Functional and Molecular
Characterisation of Mesenchymal
Stem Cells Derived From
Bone Marrow and Dental Tissues

Danijela Menicanin

Mesenchymal Stem Cell Research Group
Bone and Cancer Research Laboratory
Division of Haematology
Hanson Institute
Institute of Medical and Veterinary Sciences
SA Pathology

and

Colgate Australian Clinical Dental Research Centre
School of Dentistry
Faculty of Health Sciences
University of Adelaide

7 THE UNIVERSITY B QN Co/gate |
LSS OF ADELAIDE [ . AR IS TRALIAN CLINCAL
ﬁv AUSTRALIA S
T

et HANSON IMVS

I'N ST TH TE

A thesis submitted to the University of Adelaide
for the degree of Doctor of Philosophy
June 2010




DECLARATION

This thesis contains no material which has been accepted for the award of any other degree
or diploma in any university or other tertiary institution and, to the best of my knowledge
and belief, contains no material previously published or written by another person, except
where due reference has been made in the text. I give consent to this copy of my thesis
when deposited in the University Library, being made available for loan and
photocopying, subject to the provisions of the Copyright Act 1968. The author
acknowledges that copyright of published works contained within this thesis resides with
the copyright holder(s) of those works. I also give permission for the digital version of my
thesis to be made available on the web, via the University’s digital research repository, the
Library catalogue, the Australasian Digital Theses Program (ADTP) and also through web
search engines, unless permission has been granted by the University to restrict access for

a period of time.

Signed



ACKNOWLEDGMENTS

First and foremost | would like to thank my supervisors Associate Professor Stan Gronthos
and Professor Mark Bartold for their immense support and encouragement throughout my
PhD. | feel privileged to have been guided by such amazing, intelligent, talented scientists
and warm, approachable, caring people. Thank you for always finding time and being

there for me in every way.

I would also like to thank Associate Professor Andrew Zannettino for his gorgeous
personality, for always making me smile, for selflessly sharing his energy and enthusiasm,
for his constant support and all of his kind words, all of the above kept me motivated on a

daily basis.

I would like to thank my beautiful friends in the Bone and Cancer Research Laboratory,
both past and present: Dr Agnes Arthur, Amanda Davis, Dr Andrea Dewar, Jenny Drew,
Jimin Xiong, Lachlan Cooper, Kate Vandyke, Krzysztof Mrozik, Dr Naohisa Wada, Penny
Kostakis, Dr Peter Diamond, Dr Peter Psaltis, Romana Borowicz, Dr Sally Martin, Sandra
Isenmann, Sharon Paton, Dr Sharon Williams and Dr Stephen Fitter. Thank you all for
everything you have taught me whilst having to put up with my daily neuroses and my
never ending questions (remember the hypotheticals?). Most of all thank you for your

friendship, you all mean the world to me.

Furthermore, thank you: Aggy, for being my little, big sister in and out of the lab, for
always reading my mind and knowing what to say and do; Manz Honey, for your tough
love therapy, now | can make phone calls without the associated anxiety; Andrea, for great
advice on how to survive a PhD; Jenny, for many morning tea delicacies; Jimin, for all
your endless positive energy; Locky, for being a sweetheart and always finding time to
deal with my numerous IT challenges; Kate-lyn, for being a genius and sharing your
intelligence and for never rolling your eyes at my silly questions; RisK, initially for letting
me be your annoying shadow around the lab and then for becoming the most amazing
friend/big brother; Nao, for setting a great example on how to be neat and perfectly
organised (somehow | don’t think that it has rubbed off on me yet); Penny, for your

beautiful honesty, even though you assured me that four years ago | was well on the road



to becoming an old spinster; Pete My Sweet, oh there is so much to thank you for, for
being so sweet and patient, for being the King of PCR (and more) and sharing your talent,
for getting the cells to glow and colonies to grow and for teaching me how to be strong in
life; PJP, for being such an incredible and fascinating person as well as the most wonderful
and generous friend; Romana, for always being so lovely and for all those cell counts;
Sally My Buddy, for your patience and tolerance, for being simply amazing at everything
you do and for daily inspiring me to be a better person; Sandra, for all the long chats and
the much needed chocolate, mmmmm...; Shazzie Mi Bebi, thank you for being your
beautiful self, for always taking care of me, it has meant so much over the years, you are
my angel; Sharon, for showing me how to be persistent; and finally, Steve, for making me
laugh and for all of those words of wisdom you shared with me during our “‘deep and

meaningfuls’!

There are many people outside the Bone and Cancer Research Laboratory that also deserve
a big thank you! Thank you to Ms. Kate Pilkington for coming in early, staying late and
missing lunch to help me get through those long days of sorting! A big thank you to Dr.
Tony Cambareri for his time and help in editing and printing of this thesis. Your assistance
was much needed and greatly appreciated! | would also like to thank Ms. Catherine Offler
for all of her help and all of the members of the CACDRC for their support.

A big thank you to my sweethearts Claire, Linda and Kirstin for caring, for your constant
encouragement, for every Friday night and for all your beautiful words! Many thanks to
Andrew, John and Alex for being such great friends and for making me laugh, laugh,
laugh... Also a big thank you to all the other wonderful people at Gribbles for your

understanding and your help!

I would like to thank all of my friends and my koumbari for understanding why | am
always running late, why it takes me days to reply to emails, phone calls and messages,
why | break promises and, despite all this, for always being there for me. You all know
that you truly are my family and | feel extremely lucky to be surrounded by you and have

such amazing people in my life!



To Bojan, my soulmate, thank you for your understanding, for your patience and above all
thank you for your unconditional love. Thank you putting up with my moments of
madness (and for not counting those) and for all of those times you helped me realise that
‘it was all going to be fine’. Thank you for listening to my presentations, sharing my
passion and enthusiasm for my work and caring enough to learn about the wonderful world
of MSCs!

To my parents, there are not enough words to express my gratitude for the selfless love
and support that you have given me. For the past 26 years you picked me up after every
fall, you nursed away all my woes, you hugged away all my fears and you always
celebrated even the smallest of my achievements. Thank you for believing in me, even

when | didn’t. You are my whole world!

| dedicate this thesis to my grandma and grandpa, the two angels watching over me! Thank
you for everything you have taught me in life, for always being proud of me and most of

all, for making me believe in miracles!



TABLE OF CONTENTS

1.

2.

INTRODUCGTION ...ttt stre e e s e aree e e s saraeeeeanns 1
1.1. STEM CELLS .ttt ittt ettt ettt ettt ettt b e bt bt he e he e e bt e bt e a b e ea b e eh b e e b e e sb e e nbe e ke e mbeeaneebeeebeenbeanbean 1
1.1.1.  Adult Stem Cells Derived From Bone MarrOW...........cccoceoeiiieneieninieneeie s 1
1.1.2.  Mesenchymal Stem CellS (IMSCS).....c.uiuiiiiiiiriieriee e 3
1.2. THE USE OF MSC IN TISSUE ENGINEERING .....ccuviitiiitieiieesieeie ettt ettt st ste e ens 10
1.2.1.  Efficacy of MSC in Regenerating CalCified TiSSUES ........ccccvvviveieriererereseseseeseeeeee s 11
1.3. HETEROGENEITY WITHIN MSC POPULATIONS — A CHALLENGE IN THERAPEUTIC CELL BASED
AAPPLICATIONS ...ttt et ettt m e m et s e E e b e R e e nn et eme e nme e en e n e et en e nn e nreenre s 17
1.4. GENE EXPRESSION PROFILING OF MSCS .....ciiiiiiiiiiiesie s 17
1.4.1.  Gene Expression Profiling of MSCs During Osteogenic Differentiation...............c.cccoev.ee. 18
1.4.2.  Gene Expression Profiling of MSCs During Adipogenic Differentiation .............cc.ccooeeuenee. 19
1.4.3.  Gene Expression Profiling of Cells Undergoing Chondrogenic Differentiation................... 21
1.4.4.  Comparison of Gene Expression Patterns of MSCs Derived from Different Tissues During
DiIffErENTIAtION ..c.veiviccee e bbb re e eas 22
1.5. SUMMARY .ttt ittt sttt s bttt ettt e sbe et esbe e sbe e be e meeeh e eh e e ebe e bt e been b e esbe e b e e eb e e nbeenbeeneeeneeaneennes 26
1.6. PROJECT AUMS ..ottt et bbbt b b bbbt b e e bbbttt b et e e s 26
MATERIALS AND METHODS........cooii e 28
2.1. SUBJIECT S ettt ettt h ek ettt e h bbb et bRt ARt bbbt e AR AR R R b e et R e bR Rt b e e 28
2.2. CELL CULTURE -ttt sttt ettt ekttt s e she e m e b e e n e s e es e et e e nb e e s b e e nbeenneenneennennes 28
221, Cell CURUIE MBI ....c.eiuiieieiteieeit ettt sttt bbb 28
2.2.2.  Cell CUIUIE BUFTEIS .. .ot et 30
2.2.3. Cell CUItUre CONAITIONS......c.eiiiiiiitiie ettt se et b b 31
2.2.4.  lsolation of BMSCs using Magnetic Activated Cell SOrting..........cccooevvneneninieniieienes 31
2.25.  Isolation of DPSCs and PDLSCs using DynaBead Cell SOrting..........ccooeoveneiinenncnenn 32
2.2.6.  Culture of HUMAN IMSC ......oiiiiiiiceee et ettt sttt be b 32
2.2.7.  Culture of Adherent retroviral HEK 293T Packaging Cell Line.........cccccoovvvvviviivccicrcncnnenn, 33
R S TR o 0 o1 o T O | 33
2.2.9.  Cryopreservation 0f CellS.........ccviiiiiieiiicc e 33
2.2.10. Thawing of Cryopreserved CelIS..........ccoii i e 34
2.3. FUNCTIONAL ANALYSIS OF CLONAL BMSC, DPSC AND PDLSC POPULATIONS .......cccceveennenne 34
2.3.1.  Proliferation STUAIES ........couoiiiiieii bbbt 34
2.3.2.  DIffErentiation ASSAYS .....cuciviruirieitirieiieieeiteste ettt etee e e e seesbesbesbeabe e e aneesaesbesbesbesbesseeneenes 35
2.3.3.  FIOW-CytometriC ANGIYSIS......cccoiiiiiiiiie ittt 39
24, GENE EXPRESSION PROFILING ... .ccuttiutiitiistiesieesieesieestestesieesseesaeesbeessesssesssessaesteestesstesseesnsesneesnns 41
2.4.1.  Preparation of TOtal RNA ... e 41
2.4.2.  Quantification and Purity Analysis 0F RNA ... 42
p e T Y/ Tt (0T Uy YA A 1 - 1] 42
2.4.4.  Complementary DNA (CDNA) SYNhESIS .....ccveiiiiieiisirse e 43
245, REAIFTIME PCR ..ottt et sttt sttt sttt 43
2.5. GENERATION OF TWIST-1 OVER-EXPRESSING MSC LINES ......coiiiiieiieieeic e 45
2.5.1.  Heat Shock TranSfOrMation...........ccooiiiiiiiieiieie e e 45
2.5.2.  Maxiprep Plasmid Preparation ...........ocoeeeeeeoienene et 45
2.5.3.  Retroviral Supernatant Preparation ..ot e 47
254, RetroViral INTECHION .....coouiiice e 47
2.5.5.  Selection of Stably Transduced Cell LineS by FACS.........ccccoiriiineninineinene e 47
2.6. PROTEIN TECHNIQUES .....oiiiteee ettt e eette e ettee e ettt e e eatae s e sbaaa e s sabee e s ast e s e saateeessabeeessnbbeeesanteeessarenas 48
2.6.1.  Preparation Of Protein LYSAteS........ccccvviviieeerierieriesesesiestesieeeeeeseesie e e sse e eraenaensesaesseseenns 48
2.6.2.  RCDC PrOteIN ASSAY .....cciveiverteriesteseaeesaessestessessesseaseseessessessessessesssessessessessessesesssessessensenes 48

Vi



2.6.3.  Western ImmunoBIOtEING........cccoiiiiiieie e 49

2.7. (O3 = I 1Y VY] L O RTTRTRRTRTR 50
2.8. STATISTICAL ANALY SIS ...uiitieutiteitestesie sttt et sttt sb et e st e b skt bt et e e e esnenneabenbeabeebe e e annenneas 50
3. FUNCTIONAL CHARACTERISATION OF CLONAL BMSC, DPSC AND
PDLSC POPULATIONS ...ttt ettt et e e 51
3.1. RESULTS -ttt stttk b ettt s bt e e Rt e Rt e a st e R e e R e e e R e e s R e e Re e Rt e e eRe e eRe e aRe e neenreen 53
3.1.1.  Differential Growth Potential of BMSC, DPSC and PDLSC Clones in Vitro ...........c.c........ 53
3.1.2.  Differential Potential of Long Lived BMSC, DPSC and PDLSC Clones in vitro................ 54
3.1.3.  Immunophenotypic Profiles of Long Lived, Multi-Potential BMSC, DPSC and PDLSC Clones
55
3.2. DISCUSSION ..ottt sttt sttt ettt et et e et e b ese et e sa e s e eb e s en e e be e eneebeseensanen 56
4, GENE EXPRESSION PROFILING OF CLONAL POPULATIONS OF
BMSC, DPSC AND PDLSC ...ttt 61
4.1. RESUL TS ettt bbb bbb bR R Rt E R b h b 63
4.1.1. Comparison of Microarray Platforms Designed by Illumina and Affymetrix in Genomic
Profiling 0f PDLSC ClONal LINES.......ccviiiiiiiisicie ettt st 63
4.1.2.  Genomic Profiling of BMSC, DPSC and PDLSC Clonal Lines Exhibiting Differential Growth
and Developmental POENTIAIS ...........cooiiiiiiiic e e 64
4.1.3. ldentification of Common Gene Sets Expressed by Long Lived, Multi-Potent BMSC, DPSC
ANd PDLSC ClONAl LINES.......eiiiieieriesiesie sttt sttt st nee e s 65
4.2. DISCUSSION .......octiiitiiteiete sttt ettt ettt s bt et e e b e b s et e st eseeb e s essebe s en e e beseennanen 66
4.2.1. Comparison of Affymetrix® U133 and Illumina® WG-6 Microarray Platforms in Gene
Expression Profiling of Clonal Lines 0f PDLSCS .......ccccceievivievnseseceeesese e 66
4.2.2. ldentification of Gene Sets Expressed by Long Lived, Multi-Potential BMSC, DPSC and
PDLSC ClONAI LINES ..ottt ettt ettt a st 66
5. THE EFFECT OF INDUCED TWIST-1 EXPRESSION ON MSC GROWTH
AND COMMITMENT ..o 72
5.1.1.  The Role of TWIST-1in DeVelOpmMeNt........cccoiiiriiiiieieiere e e 72
5.1.2.  The Involvement of TWIST-1 in Seathre-Chotzen Syndrome..........ccccocevevneneicnenseneenns 73
5.1.3.  The Role of TWIST-1 in Cellular Differentiation...........cccoeverenininieninniencceee e 74
5.2. =] U RS RRSUROPPUPUPPRTRO 75
5.2.1.  Generation of DPSC and PDLSC Lines Over-Expressing TWIST-1........ccccevvvrvevierercnnens 75
5.3. DISCUSSION.......citiiitiitiietiite ettt ettt b ettt b bbbt s bt s et e st e s ans 79
5.3.1.  Enforced Expression of TWIST-1 Promotes the Proliferation Rate and Increases the Life Span
of BMSC, PDLSC and DPSC PopUIAtioNnS. .........cccceieieiieeiieieieese st 80
5.3.2. A Differential Role of TWIST-1 in MSC Differentiation between BMSC, DPSC and PDLSC
POPUIBLIONS. ..t bbbt b et se e b e bbbt ne e e 80
5.3.3. A Potential Role of TWIST-1 in Interaction of Molecular Regulation Involved in MSC
Differentiation into Osteogenic and Adipogenic LiNeages.........cccvevviirerinereineniecnieenes 82
6. DISCUSSION. ...ttt e e areesbee e e 85
6.1. THE RATIONALE OF THE PROJECT ...t ittiittetiete et stie st steeste st sseesaeesbeasbeesbesseesteesteestessesneesnes 85
6.2. RESULT SUMMARY AND DISCUSSION ....ccuvititiieitentesieesieseereseesresiesieaseeeene s snessesnessesseenseneenes 86
6.3. FUTURE DIRECTIONS ....outiateite sttt sttt etttk sh sttt et an ket b e ne bbbt bt e e 88
6.3.1.  Further Functional Characterisation of Clonal MSC Populations..........cc.cccccevveveieicnnnnenn, 88
6.3.2.  Proteomic Profiling of MSC POPUIALIONS.........c.civeiiiieiisiie e e 88
6.3.3.  Further Assessment of the Microarray Data...........ccccvcvvevieieiiniene e 88
6.3.4.  TWIST-1 Knock-Down Studies in MSCs of High Growth Potential............c.ccooeieninennnne 89

vii



7.

6.3.5.  Over-Expression and Knock-Down studies of E2F-2, LDB-2 and PTTG-1 in MSCs of High
GrOWLEN POTENTIALL ...ttt 89

6.4. CONCLUDING REMARKS .....cuteutiatete sttt sttt sbe st sbe et se e st ar ekt sbe st e e e e nneab e st bt be s e anne e 89
BIBLIOGRAPHY ..ottt 90

viii



ABSTRACT

Mesenchymal stromal/stem cells (MSCs) are multipotent, progenitor cells with the ability
to differentiate into cells of mesenchymal and non-mesenchymal tissues in vitro and in
vivo. Characterisation of MSC-like cells residing in dental pulp (DPSC) and periodontal
ligament (PDLSC) tissues has shown that these cells exhibit similar features to bone
marrow stromal cells (BMSCs). The present project proposed that BMSCs, DPSCs and
PDLSCs contain heterogeneous populations of progenitor cells including a minor subset of
multipotential stem cells. Identification of the precise developmental stages and generation
of gene expression profiles of these different cell populations will greatly improve our
understanding of the fundamental cellular processes involved in MSC differentiation and
proliferation pathways. Therefore, the aim of this PhD project was to assess the unique
phenotype of BMSCs, DPSCs and PDLSCs and their differentiated progeny by studying
their proliferative and differentiation potentials, and by assessing their gene expression
profiles.

Initial findings obtained from functional analyses of clonal populations present within
BMSCs, DPSCs and PDLSCs support the hypothesis that within each of the populations,
co-exist cells of varying levels of proliferation and differentiation potentials. Following on
from these results, whole genome microarray analyses were used to determine gene
expression patterns of clonal cell fractions exhibiting significant functional differences
within each MSC population. The microarray data identified cohorts of differentially
expressed genes in comparisons of cell clones of low proliferation potential and
high/multi-differentiation potential within BMSC, DPSC and PDLSC populations. Further
interrogation of the generated data identified 24 differentially up-regulated genes in long
lived/multi-potential MSC clones, common to BMSC, DPSC and PDLSC populations.
Specifically, E2F-2, LDB-2, PTTG-1 and TWIST-1, were identified as transcriptional
regulators or co-regulators that may be involved in the proliferation and differentiation of
these MSC populations. In light of the previously reported involvement of TWIST-1 in
growth and development of BMSC, the effect of enforced TWIST-1 expression was
investigated in DPSC and PDLSC populations. These findings demonstrated that TWIST-
1 holds a stimulatory role in cell proliferation and is involved in the regulation of

differentiation/commitment processes in MSCs.



Overall, the identification of genes associated with MSCs of high growth and
developmental potential lays the foundation for further definition of molecular
mechanisms involved in MSC maintenance and survival. Elucidation of these fundamental
processes is highly significant as it holds a critical role in the development of MSC-based

tissue regeneration therapies.
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