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Abstract

Stem/Progenitor cells, such as Sca-1+ cells, are abundant in the vascular adventitia and they can
differentiate into SMCs and ECs. These cells participate in the vascular wall remodeling observed in
atherosclerosis, injury-induced neointimal hyperplasia and vein graft atherosclerosis. The detailed
mechanisms of progenitor cell migration towards the intima have not been fully investigated. We
hypothesize that Dkk3 plays an important role in resident Sca-1+ vascular progenitor cell migration.
In this work, mouse vascular progenitor cells were isolated from the adventitia and sorted for the
Sca-1 marker. Using transwell and wound healing assays, we showed that Dkk3 induced adventitia-
derived Sca-1+ vascular progenitor cell (Sca-1+ APCs) migration in vitro. Additionally, the aortic ring
assay demonstrated that Dkk3 was also able to induce Sca-1+ cell migration ex vivo. Analysis of the
signaling pathways revealed that MAPK kinase signalling cascade, PI3K/AKT pathway and Rho-
GTPases family of proteins were involved in the regulation of Dkk3-induced Sca-1+ progenitor cell
migration. Our experiments also identified similarities in the migratory response of Sca-1+ cells to
Dkk3 and Sdf-la. Sdf-1a receptors are well established and they include CXCR4 and CXCR7. In
contrast, the receptor for Dkk3 has not been identified yet. The current study aimed at identifying
the receptor(s) involved in Dkk3-driven migration of Sca-1+ cells. Co-IP analysis and Affinity Binding
assay revealed that Dkk3 binds to CXCR7. The downregulation of CXCR7 by SiRNA transfection
reduced Dkk3-mediated Sca-1+ APC migration and the activation of the downstream signalling
pathways. Overexpression of CXCR7, on the contrary, enhanced cell migration. In order to perform
an exhaustive analysis of the potential binding partners of Dkk3 and identify additional receptors, we
performed a Yeast Two Hybrid experiment. The results showed that integrin a5 (ITGa5) and integrin
B1 (ITGB1) interacted with Dkk3. Co-IP and Affinity Binding assays confirmed that Dkk3 bound to
ITGa5 and ITGB1. Furthermore, downregulation of these integrins by SiRNA transfection supressed
the migration of Sca-1+ APCs triggered by Dkk3. Our work shows for the first time that Dkk3 acts as a
chemokine-like protein able to induce the migration of resident Sca-1+ vascular progenitor cells. The
pioneer identification of Dkk3 receptors and the elucidation of the signalling pathways involved in
Sca-1+ APC migration could be of major interest for the development of novel drug-targeted

therapies in vascular diseases.



Table of Contents

Y o1 - Tot O O PO P VPO U U PPTOTOUPRTI 4
ADDIEVIATIONS ...ttt st sttt et e h e sae e st sabe e r e reenes 10
I ol ST ={ U LR 15
LISt OF TADIES ..ttt ettt et e bt st st e b e e b e e s be e shee st e ebeenbeenneesaneeas 19
Chapter 1: Ta]d oo [ U] o1 4 o] o N TSRO 20
1.1 The VasCUIAr SYSTEIM ...uuiiiiiiiie et e e e e s srae e e s raaae e e eabaeeesannneeeenn 21
1.1.1 The evolution on the knowledge of the arterial adventitia........cccccceveviiieiinceniineen, 22

1.2 Vascular Progenitor CEIIS..... ..o e e e e e e e e nnaaeeean 23
1.2.1 Circulating vascular progenitor CEIS ........uuiiiiiiiiiee e e e e 23
1.2.2 Resident vascular progenitor CEIS .......uuiiiiiiiiiei e e e 25
1.2.3 Sca-1+ Vascular Progenitor CellS.. ...ttt e ree e s e e 30

13 AN EIOSCIEIOSIS. .ttt ettt ettt e e st e s bt e e s bt e s bbeesabeesneeesbeeenns 31
1.3.1 Pathogenesis of Atherosclerosis.......cccuuuiiiiiiiiiiiiiee e 31
1.3.2 Endothelial cells and Smooth muscle cells in atherosclerosis ........ccccceeveeveeneeneennenns 33
1.3.3 The role of vascular progenitor cells in atherosclerosis .........cccceeceeeeecieeeeecciee e, 35
134 Treatment of atheroSClerosis........cui i 38
1.3.5 (0700101 o] [Tor= ) 4o o -SSPt 39

1.4 Cytokines in atheroSCIErOSIS ......uiiiiiieii it e e e e e sbee e e e aaeeas 41
1.4.1 The Chemokine — Chemokine receptor SYystem........vivvciieeicciiee e, 44

1.5 (0|l g Y F=7 - 14 o o WU 57
1.5.1 Signalling pathways involved in cell Migration .........cccceeeeciieiieciiee e 61
1.5.2 The role of integrins in cell MIgration .........occoieiiiiiii i, 69

1.6 The Dickkopf family of Proteins ........occueeiieciiiiicce e e 72
1.6.1 Receptors of Dickkopf proteins.........eieeiieeeiiiiec e 73
1.6.2 Wt SigNalling PAtiWaY .....ccuviiiiceee et e e et e e e aaeeeeas 75
1.6.3 Dickkopf 3 protein in physiology and pathophysiology .........ccccceeeciiieicciieeecciee e, 78

1.7 Protein-protein iNTEraCtiON ... .....ueeei e aaaaaaaaas 79
1.7.1 Yeast TWO Hybrid SYStemMi......uei et e e 79

1.8 Ligand-Receptor DiNAING .....cccuuviiieiei e e 83
1.9 Hypothesis and AIMS Of STUAY ...cccuiiiiiiiiecce e et e e e 85
Chapter 2: Materials and Methods...........uueiiiiiie e 87
2.1 Y YT ST ] PO PP TOURRPRRROt 88



2.1.1 List Of Cell CUIUIE rEagENTS .. .uvviiieeee et e e rae e e aaaeas 88
2.1.2 List of chemicals and BUffers.........coouiiiiii e 89
2.13 List of Proteins and INhibItors ........cooiieiiii e 91
2.14 LIST OF KItS weeneteeeiiee ettt sttt sttt e e e s b e e eaee e s b e e sanes 92
2.15 List Of ANtIDOAIES. ... .ei it 93
2.1.6 List of Primers for RT-QPCR .......oii ittt ree e e ae e e et e e e arae e e arae s 94
2.2 IMEEENOMS ...ttt st st sttt e e b sbe e sae e st e e et e e nreesaeenas 97
2.2.1 Study Approval and Muring MOdElS ........cc.ueeiieciiiiiccieee e 97
2.2.2 Cell culture of mouse Adventitial Progenitor Cells (APCs), mouse vascular Smooth
Muscle Cells (SMCs) and mouse Endothelial Cells (MECS)......ccceeeeeriiieerieeeie e eee e 97
2.2.3 Cell culture of Human Embryonic Kidney (HEK) 293T cells.......ccceeveeiieeieciieeeeieeeees 98
2.2.4 10N Y o o111 Y 2R 98
2.25 Total RNA @XEraCtion .o..eeeiieeiiieesiee ettt et sttt st esabe e sbee e sabeeesanes 99
2.2.6 Reverse transcription (RT) of RNA to obtain complementary DNA (cDNA).................. 99
2.2.7 Quantitative Real-time Polymerase Chain Reaction (RT-QPCR) .....c.cccccvevcveercrveennnenn. 100
2.2.8 Conventional Polymerase Chain Reaction (PCR) ......ccueveviiiiieeciiiee e 100
2.2.9 Agarose gel eleCtroOPNOrESIS. .....cuciiii e e 102
2.2.10 Treatment with recombinant Proteins .......cccccueeeeeciiei e 102
2.2.11  Pharmacological inhibition of signalling pathways.........cccceeeviiiiiiiiii s 102
2.2.12  Protein @XEraClion ......eoi i e s e e 103
2.2.13  Western Immunoblotting ......cc.veeiieiiii e e 103
2.2.14  Co-ImmUNOPreCipitation. ... 104
2.2.15  Transwell Migration @SSAY.....ccciiieieciiieieiieeeeeiiee e e et e e et e e e ectte e e e estteeeeebeeeeeeseeeaeennes 105
2.2.16  Wound Healing migration @SSAY .....c..cceeecuiiieiiiiiieeeeiiieeeecttee e e ecttee e e eette e e e eteeeeeeeareeeeeanes 106
2.2.17  BrdU Proliferation ASSAY ........cccueeeieciiiiiieieeessiieee st e e s st e e e siteeesssreeeessreeeessneeeassnnes 106
2.2.18  Aortic ring assay and immunofluorescence staining ......cccccceecveeeiecieeeiecieee e 107
2.2.19  Knock-Down of murine receptors With SIRNA ...........ccoiveiiiiiiiiiiie e e 108
2.2.20  G-LISA Small GTPase ACtiVation ASSAY .......cecevcuireeeeiriieeeeitieeeeeciteeeeesteeeeeecrereeeeerseeeeenes 108
2.2.21  Cloning of Human receptors and plasmid amplification ...........ccccecoveiiiciieeieciieeenns 109
2.2.22  Overexpression of receptors on HEK 293T Cells........cccoecviieeeciiieeeiiiee e 114
2.2.23  Fusion of Dkk3 and Sdfl-a with Alkaline Phosphatase (AP).......cccccvveeiviiveeiecieeeenns 115
2.2.24  Affinity Binding assay and Dissociation Constant (Kp) calculation...........cccceeeevveennee. 115
2.2.25  Yeast TWO Hybrid ASSAY ..cccccceeiiiiiiie ettt e e e e e e e anre e e e e e e e e ennrnnes 116
2.2.26  Statistical Analysis OFf DAta ......c..ceeieciiiiiieiiee ettt et rre e e e 124



Chapter 3: RESUILS .ttt et e e e e e e s et e e e e et e e e e e e abe e e e e abaeeeernbaeeeeanbaeeeenraeas 125
3.1 Purity of Sca-1+ Adventitial Progenitor Cell population .........ccccoccieiieiiei e, 126
3.2 Dkk3 induced the migration of Sca-1+ vascular progenitor cells, in vitro and ex vivo ....... 128

3.2.1. Transwell migration assay of Sca-1+ progenitor cells towards Dkk3 and Sdf-1a

BPEATMNES et e s e e e e s s e e e e e e s e reeeeee s 128
3.2.2 Wound healing migration assay of Sca-1+ progenitor cells in response to Dkk3 and
Yo | 2 Mo B A =T 4 41T ) £ PSP 130
3.2.3 Pdgf-B induced the migration of Sca-1+ APCS, iN Vitro .......cccoceeeevcveeeecciieeeesciee e, 133
3.24 Dkk3 promoted the migration of Sca-1+ APCS, X ViVO.......cccocveeeeiieeieiiieeeenciee e, 134
3.25 In vitro proliferation of Sca-1+ APCs only took place after 48 hours of Dkk3 treatment
144
3.2.6 Conclusion of part 1: Dkk3 induced the migration of Sca-1+ vascular progenitor cells,
TN VIEFO @NA BX VIVO c.eveeeieeciee ettt s ettt s e s tee st e e st e sbe e s sste e sbaeeseeesnbeeensseesnteesneessnseean 146
33 CXCR7 is highly expressed in SCa-1+ APCS ....ccc.ueieieciiieecccieeee ettt ettee e e esveee e s eevaaeeeeanes 147
3.3.1 Expression profile of chemokine receptors in Sca-1+ APCs........cccveeeeeceeeeeciieeeennen. 147
3.3.2 Expression profile of Dkk protein family related receptors, in Sca-1+ vascular
(o] oY ==Y oV o ool =] | PP 149
3.3.3 Conclusion of part 2: CXCR7 is highly expressed in Sca-1+ APCs......c.cccceeveveeecveeennnenn. 151
3.4 CXCR7 is involved in the migration of Sca-1+ APCs promoted by Dkk3 treatment............ 152
3.4.1 Downregulation of CXCR7 and Kremen1, by SiRNA transfection, decreased Sca-1+ APC
migration driven by DKK3 treatment ........cooiiiiiiiee e 152
3.4.2 Overexpression of CXCR7 induced Dkk3-driven cell migration ........cccccceevvveeevcinennn. 162
3.4.3 DKK3 DiNds t0 CXCR7 ....vvieeeieeeiieesieeeiteesteestteeseteestee e snteesteeesveeesssesessaeesnseesseessnsnesnns 171
3.4.4 Conclusion of part 5: Dkk3 binds t0 CXCR7......ccuveieeiiiiee ettt 174
3.5 Signalling pathways involved in the migration mechanism of Sca-1+ vascular progenitor
cells induced by DKK3 treatment .......eei it e s 175
351 ERK activation is involved in Dkk3-driven migration mechanism of Sca-1+ APCs ...... 175
3.5.2 Sdf-1a mediated migration of Sca-1+ cells also involved ERK activation ................... 177

3.5.3 PI3K/AKT signalling pathway is involved in Sca-1+ progenitor cell migration promoted

by Dkk3 179

354 PI3K/AKT pathway is also involved in the migration of Sca-1+ cells upon Sdf-1a
LT 0 [0] =14 o T o TP PRRPPTN 182
3.55 Activation of Rho GTPases is implicated in Sca-1+ APC migration mechanism induced
by Dkk3 184

3.5.6 Conclusion of part 6: Signalling pathways involved in the migration mechanism of Sca-
1+ APCs induced by DKK3 treatment ........cooveiiioceeee et 193



3.5.7 The Wnt signalling pathway is not involved in Sca-1+ APCs migration mechanism
stimulated by DKK3 treatment ... ..o 195

3.6 CXCR7 is upstream of Dkk3-driven migration mechanism of Sca-1+ APCs.........ccccccvveeranee 199

3.6.1 CXCR7 downregulation repressed ERK phosphorylation in Sca-1+ APCs induced by
Dkk3 199

3.6.2 CXCR7 knockdown by SiRNA transfection supressed AKT phosphorylation in Sca-1+

APCs stimulated by DKK3 ...ttt e e s e s 200
3.6.3 Racl activation induced by Dkk3 is decreased in Sca-1+ cells transfected with CXCR7
SiRNA 201
3.6.4 Dkk3-driven RhoA activation in Sca-1+ cells was reduced upon CXCR7 downregulation
202

3.6.5 Conclusion of part 7: CXCR7 is upstream of Dkk3-driven migration mechanism of Sca-
1+ APCs 203

3.7 SUMMANY Lt e et et e e e et e et e e e e e e e e e e e e e e e e e e e e e e e e e e aeesaeaseseeaseeeeseeeaeenes 203

3.8 Dkk3 binds to Integrins a5 and B1, through which it induces the migration of Sca-1+
VaSCUlAr PrOZENITON CRIIS ....vviii ittt e e e e be e e e e b e e e e eeabae e e e sabeeeeeenrenas 204

3.8.1 The Yeast-Two-Hybrid system revealed that Dkk3 interacted with Integrin a5 and

gL a=T = o T N 2 PR 204
3.8.2 Integrins a5 and B1 expression in Sca-1+ vascular progenitor cells.........cccovvvveeeeeeeiccnnnns 224
3.8.3 Dkk3 binds to Integrins a5 and B1 in Sca-1+ progenitor cells .......coocvvvcieeeiiciieeeiiciieeeens 225
3.8.4 Integrins a5 and B1 are high affinity binding receptors for DKk3.........cccceiieciiiiicieenns 226
3.8.5 Downregulation of Integrins a5 and B1 supressed the migration of Sca-1+ APCs driven by
DKK3 SEIMUIGLION ..ttt ettt e sabe e st e s abe e sbeeesabeesabeesabaeesabeesnns 228
L0 SUMMAIY 2 e e e e e e e e e e s e s e s e s e s e e e s e e e e e e eesasasssssssssssssssssasssssssasasssssasasssssanssnnsnnnns 231
Chapter 4: B 1Ty ol U135 o o PSPPSR 232
41 Brief Overview and Summary of the Major Findings.........cccocveieiiiieecciiee e, 233
4.2 The role of Dkk3 as a chemokine-like protein capable of inducing chemotaxis in Adventitia-
derived Sca-1+ vascular Progenitor CellS........cuuiiiiiiiiiiiiieee ettt ee e rae e e ree e 235
4.2.1 Dkk3 induces the migration of Sca-1+ vascular progenitor cells........cccceveevvvereennnenn. 236
4.2.2 Dkk3 binds with high affinity t0 CXCR7......cccvevviiiiiiirienieniecie e 243
423 Signalling pathways involved in the Dkk3-driven Sca-1+ vascular progenitor cell
MIgration MECRANISIM ..ccciie e e e e e e e st e e e e e e e e ssnbeeeeeeeaeeeennnnnnes 252
4.2.4 CXCR7 is upstream of the Sca-1+ vascular progenitor cell migration mechanism
SEMUIALEA DY DKK3 ... e e e e e e st e e e e e s e st e e e e e e e e e e e e snnsraaeeaeaeaanns 257
4.3 The Yeast Two Hybrid system reveals that Dkk3 interacts with Integrin a5 and Integrin B1
259
43.1 Yeast TWo Hybrid control tEStS .....uuiiiiiiieieceeecce e 259



4.3.2 Screening of the Universal mouse normalized Library .........ccceccveeeviiieeecicieee e, 260

4.4 Dkk3 binds with high affinity to Integrin a5 and Integrin Bl.......ccccceeevvieeeeeiiiee e, 261
4.5 Integrin a5 and Integrin B1 are involved in the migration behaviour of Sca-1+ progenitor
Cells Promoted DY DKK3 .....oeiiiieeeee ettt e e et e e e e st e e e s b e e e e e ee e e e nareeas 263
4.6 Schematic overview of Dkk3-mediated Sca-1+ APC migration mechanism...........cccc........ 264
Chapter 5: (070 o [ol [V 1] o 3R 266
5.1 CONCIUSIONS <.ttt ettt et ettt e bt e s bt sat e et e et e e b e sbeesaeesatesmbeeabeenbeennes 267
Chapter 6: FULUIE WOTK . etieee ettt ettt ettt e e et e e e e sbee e e st e e e st ee e s esnbeeeeenabaeeeenareeas 268
6.1 Future Work and perspeCLIVES ........ueiiieiiiie e 269
Chapter 7: Publications and ABStracts.......cuiieciiiiiiiiii e 273
T L PUBIISNE. ...ttt st st ettt beenaee e 273
7.2 1N RBVISION ..ttt sttt e e e e s b e e s sr e e e s e e s 273
7.3 1N PEEI REVIEW ..ttt ettt ettt e s et e st e e s b e e s e e e s nreeeseanbeeesenreeessnreees 273
A [ W o =T o1 -1 o ] o H OO OO PP TP PPPPPPTPPNE 273
7.5 Abstracts presented in MEELINGS ....cccuviiii it ree e s e e s areeas 274
Chapter 8: 0] <Y =T o 1ol YU 275



3D

Ade

AKT
ANOVA
ApoE
ApoE KO
ApoE"’
CD133

CD14

CD144
CD31
CD34
CD45
Cdca2
cDNA
C-Kit
cvyv
Co-IP
Co;
c-Src
CXCL12
CXCR2

CXCR4
CXCR7

DAG
DAPI

DDO

Abbreviations

3 Dimensional

Adenine

Protein Kinase B

Analysis Of Variance

Apolipoprotein E

Apolipoprotein E Knock Out

Apolipoprotein E deficiency / Apolipoprotein E Knock Out

Cluster of Differentiation 133 / Prominin-1

Cluster of Differentiation 14 / Monocyte differentiation antigen
14

Cluster of Differentiation 144 / VE-Cadherin

Cluster of Differentiation 31 / PECAM-1

Cluster of Differentiation 34 / CD34 Antigen

Cluster of Differentiation 45 / PTPRC

Cell division control protein 42

Complementary Deoxyribonucleic acid

Proto-oncogene c-Kit / CD117 / Stem cell growth factor receptor
Cytomegalovirus

Co-Immunoprecipitation

Carbon Dioxide

Proto-oncogene Tyrosine-protein kinase Src

C-X-C Motif Chemokine Ligand 12 / Stromal cell-derived factor 1
C-X-C Motif Chemokine Receptor 2

C-X-C Motif Chemokine Receptor 4

C-X-C Motif Chemokine Receptor 7 / G protein-coupled receptor
RDC1 Homolog / Atypical Chemokine Receptor 3

Diacylglycerol
4', 6-Diamidino-2-Phenylindole

Minimal Media Double Dropouts

10



Dkk
Dkk3
Dkks
DMEM
DMSO
dNTP
DVL
ECM
ECs
ELISA
EMT
EPCs
ERK
ESCs
FAK
FBS
Flk-1
GAL4
GAL4 AD
GAL4 DNA-BD
GAPDH
G-CSF
GEF
GFP

Gli
GPCR
GTP
HEK
His

HSCs

Dickkopf

Dickkopf 3 protein

Dickkopf proteins

Dubelco Modified Eagle Medium
Dimethylsulphoxide
Deoxyribonucleotide Triphosphate
Dishevelled

Extra Cellular Matrix

Endothelial Cells

Enzyme Linked Immunosorbent Assay
Epithelial-to-Mesenchymal Transition
Endothelial Progenitor Cells
Extracellular signal-regulated kinases
Embryonic Stem Cells

Focal Adhesion Kinase

Fetal Bovine Serum

Fetal Liver Kinase 1

Galactose responsive transcription factor
GAL4 Activation Domain

GAL4 DNA-Binding Domain
Glyceraldehyde-3-Phosphate Dehydrogenase
Granulocyte-colony stimulating factor
Guanine nucleotide exchanging factor
Green fluorescent protein

GLI family zinc finger 1

G Protein-coupled receptor
Guanosine Triphosphate

Human Embryonic Kidney

Histidine

Hematopoietic Stem Cells

11



HUVEC Human Umbilical Vein Endothelial Cell

ICAM-1 Intercellular Adhesion Molecule 1

IP3 Inositol Triphosphate

iPSCs Induced Pluripotent Stem Cells

ITGa5 Integrin a5

ITGB1 Integrin B1

IJNK c-Jun N-terminal kinase

Ko Dissociation Constant

KDR Kinase insert Domain Receptor

Kifa Krippel-like Family of Transcription Factor-4

LDL Low Density Lipoprotein

Leu Leucine

LIMK LIM domain kinase 1

LRP5 Low-density lipoprotein receptor-related protein 5
LRP6 Low-density lipoprotein receptor-related protein 6
MAPK Mitogen-activated Protein Kinase

M-CSF Macrophage colony-stimulating factor

MEK Mitogen-activated Protein Kinase Kinase

MLC Myosin Light Chain

MLCP Myosin Light Chain Phosphatase

MMP Matrix Metalloproteinase

mRNA Messenger Ribonucleic Acid

MSCs Mesenchymal Stem Cell

0 Oxygen

PAK P21-activated kinase

PCR Polymerase Chain Reaction

Pdgf-B Platelet Derived Growth Factor-f

PECAM-1 Platelet and endothelial cell adhesion molecule 1
PFA Paraformaldehyde

PI3K Phosphoinositide 3-kinase

12



PIP2
PIP3
PiPSCs
PKA
PKB
PKC
PLC
PNPP
PPI
PTPRC
QDo
Rac-1
REIC
RhoA
RIPA
RNA
ROCK
RT-PCR
Sca-1
Sca-1+ APCs
SD
Sdf-1a
Shh
SiRNA
SM22a
SMCs
SM-MHC
SMPCs
TF

Trp

Phosphatidylinositol biphosphate
Phosphatidylinositol 3,4,5 trisphosphate
Partially induced Pluripotent Stem Cells
Protein Kinase A

Protein Kinase B / AKT

Protein Kinase C

Phospholipase C

p-nitrophenyl phosphate

Protein-protein interaction

Protein Tyrosine Phosphatase, Rceptor Type C/ CD45

Quadruple dropout medium

Ras-related C3 botulinum toxin substrate 1
Reduced expression in immortalised cells

Ras homolog gene family, member A

Radio Immunoprecipitation Assay

Ribonucleic Acid

Rho-associated protein kinase

Reverse transcription polymerase chain reaction
Stem cells antigen-1

Adventitia-derived Sca-1+ vascular progenitor cells
Single Dropout medium

Stromal cell-derived factor 1 a

Sonic hedgehog

Small interfering RNA

Smooth Muscle Protein 22-alpha

Smooth muscle cells

Smooth Muscle Myosin Heavy Chain

Smooth muscle progenitor cells

Transcription factor

Triptophane

13



VCAM-1

VEGFR2

VPCs

VSMCs

vWf

Y2H

a-SMA

Vascular Cell Adhesion Molecule-1

Vascular Endothelial Growth Factor Receptor 2
Vascular Progenitor Cells

Vascular Smooth muscle cells

Von Willebrand Factor

Yeast Two Hybrid

a-Smooth Muscle Actin

14



List of Figures

List of figures Page
Figure 1.1: Structure of blood vessels 21
Figure 1.1.1: Evolution on the knowledge of the arterial Adventitia 22
Figure 1.2.2: Distribution of Stem/Progenitor cells across the 3 layers of the vascular wall 29
Figure 1.3.1: Basic pathogenesis of atherosclerosis 32
Figure 1.3.2: Vascular smooth muscle cell contribution to plaque stability 34
Figure 1.4A: Inflammatory process in atherosclerosis regulated by cytokines 42
Figure 1.4B: Cytokines involved in atherogenesis 43
Figure 1.4.1.1: Classification of chemokines 45
Figure 1.4.1.2: Chemokine G protein-coupled receptor associated signalling pathways 48
Figure 1.4.1.3: The role of chemokines in atherogenesis 50
Figure 1.4.1.4A: The CXCL12/CXCR4 signalling pathway 54
Figure 1.4.1.4B: Structure and amino acid sequence of CXCR4 and CXCR7 55
Figure 1.5A: Steps involved in cell migration 58
Figure 1.5B: Cytoskeleton protein filaments 59
Figure 1.5C: Mechanism of protrusion formation by actin filaments 61
Figure 1.5.1.1A: Regulation of the cytoskeleton by Rho GTPases 63
Figure 1.5.1.1B: Downstream effectors of Rho GTPases 64
Figure 1.5.1.2: PI3K/AKT pathway and regulation of chemotaxis 66
Figure 1.5.1.3: Ras-Raf-MEK-ERK signalling pathway and regulation of chemotaxis 68
Figure 1.5.1.4: Signalling pathways regulated by B-arrestin 70
Figure 1.5.2: Integrins in focal adhesions 72
Figure 1.6: Structure of the Dickkopf family of proteins 73
Figure 1.6.1: Wnt signalling modulation by Dkk proteins 77
Figure 1.6.2: Wnt signalling pathways 78
Figure 1.7.1A: Yeast Two Hybrid system GAL4 transcription factor based 82
Figure 1.7.1B: Yeast mating strategy 83
Figure 1.7.1C: Reporter gene constructs in Y2HGold and Y187 yeast strains 84

15



List of figures

Figure 1.8.1A: Ligand-receptor binding curve

Figure 2.2.15: Layout of fields in each transwell insert at 10X magnification

Figure 2.2.16: Layout of fields in each well of a 12-well plate, at 10X magnification
Figure 2.2.21A: Map of the vector pShuttle2-Flag-HA used for cloning

Figure 2.2.21B: Map of the vector pCMV3-HA

Figure 2.2.25.2A: Mating strategy for the control experiments

Figure 2.2.25.2B: pGBKT7-53 Plasmid Map

Figure 2.2.25.2C: pGADT7-T Plasmid Map

Figure 2.2.25.2D: pGBKT7-Lam Plasmid Map

Figure 2.2.25.3: Murine Dkk3 cDNA sequence and pGBKT7 plasmid Map

Figure 2.2.25.7: Co-transformation strategy for confirmation of positive interaction
Figure 3.1: Sca-1+ progenitor cell population purity analysis

Figure 3.2.1: Dkk3 and Sdf-1a induced Sca-1+ APCs migration - Transwell migration assay
Figure 3.2.2: Dkk3 and Sdf-1a induced Sca-1+ APCs migration - Wound healing assay
Figure 3.2.3: Pdgf-B induced the migration of Sca-1+ progenitor cells

Figure 3.2.4.1: Dkk3 induced cell outgrowth from the aortic rings

Figure 3.2.4.2: Dkk3 promoted Sca-1+ cell outgrowth from the aortic rings

Figure 3.2.5: In vitro proliferation of Sca-1+ progenitor cells in response to Dkk3

Figure 3.3.1: Expression profile of the chemokine receptors in ECs, Sca-1+ APCs and SMCs

Figure 3.3.2: Expression profile of Dkk protein family related receptors, in ECs, Sca-1+ APCs

and SMCs
Figure 3.4.1.1: Sca-1+ APCs express low level of CXCR4

Figure 3.4.1.2: CXCR7 KD decreased Sca-1+ APC migration induced by Dkk3 or Sdf-1a

Figure 3.4.1.3: Sca-1+ progenitor cell migration induced by Dkk3 is not decreased upon

CXCR2 downregulation
Figure 3.4.1.4: Kremenl Knockdown decreased Sca-1+ APC migration driven by Dkk3

Figure 3.4.1.5: Sca-1+ progenitor cells express low level of Kremen2

Figure 3.4.2.1: Sdf-1a, but not Dkk3 stimulation, increased the migration of HEK 293T cells

overexpressing CXCR4

16

Page
86
107
108
112
114
117
118
118
119
120
124
127
129
131
133
135
140
144

148

150

153

155

157

158

160

162



List of figures

Figure 3.4.2.2: Dkk3 and Sdf-la promoted the migration of CXCR7 overexpressing HEK
293T cells

Figure 3.4.2.3: Dkk3 and Sdf-1a treatments had no effect on the migration level of CXCR2
overexpressing HEK 293T cells

Figure 3.4.2.4: Dkk3 stimulation had no effect on the migration of HEK 293T cells
overexpressing either Kremenl or Kremen2

Figure 3.4.3.1: Dkk3 co-immunoprecipitated with CXCR7 in Sca-1+ vascular progenitor cells
Figure 3.4.3.2: CXCR7 has high binding affinity for Dkk3

Figure 3.5.1: ERK activation is involved in Dkk3-driven migration mechanism of Sca-1+
vascular progenitor cells

Figure 3.5.2: Sdf-1a-mediated migration of Sca-1+ cells also involved ERK activation

Figure 3.5.3: PI3K/AKT signalling pathway is involved in Sca-1+ progenitor cell migration
promoted by Dkk3

Figure 3.5.4: PI3K/AKT pathway is involved in the migration of Sca-1+ progenitor cells upon
Sdf-1a stimulation

Figure 3.5.5.1: Racl activation is involved in Sca-1+ cell migration mechanism induced by
Dkk3

Figure 3.5.5.2: RhoA signalling pathway is implicated in Sca-1+ progenitor cell migration
mechanism stimulated by Dkk3 treatment

Figure 3.5.7.1: B-Catenin inhibition by FH535 had no effect in the Dkk3-mediated
migration mechanism of Sca-1+ APCs

Figure 3.5.7.2: DVL inhibition by Peptide Pen-N3 had no effect in the Dkk3-driven
migration mechanism of Sca-1+ APCs

Figure 3.6.1A: CXCR7 downregulation repressed ERK phosphorylation in Sca-1+ APCs
induced by Dkk3

Figure 3.6.2A: CXCR7 knockdown by SiRNA transfection supressed Dkk3-triggered AKT
phosphorylation in Sca-1+ APCs

Figure 3.6.3A: Racl activation induced by Dkk3 was decreased in Sca-1+ cells transfected
with CXCR7 SiRNA

Figure 3.6.4A: Dkk3-driven RhoA activation in Sca-1+ APCs was reduced upon CXCR7
downregulation

Figure 3.8.1.4: Co-transformation strategy for confirmation of positive interaction

17

Page

164

166

168

171

172

176

178

180

183

185

189

196

197

199

200

201

202

221



List of figures
Figure 3.8.2: ITGa5 and ITGB1 expression in Sca-1+ APCs, ECs and SMCs

Figure 3.8.3A: Dkk3 and ITGa5 co-Immunoprecipitated with ITGB1 in Sca-1+ progenitor
cells

Figure 3.8.4: Integrins a5 and B1 are high affinity binding receptors for Dkk3

Figure 3.8.5: Downregulation of Integrins a5 and B1 supressed Dkk3-driven Sca-1+ APC
migration

Figure 4.2.2A: Sca-1+ expression on artificial vessel model

Figure 4.2.2B: Relation between Dkk3 plasmatic concentration and the risk of
atherogenesis

Figure 4.6: Dkk3-driven Sca-1+ vascular progenitor cell migration mechanism

18

Page

224

226

227

229

249

250

265



List of Tables

List of tables

Table 1.2.2: Summary of publications on stem/progenitor cells resident in the vascular wall
Table 1.4.1: Chemokines and their corresponding chemokine receptors

Table 1.6.1: Receptors proposed for the Dkk proteins

Table 2.1.1 List of cell culture reagents

Table 2.1.2 List of chemicals and buffers

Table 2.1.3 List of Proteins and Inhibitors

Table 2.1.4 List of kits

Table 2.1.5 List of Antibodies

Table 2.1.6 List of Primers

Table 2.2.6 Reverse Transcription components

Table 2.2.8.1 List of reaction mix components

Table 2.2.8.2 Thermal cycling conditions for Pfu Polymerase-mediated PCR amplification
Table 2.2.8.3 Conventional PCR primer sequences and parameters

Table 2.2.11: List of pharmacological agents used to inhibit signalling pathways

Table 2.2.19: List of receptor SiRNA and respective control SiIRNA

Table 2 2.2.21A: Reaction mixture for enzyme digestion of the vector

Table 2.2.21B: Reaction mixture for enzyme digestion of the insert

Table 2 2.2.21C: Reaction mixture for enzyme digestion of the vector

Table 2.2.25: List of items required for Yeast Two Hybrid experiment

Table 2.2.25.2: Yeast transformation strategy

Table 3.8.1.1A: Yeast transformation strategy

Table 3.8.1.1B: Positive and negative control results

Table 3.8.1.2: Test for Dkk3 auto-activation

Table 3.8.1.3A: Screening of the Universal mouse normalized Two-Hybrid Library

Table 3.8.1.3B: Identification of the library prey proteins that interacted with the bait Dkk3
Table 3.8.1.4: Results for the positive interaction confirmation test

Table 4.2.1: Comparison between Transwell and Wound healing migration assays

19

Page
26
46
75
90
91
93
94
95
96

101
102
103
103
104
110
113
113
113
116
119
205
206
211
214
217
222
237



Chapter 1: Introduction

20



1.1 The Vascular System

The cardiovascular system consists of the heart and the blood vessels which distribute the blood in
the body. The blood vessels comprise the arteries, arterioles, capillaries, venules and the veins. The
capillaries are formed by a monolayer of endothelial cells underlying the basal lamina. Smooth
muscle cells are absent but pericytes may envelope the capillaries. The arteries and the veins are

composed of three tissue layers (Tunics) that surround the lumen of the vessel (Figure 1.1).
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Figure 1.1: Structure of blood vessels. The arteries and the veins are composed of three tissue
layers: the inner most layer (tunica intima), the media layer (tunica media) delimited by the internal
elastic membrane and the external elastic membrane, and the external layer (tunica adventitia).
(Source: http://bme240.eng.uci.edu/students/08s/sshreim/bvd.htm).

The tunica intima is the inner most layer of the blood vessel, which consists of a monolayer of
endothelial cells (ECs) surrounded by a basal lamina and delimited by the internal elastic lamina. The
middle layer of the vessel wall is the tunica media, comprising predominantly smooth muscle cells
(SMCs) displayed circumferentially in sub-layers, which are supported by connective tissue (elastic
and collagen fibers). The media is structurally supported by the external elastic lamina which
separates it from the tunica adventitia. The adventitia is the external layer of the blood vessel and its

outer limit is more difficult to define, as it blends with the perivascular connective tissue [1].
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1.1.1 The evolution on the knowledge of the arterial adventitia

Until recently, the adventitia was considered a passive vessel wall layer comprising only fibro-elastic
connective tissue. In larger vessels it was reported to also include the vasa vasorum, the lymphatic
plexi and nerve fibers [2]. Today, the adventitia is considered a dynamic layer, in communication
with the other vessel wall layers. It contributes to the growth and repair of the vessel wall and
exhibits important roles in inflammation and vascular remodelling. Various cell types can be found in

the adventitia, including fibroblasts, macrophages, adipocytes and pericytes (Figure 1.1.1) [3-5].

In 2004, Hu et al., were the first to reveal that the aortic adventitia contained resident vascular
stem/progenitor cells expressing the markers Stem cell antigen-1 (Sca-1+), Stem cell factor receptor
(CD117+; c-Kit+), Hematopoietic progenitor cell antigen CD34 (CD34+) and Fetal liver kinase-1 (Flk1+)
[6]. Since then, a substantial number of studies has provided evidences regarding the stem cell niche
properties presented by the adventitial layer. Passman et al., supported the finding of resident Sca-
1+ cells by characterizing a sonic hedgehog (Shh) signaling domain restricted to the adventitial layer
of the artery wall [7]. Campagnolo et al., reported that CD34+/CD31- cells, with a multilineage
potential, could be found around the vasa vasorum in the adventitia of human saphenous veins [8].
Zengin et al., concluded that a population of CD34+ cells, capable of differentiating into endothelial
or immune cells, was localized between the media and the adventitia of adult human blood vessels
[9]. Psaltis et al., identified a macrophage progenitor cell population (Sca-1+/CD45+) in the
adventitia of postnatal mouse vasculature [10]. Mesenchymal stem cells (MSCs) were also detected
in human pulmonary artery adventitia, by Hoshino et al., [11]. Recently, Kramann et al., showed that
the adventitial Gli+ MSC-like cells are progenitors of vascular smooth muscle cells [12].

P o P =y - = Tissue

Figure 1.1.1: Evolution on the knowledge of the arterial Adventitia. A: Traditional adventitia layer:
Collagen-rich extracellular matrix embedding fibroblasts (grey) and perivascular nerve. B: Dynamic
adventitia layer: Complex adventitial layer comprising the collagen-rich extracellular matrix
embedding not only fibroblasts and perivascular nerves, but also macrophages (blue), mast cells
(pale green), CD34+/Scal+ progenitor cells (dark green), T cells (grey), microvascular endothelial

cells (light grey), pericytes (dark blue), and adipocytes (yellow)[5].
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1.2 Vascular progenitor cells

Blood vessels are formed usually through two processes: Vasculogenesis and angiogenesis.
Vasculogenesis refers to the creation of the primary vascular network, as observed during embryonic
development, where the blood vessels are formed de novo from progenitor cells (angioblasts).
Angiogenesis consists of the sprouting of new blood vessels from the pre-existing vascular networks
and can occur at any time throughout an organism’s life time. The vascular plasticity, either through
vasculogenesis or angiogenesis, contributes to both vascular repair and vascular disease

development.

Initially, the cells within the vasculature were thought to be terminally differentiated. Accumulating
studies revealed that in fact, both vasculogenesis and angiogenesis comprise vascular progenitor cell
homing or recruitment, proliferation and differentiation into smooth muscle cells (SMCs) and

endothelial cells (ECs), amongst other cell types.

Vascular progenitor cells are adult stem cells that reside in specific sites of vascular tissues (stem cell
niche site), including the bone marrow and the vessel wall. These cells are multipotent and

commitment to specific cell lineages [13, 14].

Currently, two types of vascular progenitor cells are presented in the literature: circulating vascular
progenitor cells and resident vascular progenitor cells.

1.2.1 Circulating vascular progenitor cells

Circulating vascular stem/progenitor cells correspond to the cells circulating in the blood flow from
one tissue or organ to another. These cells, induced by signals released in response to certain
stimulus, are mobilized to the vessel wall where they can differentiate into ECs or SMCs, amongst

other types of cells.

The circulating stem/progenitor cells either belong to the hematopoietic-lineage (bone marrow-
derived hematopoietic stem cells) or to the non-hematopoietic lineage. The origin of the latter group
of cells is still unclear [15]. Accumulating studies have shown the detection of non-hematopoietic
circulating stem cells. Aicher et al., revealed that liver-derived non-hematopoietic c-Kit+/CD45-
progenitor cells can enter the circulation, following induction of hindlimb ischemia, and can
contribute to postnatal vasculogenesis [16]. A study by Kuwana et al., concluded that circulating
human CD14+ monocytes, precursor of macrophages and dendritic cells, possessed the potential to
differentiate into mesenchymal lineage cells, such as adipocytes and osteoblasts [17]. Circulating
mesenchymal stem cells (MSCs) were also mentioned in several studies. Wang et al., observed
sequential fluctuations in the number of circulating mesenchymal stem cells CD45-/CD34- in patients

who suffered a myocardial infarction [18]. Marketou et al., verified that patients with hypertrophic
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cardiomyopathy exhibited an increase in the number of circulating MSCs (CD45-/CD34-/CD90+)
compared to healthy individuals [19]. Finally, Zvaifler et al., found MSCs CD45-/CD34-/CD14- in the
blood of normal individuals, and observed that these cells could differentiate into adipocytes or

osteoblasts under appropriate conditions [20].

Interestingly, bone marrow-derived very small embryonic-like cells (VSELs) of non-hematopoietic
lineage (CD45-/CD133+), displaying the phenotype of primitive pluripotent cells as they are enriched
for early embryonic markers (Oct-4, Nanog, SSEA-4, Rex1, Dppa3 and Rif-1), were described to be

mobilized to the peripheral blood, after acute myocardial infarction [21, 22].

The origin of circulating endothelial progenitor cells (EPCs) is attributed not only to a hematopoietic
lineage, but also to a non-hematopoietic source, such as mesenchymal stem cells or even CD14+
monocytic cells [23, 24]. The most widely accepted phenotype for these cells is CD34+/KDR+/CD133+
and once they differentiate into mature ECs, the CD133+ marker is lost, while CD31+ and vWf,
amongst other markers, start to be expressed [25-28]. EPCs are notoriously described in the
literature and their function in cardiovascular diseases is rather controversial. If on one hand these
cells are known to have a therapeutic potential due to their contribution to angiogenesis and
endothelium repair [29-33], on the other hand studies have shown that EPCs have a role in the
pathogenesis of vascular diseases [34-38].

Hematopoietic stem cells (HSCs) are multipotent self-renewing progenitor cells derived from the
bone marrow. The transplantation of HSCs has become a standard therapeutic solution for patients
suffering from disorders in their hematopoietic system or for cancer patients undergoing high dose
chemotherapy [39, 40]. These stem cells can give rise to not only blood cells but also other cell
types, including epithelial cells, hepatocytes, cardiomyocytes, SMCs and ECs [41]. Takakura et al.,
observed that HSCs participate in angiogenesis [42]. Contrastingly, Wang et al., concluded that HSCs
directly contribute to arteriosclerosis [43]. Sata et al., demonstrated that HSCs (c-Kit+/Sca-1+/Lin-)
from bone marrow give rise to SMCs and ECs that contribute to vascular remodelling [44].

The origin of EPCs and Smooth muscle progenitor cells (SMPCs) is still controversial. On one hand,
some studies demonstrate that EPCs and SMPCs are bone marrow-derived cells [44-53]. Contrarily,
other reports show that EPCs and SMPCs are not originated by bone marrow-derived cells. For
example, Case et al., concluded that CD34+/CD133+/VEGFR-2+ are hematopoietic progenitor cells
(HPCs) but not EPCs, as proposed by others, because these cells have never been isolated in order to
give rise to EC progeny [54]. Timmermans et al., revealed that late EPCs (also known as endothelial
outgrowth cells — EOCs) express CD34+, but they are not derived from CD133+ or CD45+
hematopoietic progenitor cells isolated from bone marrow or human cord blood [55]. Additionally,
Yoder et al., demonstrated that endothelial cell colony-forming units (CFU-ECs), contrary to blood
outgrowth endothelial cells (BOECs), are derived from HSCs and differentiate into phagocytic
macrophages, instead of ECs [56]. Regarding the origin of SMPCs, Bentzon et al., argued that SMCs in
atherosclerotic plaques of ApoE”" mice did not originate from bone marrow-derived circulating

progenitor cells but rather from local vessel wall [57]. Interestingly, Daniel et al., verified that bone
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marrow-derived SMPCs contribution to neointima was rare, whereas adventitial Sca-1+ and CD34+
cells were highly proliferative. The contribution of bone marrow-derived cells corresponded only to
the inflammatory period in neointima formation [58]. Iwata et al., further supported this notion by
showing that the few bone marrow-derived a-SMA+ (smooth muscle a-Actin) cells present in
neointima lesion induced by Wire injury or in ApoE”" mice were SM-MHC (Smooth muscle myosin
heavy chain) negative, but CD115+/CD11b+/F4/80+/Ly-6C+ (surface markers of inflammatory
monocytes). Therefore, they demonstrated that bone marrow-derived cells contributed to vascular
inflammation but not SMCs in neontima formation [59]. Hu et al., by using an artery allograft model
and chimeric mice revealed that the SMCs in the atherosclerotic lesion predominantly originated
from the local/recipient vessel and not from bone marrow cells [60]. Groenewegen et al., by using
transgenic mice and aortic allograft model, also concluded that bone marrow-derived cells are not
the source of SMCs in transplant arteriosclerosis and in-stent restenosis [61]. Collectively, these
findings prompted research work in the exploration of other sources of EPCs and SMPCs, namely the

vascular wall.

Circulating vascular progenitor cells seem to have a dual role in vascular diseases. They were shown
to either promote vascular repair, thus being important for vascular regeneration, or to contribute
to vascular lesions, such as atherosclerotic neointimal lesions [35, 36, 41, 62, 63].

1.2.2 Resident vascular progenitor cells

Until very recently, the existence of resident vascular progenitor cells was not known. Interestingly,
in 2001, Alessandri et al., by performing the aortic ring assay with human embryonic aortas, showed
for the first time ex vivo outgrowth of capillary-like structures. Moreover, the cells isolated from
these outgrowths were CD34+/CD31- and differentiated in vitro into to ECs [64] . This suggested
that the circulating vascular progenitor cells were not the sole contributors for the new vessel
formation and that the vessel wall itself could potentially contain resident vascular progenitor cells.

Later, in 2003, Majka et al., were able to isolate vascular progenitor cells resident in adult skeletal
muscle. The cells comprised two distinct populations of cells. One corresponded to hematopoietic
stem cells (denominated as side population — SP) and the other population of progenitor cells,
although also derived from bone marrow, exhibited a more mesenchymal phenotype (non-SP), not
being able to reconstitute blood. Once injected into injured muscle, the SP cells engrafted into the
endothelium and the non-SP cell engrafted into smooth muscle [65]. In the same year, Tintut et al.,
also observed that the artery wall contains cells similar to MSCs, with in vitro multipotency ability
[66]. In 2004, Messina et al., isolated and expanded cardiac stem cells capable of self-renewal and of

differentiating into cardiomyocytes and vascular cells [67].

It was only in 2004, that the first evidence of non-bone marrow-derived resident vascular progenitor

cells, present in the adventitia layer of the vessel wall, was provided. Hu et al., revealed that the
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adventitia layer contained non-bone marrow-derived vascular progenitor cells expressing the
markers Sca-1+, C-Kit+, CD34+ and Flk1+. Amongst these, the adventitial Sca-1+ cells were able to

differentiate in vivo into SMCs and to participate in neointima formation [6].

Since then, numerous studies have been published proving the presence of vascular progenitor cells
resident in the vessel wall, as a reservoir for multipotent stem/progenitor cells (Table 1.2.2). For
instance, Ingram et al., showed that endothelial progenitor cells, resident in the Intima of umbilical
vein and aortic vessel, could contribute to endothelial cell formation [68]. Mesenchymal stem cells
were as well detected in the internal surface of human varicose saphenous vein. These cells were
able to differentiate in vitro into osteoblasts, chondrocytes and adipocytes [69]. Also in human
saphenous vein, Campagnolo et al., observed the localization of CD34+ cells around adventitial vasa
vasorum, showing clonogenic and multilineage differentiation capacities [8]. Zengin et al., reported
that endothelial progenitor cells CD34+/CD31-, capable of differentiating into mature endothelial
cells, hematopoietic cells and macrophages, were displayed in a region contained between the
media and the adventitia of adult human blood vessels [9]. Pasquinelli et al., demonstrated the
presence of angiogenic mesenchymal stromal cells within the human thoracic aorta[70]. Still in the
media layer, Sainz et al., isolated a side population of progenitor cells displaying a Sca-1+/C-Kit(-
/low)/Lin-/CD34(-/low) profile, which generated cells with ECs and SMCs phenotype and vascular-
like branching structures [71]. Furthermore, Torsney et al., identified within the neointima and
adventitia of human atherosclerotic arteries, progenitor cells expressing Sca-1+, CD34+ and C-Kit+
markers, suggesting that these cells could be the source of SMCs, ECs and macrophages that form
atherosclerotic lesions [72]. Pericytes, which are normally regarded as mural cells, have also been
described to possess multipotent stem/progenitor cell properties, although controversy still exists
regarding their distinction from MSCs [73, 74].

Table 1.2.2: Summary of publications on stem/progenitor cells resident in the vascular wall

. Source of stem/progenitor Stem/progenitor Differentiation
Publication .
cells cells and markers potential

Alessandri et Human embryonic aorta rings | CD34+/CD31-cells | ECs
al., 2001
. Calcifying vascular | Chondrogenic and

Tintut et al., . . . . .
5003 Media of bovine aorta cells — MSCs-like leiomyogenic (SMCs)

cells lineage cells
Hu et al., 2004 | Adventitia of aortic roots ?;\l/sentltlal Sca-1+ SMCs
Covas et al., Internal surface of human Osteoblasts,

. MSCs chondrocytes,
2005 saphenous vein .
adipocytes

'Z”Ogggm etal, | LUVECs and HAECs (Intima) | EPCs ECs
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Publication

Source of stem/progenitor

cells

Stem/progenitor
cells and markers

Differentiation
potential

Howson et al., Rat aorta CD34+/Tie2+/CD31- Pericvtes
2005 cells y
Sainz et al Sca-1+/C-kit(-
v Mouse aortic media /low)/Lin-/CD34(- ECs, SMCs
2006
/low) cells
. Region between the media .
Zengin etal., and the adventitia of human EPCs ECs, Hematopoietic

2006

artery

cells, immune cells

Pasquinelli et

Media-Adventitia of human

CD34+ cells and C-

al., 2007 thoracic aorta kit+ cells ECs
Torsney et al., Atf.\erosclerot{C. CD34+, C-kit+ and

lesion/Adventitia of human NA
2007 . Sca-1+ cells

aorta and mammary arteries
Iznov(;e7rn|C| etal, Human fetal aorta MSCs-like cells ECs and mural cells
Passman et al., | Media-Adventitia of mouse

-1+

2008 embryonic and adult arteries Sca-1+ cells SMCs
Hoshino et al., | Adventitia of human Osteogenic, ‘adl.pogenlc
2008 ulmonary arter MSCs and myogenic lineage

P ¥ ¥ differentiation in vitro
Traktuev et al., Stromal-vascular fraction of CD34+ cells

2008

human subcutaneous adipose
tissues

(pericyte-like cells)

NA

Crisan et al.,
2008

Capilaries and microvessels of
human fetal and adult tissues

Pericytes

Osteogenic, adipogenic
and myogenic lineage
cells

Barcelos et al.,

CD133+ progenitor

5009 Human fetal aorta cells NA

Human blood and intima of . .
Liu et al., 2009 | transplant atherosclerotic Mye!md/Progemtor ECs

cell lineage

vessels

Bearzi et al., Human coronary arteries and . ECs, SMCs,
-kit+/KDR+

2009 capillaries C-kit+/KDR+ cells Cardiomyocytes

Pasquinelli et
al., 2010

Media-Adventitia of human
aortic and femoral arteries

Sca-1+, Notch-1+,
Stro-1+ and Oct-4+
cells (Mesenchymal
stromal cells)

Adipogenic,
chondrogenic and
leiomyogenic lineages

Campagnolo et

Human saphenous vein

CD34+/vWF- and

Pericytes/mesenchymal
cells showing clonogenic

al., 2010 CD34+/CD31- cells | and multilineage
differentiation capacities
Zorzietal., Rat aortic rings Immature Macrophages and
2010 immunocytes dendritic cells
Juchem et al., Venous Intima and Pericytes NA
2010 atherosclerotic plaques
Katare et al., . Pericyte progenitor
Saphenous vein NA

2011

cells
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Publication

Source of stem/progenitor

cells

Stem/progenitor
cells and markers

Differentiation
potential

Naito et al., Intima of mouse hindlimb EPCs ECs
2011 vasculature and other tissues
Klein etal, Human arterial adventitia Multipotent stem Pericytes and SMCs
2011 cells
Neointimal lesion from a
Tsai et al., mouse model of restenosis by | Sca-1+, CD34+ and ECs SMCs
2012 grafting a decellularized vessel | C-kit+ cells !
to the carotid artery.
Multipotent
Tang et al., Media of mouse, rat and vascular stem cells | SMCs and chondrogenic
2012 human vessels (Sox17+, Sox10+ cells
and S10083+)
Sca-1+/CD45+
multipotent
;(Sﬁl;s etal, Adventitia of murine aorta I;fczrg]aetmoifc?rl;e:tlgm Inflammatory cells
cells (Macrophage
precursors)
Corselli et al., Advgntltla - stromal vgscular Clonogenic multipotent
2012 fra.ctlon o.f human white MSCs progenitors in culture
adipose tissue
(';:?f':gi;leﬁ gg\r}\tfejx;[lants of Sprague- Pericytes Neural-like phenotype
Wong et al., Adventitial tissue of mouse Sca-1+ cells SMCs
2013 aorta
SMCs and adipogenic,
ggi; etal, Adventitia of vein grafts Sca-1+ cells :I'S]E)enc:i‘ig:nci)z lineages in
vitro
Klein etal, Human arterial adventitia D44+ Multipotent SMCs
2013 stem cells
Tigges et al., Mouse femoral artery Pericyte-like cells, NA
2013 adventitia MSCs
Stromal cells (MSC-
like cells CD105+);
Yangetal,, Human arteries, veins, small Multiple lineage cells
2013 vessels and adipose tissue Vessel wall stromal
cells CD34+/CD31-
/CD105+
. Sca-1+/CD45+
Psaltis et al., " .
5014 Adventitia of murine aorta macrophage Macrophages
precursors
Murine aorta explants and )
Klein et al., angiogenic tumour blood Nestin+ cells '
5014 vessels from human tumour multipotent stem SMCs and pericytes

samples

cells
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Source of stem/progenitor Stem/progenitor Differentiation

Publication .
cells cells and markers potential

Zaniboni et al Adipogenic, osteogenic
5014 ” | Media of porcine aorta MSCs or chondrogenic
lineages in vitro
lacobazzi et al., | Adventitia of vein remnants of CD105+/CD45._
/CD31- MSC-like NA
2014 coronary artery bypass
cells
Kramann etal., | Microvasculature and Perivascular Glil+ Mvofibroblasts
2015 adventitia of large arteries MSC-like cells ¥
Human saphenous vein
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Even though there is enough evidence confirming the presence of resident progenitor cells in all the
three layers of the vessel wall, the functional role of these cells is still not clear, leaving behind many
unanswered questions [75-77]. Nevertheless, the vascular wall is now accepted to possess stem cell
niche-like properties, particularly the adventitial layer, which can interact with the other vessel wall

layers through its complex reservoir of progenitor cells (Figure 1.2.2).
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Figure 1.2.2: Distribution of Stem/Progenitor cells across the three layers of the vascular wall.
Stem/progenitor cells are present in all three layers of the vessel wall. The Intima may contain
endothelial progenitor cells (EPCs), which may also be present in the vasculogenic zone between the
media and the adventitia. Beneath the Intima pericytes with multipotency properties can be found.
In the media, mesenchymal stem cells (MSCs) or multipotent stem cells (MPSCs) have been
detected, together with side population of progenitor cells. The adventitia is notably rich in distinct
populations of stem/progenitor cells, including Sca-1+ cells, adventitial macrophage precursors Sca-
1+/CD45+ cells (AMPCs), CD34+/CD31- EPCs or MSCs, CD44+ multipotent stem cells and pericytes.
Hematopoietic stem cells (HSCs) and hematopoietic progenitor cells (HPCs) may be recruited to the
vasculature and thus be observed in the vessel wall. (Source: Psaltis et al.; Vascular wall progenitor
cells in health and disease; Circulation Research; 2015)[77].

1.2.3 Sca-1+ Vascular Progenitor Cells

The Sca-1+ marker, also known as Ly-6A/E, was originally used to enrich adult murine hematopoietic
stem cells (HSCs). Bone marrow cells expressing Sca-1+ marker demonstrated the potential to
differentiate into ECs. Under homeostatic condition the endothelium of large arteries exhibits little
Sca-1+ expression. However, in response to injury, the number of Sca-1+ cells in the endothelial
layer of the aorta increases. Additionally, ApoE-deficient mice, which model arteriosclerosis, present
elevated numbers of Sca-1 cells in the aortic endothelium.

Hu et al.,, demonstrated that adventitia-resident vascular progenitor cells expressed the Sca-1+
marker (Sca-1+ APCs) and that these cells contributed to atherosclerosis via migration and
differentiation into SMCs [6]. Amongst other studies, the work of Yu et al., further supported the
notion of the contribution of resident Sca-1+ cells to neointima formation [78]. Nevertheless, Sca-1+
APCs may possess a potential role in reparative and regenerative processes. The differentiation of
Sca-1+ cells into SMCs or ECs may participate in vessel repair in atherosclerotic conditions, with
endothelial layer regeneration and atherosclerotic plaque stability. Proliferation and migration of
Sca-1+ APCs to the directed site to later lead to differentiation may precede the reparative process.
Furthermore, these mechanisms could provide very useful application of Sca-1+ APCs in tissue

engineering, such as artificial vessel generation.
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1.3 Atherosclerosis

Atherosclerosis is a chronic pathological condition characterised by intense vascular remodelling and
inflammatory processes. As a result, it usually leads to the development of important cardiovascular
disorders, such as coronary artery disease, carotid artery disease, peripheral artery disease,
myocardial infarction, stroke, amongst others. In 2012, cardiovascular diseases were considered one
of the major causes of death worldwide, reason why so much research is focused on their

pathogenesis and the discovery of therapeutic solutions for atherosclerosis [79].

1.3.1 Pathogenesis of Atherosclerosis

Genetic or environmental risk factors which may induce hypertension, hyperlipidemia,
hyperglicemia, chronic inflammation, circulation of reactive oxygen species, amongst other
disorders, can cause injury and dysfunction of the endothelial layer of the vessel wall. This
constitutes the initiation step of atherogenesis and it includes the recruitment of blood cells, which
adhere to the activated endothelium surface and infiltrate into the tunica Intima (Figure 1.3.1).

Lipoproteins from the plasma leak into the sub-endothelial areas through the impaired endothelium
and are retained in the Intima. The white blood cells accumulate to uptake the toxic lipidic
molecules, pathogens and dead cells. The fatty streak stage is hence achieved. Subsequently, upon
the excessive load of lipoproteins, the macrophages get trapped in the arterial wall, forming foam
cells and contributing to the bulge formation and the continuous inflammatory response [80-82].

The activated endothelial cells, the inflammatory cells and the platelets release cytokines and
chemokines which signal SMCs and fibroblasts to migrate and proliferate from the other layers of
the vessel to the Intima. The synthesis of extracellular matrix components including collagen, elastin
and proteoglycans is therefore increased. Consequently, an atherosclerotic plaque is formed
containing a necrotic core encompassing lipid deposition and debris of SMCs and macrophages. A
fibrous cap, consisting of collagen, SMCs and fibroblasts, is formed to cover the growing plaque
which narrows the vascular lumen of the artery with time. The atherosclerotic lesion is yet relatively

stable, as the cap restricts the necrotic core inside the plaque.

However, the plague can become unstable due to continuous accumulation of lipids and
inflammatory molecules secreted by the inflammatory cells and the replacement of the SMCs in the
cap by macrophages. At some point, the plaque is disrupted, platelets aggregate, the clotting
cascade is activated and growth factors and chemokines are released, which recruit more cells.
Consequently, the vessel lumen stenosis is increased which can culminate with a thrombotic
occlusion. All conditions are gathered for an ischemic event to occur, such as myocardial infarction
or stroke [82, 83].
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Early atherosclerosis
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Figure 1.3.1: Basic pathogenesis of atherosclerosis. In response to physical or chemical injury, the
endothelial layer becomes dysfunctional and endothelial cells are activated. Lipids in the blood
accumulate in the intimal space and inflammatory cells, such as monocytes, are recruited to the site
of lesion. The monocytes migrate into the intima and become macrophages to uptake the toxic lipids
and the debris. The macrophages become foam cells and the bulge continues to grow. Cytokines and
growth factors released by the inflammatory cells induce the recruitment of SMCs from the media to
the intima to try to repair the lesion. Extracellular matrix components are released by the SMCs
which form the fibrous cap of the atherosclerotic plaque, which contains the inner necrotic core. A
stable atherosclerotic plaque is formed. With time, atherosclerosis lesion advances where the
activated macrophages lead to cap SMCs death and degradation of the matrix of fibrous cap. The
plague becomes unstable, fissures appear and platelets aggregate at site of rupture. Thrombus
forms with the
http://healthtipsinsurance.com/stories/15261/Pathogenesis-Of-Atherosclerosis.html).

stenosis of vessel lumen (Source:

In summary, an atherosclerotic lesion is characterized by lipid deposition, Intima thickening and
narrowing of the lumen vessel. A neointima lesion is thus formed, with SMCs hyperplasia.
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1.3.2 Endothelial cells and Smooth muscle cells in atherosclerosis

ECs and SMCs are both known to participate in atherogenesis. The initiating key event of
atherosclerosis is the dysfunction of the endothelial layer, with increased permeability and impaired
endothelium-mediated vasodilation. The activated ECs release chemokines to recruit SMCs,
leukocytes and platelets and they express specific surface adhesion proteins which interact with the
white blood cells and platelets, allowing their adhesion. In parallel, neighbouring ECs also migrate
and proliferate to repair the injured endothelium. The regeneration of ECs represents a promising
therapy in cardiovascular diseases [84-87].

An important feature of the SMCs is their phenotypic plasticity, which enables them to respond to
the changes of the surrounding environment. During vascular development or in response to injury,
the SMCs exhibit a synthetic, proliferative and migratory phenotype. On the other hand, mature
SMCs are highly contractile with a low rate of synthesis of extracellular matrix (ECM) components.
The SMCs are responsible for the regulation of the diameter and the tone of the blood vessels due to
their contractility capacity [88-90].

Contractile SMCs can be identified by the markers Smooth muscle myosin heavy chain (SM-MHC), a-
Smooth muscle actin (a-SMA), Calponin and Smooth muscle protein 22-a (SM22a). In contrary,
synthetic SMCs are characterised by the presence of abundant golgi and rough endoplasmic
reticulum bodies, with a less elongated, more cobblestone-like morphology [89-91].

The normally quiescent SMCs, in response to the endothelial activation, the lipid accumulation and
the undergoing inflammatory process, become activated during the development of atherosclerosis.
Therefore, the SMCs undergo a modulation of their phenotype, from a contractile phenotype to a
synthetic phenotype. As a result, the expression of the differentiation marker genes is down-
regulated and the rate of SMC migration and proliferation abilities are increased, with an induction
of the production of extracellular matrix, which all contribute to the formation of the neointima and
the fibrous cap [92, 93].

The atherosclerotic neointima comprises SMCs hyperplasia. The SMCs content in atherosclerosis
lesion is generally associated with increased plaque stability (Figure 1.3.2). Opposingly, plaque
destabilization is linked with a decrease in the number of SMCs associated with an increase in
macrophage content. Regardless of the controversy about the origin of the macrophages, since it is
known that phenotypically modulated SMCs exhibit a downregulation in the SMC markers and may
express macrophage markers, whereas macrophages turn on some SMC markers, atherosclerotic

plaque stability is related to a higher ratio of SMCs to macrophages [93-95].

The mechanisms regulating the migration and proliferation of the SMCs to the neointima lesion are

another crucial target highly explored in cardiovascular therapy.
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Nevertheless, the pathogenesis of atherosclerosis is far more complex than the described above.
Today, it is recognised that other key players have vital roles in vascular remodelling: the vascular

stem/progenitor cells.

Hematopoietic Derived Acta2+ Cells

Myofibroblast-like
Cell

VSMC Phenotypic Switching

* Loss of VSMC Markers
* Migration

Figure 1.3.2: Vascular smooth muscle cell contribution to plaque stability. During atherogenesis, in
response to stimuli, SMCs switch to a more migratory and proliferative phenotype, with the
decrease of SMC-specific markers. SMCs synthesize ECM proteins and contribute to plaque stability
and repair. Macrophage markers and properties can also be acquired by SMCs, which contrarily,
contribute to plaque instability. The solid lines illustrate known pathways, whereas the dotted lines
indicate pathways not yet directly validated. (Source: Bennet et al.; Vascular smooth muscle cells in

atherosclerosis; 2016; Circulation research) [94].
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1.3.3 The role of vascular progenitor cells in atherosclerosis

1.3.3.1 Circulating vascular progenitor cells in atherosclerosis

The adult bone marrow is a rich reservoir of tissue-specific stem/progenitor cells, including
endothelial progenitor cells (EPCs) and smooth muscle progenitor cells (SMPCs). The progenitor cells
are mobilized from the bone marrow in response to activator factors released under certain
conditions such as endothelium dysfunction. In atherosclerosis, the secreted cytokines and growth
factors induce the mobilization, recruitment and homing of the progenitor cells to the site of injury
to repair the lesion.

In 1997 Asahara et al., was one of the first to report the participation of peripheral blood circulating
stem/progenitor cells in neovascularization of ischemic tissues in mice [45]. Since then, many studies
have described the role of circulating progenitor cells in vascular remodelling, namely in
atherosclerosis. Xu et al., by using the vein grafts and transgenic mice carrying LacZ genes driven by
an endothelial Tie2 promoter, showed that the recipient’s circulating progenitor cells that derived
from the bone marrow were able to regenerate the endothelium of the vein graft [29, 96]. Similarly,
Takamiya et al., also revealed that the treatment with cytokine Granulocytic Colony-Stimulating
Factor (G-CSF) mobilizes bone marrow C-Kit+/Flk-1+ progenitor cells to regenerate the endothelium
and to inhibit neointimal formation after vascular injury [97]. However, reports also mention that
several conditions characterised by increased inflammation and oxidative stress, as found in
atherosclerosis, are associated with a decrease in EPCs availability [98]. Shimizu et al., reported that
the SMC-like cells present in the intimal lesions formed during the graft arterial disease were derived
from circulating bone marrow progenitor cells [49]. Sata et al.,, also concluded that the
hematopoietic stem/progenitor cells, due to their ability to differentiate into SMCs, contribute to
atherosclerosis patent in in models of post-angioplasty restenosis, graft vasculopathy and
hyperlipidemia-induced atherosclerosis [44].

1.3.3.2 Resident vascular progenitor cells in atherosclerosis

Despite the work published regarding the participation of circulating progenitor cells in the
pathogenesis of atherosclerosis, an increasing number of studies began to demonstrate that there
could be another source of vascular progenitor cells which could contribute to either the repair or
the severity of the neointimal lesion.

For instance, Hagensen et al., by resorting to bone marrow cell transplantation of GFP-ApoE”"
transgenic mice, claimed that the circulating endothelial progenitor cells do not contribute to the re-
endothelization of the atherosclerotic plaque [85]. Hu et al., revealed that the origin of the SMCs in
the neointimal lesion of vessel allografts was not the bone marrow progenitor cells, but instead the

host cells [60]. This finding was further supported by the work of Bentzon et al., who also concluded
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that there is a local vessel wall source of SMCs in atherosclerosis [57, 99] and by Nagai et al., who
showed that the bone marrow cells contribute to vascular inflammation but they are not able to
differentiate into SMCs [59].

Considering the body of work published in the literature and summarized in Table 1.2.2 regarding
the presence of vascular progenitor cells in the vessel wall, it is possible to to infer that these cells

could be another potential source of ECs and SMCs in neointimal hyperplasia.

In 2004, Hu et al., revealed that abundant vascular progenitor cells were resident in the adventitia of
ApoE”" mice aorta, expressing the markers Sca-1+, C-kit+, CD34+ and Flk-1+. Additionally, by applying
Sca-1+ cells carrying the SM-LacZ gene to the adventitial side of the vein graft in ApoE”" mice, they
found that the Sca-1+ cells were able to migrate to the neointima and differentiate into SMCs [6].
The role of the adventitial Sca-1+ cells as progenitor cells for SMCs was further supported by
Passman et al.,, who characterized a sonic hedgehog (Shh) signalling domain restricted to the
adventitial layer of the vessel wall. In Shh”" mice the number of adventitial Sca-1+ cells was
drastically reduced and thus, the number of potential SMC progenitor cells was also decreased [100].
Xiao et al., attempted to elucidate the differentiation mechanism of Sca-1+ cells into SMCs, and

found that it is mediated by collagen 1V, integrins al, a5 and B1 and Pdgf-B receptor pathways [101].

The potential of Sca-1+ cells to differentiate into SMCs was also demonstrated by the work of Wong
et al., in which an ex vivo bioreactor system model was used. The adventitial Sca-1+ cells were
seeded on the outside of decellularized vessel and their migration towards the inner side of the
vessel was increased in response to Sirolimus stimulation. Furthermore, the Sca-1+ cells formed
neointima-like lesions and expressed elevated levels of SMC markers [102] . Another study by Chen
et al., showed that the adventitia of vein grafts which underwent intense remodelling displayed a
considerable number of Sca-1+ progenitor cells near the vasa vasorum area. These cells could
differentiate in vitro into SMCs and had the potential to differentiate into adipogenic, osteogenic
and chondrogenic lineages. Furthermore, ex vivo and in vivo experiments also demonstrated the
migratory ability of the Sca-1+ cells to the inner side of the vessels, with a significant contribution in
the content of neointimal SMCs [103]. In a different perspective, Toledo-Flores et al., recently
published a work where they observed that the Sca-1+/CD45+ adventitial cells possess
proangiogenic capacity and may be the source of the vasa vasorum expansion in atherosclerosis
[104]. Contrastingly, Psaltis et al., identified the aortic adventitial Sca-1+/CD45+ cells as macrophage
progenitor cells, which were upregulated in APoE”- and LDL”" hyperlipidemic mice [10]. Interestingly,
Torsney et al., investigated the expression of progenitor cell markers in human vessels. Although in
small number, Sca-1+, CD34+, C-kit+ and VEGFR2+ markers were identified in the neointimal lesions
and adventitia of the atherosclerotic vessels, and these markers were induced in comparison to their
expression in the control human vessels [105]. Tsai et al., carried out a study which aimed at
exploring the contribution of stem/progenitor cells to neointima formation in decellularized vessel
grafts in a restenosis mouse model. A decellularized vessel was grafted in the mouse carotid artery
and after 2 weeks a neointimal lesion was formed, which progressed to close the vessel lumen after

4 weeks. The lesion exhibited Sca-1+, C-kit+ and CD34+ cells, with multilineage differentiation
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capacity. The isolated Sca-1+ cells were able to differentiate into SMCs or ECs according to the

stimulation received [106].

Other vascular wall resident stem/progenitor cells were also proved to be a source of SMCs, or at
least to exhibit a SMC-like cell phenotype, in atherosclerotic lesion. Amongst these mesenchymal
stem cells, pericytes and macrophages are inclued [93, 107]. On the other hand, publications have
emerged suggesting that SMCs, due to their phenotype plasticity, can actually de-differentiate or

give rise to other cell types, such as macrophages and mesenchymal stem cells [93, 94, 108].

Vascular remodelling in atherosclerosis also comprises the paracrine effect exerted by the resident
vascular progenitor cells (VPCs), which secrete paracrine factors to influence the behaviour of not
only other progenitor cells but also SMCs, ECs and inflammatory cells. Migration and proliferation of
these cells in response to cytokines, chemokines and growth factors released by the progenitor cells
may contribute to repair, as is the case of endothelial regeneration. Neointima hyperplasia due to
SMCs migration and proliferation is known to be as well a result from neighbouring paracrine effect,

in which VPCs may have an important role.

1.3.3.3 The dual role of vascular progenitor cells in atherosclerosis

In regenerative medicine, the generation of EPCs constitutes a promising therapy for the
endothelium regeneration and neovascularization. However, the number and the migratory ability
of circulating EPCs is inversely correlated with risk factors for coronary artery disease [98, 109].
Furthermore, the transfer of EPCs may not always be beneficial, as ApoE” mice which received bone
marrow mononuclear cell transplantation not only presented increased neovascularization but also
accelerated atherosclerotic lesion formation. When the mice were treated with EPCs the plaque
instability increased [110, 111].

SMCs recruitment and consequent neointima hyperplasia is normally associated with plaque
stability. Nevertheless, their high rate of migration and proliferation may expedite the lesion
formation during restenosis. It is thus understandable that the same may apply to the vascular
progenitor cells that migrate and differentiate into SMCs or inflammatory cells, as plaque
destabilization may be triggered [62].

In view of this controversy, a great amount of research is required to further enlighten the role of
the vascular progenitor cells in vascular diseases, especially regarding the mechanisms driving their
migration, proliferation and differentiation in vascular remodelling. The elucidation of these
mechanisms could provide vital information for the development of more efficient or novel

therapies for vascular diseases.
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1.3.4 Treatment of atherosclerosis

The most appropriate treatment for atherosclerosis includes changes in lifestyle, such as healthy diet
and exercising. However, according to the severity and the cause of atherosclerosis, drugs and

surgical procedures may be required.

The goals of the treatment comprise reducing the risk factors to slow down or halt the build-up of
the atherosclerotic plaque, preventing atherosclerosis-related diseases, lowering the risk of blood

clot formation, relieving the associated symptoms and widening or bypassing clogged arteries.

1.3.4.1 Drug treatment

One of the most important causes for the initiation and progression of atherosclerosis is the
persistent increase in low-density lipoprotein (LDL) levels in the body. Sometimes, changes in life
style alone are not enough to control the cholesterol levels. The most common pharmacotherapy
used in this case are the statins which can slow or reverse the build-up of fatty deposits in the

arteries and the chance of having a heart attack or stroke [112].

Another strategy used is to lower the blood pressure, which is very important in patients suffering
from hypertension. In this case, angiotensin-converting enzyme (ACE), B-blockers, calcium channel

blockers or diuretics can be prescribed.

Anti-platelet drugs, such as aspirin, can be used, which encompass the reduction of the probability
of the platelets to aggregate and clump in the narrowed arteries, thus preventing the formation of

blood clot and thrombosis. Alternatively, anticoagulant drugs may be applied, such as warfarin.

Because hyperglycemia constitutes a risk factor of atherosclerosis, especially in diabetic patients,
drugs envisaging the control of glucose blood levels may be used.

Finally, as atherosclerosis is an inflammatory disease, the resource to anti-inflammatory drugs is

many times indispensable [113].

When an artery is narrowed or blocked, the blood flow may be reduced or stopped, which can lead
to myocardial infarction or stroke. In these severe cases of atherosclerosis, invasive techniques to
open blockages or to go around them may be performed. Depending on which arteries are narrowed

and how much they are blocked, different procedures are applied.
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1.3.4.2  Percutaneous transluminal coronary angioplasty

An angioplasty is used to widen narrowed arteries. A catheter is inserted with a deflated balloon into
the narrowed part of the artery. The balloon is inflated to widen the vessel and to improve the blood
flow. Next, the balloon is deflated and the catheter is removed. The vessel is held open by means of
a permanent stent. The stent is made of a wire mesh and it is usually coated with different drugs
that can be released continuously into the lesion sites to prevent the vessel from re-narrowing [114].

1.3.4.3  Atherectomy

In cases where angioplasty or stenting cannot be performed, due to the location of the blockage, the
hardness of the plaque and other factors, an atherectomy is typically performed. In fact, this
procedure is more commonly used as a complement to angioplasty and stenting, by removal of
significantly hardened blockages and thus allowing the insertion of the balloon and stent.

An atherectomy is normally used in patients with periphery or coronary artery disease and it consists
of removing the plaque from an artery by means of tiny rotating blades or laser located at the end of
a catheter. A collection system is also in place to enable the removal of the plaque from the vessel
wall and the resulting debris. The removal of the plague makes the artery wider and allows a better
blood flow [115].

1.3.4.4  Coronary artery bypass grafting

In coronary artery bypass grafting, a healthy vessel from another part of the body or a tube made of
synthetic fabric is used to create a graft to bypass or to go around the narrowed or blocked coronary
artery. Normally, the grafting vessel is derived from the great saphenous vein or the internal

mammary artery.

The healthy blood vessel or graft redirects the blood, hence improving or restoring the blood
perfusion to the part of the myocardium which previously lacked the supply of blood flow because
of the obstruction of the coronary artery.

1.3.5 Complications

After angioplasty or stent surgery, a re-narrowing of the artery or even blood clot may occur over

time, which requires additional intervention.
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1.3.5.1 Post-angioplasty restenosis

Vascular remodelling post-angioplasty or the in-stent restenosis can take place in the long term.
Some of the risk factors of restenosis are the method used (presence or absence of stenting), the
number and length of the stent, the existence of concomitant diseases such as diabetes, the location
of the lesion and the severity of the occlusion.

Restenosis involves the aggregation of platelets, leukocytes and macrophages, which in turn result in
the recruitment and proliferation of the SMCs and vascular progenitor cells. The initial step involves
the injury of the endothelium or even the elastic lamina, which triggers an inflammatory reaction
(early phase). With the release of cytokines and growth factors, cell migration and proliferation is
followed with media and Intima hyperplasia (late phase). The resulting increase of extracellular
matrix adds up to the bulk of the restenotic lesion, which may or not be stable. A neo-
atherosclerosis process has taken place [116].

The surgical treatment for restenosis is either repeated angioplasty or open surgery. Additionally,
the patient can undergo drug-eluting stenting, which decreases the occurrence of severe neointimal
proliferation.

1.3.5.2 Late stent thrombosis after drug eluting stent application

The technology of drug-eluting stent (DES) was developed to attempt to reduce the excessive
neointimal proliferation stimulated by the presence of the metallic structure of the stent. Therefore,
a biocompatible or even biodegradable carrier polymer is added to the stent, which is coated with
an anti-proliferative drug targeting the cell proliferation throughout the vessel wall. Application of
DES enables the reduction of the incidence of post-angioplasty restenosis [117].

Nevertheless, late stent thrombosis and neo-atherosclerosis may still occur. For example, Wong et
al., provided a possible mechanism for the reoccurrence of restenosis after sirolimus-eluting stent
therapy. In their study, they show that sirolimus induces the migration of adventitial Sca-1+ vascular
progenitor cells to the Intima of a decellularized vessel scaffold, where they form neo-intima like
lesions and differentiate into SMCs [102].

Although there have been major improvements in the therapies for the prevention and treatment of
restenosis, research is still required for optimization and aiming at reducing the incidence of

restenosis.
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1.4 Cytokines in atherosclerosis

Cytokines are a superfamily of proteins generally associated with inflammatory and immunological
processes. They are involved in the signalling network between cells and in the regulation of many

cell functions, such as migration, proliferation, differentiation, amongst others.

These molecules act by binding to specific receptors and they consist of a diverse group of
glycoproteins comprising interleukins (IL), chemokines, colony stimulating factors (CSF), tumour
necrosis factor (TNF), interferons (IFN) and transforming growth factors (TGF). Interleukins include
IL-1 to IL-17; Colony stimulating factors include G-CSF, GM-CSF and M-CSF; Tumour necrosis factor
include TNF-a and TNF-B; Interferons include IFN-a, IFN-B and IFNy; Chemokines include CCL-1-CCL4,
CCL4L1 and CCL4L2, CCL5-CCL28, CXCL1-CXCL17 and CXC3CL1 [118].

The cytokines are implicated in all stages of atherosclerosis and play distinct roles, being either pro-
atherogenic (contribute to plague development) or anti-atherogenic (contribute to either plaque
formation attenuation or stabilization). The expression of many cytokines has been reported to be
enhanced within human atherosclerotic lesions and co-localized with the increased expression of

their corresponding receptors [119, 120].

The primary trigger of the atherosclerotic process is the level of circulating lipids, which can induce
the production of cytokines by the monocytes and T lymphocytes. These cells secrete, respectively,
TNF-a and INF-y cytokines, which act upon the ECs by affecting their actin and tubulin cytoskeleton
organization. The ECs cytoskeleton reorganization results in changes in their shape which enables
the creation of gaps in the endothelium and hence an increase in the layer permeabilization.
Consequently, LDL and immune cells enter the tunica intima where they accumulate. The oxidized
LDL activates the ECs which begin to release various cytokines capable of attracting the circulating
monocytes and other immune cells. Three chemokine-chemokine receptor pairs are relevant in the
transmigration of the monocytes across the endothelium into the Intima: CCR2-CCL2, CX3CR1-
CX3CL1 and CCR5-CCL5. These, together with CD31 and adhesion molecules (Ex.: VCAM1, ICAM1)

expressed by the ECs, facilitate capture, rolling and transmigration of the monocytes (Figure 1.4A).

M-CSF is one of the major facilitators of the differentiation of monocytes into macrophages.
Macrophages can either produce pro-inflammatory cytokines (IL-6, IL-12, TNFa) or anti-
inflammatory cytokines (IL-10 and TGF-B), which work in concert to try to control the inflammatory
process. T helper lymphocytes (Th lymphocytes) can modulate the macrophage function and hence
influence the production of the macrophage-derived cytokines. For instance, IFN-y and IL-1B,
secreted by the Thl lymphocytes, promote the macrophage production of pro-inflammatory
cytokines, whereas IL-4 and IL-14, produced by Th2 cells, stimulate the secretion of macrophage-
derived anti-inflammatory cytokines. It is therefore notorious the role of the immune system in

atherogenesis.
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In the intima, cytokines are locally produced, which permanently activates the leukocytes and thus
accelerates the transformation of macrophages into foam cells, by inducing the uptake and
oxidization of lipids. TNFa, IFN-y, IL-1B8 and IL-2, which are pro-inflammatory cytokines, induce the
apoptosis of the macrophages foam cells, with the release of their content into the Intima and lead
to the enlargement of the lipid core. Together with the lipids, matrix metaloproteinases (MMPs) are
also released. These, in synergy with several cytokines and growth factors, promote the remodelling
of the extracellular matrix [121, 122].
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Figure 1.4A: Inflammatory process in atherosclerosis regulated by cytokines. Monocytes are
recruited to the atherosclerotic site of lesion, due to the increased level of lipids and activation of
the ECs. Various pairs of chemokine-chemokine receptors (CCR2-CCL2, CXC3CR1-CX3CL1 and CCR5-
CCL5) are used by the monocytes to infiltrate the Intima. The infiltration process is facilitated by the
adhesion molecules (ICAM1 and VCAM1) expressed on the ECs. The infiltrated monocytes
differentiate into macrophages and engulf the atherogenic lipids, with the resulting formation of
foam cells. Foam cells secrete pro-inflammatory cytokines, including IL-1, IL-6, TNF and chemokines
such as CCL2, CCL5 and CXCL1. (Source: Moore et al.; Macrophages in atherosclerosis: a dynamic

balance; 2016; Nature Reviews Immunology)[123].

Plaque destabilization results from the continuous inflammatory response via the action of the pro-
inflammatory cytokines. On the other hand, TGF-B and IL-10, which constitute anti-atherogenic

cytokines, contribute to plaque stabilization.

The SMCs, which have a vital role in atherogenesis, are also affected by the cytokines. The
macrophages engulfing the lipoproteins produce cytokines which cause the recruitment of the SMCs

to the site of the lesion. The activated ECs also secrete cytokines and growth factors (Platelet-
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derived growth factor) which induce the migration of the SMCs from the media to the Intima. On the
other hand, SMC apoptosis can be stimulated by pro-inflammatory cytokines, with inhibition of the
production of ECM components by the SMCs, thus resulting in thinning of the fibrous cap.

Atherogenesis is the result of a complex network of cytokines and chemokines released by the

different intervenient cell types (Figure 1.4B).
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Figure 1.4B: Cytokines involved in atherogenesis. Different cell types produce cytokines.
Macrophages produce IL-12 and IL-18 which induce the T cells to become pro-atherogenic. SMCs
and ECs are also activated by the cytokines released by the macrophages. As a resulted, the
activated cells secrete pro-inflammatory mediators. Macrophages also produce the anti-
inflammatory cytokines IL-10 and TGF-B, which promote the differentiation of the anti-atherogenic T
cells. Fat cells, such as adipocytes, produce both pro- and anti-inflammatory mediators. (Source:
Tedggui et al.; Cytokines in atherosclerosis: Pathogenic and regulatory pathways; 2006; Physiological
Reviews)[124].

Considering the key roles of the cytokines in the inflammatory process underlying atherosclerosis,
therapeutic strategies include targeting the cytokines and their signaling pathways. For example,
pro-inflammatory cytokines can be inhibited to reduce atherosclerosis. In contrast, anti-
inflammatory cytokine induction may represent a valid approach to combat the inflammatory

process.

In this work, an emphasis will be put on the chemokines, a sub-family of cytokines, whose key role is

the induction of cell chemotaxis.
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1.4.1 The Chemokine — Chemokine receptor System

Chemokines are known to be the chemotactic cytokines (induction of cell chemotaxis or
recruitment) that mediate their activity by acting on seven transmembrane G protein-coupled
receptors. The chemokine-chemokine receptor system is essential in regulating homeostasis, but it is

also involved in the pathogenesis of many diseases.

1.4.1.1 Chemokine proteins

Chemokines are proteins that control the directional migration of cells across a concentration
gradient (Chemotaxis). Initially, the chemotactic effect of the chemokines was shown to regulate
immune cells movement in inflammatory processes. Today, chemotaxis is known to regulate many
important processes, such as development, homeostasis, angiogenesis, vessel remodelling and
fibrosis, amongst others [125].

Chemokines belong to a family of proteins structurally related, which are mainly divided into four
groups, according to the number and position of the conserved amino terminal cysteine residues
(Figure 1.4.1.1). In CXC chemokines one amino acid separates the first two cysteine residues
(cysteine-X amino acid-cysteine); in CC chemokines the first two cysteine residues are adjacent to
each other (cysteine-cysteine); in C chemokines the first and the third cysteine residues are lacking
and so the second and fourth cysteine residues are linked by the only existing disulphide bond; in
CX3C chemokines the first two cysteine residues are separated by three amino acids (cysteine-X-X-
X-cysteine) and it is characterised by a transmembrane mucin-like domain.

C CcC
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Figure 1.4.1.1: Classification of chemokines. Chemokines divided into 4 groups: C chemokines - the
first and the third cysteine residues are lacking, the second and fourth cysteine residues are linked
by a disulphide bond; CC chemokines - the first two cysteine residues are adjacent to each other;
CXC chemokines - one amino acid separates the first two cysteine residues; CX3C chemokines - the
first two cysteine residues are separated by three amino acids. Disulphide bonds depicted in black.
(Source: Munnik et al.; Modulation of cellular signalling by herpesvirus-encoded G protein-coupled

receptors; 2015; Frontiers in Pharmacology) [126].

44



Presently about 50 chemokines have been identified, having a size of 7-17 kDa. These proteins bind
to chemokine receptors, which are seven transmembrane G protein-coupled receptors (GPCRs). The
chemokine receptors have been categorized according to their corresponding ligands (CR, CCR, CXCR
and CX3C).

The fact that more ligands exist than chemokine receptors indicates that the chemokine system
exhibits a degree of redundancy, where chemokines may bind to more than one receptor with
variable affinity [127] (Table 1.4.1).

Table 1.4.1: Chemokines and their corresponding chemokine receptors
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215188

Lymphotactin XCL1

SCyc2 XCL2

TCA3 CcCL1

MCP-1 CCL2

MIP-1a CCL3

MIP-18 ccLa

RANTES CCL5

MRP-1 CCL6

MCP-3 CCL7

MCP-2 CCL8

MIP-1y ccL9

MIP-1y ccL10

Eotaxin-1 CCL11

MCP-5 CCL12

MCP-4 CCL13

HCC-1 CCL14

MIP-5 CCL15

HCC-4 CCL16

TARC CCL17

PARC ccL1s

MIP-3 cCL19

Exodus-1 CCL20
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SLC CCL21
MDC CCL22
MIP-3 CCL23
Eotaxin-2 CCL24
TECK CCL25
Eotaxin-3 CCL26
CTAK ccL27
MEC CCL28
GRO-a CXCL1
GRO-B CXCL2
GRO-y CXCL3
PF4 CXCL4
ENA-78 CXCL5
GCP-2 CXCL6
NAP-2 CXCL7
IL-8 CXCL8
MIG CXCL9
1P-10 CXCL10
ITAC CcXcL11
Sdf-1 CXCL12
BCA-1 CXCL13
BRAK CXCL14
Lungkine CXCL15
SCYB16 CXCL16
DMC CXCL17
Fractalkine CX3CL1

Note: The table was completed upon a thorough search in the literature [126, 128-136].
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14.1.2 Chemokine receptors

The chemokine receptors GPCRs consist of approximately 350 amino acids and they are composed of
seven transmembrane helices, connected by three extracellular loops and three intracellular loops.
The acidic amino terminus (N-terminus) of the receptor is located at the extracellular site and the
carboxyl terminus (C-terminus) is located intracellularly where it contains serine and threonine

residues which are important for receptor regulation.

The heterotrimeric G proteins are coupled to the receptor through its C-terminus and they are
responsible for regulating diverse signal transduction pathways involved in chemotaxis (Figure
1.4.1.2). The three subunits of the G protein are a, B and y. Upon binding of the chemokine ligand,
the GPCR undergoes a conformational change which leads to the activation of the G protein. This
activation is achieved by the exchange of GDP for GTP, in the a subunit. As a consequence, the GTP-
o subunit and the B/y dimeric subunit dissociate from the GPCR and activate downstream effectors.

There are four classes of heterotrimeric G proteins, based on their a subunit: Gos, Goi/Ga,
Gog/Goui, and Gaiz/Gaus. Most of the chemokine GPCRs are known to be coupled to Ga; (Pertussis
toxin sensitive) or Gag. Ga; inhibits the enzyme adenylyl cyclase which results in reduced levels of
intracellular cyclic AMP, thus decreasing the activity of protein kinase A. On the other hand, Gaq
transduces signals by inducing the activation of phospholipase C-f (PLC-B), which leads to the
hydrolyses of PIP2 (phosphatidylinositol 4,5-biphosphato) to produce IP3 (inositol triphosphate) and
DAG (diacylglycerol). Both of DAG and IP3 can activate protein kinase C, either directly or indirectly
via release of Ca* internally stored. The B/y dimeric subunit activates phospholipase C-B,
phosphoinositide-3-kinase (PI3K) and Rho GTPases. The latter family of proteins was reported to be
also activated by the Ga subunits. G protein is inactivated once GTP from Ga is hydrolysed and the
resulting Ga-GDP recombines with the dimer B/y [137].
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Figure 1.4.1.2: Chemokine G protein-coupled receptor associated signalling pathways. Chemokine
binding to its receptor results in a conformational change of the GPCR and the exchange of GDP for
GTP at the Ga subunit. The heterotrimeric G protein dissociates into the Ga subunit and the B/y
dimeric subunit, leading to the activation of the downstream signalling effectors. The chemokine
GPCRs mostly comprise of Gai (green) or Gaq (purple) subunits. Hydrolysis of GTP leads to the
inactivation the G protein, where GDP-Ga re-associates with B/y dimer. (Source: Patel et al.; The
downstream regulation of chemokine receptor signalling: implications for atherosclerosis; 2013;
Mediators of inflammation)[137].

One important feature of the chemokine receptors is that they can dimerize or even oligomerize,
which influences for instance their interaction with the chemokines or with the G proteins, or their
localization within the plasma membrane or even their internalization and recycling back to the
membrane [136, 138].

The ligand-mediated activation of the chemokine receptors also triggers a signalling pathway that
leads to the desensitization and internalization of the receptor. G protein receptor kinases (GRKs)
phosphorylate the serine and threonine residues at the C-terminus of the receptor. As a result, B-
arrestin and endocytosis-related molecules adaptin 2 (AP2) are recruited and form a complex with
the receptor. Next, clathrin is attracted and the receptor is internalized into clathrin-coated vesicles.
The internalized receptor-ligand complex moves along the endocytic pathway, until it is either
dissociated, where the receptor is recycled back to the cell membrane, or it is transferred to late
endosomes for lysosomal degradation. The latter process is associated with a slow desensitization
process, with downregulation of the receptor. On the other hand, the recycling of the receptor back

to the plasma surface induces receptor responsiveness, after desensitization [126, 133, 135, 139].
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1.4.1.3 Chemokines in Atherosclerosis

Chemokines and their receptors actively participate in vascular remodelling, a characteristic process
of atherosclerosis. These proteins can either be atherogenic or atheroprotective or even have a dual
role depending on the cell type.

The modified lipids are the first drivers of chemokine induction by the various cell types, including
macrophages, leukocytes, SMCs, ECs and vascular progenitor cells (Figure 1.4.1.3). Besides being
chemoattractant, chemokines also regulate other cellular functions, such as proliferation,
differentiation and apoptosis. They may activate platelets as well and induce their aggregation.

One vital role of chemokines is their involvement in plaque destabilization. The chemotaxis of
leukocytes, the activation of ECs, the induction of monocyte infiltration into the Intima, the
activation and recruitment of platelets, the induction of migration and proliferation of SMCs, the
enhancement of the matrix degradation potential of the macrophages and the induction of
apoptosis of foam cells, are all mechanisms promoted by the chemokines in atherosclerosis.

The above mentioned role of the chemokines is also verified in the pathogenesis of other vascular
disorders. This is the case of restenosis and neointima formation in vascular grafts, which comprise

arterial remodelling regulated by the chemokines [120].
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Figure 1.4.1.3: The role of chemokines in atherogenesis. Chemokines induce activation of ECs and
of leukocytes. The leukocytes, in response to the chemokine stimuli infiltrate into the lesion site.
Both T cells and macrophages/foam cells release further chemokines. As a result, SMCs migrate and
proliferate, whereas the macrophages produce matrix degradation components, all contributing to
plaque destabilization. Apoptosis of SMCs and ECs and increase in oxidative stress is promoted as
well by the chemokines, further supporting plaque instability and rupture. Platelets are activated
and recruited by chemokines and they can also mediate inflammation by releasing several
chemokines, hence forming a pathogenic loop in plaque destabilization. (Source: Aukrust et al.;
Chemokines and cardiovascular risk; 2008; Arteriosclerosis, Thrombosis, and Vascular Biology)[120].

The first chemokine-chemokine receptor pair to be implicated in the pathogenesis of atherosclerosis
is the CCL2-CCR2 system. CCL2 is produced by monocytes, macrophages, ECs and SMCs, and it is an
atherogenic chemokine. Upon deficiency of CLL2 or CCR2 the atherosclerotic lesion in mice is

reduced.

CCL5-CCR5 system is another atherogenic pair. CCL5 is expressed by monocytes, macrophages, T
cells and SMCs in atherosclerotic lesions and its deficiency is suggested to reduce the development

of atherosclerosis in mice. CCL5 can also be released by platelets and activate ECs

Atherosclerotic plaques of mice aortas express CCR6 and its ligand CCL20. CCR6 deletion in ApoE”"
mice decreases the atherosclerotic lesion and the content in macrophages. Controversially, CCR6

may also be atheroprotective via B cell regulation.

The CX3CL1 chemokine mediates cell adhesion and chemotaxis and it is produced by ECs. SMCs and
foam cells express this chemokine as well. Its receptor CX3CR1 is found on monocytes, lymphocytes,
platelets and SMCs. The deletion of both chemokine and respective receptor results in a reduction in
the size of the atherosclerotic lesion and in the recruitment of macrophages. CX3CL1 induces the
formation of platelet-monocyte complexes and the cross-talk between monocytes and SMCs [119,
140].

Finally, CXCR2 and its ligands CXCL1 and CXCL8 are detected in human and mouse atheroma. Upon
activation of ECs, CXCL8 and CXCR2 expression is upregulated. The CXCL1-CXCR2 axis participates in
the arrest of monocytes on the atherosclerotic endothelium, enabling their infiltration into the

Intima.

Examples of atheroprotective chemokine system include the CCR1 receptor and its ligands CCL3 and
CCL5. Deletion of CCR1 leads to an increase in the size of the aortic atherosclerotic lesion and it is
proposed that CCR1 regulates T cell activation and its mobilization alongside the monocytes into the

vessel wall.
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The CXCL12-CXCR4 axis is as well regarded as a protective system in atherosclerosis. ECs and SMCs of
human atherosclerotic plagues express both ligand and receptor. CXCL12 plasmatic levels in patients
suffering from coronary artery disease and in ApoE” mice are lower than in the respective controls.
Additionally, CXCL12 (Sdf-1) induces platelet aggregation via its receptor CXCR4. In response to
CXCL12, platelets migrate towards the lesion area [120, 140, 141]. This pair of chemokine and
receptor will be explored in more detail in the next section.

In view of the implication of the chemokine-chemokine receptor systems in vascular remodelling
and consequently in the pathogenesis of vascular diseases, including atherosclerosis, researchers

have been attempting to develop drug therapies targeting the chemokines and their receptors.

Receptor antagonist design constitutes a very useful strategy. For example, plerixafor (AMD3100), is
a competitive antagonist of CXCR4 and, although it was initially developed as an anti-HIV drug,
currently it is used for stem cell mobilization from the bone marrow in tumour diseases. By inhibiting
the binding of CXCL12 to CXCR4 expressed on the hematopoietic stem cells, these can be mobilized
from their niche in the bone marrow to the blood flow and hence, these cells can be used for stem
cell transplantation in patients suffering with for example non-Hodgkin’s lymphoma or multiple

myeloma.

Successful therapies may require strategies that target multiple chemokine and chemokine
receptors, which reveals how vital it is to understand clearly the mechanisms leading to the
chemokine-mediated cell response. Importantly, chemokines may also serve as biomarkers in
cardiovascular diseases. For instance, the plasma levels of inflammatory markers represent a good
predictor of the prognosis of some cardiovascular diseases. This represents another approach to be
explored.

1.4.1.4  The chemokine CXCL12 (Sdf-1) and its receptors CXCR4 and CXCR7

CXCL12, also known as Stromal cell-derived factor 1 (Sdf-1), is a member of the CXC chemokine
family and it consists of various isoforms: CXCL12-a, CXCL12-, CXCL12 §, CXCL12-ge and CXCL12-¢.
The most well-known isoforms are CXCL12-a (Sdf-1a) and CXCL12-B (Sdf-1B), which are expressed
throughout the body. Knockout of CXCL12 in mice reveals impaired hematopoiesis and defect in the
heart and brain development, which results in embryonic lethality.

The receptors of CXCL12 are CXCR4 (CD184 or Fusin) and CXCR7 (RDC1). CXCR4 has been extensively

studied, whereas the functions of CXCR7 still require further clarification.

The chemokine CXCL12 has been implicated in many diseases, including autoimmune diseases and
cancer, where it regulates cell migration, proliferation and survival. It is also associated with tissue
damage such as heart infarct, limb ischemia, toxic liver damage and other damages related to

chemotherapy.
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One key role of the CXCL12/CXCR4 axis is the homing of stem/progenitor cells in the bone marrow,
where its expression is very high. Inhibition of the receptor CXCR4 enables the mobilization of the
cells from the bone marrow to the peripheral blood, as CXCL12 can no longer bind to its receptor
and thus retain them in the bone marrow. Moreover, intravenous injection of CXCL12 was shown to

increase the number of circulating stem/progenitor cells in the blood flow.

In cardiovascular diseases, the mobilization of progenitor cells via CXCL12/CXCR4 has been
extensively studied and this is particularly relevant for vascular injury models which comprise
restenosis or neointima formation processes [142, 143]. Under physiological conditions, the number
of circulating hematopoietic stem/progenitor cells (HSCs) is low, as the ECs from the bone-marrow
sinusoids secrete CXCL12 which retains the HSCs in a stem cell-like niche in the bone marrow. This
retention of CXCR4+ HSCs is further supported by CXCL12 secretion from the bone marrow stromal
cells. In pathological conditions comprising stress or injury, the HSCs lose their anchorage properties
and are mobilized to the circulation. An increased plasmatic level of CXCL12 seems to be involved in
this process, where the CXCL12-induced migration of HSCs into the circulation is favoured over their
retention in the bone marrow. Controversially, it is proposed that in the bone marrow, CXCL12 may
downregulate the cell surface expression of CXCR4, which leads to a reduced level of retention of
HSCs mediated by the CXCL12/CXCR4 axis.

Amongst the CXCL12-driven mobilized stem/progenitor cells are the smooth muscle progenitor cells
(SMPCs), such as Sca-1+ SMPCs. Sca-1+ SMPCs mobilization by CXCL12 treatment increases the
thickness of the fibrous cap. Therefore, research work has been carried out aiming at increasing the
level of circulating SMPCs and thus promoting atherosclerotic lesion stabilization, to treat vulnerable
lesions. In addition, direct injection of SMPCs in mice reveals to reduce atherosclerotic lesion
development and improve plaque stability [144, 145].

In fact, in atherosclerosis of ApoE”" or LDLr’”" mice, the CXCL12/CXCR4 axis seems to play an
atheroprotective role, with contribution to the stabilization of the atherosclerotic lesions. However,
it has also been associated with vascular injury-induced restenosis and neointima formation. CXCR4
blockade by AMD3100 reduces injury-induced neointimal size and SMC hyperplasia. Additionally,
Sca-1+ cell mobilization is also reduced upon transplantation of CXCR47 bone marrow, resulting in a
decrease of the SMC content, since Sca-1+ cells were shown to differentiate into SMCs and to

contribute to neointima formation.

CXCL12 has been also associated with endothelial barrier enhancement, with decrease in endothelial
permeability. Additionally, ECs with CXCR4 deficiency contribute to neointima formation, with
impaired reendothelization due to a decrease in ECs proliferation and migration. Overexpression of
CXCR4 promotes endothelial recovery after vascular denudation. Thus, the beneficial effects of the
CXCL12/CXCR4 axis have been explored in vascular regenerative medicine, with the use of

endothelial progenitor cells (EPCs) to promote tissue reendothelization.
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Still in this context, activated platelets are able to secrete CXCL12 which recruits circulating SMPCs
and EPCs to the sites of arterial thrombi, to promote vascular remodelling. Conversely, CXCL12 is a
potent chemotactic factor for platelets via CXCR4 and it induces their aggregation. This suggests a
feedback loop for the CXCL12/CXCR4 axis in the regulation of the function of platelets in
atherosclerosis [146].

Leukocytes or macrophages express as well CXCL12 and CXCR4 and this chemokine-chemokine
receptor system is involved in accumulation of modified lipids and foam cells in atherosclerosis.
CXCR4 blockade reduces the macrophage content and hence decreases neointimal lesion.
Furthermore, the axis is also implicated in the release of neutrophils from the bone marrow and in

the clearance of senescent neutrophils from the circulation.

The diverse roles played by the CXCL12/CXCR4 system shows that it is cell-specific and complex.

In human atherosclerotic lesions, compared to normal vessels, the expression of CXCL12 is
increased, which indicates an association between CXCL12 and atherogenesis. On the other hand,
angina patients showed a decreased plasmatic level of CXCL12 and a reduced surface expression of
CXCR4 in peripheral blood mononuclear cells, compared to healthy controls. These findings indicate
that the role of CXCL12 in atherogenesis is controversial and additional research is necessary to
decipher the contradicting results observed [142, 144, 145, 147-149].

CXCL12 and CXCR4 are significantly expressed on cardiac myocytes and fibroblasts. Ischemic injury
after myocardial infarction stimulates CXCL12 expression. This chemokine upregulation has a
protective role by promoting myocardial repair, because CXCL12 exerts a survival effect on resident
cardiomyocytes and recruits circulating progenitor cells, with increased neoangiogenesis. Thus, this

chemokine also plays a role in tissue repair in response to ischemia [150].

The CXCR4 receptor is a GPCR and therefore, upon ligand binding, it acts via activation of the
heterotrimeric G protein. In most of the cases, the CXCR4 Ga subunit comprises the Ga; subunit,
which upon activation, dissociates from the dimeric subunit GB/y, and inhibits adenylyl cyclase,
while activating the protein kinase c-Src (Figure 1.4.1.4A). The protein c-Src activates the
Ras/Raf/ERK (MAPK kinases) signalling pathway which is involved in cell chemotaxis. The GB/y dimer
activates directly the MAPK kinase signalling pathway.

Ga; acts as well via PLC-B to induce the hydrolysis of PIP2 into IP3 and DAG, which in turn increase
the intracellular concentration of Ca%* and activate PKC, thus promoting cell migration. Both Go; and
GpB/y subunits can activate phophoinositide-3 kinase (PI3K), which results in the phosphorylation of
the serine/threonine kinase AKT, a protein that plays a role in cell migration, proliferation and
survival. Ga subunit can also activate the Rho GTPases family of proteins, which are crucially
involved in cell migration. B-arrestin is involved in the endocytosis of GPCRs, and upon the binding of

CXCL12 to CXCR4, it is recruited to induce receptor internalization and desensitization.
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Figure 1.4.1.4A: The CXCL12/CXCR4 signalling pathway. CXCL12 binds to CXCR4 and leads to
activation of the G protein coupled to the receptor. The Ga subunit dissociates from the dimer GB/y
and inhibits adenylyl cyclase. Src is activated which in turn activates the Ras/Raf/ERK signalling
pathway. This pathway is also directly induced by the dimer GB/y, which activates as well PI3K,
resulting in the induction of AKT mediated cell migration or survival. Ga monomer activates PLC
which hydrolyses PIP2 into IP3 and DAG. As a result, Ca?* concentration is increased, hence inducing
cell migration. Rho GTPases are a target of Ga subunit and upon activation promote cell migration or
proliferation. Upon CXCL12 binding to CXCR4 B-arrestin is recruited to induce receptor

internalization and desensitization [151].

CXCR7 is another receptor of CXCL12. Initially, this receptor was considered a decoy receptor, as it
does not act via activation of the G protein signalling, as observed with CXCR4. Therefore, CXCR7
was also regarded as a scavenger receptor, which sequesters CXCL12 to generate gradients of the
chemokine and thus regulates CXCR4 signalling. However, since CXCL12 scavenging by CXCR7
prevents downregulation of CXCR4, there could also be a beneficial effect on the CXCL12/CXCR4 axis.

Studies of the structure of CXCR7 reveal that it has both similarities with chemokine receptors, but
also unique features compared to GPCRs. CXCR7 is classified as a chemokine receptor due to its high
binding affinity to the chemokines CXCL12 and CXCL11, due to its structural similarities with the
other chemokine receptors, and due to its involvement in the regulation of cell migration,
proliferation and differentiation. Classical chemokine receptors possess the canonical DRYLAIV (Asp-
Arg-Tyr-Leu-Ala-lle-Val) motif in their second intracellular loop (Figure 1.4.1.4B). CXCR7 contains
instead the DRYLSIT (Asp-Arg-Tyr-Leu-Ser-lle-Thr) motif, which is also found in other 7-

transmembrane receptors, such as a2 and PB1 adrenergic receptors, muscarinic acetylcholine
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receptor, and serotonin receptor. This divergence of CXCR7 from the typical chemokine receptors

led to its designation as an atypical chemokine receptor (ACKR3) [152-154].
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Figure 1.4.1.4B: Structure and amino acid sequence of CXCR4 and CXCR7. The chemokine receptor
is a seven-transmembrane receptor with three intracellular and three extracellular loops. The ligand
binds the extracellular site of the receptor and activates it. G proteins are coupled to the receptor
through its second and third intracellular loop. Receptor internalization takes place with the
recruitment of B-arrestin to the intracellular segment free of the receptor. The DRY motif, which is
distinct between CXCR4 and CXCR7, is located in the second intracellular loop of the receptor. CXCR4
DRY motif comprises the amino acids Asp-Arg-Tyr-Leu-Ala-lle-Val, whereas the CXCR7 DRY motif
consists of the amino acids Asp-Arg-Tyr-Leu-Ser-lle-Thr [154].

Since CXCR7 and CXCR4 can dimerize, the first was considered a co-receptor of the latter, leading to
enhanced CXCL12 mediated signalling via G protein activation. CXCL12 has higher affinity for CXCR7
than for CXCR4 and homodimerization of CXCR7 is thus expected to bind to CXCL12 with greater
affinity than homodimers or heterodimers of CXCR4 [153].

CXCR7 is known to interact with B-arrestin, resulting in either receptor internalization or MAPK
kinase signalling pathway activation, through ERK1/2 or p38 phosphorylation [155]. More recently,
other signalling pathways have been shown to be activated in response to CXCL12 binding to CXCR7.
These include the PI3K/AKT and Rho GTPases pathways and they can induce cell migration,
proliferation and survival [156]. These evidences have changed the view of CXCR7 as a mere decoy
or scavenger receptor. Currently, CXCR7 is accepted as a fully chemokine signalling receptor but

independent of G protein.
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The cross-talk between CXCL12, CXCR4 and CXCR7 is a complex interaction that regulates important
cellular responses, especially in cardiovascular diseases, in cancer diseases, in neovascularization and

in neurogenesis.

Knockout of CXCR7 in mice results in defects in the heart, brain and kidney development [157]. In
the bone marrow CXCR7 is expressed on lymphocytes and granulocytes, nevertheless, its expression
in the immune system is tightly regulated and context specific. The binding of CXCL12 to CXCR7 in
the bone marrow may decrease the availability of this chemokine, which can contribute to the
regeneration of the bone marrow stem cell niche. Additionally, CXCR7 expression is important to
direct the HSCs to their niche. Inhibition of CXCR7 causes increase of CXCL12 in the plasma. During
inflammation, infection, ischemia and neoplasia, CXCR7 expression is highly induced and it is

involved in the regulation of cell migration, proliferation and survival in these processes [158-160].

Similar to CXCR4, CXCR7 is expressed on vascular ECs and it participates in the regulation of stem cell
trafficking and of immunological and inflammatory processes. During inflammatory the expression of
CXCR7 is increased on leukocytes and endothelial cells [129, 159, 161]. In cancer diseases, ECs of
tumour-associated vasculature significantly express CXCR7, which plays a pro-angiogenic role and
contribute to tumour invasion. Accumulating studies further confirm that CXCR7 participates in
endothelium repair and regeneration. An increased expression of this receptor on ECs is also
implicated in the infiltration of inflammatory cells in autoimmune diseases, due to enhanced cell
adhesion [161-163].

CXCR7 expression was also detected on vascular smooth muscle cells and it was reported that this
receptor has a role in inducing the CXCL12-mediated proliferation of the SMCs in chronic allograft
vasculopathy [161, 164]. Platelets also express CXCR7, which seems to be involved in their survival
through anti-apoptotic effects. It is speculated that CXCR7-platelet expression is correlated with
initial myocardial repair in patients with acute coronary syndrome. Research work has been
developed to explore the regenerative capacity of platelets through CXCR7 [165]. More recently,
CXCR7 was associated with differentiation of monocytes into macrophages, revealing that this
receptor may play other crucial roles which have not been yet explored [153].

CXCR7 has been implicated in atherosclerosis, where it seems to lower hyperlipidemia by increasing
the uptake of very-low-density lipoproteins (VLDLs) by the adipocytes, which enables regulation of
the cholesterol level in the blood. CXCR7 deficiency increases serum cholesterol levels, which leads
to monocytosis and macrophage accumulation, resulting in increased neointima lesion. Therefore,
CXCR7 may have a key role in regulating lipidemia and inflammatory processes in atherosclerosis
[166, 167].

Targeting the CXCL12/CXCR4/CXCR7 axis has been intensely explored to develop therapies for many

diseases, particularly cardiovascular diseases.
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1.5 Cell migration

Cell migration is the process by which cells move from one location to another, in response to
stimuli, and it is essential for the development and maintenance of an organism, being also involved

in pathological conditions.

Cell movement comprises essentially five steps (Figure 1.5A) and it is triggered by the sensing of a
stimulatory signal, such as chemokines. The first step consists of the formation of a protrusion rich in
actin polymers (lamellipodia and filopodia), which elongates the leading edge of the cell (extension
step). Then, adhesion proteins enable the attachment of the protrusion to the substratum or
extracellular matrix (attachment step). Next, a contraction step is followed, in which the cell body
contracts via stress fibers formation to enable the retraction of the rear end of the cell and to pull
the whole cell body forward due to the contractile forces generated. Consequently, the fourth step
involves the release of the adhesion proteins at the rear end of the cell to allow progression of
movement (rear release step). Finally, the recycling step encompasses the recycling of the cell

migratory machinery to get the cell ready again for first step.

Direction of migration

Extension

Attachment

1 Contraction

Rear release

1 Recycling

Figure 1.5A: Steps involved in cell migration. Cell movement comprises: Extension step: Formation
of a protrusion rich in actin polymers (lamellipodia and filopodia); Attachment step: Adhesion
proteins enable the attachment of the protrusion to the substratum or extracellular matrix;
Contraction step: Cell body contracts via stress fibers formation to enable the retraction of the rear
end of the cell and to pull the whole cell body forward; Rear release step: Release of the adhesion
proteins at the rear end of the cell to allow progression of movement; Recycling step: Recycling of
the cell migratory machinery to get the cell ready again for first step. (Image adapted from Lamalice

et al.; Endothelial cell migration during angiogenesis; 2007; Circulation Research) [168].

57



The driving force of cell motility is the reorganization of the cell cytoskeleton proteins, which
regulate the formation of the leading protrusions and the contraction of the cell body. There are
three types of cytoskeleton proteins: Actin filaments, intermediate filaments and microtubules
(Figure 1.5.B). These have a thin fibrous polymeric structure and have a variety of structural and

functional roles.

Actin filaments, also known as microfilaments, consist of long polymerized intertwined chains in
helix of globular monomeric protein actin (G-actin). Actin is an ATPase and as such, it hydrolyses ATP
to ADP upon polymerization. It is also the most abundant protein in the cell and it is contractile. The
actin filaments are polar and hence they possess a plus end where the actin monomers are
assembled for polymerization (barbed end) and a minus end in which the actin monomers are
disassembled (pointed end). They can also organize into bundles to form the contractile stress fibers.
Myosin motor proteins, which have the ability to convert chemical energy into movement, bind to
the actin filaments and produce their movement to allow cell motility.

Microtubules consist of 13 filaments arranged in parallel to form a cylindrical structure. Each
filament is composed of a series of a- and B-tubulin heterodimeric proteins. Each tubulin subunit
binds to GTP and only the GTP of B-tubulin undergoes hydrolysis. The microtubule polymers are also
polar with a plus end (fast growing end) and a minus end (slow growing end), which allows its
assembly and disassembly. These cytoskeleton elements are important in determining the cell shape
and they participate in the traffic of cell organelles and vesicles inside cell, as well as in separating

the chromosomes during mitosis.

Intermediate filaments are formed of a bundle of extended subunit proteins. Four individual
proteins assemble to form a tetrameric subunit. These, associate to form the unit length filament
(ULF), which is composed of eight tetrameric subunits. ULFs can join end-to-end to other ULFs to
grow longitudinally longer filaments. Nevertheless, the intermediate filaments are non-polar. One of
the function of these cytoskeleton proteins is to provide structural integrity to the cell [169].

The actin filaments and the microtubules have been recognized to have preponderant roles in cell
motility. The protrusion of the lamellipodia at the leading edge of the cell results from the
continuous growth of the actin filaments. The release of the contacting points of the actin filaments
with the substratum, allows the retraction of the rear end of the cell and the progression of the
movement in response to body contraction due to the formation of the stress fibers. Microtubules
seem to also participate in the lamellipodial protrusion and adhesion in some cells.
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Figure 1.5B: Cytoskeleton protein filaments. Actin filaments: Actin filaments are long polymerized
intertwined chains in helix of globular monomeric protein actin (G-actin). These filaments are polar
and possess a plus end where the actin monomers are assembled for polymerization (barbed end)
and a minus end in which the actin monomers are disassembled (pointed end). They organize into
bundles to form the contractile stress fibers. Microtubules: Microtubules consist of 13 filaments
arranged in parallel to form a cylindrical structure. Each filament is composed of a series of a- and B-
tubulin heterodimeric proteins. The microtubule polymers are polar with a plus end (fast growing)
and a minus end (slow growing), which allows its assembly and disassembly. Intermediate filaments:
Intermediate filaments are formed of a bundle of extended subunit proteins. 4 individual proteins
assemble to form a tetrameric subunit. These, associate to form the unit length filament (ULF),
composed of eight tetrameric subunits. ULFs join end-to-end to other ULFs to grow longitudinally
longer filaments. The intermediate filaments are non-polar. (Source: Mostowi et al.; Septins: the
fourth component of the cytoskeleton; 2012; Nature Reviews Molecular Cell Biology) [169].

Unpolymerized actin monomers exist in the cell bound to profilin and other proteins (Figure 1.5C).
Profilin exchanges the ADP for ATP on G-actin, making it competent and available for
polymerization. In the presence of stimulatory signals, nucleation-promoter factors such as
members of the WASP and the SCAR/WAVE families of proteins are activated. These in turn activate
the Arp2/3 complex to nucleate actin filaments and thus induce branching, by attaching to the site
of pre-existing actin filaments, which pushes the membrane forward. Formins such as mammalian
Diaphanous formin 1 and 2 (mDial and mDia2) induce the progression of the actin polymerization by
attaching themselves to the barbed ends of the filament formed previously by the Arp2/3 complex.

The formins recruit actin monomers and use them to nucleate and elongate the filaments. Once new
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filaments are formed and elongated, capping proteins, including gelsolin and CapZ, terminate
growth and prevent depolymerization to conserve the actin filament. At the pointed ends, which are
away from the fast growing ends associated with the protrusion elongation, actin subunits hydrolyse
their bound ATP (related to actin aging) and dissociate y-phosphate. This initiates debranching
reactions in which cofilin depolymerizes the actin filament, with dissociation of ADP-actin subunits.
Therefore, severing ends are formed and the free ends created can be used for re-initiation of actin
filament polymerization. In addition, cofilin enables the recycling of the actin monomers. The
turnover of the filament is slowed down by inactivation (phosphorylation) of cofilin. Profilin
exchanges back the ADP for ATP in the actin monomers, hence contributing to the subunit pool
which can be incorporated again back to the actin filament [170-173].
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Figure 1.5C: Mechanism of protrusion formation by actin filaments. Actin filaments are responsible
for cell protrusion growth in cell migration. Step 1: Extracellular signals activate receptors. Step2:
Signalling transduction pathways activate Rho GTPases and PIP2. Step 3: WASP and SCAR/WAVE
family of proteins are activated. Step 4: WASP/SCAR proteins activate Arp2/3 complex which
initiates actin nucleation. Step 5: New branches from the barbed ends grow and elongate. Step 6:
Growing filaments push the membrane forward to form the protrusions. Step 7: Capping proteins
terminate new branch growth. Step 8: Actin filaments age due to hydrolysis of ATP to give ADP on
the actin subunits (white subunits turn yellow). Dissociation of y-phosphate is followed (subunits
turn red). Step 9: Cofilin severs ADP-actin filaments with dissociation of the actin subunit and thus
depolymerization of the actin filaments. Step 10: Profilin catalyses exchange of ADP for ATP in the
actin subunits (subunits turn white again) and returns the pool of ATP-actin. Step 11: The pool of
ATP-actin bound to profilin is ready to incorporate again the actin filaments and elongate the barbed
ends. Step 12: Cofilin is inactivated by LIM kinase and PAK, which were activated by Rho GTPases
family proteins. (Source: Pollard et al.; Cellular motility driven by assembly and disassembly of actin
filaments; 2003; Cell) [174].
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Cell migration requires a coordinated rearrangement of the cytoskeleton machinery, as described
above. This migration machinery is regulated by a complex and interconnecting signalling network
that includes different signalling pathways. The next section will focus on the most relevant

signalling pathways involved in cell migration.

1.5.1 Signalling pathways involved in cell migration

Cell migration begins with the interaction of an external signal that stimulates its corresponding
receptor. This signal is transduced by several signalling pathway cascades which lead to the

rearrangement of the cytoskeleton to allow the cell to move.

The most widely studied signalling pathways include the Rho GTPases family of proteins, the
PI3K/AKT signalling pathway and the MAPK kinase signalling cascade.

1.5.1.1  Rho GTPases family

Rho GTPases belong to the Ras superfamily of proteins which comprises more than 130 members.
The most well-known Rho family members are RhoA, Racl and Cdc42. A characteristic of these
proteins is that they can cycle between an inactive state (bound to GDP) to an active state (bound to
GTP). The switching between the two conformational states is tightly regulated by several molecules
and it is in the active state that the Rho GTPases are able to interact with downstream effector to
propagate the signalling transduction.

Guanine nucleotide exchanging factors (GEFs) promote the release of GDP to allow the binding of
GTP, thus activating the GTPase proteins. The inactivation of these proteins is achieved by GTPase-
activating proteins (GAPs) which stimulate the hydrolysis of GTP to yield GDP. The Rho-GDP bound
proteins are sequestered in the cytosol by guanine nucleotide dissociation inhibitors (GDIs), which
inhibit the dissociation of the guanine nucleotide and thus prevents the activation of the Rho
GTPases.

RhoA, Racl and Cdc42 are mainly involved in cytoskeleton rearrangement and cell motility (Figure
1.5.1.1A). Racl is associated with lamellipodia protrusion and Cdc42 is involved in filopodia
formation, which indicates that these proteins are active at the leading edge. RhoA stimulates the
formation of contractile actomyosin fibers, which suggests that this protein is active in the body and
rear of the cell. Accumulating studies have shown that RhoA is also active at the leading edge and
that it may even be activated before Rac and Cdc42, revealing that localized RhoA orchestrates the
initial membrane protrusion at the leading edge of the extension and this is rapidly followed by Rac
and Cdc42 actions to reinforce the protrusion. Therefore, Rho GTPases activation is regulated in a

strict spatiotemporal manner [175-177].
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Figure 1.5.1.1A: Regulation of the cytoskeleton by Rho GTPases. Cell motility comprises the
formation of a protrusion (lamellipodia) at the leading edge and body contraction with retraction of
the rear end. Racl is and Cdc42 are active at the leading edge of the cell and are involved in
lamellipodia and filopodia formation, respectively. RhoA is also active at the leading edge and it is
activated before Rac and Cdc42, to promote the initial membrane protrusion at the leading edge of
the extension. Rac and Cdc42 activation rapidly follows to reinforce the protrusion. RhoA is active as
well in the body and rear of the cell to stimulate the formation of contractile actomyosin fibers,
which allow the progression of the movement forward. (Source: Binamé et al.; What makes cells
move: requirements and obstacles for spontaneous cell motility; 2010; Molecular bioSystems) [178].

The downstream effectors of the Rho GTPases constitute a complex network of molecules that act

on the cell cytoskeleton to induce cell migration (Figure 1.5.1.1B).

The activity of actin polymerization inducers such as formins, which include the molecule mDia, is
regulated by the binding of Rho GTPases, leading to the relief of the head to tail autoinhibitory
interactions in the formins. Consequently, mDia can then stimulate actin polymerization. The Arp2/3
actin nucleation complex is activated locally at the cell membrane by the WASP and SCAR/WAVE
families of proteins. Rho GTPases activate the WASP (activated by Cdc42) and SCAR/WAVE
(activated by Rac) proteins, which results in actin polymerization through Arp2/3 complex activation.

Actin filaments are organized in thick bundles by the action of myosin Il that crosslinks antiparallel
actin filaments and mediates contraction due to its ATPase-dependent motor domain. Myosin
converts the energy of ATP hydrolysis into mechanical movement. Therefore, stress fiber formation
and contraction are controlled by myosin Il, whose activity is regulated by the phosphorylation of its
light chain. RhoA regulates the kinases that phosphorylate myosin light chain (MLC). RhoA
predominantly induces the phosphorylation of MLC (p-MLC) either directly or via its downstream
effector Rho-associated serine/threonine kinase (ROCK). ROCK inhibits MLC phosphatase (MLCP) and
can also phosphorylate MLC. As a result, cell contraction is achieved. In addition, LIM kinase (LIMK) is

activated by ROCK, which results in phosphorylation of cofilin. When cofilin is phosphorylated, it is in
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its inactive state and it cannot bind to actin, hence, depolymerization or turnover of the actin
filament is prevented. Phosphorylation of MLC is enhanced at the sites of cell body contraction and
in the region of trail retraction, but it is also enhanced at the lamellipodium region of the cells to
stimulate protrusion. It has been shown that Rac and Cdc42 can as well induce phosphorylation of
MLC at the leading edge.

P21 activated kinase (PAK) is activated by Racl and Cdc42, which results in the activation of LIMK by
phosphorylation. As explained, LIMK inactivates cofilin. Therefore, Racl and Cdc42 are also involved
in the regulation of actin turnover. PAK (p21-Activated kinase) is a serine/threonine kinase
implicated in the rearrangement of the cytoskeleton and besides LIMK, it has other substrates, such

as myosin I, whose activity is regulated by the phosphorylation of their regulatory light chains

(serine or threonine sites) [175-177, 179, 180].
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Figure 1.5.1.1B: Downstream effectors of Rho GTPases. The downstream targets of
active Rho GTPases include the kinases such as p21-activated
kinase (PAK) and Rho-associated coiled-coil kinase (ROCK), and the nucleation

promoting factors such as mammalian Diaphanous formin (mbDia), Wiskott-Aldrich

syndrome protein (WASP), Wiskott-Aldrich syndrome protein-family
verprolin homologous protein (WAVE). mDia-induced nucleation produces
unbranched  actin  filaments and WASP and WAVE interact with  Arp2/3
complex and generate branched microfilaments. PAK phosphorylates

LIM-motif containing kinase (LIMK), which in turn phosphorylates and
inhibits cofilin, thereby regulating the actin-filament turnover. RhoA stimulates actin filament
growth and the interaction between actin and myosin through ROCK, which phosphorylates myosin
Il light chain (MLC), myosin light
chain phosphatase (MLCP) and LIMK. Phosphorylation of MLC contributes to contractility [181].

Rho GTPases have a prominent role in cell migration and they regulate the actin polymerization
machinery through a complex network of effectors. These proteins also interact with other relevant

signalling pathways involved in cell migration mechanism.
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1.5.1.2  The PI3K/AKT signalling pathway

Phosphoinositide 3-kinases (PI3Ks) are important regulators involved in a variety of cell functions,

including migration, proliferation, differentiation and survival.

Upon binding of a chemokine to its GPCR receptor, the G protein is activated, with the dissociation
of the Ga-GTP subunit from the GB/y dimer subunit. The latter, at the plasma membrane, either
directly binds to PI3K to activate it or induces Ras activation (inactive Ras-GDP switches to active
Ras-GTP) which then activates PI3K (Figure 1.5.1.2). The Ga monomeric subunit has been shown has
well in some studies to activate PI3K.

Activated PI3Ks phosphorylates the lipid molecules phosphatidylinositol (4,5)-biphosphate (PIP2) to
generate phosphatidylinositol (3,4,5)-triphosphate (PIP3). The production of PIP3 by PI3K occurs at
the leading edge of migrating cells, whereas the degradation of the lipid takes places at the rear end
of the cell, which explains the higher concentration of PIP3 and PI3K at the site of actin
polymerization at the front of the cell.

Protein kinase B (PKB), also known as AKT, lives in the cytosol in an inactive state. This signalling
effector contains a PH domain which has a high affinity for PIP3. Therefore, accumulated PIP3
recruits AKT to the membrane and the resulting interaction leads to a conformational change of AKT
with the exposition of its serine/threonine phosphorylation sites required for activation.

AKT is then activated by 3-phosphoinositide-dependent protein kinase 1 (PDK1) which prompts it to
phosphorylate and regulate proteins involved in the remodelling of actin at the leading edge of the
cell, including myosin 1l and PAK1. In addition, AKT also regulates the actin dynamics via its direct
binding and phosphorylation. It is proposed that this interaction with actin is possible due to the PH
domain of AKT.

Rho GTPases can regulate as well AKT activity by phosphorylation of its serine and threonine sites
and targeting it to the actin cytoskeleton. Rho GEFs (Guanine nucleotide exchanging factor) contain
a PH domain and thus they are downstream effectors of PI3K and PIP2/PIP3, which leads to the

activation of the Rho GTPases and the consequent regulation of actin polymerization.

The inactivation of PIP3 is performed by phosphatase and tensin homolog (PTEN) which is a negative
regulator of the PI3K pathway [176, 182-185].
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Figure 1.5.1.2: PI3K/AKT pathway and regulation of chemotaxis. Chemotaxis is regulated by the
PI3K pathway. GPCRs are activated upon ligand binding. The G protein subunits activate PI3K either
directly or through Ras activation. Activated PI3Ks phosphorylates phosphatidylinositol (4,5)-
biphosphate (PIP2) to generate phosphatidylinositol (3,4,5)-triphosphate (PIP3). Accumulated PIP3
recruits AKT to the membrane which is activated by 3-phosphoinositide-dependent protein kinase 1
(PDK1) and Rho GTPases. Activated AKT phosphorylates and regulates myosin Il and PAK1 and it also
regulates the actin dynamics via its direct binding and phosphorylation. Rho GEFs (Guanine
nucleotide exchanging factor) contain a PH domain and thus they are downstream effectors of PI3K
and PIP2/PIP3, which leads to the activation of the Rho GTPases and the consequent regulation of
actin polymerization. The inactivation of PIP3 is performed by phosphatase and tensin homolog
(PTEN) which is a negative regulator of the PI3K pathway. Red arrows indicate enzymatic reactions.
Black arrows indicate activation pathways. (Adapted from: Kélsch et al.; The regulation of cell

motility and chemotaxis by phospholipid signalling; 2008; Journal of Cell Science) [183].
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1.5.1.3 MAPK/ERK: Ras-Raf-MEK-ERK signalling pathway

Mitogen-activated protein kinases (MAPKs) are a family of related serine/threonine kinases that
regulate a variety of cell functions, including migration, proliferation, differentiation, survival,
amongst others. There are three well-known groups of kinases which diverge due to the differences
of a motif present in their activation loops: Extracellular signal-regulated protein kinases 1 and 2
(ERK1/2) has a Thr-Glu-Tyr motif; p38 kinase has a Thr-Ala-Tyr motif; Jun N-terminus kinase (JNK) has
a Thr-Pro-Tyr motif.

MAPKs are activated through a cascade of kinases (Figure 1.5.1.3). MAPKK kinases (MAPKKKs) are
activated through phosphorylation or interaction with Ras/Rho GTPases. Next, they activate
MAPKKs, which in turn activate MAPKs, through the phosphorylation of the threonine and tyrosine
residues within the activation loop.

In line of the current project the MAPK/ERK pathway will be described in the context of chemotaxis.
GPCR chemokine receptors are activated upon binding of a signal. As a result, the G protein is
activated and Ga subunit dissociates from GB/y dimer subunit. Both subunits are involved in the
activation of the Ras GTPase (Ras-GDP switches to Ras-GTP). Ras-GTP is implicated in the MAPK and
PI3K signalling pathways.

Ras-GTP recruits MAPKKK Raf to the plasma membrane where it is activated. Activated Raf
phosphorylates Ser/Thr MAPKK MEK1/2 (MAPK ERK kinase) and these in turn activate MAPKs
ERK1/2 by phosphorylation of their threonine and tyrosine residues. ERK1 and EKR2 are two
isoforms that share 85% of homology in their sequence and have very close protein size (ERK1 is
44kDa and ERK2 is 42kDa). In resting state, ERK1/2 is anchored in the cytoplasm. In response to
stimulation they are activated and recruited either to the nucleus to activate transcription factors or
to the cytosol to phosphorylate and activate substrates, such as cytoskeleton proteins.

ERK1/2 can phosphorylate Myosin light chain kinase (MLCK), which is a serine/threonine-specific
protein kinase that phosphorylates the regulatory light chain of myosin Il. Additionally, focal
adhesion kinase (FAK) and paxillin are also phosphorylated by ERK1/2. FAK and paxillin are both
expressed at focal adhesions and participate in the adhesion of the cell to the extracellular matrix.
Therefore, ERK1/2 may regulate focal adhesion dynamics by modulating the FAK-paxillin interaction.
ERK also phosphorylates calpain and hence, it can stimulate calpain’s activity in the presence of low
concentration of Ca?*, which is required for calpain’s proteolytic activity. Calpain is involved in focal

adhesion turnover and cell migration [186-189].

Protein kinase C (PKC) is a component of the GPCR-dependent signalling and it can activate ERK
MAPK pathway. PKC is activated by DAG which is generated upon hydrolysis of PIP2 by PLC. Once
PKC is activated, it can induce ERK phosphorylation through Raf activation. The hydrolysis of PIP2
into DAG and IP3 increases the intracellular Ca%*, and this in turn activates calcium and DAG

dependent GEFs that can activate Raf and hence induce the ERK MAPK signalling cascade. Another
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component of the G protein signalling is protein kinase A (PKA) and this serine/threonine kinase is
more known for negatively regulate the ERK MAPK pathway. PKA is an effector of cAMP and thus it
is activated upon increase of cAMP, which is regulated by the Ga subunit. Once PKA is activated it
can interact with Raf preventing its coupling with Ras to be activated. Furthermore, PKA can also
activate phosphatases that can dephosphorylate ERK, hence inactivating it. Depending on the G
protein signalling activated, the ERK MAPK pathway can either be positively or negatively regulated
[190, 191].

Cooperation between ERK1/2 and Rho GTPases also has a key role in cell migration. As mentioned
above, Ras GTPase can activate ERK1/2 MAPK pathway. Rac and Cdc42 are other two GTPases
capable of activating MEK1/2 and ERK1/2. PAK, which is a downstream target of both Rac and Cdc42,
can phosphorylate MEK, thus enabling the interaction of Raf with MEK and consequential activation
of ERK. Studies also reveal an interaction between Rho and ERK, in which the first can activate the
ERK pathway. Moreover, ERK can also regulate the activation of Rho GTPases, in a coordinated
fashion, by either activating or inactivating Rho and Rac, to promote cell migration [192-195].

The cross-talk between ERK MAPK pathway and PI3K signalling pathway adds more complexity to
the cell migration mechanism, and this cross-talk can either be positive or negative. For example,
PI3K is an activator of Rac GTPase, which then activates PAK. As mentioned, PAK phosphorylates
MEK which leads to ERK activation. Furthermore, Ras GTPase which activates PI3K is the upstream
activator of the ERK MAPK cascade. Therefore, the effectors of one signalling pathway can affect the
effectors of the other signalling pathway to generate a feedback loop of Ras GTPase. One example is
the negative regulation of AKT, an effector of PI3K, on ERK activation through phosphorylation of the
inhibitory site of Raf. Thus, if Raf is inhibited it cannot activate MEK and ERK [187, 192, 196].
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Figure 1.5.1.3: Ras-Raf-MEK-ERK signalling pathway and regulation of chemotaxis. The Ras-Raf-
MEK-ERK signalling pathway is involved in cell migration induced by chemokine G protein-coupled
receptor activation. Both Ga subunit and GB/y dimer subunit are involved in the activation of the
Ras GTPase which is implicated in the MAPK and PI3K signalling pathways. Ras-GTP activates
MAPKKK Raf, which phosphorylates MEK1/2 and these in turn activate MAPKs ERK1/2. ERK1/2 can
phosphorylate cytoskeleton and focal adhesion substrates to induce cell migration. Protein kinase C
(PKC) induces ERK phosphorylation through Raf activation. PKA can interact with Raf preventing its
coupling with Ras or it activates phosphatases that can dephosphorylate ERK, hence inactivating it.
ERK1/2 and Rho GTPases interact with each other. ERK MAPK pathway and PI3K signalling pathway
can regulate each other, which adds more complexity to the cell migration mechanism, and this
cross-talk can either be positive or negative. PI3K is an activator of Rac GTPase, which then activates
PAK. As mentioned, PAK phosphorylates MEK which leads to ERK activation. Furthermore, Ras
GTPase which activates PI3K is the upstream activator of the ERK MAPK cascade. Therefore, the
effectors of one signalling pathway can affect the effectors of the other signalling pathway to
generate a feedback loop of Ras GTPase. (Adapted from: Sobolik-Delmaire et al.; Chemokine

receptors; 2015; Encyclopedia of Biological Chemistry) [197].

1.5.1.4  B-arrestin mediated signalling pathways

The function of the GPCRs is mediated by three families of proteins: The heterotrimeric G proteins,
the G protein-coupled receptor kinases (GRKs) and the B-arrestins. The G proteins are responsible
for the signalling function of the GPCRs. More recently, GRKs and B-arrestins were shown to have
more functions than just desensitizing the GPCRs. Accumulating studies demonstrate that B-arrestins
besides regulating receptor endocytosis they can also induce signalling pathways in a complex

network (Figure 1.5.1.4). Here, the most relevant for this project will be described.

B-arrestins can regulate the activation and the spatial distribution of MAPKs. ERK1/2 can either be
directly activated by B-arrestin or by Src tyrosine kinase which is recruited first by B-arrestin.
Additionally, specific MAPK components of the MAPK cascade can form a complex with B-arrestin.
The scaffolding of Raf, MEK and ERK by B-arrestin facilitates the cell signalling to ERK and distributes
activated ERK at the leading edge of the migrating cell. Therefore, actin dynamics through ERK
pathway is regulated by B-arrestin. Other MAPK cascades, such as p38 and JNK can also be activated
by B-arrestin.

The PI3K/AKT pathway is another signalling mechanism that is regulated by B-arrestin. PI3K
activation and AKT phosphorylation are induced by B-arrestin, which can act as scaffold protein for
these molecules as well. On the other hand, some studies show that B-arrestin can inhibit PI3K.
Stimulation or inhibition of PI3K influences PIP2 which is known to regulate actin filament-related

proteins. Furthermore, localized regulation of PI3K through B-arrestin scaffolding can affect the
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activity of Rho GTPases. Direct regulation of AKT by B-arrestin constitutes another mechanism by

which actin assembly is modulated, as AKT can activate myosin Il through activation of PAK.

Finally, B-arrestin regulates actin assembly proteins. For example, this protein can activate RhoA and
thus induce the formation of stress fibers. Moreover, cofilin, LIMK and MLC are all regulated as well
by B-arrestin [156, 198, 199].
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Figure 1.5.1.4: Signalling pathways regulated by B-arrestin. B-arrestins can regulate a complex
network of signalling pathways. MAPKs spatial distribution and activation is regulated by B-arrestins.
ERK1/2 is activated by B-arrestin. Additionally, specific MAPK components of the MAPK cascade
form a complex with B-arrestin. The scaffolding of Raf, MEK and ERK by B-arrestin facilitates the cell
signalling to ERK and distributes activated ERK at the leading edge of the migrating cell. Therefore,
actin dynamics through ERK pathway is regulated by B-arrestin. Rho GTPases are activated by B-
arrestin either directly or through effectors. Actin filament-related proteins, such as cofilin, LIMK and
myosin are also regulated by B-arrestin [200].

1.5.2 The role of integrins in cell migration

Integrins are glycoproteins that form heterodimeric receptors for extracellular ligands/matrix. An o
integrin can pair with a B integrin to form a receptor specific for a set of ligands. The integrin a5 and
integrin B1 (ITGa5B1) receptor is one of the most well-known and it binds to fibronectin. Currently,
18 integrin a (ITGal-all, ITGaD, ITGaE, ITGal, ITGaM, ITGaV, ITGa2B and ITGaX) and 8 integrin B
(ITGB1-ITGBS8) are identified.

Upon binding of the ligand, the integrins cluster into focal contacts. A cell migration process initiates

with the formation of protrusions called lamellipodia and filopodia. Within these extensions, focal
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contact points with the extracellular matrix (ECM) are formed. Integrins are contained in these
contact points which anchor the cytoskeleton to the ECM. The addition of actin monomers to the
actin cytoskeletal scaffold pushes the membrane forward and new focal contact complexes are
formed. The focal complexes mature into focal adhesions due to the interaction of integrins and the

actin cytoskeleton and the creation of a strong interaction with the ECM.

As focal adhesions are formed at the edge of the cell, the same are dispersed at the rear end of the
cell. As the cell slides, the contact size of the adhesion is reduced. The adhesions through the
integrins serve as traction points for contractile or tensional forces, but they also regulate the
activation of Rho GTPases in the protrusions, which control the polymerization of actin and the
organization of the actomyosin filament. It is the coordinated regulation of the adhesion and the

cytoskeleton organization that enables the cell to migrate (Figure 1.5.2).

Integrin binds to the actin cytoskeleton through actin-associated linking molecules, such as talin,
vinculin, zyxin, and a-actinin, without which the adhesion is disassembled. Talin activate integrins
enabling them to link to actin. Adhesion disassembly occurs in the presence of calpain, a calcium-
dependent protease, which acts on talin or by reducing the affinity of the integrin to the

extracellular matrix.

The integrins can change their conformation from a low to high affinity state. Activated integrins
show high affinity for their ligand. Extracellular ligands bind to the outer domain of the integrins. The
cytoplasmic domain of integrins binds to the actin cytoskeleton, structural molecules and signalling
proteins. It is the actin that organizes the adhesion and it associates with the integrins at the leading
edge. Actin first interacts with adhesion components such as vinculin and FAK, through its nucleating
factor Arp2/3. This targets vinculin and FAK to the adhesion sites. The interaction formed is
stabilized by its association to the integrins.

Adhesions require the activation of the Rho GTPases to assemble the actomyosin filament. When
the protrusion pauses, the adhesion matures, that is, elongates by the elongation of the contractile
filamentous actomyosin. a-actinin seems to have a role in this process. Myosin Il is not present at
the adhesion site but along the actin filament to cross link the actin bundles and thus mature the
adhesion. Rho GTPases are localized in the protrusion as they regulate actin polymerization and
disassembly via their effectors Arp2/3, mDia, LIMK, cofilin, MLCK, ROCK, amongst others. These
effectors are very important for the formation of actomyosin to generate the contractile force that
enables the cell body to move forward. Adhesions contain several proteins that mediate the
activation of Rho GTPases, including ERK and PI3K. The integrins can initiate the Rho GTPases
signalling cascades and activate other signalling pathways, depending on the composition of the
ECM or its ligands.

Activation of signalling pathways typically involves phosphorylation of FAK (Focal adhesion kinase),

which co-localizes with the integrins at the focal adhesion sites and which is recruited by talin and
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paxillin to anchor it to the integrin. FAK activation attracts Src and these molecules function as

docking sites for a variety of signalling molecules.

The interaction between an integrin and its ligand has also a significant role in the linkage between
the cytoskeleton and the adhesion components. If the ligand is rigid or inflexible the linkage
between the integrin and the cytoskeleton can be weak. Thus, the strength of the linkage depends

on the force impinged on it [201-203].

Figure 1.5.2: Integrins in focal adhesions. Integrins connect the extracellular matrix to the internal
cytoskeleton in adhesions complexes. Talin, vinculin and a-actinin are actin-linking proteins that
connect the integrins to the actin cytoskeleton. FAK and paxillin are signalling adaptors which are
recruited to the adhesion complex and upon activation they generate signals that activate Rac to
promote actin polymerization. RhoA is also activated and this in turn activates its effectors to enable
myosin phosphorylation which generates actomyosin and thus the required contractile force. FAK
activates ERK signalling pathway that affects cytoskeleton rearrangement [201].
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1.6 The Dickkopf family of proteins

The Dickkopf (Dkk) family of proteins comprises four members of secreted glycoproteins: Dickkopf 1
(Dkk1), Dickkopf 2 (Dkk2), Dickkopf 3 (Dkk3) and Dickkopf 4 (Dkk4). An additional member was later
considered in this family, the Dkk3-related protein, termed Soggy (Sgy or Dkkl1).

Dkk proteins comprise 255-350 amino acids and a molecular weight of 29 kDa for Dkk1, Dkk2 and
Dkk4 and of 38 kDa for Dkk3, which may vary with N-glycosylation and post-translational
modifications (Figure 1.6). All the members of the Dkk family contain two conserved cysteine-rich
domains separated by a non-conserved linker region. The N-terminal cysteine-rich domain (DKK-N or
Cysl) is unique to the Dkks, whereas the C-terminal cysteine-rich domain (Cys2) relates to a
functional domain called colipase fold. Colipases are required for the hydrolysis of lipids and for that
reason it is suggested that the Cys2 domain of Dkks enables them to interact with lipids in order to
regulate Wnt function. The Wnt protein is normally at the cell surface region and a lipid binding may
facilitate the Wnt/Dkk interaction at the plasma membrane. Sgy protein lacks the cysteine-rich
domain. Dkk3 contain several potential sites for proteolytic cleavage which explains the post-
translational modifications that they suffer. In vertebrates, the linker region of Dkk1, 2 and 4 spans

50-55 amino acids but for Dkk3 it is smaller, comprising only 13 amino acids [204-206].
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Figure 1.6: Structure of the Dickkopf family of proteins. The structures of Dkk1, 2, 3 and 4 and of
the Soggy (DkkI1) protein are shown. Dkk1-4 contain an N-terminal cysteine domain (Dkk_N) and a
C-terminal cysteine domain (colipase fold). The soggy domain is only found in Dkk3 and Dkkl1. [204].

Notably, Dkk3 is the most divergent member of the family. DNA sequence similarity analysis reveals
that Dkk1, 2 and 4 are more related to each other than they are to Dkk3. Additionally, the linker
region between the 2 cysteine domains is smaller for Dkk3. The regions before and after the cysteine
domains is more extended in Dkk3 than in the other members. The N-terminal region of Dkk3
contains 4 potential glycosylation sites which are not conserved in Dkk1, 2 and 4. The Soggy member

shares a sequence similarity with Dkk3 which is not observed for the other Dkks. Human Dkk1, 2 and



4 are located in chromosomes belonging to a paralogous group, which means that they derived from
a common ancestral gene due to the structural similarity shared. In contrast, Dkk3 is located is a
chromosome which does not belong to the same paralogous group, indicating that this protein arose
from a different ancestral gene. Finally, in general, Dkk1, 2 and 4 are known to have an inhibitory
role in the regulation of the Wnt signalling, whereas the role of Dkk3 is context specific and it can
either induce or inhibit the Wnt signalling [206-208].

One of the main functions of Dkks during embryonic development and this may be related to their
interaction with the Wnt signalling pathway. Therefore, Dkks participate in the control of cell fate in
embryogenesis. The role of Dkk1 has been particularly explored in embryonic development, where it
is known to be a potent head inducer and a regulator of limb formation. Bone formation is regulated
by Dkk1 and 2, and so is the development of the eyes and the skin. Knockout of Dkk1 in mice results
in embryonic lethality [209].

As the Dkks are modulators of the Wnt signalling, they also play a vital role in cancer. The abnormal
expression of specific Dkks is associated with determined cancers. For example, increased expression
of Dkk1 is found in myeloma and hepatoblastomas. Enhanced expression of Dkk3 is observed in
osteosarcoma, whereas its decreased expression is detected in acute lymphoblastic leukaemia and
in prostate cancer. Dkk4 expression is induced in gastric cancer [206-208].

1.6.1 Receptors of Dickkopf proteins

The receptors for Dkk1, 2 and 4 are well identified in the literature. On the other hand, no receptor
has been established yet for Dkk3 and the literature presents a great controversy on its identification
(Table 1.6.1). Four receptors were proposed for the Dkk proteins. They include Kremen1, Kremen2,
Low-density lipoprotein receptor-related protein 5 (LRP5) and low-density lipoprotein receptor-
related protein 6 (LRP6).

Table 1.6.1: Receptors proposed for the Dkk proteins

Publication Dkk1 ’ Dkk2 Dkk3 Dkk4
Mao et al., 2000 Posll_tF;\F/)(; for Posi';\lgeG for Negf:;g for NA
Semezngc\)/let al., POS[:\;Z for NA NA NA

o™ | s | v v

Li et al., 2002 NA POS[E‘F’,Z for NA NA
Moetal, 2002 | ) | ementand2 | krement and 2 NA
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Publication Dkk1 Dkk2 ] {6} Dkk4
Positive for
Brott et al., 2002 NA LRP6 NA NA
it Wi ; Positive for
Mao et al., 2003 Positive for Positive for Negative for
Kremen 2 Kremen 2 Kremen2 Kremen 2
Zhang et al., Potential for
2004 LRP5 NA NA NA
Potential for
Wangetal, 2008 | 2 @ndLRPe NA NA NA
Negative for
Kremenl and 2
Positive for
Chen et al., 2008 NA LRPS and LRP6 NA NA
Positive for LRP6 Negative for
Nakamura et al., . LRP6
Positive for NA . NA
2009 Kremen1 and 2 Potential for
Kremenl and 2
Ahn Ve et al., Positive for
2011 LRP6 NA NA NA
Cheng et al., Positive for
2011 LRP6 NA NA NA
Bao et al., 2012 Positive for NA NA NA
N LRP5 and LRP6
Karamariti et al., Potential for
2013 NA NA Kremenl NA
Negative for
Fujii et al., 2014 NA NA LRPS and LRP6 NA
Poorebrahim et NA NA Potential for NA

al., 2016

LRP5 and LRP6

NA: Not applicable. Green: Positive interaction observed; Orange: Potential for binding, no

functional assay shown; Red: Impossibility of interaction confirmed.

LRPs function as Wnt co-receptors. Upon binding of Wnt to LRPs and to Frizzled receptor, LRP is
phosphorylated which allows the binding of axin (Wnt signalling pathway). The binding of Dkk to LRP
interferes with the receptor’s ability to interact with the Wnt-Frizzled system, which blocks the
signal transduction (Figure 1.6.1). It is suggested that Dkk binds to LRP through its colipase fold

domain.

The colipase fold of Dkk is also proposed to be involved in the binding of Dkk to Kremen receptors.
Kremens have a crucial role in potentiating the blocking of the Wnt signalling by Dkks. Kremens form
a ternary complex with Dkks and LRPs. Endocytosis of the complex is induced with the removal of
LRP from the cell surface. As a result, the canonical Wnt/B-catenin pathway is blocked and only the

non-canonical Wnt pathway - Planar Cell Polarity (PCP) signalling is available for induction [204].
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Figure 1.6.1: Wnt signalling modulation by Dkk proteins. The Wnt signalling pathway is divided in
two: the canonical Wnt signalling pathway (dependent on B-catenin) and the non-canonical Wnt
signalling pathways (independent of B-catenin and which includes the Planar Cell Polarity (PCP)
pathway). In the absence of Wnt, cytoplasmic B-catenin is degraded through ubiquitination. Upon
binding of Wnt to the receptor complex Frizzled and LRP5/6 the cytoplasmic B-catenin is stabilized
and the signalling transduction proceeds. In the presence of Dkk, the LRP5/6 is sequestered in
another ternary complex that comprises Dkk, Kremen and LRP and this complex undergoes
endocytosis. Thus LRP5/6 are not available for the activation of the canonical Wnt signalling
pathway. Instead, the PCP pathway can be induced. (Source: Fedon et al.; Role and function of Wnts
in the regulation of myogenesis: When Wnt meets myostatin; 2012; Chapter 4) [210].

1.6.2 Wnt signalling pathway

The Wnt signalling pathway is a vastly explored pathway known to be involved in crucial functions of
the cell, including migration, proliferation and differentiation. This pathway has a significant role
during early development and later during tissue maintenance. The dysregulation of this pathway
has implications in many diseases such as degenerative diseases and in cancer. Furthermore, the

Whnt signalling can also regulate lipid and glucose metabolism.

Wnt proteins are secreted glycoproteins comprising 19 family members in humans, which are rich in
cysteine residues. These molecules bind to the Frizzled receptor (Fzd), which is a seven

transmembrane span protein with a degree of homology with the G protein-coupled receptors.
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Upon binding of Wnt with the Frizzled receptor, the signal is transduced to the cytoplasmic
phosphoprotein Dishevelled (Dvl), which is recruited and which directly interacts with Fzd. At this
stage, the Wnt signalling is divided into two pathways: The canonical Wnt signalling pathway
dependent on B-catenin and the non-canonical Wnt signalling pathway which is independent of B-
catenin. This latter can branch into two more pathways: The Planar Cell Polarity pathway (PCP) and
the Wnt/Ca2* signalling pathway. Dishevelled protein is the first component of all three branches
(Figure 1.6.2) [204, 211, 212].
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Figure 1.6.2: Wnt signalling pathways. The Wnt signalling pathway comprises the canonical Wnt/pB-
catenin pathway (a) and the non-canonical Wnt signalling pathway (b and c). The latter branches
into further two pathways: The PCP pathway (b) and the Wnt/Ca2+ pathway (c). In the absence of
Whnt stimulation, cytosolic B-catenin is targeted to proteolytic degradation through phosphorylation
by the APC—Axin—GSK3—-CK1 complex and further ubiquitination through action of B-TrCP-dependent
E3 ubiquitin ligase complex. Upon stimulation by Wnt ligands that bind to Fzd receptors and its co-
receptors LRP5/6, Dvl is recruited. Dvl inhibits APC—Axin—GSK3—-CK1 complex formation by the
recruitment and inhibition of GSK3B, CK1 and Axin to the cytoplasmic membrane. Consequently, B-
catenin accumulates in the cytoplasm and enters the nucleus, activating transcription of target
genes through association with Lefl/TCF transcription factor family. In the non-canonical Wnt/Ca?*
pathway the interaction of Wnt ligands with Fzd receptors leads to an increase in intracellular
calcium level, which subsequently activates CAMKII and PKC in cells, as well as the transcription
factor NFAT. In the non-canonical Wnt/PCP pathway Dvl activates Rho GTPases Cdc42, RhoA and

Racl leading to cytoskeleton rearrangement [210].
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1.6.2.1 Canonical Wnt/B-Catenin signalling pathway

In the canonical Wnt/B-catenin pathway, Wnt ligands bind not only to Frizzled receptor but also to
LRP5 or LRP6. The ternary complex is required for the activation of the pathway. Wnt-Fzd requires
the binding of LRP5 or LRP6 (Figure 1.6.2).

In the absence of Wnt, B-catenin is degraded in the cytosol. The scaffolding protein Axin interacts
with B-catenin, glycogen synthase kinase 3 (GSK3), adenomatous polyposis (APC) and with casein
kinase 1 (CK1) to form a complex. This causes the phosphorylation of B-catenin by GSK3 and CK1
which provides a recognition and binding site for E3-ubiquitin ligase B-Trcp. As a result, B-catenin is
ubiquitinated and degraded.

Binding of Wnt to FZD/LRP receptor complex causes the stabilization of B-catenin and its
consequential translocation to the nucleus, due to the disruption of the Axin/APC/GSK3 complex.
The Dvl protein is crucial for this event to occur as it inhibits GSK3 and it interacts with axin. The PDZ
domain of Dvl appears to be central in mediating signalling. B-catenin once translocated into to the
nucleus it interacts with T-cell factor (TCF)/lymphocyte-enhancing factor (LEF) and activates
transcription of target genes, such as Cyclin D1, c-Myc, vascular endothelial growth factor (VEGF)
and interleukin-8 (IL-8).

Dkk proteins are regarded as Wnt anatagonist, except for Dkk3 that exhibits a dual role and whose
function is described later in this section. As mentioned, Dkks bind to LRP5/6 and through the
Kremens they induce LRP5/6 internalization. Therefore, Dkks interfere with the Wnt/B-catenin
pathway and play a negative role in its regulation [211-213].

1.6.2.2. Non-canonical Wnt signalling pathway

In the non-canonical Wnt signalling pathway, the Wnt signal is mediated by Wnt independent of
LRP5/6 co-receptors. Here, the signal is again transduced via activation of Dvl.

This B-catenin independent pathway comprises two signalling pathways (Figure 1.6.2): The PCP
pathway and the Wnt/Ca?" pathway.The PCP pathway activates small GTPases, such as Rac, RhoA
and Cdc42, which leads to the rearrangement of the cell actin cytoskeleton.The Wnt/Ca?* pathway
involves the release of intracellular Ca?* and this is mediated by G protein signalling. Next, Ca?'-
sensitive kinases are activated and they include protein kinase C (PKC) and calcium/calmodulin-
dependent kinase Il (CamKIl). These activate transcription factors, amongst wgich the nuclear factor
of activated T cells (NFAT). Dvl can also directly induce the release of Ca?* and activation of PKC [211,
213, 214].
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1.6.3 Dickkopf 3 protein in physiology and pathophysiology

Comparative developmental analysis in murine embryos shows that Dkk proteins are temporally and
spatially regulated in a coordinated mode of action [215]. During mouse embryogenesis Dkk3 is
expressed in several tissues, including bone, neural epithelium, limb buds, kidney, and heart [216-
219]. In adult mice, Dkk3 expression is found in the brain, retina, heart, gastrointestinal tract,

adrenal glands, thymus and reproductive system.

In the cardiovascular system, Dkk3 seems to have a cardioprotective role against the development of
cardiac remodelling induced by myocardial infarction [219-221]. More recently, a work was
published proposing that the Dkk3 expression in macrophages is involved in atherogenesis through
modulation of inflammation derived from hyperlipidemia [222]. Dkk3 expression was also found in

fibroblasts [223] and in platelets and megakaryocytes under myeloproliferative conditions [224].

Dkk3 participation in tumorigenesis has been extensively explored. In fact, Dkk3 was initially named
REIC (Reduced Expression in Immortalized Cells) by Tsuji et al., who observed that Dkk3 expression
was downregulated in immortalized cell lines and in a number of tumour-derived cell lines [225].
Today, it is accepted that the role of Dkk3 is context-specific and hence, it depends on the cell type
and the surrounding environment. Therefore, Dkk3 can either be an agonist or inhibitor of the Wnt
signalling pathway. For example, Dkk3 inhibits prostate cancer growth and lymph nodes metastasis
[226, 227]. Additionally, its upregulation attenuates melanoma growth [228]. Contrastingly, there
are studies that demonstrate the opposite role for Dkk3. For instance, overexpression of DKK3
promotes proliferation, survival and migration of human hepatoblastoma cells [232], and
downregulation of Dkk3 decreases oral squamous carcinoma cell migration and invasion [233].

Still in the context of tumorigenesis, literature reveals that Dkk3 plays a significant role in tumour-
related angiogenesis. In blood vessels of glioma, melanoma, colorectal carcinoma and non-Hodgkin
lymphoma, the expression of Dkk3 is higher than in normal tissue. Overexpression of this protein
increases the microvessel density in a C57/BL6 melanoma model [236, 237]. An attempt to clarify
the mechanism involved in the regulation of tumour angiogenesis by Dkk3 indicates a relation
between this protein and vascular endothelial growth factor (VEGF) [224, 239, 240]. Considering
these findings some researchers postulate that Dkk3 may be considered a pro-angiogenic protein in

neovascularization and possibly be a marker for neoangiogenesis in various cancers.

Finally, given that Dkk3 is a secreted protein with potential to induce cell differentiation, it is
proposed that Dkk3 is a cytokine protein. Dkk3 can induce the differentiation of monocytes into
dendritic-like cells and plays a role in systemic anticancer immunity [241, 242]. Furthermore, this
protein is involved in differentiation of embryonic stem cells and pluripotent stem cells into SMCs
[243, 244]. At last, the high expression of Dkk3 in tumour vascularization suggests a function for
Dkk3 as an endothelial cell differentiation factor [236].
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1.7 Protein-protein interaction

Interactions between proteins are intrinsic to basically every cellular process, including ligand-
receptor binding, signalling transduction, DNA replication and transcription, cell cycle control,
amongst others. Therefore, unveiling novel protein-protein interaction (PPl) provides crucial
information that enables the elucidation of the molecular mechanisms behind so many biological

processes and the identification of important targets for drug discovery.

Several biophysical and biochemical methods exist to detect PPI, which may also involve the
screening of libraries (high throughput techniques). These encompass Surface plasmon resonance
(SPR), Isothermal titration calorimetry (ITC), Fluorescence resonance energy transfer (FRET), Mass
spectrometry (MS), Co-immunoprecipitation (Co-IP), and Yeast two hybrid system (Y2H), amongst
other techniques. More recently, the development of computational tools has been used to predict
PPIs by employing the knowledge about the domains present in the interacting molecules [246]. In

this section, the Yeast Two Hybrid (Y2H) system will be described.

1.7.1 Yeast Two Hybrid System

The Y2H system is a genetic methodology that uses transcriptional activity to assess PPI. It relies on
the modular nature of some transcription factors, which are composed of the DNA-binding domain
(DNA-BD) and the Activating domain (AD). Both domains are needed to reconstitute the
transcription factor (Figure 1.7.1A).

A major advantage of this technique is that it is an in vivo methodology that uses the yeast cell as a
living test-tube. Another advantage is that it can be used to screen libraries to identify the proteins
that interact with the protein of interest. Hence, the protein of interest X (bait protein) is fused to
the transcription factor’s binding domain and fragments of a whole genomic DNA (prey proteins) are
fused to the transcription factor’s activation domain. Upon interaction of protein X with protein Y
from the library, both transcription factor (TF) domains are brought into close proximity. As a result,

the TF is reconstituted and functional and hence, reporter genes are transcribed.

In the current project the Matchmaker® Gold Y2H system was used, which is a GAL4 transcription
factor based assay. GAL4 TF is constituted by the two domains DNA-BD and AD (Figure 1.7.1A).
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Figure 1.7.1A: Yeast Two Hybrid system GAL4 transcription factor based. GAL4 DNA-BD and GAL4
AD domains are respectively fused to bait and prey proteins. When bait and prey proteins interact
with each other, the two GAL4 fragments are brought to close proximity and the transcription factor
becomes functional. As a result, reporter genes are transcribed. (Figure adapted from Matchmaker®

Gold Yeast Two-Hybrid System User Manual from Clontech).

The yeast Sacccharomyces cerevisae represents a good eukaryotic model organism in molecular
biology and it reproduces easily. Physiologically, yeast can exist stably in either haploid or diploid
states. Upon mating, a diploid cell is formed due to the fusion of the haploid mating cells (Figure
1.7.1B). The diploid yeast cell is stable mitotically. However, under stressful conditions a diploid cell

can undergo meiosis. Both haploid and diploid cells divide by mitosis.

In the Matchmaker® Gold Yeast Two-Hybrid System the two haploid mating yeast strain partners
used are Y2HGold (mating type a) and Y187 (mating type a). Dkk3 was selected as the bait protein
and the Universal mouse cDNA library was considered the prey protein. The bait protein fused to the
GAL4 DNA-BD was expressed in the Y2HGold strain and the prey protein fused to GAL4 AD was
expressed in the Y187 yeast strain. Both haploid yeast strain partners mate and a diploid yeast cell is
formed. In the diploid cell, if the bait and the prey proteins interact, the GAL4 transcription factor is
reconstituted and the reporter gene transcription is activated (Figure 1.7.1B) [247-249].
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Figure 1.7.1B: Yeast mating strategy. Dkk3 (Bait protein) fused to GAL4-DNA-BD was expressed in
the Y2HGold haploid yeast strain. The Universal mouse library (Prey proteins) fused to GAL4 AD
domain was expressed in the haploid yeast strain Y187. Both haploid mating partners generate a
diploid cell in which if the bait and prey proteins interact, the reporter gene transcription is
activated.

All genes in yeast are preceded by an upstream activating region and TATA box regions. Upstream
activating sequences (UAS) are regulatory transcription elements relatively close to the TATA box
and they constitute the promoter of a yeast gene. Specific transcription activators recognize UAS
sequences. GAL4 is a regulatory protein that controls the gene required for galactose metabolism. In

the presence of galactose, GAL4 binds to GAL-responsive elements within UAS of galactose genes.

Reporter genes can be integrated into the yeast genome and they are attached to a regulatory
sequence of the gene of interest. They are specifically selected to confer certain characteristics to
the yeast which normally enable the yeast cells to grow on a selective medium or to change the
colour of their colonies. In this case, the reporter genes are under the control of GAL4-responsive
promotors. These promotors contain short protein binding sites in the UAS region that are
specifically bound by the Gal4 DNA-BD [250-252].

The reporter genes under the control of GAL4-responsive promoters in Y187 strain are lacZ and
MEL1. The reporter gene constructs in Y2HGold strain are HIS3, ADE2, AUR1-C and MEL1.

- The reporter gene HIS3 corresponds to the expression of histidine. Y2HGold is not able to
synthesize this amino acid and therefore does not grow on media lacking histidine. His3-
responsive to Gal4 is only expressed upon bait and prey proteins’ interaction, thus allowing the
cell to grow on media lacking histidine.

- ADE2 reporter gene leads to the expression of adenine. Y2HGold cannot grow on media that
does not contain adenine and, as described for the previous reporter gene, the cells will grow in
this media if the protein interaction takes place, thus allowing adenine expression.

- The reporter gene AUR1-C encodes the enzyme inositol phosphoryl ceramide synthase. Upon
gene transcription activation, the expression of this enzyme confers Y2HGold yeast strain strong
resistance to Aureobasidin A, a highly toxic drug which in other conditions would not permit cell
growth.

- MEL1 reporter gene is transcribed because of bait-prey interaction, which reconstitutes
functional GAL4. This results in the expression of a-galactosidase that acts on its substrate X-a-
Gal, which turns the yeast colonies blue.

All the four reporter genes in the Y2HGold yeast strain are required to detect the protein
interactions in this Yeast Two Hybrid system. The GAL4 DNA-BD expressed in the Y2HGold strain
binds to a specific region of the promoters controlling the reporter genes (Upstream Activating

Sequence — UAS region). Therefore, the library proteins (prey proteins fused to GAL 4 AD) that would
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bind to these regions of the promoter, are screened out, as these UAS regions are already occupied,

thus avoiding false positives.

C Reporter gene constructs in Y2HGold and Y187 yeast strains
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Y187 (Library Host Strain] reporter gene constructs

| G1 Promoter | lacZ |

‘ M1 Promoter [ MELT ‘

Figure 1.7.1C: Reporter gene constructs in Y2HGold and Y187 yeast strains. Y2HGold strain contains
the reporter genes HIS3, ADE2, AUR1-C and MEL1, under the control of three different promoters
which are responsive to the GAL4: G1, G2 and M1. Y187 yeast strain contains the constructs lacZ
(under the control of G1 promotor) and MEL1 (under the control of M1 promotor). The 4 reporter
genes in Y2HGold are required to detect protein-protein interaction in the Yeast Two Hybrid system.

(Source: Matchmaker® Gold Yeast Two-Hybrid System User Manual from Clontech Laboratories Inc.)

The haploid cell Y2HGold is transformed with the plasmid containing the bait protein fused to GAL4
DNA-BD and encoding for the Tryptophan gene. The haploid mating partner Y187 is transformed
with the plasmid containing the fragments of mouse genome and encoding for Leucine gene.
Therefore, each haploid strain can grow in a medium lacking the respective nutrient. The diploid

cells resultants from the mating process are able to grow on medium lacking both amino acids.

However, when an interaction is observed between the bait protein and a prey-library protein,
which results in the activation of GAL4 and consequent transcription of the reporter genes, colonies
containing this interaction grow on agar medium lacking the nutrients generated by the
transcription of the respective reporter gene. Additionally, colonies only grow in the presence of an
antibiotic if the reporter gene transcribed due to a protein-protein interaction confers resistance to
it. Likewise, colonies only change colour if they can produce and enzyme that acts upon its substrate,
which depends on a bait-prey interaction capable of reconstituting GAL4. On the other hand, no
colony grows on the agar medium if the reporter genes are not transcribed due to the absence of
bait-prey interaction [253, 254].
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Finally, continuous nutrient (histidine) selection through re-scraping the positive colonies eliminates
irrelevant library plasmids that may have been co-transformed with the plasmid of interest that

initiated reporter gene activity.

False positive interactions may occur. Therefore, the positive interaction found needs to be validated
by other methods, such as Co-Immunoprecipitation. Moreover, the plasmids corresponding to the
prey proteins from the positive colonies can be rescued, and then transformed in a haploid cell
which is submitted to mating with the haploid cell containing the empty plasmid lacking the bait
protein. The expected result is absence of growth on the most stringent agar medium lacking all the

nutrients and characteristics that only the transcription of the four reporter genes would provide.

1.8 Ligand-Receptor binding

Ligand-receptor binding studies are of great importance in pharmacology for drug-targeted research.
They aim at obtaining reliable estimates of the affinity of the proposed ligand for the receptor of
interest and at analysing the underlying mechanism of interaction.

Saturation binding experiments involve measuring the binding of an increasing series of
concentrations of a ligand to its receptor at equilibrium and the determination of the affinity
constant (Ka) or the dissociation constant (Kp). The basic binding reaction relies on the principle that
the interaction of the ligand with the receptor is reversible. Equilibrium is reached between the rate
of ligand-receptor association and the rate of ligand-receptor dissociation.

L Kdissociation = KD = ZXIH
[RIX[L] L

Kassociation = KA=

[RL]: Concentration of the complex receptor-ligand; [R]: Concentration of receptor; [L]:
Concentration of ligand

The association constant, that is, the strength of binding, is inversely proportional to the dissociation
constant. The tighter the ligand binds to the receptor, the lower the value of the dissociation
constant and higher the affinity constant.

Ka: Association constant (units: nM™; mM*; M); Kp: Dissociation constant (units: nM; mM; M)

To determine empirically the Kp of a system, normally the concentration of the receptor is kept
constant, whereas the ligand is added at increasing concentrations. A tipically hyperbolic binding

curve is obtained by plotting the fraction of ligand bound to the receptor against the concentration
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of free ligand (Figure 1.8.1A). To measure the fraction of ligand bound, different methods can be
used that involve for instance the measurement of changes in absorbance or luminescence due to
binding of ligand to the receptor. Thus, the binding curve represententing a saturable system is
obtained by plotting the change in absorbance/luminescence against the concentration of free
ligand [255-257].

0.0 P U R R

0 50 100 150 200 250
[L], uM

Figure 1.8.1A: Ligand-receptor binding curve. Ligand is added at increasing concentration to a
receptor with fixed concentration. Fraction of ligand bound to the receptor (B) is plotted against the
concentration of free ligand [L]. Binding curve with hyperbolic shape is obtained [258].
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1.9 Hypothesis and Aims of Study

Rationale: A population of progenitor cells was identified within the adventitia of the vessel wall.
These cells expressed stem cell markers such as Sca-1+, C-Kit+, CD34+ and Flk1+. The adventitial Sca-
1+ cells were shown to differentiate into SMCs and to contribute to neointima lesion [6]. The precise
mechanism of migration of the resident vascular progenitor cells is still not understood and the
functional roles of these cells require further elucidation. Recently Dickkopf 3 protein (Dkk3) was
found to be involved in the differentiation process of stem cells into Smooth muscle cells (SMCs).
Additionally, this protein is highly expressed and secreted by SMCs [243, 244]. Studies have also
demonstrated a cytokine-like role for Dkk3, where its exogenous administration induces the
differentiation of monocytes into dendritic cells [241, 242]. Given these findings, we hypothesized
that Dkk3 could potentially play a role as a chemokine-like protein towards the adventitia-derived

Sca-1+ vascular progenitor cells (Sca-1+-APCs).

Hypothesis: Dkk3 can induce the migration of murine resident Sca-1+ APCs, in vitro and ex vivo, in
the same manner as the chemokine Sdf-1a. A potential chemokine receptor is potentially upstream
of the migration mechanism of Sca-1+ APCs in response to Dkk3. Dkk3-driven migration could
involve the activation of downstream signalling pathways similarly to Sdf-1a. Functional assays with
knockdown or overexpression of the candidate receptor, together with protein-protein interaction
assays will provide further support on the identification of Dkk3’s receptor and its involvement in
the Sca-1+ APCs migration mechanism. Finally, library screening for proteins interacting with Dkk3
could provide further insight into the identification of its receptor. The demonstration of the
chemotaxis of Sca-1+ APCs elicited by Dkk3, with the identification of the receptor of this
glycoprotein and clarification of the signalling pathways involved in the Dkk3-driven migration
mechanism of Sca-1+ APCs will contribute to the development of novel drug-targetted therapy in

vascular remodelling.
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Aims:

Aim 1: To study the adventitia-derived Sca-1+ vascular progenitor cell migration behaviour in

response to Dkk3.

Objective 1.1: To isolate and grow ApoE” aortic murine adventitia-derived Sca-1+ vascular
progenitor cells (Sca-1+ APCs) and study their migration behaviour, in vitro (Transwell and

wound healing assays) and ex vivo (Aortic ring assay), in response to Dkk3 treatment.

Aim 2: To identify the receptor of Dkk3 involved in the Sca-1+ APCs migration mechanism

Objective 2.1: To investigate the expression of chemokine receptors in Sca-1+ APCs by

performing RT-gPCR and Western blot analysis.

Objective 2.2: To perform migration functional assays of Sca-1+ APCs upon receptor

knockdown with SiRNA transfection and in response to Dkk3

Objective 2.3: To investigate if receptor overexpression affects the migration of HEK293T

cells in response to Dkk3

Objective 2.4: To assess whether Dkk3 co-immunoprecipitates with the receptor candidate

of Sca-1+ APCs, showing a physical binding

Objective 2.5: To determine the binding affinity of Dkk3 to the receptor by performing

saturation binding assay and calculating the respective dissociation constant

Objective 2.6: To investigate whether the knockdown of the receptor by SiRNA transfection

affects the signalling pathways involved in Sca-1+ APC migration in response to Dkk3

Aim 3: To investigate the underlying signalling pathways of the migration mechanism of Sca-1+

APCs driven by Dkk3 treatment.

Objective 3.1: To discover the signalling pathways involved in Dkk3-triggered migration of
Sca-1+ APCs through western blot analysis and inhibition of the identified signalling effectors

with consequent analysis of the respective functional migration assays.
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Chapter 2: Materials and Methods
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2.1 Materials

2.1.1 List of cell culture reagents

Table 2.1.1 List of cell culture reagents

Product

Dulbecco’s Modified Eagle’s Medium (DMEM)

Supplier Catalogue No.

AT -2002
(ATCC Medium) cc 30-200
DMEM, high glucose, GlutaMAX ThermoFisher 31966-047
Supplement, pyruvate
Phosphate-buffered saline (PBS) ThermoFisher 10010015
Opti-MEM® ThermoFisher 31985070
. - -
EmbryoMax® ES Cell Qualified Fetal Bovine Millipore ES-009-B
Serum
Fetal Bovine Serum, qua.llfled,. E..U.-approved, ThermoFisher 10270106
South America origin
Leukemia Inhlbl.tory Factor Protein, Millipore LIF1010
Recombinant human
2-Mercaptoethanol (50mM) ThermoFisher 31350010
Trypsin-EDTA (0.05%), phenol red ThermoFisher 25300054

Gelatin solution, Type B, 2% in H20 Sigma-Aldrich G1393-100ML
Penicillin-Streptomycin (10,000 U/mL) ThermoFisher 15140122
L-Glutamine (200 mM) ThermoFisher 25030081
Dimethyl sulfoxide, reagent grade, 299.5% Sigma-Aldrich D5879
Anti-Sca-1 MicroBead Kit (FITC), mouse Miltenyi Biotec 130-092-529
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https://www.thermofisher.com/order/catalog/en/US/adirect/lt?cmd=catProductDetail&showAddButton=true&productID=31966047&_bcs_=H4sIAAAAAAAAAM1TUUvDMBD%2BNXmxONJGu%2B5xW90U3Rx2%2BjpCe20DaTOSdKP%2F3stqp6IOfRCFcN%2Fd%0A5fjyfQc59wmNVlplTWqNR4LQS0DvRArmRL%2B0dkvYmAQzPPv9fmBL0JXKhUEcpKrCdmMwQI2hVBUg%0AKJ3hZWkriQwkYO7QyOoGXE2HFMGnPk6ORohnWE5BSm%2FaSNtocBp4hc9OvLXmtckhtULV3gPwAmr7%0APVlsHNFeCmLKLZeq6IU%2BJhh4JjRSYyYtYbO0ygiLb57mSxyOhdlK3k65hULpFhVh8xZanDhofmss%0A59J87gzRpyHtLE644dJbQCb4HzvoNP3QwiEZvniJF1eLf2Jl%2BLUV18%2FtJmA0RN58w0YXEQ2d%2FmtR%0AlN5cNqk6zP6eg1f1iW0lfo7QlV3O4kTUhYQ72IE8YS4I71dY5UJa93jYJY5nyStH49yQYNL76SfW%0A7dbd%2BseGI%2BnXcfl%2BIR%2FW9wwyP5XXLgQAAA%3D%3D&returnURL=http%3A%2F%2Fwww.thermofisher.com%3A80%2Forder%2Fcatalog%2Fen%2FUS%2Fadirect%2Flt%3Fcmd%3DcatDisplayStyle%26catKey%3D107001%26filterType%3D1%26OP%3Dfilter%26filter%3Dft_2306%252Ff_394806*
https://www.thermofisher.com/order/catalog/en/US/adirect/lt?cmd=catProductDetail&showAddButton=true&productID=31966047&_bcs_=H4sIAAAAAAAAAM1TUUvDMBD%2BNXmxONJGu%2B5xW90U3Rx2%2BjpCe20DaTOSdKP%2F3stqp6IOfRCFcN%2Fd%0A5fjyfQc59wmNVlplTWqNR4LQS0DvRArmRL%2B0dkvYmAQzPPv9fmBL0JXKhUEcpKrCdmMwQI2hVBUg%0AKJ3hZWkriQwkYO7QyOoGXE2HFMGnPk6ORohnWE5BSm%2FaSNtocBp4hc9OvLXmtckhtULV3gPwAmr7%0APVlsHNFeCmLKLZeq6IU%2BJhh4JjRSYyYtYbO0ygiLb57mSxyOhdlK3k65hULpFhVh8xZanDhofmss%0A59J87gzRpyHtLE644dJbQCb4HzvoNP3QwiEZvniJF1eLf2Jl%2BLUV18%2FtJmA0RN58w0YXEQ2d%2FmtR%0AlN5cNqk6zP6eg1f1iW0lfo7QlV3O4kTUhYQ72IE8YS4I71dY5UJa93jYJY5nyStH49yQYNL76SfW%0A7dbd%2BseGI%2BnXcfl%2BIR%2FW9wwyP5XXLgQAAA%3D%3D&returnURL=http%3A%2F%2Fwww.thermofisher.com%3A80%2Forder%2Fcatalog%2Fen%2FUS%2Fadirect%2Flt%3Fcmd%3DcatDisplayStyle%26catKey%3D107001%26filterType%3D1%26OP%3Dfilter%26filter%3Dft_2306%252Ff_394806*
https://www.thermofisher.com/order/catalog/product/31985070

2.1.2 List of chemicals and buffers

Table 2.1.2 List of chemicals and buffers

Product Supplier Catalogue No.
Ampicillin Sigma-Aldrich A0166-25G
Kanamycin Sigma-Aldrich K0254-20ML
LB Broth, Miller ThermoFisher BP1426-2
Agar Sigma-Aldrich A1296-500G
S.0.C. Medium ThermoFisher 15544034
gPCRBIO SyGreen Mix Hi-ROX PCR Biosystems PB20.12-01
Pfu DNA Polymerase Promega M7741
dNTP ThermoFisher 10297-018
1 Kb Plus DNA Ladder ThermoFisher 10787018
UltraPure Agarose ThermoFisher 16500500
UltraPure 50x TAE buffer, 1L ThermoFisher 12361499
SafeView Nucleic Acid Stain NBS Biologicals NBS-SV1
Precision Plus Protein Dual Colour ladder Bio-Rad 1610374
NuPAGE® MOPS SDS Running Buffer Life Technologies NP0001
NuPAGE Transfer buffer Life Technologies NP0006-1
Bio-Rad Protein Assay Dye Reag. Concent. Bio-Rad 5000006
Western blztntizrgsﬁs;c:clztic?-n reagents, VWR RPN2106
RIPA Lysis and Extraction Buffer ThermoFisher 89900
i, A e Coctiat | SomrAGicftoche | ooscooosaazs7ooi,
TBS Buffer ThermoFisher 28358
Tween 20 Sigma-Aldrich P2287-500ML
NuPAGE® LDS Sample Buffer (4X) ThermoFisher 1621180
NuPAGE™ Sample Reducing Agent ThermoFisher 17772696
Nitrocellulose Blotting Membrane GE Healthcare Life Science 10600002
Promega E2311

Fugene HD transfection reagent
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Product Supplier Catalogue No.
Lipofectamine RNAimax transfection reag. ThermoFisher 13778075
4% Paraformaldehyde solution Santa Cruz Biotechnology sc-281692
25% Glutaraldehyde solution Sigma-Aldrich G5882
Triton X Sigma-Aldrich X100
Matrigel Basement Membrane Matrix Corning 354234
Crystal violet solution Sigma-Aldrich HT90132-1L
Trypan blue Sigma-Aldrich T8154
NaHCO3 buffer Sigma-Aldrich 88975-10ML
MgClI2 Sigma-Aldrich M8266
Swine serum Dako, Agilent Path. Solutions X090110-8
Bovine Serum Albumin Santa Cruz Biotechnology Sc-2323
DAPI ThermoFisher D1306
DEPC Treated Water Pyrogen-free ThermoFisher 46-2224

Glycerol

Sigma-Aldrich

G5516-500ML

UltraPure EDTA 0.5M

ThermoFisher

15575-038
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2.1.3 List of Proteins and Inhibitors

Table 2.1.3 List of Proteins and Inhibitors

Product

DKK3 Recombinant Mouse Protein, His Tag

Supplier Catalogue No.

ThermoFisher

50247-M08H-50

Recombinant Murine SDF-1a (CXCL12) PeproTech 250-20A
Recombinant Human Dkk-3 Protein, CF R&D Systems 1118-DK-050
Recombinant Human CXCL12/SDF-1a, CF R&D Systems 350-NS-010/CF
Recombinant Murine PDGF-BB PeproTech 315-18

AMD3100 Sigma-Aldrich A5602-5MG

PD 98059 Calbiochem/Millipore 513000-5MG

LY 294002 Calbiochem/Millipore 19-142
AKT Inhibitor X Calbiochem/Millipore 124020

NSC23766 Sigma-Aldrich SML0952-5MG
Y-27632 Calbiochem/Millipore 688000
Rho Inhibitor, Rhosin Calbiochem/Millipore 555460
B-Catenin/Tcf Inhibitor, FH535 Calbiochem/Millipore 219330
DvI-PDZ Domain Inhibitor, Peptide Pen-N3 Calbiochem/Millipore 322337
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2.1.4 List of kits

Table 2.1.4 List of kits

Product Supplier Catalogue No. ‘

QuantiTect Reverse Transcription Kit (400) Qiagen 205314
QlAshredder (250) Qiagen 79656
RNeasy Mini Kit (250) Qiagen 74106
QlAprep Spin Miniprep Kit (250) Qiagen 27106
QlAquick Gel Extraction Kit (250) Qiagen 28706
QIAquick PCR Purification Kit (250) Qiagen 28104
RhoA G-LISA Activation Assay Kit, Colorimetric Cytoskeleton, Inc. BK124
Racl G-LISA Activation Assay Kit Colorimetric Cytoskeleton, Inc. BK128

Cell Proliferation ELISA, BrdU - Colorimetric Sigma-Aldrich, Roche | 000000011647229001
Pierce™ Co-Immunoprecipitation Kit ThermoFisher 26149

Lightning-Link Alkaline Phosphatase, Labelling Kit Innova Biosciences 702-0030
NFkB SEAP Reporter Assay Kit Novus Biologicals NBP2-25286

SEAP Reporter Gene Assay, chemiluminescent Sigma-Aldrich/Roche | 000000011779842001

Matchmaker Gold Yeast Two-Hybrid System Takara/Clontech 630489
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http://www.cytoskeleton.com/activation-assays/glisa-assays/bk124
https://www.innovabiosciences.com/antibody-labeling-kits/enzymes/lightning-link-alkaline-phosphatase-ap.html

2.1.5 List of Antibodies

Table 2.1.5 List of Antibodies

Product Supplier ‘ Catalogue No. ‘
Rabbit anti p-ERK 1/2 (Thr202/Tyr204) Santa Cruz Biotechnology sc-16982
Mouse anti ERK 1/2 Santa Cruz Biotechnology sc-135900
Rabbit anti p-AKT 1/2/3 (Ser473) Santa Cruz Biotechnology sc-7985-R
Rabbit anti AKT 1/2/3 Santa Cruz Biotechnology Sc-8312
Rabbit anti p-MLC 2 (Thr18/Ser19) Cell Signalling Technology 3674
Rabbit anti MLC 2 Cell Signalling Technology 3672
Rabbit anti p-Cofilin Cell Signalling Technology 3313
Rabbit anti Cofilin Cell Signalling Technology 5175
Rabbit anti CXCR2 Abcam ab14935
Goat anti CXCR4 Santa Cruz Biotechnology sc-6190
Rabbit anti CXCR7 ThermoFisher PA3-069
Rabbit anti CXCR7 Novus Biologicals NBP1-31309

Rabbit IgG Isotype Control

Novus Biologicals

NB810-56910

Goat anti Kremen 1 R&D Systems AF1647
Rabbit anti Kremen 2 Abcam ab156007
Goat anti LRP5 Santa Cruz Biotechnology sc-21390
Mouse anti LRP6 Santa Cruz Biotechnology sc-25317
Rabbit Integrin a5 Cell Signalling Technology 4705
Rabbit Integrin B1 Cell Signalling Technology 4706
Rat anti Integrin B1 Novus Biologicals NBP1-43423

Rat 1gG2a Kappa

Novus Biologicals

NB410-18450

PE anti-mouse Ly-6A/E (Sca-1) Biolegend 108107
PE Rat IgG2a, k Isotype Ctrl Biolegend 400507
Anti HA tag Abcam Ab9110

Rabbit anti GAPDH Santa Cruz Biotechnology sc-25778
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Product Supplier ‘ Catalogue No. ‘
Goat anti Dkk3 GenScript Customised
Goat anti Dkk3 Santa Cruz Biotechnology sc-14959
Mouse anti Actin, a-Smooth Muscle - Cy3 Sigma-Aldrich C6198
Swine anti Rabbit, HRP Dako, Agilent Pathology Sol. P039901-2
Rabbit anti Mouse, HRP Dako, Agilent Pathology Sol. P016102-2
Rabbit anti Goat, HRP Dako, Agilent Pathology Sol. P044901-2

IRDye 800CW Donkey anti-Rabbit IgG LI-COR P/N 926-32213
IRDye 800CW Donkey anti-Mouse IgG LI-COR P/N 926-32212
IRDye 800CW Donkey anti-Goat IgG LI-COR P/N 926-32214
IRDye 680RD Donkey anti-Rabbit I1gG LI-COR P/N 926-68073

2.1.6 List of Primers for RT-qPCR

Table 2.1.6 List of Primers

Gene of

. Forward primer sequence Reverse primer sequence

interest

GAPDH

Muri 5'- CGACTTCAACAGCAACTCCCACTCTTCC - 3! 5'- TGGGTGGTCCAGGGTTTCTTACTCCTT - 3'
urine

Sca-1

Muri 5'- CCCTGATGGAGTCTGTGTTACT - 3' 5'- ATTAGGAGGGCAGATGGGTAAG - 3'
urine

CXCR1

Muri 5'- GCTGGTGATGCTGGTTATCT - 3 5'- CAAGAAGGGCAGGGTCAAT - 3'
urine

CXCR2

. 5'- GCCCTGCCCATCTTAATTCT - 3' 5'- ACCCTCAAACGGGATGTATTG - 3'

Murine

CXCR3

Muri 5'- CCTCACCTGCATAGTTGTATGG - 3' 5'- GCTGATCGTAGTTGGCTGATAG - 3'
urine

CXCR5

Muri 5'- GAGGCTGAAGGCTGTGAATAG - 3' 5'- AAGGTGTAGAGCATGGGATTG - 3'
urine

CXCR6

Muri 5'- GGACTCTGACAGATGTGTTTCT - 3' 5'- CACTCATAGGTGCCTGCATAG - 3'
urine

CXCR7

Muri 5'- AACCTCTTTGGGAGCATCTTCTT - 3' 5' - GGTGCCGGTGAAGTAGGTGAT - 3'
urine
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Gene of . .
. Forward primer sequence Reverse primer sequence
interest
CX3CR1
Muri 5' - CCCAGTTGTGACATGAAGAGG - 3' 5'- CCGGCAAAGGCGTAGATAAA - 3'
urine
CCR1
Muri 5' - GCTATGCAGGGATCATCAGAAT - 3' 5'- GGTCCAGAGGAGGAAGAATAGA - 3'
urine
CCR2
Muri 5'- TCCACTCTACTCCCTGGTATTC - 3' 5' - TGGCCAAGTTGAGCAGATAG - 3'
urine
CCR3
Muri 5' - CCAGCTGTCAGCAGAGTAAA - 3! 5'- CTCACCAACAAAGGCGTAGA - 3'
urine
CCR4
. 5'- CACGCGGTATTCTCCTTGAA - 3' 5' - TGTGGTTGTGCTCTGTGTAG - 3'
Murine
CCR5
Muri 5'- TCCGGAGTTATCTCTCAGTGT - 3' 5'- TCTCCTGTGGATCGGGTATAG - 3'
urine
CCR6
Muri 5'- CCCTTTGCTGTTTATGGTGTTC - 3' 5'- GGATTGCTCTGTGCCTCTT - 3'
urine
CCR7
Muri 5'- GGCTATGAGTTTCTGCTACCTC - 3' 5'- CTACCACCACGGCAATGAT - 3'
urine
CCR8
. 5' - TTGGGACTGCGATGTGTAAG - 3' 5'- GCGTGGACAATAGCCAGATA - 3'
Murine
CCR9
Muri 5'- GGTCATGGCCTTCTGCTATAC - 3' 5'- GAAGACAGTGAGGACAGTGATG - 3'
urine
CCR10
Muri 5' - GCCTCAATCCGGTGCTTTAT - 3' 5' - TAGGAGCAGAGCAGGAAGAA - 3'
urine
Itga5
. 5'- TGCAGTGGTTCGGAGCAAC - 3' 5'-TTTTCTGTGCGCCAGCTATAC - 3'
Murine
Itgbl
Muri 5'- ATGCCAAATCTTGCGGAGAAT - 3' 5' - TTTGCTGCGATTGGTGACATT - 3'
urine
Kremenl
Muri 5'- GACTTTCCAGCATCCGTACAA - 3' 5'- CTCACGTCTCCATCTGGATTTC - 3'
urine
Kremen2
Muri 5'- GAGCATCTCCAGAGGATTCAAC - 3' 5' - AGAAGACTCGGGCACCTAT - 3'
urine
LRP5
Muri 5'- CCCCTCTATGACCGGAATCAC - 3' 5'- CGGATATAGTGTGGCCTTTGTG - 3'
urine
LRP6
Muri 5' - CCACCGGGACATGTAAATACACA - 3' 5'- GCACCCACCCACTTTATAATGTTAA - 3'
urine
Pdgfr-p
Muri 5' - GGAGACACTGGGAGATGTAGAA - 3' 5'- GGACAGAAGGCATCGGATAAG - 3'
urine
Calponin
. 5'- GGTCCTGCCTACGGCTTGTC - 3' 5'- TCGCAAAGAATGATCCCGTC - 3
Murine
CD31
Muri 5' - CACCCATCACTTACCACCTTATG -3 5'- TGTCTCTGGTGGGCTTATCT - 3'
urine
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Gene of

interest

Forward primer sequence

Reverse primer sequence

GAPDH

Human

5'- CATGTTCGTCATGGGTGTGAACCA - 3'

5'- AGTGATGGCATGGACTGTGGTCAT - 3'

CXCR2
Human

5'- GCCATGGACTCCTCAAGATT - 3'

5'- AAGTGTGCCCTGAAGAAGAG - 3'

CXCR4

Human

5'- CAAGCAAGGGTGTGAGTTTG - 3'

5'- GGCTCCAAGGAAAGCATAGA - 3!

CXCR?7
Human

5'- TTCTCCTACGTGGTGGTCTT - 3'

5'- GCAGGTGAAAGGGATGTAGTG - 3'

Kremenl
Human

5'- CTCTCTGGACTTCGTCATCTTG - 3'

5'- CTGTGGCAGTTCTTCCTTGA - 3'

Kremen2
Human

5'- CTTCCTCTTTCTCCTCTTCCTC - 3'

5'- CATTCACCTGGAAGCATTCG - 3'

ItgAS5
Human

5'- GGCTTCAACTTAGACGCGGAG - 3'

5'- TGGCTGGTATTAGCCTTGGGT - 3'

ItgB1
Human

5'- CCTACTTCTGCACGATGTGATG - 3'

5'- CCTTTGCTACGGTTGGTTACATT - 3'
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2.2 Methods

2.2.1 Study Approval and Murine models

All animal procedures were performed in accordance with the protocols approved by the
Institutional Committee for Use and Care of Laboratory Animal.

C57BL/6J mice were purchased from Harlan, UK. ApoE—deficient (ApoE”") and Ly6a-GFP (Sca-1-GFP)
transgenic mice were purchased from The Jackson Laboratory, USA. To generate transgenic Sca-1-
GFP-ApoE” mice, Ly6a-GFP mice were crossed with ApoE-deficient mice.

2.2.2 Cell culture of mouse Adventitial Progenitor Cells (APCs), mouse vascular
Smooth Muscle Cells (SMCs) and mouse Endothelial Cells (mECs)

2.2.2.1 Adventitia-derived Sca-1+ Vascular Progenitor Cells (Sca-1+ APCs) culture

Adventitial tissue was harvested by carefully detaching it from the media and intima layers of ApoE
KO mouse aorta (from the aortic arch and root to the thoracic aorta). The dissected adventitia was
cut into 1x1 mm pieces which were then placed in a flask previously coated with 0.02% gelatine (2%
Solution Type B from Bovine Skin, Sigma). The flask was placed inverted in a 5% humidified CO,
atmosphere incubator at 37°C for 3 hours, after which the flask was turned back up and stem cell
medium was added: Dulbecco's Modified Eagle’s Medium ATCC (American Type Culture Collection,
30-2002), 10% ES cell qualified fetal bovine serum (Embriomax), 10 ng/ml of leukemia inhibitory
factor (Merck Millipore, LIF1050), 0.1 mM 2-mercaptoethanol (GIBCO), 100 U/mL penicillin (GIBCO),
100 U/mL streptomycin (GIBCO), 2 mM L-glutamine (GIBCO). During the 5-7 days period of
incubation, the medium was changed every 2 days.

To select the Sca-1+ APCs, the cells that outgrew from the adventitia were dispersed with 0.05%
trypsin-EDTA (GIBCO) and washed with washing buffer (PBS containing 0.5% FBS and 2 mM EDTA).
The cells were then incubated with anti-Sca-1 immunomagnetic beads (MACS Miltenyi Biotec) at 4°C
for 10 minutes. After washing the cells and incubating them with microbeads for 15 minutes at 4°C,
the cell suspension was added to the MACS column equipped with a magnetic cell separator system.
Cells which did not bind to the column were discarded. The Sca-1 cells sorted were flushed out and

collected in a tube and cultured in stem cell culture medium on a 0.04% gelatine coated flask.

The Sca-1+ APCs were passaged every other day at a ratio of 1:3. Cells were washed with PBS,
detached by using 0.05% trypsin-EDTA, centrifuged and re-suspended with culture medium and
transferred to new gelatine coated flasks. After every 5 passages the cells were sorted again for Sca-

1+ marker to assure the purity of the cells.
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2.2.2.2 Murine Vascular Smooth Muscle Cells (SMCs) culture

The adventitia and the connective tissue were separated from the intima and the media of C57BL/6)
mice aorta (from the aortic arch to the thoracic aorta). The intima and the media were carefully
dissected and cut into pieces and placed on a gelatine (0.04%) coated flask. The cells were cultured
in Dulbecco's Modified Eagle's Medium (GIBCO) supplemented with 10% fetal bovine serum (GIBCO)
and 100 U/mL penicillin (GIBCO), 100 U/mL streptomycin (GIBCO), 2 mM L-glutamine (GIBCO), at
37°Cin an incubator with humidified atmosphere of 5% CO,. The medium was changed every 2 days
and cells were passaged every other day at a ratio of 1:2. Trypsin-EDTA was used to detach the cells

for passaging. These cells were kindly provided by Dr. Baogi Yu from our group.

2.2.2.3 Mile Sven 1 (MS1) Endothelial Cells culture

The MS1 murine endothelial cells were purchased from American Type Culture Collection (ATCC,
CRL-2279™). Cells were cultured in Dulbecco's Modified Eagle's Medium (GIBCO) supplemented with
10% fetal bovine serum (GIBCO) and 100 U/mL penicillin (GIBCO), 100 U/mL streptomycin (GIBCO), 2
mM L-glutamine (GIBCO), at 37°C in a 5% CO, atmosphere incubator. The medium was changed

every 2 days and cells were passaged at a ratio of 1:4.

2.2.3 Cell culture of Human Embryonic Kidney (HEK) 293T cells

HEK 293T cells were acquired from American Type Culture Collection (ATCC, CRL-11268). The cells
were passaged every other day at a ratio of 1:4 and cultured in Dulbecco's Modified Eagle's Medium
(GIBCO) supplemented with 10% fetal bovine serum (GIBCO), 100 U/mL penicillin (GIBCO), 100 U/mL
streptomycin (GIBCO), 2 mM L-glutamine (GIBCO), in a humidified incubator with 5% CO, at 37°C.

2.2.4 Flow Cytometry

Sca-1+ APCs were washed with PBS and trypsinized. After centrifugation, cells were washed again
with PBS. Next, cell pellet was resuspended and divided into three BD falcon tubes. Cells were
blocked for 15 minutes with blocking buffer (5% swine serum in PBS) on ice and then centrifuged.
Following resuspension with blocking buffer, Isotype control PE Rat IgG2ak was added to one tube
and PE anti-mouse Ly-6A/E (Sca-1) antibody was added to another tube. The third tube was left
unstained. Antibody incubation was carried out for 45 minutes on ice, after which cells were washed
with PBS and centrifuged. Finally, cells were resuspended in PBS and analysed using the instrument

BD Accuri™ C6. Data analysis was performed using the software FlowlJo_V10.
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2.2.5 Total RNA extraction

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) was used. RNA extraction was performed
according to the protocol provided by the manufacturer. Cells were washed with ice-cold PBS. 350
uL of RLT lysis buffer was added to each well of a 6 well plate where the cells were previously seeded
and treated. The cell lysate was scrapped and pipetted directly into a QlAshredder spin column and
centrifuged for 2 minutes for homogenization. In order to promote selective binding of the RNA to
the RNeasy silica-based membrane incorporated in the RNeasy Mini spin column, 1 volume of 70%
ethanol was added to the homogenized lysate by pipetting up and down. The resulting mixture was
applied to the spin column and centrifuged for 30s. The flow-through was discarded and the total
RNA bound to the membrane was washed with RW1 and RPE buffers to get rid of contaminants. An
additional centrifugation step of 1 minute took place to remove residual flow-through and ethanol
that may interfere with downstream reactions. The RNA was eluted with 30 plL of RNase-free water
in a new collection tube and the concentration of the eluted RNA was measured using a Nanodrop
Spectophotometer. The RNA purity was assessed using the ratio of absorbance at 260 nm and 280

nm. Samples presenting A260/A280 ratio values around 2.0 were used for subsequent procedures.

2.2.6 Reverse transcription (RT) of RNA to obtain complementary DNA (cDNA)

In order to synthesise cDNA from the total RNA extracted, the QuantiTect® Reverse Transcription Kit
(Qiagen) was used as specified by the manufacturer (Table 2.2.6). 1 ug of total RNA sample was used
for each RT reaction. The first step comprised elimination of genomic DNA, where the RNA sample
was mixed with 2 pL of gDNA Wipeout Buffer and the total volume was adjusted to 14 pL with
RNase-free water (Mix 1). The mixture was incubated at 42°C for 2 minutes. During the first step, a
master mix was prepared which comprised 1 uL of Reverse Transcriptase, 1 uL of the RT Primer Mix
and 4 uL of RT Buffer (Mix 2). The master mix was added to the previously incubated reaction system
and the resulting mixture was incubated for 15 minutes at 42°C and then 3 minutes at 95°C. Finally,

the cDNA obtained was diluted with 80 pL of RNase-free water to a concentration of 10 ng/uL.

Table 2.2.6 Reverse Transcription components

Component Concentration Volume per sample (pL)

) Template RNA 1lug Variable
Mllx gDNA Wipeout Buffer, 7x 1x 2 uL
RNase-free water to volume of 14 ulL - Variable
] Quantiscript Reverse Transcriptase Not mentioned 1lul
I\/I2|x Quantiscript RT Buffer, 5x 1X 4 uL
RT Primer Mix Not mentioned 1lul
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2.2.7 Quantitative Real-time Polymerase Chain Reaction (RT-QPCR)

Relative gene expression was quantified by RT-QPCR using the machine Eppendorf Mastercycler® ep
realplex. 20 ng of cDNA was added to 18 L of a master mix made up with 0.75 uL of forward primer
(10 uM) and 0.75 pL of reverse primer (10 uM), 10 uL of gPCRBIO SYGreen Mix and 6.5 puL RNase-
free water. Primers’ sequences are listed in table 2.1.6 and they were all reconstituted with RNase-
free water to generate 100 pM stock solutions, which were then diluted to 10uM as working
solutions. cDNA samples were used in duplicates. The QPCR conditions used were as follows:
polymerase activation step at 95°C for 2 minutes (1 cycle); denaturation step at 95°C for 5 seconds
and combined annealing/extension steps at 60°C for 30 seconds (40 cycles). The threshold cycle (Ct)
values were automatically obtained and GAPDH housekeeping gene’s Ct value served as the internal

endogenous control.

2.2.8 Conventional Polymerase Chain Reaction (PCR)

Polymerase chain reactions were performed using 100ng of cDNA and Pfu DNA Polymerase
(Promega). The reaction mix components used are indicated in table 2.2.8.1. The primers specific to
the PCR template were designed from human mRNA sequences using the Primer-BLAST tool

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and the plasmid vectors when applicable.

Primers’ sequences are listed below in table 2.2.8.3 and they were all reconstituted with RNase-free
water to generate 100 uM stock solutions, followed by a dilution to 10uM to use as working
solution. The thermal cycling conditions used for Pfu DNA Plymerase-mediated PCR amplification are
shown below in table 2.2.8.2.

Table 2.2.8.1 List of reaction mix components

Component Concentration Volume per sample (uL)

Cdna 100 ng Variable
Pfu DNA Polymerase 10X Buffer 10X 5uL
dNTP mix, 10mM each 200 uM each 1ul
Forward primer 1.0 uM 1puL
Reverse primer 1.0 uM 1ul
Pfu DNA Polymerase 1.25U 2 uL

Nuclease-Free Water to final
volume of 50 uL ) variable
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Table 2.2.8.2 Thermal cycling conditions for Pfu Polymerase-mediated PCR amplification

Step Temperature Time Number of cycles

Initial Denaturation 95°C 2 minutes 1 cycle
Denaturation 95°C 30 seconds
Annealing 42°C-65°C 30 seconds 35 cycles
Extension 72°C 2 minutes™
Final Extension 72°C 5 minutes 1 cycle
Hold 4°C Indefinite 1 cycle

*The annealing temperature depends on primers’ sequences.
"2 minutes for every 1 Kb.

Table 2.2.8.3 Conventional PCR primer sequences and parameters

Forward primer sequence Annealing

Gene of Product
. Temp. . Source of cDNA
interest . size (bp)
Reverse primer sequence (°C)
CXCR2 5-ATATGCTAGCATGGAAGATTTTAACATGGAGA-3’ Human cDNA Clone
56°C 1.033 kb .
Human 5'-ATATGTCGACGAGAGTAGTGGAAGTGTGCCC-3' (Origene; SC321915)
CXCR4 ) .
. | 5-AAGCCTGAATTGGTTTTTTA-3 HUVEC cDNA
(PCR 1) 42.3°C 1.210 kb
5-TCTGAAAAATGTGTAACTTA-3' (ATCC)
Human
CXCR4

5-ATATGCTAGCATGTCCATTCCTTTGCCTC-3'

(PCR2)" 54.5°C 1.011 kb PCR 1 product
5-ATATTCTAGAGCTGGAGTGAAAACTTGAAG-3’

Human
CXCR7 , ,
. | 5-AGCACAGCCAGGAAGGCGAG-3 . HUASMC cDNA
(PCR 1) 45.3°C 1.190 kb
5 TTTGCTCTAGAAAACCATAG-3' (Lonza)
Human
CXCR7

5-ATATGCTAGCATGGATCTGCATCTCT TCGACTA-3’

(PCR 2)" 57.8°C 1.089 kb PCR 1 product
5'-ATATTCTAGATTTGGTGCTCTGCTCCAAGG-3’

Human

Human cDNA Clone

Kremenl | 5-ATATGCTAGCATGGCGCCGCCAGCCGCCCGC-3
63.4°C 1.476 kb (Sino Biological Inc.;

Human 5-ATATGTCGACGATACTTCTGGGCTGCCCCTG-3'

HG16100-G)
Kremen2 | 5-ATATGCTAGCATGGGGACACAAGCCCTGCAG-3 Human cDNA Clone
64.3°C 1.263 kb (Dharmacon;
Human | 5-ATATGTCGACGAGAGCGGAGATGAGCGAGCG-3'
MHS6278-202829187)
Dkk3 5-CATGGAGGCCGAATTCATGCAGCGGCTCGGGGGTATTTTG-3 Mouse cDNA Clone
. 67.3°C 1.050 kb )
Murine | 5-GCAGGTCGACGGATCCAATCTCCTCCTCTCCGCCTAGTGA-3' (Origene; MR205281)

* PCR 1 was performed as a Nested PCR, where the first product amplified contained an outer larger
fragment besides the smaller target fragment. The primers were located outer limits of the template
sequence and the number of cycles used for amplification was 40. The resulting product was used in
PCR 2, where the primers were specific for the terminals of the target. 35 cycles were set for the
amplification of the fragment.
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2.2.9 Agarose gel electrophoresis

The gel for electrophoresis was made up with 1.5% Agarose (Sigma) and Tris-acetate EDTA buffer.
0.05% of Ethidium bromide (Sigma) was added to the gel solution and when solidified the gel was
placed in the electrophoresis apparatus which was immersed in 1x Tris-Acetate EDTA buffer. The
samples were mixed with GelPilot DNA Loading Dye, (Qiagen) and then loaded on the gel. The
electric current used to perform the electrophoresis was 165 V for 35 minutes. After the running
time the separated bands on the gel were visualized under ultraviolet light.

2.2.10 Treatment with recombinant proteins

To obtain proteins from Sca-1+ APCs, the cells were seeded in 10 cm petri dish and after reaching
50% confluency, the cells were starved overnight. The next day control and treatment media were
prepared. The control medium consisted of 0.2% FBS in ATCC medium and the treatment medium
consisted of 25 ng/mL of mouse recombinant Dkk3 or mouse recombinant Sdf-1a, in 0.2% FBS in
ATCC medium. After starvation, the cells are washed with PBS and the respective control or
treatment media were added at different time points (0 to 60 minutes). Once the required time

point was reached, the medium was removed and cells were washed with ice-cold PBS.

2.2.11 Pharmacological inhibition of signalling pathways

Pharmacological agents were used to inhibit signalling pathways (Table 2.2.11). Inhibitors were
diluted in 0.2% FBS ATCC medium and the inhibition medium was added to the cells in parallel with
the control medium (containing the same amount of vehicle used to reconstitute the inhibitor). For
western blot analysis, cells were incubated for 1 hour with the inhibitor prior to replacement with
treatment medium. For transwell and scratch migration assays, cells were incubated for 1 hour with
the inhibitor prior to performing the assays. Inhibitors were also added to the lower chamber of the

transwell insert or to the corresponding well in the scratch assay, during overnight cell migration.

Table 2.2.11: List of pharmacological agents used to inhibit signalling pathways

Inhibitor Signalling pathway Concentration (uM)

PD98059 MEK/ERK 10; 30
AKT Inhibitor X AKT 2.5,5
LY294002 PI3K/AKT 10; 25
Rhosin RhoA/p-MLC 10; 25
Y27632 ROCK/p-MLC 5;10
NSC23766 Racl 10; 25
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2.2.12 Protein extraction

Cells in Petri dish were washed with ice-cold PBS. 100 uL of protein lysis buffer (ThermoFisher) was
added and the cells were scrapped to an Eppendorf tube on ice. Each sample of cell lysate was
sonicated with the Branson Sonifier 150, 2 times for 6 s, at the lowest setting in a cold room (4°C),
followed by 30 minutes of incubation on ice. The lysate was then centrifuged at full speed for 10
minutes at 4°C. The supernatant was transferred to a new tube and samples were ready for protein
concentration measurement with the Bio-Rad Protein Assay — Bradford method (Bio-Rad). In brief,
duplicates for each sample were prepared by mixing 2 pL of cell lysate with 998 pL of Bio-Rad
Reagent (diluted 1:5 with water) and incubating for 5 minutes at room temperature. The lysis buffer
was used as the blank and to prepare a Bovine Serum Albumine (BSA) Standard Curve. The
absorbance was measured at 595 nm using the (Bio-Rad Smartspec™ Plus) Spectrophotometer and
protein concentration was calculated based on the standard curve prepared.

2.2.13 Western Immunoblotting

20-45 pg of protein was mixed with 1/4 of NuPage® LDS Sample Loading Buffer (Invitrogen) and 1/10
of NUPAGE® Sample Reducing Agent (Invitrogen). The samples were then incubated at 95°C for 10
minutes. Meanwhile, a NuPage® 4-10% Bis-Tris pre-cast gel (Life Technologies) was immersed in
NuPage® MOPS SDS running buffer in the XCell SureLock™ Mini-Cell Electrophoresis System (Life
technologies). Precision Plus Protein Ladder (Bio-Rad) and the pre-incubated samples were loaded
into the wells of the gel and were run by electrophoresis at 160V constant voltage for 1 hour and 15
minutes. The gel containing the separated proteins was transferred onto a Nitrocellulose Membrane
(Amersham Protran) with the XCell Il Blot Module (Life Technologies) at 35V for 1 hour and 45
minutes immersed in Transfer Buffer (Life Technologies). Next, the membrane was blocked with 5%
milk in PBS-Tween (0.05% of Tween 20 in PBS) for 1 hour at room temperature, followed by an
overnight incubation at 4°C with the primary antibody solution (antibody listed in table 2.1.5 in 5%
milk in either PBS-Tween or TBS-tween and with 0.02% of sodium azide). Subsequently, the
membrane was washed three times, 15 minutes each, with PBS-Tween or TBS-Tween when
phospho-antibody was used) and incubated for 2 hours at room temperature with the appropriate
secondary antibody diluted in 5% milk in PBS/TBS-Tween. Prior to protein visualization, further
washing of the membranes was carried out as described above, with an additional washing step with
PBS for 2 minutes. The protein detection method carried out depended on the secondary antibody
employed. In the case of HRP (Horseradish peroxidase) conjugated secondary antibodies, the
Enhanced Chemiluminescence western blot detection reagents (Amersham ECL Western Blotting
Detection Reagent) were added to the membrane for 1 minute and 30 seconds and the
chemiluminescent signal was detected by exposing the films (Amersham, Kodak) with the Compact
X4 X-Ray film processor (Xograph Imaging system). If the IRDye secondary antibodies (LI-COR
Biotechnology) were applied, the respective fluorescence signal was detected with the LI-COR laser-

based imaging system (Odyssey CLx Imager).
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2.2.14 Co-Immunoprecipitation

Co-Immunoprecipitation assay was performed according to the instructions provided in Pierce Co-
Immunoprecipitation Kit (ThermoFisher). Sca-1+ vascular progenitor cells were starved overnight,
after which they were treated with 25 ng/mL of Dkk3 for 3 hours. After treatment, the cells were
washed with ice-cold PBS and lysed with 500 uL of ice-cold IP Lysis/Wash Buffer. The cell lysate was
harvested and transferred to a microcentrifuge tube. Following centrifugation at 13000 x g for 10
minutes at 4°C, the pelleted cell debris were discarded and the supernatant transferred to a new

tube for protein concentration measurement.

To pre-clear the lysate, a Control Agarose Resin column was prepared. For 1mg of lysate, 80 uL of
the Control resin was used, which was added into a spin column. After centrifugation to remove the
storage buffer, 100 uL of Coupling buffer was added to the column to wash the resin. Subsequently,
the column was centrifuged and the flow-through was discarded. 1 mg of lysate was placed into the
column containing the resin, which was followed by incubation at 4°C for 45 minutes with gentle
end-over-end mixing. Finally, the column was centrifuged at 1000 x g for 1 minute and the flow-
through was saved to be added later to the immobilized antibody column.

Antibody immobilization columns were prepared as instructed by the supplier (Pierce™ Co-
Immunoprecipitation Kit, ThermoFisher). 50 pL of AminoLink Plus Coupling Resin was added into a
Pierce Spin column, which was then centrifuged at 1000 x g for 1 minute. The flow-through was
discarded and the resin was washed twice with 200 pL of Coupling buffer, followed by additional
centrifugation and flow-through discarding steps. Antibody solution to be coupled to the resin was
prepared, consisting of 50 ug of antibody, 10 uL of 20X Coupling Buffer and ultrapure water to adjust
the volume to 200 pL. The solution was added directly to the resin in the spin column and it was
followed by the adition of 3 uL of Sodium Cyanoborohydride solution, in a fume hood. The column
was closed with a lid and incubated on a rotator at room temperature for 120 minutes to allow the
coupling of the antibody to the resin column. After the incubation period, the column was placed in
a collection tube and centrifuged, followed by two washing steps with 200 uL of Coupling buffer.
Next, 200 pL of Quenching buffer was added to the column. After centrifugation, the flow-through
was discarded and the bottom plug inserted. 200 uL of Quenching buffer and 3 pL of Sodium
Cyanoborohydride were added, and a screw cap was attached. The column was incubated for 15
minutes at room temperature with end-over-end mixing. Next, the column was paced in a collection
tube and centrifuged. Two additional washing steps with Coupling Buffer were followed. Finally, the

column was washed 6 times with 150 plL of Wash solution, centrifuging after each wash.

450 L of pre-cleared lysate was added to each antibody immobilized column (4 columns: Rabbit anti
CXCR7 antibody and respective Rabbit IgG control; Rat anti Integrin B1 antibody and respective Rat
IgG2a Kappa control). A cap and the bottom screw were attached to column, which was submitted
to overnight incubation at 4°C with gentle mixing. After the incubation step, the column was placed
in a collection tube and centrifuged. Next, 3 times washing steps were followed with 200 pL of IP

Lysis/Wash buffer, with centrifugation after each wash.
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10 pL of the Elution buffer were added to the column. After centrifugation, additional 50 uL of
elution buffer was added with 5 minutes incubation at room temperature. After centrifugation the
flow-through was collected in the same collection tube to accumulate the two elution fractions. The
flow-through is analysed by protein measurement to ensure that the antigen has completely eluted.
The eluted samples, together with the input sample (pure cell lysate harvested), were used for
western blotting to analyse the co-immunoprecipitation of Dkk3 to CXCR7 or Integrin B1.

2.2.15 Transwell migration assay

Sca-1+ APCs were starved overnight. The next day, control (0.2% FBS in ATCC medium) and
treatment (treatment in 0.2% FBS in ATCC medium) media were prepared. On the lower chamber of
transwell inserts with 8.0 um pore size membrane filters, 800 uL of control or treatment (murine
Dkk3 or murine Sdf-1a; 0-100 ng/mL) medium was added. Next, 5x10* cells resuspended in 200 pL of
control medium were loaded into the upper chamber of the transwell insert. After overnight
incubation, non-migrating cells on the upper chamber side of the filters were carefully washed with
PBS and removed using a cotton bud. The migrated cells (through the pores) on the lower side of the
membrane were fixed with 4% PFA in PBS for 10 minutes at room temperature and then stained
with 0.1% crystal violet dye for at least 15 minutes at room temperature. A final washing step was
followed by carefully submerging the insert in distilled water and drying with cotton bud. Under the
microscope, the migrated (stained) cells were counted in 5 different fields of each insert at 10X
maghnification (Figure 2.2.15). Data was expressed as the fold of migrated Sca-1+ APCs in response to
treatment compared to the control. For experiments involving inhibitors, Sca-1+ cells were pre-
incubated for 1 hour with the respective inhibitors, after overnight starvation and prior to their
transfer to the transwell inserts. Inhibitors were also added to the lower chamber of the transwell
inserts.

Figure 2.2.15: Layout of fields in each transwell insert at 10X magnification. Sca-1+ migrated cells
were counted under the microscope, at 10X magnification, in each field (blue circles). 5 fields were

considered for each transwell insert (black circle).
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2.2.16 Wound Healing migration assay

Sca-1+ APCs were seeded in 12-well plates until reaching confluency of 80%. Next, cells were starved
for at least 6 hours and then washed with PBS. Using a clean 1000 uL pipette tip a straight scratch
was made across the well (Figure 2.2.16). The cell debris were removed with PBS and control (0.2%
FBS in ATCC medium) or treatment (0-100 ng/mL of murine Dkk3 or murine Sdf-1a, in 0.2% FBS in
ATCC medium) media were added to the wells. The cells were allowed to migrate (close the
scratch/wound) overnight. Subsequently, the medium was removed and the cells were washed with
PBS, followed by fixation with 4% PFA in PBS for 10 minutes at room temperature. Finally, after
washing with PBS, 0.1% crystal violet dye was used to stain the cells, for at least 15 minutes. After
washing the wells with PBS, the cell number of migrated cells was quantified under the microscope
at 10X magnification, by counting the cells migrated inside the scratch in 5 different fields. Data was
expressed as the fold of migrated Sca-1+ APCs in response to treatment compared to the control.
For experiments involving inhibitors, Sca-1+ cells were pre-incubated for 1 hour with the respective
inhibitors, prior to making the scratch. Inhibitors were also added to the corresponding wells during

overnight cell migration.

Figure 2.2.16: Layout of fields in each well of a 12-well plate, at 10X magnification. Sca-1+ migrated
cells inside the scratch (blue lines) were counted under the microscope, at 10X magnification, in
each field (green circles). 5 fields were considered for each well of a 12-well tissue culture plate

(black circle).

2.2.17 BrdU Proliferation Assay

The Sca-1+ APC proliferation assay was performed using the Cell Proliferation ELISA BrdU
colorimetric Kit (Roche). Sca-1+ APCs were seeded in 96-well plates, followed by at least 6 hours of
starvation. Next, control (0.2% FBS in ATCC medium) and treatment (25 and 50 ng/mL of Dkk3 or 10
and 25 ng/mL of Sdf-1a or 10 ng/mL of Pdgf-B, in 0.2% FBS in ATCC medium) media was added for
16, 24 or 48 hours. After treatment, cells were washed with PBS and BrdU solution (BrdU at 10 uM in
100 pL of ATCC medium) was added to each well. Cells were incubated with BrdU solution for 3
hours at 37°C. Subsequently, the labelling medium was removed and 200 pL of Fixating/Denaturing

solution was added to each well with incubation at room temperature for 30 minutes. The
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Fixating/Denaturing solution was thoroughly removed from the wells before incubating with 100 pL
of anti-BrdU-POD antibody for 90 minutes at room temperature. Then, the conjugate antibody was
removed, and the wells were washed 3 times with 250 uL of Washing solution. To each well 100 pL
of Substrate solution was added and incubated at room temperature. Once a change in colour was
detected, 25 uL of Stop solution (1M of H,S0.) was added to each well. The absorbance of the
samples was measured at 450 nm by using a microplate ELISA reader (Infinite M200 PRO, Tecan),
with reference to 690 nm for correction. The value obtained for the blank (containing no cells) was
subtracted from the value obtained for the samples. Data was expressed as the fold of the values
obtained for the treated cells compared to the value of non-treated cells (control).

2.2.18 Aortic ring assay and immunofluorescence staining

Aorta vessels were isolated from Wild type and ApoE”" mice. After washing with DMEM, the
connective and fat tissue were separated from the vessel. Next, transverse cuts were made in order
to obtain aortic rings of 1mm size. The resulting rings were extensively rinsed with PBS. Meanwhile,
8-well chamber slides (Ibidi) were filled with 150 pL of matrigel (Corning) and placed in the 37°C
incubator for 30 minutes to allow matrigel solidification. Subsequently, the thoroughly washed
aortic rings were carefully inserted in the matrigel and left to incubate at 37°C for 2 hours. During
this period of time, control (1% FBS in ATCC medium) and treatment (25 ng/mL of Dkk3, 25 ng/mL of
Sdf-1a, 10 ng/mL of Pdgf-B, in 1% FBS in ATCC medium) media were prepared. After incubation,
200uL of the control or treatment media were added to the chambers containing the aortic rings in
matrigel. A period of 8 days of incubation at 37°C was followed, with washing of the aortic rings and
replacement of the media every other day. For each condition (Wild type versus ApoE”" mice,
control or Dkk3, Sdf-1a and Pdgf-f treatments) 7 aortic rings were used. On day 8 the cell outgrowth
was quantified considering the whole phase contrast view at 10X magpnification.

For immunostaining of the aortic rings, transgenic Sca-1-GFP-ApoE”" mice aortic rings were used.
After cell outgrowth, the medium was removed and the aortic rings were washed with PBS. Next,
the aortic rings and the cell outgrowth in the matrigel were fixed with a pre-prepared fixing solution
(2% PFA and 0.1% glutaraldehyde in PBS). Subsequently, the chamber slides were washed with PBS
and then blocked with 5% swine serum in PBS for 45 minutes at room temperature. After removing
the blocking solution, the antibody anti-Actin, a-Smooth Muscle—Cy3 (in blocking solution) was
added to each aortic ring outgrowth for overnight incubation at 4°C. After incubation, the well
chambers were washed with PBS and DAPI was added for 30 minutes at room temperature. Finally,
the aortic rings were washed once more with PBS. Images were acquired using Nikon A1R Confocal
microscope and processed using Imagel software. GFP and/or a-SMA positive cells in the cell
outgrowth were quantified manually and data was expressed as the fold of cells that outgrew from

the aortic rings in response to treatment compared to the control.
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2.2.19 Knock-Down of murine receptors with SiRNA

Downregulation of murine receptors (Table 2.2.19) was performed using Lipofectamine RNAIMAX
(ThermoFisher) for SiRNA transfection. Sca-1+ APCs were seeded in 6-well plates in complete
medium. The next day, upon reaching 70% of confluency, the cells were starved for 3 hours with 1%
FBS ATCC medium in the absence of any antibiotics. SiIRNA at 10uM (3 pL or 30 pmol) was diluted in
150 pL of Opti-MEM® medium (per well of a 6-well plate) and in a separate tube, Lipofectamine
RNAIMAX (9 pL, considering a ratio of 1:3 for SiRNA:Lipofectamine RNAimax) was also diluted in 150
puL of Opti-MEM medium. The diluted SiRNA was added to the diluted transfection reagent and
incubation of 5 minutes at room temperature was followed. The complex SiRNA-lipid formed was
added to each well containing the Sca-1+ cells. The following day, complete medium lacking
antibiotics was added to the cells. After 48 hours of transfection the cells were washed with PBS and
then either harvested for analysis or prepared for transwell or scratch migration assays as explained
before.

Table 2.2.19: List of receptor SiRNA and respective control SiIRNA

Receptor/Control SiRNA product Supplier Catalogue No.

CXCR2 SiIGENOME Mouse Cxcr2 siRNA Dharmacon D-042157-01-0002
CXCR4 MISSION® esiRNA mouse Cxcr4 Sigma-Aldrich | EMU021801-20UG
CXCR4 SiIGENOME Mouse Cxcr4 siRNA Dharmacon D-060184-02-0002
CXCR7 MISSION® esiRNA mouse Cxcr7 Sigma-Aldrich | EMU028171-20UG
Kremenl MISSION® esiRNA mouse Kremenl Sigma-Aldrich EMUO072231-20UG
Kremen2 MISSION® esiRNA mouse Kremen2 Sigma-Aldrich EMUO007571-20UG
Integrin a5 SMARTpooI;isFiEEANOME Itgas Dharmacon M-060502-00-0005
Integrin B1 SMARTpooI;?FiEEANOME Itghl Dharmacon M-040783-00-0005
Control GFP MISSION® esiRNA EGFP Sigma-Aldrich EHUEGFP-20UG
Control Non-targeting | SIGENOME Non-Targeting siRNA #1 Dharmacon D-001210-01-05
C°"t(;‘,’\'/lt'\§$';2§';“"g SIGENOME Non-Targeting siRNA #4 |  Dharmacon D-001210-04-05

2.2.20 G-LISA Small GTPase Activation Assay

The small GTPases activation assays were performed according to the instructions provided in RhoA
and Racl G-LISA Activation Assay Kits, in the colorimetric format (Cytoskeleton Inc.). Sac-1+ APCs
were seeded in petri dishes and starved overnight the next day. Control (0.2% FBS in ATCC medium)
and treatment (25 ng/mL of Dkk3 or Sdf-1a, in 0.2% FBS in ATCC medium) media were prepared and
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added to the cells. Upon reaching the desired time points (0, 3, 5, 10, 13, 15 and 30 minutes of
stimulation) cells were washed with ice-cold PBS and 100 pL of ice-cold Lysis buffer was added to
each petri dish. Cells were scrapped from the petri dish placed on ice and transferred to a pre-chilled
microcentrifuge tube. The lysates were cleared by centrifugation at 10,000 x g at 4°C for 1 minute.
Protein concentration was measured spectrophotometrically using the Protein Assay reagent
provided in the kit and it was equalized for all samples with Lysis buffer to attain a protein
concentration of 2.0 mg/mL for RhoA activation assay and of 1.0 mg/mL for Racl activation assay. A
blank was prepared with equal amount of Lysis buffer and Binding buffer. The positive control
samples were prepared with Rho control protein or Racl control protein, Lysis buffer and Binding
Buffer. To the samples to be tested, equal amount of Binding buffer was added. 50 uL of each test
sample, of blank buffer and of positive control sample were pipetted into their corresponding wells
and incubated at 4°C for 30 minutes with orbital shaking. After washing the wells with Washing
buffer, the Antigen presenting buffer was added, with incubation for 2 minutes at room
temperature. Following additional washing, the anti-RhoA or anti-Racl primary antibodies were
added for incubation at room temperature for 45 minutes, with orbital shaking. Following extensive
washing of the wells, the secondary antibody was added for a 45 minutes-period of incubation at
room temperature with orbital shaking. Subsequently, the wells were washed and the HRP detection
reagent freshly prepared was pipetted into each well. After 10 minutes of incubation at 37°C a
yellow colour was developed and the Stop Buffer was added. The resulting signal was read to
measure the absorbance at 490 nm in the microplate reader Infinite M200 PRO (Tecan). The
absorbance value of the blank was subtracted from the value of the test samples and positive
controls and the data was expressed as the fold of the values obtained for the treated cells
compared to the value of non-treated cells (control).

2.2.21 Cloning of Human receptors and plasmid amplification

Human receptors CXCR2, CXCR4, CXCR7, Kremen1 and Kremen2 were cloned in a pShuttle-FLAG-HA
vector (Figure 2.2.21A). The receptors were cloned using Nhe | and Sal | restriction enzymes (NEB
Inc. Biolabs) in order to have the HA tag in C-terminal. The cDNA and primers used to amplify the
receptors are shown in table 2.2.8.3. After amplification of the receptors by conventional PCR, the
inserts were separated by gel electrophoresis and extracted using the QlAquick Gel Extraction Kit
(Qiagen). After confirmation of the respective sequences by sequencing analysis, the receptor inserts
were first digested with the Nhe | restriction enzyme, at 37°C for at least 3 hours (Table 2.2.21A).
Next, the insert was purified using the QIAquick PCR Purification Kit (Qiagen) and submitted to an
overnight digestion at 37°C with the restriction enzyme Sal I. The empty vector was also submitted
to digestion (Table 2.2.21B) with both restriction enzymes Nhe | and Sal |, at 37°C for at least 3
hours. The digested insert and empty vector were separated from their respective reaction mixture
components by Gel electrophoresis and extracted using again the QIAquick Gel Extraction Kit
(Qiagen). Nucleic acid concentration and purity was assessed using the NanoDrop N-1000

spectrophotometer. Next, the ligation step was performed overnight at 14°C with T4 DNA Ligase
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(Promega). The ligation reaction mixture was prepared according to Table 2.2.21C. Finally, 100 ng of
the resulting product were transformed in JM109 E. coli competent cells (Promega, L1001) and the
transformed cells were spread in LB-agar plates containing Kanamycin. Selected colonies were
amplified overnight and the receptor-HA plasmids were extracted from the transformed cells using
QlAprep Spin Miniprep Kit (Qiagen). A restriction enzyme test was performed on the extracted
plasmids (37°C, 1 hour, Nhe | and Sal | enzymes) to confirm the success of ligation by visualizing the
bands corresponding to the insert and the vector separated in the gel, prior to sequencing the
plasmids for the insert. The plasmids pCMV3-ITGa5-HA and pCMV3-ITGB1-HA and the vector
pCMV3-ORF-HA (Figure 2.2.21B) were acquired ready-made (Sino Biological Inc.) as glycerol stocks
and amplified in LB Broth medium containing Kanamycin. The plasmids were extracted from the cells
as explained above and stored at -20°C.

A Map of the vector pShuttle-Flag-HA used for cloning
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Figure 2.2.21A: Map of the vector pShuttle2-Flag-HA used for cloning. In order to clone the Human
receptors (hCXCR2, hCXCR4, hCXCR7, hKremen1 and hKremen2) in the vector with HA in C-terminal,
primers containing the sequences of the restriction enzymes Nhe | (for forward primers) and Sal |

(for reverse primers) were prepared and cDNA was amplified by PCR.
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Tabl2 2.2.21A: Reaction mixture for enzyme digestion of the vector (sequential digestion)

Mixture component Quantity

Enzyme (Nhe or Sal ) 1puL
Insert 30 uL
Enzyme Buffer (10X) 4 uL
Water 5uL

Total volume 40 pL

Table 2.2.21B: Reaction mixture for enzyme digestion of the insert

Mixture component Quantity

Enzyme (Nhe | + Sal I) luL+1pL=2pL
Vector 30 uL
Enzyme Buffer (10X) 4 uL
Water 4 uL
Total volume 40 pL

Tabl2 2.2.21C: Reaction mixture for enzyme digestion of the vector

Mixture component ‘ Quantity ‘
Plasmid Volume = 100 ng
Insert 500 ng Size of insert
Volume =

concentration Size of vector

Buffer 10X 2 uL
T4 Ligase 1ul
Water Enough to make up 20 pL of total volume
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Figure 2.2.21B: Map of the vector pCMV3-HA. ITGa5 and ITGB1 are contained in the Open Reading
Frame region of the plasmid with HA tag in C-terminal. ITGa5 was cloned using Kpn | and Age |

restriction enzymes. ITGB1 was cloned with Kpn | and EcoR V restriction enzymes.

2.2.22 Overexpression of receptors on HEK 293T Cells

HEK 293T cells were seeded in 6-well plates and once cell confluency reached 75%, the medium was
changed for 1% FBS DMEM without any antibiotics. 3 pg of the receptor-HA plasmids or of the
respective vectors were diluted in 250 pL of Opti-MEM®. Next, 12 uL of Fugene® HD transfection
reagent (Promega) were added (ratio of Fugene to DNA: 4:1) in the same tube and the Fugene/DNA
mixture was incubated for 15 minutes at room temperature. After incubation, the mixture was
added to the well containing the cells to be transfected with the corresponding plasmid or vector.
The cells were returned to the incubator and after 12 hours, 5% FBS in DMEM medium lacking
antibiotics was added. Following 48 hours of transfection, cells were harvested for either qPCR or

Western blot analysis.
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2.2.23 Fusion of Dkk3 and Sdfl-a with Alkaline Phosphatase (AP)

Human Dkk3 and Sdf-la were reconstituted at concentrations of 200 pg/mL and 100 pg/mL,
respectively. Alkaline Phosphatase (AP) was fused to each recombinant protein using the Lightening-
Link® Alkaline Phosphatase Conjugation Kit (Innova Biosciences). First, 1 uL of LL-AP modifier reagent
was added for each 10ul of protein and mixed gently. The resulting mixture was pipetted directly
onto the lyophilized material contained in the LightninglLink®-AP vial with gentle resuspension.
Overnight incubation was followed at room temperature with protection from light. After
incubation, 1ul of LLquencher reagent was added for every 10ul of protein used.

The efficiency of AP conjugation was assessed using the NFkb Secreted Alkaline Phosphatase (SEAP)
Reporter Assay Kit (Novus Biologicals). Serially diluted SEAP samples were prepared with SEAP
standard provided by the kit, to make a standard curve. Next, hDkk3-AP and hSdf-1a-AP were
serially diluted. Standard curve samples and serially diluted AP-conjugated recombinant protein
samples were loaded in the corresponding wells of the microtiter plate. Incubation was followed for
5 minutes at room temperature with gentle shaking. Subsequently, 100 puL of 1 mg/mL of para-
Nitrophenylphosphate (PNPP) substrate solution was added to each well and incubated at room
temperature for 30 minutes. AP activity was measured by reading the absorbance at 405 nm in the
Infinite M200 PRO (Tecan) ELISA plate reader. The concentration of the conjugated-recombinant
protein samples was calculated and the efficiency of AP conjugation was determined by calculating
the correlation between AP activity and hDkk3-AP or hSdf-1a-AP concentrations.

2.2.24 Affinity Binding assay and Dissociation Constant (Kp) calculation

White high-binding ELISA 96-well plate (Greiner) was coated overnight at 4°C with 100 pL/well of 2
pg/mL of anti-HA tag antibody (Abcam) in NaHCOs; buffer (50 mM, pH 9.6). After washing the wells
six times with TBS-T, blocking (5% BSA in TBS-T) was followed on a shaker for 1 hour at room
temperature. Meanwhile, HEK 293T cells overexpressing hCXCR2, hCXCR4, hCXCR7, hKremenl,
hKremen2, hiITGa5 and hITGB1, after washing with ice-cold PBS, were lysed with RIPA lysis and
Extraction buffer (ThermoFisher) containing protease inhibitors. The cell lysate was diluted in
blocking buffer. Next, 100 pL of membrane extract lysate was added to the corresponding HA-coated
wells and allowed to bind overnight at 4°C on a shaker. Following extensive washing, the wells were
blocked for 1 hour. The blocking buffer was removed and the diluted solutions of hDkk3-AP and
hSdf-1a-AP were added to the wells for 2 hours of incubation at room temperature with gentle
shaking. Next, the wells were washed and bound AP activity was measured using chemiluminescent
SEAP Reporter Gene Assay (Roche). For each concentration of either hDkk3-AP or hSdf-1-AP,
background (wells without cell lysate) binding value was subtracted. The concentration of 0 ng/mL
was considered for the wells containing cell lysate in which no AP conjugated recombinant protein
was added. Binding curve, Scatchard plot and dissociation constant (Kp) were obtained using

GraphPad Prism 7 software.
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2.2.25 Yeast Two Hybrid Assay

The Yeast Two Hybrid (Y2H) assay was performed according to the instructions provided in the
Matchmaker® Gold Yeast Two-Hybrid System (Clontech/Takara). All the required cells, growth media
and accessory kits were either already included or recommended by the Matchmaker® Gold Yeast
Two-Hybrid System (Table 2.2.25).

Table 2.2.25: List of items required for Yeast Two Hybrid experiment

Item Catalogue No. Supplier

Matchmaker Gold Yeast Two-Hybrid System 630489 Clontech/Takara
Mate & Plate™ Library - Universal Mouse (Normalized) 630483 Clontech/Takara
pGBKT7 DNA-BD Cloning Vector (0.1 pg/ul) 630443 Clontech/Takara
pGADT7 AD Cloning Vector (0.1 pg/ul) 630442 Clontech/Takara
pGBKT7-53 Control Vector (0.1 ug/ul) - Clontech/Takara
pGADT7-T Control Vector (0.1 pg/ul) - Clontech/Takara
pGBKT7-Lam Control Vector (0.1 pg/ul) - Clontech/Takara
MGC Mouse Dkk3 cDNA MMMZ013- Dharmacon
202859450
Y2HGold Yeast Strain 630498 Clontech/Takara
Y187 Yeast Strain 630457 Clontech/Takara
In-Fusion® HD Cloning Plus, 10 Rxns 638909 Clontech/Takara
Yeastmaker Yeast Transformation System 2 630439 Clontech/Takara
Easy Yeast Plasmid Isolation Kit 630467 Clontech/Takara
QlAprep® Spin Miniprep Kit (250) 27106 Qiagen
Yeast Media Set 2 630494 Clontech/Takara
YPDA Broth 630306 Clontech/Takara
YPDA with Agar 630307 Clontech/Takara
SD—Trp Broth 630308 Clontech/Takara
SD-Trp with Agar 630309 Clontech/Takara
SD-Leu Broth 630310 Clontech/Takara
SD-Leu with Agar 630311 Clontech/Takara
SD—Leu/-Trp Broth (DDO) 630316 Clontech/Takara
SD—Leu/-Trp with Agar (DDO) 630317 Clontech/Takara
SD—Ade/—His/—Leu/-Trp Broth (QDO) 630322 Clontech/Takara
SD—Ade/—His/—Leu/—Trp with Agar (QDO) 630323 Clontech/Takara
Aureobasidin A 630466 Clontech/Takara
X-o-Gal 630462 Clontech/Takara

116



2.2.25.1 Growth of haploid yeast strains Y2HGold and Y187

YPDA gar plates were streaked with Y2HGold and Y187 haploid yeast strains provided as frozen yeast
stocks. The plates were incubated upside down at 30°C until colonies were observed (3-5 days). A
colony of each strain was inoculated in YPDA medium to allow cell growth, with incubation at 30°C
and shaking at 250 rpm, until optical density (ODgoo) of 0.15-0.30 was reached. Cells were
centrifuged at 700 g for 5 minutes at room temperature and supernatant was discarded. The cell
pellet was resuspended in fresh YPDA medium and let to grow until ODeo reached 0.4-0.5 (3-5
hours). The cells were centrifuged and the pellet was resuspended in sterile deionized H,0. After
another centrifugation step, each pellet was resuspended in 1.1 X Tris-EDTA/Lithium Acetate (1.1 X
TE/LiAc). The cell suspension was divided into two tubes and centrifuged at high speed for 15
seconds. The supernatant was discarded and the pellets were again resuspended in 1.1 X TE/LiAc. At

this stage the yeast haploid cells were ready (competent) for transformation.

2.2.25.2 Control test and yeast transformation

Before proceeding with the mating of mDkk3-transformed cells with the cells transformed with the
prey inserts corresponding to the mouse library, control experiments were performed to validate
and to be familiar with the Matchmaker® Gold Yeast Two-Hybrid System. For the positive control,
Y2HGold yeast strain was transformed with the plasmid pGBKT7-53 (Figure 2.2.25.2B) which
encodes GAL4 DNA-BD fused to p53. Y187 yeast strain was transformed with pGADT7-T (Figure
2.2.25.2C) which encodes GAL4 AD fused to SV40 large T-antigen (Figure 2.2.25.2A). For the negative
control, Y187 yeast strain was also transformed with pGADT7-T, but the Y2HGold strain was
transformed instead with pGBKT7-Lam (Figure 2.2.25.2D), which encodes for GAL4 DNA-BD fused to
Human Lamin (Figure 2.2.25.2A).

A Mating strategy for the control experiments

Y187
strain

Y187
strain

<—GAL4AD

<— GAL4 DNA-BD

A\,
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Figure 2.2.25.2A: Mating strategy for the control experiments. Positive control comprised the
mating of Y2HGold strain containig the bait plasmid encoding p53 with Y187 strain containing the
prey plasmid encoding SV40 Large T-antigen. The negative control comprised the mating of Y2HGold
strain containig the bait plasmid encoding Laminin with Y187 strain containing the prey plasmid

encoding SV40 Large T-antigen.
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Figure 2.2.25.2B: pGBKT7-53 Plasmid Map. Y2HGold yeast strain was transformed with pGBKT7-53
plasmid, which encodes the murine p53 gene fused to GAL4 DNA-BD. The tryptophan biosynthesis
gene is also included in the plasmid, enabling growth of Y2HGold yeast on medium lacking this

amino acid.
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Figure 2.2.25.2C: pGADT7-T Plasmid Map. Y187 yeast strain was transformed with pGADT7-T
plasmid, which encodes the SV40 large T-antigen gene fused to GAL4 AD. The leucine biosynthesis
gene is also included in the plasmid, enabling growth of Y187 yeast on medium lacking this amino

acid.
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D pGBKT7-Lam Plasmid Map
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Figure 2.2.25.2D: pGBKT7-Lam Plasmid Map. Y2HGold yeast strain was transformed with pGBKT7-
Lam plasmid, which encodes the human lamin C gene fused to GAL4 DNA-BD. The tryptophan
biosynthesis gene is also included in the plasmid, enabling growth of Y2HGold yeast on medium
lacking this amino acid.

Yeast transformation was performed according to the instructions in Yeastmaker™ Yeast
Transformation System 2 (Clontech). In a pre-chilled tube, 100 ng of plasmid was added, followed by
5 uL of Yeastmaker Carrier DNA (10 pg/ulL; denatured previously at 95°C for 5 minutes). 50 uL of
Yeast competent cells were added, before addition of 500 uL of Polyethylene glycol/Lithium Acetate
(PEG/LiAc). The mixture was incubated at 30°C for 30 minutes. Next, 20 pL of Dimethyl sulfoxide
(DMSO) was added, with 15 minutes incubation at 42°C in a water bath. Subsequently, the tube was
centrifuged at high speed to pellet the cells, which were resuspended with YPD plus medium.
Incubation at 30°C, with shaking, was followed for 30 minutes. Cells were then centrifuged at high
speed and the cell pellet was resuspended with 1mL of 0.9% sodium chloride (NaCl) solution. 100 pL
of 1/10 and 1/100 dilution of the transformed cells were spread onto agar plates containing the
appropriate SD selection medium (Table 2.2.25A). The plates were incubated upside down at 30°C

until colonies appeared.

Table 2.2.25.2: Yeast transformation strategy

Strain Transformation plasmid Agar plate
Y2HGold pGBKT7-53 SD/-Trp
Y2HGold pGBKT7-Lam SD/-Trp

Y187 pGADT7-T SD/-Leu
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The pre-transformed haploid yeast cells were then submitted to a small-scale mating procedure. A
colony of Y2HGold cells transformed with pGBKT7-53 and a colony of Y187 cells transformed with
pPGADT7-T were placed in the same tube containing 2X YPDA medium. Similarly, in another tube, a
colony of Y2HGold cells transformed with pGBKT7-Lam and a colony of Y187 cells transformed with
pGADT7-T were mixed in 2X YPDA medium. Both tubes were vortexed to mix and then incubated
with shaking at 200 rpm at 30°C overnight (minimum 20 hours), to allow the mating of the haploid
cells. From the mated culture, 100 pL of 1/10, 1/100, and 1/1,000 dilutions of each tube were spread
on the following agar plates: SD/—Trp, SD/-Leu, SD/-Leu/-Trp (DDO), SD/-Leu/—Trp/X-a-Gal/AbA
(DDO/X/A). The plates were incubated upside down at 30°C, for 5 days and the assessment of the
control test was performed based on the presence or absence of colonies on the plates, according to
the expected results.

2.2.25.3 Cloning of mDkk3 into vector pGBKT7 containing GAL4 DNA-BD

Murine Dkk3 cDNA (Figure 2.2.25.3A) cloned in frame with GAL4 DNA-BD of the bait vector pGBKT7
(Figure 2.2.25.3B). The In-Fusion® Advantage HD Cloning Kit (Clontech) was used for this purpose
and EcoRIl and BamHI enzymes were selected to linearize the vector. The primers required for
mDkk3 amplification (Pfu polymerase, Promega) were designed according to the recommended in
the In-Fusion® Advantage HD Cloning Kit and the amplified insert did not require enzyme digestion,
after DNA purification, as the BamHI and EcoRl sites were included in the sequences of the primers
used in mDkk3 amplification. Bait Dkk3 and linearized vector were “fused” using the In-Fusion
enzyme, and Stellar™ competent cells (Clontech) were transformed with the plasmid. After
amplification of selected colonies, the plasmid was sent for sequencing with a standard T7 primer, to
confirm that Dkk3 was cloned in frame with GAL4 DNA-BD. The plasmid pGBKT7 GAL4 DNA-BD-
mDkk3 was stored at -20°C.

A Murine Dkk3 cDNA

ATGCAGCGGCTCGGGGGTATTTTGCTGTGTACACTGCTGGCGGCGGCGGTCCCCACTGCTCCTGCTCCTTCCCCGACGGTCACTT
GGACTCCGGCGGAGCCGGGCCCAGCTCTCAACTACCCTCAGGAGGAAGCTACGCTCAATGAGATGTTTCGAGAGGTGGAGGAG
CTGATGGAAGACACTCAGCACAAACTGCGCAGTGCCGTGGAGGAGATGGAGGCGGAAGAAGCAGCTGCTAAAACGTCCTCTGA
GGTGAACCTGGCAAGCTTACCTCCCAACTATCACAATGAGACCAGCACGGAGACCAGGGTGGGAAATAACACAGTCCATGTGCA
CCAGGAAGTTCACAAGATAACCAACAACCAGAGTGGACAGGTGGTCTTTTCTGAGACAGTCATTACATCTGTAGGGGATGAAGA
AGGCAAGAGGAGCCATGAATGTATCATTGATGAAGACTGTGGGCCCACCAGGTACTGCCAGTTCTCCAGCTTCAAGTACACCTG
CCAGCCATGCCGGGACCAGCAGATGCTATGCACCCGAGACAGTGAGTGCTGTGGAGACCAGCTGTGTGCCTGGGGTCACTGCA
CCCAAAAGGCCACCAAAGGTGGCAATGGGACCATCTGTGACAACCAGAGGGATTGCCAGCCTGGCCTGTGTTGTGCCTTCCAAA
GAGGCCTGCTGTTCCCCGTGTGCACACCCCTGCCCGTGGAGGGAGAGCTCTGCCATGACCCCACCAGCCAGCTGCTGGATCTCA
TCACCTGGGAACTGGAGCCTGAAGGAGCTTTGGACCGATGCCCCTGCGCCAGTGGCCTCCTATGCCAGCCACACAGCCACAGTC
TGGTGTACATGTGCAAGCCAGCCTTCGTGGGCAGCCATGACCACAGTGAGGAGAGCCAGCTGCCCAGGGAGGCCCCGGATGAG
TACGAAGATGTTGGCTTCATAGGGGAAGTGCGCCAGGAGCTGGAAGACCTGGAGCGGAGCCTAGCCCAGGAGATGGCATTTG
AGGGGCCTGCCCCTGTGGAGTCACTAGGCGGAGAGGAGGAGATT
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B pGBKT7 plasmid map and partial sequence
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Figure 2.2.25.3: Murine Dkk3 cDNA sequence (A) and pGBKT7 plasmid Map and partial sequence
(B). cDNA for murine Dkk3 was purchased from Dharmacon. The sequences highlighted in red were
included in the primers used for mDkk3 amplification. Primers were designed according to the In-
Fusion® Advantage HD Cloning Kit. EcoRI (red) and BamHI (green) enzymes were selected to linearize
the vector. The sequences corresponding to the enzymes were also included in the primers used for
murine Dkk3 cDNA amplification. Dkk3 was cloned in frame with GAL4 DNA-BD.

2.2.25.4 mDkk3 bait auto-activation test

Y2HGold competent cells were transformed, as described above, with either 100 ng of the plasmid
pGBKT7 GAL4 DNA-BD-mDkk3 or the empty vector pGBKT7. 100 pl of a 1/10 dilution and a 1/100
dilution of the transformed cells were spread onto the following plates: SD/—Trp, SD/-Trp/X-a-Gal,
SD/-Trp/X-0-Gal/AbA, SD/-Trp/-Leu (DDO), SD/-Trp/-Leu/X-a-Gal/AbA (DDO/X/A), SD—Trp/-Leu/—
His/~Ade (QDO), SD-Trp/-Leu/—His/—Ade/X-a-Gal/AbA (QDO/X/A). Plates were incubated upside
down at 30°C for 5 days and the assessment of bait (mDkk3) auto-activation was performed based

on the presence or absence of colonies on the plates, according to the expected results.
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2.2.25.5 Mating of mDkk3 bait containing yeast strain (Y2HGold) with the prey mouse
library containing yeast strain (Y187)

Y2hGold haploid yeast strain was previously transformed with mDkk3 bait protein. Normalized Yeast
Two-Hybrid mouse cDNA Library was cloned into GAL4 AD vector pGADT7 and transformed into
haploid yeast strain Y187. The Normalized Universal Mouse Mate & Plate™ Library was acquired

ready made from Clontech.

A concentrated overnight culture of Y2HGold (pGBKT7+mDkk3) was prepared. One fresh colony of
the bait strain was incubated in SD/-Trp medium, with shaking at 250 rpm at 30°C, until ODeoo
reached 0.8 (18 hours). The cells were centrifuged at 1000 X g for 5 minutes and the pellet was
resuspended with SD/-Trp medium to a cell density of > 1x10® cells/mL (4-5 mL). The 1 mL prey
library strain was thawed and combined with the bait strain suspension in a sterile 2 L flask. 45 mL of
2xYPDA medium containing 50 pg/mL of Kanamycin was added to the flask. The library vial was
rinsed twice with 1 ml 2xYPDA and added to the 2 L flask. The cell suspension was incubated at 30°C
for 20-24 hours, with slowly shaking (30-50 rpm), until zygotes were present in the culture. The 2L
flask was next rinsed twice with 50 mL of 0.5xYPDA medium (with 50 pug/ml kanamycin), which was
also used to resuspend the cell culture. After centrifugation (1000 x g, 10 minutes) the cell pellet was
resuspended in 10 ml of 0.5xYPDA (50 pg/mL Kanamycin) medium. 200 pL of the mated cell culture
was spread onto 150 mm DDO/X/A agar plates (55-60 plates). The plates were incubated at 30°C for
3-5 days. Blue colonies (diploid cells) were grown on the plates, and each colony was patched out
onto higher stringency QDO/X/A agar plates. The colonies grown after 4 days of incubation at 30°C
were re-streaked onto QDO/X/A agar plates and this step was repeated two more times to segregate

the genuine blue colonies from white colonies.

2.2.25.6 Library prey plasmid rescue and library screening

The prey plasmid was rescued or isolated from yeast using the Easy Yeast Plasmid Isolation Kit
(Clontech). Each colony grown on the last QDO/X/A plate was streaked onto SD/-Leu agar plate
(selective medium appropriate for the plasmid pGADT7, corresponding to the prey library). After,
incubation at 30°C for 3-5 days, one well-isolated yeast colony from each plate was picked and
spread as a 1 cm x 1 cm square on a fresh SD/-Leu agar plate. After the patches grew, half of each
was scooped and resuspended in 500 puL of 10mM EDTA in a 1.5 mL centrifuge tube. Cells were
centrifuged (11000 x g, 1 minute) and the pellet was resuspended in 200 pL of ZYM buffer. 20 uL of
zymolase enzyme was added to the suspension to disrupt the yeast cell wall. The suspension was
incubated for 1 hour at 30°C with gentle shaking. The spheroplasts formed were centrifuged at 2000
x g for 10 minutes and 250 pL of Y1 Buffer/RNase A solution was added to resuspend the pellet.
Next, 250 pL of Y2 SDS/Alkaline Lysis Buffer was added to the suspension and the tube was inverted
6-8 times to mix the contents, followed by maximum 5 minutes of incubation at room temperature.

300 pL of Y3 Neutralization Buffer was added and after inverting again the tube 6-8 times, the lysate
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was clarified by centrifugation (11000 x g, 5 minutes; Room temperature). The supernatant was
transferred to a clean tube and the centrifugation step was repeated. The clarified lysate was loaded
onto the Yeast Plasmid Spin column placed inside a 2 mL collection tube, and centrifuged at 11000 x
g for 1 minute. The flow-through was discarded and the spin column was placed back into the 2 mL
collection tube. 450 uL of Y4 Wash Buffer was added to the spin column, which was then centrifuged
at 11000 x g for 3 minutes. Residual Wash Buffer was removed by an additional centrifugation step,
after which the spin column was placed in a 1.5 mL tube. 50 uL of YE Elution Buffer was added to the
spin column and incubated for 1 minute at room temperature. Following centrifugation the eluted
fraction was collected, as it contained the rescued plasmid.

Stellar competent cells (Clontech) were transformed with 2.5 pL of the purified yeast plasmid.
Transformed competent cells were spread on LB agar plates containing 100 pg/mL of Ampicillin and
then amplified on LB medium/Amepicillin. The plasmid was isolated from the bacterial competent
cells using the QlAprep Spin Miniprep Kit (Qiagen) and sent for sequencing with standard T7 primers.
The sequencing results allowed the identification of the prey proteins interacting with the bait Dkk3.

2.2.25.7 Confirmation of Positive Interactions

The positive interactions obtained were confirmed by co-transforming in Y2HGold competent cells
100 ng of pGBKT7-mDkk3 with 100 ng of the recued Prey plasmid (pGADT7-Prey) and, separately,
100 ng of empty pGBKT7 with 100 ng of pGADT7-Prey (Figure 2.2.25.7). 100 ul of 1/10 and 1/100
dilutions of the transformation mix were spread on the plates: DDO/X and QDO/X/A. After 3-5 days
of 30°C incubation the results were assessed based on the presence or absence of colonies,
according to the expected results.
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Figure 2.2.25.7: Co-transformation strategy for confirmation of positive interaction. Y2HGold
competent yeast cells were co-transformed with the identified prey-plasmid and either Dkk3-bait
plasmid or bait-empty vector. The genuine interaction between Dkk3 and ITGa5/ITGB1 was
confirmed by the presence of blue colonies on both DDO/X and QDO/X/A plates. In contrast, the
cells co-transformed with the prey plasmid and the bait-empty vector grew as white colonies on
DDO/X but not on QDO/X/A.

2.2.26 Statistical Analysis of Data

Statistical analysis and graphs were performed with GraphPad Prism 7 software. All numerical data
were tested for normal distribution using Shapiro-Wilk normality test. To compare two distinct sets
of data the two-tailed Student’s unpaired t-test was used; To compare more than two sets of data
with one variable, One way ANOVA followed by Bonferroni’s multiple comparison test was used ; To
compare more than two sets of data and more than one variable, Two way ANOVA followed by
Bonferroni’s multiple comparison test was used. Data was presented as the means * Standard Error
of Mean (S.E.M.) of at least three independent experiments (n>3) and significance was accepted
when p<0.05.
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Chapter 3: Results
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3.1 Purity of Sca-1+ Adventitial Progenitor Cell population

An increasing number of studies has provided evidences on the active role of the adventitia vessel
layer in vascular diseases [5, 47, 68-71, 259-262]. In this regard, previous work from our laboratory
was one of the pioneers in identifying the presence of a population of vascular stem/progenitor cells
resident in the adventitia of the aortic root, which can differentiate into SMCs and accumulate in
neointimal lesions. Amongst these progenitor cells, cells positive for stem cell antigen-1 (Sca-1+)

were found to be abundant in the adventitia [6].

It has been well established that chemokines, such as Sdf-la, recruit and home circulating
progenitor cells [263, 264]. The recruitment of the resident Sca-1+ progenitor cells by Sdf-1a was
demonstrated in a study published by our group [102]. Nevertheless, the mechanism driving the

migration of the Sca-1+ cells was not described.

Work from our laboratory has also revealed an important role for the glycoprotein Dkk3 in inducing
the differentiation of partially-induced pluripotent stem cells (PiPS) and embryonic stem cells (ESs)
into SMCs [243, 244]. These findings suggested that it was important to explore the role of Dkk3 in

Sca-1+ cells.

Taken together the above described, this project studied the potential role of Dkk3 in inducing the
migration of the Sca-1+ vascular progenitor cells, where Sdf-1a was used as the positive control.

Sca-1+ adventitia-derived progenitor cells (Sca-1+ APCs) from murine aorta, isolated and selected as
described before, were used in this project as the source of the Sca-1+ vascular progenitor cells,
from passage 6 to passage 30. Three batches of cells were used in the following experiments. In
order to assess if the purity of the Sca-1+ cell population was preserved after every 5 passages (Sca-
1+ APCs were sorted by an immunomagnetic sorting system every 5 passages until reaching passage
number 30), a flow cytometry analysis was performed.

The cells were incubated with Sca-1 antibody conjugated with the fluorochrome PE. Unstained cells
(to detect auto-fluorescence) and IgG-PE incubated cells (to estimate nonspecific binding) were used
as negative controls. The results showed an average purity of Sca-1+ cell population of 93% after 5
passages (Figure 3.1), which revealed that not only the immunomagnetic sorting system proves to
be an efficient method for selecting the Sca-1+ cells, but also that the purity of the cell population
was stable after 5 passages.
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Figure 3.1 Sca-1+ progenitor cell population purity analysis. A: Sca-1+ cell expression in a

histogram plot. B: Quantification of Sca-1+ APCs. Adventitia-derived vascular progenitor cells were

sorted for Sca-1 marker by an immunomagnetic sorting system. The purity of the cell population was

assessed by flow cytometry analysis. After 5 passages, cells were sorted and separated into three

groups: Negative control (unstained cells), Isotype control (cells incubated with the IgG-PE

conjugated antibody) and cells incubated with the Sca-1-PE conjugated antibody. Sca-1+ cells

corresponded to 93.13% of the population on average. (Data shown as mean +SEM, ****p<0.0001

by One-way ANOVA, followed by Bonferroni multiple comparison test, n=4).
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3.2 Dkk3 induced the migration of Sca-1+ vascular progenitor cells, in vitro

and ex vivo

The first step of the study was to investigate whether Dkk3 had a chemotactic effect on adventitia-
derived Sca-1+ progenitor cells (Sca-1+ APCs). For that reason, transwell migration and wound
healing assays were performed. In previous studies, our group has shown that Sdf-1a induces the
migration of Sca-1+ cells in vitro and ex vivo in a decellularized vessel model, although the underlying
mechanism was not explored [102, 103]. To further confirm the chemotaxis effect of Sdf-1a and as a
positive control for Sca-1+ cell migration, the migratory response of Sca-1+ cells to Sdf-la was

analysed concomitantly of Dkk3.

3.2.1. Transwell migration assay of Sca-1+ progenitor cells towards Dkk3 and Sdf-

la treatments

After overnight starvation, Sca-1+ progenitor cells, re-suspended in 0.2% serum medium, were
seeded in the upper chamber of 8.0 um pore membrane transwells. Increasing concentrations of
Dkk3 and Sdf-1a (0-100 ng/mL) in 0.2% serum medium were loaded in the lower chamber. The cells

were allowed to migrate overnight.

After removing the cells from the upper chamber (non-migrated cells), the cells which had migrated
to the lower chamber were fixed with PFA and stained with crystal violet dye. Sca-1+ cells were next

guantified under the microscope at a magnification of 10X.

The data obtained revealed that, as previously shown, Sdf-1a induced the migration of Sca-1+ cell
(Figure 3.2.1A, 3.2.1C), with a 1.5 to 2 fold increase in cell migration compared to non-treated cells.
No dose effect was observed, as the peak of migration was observed with a concentration of 10
ng/mL of Sdf-1a, and treatment with 100 ng/mL of Sdf-1a rendered a migration level of Sca-1+ cells

lower than the observed with 5 ng/mL of treatment.

Dkk3 also induced the migration of Sca-1+ APCs, with a 1.3 to 2.1 fold increase compared to non-
treated cells (Figure 3.2.1B, 3.2.1D). The migration level reached its peak at the concentration of 25
ng/mL. Similarly, to what was observed with Sdf-1a treatment, when higher concentration was used,

such as 100 ng/mL, the cell migration rate started to decline.

128



A Sca-1+ progenitor cell migration in response to Sdf-1a - Transwell migration assay

0 ng/mL 5ng/mL 10 ng/mL
e o £ i iR i v '.-' ’x—ﬁ'_
"' 2 o 4 : s ' kg ; Ve . | "4
1t o eie IPCRR N CL T BY e 4 P .
: A A ’ L] ‘ ’ S i -~ v s gl &
' ? be » ‘ il - o P
> A R 2 ”
"4 - : - b A¥ s P " a S : *j“
b -

25 ng/mL 50 ng/mL 100 ng/mL

f"‘ﬁ"ﬁ"&
B s

B Sca-1+ progenitor cell migration in response to Dkk3 - Transwell migration assay

0ng/mL 5ng/mL 10 ng/ml.

The decrease in Sca-1+ APCs migration at the highest doses considered (100 ng/mL) for both Dkk3
and Sdf-1a treatments could imply the possibility of the cells having passed the saturation point of
their migratory response. Shorter time points or even higher doses of treatment could reveal an
increased migration of the cells.
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Figure 3.2.1 Dkk3 and Sdf-1a induce the migration of Sca-1+ progenitor cells in the transwell
migration assay. A, B: Representative images of migrated Sca-1+ cells in the transwells, treated
respectively with Sdf-1a and Dkk3, at 20X magnification. C, D: Cell quantification of 5 different
fields of each transwell insert at 10X magnification. The Transwell migration assay was performed
in order to study the chemotaxis of Sca-1+ resident progenitor cells in response to Dkk3 and Sdf-1a
stimulation at increasing concentration 0-100 ng/mL. The cells were seeded in the upper chamber of
the 8.0 um pore membrane transwell and the treatment was added in the lower chamber. After
overnight incubation, the migrated cells were fixed and stained. The fold was calculated against the
0.2% serum medium control. The Sca-1+ progenitor cell migration was induced toward Dkk3
(particularly at 25 ng/mL) and Sdf-1a (especially at 10ng/mL) treatments, with statistical significance
at 10-50 ng/mL for Sdf-1a and 25-50 ng/mL for Dkk3. (Data shown as mean #SEM, **p<0.001,
*p<0.05, by One-way ANOVA, followed by Bonferroni multiple comparison test, n=5).

3.2.2 Wound healing migration assay of Sca-1+ progenitor cells in response to
Dkk3 and Sdf-1a treatments

To further assess if Dkk3 affects the migratory ability of Sca-1+ progenitor cells in vitro, a wound
healing assay was performed. Sca-1+ APCs were seeded in 12 well plates in complete medium. The
next day, they were starved overnight with 0.2% serum medium. After starvation, a scratch was
made in each well and increasing concentrations of Dkk3 and Sdf-la treatments in 0.2% serum
medium were added (0-100 ng/mL). The Sca-1+ progenitor cells were allowed to migrate, i.e., close

the wound, overnight. Cell migration was stopped by washing and fixing the cells, which was
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followed by crystal violet staining. Finally, cell quantification was carried out under the microscope

at a magnification of 10X.

As anticipated, Sdf-1a treatment (10-100 ng/mL) induced the migration of Sca-1+ cells. The highest
migration rate (1.8 fold increase compared to control) was achieved with 25 ng/mL of Sdf-1a
(Figures 3.2.2A and 3.2.2C).

In this migration method, Dkk3 treatment also revealed to promote migration of the Sca-1+ cells,
with statistical significance at concentrations 10, 25 and 50 ng/mL and with 1.7, 1.6 and 1.7 fold
increase, respectively (Figures 3.2.2B and 3.2.2D).

Interestingly, as observed in the transwell assay, cell migration started to decrease at higher
concentration (100 ng/mL) for both Dkk3 and Sdf-1a treatments.

A Sca-1+ progenitor cell migration in response to Sdf-1a - Wound healing migration assay
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Figure 3.2.2 Dkk3 and Sdf-1a induce the migration of Sca-1+ progenitor cells. A, B: Representative
images of in vitro wound healing assay with Sca-1+ cells, treated with Sdf-la and Dkk3,
respectively, at 20X magnification. The red and blue lines represent the scratch made at 0 h. C, D:
Quantification of in vitro wound healing assay (5 different microscope fields were counted for
each well, at 10X magnification). A wound healing migration assay was performed in order to study
the effect of Dkk3 and Sdf-1a on the Sca-1+ progenitor cells migration. Stimulation was performed
with increasing concentrations 0-100 ng/mL. The cells were seeded in 12 well plates in complete
medium and starved the next day overnight, prior to the migration assay. The treatment was added
after a scratch was made and the Sca-1+ APCs were allowed to migrate overnight. Following
washing, the cells were fixed and stained. The fold was calculated against the control (0 ng/mL of
Sdf-1a or Dkk3). Dkk3 and Sdf-1a induced the migration of the Sca-1+ progenitor cells with statistical
significance at 10-100 ng/mL for Sdf-1a and 10-50 ng/mL for Dkk3. (Data shown as mean *SEM,
***%p<0.00001, ***p<0.0001, **p<0.01, *p<0.05, by One-way ANOVA and Bonferroni’s post-hoc
test, n=4).

3.2.3 Pdgf-B induced the migration of Sca-1+ APCs, in vitro

In addition to Dkk3 and Sdf-1a, the chemotactic role of Pdgf-B on Sca-1+ cells was also analysed
using migration assays. This growth factor is well known for recruiting, amongst other cell types,
vascular smooth muscle- and pericyte- progenitor cells [265-268] and for inducing the differentiation
of vascular progenitor cells into SMCs [6]. For this reason, Pdgf-B was considered as a positive
control when studying Dkk3 and Sdf-1a effect in vitro and ex vivo.

Predictably, in both transwell and wound healing migration assays, Pdgf-B stimulated the migration
of Sca-1+ progenitor cells in a dose dependent manner, with statistical significance at concentrations
2, 5, 10 and 20 ng/mL. Pdgf-B induced, respectively, 2.5 to 3.4 and 1.5 to 1.9 fold increase in cell

migration in the transwell and wound healing assays.
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Figure 3.2.3 Pdgf-B induces the migration of Sca-1+ progenitor cells. A, B: Quantification of Sca-1+
cells, from 5 different fields, of the transwell inserts or of the wound healing wells, respectively, at
10X magnification. The fold was calculated against the control (0 ng/mL of Pdgf-B). Sca-1+
progenitor cell migration, stimulated by Pdgf-B, was increased in both migration assays, in a dose-
dependent manner, with statistical significance at 2, 5, 10 and 20 ng/mL of treatment. (Data shown
as mean #SEM, ****p<0.00001, ***p<0.0001, **p<0.01, *p<0.05, by One-way ANOVA and
Bonferroni post-hoc test, n=4).

3.2.4 Dkk3 promoted the migration of Sca-1+ APCs, ex vivo

To further explore the role of Dkk3 in the migration of vascular progenitor cells, an ex vivo model
was used. The aortic ring assay is an explant methodology widely used to study angiogenesis in a
three-dimensional model. In this setting, many features can be studied, such as cell migration and
proliferation [269].

As mentioned before, Pdgf-B is recognized for its ability to recruit vascular smooth muscle cells,
where it can contribute to neointima formation in vascular pathologies, namely in atherosclerosis
and restenosis [270-272]. The aortic ring assay has been implemented in many studies to assess the
mitogenic ability of Pdgf-B towards the vascular SMCs [273-276].

We sought to apply this explant assay to verify if Dkk3 induces cell outgrowth of the Sca-1+ cells
from the aortic rings. Pdgf-B was used as the positive control of the experiment. This model was
also used to study for the first time the effect of Sdf-1a chemokine on the resident Sca-1+ progenitor

cells migration in an ex vivo model.

Murine aortas were dissected, separated from fat and connective tissue, washed and cut into rings
of roughly 1 mm size. In 8 well chamber slides, the rings were embedded in Matrigel and placed in a
37°C incubator. After three hours, control (1% serum medium) and treatment (25 ng/mL of Dkk3, 25
ng/mL of Sdf-1a and 10 ng/mL of Pdgf-B, in 1% serum medium) medium were added. Every other
day the rings were fed with the respective medium and after 8 days, i. e., before reaching the

regression phase of the outgrowth, fixation and staining steps were followed.

Wild type and ApoE KO mice aortas were employed in this assay and quantification of the outgrowth
took place both before and after fixation and immuno-fluorescence staining.

The wild type mice are relatively resistant to atherosclerosis, reason why ApoE KO mice were also

used for the aortic ring assay.

The ApoE KO mouse model (Apolipoprotein E deficiency) constitutes a good model to reproduce the
atherosclerotic lesions observed in humans and therefore, it is the most widely used mouse model

to study the cellular and molecular mechanisms of atherosclerosis.
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ApoE KO mice are apparently healthy, but exhibit significant phenotypic differences in their lipid and
lipoprotein profiles in comparison with the wild type mice. The total plasma cholesterol level is
markedly increased (hypercholesterolemia) and they develop spontaneous atherosclerotic lesions in
several vascular beds, particularly in the aortic root, aortic arch and different branch points along the
aorta.

The ApoE KO mice fed with a normal western diet (21% fat, 0.2% cholesterol, 0% cholic acid) show a
great increase in their plasma cholesterol and display accelerated atherosclerosis with enhanced
inflammation, which has the advantage of avoiding to feed the mice with high fat toxic diet [277,
278].

3.2.4.1 Dkk3 induced cell outgrowth from the aortic rings

Pdgf-B and Sdf-1a prompted cell outgrowth from the aortic rings in both wild type (2.2 and 1.3 fold
increase, respectively) and ApoE KO mice (2.2 and 1.4 fold increase, respectively), where the growth

factor showed a higher impact on cell outgrowth, compared to the chemokine (Figure 3.2.4.1 A-D).

Interestingly, in wild type mice, Dkk3 treatment seemed not to increase significantly cell outgrowth
from the aortic rings (Figure 3.2.4.1 E and G). On the other hand, in ApoE KO mice, upon Dkk3
stimulation, a significant 1.4 fold increase in cell outgrowth was observed (Figure 3.2.4.1 F and H).
The positive control Pdgf-B also displayed a higher effect on cell outgrowth when compared to Dkk3,
in both wild type and ApoE KO mice. Nevertheless, no difference in cell outgrowth was found
between the wild type and ApoE KO aortic rings treated with Pdgf-B, as in both conditions, a 2.2 fold

increase was observed.
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Cell outgrowth from ApoE KO murine aortic rings in response to Sdf-1a stimulation
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Figure 3.2.4.1 Dkk3 induced cell outgrowth from the aortic rings. Aortic ring explants from Wild
type and ApoE KO mice were used to explore the chemotactic role of Dkk3 in a three-dimensional
model. Aortic rings were cultured in Matrigel for 7 days in different condition medium (Dkk3 25
ng/mL, Sdf-1a 25 ng/mL and Pdgf-p 10 ng/mL, in 1% serum) and compared to aortic rings cultured in
control medium (1% serum medium). A, E: Phase-contrast representative images of Wild type mice
aortic segments, at 10x magnification, under control or treatment conditions. C, G: Outgrowth
quantification of wild type aortic rings, n=4. Sdf-1a and Pdgf-B, the positive controls for cell
migration, stimulated cell outgrowth from the aortic explants (1.3 and 2.2 fold increase compared to
control, respectively). Dkk3 did not induce a significant increase in cell migration of wild type aortic
rings. B, F: Representative photographs of ApoE KO aortic rings, at 10X and 20X magnification. D,
H: Quantification of cell outgrowth from ApoE KO aortic explants. Both Dkk3 and Sdf-la
significantly increased cell outgrowth in ApoE” mice aortic segments, with 1.4 fold increase
compared to control. Pdgf-B extensively promoted aortic ring cell outgrowth with 2.2 fold increase.
Wild type and ApoE”" aortic rings stimulated with Pdgf-B showed similar cell outgrowth. On the
contrary, increased cell outgrowths were observed in ApoE”" aortic rings compared to wild type
explants, in response to Sdf-la and particularly Dkk3 treatment. (Data shown as mean +SEM,
***%p<0.00001, ***p<0.0001, **p<0.01, *p<0.05, by One-way ANOVA and Bonferroni post-test,
N=3).

3.2.4.2 Dkk3 promoted Sca-1+ cell outgrowth from the aortic rings

Cell outgrowth from aortic rings comprises various cell types, including endothelial cells, smooth
muscle cells, pericytes, progenitor cells and fibroblasts [279, 280].

To test the hypothesis that Dkk3 can induce Sca-1+ cell outgrowth, aortic rings from transgenic Sca-
1-GFP ApoE KO mice were isolated and cultured in the presence of Sdf-1a and Dkk3. This mouse
model allows rapid detection of Sca-1+ cells, as all cells positive for Sca-1+ marker will express green
fluorescent protein (GFP).

Confocal microscopy analysis revealed the presence of Sca-1+-GFP cells in the outgrowth, under
control condition and under Sdf-1a and Dkk3 stimulation (Figure 3.2.4.2 A, B and C). Furthermore,
the number of Sca-1+ cells, i. e., the number of GFP positive cells was significantly greater when
ApoE”" explants were treated with either Dkk3 or Sdf-1a, compared to control (1.4 fold increase for
both conditions) (Figure 3.2.4.2D).

It is well established that SMCs and smooth muscle progenitor cells (SMPCs) are recruited and
homed by Sdf-1a [264, 281]. Additionally, this chemokine can also induce the differentiation of
vascular progenitor cells into SMCs [102] . As mentioned previously, Dkk3 is also able to promote the
differentiation of stem cells into SMCs in vitro [243, 244]. To investigate the role of Dkk3 on SMCs,

we performed immunofluorescence staining using a-smooth muscle actin-Cy3 antibody (a-SMA
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conjugated with Cy3). The staining enabled to detect the contribution of the SMCs to the outgrowth
(Figure 3.2.4.2 A, B and C). Quantification of a-SMA labelled cells showed that both Dkk3 (2.1 fold
increase) and Sdf-1a (1.7 fold increase) induced SMC outgrowth, compared to the control group
(Figure 3.2.4.2E).

In some cells from the outgrowth, we observed co-localization between the GFP signal and the a-
SMA-Cy3 staining. The quantification of the SMA positive GFP cells (Figure 3.2.4.2F) demonstrated
that Dkk3 (2.1 fold increase) and Sdf-1a (1.9 fold increase) equally increased the number of cells
positive for Sca-1 marker and smooth muscle cell marker SMA. These cells could represent Sca-1+
cells differentiating into SMCs, and/or SMCs de-differentiating into Sca-1+ cells, when migrating

from the aortic ring.

It is worthwhile mentioning that not all the Sca-1-GFP cells were also positive for a-SMA-Cy3 (Figure

3.2.4.2B and C, white arrow). Notably, this was more apparent in the control group.
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Dkk3 and Sdf-1a promoted Sca-1+ vascular progenitor cell outgrowth from mouse ApoE KO
aortic rings — 10X magnification

Sdf-1a 25 ng/mL Dkk3 25 ng/mL

Sca-1+ GFP




B Dkk3 and Sdf-1a promoted Sca-1+ vascular progenitor cell outgrowth from mouse ApoE KO
aortic rings — 20X magnification

Control Sdf-1a 25 ng/mL Dkk3 25 ng/mL

DAPI

Sca-1+
GFP

a-SMA
Cy3

e ———————

Merge
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C Dkk3 and Sdf-1a promoted Sca-1+ vascular progenitor cell outgrowth from mouse ApoE KO
aortic rings — Zoom in of 20X magnification images

Control

DAPI

Sca-1+-GFP

A-SMA-Cy3

Sdf-1a 25 ng/mL Dkk3 25 ng/mL

D Quantification of GFP-Sca-1+ cell outgrowth from mouse ApoE~’" aortic ring,
induced by Dkk3 and Sdf-1a treatments
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E Quantification of o-SMA-Cy3 cell F Quantification of Sca-1+-GFP/a-SMA-Cy3

outgrowth in ApoE KO aortic ring, cell outgrowth in ApoE KO aortic ring,
induced by Dkk3 or Sdf-1a treatments induced by Dkk3 and Sdf-1a treatments
2.5+ ne
2.57 ns .
k]
3 *
504 2.0 =
_’I“_
(]
o »
2] -
8 151 ; 1.5
S c
= £
o -

L (VN

0.5 - 0.5

0.0 T T 0.0 T T

Control Sdf-1q Dkk3 Control Sdf-1q Dkk3
25 ng/mL 25 ng/mL 25 ng/mL 25 ng/mL
Treatment Treatment

Figure 3.2.4.2 Dkk3 promotes Sca-1+ cell outgrowth from the aortic rings. Sca-1-GFP ApoE KO mice
aortas were used in the ex vivo assay. Immunofluorescence staining was performed on the aortic
rings after fixation and permeabilization steps. a-SMA-Cy3 was used to label the SMCs. A, B:
Respectively, 10X and 20X magnifications of representative images of the rings untreated or
stimulated with 25ng/mL of either Sdf-1a or Dkk3. The white arrows indicate Sca-1-GFP cells
without co-localization with a-SMA-Cy3. Dashed boxes represent the zoomed-in areas. C: Zoomed-in
areas of figure B. D: Quantification of Sca-1-GFP cells in the outgrowth. Dkk3 and Sdf-1a equally
induced Sca-1+ cell migration/proliferation, with no statistical difference between both treatment
groups (1.4 fold increase). E: Quantification of a-SMA-Cy3 labelled cells, in the cell outgrowth. Dkk3
exhibited the highest increase in the SMC outgrowth (2.1 fold increase against Control), followed by
Sdf-1a (1.7 fold increase), once more with no statistical significance between both groups. F:
Quantification of the number of cells within the outgrowth presenting co-localization of Sca-1-GFP
and a-SMA-Cy3. Dkk3 (2.1 fold increase) and Sdf-1a (1.9 fold increase) induced the outgrowth of
double positive cells for Sca-1+ and SMC markers, when compared to the untreated group. (Data
shown as mean +SEM, ****p<0.00001, ***p<0.0001, *p<0.05, by One-way ANOVA and followed by

Bonferroni multiple comparison test, n=3).
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3.2.5 In vitro proliferation of Sca-1+ APCs only took place after 48 hours of Dkk3

treatment

Differences in cell outgrowth could be explained by changes in cell migration or cell proliferation.
Therefore, it was important to determine if Dkk3 could also induce in vitro the proliferation of the
Sca-1+ progenitor cells. BrdU incorporation test was performed.

Cells in replication synthesize new DNA, in which the BrdU will be incorporated instead of thymidine.
Therefore, when there is a higher number of proliferating cells there will also be a greater level of
BrdU incorporation, which can be measured colorimetrically.

For this experiment, 3 time points were selected, 16 hours (the time point used in the migration
assays), 24 hours and 48 hours. In addition, for each treatment, the two concentrations that

provided the highest rate of migration were also considered. Pdgf-B was used as the positive control.

Sca-1+ cells were seeded in 96 well plates in complete medium. The next day, the cells were starved
overnight and treated for different periods of time. BrdU was then added and the cells were
reincubated for 2 more hours. Next, the wells were washed and the cells were fixed and their DNA
was denatured. Finally, anti-BrdU antibody was added and the absorbance was measured after the

substrate reaction took place.

The data collected revealed that, for all the conditions (Dkk3, Sdf-1a and the positive control Pdgf-B)
and at all the respective concentrations used, the proliferation rate was only induced after 48 hours
of treatment (Figure 3.2.5 A-C). Our in vitro migration assays were carried out overnight, i. e., no
longer than 16 hours, therefore, it was possible to conclude that Dkk3 primarily promotes Sca-1+
progenitor cell migration. Similarly, the same inference applies when treating the cells with Sdf-1a
and Pdgf-B.
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B Proliferation level of Sca-1+ progenitor cells in response to Dkk3
BrdU incorporation measurement
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Figure 3.2.5 In vitro proliferation of Sca-1+ progenitor cells only takes place after 48 hours of Dkk3
treatment. To measure the proliferation rate of the Sca-1+ progenitor cells, upon Dkk3 stimulation,
BrdU incorporation colorimetric method was employed. The level of absorbance correlates to the
level of BrdU incorporation during replication and therefore to the rate of cell proliferation. A, B, C:
Quantification of the proliferation rate of Sca-1+ APCs in response to Sdf-1a, Dkk3 and Pdgf-B
stimulation, respectively. The time points considered were 16 hours, 24 hours and 48 hours. The
concentrations selected for each treatment corresponded to those which rendered the greatest
degree of cell migration. For all the three conditions, the proliferation rate was only induced at 48
hours of stimulation, at all the concentrations considered. (Data shown as mean #SEM,
**%¥p<0.0001, **p<0.01, *p<0.05, by Two-way ANOVA for A and B and One-way ANOVA for C,
followed by Bonferroni post-hoc test, n=4. The symbols *, # and $ correspond to the fold increase
for each time point against the highest concentration at 48 hours).

3.2.6 Conclusion of part 1: Dkk3 induced the migration of Sca-1+ vascular

progenitor cells, in vitro and ex vivo

e This first part of the project disclosed that Dkk3 promoted the migration of the Sca-1+ APCs
in vitro.

e  Furthermore, Dkk3 treatment only promoted the proliferation of Sca-1+ APCs after 48 hours,
in vitro.

e Dkk3 also induced Sca-1+ cell migration in a three-dimensional model of cell outgrowth (ex
vivo).

e These evidences together suggested a potential role for Dkk3 as a chemokine-like protein.

e Dkk3 glycoprotein also stimulated the migration/proliferation of SMCs in the cell outgrowth,
when compared to the Control condition.

e The concentration of 25 ng/mL of Dkk3 was used in the subsequent experiments, because it
provided the highest level of migration in vitro and promoted a significant Sca-1+ cell
outgrowth ex vivo.

e As expected, Pdgf-B and Sdf-1a also stimulated the Sca-1+ progenitor cell migration. Those
factors represent therefore good positive controls to evaluate the migration effect of Dkk3
in the following studies.

e Finally, in the ex vivo model, an increased number of Sca-1+ cells (GFP) also exhibiting a-
SMA expression in response to Dkk3 treatment could be quantified, indicating either a

differentiation or a de-differentiation process mediated by Dkk3.

146



3.3 CXCR?7 is highly expressed in Sca-1+ APCs

The migration mechanism of a cell is activated when a ligand binds to its receptor which is expressed
on the cell surface.

The receptors to which Sdf-1a binds are CXCR4 and CXCR7 [150, 282-284].

No receptor has been identified yet for Dkk3, although studies have proposed Kremenl/2 and
LRP5/6 as receptors of the other members of Dkk protein family [204, 208, 285-287].

In view of the chemotactic role of Dkk3 in Sca-1+ progenitor cell migration, also shared by Sdf-1a, we
investigated if a chemokine receptor could be a candidate for Dkk3. Therefore, the first step of the
second part of the project consisted of analysing the expression of the chemokine receptors on the

Sca-1+ vascular progenitor cells.

3.3.1 Expression profile of chemokine receptors in Sca-1+ APCs

The expression of the whole panel of these receptors was examined in Sca-1+ cells in comparison
with their expression in SMCs and ECs, by gPCR analysis (Figure 3.3.1A, fold increase calculated for
each receptor in each cell type against the corresponding expression in ECs).

The results obtained demonstrated that the chemokine receptors expression profile of Sca-1+ APCs
was between the corresponding profiles of SMCs and ECs, notably except for one receptor — CXCR7
(Figure 3.3A). The expression of CXCR1 to CXCR6 receptors, CX3CR1 and CCR1 to CCR10 receptor, i.
e., of all receptors but CXCR7, was not significantly different between the Sca-1+ cells and the ECs
and SMCs. On the other hand, the Sca-1+ cell expression of CXCR7 was 5.5-fold greater than its
expression on ECs, but not significantly different from its expression on SMCs.

Moreover, compared to all the other receptors expressed on the Sca-1+ cells, CXCR7 was highly
expressed in Sca-1+ APCs (5.5-fold increase against ECs). In addition to that, only between CXCR7
and the chemokine receptors CXCR1, CCR4, CCR8, CCR9 and CCR10, no statistical difference was
found for the Sca-1+ cells. However, their fold increase against ECs (CXCR1 — 1.7, CCR4-0.8, CCR8-0.9,
CCR9-1.6 and CCR10-1.7) was lower than the 5.5-fold increase for CXCR7. CXCR7 was also highly
expressed in SMCs. On the other hand, CXCR4 mRNA expression was greater in ECs than in Sca-1+
cells (0.04-fold increase against ECs) or in SMCs (0.02-fold increase against ECs).

Following the mRNA expression analysis, CXCR7, CXCR4 and CXCR2 protein expression was also
investigated by western blot (Figure3.3.1B), which revealed the same trend of expression as the one
found in the gPCR analysis, except for CXCR4 which was highly expressed in SMCs. Nevertheless,

CXCR4 expression was much lower in the Sca-1+ cells, compared to SMCs and ECs.
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CXCR7 protein expression was higher in the Sca-1+ cells and SMCs than in the ECs, similarly to the
detected by gPCR.

Correspondingly to the mRNA results, the protein expression of CXCR2 was higher in the SMCs than

in the Sca-1+ cells or ECs.
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Figure 3.3.1 Expression profile of the chemokine receptors in ECs, Sca-1+ APCs and SMCs. mRNA
(by qPCR) and protein (by Western blot) expressions of the chemokine receptors on the three cell
types were analysed. A: mRNA expression profile of the chemokine receptors in ECs, Sca-1+-APCs
and SMCs. The fold increase was calculated for each chemokine receptor in each cell type against
their corresponding expression in ECs. The statistics shown represent the analysis between CXCR7
and all the other chemokine receptors’ expression in Sca-1+ cells. CXCR7 is highly expressed in Sca-
1+ APCs and SMCs in comparison with the expression of the other receptors on these two cell types.
No significant difference exists between APC and SMC CXCR7 expression, but there is a statistically
significant difference between CXCR7 expression in ECs and in Sca-1+ APCs or in SMCs. CXCR4
expression in ECs is significantly higher than its expression on APCs and SMCs. B: Protein expression
of CXCR2, CXCR4 and CXCR7 on ECs, Sca-1+ APCs and SMCs. CXCR7 protein expression in ECs is
lower than in APCs and SMCs. CXCR4 is less expressed in Sca-1+ APCs than in ECs or in SMCs. CXCR2
protein is more expressed in SMCs than in ECs or in Sca-1+ APCs. (Data shown as mean +SEM,
***%p<0.00001, ***p<0.0001, **p<0.01, *p<0.05, by Two-way ANOVA and Bonferroni multiple

comparison test, n=5).

3.3.2 Expression profile of Dkk protein family related receptors, in Sca-1+ vascular
progenitor cells

As mentioned before, studies state that Kremenl and Kremen2 are receptors of Dkkl and 2.
Surprisingly, the same studies further report that Dkk3 cannot bind to Kremen receptors [285, 288].

On the other hand, our group published that Dkk3 co-immunoprecipitates with Kremenl in human
partially-induced pluripotent stem-smooth muscle cells [244].

LRP6 was also indicated to be the receptor of DKK1 and 2, but not of Dkk3 [286, 287].

Taking into consideration the above, we investigated the expression of these receptors in Sca-1+

APCs, comparing it with their expression in ECs and in SMCs.

At the mRNA level, no difference was observed between the three cell types on the Kremen2
expression (Figure 3.3.2A). In contrast, Kremen1 expression in SMCs was significantly higher (3.8-fold
increase) than in ECs, but not in APCs. Interestingly, the difference of Kremen1l expression between
APCs and ECs was not statistically significant, revealing an intermediate profile of the APCs in terms

of Kremen1 expression.

LRP5 and LRP6 expressions were also not statistically different between APCs, ECs and SMCs. What is
more, their expression, as well as Kremen2 expression, in the three cell types, was lower than SMC

Kremen1l expression.
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In Sca-1+ APCs, the expression of the 4 receptors, Kremenl, Kremen2, LRP5 and LRP6, was the same,

with no statistical difference amongst them.

The western blot assay also showed a greater expression of Kremenl in SMCs, when compared to

Sca-1+ APCs and ECs (Figure 3.3.2B).

Kremen 2 protein expression was low in the three cell types.

LRP5 and LRP6 protein expression was equivalent to their mRNA expression in ECs, APCs and SMCs.
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Figure 3.3.2 Expression profile of Dkk protein family related receptors, in ECs, Sca-1+-APCs and
SMCs. mRNA (by gPCR) and protein (by Western blot) expressions of the Dkk protein family related
receptors in the three cell types were analysed. A: mRNA expression profile of the Dkk protein
family related receptors in ECs, Sca-1+ APCs and SMCs. The fold increase was calculated for each
receptor and each cell type gainst their corresponding expression in ECs. The statistics shown
represent the analysis against SMC Kremenl. No statistical difference was observed between
Kremenl, Kremen2, LRP5 and LRP6 on Sca-1+ APCs. Kremenl was highly expressed in SMCs
compared to ECs, but no significant difference in its expression was found between SMCs and APCs.
On the other hand, Kremen1 expression was also not different between APCs and ECs. Kremen2,
LRP5 and LRP6 expression, in the three cell types, was lower than the expression of Kremenl in
SMCs. B: Protein expression of Kremenl, Kremen2, LRP5 and LRP6 in ECs, Sca-1+ APCs and SMCs.
Kremen1 protein expression in SMCs is greater than in ECs and APCs. Kremen2 expression is low in
the three cell types. LRP5 and LRP6 protein expression follows the observed for mRNA expression in
ECs, APCs and SMCs. (For each receptor the expression in ECs was considered 1.0-fold increase, but
the * symbol represented on all the columns represents comparison against Kremen1l expression in
SMCs. Data shown as mean *SEM, ***p<0.0001, **p<0.01, *p<0.05, by Two-way ANOVA and

Bonferroni post-hoc test, n=5).

3.3.3 Conclusion of part 2: CXCR7 is highly expressed in Sca-1+ APCs

e CXCR7 is highly expressed in Sca-1+ APCs (5.5-fold increase against CXCR7 expression in ECs)
in comparison with the other chemokine receptors.

e Interestingly, the same result was obtained for the SMCs, in which CXCR7 is highly
expressed, compared to the other chemokine receptors.

e Remarkably, CXCR4 expression in Sca-1+ cells was much lower than in ECs and SMCs.

e Lastly, no difference in the expression of Kremen1, Kremen2, LRP5 and LRP6 was detected in
Sca-1+ cells, at the mRNA level.

e Protein analysis showed that Kremen1 is expressed in Sca-1+ APCs, but Kremen2, LRP5 and
LRP6 expressions are low.

e In SMCs, Kremen1 is highly expressed.
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3.4 CXCR? is involved in the migration of Sca-1+ APCs promoted by Dkk3

treatment

The study of the expression of the entire panel of chemokine receptors by RT-gPCR analysis showed
that CXCR7 is highly expressed in Sca-1+ APCs, and this was confirmed by western blot analysis.

The next step of the project intended to understand whether CXCR7 was involved in the migration of
Sca-1+ APCs driven by Dkk3.

The ligands of CXCR7 include Sdf-1a chemokine, which was herein used as the positive control.
Furthermore, as Sdf-1a is also a ligand of CXCR4 and because CXCR4 and CXCR7 share structural and
sequence homology, CXCR4 was considered as well a potential receptor candidate for Dkk3.

CXCR2 was included in the list of candidate receptors also because of its important degree of
homology with murine CXCR7 [289] and the fact that the association of CXCR2 and CXCR7 seems to
have an essential role in tumour diseases, including acute leukaemia and esophageal cancer [290,
291].

Kremenl and Kremen2 were as well contemplated, due to reports showing the binding of some Dkk
proteins to these receptors and to studies revealing co-immunoprecipitation of Dkk3 with Kremen1
[244, 292].

3.4.1 Downregulation of CXCR7 and Kremenl, by SiRNA transfection, decreased
Sca-1+ APC migration driven by Dkk3 treatment

First, we knocked down the receptor candidates, by SiRNA transfection, in Sca-1+ APCs and then we

performed transwell migration assays in response to Sdf-1a and Dkk3.

3.4.1.1 Sca-1+ APCs express low level of CXCR4

Notably, CXCR4 knockdown in the Sca-1+ cells was not achieved (Figure 3.4.1.1C), even by means of
two different SIRNA products. The low level of expression of this receptor in the Sca-1+ cells was
apparent (Figure 3.4.1.1A and B).

We then implemented a different approach. AMD3100 is a specific antagonist of CXCR4. Treatment
of the cells with this agent is known to decrease cell migration induced by Sdf-1a [293-296].
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Three different concentrations of the antagonist agent were used and strikingly, Sca-1+ cell
migration mediated by Sdf-1a was not reduced in the presence of the anatogonist with any of the

concentrations used (Figure 3.4.1.1D).

Likewise, when the Sca-1+ cells were stimulated with Dkk3, the cell migration was not decreased
upon AMD3100 treatment (Figure 3.4.1.1E).

No significant difference was observed between the groups of cells treated with either Sdf-1a or
Dkk3 and the groups of cells in which the antagonist was concomitantly added.

The inability of the CXCR4 antagonist in affecting the migration of the Sca-1+ cells driven by Sdf-1a
could be explained by the low expression of the receptor in the Sca-1+ progenitor cells.
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D Sdf-la-driven Transwell migration assay of E Dkk3-driven Transwell migration assay of

Sca-1+ APCs upon AMD3100 treatment Sca-1+ APCs upon AMD3100 treatment
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Figure 3.4.1.1 Sca-1+ APCs express low level of CXCR4. CXCR4 expression in Sca-1+ progenitor cells
was analysed by gPCR and western blot. In order to asses if the receptor was involved in the
migration mechanism driven by Dkk3, knockdown and inhibition of the receptor was undertaken,
followed by transwell migration assays. Sdf-1a was used as a positive control. A: mRNA expression
of CXCR4 and CXCR7 in Sca-1+ APCs, ECs and SMCs. B: Fold increase was calculated for each
receptor and each cell type against the corresponding expression in ECs. Protein expression of
CXCR4 in Sca-1+ APCs, ECs and SMCs. CXCR4 expression in APCs is lower than in ECs or SMCs. CXCR7
expression is higher than CXCR4 expression in APCs and SMCs. C: mRNA expression of CXCR4
knockdown. SiRNA transfection of CXCR4 did not accomplish receptor knockdown, probably due to
its low expression in the cells. D, E: Respectively, Sdf-1a- or Dkk3-driven transwell migration assays
of Sca-1+ cells upon AMD3100 treatment. The Sca-1+ progenitor cell migration, mediated by either
Sdf-1a or Dkk3, was not supressed with CXCR4 inhibition, as no significant difference was found in
the fold increase between Sdf-1a or Dkk3 treatment groups and the groups in which AMD3100
antagonist was concomitantly added. (Data shown as mean +SEM, ***p<0.0001, **p<0.01, *p<0.05,
by Two-way ANOVA, followed by Bonferroni multiple comparison test (A, D, E) and Student’s t-test
(C); n=4).

3.4.1.2 CXCR7 Knockdown decreased Sca-1+ APC migration induced by Dkk3 or Sdf-la
stimulation

CXCR7 knockdown by SiRNA transfection was easily achieved as confirmed by qPCR analysis (Figure
3.4.1.2A) and western blot assay (Figure 3.4.1.2B).
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Sca-1+ progenitor cell migration, stimulated by Sdf-1a (1.6 fold increase) was remarkably decreased
upon CXCR7 knockdown (0.9 fold increase) (Figure 3.4.1.2C, E). This suggested that Sdf-1a induced
the migration of Sca-1+ cells through CXCR7 activation.

Interestingly, the migration of Sca-1+ cells driven by Dkk3 treatment (1.7 fold increase) was also

supressed when CXCR7 was downregulated (1.1 fold increase) (Figure 3.4.1.2D, F), thus indicating
that CXCR7 was involved in the migration of Sca-1+ APCs driven by Dkk3.

These results revealed a similarity in the Sca-1+ APC migration behaviour in response to Sdf-1a and
Dkk3 stimulation.

It is important to mention that no CXCR7 inhibitor or antagonist was available at the time these

experiments were performed.
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E Quantification of Sdf-1a mediated F Quantification of Dkk3 mediated
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Figure 3.4.1.2 CXCR7 KD decreased Sca-1+ progenitor cell migration induced by Dkk3 or Sdf-1a
stimulation. CXCR7 knockdown was achieved by SiRNA transfection and its efficiency was measured
by analysis of the expression of the receptor. A: mRNA expression of CXCR7 KD. B: CXCR7 KD
protein expression. Transwell migration assays were performed with the SiRNA transfected Sca-1+
cells upon either Sdf-1a or Dkk3 treatments. C, D: Respectively, 20X magnification images of the
transwell inserts of migrated SiRNA transfected Sca-1+ cells, treated with Sdf-1a or Dkk3 and
under Control condition. E, F: Respectively, quantification of Sdf-1a- and Dkk3-mediated transwell
migration assay, upon CXCR7 KD. 5 fields at 10X magnification of each insert for each condition
were considered for quantification of cell migration. Duplicates were used for each treatment and
SiRNA transfection. For both treatments, Sdf-1la and Dkk3, the migration of Sca-1+ cells was
significantly reduced upon CXCR7 downregulation. The fold increase of the cells treated with Sdf-1a
decreased from 1.6 to 0.9. In the case of the Dkk3 stimulated cells, the fold increase was supressed
from 1.7 to 1.1. (Data shown as mean +SEM, ****p<0.00001, ***p<0.0001, by Student’s t-test for A
and Two-way ANOVA for E and F, followed by Bonferroni post-hoc test, n=4).
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3.4.1.3 Sca-1+ APC migration induced by Dkk3 was not decreased upon CXCR2

downregulation

CXCR2 knockdown by SiRNA transfection was confirmed by qPCR and western blot (Figure 3.4.1.3A

and B).

Transwell migration assay was performed on the transfected Sca-1+ cells, in response to Dkk3
(Figure 3.4.1.3C and D).

The results obtained showed that the downregulation of CXCR2 did not affect the migration induced

by Dkk3, which questions its involvement in Dkk3-driven migration of Sca-1+ progenitor cells.
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Figure 3.4.1.3 Sca-1+ progenitor cell migration induced by Dkk3 was not decreased by CXCR2
downregulation. CXCR2 knockdown was achieved by SiRNA transfection in Sca-1+ progenitor cells.
gPCR and western blot techniques were used for transfection validation. A: mRNA expression of
CXCR2 downregulation. B: CXCR2 knockdown protein expression. C: Representative images at 20X
maghnification of migrated Sca-1+ cells transfected with SiRNA, under Control or Dkk3 treatment
conditions. D: Quantification of Dkk3-mediated Sca-1+ cell migration, upon CXCR2 knockdown. For
each condition 5 fields at 10X magnification were considered to quantify the number of cells
migrated. No significant difference was found between Dkk3 treated cells transfected with Control
SiRNA and Dkk3 treated cells transfected with CXCR2 SiRNA, indicating that the downregulation of
CXCR2 had no effect in the Dkk3-driven migration of Sca-1+ cells. (Data shown as mean *SEM,
*p<0.05, by Student’s t-test for A and Two-way ANOVA for D, followed by Bonferroni multiple
comparison test, n=5).

3.4.1.4 Kremen1 Knockdown decreased Sca-1+ APCs migration driven by Dkk3

Sca-1+ progenitor cell migration upon Kremen1 downregulation was assessed.

The gPCR and western blot analysis validated the success of Kremenl knockdown (Figure 3.4.1.4A
and B).

The transwell migration assay revealed that, by knocking down Kremen1, the Sca-1+ cell migration
induced by Dkk3 was reduced from 1.6 fold increase to 1.0 fold increase (Figure 3.4.1.4C and D). This
finding supported the notion that Kremenl could be involved in the migration of Sca-1+ cells
promoted by Dkk3.

A mRNA expression of Kremenl KD B Kremen1 KD protein expression
1.5
SiRNA SiRNA
. Control Kremenl
@
© 1.07
® Kremenl -
<
o 0.54
w
0.0 T -

SIRNA ControlSIRNA Kremenl

Receptor KD

158



C Transwell migration assay of Sca-1+ cells D Quantification of Dkk3 mediated migration

stimulated by Dkk3, upon Kremen1 KD of Sca-1+ cells, upon Kremen1 KD
Control Dkk3 25 ng/mL
L9 "y > 2.0 B R
Control A 2 PO R o 3 SiRNA GFP
"™ ’ . ;\z‘J | T Bl SiRNA Kremenl
SiRNA s S o 157
A s By N 2
7] . ns
; y P 1 - ° ns
') % ‘l- &gj Py 7 1 ;
2ox, f ) — o e o W c 1.07
ré Y * 5 3 ¥ b o
. A Y J 4 o
N \ \ “ 054
Kremen1l A
2 A ¢ ar ,f\
SiRNA v %
f \ ’ 0.0 T T
. AL & -~
' \ \\ * » Control Dkk3 25 ng/mL
20X = % . ol

Treatment

Figure 3.4.1.4 Kremenl Knockdown decreased Sca-1+ progenitor cell migration driven by Dkk3.
SiRNA transfection was performed in Sca-1+ cells to knockdown Kremenl. gPCR and Western blot
methods were used to validate the success of the transfection. A: mRNA expression of Kremenl
knockdown. B: Protein expression of Kremenl downregulation. Transwell migration assay was
performed with the transfected cells, upon Dkk3 treatment. C: 20X magnification images of the
transwell inserts with the Sca-1+ cells that have migrated under Control or Dkk3 treatments. D:
Quantification of the Dkk3-driven migration of Sca-1+ cells transfected with Kremenl SiRNA.
Kremenl downregulation affected negatively the migration of the Sca-1+ cells driven by Dkk3, as the
fold increase decreased from 1.6 to 1.0. This result supported the notion that Kremenl could be
involved in the migration mechanism of Sca-1+ cells induced by Dkk3. (Data shown as mean +SEM,
***p<0.0001, **p<0.01, by Student’s t-test for A and Two-way ANOVA for D, followed by Bonferroni
post-hoc test, n=4).
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3.4.1.5 Sca-1+ APCs express low level of Kremen2

Kremen2 level of expression in the Sca-1+ APCs is low, as detected by western blot (Figure 3.1.4.5B).
Therefore, knockdown of this receptor was not attained (Figure3.4.1.5A), as it is difficult to
knockdown a receptor which exhibits a low expression in the cells.

A Kremen2 Knockdown gPCR analysis B Protein expression of Kremen2 in
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Figure 3.4.1.5 Sca-1+ progenitor cells express low level of Kremen2. Kremen2 SiRNA transfection
was carried out in Sca-1+ progenitor cells. A: qPCR analysis of Kremen2 Knockdown.
Downregulation of Kremen2 was not achieved in Sca-1+ progenitor cells. B: Kremen2 protein
expression by western blot on ECs, APCs and SMCs. The expression of Kremen2 in Sca-1+ cells is
low, which could be the reason for the unsuccessful knockdown of the receptor, since it is difficult to
knockdown a receptor which has a low expression in the cell. (Data shown as mean +SEM, by
Student’s t-test, n=4).
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3.4.1.6 Conclusion of part 3: Downregulation of CXCR7 and Kremenl, by SiRNA
transfection, decreased Sca-1+ APCs migration driven by Dkk3 treatment

Three chemokine receptors, CXCR2, CXCR4 and CXCR7, were selected as candidates for
Dkk3, due to their expression in Sca-1+ APCs and their structural and sequence homology.
Kremenl and Kremen2 were also considered as candidate receptors for Dkk3, due to studies
reporting their involvement with somke Dkk proteins.

CXCR4 and Kremen2 expression was substantially low in Sca-1+ cells, especially when
compared to ECs and SMCs. Consequently, knockdown of these receptors was not possible.
CXCR4 is the cognate receptor of Sdf-1a. Therefore, its antagonist AMD3100 was used in the
transwell assay, by pre-incubating the Sca-1+ cells with this agent and then stimulating them
with Sdf-1a. Interestingly, Sdf-1a-driven migration of the Sca-1+ cells was not attenuated.
Similarly, Dkk3-mediated migration of Sca-1+ APCs was also not reduced. We speculated
that this occurred due to the low expression of CXCR4 in Sca-1+ APCs. The same rationale
was applied to Kremen2, whose expression was also low in Sca-1+ APCs.

CXCR7 is highly expressed in Sca-1+ APCs, which also express Kremenl. These receptors
seem to be involved in the Sca-1+ APC migration stimulated by Dkk3, as the knockdown of
these receptors affected negatively the Dkk3-driven migration of Sca-1+ progenitor cells.
Likewise, CXCR7 downregulation decreased the migration of Sca-1+ cells treated with Sdf-1a.
Based on the data presented, we postulate that CXCR7 and Kremen1 were involved in the

migration mechanism of Sca-1+ APCs induced by Dkk3.
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3.4.2 Overexpression of CXCR7 induced Dkk3-driven cell migration

We employed another strategy to investigate the involvement of the candidate receptors in the
migration mechanism promoted by Dkk3. Receptors were overexpressed in HEK 293T cells and then

functional migration assays were performed.

3.4.2.15df-1a, but not Dkk3 stimulation, increased the migration of HEK 293T cells
overexpressing CXCR4

The first receptor tested was CXCR4. Upregulation of CXCR4 in HEK 293T cells was confirmed by
gPCR (Figure 3.4.2.1A).

Next, transwell migration assay on the cells was performed with either Sdf-1a or Dkk3 treatment
(Figure 3.4.2.1B).

It was expected that the treatment with Sdf-1a chemokine on the CXCR4 overexpressing cells would
increase their migration rate, as CXCR4 has been established in the literature Sdf-1a receptor.

The data obtained revealed that 25 ng/mL of hSdf-1a increased the migration rate of the HEK 293T
cells overexpressing hCXCR4 by 1.8 fold increase (Figure 3.4.2.1C). Additionally, when only the empty
vector was transfected, Sdf-la did not induce the migration of the HEK cells. hCXCR4 plasmid
transfection by itself did not affect the cell migration rate, since no significant difference was found
between the migration rate of the cells transfected with the empty vector and with the hCXCR4
plasmid.

On the other hand, when hCXCR4 overexpressing cells were treated with 25 ng/mL of hDkk3, no
difference was found on the cell migration level between any of the conditions (Figure 3.4.2.1B and

D). This implicated that CXCR4 was possibly not involved in the migration mechanism driven by Dkk3.
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B hSdf-1a and hDkk3 mediated transwell migration assay of HEK 293T cells overexpressing hXCR4
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Figure 3.4.2.1 Sdf-1a, but not Dkk3 stimulation, increased the migration of HEK 293T cells
overexpressing CXCR4. Empty vector pShuttle2-Flag-HA and plasmid pShuttle2-Flag-hCXCR4-HA

were transfected into HEK 293T cells. Transwell migration assays on these cells were performed with
either 25 ng/mL of hSdf-1a or 25 ng/mL of hDkk3. A: mRNA expression of HEK 293T cells

overexpressing CXCR4. B: 20X magnification representative images of HEK 293T-migrated cells

transfected with either empty vector or hCXCR4 plasmid and stimulated with either hSdf-1a or
hDkk3. C, D: Respectively, quantification hSdf-1a- or hDkk3- mediated migration of HEK 293T cells
overexpressing hCXCR4. hSdf-la induced the migration of hCXCR4 transfected cells (1.8-fold

increase) in comparison with the cells transfected with the empty vector. Dkk3 did not affect the

migration of the cells in any transfection condition. (Data shown as mean 1SEM, ***p<0.001,
**p<0.01, *p<0.05, by Student’s t-test (A) and Two-way ANOVA followed by Bonferroni post-hoc test

(C, D), n=5).
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3.4.2.2 Dkk3 and Sdf-1a promoted the migration of HEK 293T cells overexpressing CXCR7

Human CXCR7 was transfected into HEK 293T cells, which was confirmed by qPCR (Figure 3.4.2.2A).

The cells overexpressing CXCR7 were submitted to transwell migration assay with either 25 ng/mL of
hSdf-1a or 25 ng/mL of hDkk3 stimulation (Figure 3.4.2.2B).

Treatment with hSdf-la on HEK cells transfected with hCXCR7 prompted an increase in the
migration level of these cells, with a fold increase of 1.4, when compared to the cells transfected
with the empty vector (Figure 3.4.2.2.B and C). Impressively, when the CXCR7 overexpressing cells
were stimulated with Dkk3, the migration rate was also induced to a significant fold increase of 1.9,

in comparison with cells transfected with empty vector (Figure 3.4.2.2.B and D).

HEK 293T cell transfection with hCXCR7 plasmid did not affect by itself the cell migration rate.
Additionally, Sdf-1a and Dkk3 stimulation of the cells transfected with empty vector had no effect on

their migratory response.

The results obtained herein were consistent with what was found before, where knockdown of
CXCR7 played a negative role in the migration rate of Sca-1+APCss treated with either Sdf-1a or Dkk3
(Figure 3.4.1.2 Eand F).
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B Sdf-1a and Dkk3 driven Transwell migration assay of HEK 293T cells overexpressing CXCR7
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Figure 3.4.2.2 Dkk3 and Sdf-1a promoted the migration of CXCR7 overexpressing HEK 293T cells.
Empty vector pShuttle2-Flag-HA and plasmid pShuttle2-Flag-hCXCR7-HA were transfected into HEK
293T cells. Transwell migration assays on these cells were performed with either 25 ng/mL of hSdf-
la or 25 ng/mL of hDkk3 treatment. A: hCXCR7 upregulation in HEK 293T cells — qPCR analysis. B:
20X magnification representative images of HEK 293T-migrated cells transfected with either empty
vector or hCXCR7 plasmid and stimulated with either hSdf-1a or hDkk3. C, D: Respectively,
quantification hSdf-1a- or hDkk3- mediated migration of HEK 293T cells overexpressing hCXCR7.
Plasmid hCXCR7 transfection by itself did not affect cell migration. Upon stimulation of the CXCR7
overexpressing cells with either hSdf-1a or hDkk3, the migration level was induced by 1.4 or 1.9 fold

increase, respectively. (Data shown as mean +SEM, **p<0.01, *p<0.05, by Student’s t-test (A) and

Two-way ANOVA followed by Bonferroni multiple comparison test (C, D), n=5).
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3.4.2.3 Dkk3 treatment had no effect on the migration response of CXCR2 overexpressing
HEK 293T cells

The chemokine receptor hCXCR2 was also transfected into HEK 293T cells. We confirmed by gPCR

analysis the achievement of the transfection (Figure 3.4.2.3A).

The transwell migration assay of the transfected cells revealed that the overexpression of the
receptor, without the stimulation by any treatment, promoted by itself an increase in the migration
of HEK 293T cells, although with no statistical significance (Figure 3.4.2.3.B, C, D).

As anticipated, hSdf-1a treatment did not induce the migration of the cells overexpressing hCXCR2.
CXCR2 has not been recognized as an Sdf-1a receptor, which explains the result obtained (Figure
3.4.2.3QC).

Dkk3 stimulation also had no effect on the migration rate of the transfected cells, as no difference
was found in the migration rate amongst all groups of cells (Figure 3.4.2.3D). Notably, this finding
was consistent with the result obtained in the previous section of the project, where CXCR2
downregulation also had no influence on the Dkk3-mediated migration level of Sca-1+ cells (Figure
3.4.1.3D).
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Figure 3.4.2.3 Dkk3 and Sdf-la treatments had no effect on the migration level of CXCR2
overexpressing HEK 293T cells. Empty vector pShuttle2-Flag-HA and plasmid pShuttle2-Flag-hCXCR2-
HA were transfected into HEK 293T cells. Transwell migration assays on these cells were performed
with either 25 ng/mL of hSdf-1a or 25 ng/mL of hDkk3 treatment. A: mRNA expression of hCXCR2
upregulation in HEK 293T cells. B: 20X magnification representative images of HEK 293T-migrated
cells transfected with either empty vector or hCXCR2 plasmid and stimulated with either hSdf-1a
or hDkk3. C, D: Respectively, quantification hSdf-1a- or hDkk3- mediated migration of HEK 293T
cells overexpressing hCXCR2. Plasmid hCXCR2 transfection, without any treatment, induced by itself
the migration of HEK 293T cells, although with no statistical significance. Upon stimulation of the
hCXCR2 overexpressing cells with either hSdf-1a or hDkk3, no effect was found on the cell migration
response. (Data shown as mean *SEM, *p<0.05, by Student’s t-test (A) and Two-way ANOVA
followed by Bonferroni multiple comparison test (C, D), n=4).

3.4.2.4Dkk3 stimulation had no effect on the migration of Kremenl or Kremen2

overexpressing HEK 293T cells

hKremenl and hKremen2 receptors were transfected into HEK 293T cells and this was confirmed by

the analysis of mMRNA expression through qPCR (Figure 3.4.2.4A and B).

The transfected cells were then used in transwell migration assay with 25 ng/mL of hDkk3 (Figure
3.4.2.4C).

The data obtained demonstrated that overexpression of either receptor, by itself, had no impact on
the migration level of the cells. Likewise, Dkk3 treatment of HEK 293T cells overexpressing either
Kremen1 or Kremen2 had no effect on the cell migratory response compared to the cells transfected
with the empty vector (Figure 3.4.2.4D and E). In fact, no significant difference was found amongst

any of the treatment and transfection conditions.

The data herein obtained regarding the receptor Kremenl was notably conflicting with the previous
finding (Figure 3.4.1.4D), where downregulation of Kremenl had decreased the Dkk3-driven

migration rate of the Sca-1+ progenitor cells.

A Kremen1 upregulation in HEK 293T B Kremen2 upregulation in HEK 293T
cells - mRNA Expression cells - mRNA Expression
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Figure 3.4.2.4 Dkk3 stimulation had no effect on the migration of HEK 293T cells overexpressing
either Kremenl or Kremen2. Empty vector pShuttle2-Flag-HA and cloned plasmids pShuttle2-Flag-
hKremenl-HA and pShuttle2-Flag-hKremen2-HA were transfected into HEK 293T cells. Transwell
migration assays on these cells were performed with 25 ng/mL of hDkk3 treatment. A, B:
Respectively, hKremenl and hKremen2 upregulation mRNA expression in HEK 293T cells. C: 20X
maghnification representative images of HEK 293T-migrated cells transfected with either empty
vector or hKremenl or hKremen2 plasmids, under Control or hDkk3 treatment conditions. D, E:
Correspondingly, quantification of hDkk3-mediated migration of HEK 293T cells overexpressing
hKremenl or hKremen2. Dkk3 treatment did not stimulate the migration of the HEK 293T cells
transfected with either the empty vector or with the cloned plasmids hKremenl and hKremen2.
(Data shown as mean +SEM, *p<0.05, by Student’s t-test (A, B) and Two-way ANOVA and Bonferroni
post-hoc test, n=5).

3.4.2.5 Conclusion of part 4: Overexpression of CXCR7 induced Dkk3-driven cell migration

e hCXCR2, hCXCR4, hCXCR7, hKremenl and hKremen2 were cloned in a pShuttle2-Flag-HA
vector and transfected into HEK 293T cells.

e Transwell migration assays were performed on the transfected cells upon stimulation with
either 25 ng/mL of hSdf-1a or hDkk3.

e Overexpression of CXCR2 did not affect the migration level of HEK 293T cells with either Sdf-
la or Dkk3 treatments.

e Upregulation of CXCR4 increased the migration rate of the cells upon Sdf-1a stimulation (1.8
fold increase), but no difference was found when treating the cells with Dkk3.

e Dkk3 (1.9 fold increase) and Sdf-1a (1.4 fold increase) induced the migration of CXCR7
overexpressing cells.

e Interestingly, Kremenl overexpression did not affect cell migration upon Dkk3 stimulation.
This finding contrasted with the result obtained previously, which showed that
downregulation of Kremenl by SiRNA transfection decreased the Dkk3-driven Sca-1+ APC
migration.

e Finally, Dkk3 did not show an effect on the migration of cells overexpressing Kremen2.

e This part of the project supported what we hypothesised before: CXCR7 was involved in cell

migration driven by Dkk3.
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3.4.3 Dkk3 binds to CXCR7

With the aim of confirming the physical interaction between Dkk3 and CXCR7, we performed the Co-
Immunoprecipitation (Co-IP) assay and developed a methodology that enabled measuring the
binding affinity of Dkk3 to CXCR7.

3.4.3.1 Dkk3 co-immunoprecipitated with CXCR7
Co-IP was performed to verify if Dkk3 physically associates with endogenous CXCR7 in Sca-1+ APCs.

The result obtained revealed that Dkk3 binds to CXCR7, as a band was observed for the samples
added into the CXCR7-coupled spin columns (Figure 3.4.3.1). No band was found for the samples
loaded onto the IgG-coupled spin column, confirming that the band obtained did not correspond to

unspecific binding.

Moreover, a matching band was displayed for the input sample, which validated the band
corresponding to Dkk3-CXCR7 complex.

A CXCR7 co-immunoprecipitated with Dkk3
in Sca-1+ vascular progenitor cells

Input IgG CXCR7

p—

‘ . -l .
mDkk3 -

Figure 3.4.3.1: Dkk3 co-immunoprecipitated with CXCR7 in Sca-1+ vascular progenitor cells. Sca-1+

progenitor cells were treated with Dkk3 for 3 hours. Cell lysates were pre-cleared and loaded onto
IgG- or CXCR7- coupled Resin spin columns. The eluted and input samples were used in western blot
with anti-Dkk3 antibody incubation. Immunoblot analysis demonstrated that Dkk3 co-
immunoprecipitated with CXCR7. A matching band was present in the input sample, which stands for

the whole cell lysate. No band was observed for the samples loaded onto IgG-coupled spin columns.
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3.4.3.2 CXCR7 has high binding affinity for Dkk3

Having confirmed the physical interaction between Dkk3 and CXCR7, we sought to measure their
binding affinity by calculating the dissociation constant (Kp) through a saturation binding assay.

First, we confirmed the AP conjugation to the ligands Dkk3 and Sdf-1a. A correlation was observed
between the AP activity and the concentration of hDkk3-AP (R2=0.95) and of hSdf-1a (R?=0.96),
(Figure 3.4.3.2A and B). These results showed that the conjugation of AP to each ligand was

successful.
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Next, we measured the affinity binding of hDkk3-AP and of hSdf-1a for the receptors hCXCR2-HA,
hCXCR4-HA, hCXCR7-HA, hKremen1-HA and hKremen2-HA.

Sdf-1a had a high binding affinity for both CXCR4 (Kp=3.38) and CXCR7 (Kp=6.51) receptors, but it did
not bind to CXCR2, as no characteristic hyperbolic saturation binding curve was observed for this
receptor (Figure 3.4.3.2C and D). Furthermore, the data obtained revealed that Sdf-1a had bound
more strongly to CXCR4 than to CXCR7, since the dissociation constant (Kp) of the first was lower
than the Kp of CXCR7. In other words, it needed a lower concentration of the ligand Sdf-1a to occupy
half of the binding sites of CXCR4 than of CXCR7.

The method developed herein to assess the binding affinity of a ligand-AP for the corresponding
receptor(s) was validated, since the results obtained for the binding of Sdf-1a to CXCR4 and CXCR7

were consistent with the expected and reported in the literature [297, 298].

Remarkably, Dkk3 also had a high binding affinity for CXCR7 (Kp=10.61), but it did not bind to CXCR4
(Ko=1.36E*1%), Kremen1 (Kp=1.29%"%) and Kremen2 (Figure 3.4.3.2.E and F). A hyperbolic curve was
achieved for the binding of Dkk3 to CXCR7, but ambiguous curves were exhibited for CXCR4 and
Kremenl. Additionally, the incredibly high values of Kp for CXCR4 and Kremenl revealed that the
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binding affinity of Dkk3 for these receptors was very low. No curve was possible to display for the
binding of Dkk3 to Kremen2.
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Figure 3.4.3.2: CXCR7 has high binding affinity for Dkk3. Alkaline Phosphatase was conjugated to
hDkk3 and hSdf-1a, followed by a serial dilution of these ligands. A, B: Respectively, correlation
between AP activity and the concentration of either hSdf-1a-AP or hDkk3-AP. After adding PNPP to
each well of a 96-well plate containing the serially diluted ligands, absorbance at 405 nm was
measured. The AP activity increased with the concentration of either hSdf-1a-AP or hDkk3-AP,
confirming the success of AP labelling process. Cloned plasmids hCXCR2, hCXCR4, hCXCR7,
hKremenl and hKremen2 and the empty vector pShuttle2-Flag-HA were transfected into HEK 293T
cells. After lysis, the 293T transfected cell membrane extracts were added to HA antibody coated
wells of high binding 96-well ELISA plates. HSdf-1a-AP and hDkk3-AP solutions were placed in the
wells with 2 hours of incubation. AP activity was measured by chemiluminescence due to the
hydrolysis of PNPP substrate. C, D: Binding curve and Scatchard analysis plot of the binding of hSdf-
1a-AP to hCXCR4, hCXCR7 and hCXCR2 293T transfected cells. Sdf-1a binds with high affinity to
CXCR4 (Kp=3.38) and to CXCR7 (Kp=6.51), but does not bind to CXCR2. E, F: Binding curve and
Scatchard analysis plot of the binding of hDkk3-AP to hCXCR4, hCXCR7, hKremenl and hKremen2.
Dkk3 binds with high affinity to CXCR7 (Kp=10.61), but it does not bind to CXCR4, Kremenl and

Kremen2. (Data represents the average of two independent experiments).

3.4.4 Conclusion of part 5: Dkk3 binds to CXCR7

e Alkaline Phosphatase was successfully conjugated to Dkk3 and Sdf-1a.

e As expected, Sdf-1a bound to CXCR4 and CXCR7, but not to CXCR2.

e The results obtained for Sdf-la validated the method developed to assess the binding
affinity of a ligand for its receptor.

e Dkk3 had a high binding affinity to CXCR7, but not to CXCR4, Kremen1 and Kremen?2.

e Dkk3 co-immunoprecipitated with CXCR7 of Sca-1+ vascular progenitor cells.

e These findings revealed that, in fact, Dkk3 binds to CXCR7.
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3.5 Signalling pathways involved in the migration mechanism of Sca-1+

vascular progenitor cells induced by Dkk3 treatment

Cell migration mechanism is a complex phenomenon that implicates different signalling pathways,

which in turn can be interconnected.

We explored diverse signalling pathways to elucidate on the Sca-1+ APC migration mechanism
triggered by Dkk3 treatment.

3.5.1 ERK activation is involved in Dkk3-driven migration mechanism of Sca-1+
APCs

First, we analysed whether ERK activation was affected by Dkk3 stimulation.

ERK 1/2 are phosphorylated by MEK 1/2. For this reason, we investigated if MEK 1/2 activation level
was induced by Dkk3 tretament.

Phosphorylation of MEK 1/2 was observed from as early as 3 minutes of Dkk3 stimulation and it was

maintained until at least 60 minutes of treatment (Figure 3.5.1.A).

As a result, ERK 1/2 early activation was also observed upon Dkk3 treatment, throughout the time
points considered (Figure 3.5.1.B).

The activation of a signalling effector by itself is not sufficient to infer about its involvement in the
cell migration mechanism. It is also necessary to verify if, by inhibiting this protein, the cell migration
is consequently decreased.

PD98059 inhibits the activation of MEK 1/2, supressing thus the phosphorylation of ERK1/2.

Two different concentrations of this inhibitor were used in the migration assay and both repressed
the cell migration induced by Dkk3 stimulation (Figure 3.5.1.C). 10 uM of PD98059 decreased the
Sca-1+ cell migration driven by Dkk3 from 1.6 to 1.1 fold increase. Likewise, 30 uM of the inhibitor

reduced the migration rate to 0.8 fold increase.

The inhibition of ERK phosphorylation upon PD98059 treatment was confirmed by western blot, at
the time points 5 and 10 minutes (Figure 3.5.1D).
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D PD98059 inhibited ERK phosphorylation under Control and Dkk3 treatment conditions
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Figure 3.5.1 ERK activation is involved in Dkk3-driven migration mechanism of Sca-1+ vascular
progenitor cells. MAPK signalling cascade’s involvement in the migration mechanism of Sca-1+ cells
was assessed by investigating whether Dkk3 stimulation induced the phosphorylation of MEK 1/2
and ERK 1/2. A: Dkk3 induced MEK 1/2 activation. MEK activation was induced from as early as 3
minutes and was maintained until at least 60 minutes of Dkk3 treatment. B: Dkk3 triggered ERK 1/2
phosphorylation. Dkk3 induced ERK phosphorylation at all time points considered, from 3 minutes
to 15 minutes of Dkk3 treatment. C: MEK/ERK inhibition by PD98059 played a negative role in the
migration of Sca-1+ cells stimulated by Dkk3. D: PD98059 inhibited ERK phosphorylation under
Control and Dkk3 treatment conditions. Sca-1+ cells were pre-incubated for 1 hour with ERK
inhibitor prior to western blot and migration assays under Dkk3 treatment. Both 10 uM and 30 uM
of PD98059 inhibited the migration of the Sca-1+ cells by decreasing, respectively, the migration fold
increase from 1.6 to 1.1 and 1.5 to 0.8. Phosphorylation of ERK was inhibited at 5 and 10 minutes
upon PD98059 treatment. (Data shown as mean +SEM, ***p<0.001, **p<0.01, *p<0.05, by Two-way
ANOVA and Bonferroni post-hoc test, N=4).

3.5.2 Sdf-1a mediated migration of Sca-1+ cells also involved ERK activation

Sdf-1a also induced the phosphorylation of ERK from 3 minutes to at least 15 minutes of stimulation
(Figure 3.5.2A).

Additionally, 10 and 30 uM of PD98059 also supressed the Sca-1+ cell migration mediated by Sdf-1a
treatment, with a reduction in the fold increase from 1.5 to 0.9 and 0.8, respectively (Figure 3.5.2B).

These results suggested that the MAPK kinase signalling transduction cascade was involved in the

Sca-1+ cell migration mechanism driven by either Dkk3 or Sdf-1a.
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Figure 3.5.2 Sdf-la mediated migration of Sca-1+ cells also involved ERK activation. MAPK

signalling cascade’s involvement in the Sdf-la-mediated migration of Sca-1+ cells was assessed by
investigating whether Sdf-1a induced the phosphorylation of ERK 1/2. A: Sdf-1a triggered ERK

phosphorylation. ERK activation was induced from as early as 3 minutes and was maintained until at
least 15 minutes of Sdf-1a treatment. B: MEK/ERK inhibition by PD98059 played a negative role in
the migration of Sca-1+ cells stimulated by Sdf-la. Both 10 and 30 uM of PD98059 inhibition
reduced the migration of Sdf-1a-mediated migration, by decreasing, respectively, the migration fold
increase from 1.5 to 0.9 and 0.8. (Data shown as mean *SEM, ***p<0.001, **p<0.01, *p<0.05, by
Two-way ANOVA and followed by Bonferroni post-hoc test, N=4).
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3.5.3 PI3K/AKT signalling pathway is involved in Sca-1+ progenitor cell migration
promoted by Dkk3

The PI3K/AKT signalling transduction pathway is another pathway largely associated with cell
migration. Therefore, we analysed the phosphorylation level of AKT in response to Dkk3 and then
assessed if PI3K inhibitor LY29004 affected the phosphorylation level of AKT and the Sca-1+ cell
migration stimulated by Dkk3.

The activation of AKT was induced from 3 minutes until at least 60 minutes of Dkk3 treatment
(Figure 3.5.3A).

The AKT phosphorylation can be inhibited by the AKT Inhibitor X. Therefore we assessed if the
inhibition of AKT activation had a negative effect on the Sca-1+ cell migration in response to Dkk3

treatment.

The Dkk3-driven Sca-1+ cell migration was decreased upon 2.5 uM (fold increase of 1) and 5 uM
(fold increase of 0.9) of AKT Inhibitor X treatment (Figure 3.5.3B). Due to the knowledge of the role
of AKT signalling in cell survival, we wished to assess whether AKT inhibition affected the rate of Sca-
1+ cell survival. For this purpose, a quantification of cell death upon AKT inhibitor X and Dkk3
treatments was carried out. After incubating the cells for two hours with the inhibitor and with
Dkk3, a trypan blue staining was performed and the number of cells stained (dead cells) was
quantified, under the microscope (Figure 3.5.3C). Neither Dkk3 nor AKT inhibitor promoted Sca-1+
cell death, as no significant difference was found in the number of dead cells (Figure 3.5.3.D).

AKT is activated by PI3K, therefore, we investigated whether the inhibition of the PI3K activity would
block the AKT phosphorylation induced by Dkk3. LY29004 is a widely used inhibitor of PI3K activity
[299-301]. Sca-1+ cells were pre-incubated with either 10 or 25 uM of LY29004, followed by Dkk3
treatment and western blot and migration assays. Both inhibitor concentrations decreased the Dkk3-
driven Sca-1+ progenitor cell migration, from 1.5 to 1.1 fold increase (10 uM LY29004) and 1.7 to 1.0
fold increase (25 uM LY29004), (Figure 3.5.3E). AKT phosphorylation induced by DKK3 was inhibited
at 5 and 10 minutes with 10 uM of LY29004 inhibitor (Figure 3.5.3F).

The data herein obtained proved that the PI3K/AKT signalling pathway is part of the Dkk3-driven

migration mechanism of Sca-1+ progenitor cells.
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Figure 3.5.3 PI3K/AKT signalling pathway is involved in Sca-1+ progenitor cell migration promoted
by Dkk3. PI3K/AKT signalling pathway involvement in the migration mechanism of Sca-1+ progenitor
cells was assessed by investigating whether Dkk3 stimulation induced the phosphorylation of AKT. A:
Dkk3 induced AKT phosphorylation. AKT activation was induced from as early as 3 minutes and was
maintained for at least 60 minutes of Dkk3 treatment. B: AKT Inhibitor X decreased Dkk3-driven
Sca-1+ cell migration. AKT inhibitor X decreased Dkk3-driven Sca-1+ cell migration at 2.5 pM (1.5 to
1.0 fold increase) and 5 uM (1.5 to 0.9 fold increase) concentrations; N=4. C: Trypan blue staining of
Sca-1+ cells after Dkk3 and AKT Inhibitor X treatments. 20X magnification representative images of
Sca-1+ cells stained with trypan blue after 2 hours of incubation with Dkk3 and AKT Inhibitor X. D:
Cell death quantification upon Dkk3 and AKT Inhibitor X treatments. Neither Dkk3 stimulation nor
AKT inhibitor incubation induced cell death, as no significant difference was found in the number of
dead cells, in any of the conditions; N=3 E: PI3K inhibitor LY29004 reduced the migration of Sca-1+
progenitor cells induced by Dkk3 treatment. Dkk3-driven Sca-1+ cell migration was negatively
affected by treatment with LY29004 at 10 uM (1.5 to 1.1 fold increase) and 25 uM (1.7 to 1.0 fold
increase) concentrations, N=3. F: LY29004 inhibitor repressed AKT phosphorylation at 5 and 10
minutes of Dkk3 stimulation. Phosphorylation of AKT was inhibited at 5 and 10 minutes upon 10 uM
LY29004 treatment. (Data shown as mean +SEM, ***p<0.001, **p<0.01, *p<0.05, by Two-way

ANOVA followed by Bonferroni multiple comparison test).

3.5.4 PI3K/AKT pathway is also involved in the migration of Sca-1+ cells upon Sdf-

1la stimulation

The involvement of PI3K/AKT signalling pathway was also verified in Sca-1+ progenitor cell migration

promoted by Sdf-1a.

AKT phosphorylation was induced from as early as 5 minutes and maintained for at least 60 minutes
of Sdf-1a stimulation (Figure 3.5.4.A).

Sdf-1a-driven migration of Sca-1+ cells was negatively affected upon AKT Inhibitor X treatment, with
2.5 uM (1.8 to 1.0-fold increase) and 5 uM (1.8 to 1.1 fold increase) concentrations (Figure 3.5.4.B).

Likewise, PI3K inhibitor LY29004 also reduced Sca-1+ cell migration induced by Sdf-la, with
concentrations of 10 uM (1.5 to 1.0 fold increase) and 25 uM (1.8 to 1.1 fold increase) (Figure
3.5.4C).

As a result, we concluded that PI3K/AKT signalling pathway was also implicated in Sca-1+ progenitor

cell migration mediated by Sdf-1a.
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Figure 3.5.4 PI3K/AKT pathway is involved in the migration of Sca-1+ progenitor cells upon Sdf-1a
stimulation. PI3K/AKT signalling pathway involvement in the migration mechanism of Sca-1+
progenitor cells induced by Sdf-1a was assessed. A: Sdf-1a activated AKT. AKT phosphorylation was
induced from as early as 5 minutes and was maintained for at least 60 minutes of Sdf-1a treatment.
B: AKT Inhibitor X decreased Sdf-1a-driven Sca-1+ cell migration. AKT inhibitor X decreased Sdf-1a-
driven Sca-1+ cell migration with concentrations of 2.5 uM (1.8 to 1.0 fold increase) and 5 uM (1.8 to
1.1 fold increase); N=4. C: PI3K inhibition by LY29004 decreased the migration of Sca-1+ progenitor
cells induced by Sdf-1a treatment. Sdf-1a-driven Sca-1+ cell migration was negatively affected by
treatment with LY29004 at 10 uM (1.5 to 1.0 fold increase) and 25 uM (1.8 to 1.1 fold increase)
concentrations, N=3. (Data shown as mean 1SEM, ***p<0.001, **p<0.01, *p<0.05, by Two-way
ANOVA followed by Bonferroni multiple comparison test).

3.5.5 Activation of Rho GTPases is implicated in Sca-1+ APC migration mechanism
induced by Dkk3

Due to the crucial importance of Rho GTPases in cell migration mechanism, their activation level
mediated by Dkk3 and Sdf-1a was assessed at 0, 3, 5, 10, 13, 15 and 30 minutes of stimulation.

3.5.5.1 Rac1 activation is involved in the Sca-1+ cell migration mechanism induced by Dkk3

25 ng/mL of Dkk3 induced the activation of Racl at all time points, with statistical significance at 10
(1.4 fold increase), 13 (1.6 fold increase) and 15 (1.4 fold increase) minutes of stimulation (Figure
3.5.5.1A).

Similarly, 25 ng/mL of Sdf-1a also induced Racl activation with statistical significance at 13 (1.5 fold
increase) and 15 (1.4 fold increase) minutes of treatment (Figure 3.5.5.1A).

Next, we used the compound NSC23766, a Racl activation inhibitor, to assess if the Dkk3-driven Sca-
1+ cell migration was affected. Indeed, the cell migration was decreased with 10 uM (1.7 to 1.3 fold
increase) and 25 pM (1.7 to 1.1 fold increase) of NSC23766 concentrations (Figure 3.5.5.1C).

Racl activation induced by Dkk3 treatment was also inhibited at 10 minutes (1.4 to 0.9 fold increase)
and 15 minutes (1.4 to 1.0 fold increase) of stimulation, upon 25 uM of NSC23766 treatment (Figure
3.5.5.1B).

These findings demonstrated that Racl activation is implicated in the migration mechanism of Sca-
1+ progenitor cells induced by Dkk3 and potentially by Sdf-1a as well.
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At this stage, we aimed at understanding whether Racl activation was upstream or downstream of
MEK/ERK and PI3K/AKT signalling pathways, which were previously demonstrated to be involved in

the Dkk3-mediated Sca-1+ progenitor cell migration.

Hence, we investigated if ERK phosphorylation was influenced by Racl activation inhibition. By
treating the cells with 10 uM of NSC23766, ERK phosphorylation was repressed at 10 and 15 minutes
of Dkk3 stimulation (Figure 3.5.5.1D). This suggested that Racl activation was upstream of ERK
phosphorylation.

However, we examined as well whether ERK inhibitor PD98059 reduced the activation level of Racl.
Strikingly, Racl activation was supressed at 10 minutes (1.4 to 0.9 fold increase) and 15 minutes (1.5
to 1.1 fold increase) with 10 uM of NSC23766 treatment (Figure 3.5.5.1.E).

The fact that ERK inhibition decreased the level of Racl activation and, in turn, Racl activation
inhibition supressed ERK phosphorylation, revealed that a feedback mechanism was taking place
between Racl GTPase and ERK.

Finally, Racl activation was also tested upon PI3K/AKT inhibition. 10 uM of LY29004 had no impact
in the Racl activation level at both 10 and 15 minutes of Dkk3 stimulation (Figure 3.5.5.1F). We thus
inferred that AKT phosphorylation was not upstream of Racl GTPase pathway.

A Racl activation (Rac1-GTP) level in Sca-1+ APCs upon Dkk3 and Sdf-1a treatments
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E ERK inhibition by PD98059 supressed Racl activation in Sca-1+APCs stimulated by Dkk3
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Figure 3.5.5.1 Racl activation is involved in Sca-1+ cell migration mechanism induced by Dkk3.
Racl GTPase protein’s role, in Dkk3-driven Sca-1+ cell migration, was investigated. A: Racl
activation (Rac1l-GTP) level in Sca-1+ APCs upon Dkk3 and Sdf-1a treatments. Dkk3 induced Racl
activation at all time points, with statistical significance at 10 (1.4 fold increase), 13 (1.6 fold
increase) and 15 minutes (1.4 fold increase) of stimulation; N=3. B: NSC23766 supressed the
activation of Racl in Sca-1+ APCs under control and Dkk3 treatment conditions. Racl activation
induced by Dkk3 was inhibited at 10 minutes (1.4 to 0.9 fold increase) and 15 minutes (1.4 to 1.0 fold
increase), upon 25 uM of NSC23766 treatment; N=3. C: Racl activation inhibitor NSC23766
supressed the migration of Sca-1+ APCs driven by Dkk3 treatment. Sca-1+ cell migration decreased
with 10 uM (1.7 to 1.3 fold increase) and 25 pM (1.7 to 1.1 fold increase) of NSC23766 treatment;
N=4. D: Racl activation inhibition repressed ERK phosphorylation in Dkk3-mediated migration of
Sca-1+ progenitor cells. Treatment with 10 uM of NSC23766 repressed ERK phosphorylation at 10
and 15 minutes of Dkk3 stimulation. E: ERK inhibition by PD 98059 supressed Racl activation in
Sca-1+ progenitor cells stimulated with Dkk3. Racl activation was supressed at 10 minutes (1.4 to
0.9 fold increase) and 15 minutes (1.5 to 1.1 fold increase) with 10 uM of NSC23766 treatment; N=3.
F: LY294002 did not affect the level of activation of Racl in Sca-1+ progenitor cells treated with
Dkk3. 10 uM of LY29004 had no impact in the Racl activation level at both 10 and 15 minutes of
Dkk3 stimulation; N=3. (Data shown as mean +SEM, **p<0.01, *p<0.05, by One-Way ANOVA (A) and
Two-way ANOVA (B, C, E and F), followed by Bonferroni multiple comparison test).
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3.5.5.2 RhoA signalling pathway is implicated in Sca-1+ APC migration mechanism induced
by Dkk3 treatment

Another essential member of the Rho GTPase family is RhoA. Downstream of its signalling cascade is
Myosin Light Chain (MLC), whose phosphorylation is dependent on the activation of Rho-associated
Kinases (ROCK). These molecular events are pivotal in the regulation of the cell cytoskeleton and

consequently cell motility [302-305].

We first analysed the activation level of the downstream effectors of RhoA in Sca-1+ cells. MLC
phosphorylation (activation) was induced by both Dkk3 and Sdf-la treatments, from as early as 3

minutes of stimulation (Figure 3.5.5.2A).

On the other hand, cofilin phosphorylation (inactivation) level was not altered upon Dkk3 or Sdf-1a
stimulation. Cofilin was found already phosphorylated (inactive state) in the Control condition and
neither Dkk3 nor Sdf-1a treatments were able to alter this state at any of the time points considered
(Figure 3.5.5.2B).

We then measured the activation degree of RhoA. Dkk3 treatment induced RhoA activation at
mostly all the time points considered, with statistical significance at 3 (1.4 fold increase), 13 (1.7 fold
increase), 15 (1.4 fold increase) and 30 minutes (1.3 fold increase) of stimulation. Equally, Sdf-1a
treatment also induced RhoA activation with significant increase at 13 (1.5 fold increase), 15 (1.4

fold increase) and 30 minutes (1.4 fold increase) of stimulation (Figure 3.5.5.2C).

In order to assess whether RhoA activation was involved in the Dkk3-driven migration mechanism of
Sca-1+ progenitor cells, Rhosin compound was used in a transwell migration assay. Rhosin is a RhoA
activation inhibitor and it decreased cell migration at 10 uM (1.5 to 1.1-fold increase) and 25 uM (1.6

to 1.0 fold increase) concentrations (Figure 3.5.5.2E).

RhoA activation was also supressed by 10 uM of Rhosin inhibitor at 13 (1.6 to 0.9 fold increase) and
15 minutes (1.5 and 1.1 fold increase) of Dkk3 stimulation (Figure 3.5.5.2D).

Cell actomyosin contractility is induced by MLC phosphorylation, which occurs either directly by
ROCK or due to inhibition of Myosin Phosphatase. RhoA is upstream of all these processes and we
therefore investigated whether RhoA activation inhibition had an effect in the phosphorylation level
of MLC induced by Dkk3 stimulation. Verily, MLC phosphorylation was repressed by 10 uM of Rhosin
inhibitor treatment at 13 minutes of Dkk3 stimulation (Figure 3.5.5.2F).

The implication of ROCK in the Dkk3-driven Sca-1+ cell migration mechanism was also assessed.
Y27632 is a ROCK inhibitor and it decreased the cell migration rate at 5uM (1.7 to 1.2 fold increase)
and 10 uM (1.7 to 1.1 fold increase) concentrations (Figure 3.5.5.2.G).

Additionally, MLC phosphorylation was also reduced by 5 uM of Y27632 inhibitor at 13 minutes of
Dkk3 stimulation (Figure 3.5.5.2H).
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The data here presented proved that Dkk3 triggered RhoA activation, which in turn activated ROCK
and promoted MLC phosphorylation. This signalling cascade seems to be involved as well in Sca-1+

APCs migration driven by Sdf-1a treatment.

Lastly, with the intention of studying the cross-talk between RhoA signalling cascade and other

signalling pathways, we measured RhoA activation level in response to ERK and PI3K/AKT inhibition.

PD98059 at 10 uM concentration did not repress RhoA activation at 13 and 15 minutes of Dkk3
stimulation (Figure 3.5.5.2l).

Intriguingly, PI3K/AKT inhibitor LY29004 at 10 uM concentration also did not attenuate the
activation level of RhoA at 13 and 15 minutes of Dkk3 stimulation (Figure 3.5.5.2J).

These results showed that MAPK and PI3K/AKT signalling pathways were not upstream of RhoA

signalling cascade and therefore, they were either independent or downstream of RhoA pathway.

A Dkk3 and Sdf-1a induced the phosphorylation of Myosin Light Chain in Sca-1+ APCs
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F RhoA activation inhibitor Rhosin reduced the phosphorylation of Myosin Light chain in Sca-
1+ APCs stimulated with Dkk3
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| ERKinhibition with PD98509 did not affect the activation level of RhoA in Sca-1+ progenitor
cells stimulated with Dkk3
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Figure 3.5.5.2 RhoA signalling pathway is implicated in Sca-1+ progenitor cell migration
mechanism stimulated by Dkk3 treatment. RhoA signalling pathway’s implication in Dkk3-driven
Sca-1+ cell migration was investigated. A: Dkk3 and Sdf-1a induced the phosphorylation of MLC in
Sca-1+ progenitor cells. Phosphorylation of MLC was observed from as early as 3 minutes of
stimulation with Dkk3 or Sdf-1a. B: Cofilin phosphorylation level was not affected by Dkk3 or Sdf-
1a stimulation. Cofilin was found to be already phosphorylated in the Control condition and neither
Dkk3 nor Sdf-1a treatments changed its phosphorylation state at any of the time points considered.
C: RhoA activation (RhoA-GTP) level in Sca-1+ APCs upon Dkk3 or Sdf-1a treatments. Dkk3 induced

RhoA activation at mostly all the time points considered, with statistical significance at 3 (1.4 fold
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increase), 13 (1.7 fold increase), 15 (1.4 fold increase) and 30 minutes (1.3 fold increase) of
stimulation. Equally, Sdf-1a treatment also induced RhoA activation with significant increase at 13
(1.5 fold increase), 15 (1.4 fold increase) and 30 minutes (1.4 fold increase) of stimulation. D: Rhosin
(G04) inhibited RhoA activation triggered by Dkk3 stimulation in Sca-1+ APCs. RhoA activation was
supressed by 10 uM of Rhosin inhibitor at 13 (1.6 to 0.9 fold increase) and 15 minutes (1.5 and 1.1
fold increase) of Dkk3 stimulation. E: Rhosin inhibitor decreased the migration of Sca-1+ vascular
progenitor cells induced by Dkk3 treatment. Rhosin inhibitor decreased the Dkk3-driven cell
migration with 10 uM (1.5 to 1.1-fold increase) and 25 pM (1.6 to 1.0 fold increase) concentrations.
F: RhoA activation inhibitor Rhosin reduced the phosphorylation of Myosin Light chain in Sca-1+
APCs stimulated with Dkk3. MLC phosphorylation was repressed by 10 uM of Rhosin inhibitor at 13
minutes of Dkk3 stimulation. G: ROCK inhibitor Y27632 decreased the migration of Sca-1+ APCs
stimulated by Dkk3. Y27632 treatment decreased the cell migration rate at 5uM (1.7 to 1.2 fold
increase) and 10 uM (1.7 to 1.1 fold increase) concentrations. H: Myosin Light Chain activation was
supressed in Sca-1+ APCs treated with Dkk3. MLC phosphorylation was reduced by 5 uM of Y27632
inhibitor at 13 minutes of Dkk3 stimulation. I: ERK inhibition with PD98509 did not affect the
activation of RhoA in Sca-1+ progenitor cells stimulated with Dkk3. 10 uM of PD98059 did not
repress RhoA activation at 13 and 15 minutes of Dkk3 stimulation. J: PI3K inhibition by LY294002 did
not affect the activation of RhoA in Sca-1+ progenitor cells treated with Dkk3. 10 uM of LY29004
did not attenuate the activation of RhoA induced by 13 and 15 minutes of Dkk3 stimulation. (Data
shown as mean +SEM, **p<0.01, *p<0.05, by One-Way ANOVA (C) and Two-way ANOVA (D, E, G, |
and J), followed by Bonferroni multiple comparison test).

3.5.6 Conclusion of part 6: Signalling pathways involved in the migration

mechanism of Sca-1+ APCs induced by Dkk3 treatment

e MEK 1/2 and ERK 1/2 phosphorylation was stimulated from as early as 3 minutes of Dkk3
stimulation and was maintained until at least 60 minutes of treatment.

e Sdf-la also induced ERK phosphorylation at early time points.

e MEK/ERK inhibitor PD98059 significantly decreased the Dkk3- and Sdf-1a-driven migration of
Sca-1+ progenitor cells and supressed ERK phosphorylation at both Control and Dkk3
treatment conditions.

e MAPK kinase signalling pathway is involved in the Sca-1+ progenitor cell migration
mechanism induced by Dkk3 and Sdf-1a.

e AKT activation was promoted by Dkk3 and Sdf-1a at early time points.

e Inhibition of AKT phosphorylation by AKT Inhibitor X reduced the Sca-1+ cell migration
mediated by either Dkk3 or Sdf-1a.
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Likewise, PI3K inhibitor LY29004 also supressed the Dkk3 or Sdf-1a mediated migration of
Sca-1+ progenitor cells.

Additionally, LY29004 repressed the AKT phosphorylation stimulated by Dkk3.

The PI3K/AKT signalling transduction pathway is implicated in the Sca-1+ vascular progenitor
cell migration mechanism triggered by Dkk3 or Sdf-1a treatments.

Both Dkk3 and Sdf-1a prompted the activation of Racl and RhoA, particularly at 3, 13, 15
and 30 minutes of stimulation.

Racl activation inhibitor NSC23766 supressed the Dkk3 mediated cell migration.

NSC23766, not only attenuated Racl activation but also repressed ERK phosphorylation,
induced by Dkk3.

PD98059 reduced Racl activation stimulated by Dkk3 in Sca-1+ APCs.

ERK and Racl signalling pathways cross-talk with each other in a feedback manner.

PI3K/AKT inhibitor LY29004 did not affect Rac1 activation level triggered by Dkk3 treatment.
Dkk3 and Sdf-1a treatments resulted in an increase in MLC phosphorylation level, but did
not alter the initial phosphorylated state of cofilin.

RhoaA activation inhibitor Rhosin and ROCK inhibitor Y27632 both decreased the migration
rate of Sca-1+ progenitor cells driven by Dkk3.

Rhosin and Y27632 agents inhibited as well MLC phosphorylation promoted by Dkk3
treatment.

Dkk3-triggered activation of RhoA was prevented upon Rhosin treatment.

The data gathered demonstrated that the Rho GTPase family of proteins, namely Racl and
RhoA, played an important role in Sca-1+ APC migration mediated by Dkk3 or Sdf-1a.
PD98059 and LY29004 inhibitors did not affect the level of RhoA activation induced by Dkk3,
suggesting that ERK and PI3K/AKT pathways were either independent or downstream of the

RhoA signalling cascade.
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3.5.7 The Wnt signalling pathway is not involved in Sca-1+ APCs migration
mechanism stimulated by Dkk3 treatment

Dkk3 was shown to regulate the Wnt signalling pathway in a context specific way, depending thus on
the cell type involved [204, 292, 306-311].

We wished to understand if the Wnt signalling pathway was involved in Sca-1+ cell migration
induced by Dkk3.

3.5.7.18-Catenin inhibition by FH535 had no effect in Dkk3-mediated migration
mechanism of Sca-1+ APCs

The canonical Wnt/B-Catenin pathway was proved to be involved in cell migration, with great
importance in cancer development. Dkk proteins can bind to LRP5/6, which are co-receptors of the
Frizzled receptor. Wnt binds to the receptor complex Frizzled and LRP5/6, leading to accumulation of
B-Catenin in the cytoplasm. Thus, Dkk interaction with LRP5/6 receptor affects the cell response
modulated by B-Catenin activation [212, 312-315].

With the purpose of understanding if B-Catenin played a role in Sca-1+ cell migration mechanism
induced by Dkk3, we performed the transwell migration assay with the Wnt/B-Catenin signalling
inhibitor FH535.

The results revealed that inhibition of the Wnt/B-Catenin signalling by itself, at concentrations of
5uM and 15uM of FH535, surprisingly induced the migration of the Sca-1+ cells in the same manner
as when the cells were treated with Dkk3. Furthermore, an identical migration rate was observed for
the group in which FH535 was added to the cells together with Dkk3. There was no statistical
difference between all these conditions (Figure 3.5.7.1A). These findings suggested that the Dkk3-
driven migration of Sca-1+ APCs was not affected by the inhibition of the Wnt/B-Catenin signalling
pathway.
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A B-Catenin inhibitor FH535 had no effect in the Dkk3-mediated migration of Sca-1+APCs
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Figure 3.5.7.1A B-Catenin inhibition by FH535 had no effect in the Dkk3-mediated migration
mechanism of Sca-1+ APCs. The role of the canonical Wnt/B-Catenin signalling pathway, in the
migration mechanism of Sca-1+ cells induced by Dkk3, was assessed by performing a transwell
migration assay with the inhibitor FH535 at 5uM and 15uM concentrations. In comparison with the
control group, cell migration was induced by FH535, Dkk3 and Dkk3 with FH535, in the same
manner, with no statistical difference between any of the groups. (Data shown as mean *SEM,
**p<0.01, *p<0.05, by Two-way ANOVA, followed by Bonferroni multiple comparison test, N=4).

3.5.7.2DVL inhibition by Peptide Pen-N3 had no effect in the Dkk3-driven migration

mechanism of Sca-1+ APCs

In the classical canonical Wnt signalling, the ligand’s binding to the receptor complex FZD-LRP5/6,
triggers the phosphorylation of the Dishevelled (Dvl) protein and the consequent signal transduction
which leads to the stabilization and accumulation of B-Catenin in the cytoplasm and translocation to
the nucleus. As a result, target gene transcription takes place followed by cellular response, such as

migration and proliferation.

On the other hand, in the non-canonical Wnt signalling pathway, upon FZD-mediated DVL activation,
the signal transduction through Racl and RhoA activation is generated independently of the B-
Catenin pathway [316-323].

To further support the assumption that the Dkk3-driven Sca-1+ APC migration did not implicate the
Whnt signalling pathway, we carried out another transwell migration assay using now the peptide
Pen-N3 (inhibitor of the PDZ domain of DVL), which disrupts the FZD-DVL interaction.
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Peptide Pen-N3, at 5 uM or 15 uM of concentration, did not affect the Dkk3-driven Sca-1+ APC
migration, as no significant difference was found between the condition in which Dkk3 was used

alone and the condition where it was used together with the inhibitor (Figure 3.5.7.2A).

We thus inferred that the Wnt signalling pathway, through DVL signalling transduction, was

potentially not involved in the migration mechanism of Sca-1+ cells induced by Dkk3.

A DVLinhibition by Peptide Pen-N3 had no effect in the Dkk3-driven migration of Sca-1+ APCs

| ns | ns
2.0 ns
| " ns | 2.01 l ns ns !
* | (—
* ns
T
1.5 ns I
! 1.59 ns
[
%] ns ]
[ 0
(4] (1]
o o
c1l0 2 1.0
Z <
- o
o —_
(TR o
('
0.59 0.5
0.0 T T 0.0 T T
Control Dkk3 25 ng/mL Control Dkk3 25 ng/mL
B3 vehicle BN DvI-PDZ 5 pM 3 venhicle B DvI-PDZ 15 gM

Figure 3.5.7.2A: DVL inhibition by Peptide Pen-N3 had no effect in the Dkk3-driven migration
mechanism of Sca-1+ APCs. The involvement of DVL, an important protein included in the Wnt
signalling pathway, in the Dkk3-driven migration mechanism of Sca-1+ APCs was assessed.
Treatment of the cells with the DVL-PDZ inhibitor (Peptide Pen-N3) did not affect the Dkk3-driven
migration of APCs, as no significant difference was found between the Dkk3 treatment group and
the group with both Dkk3 and DVL-PDZ inhibitor treatments. (Data shown as mean +SEM, *p<0.05,
by Two-way ANOVA, followed by Bonferroni multiple comparison test, N=4).
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3.5.7.3 Conclusion of part7: The Whnt signalling pathway is not involved in the Sca-1+ APC

migration mechanism stimulated by Dkk3 treatment

e Inhibition of the Wnt/B-Catenin signalling pathway by FH535 treatment significantly
promoted Sca-1+ cell migration.

e Nevertheless, no difference was found in the cell migration level between the condition in
which Dkk3 was used alone and the condition in which it was used together with the
inhibitor.

e For this reason, we inferred that the canonical Wnt/B-Catenin signalling pathway was not
involved in the Dkk3-mediated migration mechanism of Sca-1+ progenitor cells.

e Dishevelled protein inhibition by Peptide Pen-N3 (DVL-PDZ inhibitor) did not affect the Dkk3-
mediated Sca-1+ cell migration.

e The results obtained showed that the Wnt signalling pathway, through the Dishevelled
protein signalling transduction, was not implicated in the Sca-1+ APC migration induced by

Dkk3.
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3.6 CXCR7 is upstream of Dkk3-driven migration mechanism of Sca-1+
APCs

Up until now we showed that Dkk3 induced the migration of Sca-1+ APCs and that it binds to CXCR7.

The signalling pathways involved in the underlying Sca-1+ APC migration mechanism have been

uncovered as well.

Finally, we investigated whether CXCR7 activation by Dkk3 was upstream of the signalling pathways

involved in Sca-1+ APC migration mechanism above elucidated.

To this end, we transfected Sca-1+ APCs with CXCR7 SiRNA and assessed its effect on the signalling
pathways triggered by Dkk3 treatment.

3.6.1 CXCR7 downregulation repressed ERK phosphorylation in Sca-1+ APCs
induced by Dkk3

Dkk3 treatment increased ERK phosphorylation in the cells transfected with Control SiRNA. Upon
CXCR7 downregulation ERK phosphorylation was reduced at 10 and 15 minutes of Dkk3 treatment
(Figure 3.6.1A).

This result revealed that CXCR7 receptor is important for ERK activation by Dkk3 in Sca-1+ APCs.

A CXCR7 downregulation repressed ERK phosphorylation in Sca-1+ APCs induced by Dkk3
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Figure 3.6.1A CXCR7 downregulation repressed ERK phosphorylation in Sca-1+ APCs induced by
Dkk3. CXCR7 downregulation was achieved by SiRNA transfection and the level of ERK
phosphorylation was assessed. Dkk3 treatment for 10 and 15 minutes increased ERK
phosphorylation in Control SiRNA transfected cells. CXCR7 downregulation reduced ERK
phosphorylation induced by Dkk3 in Sca-1+ APCs.
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3.6.2 CXCR7 knockdown by SiRNA transfection supressed AKT phosphorylation in
Sca-1+ APCs stimulated by Dkk3

AKT activation by Dkk3 upon CXCR7 downregulation by SiRNA transfection was also analysed.
Control and CXCR7 SiRNA transfection did not activate AKT (Figure 3.6.2A).

Dkk3 treatment for 5 and 10 minutes induced AKT phosphorylation in the Control condition.
Upon CXCR7 knockdown Dkk3-triggered AKT phosphorylation was repressed.

We thus proved that CXCR7 is essential for AKT activation in Dkk3-mediated Sca-1+ APC migration.

A CXCR7 knockdown supressed Dkk3-triggered AKT phosphorylation in Sca-1+ APCs
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Figure 3.6.2A CXCR7 knockdown by SiRNA transfection supressed Dkk3-triggered AKT
phosphorylation in Sca-1+ APCs. AKT activation by Dkk3 upon CXCR7 downregulation was analysed.
Control and CXCR7 SiRNA transfection did not activate AKT. Dkk3 treatment for 5 and 10 minutes
induced AKT phosphorylation in the Control condition. Upon CXCR7 knockdown AKT
phosphorylation was repressed.
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3.6.3 Racl activation induced by Dkk3 is decreased in Sca-1+ cells transfected with
CXCR7 SiRNA

Racl-GTP level was measured upon CXCR7 knockdown in Sca-1+ APCs.
Control and CXCR7 SiRNA transfection did not stimulate Racl activation (Figure 3.6.3A).

Dkk3 treatment triggered Racl activation at 13 (1.5 fold increase) and 15 minutes (1.5 fold increase)
of stimulation in the Control condition, but it did not affect Rac1-GTP level in the CXCR7 knockdown

condition.

The data obtained proved that CXCR7 was essential for Racl activation triggered by Dkk3 in Sca-1+
progenitor cells.

A CXCR7 knockdown decreased Racl activation induced by Dkk3 treatment in Sca-1+ cells
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Figure 3.6.3A: Racl activation induced by Dkk3 was decreased in Sca-1+ cells transfected with
CXCR7 SiRNA. Racl-GTP level was measured upon CXCR7 knockdown in Sca-1+ progenitor cells.
Control and CXCR7 SiRNA transfection did not stimulate Racl activation. Dkk3 treatment triggered
Racl activation at 13 and 15 minutes of stimulation in the Control condition, but it did not affect
Rac1-GTP level in the CXCR7 knockdown condition (Data shown as mean +SEM, **p<0.01, *p<0.05,
by Two-way ANOVA, followed by Bonferroni multiple comparison test, N=3).
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3.6.4 Dkk3-driven RhoA activation in Sca-1+ cells was reduced upon CXCR7

downregulation
RhoA activation level was assessed upon CXCR7 downregulation in Sca-1+ progenitor cells.
The transfection of Control or CXCR7 SiRNA did not affect the Rho-GTP level (Figure 3.6.4A).

Once Dkk3 treatment was added for 13 (1.7 fold increase) and 15 minutes (1.3 fold increase), RhoA
activation was promoted in the Control condition. However, in the CXCR7 knockdown condition,

RhoA activation was not induced.

Therefore, CXCR7 was implicated in RhoA activation stimulated by Dkk3 in Sca-1+ APCs.

A Dkk3-driven RhoA activation in Sca-1+ APCs was reduced upon CXCR7 downregulation
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Figure 3.6.4A Dkk3-driven RhoA activation in Sca-1+ APCs was reduced upon CXCR7
downregulation. RhoA activation level was assessed upon CXCR7 downregulation in Sca-1+
progenitor cells. Control or CXCR7 SiRNA transfection did not affect the Rho-GTP level. Dkk3
treatment promoted RhoA activation at 13 (1.7 fold increase) and 15 minutes (1.3 fold increase) of
stimulation, in the Control condition. However, in the CXCR7 knockdown condition, RhoA activation
was not induced. (Data shown as mean *SEM, **p<0.01, *p<0.05, by Two-way ANOVA, followed by

Bonferroni multiple comparison test, N=3)

202



3.6.5 Conclusion of part 7: CXCR7 is upstream of Dkk3-driven migration

mechanism of Sca-1+ APCs

3.7

ERK phosphorylation induced by Dkk3 was supressed in Sca-1+ cells transfected with CXCR7
SiRNA.

AKT activation promoted by Dkk3 treatment was reduced upon CXCR7 downregulation.
CXCR7 knockdown repressed Racl activation driven by Dkk3 stimulation in Sca-1+ progenitor
cells.

Dkk3 mediated RhoA activation was decreased in the cells transfected with CXCR7 SiRNA.
CXCR7 is essential in Sca-1+ progenitor cell migration mechanism induced by Dkk3

treatment.

Summary 1

Dkk3 induced Sca-1+ APCs migration, in vitro and ex vivo.

Dkk3 binds to CXCR7 with high affinity.

MAPK Kinase signalling pathway is involved in Sca-1+ cell migration mechanism induced by
Dkk3.

PI3K/AKT signalling pathway is implicated in Dkk3-driven Sca-1+ APC migration mechanism.
Rho GTPase signalling cascade, including Racl and RhoA pathways, was induced by Dkk3
treatment in Sca-1+ progenitor cells.

CXCR7 receptor is upstream of the signalling pathways comprised in the Sca-1+ vascular

progenitor cell migration mechanism stimulated by Dkk3.
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3.8 Dkk3 binds to Integrins a5 and B1, through which it induces the

migration of Sca-1+ vascular progenitor cells

Protein-protein interaction can be studied by various different methodologies, including Co-
Imunoprecipitation, Pull-down assays, Mass Spectrometry, Phage display assay, Yeast-Two-Hybrid

technique, amongst others. [324]

In order to detect which proteins, especially receptors, interact with Dkk3, we selected a library-
based method. The Yeast-Two-Hybrid system is a well-established technique which has successfully
identified many protein-protein interactions, similar to the ones we wished to seek (Ligand-Receptor
interaction) [251, 325, 326].

We developed in our laboratory the Matchmaker® Gold Yeast Two-Hybrid System by following
thoroughly the instructions given by the manufacturer Clontech-Takara.

The ligand murine Dkk3 was used as the bait of this system and the Normalized Universal mouse

cDNA library was used as the prey.

3.8.1 The Yeast-Two-Hybrid system revealed that Dkk3 interacted with Integrin a5
and Integrin 1

3.8.1.1 Control experiments

The first step of this assay consisted of performing the control experiments, which allowed
understanding the functioning of the Yeast Two Hybrid (Y2H) System herein implemented.

The positive control consisted of the known interaction between murine p53 and the SV40 large T-
antigen in an Y2H system [327]. Y2HGold yeast strain was transformed with the plasmid pGBKT7-53,
which encodes GAL4 DNA-BD fused to p53. Y187 yeast strain was transformed with pGADT7-T,
which encodes GAL4 AD fused to SV40 large T-antigen (Table 3.8.1.1A).

The negative control comprised as well Y187 yeast strain transformed with pGADT7-T, but the
Y2HGold was transformed instead with pGBKT7-Lam, which encodes for GAL4 DNA-BD fused to

Human Lamin.

In the positive control, the resulting diploid cell should show an activation of the 4 reporter genes,

due to the interaction of p53 protein with SV40 large T-antigen. On the contrary, in the negative
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control, because Lamin and T-antigen do not interact with each other, the diploid cell should not

present the activation of the reporter genes.

The plasmids pGBKT7-53 and pGBKT7-Lam encode the tryptophan gene and hence, the cells
transformed with any of them (Y2HGold yeast strain cells) can grow on medium lacking this amino
acid. The plasmid pGADT7-T encodes for leucine, so Y187 cells transformed with this plasmid can
grow on medium that does not contain leucine. Diploid cells can grow on medium lacking both

tryptophan and leucine as they will contain both plasmids.

Table 3.8.1.1A: Yeast transformation strategy

Strain Transformation plasmid ‘ Agar plate
Y2HGold pGBKT7-53 SD/-Trp
Y2HGold pGBKT7-Lam SD/-Trp

Y187 PGADT7-T SD/-Leu

As expected, Y2HGold and Y187 yeast strains only grew on YPDA agar plates and no colony was
observed on Single Drop Out agar plates which lacked either tryptophan or leucine amino acids
(Table 3.8.1.1B).

Y2HGold cells transformed with either pGBKT7-53 or pGBKT7-Lam were able to grow on SD/-Trp but
not on SD/-Leu. On the other hand, Y187 cells transformed with pGADT7-T grew on SD/-Leu agar
plates and not on SD/-Trp.

Following mating, diploid cell colonies were displayed on DDO plates (SD/-Trp/-Leu). However, only
diploid cells containing the plasmids pGADT7-T and pGBKT7-53 were able to grow on DDO/X/A agar
plates, due to the interaction of p53 with the SV40 large T-antigen, which conferred the cells
resistance to the drug Aureobasidin A and which expressed a-galactosidase that hydrolyses X-a-Gal
substrate, thus turning the colonies blue. As no interaction occurs between lamin and SV40 T-
antigen, the corresponding diploid cells were not able to grow on DDO/X/A.
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Table 3.8.1.1B: Positive and negative control results

Mating strain and vector

Y2HGold

Plate on SD Minimal Expected

Agar Medium

2xYPDA

Result observed

result

White colonies

White coInies

Y187 2xXYPDA White colonies
Y2HGold SD/-Leu No colonies
Y2HGold SD/-Trp No colonies

White colonies

No colonies

No colonies
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Mating strain and vector

Y2HGold

Plate on SD Minima
Agar Medium

SD-Leu/-Trp (DDO)

Expected
result

No colonies

Result observed

No colonies

No colonies

No colonies

Y2HGold SD-Leu/-Trp/X-o- No colonies
Gal/AbA (DDO/X/A)

Y187 SD/-Trp No colonies

Y187 SD-Leu/-Trp (DDO) No colonies

No colonies
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Mating strain and vector

Plate on SD Minimal

Agar Medium

SD-Leu/-Trp/X-o-

Expected
result

No colonies

Result observed

No colonies

White/Red colonies

Gal/AbA (DDO/X/A)
Y187 — pGADT7-T SD/-Leu White/Red
colonies
Y187 — pGADT7-T SD/-Trp No colonies
Y2HGold — pGBKT7-53 SD/-Trp White/Red
colonies

No colonies

White/Red colonies
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Plate on SD Minimal Expected Result observed
Agar Medium result

Mating strain and vector

Y2HGold — pGBKT7-53 No colonies

No colonies
Y2HGold — pGBKT7-Lam SD/-Trp White/Red
colonies
White/Red colonies
Y2HGold — pGBKT7-Lam SD/-Leu No colonies
No colonies
Y187 — pGADT7-T SD-Leu/-Trp (DDO) White/Red
X colonies

Y2HGold — pGBKT7-53

White/Red colonies
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Mating strain and vector

Y187 — pGADT7-T
X
Y2HGold — pGBKT7-53

Plate on SD Minima
Agar Medium

SD-Leu/-Trp/X-o-
Gal/AbA (DDO/X/A)

Expected
result

Blue colonies

Result observed

Blue colonies

Y187 — pGADT7-T SD-Leu/-Trp (DDO) White/Red
X colonies
Y2HGold — pGBKT7-Lam
Y187 — pGADT7-T SD-Leu/-Trp/X-o- No colonies

X
Y2HGold — pGBKT7-Lam

Gal/AbA (DDO/X/A)

No colonies
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3.8.1.2 Test for auto-activation of the bait Dkk3

Another important control required was the confirmation that Dkk3 could not autonomously
activate any of the reporter genes in Y2HGold yeast cell without the presence of the prey protein.
Therefore, we transformed Y2HGold cells with the previously cloned plasmid comprising Dkk3 fused
to GAL4 DNA-BD and spread the cells on SD/-Trp, SD/-Leu, SD/-Trp/X/A, DDO, DDO/X/A and
Quadruple Drop Out —Trp/-Leu/Ade/-His (QDO) agar plates. The QDO medium is the most stringent
condition, as it does not contain tryptophan, leucine, adenine and histidine, which would only be
produced by diploid cells with GAL4 fully functional and reconstituted due to bait-prey interaction.

The data obtained revealed that Dkk3, in the absence of the prey protein, was not able to auto-
activate the reporter genes of the Y2HGold cells (Table 3.8.1.2), as no colonies were present on the
plates SD/-Leu, SD/-Trp/X/A, DDO, DDO/X/A and QDO. Colonies were observed only on plates SD/-
Trp plates.

Table 3.8.1.2: Test for Dkk3 auto-activation

Selective agar plate

Expected result Result observed

White/Red colonies

White/Re colonies

SD/-Leu No colonies

No colonies
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Selective agar plate Expected result Result observed

SD/-Trp/X-0-Gal/AbA No colonies

No colonies

SD/-Trp/-Leu (DDO) No colonies
No colonies

SD/-Trp/-Leu/X-a-Gal/AbA (DDO/X/A) No colonies
No colonies

SD/-Trp/-Leu/-His/-Ade (QDO) No colonies

No colonies
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3.8.1.3 Screening of the Normalized Universal Mouse Yeast Two Hybrid cDNA
Library

Mate & Plate™ Universal Mouse Library in Y187 cells frozen stock was mixed with a concentrated
culture of the Y2HGold cells previously transformed with the bait Dkk3 plasmid, followed by

incubation overnight to allow mating.

The obtained diploid cells were spread on SD/-Trp, SD/-Leu, DDO and DDO/X/A agar plates. From the
latter ones, the colonies that had grown were separately streaked on QDO/X/A plates, which have
higher stringency. Additional two times re-streaking on QDO/X/A were followed in order to

thoroughly segregate the white colonies from the blue target colonies.

In parallel, Y187 cells were transformed with the empty vector pGADT7 (corresponding to the vector
used to clone the prey - mouse library) and Y2HGold cells were transformed with the empty vector
pGBDT7 (empty vector used for bait cloning). These haploid cells were allowed to mate overnight.
Since no bait or prey proteins were cloned in these plasmids, it was expected that the resulting

diploid cells would not express the reporter genes.

Cells transformed with the Dkk3 bait plasmid were also submitted to mating with Y187 cells
transformed with the empty vector, in order to assess the possibility of the existence of false

positives.

All the mated diploid cells were plated on SD/-trp, SD/-Leu, DDO, DDO/X/A and QDO/X/A agar plates
and incubated for 3-5 days at 30°C.

Not surprisingly, pGADT7 transformed cells (Y187 strain) grew on SD/-Leu plates and pGBKT7
transformed cells (Y2HGold strain) grew on SD/-Trp agar plates (Table 3.8.1.3A). Furthermore, DDO
plates also exhibited colonies of diploid cells resultant from the mating of these empty vector-
transformed haploid cells. Nevertheless, no colonies were observed in DDO/X/A and QDO/X/A agar

plates, since no bait or prey proteins were expressed.

Upon mating of Y2HGold cells transformed with the bait Dkk3 fused to GAL4 DNA-BD and the Y187
cells transformed with the empty vector without any prey protein, colonies were displayed on DDO
plates (because empty bait and prey vectors encode for tryptophane and leucine, respectively) but
not on DDO/X/A and QDO/X/A agar plates, as no prey protein was present to interact with Dkk3.

In contrast, on all the DDO, DDO/X/A and QDO/X/A agar plates, because in the diploid cells, obtained
by mating Y2HGold cells transformed with bait Dkk3 with Y187 cells transformed with mouse cDNA
library, bait-prey interaction had occurred, distinct colonies were present. White/red colonies were
observed in DDO plates and blue colonies were detected on DDO/X/A and QDO/X/A agar plates.
These findings revealed that Dkk3 had interacted with prey proteins of the mouse library.
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Nonetheless, it was necessary to identify the prey proteins with which Dkk3 had interacted and

more importantly, to rule out false positive results.

Table 3.8.1.3A: Screening of the Universal mouse normalized Two-Hybrid Library

Mating strain and Selective agar plate Expected result Result observed

vector

Y187 — pGADT7 White/Red colonies

(empty vector)

White/Red colonies

Y2HGold — pGBKT7 SD/-Trp White/Red colonies
(empty vector)

White/Red colonies

Y187 — pGADT7 SD/-Trp/-Leu (DDO) White/Red colonies
(empty vector)
X
Y2HGold — pGBKT7
(empty vector)

White/Red colonies

Y187 — pGADT7 SD/-Trp/-Leu/X-a- No colonies
(empty vector) Gal/AbA
X (DDO/X/A)

Y2HGold — pGBKT7
(empty vector)

No colonies
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Mating strain and
vector

Y187 — pGADT7
(empty vector)
X
Y2HGold — pGBKT7

(empty vector)

Selective agar plate

SD/-Trp/-Leu/-His/-
Ade/X-o-Gal/AbA
(QDO/X/A)

Expected result

No colonies

Y187 — pGADT7
(empty vector)
X
Y2HGold — pGBKT7-
Dkk3

SD/-Trp/-Leu (DDO)

White/Red colonies

Y187 — pGADT7 SD/-Trp/-Leu/X-a- No colonies
(empty vector) Gal/AbA
X (DDO/X/A)
Y2HGold — pGBKT7-
Dkk3
Y187 — pGADT7 SD/-Trp/-Leu/-His/- No colonies

(empty vector)
X
Y2HGold — pGBKT7-
Dkk3

Ade/X-o-Gal/AbA
(QDO/X/A)

Result observed

No colonies

White/Red colonies

No colonies

No colonies

Y187 — pGADT7 -
mouse Library
X
Y2HGold — pGBKT7-
Dkk3

SD/-Trp/-Leu
(DDO)

White/Red colonies

White/Red colonies
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Mating strain and
vector

Y187 — pGADT7 —
mouse Library
X
Y2HGold — pGBKT7-

Dkk3

Selective agar plate

SD/-Trp/-Leu/X-a-
Gal/AbA
(DDO/X/A)

Expected result

Blue colonies

Y187 — pGADT7 —
mouse Library
X
Y2HGold — pGBKT7-
Dkk3

SD/-Trp/-Leu/-His/-
Ade/X-a-Gal/AbA
(QDO/X/A)

Blue colonies

Result observed

Blue colonies

From the positive blue colonies obtained, the prey plasmids were rescued and sent for sequencing.

The sequencing results enabled the identification of 69 proteins that interacted with murine Dkk3

(Table 3.8.1.3B).

Amongst these, we were more interested in identifying membrane bound proteins, that is,

receptors. Remarkably, 4 receptors were found: Integrinfl (two hits), Robo1l (one hit), Integrin a5
(one hit) and GPR116 (1 hit).

The identification of the Integrins a5 and B1 as receptors to which Dkk3 binds was a remarkable

evidence of the important role of Dkk3 in cell migration, as these particular integrins are well known

for their implication in cell migration mechanism of various cell types [328, 329]. Interestingly,

ITGa5B1 has been recognised as the receptor of fibronectin [330, 331]. What is more, Fibulin 5 was

also detected as a protein interacting with Dkk3 and studies have shown that ITGa5B1 actually binds

to Fibulin 5 [332, 333].

Considering the just described, we decided to focus on the receptors ITGa5 and ITGB1.
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Table 3.8.1.3B: Identification of the library prey proteins that interacted with the bait Dkk3

Plasmid | NCBI Reference
# Sequence

Full name Cellular component

Clathrin-coated vesicle;
AP-2 adaptor complex;
1 NM_013669.2 SNAP91 Synaptosomal-associated protein 91 Pre-and Post-synaptic
membrane;
Membrane
Cytoplasm;

2 NM_009632.2 Parp2 Poly (ADP-ribose) polymerase family, member 2 Nucleolus;
Nucleus

Integral component of

3 NM_027415.2 Tmem70 Transmembrane protein 70 . .
mitochondrial membrane

Clathrin-coated vesicle;
AP-2 adaptor complex;
4 NM_013669.2 SNAP91 Synaptosomal-associated protein 91 Pre and Post synaptic
membrane;
Membrane

5 NM_009396.2 Tnfaip2 Tumor necrosis factor, alpha-induced protein 2 Cytoplasm

Cell membrane;
6 NM_007399.4 Adam10 A desintegrin and metallopeptidase domain 10 Golgi apparatus;
Nucleus

Cytoplasm;

7 NM_001102458.1 Azinl Antizyme inhibitor 1
Nucleus

Integral component of

8 NM_001163456.1 Cox18 Cytochrome c oxidase assembly protein 18 mitochondrial inner
membrane

SNARE complex;

9 NM_152220.2 Stx3 Syntaxin 3 Cell membrane;

Dendrite

10 NM_030557.3 Mynn Myoneurin Nucleus

Cell membrane;
11 NM_010578.2 Itgb1 Integrin beta 1 (fibronectin receptor beta) Filopodium;

Focal adhesion
Cell membrane;

12 NM_010578.2 ltgb1 Integrin beta 1 (fibronectin receptor beta) Filopodium;
Focal adhesion
Cytoplasm;
13 NM_011327.4 Scp2 Sterol carrier protein 2, liver Mitochondrion;
Peroxisome
Cytosol;
14 NM_001252070.1 Dnah7a Dynein, axonemal, heavy chain 7A Cilium;
Inner dynein arm
15 NM_026242.3 Mrfapl Morf4 family associated protein 1 Cytoplasm;
Nucleus
. Cytoplasm;
16 NM_001319151.1 Myol6 Myosin XVI .
Myosin complex
17 NM_026470.3 Spata6b Spermatogenesis associated 6 el projection;

Sperm connecting piece
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Plasmid | NCBI Reference
Full name Cellular component
# Sequence
18 NM_007796.2 Ctla2a Cytotoxic T lymphocyte-associated protein 2 Dendrite
alpha
19 NM_009396.2 Tnfaip2 Tumor necrosis factor, alpha-induced protein 2 Cytoplasm
20 NM_001014973.2 Snx13 Sorting nexin 13 Endossome;
Membrane
Cytoplasm;
. Phosphatidylinositol 3-kinase, regulatory Membrane;
21 NM_001077495.2 Pik3r1 . . . .
- e subunit, polypeptide 1 (p85 alpha) Perinuclear endoplasmic
reticulum membrane
. . Ribosome;
22 NM_207635.1 Rps24 Ribosomal protein S24
Nucleus
23 NM_001170433.1 Ppfibp1 PTPRF Interacting protein, binding protein Focal adhesion
(liprin beta 1)
24 NM_144807.3 Chpt1 Choline phosphotransferase 1 Golgi apparatus
25 NM_009274.2 Srpk2 Serine/arginine-rich protein specific kinase 2 Cytoplasm;
Nucleus
Adaptor-related protein complex 1, Golgi apparatus;
26 NM_026887.3 Apls2 . . . .
- P sigma 2 subunit Clathrin-coated pit
27 NM_019413.2 Robo1l Roundabout guidance receptor 1 Axolemma;
Cell membrane
. . Cytopl ;
28 NM_009096.3 Rps6 Ribosomal protein S6 y opasm
Ribossome
Cytoplasm;
. . - . Nucleus;
29 NM_007700.2 Chuk Conserved helix-loop-helix ubiquitous kinase
CD40 receptor complex;
IkappaB kinase complex
Cytoplasm;
. . Extracellular space;
CKLF-like MARVEL transmembrane domain ’
30 NM_027022.4 Cmtm2a : .. : Integral component of
containing 2A
membrane;
Nucleus
Extracellular region;
31 NM_001037841.3 Cklf Chemokine-like factor Integral component of
membrane
heterotrimeric G-protein
. . - . complex;
32 NM_001113384.1 Gnaol Guanine nucleotide binding protein, alpha O
Membrane;
Dendrite
Golgi apparatus;
33 NM_010948.3 Nudc NudC nuclear distribution protein Cytoplasm;
Cytoskeleton
Extracellular matrix;
34 NM_011812.4 Fbin5 Fibulin 5 Colocalization with elastic
fiber
35 NM_001014973.2 [  Snx13 Sorting nexin 13 Endossome;
Membrane
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Plasmid

NCBI Reference

Full name Cellular component
# Sequence
Plasma membrane;
Focal adhesion;
36 NM_008402.3 It Integrin alpha V . . ’
| gav ntegrin alpha Filopodium:
Lamellipodium
Inner acrosomal
37 NM_030028.1 Tmem190 Transmembrane protein 190 membrane;
Nucleus
38 NM_001164838.1 Lrrfip2 Leucine rich repeat (in FLII) interacting protein 2 Nucleus
39 NM_024406.2 Fabp4 Fatty acid binding protein 4, adipocyte Cytoplasm
40 NM_001286062.1 Angptl Angiopoietin 1 Extracellular
41 NM_054077.4 Prelp Proline arginine-rich end leucine-rich repeat Extracellular
42 NM_054077.4 Prelp Proline arginine-rich end leucine-rich repeat Extracellular
Caveola;
. . Golgi tus;
43 NM_001243064.1 Cavl Caveolin 1, caveolae protein '8! appara. us
Endoplasmic reticulum;
Plasma membrane
44 NM_177025.5 Cobll1 Cobl-like 1 Extracellular exosome
45 NM_001164838.1 Lrrfip2 Leucine rich repeat (in FLII) interacting protein 2 Nucleus
Golgi apparatus;
46 NM_172675.4 Stx16 Syntaxin 16 SNARE complex;
Focal adhesion
. N . Mitochondrion;
47 NM_026759.3 Mrpl13 Mitochondrial ribosomal protein L13 ! 9c onarion
Ribossome
48 NM_023785.3 Ppbp Pro-platelet basic protein Extracellular
Extracellular;
49 NM_010518.2 Igfbp5 Insulin-like growth factor binding protein 5 Insulin-like growth factor
binding protein complex
. ABI gene family, member 3 (NESH) bindin .
50 NM_178790.4 Abi3bp g Ty . ( ) binding Extracellular matrix
protein
51 NM_180599.1 Mfap3 Microfibrillar-associated protein 3 Membrane
Heterotrimeric G-protein
. . - . . complex;
52 NM_001160017.1 Gnbl Guanine nucleotide binding protein (G protein), Dendrite;
beta 1 .
Photoreceptor inner and
outer segment
53 NM_173753.4 Fnipl Folliculin interacting protein 1 Cytoplasm
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Plasmid | NCBI Reference
Full name Cellular component
# Sequence
Cell membrane;
54 NM_010578.2 Itgbl Integrin beta 1 (fibronectin receptor beta) Filopodium;
Focal adhesion
L . Cytoplasm;
55 NM_009063.4 Rgs5 R lat f G-prot Il 5
_ gs egulator of G-protein signalling Membrane
56 NM_198297.3 Tratl T cell receptor associated transmembrane T cell receptor complex;
adaptorl Plasma membrane
Adgrf5 . .
57 NM_001081178.1 GPR116 Adhesion G protein-coupled receptor F5 Plasma membrane
L . Cytoplasm;
58 NM_009063.4 Rgs5 R lat f G-prot Il 5
_ gs egulator of G-protein signalling Membrane
Extracellular;
59 NM_010518.2 Igfbp5 Insulin-like growth factor binding protein 5 Insulin-like growth factor
binding protein complex
Extracellular matrix;
60 NM_011812.4 FbIn5 Fibulin 5 Colocalization with elastic
fiber
61 NM_001317243.1 Mtch2 Mitochondrial carrier 2 Mitochondrion
62 NM_009443.3 Tgolnl Trans-golgi network protein Golgi apparatus
Cytoplasm;
Perinucl i f
63 NM_027409.5 Mospd1 Motile sperm domain containing 1 erinuciear region o
cytoplasm;
Membrane
64 NM_001243008.1 Col6a3 Collagen, type VI, alpha 3 Extracellular matrix
65 NM_001243008.1 Col6a3 Collagen, type VI, alpha 3 Extracellular matrix
66 NM_001243008.1 Col6a3 Collagen, type VI, alpha 3 Extracellular matrix
Cytoplasm;
Endoplasmic reticulum;
67 NM_026433.2 Tmem100 Transmembrane protein 100 Membrane;
Perinuclear region of
cytoplasm
Golgi apparatus;
68 NM_010948.3 Nudc NudC nuclear distribution protein Cytoplasm;
Cytoskeleton
Cytoplasm;
69 NM_134034.2 Ppp4r3b Protein phosphatase 4 regulatory subunit 3B Protein phosphatase 4
complex

220




3.8.14 Confirmation of the positive interactions

To rule out the possibility of false positive interactions, we co-transformed Y2HGold competent
yeast cells with the identified prey plasmids and with either Dkk3 bait plasmid or bait empty vector
(Figure 3.8.1.4).

The co-transformation mix was spread on DDO/X, followed by QDO/X/A plates. Upon interaction of
Dkk3 with either ITGa5 or ITGB1, blue colonies should grow on both plates, as the GAL4
transcription activator would be reconstituted and functional. In contrast, no colonies should be
observed on QDO/X/A corresponding to the yeast co-transformed with bait empty vector and with
the identified prey plasmids, since Dkk3 would not be present to interact with the prey proteins and
thus activate the reporter genes.

The results obtained proved that the Dkk3-ITGa5 and Dkk3-ITGB1 interactions were genuine,
because blue colonies were detected on both DDO/X and QDO/X/A plates, which did not occur when
empty vectors were used, as white colonies were present on DDO/X plates but colonies were absent
on QDO/X/A agar plates (Table 3.8.1.4).

A Co-transformation strategy for confirmation of positive interactions

pGBKT7-Dkk3 pGBKT7- pGBKT7-Dkk3 pGBKT7-
+ + + +
pGADT7-ITGa5 pGADT7-ITGa5 pGADT7-ITGB1 pGADT7-ITGB1

Co-transformation l Co-transformation l Co-transformationl Co-transformation l

DDO/X

QDO/X/A




Figure 3.8.1.4: Co-transformation strategy for confirmation of positive interaction. Y2HGold
competent yeast cells were co-transformed with the identified prey plasmid and either Dkk3 bait
plasmid or bait empty vector. The genuine interaction between Dkk3 and ITGa5/ITGB1 was
confirmed by the presence of blue colonies on both DDO/X and QDO/X/A plates. In contrast, the
cells co-transformed with the prey plasmid and the bait empty vector grew as white colonies on
DDO/X, but no colonies were observed on QDO/X/A.

Table 3.8.1.4: Results for the positive interaction confirmation test

Mating strain and Selective agar plate  Expected result Result observed
vector

pGBKT7-Dkk3 Blue colonies
X
pGADT7-ITGa5

Blue colonies

= = T
— R

pGBKT7-Dkk3 QDO/X/A Blue colonies
X
pGADT7-ITGa5

Blue colonies

pGBKT7-Empty DDO/X White colonies
X
pGADT7-ITGa5

White colonies

222



Mating strain and
vector

pGBKT7-Empty
X
pGADT7-ITGa5

Selective agar plate

QDO/X/A

Expected result

No colonies

Result observed

pGBKT7-Dkk3
X
pGADT7-ITGR1

DDO/X

Blue colonies

pGBKT7-Dkk3
X
pGADT7-ITGR1

QDO/X/A

Blue colonies

Blue colonies

pGBKT7-Empty
X
pGADT7-ITGB1

DDO/X

White colonies

White colonies
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Mating strain and
vector

Selective agar plate  Expected result Result observed

pGBKT7-Empty No colonies
X

pGADT7-ITGR1

QDO/X/A

No colonies

3.8.2 Integrins a5 and B1 expression in Sca-1+ vascular progenitor cells

In view of the previous findings, we analysed the expression of ITGa5 and ITGB1 in Sca-1+ progenitor
cells, to understand whether the Dkk3-driven migration mechanism of the Sca-1+ APCs involved the
interaction of this ligand with ITGa5 and ITGB1.

We performed a gPCR analysis on Sca-1+-APCs, SMCs and ECS (Figure 3.8.2A) and the results
revealed that the expression of both ITGa5 and ITGB1 is higher on Sca-1+-APCs than on ECs,
although with no statistical significance, and lower than on SMCs with significant difference for
ITGB1.

The protein expression by western blot showed that both proteins are expressed in Sca-1+ APCs,
however less than in SMCs (Figure 3.8.2B).

A mRNA Expression of ITGa5 and ITGB1 in ECs, Sca-1+ APCs and SMCs

3 ec
3 arc
Hl svc

Fold increase
N
L

Integrin o5 Integrin g1

Integrin receptors
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B Protein expression of ITGa5 and ITGB1 in ECs, Sca-1+ APCs and SMCs

EC APC SMC

EC APC SMC
£l

Figure 3.8.2 ITGa5 and ITGB1 expression in Sca-1+ APCs, ECs and SMCs. A: mRNA Expression by
gPCR; B: Protein expression by western blot. The expression of both ITGa5 and ITGB1 is higher in

Sca-1+ APCs than in ECs, although with no statistical significance, and lower than in SMCs with
significant difference for ITGB1. Protein expression showed that Sca-1+ APCs express ITGa5 and
ITGB1, however at lower level than SMCs. (Data shown as mean +SEM, *p<0.05, by Two-way ANOVA

and Bonferroni multiple comparison test, N=5).

3.8.3 Dkk3 binds to Integrins a5 and B1 in Sca-1+ progenitor cells

After confirming the expression of ITGa5 and ITGB1l in Sca-1+ cells we carried out a Co-

Immunoprecipitation assay.

The AminolLink Plus Coupling Resin spin columns (Thermofisher) coupled with Rabbit anti-ITGB1 or
Rabbit IgG were prepared.

The Dkk3 treated cell lysates were pre-cleared through Control Agarose Resin slurry spin columns
and incubated overnight at 4°C with either the Rabbit 1gG- or Anti-ITGB1-Coupling Resin spin

columns.

After antibody coupling to the resin columns, the lysates were eluted and the western blot was

performed on the eluted and input samples.

Following Dkk3 antibody incubation, the results obtained showed that Dkk3 bound to ITGB1, as a
band was observed for the samples added to the ITGB1-coupled spin column (test sample) that
matched a band displayed for the input sample, thus validating the Dkk3-ITGB1 band size (Figure
3.8.3A). Although a slight band was apparent in the IgG control, this was so faint in comparison to
the band observed for the test sample, that it was dismissed as either a fall over from the input or an

artefact of the experiment. We therefore concluded that a specific binding was obtained.
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We next incubated the membrane with ITGa5 antibody and interestingly, the corresponding band
was detected, which indicated that ITGa5 binds to ITGB1 and this receptor complex can potentially
bind to Dkk3. No band was present in the samples passed through the IgG-coupled columns,
revealing the absence of unspecific binding. Once more, the input sample displayed a matching
band, which validated the size of the band acquired.

A Dkk3 and ITGa5 co-Immunoprecipitated
with ITGB1 in Sca-1+ APCs

Input IgG ITGB1

mokis (- -

Figure 3.8.3A Dkk3 and ITGa5 co-iImmunoprecipitated with ITGB1 in Sca-1+ progenitor cells. ITGB1
antibody or Rabbit IgG were coupled to Resin spin columns in order to verify if Dkk3 and ITGa5 could

co-immunoprecipitate with ITGB1. Western blot analysis revealed that Dkk3 bound to ITGB1, with
no bands observed corresponding to IgG. The input sample exhibited a matching band. After re-
incubation of the membrane with ITGa5 antibody, it was observed that ITGa5 also
immunoprecipitated with ITGB1. The input sample once more validated the band size and no band
was found for IgG.

3.8.4 Integrins a5 and B1 are high affinity binding receptors for Dkk3

Next, we analysed the binding affinity of Dkk3 for ITGa5 and TGB1 and calculated the corresponding

dissociation constants (Kp) through a saturation binding assay.

HEK 293T cells were transfected with empty vector pCMV3-ORF-HA or with plasmids pCMV3-ITGa5-
HA and pCMV3-ITGB1-HA (Sino Biological Inc.). After 48 hours of transfection, the cells were washed
with ice cold PBS and lysed to obtain the membrane extracts containing the overexpressed

receptors.

In parallel, HA coated ELISA 96-well plates were prepared and the transfected HEK cell membrane
extracts were loaded onto to the anti-HA coated wells. Serially diluted hDkk3-AP ligand was added to
the wells and the AP activity was measured by adding PNPP to the wells and reading the
chemiluminescence signal. For each ligand concentration, the background binding value (membrane
extracts of cells transfected with empty vector) was subtracted. The values of non-conjugated hDkk3

were used as the blank.
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The gPCR analysis confirmed the ITGa5 and ITGB1 overexpression in HEK 293T cells (Figure 3.8.4A
and B).

The binding curves obtained for both ITGa5 and ITGB1 were characteristically hyperbolic (Figure
3.8.4D) and the dissociation constants obtained, Kp=18.15 (ITGB1) and Kp=14.85 (ITGa5),
demonstrated that Dkk3 bound with high affinity to ITGa5 and to ITGB1 (Figure 3.8.4C and D).
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Figure 3.8.4 Integrins a5 and B1 are high affinity binding receptors for Dkk3. The binding affinity of
Dkk3 to ITGa5 and ITGB1 was assessed with the calculation of the respective dissociation constants.
HEK 293T cells were transfected with either empty vector pCMV3-ORF-HA or with the plasmids
pCMV3-ITGa5-HA and pCMV-ITGB1-HA. A, B: Respectively, mRNA Expression of ITGa5 and ITGB1
upregulation in HEK 293T cells. Overexpression of ITGa5 and ITGB1 was confirmed by qPCR. The
transfected cell lysates were loaded onto the wells of a high binding 96-well ELISA-plate previously
coated with HA-antibody. hDkk3-AP serially diluted solutions were allowed to bind for 2 hours to the
receptors of the cell extracts. The AP activity was measured by chemiluminescence. C: Binding of
hDkk3-AP to hiITGa5 and hITGB1 HEK 293T transfected cells. D: Scatchard analysis of hDkk3-AP to
hITGa5 and hITGB1 HEK 293T transfected cells. Dkk3 bound with high affinity to ITGa5 (KD=14.85)
and ITGB1 (KD=18.15). (Data shown as mean +SEM, by Student’s t-test for A and B. Data represented
in C and D correspond to the average of two independent experiments).

3.8.5 Downregulation of Integrins a5 and B1 supressed the migration of Sca-1+
APCs driven by Dkk3 stimulation

Up until now we confirmed that Dkk3 binds to ITGa5 and ITGB1. We next sought to verify whether
the downregulation of these receptors was involved in the migration of the Sca-1+ progenitor cells
stimulated by Dkk3 treatment.

Therefore, Sca-1+ APCs were transfected with ITGa5, ITGB1 or ITGa5+ITGB1 SiRNAs. After 48 hours
of transfection, the cells were submitted to wound healing assay overnight (15 hours) under Control
or Dkk3 treatment conditions (Figure 3.8.5B).

The analysis of mRNA expression showed that the SiRNA transfection was successfully achieved
(Figure 3.8.5A).

Dkk3-mediated Sca-1+ cell migration (1.6 fold increase compared to control) was repressed upon
ITGa5, ITGB1 and ITGa5+ITGR1 downregulation (Figure 3.8.5C).

This result proved that ITGa5 and ITGB1 are implicated in the Dkk3-triggered Sca-1+ progenitor cell

migration mechanism.
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A Downregulation of ITGa5 and ITGB1 by SiRNA transfection in Sca-1+ APCs — gPCR analysis
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Figure 3.8.5 Downregulation of Integrins a5 and B1 supressed Dkk3-driven Sca-1+ APC migration.
Sca-1+ vascular progenitor cells were transfected with ITGa5 and ITGB1 SiRNAs. A: Downregulation
of ITGa5 and ITGB1 by SiRNA transfection in Sca-1+ APCs — qPCR analysis. The mRNA expression
analysis demonstrated that ITGa5 and ITGB1 were successfully downregulated in Sca-1+ APCs; N=5.
B: Wound healing assay of Sca-1+ vascular progenitor cells treated with Dkk3, upon knockdown of
ITGa5 and ITGB1 by SiRNA transfection. The SiRNA transfected cells were submitted to wound
healing assay overnight (15 hours) upon Control and Dkk3 treatments. C: Quantification of Dkk3-
driven migration of Sca-1+ APCs upon downregulation of ITGa5 and ITGB1 by SiRNA transfection.
ITGa5 and ITGB1 downregulation supressed Dkk3-mediated Sca-1+ APC migration. (Data shown as
mean +SEM, **p<0.01, #¥p<0.001, #p<0.01, #p<0.05, by Student’s T test (A) and Two-way ANOVA
(C), followed by Bonferroni multiple comparison test, N=3. The symbol * corresponds to the fold
increase between the Dkk3 treated cells and the untreated cells, both in the Control SiRNA
transfection condition; the symbol # corresponds to the fold increase between the Dkk3 treated
Control SiRNA transfected cells and all the other groups of cells).
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3.9 Summary 2

e The Yeast Two Hybrid system revealed that Dkk3 interacts with Integrin a5 and Integrin 1.

e The Co-Immunoprecipitation assay showed that Dkk3 and Integrin a5 bind to Integrin B1,
possibly forming a ternary complex.

e Integrin a5 and Integrin B1 are high affinity binding receptors for Dkk3.

e Downregulation of Integrin a5 and Integrin Bl reduced the Dkk3-driven Sca-1+ vascular
progenitor cell migration.

e ITGa5B1 was involved in the Dkk3-mediated Sca-1+ APCs migration.
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Chapter 4: Discussion
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4.1 Brief Overview and Summary of the Major Findings

In 2012, cardiovascular diseases were reported to be the major cause of premature death
worldwide, representing 31% of all global deaths. These diseases include hypertension,
hyperlipidaemia-induced atherosclerosis, transplant arteriosclerosis, restenosis resulting from
angioplasty, vein graft atherosclerosis and aneurysms, which exhibit a paramount underlying process
known as vascular remodelling, which is characterized by an alteration of the structure of the blood
vessels, due to cell migration, proliferation, growth, death and secretion of matrix degradation
enzymes [334-336]. This process can occur in response to cytokines, including chemokines, produced
by activated endothelial cells (ECs), Smooth muscle cells (SMCs), inflammatory cells, platelets,
amongst others [142, 337-344].

In this context, one important therapeutic strategy is to control or regulate cell migration and/or
proliferation. Sdf-1a is a chemokine well-known for playing a key role in the recruitment and homing
of cells which contribute to neointima formation, comprising hematopoietic stem cells (HSC),
endothelial progenitor cells (EPCs), smooth muscle cells, inflammatory cells, and platelets [142, 149,
150, 345-351]. The cognate receptors of Sdf-1a are CXCR4 and CXCR7 [149, 284, 352-359]. Inhibition
of CXCR4 by AMD3100, commercially available as Plerixafor, has shown to prevent cell migration,
thus reducing abnormal cell accumulation in neointimal hyperplasia. On the other hand,
hematopoietic stem cell mobilization driven by CXCR4 antagonism is required and beneficial in stem
cell transplantation therapies against many cancers, as blocking CXCR4 inhibits the retention of the
cells in the bone marrow via Sdf-1a [102] [294, 360-370].

Studies have demonstrated that the cells contributing to neointima thickening originate not only
from local media SMC migration and proliferation but also from circulating progenitor cells, which
are able to differentiate into different cell types [24, 38, 43, 336, 371-374]. More recently, our group
revealed that progenitor cells also reside in the adventitia of the vessel wall, expressing stem cell
markers, such as Sca-1+, c-kit+, CD34 and Flk1 and that they can also differentiate into SMCs [6]. An
increasing number of studies has further supported this notion of the existence of resident
progenitor cells in the vessel wall and demonstrated that the understanding of the function and
behaviour of these cells is of great importance, especially regarding the development of new
therapeutic approaches in cardiovascular diseases [3, 5, 9, 10, 47, 75, 100, 259-262, 335, 375-382].

The discovery of new cytokines/chemokines involved in cell migration and differentiation during the
process of remodelling as well as the elucidation of the underlying mechanisms of action could give
rise to novel potential therapies for the treatment of several cardiovascular disorders. Furthermore,
the identification on the surface of migratory cells of the receptor mediating the cellular response to

these cytokines/chemokines is central in the development of drug targeted therapy [367, 383-387].

Our laboratory has investigated the role of Dkk3 using several models. A microarray analysis of
partially induced pluripotent stem cells (PiPSCs) subjected to differentiation into SMCs revealed that

Dkk3 expression was elevated alongside the expression of SMC markers, such as Calponin and SM22,
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during the differentiation process. Moreover, overexpression of and stimulation with Dkk3 led to an
additional increase in the expression of the SMC markers. The supernatant of differentiated cells

also exhibited a greater concentration of Dkk3 [244].

Similarly, Dkk3 was shown to be involved in the differentiation of Embryonic Stem Cells (ESCs) into
SMCs, as the knockdown of Dkk3 reduced the expression of the SMC markers. Furthermore,
overexpression of Dkk3 promoted its secretion and the expression of Myocardin, a SMC gene

transcription activator [243].

The hypothesis that Dkk3 could act as a cytokine, was supported by Watanabe et al., whose study
demonstrated the ability of exogenous Dkk3 to induce the differentiation of monocytes into a novel
cell type resembling immature dendritic cells [241] and reinforced by Kinoshita et al., who verified
that Dkk3 protein injection produced a cytokine-like effect which induced the differentiation of
monocytes into dendritic-like cells, thus allowing Dkk3 to play a systemic anticancer immunity role
[242].

Dkk3 involvement in cardiovascular pathology is supported by the observation that it is
overexpressed in cross-sections of ApoE”" mice aortic roots compared to wild type mice aortas
(unpublished data). Consequently, our hypothesis is that Dkk3 is a chemokine-like protein capable of

inducing the chemotaxis of the adventitia-derived Sca-1+ vascular progenitor cells (Sca-1+ APCs).

The current project aimed at studying the migration of Sca-1+ APCs in response to Dkk3 and
identifying the underlying mechanisms including the identification of the receptor mediating Dkk3

response.

We have demonstrated that Dkk3 induces the migration of resident Sca-1+ APCs, in vitro and ex vivo,
in the same manner as Sdf-1a. Additionally, receptor-ligand assays revealed that Dkk3, like Sdf-1a,
binds with high affinity to CXCR7, which was further confirmed by Co-Immunoprecipitation analysis.
Functional migration assays including overexpression and knockdown of the receptor further proved
the involvement of CXCR7 in the Dkk3 driven migration of Sca-1+ APCs. The study of the signalling
pathways triggered in response to Dkk3 treatment showed that MAPK kinase signalling cascade,
PI3K/AKT signalling pathway and Rho GTPases family members RhoA and Racl were implicated in
Sca-1+ APCs cell migration. Remarkably, Dkk3 and chemokine Sdf-la activated the same
downstream signalling pathways in Sca-1+ cells. Finally, the downregulation of CXCR7 affected the
signalling pathways activated by Dkk3 stimulation, thus confirming the upstream role of this

receptor in the Sca-1+ progenitor cell migration.

To achieve a complete screen of the potential receptors that could interact with Dkk3 we performed
a Yeast Two Hybrid experiment. Our results indicated that, amongst other proteins, Integrin a5
(ITGa5) and Integrin B1 (ITGP1) interacted with Dkk3. Co-immunoprecipitation and Ligand-receptor
binding affinity studies confirmed the interaction discovered. To investigate whether these receptors

are involved in the migration of Sca-1+ APCs promoted by Dkk3, their expression was knocked down
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by SiRNA transfection in the cells before migration assays were performed. Notably, Dkk3-mediated

Sca-1+ cell migration was repressed upon the downregulation of ITGa5 and ITGB1.

The data herein presented are the first to show that Dkk3 can elicit a chemotactic response in
adventitia-derived Sca-1+ vascular progenitor cells. Moreover, our work finally provided the first
evidences of high affinity binding receptors of Dkk3, which had not been identified thus far. These

findings will be discussed in detail in the following paragraphs.

4.2 The role of Dkk3 as a chemokine-like protein capable of inducing

chemotaxis in Adventitia-derived Sca-1+ vascular Progenitor Cells

In 2004, Hu et al., were the first to reveal that a population of stem/progenitor cells resides in the
Adventitia of ApoE-/- mice aortic roots and that these cells express the stem cell markers Sca-1+, c-
Kit+, CD34 and Flk-1. The same study showed that isolated adventitial Sca-1+ cells could differentiate
In vitro into SMCs in response to Pdgf-B. Additionally, the capacity /n vivo of the adventitial Sca-1+
cells to migrate across the vessel wall and subsequently differentiate into SMCs thus contributing to
neointima formation, was proved when Sca-1+B-gal cells carrying the SM22-LacZ gene applied on
the adventitial side of vein grafts in ApoE-" mice were detected after 4 weeks differentiated into
SMCs (B-gal*) in the neointima [6].

Later, our group studied the function of Sca-1+ progenitor cells in pathological vessels and concluded
that these cells are present in the adventitia of vein grafts 4 weeks after implantation. Adventitial
Sca-1+ cells possessed a multipotent capacity to differentiate in vitro not only into SMCs but also
into other cell types such as adipogenic, osteogenic, or chondrogenic lineages. In the ex vivo
bioreactor system, Sca-1+ cells also proved to have a migratory ability from the external side of the
vessel scaffold towards Sdf-1a added in the circulating medium. SMC markers were also expressed in
these migratory cells present in the decellularized vessel wall. Finally, carotid artery vein graft
implanted in ApoE”" mice, after being enveloped with adventitial Sca-1+ progenitor cells, displayed
an exacerbation of the atherosclerotic lesions, in comparison to the grafts with no Sca-1+ cell
seeding. Taken together it was determined that the adventitia-derived Sca-1+ vascular progenitor
cells actively participate in the pathogenesis of vein graft atherosclerosis, via migration and
differentiation into SMCs [103].

More recently, another work from our laboratory demonstrated that SMCs secrete chemokines,
such as CCL2 and CXCL1, which in turn stimulates the migration of resident Sca-1+ progenitor cells to

the neointima [78].

The above studies draw the attention to the fact that the migration of stem/progenitor cells, which

participate in the vascular remodelling phenomenon, is driven by the presence of chemotactic

235



proteins produced by different cell types, although the underlying migration mechanisms still

require clarification.

We sought to investigate whether Dkk3 is a chemokine-like protein involved in the migration of the
Sca-1+ cells. Furthermore, as no receptor has been truly recognised yet for this protein, we aimed at

identifying the receptor of Dkk3.

4.2.1 Dkk3 induces the migration of Sca-1+ vascular progenitor cells

SMCs are activated in response to vessel injury. As a consequence, these cells undergo proliferation
and migration, thus contributing to neointima formation [388-390]. Additionally, cytokines and
growth factors are released, leading to the development of an inflammatory microenvironment and
the recruitment and mobilization of inflammatory cells and circulating progenitor cells [119, 343,
391]. Many studies have already proven that resident progenitor cells also participate in neointimal
hyperplasia via migration and differentiation processes [5, 6, 75, 392].

Our project focuses on Adventitia-derived Sca-1+ vascular progenitor cells (Sca-1+ APCs) to further
investigate their contribution to vascular remodelling, in particular through to their migration
behaviour, which thus far lacks insight.

The Sca-1+ APCs were isolated from and sorted by Immunomagnetic beads selection. The sorting
method efficiency and the establishment of the purity of the cell population after n passages, were
assessed by flow cytometry analysis. The results proved that the purity of the Sca-1+ cell population
was preserved even following 5 passages, as an average of 93% of Sca-1+ cells was detected (Figure
3.1). Therefore, the cells were sorted using Sca-1+ marker every 5 passages.

Sdf-1a is one of the most well-known chemokines with an established role in inducing migration,
proliferation and differentiation of various cell types, namely circulating and resident
stem/progenitor cells [102, 393]. Therefore, this chemokine was used as the positive control in the

functional migration assays.

Two types of migration methods were implemented due to their distinctive characteristics and the
need to explore different modes of cell migration. In the transwell migration assay the cells are
loaded in the upper side of a porous membrane insert and the chemokine medium is placed in the
lower chamber. A chemoattractant gradient is formed, towards which the cells migrate through the
porous membrane (physical barrier). Cell quantification of the migrated cells on the lower side of the
membrane is followed under the microscope. Thus, this type of migration assay is an end-point
chemotaxis study, as fixing and staining steps are required for cell quantification. Invasion studies
may also be carried out by the transwell assay, with the addition of an extracellular matrix on top of

the porous membrane. On the other hand, the Wound healing assay, also known as Scratch assay, is
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a simple approach which only requires doing a scratch with a tip on a cell monolayer. The wound
closure can thus be monitored, in response to different treatments. In this type of migration study,
the speed of cell migration can also be assessed as well as single cell migratory behaviour. This
method is a two-dimensional assay and no chemotaxis gradient is achieved. Furthermore, cell
proliferation can also affect the outcome of the experiment. However, when treating the cells with
inhibitors that can change the cell morphology/cytoskeleton, it might be preferable to perform the
Scratch assay to assure that the result which we obtained is actually due to the treatment in study
and not to the secondary effect observed on the cell morphology. For example, if an inhibitor
supresses filopodia/lamellipodia formation in the cells, these can show a reduced size and thus pass
more easily through the pores of the transwell insert. Nevertheless, in the scratch assay, the wound
closure could be slower in response to the same inhibitor, as reduced number of
filopodia/lamellipodia could represent a poorer migratory ability of the cell. Hence, the selection of
the migration assay to be used should be cautious and adequate to the intent of the analysis and to
the type of cell, as only adherent cells can be used in the Wound healing assay. Table 4.2.1 succinctly

compares both /n vitro migration assays [394-397].

Table 4.2.1 Comparison between Transwell and Wound healing migration assays

Feature Transwell Migration assay Wound healing assay
Cost Costs associated with the More economical
acquisition of the transwell insert
Cell compatibility Adherent and suspension cells Adherent cells
Detection time End-point End-point or Real-time
Type of analysis Quantitative Quantitative and Qualitative
Chemotaxis gradient Yes No
Adaptability to automation Difficult Easy
Reproducibility Good Fair
Dimensionality 2D and 3D 2D
Direction of movement Mainly Vertical Horizontal
Measurement Cell count Cell count; Wound closure
Live imaging and/or Single No Yes
cell tracking

The Sdf-1a concentration range (0-100 ng/mL) used to promote Sca-1+ APC migration in vitro and ex
vivo was selected according to the found in the literature and performed previously in our laboratory
[102, 103]. Sdf-1a-driven migration assay showed that the migration fold increase peaked at 10-50
ng/mL of treatment and started to slightly reduce at higher concentration, although still above the
control condition (Figures 3.2.1.C and 3.2.2.C). This could suggest that the receptors CXCR4 and/or
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CXCR7 mediating Sdf-1a response were at the beginning progressively activated until a saturation
state was reached upon increasing chemokine treatment [136, 398]. Furthermore, chemokine
receptor internalization after activation has been demonstrated by many studies [399, 400].
Therefore, internalization of the CXCR4 and CXCR7 could possibly have occurred, thus leaving less
available receptors on the cell surface for additional ligand binding and consequent cell migration

stimulation.

No report has been published so far on the direct migratory effect of Dkk3 on vascular progenitor
cells. Dkk3 protein has always been associated with tumour development, particularly regarding its
role in cell apoptosis, proliferation, migration and invasion. Contrasting studies on the role of Dkk3 in
cancer have emerged over time as Dkk3 has both been recognised as a tumour suppressor agent
[226-231] and associated with the development of tumour pathogenesis [232-235]. Studies on the
role of Dkk3 on cell migration in cancer have been published. Huo et al., showed that Dkk3
overexpression attenuated the miR-25-induced motility of MV3 cells (Human melanoma cell line)
[228]. Romero et al., demonstrated that culture medium from cells transfected with Dkk-3 plasmids,
compared to control culture medium, inhibited TGF-B-induced PC3 cell (human prostate
cancer cell lines) migration [227]. Consistently, Xiang et al., verified that Dkk3 overexpressing breast
cancer cells migrated in a slower rate than control cells [229]. Contrastingly, Pei et al., found that
DKK3 knockdown decreased the migration of Huh6 cells (human hepatoblastoma cell line) [232].
Katase et al., revealed that Dkk3 knockdown by SiRNA transfection reduced the migration of Ca9-22
cells (oral squamous cell carcinoma cell line) [233]. We wished to investigate whether Dkk3

treatment stimulated the migration of Sca-1+ APCs.

The Dkk3 concentration range used in in vitro and ex vivo migration assays was selected according to
the used in studies published by our group regarding the stem cell differentiation into SMC in
response to Dkk3 [243, 244]. Furthermore, the concentrations considered are in accordance with the
level of Dkk3 measured in human serum in a period of time of 5 years (unpublished data) (Figure
4.2.2B).

Remarkably, as observed with Sdf-1a, a significant increase of Sca-1+ progenitor cell migration was
observed in response to Dkk3 stimulation. The highest rate of migration was achieved at 25-50
ng/mL of Dkk3 concentration (Figure 3.2.1D and 3.2.2.D). In addition, although greater than in the
control condition, the increase in cell migration also dropped upon 100 ng/mL of Dkk3 treatment.
We postulated that, as it was detected with Sdf-1a, at increasing protein concentration the

corresponding receptor becomes either saturated or is internalized [136, 398-402].

Growth factors have also been reported to play an important role in the migration of several cell
types. Pdgf-B is capable of inducing the migration of SMCs and the differentiation of
stem/progenitor cells into SMCs, processes of crucial significance in the pathogenesis of
atherosclerosis [101, 265, 403-405]. To further understand the migration behaviour of Sca-1+-APCs

we conducted migration assays in response to Pdgf-B. As anticipated, this growth factor stimulated
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their cell migration and in a dose-dependent manner (Figures 3.2.3A and B). This finding proved that

Pdgf-B could also be used as a positive control in the following experiments.

We also investigated if Dkk3 affected cell proliferation, a process implicated in vascular remodelling.
The BrdU incorporation assay was carried out and three stimulation time points were selected,
including the 16 hours-time course applied in the migration assays. Interestingly, Sca-1+-AdvPC
proliferation was only promoted after 48 hours of stimulation with either Dkk3, or Sdf-1a or Pdgf-B,
at any of the concentrations considered (Figures 3.2.5A, B and C). We thus inferred that these
protein treatments primarily induce Sca-1+ APC migration, which is later followed by proliferation, in

response to persistent stimulation.

The Aortic ring assay is a well-established method to study cell migration three-dimensionally, which
is closer to the In vivo setting and provides more information. In this context, Pdgf-B has been widely

used to prove its ability to promote cell migration, proliferation and differentiation [276, 406-408].

As a consequence, we explanted aortic arteries from Wild type and ApoE”" mice and performed
aortic ring assay. Cell outgrowth started at days 2-4 days and culminated at 7-9 days, after which the

ingrowth began.

Predictably and consistent with the described in the literature, Pdgf-B substantially induced the cell
outgrowth from both Wild type and ApoE”" mice aortic rings (Figures 3.2.4.1A-H).

Likewise, cell outgrowth from Wild type and ApoE”" explants was also significantly promoted in
response to Sdf-1a (Figures 3.2.4.1A-D). Although this study is the first to use a 3D model, the results
obtained are not surprising, as it has already been shown that Sdf-1a can induce the migration and
proliferation of SMCs, ECs and resident progenitor cells [102, 144, 164, 295, 409, 410].

What was striking to us was the same capacity exhibited by Dkk3 in stimulating the cell outgrowth,
which revealed statistical significance for the ApoE”" mice group of rings (Figure 3.2.4.1E-H). This fact
was interesting and it has two potential reasons. Firstly, ApoE-deficient aortas are characterised by
the presence of atherosclerotic lesions which comprises hyperplasia and neointima formation [277,
411-413]. Therefore, because more cells are present in the ApoE” aortas compared to the Wild type
aortas, it is highly likely that the corresponding cell outgrowth is also greater in response to a
particular treatment. Secondly, ApoE-deficient mice vessel walls also possess an increased number
of stem/progenitor cells, particularly Sca-1+ progenitor cells, susceptible to migrate and to
differentiate and thus to contribute to neointima formation [6, 277, 412]. Cell outgrowth from ApoE"
- mice aortic rings is higher than the outgrowth from Wild type aortic explants upon certain

stimulation.

The aortic rings isolated from ApoE”" mice were submitted to immunostaining in order to
characterise the cell types present in the Dkk3-triggered cell outgrowth. The SMCs were labelled by

incubation with an antibody for alpha-Smooth Muscle-actin (a-SMA). Sca-1-GFP transgenic mice

239



crossed with ApoE”" mice were used, therefore Sca-1+ cells could be directly identified through their

GFP expression.

We observed that the aortic ring cell outgrowth in the control and in any of the treatment conditions
included Sca-1+-GFP cells (Figure 3.2.4.2.A-D). In addition, the number of Sca-1+ cells in the
outgrowth was higher upon Dkk3 or Sdf-1a stimulation, which further proved that these proteins
induce the migration and/or proliferation of resident Sca-1+ vascular progenitor cells, in a three-

dimensional setting, which better mimics the in vivo scenario than the in vitro migration assays.

As it has been previously described in many studies, neointima formation and hyperplasia involve
vascular remodelling, due to cell migration, proliferation, differentiation in response to different
signals. SMCs have been considered one of the main players in this process [44, 49, 50, 57, 60, 99,
414-419]. Therefore, it was expected to find a higher number of cells labelled with the SMC marker
o-SMA in the cell outgrowth from the aortic rings treated with Sdf-la and with Dkk3 (Figure
3.2.4.2.E). In fact, the SMC outgrowth was more pronounced in the aortic rings stimulated by Dkk3.
Notably, Dkk3- and Sdf-la-stimulated cell outgrowths included also a higher number of cells
displaying both Sca-1+ and a-SMA markers, i. e., cells with co-localization of Sca-1+-GFP and a-SMA-
Cy3 staining (Figure 3.2.4.2.F). Two mechanisms could explain those results.

The first mechanism could be that Sca-1+ progenitor cells have differentiated into SMCs. Hu et al., in
the vein graft model, elegantly showed that adventitia/-Sca-1+ vascular progenitor cells are one
source of SMCs, as many B-gal* cells were found in the neointimal lesions, after applying the Sca-1+
progenitor cells carrying the LacZ gene under the control of SM22 promoter to the outer side of the
vein grafts in ApoE”" mice [6]. Another work from the same group also demonstrated that Sca-1+
APCs have a significant role in the pathogenesis of vein graft-derived atherosclerosis, due their
migratory and differentiation abilities. In this study, Sca-1+ APCs were able to differentiate into
SMCs in vitro. It was also showed that Sca-1+ progenitor cells could migrate through the scaffold of
the decellularized mice aorta in response to Sdf-la and differentiate into SMCs in this ex vivo
bioreactor model [103]. In their study, Wong et al., disclosed that restenosis after Sirolimus-eluting
stent therapy is the result of induced Sca-1+ vascular progenitor cell migration and differentiation
into SMCs. In vitro assays revealed an increased migration rate of the Sca-1+ cells in response to
Sirolimus, through CXCR4 activation. The ex vivo bioreactor system also presented a Sirolimus-driven
induction of the Sca-1+ cell migration, as the cells seeded on the outer side of the decellularized
vessel were observed in the inner layer of the vessel wall and immunostaining confirmed that these
cells had differentiated into SMCs expressing Calponin and SM-22a markers [102] . Karamariti et al.,
proved in their study that Dkk3 is involved in the differentiation process of partially induced
Pluripotent Stem cells into SMCs, by regulating the expression of SMC-related genes, such SM22
[244]. Wang et al., further confirmed the implication of Dkk3 in inducing the differentiation of
Embryonic stem cells (ESCs) into SMCs, with an increase in Dkk3 expression and secretion from the
differentiated SMCs [243]. Hence, there is enough body of work to assume that the increased
number of SMCs and cells co-stained with both Sca-1+ and a-SMA, in the cell outgrowth induced by

Sdf-1a or Dkk3, could be explained by migration and possible differentiation of Sca-1+ cells.
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The second possible mechanism to explain the increase of SMA+/Sca-1+ cells is that SMCs could
have started dedifferentiating upon Dkk3 treatment. Several studies have described the switching of
SMC phenotype in atherogenesis, in response to environmental signals, including cytokines and
mechanical forces. Under normal conditions, the SMCs in the vessel wall media are displayed in
concentric layers with a contractile phenotype and elongated morphology, with abundant
myofilaments and a low proliferation rate. In contrast, the SMCs present in neointima lesions exhibit
a synthetic phenotype, a more flattened morphology and less inner myofilaments. Abundant golgi
and rough endoplasmatic reticulum bodies are present, which indicates increased synthetic and
secretory activities. Hence, plastic SMCs are more prone to migrate and proliferate. This is
accompanied by a decrease in the expression of the SMC differentiation markers, such as Actin-a-
SM, SM-22a, SM-MHC and ACTA2 [93, 374, 420-424]. On the other hand, progenitor cell markers
can potentially be expressed in the dedifferentiated SMCs, such as the Sca-1+ marker. There is
evidence regarding the participation of Krippel-Like Factor-4 (KIf4) in the SMC phenotype
modulation in atherosclerosis. KIf4 is a transcription factor recognised for its role in maintaining the
pluripotency in ESCs and in reprogramming somatic cells into pluripotent stem cells, thus it is
expected to have very low expression in adult somatic cells, such as SMCs. Nevertheless, studies
revealed that its expression is increased in response to vascular injury or in ApoE-/- mice and it is
associated with SMC migration and proliferation to the neointima [95, 405, 425-427]. More
recently, Majesky et al., showed that Sca-1+ vascular progenitor cell population is generated from
adventitial-SMC dedifferentiation, thus contributing to adventitia remodelling. These Sca-1+ cells,
due to their multipotency capacity, are able to differentiate /n vivo into mature SMCs and other cell
types. Once more, it was demonstrated that the Adventitia is a highly dynamic vessel layer,
containing various cell types and that it has a participative role in normal and pathological
physiology. Fate mapping and lineage tracing strategies were employed in this study, in which
Myh11-CreERT-BGal/YFP mice were used to understand the fate of mature SMCs upon vascular
injury. Tamoxifen was injected before injury, which allowed permanent labelling and tracking the
SMCs expressing SM-MHC and their progeny throughout the experiments, even if they lose when
SM-MHC expression at later time points. This approach revealed that medial SMCs not only
contribute to neointima formation but also migrate to the Adventitia, where they lose the SMC
marker and gain stem cell markers, such as Sca-1+ and CD34. Therefore, these Sca-1+ cells derived
from dedifferentiated SMCs contribute to the resident adventitial Sca-1+ progenitor cell pool. In
addition, the SMC phenotype transition with generation of progenitor cells encompassed induction
of the KIf4 factor in vivo [376]. Shankman et al., provided insight as well in the dedifferentiation
process of the SMCs by using a SMC lineage tracing method. In SMC-YFP*/*-ApoE”" mice arteries
most of the medial SMCs were MHC11-YFP labelled upon tamoxifen injection. After prolonged
western diet, 30% of the YFP*-SMCs in the atherosclerotic lesion were phenotypically modulated, as
ACTA2 expression was not detected and, many YFP*ACTA2-SMCs exhibited Sca-1+ marker
expression. Interestingly, many YFP*-SMCs also expressed KLF4. The lesion size of arteries from mice
with KIf4 deficiency in the SMCs (SMC YFP**KIf4%/2ApoE~") was highly reduced when compared to
the arteries of the control mice (SMC YFP**KIf4*/*ApoE~") and the number of YFP*ACTA2 Sca-1+-

SMCs in the media area underlying the lesion had also decreased. Therefore, this study also proved
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that KIf4 is involved in the SMC phenotype transition [95]. Whether this dynamic process is

dependent on KIf4 in the cell outgrowth mechanism driven by Dkk3, more studies are required.

We should not rule out the possibility that Dkk3 could have also promoted the migration and/or
proliferation of endothelial cells or induced the differentiation of the Sca-1+ vascular progenitor cells
into ECs. Angiogenesis is a crucial event in tumorigenesis, as the blood supply provides the required
oxygen and nutrients. Once more, divergent studies have been published concerning the role of
Dkk3 in tumour-related neovascularization. Untergasser et al., found an increase in the number of
blood vessels expressing Dkk3 in certain neoplasms and carcinomas when comparing to normal
tissues and an increase in the microvessel density in C57/BL6 mouse model in response to Dkk3
overexpression in skin melanoma cells [236]. In 2009, Fong et al., proposed that Dkk3 could be a
specific marker for tumour endothelial cells, as Dkk3-positive vessels were found only in tumour
tissue but no in normal tissue. Additionally, they suggested that patients suffering from pancreatic
adenocarcinoma who showed Dkk3-expressing microvessels could benefit more from
chemotherapy, due to a more efficient inhibition of endothelial cell outgrowth in response to
chemotherapeutic drugs [428]. Zitt and Mihlmann et al., in their first study concluded that Dkk3 was
a proangiogenic factor involved in neovascularisation during colorectal tumour growth [237] and in a
subsequent work they observed an overexpression of Dkk3 in microvessels of gastric carcinoma
[238]. Interestingly, Medinger et al., detected that Dkk3 was produced by megakaryocytes and co-
localised with VEGF in platelets and that it was released similarly to VEGF upon platelet stimulation
[224]. Kim et al., demonstrated an association between Dkk3 expression and VEGFR-2/PI3K/Akt
signalling pathway, as overexpression of Dkk3 supressed the Pm2 -driven VEGFR-2/AKT/mTOR
signalling pathway [239]. All these data provide enough evidence to recognise a role for Dkk3 in

vascular biology.

Rigorous lineage-tracing methodology and confocal analysis of mice model, resulting from the
crossing of knock in Sca-1-CreER™ mice with Cre expression under the control of Sca-1 endogenous
promoter, with ROSA26 fluorescent reporter mice, would provide answers to the following
guestions when used in vivo and in herein exposed explant model. Does Dkk3 induce the migration,
proliferation and/or differentiation of the resident Sca-1+ vascular progenitor cells? Is Dkk3
responsible for the SMC dedifferentiation process, either under normal or pathological conditions?
Could Dkk3 induce as well the differentiation of the Sca-1+ vascular progenitor cells into ECs? Does
the Dkk3-driven Sca-1+ progenitor cell migration process occur prior to the differentiation process in
the atherosclerotic lesions? Is there a possible fusion of the Sca-1+ progenitor cells with pre-existing
SMCs? Is the Dkk3-triggered Sca-1+ cell differentiation phenomenon confined to the SMC or EC
lineages or can it also comprise for example inflammatory cell lineages? What is the exact role of

Dkk3-mediated Sca-1+ progenitor cell migration and differentiation during atherogenesis?

This and much more information could be gained from the proposed lineage tracing methodology.
Nevertheless, we have produced the first evidence of the ability of Dkk3 to induce the migration of

resident Sca-1+ vascular progenitor cells, in vitro and ex vivo.
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4.2.2 Dkk3 binds with high affinity to CXCR7

Having established the chemotactic role of Dkk3 on the resident Sca-1+ vascular progenitor cells, the
next step consisted of dissecting the underlying migration mechanism, which raised the essential

question of which is the receptor Dkk3 binds to and mediates Sca-1+ progenitor cell migration?

A detailed search in the literature clearly shows that there is a great controversy over the
identification of Dkk3 receptor. In fact, until very recently, no receptor was yet proposed. On the
other hand, the receptors for the other three members of the Dkk family of proteins, Dkk1, 2 and 4,

have been identified.

In 2000, Mao et al., demonstrated that Human LRP6 is a high-affinity binding receptor of Dkk1 and
Dkk2. Furthermore, they showed that Dkk3 was actually not able to bind to this receptor[286].
Subsequently, a series of studies progressively supported those findings. Semenov et al., observed
the binding of Dkk1 to LRP6 through affinity binding and co-immunoprecipitation assays [429] and
Bafico et al., detected that Dkk1 not only binds to LRP6 but also to a lesser extent to LRP5 [430]. Li et
al., confirmed that Dkk2 binds to LRP6 [431]. Later in 2014, Fujii et al., through modelling simulation
studies provided support to the lack of affinity between Dkk3 and LRP5/6 receptors [432].

In another study, Mao et al., disclosed two more candidate receptors for Dkkl and Dkk2. In this
work, they concluded that both Dkk1 and Dkk2 could bind with high affinity to Kremen1 or Kremen2.
Contrarily, Dkk3 could not bind to these receptors. Co-immunoprecipitation was performed proving
the binding of Dkk1 to Kremen2 and interestingly, it was inferred that Dkk1 could bridge LRP6 with
either of the Kremens, forming a ternary complex [285]. In 2003, the same team proved that
Kremen2 co-operates with Dkk1, 2 and 4 to inhibit the Wnt signalling, but not with Dkk3 [287].

In the following years, more effort was put on the elucidation of the signalling mechanisms and the
specific molecular domains involved in the binding of Dkk1 and Dkk2 to LRP5, LRP6, Kremenl and
Kremen2, resulting in divergent evidences on their underlying function [213, 433-438]. In 2009,
Nakamura et al., stated that Dkk1 and Dkk3 are associated with Kremenl and Kremen2, as their GST
pull down and co-immunoprecipitation assays demonstrated that these two Dkk proteins could form
complexes with the Kremens. Nevertheless, Dkk3 did not interact with LRP6 as Dkkl did [292].
Following this, Karamariti et al., proposed that Dkk3 activates the Wnt signalling pathway through
Kremenl, in the differentiation process of partially-induced pluripotent stem cells (PiPSCs) into
SMCs. This was supported by the evidence of co-immunoprecipitation of Dkk3 with Kremenl and
immunostaining showing co-localisation of the glycoprotein with the receptor in PiPSC-SMCs in a
perinuclear pattern [244].

In 2016, Mohammadpour et al., carried out an In silico study to determine the structure of Dkk3 and
to understand whether Dkk3 was capable of interacting with the Kremens, LRP5/LRP6 receptors and
EGFR. By taking advantage of different bioinformatic tools the authors predicted that Dkk3 is

capable of interacting with the Kremens, the LRPs and the EGFR proteins. However, no functional
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assays were presented and the study was based merely on software analysis [439]. More recently,
Poorebrahim et al., also performed an In silico evaluation of Dkk3 and concluded that, similar to the
other family members, Dkk3 can interact with the EGF-like domain (PE) of LRP5/6, through its Cys-
rich domain 2 (CRD2) domain. Intriguingly, they detected that this CRD2 domain alone could bind
more tightly to the LRP5/6 than the whole structure of Dkk3 and that the binding affinity of Dkk1 to
LRP6 was higher than the binding affinity of the Dkk3-LRP6 complex [440].

In light of these conflicting reports, it was not yet possible to recognise the receptor for Dkk3.

As we had shown that Dkk3 promotes the chemotaxis of Sca-1+ APCs, we sought to investigate
whether Dkk3 could bind to a chemokine receptor. We analysed the expression of the chemokine
receptors in mouse aortic Sca-1+ APCs, mouse pancreatic endothelial cells - MS1 cells (ECs) and
mouse aortic smooth muscle cells (SMCs). No significant difference was found for the expression of
CXCR1-CXCR6, CCR1-CCR10 and CX3CR1 in the three cell types considered (Figure 3.3.1A). However,
CXCR7 expression in Sca-1+ APCs was significantly higher than in the ECs, but its expression was
equivalent to the level detected in the SMCs. Consistent with our findings, Yu et al., by performing a

gPCR array also found that CXCR7 receptor is highly expressed in VPCs [78].

CXCR7, alongside CXCR4, is recognised as the receptor of the chemokine Sdf-1a [150, 153, 282, 284].
Intriguingly, our qPCR results showed that CXCR4 expression was lower in the Sca-1+-AdvPCs and in
SMCs than in the ECS. This low expression of CXCR4 in the Sca-1+ progenitor cells was also observed
at the protein level. Nevertheless, CXCR4 protein expression was high in both ECs and SMCs. At the
protein level, CXCR7 was greatly expressed in both Sca-1+ A-PCs and SMCs, which is in accordance
with what we observed at the mRNA level (Figure 3.3.1B).

We demonstrated that Dkk3 had a similar positive effect as Sdf-1a on the migration behaviour of the
Sca-1+ vascular progenitor cells. Considering that CXCR4 and CXCR7 are the cognate receptors of
Sdf-1a and, given the strikingly high and differential expression of CXCR7 in the Sca-1+-AdvPCs and
SMCs, compared to the expression of the other chemokine receptors, we postulated that the Dkk3-
driven migration mechanisms of Sca-1+ APCs could involve CXCR7 activation. Moreover, this
hypothesis seemed to be supported by the reports on the implication of Dkk3 in the differentiation
of stem cells into SMCs [243, 244].

Firstly, we intended to verify if the downregulation of CXCR7 in the Sca-1+ progenitor cells, by SIRNA
transfection, would affect the Dkk3-driven migration. Sdf-1a was used as a positive control. Sdf-1a-
mediated Sca-1+ vascular progenitor cell migration was significantly reduced upon CXCR7
knockdown (Figure 3.4.1.2.C and E). This result was expected as studies have shown that CXCR7
activation by Sdf-1a can be involved in cell migration. Chen et al., revealed that cardiac stem cell
migration induced by Sdf-1a was supressed by CXCR7 and CXCR4 downregulation. In the context of
atherosclerosis-related inflammation, Ma et al., found that Sdf-1a stimulation significantly increased
macrophage migration mediated by CXCR7 [441]. Although CXCR7 was initially accepted as an

orphan and decoy receptor with no functional role [289, 297, 442-444], an increasing number of
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studies has been demonstrating that CXCR7 does have an active role in the regulation of cell
function, such as cell migration [297, 357, 445-447]. Therefore, CXCR7 is not recognised now as only
a scavenger receptor [354, 448-450].

Due to the homology between CXCR7 and CXCR4 receptors [451, 452] [453] and their binding affinity
for the chemokine Sdf-1a, we intended to assess whether the migration of the progenitor cells
induced by Dkk3 or Sdf-1a involved the receptor CXCR4. The Sdf-1a/CXCR4 axis is notorious for its
role in inducing cell migration and homing, especially concerning the Hematopoietic stem cell
chemotaxis [454-457]. Therefore, we attempted to knockdown the receptor by SiRNA transfection
and then perform the migration assay. Surprisingly, CXCR4 downregulation was not achieved, even
though 2 different SiIRNA were used (Figure 3.4.1.1B). This might be due to the low expression of
CXCR4 on the Sca-1+ progenitor cells (Figure 3.4.1.1A and B). As a result, we opted for a different
approach, based on the use of a chemical antagonist. We performed migration assays by first pre-
incubating the cells with the CXCR4 antagonist AMD3100. Neither Sdfl-a- nor Dkk3-driven Sca-1+
progenitor cell migration was affected by CXCR4 inhibition, as no difference was found between the
Sdf-1a/Dkk3 stimulated groups with and without AMD3100 treatment (Figure 3.4.1.1.D and E). Once
more, the low expression of CXCR4 on the Sca-1+ APCs could explain these findings. Indeed, Burns et
al., showed that the bicyclam AMD3100 did not inhibit the binding of Sdf-1a in the breast tumour
cell line MCF-7 which did not express functional CXCR4 on their surface. In addition, they used
human breast tumour cells which did not express CXCR4 and CXCR7. Upon transfection of CXCR7,
AMD3100 was not able to compete with the binding of the chemokine [354]. Zabel et al., in their
study of trans-endothelial migration (TEM) of cancer cells found that, although the NC-37 cells
(human Burkitt's lymphoma cell line) expressed both CXCR4 and CXCR7 receptors, the CXCR7-
specific antagonists were more effective in inhibiting the Sdf-la-triggered migration than the
AMD3100 agent [357]. Finally, Grymula et al., showed that CXCR4 inhibition by AMD3100 was not
sufficient to inhibit the Sdf-1a-mediated migration of rhabdomyosarcoma metastatic cells, as these
expressed not only CXCR4 but also CXCR7, thus concluding that a simultaneous blockage of both
receptors would render a more efficient strategy [458]. Interestingly, Kalatskaya et al., observed that
AMD3100 could be an agonist of CXCR7 with potentiation of Sdf-1a binding to this receptor [459].
The agonistic activity of the bicyclam inhibitor towards CXCR7 was also demonstrated by Gravel et
al., [460]. We did not detect an increase of the Sca-1+ APCs migration in response to Sdf-1a or Dkk3
in AMD3100 treated cells.

Hessen et al., observed a 43% amino acid similarity, in both rabbit and mouse species, between
CXCR7 and CXCR2 protein sequences [451]. In addition, some ligands were found to be promiscuous
towards CXCR2, CXCR4 and CXCR7, as is the case of Macrophage migration-inhibitory factor (MIF)
[461-463]. As a consequence, we sought to analyse whether the downregulation of CXCR2 would
affect the migration of Sca-1+ APCs in response to Dkk3. The transfection SiRNA specific for CXCR2
did not affect the migration rate of the cells (Figure 3.3.1.3) indicating that CXCR2 is presumably not

involved the Dkk3-driven migration mechanism of the Sca-1+ progenitor cells.
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Finally, as the Kremen receptors have been associated with the Dkk protein family, we assessed their
possible implication in the Sca-1+ migration mechanism induced by Dkk3. Kremenl expression on
the Sca-1+Adv-PCs was detected at the mRNA and protein levels and the receptor knockdown was
successfully achieved. Notably, the Dkk3-mediated migration of the Sca-1+ progenitor cells was
reduced in the cells transfected with Kremenl SiRNA (Figure 3.4.1.4). On the other hand, we
detected a low expression of Kremen2 in the Sca-1+ progenitor cells (Figure 3.4.1.5), which
understandably resulted in unsuccessful knockdown by SiRNA transfection.

Sca-1+ APCs expressed also low levels of LRP5 and LRP6 (Figure 3.3.2). Consequently, we didn’t

pursue with the respective SiRNA transfection and subsequent migration assay in response to Dkk3.

Our next strategy, to further clarify which receptors remain as candidates for Dkk3 protein, was to
overexpress the receptors on the HEK 293T cells by plasmid transfection and then to perform
migration assays with Dkk3 stimulation. Sdf-1a was used as the positive control of the experiment.
Human CXCR2, CXCR4, CXCR7, Kremenl and Kremen2 were cloned in a pShuttle-Flag-HA vector and

transfected in the 293T cells, before the cells were submitted to transwell migration assay.

As anticipated, Sdf-1a induced the migration of 293T cells overexpressing either CXCR4 or CXCR7
(Figure3.4.2.1. and Figure3.4.2.2.) but not in the cells transfected with the control vector or
overexpressing CXCR2, which validated the design of this experiment (Figure 3.4.2.3). Interestingly,
Dkk3 induced the migration of HEK 293T cells overexpressing CXCR7, but had no effect on cells
overexpressing CXCR4 or CXCR2, which was consistent with the result obtained in the SiRNA
transfection experiment. This reinforced the hypothesis that CXCR7 is potentially involved in Dkk3-
triggered cell migration.

Surprisingly and in opposition with the results observed following the downregulation assay of the
receptors, the migration of the HEK cells upon Kremenl overexpression was not induced (Figure
3.4.2.4.). Hence the involvement of this receptor in the Dkk3-driven cell migration still requires

further clarification.

Our third experimental approach consisted of measuring the binding affinity of the candidate
receptors to Dkk3. We followed the methodology described by Mao et al., [285, 286], in which
alkaline phosphatase (AP) was fused to the ligand and the degree of ligand-receptor binding was
measured by the activity of the enzyme. Sdf-1a-AP exhibited a high binding affinity for CXCR4
(Kp=3.38nM) and CXCR7 (Kp=6.51nM) and as expected, this chemokine did not bind to CXCR2 (Figure
3.4.3.2). The binding of Sdf-1a to CXCR4 and CXCR7 has been extensively described in the literature,
as mentioned before. The dissociation constants we measured were in accordance with the found in
the literature. Balabanian et al., provided a Kp of 0.4 nM for CXCR7 [297] and Crump et al.,
calculated a Kp of 3.6 nM for CXCR4 [464]. The small discrepancies observed between the Kp values
we obtained and the values found in the literature are due to the different methodologies applied
for the measurement of the dissociation constant. Therefore, we validated this method and applied

it to measure the binding affinities of Dkk3 to the candidate receptors.
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Remarkably, Dkk3 exhibited a high binding affinity for CXCR7 (Kp=10.61nM), but it did not bind to
CXCR4 (Kp=1.36E*®*nM) and Kremen1 (Kp=1.29%°*nM), as ambiguous binding curves were obtained
and the values of their respective dissociation constants were extremely high (Figure 3.4.3.2.E and
F). The binding of Dkk3 to CXCR7 was represented by a characteristic hyperbolic saturation curve,
but no curve was obtained regarding the binding of Dkk3 to Kremen2. Our results are consistent
with what Mao et al., reported: Dkk3 does not bind to Kremen1 and Kremen2 [285].

Although Karamariti et al., demonstrated that Dkk3 can co-immunoprecipitate with Kremenl in
differentiated SMCs [244] and Nakamura et al. showed by pull down and co-immunoprecipitation
analysis that Dkk3 can be associated with Kremenl and Kremen2 [292] and finally, Mohammadpour
et al., suggested through their in silico study that Dkk3 was capable of interacting with the Kremens
[439], no cell functional assays or affinity binding experiments had been performed so far. In
addition to the functional assays, we also performed a co-immunoprecipitation assay which
confirmed the binding of Dkk3 to endogenous CXCR7 expressed on the Sca-1+ vascular progenitor
cells (Figure 3.4.3.1). Our work is the first to present evidence on the high binding affinity of Dkk3 to
CXCR7, and to confirm the involvement of CXCR7 in Dkk3-induced migration by cell functional
migration assays. Cell migration is a key process involved in neointimal hyperplasia. The
identification and functional validation of chemokine receptor, CXCR7, as the receptor involved in
Dkk3-induced chemotaxis of adventitia-derived Sca-1+ vascular progenitor cells, unveils new

potential drug-targeted therapeutic strategies against vascular diseases.

In vascular remodelling, the recruitment of SMCs and progenitors cells expressing CXCR4 is known to
contribute to neointima formation [281, 465, 466]. Conversely, it is also recognised that the
CXCR4/Sdf-1a axis plays a role in the regulation of neutrophils recruitment in atherosclerosis [467].
Unlike CXCR4, the role of CXCR7 has not been exhaustively investigated in vascular biology.

CXCR7 mice knockout results in postnatal lethality and only 30% of the mice survive. The mice
displayed cardiac hyperplasia, myocardial degeneration with ventricular septal defects and
semilunar heart valve malformation and fibrosis. The death of the CXCR7-/- mice 1 week after birth
was associated with the lack of expression of this receptor in vascular endothelial cells of the lungs
and heart, in cardiomyocytes, cerebral cortex and bone cells. The data gathered revealed and
important role for CXCR7 in cardiovascular biology [468-470].

Li et al., studied the role of CXCR7 concerning inflammation and lipidemia in atherosclerosis and
vascular remodelling. Interestingly, these authors showed that CXCR7 was highly expressed in
adipose and arterial tissues, the heart and, to a lesser extent in bone marrow cells and platelets. In
addition, activation of CXCR7 was observed in endothelial and adventitial cells of the aorta.
Conditional deletion of CXCR7 in ApoE”" mice was carried out and the wire injury of the carotid
artery was performed. CXCR7 deficiency exacerbated neointimal hyperplasia, with an increase in the
number of macrophages and in the level of cholesterol in the serum. Injection of the CXCR7
synthetic antagonist CCX771 ameliorated the neointimal lesion by reducing the neointimal area, the

serum concentration of cholesterol and the consequent macrophage accumulation. Although the
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authors did not have any indication regarding the role of CXCR7 on progenitor cell recruitment and
SMC accumulation, they did suggest that in CXCR7”/-APoE” mice the hyperlipidemia could have
promoted the transformation of the SMCs into foam cells. Thus, the authors concluded that CXCR7
activation could have a benefitial effect in atherosclerosis due to the improvement of the
hyperlipidemia-induced monocytosis mechanism [166]. Likewise, Ma et al., also showed that
macrophages present in the aortic atheroma of ApoE” mice expressed CXCR7. Furthermore,
activation of the receptor increased the phagocytic activity of the macrophages, hence contributing
to atherogenesis [352].

Hao et al., used a different approach to study the role of CXCR7 in vascular biology. In their work,
CXCR7deletion was restricted to the endothelium, as a CXCR77*-Cdh5-CreERT2* mouse model was
used. Analysis of CXCR7 expression revealed that it was upregulated in endothelial cells of the
neointima following artery injury. Conditional deletion of endothelial CXCR7 increased the
neointimal area. Conversely, cytokine-induced upregulation of CXCR7 promoted endothelial
regeneration after endothelial denudation injury [471]. Zhang et al., proposed that treatments
enabling CXCR7 upregulation could represent a potential therapy for endothelial repair in patients
suffering with hypertension [472]. Dai et al., showed that, together with CXCR4, the receptor CXCR7
was also essential to stimulate the transendothelial migration of the endothelial progenitor cells and
the tube formation induced by Sdf-1a [473]. The suggested angiogenic property of CXCR7 is further
supported by many other reports, especially related to the tumour vasculature [357, 359, 472-480].

This leads us to speculate that Dkk3-triggered activation of CXCR7 and consequent induction of Sca-
1+ APCs migration and potential differentiation into SMCs could result in a protective role against
atherosclerosis. This assumption was based on the preliminary results obtained from two studies
developed by our collaborators (Unpublished data).

In one study, Dkk3 was loaded in nano-structured collagen fibres constituent of vascular grafts in
order to promote the regeneration of functional vascular smooth muscle cells. The dkk3-loaded
vascular grafts were transplanted in abdominal aortas of rats and Dkk3 was progressively released
upon collagen fibre degradation. The immuno-staining analysis revealed that the neotissue
formation and the endothelization was similar between both Dkk3 and control (absence of Dkk3 in
the nano-structured collagen fibers) groups at two and four weeks of grafting. However, the
secretion of collagen and elastin was increased in response to Dkk3 and the difference in the
extracellular matrix (ECM) between both groups was more pronounced after 4 weeks. Additionally,
Dkk3-loaded vessels exhibited a higher number of Sca-1+ vascular progenitor cells infiltrated in the
vascular grafts. At two weeks of grafting, the neotissue formed in the Dkk3 group showed a greater
number of cells co-stained for Sca-1+ and a-SMA markers. After four weeks of regeneration, the Sca-
1+ marker was hardly observed and the SMC marker persisted, which indicated that the Sca-1+
progenitor cells had differentiated into SMCs (Figure 4.2.2.A).
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2 weeks

4 weeks

Figure 4.2.2.A: Sca-1+ expression on artificial vessel model. Dkk3 was loaded in nano-structured
collagen fibres constituent of vascular grafts. After 2 weeks of grafting, Dkk3-loaded grafts exhibited
a higher number of Sca-1+ cell (red) in the neotissue, compared to grafts lacking Dkk3 loading. Sca-1
marker and a-SMA co-expressing cells were also present in the Dkk3-loaded grafts. After 4 weeks, all

Sca-1+ cells seem to have differentiated into SMCs.

These results implied that local delivery of Dkk3 recruits Sca-1+ vascular progenitor cells and
promotes their differentiation into mature SMCs, with an increase in the ECM production. Akhtar et
al., demonstrated that injection of Sdf-1a induced the motility of SMCs, increased the thickness of
the fibrous cap and the collagen content in the neointimal lesion and thus promoted the stabilization
of the atherosclerotic plaque [465]. Dkk3 could thus potentially also have a protective role in
atherogenesis by promoting plaque stabilization. Additional experiments are required to further
support this hypothesis.

Another work from our collaborators included the Bruneck study, which consisted of a prospective
study on atherosclerosis based on human samples. Dkk3 concentration was measured and,
according to the level of Dkk3 in the sera, the population was divided into three groups: Group 1
(Dkk3 < 65 ng/mL); Group 2 (Dkk3 65-74 ng/mL); Group 3 (Dkk3 > 75 ng/mL). The results obtained
revealed that the Dkk3 plasma level inversely correlated with intimal thickening of the carotid artery

(p=0.008) and the incidence of atherosclerosis and stenosis (Figure 4.2.2B).
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Figure 4.2.2.B: Relation between Dkk3 plasmatic concentration and the risk of atherogenesis. In
the Bruneck study, Dkk3 concentration was measured in human plasma samples and according to
the values obtained, the samples were divided into three groups: Group | <65 ng/mL; Group |l 65-74
ng/Ml; group Il 275 ng/mL). Intimal thickening of the common carotid artery (CCA IMT), incidence of

atherosclerosis and incidence of stenosis were inversely correlated with Dkk3 plasma level.

Previous work from our group (unpublished data) correlates the Bruneck study. Immunostaining was
performed in frozen sections of the aortic roots of Wild type and ApoE”" mice. The latter group
displayed a higher expression of Dkk3 compared to the Wild type group. Furthermore, Dkk3
expression in ApoE”" co-localised with the expression of SMC cell markers (a-SMA). Analysis of Dkk3
concentration in ApoE”" mice sera showed that the Dkk3 level reduced with the aging of the mice (6

to 12 months of age; p<0.01 by unpaired Student’s T-test).

Dkk3 blood level is thus inversely correlated with cardiovascular pathologies, hence suggesting a
protective role for Dkk3. Moreover, the ability of Dkk3 to induce the migration of the Sca-1+ vascular
progenitor cells to the neointima and their further differentiation into mature SMCs, suggests a
possible function in atheroma plaque stabilization. In fact, Karamariti et al., and Wang et al., proved
that Dkk3 is involved in the differentiation process of stem cells into SMCs [243, 244].

Interestingly, Cheng et al., published a study revealing that Dkk3 ablation reduced the pathogenesis

of atherosclerosis in ApoE-/- mice. The authors first detected an increase in the Dkk3 expression in
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ApoE”" mice aortas, which is consistent with what our group observed. But, they concluded that this
strong expression of Dkk3 was localized in the macrophages present in the atherosclerotic plaques
of patients with coronary heart disease and of hyperlipidemic mice and, that the SMCs exhibited
only a modest expression of Dkk3. They also observed that Dkk37/-ApoE”- mice displayed a decrease
in the atherosclerotic lesion of their aorta, with a reduction of the necrotic core size, increase in the
number of SMCs, greater secretion of collagen, reduction of macrophages recruitment and decrease
in the lipidic content, all contributing to the plaque stability [222]. Although this report seems to
apparently contradict our assumption of a protective role for Dkk3, three major points need to be
addressed. Firstly, the study only focused on the role of Dkk3 in the inflammatory and lipidemic
aspect of the atherosclerosis. Secondly, the differences reported between the Dkk37/-ApoE”" mice
and the ApoE™" littermates, regarding the lesions, were mainly observed when a high fat diet (HFD)
was applied and no differences were found between both groups fed with a normal chow. Thirdly, it
was surprising to observe that in ApoE”" mice aorta the a-SMA staining was barely detectable.
Furthermore, the quantification of the SMC content in ApoE” mice and Dkk37/-ApoE”" mice was
solely based on this SMC marker. Our data depict contrasting results regarding the expression of
Dkk3 in vascular SMCs of ApoE” mice (unpublished data). Moreover, studies have demonstrated an
increased expression of Dkk3 in differentiated mature SMCs [243, 244]. We therefore believe that
more analysis of these mouse models should be completed in respect to the function of Dkk3 in
atherogenesis and inherent SMC hyperplasia and endothelial barrier dysfunction. Furthermore, the
study of the function of Dkk3 in other vascular disease animal models that involve hyperplasia and
neointima formation, such as wire injury or vein grafting, would provide more insight and help to
clarify the role of Dkk3 in vascular biology. Finally, we have to consider that the function of Dkk3
could be context-specific, as it was shown in the field of cancer that this glycoprotein can either be a
tumour suppressor [481-483] or a cancer growth promoter [232, 233, 484], depending on the cancer
cell type involved.

The use of Sca-1+ lineage tracing strategy coupled with mouse models of cardiovascular diseases, to
study the function of Dkk3 would provide crucial information and enable to elucidate on important
strategies to develop novel therapies in cardiovascular diseases. In addition, these models could be
used to investigate in vivo the role of CXCR7 and identify if it is a valuable potential target for drug-
targeted therapy.
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4.2.3 Signalling pathways involved in the Dkk3-driven Sca-1+ vascular progenitor

cell migration mechanism

The clarification of the signalling pathways governing the cell response to stimulus is crucial for the
understanding of physiological and pathological processes and for the design of novel therapies.

After determining that Dkk3 played a role in vascular biology, by inducing the migration of Sca-1+
APCs, we focused on uncovering signalling pathways downstream of CXCR7 in Dkk3-mediated

migration.

Cell migration comprises many signalling cascades vastly described in the literature. The MAPK
family is one of them and therefore, we first investigated whether it played a role in Sca-1+ APCs

migration induced by Dkk3.

The extracellular signal-regulated kinases (ERK) are a sub-family of the MAPK family which are
activated by cytokines and growth factors. ERK1 and ERK2 proteins are substrates of MAPK kinases
MEK1 and MEK2 and they can phosphorylate cytoskeleton-related proteins and migration-related
transcription factors [186, 188, 485]. Treatment of the Sca-1+ cells with Dkk3 induced the activation
of MEK1/2 which in turn led to the phosphorylation of ERK1/2 (Figure 3.5.1). Interestingly, the same
result was observed upon treatment of the Sca-1+ progenitor cells with Sdf-1a (Figure 3.5.2). To
confirm whether the activation of this signalling pathway regulated the Dkk3-mediated Sca-1+
progenitor cell migration, we performed a transwell migration assay with the MEK/ERK activation
inhibitor PD 98059. Sca-1+ cell migration in response to Dkk3 was supressed upon inhibition of the
MEK/ERK phosphorylation. Likewise, Sdf-1a driven migration was also decreased, thus implying that
both Dkk3 and Sdf-1a share the same signalling pathway in Sca-1+ progenitor cell migration.

The involvement of ERK signalling in cell migration induced by Dkk3 has not been shown thus far.
Nevertheless, it is known that the ERK signalling pathway is involved in the regulation of other
functions of Dkk3. Wang et al., concluded that, in the course of differentiation of embryonic stem
cells into SMCs, the induction of the transcription factor ATF6 and activation of myocardin
transcription upon Dkk3 treatment, required inhibition of ERK 1/2 [243]. Similarly, Gu et al., found
that overexpression of Dkk3 in pancreatic cancer cells led to the downregulation of ERK
phosphorylation after 48 and 72 hours and consequent suppression of pancreatic cell growth [482].
XY Wang et al.,, showed that the proliferation of mammary epithelial cells is associated with a
decrease in Dkk3 secretion, which is related to increased ERK phosphorylation [486]. Interestingly,
Xia et al., demonstrated that Dkk3 suppressed the CD133 induced-antitumor activity in NK cells by
inhibiting ERK pathway [487]. Although these reports indicate that Dkk3 could inhibit the ERK
pathway, they all refer to long-term processes, longer than 24 hours, such as cell differentiation and
cell proliferation. In our study, Sca-1+ cell migration was assessed within 16 hours and ERK
phosphorylation induction was detected at time points as early as 3-5 minutes until 60 minutes of
Dkk3 stimulation.
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ERK activation in cell migration has been demonstrated in several studies, which supports our
findings. For instance, Sdf-la-mediated ERK phosphorylation and consequent induction of cell
migration was found in aortic SMCs [294], bone marrow-derived megakaryocytes [488], cardiac stem
cells [489], human umbilical cord blood mesenchymal stem cells [490], bone marrow lymphoma cells
[491], multiple myeloma cells [492], neural progenitor cells [158], melanocytes [493], amongst other
cell types.

PI3K/AKT signalling pathway has also been implicated in cell chemotaxis. For example, Sdf-1a
promoted cell migration via AKT phosphorylation in endothelial progenitor cells [494], bone marrow-
derived mesenchymal stem cells [495], human umbilical cord blood mesenchymal stem cells [496],
cardiac stem/progenitor cells [489], adipose-derived stem cells [497], neural-like cells [498] and

breast cancer cells [499].

We verified the increase in AKT phosphorylation in the Sca-1+ APCs, in response to Dkk3 and Sdf-1a
stimulation (Figure 3.5.3 and 3.5.4). Furthermore, inhibition of AKT phosphorylation with either AKT
specific inhibitor or with PI3K inhibitor LY29004 abrogated the Dkk3- and Sdf-la-driven Sca-1+ cell

migration.

AKT activation also regulates cell proliferation [409, 500-502] and survival [503-505], and we
therefore assessed if Dkk3 was regulating these two processes in Sca-1+ cells. The BrdU proliferation
assay showed that the Sca-1+ cell proliferation induced by either Dkk3 or Sdf-1a only occurs at 48
hours of stimulation, with no difference in the proliferation rate between the control and the
treated groups at 16 and 24 hours of treatment (Figure 3.2.5). AKT phosphorylation was observed at
early time points (0-60 minutes) and the migration assays were carried out overnight, so we
assumed that the rapid AKT activation modulated primarily Sca-1+ cell migration mechanism, rather
than the proliferation. Nevertheless, the increase in the number of the Sca-1+ vascular progenitor
cells observed in the cell outgrowth from the aortic rings (ex vivo) and in the neotissue of the
vascular grafts (in vivo) could be the result of both cell migration and cell proliferation stimulated by
Dkk3 treatment.

To assess whether the AKT phosphorylation-triggered by Dkk3 treatment was involved in the
progenitor cell survival, we quantified the number of cells stained with trypan blue after incubation
with Dkk3 and AKT inhibitor for 3 hours. The results confirmed that Dkk3 did not promote either cell
death or cell survival, as no difference was found in the number of dead cells in both treated and
untreated groups. Upon incubation with AKT inhibitor, the same level of cell death was detected in
all the conditions (Figure 3.5.3C), which showed that neither Dkk3 nor the inhibitor had any effect on
the Sca-1+ progenitor cell survival rate at the time points used to analyse the Sca-1+ progenitor cell

migration mechanism.

Few studies have linked AKT phosphorylation and Dkk3. Kim et al., showed that overexpression of
Dkk3 in ovarian carcinoma cells leads to the suppression of 2M-mediated AKT phosphorylation and

consequent tumour growth [239]. Zenzmaier et al, demonstrated that Dkk3 knockdown in prostatic
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stromal cells attenuates AKT phosphorylation, thus reducing the fibroblast proliferation level and the
myofibroblast differentiation [506]. Xu et al., similarly detected that AKT phosphorylation was
downregulated in gastric carcinoma cells overexpressing Dkk3, leading to a decrease in their
proliferation rate [507]. Finally, the inhibitory effect of Dkk3 in osteosarcoma progression via AKT
activation suppression was also proven by Lin et al., [508]. Here, we provide the first evidence of the
implication of the PI3K/AKT pathway in a cell migration mechanism promoted by Dkk3.

The Rho GTPases family is one of the most well studied families of signalling molecules in cell
migration. It is known to regulate the cell cytoskeleton and to promote cell movement, by switching
from an inactive state (GDP bound) to an active state (GTP bound). They enable the communication
between the outside stimulus, such as chemokine binding to its receptor, and the cystoskeleton
dynamics [509-511]. It is thus not surprising to find numerous amounts of studies on the activation
of Rho GTPases in response to Sdf-1a for instance [512-516].

We explored whether members of the Rho GTPases family participated in the mechanism of the Sca-
1+ APCs migration induced by Dkk3.

In the literature, cell migration induced by a Dkk protein has been associated with the Wnt signalling
pathway. The role of Dkks is mainly known in the cancer field where it is related to the regulation of
cell migration, invasion, proliferation, amongst other cell functions, and it is dependent on the
tumour cell context. Unlike the other members of the Dkk family, which are Wnt signalling
antagonists, Dkk3 can either be an agonist [292, 517, 518] or inhibitor [229, 508, 519]. The Wnt
signalling comprises the canonical Wnt/B-catenin pathway and the non-canonical (B-catenin
independent) pathway. The Rho GTPases signalling cascades involved in cell migration mechanism
are known to belong to the non-canonical pathway, which branches into further two pathways: The
Planar Cell Polarity (PCP) pathway and the Wnt/Ca%* pathway. Actin cytoskeleton regulation is a
feature of the PCP pathway, which includes Rac/Rho activation [211, 312, 520, 521].

Racl is a member of the Rac subfamily belonging to the Rho GTPases family, which is responsible for
the formation of lamellipodial protrusions in cells. Tsujimura et al., demonstrated that Dkk3
knockdown inactivated Racl in bladder cancer cells [234]. Veeck et al.,, suggested that the
downregulation of Dkk3 expression in malignant tumours, such as breast cancer, disrupts the PCP
pathway of the non-canonical Wnt signalling, which encompasses Rho/Rac recruitment. As a
result, the network of cell migration and polarity are altered and the tumour aggressiveness is
enhanced [522]. On the other hand, Katase et al., showed that Dkk3 knockdown in oral squamous
cell carcinoma-derived cells does not affect the expression of Racl. However, only Racl
expression was analysed and not its activation level [233]. Our data revealed that the treatment
of Sca-1+ progenitor cells with Dkk3 induced the activation of Racl, at 10-15 minutes of
stimulation, just as Sdf-la treatment did (Figure 3.5.5.1). This activation was supressed upon
treatment with the Racl activation inhibitor NSC 23766.
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Next, we investigated whether the observed Racl activation in response to Dkk3 was upstream

or downstream of the previous signalling pathways discussed.

Racl activation in response to MEK/ERK signalling pathway activation has been demonstrated in
the literature [523]. Conversely, the requirement of Racl for MEK/ERK signalling pathway
activation has been also reported [158, 524]. We used the MEK/ERK phosphorylation inhibitor PD
98059 to verify if it affected Racl activation. Remarkably, Racl activation triggered by Dkk3
treatment was supressed at 10 and 15 minutes of stimulation upon PD98059 treatment (Figure
3.5.5.1E), suggesting that ERK activation is upstream of Racl activation. However, Racl inhibitor
NSC23766 also repressed the ERK phosphorylation-driven by Dkk3 at 10 and 15 minutes of
stimulation (Figure 3.5.5.2D). We thus inferred that ERK and Rac1l activation are both involved in
the Dkk3-mediated Sca-1+ progenitor cell migration and that they mutually regulate each other
in a feedback loop manner. Interestingly, treatment of the Sca-1+ progenitor cells with the PI3K
inhibitor LY29004 did not repress Racl activation induced by Dkk3 (Figure 3.5.5.1F), which
indicates that the PI3K/AKT signalling pathway is either downstream or independent of Racl

activation.

RhoA is another important member of the Rho GTPases family. It regulates stress fiber formation
and cell contraction, reflecting in cell body contractility and tail retraction. One of the effectors of
RhoA is Rho-associated protein kinase (ROCK), which can either directly phosphorylate MLC at
Ser19 or suppress the activity of MLC phosphatase, thus resulting in an increase in p-MLC. p-MLC
is important for maintenance of stress fibers and focal adhesions. Rho kinase can also induce LIM
Kinase activation which results in cofilin phosphorylation (inhibition). Cofilin is known to
depolymerise actin filaments and hence severe actin barbed ends, necessary for actin filaments
turnover [174, 525, 526].

We first investigated the phosphorylation levels of MLC and cofilin in response to Dkk3
treatment. The western blot analysis revealed that MLC phosphorylation was increased, similarly
to the trend observed upon Sdf-la stimulation, but no change was observed in the cofilin
phosphorylation level (Figure 3.5.5.2B). To understand if RhoA GTPase was the driver of MLC
activation, we assessed the RhoA activation degree in Sca-1+ progenitor cells stimulated with
either Dkk3 or Sdf-1a. Both proteins triggered RhoA activation, with significant increase at 13-30
minutes of treatment (Figure 3.5.5.2C). Furthermore, RhoA activation was abolished upon Rhosin
treatment, which is a RhoA GTPase activation site inhibitor and consequently, MLC
phosphorylation induced by Dkk3 treatment was abolished (Figure 3.5.5.2F). Next, we questioned
whether the Rho associated protein kinases (ROCKs) intervene in this pathway and therefore, we
performed the wound healing assay with the inhibitor Y27632. The ROCK inhibitor not only
reduced the Sca-1+ progenitor cell migration driven by Dkk3 but it also reduced the
phosphorylation level of MLC (Figure 3.5.5.2H). In view of these finding, we concluded that Dkk3
induces RhoA activation, which in turn leads either to ROCK activation or direct MLC

phosphorylation.
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Thus far, only one study links RhoA to Dkk3. Katase et al., showed that RhoA expression was not
changed in oral squamous cell carcinoma-derived cells upon Dkk3 knockdown. However, only
RhoA expression was assessed, but not its activation level [233]. Different studies were published
showing the participation of RhoA in Dkk1-triggered signalling pathways. Krause et al., showed
that Dkk1 enhanced the osteosarcoma cell resistance to stress through activation of RhoA and
JNK, which are comprised in the non-canonical Wnt signalling pathway [527]. Rachner et al.,
detected that inhibition of Cdc42 and Rho resulted in suppression of DKK1 expression and protein
secretion in breast cancer cells in vitro [528]. Shusterman et al., demonstrated that inhibition of
the Wnt pathway with Dkk1 treatment led to a decrease in RhoA and ROCK activity in ameloblast-
lineage cells [529]. We provide evidence on the involvement of RhoA activation in the Dkk3-
mediated Sca-1+ APCs migration mechanism. Several studies had already described the activation
of RhoA in response to chemokine stimulation to drive cell migration [530-533].

To understand whether the RhoA signalling cascade is regulated by any of the other signalling
pathways previously described, we carried out the RhoA activation assay with the MEK/ERK
inhibitor PD98059 and the PI3K/AKT inhibitor LY29004. In our hands, none of the inhibitors
affected the Dkk3-driven RhoA activation in the Sca-1+ APCs (Figure 3.5.5.2 | and J), hence
revealing that these signalling pathways are either downstream or independent of the RhoA

signalling cascade.

Considering the data presented, one crucial question remained: Is Dkk3 activating all the above
signalling pathways through the Wnt signalling pathway or are these pathways regulated by
another mechanism triggered by the binding of Dkk3 to its receptor?

All the Dkk proteins, except for Dkk3, are known to be antagonist of the Wnt signalling pathway
[204, 433, 435]. As mentioned before, Dkk3 protein can either be an agonist or an inhibitor of the
Wnt pathway, depending on the physio-pathological context.

We performed a transwell migration assay with the Wnt/B-catenin antagonist FH535 on the Sca-
1+ APCs. Notably, addition of the antagonist by itself resulted in an increase of the Sca-1+ cell
migration, with a migration rate comparable to the one obtained for the Dkk3 treatment. We
could then speculate that Dkk3 could act as an antagonist of the Wnt/B-catenin signalling
pathway. However, the Dkk3-promoted Sca-1+ cell migration level was not affected upon FH535
treatment and no cumulative antagonism was observed (Figure 3.5.7.1). We thus assumed that
the canonical Wnt/B-catenin pathway was not involved in the Sca-1+ vascular progenitor cell

migration mechanism.

The Dishevelled (Dvl) protein is a critical component of both the canonical and non-canonical Wnt
signaling pathways, as its PDZ domain interacts with the Frizzled receptor of Wnt. In the
canonical pathway Wnt binds to the Frizzeld and LRP5/6 receptor complex which leads to B-
catenin stabilization and subsequent translocation to the nucleus for gene transcription

activation. In the non-canonical pathway, Wnt signalling is transduced through Frizzled,
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independent of LPR5/6, where Dvl activates the Rho GTPases thus modulating the cytoskeleton
rearrangement (PCP pathway) or where Dvl leads to release of intracellular calcium, involved in
cell motility (Wnt-Ca2+ pathway) [211, 312, 520, 534].

Inhibition of the Dishevelled protein, with the DvI-PDZ inhibitor which targets the PDZ domain of
Dvl, did not repress the Dkk3-driven migration of the cells. No difference was found between the
Dkk3 treated group and the Inhibitor treated groups (Figure 3.5.7.2). We thus obtained further
evidence that the canonical Wnt signalling is not involved in the Dkk3-driven Sca-1+ progenitor
cell migration. Likewise, the non-canonical Wnt pathway is also potentially not implicated in the

mechanism driving Dkk3 induced migration.

Our data proves that Dkk3-induced Sca-1+ progenitor cell migration mechanism involves the
activation of the MEK/ERK and PI3K/AKT signalling pathways and implicates activation of Rho
GTPases, such as Racl and RhoA, with consequent cytoskeleton rearrangement for cell motility
promotion. Remarkably, we provide the first evidence that Wnt signalling pathways classically

associated with Dkk proteins do not have a role in the migration mechanism herein described.

With the identification of Dkk3 receptor and the dissection of the migration mechanism of the
Sca-1+ vascular progenitor cells stimulated by Dkk3, we next investigated if the binding of Dkk3
to CXCR7 was activating the identified downstream signalling pathways involved in Sca-1+ cell

migration.

4.2.4 CXCR7 is upstream of the Sca-1+ vascular progenitor cell migration

mechanism stimulated by Dkk3

To assess whether CXCR7 is upstream of the ERK activation upon Dkk3 stimulation, we performed
CXCR7 SiRNA transfection in the Sca-1+ vascular progenitor cells. ERK phosphorylation level was
supressed upon CXCR7 downregulation at 10 and 15 minutes of Dkk3 stimulation (Figure 3.6.1A),
which proved that CXCR7 activation through Dkk3 binding is responsible for ERK activation.

Several studies support the CXCR7 regulation of the ERK signalling pathway. Grymula et al.,
showed that Sdf-1a and another ligand of CXCR7, ITAC, both induced ERK phosphorylation and
consequent migration of different rhabdomyosarcoma cell lines [458]. Tarnowski et al.,
concluded that ITAC-induced activation of CXCR7 in human hematopoietic cell lines leads to ERK
phosphorylation and enhanced cell adhesion and slightly cell migration [356]. Additionally,
Inaguma et al., demonstrated that CXCR7 inhibition blocked the Sdf-la-induced ERK
phosphorylation and breast cancer cell migration [446]. Similalry, Chen et al., revealed that Sdf-
la driven migration of neural progenitor cells is mediated by CXCR7, independently of CXCR4 and
involves ERK phosphorylation [158]. Interestingly, Kumar et al., also observed T cell chemotaxis
induced by ERK phosphorylation triggered by Sdf-1a binding to CXCR7, upon CXCR4 blocking
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[535]. Odemis et al., proved that CXCR7 activation by Sdf-la promotes ERK phosphorylation in

astrocytes and Schwann cells [536].

Next, we analysed the AKT phosphorylation level in CXCR7 downregulated Sca-1+ progenitor
cells. The activation of AKT in response to Dkk3 treatment was abrogated with CXCR7 knockdown
(Figure 3.6.2.A). AKT regulation by CXCR7 has been reported elsewhere. Dai et al., demonstrated
that upregulation of CXCR7 rescues the angiogenic function of endothelial progenitor cells of a
diabetic mouse model and that inhibition of the PI3K/AKT signalling pathway prevents SDF-
1/CXCR7-mediated angiogenic repair [474]. Chen et al., concluded that SDF-1/CXCR7/Akt
pathway played an important role in cardiac stem cell migration [489]. Odemis et al., showed
that SDF-1a-driven activation of AKT remained fully inducible in astrocytes from CXCR4-deficient
mice, but was abrogated in astrocytes transfected with CXCR7 SiRNA [536]. Finally, Grymula et
al., observed the chemotaxis of rhabdomyosarcoma cells in response to Sdf-1a and ITAC binding
to CXCR7, via AKT signalling pathway activation [458].

The regulation of the Rho GTPases family by CXCR7 activation upon Dkk3 treatment was also
analysed. Strikingly, Racl and RhoA activation was repressed in Sca-1+ progenitor cells
transfected with CXCR7 SiRNA and it remained abrogated with Dkk3 stimulation, thus confirming
that CXCR7 modulates Racl and RhoA activation in response to Dkk3 treatment (Figure 3.6.3A
and Figure 3.6.4A). Reports exist showing the functional role of CXCR7 on the modulation of Rho
GTPAses. For instance, Chen et al.,, demonstrated that Racl activation via CXCR7/Sdf-1a is
required for neural progenitor cell migration [158]. Guo et al., revealed that Rho/ROCK pathway
is involved in the migration and invasion of pancreatic cancer cells via CXCR7 activation by Sdf-1a
[537].

Collectively, the data obtained proved that the binding of Dkk3 to CXCR7 is upstream of the
signalling pathways involved in the migration mechanism of the Sca-1+ vascular progenitor cells.
Figure 4.6 summarizes schematically the Sca-1+ APC migration mechanism induced by Dkk3.
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4.3 The Yeast Two Hybrid system reveals that Dkk3 interacts with Integrin
a5 and Integrin B1

In an attempt to investigate which proteins interact with Dkk3, potentially including receptors,
we used a methodology which encompassed the screening of a mouse genome library. The Yeast
Two Hybrid System (Y2H) consists of the identification of protein-protein interactions resultant of

the reconstitution of the transcription factor GAL4 in yeast cells.

Kim et al., used the yeast two-hybrid system to characterize Dkk3-dependent signalling cascades
and they found that Dkk3 binds to B2M [538]. Ochiai et al., by performing the Y2H and pull-
down assays, determined that the N-terminal regions of both Dkk3 and SGTA (small glutamine-
rich tetratricopeptide repeat containing protein a) mediated their interaction [539]. The Y2H
system has been widely used to identify protein-protein interactions, including the work of
Rocchi et al., which analysed the interaction between SH2-containing protein tyrosine
phosphatase 2 (SHP-2) with the receptors IR (insulin receptor) and IRS-1 (insulin-like growth
factor-I receptor) [540]. Oakley et al., through Y2H analysis, identified MyoD family inhibitor

domain-containing protein (MDFIC) as a binding partner for glucocorticoid receptor (GR) [541].

We fused GAL4 DNA binding domain (GAL4 DNA-BD) was fused to mouse Dkk3 (bait protein),
whereas as the ready-made GAL4 activation domain (GAL4 AD) fused to the mouse genome
library cDNA inserts (prey proteins) was provided by the supplier. After mating the two
transformed haploid yeast strains and spreading the resulting diploid cells on increasing stringent

and selective agar medium plates, we analysed the colonies obtained.

4.3.1 Yeast Two Hybrid control tests

As it was very important to first validate and understand the functioning of the Y2H system, we

performed the recommended control experiments.

As expected, DDO/X/A agar plates for the positive control exhibited blue colonies due to the
known interaction of murine p53 with the SV40 large T-antigen, which resulted in the activation
of the reporter genes, thus conferring the cells resistance to the drug Aureobasidin A, present in
the agar medium, and enabling the expression of a-galactosidase that hydrolyses X-a-Gal

substrate, which renders the blue colour to the colonies (Table 3.8.1.1.B).

On the contrary, in the negative control, because Lamin and T-antigen do not interact with each
other, the diploid yeast cell was not able to grow on the DDO/X/A agar plates, as the reporter
genes could not be transcribed (Table 3.8.1.1.B).
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Next, we tested the potential of Dkk3 to auto-activate any of the reporter genes in the Y2HGold
yeast cell in the absence of any prey protein. If positive results were obtained, the Y2H system
could not be used anymore, because it relies on the activation of these reporter genes upon

interaction of Dkk3 with another protein

The data obtained revealed that Dkk3 did not auto-activate the reporter genes, as no colonies
were present on the SD/-Trp/X/A, DDO/X/A and QDO selective plates, but only on SD/-Trp agar
plates, in which only tryptophan is missing, an amino acid produced by the haploid Y2HGold cell
since it was transformed with Dkk3-GAL 4 DNA-BD plasmid containing the gene encoding for
Tryptophan (Table 3.8.1.2).

Finally, we wished to verify whether Dkk3-GAL4 DNA-BD would interact with the empty vector
encoding for GAL4 AD, that is, in the absence of library prey protein, upon mating of the
respective transformed haploid cells, which would reveal the likelihood of false positive results.
DDO/X/A and QDO/X/A agar plates did not exhibit colonies, thus showing that the possibility of
observing false positives resultant from Dkk3 interaction with GAL4 AD in the absence of any

library prey protein would be small.

We thus validated the methodology of the Y2H system developed for the first time in our

laboratory and proceeded with the screening of the mouse library with Dkk3.

4.3.2 Screening of the Universal mouse normalized Library

The most stringent plate, QDO/X/A, displayed distinct blue colonies, indicating interaction between
Dkk3 and some of the mouse library prey proteins (Table 3.8.1.3A). Following plasmid rescue and
sequencing, we identified extracellular matrix and membrane-bound proteins which interacted with
Dkk3 (Table 3.8.1.3.B).

Remarkably, four receptors were recognised: Integrin 1 (two hits), Robol (one hit), Integrin a5 (one
hit) and GPR116 (1 hit). Amongst the extracellular matrix components, Fibulin 5 reproducibly
activated the reporters two times, as two colonies were positive for this protein.

Strikingly, studies have revealed that Integrin a5 (ITGa5) and Integrin B1 (ITGB1), as a receptor
complex, bind to Fibulin 5. Lomas et al., reported that Fibulin 5 binds to human SMCs through a5p1
and a4p1 integrins [332]. Nakamura et al., revealed that the N-terminal of fibulin-5 binds to
integrins aVB3, aVB5 and a9B1, which are known to be expressed by vascular cells [542]. Williamson
et al., concluded that HUVEC attachment to fibulin 5 and fibrillin-1 is mediated by integrins B1,
av, a3, a4 and a5 [543].

Integrins are notably known for their role in cell migration [201, 203, 544]. Several studies have

specifically demonstrated the important role of ITGa5 and ITGB1 in regulating cell migration.
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Marchetti et al., showed that the integrins a5 and B1 are required for the control of cortical neuron
cell migration during the development of mouse brain [545]. Veevers-Lowe et al., indicated that the
migration of mesenchymal stem cells at sites of vascular remodelling is controlled by the crosstalk
between Pdgfr-f and ITGa5B1 [546]. Caswell et al., revealed that tumour cell invasion is enhanced
by the Rab25-driven recycling of ITGa5B1 [547]. The same author demonstrated in another study
that the recycling of ITGa5B1 and ITGa5B3 regulates persistent cell migration by activating the RhoA
signalling cascade [548]. Kabir-Salmani et al., concluded that the migration of extravillous
trophoblast cells induced by IGF-I involves ITGa5B1 activation [549].

Furthermore, ITGa5 and ITGB1 are also greatly recognised for their function in vascular biology.
Davenpeck et al., inferred that ITGa5B1 has a role in SMC growth and in regulating coronary SMC
phenotype [550]. Later, Xiao et al., showed that the differentiation of Sca-1+ vascular progenitor
cells into SMCs involves collagen IV and integrins al, a5 and f1 [101]. Interestingly Wijelath et al.,
concluded that the differentiation of endothelial progenitor cells into mature endothelium is
mediated by VEGF and fibronectin and that this process is regulated by ITGa5B1 [551]. Cascone et
al., revealed that the Ang-1/Tie2 axis cross-talks with ITGa5B1 in angiogenesis, thus modulating
endothelial cell motility [552]. Concerning a potential contribution in the progression of vascular
diseases, Yurdagul et al., indicated that the inflammation in early stage of atherogenesis is regulated
by the cross-talk between fibronectin and oxidized low-density lipoprotein, which in turn is mediated
by ITGa5B1 [553].

We therefore postulated that the Sca-1+ vascular progenitor cell migration could also be triggered
by the binding of Dkk3 to ITGa5B1. Our Y2H results obtained confirmed that the interactions
identified were in fact positive interactions, as no colonies were detected on QDO/X/A agar plates
when ITGa5 and ITGB1 plasmids were co-transformed with the empty vector GAL4 DNA-BD (absence
of the bait Dkk3 protein) (Table 3.8.1.4).

We had thus identified a genuine interaction between Dkk3 and ITGa5 and ITGB1.

4.4 Dkk3 binds with high affinity to Integrin a5 and Integrin 1

To understand if Dkk3 can bind to ITGa5B1 and thus promote the Sca-1+ vascular progenitor cell
migration, we first analysed the expression of these integrins on the Sca-1+ progenitor cells. mRNA
and protein analysis demonstrated that ITGa5 expression on the Sca-1+ cells was between the level
of expression on ECs and on SMCs, although with no significant difference amongst the three types
of cells. On the other hand, ITGB1 expression on Sca-1+ cells was significantly lower than on SMCs,
but similar to its expression on ECs. We thus detected that both integrin receptors were present on

Sca-1+ vascular progenitor cells (Figure 3.8.2).
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Two assays were next performed to assess the binding of Dkk3 to ITGa5 and ITGB1: Co-

Immunoprecipitation assay and Affinity binding analysis.

After immunoprecipitating ITGB1 from Sca-1+ vascular progenitor cells, previously treated with
Dkk3, we assessed whether this glycoprotein and the receptor ITGa5 were bound to ITGB1. The data
obtained showed that both Dkk3 and ITGa5 co-immunoprecipitated with ITGB1, suggesting the
formation of a complex ITGa5B1-Dkk3 in Sca-1+ progenitor cells (Figure 3.8.3.A).

Subsequently, we followed the methodology described by Mao et al., [285, 286] to measure the
binding affinity of Dkk3 to ITGa5 and ITGB1. Briefly, alkaline phosphatase (AP) was fused to the
Dkk3, the serially diluted Dkk3-AP was added to the HEK 293T cells overexpressing ITGa5 or ITGB1
and the activity of the enzyme was measured by chemiluminescence, which provided the binding

curves for each receptor (Figure 3.8.4).

Remarkably, the binding curves obtained for both ITGa5 and ITGP1 were characteristically
hyperbolic and the dissociation constants obtained, Kp=18.15 (ITGB1l) and Kp=14.85 (ITGa5),
revealed that Dkk3 binds with high affinity to ITGa5 and to ITGB1 (Figure 3.8.4D and E). The Kp
values calculated are in agreement with typical values for the high affinity of a ligand to its receptor

(nanomolar range) [554-557].

We provided the first evidence of the binding of Dkk3 to ITGa5 and ITGB1 through different
approaches. Nevertheless, to assess whether it had a role on the Sca-1+ progenitor cell migration

mechanism, functional assays were required.

It is interesting to note that Fu et al., showed that in Zebrafish Dkk3a (in zebrafish two dkk3 genes
have been reported: dkk3a and dkk3b, where Dkk3a is expressed in neuronal structures of the head
and whereas dkk3b is expressed in the endocrine cells of the pancreas and brachial arches) binds to
ITGabb [558]. This finding supports our result regarding the binding of Dkk3 to integrins, a5 and B1.
Additionally, although a different integrin was identified by Fu et al., we should consider that it was
mentioned that Dkk3a is mainly expressed in the neural tissue of Zebrafish and furthermore, this
species is far more distinct from the human species than the mouse species, which shares 84.31% of
homology with the human Dkk3 gene, whereas the Dkk3a gene of Zebrafish shares only 37% of
similarity [559].

Later, in 2015, Shimazu et al., attempted to associate Dkk3 protein’s function and integrins. This
work shows that the combination therapy comprising adenovirus-Dkk3 (Ad-Dkk3) and cRGD (integrin
antagonist) treatments provides a significant increase in mice survival when compared to
monotherapy with Ad-Dkk3, in malignant glioma, as the proliferative rate of the malignant glioma
cells was significantly reduced [560]. cRGD is an antagonist of different integrins, such as a3p1,
a8B1, a5B3, a5B1, a5B5, a5B6 and allbPB3, therefore it is not specific to one integrin receptor, thus
having a wide spread effect [561]. In addition, as explained before, Dkk3 function is context-

dependent, as it can either inhibit or promote cell migration, proliferation or survival according to

262



the existing cell type and microenvironment. The analysis of the effect of cRGD antagonist treatment
on the Dkk3-driven Sca-1+ progenitor cell migration behaviour would give clues on the role of the
integrins in this migration mechanism. Nevertheless, more specific integrin-related approaches
would be required to complement the peptide inhibition studies in the assessment of the function of

Dkk3 binding to ITGa5B1 receptor in the Sca-1+ progenitor cell migration mechanism.

We reveal for the first time that ITGa5B1 are high affinity binding receptors of Dkk3 and that this
receptor-ligand interaction is potentially involved in the Sca-1+ vascular progenitor cell migration

mechanism.

4.5 Integrin a5 and Integrin B1 are involved in the migration behaviour of
Sca-1+ progenitor cells promoted by Dkk3

To elucidate on the function of the binding of Dkk3 to ITGa5 and ITGB1 on the Sca-1+ progenitor
cells we downregulated the integrins by SiRNA transfection.

Notably, the data gathered demonstrated that the Dkk3-mediated Sca-1+ cell migration was
repressed upon downregulation of ITGa5, ITGB1 and ITGa5+ITGB1, with significant difference
against the group of cells transfected with Control SiRNA and stimulated with Dkk3 (Figure 3.8.5).
We thus concluded that ITGa5 and ITGB1 are potentially implicated in the Dkk3-triggered Sca-1+

progenitor cell migration mechanism.

The well-established involvement of ITGa5B1 in the migration mechanism of many different cell
types supports our inference [328, 329, 545, 546, 548, 549, 562].

The dissection of the signalling pathways triggered by the binding of Dkk3 to ITGa5B1 requires
additional experiments, namely the verification of the activation/phosphorylation levels of the
signalling cascades described in this work after downregulation of integrin receptors by SiRNA
transfection. The probable abrogation of the Dkk3-activated signalling pathways would thus confirm
the functional role of ITGa5 and ITGB1 on the Sca-1+ APCs migration.

The PI3K/AKT axis, the MAPK kinase signalling pathway and the Rho GTPases family have all been
proved to be regulated by integrins in cell migration mechanisms [202, 203, 530, 546, 563, 564] and,
as these were shown herein to be implicated in the Sca-1+ progenitor cell migration behaviour
induced by Dkk3, we propose the below scheme displaying the signalling pathways possibly
activated by the binding of Dkk3 to ITGa5B1 in Sca-1+ vascular progenitor cells (Figure 4.6).
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4.6 Schematic overview of Dkk3-mediated Sca-1+ APC migration

mechanism

The signalling network implicated in the migration mechanism of Sca-1+ vascular progenitor cells in
response to Dkk3 binding to CXCR7 and/or ITGa5B1 is represented in the scheme below.

Dkk3 binds to CXCR7 and/or ITGa5B1 and triggers the activation of a network of signalling pathways
involved in the Sca-1+ vascular progenitor cell migration mechanism. Upon Dkk3 binding MEK1/2 is
activated and it induces the phosphorylation of ERK1/2. ERK1/2 either activates Racl or directly
modulates cytoskeleton rearrangement to promote cell migration. Racl activation also results from
Dkk3 binding to CXCR7, which in turn directly regulates cell migration and/or stimulates ERK
phosphorylation. Racl and ERK activation seem to work in a feedback manner controlling each
other’s activation level to regulate cell migration. Binding of Dkk3 to CXCR7 and/or ITGa5B1
promotes AKT phosphorylation via PI3K, which leads to cytoskeleton rearrangement. PI3K/AKT
signalling pathway does not control RhoA and Racl activation and hence it can either be a
downstream pathway of the Rho GTPases signalling cascade or an independent signalling pathway.
RhoA activation level is increased in response to Dkk3 binding, which leads to MLC phosphorylation
either directly or via ROCK activation. MLC activation results in actomyosin contraction required for

cell migration (Figure 4.6).

Because Dkk3 was shown to bind to both CXCR7 and ITGa5B1 and, as reports exist demonstrating
the interaction of integrins to other receptors to regulate cell function [565-567], it could be
interesting to investigate whether CXCR7 interacts with ITGa5B1 in Sca-1+ progenitor cell migration
or, whether the activation of these receptors are independent processes and promotors of Sca-1+

cell migration.
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Figure 4.6: Dkk3-driven Sca-1+ vascular progenitor cell migration mechanism. Dkk3 binds to
ITGa5B1 and, as a result, it triggers the activation of MEK1/2, which induces the phosphorylation of
ERK1/2. ERK1/2 either activates Racl or directly modulates cytoskeleton rearrangement to promote
cell migration. On the other hand, Racl activation can occur upstream of ERK activation upon Dkk3
binding to ITGa5B1, which in turn regulates cell cytoskeleton and/or stimulates ERK
phosphorylation. The Dkk3/ITGa5B1 axis also promotes AKT phosphorylation via PI3K, leading to
cytoskeleton reorganization. RhoA activation level increases in response to the binding of Dkk3 to

ITGa5B1, which induces MLC phosphorylation, either directly or via ROCK activation.
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5.1

Conclusions

Dkk3, similarly to Sdf-1a, induces the chemotaxis of resident Sca-1+ vascular progenitor cells
in vitro.

Cell outgrowth from ApoE”" mouse aortic rings, promoted by Dkk3 treatment, comprises
Sca-1+ vascular progenitor cells, SMCs and cells exhibiting both Sca-1+ and a-SMA markers.
Downregulation or overexpression of CXCR7 drives, respectively, reduction or increase of
cell migration stimulated by either Dkk3 or Sdf-1a treatments.

Dkk3 co-immunoprecipates with CXCR7 and, similarly to chemokine Sdf-1a, it binds with
high affinity to CXCR7.

Kremenl and Kremen2 are not high binding affinity receptors for Dkk3.

The PI3K/AKT axis, the MAPK kinase signalling pathway and the Rho GTPases family are
involved in the Dkk3-mediated migration mechanism of Sca-1+ vascular progenitor cells,
which is shared by Sdf-1a treatment.

CXCR7 downregulation supresses the signalling cascades triggered by Dkk3 stimulation.

We conclude that Dkk3 is a chemokine-like protein which binds to CXCR7 and promotes the
Sca-1+ vascular progenitor cell migration, in an equivalent manner to Sdf-1a.

Integrin a5 and integrin B1 interact with Dkk3 protein.

Dkk3 binds with high affinity to ITGa5 and ITGB1 and co-immunoprecipitates with these
receptors as a complex in Sca-1+ progenitor cells.

Downregulation of ITGa5 and ITGB1 represses the Sca-1 progenitor cell migration in
response to Dkk3.

Dkk3 binds to ITGa5B1 to promote Sca-1+ vascular progenitor cell migration.
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6.1 Future work and perspectives

We have successfully demonstrated for the first time that Dkk3 induces the migration of Sca-1+
APCs. As other stem/progenitor cells, such as c-Kit+, CD34 and Flk1+ cells were also found to reside
in the vascular adventitia [6], which is now recognised to be a highly active vessel layer [3-5, 75, 261,
568], it could be interesting to study whether these cells can also migrate in response to Dkk3 and
perhaps even differentiate into SMCs, thus contributing to neointima hyperplasia.

Our aortic ring assay showed that Dkk3 induces resident Sca-1+ APC migration, proliferation and
potentially differentiation into SMCs. These findings are supported by the artificial vessel graft study
performed by a collaborating group, which demonstrated that Dkk3 induces in vivo Sca-1+ APC
recruitment to neotissue and potential differentiation into SMCs, with increased ECM production
(unpublished data). On this matter, studies have revealed that Dkk3 is involved in the differentiation
mechanism of stem cells into SMCs [243, 244]. We believe that the study of the differentiation
mechanisms underlying the Sca-1+ progenitor cell differentiation into SMCs could provide valuable

information to further clarify how the Sca-1+ cells contribute to atherosclerotic hyperplasia.

We used aortic rings derived from transgenic Sca-1-GFP mice in our study. This model is not
sufficient to assess if the Dkk3-induced migration of Sca-1+ APCs was followed by SMC
differentiation, or if on the other hand, the SMCs migrated in response to Dkk3 and then de-
differentiated, thus exhibiting the Sca-1+ marker. Application of the Sca-1+ lineage tracing strategy
could provide the answer to this question, as well as to others, such as whether Dkk3 induces the
fusion of Sca-1+ cells with other cell types, such as SMCs. The lineage tracing model would therefore
provide a better understanding on the origin of the increased number of cells exhibiting the co-
expression of Sca-1+ cell marker and a-SMA marker in response to Dkk3. Additionally, clarification
would be obtained regarding the ability of Dkk3 to potentially induce Sca-1+ cell differentiation into
ECs or other cell types, or to induce the migration of ECs or inflammatory cells. Finally, crucial
information would be gathered concerning Dkk3 protein’s role, revealing whether it is a protective

or a disruptive agent in atherogenesis.

In respect to in vivo studies, in addition to the Dkk3-loaded artificial vessel model previously
mentioned, other different vascular diseases mouse models could be used to elucidate the role of
Dkk3 in inducing the adventitial Sca-1+ APCs migration in atherogenesis. The ApoE”" mouse model
and other experimental models of injury, such as the Wire Injury, the Vein Graft model, the Cuff-
Induced Neointimal Formation and the artery Ligation, are useful tools to study neointima
formation. Comparing Wild type and Dkk37- mice in these models would allow us to study the effect
of Dkk3 on neointima formation and on Sca-1+ cells behaviour and distribution in the vascular wall in
the context of pathology. The use of a Dkk3 blocking antibody could also be administered, either
locally or systemically, and the level of Sca-1+ progenitor cell migration towards the neointima could
be assessed. In another approach, Dkk3 could be administered either locally or systemically in

injured or uninjured arteries, and the number of Sca-1+ cells that migrated from the outer side of
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the vessel to the neointima could be analysed. What is more, the study of the effect of other
cytokines on the neointima formation could be evaluated in response to the expression or absence
of Dkk3. For example, it would be very useful to understand how Dkk3 expression affects the Sdf-1a
mediated neointima formation in ApoE”- mice and/or injured arteries. Finally, the bioreactor model
comprising a decellularized vessel, could similarly to the artificial in vivo setting, aid in the
clarification of the ex vivo mechanism of Sca-1+ progenitor cell migration from the outer layer
through the vessel wall in response to Dkk3 treatment.

As a substantial number of studies has shown that Dkk3 is involved in tumour-related angiogenesis
[236, 239, 240], we think that it is worthwhile to investigate whether Dkk3 influences the endothelial
cell migration, proliferation or survival in vascular diseases, such as in atherosclerosis, and if this
effect has either a protective or disruptive role in atherogenesis. In this regard, a study with Dkk37
mice and ApoE”-Dkk37" mice has been recently carried out to analyse the function of Dkk3 on
endothelial layer repair and to assess the migration of HUVECs in response to Dkk3 treatment and
overexpression (unpublished data). We could thus obtain more information on Dkk3 specific
function on different cell types of the vascular wall in the context of vascular diseases.

Reports have concluded that there is an association between Dkk3 and inflammation [222, 241,
242]. Therefore, we propose to further explore if Dkk3 recruits inflammatory cells to the neointima
during the progression of atherosclerosis or if these are the source of Dkk3 which then mobilizes the
progenitor cells or SMCs.

Dkk3 is highly expressed in SMCs [243, 244], megakaryocytes [224], macrophages [222, 241, 242]
and tumour-associated ECs [236, 240]. It could be of great interest to compare the level of Dkk3
secretion from these cell types with the amount of Dkk3 secreted by the Sca-1+ APCs to further
understand whether a consequent paracrine or local effect exists. Additionally, because other
cytokines and growth factors may participate in progenitor cell migration, a proteomic study or
ELISA array could be performed on the conditioned medium of the different vascular cell types upon
Dkk3 treatment, to understand whether it stimulates the production of chemoatractants, which
could also influence Sca-1+ APC migration. Finally, performing an array of human serum/plasma to
analyse the level of secreted Dkk3 at different physiological and pathological conditions would

provide further insight into the role of Dkk3, which could add clinical relevance to our study.

Our Yeast Two Hybrid assay, showed that Dkk3 interacts with Fabp4 (Fatty Acid Binding Protein 4),
which as marker used for adipocytes and which is involved in fatty acid uptake, transport and
metabolism [569-571]. Xie et al., concluded that Dkk3 alleviates fatty liver in obese mice [572].
Cheng et al., inferred that Dkk3 can increase lipid accumulation in atheroma [222]. We thus

postulate that Dkk3 could play a role in the lipid metabolism and this should be further clarified.

Fabp4 is also associated with diabetes [573-575] and our Y2H analysis also identified the interaction
of Insulin Like Growth Factor Binding Protein 5 (IGFBP5) with Dkk3. This finding suggests a possible

link between Dkk3 and the development of diabetes, which should be addressed.
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The data obtained in this work revealed that CXCR7 is a high affinity binding receptor of Dkk3.
Unfortunately, CXCR7 complete deletion causes perinatal lethality. Hence, we cannot use this mouse
model in our experiments. Additionally, CXCR7 antagonists are not available commercially. We could
attempt to generate Scal+-CreER™-CXCR7"Y" mice to obtain CXCR7 deleted specifically in Sca-1+
progenitor cells and then study in vivo the involvement of CXCR7 receptor in the migration
mechanism of Sca-1+ progenitor cells in response to Dkk3, under normal and atherosclerotic
conditions. Another different approach involves seeding the Sca-1+ cells exhibiting CXCR7
downregulation, on the adventitial side of injured and uninjured arteries, and then assess whether
these cells contribute less or more to neointima formation in response to Dkk3 administration.

The signalling pathways involved in the Sca-1+ APC migration mechanism induced by Dkk3, through
CXCR?7 activation, have been described in this work and they consist of the PI3K/AKT axis, the MAPK
kinase signalling cascade and the Rho GTPases family. The confirmation of these pathways in vivo
could be achieved with local or systemic administration of the corresponding inhibitors in the
different vascular diseases mouse models above mentioned, with or without Dkk3 expression or
administration. However, we should consider that not only the Sca-1+ cells would be affected but
also other susceptible cells. Consequently, the approach of adding the inhibitor together with the
Sca-1+ cells applied on the adventitial side of injured arteries would be more informative. Sca-1+
cells transfected with ERK or AKT SiRNA, or with constructs encoding for constitutively-active or
dominant-negative mutant of either Racl or RhoA, could also be used to verify in vivo the

involvement of these signalling effectors in the Dkk3-driven Sca-1+ APC migration mechanism.

RNA microarray analysis would provide information on additional signalling pathways induced or
repressed in Sca-1+ vascular progenitor cells in response to Dkk3 stimulation, which could enlighten
on the Dkk3-triggered cell migration, proliferation and differentiation mechanisms, amongst others.

The Yeast Two hybrid methodology revealed that Dkk3 interacts with integrin a5 and integrin 1,
which was further confirmed by co-immunoprecipitation and affinity binding assays. Migration
functional assay confirmed the role of ITGa5 and ITGB1 in Sca-1+ cell migration. Integrin a5 Knock
Out causes lethality. ITGB17- mouse model is available and could be used to study in vivo the role
ITGB1 in the neointima formation in response to Dkk3. Moreover, Wild type and ITGB17" mice Sca-1+
cells could be seeded on the outer side of injured arteries and their contribution to neointima could
be examined in response to Dkk3 administration. Furthermore, ITGB1"- mice could be crossed with
Scal+-CreER™to conditionally delete ITGB1 in Sca-1 cells and thus the in vivo effect of Dkk3 on these
cells could be assessed, under normal and atherosclerotic conditions. This same approach could be
implemented for ITGa5, with the generation of a Scal+-CreER™-ITGa5" mouse model. Blocking
antibodies or specific SIRNA for ITGa5, ITGB1 and ITGa5B1 could also be placed together with the
Sca-1+ cells on the adventitial side of injured and uninjured arteries and their migration to the inner

side of the vessel in response to Dkk3 could be analysed.

The signalling pathways implicated in ITGa5 and ITGB1 mediated Sca-1+ cell migration was not

analysed in this study. We therefore aim at completing this step in our future work.
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With the identification of two receptors for Dkk3, a possible interaction between CXCR7 and
ITGa5B1 will be explored. We thus intend to perform a Co-immunoprecipitation experiment to see if
CXCR7 binds to ITGa5B1. To analyse if one receptor regulates the other, downregulation and
overexpression assays followed by the measurement of the receptor expression and/or activation
will be executed. The cross-talk of integrins with growth factor receptors and chemokine receptors,
with synergistic effect on cell migration in some cases, has been reported elsewhere [576-578].

The analysis of the expression of the receptors CXCR7 and ITGa5f31, and possible co-localization with
Dkk3 in Sca-1+ cells in models of neointima formation, such as injury models or ApoE” mouse
model, would be of interest. Likewise, time lapse in vivo immunofluorescence imaging of the Dkk3
treated Sca-1+ cells versus untreated cells showing the expression of the receptors co-localized with

Dkk3, would furnish additional confirmation.

To identify the Dkk3 domain that binds to either CXCR7 or ITGa5B1, we could engineer Dkk3
constructs with deletions of different domains and then perform competitive ligand-receptor
binding assays. This would give crucial information required for the development of drug-targeted

therapy with Dkk3 in not only vascular diseases but also tumour diseases.

Finally, in our understanding, it should not be ignored the fact that the Y2H system enabled the
identification of Fibulin 5 as one of the proteins that interacts with Dkk3. Fibulin 5 is a component of
the ECM, which contributes to the formation of elastic fibers and binds to a set of integrins
receptors, including ITGa5B1 [332, 542, 579-581]. Lomas et al., showed that Fibulin 5 supports the
attachment of human aortic SMCs through ITGa5B1 and that its interaction can be vital for the
ordered formation of elastic fibers [332]. Spencer et al., revealed that in the absence of Fibulin 5, the
mutant mice displayed an increased vascular remodelling with thickening of the neointima and that
SMCs from Fbln-57" mice exhibited an enhanced migratory and proliferative response to mitogenic
stimulation [582]. These data, together with our results regarding the interaction of Dkk3 with
Fibulin 5, ITGa5 and ITG5B1 and considering the different roles of Dkk3 on Sca-1+ cells, lead us to
postulate that the formation of the Fibulin 5-Dkk3-ITGa5B1 trimeric complex could participate in
Sca-1+ cell migration and vascular wall hyperplasia.

Our data reveals the emergence of Dkk3 as a novel chemokine-like protein towards Sca-1+ APCs. We
also identified Dkk3 protein’s receptors, CXCR7 and ITGa5B1. Furthermore, we provided elucidation
on the signalling pathways activated by the binding of Dkk3 to CXCR7. These findings are very
relevant in the development of potential new therapies for cardiovascular diseases, such as
atherosclerosis, which are characterized by exacerbated cell migration and proliferation. We
strongly believe that our work, which highlights the role of Dkk3 on Sca-1+ cells behaviour, could

contribute for the future development of drug-targeted therapy in atherosclerosis.
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