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ABSTRACT

Human placenta is a readily available source for isolation of adult mesenchymal stem cell
(MSC), for potential use in regenerative therapies. MSC fate is influenced by the
microenvironment in vivo, and insulin-like growth factors (IGFs) are critical components
of the stem cell niche, as they regulate proliferation and differentiation into different
lineages including bone, fat, and skeletal muscle. Insulin-like growth factor binding
protein-6 (IGFBP-6), relative to other IGFBPs, has high affinity for IGF2 and is believed
to be the main modulator of IGF-2 function. However, the role of IGFBP-6 in muscle
development has not been clearly defined. In this study, we investigated the role of
IGFBP-6 in different stages of muscle commitment and differentiation using human
mesenchymal stem cells derived from the placenta (PMSCs). Our central hypothesis is
that IGFBP-6 regulates the maintenance of multipotency in PMSCs and also promotes
PMSC differentiation into muscle via intracellular and extracellular interactions in both
IGF-dependent and independent mechanisms. We used immunoblotting,
immunocytochemistry, ELISA, and ALDH-activity to evaluate IGFBP-6 effects on
PMSC muscle differentiation. We showed that PMSCs are capable of differentiating into
muscle cells when exposed to muscle-specific differentiation medium characterized by
the decrease of pluripotency-associated markers (OCT4 and SOX2) and the gain of
expression of muscle markers Pax3/7, MyoD, Myogenin, and Myosin heavy chain in a
time-dependent manner and eventually forming multi-nucleated fibers. Extracellular
supplementation with IGFBP-6 during culture increased muscle differentiation markers
levels in early stages. The opposite effects were observed when IGFBP-6 was silenced

and was rescued by increasing IGFBP-6. We also showed that IGFBP-6 had impact on
[



muscle differentiation in both IGF-dependent and -independent mechanisms. IGF-1 and
IGF-2 had different effects on muscle differentiation with IGF-1 promoting multipotency
and early commitment to muscle, whereas IGF-2 promoting muscle differentiation.
Muscle differentiation required activation of both AKT and MAPK pathways.
Interestingly, we demonstrated that IGFBP-6 could compensate for IGF-2 loss and help
enhance the muscle differentiation process by triggering predominantly the MAPK
pathway independent of activating either IGF-1R or insulin receptor (IR). These findings
indicate complex interactions between IGFBP-6 and IGFs in PMSC differentiation into
skeletal muscle. The most prominent effects were observed early in the differentiation
process, before muscle lineage commitment. This knowledge on how myogenesis can be
manipulated using IGFs and IGFBP-6 will aid in the development of improved muscle

regeneration therapies using stem cells from human placenta.

KEYWORDS
IGF-1, IGF-2, IGFBP-6, IGF-1R, Insulin receptor, OCT4, SOX2, MyoD, Myogenin,
Myosin heavy chain, Pax3/7, Placental mesenchymal stem cells, skeletal muscle

differentiation.



CO-AUTHORSHIP STATEMENT

Portions of Chapter one (included in the published review) were written by Dr. Amer
Youssef and I, then modified based on review by Dr. Victor Han and Dr. David Hess.
Chapter one sections, not included in the review, were written by me and modified based
on review by Dr. Victor Han and Dr. David Hess.

All other chapters were written by me and modified based on review by Dr. Victor Han
and Dr. David Hess.



ACKNOWLEDGEMENTS

In completion of this thesis, | would first like to thank my supervisor Dr. Victor Han for
his continuous support and guidance. Thank you for believing in me and giving me the
chance to grow as an independent researcher. This scientific journey has been great

because of you. You made an amazing difference in my life, Thank you.

I would also like to thank my advisory committee members: Dr. Alison Allan, Dr.
David Hess, who generously assisted as the thesis reader, and Dr. David Hill for their

continuous support and valuable feedback over the years.

From the Han lab, I thank Dr. Amer Youssef for all the technical assistance, guidance,
conversations, help, and fellowship. Zain Awamleh, true friends guide us through the
tough waters and show us the right path in dark times. Thank you for your friendship, for
keeping me sane, for babysitting my kids, and for being my anchor in the lab and in life. |
would like to also thank Bethany Radford for her friendship. | also thank the
administrative staff for making my time in the lab easier and enjoyable. Former Han lab
member Heather Tarnowski-Garner, the best lab technician any graduate student could

ask for, thank you for your friendship and help.

| am very grateful for King Abdullah Bin Abdul Aziz scholarship program, King
Abdullah International Medical Research Center (KAIMRC), and the National
Guard Health Affairs from Saudi Arabia for providing me with a full scholarship and

their continuous financial support.



Thank you to my wonderful parents, Abdulkalig Aboalola and Huda Mannaa, this is all
because of you. Thank you for always being there for me, for your continuous support
and guidance, for your prayers, for your love, and for doing your best for me. | would
also like to thank my brother Abdullah and my sisters Nedaa and Ghaidaa for believing
in me and for their support and love over the years. Family and friends thank you for all

your love and support.

Last but definitely not least, my gratitude and love goes to my little family. My husband
Naif Iskndarani, | owe everything to you. Thank you for believing in me and for your
continuous unlimited support, love, motivation, positivity, and patience. Thank you for
being there through the highs and lows, no words will ever be enough to show my
gratitude to you, I love you. My two perfect miracles, my children Laya and Laith,
having you during my PhD made me stronger and it is my greatest accomplishment. This
is for you, do not let anyone put you down, the sky is the limit, and you can achieve

anything you want. Always believe in yourself. I love you.



TABLE OF CONTENTS

ADSTFACT ... bbb I
COo-AULhOrship STALEMENT .......c.oiiiiiiiie e 1\
ACKNOWIBAGMENTS ... %
Table OF CONENES ..o vii
LESE OF TADIES .. Xiv
LISE OF FIQUIES ..ttt bbbttt XV
LISt OF APPENGICES ...ttt bbb XX
LiSt OF ADDIEVIALIONS ...t XXi
Chapter One: INTrOAUCTION .......c.oiiiiiice e 1
1.0 STEIM CRIIS .. 2
1.0.0 OVEIVIEW ..ottt bbbttt bbb 2

1.1.2 Adult mesenchymal stem cells (MSCS) .......ccovvieiieii i 3

1.1.3 Placental mesenchymal stem cells (PMSCS)......c.ccceveiieiieie i 4

1.2.4 Stem CEll NICNE ..o 7

1.2 Insulin-Like Growth Factor System (IGF) ........ccooiiiiiiiiiie e 9
1.2.1 IGF system: Ligands, receptors, and binding proteins...........ccccccevvvvevverinenn, 9

1.2.2 IGF system: Signaling CaSCades.........ccovvviiieiiiiiiie it 11

1.2.3 The role of IGFs in growth and development .............ccooeiiiineiicniicne 12

Vi



1.2.4 The role of IGFs in MSC MUILIPOLENCY .....ceevvveiiiie e 13
1.2.5 Induction of MSC towards different lineages ...........cccecvvvvevvereiiiesieeseennn, 14

1.2.6 The role of IGFs in mesenchymal stem cell fate specification and

IFFErENTIALION ..o 15
1.2.6.1 OStEOGENESIS ..vveuveivieiieiiieieiteesteeee st e ste et e e e sraesre e sraesreeaesreennas 15
1.2.6.2 IMYOQENESIS ..c.vveueeirieiieesieetiesteesteetestaeste e e ta e teesae e e steeresseesreeeesneennas 16
1.2.6.3 AJIPOGENESIS....c.eivitiitiitiiiieieeiee ettt 17
1.2.6.4 ChONAIOGENESIS. ... .eivitiriiiiieiieiieieie ettt 17

1.2.7 Crosstalk between the IGF axis and other signaling pathways in MSC

proliferation and differentiation ...............cccooveiiiiie i 18
1.2.8 IGF-expressing MSCs in treating terminal diSeases ..........cccevverenviininnnn. 19
1.2.9 IGFs and in vitro MSC differentiation .............cccoceviiiiinieneies e 20
1.3 Insulin-Like Growth Factor Binding Protein-6 (IGFBP-6) ..........c.ccccccccevenni. 21
1.3.1 IGFs, IGFBP-6 and MYOQENESIS. .......ccecveiurerieiieiieesie e st 22
1.4 THesiS RAtiONAIE..........cooiiiiiee s 24
1.5 Hypothesis and ODJECTIVES.........ccoiiiiiiiiieieesese s 26
1.6 Summary and CoNCIUSIONS ..........ccoiiiiiiic e 27
1.7 REFEIEINCES ... 29

Chapter Two: Insulin-Like Growth Factor Binding Protein-6 Alters Myogenic

Differentiation of Human Placental Mesenchymal Stem Cells...........ccccooviiininnne. 44
P20 R 1 011 oo [ Tox 4 o o ST PR TRR 45
2.2 Materials and Methods ..o 47



2.2. 1 1S01AtION OF PIMISCS ..ottt e e 47

2.2.2 Cell CUITUIE ... 47
2.2.3 Muscle differentiation ............ccooeiiiiiiiieeee e 48
224 IGFBP-6 ...t 48
2.2.5 Down-regulation of IGFBP-6 expression by SIRNA .........cccoccvveiviieinene 49
2.2.6 IMMUNOCYLOCHEMISIIY .....viiiiiiccece e 49
2.2.7 Cell lysate Preparation..........ccceoeieriririeieesese st 50
2.2.8 IMMUNODBIOTEING ... 50

2.2.9 Quantification of IGFBP-6 and IGF-2 secretion by Enzyme-Linked

Immunosorbent assay (ELISA) .......oviiiiie e 51
2.2.10 Aldehyde dehydrogenase (ALDH) aCtiVIty..........ccocovovriirieiencnene e 52
2.2.11 StatistiCal ANAIYSIS ......oveieiiieiese e 52
2.3 RESUITS. ... s 53
2.3.1 PMSCs can differentiate into skeletal muscle.............ccocooiiiiiiiiincinee, 53

2.3.2 PMSCs cultured under muscle differentiation conditions showed higher
IGFBP-6 expression, with higher IGF-2 SECretion ..........ccccovvvirieieieniiiresis 62

2.3.3 IGFBP-6 affects multipotency of the developing muscle cells from

PMSCs before muscle COMMITMENT ..........ccooiiiiiiiiieee s 65
2.3.4 IGFBP-6 knockdown delayed PMSCs differentiation into muscle cells....... 73
2.2 DISCUSSION ..tttk bbbt b b bbbt e e e b e sb e bt be s e 80
2.5 RETEIEINCES ... 87



Chapter Three: Insulin-Like Growth Factor-2 and Insulin-Like Growth Factor

Binding Protein-6 Promotes the Differentiation of Placental Mesenchymal Stem

Cells into SKeletal MUSCIE...........ooooii e 98
B L INEFOTUCTION ... bbbt 99
3.2 Materials and MEtNOAS ..........ccceiiiiiiiiii e 101

3. 2.1 PMSC ISOIALION ... 101
3.2.2 Cell CUITUIE .. 102
3.2.3 Muscle differentiation and IGF treatment..............ccoovveieienencneninenee 102
3.2.4 Down-regulation of IGF-2 expression by SIRNA ..........ccccooveviiieieccecn, 103
SL2Z5 IGFBP-6 ... 103
3.2.6 Cell lysate Preparation..........ccoeoieeeeeiereneesie e 103
3.2.7 IMMUNOBIOTEING ... s 104
3.2.8 IMMUNOCYLOCNEMISIIY ......eiiviciicie et 105

3.2.9 Quantification of IGFBP-6 and IGF-2 secretion by Enzyme-Linked

Immunosorbent assay (ELISA) ..o 106
3.2.10 Aldehyde dehydrogenase (ALDH) aCtiVity..........ccccvvveierenencnescseeine 106
3.2.11 Statistical ANAIYSIS ........ccveiieiieieiic e 106
BB RESUITLS. ...ttt 107

3.3.1 IGF-1 affects PMSCs multipotency and differentiation into skeletal
MUSCIE....eee e et a e st e et e e s be e sbeesabeesbeeebeesneeenes 107



3.3.2 IGF-2 affects PMSCs multipotency and differentiation into skeletal

3.3.3 Extracellular IGFs altered IGFBP-6 I8VEIS .........uueee i 115

3.3.4 Extracellular IGFBP-6 maintains muscle differentiation by PMSCs in the

ADSEINCE OF IG =2 . et e e e e 118
3 DISCUSSION ...ttt ettt e e e e e e e ettt e e e e e e e e e et e e e e e e e e e eeeeeeens 125
3D RO I EINCES ...ttt nnnnnnnnnen 130

Chapter Four: Insulin-Like Growth Factor Binding Protein-6 Promotes the
Differentiation of Placental Mesenchymal Stem Cells into Skeletal Muscle

Independent of the Insulin-Like Growth Factor Receptor-1 and

INSULIN RECEPTON ... 140
4.1 INEFOTUCTION ...ttt 141
4.2 Materials and MEetNOAS ...........ccoiiiiiiiiii e 144

4.2.1 PMSC ISOIALION ...t 144
4.2.2 CEILCUITUIE ... 144
4.2.3 Muscle differentiation and treatments...........ccocovevvrieninienenese e 145
4.2.4 Cell lysate Preperation.........ccceoeieeieeiecee s 146
4.2.5 IMMUNODIOLEING ...vveivicieeccee e 146
4.2.6 IMMUNOCYLOCNEMISTIY ...ttt 147

4.2.7 Quantification of IGFBP-6 and IGF-2 secretion by Enzyme-Linked
Immunosorbent assay (ELISA) ... 148

4.2.8 Aldehyde dehydrogenase activity (ALDH)..........ccccevieviiiiiiiic s 149
X



4.2.9 Statistical @aNalYSIS ........ecvviiieiiee e 149
B3 RESUITS. .....eiitiiiieieieie et bbbttt bbb 149

4.3.1 IGF-1R and IGFBP-6 were required for PMSCs differentiation into
SKelEtal MUSCIE ... e e 149

4.3.2 IGFBP-6 is required for PMSCs muscle differentiation after inhibition of
PISK PAINWAY .....ovveieeie ettt sre et e nraene s 158

4.3.3 MAPK signaling is required for PMSC differentiation into skeletal

NMUSCI O e 165

4.3.4 Inhibition of insulin receptor signaling delayed PMSCs differentiation

into skeletal and adding IGFBP-6 rescued the effects ..........ccccoceeveviviiiiiciiens 171

4.4 DISCUSSION ...tttk sttt b ekt b ekt et ettt b e bt e et s et e e bbb e ene e 175
4.5 RETEIBINCES ...ttt bbbt et ene e 178
Chapter FIVe: DISCUSSION ......cccvciiiiieiieeieieesieesiesteeste e saesteeseessaestaestesseesreesnesnnessaenneas 186
5.1 SumMmMary and PEIrSPECLIVE ......cecveiiiiece ettt 187

5.1.1 Role of the IGF system in PMSCs multipotency and muscle

AITFErENTIATION ... 189
5.1.1.1 ROIES OF IGFBP-6 ....c.coviiiiiiiiiieiieieiee e s 190
5.1.1.2 IGF-dependent functions of IGFBP-6 ............c.cccceevvivieiiicieciccee, 191
5.1.1.3 IGF-independent functions of IGFBP-6 ...........c.ccccceevevivevecieieenne 192

5.1.1.4 IGFBP-6 has IGF-1R-dependent and —independent functions, but
only IR-independent FUNCLIONS.........cceeiiiiiie i 193

5.2 OVEIall CONCIUSIONS ... eeeeseseeesesenennnenenennes 195



5.3 Limitations and FUTUIE STUIES. .......eeeeeeeee oot e e 196

5.3.1 IGFBP-6 and IGF-2 SHENCING ......ccoveiiieiiiieseece e 196

5.3.2 The role of OCT4 in PMSCs muscle differentiation..............cccccooevvrvnnne. 197

5.3.3 PMSCsand IGFBP-6 therapeutic potential in VIVO..........ccccceoeieiencnininne. 197

5.4 SIGNITICANCE ...oveeie ettt te e e e sneeae s 200
5.5 REFEIENCES ...ttt e 200
APPENAIX L.ttt bbbt 91
AAPPENAIX 2.ttt b bbb n bbbt ene s 135
N o] 0T a0 D USRS 181
N o] 0T a0 D SRR 205
APPENAIX 5.ttt bbb ene s 216
APPENTIX Bt bbbttt bbb 221
CUITICUIUM VAL ..t 222

Xii



Table 1.1.

LIST OF TABLES

MSC differentiation protocols with IGFs towards different lineages

Xiii



Figure 1.1.

Figure 1.2.
Figure 1.3.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.

Figure 2.8.

LIST OF FIGURES

The human placenta is a source of chorionic villi derived placental

mesenchymal stem Cells (PMSCS)......ccoiiiiiiiiiiiiie e 6
SEM CEI NICNE....c i 8
Myogenic liNeage ProgreSSION ........ccvcieeieiieereiieseeriesie e se e e sreesreeaeas 28

PMSCs cultured under muscle differentiation conditions showed muscle
morphology with lower OCT4 and higher MHC at 14 days post-
AITTOIENTIATION .o 55

PMSCs cultured under muscle differentiation conditions increased levels
of muscle markers (Pax3/7, MyoD, MyoG, and MHC) and decreased
OCT4 AN SOX 2 ... 57

PMSCs cultured under skeletal muscle differentiation conditions showed a
decreased frequency of cells with high ALDH-activity .........c.ccccccevverieennene. 59

PMSCs cultured under skeletal muscle differentiation conditions showed

increased IGFBP-6 expression and SECTELION ............ccovvveeeieiienienieniniesienes 63

PMSCs treated with IGFBP-6 increased pluripotency-associated and

muscle differentiation Markers .........eeeeeeee oot 67

IGFBP-6 treatment increased the frequency of PMSCs with high ALDH-
ACTIVITY ..ttt 69

PMSCs treated with IGFBP-6 showed similar immunofluorescence for
OCT4 and MHC at 14 days under muscle differentiation conditions ............ 72

IGFBP-6 knockdown in PMSCs under muscle differentiation conditions

reduced muscle markers protein [eVels...........cccociiiiiiii 75

Xiv



Figure 2.9.

Figure 2.10.

Figure 2.11.

Figure S2.1.

Figure S2.2.

Figure S2.3.

Figure S2.4.

Figure S2.5.

Figure 3.1.

Figure 3.2.

IGFBP-6 siRNA treatment maintained PMSCs cell morphology and
inhibited IGFBP-6 SECTELION ........ccveiviiiiiiiieieie s 77

IGFBP-6 siRNA knockdown in PMSCs cultured under muscle
differentiation conditions decreased the frequency of cells with high
ALDH-ACHVILY ..ot 78

Model of IGFBP-6 functions on PMSCs differentiation into skeletal

NUSCIE e 86

IGFBP-6 levels in response to IGFBP-6 supplementation in PMSCs under

skeletal muscle differentiation CONAItIONS. ......covveemeeeeee e 92

PMSCs cultured under muscle differentiation conditions showed the
formation of multi-nucleated fibers and lower cell count compared to

CONETO] e 93

PMSCs cultured under skeletal muscle differentiation conditions showed

increased IGFBP-6 EXPreSSION. ........c.civiveiieiecie i esteete e este e sre e sre e 95

PMSCs under muscle differentiation conditions treated with IGFBP-6
showed more muscle compaction with lower cell count compared to cells

under muscle differentiation aloNE..........ooov oot 96

IGF-2 secretion in PMSCs treated with IGFBP-6 or IGFBP-6 siRNA under
muscle differentiation CONAItIONS........oooveeeeeee e, 97

PMSCs treated with IGF-2 showed qualitatively increased

immunofluorescence for MHC at 14 days........cccccevvevecicieece e 110

IGF-1 and IGF-2 treatment differently affected levels of pluripotency-

associated and muscle differentiation markers in PMSC .......ccccoocvvvinnnnn. 111

XV



Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure S3.1.

Figure S3.2.

Figure S3.3.

Figure S3.4.

PMSCs cultured under skeletal muscle differentiation conditions treated
with IGF-1 showed an increased frequency of cells with high ALDH-
activity, while cells treated with IGF-2 showed a decreased frequency....... 113

IGFBP-6 expression is altered by IGF-1 and IGF-2 treatment in PMSCs

cultured under skeletal muscle differentiation conditions .............cccoevennn.... 116

IGF-2 knockdown inhibited PMSCs differentiation into skeletal muscle
and adding extracellular IGFBP-6 with the treatment helped rescue muscle
COMIPACTION ...ttt bttt r bbbt 120

IGF-2 knockdown decreased muscle differentiation markers, while adding

IGFBP-6 partially increased the markers.........ccccoeeveviiiicic s 122

IGF-2 knockdown and extracellular IGFBP-6 addition in PMSCs under
muscle differentiation conditions decreased the frequency of cells with
high ALDH-ACHIVILY .....occviiieiic et 123

Model of IGFs and IGFBP-6 functions during PMSCs myogenesis............. 129

PMSCs under muscle differentiation conditions treated with IGF-1showed
higher cell count, while IGF-2 treated PMSCs were lower compared to

PMSCs in muscle differentiation alone .........c.eeveeeeeeee oo 136

IGF-2 siRNA treatment inhibited PMSCs differentiation into skeletal
muscle and adding extracellular IGFBP-6 with the treatment helped rescue
MUSCIE COMPACTION. ..ot 137

IGFBP-6 levels secreted to the media increased with IGF-2 knockdown

compared to muscle differentiation using ELISA ... iiicviees 138

PMSCs treated with IGF-1 showed decreased IGF-2 levels secreted into
the media compared to muscle differentiation...........ccccocevivevviieicciesene. 139

XVi



Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

PMSCs treated with extracellular IGFBP-6 and PPP showed qualitatively
more IGFBP-6 and MHC immunofluorescence with no change in OCT4

EXPIESSION AL 14 TAYS ....vevveeeeiieciee s 152

PMSCs treated with the IGF-1R inhibitor, PPP, decreased pluripotency-

associated and muscle differentiation MAarkers .........ccceeevvveeeeeeeceeeee e 154

PMSCs treated with IGF-1R inhibitor (PPP) showed reduced p-AKT and p-
ERK1/2 levels that was reversed by IGFBP-6 addition...............cccccevueennne. 156

PMSCs treated with PPP showed increased IGFBP-6 secretion but

deCreased IGF-2 SECIELION. .......eee oot 157

PMSCs treated with LY294002 reduced differentiated muscle compaction
at 7 and 14 days, while IGFBP-6 with LY294002 delayed compaction
CRANGES 10 14 AYS ....veiveeiieieeeie e 160

LY294002 treatment reduced IGFBP-6, pluripotency-associated and

muscle differentiation Markers .........eeeeeeeee e 161

PMSCs treated with LY294002 and LY?294002 with IGFBP-6 under
skeletal muscle differentiation conditions decreased the frequency of cells
With high ALDH-ACHIVILY .......cooiiiiiicce e 163

PMSCs treated with U0126 under muscle differentiation conditions

showed reduced muscle compaction at 3 days .........ccoceveviriiieneninesenen 166

PMSCs treated with U0126 under muscle differentiation conditions
reduced protein levels of IGFBP-6, pluripotency-associated and muscle

differentiation MArKEIS.......ooov e, 167

PMSCs treated with U0126 and U0126 with IGFBP-6 under skeletal
muscle differentiation conditions decreased the frequency of cells with
Righ ALDH-ACHVILY ....oeoiviiiiic e 169



Figure 4.11.

Figure 4.12.

Figure S4.1.

Figure S4.2.

Figure S4.3.

Figure 5.1.

Figure 6.1.
Figure 6.2.

Figure 6.3.

Figure 6.4.

PMSCs under muscle differentiation conditions treated with HNMPA
show delayed muscle compaction at 14 days .........cccceeevveevveveiiiese e 172
PMSCs treated with HNMPA under muscle differentiation conditions
reduced muscle differentiation markers with no change in pluripotency-
ASSOCIALEU MATKETS ....veviiiieie e 173
PMSCs under muscle differentiation conditions treated with different
concentrations of PISK, MAPK, and IR inhibitors..........cccccevveiveciiiiiineenns 182
Higher magnification of PMSCs treated with LY294002 or with IGFBP-6
supplementation With LY294002...........ccccoeiiiieiieie e 184
Higher magnification of PMSCs treated with HNMPA or with IGFBP-6
supplementation With HNMPA. ... 185
PMSCs differentiation into skeletal muscle using the insulin-like growth
L1 (0] 05 V/S1 (=11 2 ISP 198
PMSC Isolation from 15 weeks preterm placenta .........ccccccceeveveiieeveccesnenne. 210
PMSC Isolation from 20 weeks preterm placenta ...........cccoceoeveiiiencnnnnnn. 211
PMSCs isolated from different gestational ages differentiate towards the

OStEOGENIC HINEAGE ......cvi ettt 213

PMSCs isolated from different gestational ages differentiate towards the

AdIPOGENIC HINBAGE ..o s 214

XViii



Appendix 1
Appendix 2
Appendix 3
Appendix 4
Appendix 5

Appendix 6

LIST OF APPENDICES

Supplemental Figures for Chapter TWO .......ccccooviieiininnieice e 91
Supplemental Figures for Chapter Three ........ccoccvvveiieiiniiiiesece e 135
Supplemental Figures for Chapter FOUr ..o 181
Characterization of Placental Mesenchymal Stem Cells............c.cccccoveviennnn. 205
Copyright Permission Figure Reproduction Chapter One ............cccccvevveenee. 216
EthiCS APPIOVaL ..o s 221

Xix



°C

AKT
ALDH
ALP
Amp
ANOVA
ATP
bFGF
BCA
BSA

CD

C terminal
CHO
DEAB
dH.0

DMEM-F12

LIST OF ABBREVIATIONS

Degrees Celsius

Alpha

Beta

Milli

Micro

Nano

Wavelength

Serine/threonine protein kinase B
Aldehyde dehydrogenase activity
Alkaline phosphatase

Amperes

Analysis of variance

Adenosine triphosphate

Basic fibroblastic growth factor
Bicinchoninic acid

Bovine serum albumin

Cluster of differentiation
Carboxy-terminal

Chinese Hamster ovary cell line
Diethylaminobenzaldehyde

Distilled water

Dulbecco’s modified eagle medium and nutrient

XX



DMSO

DNA

DPBS

DTT

ECL

ECM

EDTA

EGF

ELISA

ERK

ES

FBS

FGF

FITC

GH

GRB-2

HCI

HR

IGFBP

IGFBP-6

IGF-1

IGF-2

Dimethyl sulfoxide

Deoxyribonucleic acid

Dulbecco’s Phosphate Buffered Saline
Dithiothreitol

Enhanced chemiluminescence
Extracellular matrix

Ethylene diamine tetraacetic acid
Epidermal growth factor

Enzyme linked immunosorbent assay
Extracellular signal-regulated kinase
Embryonic stem cell

Fetal bovine serum

Fibroblast growth factor

Fluorescein isothiocyanate

Gram

Growth hormone

Growth factor receptor-bound protein 2
Hydrogen chloride

IGF-1R/IR Hybrid receptor
Insulin-like growth factor binding protein
Insulin-like growth factor binding protein-6
Insulin-like growth factor 1

Insulin-like growth factor 2

XXi



IGF-1R Insulin-like growth factor receptor 1

IGF-2R Insulin-like growth factor receptor 2
l9G Immunoglobulin G

IR Insulin receptor

IR-A Insulin receptor isoform A

IR-B Insulin receptor isoform B

IRS Insulin receptor substrate

KCI Potassium choride

kDa Kilodalton

L domain labile (or linker) domain

LY 294002 2-morpholin-4-yl-8-phenylchromen-4-one
M Molar

MAPK Mitogen-activated protein kinase
MEK MAP/ERK kinase

MgCl, Magnesium chloride

MHC Myosin heavy chain

Min Minutes

mL Milliliter

mol Mole

MSC Mesenchymal stem cell

MyoG Myogenin

N terminal amino terminal

NaCl Sodium chloride

XXii



NaOH
NANOG
ng

nM

nm

OCT4

p85
Pax3/7
pH

PCR
PI3K
PMSC
PPP
PVDF
RD

rpm
RTK
RT-PCR
SEM
SDS
SDS-PAGE

SHC

Sodium hydroxide

Homeobox protein Nanog

nanogram

nanomolar

nanometre

Octamer-binding transcription factor-3/4
Significance value
Phosphatidyl-inositol-3-kinase regulatory subunit
Paired box 3/7

potential of hydrogen

polymerase chain reaction
Phosphatidyl-inositol-3-kinase

Placenta-derived mesenchymal stem cell
Picropodophyllin

Polyvinylidene fluoride

Rhabdomyosarcoma derived

Revolutions per minute

Receptor tyrosine kinase

Reverse transcription polymerase chain reaction
Standard error of the mean

Sodium dodecyl sulfate

Sodium dodecyl sulfate polyacrylamide gel Electrophoresis

Src-homology 2 containing protein

XXiii



SOX2

SSEA

STAT

TBS

TBS-T

TEMED

Tris

u0126

SRY-related HMG box 2

Stage specific embryonic antigen

Signal transducer and activator of transduction

Tris-buffered saline

Tris-buffered saline supplemented with 0.05% Tween-20
Tetramethylethylenediamine

Tris (hydroxymethyl) aminomethane
1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene

Volt

XXV



CHAPTER ONE

INTRODUCTION
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1.1 Stem Cells

1.1.1 Overview

Many tissues contain adult multipotent stromal cells, also known as mesenchymal stem
cells (MSCs), a cell type with great potential in tissue regeneration therapies. However,
the MSC availability in most tissues is limited which demands extensive expansion in
vitro following isolation. Like many developing progenitor cell types, the function of
MSCs is affected by the surrounding microenvironment, and mimicking natural
microenvironmental cues that support multipotent or differentiated states in vivo is
essential for the successful use of MSC in regenerative therapies. Many researchers are,
therefore, optimizing cell culture conditions in vitro by altering growth factors,
extracellular matrices, chemicals, oxygen tension, and pH to enhance stem cell expansion
or differentiation. The insulin-like growth factors (IGFs) system has been demonstrated
to play an important role in MSC biology to either promote cell division (self-renewal) or
to enhance differentiation onset and outcome, depending on the cell culture conditions. In
this chapter, we will review the importance of the IGFs system and its signaling partners
during development, and describe how these pathways affect differentiation towards

multiple lineages in the MSC niche.

Currently, many degenerative diseases which are associated with organ failure are
untreatable by pharmaceuticals or organ replacement, have been impacted by the promise
of cell-replacement or tissue regenerative therapies (1). Such diseases include endocrine
diseases (diabetes), neurodegenerative diseases (Parkinson’s, Alzheimer’s and

Huntington’s), and cardiovascular diseases (myocardial infarction and peripheral



vascular ischemia) or chronic conditions in the cornea, skeletal muscle, skin, joints and
bones (2). Stem cells have the potential to replace damaged cells, or to send paracrine
signals that promote the survival and function of damaged tissues (3). In addition, with
the ability to generate induced pluripotent stem cells from the recipient’s own somatic
cells (4-6) and the availability of new gene editing technologies (e.g. CRISPR-Cas9 and
TALEN) (7,8); the power of stem cell therapy for many genetic and acquired diseases, is

closer to reality than ever before.

1.1.2 Adult Mesenchymal Stem Cells (MSCs)

Adult mesenchymal stem cells (MSCs) are multipotent cells that are highly proliferative
in culture, adherent to plastic, and differentiate into many cell types including bone, fat,
cartilage, and muscle. Unlike embryonic stem cells, MSCs have less ethical controversies
and lower tumorigenicity; however, they have restricted differentiation potential (9).
Recent research has also demonstrated rare transdifferentiation ability of MSCs from
cells of one germ layer to another (10). In addition, MSCs consistently demonstrate an
immunomodulatory effect to reduce inflammation and are able to be engrafted
successfully in therapy resistant graft-versus-host disease (3). The existence of
multipotent stem and progenitor cells in adult tissues was first described in the
hematopoietic system by Till and McCulloch in 1961 (11) and was followed by the
isolation of MSCs from bone marrow by Friedenstein in 1968 (12). Since then, MSCs
have been isolated from many mature organs and tissues including skeletal muscle (13),
adipose tissue (14), deciduous teeth (15), umbilical cord blood and placenta (16),

peripheral blood (17), and brain (18). Several biological markers characterize MSCs of



different origins to be positive for CD73, CD105, CD29, CD44, CD71, CD90, CD106,
CD120a, and CD124, and negative for CD117, CD34, CD45 and CD14 (19-21). MSCs
have been demonstrated to differentiate predominantly into mesodermal cells including
osteogenic, chondrogenic, adipogenic (22), endothelial (23), and myogenic (24) lineages.
Also, MSCs can differentiate towards ectodermal lineages including corneal (25, 26) and

neuronal cells in vitro (27).

1.1.3 Placental Mesenchymal Stem Cells (PMSCs)

Placenta is a vital organ for the embryo, acting as the interface between the fetal and
maternal environments for the transportation of nutrients and substrates (e.g. oxygen), the
removal of metabolic waste, and the production of endocrine hormones essential for the
maintenance of pregnancy (28). Unlike the early embryo from which human embryonic
stem cells are derived, placenta is a non-controversial discarded tissue that is a readily
available source of MSCs for regenerative therapy in human patients (29, 30, 31). At 6-7
days post fertilization, embryonic mesenchymal cells infiltrate the cytotrophoblast layer.
These cells in conjunction with trophoblast stem cells, invade the maternal endometrium
for implantation and initiation of placental development (32, 33). There are four types of
tissues of the placenta from which stem cells can be isolated; amnion, chorion, umbilical
cord, and fetal membranes (32, 34, 35), each found in a different niche location with the

chorionic villi being the largest source (32, 34).

The MSCs used in this study, were isolated from the main functional unit of the placenta,
the chorionic villi (Figure 1.1). Each chorionic villus is composed of three layers of cells:

villous trophoblast (syncytiotrophoblasts and cytotrophoblasts), villous stroma



(mesenchymal cells, Hofbauer cells, and fibroblasts), and fetal vascular endothelium
(endothelial cells) (36). Chorionic villi-derived cells are the earliest fetal material
obtained for prenatal diagnosis of fetal disorders (chorionic villous sampling) (37), and
the most versatile stem cell type in the placenta (38). Furthermore, chorionic villi MSCs
or placental MSCs (PMSCs) have greater cell proliferation and differentiation capacity in

vitro compared to bone marrow MSCs (39, 40).

To define the MSC population in vitro, the International Society for Cellular Therapy
established three required criteria, namely that MSC must be a) plastic-adherent when
maintained in standard culture conditions, b) express CD105, CD73 (stromal and
vascular markers), and CD90 (fibroblast markers) and lack hematopoietic markers such
as CD45 and CD34, and c) be capable of differentiation into osteoblasts, adipocytes, and
chondroblasts in vitro (39, 41, 42). Therefore, MSCs isolated from the human placenta

must be validated before use.

In this study, PMSCs isolated from the chorionic villi of preterm placentae (15-20 weeks)
tissue were tested for MSC criteria. Cultured PMSCs were clonally selected, highly
proliferative and adherent to plastic, and positive for the mesenchymal markers CD73
and CD105 and did not express the hematopoietic marker c-kit (Appendix 4).
Furthermore, PMSCs isolated efficiently differentiated into osteoblasts and adipocytes;
confirming multipotent differentiation of PMSCs (Appendix 4). Thus, PMSCs represent a
promising cell type for the development of tissue regeneration therapy, due to early

ontogeny and multipotent potential.
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Figure 1.1. The human placenta is a source of chorionic villi derived placental
mesenchymal stem cells (PMSCs). A cross section of the placenta shows different
placental structures. The intervillous space is filled with maternal blood from maternal
arterioles for nutrient and waste exchange between the fetal and maternal circulation. The
umbilical cord carries fetal blood to the fetal capillaries within the chorionic villi, which
is the main functional interface between the maternal and fetal environments. There are
seven types of cells in the chorionic villi: endothelial cells, pericytes, mesenchymal stem
cells, Hofbauer cells, cytotrophoblasts, stromal fibroblasts, and syncytiotrophoblasts.
PMSCs are found in the perivascular region of the fetal capillaries within the chorionic

villi.

Reproduced from Pathology of the Human Placenta, 3rd Ed., Benirschke K, Kaufmann P,
Castellucci M. Pages 11 and 62. Copyright 1995, with permission from Springer.



1.1.4 Stem Cell Niche

The stem cell “niche” is a paracellular microenvironment that includes cellular and non-
cellular components from local and systemic sources that regulate stem cell
multipotency, proliferation, differentiation, survival and localization (43). Stem cells are
maintained by the surrounding microenvironment via cues including physical, structural,
humoral, paracrine, autocrine, and metabolic interactions (44). Therefore, a combination
of microenvironmental signals generated during development, healing or diseases
regulate tissue regeneration leading to cell proliferation, differentiation or quiescence
(45). This thesis focuses on the role of insulin-like growth factors (IGFs) system in the

MSC niche (Figure 1.2).

Insulin-like growth factors are the early effectors that impact cell fate; therefore,
controlling the availability of growth factors in the stem cell microenvironment is
beneficial for manipulating stem cells in vitro. This study will focus on the effects of
insulin like growth factors (IGFs) and their binding proteins (IGFBPs), IGFBP-6 in

particular, as components of the stem cell niche.
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Figure 1.2. Stem cell niche. The stem cell niche is a complex compartment directing
mesenchymal stem cell (MSC) differentiation and function via cellular and acellular
components. Various signals are exchanged between MSCs, mature stromal cells, other
progenitor cell types, and the extracellular matrix containing variable soluble factors,
ECM composition, oxygen tension, and pH. Therefore, the MSC niche manipulates the
state of MSCs following growth and regeneration demand. IGFs can signal via
paracrine/autocrine (produced locally by the tissue) or endocrine (delivered by blood
supply) routes and interact with IGF-1 receptor, IGF-2 receptor, or the insulin receptor on
MSCs and other cells. IGFBPs (extracellular and/or intracellular) can modify IGF actions
and affect their stability and degradation. Other receptors and integrins are also expressed
in MSCs and can be affected by extracellular microenvironment. MSC differentiation
occurs by the shutdown of pluripotency-associated genes, such as OCT4, SOX2, and
NANOG, for the up-regulation of differentiation genes. For example, MSCs can give rise
to all mesodermal lineages depending on transcription factor expression to generate
adipose, cartilage, bone, and muscle.



1.2 Insulin-like Growth Factor System (IGF)

1.2.1 IGF System: Ligands, Receptors and Binding Proteins

Insulin-like growth factors (IGFs; IGF-1 and -2) are small polypeptides (~7 kDa) that
regulate survival, self-renewal, and differentiation of many cell types, including stem
cells (46). In the systemic circulation in postnatal life, IGF-1 levels are regulated by
growth hormone (GH), which induces IGF expression and release by the liver and
accounts for 70-90% of circulating IGFs (47). Knockdown of Igf-l1 in the postnatal
murine liver resulted in a 75% reduction in circulating IGF-1 levels that was
accompanied by a compensatory 4-fold increase in GH, which can lead to insulin
resistance (48). Even in the absence of hepatic IGF-1, postnatal growth was not affected
in mice. This is likely due to extra-hepatic expression of IGFs in a paracrine/autocrine
fashion, such as in the bone, brain, lung, uterus, ovaries, adipose tissue, and muscle (49).
Under this condition, serum IGF concentrations were regulated by several factors
including gender, age, and nutrition status, leading to a variable concentration range of
IGF-1 (264-789 ng/mL) and IGF-2 (702-1042 ng/mL) in healthy individuals (50). In
prenatal (embryonic/fetal) life, the regulation of the synthesis of IGF-1 and IGF-2 by
many different organs and tissues is not well understood. Most likely, the synthesis is
regulated by local (paracrine) factors and cues such as nutrient status, oxygen tension,
extracellular matrix, and other growth factors in addition to endocrine factors.
Importantly, the IGFs are synthesized as required by the developmental and physiological
cues within the extracellular and intracellular environment. It is likely that the fate of

mesenchymal stem cells which reside in the paracellular niches in adult tissues is
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regulated by IGF signals in the tissue microenvironment.

At the molecular level, IGF-1 shares more than 60% sequence homology with IGF-2 and
50% with pro-insulin (51, 52). IGFs signal mainly via the IGF-1 receptor (IGF-1R),
which has the highest binding affinity (Kd of 1 nM) towards IGF-1, with 10-fold lower
affinity to IGF-2 (53). IGF-1R is a receptor-tyrosine-kinase (RTK) which shares a
structural homology domain with the insulin receptor (IR). In turn, IR is expressed in two
isoforms IR-A and IR-B, and can form hybrid receptors (HR-A and HR-B) with the IGF-
1R, which bind to both IGFs with variable affinities (54). Unlike IGF-1, IGF-2 binds to
its specific receptor, IGF-2R, and, similar to insulin, it can bind to IR-A (55). IGF-1R, IR
and HRs are mitogenic RTKs while IGF-2R is not. Therefore, different receptor and
ligand combinations can cause variable signaling outcomes, especially in stem cells. Few
studies have been reported on the effects of IGF-1 on the growth, differentiation, and
migratory capacity of MSCs (56-58); however, the expression of different IGF, insulin,
and hybrid receptors and their roles in cell potency and differentiation has not been well

studied.

Circulating IGFs are also regulated by binding to six soluble (~30 kDa) IGF-binding
proteins (IGFBPs, 1-6), which determine the bioavailability of free IGF ligand in the
vicinity of the receptors, thus modifying IGF actions (59). Under normal physiological
conditions, IGFs bind IGFBPs with greater affinity than they bind IGF-1R (60-62).
IGFBPs interaction with IGFs occurs via non-covalent binding (63) that protects them
from degradation, increases their half-life (64, 65), and facilitates delivery to specific
tissues. Therefore, IGFBPs play an important role in IGF-regulated cell metabolism,

development, and growth (66). In addition, it has become apparent that IGFBPs are
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expressed and maintained within the cellular microenvironment and have additional
functions independent of regulating IGFs (67). The goal of this thesis is to delineate the

role of IGFBPs, specifically IGFBP-6, in MSC fate-decisions.

1.2.2 IGF System: Signaling Cascades

IGF-1R is a trans-membrane tetramer receptor that exists as heterodimers composed of
two a and f hemireceptors linked by disulfide bonds in a f—a—a—f structure (68). Upon
ligand binding, the downstream signal of IGF-1R is dependent on the differential
phosphorylation of its B-subunit and the resultant tyrosine residues become available to
initiate mitogenic signals, mainly through the phosphoinositide 3-kinase (PI3K),
AKT/PKB and the extracellular signal-regulated kinase (ERK1/2) (66, 69, 70). In this
manner, IGF-1R can induce transcriptional activity to promote survival and

differentiation of MSCs (71, 72).

Upon activation of the extracellular o subunits of the IGF-1R, autophosphorylation of
tyrosine residues on the p-subunits creates high affinity binding sites for signaling
adaptor molecules and substrates. For the ERK1/2 signaling pathway, SHC interacts
directly with the IGF-1Rg which recruits GRB2 to interact with SOS that subsequently
activates c-RAS leading to the sequential phosphorylation of RAF, MEK1/2 and ERK1/2
(51, 73-77). To activate the PI3BK/AKT signaling, p85, the regulatory subunit of PI3K,
interacts directly with IGF-1Rp independent of SHC binding (78). IRS-1 is a main target
of the IGF-1R, implicated in the mitogenic effect of IGF-1R, inhibition of apoptosis, and
transformation. Conversely, IR-1 down-regulation has been associated with the inhibition

of differentiation and the induction of apoptosis (69, 79). The phosphorylation of IRS-1
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amplifies the IGF-1R signaling by indirectly recruiting GRB2 to transduce ERK1/2
signaling (73), or p85 to transduce PI3K signaling (80). Therefore, surrounding
microenvironmental inputs that define stem cell behavior depend on IGF-1R activation

and subsequent signaling cascades.

1.2.3 The Role of IGFs in Growth and Development

During development, circulating IGF levels correlate proportionally with placental and
fetal weight, and reduced levels due to poor maternal-nutrition have been suggested to
lead to fetal growth restriction (81). In human pregnancies, IGFs play an early role in
promoting proliferation/ differentiation and preventing cell apoptosis of various types of
placental cells (72). In mice, global knockout of Igf-1 or Igf-1r causes restricted growth
(<60% of wild-type) and premature death of newborn embryos. Most pups with Igf-1r-/-
are unable to survive due to the lack of functional muscles required for breathing,
whereas some mouse lines with Igf-1-/- will survive with deficits in major organs (82-
84). On the other hand, Igf-2 knockout mice (indistinguishable between homozygous and
heterozygous) are viable at 60% birth weight of wild-type (85). Double mutants for Igf-1
and 1gf-2 are severely growth-deficient (30% of wild-type) and die shortly after birth due
to respiratory failure. Although both IGFs have an additive effect in embryonic
development, IGF-1 is more important in postnatal growth, while IGF-2 is important for
prenatal feto-placental growth. Hence, IGF-1 and IGF-2 stimulate both proliferation and
terminal differentiation of many organs and tissues in developing embryos and in adult
life. Since the initial description of Igf-1, Igf-2 and Igf-1r null mice using classic

knockout methodology, mice with tissue-specific knockouts of these genes have been



13

generated using the Cre/loxP conditional knockout system resulting in a range of
phenotypes (86, 87). The major differences between the models are in the tissue/cell-
specificity and the timing of the null mutation (prenatal or postnatal). Most of the
conditional models are generated with gene targeting after birth to allow examination of
the role of Igf-1 and Igf-1r in postnatal development without the ability to discriminate
null mutation in stem or somatic cells. In classic knockout models, gene targeting occurs
in the embryonic stem cells, allowing us to examine the impact of Igf genes in stem cells.
However, only very few reports have investigated the impact of the knockout of Igf-1 and

Igf-1r in mesenchymal stem cells.

1.2.4 The Role of IGFs in MSC Multipotency

MSCs isolated from different tissues, such as bone marrow, adipose tissue, placental
chorionic villi and fetal membranes, consistently express and secrete IGF-1 and/or IGF-2
in vitro (88-93). Ectopic IGF-1 expression in MSCs enhanced proliferation and lowered
apoptosis (94). Basic fibroblast growth factor (bFGF) was shown to be required in
maintaining stemness and proliferation in hESCs (46, 95) and in MSCs (90, 96, 97).
Further investigation showed that this effect was mediated via the IGF system, which is
up-regulated by an autonomous expression of IGF-1R, IGF-1, and IGF-2 in umbilical
cord MSCs (96). Although both IGF-1 and IGF-2 are involved in mediating stem cell fate
changes, IGF-2 appears more prominent than IGF-1 in promoting MSC multipotency. In
hESCs, IGF-2 secreted by spontaneously differentiated autologous fibroblast-like cells in
response to bFGF was required to maintain hESC pluripotency and self-renewal via IGF-

1R signals (46). However, one study showed that hESCs pluripotency/self-renewal
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maintenance could be independent of IGF-2 secretion only when MSCs are used as a
feeder layer (98). A study in human dental pulp MSCs (hDSCs), confirmed that the IGF-
1R is required for MSC multipotency and was regarded as a selection marker for
stemness, similar to OCT4 and SOX2 (99). In placental MSCs (PMSCs), IGF-2 is up-
regulated by low oxygen tension and is required to maintain MSC multipotency (90, 97).
Also, in neural stem cells (NSCs), IGF-2 was shown to play an important role in
maintaining self-renewal (100) via the A-isoform of IR (IR-A), independent of IGF-1R
or IGF-2R (101). Although IGF-1R and IR can form hybrid receptors, the role of hybrid
receptor in maintaining stem cell fate (ESCs or MSCs) and pluripotency is yet to be

determined.

1.2.5 Induction of MSC towards Different Lineages

In vitro, MSC differentiation can be initiated via extrinsic stimulation by growth-factors
(102); a process that requires withdrawing maintenance growth factors and adding
differentiation-promoting growth factors and chemicals (43, 44). Differentiation factors
include: dexamethasone, 3-isobutyl-1-methylxanthine, insulin and indomethacin for
adipogenic differentiation (103); TGF-B1, insulin, transferrin, dexamethasone, and
ascorbic acid for chondrogenic differentiation (103); insulin, transferrin and selenium for
skeletal myogenic differentiation (103, 104); and dexamethasone, ascorbic acid and -
glycerophosphate for osteogenic differentiation (105). Therefore, the same MSC
population exposed to different extrinsic stimuli will initiate differentiation towards a
specific cell type via activation of tissue specific transcription factors, such as SOX5/6/9

for chondrocytes, PPARy for adipocytes, MyoD family for myoblasts, and
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RUNX2/Osterix for osteoblasts (106). Moreover, MSCs have been shown to differentiate
into lineages outside of the mesodermal lineage (neural differentiation). These complex
differentiation processes have implicated IGFs in fine-tuning transcription factor
expression and activity leading to commitment towards alternate lineages from the three-

germ layers.

1.2.6 The Role of IGFs in Mesenchymal Stem Cell Fate Specification and

Differentiation

1.2.6.1 Osteogenesis

IGF-1 and IGF-2 are secreted by osteocytes for stimulation of bone formation, growth,
and metabolism and can prevent apoptosis in a paracrine/autocrine manner (107, 108).
Local overexpression of IGF-1 in osteoblasts can accelerate the rate of bone formation
and increase the pace of matrix mineralization, which is dependent on IGF-1R (109).
Decoupling of IGF-1R signaling from IGF-1 is responsible for reduced
proliferation/differentiation in primary osteoblasts from osteoporosis patients, causing
bone loss (110). Under non-differentiation conditions, IGF-1 transfected human MSCs
are able to up-regulate expression of various osteoblast genes (111). Bone marrow MSCs
(BM-MSCs) secrete IGF-1 and generate conditioned media that was sufficient to induce
alveolar bone regeneration prior to dental implant placement (112). In dental pulp MSC,
IGF-1 was shown to promote mTOR signaling pathway and trigger the expression of
RUNX2, OCN, OSX, and COL1 (57). Also, human deciduous teeth MSCs with high
osteopotential express and secrete IGF-2 that is required for differentiation and

mineralization (113). Overall, IGF-1 and IGF-2 play a significant role in MSC osteogenic
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differentiation and bone health.

1.2.6.2 Myogenesis

L6E9 cells, a myoblast cell line used in myogenesis studies, with IGF-1 induces an initial
proliferative response (114). During rapid cell division, myogenic regulatory factors are
inhibited, but 30 hours later, the mitogenic effect is suppressed and Myogenin expression
and activity are increased. Although, the downstream factors in IGF-mediated
differentiation are still under investigation, IGFs can induce myogenic transcription
factors expression. Moreover, the overexpression of MyoD (a protein that plays a major
role in regulating muscle differentiation) in C3H 10T1/2 mouse embryonic fibroblast
cells induced IGF-2 expression, which in turn activated IGF-1R and its downstream
target AKT (115). Specifically, IGF-2 was required for the recruitment and induction of
myogenic promoters and myogenesis (116). In particular, IGF-2 was required to allow
continued recruitment of MyoD-associated proteins at the Myogenin promoter (117). The
IGF-2 specific binding protein, IGFBP-6, is expressed during embryonic development in
many different tissues including the ossifying bones of the cranium, myoblasts and the

motor neurons of the spinal cord (118).

The potential use of MSCs has been previously investigated in treating muscular injury,
including myocardial infarction. Rat BM-MSCs release paracrine factors that can be used
to treat soleus muscle injury (119). Treatment of MSCs with IGF-1 improved MSC-
induced muscle healing by reducing scar formation, increasing angiogenesis, recovery of
muscle structure, and improving function (119). Injection of BM-MSC into the cardiac

muscle increased the proliferation, migration and inhibited apoptosis of existing cardiac
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muscle cells after myocardial infarction; however, IGF-1 did not induce myocardial
differentiation of these MSCs (120). In addition, transplantation of IGF-1-primed MSCs
attenuated cardiac dysfunction, increased the survival of engrafted MSCs in the ischemic
heart, decreased myocardium cell apoptosis, and inhibited the expression of inflammation
cytokines such as tumor necrosis factor alpha (TNF-a), interleukin-1/4, and 1L-6 (121).
The current research into MSCs and IGF in myogenesis is, therefore, more focused on in
vivo muscle repair rather than MSC-differentiated myoblast replacement after

transplantation.

1.2.6.3 Adipogenesis

In a comparative study of MSCs from different sources including adipose (ASCs), bone
marrow (BMSCs), dermal sheath cells (DSCs), and dermal papilla cells (DPCs), IGF-1
had the highest expression and secretion in ASC desired populations (122). Furthermore,
IGF-1 was shown to alter MSC fate between osteogenic and adipogenic lineages via its
ability to bind and form a complex with the acid-labile subunit (ALS) (123). The loss of

this IGF-1/ALS complex shifted differentiation from osteogenesis to adipogenesis (123).

1.2.6.4 Chondrogenesis

In a study of intervertebral disc degeneration, it was shown that IGF-1 and TGF-$3 work
in synergy to enhance nucleus pulposus-derived MSCs viability, extracellular matrix
biosynthesis and differentiation towards nucleus pulposus cells (124). Although TGF-$
signaling is known to be important for chondrocyte-inductive differentiation from MSCs,
other studies show that IGF-1 can regulate MSC chondrogenesis independent of TGF-4.

In one study, IGF-1 induced chondrogenic differentiation from adipose-derived MSCs as
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evident by increased collagen type Il, aggrecan, and SOX9 expression (58). Similarly,
IGF-1 induced the chondrogenic potential of BM-derived MSCs stimulating proliferation
and inducing expression of chondrogenic markers (125). In addition, IRS-1 localization
was induced from nuclear to cytoplasmic to shift MSC proliferation to differentiation

(126).

1.2.7 Crosstalk between the IGF Axis and Other Signaling Pathways in MSC
Proliferation and Differentiation

Crosstalk between signaling pathways are important for stem cells self-renewal and

differentiation; however, specific interactions with the IGF system are still being

delineated in MSCs. As shown in Figure 1.1, integrins can play an important role in IGF

signaling. In particular, IGF-1 directly binds to avf3 integrin and induces avf3-1GF1-

IGF1R ternary complex formation required for phosphorylation, ERK and AKT

activation and cell proliferation (127).

During bone formation and osteoblast differentiation, IGF-2 potentiates bone
morphogenetic protein-9 (BMP-9) signaling, which belongs to the transforming growth
factor-p (TGF-p) superfamily (128). IGF-2 stimulation of PI3K/AKT can potentiate
BMP-9-induced activity of alkaline phosphatase (ALP) a marker of early osteogenesis
and the expression of later markers such as osteocalcin and osteopontin in MSCs.

Interestingly, IGFBP-3 and IGFBP-4 inhibit these effects (128).

During osteoblast differentiation of BM-MSCs, hedgehog (HH) via Gli2 was shown to
increase IGF-2 expression acting via the IGF-1R/mTORC2/AKT pathway (129). IGF-2-

mediated AKT activation served as a positive feedback loop for enhanced HH
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transcriptional output by stabilizing full length Gli2 due to phosphorylation by AKT. In
myogenic differentiation, sonic hedgehog (SHH), was also regarded as a positive
regulator of IGF-1 signaling with a cooperative additive effect in primary myoblast

proliferation and differentiation via the MAPK/ERK and PI3K/AKT pathways (130).

Crosstalk between the IGF system and other pathways has also been explored in cancer
stem cells, which may not be dependent on their immediate niche, but can give an insight
into normal stem cell signaling (131). In glioma stem cells (GSC), HH via Glil up-
regulated the transcriptional activation of IRS-1 which increased GSC sensitivity to IGF-
1 stimulation (132). In lung adenocarcinoma stem-like cells, IGF-1R-mediated-OCT4
expression to form a complex with S-catenin and SOX2 that was crucial for self-renewal

and oncogenic potential (133).

1.2.8 IGF-Expressing MSCs for the Treatment of Terminal Diseases

Paracrine factors, including IGFs, secreted by MSC are shown to play a major role in
treating organ-failure diseases. IGF-expressing MSCs enhance proliferation,
differentiation and repair of surrounding tissue in kidney, heart, and pancreas (91-93). In
kidney ischemic-reperfusion injury, physical interaction between MSC and kidney tissue
was required to promote kidney repair (93). Following myocardial infarction, adult
human epicardium-derived cells and cardiomyocyte progenitor cells synergistically
improve cardiac function, likely instigated by complementary paracrine actions (134). In
fact, co-transplantation of unmodified MSC with cardiovascular progenitors elevated the
expression of factors promoting cardiac repair. Specifically, IGF-1 promoted expression

of pro-survival and angiogenesis genes in human cardiomyocyte progenitors (135).
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In STZ-induced hyperglycemic mice, MSC helped in wound healing via IGF-1 secretion
(136). IGF-1 in these mice activated PISBK/AKT and GLUT4, which improved glucose
uptake and insulin sensitivity, thereby improving diabetic wound healing. In
hepatocellular carcinoma (HCC), fetal human MSC conditioned media was used to
inhibit cell growth (137). It was discovered that the conditioned media contained high
levels of IGFBPs that sequestered IGFs and reduced IGF-1R and AKT activation leading
to cell cycle arrest in HCC. These tumor-specific effects were not observed in matched

hepatocytes or patient-derived matched normal tissue.

1.2.9 IGFsand in vitro MSC Differentiation

Addition of IGFs into MSC differentiation media leads to an earlier commitment and
increased differentiation of MSC into several lineages including osteoblast, adipocyte,
and chondrocyte cells (Table 1.1). In this context, a typical concentration of 10-100
ng/mL of IGF-1 is sufficient to activate only the IGF-1R and not the IR. On the other
hand, not much attention is given to receptor binding affinity of IGF-1R versus IR when
insulin is used in maintenance or differentiation conditions. Commercial media for stem
cell research include non-physiological concentrations of insulin (0.5, 5, 10 pg/mL); 100-
1,000 x higher than the highest insulin concentration in serum (138). High concentrations
of insulin (>1 pg/mL) not only activate IR but also activate IGF-1R (53, 138). Therefore,
using high insulin concentrations in defined media, which can be a substitute for IGFs,
cannot distinguish whether the effect is mediated via the IGF-1R or IR signaling
pathways and studies describing the effect of IGFs in growth and/or differentiation of

stem cells in “defined medium” should recognize this potential confounding effect.
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Table 1.1 MSC differentiation protocols with IGFs towards different lineages.

Example of MSC differentiation protocols included IGFs in their differentiation media

formulations.

MSC Population

Differentiation

Protocol Reference

Human dental pulp stem cells

Stromal vascular fraction of
adipose tissue - human adipose
stem/progenitor cells

Human adipose-derived
mesenchymal cells

Osteoblast-like cells

Adipocyte-like cells

Chondrocyte-like cells

Osteogenic media supplemented with 0.1
pumol/L dexamethasone, 10 mmol/L b-

glycerophosphate and 50 pg/mL ascorbic acid ®7)
and 100 ng/mL IGF-1.
StemPro® Adipogenesis Differentiation Kit (139)

supplemented with 10 ng/mL of IGF-1.

DMEM high glucose supplemented with 1%

FBS, 0.1 mM ascorbic acid-2- phosphate, 1077
dexamethasone, 6.25 pg/ml transferrin, 6.25 (58)
ng/ml selenous acid, 10 ng/ml recombinant

human TGF-$1, 100 ng/ml recombinant human

IGF-1.

1.3 Insulin-Like Growth Factor Binding Protein-6 (IGFBP-6)

IGFBP-6 is a 30 kDa, secreted, O-linked glycoprotein, which unlike other IGFBPs has a

significantly higher affinity (100 fold), for IGF-2 than IGF-1 (67, 140). IGFBP-6 has

three structural domains: the C terminal domain, the L domain (for linker or labile) and

the N terminal domain. The C-terminal domain of IGFBP-6 shows a high degree of

mobility. Interestingly, the site on IGF-2 where IGFBP-6 binds overlaps with that of the

IGF-1R binding site, giving a structural basis for IGFBP-6’s ability to inhibit IGF-2

binding to the IGF-1R (141). Although highly conserved, the N-terminal domain of




22

IGFBP 1-5 contains a GCGCC motif which is not conserved in IGFBP-6. In IGFBP-6 the
two adjacent cysteine residues are missing, resulting in different disulphide linkages than
the other binding proteins (142).This difference appears to be a contributing factor to the

unique preference of IGFBP-6 for IGF-2 (142).

In addition to being a secreted protein, IGFBP-6 is also subject to proteolysis. Studies in
Madin-Darby canine kidney (MDCK) cells, an epithelial cell line derived from canine
kidney, suggest that IGFBP-6 proteolysis and the conformational change that
accompanies IGFBP-6 binding to IGF-2 may prolong degradation rates (143). The
balance between proteolysis and glycosylation of IGFBP-6 helps maintain stability in

IGF-2 binding and thus IGF-2 function modulation.

1.3.1 IGFs, IGFBP-6 and Myogenesis

Myogenesis is the process by which undifferentiated cells differentiate into muscle cells.
Muscle cells develop from the mesoderm layer of the developing embryo. Myogenesis
can be divided into three distinct stages. After completing each of these stages, the
differentiating cells express specific proteins. The expression of these proteins indicates
which stage the developing cell has passed. After specification once the cells become
muscle precursors, they express Pax3, Pax7, Gli2, and Six1 and undergo commitment to
become myoblast cells. Committed myoblasts express myogenic regulatory factors
(MRFs) as well as muscle commitment markers such as Pax3 and Pax7. After
commitment, cells undergo terminal differentiation and become myocytes that express

early muscle differentiation markers (Myf-5, MyoD, and Myogenin) followed by late
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muscle lineage differentiation marker myosin heavy chain (MHC) and the formation of

multi-nucleated fibres (144-148).

The myogenic regulatory factors (MRFs) each serve distinct but overlapping roles in
muscle development. Mice develop skeletal muscle normally when either Myf-5 or
MyoD are lacking. The loss of myf-5 results in an up-regulation of MyoD (149, 150).
However, when both are missing, myoblasts do not form, suggesting that Myf-5 and
MyoD have overlapping roles and can compensate for the loss of the other (151). The
loss of Myf-5 and MyoD together is perinatal lethal due to respiratory failure from a total
lack of muscles in the trunk. Myogenin is also necessary for survival. When myogenin is
lacking in mice, the mutations are also perinatal lethal, and the mice die shortly after

birth due to severe muscle deficiency and respiratory failure (152).

The IGF family has been shown to have a role in muscle development. One clear
demonstration is loss-of-function studies that have been performed. In IGF-1 or IGF-1R
knock-out mice the embryos die prematurely because the pups are unable to survive
because functional muscle is completely lacking and thus they are unable to breathe (82,
86).When MyoD is expressed in C3H 10T1/2 mouse embryonic fibroblast cells, there is
an induction of IGF-2 expression and activation of the IGF-1R (116). After muscle
injury, IGF-1 enhances regeneration while inhibiting IGF-1 reduces the number of
regenerating myofibers in vivo (153). IGF-2 is expressed abundantly in the developing
skeletal muscle and is the major growth factor for muscle growth, differentiation, and
regeneration (154, 155). These studies suggest an important role for IGF peptides and the
IGF-1R in the regulation of myogenesis. However, the downstream factors involved in

IGF stimulated differentiation still remain elusive.
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