.4.5.4 Sequencing

After cloning, transformation and purification of plasmid DNA, samples were sequenced to confirm that
correct changes, but no unwanted mutations, were introduced. 50-100 ng/uL sample were sent for
sequencing to Eurofins Genomics (Ebersberg, Germany).

MOVAS cells subjected to CRISPR/Cas9-mediated knockout of PARVA or PARVB were sequenced to confirm
genomic indel mutations. Therefore, specific sequencing primer (3.4.2) were designed to amplify the region
of interest from a PCR product, amplified from genomic DNA. Sample were sent for sequencing to Eurofins

Genomics (Ebersberg, Germany).
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3.4.6 Isolation of genomic DNA from tissue

For mice genotyping, genomic DNA was extracted from clipped tails. Tail tips were incubated with lysis
buffer containing proteinase K at 55 °C o/n (Table 9). Next day, proteinase K digestion was stopped by adding
ddH,0 in a 1:1 ratio and incubating tissue samples at 95 °C for 15 min. Following a centrifugation step,

15 min at 14,000 rpm, 2 uL sample were used for PCR (3.4.7.1).

Table 9. Lysis buffer components for genotyping.

Component Used
10x complete reaction buffer for mi-Tag (metabion) 5 uL
10x incomplete reaction buffer for mi-Taqg (metabion) 5 uL
proteinase K 2 ul
ddH,0 90 uL

3.4.7 Polymerase chain reaction (PCR)

The polymerase chain reaction is an in vitro molecular biological method to amplify DNA fragments of
interest using two specific primers (forward and reverse). Genomic, plasmid or complementary DNA serves
as template and is replicated during cycling steps consisting of template denaturation, primer annealing

and elongation of the newly synthesized strand.

3.4.7.1 Mice genotyping
Genomic DNA isolated from mouse tail tips (3.4.6) was amplified using specific primers designed to
recognize alterations introduced into PARVA or PARVB or the presence of the Cre transgene (483.4.2).

Table 10 to Table 15 depict PCR reactions and programs used.

Table 10. a- and B-parvin genotyping set-up.

Components for a-parvin Used Components for S-parvin Used
10x complete reaction buffer 2 uL 10x complete reaction buffer 2 UL
10 mM dNTPs 0.4 uL 10 mM dNTPs 0.4 uL
APloxPf 0.2 uL PGKf 0.2 uL
APloxPr 0.2 uL 1EmBPIi2F 0.2 uL
APE2f 0.2uL 2BPE3r 0.2 uL
DMSO 0.6 uL mi-Tag DNA polymerase 0.3 uL
mi-Taq DNA polymerase 0.3 uL ddH,0 15 uL
ddH,0 14.4 pL
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Table 11. PCR protocol for a- and B-parvin.

step Temperature Time Description
1 95°C 3 min Initial denaturation
2 95 °C 30 sec Denaturation
3 53°C 30 sec Primer annealing
4 72 °C 30 sec Elongation
5 72 °C 5 min Final elongation
6 4°C oo Storage

Steps 2-4 were repeated 34x.

Table 12. a-MHC-MerCreMer genotyping set-up.

Materials and Methods

Reaction A-components Used Reaction B-components Used
10x complete reaction buffer 2 uL 10x complete reaction buffer 2 uL
10 mM dNTPs 0.4 uL 10 mM dNTPs 0.4 uL
79 28887 _WT rev 0.2 L 80_28886_Common 0.2 pL
80_28886_Common 0.2 uL 81_28888 Mut_rv 0.2uL
DMSO 0.6 pL DMSO 0.6 uL
mi-Taq DNA polymerase 0.3 uL mi-Taq DNA polymerase 0.3 uL
ddH,0 14.3 uL ddH,0 14.3 uL

Table 13. PCR protocol for a-MHC-MerCreMer (reaction A and B).

step Temperature Time
1 94 °C 2 min
2 94 °C 20 sec
3 65 °C 15 sec
4 68 °C 10 sec
5 94 °C 15 sec
6 60 °C 15 sec
7 72 °C 10 sec
8 72 °C 2 min
10 10°C oo

Steps 2-4 were repeated 10x with dT=0.5 °C.

Steps 5-7 were repeated 28x.
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Table 14. SMMHC-CreER™ genotyping set-up.

Materials and Methods

Components Used
10x complete reaction buffer for mi-Tag 2.5 pL
10 mM dNTPs 1ul
SIzZ3_SMMHC-CreERT2 P5 1.5uL
Slz4 SMMHC-CreERT2 P6 0.8 uL
SIz5_SMMHC-CreERT2 P7 1.5uL
mi-Taq DNA polymerase 0.1 uL
ddH,0 17 uL
Table 15. PCR protocol for SMMHC-CreER™.
step Temperature Time
1 95°C 5 min
2 95 °C 45 sec
3 58 °C 45 sec
4 72 °C 2 min
5 72 °C 10 min
6 4°C oo

Steps 2-4 were repeated 30x.

After the reaction was finished, PCR products were analyzed by agarose gel electrophoresis (3.4.3.2).

Table 16 lists product sizes and represented genotypes.

Table 16. Genotyping PCR products for a- and B-parvin, a-MHC-MerCreMer and SMMHC-CreER™.

a-parvin

wild type (+/+) 1100 bp 180 bp

heterozygote (fl/+) 1100 bp 180 bp 240 bp
mutant (fl/fl) 240 bp
B-parvin

wild type (+/+) 600 bp

heterozygote (+/-) 600 bp 350 bp

mutant (-/-) 350 bp
a-MHC-MerCreMer reaction A reaction B

negative (wild type, +/+) 300 bp

heterozygote (+/-) 300 bp 300 bp

positive (mutant, -/-) 300 bp
SMMHC-CreER™

negative (-) 220 bp

positive (+) 220 bp 280 bp
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3.4.7.2 Preparative PCR
For subcloning a PCR product into a vector (e.g. via the Gibson Assembly, see 3.4.3.6), higher amounts of

DNA fragments were required and Table 17 depicts the prepared reaction mix.

Table 17. Reaction mix used for preparative PCR.

Component Used
10x Pfull buffer 5uL
10 uM dNTPs 1ul
10 pmol/uL forward primer 1L
10 pmol/uL reverse primer 1ul
DNA 50-100 ng
ddH,0 ad 50 pL

3.5 Cell culture material and techniques
3.5.1 Primary cardiomyocytes
3.5.1.1 Isolation and culture of primary neonatal mouse and rat cardiomyocytes

3.5.1.1.1 Neonatal mouse ventricular cardiomyocytes (NMVC)

Dissected hearts from decapitated three-day old neonatal (P3) control, a-pv(fi/fl) and a-pv(fl/fl) B-pv(-/-)
mice were transferred into a PBS containing dish. The great vessels, atria and connective tissue were
removed before the remaining blood was pumped out of the ventricles. Subsequently, ventricles were cut
into small pieces and the digestion was performed at 37 °C for 1 h using the Neonatal Heart Dissociation
kit (Miltenyi Biotec, #130-098-373). Briefly, enzyme mix 1 was preheated at 37 °C for 5 min before being
added to ice-cold enzyme mix 2. The chopped ventricular tissue was subsequently transferred into the
reaction tube containing enzyme mix 1+2. During digestion the cell suspension was gently disrupted every
10 min by pipetting. Tissue remainders were separated by passing the cell suspension through a 70 um cell
strainer. To enrich the suspension for cardiomyocytes, the pellet after centrifugation at 300 g for 15 min,
was resuspended in 10 mL cardiomyocyte medium and pre-plated onto a non-coated cell culture dish for
90 min. Thereafter and following another centrifugation step (300 g for 15 min), NMVCs were re-suspended
in the requested amount of CM medium (1 mL medium per heart, Table 18) and seeded on a plastic surface
pre-coated with 10 pg/mL fibronectin (FN) and cultured at 37 °C in 5% CO; in a maximum saturated
humidity. The growth medium was changed 24 h after isolation and every other day onwards. Primary

NMVCs were cultured for up to seven days before fixation and immunofluorescence staining (3.5.3).
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Table 18. Cardiomyocyte medium composition.

Component Concentration Company

DMEM/F12 1:1 Life technologies #31330-038

Fetal Bovine Serum (FBS)* 5% Thermo Fisher Scientific #10270-106
Horse Serum (HS)* 5% Thermo Fisher Scientific #16050122
Penicillin/ Streptomycin (Pen/Strep) 5% ThermoFisher Scientific #15140122
L-glutamine 2 mM ThermoFisher Scientific #25030-081
Ascorbic acid 0.1 mM Sigma #A4034

Bovine serum albumin (BSA) 0.2% Sigma # A7409

Cytarabine (ara-C) 20 uM Sigma #C1768

Sodium pyruvate 3 mM Sigma #58636
Insulin-transferrin-selenite (ITS) 1:200 Invitrogen #51300044

*FBS and HS were heat-inactivated at 56 °C for 30 min before use.

3.5.1.1.2 Neonatal rat ventricular cardiomyocytes (NRVC)

Dissected hearts from decapitated three-day old neonatal Wistar rat strain pups were transferred into a
dish containing PBS and primary NRVCs were isolated following the protocol described under 3.5.1.1.1.
NRVCs were cultured on either 10 ug/mL FN or 50 ug/mL collagen | (Matrix BioScience, #50301) pre-coated

dishes under the same conditions as NMVCs using the same medium.

3.5.1.2 Isolation and culture of primary cardiomyocytes from adult mice

The isolation of primary adult mouse ventricular cardiomyocytes was carried out according to the protocol
from Ackers-Jonson et al. [394] Briefly, the mouse was killed by CO, and transferred to the surgery area
directly after noticing lack of toe-pinch reflex. The chest was wiped with 70% Ethanol (EtOH), opened and
7 mL EDTA buffer were steadily injected into the base of the right ventricle while the descending aorta was
cut. Subsequently, the heart was removed and transferred into a dish containing EDTA buffer. A series of
injections (EDTA, Perfusion and Collagenase buffer, Table 19) was applied to the LV and the heart was placed
in dishes containing the same buffers. After complete digestion, atria were removed and ventricles were
teased apart in a separate dish to avoid contamination. Trituration using a 1 mL pipette helped to further
digest the tissue. The digestion was stopped by adding stop buffer and remaining tissue pieces were
separated from the cell suspension via transfer through a 100 um pore-size cell strainer (Corning®,
#431752). To remove cell debris and non-myocytes from the cell suspension, cells were allowed to settle
by gravity in four rounds re-introducing a calcium-containing medium. If cells were used for IF labeling or
WB analysis, the final myocyte pellet was resuspended in plating medium and cells were seeded at the
desired density on plates pre-coated with 5 pg/mL laminin (Thermo Fisher Scientific, #23017015) in PBS
(21 h at 37 °C). After one hour at 37 °C, plating medium was aspirated and culture medium was added. The

culture medium was changed every two days onwards.
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Table 19. Compositions of buffers needed for the isolation of adult CMs.

EDTA buffer

Perfusion buffer

Materials and Methods

Compound Final conc. [mmol/L] Compound Final conc. [mmol/L]

NaCl 130 NaCl 130

KCl 5 KCl 5

NaH,PO4*H,0 0.5 NaH,PO4*H,0 0.5

HEPES 10 HEPES 10

Glucose*H,0 10 Glucose*H,0 10

BDM 10 BDM 10

Taurine 10 Taurine 10

EDTA*2 H,0 5 MgCl, 1

*BDM, 2,3-Butanedione monoxime

Collagenase buffer Stop buffer

Enzyme Final conc. [mg/mL] Solution/compound Final conc.

Collagenase 2 0.5 Perfusion buffer

Collagenase 4 0.5 FBS 5%

Protease XIV 0.05

Plating medium Culture medium

Compound Final conc. Compound Final conc.

M199 M199

FBS 5% BSA 0.1%

BDM 10 mmol/L ITS 1x

Penicillin/Streptomycin 1x BDM 10 mmol/L
CD lipid 1x
Penicillin/Streptomycin 1x

*ITS, insulin-transferrin-selenium
Calcium reintroduction buffers

Solution Used for buffer 1 Used for buffer 2 Used for buffer 3

Perfusion buffer 15 mL 10 mL 5mL

Culture media 5mL 10 mL 15 mL
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3.5.2 Vascular smooth muscle cells (MOVAS cell line)

3.5.2.1 Culture, freezing and thawing of MOVAS cell line

SV40 large T-immortalized mouse vascular smooth muscle cells from aorta (MOVAS) were previously
described, obtained from ATCC® (#CRL-2797™) and used to analyze a-parvin function in vitro. [395] Cells
were maintained in MOVAS complete medium (Table 20) in a humidified atmosphere at 37 °C and 5% CO..
In order to subculture the cells, cells were washed once with PBS and treated with Trypsin-EDTA solution
(Table 20) until the cell layer was dispersed. Subsequently, cells were taken up in MOVAS complete medium,
centrifugated, resuspended in fresh medium and an appropriate aliquot was distributed to a new culture
dish (passaging).

As the number of passages can have a negative effect on the cell properties, multiple aliquots were frozen
at the beginning of the thesis and of every modified cell line as soon as possible. Cells that reached an
optimal density for freezing (~80%) were trypsinized as described above and resuspended in ice-cold
MOVAS complete medium supplemented with 5% dimethylsulfoxide (DMSO, Serva, #20385.0). The cell
suspension was frozen on dry-ice and stored at -80 °C. For long-time storage, cells were transferred to
liquid nitrogen.

To revitalize cells, a cryogenic vial was placed in a 37 °C water bath to quickly thaw cells and minimize the
exposure to toxic DMSO. When freezing medium was thawed, cells were added to pre-warmed MOVAS
complete medium, centrifugated and resuspended in fresh MOVAS complete medium. Cells were seeded

in a dish of appropriate size.

Table 20. Composition of Trypsin-EDTA solution and MOVAS complete medium.
Trypsin-EDTA solution

Component Used Company
10x Trypsin-EDTA 5mL Thermo Fisher Scientific #15400054
1x PBS 25 mL Sigma-Aldrich #P4417

MOVAS complete medium

Component Final conc. Company

DMEM Thermo Fisher Scientific #31966021
FBS 10%

Penicillin/ Streptomycin 5%

Geneticin™ selective antibiotic (G-418) 0.2 mg/mL ThermoFisher Scientific #10131027
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3.5.3 Viral transduction and transient transfection of cells

Transient transfections for generating CRISPR/Cas9 knockout cell lines were carried out with Lipofectamine
2000 or CRISPRMAX (Invitrogen) according to the manufacturer’s protocol. Transduction with lentiviral
vectors was used to generate stable MOVAS KO rescue cell lines. All cell lines were tested by PCR for
mycoplasma contamination on a regular basis and only mycoplasma-free cell lines were used for
experiments.

Isolated NRVCs or NMVCs and adult mouse CMs were transduced using lentiviral or adenoviral vectors,

respectively.

3.5.4 Immunofluorescence (IF) microscopy

Cells intended for IF analysis were grown on either plastic IBIDI dishes (primary NMVCs and NRVCs) or glass
coverslips (MOVAS) coated with the suitable ECM substrate (FN, collagen | or laminin). At indicated time
points cells were washed in PBS and fixed for 10 min in ice-cold 4% paraformaldehyde (PFA)/PBS. After
washing with PBS, permeabilization with 0.1% Triton X-100/PBS was performed for 10 min before blocking
with 3% BSA/PBS at 4 °C for >1 h. Primary antibodies (3.3.1) were applied and incubated at 4 °C o/n. Next
day, dishes were washed with PBS (3x 5 min), before secondary antibodies (3.3.2) were added and
incubated at RT for 1 h in the dark. Subsequently, dishes were washed with PBS, followed by DAPI staining
(1:6000 in PBS) at RT for 15 min in the dark. After additional washing steps with PBS (3x 5 min), dishes were
stored at 4 °C.

Confocal image acquisition was performed on a ZEISS (Oberkochen, Germany) LSM780 confocal laser
scanning microscope equipped with a ZEISS Plan-Apo 40x/1.4 oil immersion objective. To determine
morphological parameters of NMVCs the confocal imaging was performed at the Imaging Facility of the
MPI of Biochemistry (Martinsried) on a Leica (Wetzlar, Germany) Thunder inverted widefield microscope
equipped with a Leica HC PL FLUOTAR 10x/0.32 and L 20x/0.40 CORR objective. Image analysis was

conducted using Imagel version 1.52p.

3.5.5 ‘Plate and Wash’ adhesion assay

The adhesion assay was performed in 96 multi-well flat bottom plates. Control wells were coated with
3% BSA/PBS while test wells were coated with 10 pg/mL fibronectin/PBS at RT for 2 h. After plate washing
using PBS, wells were blocked with 1% BSA/PBS at RT for 1 h. After washing the wells with PBS, 50,000 cells
(MOVAS or fibroblasts) per well were seeded in MOVAS complete medium in triplicates and incubated at
37 °Cand 5% CO; for 10 min or 30 min. The medium was decanted and non-adherent or loosely attached

cells were removed by stringently washing the wells (3x PBS) using a multichannel pipette. Following the
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last washing step, plates were dried by gently hitting on a paper tissue and 50 pL Fix and Stain solution
(20% methanol, 0.1% crystal violet in ddH,0 water) were added per well. After overnight incubation at 4 °C
on a shaker, plates were washed with ddH,0 to remove unspecific staining and dried. For permeabilization
0.1% Triton X-100 in ddH,0O water was added to the wells for 6 h. Absorbance was measured at 595 nm

wavelength.

3.5.6 Cell spreading assay

Culture dishes were pre-coated with 10 pg/mL fibronectin in PBS (37 °C, 1 h) and cells were seeded at the
right densities in MOVAS and NMVCs complete medium, respectively. After indicated time points, cells
were fixed using 4% PFA and immunofluorescent labeled as described under 3.5.3. Morphological cell

parameters were assessed manually using Imagel version 1.52p.

3.5.7 Time-lapse phase contrast video microscopy of 2D random cell migration

Polystyrene 12-well plates were coated with 10 pg/mL fibronectin in PBS (pH 7.4) at 37 °C for 1 h followed
by blocking with 1% BSA/PBS at 37 °C for 1 h. Cells were sparsely seeded onto the FN-coated wells in
1% FBS-containing MOVAS medium for 2 h at 37 °C and 5% CO,. Subsequently, cell migration was recorded
with a Nikon Eclipse Ti-E inverted live cell microscope equipped with a Plan Fluor 10x-numerical aperture
0.3 objective, a motorized stage, an environment chamber (Visitron Systems GmbH) and a cooled electron
multiplying charge-coupled device (EMCCD) camera (Teledyne Princeton Instruments) at 37 °C and 5% CO;
for 4 h with 5 min time intervals. Image acquisition and microscope control were carried out with the
VisiView® software Version 4.2.0.6 (Visitron Systems GmbH). The acquired images were analyzed using the

manual tracking MTrack plugin in Imagel version 1.52p. [396] For each cell line, 20 cells were tracked.

3.5.8 Wound closure assay

24-well plates were coated with 10 ug/mL FN in PBS at 37 °C for 2 h. After washing, plate surface was
allowed to completely dry. Silicone culture-inserts 2 well from IBIDI® (#80209) were attached to each well
and cells were plated within the insert wells. After incubation at 37 °C and 5% CO; for 3 h, medium was
changed to 1% FBS-containing MOVAS medium. Monolayer formation was checked after overnight
incubation and following washing with PBS, fresh 1% FBS-containing MOVAS medium including
0.01 mg/mL mitomycin was added for 2 h to inhibit cell proliferation. After incubation, the culture-inserts
were gently removed with sterile tweezers and cell debris and non-attached cells were removed by
washing. Cell imaging was performed at 37 °C and 5% CO; for 24 h at 15 min intervals using a Nikon Eclipse

Ti-E inverted live cell microscope equipped with a Plan Fluor 10x/0.3 objective, a motorized stage, an
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environment chamber (Visitron Systems GmbH) and a cooled electron multiplying charge-coupled device
(EMCCD) camera (Teledyne Princeton Instruments). The resulting image stacks were analyzed with Image)
version 1.52p, using an internally programmed script. For each cell line, three fully independent
experiments were conducted. For single cell tracking during collective cell migration, the MTrack plugin in

Imagel version 1.52p was used. [396]

3.6 Biochemical methods

3.6.1 Preparation of total protein lysates from adherent cells

For preparing protein lysates, cells were grown in normal conditions until the desired density (~80-90%)
was reached. Before cell lysis, cells were washed once with ice-cold PBS to remove all medium.
Subsequently, cells were lysed in a specific cell lysis buffer including a cOmplete protease inhibitor cocktail
(Roche, #04693159001). Depending on the cell type and the following experiments either purchased
mammalian protein extraction reagent (M-PER™, Thermo Fisher Scientific #78501) or prepared
radioimmunoprecipitation assay (RIPA) buffer containing 20 mM Tris, pH 8.0; 150 mM NaCl;
1% Triton X-100; 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate (SDS) were used. Cells were
immediately collected and the suspension was transferred to a tube. After incubation for 10 min on ice,
cell lysates were centrifuged at 14000 rpm for 10 min at 4 °C. Utilizing the BCA protein assay kit (3.6.4), the
protein concentration of the cleared lysate was determined and normalized, and lysates were either
directly processed (3.6.6; 3.6.7) or the appropriate amount of 2x SDS sample buffer (1 M Tris, pH6.8;
20% SDS; 0.5 M EDTA; 87% glycerol; 0.005% bromophenol blue) containing 5% 2-mercaptoethanol was
added. For denaturation, lysates were incubated at 95 °C for 5 min and either directly subjected to SDS-

PAGE (3.6.8) or stored at -20 °C.

3.6.2 Preparation of total protein lysates from mouse heart

Liquid nitrogen-frozen mouse heart tissue samples were homogenized using a mortar and pestle.
0.1 g of powdered sample were resuspended in 1 mL ice-cold home-made RIPA buffer (50 mM Tris, pH7.4;
150 mM NaCl; 1% Nonidet P40; 0.5% sodium deoxycholate; 0.1% SDS; 1 mM EDTA; 1 mM EGTA), containing
protease and phosphatase inhibitors (Cocktail 2 and 3, Sigma, #P5726 and #P0044), and homogenized using
a 27 G needle. Subsequently, samples were incubated on ice for 10 min and centrifuged (20,000 g, 10 min,
4 °C) to pellet cell debris. The protein concentration of the cleared cell lysate was determined using the

BCA protein assay kit (3.6.4). After protein concentrations were adjusted, the appropriate amount of
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2x SDS sample buffer was added and samples were denaturated at 95 °C for 5 min and either directly

subjected to SDS-PAGE (3.6.8) or stored at -20 °C.

3.6.3 Cell fractionation

Subcellular fractionation is the process of separating cellular components while preserving their individual
functions. In the scope of the present thesis, cellular fractionation was performed to determine a-parvin
localization within the cell and to enrich the protein for subsequent mass spectrometry-based proteomics.
One day before cell fractionation, cells were seeded at an appropriate density and allowed to adhere and
spread overnight at 37 °C and 5% CO,. On the experimental day, cells were washed twice with ice-cold
1x PBS containing protease and phosphatase inhibitor as well as 1 mM DTT. Subsequently, plates were
placed on ice, subcellular buffer (250 mM sucrose; 10 mM HEPES, pH7.4; 5 mM KCl; 1.5 mM MgCly;
1 mM EDTA) was added and cells were immediately scrapped off and transferred to an Eppendorf tube.
Cell lysis occurred by passing the lysate through a 26G needle. Following an incubation on ice for 15 min,
cell lysates were cleared by centrifugation (5 min, 700 g, 4 °C) and the supernatant was transferred to a
new tube.

The cell pellet was washed once with buffer F1 (20 mM Tris, pH7.4; 0.1 mM EDTA; 2 mM MgCly) and three
to five times with buffer F1 including 0.7% Chaps. After washing, the pellet was resuspended in buffer A
(20 mM HEPES, pH 7.4; 0.4 mM NaCl; 2.5% Glycerol; 1 mM EDTA; 0.5 mM NaF), sonicated (2x 10 sec, 28%,
pulse) and denatured after addition of 2x SDS-LD at 95 °C for 5 min (nuclear fraction).

The supernatant was further cleared in an Optima™ MAX-XP ultracentrifuge (Beckman Coulter, USA) at
40,000 g for 60 min at 4 °C, and carefully transferred to a new tube. 4x SDS-LD was added and samples
were denatured at 95 °C for 5 min (cytosolic fraction).

The denatured samples were stored at -20 °C until analyzed by western blotting (3.6.8).

3.6.4 Determination of protein concentration

Protein concentration was assessed using a colorimetric assay based on the reduction of Cu?* to Cu'* by
protein under alkaline conditions (biuret reaction) and the presence of BCA (Pierce™ BCA protein assay kit).
Bicinchoninic acid (BCA) selectively chelates Cu*tions [2:1] and thereby forms water soluble, purple-colored
complexes with a strong absorbance at 562 nm. The Pierce™ BCA protein assay kit was used according the

enclosed manufacturer protocol.
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3.6.5 Proximity-dependent biotinylation of proteins for MS analysis (BiolD2 and TurbolD)

The identification of protein-protein interactions is of fundamental importance to understand complex
biological processes. Various biochemical and genetic techniques, including affinity-captured complex
purifications and yeast two-hybrid screens, have been used to search for new molecular associations.
Furthermore, a relatively new approach for proximity-dependent labeling of proteins was published, which
is based on a biotin ligase, originally from E. coli (BiolD) and later from A. aeolicus (BiolD2), fused to a target
protein. [397] Biotinylation occurs within the near vicinity of the target protein and biotinylated proteins
can be captured by affinity using Streptavidin and identified using mass spectrometry. [397, 398]
Nowadays, two engineered promiscuous mutants of the biotin ligase, called TurbolD and miniTurbo, which
catalyze the biotinylation reaction much faster compared to BiolD and BiolD2, are also components of the
protein-protein interaction identification tool box. [399]

For each BiolD2 and TurbolD-fused construct (BiolD2-a-pv, BiolD2-B-pv, TurbolD-a-pv, TurbolD-B-pv) as
well as for the BiolD2- and TurbolD-only controls, three biological replicates were performed and analyzed
via mass spectrometry (MS). Specifically, for performing BiolD2 experiments, cells were either stably
expressing the BiolD2 fusion proteins (wt MOVAS) or transduced with lentiviral expression vectors 36 h
afterisolation (NRVCs, 3.5.1.1.2). 24 h before cell lysis, cells were washed and incubated with either MOVAS
or CM complete medium containing 50 pM biotin. After an additional incubation in complete medium
without biotin for 30 min at 37 °C and 5% CO,, cell lysis was performed following the protocol described
under 3.6.6.

For conducting proximity-dependent biotinylation using TurbolD in CMs, NRVCs were isolated from
P3 Wistar rats (3.5.1.1.2) and transduced with the retroviral expression vectors 36 h after isolation. 72 h
after isolation, NRVCs were washed with 1x PBS and cultured in CM complete medium containing
50 uM biotin for 20 min at 37 °C and 5% CO,. Subsequently, cells were washed twice and incubated for 30
min in fresh CM complete medium. After additional washing steps, cells were lysed and pulldown assays
were performed (3.6.6). For performing proximity-dependent biotinylation using TurbolD in
a-pv KO #3 MOVAS the same protocol as described for CMs was followed. The only difference lies in the

use of a cell line, stably expressing the TurbolD-fusion proteins.
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3.6.6 Immunoprecipitation and Streptavidin pulldown

For immunoprecipitation of GFP-tagged proteins, cells were lysed in M-PER™ (Thermo Scientific, #78501)
or RIPA buffer (3.6.1) and immunoprecipitated using the uMACS GFP Isolation Kit (Miltenyi Biotec,
#130-091-125) following the manufacturer’s instruction. Elutes were separated in SDS-PAGE for Western
blotting (3.6.9) or for in-gel digestion and subsequent mass spectrometry analysis (3.8.1.1).

For Streptavidin pulldown experiments following the biotinylation of proteins with subsequent mass
spectrometric analysis, cells were either lysed in M-PER™ (Thermo Scientific, #78501) buffer (MOVAS) or
RIPA buffer (3.6.1, NRVCs) containing protease and phosphatase inhibitors and pulled down using either
high performance Streptavidin Sepharose® (Merck, #GE17-5113-01; BiolD2) or magnetic Dynabeads™
MyOne™ Streptavidin C1 beads (Thermo Fisher Scientific, #65002; TurbolD) overnight at 4 °C. The following
day, beads were washed three times in Wash buffer | (1 M NaCl; 1% Triton X-100 in PBS), twice in Wash
buffer Il (50 mM Tris-HCl, pH7.6; 50 mM NaCl in ddH,0) and twice in PBS. Samples were eluted from the
beads (BiolD2) through the addition of 2x SDS-LD, denatured at 95 °C and separated by SDS-PAGE (3.6.8).

On-bead digestion (TurbolD) was performed before subsequent mass spectrometry analysis (3.8.1.2).

3.6.7 RhoA pulldown activation assay

Measurement of GTP-bound RhoA was determined using the RhoA pulldown activation assay biochem kit
(Cytoskeleton, Inc., #BK036). Briefly, one day before the pulldown experiment, plates were coated with
5 pg/mL fibronectin in PBS for 1 h at 37 °C. Subsequently, cells were plated at a density of 3-4-10° cells/mL.
The following day, cells were washed with PBS and serum deprived for 4 h. Meanwhile, new plates were
coated with 10 ug/mL FN in PBS for 2 h at RT and blocked with 1% BSA/PBS for 1 h at 37 °C. In parallel to
the blocking, cells were trypsinized and resuspended in serum-free MOVAS medium containing 1x Trypsin-
Inhibitor. After washing, cells were kept in suspension in serum-free MOVAS medium for 1 h at 37 °C and
the tubes were occasionally flipped. Following the blocking and washing of the plates, the same number of
cells were seeded in serum-free MOVAS medium for the indicated time points at 37 °C. After incubation,
medium was aspirated and cells were washed with ice-cold Hanks balanced salt solution (HBS;
20 mM HEPES; 150 mM NacCl) containing 0.5% MgCl. To remove HBS remnants, plates were tilted for an
additional minute. Cells were lysed in 500 pL ice-cold lysis buffer (included in the kit), harvested and clarified
by centrifugation at 15,000 g for 5 min at 4 °C. 80 L lysate were used for WB quantification of total RhoA,
while the remaining lysate was snap frozen in liquid nitrogen. Equal lysate volumes were added to rhotekin-
RBD beads and incubated for 1 h on a rotator. The rhotekin-RBD beads were pelleted by centrifugation at

5,000 g and 4 °Cfor 1 min. Supernatant was removed and beads were washed three times with 500 pL lysis
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buffer. 30 uL 2x Laemmli sample buffer were used to resuspend the beads. The samples were boiled for

5 min at 95 °C and used for analysis by Western blotting (active RhoA; 3.6.9).

3.6.8 One-dimensional SDS polyacrylamide gelelectrophoresis (SDS-PAGE)

Following protein denaturation in the presence of SDS and 2-Mercaptoethanol, two reagents that reduce
disulfide bonds, individual proteins were separated electrophoretically according to their molecular weight
using a Mini-PROTEAN® 3 system (Bio-Rad). Homemade 10% acrylamide gels (Table 21) and 1x SDS-PAGE
running buffer (10x stock: 2 M Glycine; 250 mM Tris; 30 mM SDS filled up to 1 L with ddH,0) were used for
SDS-PAGE. Electrophoresis was performed at 80-120 V at RT. As a size reference, the Kaleidoscope™

Precision Plus Protein Standard (Bio-Rad, #1610375) was run with the samples.

Table 21. Components of the SDS-PAGE gel.

Separation gel (10%, 2 gels) Stacking gel (4%, 2 gels)
Component Used Component Used
ddH,0 7.9 mL ddH,0 2.7 mL
1.5 M Tris-HCI, pH 8.8 5.0 mL 1.0 M Tris-HCl, pH 6.8 500 pL
30% acrylamide 6.7 mL 30% acrylamide 670 uL
10% SDS 200 uL 10% SDS 40 pL
10% APS 200 pL 10% APS 40 L
TEMED 8 uL TEMED 4 L

*APS, ammonium persulfate; TEMED, N, N, N’, N’-tetramethylethylenediamine

3.6.9 Western blot analysis

After protein separation by SDS-PAGE (3.6.8) the separating gel was shortly equilibrated in 1x WB transfer
buffer (10x stock: 2 M Glycine; 250 mM Tris ad 1 L with ddH,0) containing 20% Methanol. After activating
the Immobilon®-P polyvinylidene difluoride (PVDF) membrane (Millipore, #/IPVH00010) with isopropanol,
a transfer sandwich was assembled and proteins were electrically transferred for 1.5-2 h with 100 V at
4 °C. Then, membranes were washed in 1x TBS-T (10x stock: 200 mM Tris, 1.4 M NaCl ad 1 L with ddH.0;
1x TBS including 0.1% Tween-20), blocked for 1 h at RT in 3% BSA/TBS-T and incubated with primary
antibody (3.3.1) diluted in 3% BSA/TBS-T o/n at 4 °C. Next day, membranes were washed with 1x TBS-T
(3x 5 min) and incubated with secondary antibody (3.3.2) at RT for 1 h. After the final washing (3x 5 min),
bound antibodies were visualized with Immobilon® Western Chemiluminescent HRP Substrate (Millipore,
H#WBKLS0500) following the protocol provided by the manufacturer.

For the sequential detection of several different proteins on one membrane, membranes were incubated

at 55 °C for 20 min in 0.5% 2-mercaptoethanol containing stripping buffer (12.7 mL 1 M Tris-HCI, pH 6.8;
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20 mL 20% SDS ad 200 mL with ddH,0), washed with TBS-T (3x 10 min) and blocked 3% BSA/TBS-T before

applying the next primary antibody.

3.7 Analysis of mMRNA expression

3.7.1 RNA extraction

Total RNA, a mix of ribosomal, messenger and different kinds of small plus non-coding RNAs, was extracted
from primary CMs or MOVAS using the Qiagen RNeasy Mini Kit (QIAGEN, #74104) following the provided
protocol with small modifications. Briefly, cells were washed with PBS and incubated in RLT buffer
containing 2-mercaptoethanol for 1 min before being scraped off and transferred to a tube. After the
addition of 70% EtOH, samples were mixed, transferred to QiaShredder columns (QIAGEN, #79654) and
centrifugated at 10,000 g for 1.5 min at RT. The flow-through was transferred to a spin cartridge harboring
an RNA binding membrane and washed according to the manufacturer’s instructions. Following washing,
the column membrane was dried by centrifugation (1 min at full speed) and RNA was eluted in 30 pL RNase-
free water. The concentration and purity of isolated RNA was assessed spectrophotometrically at 260 nm
using the NanoDrop system. Samples with poor RNA quality (260/230 ratio below 1.5) were excluded from
direct further processing and cDNA synthesis (3.7.2). Instead, RNA was reprecipitated using 3 M sodium
acetate (NaOAc), pH 5.5 and isopropanol. After an incubation at RT for 20 min and centrifugation at
13,000 rpm for 10 min at 4 °C, RNA was washed twice with ice-cold 70% EtOH. Finally, the RNA pellet was
air-dried for 15 min and resuspended in 15 pL RNase-free water. The concentration and quality of RNA was

reassessed spectrophotometrically at 260 nm.

3.7.2 Reverse transcription of total RNA (cDNA synthesis)
A complementary DNA (cDNA) to a given RNA template is produced by the activity of an RNA depending
DNA polymerase, e.g. reverse transcriptase (RT). Synthesis of cDNA was performed with iScript™ reverse

transcriptase (Bio-Rad, #1708840) according to the protocol provided by the manufacturer.

Table 22. Composition of cDNA reaction mix and used PCR protocol.

Component Volume/reaction
5x iScript™ Reaction Mix 4 L
iScript™ Reverse Transcriptase 1ul
Nucleae-free water variable
RNA template (250 ng) variable
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PCR protocol

Step Temperature Time Description
1 25°C 5 min Priming
2 46 °C 20 min Reverse transcription
3 95 °C 1 min RT inactivation
4 4°C oo

3.7.3 Real-time quantitative PCR (qPCR)

To quantitatively analyze the mRNA expression real-time PCR was performed using iQ™ SYBR® Green
Supermix (Bio-Rad, #1708880). The cDNA obtained in a first-strand synthesis (3.7.2) was amplified with
primers specific for the gene of interest (3.4.2). As reference, a reaction with primers for GAPDH was

conducted for each sample.

Table 23. gPCR reaction mix.

Component Volume/reaction
cDNA 0.5 pL
2x iQ™ SYBR® Green Supermix 10 pL
10 uM Primer forward 0.2 uL
10 uM Primer reverse 0.2 uL
ddH,0 4.6 pL

Triplicate repeats were prepared for each primer set and samples were transferred to a special 96 multi-
well plate (LightCycler480 Multiwell Plate 96, white, #04729692001). The amplification progress was

monitored in LightCycler480 with the cycling instructions depicted in Table 24.

Table 24. Protocol for quantitative real-time PCR.

Step Temperature Time

1 95°C 3 min

2 95°C 15 sec

3 60 °C 30 sec
Melting curve 55°Cto95°C 1°Cin 30 sec

Step 2-3 were repeated 40x.

For the interpretation of qPCR results ACt values (correction to the control) and the relative expression
levels (272) were calculated using Excel2010. Additionally, the mean of normalized expression followed by
the calculation of standard deviation of each gene was taken and plotted using Prism 8 (GraphPad Software,

USA).
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3.8 Mass spectrometry driven functional proteomics
3.8.1 Sample preparation

3.8.1.1 In-geldigestion of proteinsimmunoprecipitated after GFP-IP or Streptavidin pulled down proteins
after proximity-dependent biotinylation using BiolD2
Samples obtained from the GFP-IPs or the streptavidin pulldowns after proximity-dependent biotinylation
using BiolD2 were eluted from the beads using 2x SDS-LD and were seperated by SDS-PAGE (3.6.8). The gel
was stained with InstantBlue® Coomassie Protein stain (Abcam, #ab119211) according to manufacturer’s
instructions. Each sample/lane was cut and washed in destaining solution (50:50 of 50 mM ammonium
bicarbonate (ABC) buffer:100% ethanol) before dehydrating in 100% ethanol. The dried gel pieces were
rehydrated in enzyme solution (12.5 ng/ul in 50 mM ABC buffer) and incubated overnight at 37°C. The next
day, peptides were extracted using extraction buffer (30% acetonitrile; 3% trifluoroacetic acid). The gel
pieces were dehydrated in 100% acetonitrile solution and the recovered supernatant was combined with
the supernatant after addition of extraction buffer. To remove the acetonitrile, the combined supernatant
was dried using a SpeedVac vacuum concentrator and resuspended in 2 M Tris-HCl buffer. Before desalting
and concentrating the samples using StageTips (3.8.1.4), 25 mM Tris-HCI buffer containing 10 mM TCEP

and 40 mM chloroacetamide was added to the samples.

3.8.1.2 On-bead digestion of Streptavidin pulled down proteins after proximity-dependent biotinylation
using TurbolD

Magnetic Dynabeads™ MyOne™ Streptavidin C1 beads (Thermo Fisher Scientific, #5002) were washed

twice using 1x PBS. The magnetic rack was used to remove all PBS remnants, followed by the addition of

1 volume sodium deoxycholate (SDC) buffer (100 mM Tris, pH 8.5; 1% SDC, 10 mM TCEP;

40 mM chloroacetamide (CAA)). To allow reduction and alkylation of proteins, samples were incubated for

20 min at 37 °C. Subsequently, equal volume of LC-MS water was added, followed by the addition of trypsin

to perform overnight digestion at 37 °C.

3.8.1.3 Desalting of peptides using SCX StageTips

After overnight on-bead digestion (3.8.1.2), the magnetic rack was used to collect the supernatant which
was acidified by addition of 1% trifluoroacetic acid (TFA) solution. After centrifugation, the extracted
peptides were then desalted and concentrated using a strong cation exchanger (SCX) stop and go extraction
(Stage) Tips prior to LC-MS/MS analysis. [400] Therefore, samples were loaded on to the StageTips and

washed in 1% TFA solution followed by 0.2% TFA solution. Peptides were eluted from the StageTips in
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5% ammonia and 80% acetonitrile. Following centrifugation (10 min, 400 g), eluted peptides were
centrifugated at 30 °C for 30 min using a SpeedVac vacuum concentrator, resuspended in LC-MS water and

stored at -20 °C until loading in the mass spectrometer.

3.8.1.4 Desalting of peptides using SDB-XC StageTips

After overnight in-gel digestion (3.8.1.1), the extracted peptides were desalted and concentrated using a
styrene divinyl benzene extraction disc (SDB-XC) StageTips prior to LC-MS/MS analysis. Therefore, samples
were loaded on to the StageTips and washed in 0.1% formic acid. Peptides were eluted from the StageTips
in 0.1% formic acid and 80% acetonitrile in ddH,0. Following centrifugation (10 min, 400 g), eluted peptides
were centrifugated at 30 °C for 30 min using a SpeedVac vacuum concentrator, resuspended in LC-MS

water and stored at -20 °C until loading in the mass spectrometer.

3.8.1.5 Sample loading onto C;5 columns and peptide separation

To separate the peptides, samples were loaded onto a reverse phase column with an inner diameter of
75 um that was packed in-house with ReproSil-Pur C18-AQ 1.9 pum beads (Dr Maisch GmbH) using the
autosampler of the EASY-nLC™ 1200 system (Thermo Fisher Scientific). Sample loading was performed in
buffer A (0.1% formic acid) at 250 nL/min. For performing whole proteome analysis 30 cm long columns
were used at 60 °C, while 15 cm columns at 50 °C were used for interaction proteomics.

For performing whole proteome analysis, peptides were separated using a 120 min gradient from 2 to
30%, 10 min from 30 to 60%, 5 min from 60 to 95% and 10 min maintained at 95% of buffer B
(80% acetonitrile, 0.1% formic acid) at 250 nL/min.

For performing interaction proteomic analysis, peptides were separated using a 60 min gradient from 2 to
30%, 15 min from 30 to 60%, 5 min from 60 to 95% and 10 min maintained at 95% of buffer B

(80% acetonitrile, 0.1% formic acid) at 250 nL/min.

3.8.2 Data acquisition on the Q Exactive™ HF and timsTOF™ mass spectrometer
Eluting peptides from the GFP-IP and BiolD2 experiments were analyzed on a Thermo Scientific™ Q
Exactive™ HF hybrid quadrupole-Orbitrap mass spectrometer in a data-dependent acquisition mode.

| 1%

According to Schrott et al. “survey scans were acquired in the Orbitrap at a resolution of 60,000 at
m/z =200 ranging from 300 to 1750 m/z and up to 15 of the most abundant precursors were selected for
fragmentation in the linear ion trap. Here, higher energy collisional dissociation (HCD) with a normalized

collision energy of a value of 28 was used and the MS2 spectra were logged at a resolution of 15,000
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(at m/z = 200). AGC target for MS scans was set to 3E6, within a maximum injection time of 100, while for
MS2 scans it was set to 1E5, within a maximum injection time of 25 ms”. [401, 402]

Eluting peptides from TurbolD experiments were analyzed by trapped ion mobility spectrometry coupled
with quadrupole time-of-flight mass spectrometry (timsTOF™ Pro; Bruker Daltonics) using otofControl 6.0.
The mass spectrometer was operated in data-dependent parallel accumulation serial fragmentation
(PASEF) mode with one survey TIMS-MS and ten PASEF MS/MS scans per acquisition cycle. [403] Analysis
was performed according to the protocol of Meier et al. in a mass scan range from 100-1700 m/z and
“an ion mobility range from 1/K0 = 1.6 Vs/cm? to 0.6 Vs/cm? using equal ion accumulation and ramp time
in the dual TIMS analyzer of 100 ms each at a spectra rate of 9.52 Hz. Suitable precursor ions for MS/MS
analysis were isolated in a window of 2 Th for m/z < 700 and 3Th for m/z > 700 by rapidly switching the
guadrupole position in sync with the elution of precursors from the TIMS device. The collision energy was
lowered stepwise as a function of increasing ion mobility, starting from 52 eV for 0-19% of the TIMS ramp
time, 47 eV from 19-38%, 42eV from 38-57% 37 eV from 57-76% and 32 eV until the end. The m/z and ion
mobility information were used to exclude singly charged precursor ions with a polygon filter mask and
‘dynamic exclusion” was further used to avoid re-sequencing of precursors that reached a ‘target value’ of
20,000 a.u. The ion mobility dimension was calibrated linearly using three ions from the Agilent ESI LC/MS
tuning mix (m/z, 1/K0: 622.0289, 0.9848 Vs/cm?; 922.0097, 1.1895 Vs/cm?; 1221.9906, 1.3820 Vs/cm?).”
[404]

3.8.3 Data analysis

For all immunoprecipitation or pulldown experiments, the raw files were processed using the MaxQuant
computational platform. [405] Subsequently, utilizing the Andromeda search engine, the peak lists
generated by the MaxQuant platform were searched against the Mouse Uniprot proteome sequence
database. [406] The peptide precursors were searched according to the protocol published by Schorr et al.
“with an initial precursor mass deviation of up to 4.5 ppm for the main search and an allowed fragment
mass deviation of 20 ppm. [407] MaxQuant by default enables individual peptide mass tolerance which was
used in the search. Cysteine carbamidomethlylation was used as a fixed modification and oxidation of
methionine and N terminal protein acetylation were set as variable modification for the database search.
The match between the run feature was enabled, and proteins were quantified across samples using the
label-free quantification algorithm in MaxQuant as label-free quantification (LFQ) intensities.” [408]

Notably, LFQ intensities depend on the peptide amounts and also on their ionization efficiencies; thus, they
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do not reflect true copy numbers and cannot be used for the comparison of different protein abundances
within one sample.” [402]

Statistical analysis was performed using Perseus bioinformatics version 1.6.2.3. Proteins that were
identified in the decoy reverse database or only by site modification as well as potential contaminants were
excluded from data analysis. Data were further filtered to include identified proteins that were expressed
in all three biological replicates of at least one group (control, a- or B-parvin) and missing value imputation
was performed on the basis of normal distribution (down shift=1.8, width=0.3). “PCA analysis of the three
groups was based on the decomposition of single values and the orthogonal transformation of the original
protein space into a set of linearly uncorrelated principal components which account for different types of
variability in the datasets. LFQ intensities were z-scored and hierarchical clustering was utilized using
Euclidean as a distance measure for column and row clustering. Volcano plots were used to visualize the

mean log2 ratios of biological triplicates and the corresponding p values.” [250]

3.9 Recombinant protein expression and purification

In the course of the present study, various protocols and optimization steps were undertaken to improve
the yield of purified Twin-Strep-Mprip. However, herein only the successful protocol for the recombinant

production and purification, resulting in Twin-Strep-Mprip used for pulldown assays, is described.

3.9.1 Recombinant protein production in High Five insect cells

Recombinant Mprip production was performed in High Five insect cells using the E.coli transposition-based
recombinant Bac-to-Bac (EMBacY) expression system. [409, 410]

Chemical competent E.coli OmniMAX cells were transformed with the pCoofy51 vector containing the
expression cassette for Mprip. The transformation was carried out as described under 3.4.5.2. Following
transformation, bacteria were plated on super optimal broth (SOB) agar plates (20 g/L tryptone;
5 g/L yeast extract; 0.5 g/L NaCl; 0.186 g/L KCl; 15 g agar-agar) containing 100 pug/mL Ampicillin. Colonies
were picked and plasmids purified using the NucleoSpin Tissue kit (Macherey-Nagel, #740952).

To prepare the Bacmid, chemical competent £.coli DH10Bac EmBacY cells were transformed, following the
same transformation protocol (3.4.5.2) but with an extended 24 h long incubation phase at 37 °C.
Subsequently, bacteria were plated on a LB agar plate containing 50 ug/mL kanamycin,
7 ug/mL gentamycin, 100 ug/mL Bluo-Gal (halogenated indolyl-B-galactoside), 10 pg/mL tetracycline and
1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) for blue-white screening. Colonies that remained white
after 48 h incubation at 37 °C contained the desired Bacmids and were selected for Bacmid preparation.

Two positive colonies were used to inoculate 200 mL LB medium and cells were incubated overnight at
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37 °C and 250 rpm. Cells were harvested by centrifugation (4000 rpm, 20 min, 4 °C) and the Bacmid DNA
was isolated and purified using the Nucleobond Bac100 kit (Macherey Nagel, Germany, #740579) according
to manufacturer’s protocol.

For baculovirus production, Sf9 insect cells were transfected with Bacmid DNA and incubated for five days
at 26 °C and 120 rpm. Successful transfection was indicated by increased cell diameter and reduced cell
count and viability, monitored on a Vi-CELL® instrument (Beckman Coulter, Germany). Furthermore, the
presence of YFP helps to directly observe virus performance by using a fluorescence spectrometer. [410]
Cultures producing baculovirus were harvested by centrifugation (200 rpm, 10 min) and the cleared
supernatant was sterile filtered (0.22 um filter) and directly used for recombinant protein production in
High Five insect cells. Therefore, 10 mL viral supernatant were added to 1 L culture volume and incubated
for 3 days at 26 °C and 120 rpm. 72 h post-transfection, cells were harvested (800 rpm, 20 min, 4 °C),
washed once with 1x PBS and frozen in -80 °C. Until protein purification was performed, cell pellets were

stored at -80 °C.

3.9.2 Recombinant protein purification

3.9.2.1 Celldisruption and preparation of cell lysate for purification

For cell disruption and subsequent protein purification, the Strep-Tactin®XT purification kit (IBA GmbH,
#2-5998-000) was used and the enclosed protocol was followed.

Briefly, the High Five insect cell pellet was quickly thawed and resuspended in buffer W (100 mM Tris-HCl,
pH 8.0; 150 mM NaCl; 1 mM EDTA) supplemented with 1 mM PMSF. Cells were disrupted by sonication
at 4 °Cusing 1s pulses for 10 min at 60% amplitude. After addition of Benzonase and BioLock Biotin blocking
solution (IBA, #2-0205-050) cells were incubated for 15 min on ice to allow cleavage of cellular DNA and
masking of biotin from the insect cell medium. Cell debris were removed by centrifugation (15,000 rpm,

15 min, 4 °C) and the supernatant was cleared by passing through a 0.45 um membrane filter.

3.9.2.2 Strep-Tactin®XT purification of Twin-Strep-Mprip

Prior sample application, the Strep-Tactin®XT 4Flow® gravity flow column was washed with 2 column
volumes (CV) with ddH,0, followed by equilibration with 3 CV of buffer W (100 mM Tris-HCl, pH 8.0;
150 mM NaCl; 1 mM EDTA). The cleared cell lysate was loaded onto the column at 4 °C using gravity.
Subsequently, the column was washed five times with 1 CV buffer W, followed by protein elution using first
0.6 CV (E1), then 1.6 CV (E2) and finally 0.8 CV (E3) buffer BXT (100 mM Tris-HCI, pH 8.0; 150 mM NaCl;
1 mM EDTA; 50 mM biotin). The protein concentration and purity within the three elution fractions (E1-E3)

was determined by spectrophotometric measurement at 260 nm (NanoDrop, ND-1000, peQlab
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Biotechnologie GmbH). The pulled sample (E1-E3) was dialyzed overnight at 4 °C in buffer W to remove the
biotin and concentrated using Microcon- 10 kDa centrifugal filter units (Merck, #MRCPRT010). The

concentrated Twin-Strep-Mprip was snap frozen in liquid nitrogen and stored at -80 °C.

3.10 Statistical analysis

Statistical analysis was carried out in Prism8 (GraphPad Software). All datasets were analyzed with the
D’Agostino-Pearson omnibus K2 normality test. Datasets that followed a normal distribution were analyzed
with either Students’ t test to compare two conditions or with the one-way ANOVA Turkey test to compare
multiple conditions. The Kruskal-Wallis test with Dunn’s comparison (multiple comparison) was used for
the evaluation of statistical significance of datasets that did not follow a normal distribution. In case of the
morphological analysis in NMVCs and MOVAS, outlier identification and data cleaning due to apparent
discrepancies was carried out prior normality testing. All results are depicted as mean * s.d. as indicated in
figure legends and all experiments that were statistically analyzed were performed at least three times.
Experiments lacking statistical analysis were conducted once or twice. Statistical and bioinformatics analysis

of mass spectrometry data was performed using Perseus bioinformatics (version 1.6.2.3) [411]
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4 RESULTS

4.1 In vitro subcellular localization of a- and B-parvin in contractile cells of the cardio-
vascular system
a- and B-parvin are two calponin-homology domain containing focal adhesion proteins that share a high
sequence and structural homology. In addition, these two parvin isoforms show an overlapping tissue
expression pattern (e.g. lung, spleen, kidney). However, while a-parvin is nearly ubiquitously expressed in
vertebrates (except in hematopoietic cells), B-parvin is preferentially found in heart and skeletal muscle.
[385] Furthermore, the two parvins display a diverse pattern of temporal regulation, with a-parvin being
present at high levels throughout mouse development whereas B-parvin is progressively upregulated. [164,
385] In addition to the tissue and temporal expression, the subcellular localization of especially a-parvin
has been investigated in various cell types (fibroblasts, keratinocytes, epithelial cells). [50, 165] In contrast,
the subcellular localization of a- and B-parvin in contractile cells of the cardiovascular system,
cardiomyocytes and smooth muscle cells, has not been analyzed in detail. Especially the direct comparison
of the two parvin isoforms in the same cell type is missing. As cardiomyocytes, the contractile units of the
heart, express both a- and B-parvin, they are a perfect cell type to investigate the subcellular localization

and function of the two parvin isoforms abreast and potential compensatory mechanisms.

4.1.1 Subcellular localization of a- and B-parvin in neonatal ventricular cardiomyocytes

The subcellular localization of a- and B-parvin in contractile cells of the cardiovascular system has not been
described in detail yet. To achieve this and to investigate potential differences in the subcellular localization
of the two parvin isoforms, we examined the localization of endogenous and eGFP-tagged a- and B-parvin
in isolated neonatal cardiomyocytes by immunofluorescence.

As introduced, cardiomyocytes transmit signals bidirectional between the ECM and the cytoplasm via focal
adhesion-like structures called costameres. However, it was shown that isolated neonatal and adult
cardiomyocytes remodel their adhesive structures to adapt to the two-dimensional cell culture. [412, 413]
During this adaptation, costameres of neonatal CMs are reorganized as the cells attach and spread, leading
to adhesion sites that are structurally akin to typical focal adhesions found in non-muscle cells such as
fibroblasts. [414] In unison, from adult CMs that are kept in culture (>1 week) and stimulated to contract,
vinculin-positive FAs and intercellular junctions emerge. [413] Therefore, costameres and focal adhesion
structures are present in cultured CMs to retain the mechanical communication between the contractile

machinery of the cell and the ECM. [319]
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Neonatal ventricular cardiomyocytes (NMVCs) were isolated from 3-day-old mice and plated on
fibronectin-coated culture dishes. Cells were fixed three days after isolation, stained against a-parvin and
co-stained with anti-a-actinin, anti-paxillin or anti-B1 integrin antibodies.

a-parvin displayed a clear focal adhesion (white arrowhead) and costamere (orange arrowhead)
localization (Fig. 18). Given that many, if not all, of the costamere proteins can also be found in focal
adhesions, distinct markers for the two adhesive structures are missing. [319] The presence of paxillin and
B1 integrin in both adhesion structures additionally reflects the similar composition of these two cell-ECM

contact sites. In addition, a-parvin co-localized with the Z-disc marker a-actinin (Fig. 18).
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Fig. 18. Subcellular localization of endogenous a-parvin in isolated mouse ventricular cardiomyocytes. Isolated NMVCs
were kept in culture for three days before fixation and co-stained with anti-a-parvin, anti-a-actinin, anti-p1 integrin
and anti-paxillin antibodies. DAPI was used to stain nuclei. Note, a-parvin localized to focal adhesions (white arrow
head), costameres and Z-discs (orange arrow head). Scale, 10 um.
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Isolation of neonatal ventricular CMs from rats yields higher cell numbers and more viable CMs which can
be cultured ex vivo for a longer period of time. For this reason, some of the biochemical assays and
immunostainings were conducted in isolated NRVCs instead of NMVCs, including the localization of a- and
B-parvin and the other two IPP complex member, ILK and PINCH.

NRVCs were isolated from 3-day-old rats and plated on FN-coated culture dishes. Cells were fixed three
days after isolation and immunofluorescently labeled with either anti-a- or anti-B-parvin antibodies. To
confirm focal adhesion and Z-disc localization observed for a-parvin in NMVCs, we co-stained against
paxillin or Troponin-T (TpnT), respectively. TpnT is a member of the troponin complex and a marker for the
thin actin filaments, hence, the Z-disc localization is confirmed by the absence of TpnT. Both parvin isoforms
co-localized with paxillin in FAs (Fig. 19A, B white arrow heads). Furthermore, a clear localization of
endogenous B-parvin to TpnT-negative Z-discs was observed (Fig. 19B, orange arrow heads). A similar
localization was detected for a-parvin although the Z-disc staining was less obvious in most cells.

IPP complex formation was shown to occur prior the localization of this complex to focal adhesions. [50]
Therefore, as expected, ILK and PINCH showed the same localization pattern as a- and B-parvin and
localized to FAs (white arrow head) and phalloidin-negative Z-discs (Fig. 19C).

In summary, these findings show that both endogenous a- and B-parvin localize to the same adhesive
structures, costameres and focal adhesions, as well as to sarcomeric Z-discs in mouse and rat neonatal
cardiomyocytes. Furthermore, as reported in literature, both a- and B-parvin assemble with ILK and PINCH

into trimeric IPP complexes, demonstrated by the same localization pattern of all three proteins.
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Fig. 19. Subcellular localization of endogenous IPP complex in isolated NRVCs. NRVCs were fixed and co-stained with
either anti- (A) a- or (B) B-parvin and anti-paxillin or anti-TpnT antibodies three days after isolation. Both parvin
isoforms localized to paxillin-positive FAs and TpnT-negative Z-discs. DAP| was used to stain nuclei. (C) ILK and PINCH
localized to FAs, costameres and Z-discs in isolated NRVCs. DAPI was used to stain nuclei. Note, white arrow heads
point to FAs while orange arrow heads mark Z-discs. Scale, 10 um.

To complement the immunostainings of endogenous proteins and to rule out potential cross-reactivity of
the parvin antibodies we analyzed CMs for the localization of eGFP-tagged a- und B-parvins. Therefore,
NRVCs were isolated, plated on FN-coated culture dishes and transduced with a lentivirus carrying either
an eGFP-a- or eGFP-B-parvin construct. As negative control, NRVCs were transduced with an empty eGFP
vector. Cells were fixed three days after transduction, corresponding to five days after isolation, and
immunofluorescently labeled. Both eGFP-a- and eGFP-B-parvin displayed a clear focal adhesion (white
arrow head) and Z-disc (orange arrow head) localization, where they co-localize with paxillin and a-actinin,
respectively (Fig. 20A, B). Furthermore, a nuclear signal for eGFP-a- and eGFP-B-parvin was observed. The
nuclear localization could be either specific, given that a- and B-parvin harbor two putative nuclear
localization signals at their N-terminal polypeptide stretch, or unspecific, given that transduction of NRVCs
with the empty eGFP vector also resulted in a nuclear signal. In addition, eGFP-a-parvin localized to
striations observed between a-actinin-positive Z-discs, corresponding to M-lines while eGFP-B-parvin did
not. Interestingly, M-line localization of endogenous a-parvin, ILK or PINCH was neither observed in mouse
nor in rat ventricular CMs and co-staining with myomesin did not confirm M-line localization of a-parvin
(Fig. 20C, red arrow heads). These findings lead to the conclusion that the observed M-line localization of a-
parvin might be an eGFP-induced artefact or an antibody sensitivity problem. However, both endogenous
and GFP-tagged PAT-6, the sole homolog of a-parvin in C. elegans, was reported to be one of the M-line
components of the muscle attachment structures in C. elegans. [201, 415] Furthermore, while late fetal
cardiomyocytes show completely developed Z-discs, |- and A-bands and H zones, the M-lines were shown
to develop during the neonatal period. [310] Therefore, another possibility could be the two days’ time
difference between the observed localization of endogenous and eGFP-tagged a-parvin and that the

recruitment of a-parvin to the M-line might be time-dependent.
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Fig. 20. Subcellular localization of eGFP-a- and B-parvin in isolated neonatal rat CMs. NRVCs were transduced with
eGFP-tagged (A) a- or (B) B-parvin, fixed five days after isolation and co-stained with either anti-paxillin or
anti-a-actinin antibodies. DAPI was used to stain nuclei. Both eGFP-tagged parvin isoforms localized to focal adhesions
(white arrow head), costameres and Z-discs (orange arrow head). Note, eGFP-tagged a-parvin also localized to
striations lying between a-actinin-positive Z-discs, which mark the M-lines while eGFP-tagged -parvin did not. (C) Co-
staining of endogenous a-parvin and myomesin (M-line marker) did not reveal localization of a-parvin to M-lines in
NRVCs fixed three days after isolation (red arrow head). DAPI was used to stain nuclei. Scale, 10 um.
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Together these data show that endogenous as well as eGFP-tagged a- and B-parvin localize to the same
subcellular structures - focal adhesions, costameres and Z-discs. The specific localization of eGFP-a-parvin
to the M-line needs to be further investigated, for example by co-staining myomesin, a M-line marker.
Furthermore, the localization of endogenous a-parvin, ILK and PINCH during CM maturation and the

potential time-dependent recruitment to the M-line needs to be analyzed.

4.1.2 Subcellular localization of a- and B-parvin in adult ventricular cardiomyocytes

In NRVCs and NMVCs a-and B-parvin share a similar subcellular localization, with the only difference of
eGFP-tagged a-parvin additionally localizing to the M-lines. To analyze whether the two parvin isoforms
also share the same localization pattern in adult heart, adult ventricular mouse CMs were isolated and
plated on laminin-coated culture dishes. Cells were fixed 1.5 hours after plating and co-stained with anti-
a-actinin or anti-myomesin and either anti-a- or anti-B-parvin antibodies.

a- and B-parvin displayed a clear localization to costameres and Z-discs (Fig. 21A), while they did not localize

to the M-line (Fig. 21B).
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Fig. 21. Subcellular localization of a- and B-parvin in isolated adult mouse cardiomyocytes. (A) Representative
fluorescence images of adult mouse ventricular myocytes on laminin co-stained with anti-a- or anti-B-parvin and anti-
a-actinin antibodies. DAPI was used to stain nuclei. Note, a- and B-parvin localized to Z-discs and costameres (arrow
head). Scale bar, 10 um. (B) Representative fluorescence images of adult mouse ventricular CMs on laminin co-stained
with anti-a- or anti-B-parvin (orange arrow head) and anti-myomesin (white arrow head) antibodies. DAPI was used
to stain nuclei. Note, a- and B-parvin did not localize to M-lines. Scale bar, 10 um.
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Similar to a- and B-parvin, ILK and PINCH, as well as B1 integrin colocalized with a-actinin at costameres

and Z-discs (Fig. 22, white arrowhead).

ILK/a-actinin/DAPI
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Fig. 22. Subcellular localization of IPP complex members and B1 integrin in isolated adult mouse cardiomyocytes on
laminin. Co-immunostaining of anti-ILK, anti-PINCH1 and anti-B1 integrin with anti-a-actinin, revealed localization of
all three proteins to costameres and Z-discs (arrow head). DAPI was used to stain nuclei. Scale bar, 10 um.

Overall, a- and B-parvin share the same subcellular localization pattern in both isolated neonatal and adult
ventricular cardiomyocytes. Both isoforms localize together with the other two IPP complex member, ILK
and PINCH, to focal adhesions, costameres and Z-discs. Whether a-parvin additionally, and in contrast to

B-parvin, localizes to the sarcomeric M-line during postnatal development needs to be further explored.

86



Results

4.1.3 Subcellular localization of a-parvin in MOVAS, a vascular smooth muscle cell line

In addition to the subcellular localization of a- and B-parvin in cardiomyocytes, | investigated the
localization of a-parvin in MOVAS, an immortalized mouse vascular smooth muscle cell line (MOVAS).
Smooth muscle cells are the contractile cells of blood vessels which express a-parvin as the main parvin
isoform. Although B-parvin is highly expressed in heart and skeletal muscle, endogenous B-parvin level in
SMCs are low but are induced by the loss of a-parvin. [163]

In the beginning of my thesis, | analyzed the MOVAS cells in respect to the expression of smooth muscle
cell specific markers, such as a-smooth muscle actin (a-SMA), and compared the localization of endogenous
a-parvin in MOVAS and primary vascular SMCs (vSMCs). For this, primary vSMCs were isolated from the
aorta of adult mice and plated on collagen I-coated culture dishes. Cells were fixed 16 days after plating
and co-stained with anti-a-SMA and anti-a-parvin antibodies. MOVAS cells were plated on FN-coated
culture dishes and either stained with anti-a-SMA antibody or co-stained with anti-a-parvin, anti-paxillin
and anti-phalloidin antibodies.

Immunostaining of endogenous a-parvin in primary vSMCs revealed a clear focal adhesion localization,
especially at the termini of a-SMA-positive stress fibers (Fig. 23A). Consistently, ILK showed the same FA
localization (Fig. 23A). Immunostaining and western blot analysis for the expression of smooth muscle-
specific a-actin in MOVAS confirmed the phenotypic identity of these cells (Fig. 23B, C). Furthermore,
a-parvin co-localized with paxillin in FAs found at the cell border (Fig. 23D, white arrow head) or centrally of
the cell in fibrillar adhesions (Fig. 23D, yellow arrow). As expected, endogenous ILK also localized to focal

adhesions (Fig. 23E).
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Fig. 23. a-parvin localization in primary vSMCs and MOVAS. (A) Representative fluorescence image of primary vSMCs
stained with anti-a-parvin, anti-ILK and anti-a-SMA seeded on type | collagen. Cells were fixed and stained 16 days
after isolation. DAPI was used to stain nuclei. Scale bar, 10 um. (B) Representative fluorescence image of MOVAS
stained with anti-a-SMA, seeded on fibronectin. DAPI was used to stain nuclei. Scale bar, 10 um. (C) Western Blot
analysis of a-SMA expression in MOVAS and primary vSMCs. GAPDH was used as a loading control.
(D) Immunofluorescence analysis of a-parvin (green), paxillin (red) and phalloidin (purple) in wt MOVAS seeded on
FN. Note, a-parvin localization to FAs at the cell border (white arrowhead) and centrally in fibrillar adhesions (yellow
arrow). Scale bar, 10 um. (E) Representative fluorescence image of MOVAS stained with anti-a-SMA and anti-ILK
antibodies, seeded on fibronectin. DAPI was used to stain nuclei. Note, ILK localized to FAs (white arrowhead). Scale
bar, 10 um.
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4.2 Generation of a-parvin knockout cells

Montanez et al. analyzed the in vivo role of a-parvin in mice during embryonic development. The disruption
of PARVA leads to the evolvement of severe cardiovascular defects, resulting in embryonic lethality at
around E10.5, preventing the functional analysis of a-parvin during neonatal development and adulthood.
[171] To investigate the effect of a-parvin deletion in contractile cells of the cardiovascular system we

focused on primary NMVCs and MOVAS.

4.2.1 Invitro knockout of a-parvin in isolated NMVCs using AdenoCre

Embryos lacking a-parvin expression showed heart abnormalities and cardiomyocytes with a round cell
morphology. [171] However, a further detailed analysis of a-parvin loss in mouse CMs is still missing.

To explore the effect of a-parvin ablation in neonatal CMs, NMVCs were isolated from a mouse strain
carrying loxP-flanked PARVA (a-pv(fl/fl)). [384] To analyze potential compensatory mechanisms between
a- and B-parvin, NMVCs were additionally isolated from PARVB knockout mice carrying loxP-flanked PARVA
(a-pv(fl/fl) B-pv(-/-)). The floxed alleles were deleted from NMVCs twenty-four hours after their isolation by
transduction with an adenovirus expressing Cre recombinase (AdCre). As a control, an adenovirus carrying
an empty GFP construct (AdGFP) was used. The successful knockout of a-parvin was analyzed by western
blotting and RT-qPCR (Fig. 24A, C).

Western blot analysis revealed significantly reduced a-parvin protein expression levels in NMVCs after
AdCre transduction compared to the AdGFP-infected NMVCs (Fig. 24A, B). As expected, the protein
expression levels of ILK and PINCH were also reduced after the in vitro knockout of a-parvin. Furthermore,
protein levels of ILK and PINCH were further reduced in a-pv(fl/fl) B-pv(-/-) NMVCs compared to
a-pv(fl/fl) NMVCs after adenoviral transduction as both a- and B-parvin-containing IPP complexes were
ablated in these cells. a-parvin KO NMVCs seemed to die faster in cell culture despite no effect of caspase-
3 mediated apoptosis (Fig. 24D).

In summary, these data show that we can successfully generate a-parvin and a/B-parvin double KO NMVCs.
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Fig. 24. /n vitroknockout of a-parvin in isolated NMVCs after adenoviral Cre expression. (A) Western blot analysis depicts
reduced expression levels of a-parvin, ILK and PINCH three days after transduction. GAPDH served as loading control.
(B) Densitometric quantification of WB analysis. Data are expressed as mean +s.d., n=3. ***P<0.001 as analyzed using
an unpaired Student’s t-test. ns, not significant. (C) Normalized a-parvin mRNA level three days after transduction.
n=1 (D) Western blot analysis of caspase-3 protein levels in control and a/B-parvin KO NMVCs three days after
isolation. Talin served as loading control.

4.2.2 CRISPR-mediated knockout of a-parvin in MOVAS

Immortalized cell lines are a powerful tool for numerous research applications such as drug screening,
antibody production and studying gene function. Especially for the investigation of basic biological
processes and the manipulation of cell function, the use of a cell line instead of primary cells can be an
advantage. Although | was able to isolate primary mouse SMCs from aorta and the Cre-mediated in vitro
deletion of a-parvin with concomitant reduction of PINCH levels was successful (Fig. 25), the number of cells
isolated was not enough for biochemical and cell-based assays. Therefore, we decided to use an
immortalized vascular smooth muscle cell line (MOVAS) to analyze a- and B-parvin function with help of

the CRISPR/Cas9 system.
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Fig. 25. /n vitro knockout of a-parvin in isolated vSMCs from two mice after adenoviral Cre expression. Western blot
analysis depicts reduced expression levels of a-parvin and PINCH four days after viral transduction. GAPDH and a-SMA
served as loading control.

The CRISPR/Cas9 technology is nowadays one of the most widely used techniques to edit endogenous
genomic DNA in eukaryotic cells by taking advantage of the cells own DNA repair mechanisms. This
technology has rapidly evolved and improved protocols have been established over the last years.

To generate a-parvin knockout MOVAS cells, we first tested different delivery approaches and transfection
reagents (e.g. CRISPRMAX, Lipofectamine 2000, Viromer CRISPR). At the beginning of my thesis, | used Cas9
nuclease bearing CRISPR DNA vectors for gene editing that allowed the selection of successfully transfected
cells by either FACS or puromycin prior cell sorting into 96 multi-well plates. [392] However, while all
MOVAS cells pre-treated with puromycin died, either due to a low transfection efficiency or a single-
nucleotide polymorphism (SNP) that was reported in the puromycin gene of this particular vector,
transfecting cells with the GFP-containing CRISPR vector only resulted in monoallelic knockout cells (data
not shown). One of the most challenging applications of the CRISPR/Cas9 system is, however, the
introduction of biallelic DNA changes. [416] As a result, we changed the CRISPR strategy and transfected
cells directly with the Cas9 ribonucleoprotein (RNP) complex. Direct delivery of the active Cas9 nuclease
together with the sgRNA accelerates the targeting time and enhances the cutting efficiency with lower off-
target effects. [417, 418]

For the design of sgRNAs, CRISPR target sites were mapped to the PARVA coding sequence within exon 1.

Selected sites were predicted by the ‘ChopChop’ design tool (https://chopchop.cbu.uib.no/) hosted by the

Valen lab to possess a minimal number of off-target sites in the mouse genome. [393] Two sites were

identified which fulfilled the criteria. The sgRNA target site is depicted in Fig. 26A. Following the preparation
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of Cas9 nuclease/gRNA RNP complexes MOVAS were transfected with the Cas9/gRNA-lipid complexes and
cultured for 24 hours. Positive clones were isolated by sorting single cells into 96 multi-well plates.

Loss of a-parvin protein expression was shown by western blotting and immunofluorescence (IF) analysis.
While wt MOVAS robustly expressed a-parvin, knockout MOVAS displayed no a-parvin expression (Fig. 26B).
Three clones (#3, #25 and #32) were selected for further investigation. IF analysis confirmed the absence
of a-parvin in focal adhesions and the cytoplasm (Fig. 26C). Furthermore, whole proteome mass
spectrometry (MS) was used to confirm the absence of a-parvin peptides in all three clones.

It has been previously reported that the loss of a-parvin expression results in an upregulation of B-parvin
or vice versa to stabilize the IPP complex. [171, 385] To check for B-parvin expression in control and
a-parvin KO clones, | used RT-gPCR to quantify 8-parvin mRNA expression levels as an antibody that reliably
recognizes endogenous denatured B-parvin was not available. Among the three clones tested clone #3
exhibited the lowest B-parvin expression (Fig. 26D). As expected, 8-parvin mRNA expression levels were
upregulated with increased passage number over time (Fig. 26E). To avoid an interference of B-parvin when
analyzing a-parvin KO MOVAS, only cells with a low passage number (P6-P10) were used for the subsequent

analysis.
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Fig. 26. Generation of CRISPR/Cas9-mediated knockout of a-parvin in MOVAS. (A) Sequence of sgRNA (boxed) targeting

exon 1 in mouse PARVA. The proto-spacer adjacent motif (PAM) is denoted as red nucleotides. Exon sequence is
represented in blue. The red arrowhead indicates site of Cas9 DNA cutting. (B) Western blot analysis of
a-parvin, ILK and PINCH expression in the three a-parvin KO clones. Note, loss of a-parvin expression resulted in
downregulation of ILK and PINCH protein level. Tubulin served as loading control. (C) Representative IF images
confirmed loss of a-parvin protein. Scale bar, 10 um. (D) RT-gPCR analysis of PARVA and PARVB expression in a-parvin
KO MOVAS. The expression level was normalized to GAPDH. n=2 (E) Upregulation of PARVB mRNA expression in
a-parvin KO MOVAS over time (here represented by passage number). n=2

In summary, a-parvin KO clone #3 (from now on called a-parvin KO #3) MOVAS showed no detectable

a-parvin protein expression in WB analysis or IF and no detectable peptides in MS. In addition, this clone
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exhibited the lowest 8-parvin mRNA expression levels. Therefore, most of the following experiments were

conducted using this particular a-parvin KO clone.

Similar to a-parvin depleted CMs, we observed reduced levels of IPP complex member in a-parvin KO
MOVAS (Fig. 27A). To confirm that the observed reduction of PINCH and ILK expression levels was a direct
result of a-parvin deletion and not a clonal artefact, a-parvin KO #3 MOVAS were transduced with a
lentiviral eGFP-a-parvin construct controlled by a CMV promoter. MOVAS cells stably expressing
eGFP-a-parvin were selected by FACS and analyzed by western blotting. Fig. 27A shows that the re-
expression of eGFP-tagged a- or B-parvin partially rescued ILK and PINCH expression levels irrespective of
the eGFP-tag localization (N-terminal vs. C-terminal). To analyze whether the eGFP-tag influences the ability
of a-parvin to rescue ILK and PINCH protein level, a lentivirus carrying a tagless a-parvin construct was
generated and a-parvin KO #3 MOVAS were transduced. The re-expression of tagless a-parvin fully rescued
ILK levels, while the PINCH expression levels were not rescued to wt level (Fig. 27B). Interestingly, the
monoallelic deletion of a-parvin already resulted in reduced PINCH level whereas ILK level remained

unaltered (Fig. 27B) suggesting that PINCH protein levels might be less stable in the absence of a-parvin.
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Fig. 27. Depletion of a-parvin results in reduced ILK and PINCH levels. (A) Western Blot analysis of wt and a-parvin KO
#3 MOVAS revealed strongly reduced ILK and PINCH expression after a-parvin depletion. Re-expression of eGFP-
tagged a- or B-parvin (green arrow head) partially rescued ILK and PINCH protein level. Endogenous B-parvin protein
level are marked by a red arrow head. GAPDH served as loading control. (B) Re-expression of tagless a-parvin in
a-parvin KO #3 MOVAS rescued ILK levels shown by WB analysis. Note, monoallelic a-parvin depletion also led to
reduced PINCH protein level whereas ILK levels remained unaltered. GAPDH served as loading control.
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4.3 Characterization of a-parvin deficient cardiomyocytes and MOVAS

Next, we analyzed the role of a-parvin in integrin-mediated processes such as adhesion, spreading and

migration in the established a-parvin deficient cells.

4.3.1 Analysis of integrin-mediated processes in a-parvin deficient, mononucleated NMVCs

4.3.1.1 a-parvin deletion impairs cell spreading and induces sarcomere-containing protrusions in NMVCs
To investigate if the loss of a-parvin has an effect on the phenotype of NMVCs, cell morphological
parameters were measured and the spreading kinetics were analyzed. Therefore, | isolated NMVCs from
a-pv(fl/fl) and a-pv(fl/fl) 8-pv(-/-) mice, plated them on fibronectin and deleted the floxed alleles by
adenoviral expression of Cre recombinase (AdCre) 24 hours after isolation as described in 4.2.1.. To exclude
side-effects of the viral infection to the cells, one half of the isolated NMVCs were infected with an
adenovirus carrying an empty GFP (AdGFP) as control. Cells were fixed three and five days after adenoviral
infection and immunostained with an anti-a-actinin antibody to measure the cell morphological
parameters.

AdGFP-infected NMVCs isolated from a-pv(fl/fl) and a-pv(fl/fl) 6-pv(-/-) mice displayed a star-like cell
morphology with well-organized a-actinin striations (Fig. 28A). No difference in spreading area between
isolated NMVCs expressing or lacking B-parvin expression was observed three or five days after adenoviral
infection (Fig. 28B). The cell size increased from three to five days in culture, indicative of hypertrophic
growth of AdGFP-infected NMVCs on FN-coated cell dishes. In contrast, AdCre-infected NMVCs were
smaller and failed to increase their cell size over time (Fig. 28B). Surprisingly, we did not observe differences
in the spreading area of NMVCs lacking only a-parvin or both parvin isoforms (a- and B-pv) after adenoviral
infection. Unfortunately, isolated NMVCs seeded on collagen I-coated culture dishes, to circumvent FN-
induced hypertrophic growth, did either not attach or died shortly after attachment, preventing further
analysis. We additionally analyzed the morphology of control, a-parvin and a/B-parvin KO NMVCs according
to the following parameter: major and minor axis, perimeter, circularity and aspect ratio. Whereas the cell
perimeter gives complemental information about cell protrusive activity, circularity is a measure of the
roundness of cells, where values approaching 0 indicate an increasingly elongated cell shape.
AdGFP-infected NMVCs, isolated from a-pv(fl/fl) mice, grew in both length (major axis) and width (minor
axis) and exhibited a larger cell perimeter (Fig. 28C-E). The same observation was made for AdGFP-infected
NMVCs isolated from a-pv(fl/fl) 6-pv(-/-) mice, although the increase was not statistically significant.
Although not statistically significant AAdGFP-infected NMVCs displayed a reduced circularity, indicative of a

more elongated cell shape five days after transduction which additionally confirmed the hypertrophic
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growth of these cells (Fig. 28F). In contrast, AdCre-infected NMVCs from a-pv(fl/fl) mice did not increase in
cell length, width or perimeter and NMVCs lacking a- and B-parvin expression showed a significant decrease
of the cell perimeter and increase in circularity (Fig. 28C-F). No difference in cell length, width, perimeter or
circularity between isolated NMVCs expressing or lacking B-parvin expression was observed three or five
days after adenoviral infection. The reduction in cell length, width, perimeter and circularity in AdCre-
infected NMVCs in comparison to AdGFP-infected cells reflect the results of the spreading area analysis.
The cellular aspect ratio did neither change in AAGFP- or AdCre-infected NMVCs isolated from a-pv(fl/fl) or
a-pv(fl/fl) 6-pv(-/-) mice (Fig. 28G).

Overall, these data show that a-parvin plays an important role in cardiomyocyte spreading and
hypertrophic growth. While AdGFP-infected NMVCs were able to induce hypertrophic growth,
AdCre-infected NMVCs from either a-pv(fl/fl) and a-pv(fl/fll B-pv(-/-) mice were not. However,
unexpectedly, B-parvin did not functionally compensate for the loss of a-parvin in isolated NMVCs plated

on fibronectin.
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Fig. 28. a-parvin expression is important for spreading and hypertrophic growth of NMVCs. (A) Representative images
of NMVCs isolated from a-pv(fl/fl) and a-pv(fl/fl) 6-pv(-/-) mice three and five days after adenoviral transduction and
immunostaining using an anti-a-actinin antibody. DAPI was used to stain nuclei. Green arrow heads mark sarcomere-
containing protrusions. Scale, 10 um. (B-G) Quantification of spreading area (B), major (C) and minor (D) axis, cell
perimeter (E), circularity (F) and aspect ratio (G) of NMVCs plated on FN. Data is presented as mean + s.d.
****P<0.0001, **P<0.01, *P<0.1 as analyzed using a Kruskal-Wallis test. ns, not significant. 30-40 cells were measured
per condition, n=3.
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We also observed the formation of long, often branching a-actinin-positive protrusions (Fig. 28A, green
arrow heads) in control and a-parvin KO NMVCs. These protrusions have been observed before during
trabeculation in the zebrafish heart. [419] This process first depends on the extension of long protrusions,
which sometimes, coming from different cardiomyocytes, extend towards each other to make contact.
AdCre-infected NMVCs from both a-pv(fl/fl) and a-pv(fl/fl) 6-pv(-/-) mice seem to develop longer, thinner

and often more a-actinin-positive protrusions in comparison to control NMVCs.

Healthy heart tissue exhibits an elastic Young’s modulus ranging between 10-15 kPa. [420] To study the
effect of matrix rigidity on NMVC morphological characteristics, isolated NMVCs from a-pv(fl/fl) and
a-pv(fl/fl) B-pv(-/-) mice were plated on FN-coated PDMS substrates with Young’s modulus of
1.5, 15 or 28 kPa. Adenoviral infection was performed 24 hours after isolation and cells were fixed three
days later and subjected to immunostaining with anti-a-actinin antibodies.

It was previously reported that NRVCs on collagen |-coated rigid substrates align their sarcomeres with
defined striations, whereas most of the NRVCs on compliant substrates displayed disorganized sarcomeres.
[421] We, however, observed organized sarcomeric structures even in NMVCs cultured on soft substrates
(Fig. 29A). In comparison to NMVCs cultured on a plastic surface (Fig. 28), NMVCs on softer substrates
(1.5-28 kPa) were smaller. Surprisingly, NMVCs plated on 15 kPa substrates did not show intermediate
parameters among the three tested compliant substrates (1.5, 15 and 28 kPA) in terms of their cell
morphologies (Fig. 29B). On the contrary, NMVCs plated on 15 kPa substrates exhibited the largest
spreading area, cell length, width and perimeter whereas cells cultured on 1.5 or 28 kPa did not show
significant differences in these parameters (Fig. 29B-E). These results fit to the reported data of NRVCs
plated on different collagen I-coated substrate stiffnesses. The authors also observed a slight konvex
behavior of the spreading area of NRVCs plated on softer substrate stiffnesses (1-50 kPa). [421] Among the
analyzed cell morphological parameters, cell circularity and cellular aspect ratio were not altered, neither
in AdGFP- nor in AdCre-infected NMVCs from a-pv(fl/fl) or a-pv(fi/fl) 6-pv(-/-) mice (Fig. 29F, G). However,
AdCre-infected NMVCs were smaller on all three substrate stiffnesses, displaying a decreased spreading
area, cell length (major axis), width (minor axis) and perimeter in comparison to AdGFP-infected NMVCs
(Fig. 29B-E).

Altogether these findings indicate that a-parvin is required for cardiomyocyte spreading in response to
physiological mechanical stimuli such as substrate compliance. Furthermore, B-parvin does not seem to

compensate for the functional loss of a-parvin.
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Fig. 29. Substrate stiffness influences NMVC spreading. (A) Representative images of NMVCs isolated from either
a-pv(fl/fl) or a-pv(fl/fl) 6-pv(-/-) mice three days after adenoviral transduction and immunostaining using an anti-a-
actinin antibody. DAPI was used to stain nuclei. NMVCs were plated on FN-coated elastic surfaces with defined elastic
modulus of 1.5, 15 and 28 kPa. Green arrow heads mark sarcomere-containing protrusions. Scale, 10 um.
(B-G) Quantification of spreading area (B), major (C) and minor (D) axis, cell perimeter (E), circularity (F) and aspect
ratio (G) of NMVCs plated on FN-coated elastic surfaces. Data are presented as mean + s.d. ****P<0.0001,
**%P<0.001, **P<0.01, *P<0.1 as analyzed using a Kruskal-Wallis test. ns, not significant. 30-40 cells were measured
per condition, n=3.
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4.3.1.2 Loss of a-parvin effects the contractility of cardiomyocytes

Isolated NMVCs exhibit spontaneous contractions in vitro 24 hours after isolation. Depending on the cell
density, two patterns of spontaneous contractions were observed: single cell contraction or small cell
colonies exhibiting various non-synchronous contractions. Over time, the contractions of the colonies
became more synchronous. The effect of a-parvin deletion on cell contraction was evaluated by
videomicroscopy three and five days after adenoviral expression of Cre recombinase in isolated NMVCs.
While 50% of the AdGFP-infected control cells were beating on day three, only 30% of parvin-depleted cells
showed spontaneous contractions (Fig. 30). On day five, 65% of control cells, but only 20% of AdCre-infected
NMVCs were beating. The loss of spontaneous contractions was further enhanced in o/B-parvin double KO

NMVCs, indicating that B-parvin here functionally compensates for the loss of a-parvin.
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Fig. 30. a-parvin deletion effects spontaneous contractions of NMVCs. Quantification of NMVCs still showing
spontaneous contractions three and five days after adenoviral transduction. Data are presented as mean % s.d.
**%%P<0.0001, ***P<0.001 as analyzed using an ordinary one-way ANOVA test. ns, not significant. 30-40 cells were
analyzed per condition, n=3.

4.3.2 Analysis of integrin-mediated processes in a-parvin knockout MOVAS

4.3.2.1 a-parvin depletion results in an early adhesion defect in MOVAS

Cell-cell and cell-ECM adhesion mechanisms determine the overall architecture of a tissue. Hence, they
play a pivotal role in tissue cohesion and integrity. To investigate if a-parvin deletion affects the adhesion
of MOVAS cells to the ECM protein fibronectin, an in vitro ‘plate and wash’ assay was conducted. For this,
| cultured wild-type (wt) and a-parvin KO MOVAS on FN-coated 96 multi-well plates and allowed them to
attach for 10 and 30 min at 37 °C. After washing, the fraction of remaining cells attached to the multi-well

plate was quantified.
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a-parvin deletion reduced the adhesion of all three a-parvin KO MOVAS clones after 10 min significantly
compared to wt MOVAS (Fig. 31A). This was still the case 30 min after seeding, although the difference was
not significant anymore. Re-expression of eGFP-tagged a-parvin in a-parvin KO #3 MOVAS cells resulted in
an intermediate phenotype but did not rescue the adhesion defect up to wt level (Fig. 31B). This observation
correlates with the observed partial rescue of the IPP complex in eGFP-a-parvin rescued MOVAS (Fig. 27A).
Similar results were observed with a-parvin KO and a/B-parvin double KO fibroblasts (Fig. 31C). Deletion of
both a- and B-parvin severely impaired the adhesion ability of fibroblasts to fibronectin compared to the
sole loss of a-parvin. Re-expression of either eGFP-tagged a- or B-parvin partially rescued the observed

adhesion phenotype.
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Fig. 31. MOVAS require a-parvin for strong cell adhesion to the ECM protein fibronectin during early spreading.
(A) Colorimetric quantification of adhesion to FN of wt and a-parvin KO MOVAS clones 10 and 30 min after plating.
Note, loss of a-parvin resulted in a significant reduction of early cell adhesion. (B) Re-expression of eGFP-tagged a-
parvin resulted in an intermediate adhesion phenotype and could not significantly enhance adhesion ability to FN of
a-parvin KO #3 MQOVAS. (C) Colorimetric quantification of adhesion to FN of fibroblasts lacking a- or a- and B-parvin
expression 10 and 30 min after plating. Note, re-expression of either eGFP-tagged a- or B-parvin partially rescued the
adhesion defect. Data are expressed as mean *s.d., n=3. *P<0.1 as analyzed using an unpaired Student’s t-test (A, B).
A Kruskal-Wallis test was performed for data shown in C. ns, not significant.

Overall, these data show that a-parvin plays an important role in cell-ECM adhesion and deletion of

a-parvin can be partially compensated by B-parvin.

101



Results

4.3.2.2 a-parvin is important for cell spreading in MOVAS

Cell spreading over a substrate happens in distinct stages. Early cell attachment and deformation are
characterized as passive events while later stages of cell spreading are more active, involving actin
polymerization and myosin contraction. [422]

Montanez et al. showed that SMA-positive cells isolated from either embryos or yolk sac of
a-parvin KO mice exhibit a strong spreading defect. [171] To analyze whether the knockout of a-parvin
results in a similar spreading defect in MOVAS cells, wt and a-parvin KO #3 MOVAS were seeded on FN-
coated culture dishes. Cells were fixed 10, 30, 60 and 360 min after plating and co-stained with anti-a-
parvin and anti-paxillin antibodies (Fig. 32-Fig. 35). The cell spreading area was determined using Imagel and
the quantification results are visualized in Fig. 35A.

At 10 min of cell spreading wt MOVAS showed a round cell morphology with a-parvin and paxillin-positive
nascent adhesions and FAs at the cell periphery. In contrast, a-parvin KO MOVAS were smaller, exhibiting

a round cell morphology with only paxillin-positive nascent adhesions at the cell periphery (Fig. 32).

a-parvin/Paxillin/DAPI a-parvin Paxillin

a-pv ko #3 + eGFP-a-pv

Fig. 32. Spreading of a-parvin deficient MOVAS. Double-fluorescent labeling for a-parvin and paxillin of wt and
a-parvin KO #3 MOVAS cultured on fibronectin for 10 min. Orange arrow heads mark cell-ECM contact sites at the cell
periphery. Nuclei were visualized with DAPI. Scale, 10 um.
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After 30 min, some wt MOVAS cells started to become polygonal, showing focal adhesions at the cell
periphery. Unlike wt MOVAS, a-parvin KO #3 MOVAS were still smaller, exhibiting a round cell morphology

with only few cells that established paxillin-positive FAs at the cell periphery (Fig. 33).

a-parvin/Paxillin/DAPI a-parvin Paxillin

a-pv ko #3

a-pv ko #3 + eGFP-a-pv

Fig. 33. Spreading of a-parvin deficient MOVAS. Double-fluorescent labeling for a-parvin and paxillin of wt and
a-parvin KO #3 MOVAS cultured on fibronectin for 30 min. Orange arrow heads mark cell-ECM contact sites at the cell
periphery. Nuclei were visualized with DAPI. Scale, 10 um.

60 min after plating, wt MOVAS had developed a polygonal cell morphology with large FAs at the cell border
(orange arrow head) and smaller fibrillar adhesions in the cell center (white arrow head). Some of the fully
spread a-parvin deficient MOVAS could form larger FAs, which were nearly exclusively located at the cell
periphery (Fig. 34). In addition, a-parvin KO #3 MOVAS started to change their cell phenotype, becoming
more polygonal. 360 min after plating cells exhibited the same cell morphology observed at the 60 min
time point. However, while wt MOVAS were still slightly growing in size, a-parvin KO #3 MOVAS did not
further spread (Fig. 35A).
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a-parvin/Paxillin/DAPI a-parvin Paxillin

a-pv ko #3 wt

a-pv ko #3 + eGFP-a-pv

Fig. 34. Spreading of a-parvin deficient MOVAS. Double-fluorescent labeling for a-parvin and paxillin of wt and
a-parvin KO #3 MOVAS cultured on fibronectin for 60 min. White arrow heads indicate FAs within the cell whereas
orange arrow heads mark FAs localized at the cell periphery. Nuclei were visualized with DAPI. Scale, 10 pm.

Importantly, re-expression of eGFP-a-parvin rescued FA formation and partially cell spreading. Rescue cells
were smaller compared to wt MOVAS at all time points analyzed (Fig. 35B). In contrast, a-parvin KO #3
MOVAS re-expressing eGFP-a-parvin were able to form stable FAs at the cell border (Fig. 34, orange

arrowhead) and fibrillar adhesions in the cell center (white arrow head).
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Fig. 35. Quantification of cell spreading behavior. (A) a-parvin KO #3 MOVAS exhibit a significant defective cell
spreading behavior compared to wt MOVAS. (B) Re-expression of eGFP-tagged a-parvin partially rescue the spreading
defect of cells seeded on FN for one hour. Data are expressed as mean * s.d. ****P<0.0001 as analyzed using a
Kruskal-Wallis test. 20-40 cells were measured in n=1 experiment.

Taken together, these data show that a-parvin is important for cell spreading and focal adhesion formation

as well as for their maturation into fibrillar adhesions.

4.3.2.3 a-parvin is required for collective cell migration in MOVAS

Cell migration is crucial for numerous physiological and pathological processes such as embryonic
development, angiogenesis, cell investment into the vessel wall, cancer metastasis, and wound healing.
[423] Montanez and colleagues showed that a-parvin is indispensable for the persistent migration of mural
cells, vSMCs and pericytes, into the vessel walls. [171] To test whether this holds true for vascular smooth
muscle cells in vitro, a-parvin KO #3 MOVAS were subjected to in vitro wound healing assays that are
frequently used to study collective cell migration. 24 multi-well plates were coated with FN prior the
experiment. The culture-inserts 2 well from IBIDI were placed into the wells leaving a defined
500 um + 100 um large gap. Cells were seeded into the wells and the confluent cell monolayers were
treated with mitomycin C, a proliferation inhibitor. Time-lapsed microscopy allowed the visualization of
migrating cells into the wound.

Fig. 36A shows that wt MOVAS closed the gap within 12-15 hours, while at that time point the gap in
a-parvin KO #3 MOVAS remained to 40% open. After 24 h a-parvin KO #3 MOVAS still did not completely
close the wound. While wt MOVAS closed the gap as monolayer (collective cell migration), MOVAS lacking
a-parvin expression migrated as single cells (Fig. 36B). To analyze whether a-parvin KO #3 MOVAS are still
able to establish cell-cell contacts mediated by cadherins, we fixed the cells at different time points of the
wound closure assay (t =0 h, 12 h, 24 h) and immunofluorescently labeled cadherins. However, due to the

lack of a functional cadherin antibody, no conclusions could be drawn from the experiment. It is therefore
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important to investigate whether cadherin expression might be altered in MOVAS cells lacking a-parvin
expression which would be a possible explanation for the disturbed collective cell migration.
When assessing the cell velocity and directionality during wound closure, it was observed that

a-parvin KO #3 MOVAS migrated slightly faster compared to wt MOVAS but less directional, leading to the

observed wound closure defect (Fig. 36C).
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Fig. 36. a-parvin is required for directional cell migration. (A) Representative phase-contrast images of wt and
a-parvin KO #3 MOVAS in a wound healing assay (t=0, 12 and 24 h after barrier removal). The white lines indicate the
unclosed wound area. Scale, 10 um. (B) Representative zoom-in phase-contrast images of wt and a-parvin KO #3
MOVAS at t=24 h. Note, a-parvin KO #3 MOVAS did not migrate collectively but as single cells (orange star indicate
holes in the cell monolayer). Scale, 10 um. (C) Quantification of velocity and directionality of single cells tracked during
wound healing. Data are presented as mean * s.d. from two independent experiments. 20 cells each were tracked.
****P<0.0001, *P<0.1 as analyzed using a Student’s t-test.
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Re-expression of eGFP-tagged a-parvin, irrespective of the eGFP-tag localization (N-terminal vs. C-terminal)
did not rescue the observed phenotype (Fig. 37A). No wound closure was achieved after 24 h and
eGFP-a-parvin expressing cells still migrated as single cells. Given its size (~32 kDa) the eGFP-tag probably
interferes with the a-parvin structure and function, thereby interfering with IPP complex formation and the
rescue of the migratory defects. Importantly, however, a-parvin KO #3 MOVAS expressing either tagless
a- or B-parvin completely rescued the defect in collective cell migration (Fig. 37B).

These data indicate that a-parvin is important for collective cell migration of MOVAS cells and that B-parvin

is able to compensate for the loss of a-parvin in this assay.

A 12h 24h

a-pv ko #3 + eGFP-a-pv

80%

a-pv ko #3 + a-pv-eGFP

a-pv ko #3 + a-pv

a-pv ko #3 + B-pv

95% 100%

107



Results

Fig. 37. Re-expressing tagless a- or B-parvin rescues the migration defects. (A) Representative phase-contrast images
of a-parvin KO #3 MOVAS re-expressing eGFP-tagged a-parvin. Note, re-expressing eGFP-tagged a-parvin did not
rescue the migration defects. (B) Representative phase-contrast images of a-parvin KO #3 MOVAS re-expressing either
tagless a- or B-parvin. Note, both tagless parvin isoforms were capable of rescuing the migration defects. The white
lines indicate the unclosed wound area. Scale, 10 pm.

4.3.2.4 a-parvin deletion leads to increased contractility in MOVAS

The RhoA/ROCK/MLC2 signaling pathway is involved in multiple cellular functions including cytoskeletal
reorganization, cell migration, proliferation and angiogenesis. [424] Integrins regulate RhoA activity in
different pathways and the IPP complex plays an important role to downregulate RhoA-dependent
contractility to facilitate cell spreading and migration. [157, 171, 425] For example, a-parvin deletion in
isolated SMA-positive cells from yolk sac or E9.5 embryos results in a hypercontractile phenotype and also
the vSMC-specific deletion of ILK resulted in an increased RhoA activity. [157, 171]

To assess whether a-parvin plays a role in the RhoA/ROCK/MLC2 signaling pathway in MOVAS, GTP-RhoA
binding to the Rhotekin-Rho binding domain was used to determine the level of RhoA activation in control
and a-parvin depleted cells. MOVAS lacking a-parvin showed elevated levels of active GTP-RhoA, while total
RhoA expression levels remained unchanged (Fig. 38A). Immunofluorescent labeling of pMLC2 did not show
obvious alterations in intensity between wt and a-parvin KO #3 MOVAS (Fig. 38B), probably due to the
significant differences in cell size observed between wt and a-parvin KO #3 MOVAS. We therefore plated
cells on FN-coated micropatterns to eliminate cell size and shape differences, thus, reducing variability, as
cell attachment and spreading only occurs on the FN-coated shapes and not on the surrounding
polyethylene glycol (PEG). However, while wt MOVAS cells readily attached to the patterns, a-parvin KO #3
MOVAS cells did either not adhere or were washed away during cell fixation, and adaptations of the fixation
protocol did not increase the number of attached cells. This might indicate that a-parvin KO #3 MOVAS
cells exhibited either a too strong adhesion defect or too strong contraction forces that did not allow prober
attachment and FA formation on these micropatterns. We therefore utilized western blot analysis, which
revealed higher pMLC2 levels in a-parvin KO #3 MOVAS compared to wt MOVAS (Fig. 38C).

These results support published data showing that a-parvin is involved in cell contractility regulation. [171]
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Fig. 38. Absence of a-parvin results in elevated RhoA activity after 45 min of spreading on fibronectin. (A) a-parvin KO
#3 MOVAS showed increased RhoA activity. Data are presented as mean of n=2. (B) Immunofluorescent labeling of
phospho-MLC2 and phalloidin in wt and a-parvin KO #3 MOVAS cultured on FN. (C) Increased RhoA activity resulted

in concomitant increase of MLC2 phosphorylation. GAPDH served as loading control. Data are presented as mean of
n=2.
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4.4 Mass spectrometric analysis of the mouse cardiomyocyte whole proteome

To analyze if the abundance of a- and B-parvin, as well as of ILK, PINCH and B1 integrin changes during the
process of cardiomyocyte maturation, we analyzed the whole proteome of freshly isolated and cultured
NMVCs as well as samples from adult CMs by mass spectrometry.

For an overall assessment of proteomic similarities and differences among the three conditions, we
employed principle component analysis (PCA). Samples of freshly isolated, five days cultured NMVCs and
adult CMs clustered separately with the biological replicates tightly grouped together (Fig. 39B).
5430 proteins were initially identified, of which 4856 proteins remained after the exclusion of potential
contaminants and the removal of proteins identified in the decoy reverse database or only by site
modifications, normalization and missing-value imputation. These proteins were subsequently analyzed by
hierarchical clustering revealing severe differences in intensities between neonatal and adult
cardiomyocytes (Fig. 39A). The zoom-in of the heat map (Fig. 39C) as well as the LFQ intensity plots (Fig. 39D)
show significant differences among the a- and B-parvin intensities within the three conditions with both
proteins being less abundant in adult CMs. Interestingly, B-parvin expression seems to increase with
cardiomyocyte maturation which is in line with reported findings showing a gradual upregulation of
B-parvin expression during embryonic development. [164, 165] Unexpectedly, B-parvin abundance was not
higher in adult CMs compared to neonatal ones which might be due to the different cell isolation
technigues used as well as the inability to completely align the cell numbers across the different conditions.
However, we cannot rule out that our findings reflect the true cellular situation, as to our knowledge, such
a proteomic analysis was not performed before. Our data further supports this hypothesis by the
identification of the correct myosin and troponin isoforms, according to the well-established isoform
switching, in neonatal and adult CMs. [312, 313, 315] While we identified MYH7 and the slow skeletal type
of troponin (TNNT1) in freshly isolated neonatal CMs, MYH6 and cardiac troponin (TNNT2) was specifically
found in adult CMs. Furthermore, while a- and B-parvin, as well as PINCH and B1 integrin intensities
increased with CM maturation, ILK abundance did not change (Fig. 39D).

Overall, the whole proteome analysis revealed expectedly significant differences among the protein
abundances between neonatal and fully differentiated adult cardiomyocytes (e.g. MYH6, MYL2, TNNT2).
Additionally, hierarchical clustering showed differential protein expression in freshly isolated NMVCs
compared to five-day old cultured NMVCs (e.g. ITGB1, ITGB5, ITGA3, TNNT1, EFHD2). Furthermore, it is
important to remember that LFQ intensities, because they depend on the number of peptides as well as
on their ionization efficiencies, can only be used to compare abundances of the same protein in different

samples and not for the comparison of different proteins among each other. [405, 408, 426] Therefore, no

110



Results

conclusion of the relative a- and B-parvin expression levels within neonatal or adult cardiomyocytes can be

drawn from the experiment.
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Fig. 39. Whole proteome analysis of isolated NMVCs and adult CMs. (A) Heat map of z-scored protein abundances (LFQ
intensities) of the identified proteins (ANOVA, FDR < 0.5) after hierarchical clustering. (B) Principal component analysis
of the different conditions (freshly isolated NMVCs, five days cultured NMVCs and adult CMs) based on their
proteomic expression profiles. The first and second component segregate the fusion proteins and account for 60.6
and 16.6% of the variability, respectively. (C) Zoom-in view of the heat map showing PARVA and PARVB abundance.
(D) LFQ intensities of PARVA, PARVB, ILK, LIMS1 and ITGB1 in freshly isolated, five days cultured NMVCs and adult
CMs. Note, LFQ intensities only serve to compare abundances of the same protein in different samples. Data is
presented as mean +s.d. ¥****pP<0.0001, ***P<0.001, **P<0.01, *P<0.1 as analyzed using an ordinary one-way ANOVA
test. ns, not significant.
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4.5 Proteomic mass spectrometry screening analysis of the a- vs. B-parvin interactome

To identify cell type-dependent parvin/IPP complex interactors in CMs and smooth muscle cells, as well as
to identify pan-a- and B-parvin interactors and isoform-specific binding partners, we applied three different
approaches (Fig. 40A): (1) a classical immunoprecipitation of GFP-fusion proteins, (2) the proximity-
dependent biotin identification (BiolD) method using a smaller and improved biotin ligase (BiolD2) and (3)
using an engineered mutant of biotin ligase called TurbolD. We payed special attention on potential
interactors that could establish a link between parvins/IPP complex and the RhoA/ROCK/MLC2 signaling
pathway since it was misregulated in many cell types including MOVAS.

The identification of protein-protein interactions is very important for studying protein functions and
subcellular proteomes as well as for understanding complex biological processes. Here,
immunoprecipitation is one of the most widely used methods to isolate proteins and binding partners from
cell or tissue lysates. In contrast, proximity-dependent labeling of proteins is a relatively new technique to
identify potential interactors in the near vicinity of the target protein. [397] This method relies on a biotin
ligase, originally from E. coli (BiolD) and later from A. aeolicus (BiolD2), fused to the target protein.
Biotinylation occurs within the near vicinity of the target protein and biotinylated proteins can be captured
by affinity using streptavidin and identified using mass spectrometry. [397, 398] In comparison to
conventional screening methods, proximity-dependent biotinylation can be used to identify weak or
transient interactions in a relatively natural setting. Furthermore, the temporal induction of the biotin
labeling allows a spatiotemporal analysis of protein-protein interactions. [427] However, one disadvantage
of using BiolD2 is the relatively long biotin labeling time (> 16 h). Therefore an engineered promiscuous
mutant of the biotin ligase, called TurbolD, was published which catalyzes the biotinylation reaction much
faster compared to BiolD2 (10-30 min). [399] When utilizing proximity-dependent labeling of proteins,
identified biotinylated proteins fall under one of the three categories: (i) direct interactions, (ii) indirect
interactions or (iii) proteins that neither interact directly nor indirectly with the target protein (background

labeling). [397]
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Fig. 40. Schematic representation and validation of the three approaches used to search for novel a- and/or B-parvin
interactors. (A) Workflow of the GFP-IP, BiolD2 and TurbolD. (B-D) Western blot analysis of the expression levels of
eGFP (B), BiolD2 (C) and TurbolD (D) fusion proteins. ILK and PINCH were identified as a- and B-parvin interactors in
both GFP-IP (B) and streptavidin PD (C) verifying the functionality of the used approaches. (D) black arrow heads mark
the overexpressed proteins whereas the orange arrow head marks the size of the endogenous a-parvin.

To analyze the a- and B-parvin interactome in MOVAS cells, stable cell lines were generated by viral
infection, FACS sorted for equal expression and verified by western blotting (Fig. 40B-D). Despite the
adjustment of the expression levels of eGFP-fusion proteins, the eGFP control was expressed about
10 times more (Fig. 40B). Adjusting the BiolD2 and TurbolD expression levels, however, was much easier
(Fig. 40C, D). The identification of ILK and PINCH after GFP-IP or streptavidin-PD verified the functionality of

the used approaches.
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45.1 Identification of the a- and B-parvin interactome in isolated NRVCs using

4.5.1.1 Classical immunoprecipitation of GFP-fusion proteins

To characterize the a- and B-parvin interactome in NRVCs and MOVAS and to identify new parvin
interactors, we immunoprecipitated eGFP-tagged a-parvin after transduction of isolated NRVCs (Fig. 41) or
wt MOVAS (Fig. 43). As control, cells were transduced with an empty eGFP vector. To investigate whether
B-parvin interacts with other potential RhoA regulators, cells were also transduced with eGFP-tagged
B-parvin. After cell lysis GFP-tagged proteins were immunoprecipitated with magnetic beads coated with
anti-GFP antibodies, washed and eluted under denaturing conditions. The co-immunoprecipitated proteins
were resolved using SDS-PAGE and identified using mass spectrometry (MS).

We employed principal component analysis for an overall assessment of proteomic similarities and
differences of the two eGFP fusion proteins and the control. The different eGFP constructs clearly clustered
separately with the biological triplicates tightly grouped together (Fig. 41B). The segregation of the a- and
B-parvin groups was mainly driven by the other IPP complex member, ILK and PINCH1 as well as RSU-1,
a protein nowadays seen as fourth member of the IPP complex (Fig. 41C).

For a functional view of the proteomic differences between the three groups, we performed hierarchical
clustering of the 125 proteins (18.5% of identified proteins) that were statistically different across the three
groups (FDR < 0.5) (Fig. 41A). The heat map shows four obviously different clusters: one major cluster of
immunoprecipitated proteins from NRVC lysates using eGFP-B-parvin as bait (orange), one minor cluster
using the eGFP-a-parvin protein (magenta) and one intermediate cluster using the eGFP control (blue) as
well as one cluster of proteins that show similar protein intensities in eGFP-a- or B-parvin transduced NRVCs

(green).
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Fig. 41. GFP immunoprecipitation from isolated and transduced NRVCs. (A) Heat map of z-scored protein abundances
of the immunoprecipitated proteins (ANOVA, FDR < 0.5) after hierarchical clustering. Four distinct clusters are color-
coded (eGFP, blue; eGFP-a-pv only, magenta; eGFP-B-pv only, orange; eGFP-a- and B-pv, green). (B) PCA of the three
overexpressed eGFP fusion proteins (eGFP-a-pv, green; eGFP-B-pv, red; eGFP control, blue) based on their proteomic
expression profiles. The first and second component segregate the fusion proteins and account for 21.6% each of the
variability. (C) Proteins driving the segregation between the eGFP fusion proteins. Note, the importance of the IPP
complex member, ILK and PINCH1, as well as RSU-1 in driving the segregation. (D) Overlap of proteins identified as
interactors of eGFP-tagged a- and B-parvin. Note, ILK, PINCH1 and RSU-1 were immunoprecipitated in both a- and
B-parvin GFP-IPs. (E-G) Volcano plots of the p-values vs. the log2 protein abundance difference between the eGFP
fusion proteins and eGFP control. Proteins outside the significance lines are colored in blue (control), green (a-pv) and
red (B-pv) (FDR < 0.5). Comparison of eGFP-a-parvin (E) or eGFP-B-parvin (F) vs. control or between each other (G).
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To further investigate the identified proteins, we used volcano plots to compare immunoprecipitated
proteins of eGFP-tagged a- and B-parvin to the eGFP control or among each other (Fig. 30Fig. 41E-G). As
expected, ILK, PINCH1 and RSU-1 were the immunoprecipitated proteins found with the highest
significance when using eGFP-tagged a- or B-parvin compared to the eGFP control (Fig. 41E, F). Other
identified interactors included heat-shock proteins of the Hsp70 protein family, ribosomal proteins and
subunits of voltage-gated residual (R)-type or ligand-gated calcium channels (ryanodine receptor).
Furthermore, out of the 20 proteins immunoprecipitated with eGFP-a-parvin, seven seemed to be
a-parvin-specific interactors whereas the other 13 proteins overlapped with the 80 proteins identified in
the B-parvin GFP-IP (Fig. 41D). As we especially searched for RhoA regulators, one identified protein, myosin
phosphatase Rho-interacting protein (Mprip), caught our interest as a potential pan-parvin interactor
(Fig. 41D). Mprip targets the myosin phosphatase to the myosin filaments, thereby enhancing its
dephosphorylation activity resulting in muscle relaxation. [221] Furthermore, the protein was shown to be
able to either directly bind to RhoA or to regulate its nucleotide-binding state. [216, 217] It is therefore an
interesting protein that could establish a link between parvins/IPP complex and the RhoA signaling pathway
and will be further discussed in a separate chapter (4.5.5).

Finally, we had a closer look at a- and B-parvin-specific interactors. Most of these were not strongly
enriched with either a- or B-parvin and, unfortunately, we only identified heat-shock and ribosomal
proteins, as well as a mitochondria chaperone and calcium channel subunits which are unlikely parvin-
specific interactors (Fig. 41G).

Taken together, these results show that the GFP immunoprecipitation approach to identify novel parvin
interactors in isolated rat cardiomyocytes works as the known IPP complex members were identified.
However, most of the identified potential interactors were mainly histones and ribosomal proteins and
were therefore not of interest for us. Only Mprip could establish a potential link to the RhoA/ROCK/MLC2

signaling cascade and was, thus, further analyzed.
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4.5.1.2 Proximity-dependent biotin identification using TurbolD

In addition to the classical GFP immunoprecipitation, we also performed proximity-dependent biotin
identification using TurbolD to characterize the a- and B-parvin interactome in both NRVCs and MOVAS. To
test whether the labeling time has an effect on the a- and B-parvin interactome, isolated NRVCs and
a-parvin KO #3 MOVAS were transduced with TurbolD-a- or B-parvin. As control, cells were transduced
with a plasmid carrying an empty TurbolD-tag. After treating the cells with biotin for 20 min, cells were
lysed and biotinylated proteins were enriched with streptavidin beads. Following on-bead digestion to
peptides, peptides were identified by mass spectrometry.

PCA showed that the different TurbolD constructs clearly clustered separately with the biological triplicates
grouped together (Fig. 42B). As observed in the GFP-IP samples, the segregation of the a- and B-parvin
groups was mainly driven by ILK, PINCH1 and RSU-1 (Fig. 42C). The hierarchical clustering of the
2207 proteins (59.0% of identified proteins) with statistical differences across the groups (FDR < 0.5)
revealed a lot of background labeling (~2/3 of clustered proteins) coming from the TurbolD control
(Fig. 42A). This shows the importance of an empty vector control to exclude false positives from the eluted
proteins. The high number of identified proteins in the control lysates might be a result of the extended
labeling time that we decided to use for our analysis (20 min instead of 10 min).

As expected, ILK, PINCH1 and RSU-1 were among the proteins with the highest significance identified in
both TurbolD-a- and B-parvin transduced NRVCs (Fig. 42E, F). Among the significant hits were also other
known adhesion proteins such as talin-2, kindlin-2, tensins and deleted in liver cancer 1 (DLC-1). Comparing
the a-and B-parvin interactome, 423 proteins were overlapping, among which known interacting partners,
such as paxillin and a- as well as B-PIX were identified (Fig. 42D). The direct comparison of statistical different
proteins identified in TurbolD-a- or B-parvin transduced NRVCs, however, revealed no proteins known to
be involved in RhoA regulation (Fig. 42G).

Overall, the TurbolD approach is a suitable complementary technique to the traditional IP for the
identification of the a- and B-parvin interactome and DLC-1 could be a pan-parvin interactor, establishing

a link to RhoA signaling.
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Fig. 42. Streptavidin pulldown of biotinylated proteins from isolated NRVCs using TurbolD. (A) Heat map of z-scored LFQ
intensities of the pulled down proteins (ANOVA, FDR < 0.5) after hierarchical clustering. (B) PCA of the three
overexpressed TurbolD fusion proteins (TurbolD-a-pv, green; TurbolD-B-pv, red; TurbolD control, blue) based on their
proteomic expression profiles. The first and second component segregate the fusion proteins and account for 45.6
and 14.6% each of the variability, respectively. (C) Proteins driving the segregation between the TurbolD fusion
proteins. Note, the importance of the IPP complex member, ILK and PINCH1, as well as RSU-1 in driving the
segregation. (D) Overlap of proteins identified as interactors of a- and B-parvin. Note, ILK, PINCH1 and RSU-1 were
identified as common a- and B-parvin interactors, as well as some other known FA components such as paxillin, talin
and kindlin. (E-G) Volcano plots of the p-values vs. the log2 protein abundance difference between the TurbolD fusion
proteins and TurbolD control. Proteins outside the significance lines are colored in blue, green and red (FDR < 0.5).
Comparison of TurbolD-a-parvin (E) or TurbolD-B-parvin (F) vs. control or between each other (G).
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4.5.2 Identification of the a- and B-parvin interactome in MOVAS using

4.5.2.1 GFPimmunoprecipitation

We not only aimed to characterize the a- and B-parvin interactome and identify new parvin interactors in
NRVCs but also in MOVAS cells, a cell line representing the contractile cells of blood vessels. Therefore, we
used the same methods as applied for NRVCs (GFP-IP, BiolD2 and TurbolD) with the same experimental
settings, allowing us to identify cell type-specific and cell type-independent parvin interactors.

We employed principal component analysis for the overall assessment of proteomic similarities and
differences of the two eGFP fusion proteins and the control. The different eGFP constructs clearly clustered
separately with the biological triplicates grouped together (Fig. 43B). The segregation of the a- and B-parvin
groups was driven by a lot of proteins, among which ILK, PINCH1 and RSU-1 can be found (Fig. 43C).

2043 proteins were in total immunoprecipitated from wt MOVAS cells transduced with either eGFP-tagged
a- or B-parvin or the eGFP control vectors. 33.1% of these proteins were statistically different across the
three groups (FDR < 0.5) and hierarchically clustered (Fig. 43A). In comparison to the heat map of statistically
different proteins identified from NRVCs, the heat map of immunoprecipitated proteins from MOVAS cells
showed a major cluster of proteins that are overlapping in the a- and B-parvin interactome.

As expected, ILK, PINCH1 and RSU-1 were identified as significant interactors of both a- and B-parvin
(Fig. 43E, F). Other known adhesion proteins, such as kindlin-2 and IQGAP1 were also identified in both cell
lines (Fig. 43D). Mprip, which has been identified in NRVCs as potential pan-parvin interactor (Fig. 41D), was
also found in MOVAS cells and could therefore be a cell type-independent pan-parvin interactor. Other
identified proteins are involved in e.g. DNA replication (TOP1, TOP2b) or repair (XRCC1), histone
modification (HDAC1), ribosomal processing (NOLC1) or splicing (SRSF1, SRSF7) (Fig. 43E-G). Unfortunately,
a-parvin was not identified as the protein with the highest abundance in eGFP-a-parvin transduced cells
(Fig. 43E) and ILK, PINCH1 and RSU-1 were not among the proteins showing the highest significance
(Fig. 43E, F), which weakens the confidence in the findings of this experiment.

In summary, immunoprecipitation against eGFP-tagged a- or B-parvin in MOVAS cells worked to identify
potential interactors, among which known binding partners, such as ILK, PINCH-1 and RSU-1 were found.
Interestingly, the total number of identified proteins in MOVAS cells was three times higher compared to
the number of proteins immunoprecipitated from NRVCs. Furthermore, while in NRVCs about 10 times
more B-parvin-specific interactors were found (Fig. 41D), the number of a- and B-parvin-specific interactors
in transduced wt MOVAS is nearly equal (Fig. 43D). As Mprip was identified in both NRVCs and MOVAS as

potential pan-parvin interactor, further analysis of this protein was conducted (4.5.5).
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Fig. 43. GFP immunoprecipitation from wild-type MOVAS cells. (A) Heat map of z-scored protein abundances of the
immunoprecipitated proteins (ANOVA, FDR < 0.5) after hierarchical clustering. (B) Principal component analysis of the
three overexpressed eGFP fusion proteins (eGFP-a-pv, green; eGFP-B-pv, red; eGFP control, blue) based on their
proteomic expression profiles. The first and second component segregate the fusion proteins and account for 60.1
and 9.2% of the variability, respectively. (C) Proteins driving the segregation between the eGFP fusion proteins.
(D) Overlap of proteins identified as interactors of eGFP-tagged a- and B-parvin. Note, ILK, PINCH1 and RSU-1 were
identified as a- and B-parvin interactors. (E-G) Volcano plots of the p-values vs. the log2 protein abundance difference
between the eGFP fusion proteins and eGFP control. Proteins outside the significance lines are colored in blue, green
and red (FDR < 0.5). Comparison of eGFP-a-parvin (E) or eGFP-B-parvin (F) vs. control or between each other (G).
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4.5.2.2 Proximity-dependent biotin identification (BiolD2)

Wild-type MOVAS cells were transduced with BiolD2-tagged a- or B-parvin constructs and biotinylation was
allowed for 18 h. As control, cells were transduced with an empty BiolD2 vector and biotinylated proteins
were identified by mass spectrometry.

PCA showed that the different BiolD2 constructs clearly clustered separately with the biological triplicates
tightly grouped together (Fig. 44B). ILK, PINCH1 and RSU-1 are among the major drivers responsible for the
segregation of the a- and B-parvin groups (Fig. 44C). Furthermore, hierarchical clustering of the
1422 proteins (69.6% of identified proteins) showing statistical differences among the three groups
(FDR < 0.5) revealed four obvious clusters (Fig. 44A): one of background labeled proteins identified in BiolD2
transduced control cells (blue), two very small clusters of proteins pulled down from BiolD2-tagged
a- (magenta) or B-parvin transduced MOVAS (orange) and one bigger cluster of identified proteins that
overlap in the parvin transduced cells (green).

All IPP complex components, including a- and B-parvin as well as RSU-1, were identified as biotinylated
proteins with the highest significance (Fig. 44E, F). Out of the 465 and 508 identified significant proteins in
a- and B-parvin BiolD2, respectively, 429 proteins including known adhesion proteins such as tensins,
paxillin, kank2 and kindlin-2, overlapped (Fig. 44D). Unfortunately, no proteins that show an obvious link to
the RhoA/MLC2 signaling pathway were identified. Instead, nuclear proteins, histones and mitochondrial

proteins were among the potential interactors (Fig. 44E-G).
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Fig. 44. Streptavidin pulldown of biotinylated proteins from wild-type MOVAS cells. (A) Heat map of z-scored LFQ
intensities of the pulled down proteins (ANOVA, FDR < 0.5) after hierarchical clustering. Four distinct clusters are
color-coded. (B) PCA of the three overexpressed BiolD2 fusion proteins (BiolD2-a-pv, green; BiolD2-B-pv, red; BiolD2
control, blue) based on their proteomic expression profiles. The first and second component segregate the fusion
proteins and account for 72.6 and 7.8% of the variability, respectively. (C) Proteins driving the segregation between
the BiolD2 fusion proteins. (D) Overlap of proteins identified as interactors of a- and B-parvin. Note, the IPP complex
members were among the identified a- and B-parvin interactors, as well as e.g. kindlin-2, paxillin and kank2.
(E-G) Volcano plots of the p-values vs. the log2 protein abundance difference between the BiolD2 fusion proteins and
BiolD2 control. Proteins outside the significance lines are colored in blue, green and red (FDR < 0.5). Comparison of
BiolD2-a-parvin (E) or BiolD2-B-parvin (F) vs. control or between each other (G).
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4.5.2.3 Proximity-dependent biotin identification using TurbolD

Giving the results obtained from TurbolD-a- and B-parvin transfected NRVCs (4.5.1.2), we conducted the
same experiment in MOVAS cells. Both previous experiments, GFP-IP and BiolD2, were performed at the
beginning of my thesis, where no a-parvin depleted cells were available and wt MOVAS were transduced.
However, as | executed the TurbolD experiment at the end of my thesis, | transduced a-parvin KO #3
MOVAS instead.

The different TurbolD-parvin constructs clustered clearly separately from the TurbolD control vector.
However, the separation between the parvin constructs is not as clear, complicating the identification of
specific a- or B-parvin interactors (Fig. 45B). This is in line with the large number of proteins that overlap
between the a- and B-parvin interactome (Fig. 45D). Nonetheless, ILK, PINCH1 and RSU-1 are driving the
segregation of the a- and B-parvin groups (Fig. 45C) and were found to be among the proteins with the
highest significance (Fig. 45E, F). Hierarchical clustering was performed on 1539 proteins (49.1% of identified
proteins) showing statistical differences among the three groups (FDR < 0.5). The heat map revealed two
distinct clusters, one of which is generated by biotinylated proteins found in TurbolD transduced MOVAS
cells (~2/3 of clustered proteins, background labeling) (Fig. 45A). Interestingly, other proteins found with
high significance are tensins, paxillin, kindlin-2, B-PIX, kank2, zyxin and talin, known focal and fibrillar
adhesion molecules (Fig. 45E, F). Furthermore, DLC-1 was identified in a-parvin KO #3 MOVAS cells
transduced with TurbolD-tagged a- and B-parvin, a protein that we already identified in NRVCs (Fig. 42D)
and that might be a cell type-independent pan-parvin interactor. Direct comparison of statistical different
interactors in TurbolD-a- and B-parvin transduced cells resulted in the identification of proteins involved in
proteasomal degradation, splicing and transcriptional regulation (Fig. 45G). However, AKAP13, found as
specific B-parvin interactor, encodes the A-kinase anchoring protein (AKAP) 13, belonging to a protein
family that bind the regulatory subunit of protein kinase A (PKA) and function as PKA-anchoring proteins.
[428] Furthermore, the protein not only coordinates PKA signaling but also functions as selective GEF for
RhoA. Publications demonstrate that AKAP13 can nucleate a Gal2-mediated RhoA signaling pathway as
well as be activated by a6B4 integrin to induce its GEF activity. [428, 429]

Overall, the identification of known parvin interactors and adhesion proteins strengthens the confidence
in the TurbolD approach as a suitable method to identify novel parvin binding partners. Indeed, some of
the detected proteins with statistical differences among the groups are involved in RhoA regulation such
as DLC-1 and AKAP13 which could be subjects for further investigations. Furthermore, ARHGAP22 was

identified as a key mediator that suppresses Racl downstream of RhoA. [430]

123



Results

A B
g e
g gggdgdgd S 20
T o T o T o T T T <
& 6 &6 & & & & & § g
S 9 9 P8 9S50 5 0 .
8 2 8 T B T g ®e
2 2T 2T 2T T 5_20 (1
2 2 2z S
-40 -30 -20 -10 O 10 20 30 40 50 60
Component 1 (57.5%)
C
— 1
- L)
@ Parvb
~
2 0
v
o
<]
£
S -1 ®parva
12 1 08 06 04 02 0 02 04 06
Component 1 [1e-1]
D
a-pv Arhgef7
Dlc1
Fermt2
Ik
Lims1
Pxn
Rsu1
Tin
25 [ 2 -pv
I Ep Tns
Protein intensity z score
B o0 s 1092 ] © 21
7
7 e Tnsl 5 N Parvb.
6 6 *Ins] °
FE""F%zw LeTns3 Arhgef7* .T?;:B Parvb Gigy2*
5 o Pxn 5 - HA 4 -
o -n'kaﬁéﬁhgw @Parva 14 e, Fermt2 a . -Zyxr. »Sat
o 4 " o o % T % o Akapl3
! . ! g 3]econis. ] ”
- o T 3 v Parva g $_*Nab1
2
2 . 2
1 1 1
0 0 0
6 -4-20 2 4 6 8 -5 0 5 10 6 4 -2 0 2 4 6 8
Log2 fold change Log2 fold change Log? fold change
(TurbolD-a-pv/ ) (TurbolD-B-pv/ ) (TurbolD-B-pv/TurbolD-a-pv)

Fig. 45. Streptavidin pulldown of biotinylated proteins from a-parvin KO #3 MOVAS using TurbolD. (A) Heat map of
z-scored abundances of the pulled down proteins (ANOVA, FDR < 0.5) after hierarchical clustering. (B) PCA of the three
overexpressed TurbolD fusion proteins (TurbolD-a-pv, green; TurbolD-B-pv, red; TurbolD control, blue) based on their
proteomic expression profiles. The first and second component segregate the fusion proteins and account for 57.5
and 12.5% of the variability, respectively. (C) Proteins driving the segregation between the TurbolD fusion proteins.
Note, the importance of the IPP complex member, ILK and PINCH1, as well as RSU-1 in driving the segregation.
(D) Overlap of proteins identified as interactors of a- and B-parvin. Note, ILK, PINCH1 and RSU-1 were identified as
common a- and B-parvin interactors, as well as some other known FA components such as paxillin, talin and kindlin-
2. (E-G) Volcano plots of the p-values vs. the log2 protein abundance difference between the TurbolD fusion proteins
and TurbolD control. Proteins outside the significance lines are colored in blue, green and red (FDR < 0.5). Comparison
of TurbolD-a-parvin (E) or TurbolD-B-parvin (F) vs. control or between each other (G).
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45.3 Large numbers of nuclear proteins identified by mass spectrometry in contractile cells of
the cardiovascular system
We observed a large number of nuclear and ribosomal proteins as potential parvin interactors in all our
proteomic approaches. Fig. 46A and B represent identified nuclear proteins (green) when using the GFP-IP
approach, both in NRVCs and MOVAS. Since we primarily focused on novel parvin interactors that connect
the IPP complex to the RhoA/MLC2 signaling pathway, nuclear proteins were neglected. However,
biochemical fractionation of cells revealed that both endogenous and eGFP-tagged a-parvin, as well as ILK
and PINCH, can be found in the nuclear and cytosolic fraction (Fig. 46D). Fluorescence imaging of
eGFP-a- and B-parvin expressing MOVAS after leptomycin treatment, which inhibits nuclear export of
proteins, showed an accumulation of both eGFP-a- and B-parvin in the nucleus (Fig. 46C). These data suggest
that the IPP complex could have a nuclear function in CMs and MOVAS and indicate that the nuclear

proteins identified as potential parvin interactors could be true binding partners.
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Fig. 46. Interactome analysis of immunoprecipitated a-parvin in (A) MOVAS and (B) NRVCs revealed a large number of
nuclear proteins (green) as potential interactors. (C) Representative fluorescence images of wt MOVAS treated with
10 nM leptomycin. Note, blocking the nuclear export results in an accumulation of eGFP-a-parvin in the nucleus. Scale,
10 um. (D) Cell fractionation of wt MOVAS and MOVAS stably expressing eGFP or eGFP-a-parvin results in the
localization of IPP complex members in both, nuclear and cytosolic fractions.
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45.4 Comparison of the used methods to identify the a- and B-parvin interactome in isolated
NRVCs and MOVAS with focus on RhoA/MLC2 signaling
Many proteins, including parvins, perform their biological function as part of multi-protein complexes
which form large networks of molecular interactions, called the interactome. This interactome is very
diverse and used by the cell to adapt rapidly its signaling in response to environmental changes. Factors
that influence the interactome include the expression stoichiometry and co-localization of proteins within
the same cellular compartment, post-translational modifications, cell type-specific interactors and the
presence of chaperones which might be necessary for the complex assembly. [431] It is therefore not
surprising that the use of different approaches to identify protein-protein interactions might result in the
identification of different proteins, depending on the experimental settings and methods used. However,
a potential binding partner identified with distinct methods would be considered a high confidence
interactor. That is why we used three different approaches, GFP immunoprecipitation and two proximity-
dependent labeling techniques, to identify the a-parvin interactome in both isolated NRVCs and MOVAS
with the focus of binding partners known for their function in RhoA signaling. To see whether B-parvin
might bind different RhoA regulators, we also analyzed the B-parvin interactome in these two cell types.
Our analysis identified 674 and 3739 proteins in eGFP and TurbolD transduced NRVCs, respectively, and
2043, 2043 and 3134 proteins in eGFP, BiolD2 and TurbolD transduced MOVAS, respectively. In total,
543 proteins were significantly enriched in the a-parvin interactome in NRVCs (Fig. 47A), identified across
the two methods, whereas 1017 proteins were identified in MOVAS (Fig. 47D). The B-parvin interactome
constitutes 638 and 1054 proteins in NRVCs (Fig. 47B) and MOVAS (Fig. 47E), respectively.
In isolated NRVCs nine potential a-parvin interactors were identified in both GFP-IP and TurbolD, of which
all nine were also found in the B-parvin interactome (Fig. 47C). We identified ILK, LIMS1 and RSU1 among
the nine interactors, as well as HSPB1, a member of the small heat-shock protein (HSP20) family, that was
reported to be involved in controlling F-actin dynamics in a PKA-dependent manner. [432] Furthermore,
proteins of the 40S (RPS6) and 60S (RPL4, RPL13A) ribosomal subunits, as well as prohibitin (PHB), a
mitochondrial chaperone which protects cardiomyocytes from oxidative stress-induced damage and
sequesters mDial, thereby dampening its anti-myogenic activity during myoblast differentiation, were
identified as pan-parvin interactors. [433, 434]
In MOVAS, 11 potential a-parvin interactors were identified at the intersection of GFP-IP, BiolD2 and
TurbolD (Fig. 47D), of which nine were also part of the B-parvin interactome (Fig. 47F). In addition to the IPP
complex components (ILK, PINCH1, RSU1), we also identified kindlin-2 (FERMT2) as pan-parvin interactor

(Fig. 47F) which is not surprising, as kindlin-2-mediated integrin activation and focal adhesion targeting was
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reported to require ILK/IPP complex binding. [435] Furthermore, as in NRVCs, we also identified prohibitin
in MOVAS as pan-parvin interactor. Interestingly, kank2 was identified as B-parvin-specific and cell type-
independent interactor. However, no known parvin interactors, such as paxillin, TESK1, a- and B-PIX or
CdGAP were identified across the three methods, and no novel binding partners that are known RhoA

regulators were found.
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Fig. 47. Comparison of the identified proteins in GFP-IP, BiolD2 and TurbolD. Comparison of the (A, D) a-parvin and
(B, E) B-parvin interactome in (A, B) NRVCs and (D, E) MOVAS cells. Intersecting proteins known for their localization
to integrin-dependent adhesion sites are depicted. (C, F) Representation of pan-parvin or a- and B-parvin-specific
interactors found at the intersection of A and B or D and E, respectively. Note, as expected ILK, PINCH1 and RSU1 were
identified in both cell types as pan-a- and B-parvin interactors.

Overall, using MS-based approaches is a common tool to identify protein-protein interactions and all three
methods tested in the present thesis resulted in the identification of statistically different enriched parvin
interactors. As expected, we identified ILK, PINCH and RSU-1 in both cell types as significant hits, showing
that a- and B-parvin function most abundantly via the IPP complex. We furthermore identified potential
new interactors, either pan-parvin or isoform-specific, that need to be investigated. However, the

comparison of the used approaches did not yield the expected identification of novel parvin interactors
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that are involved in RhoA regulation. We therefore compared the proteins that we identified in both cell

types using either GFP-IP or TurbolD with each other (Fig. 48).

Eight a-parvin interactors were identified in both NRVCs and MOVAS using traditional GFP-IP (Fig. 48A), all
of which were also found as B-parvin interactors (except a-parvin itself) (Fig. 48C). Among the 26 B-parvin
interactors (Fig. 48B), we identified IQGAP1 and kank2, two known focal adhesion proteins. Furthermore,
an actin and MLCP-binding protein that is involved in RhoA regulation is Mprip, which we identified as
potential pan-parvin interactor in both NRVCs and MOVAS (Fig. 48C).

Surprisingly, proximity-dependent biotinylation using TurbolD revealed a lot of proteins known to locate to
integrin-dependent adhesion sites, including talin (TLN), FAK (PTK2), Peakl and integrin subunits (/TGAV,
ITGB1), that we neither identified in conventional IP nor using BiolD2, showing that the labeling time has
an enormous effect on the identification of interacting proteins. Here, we also identified the known parvin
interactors B-PIX (ARHGEF7), paxillin (PXN) and CdGAP (ARHGAP31). While B-PIX and paxillin are known
pan-a- and B-parvin interactors, CdGAP was up to date reported to be an a-parvin-specific interactor,
binding to the N-terminus of a-parvin. [184] However, the mapped binding region (1-95aa) in a-parvin
exhibits ~57% homology to B-parvin, raising the possibility that B-parvin might also interact with CdGAP.
From the 104 proteins identified in the a-parvin interactome (Fig. 48D), 93 were also found as B-parvin
interactors (Fig. 48F). As expected, ILK, PINCH and RSU-1 were among the proteins found in both a- and
B-parvin interactomes, strengthening our hypothesis that both parvins mainly function via the IPP complex.
Furthermore, we identified FIIGAP (ARHGAP24) and DLC-1 as potential pan-parvin interactors. While FilGAP
is a filamin A-binding protein whose Rac GAP activity is stimulated by ROCK phosphorylation and that
regulates integrin-mediated cell spreading in vivo, DLC-1 was shown to be a direct RhoA regulator. [97, 242,

436]
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Fig. 48. Comparison of the identified proteins in NRVCs and MOVAS using GFP-IP or TurbolD. Comparison of the
(A, D) a-parvin and (B, E) B-parvin interactome in NRVCs and MOVAS using (A, B) GFP-IP or (D, E) TurbolD. Intersecting
proteins known for their localization to integrin-dependent adhesion sites are depicted. (C, F) Representation of pan-
parvin or a- and B-parvin-specific interactors found at the intersection of A and B or D and E, respectively. (C, F) All
identified interactors are depicted. Note, as expected ILK, PINCH1 and RSU1 were identified in both cell types as pan-
a- and B-parvin interactors.

Taken together, our data clearly shows that both a- and B-parvin mainly function via the IPP complex and
RSU-1, as these proteins were identified across all our proteomic approaches. Furthermore, we were able
to identify not only potential pan-parvin but also parvin isoform-specific interactors that need to be
investigated. Moreover, in respect to RhoA signaling, we identified two potential candidates, Mprip and
DLC-1, that might function as molecular link between a-parvin/IPP complex and RhoA regulation. Due to
time constraints, however, we only further investigated Mprip, but as DLC-1 functions via tensins, which
were also identified in the near vicinity of a- and B-parvin, DLC-1 might also be of interest for further

investigations.

129



Results

455 Myosin phosphatase RhoA interacting protein as potential novel parvin interactor

The actin-binding protein myosin phosphatase RhoA interacting protein (Mprip) was among the proteins
co-immunoprecipitated with the eGFP-tagged a-parvin both in isolated NRVCs and MOVAS (Fig. 49A). Mprip
is a protein that targets myosin phosphatase to the actin cytoskeleton thereby facilitating the
dephosphorylation of phosphorylated MLC2.

To verify Mprip as potential a-parvin interactor, HEK293 cells were co-transfected with plasmids carrying
eGFP-tagged Mprip and BiolD2-tagged a-parvin or eGFP only as control (Fig. 49B). BiolD2-tagged a-parvin
co-immunoprecipitated with the eGFP-tagged Mprip (red arrow head) but not eGFP alone. However, when
we immunoprecipitated eGFP-tagged a-parvin we were able to co-IP ILK but not Flag-tagged Mprip
(Fig. 49B).

In an alternative approach, purified recombinant Twin-Strep-tagged Mprip was immobilized to Strep-Tactin
beads and cell lysate from wt MOVAS was used to analyze a-parvin-Mprip interaction. Fig. 49C shows
a-parvin as well as ILK and PINCH binding to Twin-Strep-tagged Mprip further supporting an interaction of
Mprip with the IPP complex. Interestingly, ILK and PINCH were also pulled down from a-parvin KO #3
MOVAS cell lysate using recombinant Twin-Strep-Mprip (Fig. 49D) indicating that Mprip might act via ILK or

PINCH rather than a-parvin.
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Fig. 49. Mprip as potential molecular linker between a-parvin and the RhoA signaling pathway. (A) Volcano plot showing
t-test difference of protein intensities versus t-test p-value for proteins interacting with eGFP-a-parvin versus empty
eGFP control in isolated NRVCS (left) and wt MOVAS (right). (B) WB analysis of a-parvin co-immunoprecipitation with
eGFP-Mprip from HEK293 cells. Note, BiolD2-a-parvin immunoprecipitated with eGFP-Mprip (red arrow head) but not
eGFP empty control. (C, D) WB analysis of the IPP complex pulled down from wt MOVAS (C) and
a-parvin KO #3 MOVAS (D) cell lysate using recombinant Twin-Strep-Mprip. Note, ILK and PINCH were pulled down
even in the absence of a-parvin.

To investigate if Mprip links the IPP complex to the RhoA/MLC2 signaling pathway, Mprip localization and
expression was investigated in wild-type and a-parvin KO #3 MOVAS. As described in literature, Mprip
localized to a-SMA-positive stress fibers but not paxillin-positive focal adhesions (Fig. 50A). As a-parvin is a
FA protein, we did not observe a co-localization of a-parvin and Mprip in MOVAS (Fig. 50B), although we
cannot rule out that the cytosolic pools of proteins interact. In addition, neither Mprip localization to stress
fibers (Fig. 50B) nor the expression levels (Fig. 50C) were altered upon the loss of a-parvin. However, we

observed a significant co-localization of Mprip and phosphorylated MLC2 in a-parvin KO #3 MOVAS but not
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in wt MOVAS (Fig. 50D, E), indicating that the loss of a-parvin might impair Mprip function. Mprip usually
enhances MLCP activity by bringing MLCP and myosin filaments together, facilitating the
dephosphorylation of MLC2 by PP1c, the catalytic subunit of MLCP. Although a-parvin depletion has no
obvious influence on the Mprip localization to myosin filaments, it seems to affect Mprip function in a way

that MLCP is unable to dephosphorylate myosin Il.
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Fig. 50. a-parvin regulates Mprip function. (A) Representative immunofluorescent images showing that Mprip localized
to a-SMA-positive stress fibers (orange arrow head) but not paxillin-positive FAs (white arrow head) in wt MOVAS cells
plated on FN. DAPI was used to stain nuclei. Scale, 10 um. (B) Mprip localization in fixed a-parvin KO #3 MOVAS and
co-localization of eGFP-tagged Mprip and mCherry-tagged a-parvin in living wt MOVAS. Note, Mprip localization was
not affected by the loss of a-parvin and Mprip did not co-localize with a-parvin. DAPI was used to stain nuclei. Scale,
10 um. (C) WB analysis of wt, a-parvin KO #3 and a-parvin KO #3 re-expressing eGFP-a-parvin MOVAS. NFK3 was used
as loading control. Note, knockout of a-parvin results in decreased ILK, PINCH and RSU1 level, but Mprip protein levels
were unaltered. (D) Confocal imaging of Mprip and pMLC2 in wt and a-parvin KO #3 MOVAS. DAPI was used to stain
nuclei. Note, increased co-localization of Mprip and pMLC2 in a-parvin KO #3 MOVAS compared to wt MOVAS. Scale,
10 um. (E) Quantification of the co-localization of Mprip and pMLC2 in wt and a-parvin KO #3 MOVAS using the
Pearson coefficient. *P<0.1 as analyzed using a Student’s t-test.

Altogether these findings show that Mprip interacts with the IPP complex to potentially regulate the
RhoA/MLC2 signaling pathway upon integrin activation. The data also indicate that a-parvin does not alter

Mprip expression or localization to stress fibers, but might be involved in controlling Mprip function.

456 DLC-1 as potential novel pan-parvin interactor identified by proximity-dependent biotin
identification using TurbolD

The GTPase-activating protein DLC-1 was among the binding partners pulled down from cell lysates of both

isolated NRVCs and a-parvin KO #3 MOVAS transduced with either TurbolD-a- or B-parvin (Fig. 51) and might

be a cell type-independent pan-parvin interactor. Interestingly, DLC-1 was reported to be recruited to focal

adhesions in a tensin-dependent mechanism and tensins were also identified as parvin proximity partners

in NRVCs (Fig. 51A, B) and MOVAS (Fig. 51C, D).
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Fig. 51. DLC-1 might be a novel pan-parvin interactor. Volcano plot showing t-test difference of protein intensities
versus t-test p-value for proteins interacting with (A, C) TurbolD-a-parvin or (B, D) TurbolD-B-parvin versus empty
TurbolD control in (A, B) isolated NRVCS and (C, D) a-parvin KO #3 MOVAS. Note, IPP complex members are depicted
in orange. Dlc-1 was shown to function in a tensin-dependent manner, therefore Dlc-1 and tensins are marked.

DLC-1 consists of three characterized domains: a N-terminal SAM domain which is involved in regulating

cell migration, a Rho GAP domain that is responsible for the negative regulation of RhoA and a C-terminal
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lipid binding START domain which interacts with PLC61 to enhance the hydrolysis of PIP2, thereby
regulating actin stress fiber formation. [225, 227, 242, 437, 438] It was demonstrated in literature that
tensin 3 binds to DLC-1 which leads to the release of the autoinhibitory interaction between the SAM and
Rho GAP domain results in RhoA inactivation with the concomitant loss of stress fibers and decrease in cell
motility. [242] As protein that is provenly recruited to focal adhesions, the major localization sites of
parvins/IPP complex, and direct RhoA regulator, DLC-1 might be accountable for the misregulation of RhoA
signaling in cells depleted of a-parvin. The potential pan-parvin-DLC-1 interaction was not further

investigated in the present study and will be a subject to future investigations.

4.6 Invivo analysis of cardiac and vascular a-parvin

4.6.1 Inducible cardiac-specific deletion of a-parvin

The deletion of a-parvin in mice was shown to result in embryonic lethality due to severe cardiovascular
defects. [171] During embryonic development, a-parvin seems to be important for establishing the
sarcomeric organization within CMs. However, it has not been investigated, whether a-parvin is also
important for maintaining the sarcomeric organization in adult animals. Therefore, a-pv(fl/fl) mice were
intercrossed with mice expressing a Cre recombinase under the control of the mouse cardiac-specific
alpha-myosin heavy chain (aMHC) promotor. [386] Intraperitoneal injection of tamoxifen induced the
deletion of a-parvin. Unexpectedly, mice died within three to five days after tamoxifen-induced Cre
expression showing signs of cardiac failure (e.g. pale ears and foot, pumping problems) whereas vehicle-
injected mice showed no such signs (Fig. 52A). The cardiac-specific ablation of /LK or PINCH in mice in vivo
results in lethality within 4 to 6 weeks and we expected a similar phenotype for cardiac-specific a-parvin
depletion. [194, 211, 213] On a cellular level, CMs from tamoxifen-treated animals exhibited a round cell
morphology, while the isolation of adult CMs from vehicle-treated animals resulted in rod-shaped cells that
spontaneously contracted (Fig. 52B). Unfortunately, up to date problems during cell lysis of the round CMs
prevented western blotting to analyze a-parvin reduction upon tamoxifen administration to confirm that
the observed phenotype is induced by a-parvin deletion. Therefore, the reason for the observed phenotype
remains a subject for further analysis.

We additionally tried to deplete a-parvin from adult CMs in vitro by isolating CMs from floxed mice and
AdCre-mediated removal of a-parvin. However, we did not notice a significant decrease of endogenous
a-parvin three days after viral transduction (Fig. 52C) and as a result did not observe phenotypic changes in
the isolated adult CMs (Fig. 52D, E), which might be due to the low turn-over of costamere proteins in fully

differentiated cardiomyocytes.
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Fig. 52. Deletion of cardiac a-parvin results in rapid mouse death. (A) Kaplan-Meier survival curve for vehicle (Qil)-
treated a-pv(fl/fl) MCM(-/-) control mice (black line) and TAM-treated a-pv(fl/fl) MCM(-/-) mice (red line). n=6 per
group. Survival curves were compared using the log-rank Mantel-Cox test. *P<0.1 (B) Representative live cell image
of isolated adult CMs from either TAM-treated a-pv(fl/fl) or Oil-treated a-pv(fl/fl) MCM(-/-) control mice and TAM-
treated a-pv(fl/fl) MCM(-/-) mice. Note, no rod-shaped CMs could be isolated from TAM-treated a-pv(fl/fl) MCM(-/-)
mice. Scale, 10 um. (C) WB analysis of a-parvin knockout efficiency in isolated adult CMs from a-pv(fl/fl) mice three
days after in vitro transduction with adenoviral Cre. GAPDH was used as loading control. Note, reduction of a-parvin,
ILK and Mprip observed in WB were due to differences in protein loading (GAPDH). (D) Representative IF images of
isolated adult CMs from a-pv(fl/fl) mice three days after adenoviral transduction stained with TpnT. DAPI was used to
stain nuclei. Scale, 50 um. (E) Quantification of spreading area, major and minor axis as well as circularity of adult CMs
from a-pv(fl/fl) mice three days after adenoviral transduction plated on laminin. Data is presented as mean * s.d.
*P<0.1 as analyzed using an unpaired Student’s t-test. 30 cells were measured per condition, n=1.

Overall, these data implicate that a-parvin is important for the proper function of adult cardiomyocytes.
The rapid mouse death (within 3-5 days) upon tamoxifen treatment was unexpected and an increase in the
number of analyzed mice will be necessary to rule out unspecific Cre-mediated defects and to properly

assign the role of cardiac a-parvin in adult mice.
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4.6.2 Inducible deletion of a-parvin results in smooth muscle defects in the Gl tract

a-parvin plays a pivotal role in the development of a mature vasculature, the kidneys and gastrointestinal
(GI) tract. [36, 171, 186] However, the function of a-parvin in SMC of an adult organism remains unclear.
Therefore, male a-pv(fl/fl) SMMHC-CreER™ mice which express the Cre recombinase under the control of
the smooth muscle myosin heavy chain (SMMHC) promoter, were treated with tamoxifen to induced the
deletion of SMC-a-parvin.

No phenotypic alterations were observed until day 55 to 60 after tamoxifen induction. However, following
55 days male SMMHC-CreER™-positive mice rapidly lost weight, developed a swelled abdomen and finally
died 58-65 days after induction (Fig. 53A). No phenotypic changes were observed in
a-pv(+/+) SMMHC-CreER™ and a-pv(fl/fl) SMMHC-CreER™ mice after TAM and Oil treatment, respectively,
excluding a TAM-related or Cre-specific toxicity as a reason for lethality (Fig. 53B, C).

Dissection of the Gl tract of a-pv(fl/fl) SMMHC-CreER™ mice after tamoxifen treatment revealed an extreme
dilation of the stomach, small intestine and cecum suggesting that the loss of a-parvin in intestinal SMC
(iSMC) alters the peristalsis of the Gl tract and mice starve to death (Fig. 53A). In contrast, dissection of the
aorta of a-pv(fl/fl) SMMHC-CreER™ mice after TAM treatment did not reveal an obvious phenotype. This
result was not surprising as a discrepancy in the phenotype between a-pv(fl/fl) SMMHC-CreER™ and
a-pv(fl/fl) PDGFRB-Cre mice after the deletion of a-parvin was already reported by Rohwedder in her thesis.
While the aortas of a-pv(fl/fl PDGFR6-Cre mice, where a-parvin is deleted in vSMCs and pericytes,
displayed abdominal aortic aneurysms, a-pv(fl/fl) SMMHC-CreER™ did not display any abnormalities in the
vasculature. [36] One possible explanation could be the severe intestinal phenotype which might not leave
enough time for the mice to develop a vascular phenotype. To test whether a-parvin deletion results in a
vascular phenotype in SMMHC-CreER™ mice one could challenge them, for example through the injection
of angiotensin or by transverse aortic constriction to increase the pressure within the cardiovascular

system.
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Fig. 53. a-pV(fli/fl) SMMHC-CreFRT2 mice succumb from intestinal defects after tamoxifen-induced a-parvin deletion.
(A) Representative images of a-pv(+/+) SMMHC-CreER™ and a-pv(fl/fl) SMMHC-CreER™ mice and dissected Gl tract at
day 63 after tamoxifen treatment. Note, enlargement of stomach, small intestine and cecum. Scale, 1 cm. (B) Kaplan-
Meier survival curve for TAM- or vehicle (Oil)-treated a-pv(+/+) (gray line) or a-pv(fl/fl) SMMHC-CreER™ control mice
(black line), respectively, and TAM-treated a-pv(fl/fl) SMMHC-CreER™ mice (red line). n=5 per group. Survival curves
were compared using the log-rank Mantel-Cox test. **P<0.01. (C) Body weight changes in SMMHC-CreER™ mice
treated with TAM or vehicle. n=5 per group. Blue arrows denote individual injections. Note, mice rapidly lose weight
two to three days before they die.

Taken together, the data demonstrates that a-parvin is of pivotal importance for the function of intestinal

SMCs in adult mice in vivo while the effect of a-parvin deletion in vSMCs in vivo needs to be further

analyzed.
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5 DISCUSSION

The IPP complex has an important role for integrin-mediated processes as it establishes a connection to
the actin cytoskeleton and regulates intracellular signaling pathways. It is therefore not surprising that
dysfunction of components of the IPP complex is connected to many diseases including heart failure,
diabetes and cancer and that mice lacking the expression of ILK, PINCH1 or a-parvin, die during the
embryonic development. [161, 171, 197, 204, 205, 300, 439, 440] Although parvins have been linked to
cardiovascular defects the early embryonic lethality prevented the investigation of a-parvin function in the
contractile cells of the CV system during late development or in adulthood. [157, 160, 194, 208-213]

In the present thesis | therefore analyzed the function of a-parvin in contractile cells of the cardiovascular
system, namely cardiomyocytes and vascular smooth muscle cells, in vitro and in vivo. We focused on the
role of a-parvin in integrin-mediated processes, in particular through its ability to regulate the actin
cytoskeleton and payed special attention to what extend loss of a-parvin is functionally compensated by
B-parvin. To increase our understanding of a-parvin regulated pathways, we furthermore set out to identify
and characterize new a- and/or B-parvin interactors in both CMs and vSMCs with special focus on

regulators of the RhoA signaling pathway.
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5.1 Tissue- and cell type-specific expression of a- and B-parvin

Previous studies investigated the tissue-specific expression of the individual parvin isoforms and showed
that a- and B-parvin are nearly ubiquitously expressed while y-parvin expression is restricted to the
hematopoietic system. [163-165, 170, 385] Although a- and B-parvin exhibit an partly complementary
expression pattern suggesting that the two isoforms function in redundant fashion, the protein amount in
various tissues, e.g. heart, lung, spleen, liver and kidney, differs and the two parvin isoforms also have their
individual binding partners. [164] As reported in literature, we also observed that a-parvin is the
predominant parvin isoform expressed in various cell types (fibroblasts, SMCs, NRVCs), in which B-parvin
mMRNA and protein expression was comparably weak. However, B-parvin was reported to be highly
expressed in striated muscle, the peripheral nervous system and the bone marrow (e.g. megakaryocytes).
[385] Additionally, we and others observed a gradual upregulation of B-parvin expression during embryonic
development and postnatal cardiomyocyte maturation, while a-parvin is expressed at constant levels
throughout early development (Fig. 39). [164, 165] These results are in line with findings of our collaboration
partner who identified the ILK/PINCH/B-parvin complex as a volume load-specific mechanosensor at
CM-ECM adhesion sites (Thievessen et al., submitted). At birth, pulmonary blood flow increases six fold and
the gradual increase of B-parvin expression, concomitant to increase in volume load, promotes
physiological CM hypertrophy by inducing CM elongation via PIX-mediated Racl activation (Thievessen et
al., submitted). [441] The ILK/PINCH/a-parvin complex, however, seems to be unable to compensate for
this functional property in vivo. Furthermore, Thievessen used western blot analysis to analyze the
expression pattern of a- and B-parvin in adult organs. While a-parvin expression was weak compared to
other tissues (e.g. lung, uterus), B-parvin was highly expressed in adult heart. [385] We also observed lower
a-parvin protein expression in isolated adult versus neonatal CMs in immunofluorescence stainings. While
the a-parvin antibody gave a strong IF signal in neonatal CMs (Fig. 18), it was harder to detect a-parvin in
adult cardiomyocytes (Fig. 21). Although this could be due to the immunostaining protocol which might not
be optimal for the thickness of these cells (>10um), immunofluorescent labeling B-parvin, ILK and PINCH
worked fine using the same protocol (Fig. 22). In addition, whole proteome analysis of isolated adult mouse
CMs identified more unique peptides for B-parvin compared to a-parvin. Even though the LFQ intensities
of the two proteins cannot directly be compared with each other, we and others think that B-parvin is the
predominantly expressed parvin isoform in adult CMs, with a-parvin expression being downregulated
under physiological but upregulated under pathological conditions (e.g. dilated cardiomyopathy). [385,
442] Nonetheless, Doll et al. identified both parvin isoforms, a- and B-parvin, among the top 75% of most

abundant proteins in human adult heart, which is an effect of the various cell types contributing to the
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cellular composition of the heart. [250] Unfortunately, they did not investigate the proteome of CMs, so
no conclusion about the abundance of a- and B-parvin in adult human CMs can be drawn.

In addition to CMs, we also investigated the expression of a- and B-parvin in MOVAS cells. Although
B-parvin is highly expressed in heart and skeletal muscle, endogenous B-parvin level in SMCs are low and
due to the lack of a suitable antibody, we were unable to detect endogenous B-parvin in IF or WB analysis.
However, using RT-qPCR we showed that B-parvin expression is expectedly upregulated upon the loss of
a-parvin (Fig. 26). The expression of both parvin isoforms in tracheal smooth muscle cells was also shown
in a recent publication, revealing differential interactions of paxillin with a- or B-parvin-containing IPP
complexes depending on the phosphorylation status, thereby regulating the activation of Akt and, thus, the

phenotype of airway SMCs. [443]

5.2 Invitro subcellular localization of a- and B-parvin

To assemble into functional tissues and organs, cells form various cell-cell or cell-ECM adhesion structures.
An integral component of these adhesion sites are the heterodimeric integrin receptors with their adaptor
molecules that facilitate integrin-dependent bidirectional signaling. a- and B-parvin IPP complexes are
known to localize to these integrin-associated adhesion structures such as FAs, dense bodies and
costameres. [48, 50, 197] Furthermore, both parvin isoforms have been observed in lamellipodia in
spreading cells and especially a-parvin is also found at fibrillar adhesions and cadherin-containing epithelial
cell-cell junctions. [165] We also observed colocalization of eGFP-tagged a- and B-parvin with E-cadherin
in transduced ureteric bud cells at cell junctions in the course of the present study (data not shown). In
addition to the cytoplasmic and adhesion localization, ILK and PINCH also localize to the nucleus and
B-parvin has been detected in the nucleus in human laryngeal carcinoma. [193, 444-447] Additionally, ILK,
in contrast to PINCH and a-parvin, localizes to centrosomes, organizing mitotic spindles and regulating
centrosome clustering. [448, 449]

Given that the IPP complex members are able to localize to different cellular components and because, to
our knowledge, nobody analyzed and compared a- and B-parvin localization in contractile cells of the
cardiovascular system, we examined the subcellular localization of these two focal adhesion proteins. We
payed special attention to potential differences in the localization of a- and B-parvin, as is observed for
kindlin-1 and kindlin-2. Kindlins are another family of FA proteins and while both kindlin-1 and -2 can be
found at integrin-mediated adhesion sites, only kindlin-2 localizes to cell-cell contacts in differentiated

keratinocytes, showing that two protein isoforms can have distinct localization patterns within a cell.

140



Discussion

Further studies showed that kindlins also exhibit cell type-dependent differences in subcellular localization,

which could also be the case for a- and B-parvin. [450, 451]

5.2.1 Subcellular localization of a- and B-parvin in isolated cardiomyocytes

Both endogenous and eGFP-tagged a- and B-parvin localized to the same adhesive structures, focal
adhesions and costameres, as well as to the sarcomeric Z-discs in NMVCs and NRVCs (Fig. 18-Fig. 20). As
expected, also ILK and PINCH showed the same localization pattern within mouse and rat neonatal CMs.
Furthermore, a nuclear signal was observed in eGFP-a- and B-parvin transduced NRVCs. We only noticed
one difference between a- and B-parvin subcellular localization in transduced NRVCs: whereas
eGFP-tagged a-parvin localized to M-lines, eGFP-tagged B-parvin did not. In isolated adult CMs, we found
no differences in a- and B-parvin localization and both isoforms co-localized with a-actinin to Z-discs and
costameres, while neither isoform co-localized with myomesin at the M-lines (Fig. 21). As expected, a similar
expression pattern was observed for ILK, PINCH1 and B1 integrin (Fig. 22).

Taken together, these findings show that a- and B-parvin-containing IPP complexes localize to the same
adhesive and sarcomeric structures in neonatal and adult cardiomyocytes. This is in line with reports
demonstrating that ILK and PINCH1 colocalize with a-actinin and vinculin at sarcomeric Z-discs in neonatal
rat and adult zebrafish heart. [209, 210] Furthermore, B-parvin was also shown to colocalize with ILK at
sarcomeric Z-discs. [210] Another important observation is the fact that the two parvin isoforms were
always found together with ILK and PINCH indicating that parvins do not seem to exhibit IPP complex-
independent functions in cardiomyocytes. However, the nuclear signal observed in eGFP-a- and B-parvin
transduced NRVCs could indicate an integrin-independent function of the IPP complex. The nuclear
localization of a- and B-parvin was not unexpected given the reported NLS found at the N-terminal
polypeptide stretch of the two proteins and the already reported localization of ILK and PINCH to the
nucleus. The distribution of the IPP complex in both the nuclei and focal adhesions raises the possibility
that these proteins are actively involved in linking nuclear processes to cell shape changes. Indeed, PINCH1
expression is upregulated in response to TGF-B1 stimulation and functions as a transcriptional regulator
after translocating to the nucleus and binding to the Wilms tumor 1 (WT1) protein, which is essential for
the regulation of podocyte-specific gene expression including podocalyxin in adult kidney. [445]
Podocalyxin is a transmembrane protein that is linked to the cortical actin cytoskeleton via ezrin and
Na*/H*-exchange regulatory cofactor 2 (NHERF2) and is important for maintaining the podocyte foot
structures. [445] Such a nucleocytoplasmic shuttling of PINCH-1 was also observed in Schwann cells after

chronic constriction injury. [452] Furthermore, ILK harbors a N-terminal sequence which exhibits no
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homology to consensus NLS motifs but is essential for nuclear import. [444] Nuclear localization of this
pseudo-kinase was reported in Hela, COS-1, MCF-1 and HeclA cells as well as in primary epidermal
keratinocytes. [444, 446, 453] In latter cells, ILK nuclear localization is associated with increased DNA
synthesis, whereas ILK was shown to interact and negatively affect the expression of the Connector
Enhancer of Kinase Suppressor of Ras 3 (CNKSR3) gene in epithelial cells. [444, 446] The shuttling of proteins
between focal adhesions and the nucleus has been observed for a variety of integrin adhesome
constituents including zyxin, paxillin and Hic-5, and is not restricted to the IPP complex members. [454]
Zyxin, for example, was the first focal adhesion and LIM domain-containing protein reported to shuttle to
the nucleus. Stimulation of CMs with atrial natriuretic peptide (ANP) resulted in elevated cyclic guanosine
monophosphate (cGMP) levels and subsequent translocation of Akt kinase and zyxin to the nucleus, leading
to the stimulation of anti-apoptotic signaling and increased CM survival. [455] Furthermore, zyxin was
shown to translocate to the nucleus upon cyclic stretching of vSMCs, where it controls the expression of
mechanosensitive genes (e.g. endothelin B receptor (ETe-R), tenascin-C). [456] In contrast, nuclear
localization of the two paxillin family members, paxillin and Hic-5, is amongst other functions, involved in
cell motility control. Paxillin was shown to interact with the poly(A)-binding protein 1 (PABP1) and the
complex undergoes nucleocytoplasmic shuttling, thereby facilitating the export of PABP1-bound mRNAs
into the cytoplasm, an event necessary for the turnover of FAs at the leading edge of migrating cells. [457]
Hic-5 influences cell migration by inducing the site-specific production of reactive oxygen species
(e.g. H20,). The recruitment of the TNF Receptor Associated Factor 4 (TRAF4) to Hic-5 leads to the
accumulation of the NADPH oxidase, which directly interacts with TRAF4, to nascent lamellar focal
complexes in motile endothelial cells, resulting in the localized production of H,0, at these sites. H,0;
production subsequently inactivates the protein tyrosine phosphatase PTP-PEST, activates Racl and
enhances cell motility in endothelial cells. [458] Whether paxillin or Hic-5, which both directly interact with
a-parvin in vitro, are involved in nucleocytoplasmic shuttling of a-parvin is a subject for another study.
However, the observed nuclear localization of a-parvin could explain the large number of nuclear proteins
identified in our interactome screens (4.5.3). [48]

The only subcellular difference observed between a- and B-parvin was the M-line localization of eGFP-
tagged a-parvin in transduced NRVCs (Fig. 20). This finding is in line with a report showing that a-parvin
(C. elegans PAT-6) localizes to M-lines and is required for M-line assembly in C. elegans muscle. The body
wall attachments are in vivo homologs of focal adhesions in non-muscle cells and costameres of vertebrate
muscle cells. [201, 459-461] As PAT-6 (vertebrate a-parvin) is the solely expressed parvin isoform in

C. elegans, no conclusion can be drawn for the localization of B-parvin. However, also PAT-4 (vertebrate
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ILK) and UNC-97 (vertebrate PINCH) localized to the M-lines in C. elegans. [196, 201] Whether the
eGFP-tagged a-parvin localization to M-lines is specific remains to be determined as we did not detect
endogenous a-parvin at M-lines in isolated NRVCs. Nevertheless, a possible explanation for this discrepancy
could be the time cells were kept in culture and the concomitant time for CMs to mature. The subcellular
localization of endogenous a-parvin was conducted in NMVCs or NRVCs kept in culture for three days, and
no localization to M-lines was observed. However, viral transduced NRVCs were kept in culture two days
longer, allowing sarcomeres to mature and possibly recruit a-parvin to M-lines in a time-dependent fashion
during postnatal development. This hypothesis could be true as eGFP- and Flag-tagged PINCH1 and PINCH2
were reported to primarily localize to Z-discs in primary NRVCs cultured for 3 days, however, sometimes
faint signals were also observed at the M-lines. [200] Unfortunately, the authors of this study did not
analyze the localization of PINCH proteins in NRVCs at a later time point but time-dependent recruitment
of PINCH proteins to M-lines might be conceivable.

In adult mouse heart, a-parvin protein levels are reduced compared to neonatal CMs and no M-line
localization was detected (Fig. 21), which could be an indication that this isoform is not required at M-lines
anymore later in age. Further investigations are needed to analyze if this hypothesis is true and whether
ILK and PINCH also localize to M-lines in isolated NRVCs in a time-dependent manner. In addition, it should
be investigated if the localization to the M-line is parvin isoform-specific and if true, the underlying role of

this divergence in the subcellular localization between a- and B-parvin needs to be analyzed.

5.2.2  Subcellular localization of a- and B-parvin in MOVAS

We also determined the localization of a-parvin in MOVAS, an immortalized vascular smooth muscle cell
line (Fig. 23). As expected, endogenous and eGFP-tagged a-parvin was found in paxillin-positive focal
adhesions at the cell periphery in primary vSMCs and wild-type MOVAS similar to ILK. This indicates that
a-parvin exhibits IPP complex-dependent functions in vSMCs, as observed in CMs. Due to the low
expression level, we did not detect endogenous B-parvin by immunostaining in wt MOVAS but eGFP-tagged
B-parvin localized to FAs. The IPP complex is involved in the maturation of FAs to fibrillar adhesions by
stabilizing the integrin-actin connection. [462] Indeed, we also identified endogenous a-parvin and eGFP-

tagged B-parvin in fibrillar adhesions in the cell center of wt MOVAS cells.
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5.3 MOVAS-a vascular smooth muscle cell line

Only a limited amount of primary vSMC can be isolated from mice and these cells grow slowly and undergo
rapid dedifferentiation hindering their use for large-scale biochemical assays such as interaction
proteomics and Rho GTPase assays. [395] Immortalized mouse vSMC lines have been used to study vSMC
function in vitro and complement in vivo mouse models. Therefore, we decided to use a commercially
available vSMC line, called MOVAS, which has already been successfully used and proven as a reliable in
vitro smooth muscle cell system in studies investigating the regulation of plasma membrane Ca?* ATPase-
4, the circadian rhythm and the vascular calcification process associated with different diseases (e.g.
diabetes, atherosclerosis). [395, 463, 464]

As vascular smooth muscle cells in adult animals are highly specialized cells with a unique physiology, being
able to modulate their phenotype from a contractile to synthetic state, | used smooth muscle a-actin and
smoothelin to verify the contractile smooth muscle character of MOVAS. Given the use of a cell line, the
contamination of MOVAS with other a-SMA or smoothelin-expressing cells was neglected. However, the
true phenotypic state of these cells is somewhere between the contractile and synthetic state as cells
expressed contractile proteins while contemporaneously proliferating and migrating. Given this phenotypic
state, MOVAS are a suitable cell line to investigate the loss of a-parvin in vascular smooth muscle cells.

However, to increase the in vivo relevance, findings should be compared to or verified in primary cells.

5.4 Invitro technologies to generate a-parvin knockout cells

To analyze a-parvin function in CMs and MOVAS using cellular and biochemical assays, we generated
a-parvin KO cells by either using in vitro Cre-mediated recombination or by utilizing the CRISPR/Cas9

system.

5.4.1 Viral Cre-loxP system induced knockout of a-parvin in NMVCs and adult cardiomyocytes

The CRISPR/Cas9 system has transformed the genome editing technology, providing an efficient method
to introduce specific changes in the mammalian genome. [465, 466] While a number of studies show that
cardiomyocytes can be edited in the postnatal murine heart using CRISPR/Cas9 in vivo, we were able to
generate a-parvin knockout NMVCs via Cre-loxP-mediated recombination in vitro. [467-469] For this,
NMVCs were isolated from loxP-flanked a-parvin mice (a-pv(fl/fl)), pre-plated to reduce contamination with
other cell types (e.g. cardiac fibroblasts, endothelial cells), and transduced with a recombinant adenovirus
expressing a functional Cre recombinase. To exclude adenovirus infection-induced cellular responses that

are independent of a-parvin deletion, control cells were also infected with an adenovirus expressing GFP.

144



Discussion

Western blot analysis showed an efficient downregulation of a-parvin expression levels three days after
adenoviral transduction (Fig. 24). a-parvin deletion was also evident by reduced ILK and PINCH expression
in AdCre-transduced cells. The expression of the IPP complex was further decreased in CMs lacking B-parvin
in addition to a-parvin depletion, indicating that B-parvin compensates for the loss of a-parvin in NVMCs
by stabilizing the IPP complex. Importantly, however, the observed spreading and cell morphological
defects clearly indicate that the B-parvin-containing IPP complex cannot fully compensate all aspects of
a-parvin.

We also tried to deplete a-parvin from adult cardiomyocytes in vitro, using the same adenovirus-mediated
strategy used in NMVCs. However, endogenous a-parvin did not decrease significantly over a period of
three days after viral transduction and as a result we did not observe phenotypic changes in the isolated
adult CMs (Fig. 52). Since the successful infection was obvious by the IRES-GFP expression and by an
adenovirus carrying an empty GFP construct as control, the low turn-over of costamere proteins in fully
differentiated cardiomyocytes might be the reason why we failed to deplete endogenous a-parvin protein
levels. Although the Cre-mediated in vitro deletion of a-parvin worked fine in NRVCs, the inability to keep

adult viable CMs in culture for an extended time might be the limiting factor here.

5.4.2 CRISPR/Cas9-mediated knockout of a-parvin in MOVAS

We used the CRISPR/Cas9 technology to knockout a-parvin in the MOVAS vascular smooth muscle cell line.
After testing different CRISPR/Cas9 targeting strategies, cells were directly transfected with Cas9 protein
together with the targeting sgRNA using the Lipofectamine CRISPRMAX. Single cell clones were expanded
and the a-parvin knockout was validated by sequencing, western blotting, RT-gPCR and mass spectrometry
(Fig. 26).

We also generated a/B-parvin double knockout MOVAS to prevent compensatory mechanisms by B-parvin
upregulation upon the loss of a-parvin and to distinguish between a- and B-parvin-specific cell functions.
For this, a-parvin KO #3 MOVAS cells were either transfected with a CRISPR vector, co-expressing the
sgRNAs targeting B-parvin and Cas9, or directly transfected with the gRNA/Cas9 ribonucleoprotein
complexes. Positive a/B-parvin double knockout single cell clones were validated by sequencing and their
biallelic mutations were shown to be mostly heterozygous. Instead of sequencing, an easier screening
method using the in vitro cleavage assay kit from Takara Bio USA could be used in the future to differentiate
between wt, mono- and biallelic mutations. [470] Despite very low 8-parvin mRNA expression in wt MOVAS,

we also generated B-parvin knockout MOVAS. However, due to time restrictions, | was only able to fully
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analyze the a-parvin knockout MOVAS, while the analysis of a/B-parvin double KO und B-parvin KO MOVAS

will be the focus of future studies.

5.4.3 Invitro depletion of a-parvin leads to an increase in B-parvin expression and a decrease in
ILK and PINCH protein levels

After the successful generation of a-parvin and a/B-parvin double KO NMVCs and MOVAS cells, these cells
were first analyzed for changes in IPP complex level. Deletion of a-parvin resulted in an upregulation of
B-parvin expression in both cell types to stabilize ILK and PINCH levels. A similar observation was previously
reported when Flag-tagged PINCH2 was overexpressed in PINCH-1 deficient Hela cells, stabilizing ILK and
a-parvin protein level. [192] However, while PINCH2 could restore the IPP complex assembly, the
ILK/PINCH2/a-parvin complex failed to compensate for the functional defects (e.g. cell shape and survival)
caused by the ablation of PINCH1. [192] Furthermore, keratinocytes express two isoforms of the FA protein
kindlin that are also unable to functionally compensate for each other. [451] The same phenomenon was
observed by us and others for the parvin protein family, as the upregulation of B-parvin is also not sufficient
to functionally compensate for the loss of a-parvin even if ILK and PINCH expression is rescued. [36, 171]
This is a clear indication for differences between the a- and B-parvin-containing IPP complexes, either
through the distinct binding to known or unknown interactors to parvin family members, or through
different physical properties such as complex stability or binding affinities. Interestingly, although we did
not analyze it in detail, we observed different IPP complex stabilities when recombinantly expressing and
purifying the complex. Here, the a-parvin-containing IPP complex tends to aggregate and precipitate,
preventing its use in biophysical assays, whereas the B-parvin-containing IPP complex is more stable and
now routinely used for biophysical analysis in our lab.

To confirm that the observed decrease in PINCH and ILK expression levels was a direct result of a-parvin
ablation and not a clonal artefact, we generated stable rescue cell lines by transducing a-parvin KO MQOVAS
with either eGFP-tagged or tagless a- or B-parvin. While the expression of eGFP-a- or B-parvin,
irrespectively of the eGFP-tag localization (N-terminal vs. C-terminal), resulted in a partial rescue, the
re-expression of tagless a-parvin led to fully rescued ILK levels while PINCH levels were only partially
upregulated (Fig. 27).

Overall, our data confirm that the stability of the individual IPP complex components depends on the
assembly of the complex which is in line with reports showing that ILK or PINCH depletion leads to a
decrease in the protein levels of the other complex members. [192, 204] Furthermore, our results

demonstrate that the re-expression of the depleted IPP complex component rescues the protein level of
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the others, thus, stabilizing the IPP complex, although caution should be taken when choosing a protein

tag.

5.5 Invitro characterization of a-parvin deficient contractile cells

5.5.1 Loss of a-parvin in NMVCs impairs CM hypertrophy and induces protrusion formation
Cardiomyocytes communicate with the surrounding extracellular matrix through costameres and
dysfunction in costamere adhesion can lead to cardiomyopathy and heart failure. Myocardial cell-matrix
adhesion at costameres is mediated by B1 integrin receptors which recruit the IPP complex and other
proteins to establish a link to the actin cytoskeleton. In this way, integrin-mediated signaling plays an
important role in maintaining cardiac structure and function, and is involved in the hypertrophic response
to mechanical stimuli during postnatal development. [471] To analyze whether a- and B-parvin as part of
the IPP complex influence hypertrophic growth of isolated CMs, we measured cell morphological
parameters of AAGFP- or AdCre-transduced NMVCs at two distinct time points (d3 and d5) (Fig. 28).

As expected, AdGFP-infected NMVCs from a-pv(fl/fl) mice increased in cell size, length, width and perimeter
from three to five days in culture, while the cell circularity slightly decreased. Although not statistically
significant, we observed the same tendencies in increasing cell size, length, width, perimeter and
decreasing circularity in AdGFP-infected NMVCs from a-pv(fl/fl) B-pv(-/-) mice over time. These
observations indicate that wt as well as B-parvin knockout NMVCs are able to undergo hypertrophic growth
when plated on FN-coated culture dishes. In contrast, AdCre-infected NMVCs were generally smaller and
failed to undergo hypertrophic growth over time. Surprisingly, when we compared the measured cell
morphological parameters of a-parvin to a/B-parvin double KO NMVCs, we did not detect differences at
day three, day five or over time. Overall, our data show that a-parvin plays an important role in
cardiomyocyte spreading and hypertrophic growth, whereas the concomitant loss of B-parvin does not
exacerbate the observed phenotype.

Postnatal hypertrophy is induced by the increasing demand of blood circulation in the developing organism
which activates many stimuli for cell growth. The initiation of physiological hypertrophic growth (e.g. during
postnatal development and during exercise) occurs via different ligands, such as insulin, growth hormones
(e.g. VEGFs) and insulin-like growth factor (IGF) 1. IGF1 activates the phosphoinositide-3 kinase (PI3K)-Akt-
phosphoinositide-dependent protein kinase 1 (PDK1)-glycogen synthase kinase 33 (GSK3p) pathway. [472,
473] Remodeling of the extracellular matrix is also part of the cellular response to hemodynamic overload
and changes in the ECM are sensed by integrins. [474] Given the importance of the IPP complex in linking

integrins to the actin cytoskeleton, we expected that the loss of a-parvin has an effect on hypertrophic
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growth. Contrary to a previously reported hypothesis in which the decrease of costamere a-parvin was
thought to induce NRVC hypertrophy, however, we observed no hypertrophic growth in a-parvin knockout
NMVCs. [5] This is more in line with a publication showing that the overexpression of ILK in isolated human
cardiomyocytes induced hypertrophic growth. [212] Further investigation of the underlying molecular
mechanism is necessary to unravel the role of a-parvin in postnatal cardiomyocyte hypertrophy.

B-parvins role in inducing cardiomyocyte hypertrophy confirms the findings of an unpublished study
investigating the role of B-parvin in NVRCs (Thievessen et al., submitted). While Thievessen and colleagues
found that B-parvin depleted CMs are unable to induce physiological hypertrophic growth in vitro and
in vivo, they also observed that the induction of pathological cardiac hypertrophy, induced by aortic
constriction, was unaffected in vivo. This effect can be observed in vitro using different ECM components,
fibronectin versus collagen |, to coat the culture dishes prior CM plating. Physiological hypertrophy is
characterized by a normal cardiac structure and conserved or improved cardiac function, whereas
pathological hypertrophy results in cardiac dysfunction, reactivation of the fetal gene program and
interstitial fibrosis. [475] Various studies demonstrated that fibronectin actively participates in processes
leading to CM hypertrophy, including the increase in global mRNA and protein synthesis, enhanced
myofibrillogenesis and sarcomeric assembly. [476, 477] Furthermore, FN was shown to increase the
expression of fetal genes including ANP, BNP, B8-myosin heavy chain (6-MHC) and a-skeletal actin.
Moreover, fibronectin elicited actin reorganization and the enhanced formation of FAs and costameres.
[476, 477] Given these roles of FN in inducing cardiomyocyte hypertrophy, we hypothesize that plating
NMVCs on FN-coated culture dishes induced pathological hypertrophy, whereas collagen | coating activates
signaling cascades involved in physiological hypertrophy. Therefore, our findings are in line with the
unpublished study, showing that B-parvin indeed plays a role in physiological but not pathological
hypertrophy. We also tested plating NMVCs on collagen-coated culture dishes to circumvent FN-induced
hypertrophy and to test our hypothesis, but encountered insufficient cell attachment.

The IPP complex components are crucial for cell survival in various cell types, including fibroblasts, Hela
cells and cardiomyocytes. [5, 187, 192, 211] Depletion of ILK and PINCH1, for example, were reported to
result in decreased phosphorylation of Akt, an well-known signaling component of the survival pathway.
[192] Furthermore, cardiac-specific ablation of PINCH1 and PINCH2 reduces Akt phosphorylation and
concomitant increase of cell death, shown by increased caspase-3 activation. [211] Additionally, when
correctly localized to costameres in isolated NRVCs, ILK and a-parvin show anti-apoptotic functions. [5]
Although not quantified, we also noted increased cell death in a-parvin knockout NMVCs compared to

control cells despite similar caspase-3 levels, a marker for apoptosis. However, in addition to apoptosis
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other cell death mechanisms have also been identified in cardiomyocytes including autophagy and
necroptosis. [478, 479] A more detailed analysis would be necessary to conclusively address the role of
a-parvin in cell survival of isolated NMVCs.

Cardiomyocytes depleted in PINCH1 and PINCH2 were reported to exhibit disrupted FAs and disorganized
cytoskeletal structures, whereas we still observed a-actinin-positive striated cytoskeletal organization in
a-parvin and a/B-parvin-depleted NMVCs. [211] However, the loss of a-parvin induced the formation of
long sarcomeric-positive protrusions, an effect even further pronounced in NMVCs lacking both parvin
isoforms. Contrary to our findings, B-parvin siRNA-treated NRVCs displayed a disorganized sarcomeric
structure with defects in protrusion formation in an unpublished study (Thievessen et al., submitted). It
cannot be ruled out that the ECM component used for culture dish coating (FN vs. Col I) also plays an
important role.

Taken together, our data demonstrates that a-parvin is required to induce cardiac hypertrophy and plays
a role in cardiomyocyte survival. Furthermore, B-parvin stabilizes ILK and PINCH protein level but cannot

compensate for the loss of a-parvin function in hypertrophic growth.

5.5.2 a-parvin is required for cardiomyocyte spreading in response to substrate compliance
Previous in vitro studies have shown that the elastic modulus of the substrate has an effect on cell
proliferation, differentiation and tissue formation. [480] We therefore investigated the effect of surfaces
with different elastic moduli (1.5, 15, 28 kPa) on the spreading behavior of control and a-parvin depleted
NMVCs to resembles physiological substrate stiffness (heart: 10 to 20 kPa) more closely. [421]

NMVCs plated on 15 kPa substrates promoted cell spreading compared to 1.5 and 28 kPa, very similar to
NMVCs seeded on plastic surfaces (Fig. 29). As expected, a-parvin depletion reduced the spreading area
while the simultaneous depletion of B-parvin did not further increase the spreading defect. Furthermore,
we did not observe an effect of the substrate stiffness on the overall development of sarcomeres and cell
structure in control and a-parvin depleted NMVCs as judged by immunofluorescent stainings.

This is in contrast to a previous publication showing that cardiomyocytes grown on 10 kPa or softer
substrates developed aligned sarcomeres, fewer stress fibers and generated greater mechanical forces
than CMs on stiffer substrates. In addition, the authors reported that the effects of substrate stiffness on
NRVC maturation is regulated through the RhoA/ROCK signaling pathway. [480] However, we did not
conduct a time-dependent analysis of the maturation process which would help to see whether NMVCs

mature differently on more compliant substrates upon a-parvin deletion.
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5.5.3 a-parvin ablation effects cardiomyocyte contractility

Upon the a-parvin knockout, NMVCs lost their ability to spontaneously contract five days after Cre
induction and this effect was further pronounced in NMVCs additionally lacking B-parvin expression, which
show a significant loss of contractility three days after adenoviral infection (Fig. 30). The sole loss of B-parvin
in NMVCs resulted in a significant loss of contractility at day five (AdGFP infection) which, however, was not
as pronounced as after sole a-parvin deletion.

These findings suggest an additive role of a- and B-parvin in maintaining NMVC contractility and are in line
with a study demonstrating an important role for zILK and B-parvin in maintaining cardiac contractility in
zebrafish heart. [210] Although the authors did not investigate whether a-parvin expression is upregulated
upon B-parvin knockdown, ILK expression levels were reported to be reduced suggesting that a-parvin is
unable to stabilize the IPP complex in the absence of B-parvin in zebrafish heart. [210] It is therefore
conceivable that the contractility regulation occurs via a functional IPP complex as the single knockout of
either parvin isoform mildly reduces ILK and PINCH protein levels, whereas the knockout of both parvin
isoforms dramatically affects ILK and PINCH stabilization, resulting in a more pronounced reduction of these

proteins.

5.5.4 a-parvinis important for cell-matrix adhesion and focal complex maturation in MOVAS
The development of the vasculature is a complex multi-step process that requires the interaction of
endothelial cells, pericytes and smooth muscle cells with one another, and is dependent on surrounding
cells and the extracellular matrix. Upon plating the cells on ECM proteins, integrins become activated,
recruit intracellular proteins and cluster to form nascent adhesions that mature into focal complexes and
subsequently focal adhesions. [481]

In my study, wildtype MOVAS cells rapidly attached to the fibronectin-coated culture dish with concomitant
formation of FAs, whereas the adhesion of a-parvin KO MQOVAS to fibronectin and FA formation was
delayed (Fig. 31). These data furthermore indicate that B-parvin might be involved in FA maturation.
Moreover, the adhesion defect was not restricted to MOVAS cells but was also observed in a-parvin KO
and a/B-parvin double KO fibroblasts.

This is in line with a recent study showing impaired adhesion of keratinocytes isolated from a-parvin® mice.
[482] Furthermore, our experiments using a-parvin knockout and a/B-parvin double knockout fibroblasts
clearly showed that the deletion of a- and B-parvin resulted in a stronger adhesion defect compared to the
sole loss of a-parvin, indicating that the parvin family members can compensate for some of their functions,

in particular the stabilization of the IPP complex. As shown in literature, the stability of each complex
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member highly depends on the complex assembly. [197, 483] Re-expression of either eGFP-tagged a- or
B-parvin alone only partially rescued the adhesion defects. This could either be due to the fact that the
eGFP tag prevents full parvin activity and does not allow IPP complex stabilization or both parvin isoforms
are required during the early adhesion process in fibroblasts. Indeed, re-expression of eGFP-tagged a- or
B-parvin to endogenous levels only allowed a mild rescue of ILK and PINCH expression levels while only high
overexpression of eGFP-tagged a-parvin (~10 times more) fully rescued ILK and PINCH levels. This is in line
with other observations made during my thesis indicating that re-expression of tagless a- or B-parvin
provides a better rescue compared to eGFP-tagged parvin proteins. However, we cannot conclude whether
this is due to different binding partners or to a changed stability of the IPP complex.

Although the spatiotemporal recruitment of a-parvin into early adhesion structures has not been analyzed,
a study in C. elegans showed that ILK is recruited to nascent adhesion complexes to establish a link to the
underlying cytoskeleton. [196] Furthermore, another study investigated the formation of nascent
adhesions in CHO cells and hypothesized that the recruitment of ILK to these adhesions happens as soon
as they are formed. [484] This hypothesis is plausible as ILK was reported to directly bind to f1 integrin and
ILK localization into integrin-containing adhesion structures was shown to be dependent on the integrin
activator kindlin-2. [47, 339, 485] Based on these reports, showing the importance of ILK during cell-matrix
adhesion, we hypothesize that a-parvin plays a comparable role in focal complex formation as both
function as part of the IPP complex. Furthermore, our data clearly indicate that a-parvin plays an essential
role in focal complex maturation, as the formation of centrally located FAs was impaired in a-parvin KO
MOVAS. As both a-parvin and ILK have been previously identified as essential proteins in the FA maturation
process, immunofluorescent labeling of wt and a-parvin KO MOVAS using anti-zyxin, anti-tensin and anti-
phosphotyrosine antibodies would confirm the importance of a-parvin during FA maturation in MOVAS.
[462, 486] Interestingly, we observed that the upregulation of B-parvin levels upon a-parvin deletion
stabilized ILK protein levels and promoted focal adhesion maturation, indicating that B-parvin is here able
to partially functionally compensate the loss of a-parvin.

In summary, our data show that a-parvin is essential for cell attachment and concomitant loss of B-parvin
exacerbates the adhesion defect. Furthermore, a-parvin is important for the maturation of focal adhesions,

a function that is compensated by B-parvin.
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5.5.5 Hypercontractility associated spreading defects in a-parvin knockout MOVAS

Cell adhesion and spreading on ECM substrate are critical for cell movement, growth and the organization
of tissues. [487] Integrin-dependent cell spreading is characterized by the protrusion of cell membranes
and the underlying cytoskeleton (filopodia, lamellipodia) while cells are attached to ECM ligands. The small
GTPase Cdc42 has been shown to mediate filopodia formation, while lamellipodia are regulated by Racl.
The third, equally well characterized member of the small GTPase family, RhoA, is important for the
formation of stress fibers. [79] It has been previously shown by siRNA-mediated knockdowns of RhoA and
the use of dominant negative RhoA mutants or RhoA inhibitors that RhoA-mediated contraction serves as
a limiting factor in cell spreading and has to be transiently inhibited in a Src or FAK-dependent fashion
during early cell spreading. [94, 96, 488]

In line with these reports we observed a severe spreading defect in a-parvin KO MOVAS (Fig. 35)
concomitant with elevated RhoA activity levels and increased MLC2 phosphorylation (Fig. 38), suggesting
that deletion of a-parvin causes integrin outside-in signaling defects leading to increased RhoA activity and
impaired cell spreading.

Our results furthermore confirm earlier reports showing that ILK deletion results in increased contractility
of vSMCs in vitro and in vivo as well as that a-parvin deletion enhances RhoA/MLC2 signaling in SMA-
positive cells and primary vSMCs of a-pv(fl/fl) PDGFR8 Cre mice. [36, 157, 171] In contrast to these findings,
Rohwedder reported in her doctoral thesis that the lack of a-parvin expression in immortalized smooth
muscle cells isolated from the ureter did not lead to substantial changes in MLC2 phosphorylation. [36] This
suggest a smooth muscle cell type specific regulation of the RhoA/MLC2 signaling pathway depending on
the source of the smooth muscle cells.

Unexpectedly, a-parvin KO MOVAS did not show an obvious increase in or differential distribution of actin
stress fibers, a process directly linked to RhoA/MLC2 signaling. [489] This finding was surprising as previous
reports show that ILK deletion in vSMCs or epithelial cells resulted in locally concentrated thick cortical
a-SMA positive actin fibers. [157, 490] Furthermore, downregulation of ILK increases stress fiber formation
in bovine aortic endothelial cells. [491] Moreover, deletion of a-parvin revealed thick a-SMA-positive actin
bundles traversing the cytoplasm in mural cells in E13.5 yolk sac. [171] However, the presence of stress
fibers in the cytoskeleton is not indicative of the overall contractile potential of a cell. [492-494] Therefore,
a-parvin KO MOVAS can still exhibit a hypercontractile phenotype while not showing an overall increase in
stress fiber formation.

As described above, we observed reduced cell adhesion of a-parvin KO MOVAS to the ECM protein

fibronectin which contributes to the delayed onset of cell spreading. However, this observation cannot be
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the exclusive cause of the impaired cell spreading as ILK-depleted endothelial cells show an increase in cell
adhesion but still exhibit a severe cell spreading defect. [491] We believe that the delayed onset and the
altered RhoA signaling, that we observed and other studies reported for different cell types, combined are
responsible for the observed spreading defect. However, the molecular mechanisms for the parvin-
mediated contractility regulation are not clear yet, as the link between parvin and RhoA/MLC2 signaling is
unknown. The use of suitable inhibitors of the RhoA/MLC2 pathway, such as Y-27632, ML-9 or CPI-17 to
inhibit ROCK, MLCK or MLCP, respectively, would further narrow down the important a-parvin-dependent
modulators. We utilized immunoprecipitation and proximity-dependent biotin ligation assays combined
with mass spectrometric analysis to identify novel parvin interactors and two proteins that potentially fill

this gap between a-parvin and RhoA signaling will be discussed later on (see 5.6.3 and 5.6.4.)

5.5.6 a-parvin controls cell migration in MOVAS

Random cell migration refers to the intrinsic property of cells to migrate with a directional persistence.
[495] Our data show that, when allowed to move freely on a 2D surface coated with fibronectin, a-parvin
KO MOVAS migrated faster but less directional compared to wt cells. Furthermore, single cell tracking of
a-parvin-depleted MOVAS in an in vitro ‘wound healing’ assay confirmed the faster but less directional
migration that led to a failure to completely close the wound within 24 h (Fig. 36). Additionally, we observed
defects in collective cell migration upon a-parvin depletion in MOVAS which were rescued upon re-
expression of tagless a- or B-parvin (Fig. 37).

Cells polarize in response to a pro-migratory stimulus by extending a lamellipodium at the leading edge,
where integrins and Racl establish a positive feedback loop. In contrast, RhoA activity is necessary for the
generation of contractile forces and retraction of the cell tail. [496] We showed that MOVAS lacking
a-parvin expression fail to spread due to increased RhoA activity, resulting in elevated MLC2
phosphorylation. MLC2 phosphorylation was reported to initiate cell migration in SMCs. [497] We
hypothesize that the impaired persistence in cell migration could be caused by the inability of a-parvin KO
MOVAS to polarize, given the upregulated RhoA and pMLC2 levels. This would be in line with data showing
that a-parvin knockout cells, isolated from mouse embryos, continuously formed instable lamellipodia-like
protrusions that caused frequent changes in the direction of cell movement. [171] Furthermore, sustained
Racl activity, which is important in lamellipodia formation and thus in directed cell migration, was shown
to be suppressed through the elevated RhoA activity. Moreover, the authors of the study demonstrated

that the use of ROCK inhibitor Y-27632, which concomitantly blocks the RhoA/ROCK/MLC2 signaling
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cascade, reversed the effect of a-parvin loss on cell motility. [171] ROCK inhibitor treatment and Racl
activity measurements will show the contribution of Rac1 and RhoA to the observed phenotype in MOVAS.
During collective migration cells interact mechanically and biochemically through cell-cell adhesions in the
monolayer. [498] We hypothesize that upon the loss of a-parvin, MOVAS cells lose the ability to form stable
cell-cell contacts, resulting in a disturbed collective cell migration. N-cadherin is the major cell-cell adhesion
molecule found in vSMCs and essential for vSMC migration. Inhibition of N-cadherin function reduces
vSMCs migration and increases apoptosis. [499] Furthermore, a large amount of research demonstrates
interactions between cadherins and integrins and different laboratories showed an involvement of ILK in
regulating the ‘cadherin switch’ during epithelial-mesenchymal transition (EMT) in cancer cells. [500, 501]
Moreover, a-parvin was shown to be required for maintaining cell-cell junctions in endothelial cells. [502]
It is therefore possible that a-parvin or the IPP complex is involved in cell-cell adhesion regulation in
MOVAS, for example through the regulation of N-cadherin expression or function. To confirm this
hypothesis, cell-cell contact formation by looking at cadherins and cell polarity of a-parvin KO MOVAS needs
to be analyzed. Interestingly, the defect in collective cell migration could be rescued by re-expressing either
tagless a- or B-parvin, indicating that B-parvin here not only stabilizes the IPP complex but also functionally

compensates for the loss of a-parvin.

5.5.7 Loss of a-parvin affects integrin-mediated processes in CMs and vSMCs in vitro

We analyzed several integrin-dependent processes in isolated NMVCs and MOVAS. Taken together, our
data show that loss of a-parvin impairs cell attachment and focal complex formation and maturation (5.5.4),
cell spreading (5.5.2, 5.5.5), random cell migration and wound closure (5.5.6), as well as cardiac
hypertrophic growth (5.5.1) and cell contractility (5.5.3). a-parvin could hereby influence these integrin-
dependent processes through modulating (i) integrin activation (inside-out signaling), (ii) integrin
expression and surface levels or (iii) integrin outside-in signaling.

We did not investigate whether integrin activation is disturbed upon the loss of a-parvin but there are a
few publications reporting a role of the IPP complex in integrin inside-out signaling. [503-507] It has been
reported that the loss of ILK inhibits integrin activation (e.g. allbB3, B1 integrins) in vitro and in vivo in
platelets and endothelial cells as assessed by the binding of ligand-mimetic or conformation-specific
antibodies and soluble ligands. [503-507] Furthermore, kindlin-2 binding to the B integrin cytoplasmic tail
and the IPP complex was shown to be crucial for kindlin-2-mediated integrin B1 activation in fibroblasts.
[435] However, in contrast to the overexpression of talin-F3 domain in talin knockdown cells, which rescued

the impaired integrin activation phenotype, overexpression of ILK did not, indicating that ILK might not be
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sufficient for integrin activation. [503] Furthermore, gene ablation of /LK, PINCH or parvin in different cell
types results in defects characteristic for impaired integrin-dependent outside-in, but not inside-out
signaling. [5, 171, 204, 211, 462, 502, 508, 509] In conclusion, we cannot exclude the possibility that
impaired integrin inside-out signaling might play a role in the defective integrin-dependent processes that
we observed inisolated NMVCs and MOVAS, although the evidence for the IPP complex as integrin activator
is weak.

Although one publication claims that the loss of ILK affects allbB3 surface levels in platelets, other reports
do not support this finding and a role of the IPP complex in regulating integrin surface levels is not
established. [169, 505, 507] Flow cytometric analysis of y-parvin leukocyte mutants additionally showed
that the surface expression levels of a4f1, a5B1, and aMpP2 integrins were not affected by their
overexpression, which is in line with our FACS analysis revealing no major differences between the surface
level of 1 and B3 integrin upon the deletion of a-parvin. [169] We therefore have no indications to believe
that a-parvin regulates integrin expression or surface levels in isolated NMVCs or MOVAS.

Upon ligand binding, integrins become activated, recruit other intracellular adaptor and signaling proteins
and subsequent clustering of ligand-bound integrins results in intracellular molecular rearrangements
(e.g. FA formation, cell spreading). As we observed impaired FA maturation and actin cytoskeletal
organization, as well as enhanced RhoA activity, we believe that a-parvin depletion mainly affects integrin
outside-in signaling in isolated NMVCs and MOVAS. As the IPP complex directly connects integrins with the
actin cytoskeleton via the WH2 domains of a-parvin and PINCH, disturbed actin cytoskeleton organization
can be attributed to the missing link upon a-parvin depletion and concomitant reduced IPP complex
stability. This is in line with reports showing that the cardiac-specific ablation of /LK or PINCH in mice result
in ultrastructural abnormalities including disturbed intercalated disc structures, sarcomeric disarray and
increased distances between sarcolemma and sarcomeres. [194, 211] Furthermore, ILK is important to
maintain the link between the contractile actin filaments and the plasma membrane at the end of
Drosophila muscles. [195] In contrast, PINCH or ILK knockout zebrafish hearts do not show ultrastructural
abnormalities, indicating differences in the structural and functional role of the IPP complex in distinct
organisms. [209, 210] These reports show that the IPP complex has an important role in establishing and
maintaining the link between the ECM and the actin cytoskeleton in mice, and ultrastructural analysis of
sarcomeres in a-parvin and a/B-parvin double knockout NMVCs would show whether parvins play the same
role. However, we did not observe obvious alterations in sarcomeric organization by immunofluorescent
imaging. For this reason, and because we and others observed increased RhoA signaling upon the deletion

of IPP complex components, it is also conceivable that loss of a-parvin primarily alters GTPase signaling.
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GEFs, such as a- or B-PIX, p115 RhoGEF and Leukemia-Associated Rho GEF (LARG), and GAPs, such as
CdGAP, that activate or inactivate GTPases, respectively, are obvious modulators. The interaction of
B-parvin with a-PIX is well established, resulting in the activation of Racl at the leading edge of migrating
cells to induce membrane ruffling and lamellipodia formation. [179] Furthermore, a-parvin was shown to
regulate cell spreading and migration by recruiting the Cdc42- and Rac-specific GAP CdGAP to FAs. [184]
Moreover, paxillin, a FA protein to which both a- and B-parvin bind, recruits the DOCK180/ELMO/Crk
complex to induce integrin-dependent Rac activation in epithelial cells. [510] As Racl and RhoA have
antagonistic functions and the crosstalk between both are important for integrin-dependent processes
such as cell adhesion, migration and spreading, we specifically searched for RhoA GEFs or GAPs in our
proteomic approaches that could explain the observed cellular phenotype upon a-parvin depletion.
Furthermore, the IPP complex functions as a signaling platform through the direct interaction with
regulators of various signaling pathways involved in cell spreading, proliferation, migration and survival as
well as angiogenesis and epithelial-mesenchymal transition. [161] Other integrin outside-in signaling
cascades could therefore also be affected upon a-parvin depletion, such as GSK3B or Akt signaling. Akt
activation depends on the phosphorylation of Thr308 and Ser473 by PI3K-dependent kinase-1 (PDK-1) and
PDK-2, respectively. Numerous studies show that the knockdown of ILK, PINCH and a-parvin correlates with
reduced Akt phosphorylation in fibroblasts, HeLa and HEK-293 cells as well as in human umbilical vein
endothelial cells (HUVEC) and macrophages. [187, 192, 511-513] This is in line with reports showing that
inactivation of ILK, PINCH and B-parvin results in reduced Akt activation and subsequent heart failure in
zebrafish heart. [209, 210] Moreover, a-parvin is required for the correct targeting of Akt to the plasma
membrane in Hela cells. [187] It therefore seems likely that a-parvin depletion also effects Akt signaling in
isolated NMVCs and MOVAS cells.

Together our data show that a-parvin is a crucial regulator of integrin-mediated processes including cell
adhesion, spreading and migration as well as an important contributor to cardiac physiology in regulating
hypertrophic growth, cell contractility and cardiomyocyte survival. As we do not have any indications for
disturbed integrin activation or altered integrin surface levels, we hypothesize that integrin outside-in
signaling is the major cause for the observed phenotypical abnormalities in a-parvin depleted cells.
However, the molecular link between a-parvin and RhoA signaling was missing and therefore we utilized
MS-based a- and B-parvin interactomics to identify novel parvin interactors. B-parvin is upregulated upon
the loss of a-parvin in CMs and MOVAS, but cannot fully compensate a-parvin function despite its ability

to stabilize the IPP complex.
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5.6 Mass spectrometry-based interactomics

A prerequisite to fully understand protein function is the identification of interacting partners. Although a
number of parvin and IPP complex interactors are known, none of these establish a molecular link to the
hypercontractile phenotype observed in various cell types upon the deletion of IPP complex components.
Therefore, we aimed to identify novel pan-parvin or parvin isoform-specific interactors in neonatal CMs
and vSMC that molecularly link the IPP complex to the RhoA/MLC2 signaling pathway.

We used two different approaches, GFP-immunoprecipitation and proximity-dependent biotinylation:
While GFP-IP enriches proteins on the basis of their affinity to a- and B-parvin, proximity-dependent
biotinylation is based on the identification of proteins in the near vicinity of the two parvin isoforms. Both
technigues are complementary to each other, enabling us to obtain the full spectrum of parvin interactors

and the idea was to further analyze proteins identified in both methods.

5.6.1 Comparison of the two techniques used: GFP-IP versus proximity-dependent biotinylation
Although GFP-IP versus proximity-dependent biotinylation are complementary to each other, proximity
labeling processes, nowadays ranging from antibody-based approaches such as enzyme-mediated
activation of radical sources (EMARS) over the ascorbate peroxidase-based approach (APEX) to the biotin-
ligase-based approaches (e.g. BiolD, TurbolD), have some advantages over the traditional IP. [397, 398,
514, 515]

Proximity biotinylation allows the detection of weak and transient interactions that are often not identified
by immunoprecipitation. [516] This allows the identification of spatiotemporal regulated interacting
partners in the dynamic intracellular setting. For example, in a study of the dynamic human centrosome-
cilium interface the authors compared the identified proteins using Flag-IP and BiolD in parallel. They found
that >40% of all interactors identified in the FLAG-IP were also detected by BiolD, however, these shared
interactors accounted only for 21% of the interactors identified by BiolD. Thus, BiolD identifies more
functionally relevant interactors. [517] Furthermore, BiolD and co-IP were previously used for the
identification of interactions involved in the nonsense-mediated mRNA decay (NMD), a surveillance
pathway that controls proper gene expression by eliminating mRNAs that are unable to terminate
translation correctly, e.g. by the presence of a premature stop codon. [518] The Eukaryotic Translation
Initiation Factor 4A2 (EIF4A2) was identified by BiolD proximity labeling, but missed by conventional IP,
probably due to the transient nature of this interaction. [519]

Another major advantage of proximity-dependent biotinylation over traditional IP is the potential decrease

in the detection of false positives, thus, the enrichment of true interactors. [516] Using proximity-
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dependent biotinylation allows the detection of interactors in living cells, whereas IP is performed with cell
lysates, enabling the detection of potential interactors that in a living cell do not have a common interface.
In addition, the strong covalent biotin-streptavidin interaction allows stringent washing, further reducing
the detection of false positive protein-protein interactions that might occur post-lysis. [516] Indeed, a study
analyzing the interactions of ribonucleoprotein complexes found evidence for the re-association of RNA-
binding proteins after cell lysis, which did not reflect the in vivo situation. [520]

Taken together, proximity-dependent labeling strategies have a number of advantages over traditional IP
to discover novel protein-protein interactors, thus, being an important complementary approach to our
GFP-IP. We used two proximity-dependent biotin labeling approaches, BiolD2 and TurbolD. The main
difference of these two strategies lies in the labeling kinetics: while BiolD2 biotinylates proteins in its near
vicinity (~10 nm) within 15 to 18 h, its directed-evolution variant TurbolD allows efficient biotinylation
within 10 to 20 min. [398, 399] Given the ability to faster biotinylate proximate proteins, TurbolD permits
to study temporal differences in parvin protein associations. Furthermore, using two distinct methods for
the identification of the a- and B-parvin interactome, enabled us to compare identified proteins and
matching binding partners would be considered as high confidence interactors.

We used the well-established interaction between parvins, ILK and PINCH, as well as RSU-1, to confirm the
success of our mass spectrometric-based a- and B-parvin interactomics. We identified all three FA proteins
as top hits in both cell types using GFP-IP and proximity-dependent biotinylation, demonstrating the
important of this complex (Fig. 47). Moreover, a- and B-parvin seem to mainly function via the IPP complex
in NRVCs and MOVAS. We also identified the integrin activator kindlin-2 at the intersection of all three MS-
based approaches as pan-parvin interactor in MOVAS, while the FA protein kank2 might be a cell type-
independent B-parvin-specific interactor. However, known parvin interactors such as paxillin and B-PIX, or
RhoA regulators, were not found at the intersection of the three MS-based approaches, which might be
due to differences in sample preparation. Furthermore, as mentioned above, we noticed that eGFP-tagged
a- and B-parvin only partially rescue the ILK and PINCH protein levels in a-parvin KO MOVAS, indicating that
the eGFP-tag might be influencing the IPP complex formation. It is therefore conceivable, that the
eGFP-tag might also influence the binding of proteins to parvins/IPP complex, which would explain the
absence of known parvin interactors from the GFP-IP. We therefore changed our strategy and compared
the proteins identified by GFP-IP or TurbolD in both cell types (Fig. 48).

Using GFP-IP we identified the FA protein kank2 and the F-actin binding protein and Rac and Cdc42 effector
IQGAP1 as potential B-parvin-specific interactors in both isolated NRVCs and MOVAS. IQGAP1 plays a

pivotal role in cell-cell adhesion, cell polarization and migration through connecting the Rho GTPases to the
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actin cytoskeleton and microtubules, latter of which has been reported to be ILK-dependent. [521, 522]
Furthermore, we identified the Rho GTPase activating protein ARHGAP24, also known as FilGAP, as
pan-parvin interactor in both NRVCs and MOVAS using proximity-dependent biotinylation. FilGAP is a
filamin A-binding Rac-specific GTPase that suppresses leading edge protrusion, stimulates cell retraction
and regulates integrin-mediated cell spreading in vivo. Furthermore, the protein is a mediator of the
Rac-RhoA antagonism, as FilGAP phosphorylation by ROCK stimulates its Rac GAP activity. [97, 436]
However, to my knowledge FilGAP, as well as IQGAP1, have not been shown to exhibit a direct function on
RhoA regulation, thus, in our setting these proteins could only influence RhoA activity indirectly through
regulating Racl activity. Although an earlier study shows that Racl activation occurs normally in a-parvin
KO SMA-positive cells isolated from embryos, its sustained activation is suppressed by the strong increase
in RhoA activity. [171] We can therefore not exclude that FilGAP or IQGAP1 might indirectly be involved in
a-parvin-dependent RhoA regulation.

In contrast to our GFP-IP, we identified a number of known focal adhesion proteins (e.g. kindlin-2, Peak1,
FAK) and parvin interactors, including paxillin, B-PIX and CdGAP, in both cell types using proximity-
dependent biotinylation (TurbolD), strengthening our confidence in this technique. [177, 178, 184]
Furthermore, these findings demonstrate the effect of different labeling times on the identification of
potential interactors, given the dynamic nature of adhesion structures.

Although we identified a number of potential a- and/or B-parvin interactors that could be interesting to
follow up on (e.g. kank2), we were focusing on the identification of interactors that are directly involved in
RhoA regulation. We identified two interesting proteins, Mprip and DLC-1, which are reported RhoA
regulators. [216, 221] Their potential role in linking parvin/IPP complex to the RhoA/MLC2 signaling

pathway will be discussed in detail in another chapter (see 5.6.3 and 5.6.4).

5.6.2 Identification of nuclear interactors

In line with our observations of the nuclear localization of parvins in isolated NMVCs, we identified a large
number of nuclear and ribosomal proteins in both IP and proximity labeling (Fig. 46). Most of the ribosomal
proteins found were hereby either components of the small 40S (e.g. Rps3, Rps11, Rpsl4, Rps26, Rps27)
or the large 60S ribosome subunit (e.g. Rpl9, Rpl10, Rpl23). Nuclear proteins identified ranged from nuclear
pore complex proteins (e.g. Nup54 and Nup88) to histones (e.g. Histlhla, Histlhle), replication
(e.g. Mcm7) and translation initiation factors (e.g. Eif2b5, Eif4a3, Eif6) to chromatin assembly proteins
(e.g. Chafla). Furthermore, a number of heat-shock proteins were identified (e.g. Hspal, Hspa4, Hspa8,

Hspal4, Hspb8).
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As both parvin isoforms harbor nuclear localization (NLS) and export signals (NES) this result is not too
surprising, although a nuclear function of parvins has not been studied yet. [165, 174] Furthermore, a
report suggests that the NLS is indeed functional due to nuclear targeting of GFP-a-parvin. [165] We could
show nuclear localization of a-parvin in MOVAS by cell fractionation and the use of leptomycin, which
inhibits the nuclear export, additionally confirmed nuclear association of a-parvin in our MOVAS cells.
Although already discussed in a different chapter (see 5.2.1), it has been previously shown that mRNA, RNA-
binding proteins and ribosomes rapidly and specifically localize to integrin adhesions sites. [523, 524]
Paxillin, for example, directly interacts with PABP1, thereby facilitating the transport of mRNA from the
nucleus to the leading lamella during cell migration. [457, 525] Furthermore, vinculin was shown to directly
interact with the RNA-binding protein raver-1, which shuttles from the nucleus to costameres during
muscle differentiation. [526] Moreover, FAK can also shuttle to the nucleus, where it impairs the
transcription of p53-dependent genes and participates directly in the transcriptional regulation of VEGFR2.
[527, 528] These and other publications revealing a role for ILK and PINCH in the nucleus enhance the
possibility that also a- and B-parvin exhibit nuclear functions. [444-446, 452, 453] However, in the scope of

the present study, potential nuclear interacting partners of both parvin isoforms were not further analyzed.

5.6.3 GFP immunoprecipitation revealed Mprip as potential parvin interactor

Previous publications and our own data show that a-parvin is an important regulator of the RhoA/MLC2
signaling pathway. [36, 171] However, the molecular link between the IPP complex component and the
signaling cascade remains unknown. To characterize parvin interaction partners we utilized GFP-IP with
subsequent proteomic analysis in isolated NVRCs and MOVAS cells and identified Mprip. Previous studies
show that Mprip functions as a scaffolding protein that targets MLCP to the contractile apparatus to
dephosphorylate MLC2. [220, 224] Some labs also reported a direct interaction with RhoA to regulate RhoA
activity but this is controversially discussed. [216, 217, 221] Nevertheless, its proposed function sets Mprip
as prime candidate for the missing link between a-parvin and the regulation of vSMC contractility.
Vascular smooth muscle cell contraction is tightly linked to the phosphorylation of the regulatory myosin
light chain (MLC) of myosin Il. [529] Ca?*-dependent MLCK and MLCP regulate the phosphorylation state of
MLC2 by opposing activities. While MLCK leads to the phosphorylation, MLCP dephosphorylates MLC2,
leading to the relaxation of vSMCs. MLCP activity is highly regulated by various signaling cascades, one of
which is the RhoA/ROCK pathway. Activation of RhoA by GTP loading results in the activation of its
downstream effector ROCK which in turn phosphorylates MYPT1 of MLCP at the two inhibitory sites Thr696
and Thr850. [101, 107, 108, 530, 531]
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Initial pulldown experiments confirmed the interaction between a-parvin and Mprip in HEK293 cells and
recombinantly expressed Twin-Strep-Mprip pulled-down endogenous a-parvin, ILK and PINCH from
MOVAS cell lysate (Fig. 49). Unfortunately, we were not able to express and purify the Twin-Strep-Mprip to
an extend required for further biophysical measurements.

Subsequent experiments using the Twin-Strep-Mprip showed ILK and PINCH pulled down from a-parvin KO
MOVAS cells. Although only performed once, this result indicates that Mprip might directly interact with
ILK or PINCH rather than a-parvin. To test this hypothesis ILK knockout and PINCH knockout cells need to
be tested for interaction with Mprip. Unexpectedly, despite their interaction in vitro a-parvin/IPP and Mprip
did not show obvious co-localization within the cell. While Mprip localized to stress fibers, a-parvin/IPP was
found in focal adhesions at the tips of stress fibers. However, a-parvin/IPP and Mprip might interact in the
cytosol (both are known to have a cytosolic pool) which is difficult to stain. On the other hand, we cannot
rule out that the interaction might be an in vitro artifact. To judge if a-parvin deletion impacts Mprip
function, we analyze MOVAS for Mprip expression levels or localization to actin stress fibers but did not
observe any alteration. Still, loss of a-parvin might impact Mprip function without altering its subcellular
localization. As reported by Surks et al. Mprip localizes to stress fibers and thereby targets MLCP to regulate
vSMC contractility. [216] Importantly, we observed a significant colocalization of phosphorylated MLC2 and
Mprip in a-parvin KO MOVAS indicating that MLCP targeting by Mprip might be impaired (Fig. 50). A previous
study reported that phosphorylation of Mprip by cGMP-dependent protein kinase (PKG) enhances the
association between Mprip and MYPT1 of MLCP and thereby increases MLCP activity. [223] PKG is a
serine/threonine-specific protein kinase that is implicated in the regulation of smooth muscle cell relaxation
and it was shown that the function of MLCK and MLCP activities are both affected by NO/PKG/cGMP
signaling. [111, 532, 533] It is therefore conceivable, that post-translational phosphorylation of Mprip might
be altered upon a-parvin deletion. Further analysis, e.g. by determining the phosphorylation of serine and
threonine residues by mass spectrometry, is necessary to prove this hypothesis. Furthermore, the use of
an PKG inhibitor (e.g. Rp-cGMPS) or a non-hydrolysable cGMP analog (e.g. 8-pCPT-cGMP) could help to
validate whether Mprip phosphorylation occurs in the a-parvin knockout setting.

In summary, our findings show an interaction of Mprip with the IPP complex and that Mprip function might
be controlled in an a-parvin-dependent manner. Further analysis is necessary to unravel the molecular

signaling between a-parvin/IPP complex and Mprip.
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5.6.4 A potential parvin-DLC-1 interaction was identified by proximity-biotinylation using
TurbolD

In addition to Mprip, the search for novel parvin interactors that link the RhoA/MLC2 signaling pathway to
a-parvin using TurbolD-based proximity labeling in isolated NRVCs and MOVAS identified DLC-1 (Fig. 51).
Although | did not have enough time left to investigate the functional impact of parvin-DLC-1 interaction
for parvin-mediated signal transduction, DLC-1 might be a very interesting candidate for further studies.
DLC-1 is a focal adhesion protein that negatively regulates cell migration and spreading due to its ability to
regulate RhoA and Cdc42 activity. [241, 242, 246, 437, 534-536] The protein is recruited to FAs via its FAT
domain and through the interaction with various focal adhesion proteins, such as tensin, talin and FAK.
[229, 238, 239, 242, 537, 538] Essential for DLC-1 binding to talin and FAK is an LD-like motif of DLC-1 which
shows great homology to the LD motif of paxillin in the hinge region. [537] Interestingly, among the proteins
that exhibit an affinity for LD motifs are the a- and B-parvin, which both directly interact with paxillin. [50,
175] Therefore, we hypothesize that parvins are able to recruit DLC-1 either through a direct interaction
via the LD-like motif or through an indirect interaction via tensin. Tensin and talin bind to B1, 3, B5 and
B7 integrin tails in a temporally regulated manner. [539, 540] However, whereas talin is recruited to all
adhesion sites including nascent adhesions and focal complexes, tensin is usually detected at mature FAs
and fibrillar adhesions. [66, 486] a-parvin KO MOVAS failed to form centrally located fibrillar adhesions and
therefore should exhibit defects in tensin recruitment to adhesion structures. Publications show that
tensin-DLC-1 interaction is important for DLC-1 recruitment to focal adhesions and for the regulation of
DLC-1's Rho GAP activity. Immunofluorescent labeling of a-parvin KO MOVAS using anti-tensin and anti-
DLC-1 antibodies would reveal whether maturation of FAs and concomitant DLC-1 recruitment is disturbed
upon a-parvin deletion. Furthermore, a number of different studies showed how DLC-1’s Rho GAP activity
is fine-tuned through post-translational modifications that result in either enhanced or reduced RhoA
signaling. [242-246, 541, 542] Therefore, a-parvin might influence DLC-1's Rho GAP activity by altering
DLC-1 or tensin protein levels, disturbing the recruitment to FAs or influencing post-translational
modifications.

Besides its ability to regulate RhoA activity, DLC-1 could additionally regulate smooth muscle contraction
through PLC&1 binding. PLC, although often activated through GPCR signaling, directly binds 1 integrin
tails and modulates integrin-mediated cell adhesion. [543] Furthermore, published data show that the
Pyk2/paxillin/Rac signaling, involved in cell spreading and migration, can be activated in a PLC-dependent
fashion. [544] As PLC&1 interactor, DLC-1 enhances the hydrolyzation of PIP2, leading to the increased

release of DAG and IPs, latter of which mobilizes Ca?* from the endoplasmic-sarcoplasmic reticulum and
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elicits rapid contraction of vascular smooth muscle cells. [545] IPs-induced Ca®* release leads to the
activation of the Ca?*/calmodulin-dependent MLCK and the subsequent phosphorylation of MLC2. Indeed,
in vivo deletion of IPs receptors resulted in a dramatical reduction of MLC2 phosphorylation due to
increased MYPT1 phosphorylation and concomitant inactivation. [546] Furthermore, vSMC-specific
overexpression of DLC-1 was shown to result in enhanced PLC&1 activity in isolated vSMCs and the in vivo
analysis of mice revealed an important role for DLC-1 in the pathogenesis of coronary spasm. [545]
Conversely, DLC-1 knockdown resulted in lower PLCS1 activity leading to lower cellular Ca?* concentrations
in human coronary artery SMCs. [547] Based on our proteomic results and published studies we
hypothesize that a-parvin-depletion impairs FA recruitment of DLC-1 protein levels or its PLCS61 binding
capability, hence, leading to a decrease in MLCK activity and increased MLC2 dephosphorylation. Whether
PLC81-induced Ca?* increase plays a role in the upregulation of RhoA in a-parvin KO MOVAS needs to be

investigated.

5.7 Invivo analysis of a-parvin function

5.7.1 Invivo deletion of cardiac a-parvin

Constitutional deletion of a-parvin results in embryonic lethality at day E10.5-14.5 due to cardiovascular
defects including aberrant heart development. [171] To investigate the function of a-parvin in post-
developmental heart, we generated a new mouse line, a-pv(fl/fl) a-MHC-MerCreMer, that allows the
tamoxifen-induced excision of PARVA in cardiomyocytes. [386]

A single dose injection of TAM into a-pv(fl/fl) a-MHC-MerCreMer mice did not induce obvious phenotypic
changes and mice exhibited normal heart weight to tibia length ratio. However, after increasing the TAM
administration from a single dose to three doses on consecutive days, mice showed severely decreased
activity and appeared ill within five days after the last TAM injection, while vehicle-treated control mice
exhibited a normal appearance (Fig. 52). Reduction of the TAM amount injected on the three consecutive
days did not alter the fast onset of the lethal phenotype but reduced the number of
a-pv(fl/fl) a-MHC-MerCreMer mice dying in the experiment.

The cardiac-specific deletion of /LK in adult mice was reported to result in death between 6 to 12 weeks of
age after TAM administration and cardiac-specific PINCH double knockout mice died within one month.
[194, 211] Although a-parvin does play an important role in maintaining sarcomeric stability, we were
surprised that a-pv(fl/fl) a-MHC-MerCreMer mice showed a much faster onset of the lethal phenotype
compared to mice dying after /LK or PINCH deletion. [171] Given the importance of the IPP complex and

the stabilizing effect of the complex components among each other, it was rather expected that mice
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lacking a-parvin expression would die in a similar time frame. However, personal communications revealed
that a-parvin KO mice revealed the strongest kidney phenotype among the IPP components, so that
differences in the phenotype intensity between the IPP complex components are conceivable.
Furthermore, induced ablation of the ATPase H(+)-transporting lysosomal-interacting protein 2 (Atp6ap2)
in adult animals, an important protein of the renin/angiotensin system, resulted in rapid lethality within
five days after the last TAM injection, showing that such a quick onset of a lethal phenotype is feasible.
[548] However, an important caveat of the a-MHC-MerCreMer mouse line are potential unspecific effects
after tamoxifen-induced Cre activation which are independent of /oxP sites. Various laboratories have
tested different tamoxifen administration protocols, ranging from single to multiple TAM injections, to
enhance the efficiency and to avoid Cre-mediated toxicity in control mice. [386, 549-552] However, Cre-
induced DNA damage leads to gene dysregulation, cardiomyocyte apoptosis, cardiac fibrosis and
subsequently results in dose-dependent cardiac dysfunction. [550-553] Therefore, the optimal conditions
for maximizing recombination while minimizing cardiac defects upon activation of the Cre-loxP system
where reported to be 30 ug/g TAM per day, injected on three consecutive days. This TAM dosage was
shown to result in 10% Cre-induced mortality. [552] Lexow and colleagues even went down to the
administration of a single injection of 40 ug/g TAM to effectively avoid cardiac defects. [550] Furthermore,
an alternative selective estrogen receptor modulator, called raloxifene, was shown to circumvent TAM-
induced cardiac dysfunction. [551] Despite using the reported TAM administration protocols, the
unexpected fast onset of the observed lethal phenotype indicates that our a-pv(fl/fl) a-MHC-MerCreMer
mice might suffer from TAM-induced Cre toxicity rather than from a-parvin depletion. Therefore, further
investigation is needed to study the effect of a-parvin deletion in adult mice beyond the Cre-induced
cardiac defects and subsequent experiments should include an analysis of Kaplan-Meier curves with the
associated mortality of a-pv(fl/fl) a-MHC-MerCreMer mice and TAM-treated a-MHC-MerCreMer control
mice. Echocardiographic, histological and cellular analysis would provide additional information about the
role of cardiac a-parvin in adult mice.

To analyze the effect of a-parvin deletion in vivo in mice at the cellular level, | isolated adult cardiomyocytes
from TAM or vehicle-treated animals. Healthy, rod-shaped CMs could be isolated in high numbers from
vehicle-treated control mice. In contrast, cell suspensions from TAM-treated a-pv(fl/fl) MerCreMer hearts
only contained high yields of contracted but no healthy-looking rod-shaped cardiomyocytes. In contrast,
we did not observe cell morphological alterations in isolated adult CMs after in vitro knockout of a-parvin
using adenoviral expression of Cre. This discrepancy could be a result of the Cre toxicity of MerCreMer heart

cells but also of an insufficient in vitro a-parvin knockout given that adult CMs can only be kept in culture
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for three days and a-parvin-specific deletion defects might not be effectively induced. This goes in hand
with the times needed to develop cardiac defects after the knockout of the other IPP complex members,
ILK and PINCH, or other integrin-associated proteins such as talin and vinculin. [194, 211, 554, 555]
Costameres are very stable structures compared to adhesion structures in migrating cells, thus, the
turnover of adhesion molecules could be very slow, resulting in a longer half-life time of a-parvin in
costameres. [556, 557] Furthermore, from the analysis of neonatal CMs we know that a-parvin deletion
leads to severe spreading and contractility defects five days after Cre infection. On this account it seems
reasonable that no phenotype in isolated, fully differentiated, adult CMs, can be observed within the three
days after adenoviral transduction.

One aim of my thesis was to investigate the function of a-parvin as well as the functional divergence
between a- and B-parvin in cardiomyocytes in neonatal and adult animals. Therefore, we also generated
an a-pv(fl/fl) 8-pv(-/-) mouse strain expressing the fusion construct of Cre recombinase to the modified
estrogen receptor under the control of the a-MHC promotor (a-pv(fl/fl) 6-pv(-/-) a-MHC-MerCreMer).
Unfortunately, these experiments were haltered by the poor breeding performance of 8-pv(-/-) mice.
Female mice were either not pregnant or the litter was lost by still-born pups or pups that stopped moving
after a couple of days. According to a published report, infanticide does not play an important role in litter
loss, so other factors must be involved. [558] The mating of 8-parvin heterozygous mice in the
BI/6 background (6-pv(+/-)) did usually not result in 25% 8-pv(-/-) offsprings, according to Mendelian ratio,
that reached the weaning age. This observation was surprising as no overt phenotype of constitutional
B-pv(-/-) mice in a mixed background was reported and mice were viable and fertile, reaching a wildtype-
comparable age. In addition, Thievessen did not find any alterations in the structure of the heart in
B-pv(-/-) mice under homeostasis. [385] Considering the strong expression of B-parvin in the heart, this
result was remarkable. However, it also underlines the importance of compensation between the a- and
B-parvin isoform as the loss of B-parvin led to the upregulation of a-parvin, resulting in the stabilization of
the IPP complex (Thievessen, submitted). For this reason, a-pv(fl/fl) 6-pv(-/-) MerCreMer mice should be
analyzed in comparison to a-pv(fl/fl) MerCreMer mice; either in a different genetic background or by setting

up significantly more matings to increase the chances to obtain enough offspring for a detailed analysis.
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Discussion

5.7.2 Invivo deletion of a-parvin results in smooth muscle specific defects in the Gl tract but not
the aorta

Finally, we aimed to analyze the function of a-parvin in adult SMCs in vivo using a tamoxifen inducible
a-pVv(fl/fl) SMMHC-CreER™ mouse strain. Homozygous mice died within 9 weeks after the last tamoxifen
administration, illustrating the importance of a-parvin for SMC function in vivo (Fig. 53). While the dissection
of the Gl tract revealed a bloated stomach, ileum and cecum, other organs including the aorta seemed
superficially fine. Following the assumption that intestinal SMCs (iSMCs) show a comparable behavior as
we observed in MOVAS upon the knockout of a-parvin, this phenotype might be due to a hypercontractility
of the cells in the smooth muscle layer of the Gl tract. This hypercontractility could lead to an impairment
of the muscular layer, resulting in the disturbance of the intestine peristalsis leading to a paralytic ileus. A
disturbed peristalsis would also explain the fast weight loss mice exhibit shortly before they die. A related
phenotype was observed in mice lacking the SMC-specific expression of the serum response factor (SRF),
which resulted in the downregulation of key contractility signaling effectors such as smooth muscle-MLCK,
a-SMA and SM-MHC. [559] In line with our assumption that hypercontractile a-parvin KO iSMCs could
impair the intestine muscle layer, a previous doctoral study reported major defects in the SMC layer of the
small intestine in SMMHC-CreER™ mice after TAM treatment. [36] Although the in vivo analysis of a-parvin
function in adult iSMCs was not subject of my thesis, | also observed defects in the SMC muscular layer by
histological analysis. Interestingly, even though vascular defects upon the knockout of a-parvin were
described for a PDGFR-B-CreER™ mouse strain, no phenotype was observed in the aorta of induced
a-pv(fl/fl) SMMHC-CreER™ mice, probably due to the severity of the intestinal defect leading to death. [36]
It is possible, that the development of vascular defects needs more time under physiological conditions
than the given 9 weeks. To investigate if the deletion of a-parvin results in vascular defects, mice could be
challenged (e.g. stimuli-induced hypertension, physiological exercise) to increase the strain and allow
mouse analysis before the intestinal-induced death.

Another possible explanation for the absence of an obvious aortic phenotype could be the fact that the
conditional deletion of a-parvin occurs solely in SMCs in SMMHC-CreER™ mice, while the PDGFR-8-CreER™
mouse strain depletes a-parvin in vascular pericytes and SMCs. [388, 560] Given these circumstances, a

direct comparison between SMMHC-CreER™ and PDGFR-8-CreER™ mice might just not be appropriate.
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Short Summaries of Publications

Short summaries of publications

Paper I: LCP1 preferentially binds clasped aMB2 integrin and attenuates leukocyte adhesion under flow

Integrins are a/p heterodimeric cell surface receptors that can adapt different affinity states towards their
ligands. The switch from an unbound, low-affinity (‘inactive’ state) to the bound, high-affinity (‘active’ state)
conformation is accompanied by the separation of the a and B integrin subunits. It is known that the
separation of the two subunits can be reversed, however how the cell differentiates between active and
inactive integrins and avoids unwanted integrin activation was unknown on the molecular level. Therefore,
it was hypothesized that interacting proteins, besides the previously reported filamin-1, might exist that
preferentially bind to the clasped conformation, keeping the integrin in an inactive state. In order to identify
such conformational-specific interactors recombinant aM and B2 proteins (TMcyto domains only) were
dimerized by Jun-Fos dimerization domains. aMB2 TMcyto heterodimers were formed in a 1:1 ratio and
incorporated into bicelles to maintain the native protein conformation and promote protein-lipid
interactions. Subsequently, the aMB2 TMcyto domains were used in pulldown experiments and the
interactome was analyzed by liquid chromatography—tandem mass spectrometry (LC-MS/MS).

In a first experiment, single a5, aM and allb as well as B1, and B3 integrin TMcyto domains were
incorporated into negatively charged bicelles to investigate whether this incorporation affects the affinity
of proteins for the integrin cytoplasmic tails. We found qualitative differences between the interactomes
of the diverse integrin subunits when performing pulldown experiments from bone marrow derived
macrophage lysates. In addition, the results demonstrated the feasibility of a bicelles-incorporated integrin
cytoplasmic tail screening approach.

Using the Jun-Fos-dimerized aMB2 TMcyto domains as baits, we identified a number of conformation-
specific integrin interactors, including L-plastin (LCP1). Subsequent experiments revealed that LCP1
functions as talin-1 competitor for its binding to the integrin cytoplasmic domain. Furthermore, we showed
that LCP1 depletion positively influences integrin aMB2 surface level and cell attachment to fibrinogen and
ICAM in unstimulated cells. LCP1 functioned as an aMPB2 integrin inactivator under flow conditions, thereby

negatively regulating the adhesion strength and resistance to shear forces. [29]
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Paper II: Bridging length scales in sarcomere organization within native cardiomyocytes

Cardiomyocytes are striated self-beating muscle cells that contain sarcomeric structures as contractile
apparatus. Although the overall structure of sarcomeres, containing thin (actin), thick (myosin) and elastic
(titin) filaments, has been revealed decades ago, much remains to be discovered about how the molecular
players interact together within the cellular environment. We used in situ cryo-electron tomography (cryo-
ET) to obtain molecular views of cardiac myofilaments in frozen-hydrated NRVCs.

We cultured isolated NRVCs on fibronectin-coated gold EM grids, cryo-fixed them and prepared lamellas
using cryo-focused ion beam (cryo-FIB) milling. Using Transmission Electron Microscopy (TEM) images, we
obtained a view of the CM interior, in which we identified long myofibrils, mitochondria and the
sarcoplasmic reticulum. Myofibrils were subsequently imaged and quantitatively analyzed in 3D by cryo-
ET. The quantitative analysis revealed that the 3D architecture of myofilaments is conserved within cardiac
and skeletal muscle where thick myosin filaments organize in a hexagonal lattice with thin actin filaments
located at trigonal positions. Furthermore, we used subtomogram averaging to produce a de novo structure
of F-actin in complex with tropomyosin resolved at 20.7 A. In addition, filament polarity was analyzed
allowing the localization of Z-discs and M-lines within the myofilaments of NRVCs. These findings were

corroborated by thin filaments found in the open myosin state at the molecular level. [320]
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LCP1 preferentially binds clasped aMp2 integrin and attenuates

leukocyte adhesion under flow
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ABSTRACT

Integrins are o/p heterodimers that interconvert between inactive and
active states. In the active state the o/p cytoplasmic domains recruit
integrin-activating proteins and separate the transmembrane and
cytoplasmic (TMcyto) domains (unclasped TMcyto). Conversely, in
the inactive state the o/p TMcyto domains bind integrin-inactivating
proteins, resulting in the association of the TMcyto domains (clasped
TMcyto). Here, we report the isolation of integrin cytoplasmic tail
interactors using either lipid bicelle-incorporated integrin TMcyto
domains (a5, oM, allb, 1, B2 and B3 integrin TMcyto) or a clasped,
lipid bicelle-incorporated «Mp2 TMcyto. Among the proteins found to
preferentially bind clasped rather than the isolated oM and B2
subunits was L-plastin (LCP1, also known as plastin-2), which binds
to and maintains the inactive state of tMp2 integrin in vivo and thereby
regulates leukocyte adhesion to integrin ligands under flow. Our
findings offer a global view on cytoplasmic proteins interacting with
different integrins and provide evidence for the existence of
conformation-specific integrin interactors.

KEY WORDS: LCP1, Integrin inactivator, Leukocyte adhesion,
Integrin interactome, Proteomics

INTRODUCTION

Integrins are o/ heterodimeric cell surface receptors that establish
cell—cell and cell-extracellular matrix (ECM) interactions required
for migration, proliferation, differentiation and survival. The a.and 8
integrin subunits are composed of a large extracellular domain, a
single transmembrane segment of ~25 amino acids and a short
cytoplasmic tail of 10—-70 amino acids. Integrin binding to ligand
leads to integrin clustering, the assembly of a protein network
termed adhesome, and eventually the transduction of biochemical
and biophysical signals (also called outside-in signaling).

A hallmark of integrins is their ability to adopt different affinities
toward their ligand. The affinity switch from an unbound, low-
affinity conformation to the bound, high-affinity conformation
(called integrin activation or inside-out signaling) is believed to be
mediated by the two adaptor protein families, talins and kindlins,
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which bind to specific sites in the f integrin cytoplasmic domain and
to lipids of the nearby plasma membrane. The consequence of talin
and kindlin binding is the dissociation of the transmembrane and
cytoplasmic (TMcyto) domains of the o and B subunits, leading to
the separation (unclasping) of the proximal legs of the o/f integrin
ectodomain, followed by a conformational change in the
extracellular domain that allows high-affinity ligand binding
(Campbell and Humphries, 2011; Kim et al., 2011; Shattil et al.,
2010). Although it is evident that the high-affinity conformation can
be reversed, it is not entirely clear how this is achieved at the
molecular level. Several proteins such as sharpin, filamin family
members and ICAP, as well as phosphorylation of the f integrin tail,
have been shown to displace talin and/or kindlin family proteins,
leading to the association of integrin o/ TMcyto subunits through
the interaction between GxxxG dimerization motifs in the outer half
of the plasma membrane (called the outer plasma membrane clasp)
and a salt bridge in the juxtamembrane region at the inner half of the
plasma membrane (called the inner plasma membrane clasp) (Lau
et al., 2009; Yang et al., 2009). Both the outer and the inner plasma
membrane clasps constitute weak interactions, suggesting that
proteins may exist that lock and/or maintain integrins in an
inactive state. Such integrin inactivators could represent a
regulatory mechanism that efficiently prevents unwanted integrin
activation, which is particularly important for cells of hematopoietic
origin (Schmidt et al., 2013). Furthermore, proteins interacting with
inactive integrins would allow cells to distinguish between active and
inactive integrins in other processes including integrin biosynthesis
and intracellular integrin trafficking, which affect the levels of
integrins at the cell surface and modulate signaling pathways
(Bouvard et al., 2013; De Franceschi et al., 2015).

In the present paper, we developed a screening strategy to identify
proteins that preferentially bind clasped o/p integrin tails. Among the
proteins that favored binding of clasped aMp2 integrin tails was L-
plastin. Plastins are a family of three actin-bundling proteins with
distinct expression patterns: T-plastin (also known as plastin-3) is
broadly expressed, including in all cells with replicative potential (Lin
et al., 1993), I-plastin (also known as plastin-1) is restricted to
intestine and kidney cells, while L-plastin (LCP1, also known as
plastin-2) expression occurs in leukocytes and in many malignant
human cell lines of non-hematopoietic origin (Lin et al., 1988).
Plastins consist of two amino-terminal EF-hands, implicated in Ca**
binding, and two tandem actin-binding domains each composed of
two calponin homology domains. Although plastins are primarily
involved in regulation of the actin cytoskeleton, they possess
additional properties and are involved in several cellular functions
such as cell migration, neutrophil function, DNA repair and
endocytosis (Delanote et al., 2005). LCP1 has been linked to
integrins, yet the precise mechanism of how it regulates integrin
function is unclear. LCP1 has been shown to interact with B integrin
subunits (Le Goff et al., 2010), and to activate M2 integrin in
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polymorphonuclear neutrophils (PMNs) (Jones et al., 1998) and
o VB3 integrin in K562 cells (Wang et al., 2001). In contrast, however,
LCP1~/~ neutrophils exhibit no integrin activation defect but fail to
mount an efficient integrin adhesion-dependent respiratory burst
(Chen etal., 2003). Here, we show that LCP1 forms a ternary complex
with aMp2 integrin and negatively regulates integrin-mediated cell
adhesion by maintaining oMf2 integrin in an inactive conformation.

RESULTS

o and p integrin tail interactors isolated with bicelle-
incorporated TMcyto domains

Due to the short cytoplasmic domains of integrin o and B subunits,
direct integrin interactors such as talins and kindlins are in close
proximity to the plasma membrane with which they interact to
reinforce integrin tail binding and induce signaling (Anthis et al.,
2009; Goult et al., 2010, 2009; Liu et al., 2011; Moore et al., 2012;
Perera et al., 2011; Saltel et al., 2009). Previous studies employed
yeast two-hybrid or pull-down experiments with either single o or
integrin cytoplasmic domains to identify specific binding partners
(Legate and Fassler, 2009; Morse et al., 2014; Raab et al., 2010).
However, these approaches do not detect binding partners whose
interaction with the plasma membrane is crucial for integrin tail
binding. To solve this issue we incorporated the recombinant integrin
Bl TMcyto domain into bicelles as a membrane-mimetic
environment. Bicelles form discoidal nanostructures that have been
used to study the structure of different integrin TMcyto domains
through the use of nuclear magnetic resonance (NMR) spectroscopy
(Lau et al., 2008a,b, 2009; Lu et al., 2012; Surya et al., 2013). The
bicelles used in this work were composed of the long-chain
phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 6-cyclohexyl-1-hexylphosphocholine (Cyclofos-6) as
the short-chain phospholipid that stabilizes the edge of the bilayer
discs (Fig. S1A). As biological membranes contain negatively
charged lipids (Leventis and Grinstein, 2010) we replaced 10% of
DMPC with phosphatidylserine (POPS) and confirmed the
phospholipid ratio in the bicelles through the use of liquid
chromatography-mass spectrometry (LC-MS) (Fig. SIA-C). In
line with previous studies (Lu et al., 2012; van Dam et al., 2004),
changing the ratio of DMPC to Cyclofos-6, referred to as the g-value,
gave rise to bicelles with hydrodynamic radii ranging from
3.16+0.08 nm (meants.e.m.; q=0.25) to 19.95+0.64 nm (q=4), as
measured using dynamic light scattering (DLS) (Fig. S1D).

Next, we expressed His-tagged a5 and Bl integrin TMcyto
domains in E. coli, purified them and determined their incorporation
into bicelles by measuring their hydrodynamic radius via DLS.
Although o5 and Bl integrin TMcyto domains were successfully
incorporated into bicelles with a g-value of 0.25, their direct
incorporation into bigger bicelles (q=2) failed (Fig. S1E). As in silico
modeling suggests that the bicelle radius must be >8 nm to support
membrane interactions of kindlin and talin proteins bound to B3
integrin, we tested the possibility of increasing the radius by mixing
small and large bicelles. Indeed, incubation of q=0.25 bicelles with
q=4 bicelles to produce a q=2* (asterisk indicates the generation of
q=2 bicelles by incubating q=0.25 bicelles with g=4 bicelles) mixture
resulted in a homogenous solution of bicelles with a hydrodynamic
radius of 8.88+0.51 nm (Fig. S1D). Using this approach we
incorporated o5 or Bl integrin TMcyto domains into q=0.25
bicelles and added an equal volume of q=4 bicelles, resulting in
q=2* bicelles containing our protein of interest with a hydrodynamic
radius of ~10 nm (Fig. S2; Table S1).

To test whether negatively charged lipids in B1 integrin TMcyto-
containing bicelles increase the association of proteins to B1 tails in

pull-down experiments, we incubated His-tagged TMcyto domains
of Bl and o5 integrins either incorporated into bicelles or left
without bicelles with mouse fibroblast cell lysates and pulled down
talin and kindlin-2, known to establish plasma membrane
interactions for optimal integrin binding (Anthis et al., 2009;
Goultetal., 2010, 2009; Liu et al., 2011; Moore et al., 2012; Perera
et al., 2011). Due to the mild washing conditions, we observed a
very weak binding of both proteins to a5 integrin TMcyto and
empty beads. Importantly, however, B1 integrin TMcyto domain
incorporated into bicelles bound significantly more talin (48%) and
kindlin-2 (38%) compared to the B1 integrin TMcyto domain alone
(Fig. 1A,B). These data show that the incorporation of integrin
TMcyto domains into negatively charged bicelles can increase the
affinity of proteins for the integrin cytoplasmic domains and thereby
could promote the identification of novel integrin tail interactors in
pull-down assays. To identify interacting partners of different
integrin TMcyto domains, we recombinantly expressed o5, oM and
ollb as well as Bl, B2 and B3 integrin TMcyto domains,
incorporated them into q=0.25 bicelles, mixed those with q=4
bicelles and performed a pull-down with hypotonic cell lysates
derived from mouse bone marrow-derived macrophages (BMDM).
After pull-down, the interacting proteins were resolved using
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then
identified through the use of liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Fig. S3A).

Our analysis identified around 1500 proteins (Table S2). Label-
free quantification revealed good reproducibility and consistency
between replicates (Fig. S3B). Four, 43 and 156 proteins were
significantly enriched in the a5, oM and ollb cytoplasmic tail
interactome, respectively, (Fig. 1C,D; Table S3), while 60, 55 and
107 proteins were enriched in B1, B2 and B3 pull-downs,
respectively (Fig. 1C,D; Table S3). Interestingly, no common
interactors were identified for all three integrin o cytoplasmic tails,
while the B1, B2 and B3 subunits had 13 common interactors,
including talin-1 and filamin-1 (also known as filamin-A) (Fig. 1D;
Table S3). These results are in line with the presence of conserved
motifs shared among the B1, B2 and B3 integrin cytoplasmic
domains and highly divergent motifs in o integrin tails. These data
demonstrate the feasibility of screening approaches based on
bicelle-incorporated proteins and show qualitative differences
between the interactomes of different integrin subunits.

Identification of conformation-specific tMp2 integrin
interactors

Various proteins bind to either o or B cytoplasmic tails to regulate
the integrin activity state (Legate and Fassler, 2009). However,
filamin-1 was very recently shown to simultaneously bind inactive,
clasped olIbB3 integrins in order to maintain the inactive state (Liu
et al., 2015). A shortcoming of earlier screening approaches is the
use of single o or B integrin cytoplasmic domains, which do not
recruit interactors that require both integrin tails for binding. To
detect such integrin interactors we developed a strategy to mimic the
heterodimeric integrin cytoplasmic tail conformation in its inactive,
clasped state. Our method is based on the Jun—Fos dimerization
domains (fused to the ectoplasmic N-termini of the TM domains) as
‘velecro’ to mediate heterodimer formation. Since a previous
fluorescence resonance energy transfer (FRET) study revealed a
spatial separation of the oM and B2 subunit cytoplasmic tails in the
plasma membrane upon chemokine-induced integrin activation
(Lefort et al., 2009), we decided to construct a Jun—Fos-dimerized
oMB2 TMcyto domain to clasp the oM and B2 TMcyto domains
and used it as bait to search for interactors of integrins in the inactive
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Fig. 1. Interactome analysis of individual, lipid-incorporated a and p integrin TMcyto domains. (A) Pull-down of talin and kindlin-2 using recombinant
His-tagged a5—TMcyto or 1—-TMcyto proteins with or without bicelle incorporation, from cell lysates. (B) Quantification of talin and kindlin-2 binding to His-tagged
B1-TMcyto proteins with or without bicelle incorporation from western blots, using ImageJ (meanzs.e.m., n=3, *P<0.05). (C) Volcano plots of fold-change of
protein intensities versus t-test P-value for binding to distinct o and B integrin subunits; statistically significant (P<0.05) interactors are labeled in red.

(D) Overlap of proteins identified as interactors with the different o and p TMcyto domains illustrated as a Venn diagram.

state. To this end we expressed recombinant proteins consisting of
an amino-terminal tag sequence (His or FLAG for purification and
pull-down) followed by a cysteine—glycine (CG) linker, the Jun—Fos
dimerization domains, a 4x glycine linker (GGGG) and the oM or
B2 integrin TMcyto domains (Fig. 2A,B). The CG linker was
inserted to ensure stability, a parallel orientation and a correct
stagger of the coiled coil sequences within the dimer, while the
GGGQG linker was inserted to provide flexibility of the integrin tails.
The proteins were expressed and purified from bacteria (Fig. 2B,
lanes 2—4) and when incubated together, His—Fos—oM—-TMcyto and
FLAG-Jun—B2-TMcyto formed heterodimers in a 1:1 ratio
(Fig. 2B, lane 1). DLS measurements revealed that the
incorporation of aM or B2 TMcyto into bicelles increased their
size from 8.88+0.51 nm (empty bicelles) to 10.05+£0.26 nm or
10.25+0.31 nm, and after incorporation of the Jun—Fos-dimerized
oaMB2 TMcyto to 11.17+0.49 nm (Fig. S2).

The Jun—Fos-dimerized aMB2 TMcyto domains incorporated into
bicelles were used to pull down proteins from BMDM lysates. The

interactome was subjected to LC-MS/MS and the identified proteins
were quantified using the label-free quantification algorithm of the
MaxQuant software and compared with the interactome from
individual oM and B2 TMcyto domains. We identified 1561
proteins, and application of the statistical #-test between B2 and
oMP2 interactors revealed 222 proteins that increased binding to
associated oMB2 integrins (Fig. 2C, Table S4), among them filamin-
2 (also known as filamin-C), and moesin, which has been shown to
displace talin-1 and inactivate integrins (Vitorino et al., 2015). Taken
together, these results highlight the existence of cytoplasmic proteins
that interact predominantly or exclusively with different oMp2
integrin structural states (corresponding to clasped inactive state or
non-clasped activated state heterodimers).

L-plastin (LCP1) maintains cMpB2 integrins in an inactive state

The hematopoietic-specific c-actinin family member L-plastin (LCP1)
(Lebart etal., 2004) was among the proteins with the strongest increase
in binding to the clasped aMB2 TMcyto domain (Fig. 2C). LCP1 isan
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Fig. 2. Interactor screen with clasped o/p integrin TMcyto baits.

(A) Schematic representation of the integrin TMcyto constructs. CG, cysteine-
glycine motif to stabilize the dimer; Fos (Dim) and Jun (Dim), dimerization
domain of Fos and Jun proteins; GGGG, glycine stretch to increase the
flexibility of the integrin cytoplasmic tails. (B) Recombinant His—Fos—oM—
TMcyto, His—Jun—p2—TMcyto, and 3xFLAG—Jun—p2—TMcyto were expressed
and purified with Ni-NTA or FLAG-M2 beads as monomers (lane 2, 3, 4). Co-
incubation of His—Fos—aM—-TMcyto and 3xFLAG-Jun—32—TMcyto followed by
Ni-NTA reveals dimer formation (lane 1). (C) Volcano plot showing fold-change
of protein intensities versus t-test P-value for cytosolic proteins interacting with
oM-TMcyto versus aMp2-TMcyo domains. Proteins with significantly
increased binding to either oM or aMpB2 (P<0.05) are labeled in red. Filamin-2
(FLNC) and LCP1 are marked. (D) Western blot analysis of talin and LCP1
pulled down with individual aM-TMcyto and f2—-TMcyto or clasped oMp2—
TMcyto domains embedded in bicelles. (E) Quantification of LCP1 and talin
western blot band intensities shown in D (meanzs.e.m., n=3, *P<0.05).

(F) Quantification of GST or GST-LCP1 binding to immobilized His—Fos—aM—
TMcyto, His—Jun—B2—-TMcyto and the clasped His—Fos—oM-TMcyto/
3xFLAG—-Jun—p2—-TMcyto dimer using solid-phase ligand-binding assays.
Bound proteins were detected with anti-LCP1 antibodies. GST was used as
control for nonspecific binding (meanzts.e.m., n=3, **P<0.01). (G) Western blot
showing the pull-down of MBP—B2—cyto with His—aM—cyto in the presence of
GST-LCP1. (H) Western blot and densitometric analysis of 2 integrin co-
immunoprecipitations for GFP and B2 integrin from lysates of PMA- or DMSO-
treated PLB985 cells expressing GFP-LCP1. B2 integrin served as a loading
control to quantify GFP-LCP1 binding (meants.e.m., n=3, *P<0.05).

() Binding of GST-LCP1 to His—Fos—aM-TMcyto or His—Fos—aM-TMcyto/
3xFLAG-Jun—B2-TMcyto dimer was assessed in the absence or presence of
recombinant talin-1 head. A representative SDS-PAGE of three independent
experiments is shown.

actin-bundling protein that has been implicated in the formation and/
or maintenance of integrin-associated adhesion structures (Jones
et al., 1998; Morley, 2012; Wang et al., 2001). As LCP1 has been
shown to interact with the cytoplasmic domain of 1 and B2 integrins
(Le Goff et al., 2010), we first validated the interaction with
bicelle-embedded, Jun—Fos-dimerized oMf2 and individual 2
TMcyto domains in pull-down experiments. In line with our
proteomics data, the Jun—Fos-dimerized aMB2 TMcyto bait pulled
down significantly more LCP1 than the B2 TMcyto bait. Conversely,
talin was predominantly pulled down by the 2 TMcyto bait (Fig. 2D,
E). Furthermore, purified recombinant glutathione S-transferase
(GST)-tagged LCP1 also showed higher binding to clasped Jun—Fos-
dimerized oMpB2 TMcyto compared to the individual oM and B2
TMcyto domains in ELISA assays (Fig. 2F). To further support the
formation of a ternary complex between oM, B2 and LCP1 we
performed pull-down experiments with recombinant GST, GST-
LCP1, His—aM-cytoplasmic tail (His—aM-—cyto), and maltose-
binding protein—B2 cytoplasmic tail (MBP—2—cyto) (Fig. S4A,B).
These experiments revealed that His—aM—cyto was only able to pull
down MBP—B2—cyto in the presence of GST-LCP1 but not in the
presence of GST (Fig. 2G). GFP-LCP1 co-immunoprecipitated with
B2 integrins from neutrophil-like PLB985 cell lysates and,
importantly, this interaction was significantly reduced after agonist-
induced integrin activation by phorbol 12-myristate 13-acetate
(PMA) (Fig. 2H), indicating that LCP1 also preferentially interacts
with inactive B2 integrins in cells. Finally, we tested whether LCP1
competes with talin for integrin binding similar to the integrin
inactivator filamin-1 (Calderwood et al., 2001). To this end, we
examined the binding of GST-LCP1 to dimeric oMB2 integrin
TMcyto in the absence or presence of excess amounts of purified
talin-1 head domain and found that the talin-1 head reduced
GST-LCPI binding to Jun—Fos-dimerized aMB2 TMcyto domains
(Fig. 21). Taken together, these findings indicate that LCP1 forms a
ternary complex with cytosolic domains of oMp2 integrin and
competes with talin-1 for integrin tail binding.

LCP1 regulates B2 integrin-mediated functions and activity
The biochemical data suggests that LCP1 stabilizes the inactive
conformation of M2 integrins. In order to test this hypothesis we
overexpressed GFP-tagged LCP1 in differentiated neutrophil-like
PLB985 cells (Fig. S5A) and analyzed the levels of active aMB2
integrin by fluorescence-activated cell sorting (FACS) using
antibodies that recognize activation-induced epitopes. GFP—LCP1
but not GFP alone exerted a significant inhibitory effect on aMf2
integrin activation (Fig. 3A) without altering the total cell-surface
oMPB2 integrin levels (Fig. 3B). Interestingly, PMA- or tumor
necrosis factor oo (TNFo)-induced integrin activation failed to fully
rescue the integrin activation defect in GFP—LCP1-overexpressing
PLB98S5 cells (Fig. 3C).

Since LCP1 overexpression locks oMf2 integrin in an inactive
state, we expected that LCP1 depletion would render aMf2
integrins more active. To deplete LCP1 we retrovirally expressed
two different short hairpin RNAs (shRNA) in differentiated
PLB985 and macrophage-like Raw264.7 cells (Fig. 3D;
Fig. S5B), which reduced LCP1 levels by ~85% and ~70%,
respectively. Surprisingly, LCP1 depletion did not change the levels
of active aMP2 in differentiated PLB98S5 cells (Fig. 3E) but instead
increased the cell-surface levels of aMP2 integrin in differentiated
PLB985 (Fig. 3F) and Raw264.7 (Fig. S5C) cells without
significantly altering oM and B2 integrin mRNA levels (Fig. S5D,
E). Importantly, the increased aMp2 integrin levels could be
normalized after re-expression of shRNA-resistant wild-type LCP1
(Fig. 3G,H). LCP1 could potentially change cell-surface levels of
B2 integrin without altering mRNA levels by affecting the total
amount of B2 integrin protein in the cell or through altered surface
presentation. We therefore analyzed B2 integrin protein levels and
the stability of cell-surface B2 integrins in control and LCPI-
depleted PLB985 and Raw264.7 cells. LCP1 levels had no effect on
B2 integrin stability and protein levels in PLB985 cells (Fig. 3LJ)
suggesting that changes in B2 integrin surface levels are due to
altered protein trafficking. In contrast, LCP1 depletion in Raw264.7
cells reduced B2 integrin degradation and as consequence increased
the total B2 integrin protein levels (Fig. 3K,L).

In line with a role of LCP1 as negative regulator of integrin
activation, LCPl-depleted Raw264.7 cells showed increased
adhesion to the integrin oMP2 ligands fibrinogen and intercellular
cell adhesion molecule-1 (ICAM-1) without prior agonist-induced
integrin activation (Fig. 4A-D), even after sorting for equal aMp2
integrin levels to control Raw264.7 cells (Fig. 4E,F). Interestingly,
the increased adhesion of LCP1-depleted Raw264.7 cells was lost
upon stimulation with PMA, which is a strong integrin activator
(Fig. 4A,B), but not upon stimulation with TNFa (Fig. 4C,D).
Similar results were obtained with LCP1-depleted differentiated
PLB985 cells, which adhered more strongly to fibrinogen, and this
effect was reversed on re-expression of LCP1 (Fig. 4G-I). Since
phosphorylation of LCP1 on serine-5 and serine-7 regulates its actin
bundling activity and localization (Morley, 2012), we next tested the
effect of LCP1 phosphorylation on cell adhesion in PLB985 cells and
its ability to interact with clasped oMP2 integrin. To this end, we
substituted serine-5 and serine-7 of LCP1, the major phosphorylation
sites located in its regulatory headpiece domain (Lin et al., 1998;
Shinomiya et al., 1995), with alanine (LCP1 SS/AA) or glutamic acid
(LCP1 SS/EE). The serine-to-glutamic acid exchange strongly
reduced the binding of GFP-tagged LCP1 (GFP-LCP1 EE) to Jun—
Fos-dimerized oMpB2 TMcyto bait proteins compared to wild-type
LCPI1 and LCP1 SS/AA (Fig. 4H). As a result, expression of GFP—
LCP1 EE in LCPl1-depleted PLB985 cells failed to reduce cell
adhesion to fibrinogen (Fig. 41).
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Fig. 3. LCP1 regulates oMB2 integrin-mediated functions and activity.
(A) Quantification of «Mp2 integrin activation in PLB985 cells overexpressing
GFP-LCP1, determined by means of FACS using an antibody against an
activation-induced epitope. Active oMp2 integrin antibody binding levels were
normalized to total cell-surface levels of «Mp2 integrin; values are normalized
to GFP-expressing cells. (meants.e.m., n=5, *P<0.05). (B) oMp2 integrin
cell-surface expression in GFP—LCP1 overexpressing PLB985 cells relative to
GFP-expressing PLB985 cells (values are normalized to GFP-expressing
cells; meants.e.m.; n=5; n.s., not significant). (C) Quantification of active «Mp2
integrin cell-surface levels in GFP—LCP1-overexpressing PLB985 cells using
FACS after TNFo- and PMA-induced integrin activation (active oMB2 integrin
levels were normalized to total cell-surface levels of aMp2 integrin; values are
normalized to GFP-expressing cells; meants.e.m., n=5, *P<0.05).

(D) Western blot analysis of shRNA-mediated depletion of LCP1

in differentiated (dif) and undifferentiated PLB985 cells. Cells were infected
with shCtrl or two different LCP1 shRNAs (shLCP1-1 and shLCP1-2).

(E) Quantification of M2 integrin activation in LCP1-depleted differentiated
PLB985 cells using FACS (active «MB2 integrin levels were normalized to total
cell-surface levels of aMp2 integrin; values are normalized to differentiated
cells expressing shCtrl; meants.e.m.; n=3; n.s., not significant). (F) FACS
analysis of «MB2 cell-surface expression on LCP1-depleted differentiated
PLB985 cells after LCP1 knockdown (values are normalized to shCtrl cells;
meanzs.e.m., n=3, *P<0.05, **P<0.01). (G) Western blot of LCP1 and GFP in
differentiated LCP1-depleted PLB985 cells after GFP—LCP1 re-expression.
(H) Re-expression of shRNA-resistant GFP-LCP1 in LCP1-depleted PLB985
cells (shLCP1-1, shLCP1-2) restores aMp2 integrin cell-surface levels.
Expression of cell-surface aMp2 integrin was determined using FACS (values
are normalized to shCtrl-GFP; meants.e.m.; n=3; *P<0.05; **P<0.01, n.s., not
significant). (I,K) Western blot and densitometric analysis of cell lysates from
shCtrl and LCP1-depleted PLB985 (l) and Raw264.7 (K) cells for total f2
integrin protein levels. Actin served as a loading control to quantify 82 integrin
levels (meants.e.m.; n=3; *P<0.05; n.s.; not significant). (J,L) Degradation of
cell-surface B2 integrin was determined in PLB985 (J) and Raw264.7 (L) cells
through biotinylation of cell-surface proteins and incubation for O h or 24 h,
followed by streptavidin pull-down, western blot analysis and quantification
(meants.e.m.; J, n=3; L, n=4; **P<0.01; n.s., not significant).

To test the influence of LCP1 on adhesion of PLB985 cells under
flow conditions, we analyzed adhesion of LCP1-depleted and
GFP-LCP1 overexpressing PLBI8S cells using a microflow chamber.
The experiments revealed that the number of adherent LCP1
knockdown cells per field of view (FOV) in fibrinogen-coated
microflow chambers is significantly increased compared to shCtrl
cells at baseline condition (Fig. SA). By increasing shear stress levels
in the flow chamber, control adherent cells detached faster compared
to adherent LCP1-depleted PLB98S cells, indicating that the reduction
in LCP1 levels induced resistance against shear forces (Fig. 5B).
Conversely, GFP-LCP1-overexpressing cells adhered less compared
to control cells at low shear (Fig. 5C) and detached faster after
increasing the shear stress (Fig. 5SD). Taken together, these results
suggest that LCP1 negatively regulates adhesion strength and
resistance to shear forces by maintaining oMpB2 integrin in an
inactive conformation.

DISCUSSION

Integrins rely on the recruitment of proteins to their cytoplasmic tails
to regulate their activity state, establish a connection to the actin
cytoskeleton, initiate intracellular signaling and regulate their
intracellular trafficking (Legate and Fassler, 2009; Margadant
et al.,, 2011). Previous interaction studies identified cytoplasmic
interactors of isolated o and B integrin subunits but most approaches
are unable to detect interactors that require hetero-association of
both integrin tails for binding. Therefore, we generated bait proteins
for pull-down assays that consisted of clasped o/p integrin TMcyto
domains. To ensure that integrin-interacting proteins requiring
TMcyto—protein as well as plasma membrane-lipid interactions did
not escape our detection, we embedded the clasped o/f TMcyto

domains into bicelles. We used quantitative MS to compare the
interactome of individual o and B integrin subunits (representing the
unclasped, active conformation of an integrin transmembrane and
cytoplasmic domain) with the clasped o/f integrin TMcyto domain
(representing the inactive TMcyto-associated heterodimeric state)
and found several integrin interactors that preferably bound to either
single or clasped integrin TMcyto domains.

One important modification of our proteomic approach is the
incorporation of integrin TMcyto domains into bicelles as a
membrane-mimicking system to stabilize and support protein
interactions with the integrin cytoplasmic tails. Integrins contain
only short cytoplasmic domains and recruit their intracellular
interactors in close proximity or even in direct contact with the
plasma membrane. A number of intracellular integrin interactors,
including talins and kindlins, contain membrane-binding sites that
increase the association constant upon binding integrin tails and
charged lipids (Anthis et al., 2009; Goult et al., 2010, 2009; Liu et al.,
2011; Moore et al., 2012; Perera et al., 2011). Using integrin bait
proteins incorporated into bicelles, we identified four, 43 and 156
proteins that were pulled down with a5, oM and allb cytoplasmic
tails, respectively, and between 55 and 107 proteins with the different
B integrin subunits. The number of potential interactors is slightly
higher but still in the range of previously published proteomics
interaction studies with o or B integrin peptides (Raab et al., 2010;
Schiller et al., 2013). The increased number of interactors could be
the result of less stringent, detergent-free washing conditions to
preserve bicelle integrity or the presence of a membrane to facilitate
and stabilize potential interactions. Indeed, the binding of talin and
kindlin-2 to the 1 TMcyto domain increases after incorporation of
the B1 TMcyto bait into bicelles. The charged membrane either
presents an additional binding motif that adds to the overall affinity or
favors optimal alignment of the two interactors for high-affinity
binding, as has been shown for interaction of the talin FERM domain
with the B3 cytoplasmic tail in the presence of negatively charged
PtdIns(4,5)P2 (Moore et al., 2012). Despite the different pull-down
approaches, we observed similar trends to those previously published
regarding the number of interactors with the individual o or B
cytoplasmic domains. For example, only a few proteins bind to o5
tails as compared to ollb (Raab et al., 2010). Likewise, there are a
higher number of B3 integrin interactors compared to B1 integrins
(Schiller et al., 2013). Further modification of the bicelle
composition, for example by adding specific phosphatidyl-inosites,
would allow the analysis of protein recruitment to integrin cytosolic
domains in specific membrane compartments.

An important property of integrins, usually not taken into account
in proteomic-based screening approaches for interactors, is their
ability to switch between conformational states. In their inactive state
the TMcyto domains of the o and B integrin subunits are associated,
while they become separated upon integrin activation. Cells
distinguish between the two conformations during integrin
activation on the cell surface to control ligand binding and the
conformation-specific trafficking of integrins through the endosomal
system (reviewed in De Franceschi et al., 2015). Evidence suggests
that the inactive conformation of integrins may not be a default state
but is dynamically regulated by the binding of intracellular proteins,
referred to as integrin inactivators (Bouvard et al., 2013). Intracellular
integrin inactivators trigger integrin inactivation and/or maintain
integrins in an inactive state, thereby establishing a regulatory
mechanism to efficiently prevent unwanted integrin activation. This
mode of regulation is particularly important for oIIbB3 integrin and
B2-class integrins expressed on hematopoietic cells to prevent blood
clotting or unwanted attachment of leukocytes to the vessel wall, with
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Fig. 4. LCP1 regulates aMB2 integrin-mediated cell adhesion. (A-D) Quantification of cell adhesion of LCP1-depleted Raw264.7 cells on fibrinogen (10 pg/ml)
(A,C) and ICAM-1 (4 pg/ml) (B,D) for 30 min with or without PMA (A,B) or TNFa (C,D) treatment; values are normalized to control cells (shCtrl) (meants.e.m.; n=3;
*P<0.05; **P<0.01; n.s., not significant). (E) FACS analysis of 2 integrin cell-surface expression on LCP1-depleted Raw264.7 cells sorted for equal 2 surface
levels (values are normalized to shCtrl cells; meanzs.d., n=3, n.s. not significant). (F) Quantification of cell adhesion of control and LCP1-depleted Raw264.7 cells
with equal oMB2 integrin surface levels for 30 min on fibrinogen (10 pg/ml); values are normalized to control cells (shCtrl) (meants.e.m., n=4, *P<0.05).

(G) Western blot of LCP1 and GFP in differentiated LCP1-depleted PLB985 cells expressing GFP, or GFP-tagged wild-type or mutant LCP1 variants. (H) Western
blot analysis to determine GFP—LCP1 binding to aMp2—TMcyto domains with antibodies against GFP. Cell lysates of differentiated LCP1-depleted PLB985 cells
expressing GFP, or GFP-tagged wild-type or mutant LCP1 variants, incubated with His—aM—-TMcyto or clasped His—oaM—-TMcyto/3xFLAG—B2—-TMcyto domains
bound to Talon beads. Binding of recombinant integrin tails to the resin was verified using Coomassie Blue staining. A representative experiment of three
independent experiments is shown. (1) Quantification of cell adhesion of differentiated control and LCP 1-depleted PLB985 cells expressing GFP, or GFP-tagged
wild-type or mutant LCP1 variants for 30 min on fibrinogen (100 pg/ml); values are normalized to control cells (shCtrl) (meants.d., n=5, *P<0.05).

dramatic consequences for immune functions (Schmidt et al., 2013). To mimic the inactive heterodimeric integrin cytoplasmic tail
With the exception of filamin-2 and moesin, however, we were conformation we developed a bait for pull-down experiments based
unable to detect other prominent integrin tail-binding inactivators on the Jun—Fos dimerization domains, which have been used to
including sharpin, ICAP, etc. in our pull-down experiments. maintain heterodimeric association of recombinantly expressed o/
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A B Fig. 5. LCP1 regulates M2 integrin-mediated adhesion
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integrin ectodomains (Eble et al., 1998; Raynal et al., 2006).
Unexpectedly, we observed a large number of proteins pulled down
with the Jun—Fos-dimerized aMB2 TMcyto tails compared to the
single oM or 2 TMcyto domain. This could be due to the low
stringency binding and washing conditions that pulled down
low-affinity binding proteins and complexes as well as unspecific
interactors with the Jun—Fos domains. Among the dimer-specific
interactors, we identified filamin-2 and moesin, which have been
shown to promote integrin inactivation (Das et al., 2011; Vitorino
et al., 2015). Filamins have been established as negative regulators
of integrin activation by competing with talin-1 for integrin B tails
(Das et al., 2011; Ithychanda et al., 2009; Kiema et al., 2006). A
recent NMR study showed that filamin-1 forms a ternary complex
with the allb and B3 cytoplasmic tails to stabilize the integrin inner
membrane clasp and thereby retains the integrin in a resting state
(Liu et al., 2015). Moesin, a member of the ezrin, radixin and
moesin (ERM) protein family, is phosphorylated by MAP4K4 and
displaces talin-1 from integrin B tails, leading to integrin
inactivation (Vitorino et al., 2015). Our proteomics data also
suggest that moesin has binding sites for o and B tails and therefore
binds associated M2 integrins. However, further structural and
biochemical analyses are necessary to support this hypothesis.

In addition to filamin-2 and moesin, we identified LCP1 as an
interactor of clasped, inactive oMB2 TMcyto tails. LCP1 is a
member of the a-actinin family of actin crosslinking proteins, with a
restricted expression pattern in hematopoietic cells and cancer tissue
(reviewed in Delanote et al., 2005; Morley, 2012). Several members
of the a-actinin family of proteins, particularly o-actinin-1, as well
as filamin-1, link the actin cytoskeleton to the plasma membrane via
interaction with integrins (Otey et al., 1990; Pavalko and LaRoche,
1993; Sharma et al., 1995). Previous studies have shown that LCP1
binds to the cytoplasmic domains of B1 and B2 integrins via its actin-
binding domain (Le Goff et al., 2010). However, a structural
characterization of how LCP1 engages the heterodimeric integrin
cytoplasmic face has not been reported. Our pull-down and
immunoprecipitation experiments suggest that LCP1 preferentially
binds to clasped oM B2 TMcyto tails and exhibits a lower affinity for
the isolated oM and B2 cytoplasmic domains. A similar increased
affinity has been observed for the ternary binding of filamin-1 to the

cytoplasmic domains of ollb and B3 integrin under clasped
conditions (Liu et al., 2015).

To address the role of the LCP1-aMP2 integrin complex, we
analyzed the consequences of altering LCP1 protein levels on
integrin activation in leukocytes. We found that LCP1 depletion
leads to increased adhesion of macrophages and differentiated
neutrophil-like PLB985 cells under resting conditions while LCP1
overexpression reduced the levels of active oMP2 integrins on
differentiated PLB985 cells. The increased adhesion of LCP1-
depleted Raw264.7 cells to fibrinogen and ICAM-1 was lost upon
treatment with PMA but not TNFa, confirming that PMA is the
stronger integrin activator (Harokopakis and Hajishengallis, 2005).
These findings suggest that the LCP1-aMB2 complex stabilizes
inactive integrins to prevent spontaneous and/or excess integrin
activation in resting hematopoietic cells and the pathological
consequences such as thrombosis or inflammation. Interestingly,
neutrophils isolated from LCPI knockout mice have previously
been reported to show diminished respiratory burst generation and
increased adhesion under non-stimulatory conditions, while
adhesion was normal after PMA, fMLP and TNFo stimulation
(Chenetal., 2003). In addition, in previous studies LCP1 expression
in CV-1 fibroblasts showed fewer and smaller focal contacts, often
leading to the rounding-up of the cells (Arpin et al., 1994; Timmers
et al., 2002). These observations would be in agreement with our
findings that LCP1 stabilizes the inactive state of integrins.
However, it has to be noted that LCP1 overexpression or
knockdown could impact integrin function independent of its
direct interaction with integrin cytosolic domains and that it might
have additional functions affecting cell adhesion, including
cytoskeletal alterations through its actin-bundling activity. We
observed reduced binding of LCP1 SS/EE to clasped oM B2 TMcyto
domains. However, these mutations also increase the F-actin-
binding activity of LCPIl. With more structural information
available, it will be possible to design LCP1 mutants that abolish
integrin binding without affecting their interaction with actin to
resolve the role of LCP1 in integrin activity regulation.

Finally, we found that depletion of LCP1 increased B2 integrin
stability and cell-surface levels of aMB2 integrin without changing
B2 integrin mRNA levels in Raw264.7 cells, suggesting an
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additional role of LCP1 in reducing surface trafficking of inactive
oMB2 integrin. In contrast, depletion of LCP1 in differentiated
PLBO98S5 cells had only a small effect on cell-surface levels of aMf2
integrin, and no discernable effect on integrin stability. Since
cell-surface levels of B2 integrin were previously shown to remain
unchanged in LCP1-depleted PMNs (Chen et al., 2003), it is
possible that the effect of LCP1 on cell-surface levels of integrins is
cell type-dependent. Several actin-regulatory proteins, including
o-actinin-1 and LCPI1, are involved in transmembrane protein
trafficking (Burguefio et al., 2003; Foran et al., 2006; Schulz et al.,
2004). Previous studies reported a role of Sac6P, the yeast LCP1
homolog, in the organization of the actin cytoskeleton and
endocytosis of the maltose transporter (Adams et al., 1995;
Penalver et al., 1997; Skau et al., 2011). Other studies have shown
a role for LCP1 in E-cadherin endocytosis in colon cancer cells
(Foran et al., 2006). Finally, there is evidence that LCP1 may also
regulate the trafficking of transmembrane proteins by binding Rab5, a
critical GTPase of the endocytic pathway (Hagiwara et al., 2011).
In conclusion, our study reveals that LCP1 regulates integrin-
mediated cell adhesion by stabilizing the clasped conformation of
oMB2 integrin. Further investigations will be required to show how
and to what extent o/ tail-binding integrin inactivators regulate
dynamic adhesion and migration across a variety of cell types.

MATERIALS AND METHODS
Antibodies
The following antibodies, raised against the listed proteins, were used: Talin
(8d4, Sigma; 1:1000), Kindlin-2 (MAB2617, Millipore; 1:1000), His (2365,
Cell Signaling Technology; 1:1000), FLAG-M2-HRP (A8592, Sigma;
1:10,000), GAPDH (CB1001, Calbiochem; 1:2000), LCP1 (GTX 114524,
Genetex; 1:1000), GFP (A11122, Invitrogen; 1:1000), B2 integrin (gift from
Dr Melanie Laschinger, Technical University of Munich, Germany; 1:200),
B2 integrin (sc-8420, Santa Cruz Biotechnology; 2-4 pg), activated oM
integrin (301402, BioLegend; 1:100), oM integrin (301302, BioLegend,
1:100), MAC1-PE (12-0112, eBioscience; 1:200), MAC1-biotin (557395,
PharMingen; 1:200), MBP-HRP (E8038, New England Biolabs; 1:1000).
The following secondary antibodies were used: goat anti-mouse Alexa Fluor
546 (A-11003, Life Technologies; 1:200), goat anti-mouse Alexa Fluor 488 (A-
11029, Life Technologies; 1:200) donkey anti-mouse Alexa Fluor 647 (A-31571,
Life Technologies; 1:200), goat anti-rat HRP (712035150, Dianova; 1:10,000),
goat anti-mouse HRP (172-1011, Bio-Rad; 1:10,000) and goat anti-rabbit HRP
(172-1019, Bio-Rad; 1:10,000), streptavidin-Cy5 (016160084, Dianova; 1:200).
Recombinant human ICAM-1/CD54 (ADP4-200) and mouse TNFa
(410-MT) were obtained from R&D Systems.

Plasmids

For recombinant bacterial expression, integrin f1-TMcyto (residues from
719 to 799 of the full-length mouse Bl integrin subunit), integrin B2—
TMcyto (residues from 698 to 771 of the full-length mouse B2 integrin
subunit), B3—TMcyto (residues from 714 to 787 of the full-length mouse 3
integrin subunit), a5-TMcyto (residues from 993 to 1054 of the full-length
mouse o5 integrin subunit), ollb—TMcyto (residues from 986 to 1033 of the
full-length mouse allb integrin subunit), tM—TMcyto (residues from 1106
to 1153 of the full-length mouse oM integrin subunit) were cloned in-frame
with the Fos dimerization domain (residues from 161 to 200 of full-length
mouse Fos protein) (allb-TMcyto, aM—TMcyto and a5S—TMcyto) or Jun
dimerization domain (residues from 277 to 318 of full-length mouse Jun
protein) (B1-TMcyto, f2—TMcyto and B3—TMcyto) and subcloned into the
pET15b vector (Clontech) to generate His—Fos—a5-TMcyto, His—Fos—
ollb-TMcyto, His—Fos—oM-TMcyto, His—Jun—B1-TMcyto, His—Jun—p2—
TMcyto, and His—Jun—B3—TMcyto constructs. f2—cyto (residues from 726
to 771 of the full-length mouse B2 integrin subunit) was cloned into
pCoofy35 and aM-—cyto (residues from 1130 to 1153 of the full-length
mouse oM integrin subunit) was cloned into pCoofyl7 to generate
MBP-B2—cyto and His—aM—cyto, respectively. The 6xHis tag sequence

was replaced with a 3XFLAG tag within pET16b vector to generate
3xFLAG—Jun—f2-TMcyto.

To stably knock down LCP1 in PLB985 cells, shRNA targeting the
human LCP1 sequences were introduced into the pSUPER.retro vector
(OligoEngine) to produce retroviral particles: 5-AGTAGCCTCTC-
CTGTATTT-3’ (shLCP1-1),  5'-AGAAGCTGCAGTGGTATTA-3’
(shLCP1-2). In Raw264.7 cells, shRNA target sequences directed against
the mouse LCP1 sequence were introduced into the pSUPER.retro vector to
produce retroviral particles: 5'-GATGGCATAGTTCTTTGTA-3’ (shLCP1-1),
5'-CAAGTAGCTTCTGCTATAA-3' (shLCP1-2). The open reading frame of
LCP1 was amplified through the use of PCR from the OCAA human library
clone OCAA05051D1183D (imaGenes) and cloned into pJET1.2 cloning
vector (ThermoFisher). LCP1 SS/AA and SS/EE in which the serine 5 and
serine 7 were substituted with alanine or glutamic acid were cloned using
site-directed mutagenesis. The different LCP1 variants were cloned into
pEGFP-N1 (Clontech), and RRL-CMV-GFP lentiviral vector (provided by
Dr Alexander Pfeifer, University of Bonn, Germany). Wild-type LCP1 was
subcloned into pGEX-6P-1 (GE Healthcare) to express GST-tagged LCP1.

Cell culture

Raw264.7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) and PLB985 cells in RPMI (Gibco), both supplemented
with 10% (v/v) FBS at 37°C and 10% CO,, and free of mycoplasma
contamination. Differentiation of PLB985 cells into neutrophil-like cells was
carried out as described (Pivot-Pajot et al., 2010). Briefly, differentiation was
induced through incubation of PLB98S cells in RPMI medium supplemented
with 5% (v/v) FBS and 1.25% (v/v) DMSO for five days. The medium was
changed once on day three of the differentiation period.

Bone marrow was isolated from C57BL/6 mice and passed through a
70 um cell strainer (BD Biosciences) to obtain single cell suspensions. 4x10°
cells were seeded in 15 cm petri dishes (non-treated) and cultured at 37°C and
5% CO, in RPMI medium supplemented with 10% (v/v) FBS and 10%
macrophage-colony stimulating factor (M-CSF) as described before (Schmidt
et al., 2011). Non-adherent cells were removed after 24 h and adherent cells
were cultured for an additional 6 days. The cells were lysed in hypotonic lysis
buffer [10 mM Tris-HCI, pH 7.6; SmM KCI; 1.5 mM MgCl,; 1 mM
dithiothreitol (DTT), protease inhibitor cocktail (Roche) and phosphatase
inhibitor cocktail 2 and 3 (Sigma)] and cleared by centrifugation.

Transient and stable transfection and transduction

Cells were transiently transfected using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s protocol. To generate
stable cell lines, vesicular stomatitis virus G glycoprotein (VSV-G)
pseudotyped retroviral and lentiviral vectors were produced through
transient transfection of 293T (human embryonic kidney) cells. Viral
particles were concentrated from cell culture supernatant as previously
described (Pfeifer et al., 2000) and used for infection.

Flow cytometry

Flow cytometry was carried out with a FACSCantoTMII cytometer (BD
Biosciences) equipped with FACS DiVa software (BD Biosciences) using
standard procedures. Data analysis was carried out with the FlowJo program
(version 9.4.10). Cells were incubated with primary antibodies diluted in
FACS buffer [1% bovine serum albumin (BSA) in PBS (Sigma)] for 1 h on
ice, washed twice with cold FACS buffer and finally incubated with the
secondary antibody for 1 h on ice.

Adhesion assay

To measure cell adhesion, Raw264.7 and PLB985 cells were washed,
resuspended in FBS-free growth medium and either left untreated or treated
for 30 min with 100 ng/ml PMA or TNFa. Adhesion assays were performed
in 96-well flat-bottom plates coated for 2 h at room temperature with 10 pg/
ml fibrinogen (Sigma) or 4 pg/ml ICAM-1 (R&D systems). PLB985 cells
were left to adhere on 96-well flat-bottom plates coated with 100 pg/ml
fibrinogen (Sigma). Unspecific binding to the plates was blocked through
incubating the wells with 1% BSA/PBS. The wells were washed once with
PBS to remove excess BSA before seeding the cells (1x10° cells/well).
After adhesion at 37°C, the wells were washed by means of immersion into a
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plastic tray containing PBS. Adhered cells were fixed with methanol and
stained with Crystal Violet overnight (20% methanol, 0.1% Crystal Violet in
H,0). After intense washings, cells were solubilized in 0.5% Triton X-100,
and the number of cells was determined by measuring the absorbance at
595 nm using an ELISA reader.

Flow chamber assay

A detachment flow chamber assay was performed as described
(Schymeinsky et al., 2009). Briefly, microflow chambers (2x0.2 mm;
VitroCom) were coated with human fibrinogen (100 pg/ml in 0.1% BSA/
PBS, Sigma) for 3 h at room temperature and blocked with 5% casein
(Sigma-Aldrich) overnight at 4°C. Before the experiment, chambers were
washed with 0.9% NaCl solution (Fresenius Kabi) and then 10° cells/ml
(shLCP1, shCtrl, GFP or GFP-LCP1 PLB985 cells) suspended in perfusion
medium (HBSS buffer containing 1 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES, 0.25% BSA, 0.1% glucose, pH 7.4) were introduced into the flow
chamber. Flow was stopped for 30 min to allow cells to attach. Using a high-
precision syringe pump (Harvard Apparatus), flow was started at very low
shear stress (<0.5 dyn/cm?) for 60 s to remove debris, and then flow rates
were increased every 30 s up to a maximum of 160 dyn/cm?. Experiments
were performed with a Zeiss Axioskop2 (equipped with a 20x water
objective, 0.5 NA and a Hitachi KP-M1AP camera) and recorded with
VirtualDub (Version 1.9.11). The number of adherent cells/FOV was
analyzed off-line for baseline conditions and indicated in percentage of
baseline adhesion for every shear stress level in the generated movies.

Bicelle preparation

6-cyclohexyl-1-hexylphosphocholine (Cyclofos-6) was purchased from
Anatrace. 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine  (POPS)
was purchased from Avanti Polar Lipids and 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) was purchased from CordenPharma.
Lipid stock solutions were prepared by weighing out 500 mg of DMPC in
5 ml of cyto buffer (139 mM K,HPO,, 8.8 mM NaH,PO,, 0.4 mM MgCl,,
3.2 mM NacCl, pH 7.0), 200 mg of Cyclofos-6 in 4 ml of cyto buffer and
75 mg of POPS in 3.75 ml of cyto buffer. For 1 ml 3% bicelle solution, =4
bicelles, 236 ul DMPC stock, 152 ul POPS stock, and 68 ul Cyclofos-6
stock plus 544 pl cyto buffer were mixed and repeatedly subjected to a
temperature cycle: 45°C for 2 min, 5°C (or ice water) for 5 min. In between,
the solution was carefully mixed to avoid foaming. The temperature cycle
was repeated 10 times until the solution became clear. For 1 ml 3% q=0.25
bicelles, 72 pul DMPC stock, 56 pl POPS stock, and 400 pl Cyclofos-6 stock
plus 472 pl of cyto buffer were mixed and incubated as described above. The
stocks were snap frozen in liquid nitrogen and stored at —80°C.

LC-MS to determine lipid composition of bicelles

Bicelle samples (1%) were diluted 1:100 with 0.05% trifluoroacetic acid
in H,O for determination of their lipid compositions by liquid
chromatography-mass spectrometry (LC-MS) using a micrOTOF (Bruker
Daltonik) connected to an 1100 HPLC (Agilent). Analyses were performed on
a YMC-Pack Butyl 30 mm column (YMC) with a water:acetonitrile (0.05%
trifluoroacetic acid) gradient from 30-80% in 15 min at a mass range from
200-2000 m/z in positive mode. Extracted ion chromatograms at 350.2, 678.5
and 762.5 m/z were used to compare the relative ratio of the individual lipids.

Dynamic light scattering

Bicelle samples with different ratios of DMPC, POPS and Cyclofos-6 were
freshly prepared, and measured with or without integrin TMcyto domain
incorporation. The samples were measured using DLS (DynaPro NanoStar
from Wyatt Technology). Each sample was measured at 4°C, the acquisition
time was set to 5 s (x10) and each measurement was repeated three times.
The effective hydrodynamic radius was calculated with DYNAMICS
V7.1.7.16 (Wyatt Technology).

Expression and purification and incorporation of recombinant
proteins into bicelles

His—aM-cyto, maltose binding protein (MBP)-B2—cyto, glutathione
S-transferase (GST)-LCP1 were transformed into BL21(DE3) Arctic
Express E. coli, and protein expression was induced with 1 mM IPTG at

18°C for 24 h before purification of the tagged proteins using Ni-NTA beads
(Qiagen, 30210), Amylose resin (NEB, E8021), or GST*Bind Resin
(Millipore, 70541) according to manufacturer’s instruction. Plasmids
encoding His—Fos—a5-TMcyto, His—Fos—ollb—-TMcyto, His—Fos—aM—
TMcyto, 3XxFLAG—Jun—f2-TMcyto, His—Jun—f1-TMcyto, His—Jun—p2—
TMcyto and His—Jun—p3-TMcyto were transformed into BL21 (DE3)
Arctic Express E. coli, and protein expression was induced with 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) (30°C, 3 h for o integrin
subunits TMcyto domains; 18°C, 24 h for B integrin subunits TMcyto
domains). Afterwards, bacteria were pelleted using centrifugation,
resuspended in TBS buffer (50 mM Tris-HCI, pH 7.4; 150 mM NacCl)
containing 100 pg/ml lysozyme and 50 ug/ml DNase (ThermoFisher) and
rotated at 4°C for 2 h. After the addition of Empigen (Sigma) (30% solution;
1 ml per 10 ml of lysate) the bacterial lysates were rotated at 4°C for 1 h and
centrifuged 1500 g at 4°C for 1h. To purify His- and FLAG-tagged
proteins, supernatants were incubated with Ni-NTA agarose beads (Qiagen,
36113) and anti-FLAG M2 affinity gel (Sigma, A2220) for 2 h at 4°C
followed by extensive washing of the beads three times with TBS buffer and
twice with pre-equilibration buffer [20 mM imidazole; 50 mM Tris-HCI,
pH 6.5; 150 mM NaCl in 1% bicelles, q=0.25, as described (Lu et al.,
2012)]. The 6xHis-tagged proteins were eluted with elution buffer (250 mM
imidazole; 50 mM Tris-HCL, pH 7.4; 150 mM NacCl in 1% bicelles). The
proteins were concentrated using Amicon Ultra Centrifugal filters (10 kDa
molecular weight cutoff, Millipore) by a factor of 10 to obtain a final bicelle
concentration of 10%.

Bicelle-incorporated integrin TMcyto pull-down assay

For pull-down experiments, 9% volume of cyto buffer (139 mM K,HPO,,
8.8 mM NaH,PO,, 0.4 mM MgCl,, 3.2 mM NaCl, pH 7.0) was added to
10% TMcyto-bicelle solution to obtain a 1% bicelle solution. To increase the
bicelle size after protein incorporation from q=0.25 bicelles into g=2 bicelles,
5.2x volume of 1% q=4 bicelles was added. Integrin TMcyto domains
incorporated into g=2* bicelles were incubated with the soluble fraction of
bone marrow-derived macrophage (BMDM) lysates generated with
hypotonic buffer [10 mM Tris-HCI, 5 mM KCI, 1.5 mM MgCl,, | mM
DTT, protease inhibitor cocktail (Roche)] overnight at 4°C. Importantly,
maximal 1.6x the volume of concentrated lysate was added to the TMcyto
bicelle solution, which kept the bicelle concentration (above 0.35%) and the
Cyclofos-6 concentration (above 2.7 mM) high enough to support bicelle
formation. Afterwards, the bicelle-lysate mixture was incubated with Ni-
NTA magnetic agarose beads (Qiagen) for 2 h at 4°C. After three washes with
q=2* bicelle solution in cyto buffer, proteins were eluted from the beads by
boiling with 80 pl 4x Laemmli sample buffer for 5 min, separated using SDS-
PAGE and analyzed by means of LC-MS/MS or western blotting.

Mass spectrometry analysis of the pull-down samples
The samples were eluted from Ni-NTA magnetic agarose beads by boiling
with Laemmli sample buffer and separated on NuPAGE Novex 4-12% Bis-
Tris protein gels (ThermoFisher). The gel was fixed in 50% methanol, 10%
acetic acid, 40% H,O for 30 min at room temperature and stained with
GelCode Blue Safe Protein Stain reagent (ThermoFisher). Each lane was cut
into three bands and digested using the standard in-gel digestion protocol
(Shevchenko et al., 2006). Briefly, the gel bands were cut into roughly 1 mm
cubes and de-stained in ethanol solution before incubation with 20 mM
DTT and 40 mM chloroacetamide to reduce and alkylate the proteins. The
gel pieces were then rehydrated in trypsin solution (12.5 ng/ul in 50 mM
ammonium bicarbonate) and incubated overnight at 37°C. After overnight
digestion, the peptides were extracted in 30% acetonitrile and 3%
trifluoroacetic acid solution followed by 100% acetonitrile solution. The
extracted peptides were then desalted and concentrated using C;g StageTips
(Rappsilber et al., 2003) prior to LC-MS/MS analysis. The peptides were
separated on a 120 min gradient in a 15 cm reversed phase column [75 um
inner diameter columns (New Objective) packed in-house with 3 pm
Reprosil C;g beads (Dr. Maisch HPLC) using EASY-nLC II
(ThermoFisher)] and sprayed directly into a LTQ Orbitrap XL mass
spectrometer via a nano-electrospray ion source (ThermoFisher).

Peptides were analyzed using a top five data-dependent acquisition
method. Survey scans were acquired in the Orbitrap at a resolution of 60,000
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(400 m/z) after accumulating a target of 1x10° ions within a maximum
injection time of 1000 ms. From the survey scan, up to the top five most
abundant precursors were selected and fragmented in the linear ion trap by
means of collisional-induced dissociation with automatic gain control target
value of 10,000 within a maximum injection time of 150 ms, and the
fragmentation spectra were recorded in the ion trap. The peptide precursors
selected for fragmentation were dynamically excluded for 90 s after a repeat
count of one in order to minimize the repeat sequencing.

For each set of integrin heterodimer pull-downs, the raw files were
processed using the MaxQuant computational platform (Cox and Mann,
2008) (version 1.5.1.8). The peak lists generated were searched against the
Uniprot mouse proteome sequence database (59375 entries) using the
Andromeda search engine (Cox et al., 2011). The peptide precursors were
searched with an initial mass tolerance of 7 ppm and the fragment ions were
searched with a tolerance of 0.5 Da. Carbamidomethylation of cysteine was
used as a fixed modification and oxidation of methionine and amino
terminal protein acetylation were set as variable modification for the
database search. The minimum peptide length was set to six amino acids
and the identifications were filtered at 1% for the peptide level and 5% for
the protein level. The g-value (defined as local false discovery rate based on
a target-decoy search with forward and reversed protein sequences) was
used for assessing the confidence in the identification of individual
proteins. The match between the runs feature was enabled and label-free
protein quantitation was performed using the MaxLFQ algorithm (Cox
et al., 2014).

All statistical analysis was performed using the Perseus bioinformatics
platform (http://www.perseus-framework.org). Student’s z-tests were used
to compare two samples with permutation-based FDR (4%) for multiple
hypothesis testing.

Solid-phase ligand-binding assays

To determine GST-LCP1 binding to the integrin TMcyto domains, 96-well
MaxiSorp plates (Nunc) were coated overnight at 4°C with purified His—Fos—
oM-TMcyto, His—Jun—B2-TMcyto and the dimer composed of His—Fos—
oM-TMcyto/3XFLAG—Jun—B2-TMcyto at 1.25 mmol/ml in 50 mM sodium
bicarbonate buffer, pH 9.6. Plates were blocked with SuperBlock (TBS)
blocking buffer (ThermoFisher) for several hours at room temperature,
washed twice with washing buffer (50 mM Tris-HCI, pH 7.5, containing
200 mM NaCl and 0.05% Tween) before adding GST or GST-LCP1 in
M-PER buffer (ThermoFisher) and incubating overnight at 4°C. After
extensive washing with washing buffer, bound proteins were detected with an
anti-LCP1 antibody, followed by an anti-rabbit HRP-conjugated secondary
antibody. HRP substrate (ATBS, Vector) was added to the wells, and
absorbance was monitored at 405 nm. GST was used as control for non-
specific binding.

Pull-down experiments using recombinant proteins

To analyze the ternary complex between the cytosolic domains of oM
integrin, B2 integrin, and LCP1, His—aM-cyto was incubated with Ni-
NTA beads for 3 h at 4°C followed by washing of the beads three times
with TBS buffer (50 mM Tris-HCI, pH 7.4; 150 mM NaCl). Beads were
incubated with GST, MBP—B2—cyto or GST-LCP1 and MBP—B2—cyto,
and incubated for 2 h at 4°C. The beads were washed three times with TBS
to remove unbound proteins. The proteins were eluted from the beads by
boiling with 80 pl 4x Laemmli buffer for 5 min, separated by means of
SDS-PAGE and analyzed through the use of western blotting with the anti-
MBP antibody.

For the talin-1 head competition assays, recombinant His—Fos—oaM—
TMcyto and dimeric His—Fos—aM—TMcyto/3xFLAG—Jun—f2-TMcyto (5—
10 pg) were incubated with 25 pl pre-cleared Talon Metal Affinity Resin
(Clontech) in 0.5 ml TBS (50 mM Tris-HCI, pH 7.4; 150 mM NaCl) for2 h
at 4°C under rotation. The beads were washed three times with TBS and
recombinant talin-1 head (80 pg), GST-LCPI or a combination of both
proteins were added to the beads in 0.5 ml binding buffer (50 mM Tris-HCI
pH 7.5; 200 mM NaCl; 1 mM TCEP) supplemented with BSA 100 pg/ml.
After incubation at 4°C overnight, the beads were washed extensively with
binding buffer and the proteins were eluted twice with 50 pl elution buffer I
(binding buffer plus 250 mM imidazol) using Spin Cups columns

(ThermoFisher). Eluted samples were boiled with Laemmli loading buffer
and analyzed by means of SDS-PAGE.

For the pull-down of GFP-tagged LCP1, PLB985 cells were lysed for
10 min on ice [lysis buffer: 150 mM NacCl; 1% Triton X-100; 50 mM Tris-
HCI, pH 8.0; 2 mM EDTA; 0.05% Na-deoxycholate; Phosphatase Inhibitor
Cocktail 2 and 3 (Sigma); cOmplete Mini Protease Inhibitor Cocktail
Tablets (Roche)] and the lysate sonicated and cleared using centrifugation at
16,000 g for 10 min at4°C. 1 mg of protein lysates were incubated with His—
Fos—oM-TMcyto or dimeric His—Fos—aM-TMcyto/3xFLAG-Jun—p2—
TMcyto (20 pg) bound to 50 ul pre-cleared Talon Metal Affinity Resin
(Clontech) and incubated overnight at 4°C. Following repeated washes with
lysis buffer, proteins were eluted from the beads using Laemmli buffer and
analyzed by means of western blotting using antibodies against GFP.
Binding of recombinant integrin tails to the resin was verified using
Coomassie Blue staining.

Immunoprecipitation of 2 integrin

For the immunoprecipitation of endogenous B2 integrin, differentiated
PLBO98S5 cells expressing GFP-LCP1 were treated with DMSO or 100 ng/ml
PMA for 30 min at 37°C before lysis in lysis buffer for 10 min on ice. After
sonification and centrifugation at 16,000 g for 10 min at 4°C, 1 mg of
protein lysates were incubated with 2—4 pg of the monoclonal mouse anti-32
integrin antibody (Santa Cruz Biotechnology) for 2 h at 4°C under rotation.
Washed Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology)
(50 pul/sample) were added to the lysates and incubated overnight at 4°C
under rotation. After three washes with lysis buffer and one with PBS,
Laemmli loading buffer was added to the beads and boiled for 7 min at 95°C
to elute bound proteins.

Stability of cell-surface integrins

The half-life of cell-surface proteins was determined as described previously
by means of biotinylation (Béttcher et al., 2012). Briefly, cells were washed
twice in cold PBS and surface-biotinylated with 0.2 mg/ml sulfo-NHS-LC-
biotin (ThermoFisher) in PBS for 45 min at 4°C. Following washes with
cold PBS the cells were incubated in regular growth medium for 0 h and
24 h at 37°C. Cells were lysed in IP buffer (50 mM Tris-HCI, pH 7.5;
150 mM NaCl; 1% Triton X-100; 0.1% sodium deoxycholate; 1 mM
EDTA; protease inhibitors) and biotinylated proteins were pulled down with
streptavidin-sepharose (GE Healthcare). After three washes with lysis
buffer, samples were analyzed using SDS-PAGE and western blotting.

Quantitative real-time polymerase chain reaction

Total RNA was isolated from cultured cells using the RNeasy mini kit
(Qiagen), of which 1000 ng was transcribed into cDNA using the iScript
cDNA Synthesis kit (Bio-Rad). Quantitative real-time polymerase chain
reaction (QRT-PCR) was performed with the LightCycler 480 (Roche) using
SYBR green (Bio-Rad) and the following primers: 2 forward-1, 5'-
CAGGAATGCACCAAGTACAAAGT-3'; B2 reverse-1, 5'-CCTGGTCC-
AGTGAAGTTCAGC-3’; B2 forward-2, 5'-AACGGAAACAGCTATCT-
CCAC-3’; B2 reverse-2, 5-GAGTAGGAGAGATCCATGAG-3’; oM
forward-1, 5'-ATGGACGCTGATGGCAATACC-3’; oM reverse-1, 5'-
TCCCCATTCACGTCTCCCA-3'; oM forward-2, 5'-CCATGACCTTC-
CAAGAGAATGC-3'; oM reverse-2, 5'-ACCGGCTTGTGCTGTAGTC-
3’; GAPDH forward, 5'-TCCTGCACCACCAACTGCTTAGC-3’; GAPDH
reverse, 5'-TGGATGCAGGGATGATGTTCTGG-3'. Each sample was
measured in triplicate and values were normalized to GAPDH.

Statistical analysis

Statistical significance was determined using two-tailed unpaired Student’s
t-test. Results are expressed as the mean+standard error of the mean (s.e.m.),
unless indicated otherwise. Bar graphs throughout the study were generated
in Microsoft Office.
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determined by LC-MS. Cyclofos-6 (blue), POPS (green), DMPC (red). (D) Dynamic light
scattering (DLS) curves of bicelles with different g-values to determine the hydrodynamic radii
(nm) of the different bicelles (g=0.25: 3.16£0.08 nm; g=4: 19.95+0.64 nm; @=2*:
8.88+0.51nm, meanzs.e.m., n=3). (E) Western blot analysis for His-tagged a5 and B1 integrin
TMcyto domains after incorporation into q=0.25 and g=2 bicelles. Proteins were successfully

incorporated into q=0.25 bicelles but not into g=2 bicelles.
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Figure S2. DLS measurement of bicelles before and after integrin TMcyto domain
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Figure S3. Workflow for incorporation of recombinant integrin TMcyto domains in
bicelles, pull-downs and proteomic analysis. (A) Purified heterodimeric or monomeric
integrin TMcyto domains were immobilized on Ni-NTA beads and incorporated into bicelle
solutions (g=0.25). Bicelle size was increased by adding q=4 bicelles to obtain q=2* bicelles
characterized by a hydrodynamic radius of ~10 nm, followed by the pull-down of proteins
from hypotonic BMDM lysates. Interactors were identified by LC-MS/MS and analyzed by
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MaxQuant LFQ intensity. (B) Multi-scatter plot of the protein LFQ intensities shows the
reproducibility within the triplicate measurements of the different pull-downs. The indicated

values correspond to Pearson correlation.
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against the indicated proteins (B).

C
fs)
)

©

£
jw
qg
£
>
|

(]
i)

C

()

£
Q

Q

Q

>
(7p]

(]

(O]

O

C
o

O
(7p]
ko)
©)
Y-

(@)
©

[

=

3

O
=



J. Cell Sci.: doi:10.1242/jcs.218214: Supplementary information

A = B
8 o9
5 7 s 5 &
ol 6 9 9
MK) O O MK & &5 5
19077 < GFP-LCP1
| | - - —_—
757 LCP1
LCP1 50—
S| <€ Endogenous
LCP1 37 o S e, | GAPDH
100— | —
75— — C
- o 0]
GFP o & 13001
37— <+ 8 2501
8=
&5 200 A
- =
23] 25 1501
. 29 100+
— <
| GAPDH = 50 4
0-
D E
£ £
> o
g8 £
£3 £z I
e W32 primer 1 22 M oM primer 1
gz % B2 primer 2 2z “ aM primer 2
BE ey §E
& &

Figure S5. Regulation of aMp2 integrin-surface levels by LCP1. (A) Western blot of GFP
and GFP-LCP1 overexpressing PLB985 cells. (B) Western blot analysis of ShRNA-mediated
depletion of LCP1 in Raw264.7 cells. Cells were infected with shCtrl or two different LCP1
ShRNA (shLCP1-1 and shLCP1-2). (C) FACS analysis of aMP2 surface expression in LCP1-
depleted Raw264.7 cells (values are normalized to shCtrl cells; meants.e.m., n=3, * P < 0.05).
(D, E) Quantification of B2 (D) and aM integrin (E) MRNA levels in LCP1-depleted Raw264.7
cells determined by quantitative real-time PCR (values are normalized to shCtrl cells;

meanzs.e.m., n=3, n.s. not significant, * P < 0.05).
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Bicelles-integrin TMcyto Hydrodynamic Radius (nm)
0.25-a5 4.54+0.22
0.25-B1 4.58+0.15

2*-a5 10.4740.65
2*-31 11.32+1.29
0.25-allb 12.65+1.67
0.25-83 6.00+0.54
2*-allb 10.29+0.44
2*-33 11.30+0.77
0.25-aM 4.41+0.20
0.25-B2 4.93+0.42
0.25-aMB2 5.15+0.31
2*-aM 10.05+0.26
2*-32 10.254+0.31
2*-aMp2 11.1740.49

Table S1: Hydrodynamic radii of bicelles after incorporation of indicated integrin a and f3
subunits determined by DLS.

Table S2: List of all proteins identified in pull-down experiments using bicelle-incorporated o

or B TMcyto domains by mass-spectrometry (a5, 1, allb, 3, aM, and 2).

Click here to Download Table S2

Table S3: List of proteins with significant binding to lipid-incorporated a or p TMcyto
domains. Overlap of proteins significantly binding to a or p TMcyto across the three different
combinations (a5 vs B1; allb vs B3; aM vs B2).

Click here to Download Table S3

Table S4: List of proteins favoring binding to clasped aMp2-TMcyto.

Click here to Download Table S4
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Molecular-scale visualization of sarcomere
contraction within native cardiomyocytes
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Sarcomeres, the basic contractile units of striated muscle, pro-
duce the forces driving muscular contraction through cross-
bridge interactions between actin-containing thin filaments and
myosin II-based thick filaments. Until now, direct visualization
of the molecular architecture underlying sarcomere contractil-
ity has remained elusive. Here, we use in situ cryo-electron to-
mography to unveil sarcomere contraction in frozen-hydrated
neonatal rat cardiomyocytes. We show that the hexagonal lat-
tice of the thick filaments is already established at the neonatal
stage, with an excess of thin filaments outside the trigonal posi-
tions. Structural assessment of actin polarity by subtomogram
averaging reveals that thin filaments in the fully activated state
form overlapping arrays of opposite polarity in the center of
the sarcomere. Our approach provides direct evidence for thin
filament sliding during muscle contraction and may serve as a
basis for structural understanding of thin filament activation
and actomyosin interactions inside unperturbed cellular envi-
ronments.

cryo-electron tomography | molecular architecture | myofilament packing |

quantitative analysis | subtomogram averaging | actin polarity | in situ struc-
ture | thin filament | tropomyosin | myosin state | heart muscle cells
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Introduction

Muscle cells contain numerous myofibrils composed of ad-
joining micrometer-sized contractile units called sarcomeres
(1). These large macromolecular assemblies feature thin fil-
aments, made of polar actin filaments (F-actin) in complex
with troponin (Tpn) and tropomyosin (Tpm), and bipolar
thick filaments consisting of a myosin tail backbone deco-
rated with myosin-II heads on either side of a head-free re-
gion (the so-called bare zone) (1). The sliding filament theory
provided a framework for understanding the mechanism of
muscle contraction based on the relative sliding between the
myofilaments via cyclic interactions of myosin heads with
F-actin (2-5). Five decades after these pioneering studies,
much remains to be discovered at the structural level about
how the molecular players of the actomyosin machinery co-
operate within sarcomeres to produce contractile forces.

Muscle research has benefited greatly from the development
of powerful X-ray sources and electron microscopes, allow-
ing detailed views into muscle organization, time-resolved
X-ray diffraction studies of contracting muscle, and three-
dimensional (3D) reconstruction of actomyosin interactions
(6-10). Thick filaments are known to be crosslinked in the

central M-line and occupy the A-band (fig. S1A) (1, 11,
12). On either side of the M-line, interdigitating myofila-
ments organize into hexagonally packed arrays (1, 13, 14).
Thin filaments extend throughout the I-bands toward the Z-
disk, in which their barbed ends are anchored and crosslinked
by a-actinin (fig. S1A) (1, 11, 12, 15, 16). At the molecu-
lar level, Ca>*-binding to Tpn is thought to trigger a shift
in the azimuthal position of Tpm on F-actin to uncover the
myosin binding site which allows actomyosin interactions
(17, 18). Yet, none of the approaches used so far has permit-
ted molecular-scale imaging of sarcomere organization inside
unperturbed cellular environments. Recent advances in cryo-
electron tomography (cryo-ET) provide access to the 3D
molecular architecture of the cellular interior (19, 20). Here,
we use state-of-the-art cryo-ET methodologies to unravel sar-
comere organization in frozen-hydrated neonatal cardiomy-
ocytes across length scales, from the myofilament packing to
the sliding and functional states of the thin filaments enabling
contraction.

Results

Cardiomyocytes isolated from neonatal rat ventricles exhibit
irregular, star-like morphology and spontaneous rhythmic
contractions (movie S1). To explore the microscale organi-
zation of myofibrils mediating cell contractility, neonatal rat
cardiac myocytes were immunolabelled for Tpn I (one of the
three subunits of the Tpn complex), the heavy chain of car-
diac myosin and a-actinin, as markers for the thin filament,
the thick filament and the Z-disk, respectively. Myofibrils
align into bundles along the principal axes of the neonatal
cells (Fig. 1A and fig. S1, B and C). They feature regularly
spaced Z-disks and A-bands, with a sarcomere length of 1.8
+ 0.2 um (Fig. 1B and fig. S1D), similar to the value we
found in adult mouse cells.

Unlike adult cardiomyocytes, the cell size is suitable for cry-
ofixation by plunge-freezing (fig. S2, A and B). Neonatal car-
diomyocytes were cultured on EM grids and plunge-frozen
during spontaneous contraction (fig. S2B). 100- to 200-nm-
thick vitrified cellular sections (so-called lamellas) were pre-
pared using cryo-focused ion beam (cryo-FIB) milling (fig.
S2C) (21). Transmission electron microscopy (TEM) images
revealed cytoplasmic regions filled with long adjacent my-
ofibrils surrounded by mitochondria and sarcoplasmic retic-
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Fig. 1. Visualizing the myofibrillar interior in situ. (A-B) Myofibrils (A) in neonatal rat cardiomyocytes align with the main axes of the star-like shaped cells and feature regularly
spaced Z-disks (B). (See fig. S1, B-D for more examples.) (C) TEM image of the enlarged framed area of a neonatal rat cardiomyocyte lamella shown in fig. S2D. Myofibrils
(green) display periodic, electron-dense bands (dark green, white arrows) merging across adjoining parts. M, mitochondria. (D) Slice from a tomographic volume acquired
at the framed area in (C), showing the myofibrillar architecture. SR, sarcoplasmic reticulum; ZD, Z-disk. Left inset: Z-disk periphery. Right inset: myosin heads extending
toward thin filaments. (E) 3D rendering of the cellular volume shown in (D) revealing the nanoscale organization of thin (orange) and thick (cyan) filaments within unperturbed

sarcomeres. (See also movie S2). Additional examples are provided in fig. S3.

ulum (Fig. 1C and fig. S2D). These myofibrils have a typical
width of 470 + 60 nm and display periodic, electron-dense
bands that merge across adjoining parts (Fig. 1C and fig.
S2D). The periodicity is comparable to the sarcomere length,
suggesting that these bands may be either Z-disks or M-lines.

Myofibrils identified in the lamellas were imaged in 3D by
cryo-ET. The reconstructed volumes permitted visualization
of the thin and thick filaments, with diameters of 8.4 + 0.9
nm and 17.4 £ 3.0 nm, respectively (Fig. 1D and fig. S3,
A-C). Densities resembling the head domains of myosin II

2 | bioRxiv

(10) bridge the space between interdigitating cardiac my-
ofilaments (Fig. 1D, right). Macromolecular complexes
of 344 + 4.3 nm in diameter, most likely glycogen gran-
ules (22), are found outside and within the myofibrillar inte-
rior, whereas mitochondria, sarcoplasmic reticulum and ribo-
somes are found exclusively in the cytoplasmic space devoid
of myofibrils (Fig. 1D and fig. S3, A-C).

The periodic, electron-dense bands observed in the TEM im-
ages are made of irregular, fuzzy structures that intersect with
the thin filaments (Fig. 1D and fig. S3, A-C). Filament seg-
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Fig. 2. Neonatal cardiac thick filaments are hexagonally packed with an excess of thin filaments outside the trigonal positions. (A-C) Quantitative analysis of the myofilament
packing in neonatal rat cardiomyocytes (top, see methods in SM), schematic representation of the array (middle), and cross-section through the myofibril shown in fig. S3E
(bottom). See fig. S5 for additional cross-section examples. Heat map of nearest neighbor positions around thick filaments (“Myosin”, A and C, cyan-filled circle) or thin
filaments (“Actin”, B, orange-filled circle) in a plane perpendicular to the filament cross-sections and within the distance ranges determined in fig. S4. Thick filaments assemble
into a hexagonal lattice with an interfilament distance of about 45 nm (A and fig S4A). Thin filaments are found at about 26 nm from three neighboring thick filaments (B and

fig S4, B and C) and outside the trigonal positions of the lattice (C and fig S4D).

mentation provided a first glimpse at the native myofilament
organization in 3D, revealing a gap between the thin filaments
at the center of the band and the absence of thick filaments
(Fig. 1E, fig. S3, D-F, and movie S2). Thus, the electron-
dense structures correspond to Z-disks, with widths between
100 and 140 nm as has been reported for cardiac muscle (23,
24), and the regions depleted of thick filaments are I-bands,
with lengths between 240 and 300 nm. Interestingly, we did
not observe any myosin bare zone depleted of thin filaments
(Fig. 1E, fig. S3, D-F, and movie S2).

We next quantitatively analyzed the 3D organization of the
neonatal myofilaments using an approach described previ-
ously (25). Thick filaments organize in a hexagonal lattice
with an interfilament distance of 45.1 + 3.8 nm (Fig. 2A and
fig. S4A). Thin filaments are found at the trigonal positions
of the lattice, at a distance of 26.0 + 2.4 nm from the thick
filaments (Fig. 2B and fig. S4, B and C). However, the mean
distance of 15.5 £ 1.4 nm between thin filaments indicates
that they are also present outside the trigonal positions of the
array (fig. S4D). This is in agreement with the ratio of thin-
to-thick filaments of 3:1 found in these cells, as compared to
the ratio of 2:1 reported in vertebrate muscle (26). Therefore,
the packing of the thin filaments around the thick filaments
we observed, both in real cross-sections and quantitatively, is
less ordered than that found in skeletal muscle using X-ray
diffraction (27-30) (Fig 2C and fig. S5). This indicates that
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cardiac sarcomere contraction is already possible with im-
perfect packing of the thin filaments, and suggests that thick
filaments are an important determinant of myofilament orga-
nization.

Next, we exploited subtomogram averaging (31) to unveil the
molecular organization of the thin filaments enabling sarcom-
ere contraction. To this end, we first developed an approach
to obtain the structure of the thin filaments by aligning and
averaging multiple consecutive actin subunits along the fila-
ments without imposing any helical symmetry (see methods
in supplementary materials (SM)). Thin filaments located on
one side of a Z-disk were used to generate a de novo structure
of F-actin in complex with Tpm resolved at 20.7 A (fig. S6,
A-C). At this resolution, the positions of the actin subunits
with respect to the two Tpm strands allow to discriminate
between F-actin structures of opposite polarity (fig. S6D).
Comparison with a pseudoatomic model of the F-actin-Tpm
complex (10) permitted to allocate the barbed (+) and pointed
(-) ends of the actin filament (Fig. 3A and fig. S6E).

We then sought to determine the polarity of the thin filaments
within the native cardiac sarcomeres. Using a multireference
alignment procedure based on the obtained de novo structure,
we evaluated the polarity of each individual filament from a
series of statistically independent estimates (see methods in
SM; fig. S7, A and B). 69% of the thin filaments were as-
signed a polarity with confidence (fig. S7C) and visualized in

bioRxiv | 3


https://doi.org/10.1101/2020.09.09.288977
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.09.288977; this version posted September 9, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

180°

Fig. 3. Structural signature of sarcomere contraction. (A) De novo structure of the actin-Tpm filament in opposite orientations, represented by arrows pointing toward the
barbed (+) end. (B-E) Polarity assignment for the cardiac thin filaments shown in Fig 1E and movie S2 (B and movie S3) and fig. S3, E and F (C and D, respectively, and movie
S4). Filaments are represented by arrows colored according to the assigned polarity. The gaps between thin filaments facing each other with their barbed ends indicate the
location of Z-disks (ZD). The overlap regions between thin filaments of opposite polarity at the pointed (-) ends correspond to M-lines (ML). Insets: Thin filament orientations
at the framed Z-disk (B, middle) and M-lines (B-D, right) with their respective cross-sections (E). See fig. S8 for visualization of the unassigned filaments.

3D (Fig. 3). Filaments belonging to the same bundle shared
the same polarity, while changes of polarity were observed
between adjoining bundles (Fig. 3, B-D, left). In vicinity of
the Z-disks, thin filaments face each other with their barbed
ends, as has been previously reported (12, 15) (Fig. 3B, mid-
dle, and movie S3). Additionally, the analysis showed re-
gions in which thin filaments of opposite polarity face each
other with their pointed ends, revealing the location of M-
lines (Fig. 3, B-D, left).

This allowed us to uncover the arrangement of the thin fila-
ments in the center of the sarcomere, where arrays of opposite
polarity are pulled toward each other during contraction. In
two out of three M-lines, thin filaments of opposite polarity
were found to overlap with each other, revealing their rela-
tive sliding (Fig. 3, B and C, and movie S4), as proposed by
Gordon et al. (32). In the sarcomere shown in Fig. 3C, the
overlap length is 281 nm, corresponding to 17% of the sar-
comere length. This value is comparable to the values of 0.15
to 0.2 um reported for the bare zone region (12), indicating
that the sliding between these thin filaments occurs across the
bare zone. The sarcomere length of 1.65 pm is smaller than
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the value of 1.8 + 0.2 um we measured in these cells, in agree-
ment with sarcomere shortening. Cross-sections through the
M-lines show that thin filaments of opposite polarities can
contribute to the packing around the same thick filaments dur-
ing their sliding (Fig. 3E, ML1 and ML2, and fig. S8, A and
B). In the sarcomere shown in Fig. 3D, no clear overlap be-
tween thin filaments of opposite polarity was detectable at the
M-line (Fig. 3, D and E, ML3, fig. S8C and movie S4), in-
dicating that this sarcomere may be in a different contraction
state.

We next used subtomogram averaging to determine the struc-
tures of the thin filaments associated to the observed M-line
organizations. We first analyzed each tomogram individually
in order to uncover potential differences in the Tpm position
between sarcomeres. Tomograms acquired in cells where
thin filaments of opposite polarity overlap in the M-line re-
gion provided a similar structure (Fig. 4E, left). In contrast,
the data shown in Fig. 3D without clear overlap yielded a
subtomogram average in which the Tpm density is shifted
azimuthally on the surface of the actin filament (Fig. 4E), in-
dicating that these filaments are in a different functional state.
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Fig. 4. In situ structure of the cardiac thin filament in two distinct functional states. (A) In situ subtomogram average of the sarcomeric actin filament (red and yellow) in
complex with Tpm (orange) resolved at 13.2 A (fig. S9A, orange curve, movie S5). (B-C) Fit of a pseudoatomic model of the F-actin-Tpm complex (10) into the subtomogram
average (B) reveals F-actin polarity at the level of the actin monomers (C). (D) Docking of pseudoatomic models in different states (10, 18) into the map reveals that the thin
filament is in the myosin state (see also fig. S9E). (E) The thin filaments shown in Fig. 3D provided a structure in which the Tpm density (green) is shifted azimuthally as
compared to the Tpm density obtained from the thin filaments shown in Fig. 3C (orange).

To generate a higher-resolution average, the tomograms with
comparable structures were combined. A refined subtomo-
gram average of the cardiac thin filament was obtained at
a resolution of 13.2 A (Fig. 4A, fig. S9, A and B, and
movie S5). The structure features thirteen fully resolved F-
actin subunits surrounded by two Tpm strands which approx-
imately follow the same helical twist (Fig. 4A and movie
S5). The actin filament consists of a left-handed single helix
with a pitch of 35.9 nm, a rise per actin subunit of 2.76 nm
and an angular twist per molecule of -167.0° (Fig. 4A, right),
in agreement with the literature (33). The central part of the
structure exhibits a local resolution of 11.4 A (fig. S9C), al-
lowing docking of a pseudoatomic model of the F-actin-Tpm
complex into the map (Fig. 4B and movie S5). F-actin polar-
ity is evident at the level of the actin monomers (Fig. 4C and
movie S5). Comparison with pseudoatomic models in differ-
ent functional states (10, 18) shows that the thin filament is in
the fully activated (“myosin”) state that allows strong bind-
ing of the myosin heads (Fig. 4D and fig. S9, D, left, and E).
This provides evidence at the molecular level that a major-
ity of thin filaments in these sarcomeres are strongly bound
to thick filaments, allowing their relative sliding and, thus,
sarcomere contraction. Moreover, the Ca2* bound state of
the cardiac thin filament, which allows myosin head access
but no strong binding (18), fitted best to the separate struc-
ture obtained from the data shown in Fig. 3D (fig. S9, D,
right, and F), supporting that these sarcomeres are in a differ-
ent state of the contraction cycle. This is in agreement with
the distinct thin filament organization observed at the M-line,
where arrays of opposite polarity are in close apposition to
each other without clear overlapping part (Fig. 3D).
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Conclusions

Our integrative approach permitted to directly visualize sar-
comere organization in pristinely preserved cardiac muscle
cells with molecular precision. Contracted sarcomeres, in
which thin filaments are strongly bound to thick filaments,
exhibit an overlap between thin filaments of opposite polarity
in the M-line region, indicating that they slid past each other
during contraction (fig. SI0A). When the actomyosin bind-
ing is weaker, sarcomeres are found in an intermediate state,
in which thin filaments of opposite polarity are in close appo-
sition but do not overlap (fig. S10B). At the neonatal stage,
contraction occurs despite an excess of thin filaments outside
the trigonal positions of the thick-filament hexagonal lattice,
including at the M-line where both actin polarities contribute
to the overall packing (fig. S10A). Our work demonstrate that
cryo-ET is able to reveal the polarity and functional states of
the thin filaments in situ, and paves the way for structure de-
termination of actomyosin interactions within cells.
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Materials and Methods

Isolation of neonatal rat ventricular cardiomyocytes. Three-days-old (P3) wild-type Wistar rats were killed by decapi-
tation and the ribcage was opened. The heart was removed by pulling with forceps and transferred into a 35-mm Petri dish
containing phosphate-buffered saline (PBS). The remaining blood was pumped out of the heart and the great vessels. Both atria
and the connective tissue were removed. For each preparation, the ventricles of four hearts were mixed together, cut into small
pieces and digested using the Neonatal Heart Dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, the
enzyme mix 1 was pre-heated for 5 min at 37°C and added to the enzyme mix 2. The harvested and chopped ventricular tissue
was transferred to the tube containing the enzyme mix. The suspension was gently pipetted every 10 min for 1h. Following
enzymatic digestion, the cells were passed through a 70-um cell strainer and centrifuged at 300g for 15 min. The pellet was
resuspended in 10 ml of cardiomyocyte medium. This medium consists of a 1:1 mixture of Dulbecco’s modified Eagle medium
(DMEM) and Ham’s F12 medium (Life technologies, #31330-038) containing 5% horse serum, 5% fetal calf serum (FCS),
20 uM Cytarabine (Ara-C) (Sigma Aldrich, #C1768), 3 mM sodium pyruvate (Sigma #S8636), 2 mM L-glutamine (Thermo
Fisher Scientific, #25030-081), 0.1 mM ascorbic acid (Sigma #A4034), 1:200 insulin-transferrin-selenium-sodium pyruvate
(Invitrogen, #51300044), 0.2 % bovine serum albumin (BSA) (Sigma Aldrich, #A7409) and 100 U/ml penicillin-streptomycin
(Thermo Fisher Scientific, #15140122). The resuspended pellet was pre-plated onto a non-coated cell culture dish for 90 min
to reduce the number of cardiac fibroblasts. The supernatant was transferred to a 15 ml tube and centrifuged at 300g for 15
min. The pellet containing the neonatal rat ventricular cardiomyocytes from four hearts was resuspended in 4 ml of cardiomy-
ocyte medium (that is, 1 heart eq./ml). Moreover, primary adult mouse ventricular cardiomyocytes were isolated following the
protocol from Ackers-Johnson et al. (34).

Cardiomyocyte culture on EM grids and vitrification. Gold EM grids with Quantifoil R 2/1 holey carbon film (Quantifoil
Micro Tools GmbH, Grossloebichau, Germany) were glow-discharged, sterilized by UV irradiation for 30 min and coated with
fibronectin (10 pg/ ml, Merck, #341631). Six to eight EM grids were placed in 35-mm Petri dishes and 300 pl of cell suspension
was added (that is, ~1/3 heart eq. per dish). The cells were cultured at 37°C in 5% CO, for two days. To verify that the cells
exhibit spontaneous rhythmic contractions prior to cryo-fixation, the grids were imaged at room temperature (RT) by bright
field using a 20x (air, NA 0.8) Plan Achromat objective (Carl Zeiss, Jena, Germany) of a CorrSight microscope (Thermo Fisher
Scientific). The grids were plunge-frozen using a Vitrobot Mark IV (Thermo Fisher Scientific) with 80% humidity and 10s
blotting time in a 2:1 ethane/propane mixture cooled by liquid nitrogen.

Immunofluorescence microscopy. Cells used for immunofluorescence microscopy were cultured on a chambered coverslip
with 8 wells (IBIDI #80826, Grifelfing, Germany) coated with fibronectin (10 pg/ml at 37°C for 1h). After two days, the
cells were rinsed in PBS, placed on ice and fixed in 4% paraformaldehyde (PFA) for 15 min. After PBS wash, the cells were
permeabilized with 0.1% Triton X-100/PBS for 10 min and blocked with 3% BSA/PBS at 4°C for at least one 1h. Subsequently,
the cells were incubated at 4°C with one of the following mouse monoclonal primary antibodies: anti-heavy chain cardiac
myosin (Abcam, #ab50967), anti-a-actinin (Sigma-Aldrich, #A7811) or anti-cTnl (Thermo Fisher Scientific, #MA5-12960).
The next day, the cells were washed with PBS (3 x 5 min) and incubated with an anti-mouse secondary antibody (Alexa
Fluor™ 488 goat IgG (H+L), Thermo Fisher Scientific, #A11029) at RT for 1h in the dark. The cells were washed with PBS
(2 x 5 min), stained with DAPI (1:6,000 in PBS) at RT for 15 min in the dark, washed again in PBS (2 x 5 min) and stored
at 4°C. Confocal imaging was performed with a Zeiss LSM 780 confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a 40x (oil, NA 1.4) Plan-Apo objective (Carl Zeiss, Jena, Germany). The resulting images were
analyzed with ImagelJ software version 1.52p (https://imagej.net/Fiji).

Cryo-FIB milling. Plunge-frozen grids were clipped into Autogrids modified for cryo-FIB milling (35, 36). The Autogrids
were mounted into a custom-built FIB shuttle cooled by liquid nitrogen and transferred using a cryo-transfer system (PP3000T,
Quorum Technologies) to the cryo-stage of a dual-beam Quanta 3D FIB/SEM (Thermo Fisher Scientific) operated at liquid
nitrogen temperature. During the loading step, the grids were sputter-coated with platinum in the Quorum prep-chamber
(10 mA, 30s) to improve sample conductivity. To reduce curtaining artifacts, they were subsequently sputter-coated with
organometallic platinum using the gas injection system (GIS, Thermo Fisher Scientific) in the microscope chamber operated
for 8s at 26°C. Lamellas were prepared using a Gallium ion beam at 30 kV and stage tilts of 18-20°. 8-12 um wide lamellas
were milled in a step-wise manner using high currents of 0.5 nA for rough milling that were gradually reduced to 30 pA for
fine milling and final cleaning steps. The milling process was monitored using the electron beam at 5 kV and 11.8 pA or 3 kV
and 8.87 pA. For Volta phase plate (VPP) imaging, the lamellas were additionally sputter-coated with a platinum layer in the
Quorum prep-chamber (10 mA, 3s).

Cryo-ET. The lamellas were loaded in a Titan Krios transmission electron microscope (Thermo Fisher Scientific) equipped with
a 300-kV field-emission gun, VPPs (Thermo Fisher Scientific), a post-column energy filter (Gatan) and a 4k x 4k K2 Summit
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direct electron detector (Gatan) operated using SerialEM (37). The VPPs were aligned and used as described previously (38).
Low-magnification images were captured at 6,500x. High-magnification tilt series were recorded in counting mode at 42,000x
(calibrated pixel size of 0.342 nm), typically from -50° to 70° with 2° steps, starting from a pre-tilt of 10° to correct for the
lamella geometry, and a total dose of ~ 100-120 e”/A2. Three of the tilt series were collected unidirectionally with the VPPs at
a target defocus of 0.5 pm. Ten of the tilt series were recorded without the VPP using a dose-symmetric tilt-scheme (39) and a
target defocus range of -3.25 to -5 um.

Tomogram reconstruction. Frames were aligned using MotionCorr2 (40) and dose-filtered by cumulative dose using the
exposure-dependent attenuation function and critical exposure constants described in (41) and adapted for tilt series in (42,
43). Tilt series were aligned using patch tracking in IMOD (44) and tomograms were reconstructed with a binning factor of
4 (13.68 A per pixel) using weighted back-projection. For visualization, tomograms were filtered using a deconvolution filter
(https://github.com/dtegunov/tom_deconv). For subtomogram averaging, contrast transfer function (CTF) parameters for each
tilt were estimated by CTFFIND4 (45). 3D-CTF corrected tomograms were generated using NovaCTF (46) and binned by a
factor of 2 (6.84 A per pixel).

Membrane and filament segmentation. The 4 x binned tomograms (pixel size of 13.68 A) were used for segmentation.
Membranes were generated automatically using TomoSegMemTV (47) and refined manually in Amira (Thermo Fisher Sci-
entific). Thin and thick filaments were traced automatically in Amira using an automated segmentation algorithm based on a
generic cylinder as a template (48). The cylindrical templates were generated with a length of 42 nm and diameters of 8 and 18
nm for the thin and thick filaments, respectively.

Nearest neighbor analysis and local packing analysis. The analysis developed in (25) was adapted to describe quantita-
tively the 3D organization of the cardiac myofilaments. A total of 4,770 thin filaments and 1,648 thick filaments extracted from
9 tomograms were used. Data analysis was performed in MATLAB (The MathWorks) using the coordinates of the filament
centerlines exported from Amira as input. The coordinates of the filaments were resampled every 3 nm to give the same weight
to every point along a filament.

Nearest neighbor analysis. The local direction at each point was evaluated as the local tangent of the filament at that point.
For every point within a filament, the closest point of each neighboring filament was characterized by its distance, d, and relative
orientation, 9, with respect to the reference point. The analysis was performed for filaments of the same type (that is, only thick
filaments or only thin filaments) as well as for filaments of one type relative to the other (that is, neighboring thin filaments
for the thick filaments, and reciprocally). The occurrences of (d, 1) were represented by a 2D histogram. The peak occurring
at small ¢ (below 10°) indicates the presence of equidistant and nearly parallel filaments. The mean interfilament spacing was
obtained from the distances with a number of occurrences higher than two third of the peak maximum (fig. S4).

Local packing analysis. A local reference frame (el, €2, e3) was defined at every point along a filament as follows: €2 points
in the local direction of the filament, el points in the direction of the nearest neighbor, and e3 is the cross-product of el and
e2 (see (25)). (X, Y, Z) are the coordinates of a neighbor position in (el, e2, e3). The local reference frames (el, e2, e3) of all
points along the filaments were aligned, and the occurrences of (X, Z) in the ele3 plane within the distance range for parallel
filaments were represented by a 2D histogram (Fig. 2, top).

Subtomogram averaging and polarity assessment.

Subtomogram sampling. Ten tomograms, acquired with a dose-symmetric tilt-scheme and a target defocus range of -3.25
to -5 um, were used for subtomogram averaging and polarity assessment. The coordinates of the thin filaments extracted from
Amira were resampled every 1.38 nm (corresponding to half of the axial rise per actin subunit in the actin filament) along
the filament centerline using scripts described in (25). This was instrumental to correctly allocate every actin subunit during
subtomogram alignment (42). Principal component analysis was used to generate a common direction for all the filaments
in the network upon resampling (that is, filament coordinates were reordered so that the dot product between the direction
of each filament and the first principal component was positive). The local tangent at each point along a filament served to
calculate initial Euler angles (¢,9,J) in the zxz-convention using scripts from (25) and TOM Toolbox (49). As a result, the
filament centerline was aligned with the z-axis, allowing the ¢ angle to describe the in-plane rotation. Since this rotation cannot
be determined directly from the tomogram, ¢ was randomized every 30°. Furthermore, subvolumes belonging to the same
filament were assigned a unique identifier, which was used during the assessment of filament polarity exclusively.

De novo reference. Subtomogram averaging was performed using STOPGAP (https://github.com/williamnwan/STOPGAP).
An initial reference was generated de novo from a single tomogram as follows. 84 thin filaments located on one side of a Z-
disk and belonging to the same bundle (shown in orange in fig. S6A) were selected, based on the assumption that they had
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the same polarity. 20,259 subtomograms were extracted from the resampled positions using a binning factor of 2 (6.84 A per
pixel) and a box size of 1283 pixels® and a starting reference was generated by averaging all subvolumes. Due to the in-plane
randomization, the initial structure resembles a featureless cylinder (fig. S6B). Several rounds of global alignment of the in-
plane angle followed by local refinement of all Euler angles were conducted. Shift refinements were limited to 1.38 nm in each
direction along the filament centerline. This averaging approach resulted in the emergence of the helical pattern of the thin
filament (fig. S6B). Unbinned subvolumes were extracted using a box size of 1283 pixels? and aligned iteratively, resulting in a
refined structure of F-actin in complex with Tpm at a resolution of 20.7 A (fig. $6, B and C). At this resolution, the positions of
the actin subunits with respect to the two Tpm strands allowed to distinguish between F-actin structures of opposite polarities
(fig. S6D). Comparison with a pseudoatomic model of the F-actin-Tpm complex (10) permitted to allocate the barbed (+) and
pointed (-) end of the de novo F-actin structure (fig. S6E).

Polarity assessment. The 20.7 A structure of F-actin in complex with Tpm was rotated by 180° around the x-axis to generate
a second structure with opposite polarity (Fig. 3A and fig. S6D). Both structures were used to assess the polarity of the thin
filaments in each tomogram using multireference alignment (fig. S7A). Each subvolume within a tomogram was extracted
with a binning factor of 2 (6.84 A per pixel) using a box size of 643 pixels? and aligned against both references independently.
The scores of all the subtomograms belonging to the same filament were compared using unpaired Student’s t-test (fig. S7B).
On a total of 4,438 filaments (corresponding to 594,317 subvolumes) from 10 tomograms, 69% showed significant differences
between the two directions (p < 0.05) and were assigned the respective polarity with confidence (fig. S7C). These filaments
were kept for further processing. Polarity assignment was visualized with arrows pointing in the direction of the barbed ends
of F-actin using the Place Object tool in UCSF Chimera (50, 51).

Subtomogram averaging of the thin filament. To generate a dataset with uniform polarity, the initial Euler angles from the
subvolumes of opposite polarity were rotated by 180° around the x-axis. 409,896 subtomograms were extracted with a binning
factor of 2 (6.84 A per pixel) using a box size of 643 pixels?. The 20.7 A de novo structure of F-actin in complex with Tpm (fig.
S6B) was low-pass filtered and used as initial reference. Global alignment of the in-plane angle was followed by several rounds
of successive local refinement of the in-plane angle and all Euler angles. Simultaneously, shifts were refined within + 1.38
nm along the filament centerline. Once all the positions were refined, distance thresholding was used to remove oversampled
positions, keeping only one subtomogram per actin subunit. 160,617 unbinned subvolumes were extracted using a box size of
1283 pixels3. The dataset was split into two half sets that were refined independently.

To uncover potential changes in the azimuthal position of the Tpm strands between sarcomeres, each tomogram was then
processed separately using the initial reference without Tpm density. The data shown in Fig. 3D yielded a subtomogram
average in which the Tpm density was significantly shifted on F-actin. The other tomograms provided a comparable structure
and the corresponding 133,587 particles were merged and further refined. The final maps were sharpened, weighted by the FSC
and filtered to their respective resolution (FSCo 143 = 17.3 and 13.2 10\, respectively, fig. S9A). Local resolution calculations
were performed using RELION 3.0 (52) (fig. S9C). All maps were visualized using UCSF Chimera or UCSF Chimera X
(53). Analysis of the distances and in-plane rotation between refined subvolumes belonging to the same filament permitted to
determine the mean rise and angular twist of the F-actin structure.

Several pseudoatomic models containing F-actin in complex with Tpm in distinct functional states (10, 18) were docked into the
maps using rigid body-fitting in UCSF Chimera. The fit was limited to the actin region to reveal the functional state matching
the Tpm density best.
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Fig. S1. Sarcomere organization at the microscale. (A) Schematic representation of adjoining micrometer-sized sarcomeres within a myofibril, showing the organization of
the thick (cyan) and thin (red) filaments in this basic contractile unit of striated muscle. (B-D) Thin (B) and thick (C) filaments of neonatal rat cardiomyocytes assemble into
myofibrils, which align with the main axes of the star-like shaped cells and display regularly spaced Z-disks (D). Tpnl, troponin I.
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Fig. S2. Cryo-focused ion beam sample preparation of neonatal cardiomyocytes for cryo-ET imaging. (A) Scanning electron microscope (SEM) image of a frozen-hydrated
adult mouse cardiomyocyte on an EM grid. Vitrification by plunge-freezing is not suitable for these cells because their thickness is larger than 10 um. (B) Neonatal rat
cardiomyocytes are thin, allowing optimal vitrification by plunge-freezing without the need for cryoprotectant. (C) 200-nm-thick lamella prepared in a plunge-frozen neonatal
cardiomyocyte and imaged by FIB-induced secondary electrons. (D) Full TEM image of a neonatal cardiomyocyte lamella containing the cropped part shown in Fig. 1C.
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Fig. S3. Nanoscale sarcomere organization revealed by in situ cryo-ET. (A-C) Slices from tomographic volumes acquired in frozen-hydrated neonatal rat cardiomyocytes,
revealing the myofibrillar environment. ZD, Z-disk; M, mitochondrium; SR: sarcoplasmic reticulum. (D-F) Corresponding 3D segmentation of the cellular volumes, showing
the nanoscale organization of the thin (orange) and thick (cyan) filaments within unperturbed sarcomeres.
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Fig. S4. Nearest-neighbor analysis of myofilaments in neonatal rat cardiomyocytes. (A-D) Top: 2D histogram of interfilament distances and relative orientations between
thick filaments (“Myosin”; A), between thick and thin filaments (“Actin”; B and C), and between thin filaments (D). Bottom: corresponding histograms showing the number of
occurrences of the interfilament distances. Thick filaments have an interfilament spacing of ~ 45 nm (A) and are found at ~ 26 nm from the thin filaments (B and C). Thin
filaments have their nearest actin neighbors at ~ 15.5 nm (D). White arrow heads indicate the distance range for parallel filaments.
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Fig. S5. Examples of cross-sections through myofibrils of neonatal rat cardiomyocytes. (A-C) Thick filaments (blue) are hexagonally packed and surrounded by thin filaments
(orange, right) at the trigonal positions of the lattice and outside of them. The framed area in (A) is shown in Fig. 2C, bottom. The slices were obtained from the myofibrils
shown in fig. S3E (A), Fig. 1E (B) and fig. S3F (C).
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Fig. S6. De novo structure generation from cryo-ET data of cardiac thin filaments. (A) Thin filaments (orange) from the tomogram shown in Fig. 1D and movie S2 used for
the generation of a de novo reference. (B) lterative alignment using 2 x binned (“Bin2”) and unbinned (“Bin1”) data resulted in the emergence of the helical pattern of the
thin filament and yielded a structure of F-actin in complex with Tpm resolved at 20.7 A. It: lteration number. (C) Corresponding Fourier shell correlation plot. Since the data
was not processed using gold-standard refinement, a cutoff of 0.5 was used. (D) Difference map (right) generated by aligning the Tpm densities of the filament structures in
opposite orientations (left; green and purple, respectively), revealing the actin positions associated to each polarity. (E) Both orientations (same color code as in (D)) of the
pseudoatomic model of the F-actin-Tpm complex (pdb 5jlh) docked into the in situ map (grey) shown in purple in (D) (left), and corresponding fits using the actin densities
only (right). The cross-correlation (“CC”) results permitted to allocate the barbed (+) and pointed (-) end of the de novo F-actin structure (Fig. 3A).
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Fig. S7. Workflow for the polarity assessment of the thin filaments imaged by cryo-ET. (A) Multireference alignment (“MRA”) procedure applied to one filament with oversam-
pled positions aligned along the z-axis and in-plane randomization represented by yellow arrows (left). Each position is aligned independently against a reference of each
polarity (in green and purple, respectively), resulting in refined orientations and scores (high scores, green; low scores, red) (right). Refinement against the green structure
(“Polarity 1”) leads to uniform helical pattern, whereas alignment against the purple structure (“Polarity 2”) yields irregularities in the helical pattern. (B) Corresponding scores
obtained for the single filament under each polarity, with the mean and standard deviation indicated. Unpaired Student’s t-test revealed significant differences between both
polarities (***: p < 0.001). (C) Pie chart representing the results of the polarity assignment for the entire dataset of 4,438 thin filaments with p < 0.05.
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Fig. S8. Polarity assignment and packing of cardiac thin filaments at the center of the sarcomere. (A-C) Same examples as in Fig. 3 showing the unassigned filaments in
grey, which correspond to 23% of the filaments in these datasets. Thin filaments with assigned polarity are represented by colored arrows pointing toward the barbed (+) end.

ZD, Z-disk; ML, M-line. Insets: Thin filament orientations in the framed M-lines (middle) with their respective cross-sections (right).
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Fig. S9. Resolution and functional state of the native cardiac thin filament structures. (A) Gold-standard FSC plots of the subtomogram averages shown in Fig. 4A (orange
curve) and E, middle (green curve). (B) x-y slice through the 13.2 A map. (C) Local resolution estimation. Due to the averaging procedure, the resolution of the filament is the
highest in the central subunits. (D-F) x-y slices through the 13.2 A (E) and 17.3 A (F) resolution structures shown in (D), in which the Tpm densities are highlighted in orange
and green, respectively, and close up into the fits of the pseudoatomic models in different states into the maps.
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Fig. $10. Thin filament organization during sarcomere contraction. (A) Contracted sarcomeres, in which thin filaments are strongly bound to thick filaments, exhibit an overlap
between thin filaments of opposite polarity in the bare zone region. (B) When the actomyosin interaction is weaker, sarcomeres are found in an intermediate state, in which
thin filaments of opposite polarity are in close apposition but do not overlap.
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