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Abstract

Cell proliferation, migration and invasion are the important features of tumour metastasis.
Interestingly, during embryonic development, trophoblast cells show similar attributes like
tumour cells to establish foeto-maternal communications and support normal pregnancy.
The invasive nature of tumour as well as trophoblast cells (especially during the first
trimester) are believed to be enhanced by a collection of “stem-like cells” (SLCs) called
“‘spheroid bodies’’. This sub-population of SLCs within tumour or trophoblast cells can
proliferate to form a heterogeneous cell groups with different functional attributes. However,
tumour SLCs proliferate during invasion; while trophoblast cells proliferate and then invade.
Although several previous studies have produced SLCs from tumour cell lines in vitro,
limited attempts were made to produce SLCs from trophoblast cells. Therefore, this study
firstly aimed to produce and characterise SLCs from transformed first trimester trophoblast
cell lines (HTR8sv/neo and TEV-1) and choriocarcinoma (trophoblast tumour cell lines
JEG-3 and BeWOo) in relation to a non-placental tumour cell line MCF-7. Secondly, to date,
the factors that are responsible for there uncontrolled versus controlled invasion are not fully
understood. On the other hand, it is worth noting that in pre-eclampsia (PE), the invasion of
first trimester trophoblast cells is found to be reduced. Therefore, it was hypothesised that it
would be possible to identify the important molecules that may be involved in the controlled
trophoblast invasion by comparing the status of different factors that are identified with
altered expression in tumour cells between (a) normotensive (NT) and PE placentae, and (b)
in the SLCs produced in vitro from trophoblast cells.

SLCs from transformed trophoblast and choriocarcinoma cells were produced by growing
in non-attachable or ultra-low attachment flasks with or without doxorubicin (DOX) to
produce DOX-resistant and non-resistant spheroids. The “stemness” feature of these
spheroids was characterised by comparing the expressions of stem cell markers. The
migration and invasive capacities of DOX-resistant and non-resistant spheroids were
compared with their parental cells by wound-healing and 2-D/3-D invasion assays. The
status and expression of novel factors that may be involved in cell proliferation and invasion
was checked by quantitative real-time PCR and western blotting. Also a comparative
proteomic (SWATH-MS) analysis was carried out to identify and compare the global
changes of the peptide expression during SLCs transformation. In addition the RNA and
protein expression of factors that are involved in trophoblast invasion were compared in 13
NT and 12 PE placentae.
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Both the transformed trophoblastic cell lines (HTR8/Sv-neo and TEV-1,) and gestational
choriocarcinoma cell lines (JEG-3 and BeWo) were able to produce non- spheroidal cells
(non-resistant and drug resistant) under 3-D conditions. These spheroids showed increased
protein expression of stem cells markers, such as OCT4, SOX2 and NANOG. On the other
hand, both trophoblast CDX2 and the cell fate determining transcription factor, NOTCH1,
were reduced in spheroidal cells confirming the “stem-like” transformation. Moreover, the
2-D invasion assay showed a statistically significant increase in the invasive potential
(number invaded cells) of spheroids. This significance was found to be higher in untreated
spheroids from transformed trophoblast cells; P<0.0005 (for both HTR8svneo and TEV-1)
and in one of the choriocarcinoma cells JEG-3; whilst the significance between untreated

spheroids of BeWo and their parental cells was slightly less (P<0.05).

The 3-D invasion assays have shown a significant time dependent increase in the invasions
of non-resistant spheroidal cells in comparison with DOX-resistant counterpart, especially
the non-resistant spheroidal cells produced from HTR8/Svneo (p<0.0005) at 48 hours.
Spheriodal cell invasion of non-resistant TEV-1 and choricarcinoma cells was significantly
higher than DOX-resistant cells (p<0.005). Therefore this study has produced spheroidal
cells from (a) transformed first trimester trophoblast (HTR8/Svneo and TEV-1) and (b)
choriocarcinoma (JEG-3 and BeWo) cells. Since these cell lines are of trophoblast origin, it
is possible to use these spheroids as comparative models to study the effects of
chemotherapeutic agents on (a) physiologically rapidly dividing cells (HTR8/Svneo and
TEV-1) and (b) tumour models (JEG-3 and BeWo) of similar origins.

Comparisons of MRNA and protein expression between NT and PE placentae have shown a
statistically significant increase in the expressions of ALDH3A1, AURK-A, PDGFRa, and
TWIST1 in PE placentae (p<0.05); whilst AURK-C and JAG-1 expression was down-
regulated. SWATH-MS analysis has also highlighted up-regulation of novel proteins that
are associated with proliferation, invasion and cell cycle control in the spheroids produced
from these cell lines. These proteins include plasminogen, vitronectin and ALDH1AS.
However, the function of most of these factors have not been fully investigated in placenta.
In summary the study has generated and characterised “stem-like” spheroids from
transformed trophoblast and choriocarcinoma cells. These spheroidal cells may be useful as

in vitro toxicological models to study the in vivo cellular effects on rapidly dividing cells.



List of Figures

Figure 1.1: The interface between mother and foetus in placenta. ...........cccocvvvveveiiiiiece e 2
Figure 1.2: Illustration the both sides of the human placental. A) Represents the foetal side; B)
Represents the maternal SIde. ........ccccvoe i 3
Figure 1.3: lllustration of the early stages of human placental development. ...........ccccoiiieiiinnnn. 5
Figure 1.4: Schematic representation of different layers of developing trophoblast .......................... 6
Figure 1.5: Schematic representation of adhesion of BIasStOCYSt. ...........cccerereiiiiiinii e 7
Figure 1.6: Trophoblast differentiation via different cell lineages..........c.ccooevveiiiiiiiiiicicc 9
Figure 1.7: The different stages involved in spiral artery remodelling. ..........ccccocovnininineicicnnn, 11
Figure 1.8: Different types of trophoblast cells during invasion. ..........c.ccccoevvveveieei e 12
Figure 1.9: Schematic representation of normal spiral artery remodelling..........cccccoeevviieveinennn, 13
Figure 1.10: Spiral artery remodelling between NT and PE placentation. .............ccccevvveieveinennnn, 18
Figure 1.11: HallMarks Of CaNCEN..........ccoiiiiiie ettt sttt 20
Figure 1.12: The metastasis process during tumour INVASION. ..........c.cooererrereeenineneseeseseeseeeeeees 23
Figure 1.13: Micro-environments of placental and tumour iNVasion. ...........ccccovoveerenenenenenenenns 27
Figure 1.14: Similarities in cell proliferation between trophoblast and tumour cell......................... 28
Figure 1.15: Similarities and differences between trophoblast and tumour invasions...................... 30
Figure 1.16: Summary of the interaction between AURK-A and p53.........cccccevviieieie e, 32
Figure 1.17: The origins of specialisation of stem Cells...........c.cccoviiiiiiiiiii i 36
Figure 1.18: The similarity of the spheroid like structure in tumour and blastocyst. ..............c........ 39
Figure 1.19: Comparison between in vivo solid tumour and spheroid model............c.ccccoevrinennene. 40
Figure 2.1: Schematic representation of protocol used to generate non-resistant (normal) spheroids.
...................................................................................................................................... 53
Figure 2.2: Schematic representation of protocol used to generate resistant spheroids..................... 53
Figure 2.3: Summary flow chart of IHC ProtoCol............cccooeiiiiiiiieieiece s 58
Figure 2.4: Summary of INVasion assay StePS..........oueririreriniiiet et et eieeies ceeeerenenenas 61
Figure 3.1: Relative mMRNA expression analysis of tumour associated factors between NT and PE
PIACENTAE .......ei ittt sttt st e s be et b e re e resreennenras 68
Figure 3.2: The expression of ALDH3AL proteinin NT and PE placentae........................... 71
Figure 3.3: ALDH3A1 localisation determined by immunohistochemistry.........cccocevveverrerererenn. 72
Figure 3.4: AURK-A protein expression in NT and PE placentag..........ccccvvvreveevereeeeenneresinesescneenene. 73
Figure 3.5: AURK-A localisation determined by immunohistochemistry.....................cccee.n. 74
Figure 3.6: AURK-C protein expression in NT and PE placentae................c.coeviiiiiniinann... 75
Figure 3.7: AURK-C localisation determined by immunohistochemistry.............................. 76
Figure 3.8: PDGFRa protein expression in NT and PE placentae..................c.ooioiiin 77
Figure 3.9: PDGFRa localisation determined by immunohistochemistry.....................cooevenet. 78
Figure 3.10: TWIST1 protein expression in NT and PE placentag..........ccccooovveviiveiciecicce e, 78
Figure 3.11: TWIST1 localisation determined by immunohistochemistry...............c...coeueen.. 80
Figure 3.12: JAGL1 protein expression in NT and PE placentae. .........c.ccoocevovieieieie i 80
Figure 3.13: JAG1 localisation determined by immunohistochemistry...........ccoocovvnenenencicnne, 81
Figure 4.1: Chemical structure of Doxorubicin. (Adopted from Suzuki et al., 2005) ...........ccocu..... 94
Figure 4.2: The effect of doxorubicin on mitochondrial activity (MTT) and toxicity (LDH) of
transformed trophoblast Cell TINES. ..o 97
Figure 4.3: The effect of doxorubicin on mitochondrial activity (MTT) and toxicity (LDH) of
placental choriocarcinoma CellS. .........cooiiiiiiie e 97
Figure 4.4: The effect of doxorubicin on mitochondrial activity (MTT) and toxicity (LDH) of MCF-
T CRIIS ettt nbe et st eas 99
Figure 4.5: Generation of Normal SPheroids. .........cccoiiiiiiieiiie e 100
Figure 4.6: Generation of resistant spheroids from transformed trophoblast cell line (HTR8/SVneo).
.................................................................................................................................... 100
Figure 4.7: Generation of resistant spheroids from transformed trophoblast cell line (TEV-1).....101
Figure 4.8: Generation of resistant spheroids from choriocarcinoma cell line (JEG-3). ................ 102
Figure 4.9: Generation of resistant spheroids from choriocarcinoma cell line (BeWo). ................ 103

Vi



Figure 4.10:

Generation of resistant spheroids from human breast adenocarcinoma cell line (MCF-

L0 TSSOSO S USSP ST R POUR PO URPPRPOO 104
Figure 4.11: Immunofluorescence staining of OCT4 and SOX2 in transformed trophoblast cells.

.................................................................................................................................... 106
Figure 4.12: Immunofluorescence staining of OCT4 and SOX2 in choriocarcinoma cells............ 107
Figure 4.13: Immunofluorescence staining of OCT4 and SOX2 in MCF-7 cells..........c.cccceevnnnne 108
Figure 4.14: Immunofluorescence staining of OCT4 and NANOG in transformed trophoblast cells.

.................................................................................................................................... 110
Figure 4.15: Immunofluorescence staining of OCT4 and NANOG in choriocarcinoma cell lines.

.................................................................................................................................... 111
Figure 4.16: Immunofluorescence staining of OCT4 and NANOG in MCF-7 cells. ..........cco.... 112
Figure 4.17: Immunofluorescence staining of CDX2 and NOTCHL1 in transformed trophoblast cells.

.................................................................................................................................... 114
Figure 4.18: Immunofluorescence staining of CDX2 and NOTCHL1 in choriocarcinoma cell lines.

.................................................................................................................................... 115
Figure 4.19: Immunofluorescence staining of CDX2 and NOTCHL1 in MCF-7 cells. ................... 116
Figure 4.20: Relative mRNA expression of OCT4 in trophoblast and tumour cells. ..................... 119
Figure 4.21: Relative mMRNA expression of SOX2 in trophoblast and tumour cells. ..................... 121
Figure 4.22: Relative mMRNA expression of NANOG in trophoblast and tumour cells................... 123
Figure 4.23: Relative mMRNA expression of CDX2 in trophoblast and tumour cells...................... 125
Figure 4.24: Relative mMRNA expression of NOTCH1 in trophoblast and tumour cells. ............. 127
Figure 4.25: The expression of OCT4 protein in trophoblast and tumour cells.............ccccoceoveinnns 129
Figure 4.26: The expression of SOX2 protein in trophoblast and tumour cells.............c.cccceovinne 131
Figure 4.27: The expression of NANOG protein in trophoblast and tumour cells. .............ccco.e. 133
Figure 4.28: The expression of CDX2 protein in trophoblast and tumour cells. ...........c.ccoceevienne 135
Figure 4.29: The expression of NOTCHL1 protein in trophoblast and tumour cells......................... 137
Figure 5.1: Migration of the HTR8/SVNe0 Cell liNe. ........ccoeiviiiiiiecccc e 150
Figure 5.2: Migration of the TEV-1 Cell lINE. .......ccoiiiiiiiiiecc e 152
Figure 5.3: Migration of the JEG-3 CIl lINE. ......c.coviiiiiiiiccceccce e e 154
Figure 5.4: Migration of the BeW0 Cell 1INe. ... 156
Figure 5.5: Migration of the MCF-7Cell liNe .........cooiriiiiie e 158
Figure 5.6: HTR8/SVNEO INVASION......cuiiiieiiiiiiiiiiite ettt ene s 160
FIQUIE 5.7: TEV -1 INVASION. ..ottt sttt ene s 161
FIgUure 5.8: JEG-3 INVASION. ...eceiiiiiiicie ettt sttt et et s be et e s te e b e s be e e e stestaenresraeneenrens 162
Figure 5.9: BEWO INVASION. ....c..oiviiiiic ettt st s be s be e resba e resbeenee st 163
Figure 5.10: IMCF=7 INVASION. .......cciiiieiecieie ettt sttt s be et re b e s be e e s tesba e resbeeneenre s 164
Figure 5.11: Invasion potential of untreated and DOX-treated spheroids of HTR8/SVneo. .......... 165
Figure 5.12: Invasion potential of untreated and DOX-treated spheroids of TEV-1............cccco..... 166
Figure 5.13: Invasion potential of untreated and DOX-treated spheroids of JEG-3. ............cccco..... 167
Figure 5.14: Invasion potential of spheroids untreated and DOX-treated of BeWo. ............cco..... 168
Figure 5.15: Invasion potential of untreated and DOX-treated spheroids of MCF-7. ..........c......... 169
Figure 6.1: Relative mRNA expression of ALDHSBAL. .......oo oo 182
Figure 6.2: Relative mMRNA expression of AURK-A. ..o 184
Figure 6.3: Relative mMRNA expression of AURK-C........ccco i 186
Figure 6.4: Relative mRNA expression of PDGFR. ......ccccooviiiiiiinic e 188
Figure 6.5: Relative MRNA expression 0f TWIST L........coiiiiiiiiniieeesese e 190
Figure 6.6: Relative MRNA expression 0f JAGL.........cooeiiiiiiininesenie s 192
Figure 6.7: The expression 0f ALDH3AL PrOtEIN. .....c.ocveieiiiiiiiriesienieseeeeese s 194
Figure 6.8: The expression 0f AURK-A PIrOtEIN........ccoiiiiiiiiiiiresie et 196
Figure 6.9: The expression of AURK-C PrOteIN. .......c.coiiiiieieiieie e 198
Figure 6.10: The expression of PDGFRO PrOtein. ......ccvvvvviiiiiciiiinec e 200
Figure 6.11: The expression of TWISTL Protein. ........cocoveiieiiieeie e 202
Figure 6.12: The expression 0f JAGL PrOteIN. ......cccouieiiieiie e eiene et 204

Vi



Figure A 1 The purity of extracted RNA from NT and PE placental tiSSUES.............ccccerereiiennnns 232

Figure A 2: Confirmation of PCR products in agarose gel. ..........ccocviviiieiiiniiiiineneeneeeeis 233
Figure A 3 : The DNA sequencing data for AURK-A PCR product...........ccccceeevivieieneeneseeiennens 234
Figure A 4: Example of BLAST matching data for AURK-A sequence obtained from sequencing.

.................................................................................................................................... 234
Figure A 5: The purity of extracted RNA from trophoblast cell lines in parental conditions......... 235
Figure A 6: Example of PCR products confirmation in Agarose gel...........ccccoovviininencncicinnns 235

List of Tables

Table 1.1: Summary of factors involved in trophoblast inVasion. ..........c.ccccoeveviiieiicie e 15
Table 1.2: Activators and inhibitors of angiogenesis. .........ccovveiiiiiic i 22
Table 2.1: BUFfers and SOIULIONS .........cvoiiiiiie it enee e 43
Table 2.2: Details of primary antibodies with concentrations for IHC, WB and IF. ........................ 44
Table 2.3: Details of secondary antibodies with concentrations for IHC, WB and IF...................... 45
Table 2.4: Details of the cell lines used in this StUAY. .........ccociiiiiiiiiceeee 49
Table 2.5: IRS system for Visualisation and semi-quantification.............c.ccoccevvviiiiiiiieve e 57
Table 3.1: Demographic details of the normotensive and pre-eclamptic subjects..........ccccccoovevennene 65
Table 3.2: The primers for the specific gene and their annealing temperatures (Ta) ......ccoveeveevennns 66
Table 3.3: Immuno-reactivity score (IRS) of all factors of interesting..........cccccevvvvevinieeveiinciennns 69
Table 3.4: Overall correlation between mRNA, protein expression and IRS in PE in comparison to

NT PIACENTAR. ...t 83
Table 4.1: The origins and features of the different cell lines used in this study.............c.ccoceevviinnne 92
Table 4.2: The primers for specific markers and their annealing temperature (Ta). ....ccooeoeriennnnnn. 117
Table 6.1: Identification of up-regulated proteins/peptide in HTR8/SVneo cells. .........c..ccc......... 206
Table 6.2: Identification of up-regulated proteins/peptide in TEV-1 cells. ......ccccoevivveieiiinenenn, 209
Table 6.3: Protein changes that are common to HTR/SVneo and TEV-1 cells. .........cccovevrennen. 211
I Lo L AN O [T o L I USSR 231
Table A 2: NCBI accession numMbers for faCtors. ........covviiiieie i 233
Table A 3: NCBI accession NUMDErS FOr MArkErs. ......c.cccvoviieiieeieeneseeriese e e 236

viii



ALDH3
ALDH3A1
APM
AURK
AURK-A
AURK-C
BCA
bFGF
bHLH
BME
BSA
cDNA
CDS
CDX2
CRIP2
CSC
CSF
CTB
CTLs
DAB
DCs
DNA
DOX
DPBS
DTT
ECM
ECs
egEVT
EGF
EMT
enEVT
ES, ESC
EVT

Abbreviations

Aldehyde dehydrogenase 3
Aldehyde Dehydrogenase 3 Family, Member Al
Antigen Presentation Machinery
Aurora kinases

Aurora kinase A

Aurora kinase C

Bicinchoninic acid

basic Fibroblast Growth Factor
basic Helix-Loop-Helix
Basement Membrane Extract
Bovine Serum Albumin
Complementary DNA

Coding Sequences

Caudal Type Homeobox 2
Cysteine-Rich Protein 2

Cancer Stem Cell

Colony Stimulating Factor
Cytotrophoblasts

Cytotoxic T Cells
3,3'-Diaminobenzidine
Dendritic Cells

Deoxyribonucleic acid

Doxorubicin hydrochloride

Dulbecco's Phosphate-Buffered Saline
Dithiothreitol

Extra-Cellular Matrix
Endothelial Cells

endoglandular Extravillous Trophoblast, endoglandular trophoblast

Epidermal Growth Factor

Epithelial-Mesenchymal Transition

endovascular Extravillous Trophoblast, endovascular trophoblast

Embryonic Stem Cells

Extravillous Trophoblast



Abbreviations

FBS Foetal Bovine Serum

FGR Foetal Growth Restriction

FSCs Foetal Stem Cells

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
hAEC Human Amniotic Epithelial Cells

HB-EGF Heparin-Binding Epidermal Growth Factor
hCG human Chorionic Gonadotropin

HGF Hepatocyte Growth Factor

HIAR Heat Induced Antigen Retrieval

HLA-G Human Leukocyte Antigen-G

HOX Homeobox

hPL human Placental Lactogen

HPRT1 Hypoxanthine-guanine phosphoribosyltransferase
HSCs Hematopoietic Stem Cells

IAA lodoacetamide

ICM Inner Cell Mass

IEVT interstitial Extravillous Trophoblast

IFN-y Interferon gamma

IGF-1 Insulin like Growth Factor 1

IHC Immunohistochemistry

IL-10 Interleukin 10

IUGR Intra-Uterine Growth Restriction

JAG-1 Jagged-1

LDH Lactate Dehydrogenase

LIF Leukaemia Inhibitory Factor

MAPK Mitogen Activated Protein Kinases

MET Mesenchymal-Epithelial Transition

MHC Major Histocompatibility Complex
MMP-9 Matrix Metalloproteinase 9

MMPs Matrix Metalloproteinase

MRNA messenger RNA

MSCs Mesenchymal Stem Cells

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
NAD Nicotinamide adenine dinucleotide

NADH Reduced form of NAD



Abbreviations

NANOG
NCBI
NK
NOTCH1
NT
OCT4
PBS
PBST
PCR
PDGF
PDGFRa
PE

PGF
PI3K
PIGF
POU
gRT-PCR
RNA
RNS
ROS
SCs
SEM
SFM
SOX2
STB

Ta
TAEB
TBS
TCR
TGF-B
TICs
TIMP-1
TIMPs
TNF-a
tPA

Homeobox Transcription Factor Nanog
National Centre for Biotechnology Information
Natural Killer Cells

Notch Homolog Translocation-Associated
Normotensive, Normal placenta
Octamer-binding transcription factor 4
Phosphate-buffered saline
PBS with Tween 20
polymerase chain reaction
Plated-Delivered Endothelial Growth Factor
Platelet-Derived Growth Factor Receptor Alpha
Pre-Eclamptic, Pre-Eclampsia

Placental Growth Factor
Phosphoinositide 3-Kinase

Placenta-Like Growth Factor

Pit-Oct-Unc

Quantitative Real-Time PCR

Ribonucleic acid

Reactive Nitrogen Species

Reactive Oxygen Species

Stem Cells

Standard Error Mean

Serum-Free Media

Sex-determining region Y (SRY)-Box 2
Syncytiotrophoblasts

Annealing temperatures

Triethyl ammonium bicarbonate buffer
Tris-buffered saline

T-Cell Receptor

Transforming Growth Factor beta
Tumour-Initiating Cells

Tissue Inhibitors of Metalloproteinase 1
Tissue Inhibitors of Metalloproteinases
Tumour Necrosis Factor alpha

tissue-type Plasminogen Activator

Xi



Abbreviations

TSC
TSP-1
uCB
uPA
vCTBs
VEGF
wB
WHO

Trophoblast Stem Cells

Thrombospondin 1

Umbilical Cord Blood Stem Cells
urokinase-type Plasminogen Activator
villous Cytotrophoblast

Vascular Endothelial Growth Factor Family
Western Blotting

World Health Organisation

Xii



Table of Contents

(00T o)V o] 01 A €= 1 (=] 11 o | USRS i
Communications resulting from this STUAY ... ii
ACKNOWIEAGEMENTS ...ttt b et r e ene s iii
ADSTFACT e iv
LEST OF FIQUIES ottt b bbbttt b b nn e Vi
LISt OF TADIE ottt viii
ADDFEVIALIONS .o iX
TaDIE OF CONTENTS ......cviieiiii bbbt Xiii
Chapter 1 EMUFOAUEON ..............oooovverveeeeeseeseeseeesseesee s esse s an s snssesssenees 1
1.0 INEFOQUCTION ..ottt sttt et b e bbbt et nn e eneas 2
1.1 HUMAN PIACENTA......cuiiiiiiiiiieieteeeet ettt sttt ettt sb e 2
1.1.1 Structure of mature human placenta...........cccoceveiieceieieeieceeece e 3

1.1.2 Functions of the PIaCENTA ..........c.ccviieieieeeee et 4

1.1.3 Early development of the placenta.........cccceeeeveviiieciiiicece e 4

1.1.3.1  Pre-implantation...........coooerereieineneneseseseeee e 4

1.1.3.2  IMPIANTATION «..viiiiiiececeeee e 5

1.1.3.3 Detailed structure and functions of trophoblast.............c..cccevrnennnne. 8

1.1.3.4 Pathways of human trophoblast cell differentiation.......................... 8

1.1.3.5 Spiral artery remodelling in detail...........ccccooeevevirencenineneceeee 13

1.1.3.6 Regulation of trophoblast differentiation and invasion................... 14

1.1.4  Placental COMPICALIONS.......cccveeierieieieeeetese ettt s ae 16

1.1.4.1 Pre-eclampsia (PE) ..o 16

1.1.4.2 Pathophysiology of Pre-eclampsia........ccccccoveeeeviiieceeienieieceeienne 17

1.2 TUMOUL ot s 19
1.21  Hallmarks Of CANCEN .......ccooeoiiiiiiiiiiiicietcte e 19

1.3  Similarities between placentation and tUMOUIIGENESIS .......cccccveveeveeeeriesieeece e, 26
1.3 1 INVASION .ttt 27

1.3.2  Proliferation .....c.ccooioiiieieeeeee et 28

1.3.3  Vasculogenic mimicry and immuNe ESCAPE ......c.ccvvreerrereerverreseerieseeseeseeeeennens 29

1.4  Differences between trophoblast and tumour invasion............ccecceveveeveseeceneeeennnn 29
1.5 Potential factors of interest common to tumours and placenta..........ccccoceeverveeenenne. 30
15.1 Human aldehyde dehydrogenase 3 family, member A1 (ALDH3A1)............ 30

152 Aurorakinases (AURK).......cccoociiiiieiiceeieseeese sttt e ettt ae e esne e 31

1.5.3 Platelet-derived growth factor receptor alpha (PDGFRG0) ............cccevvvenennnne 33

1.5.4 Basic helix loop helix protein (TWISTL) .ccoccvecvviiieeceeeeeeeeseee e 33

TN 1 € N - o [ =T T ) S 34

1.6 Importance of “stem-like” cells in iNVASION ...........c.cocceiiniiiininiee 34



TR RO 1] T O] | 3R OP PR 35

1.6.2 Classification of StemM CellS.......cccooieiiiriririrerereee e 35

1.6.3  StEM CEII MANKETS ...ttt 36

1.6.4 The ability of trophoblast to produce stem-like cells...........ccocoovvririineninnnn. 38

1.7 Spheroid (3-D) Cell CUITUIE.......co.ooiiieeeee e 39
1.8  AIMS and NYPOTNESIS.....ccuiivieieiiceeeseee e st re e 41
Chapter 2 Materials and Methods..................coccoooiiiiiii 42
2.1 BUFFErs @nd SOIULIONS ........oouiiieiieieeseeeeee ettt sre e ne s 43
2.3 Placental tissue CONECTION........ccveieiiiieeeee et ne s 45
2.4 Total RNA EXEFACTION ....oviienieiieiieieetcsteste ettt sttt ettt sbe st bt eneas 45
2.5 CcDNA template preparation by Reverse TransCription...........cccccevveeveevenveeseseeciennns 46
2.6 GENE EXPIESSION STUAY ...c.viivieeieiiiieteiteetes ettt re et esbeeaesteesaesbeers e tesaeensesteesnensens 46
2.6.1 Primer designing and OPtimISING........ccceceeerireriereenienieieeeeeeseesie e seeseeeeeenens 46

2.6.2 Gene amplification using conventional PCR and gradient PCR.................... 47

2.6.3 Agarose gel eleCTrOPNOIESIS......ccviivieieieieeeceeee ettt 48

2.6.4 PCR product confirmation by DNA SEQUENCING.......ccccveviiireecierieereciesieeienns 48

2.6.,5 Relative expression of factors of interest by quantitative Real-Time PCR
(OART-PCR) ettt sa e enns 48

2.7 INVIEFO CEII CUITUIE ...ttt st e e st ene s 49
2.7.1  Cell revival and SUDCUITUIE ...........ccueiriiriiiirienieieeee e 49

2.7.2  Cryopreservation 0f CEIIS ......ccooiiiiiiiieeceeee e 50

2.8 N VItro CYtOLOXICITY ASSAYS ..ecvviivierieireitieiesieereeitesteetesteesestesteetesteeseestesasessesseesesreesaensens 50
2.8.1 MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay
............................................................................................................................ 50

2.8.2 CytoTox 96® Non-Radioactive Cytotoxicity/ Lactate dehydrogenase assay
(LDH @SSAY) ...vveveireeeiecieeieete et etesteecteste s e e stesteeaaesbe s s e ste s e esesteesaesbesssensesreenseses 51

2.9 Generation of non-resistant (normal) and drug resistant spheroids ...........c...ccecveuu... 51
2.9.1 Generation of non-resistant (normal) SPheroids..........cccecvvvecevienceese e 52

2.9.2 Generation of Doxorubicin (DOX) resistant spheroids..........c.ccccocveeevvenenen. 53

2.9.3 RNA extraction from normal cells and spheroidal cells.............ccccceerreeennn. 54

2.10 Protein eXpresSion STUAIES. .......c.ooieiiiieeree ettt e e e e 54
2.10.1 Tissue lysate preparation for protein analysis .........cccceeeevereeceresieseseeienns 54
2.10.2 Cell lysate preparation for protein analysis ........ccccevveeveveniecesesceese e, 54
2.10.3 Estimation of protein concentration by Bicinchoninic acid (BCA) assay......54
2.10.4 Protein separation by SDS-PAGE..........cccoceeiiriiieneeeereseee e 55
2.10.5 Protein analysis by Immunoblotting..........cccceeeiveeiniececseeeeeee e 55

2.11  StaiNING PrOtOCOL.....ccuiitieiececeee ettt ettt e et e besse e se s e ensesreessensens 55
2.11.1  Immunohistochemistry (IHC) ......coooiiieeiceeecececeeee e 55
2.11.2  ImmuNOFlUOreSCeNCE STAINING .....cccvevereieeiereeieieeie ettt ee e 58



2.12 Scratch /Wound healing @SSAY .........ceverirerierieieieieererereteee et 59
2.13 INVASION GSSAY ..euvieeveveireeiesieeeesteseeste st etesteesee e s e e ssestessestessaensesteessassesssensesssensessesssensens 60
2.14 Cultrex® 96 well 3-D spheroid Basement Membrane Extract (BME) cell invasion
BSSAY  teeerereeterteere e ettt ettt a et e R e b ene ket et et e R et et et eRe b e Rt et ene et ene et e e ete e eteneseeas 61

2.14  Cell lysate preparation for mass SPECtIOMELIY..........ccvreverirereeeerireeeeenieee e ses e 62
Chapter 3 Comparative expression analysis of tumour associated factors in
Normotensive (NT) and Pre-eclamptice (IPE) placentae.................... 63

250 A 11 e 111 o] o PPN PTRR 64
3.2 RESUITS ettt ettt b e ettt ens 65
3.2.1Human placental SAMPIES..........coviiieieiiiieeseeee e s 65
3.2.2GENE EXPIeSSION STUAIES .....eevieieeiiiieeete ettt ettt be e esae e 66
3.2.2.1 Relative mRNA expression of factors of interest in NT and PE .....67

3.2.3 Protein expression and Cellular localisation of factors of interest in NT and

P E ettt b et e et et et ettt e e e aeebeete et e tese s et eneene e 69

3.3 DUSCUSSION ..ttt sttt ettt b bt e s tesb et et et eneeseebeebestessentenseneeneeneens 82
3.3.1 Comparative expression analysis between NT and PE placentae.................. 83

34 CONCIUSIONS ...ttt ettt ettt sttt e e et e s e st eseebeseesaente s e e eneeneenes 88

Chapter 4 Establishment and characterisation of stem like cells from

41

4.2

trophoblast and tumour cell limes ..., 89
INEFOAUCTION ..o 90

4.1.1 Establishing stem like cells from human trophoblast and tumour cell lines.93

4.1.2 Using DOX to select drug resistant Spheroids.............cccceeeveevevienieveseceenee. 94
RESUITS ettt b e sttt et se e b e st et et et e e eneeneenes 95
4.2.1 Determination of cell seeding density for different cell lines.........c.ccccue........ 95
4.2.2  Use of Doxorubicin to select Spheroids .........cccevvvveeeveeeece e 95
4.2.2.1 Effect of Doxorubicin on cell viability and toxicCity ..........c..ccccueneee. 95

4.2.3 Generation of spheroids from trophoblast and tumour cells.......................... 98
4.2.3.1 Generation of non-resistant (normal) spheroids ...........cccccecvveueeniee. 98

4.2.3.2 Generation of drug resistant spheroids.........c..cccoceveveeievienveneeceenene. 99

4.2.4 Immunofluorescence staining of stem cell markers............cccocevveveneniennnne 104
4.2.4.1 Expression of OCT4 and SOX2 markers for trophoblast and tumour
CRIITINES . e 105

4.2.4.2 Expression of OCT4 and NANOG1 markers for trophoblast and
TUMOUE CEIT TINES ... 108

4.2.4.3 Expression of CDX2 and NOTCH1 markers in trophoblast and
TUMOUE CEIT TINES ... 112

4.25 Gene expression studies of stem cell Markers ..........ccoceveeieeevenceneveeieene 116
4.25.1 Relative mRNA expression of stem cells markers in trophoblast and
TUMOUT CEIT HINES ... s 117

4.2.6 Protein expression of stem cell Markers ........cccooeevevieeevenicceveceee e 128

XV



4.2.6.1 Protein expression 0Ff OCT4 ....ocooieiieeeereeeeeeee e 128

4.2.6.2 Protein expression 0f SOX2.......cccveveieeveerieeeeseeese e 130

4.2.6.3 Protein expression of NANOG ..........ccceveiineeniiiecececeee e 132

4.2.6.4 Protein expression of CDX2 ........cccooeveieieinininenesereeeeeeee 134

4.2.6.5 Protein expression of NOTCHI ..o 136

4.3 DISCUSSION ...ttt ettt sttt ettt a e bt st s b st e st et et et e st e bt sbesbesbe st e te e e e eneeneenes 138
4.3.1 Effect of Doxorubicin on cell viability and tOXiCity .........ccccocceviviveevereeienens 138

4.3.2 Generation of non-resistant (normal) SPheroids..........ccccvievevieiieveseeienen, 139

4.3.3 Generation of resistant spheroids from trophoblast and tumour cell lines.139

4.3.4 Characterization of stem cell markers by Immunofluorescence.................. 140

4.3.5 Relative mMRNA/protein expressions of stem cell markers..........ccccooveueenene 142

A4 CONCIUSIONS ..ottt st sttt ettt b e b e st et et e e e e eneeneenes 145
Chapter 5 Understanding the cellular behaviour of spheroidal cells derived
from trophoblast and tumour cell lines ..., 146

T80 A 11 (oo 111 o] o U 147
LT (- TSY U 11 U 149
5.2.1 Invitro cell migration by scratch/wound healing assay............c.ccceeevervvennene. 149
5.2.2.1 Migration of transformed trophoblast cell lines...........ccccccoveuenen. 149

5.2.2.2 Migration of choriocarcinoma cell lines............cccoceviveverieiennnene. 153

5.2.2.3 Migration of MCF-7 tumour CellS.........ccecvvvevieniecieniieee e 157

5.2.2  Cell INVASION ASSAY .....eeveiieeieriisiieiesiesteiesteeeeseseesesteesestesseessesseessessesseensenes 159
5.2.2.1 The invasion of transformed trophoblast cell lines ........................ 159

5.2.2.2 The invasion of choriocarcinoma cell lines ...........ccocevvvveverievennnne. 161

5.2.2.3 The invasion of MCF-7 Cell liNe .......cccccoveveiininineneneeeeeee 163

5.2.3 3-D Spheroid BME cell inVasion @SSay .........cccccveeeerereereerieseenresesseesseseeneenns 164
5.2.3.1 3-D invasion by spheroids produced from transformed trophoblast

CRITTINES . 164

5.2.3.2 3-D invasion by spheroids from choriocarcinoma cell lines........... 166

5.2.3.3 3-D invasion by spheroids produced from adenocarcinoma breast

CaNCEY CEI TINE ... s 168

TR T I 1ot U 13] o] o USSP 170
5.3.1 Invitro cell migration analysis using scratch /wound healing assay ............ 170
5.3.1.1 Migration of transformed trophoblast cell lines..........c.ccccevvevruenne. 170

5.3.1.2 Migration of choriocarcinoma cell lines...........cccceeeviiienvneecnnnne 171

5.3.1.3 Migration of MCF-7tumour cell line.........ccccoiiiiriiniieieeeee 172

5.3.2 Cell INVASION ASSAY .....cceeirreitieirieiieeiteeiteeseeseeseessessessteesseesseesseesssssssessseensesssenns 172
5.3.2.1 2-D Invasion by Transform trophoplastcell lines...................... 173

5.3.2.2 2-D Invasion by choriocarcinoma cell lines ........cccecvvevvvecveveennnnns 173

5.3.2.3 2-D Invasion the MCF-7 cell [iNe ......ccocovevieviiinienireneneeeeee 174



5.3.3  3-D Spheroid BME cell iINVasion @SSaY .........c.ccceeveeeererenerienienieneeneeeeeenene 175

5.3.3.1 3-D invasion of spheroids produced from transformed trophoblast
(o0 | I 1] 1= TSR 175

5.3.3.2 3-Dinvasion of spheroids produced from choriocarcinoma cell lines

............................................................................................................ 175

5.3.3.3 3-D invasion of spheroids produced from the MCF-7 cell line .....176

5.4 CONCIUSIONS ...ttt sttt ettt b e st b s e ene b 177
Chapter 6  Comparative expression analysis of tumour associated factors in
trophoblast cell lines under different conditions........ccceeeeeeeeee. 178

8.1  INEFOTUCTION ..ottt ettt 179
8.2 RESUILS .o e 181
6.2.1Relative MRNA EXPIESSION....cc.eiuiieieiieieriesiestesteste ettt 181
6.2.1.1 Relative mMRNA expression of ALDH3AL........ccccocevivinenencnieeeene 181

6.2.1.2 Relative mRNA expression of Aurora kinase A (AURK-A)......... 183

6.2.1.3 Relative mRNA expression of Aurora kinase C (AURK-C).......... 185

6.2.1.4 Relative mRNA expression of PDGFRa............ccccocevininiinennennene 187

6.2.1.5 Relative mMRNA expression of TWISTL.......cccccvvevininenencnieieene. 189

6.2.1.6 Relative mRNA expression of JAG1 (Jagged 1) ......ccccevevverveennenne. 191

6.2.2  Protein expression analySiS.........cceiiieevinieeieeneeeerieseeee e 193
6.2.2.1  Protein expression of ALDH3AL..........cccooviieeiieceeneceee e 193

6.2.2.2 Protein expression of AURK-A ... 195

6.2.2.3 Protein expression of AURK-C.......cccccoevevirierinicieneceeie e 197

6.2.2.4 Protein expression 0f PDGFR.........cccveierieeieiieiesieceecie e 199

6.2.2.5 Protein expression of TWISTL ......cccooiiieiiiieeciceeeceee e 201

6.2.2.6 Protein expression 0f JAGL .......cccooeveiiiieciceceece et 203

6.2.3 Proteomic analysis of global protein/peptide eXpressions............coceeverveveneene. 205
6.2.3.1 Identification of altered proteins in HTR8/SVneo cells.................. 205

6.2.3.2 ldentification of altered proteinsin TEV-1cells......ccoeevervnnennne 208

8.3 DISCUSSION ...ttt b ettt n ettt nn s 212
6.3.1 Relative mMRNA/protein expressions of factors of interest..........c.cccceceeenee. 213

6.3.2 Proteomics on global expressions of protein in transformed trophoblast cell

TINES . 216

8.4 CONCIUSTON ..ottt ettt 218
Chapter 7  General INSCUSSION .............c...ccooovvviivirecieseeseeeesseeees s, 219
7.0 DISCUSSION ...ttt sttt b bbbt b e sb b e nn e e e neene 220
7.1  Expression analysis of factors interest in NT and PE ...........cccccovvveeveneecevecceee, 220
7.2 Generation of spheroids from trophoblast and tumour cell lines............ccccccueueee... 223
7.3 Migration capacities of spheroidal from trophoblast cell lines ..........ccceoevvneeennne. 224
7.4 Invasion capacities of spheroidal cells from trophoblast cell lines...........ccccccue.ne.... 225



7.5 Global expressions of protein in transformed trophoblast cell line........................... 227

7.6 CONCIUSION ..ottt ettt 227
7.8 FUTUIE WOTK ..ottt 229
A o] =T o 1 SRS S 231
A.L Clinical data Of PAtIENTS........occviiieieiceeeeeee et sreeraenae s 231
A.2 The extraction of RNA from NT (Panel A) and PE (panel B) placental tissues........... 232
A.3 Temperatures optimisation for factors of INtErest...........ccceveveeireninincncncceeeee 233
A.4 Accession numbers for target factors used for primer designing........c.cccceeeeverveeenenne. 233
A5 EXample Of SEQUENCING ...cvicveeiiiiieieie sttt ettt v e s re e st e st s eaaesteesaenaens 234
A.6 The extraction of RNA from trophoblast Cell [IN€S.........ccveveiireeviiieiececeee e, 235
A.7 Temperatures optimisation for markers of interest ............cccccovevveinivneinccneeee 235
A.8 Accession numbers for target factors used for primer designing........c.cccceeeevevveernenne. 236
RET I BNICES ettt are s 237

XViii



Chapter 1
Introduction



Chapter 1: Introduction

1.0 Introduction

The process of embryo development is somewhat similar to tumourigenesis in terms of
biological behaviour such as proliferation, migration, invasion, gene expression, and the
mechanism of immune escape (Ferretti et al., 2007). This makes the placenta an interesting
physiological model to study and compare the process of proliferation and invasion with that
seen in tumour development (Ma et al., 2010). This study might help to understand the

behavioural similarities and differences between tumour and placenta.

1.1 Human Placenta

The birth of a healthy infant depends on the development of a highly specialised organ called
the placenta (Guttmacher et al., 2014). The placenta is a temporary organ which plays a
significant role in maintaining pregnancy and supporting the normal growth and
development of the foetus. The world placenta comes from two terms, the first from a Latin
word “placenta”, meaning a flat cake (Enders and Blankenship, 1999), and the second from
Greek “plakoenta” meaning flat (www?). During pregnancy the normal growth of the foetus
depends on the crosstalk between foetal membranes and amniotic fluid (Gude et al., 2004).
Human placenta is categorised as a haemochorial villous organ. Despite the fact the maternal
and foetal circulation do not directly mix, an intimate contact is established between
maternal blood circulation and placental trophoblast cells in order to support an adequate
supply of nutrients to the foetus (Gude et al., 2004). Figure 1.1 shows the materno-foetal

interface with a detailed of the placenta.

Flacenta

Flacenta

Fetus’ blood
vessals

Willi

Placental
mambrana

Umbilical T;/J

Intervillous
space

- Mother's
Umbilical blood vessels
cord [

Figurel.l: The interface between mother and foetus in placenta.

This figure shows the localisation of the placenta in the uterus and the cross-section of
placenta displaying circulation of the blood. Figure adapted from (www?)
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1.1.1  Structure of mature human placenta

In humans, the placenta is discoidal in shape. A mature full-term placenta is around 22 cm
in diameter with a central thickness of 2.5 cm. The placenta weighs around 470 g (Huppertz,
2008) . These measurements differ from one placenta to other and also depends on the mode
of delivery (since measurements are made on the post-delivery placenta). However, the
weight of the placenta is related to that of the foetus. There are two surfaces of a placenta:
(a) foetal surface and (b) maternal surface (Huppertz, 2008) (www?).

e Foetal surface

The foetal surface is known as the chorionic plate and has the umbilical cord associated to
its centre (See Figure 1.2 A). It is covered by the amnion and a single layered epithelium
(Huppertz, 2008). The umbilical cord is a continuation of the chorionic vessels that arise
from the chorionic mesenchyme. The chorionic arteries arise from two umbilical arteries
which supply the villous trees. Furthermore, the villous trees continue to the chorionic veins

and finally forms a single umbilical vein (Huppertz 2008).

e Maternal surface
The attachment site of the placenta onto the uterus is called the maternal surface (or decidua
basalis or basal plate) (Huppertz, 2008). The surface is covered with grooves and clefts as
seen in Figure 1.2 B. Furthermore, it consists of a mixture of trophoblast and maternal cells
from uterine decidua, including decidual stroma cells, natural killer cells (NK) and

macrophages (Gude et al., 2004)

I A) Fetal side(chorionic plate) I

Umbilical cord

(umbilical arteries
and vein)

- _Site of reflection
of choricoamnion

- v o
A —~ 2
£ F— =
- > \k\
L g - Cotyledons
S e Y . 7 (villous tissue)
V4 ot
L >—
I B) Maternal side (basal plate) I

Figurel.1: Illustration of both human placental sides. A) Represents the foetal side; B)
Represents the maternal side. [Figure adapted from Kay et al., 2011]
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1.1.2  Functions of the placenta

The placenta provides a suitable environment which enables the foetus to exchange gases,
such as oxygen from maternal blood to foetus and carbon dioxide from foetus to maternal
blood (Gude et al., 2004). Moreover, it also facilitates the exchange of nutrients and
electrolytes from mother to foetus, such as carbohydrates (glucose) which is considered to
be the source of energy for the foetus (Gude et al., 2004). Other examples include lipids
(fatty acid, glycolipids, vitamins, and cholesterol) and amino acids which are essential for
the synthesis of proteins in the foetus (Ji et al., 2013). Likewise, the placenta also serves as
an endocrine and metabolic organ by producing hormones, growth factors, antibodies, and
other nutrients required to support the growth of the foetus; while also removing waste
products. It acts as a barrier which separates the foetal and maternal blood, which plays an
essential role in protecting the foetus from the maternal immune attack during pregnancy (Ji
etal., 2013). Italso helps to protect the foetus from diseases and infection of maternal origin

and from xenobiotic molecules (Donnelly and Campling, 2014).

1.1.3  Early development of the placenta

The early development of the placenta starts with interactions between the invading
blastocyst and the uterine wall (Forbes and Westwood, 2010). This process is dependent on
several factors, such as receptivity of the uterus, blastocyst apposition/adhesion to the
endometrial epithelium, and invasion into endometrial stroma. The type of implantation
which occurs in humans is termed as interstitial implantation, where the embryo is
completely embedded within endometrium (Forbes and Westwood, 2010). The steps after

fertilisation are discussed below (see sections 1.1.3.1. to 1.1.3.4).

1.1.31 Pre-implantation

Fertilisation usually occurs in the fallopian tube at 24 to 48 hours after ovulation when the
mature oocytes are fertilised by a sperm to form a diploid zygote and this is counted as (Day
0) of placental development (Hamilton and Boyd, 1960). Pre-implantation events in relation

to their appropriate position in the female reproductive tract are summarised in Figure 1.3.
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Figurel.3: Illustration of the early stages of human placental development. Figure
revised from (www?*)

The fertilised egg (zygote) moves along the fallopian tube into the uterus and undergoes
several stages of cleavage and differentiation. During the first mitotic division, the zygote
divides to become the two cell stage (Day 1). This is followed by the four cells stage (Day
2), and eight cell stage (Day 3), Divisions continue until the zygote reaches a round mass of
cells (blastomere or morula) which is formed with 12-16 cells (Day 4) (Norwitz, 2001). The
morula then enters the uterine cavity; during which a fluid-filled cavity appears in the inner
side of the morula and further cell divisions occur, resulting in development of the morula
to a blastocyst (Norwitz, 2001). The cells on the outer side of the morula thicken and flatten
out while the cells inside become more compact and adhere to one another forming a cavity.
This gives rise to an outer layer of trophoblast cells and an inner cell mass of embryo proper.
The blastocyst “hatches” from the zona pellucida by constant contraction and expansion.
The free blastocyst then aligns along the uterine wall. The inner cell mass give rise to the
foetus while the outer trophoblast layer gives rise to extra embryonic structures, and leads to
the implantation of the blastocyst into the uterus to form the placenta (Red-horse et al., 2004;
Foulk, 2012).

1.1.3.2 Implantation

Implantation is a complex process and can only take place in a limited period of time, named

the "window of receptivity" (Lunghi et al., 2007). During days 6-7, the blastocyst implants

into the endometrium of the uterus and around Day 10 the blastocyst is fully embedded in
5



Chapter 1: Introduction

the stromal tissue of the uterine wall (Lunghi et al., 2007). The implantation process includes
three stages: apposition, adhesion and invasion — see below (James et al., 2012). To support
implantation, and receive the blastocyst, the endometrium is changed extensively in its
morphology, biochemical composition and the ability to secrete hormones such as oestrogen
and progesterone. This step is known as decidualisation, an essential step to establish the
pregnancy resulting in modification of endometrial stromal cells, vessels, and uterine glands
(Lunghi et al., 2007; van Mourik et al., 2009).
e Apposition of blastocyst on the uterine mucosa:

As mentioned in section 1.1.3.1, at the end of the pre-implantation stage the free blastocyst
aligns along the uterine wall. Meanwhile, the outer layer of blastocyst starts the cellular
differentiation process which results in formation of trophectoderm and the remaining part
is the embryoblast which later becomes the embryo body (www®). Establishment of
cytotrophoblasts (CTBs) at the embryonic pole is the result of mitotic division of a diploid
layer of trophoectoderm. Later the cytotrophoblast cells produce a non-mitotic layer of

syncytial cells called syncytiotrophoblasts (STBs) (www?).

Soon after the embryo is released from the zona pellucida, STBs place in proximity to the
uterine wall where the outer compact zone of the endometrium interacts with these
trophoblast cells (www?®). The elevation of progesterone and oestrogen during this period
plays a major role in flattening the uterine cavity in order to minimise the chance of the
blastocyst being flushed out and also being pressed against the uterine epithelium (www?®).
The apposition process is summarised in Figure 1.4.

Figurel.4: Schematic representation of different layers of developing trophoblast

The blastocyst hatches out of the partially dissolved zona pellucida. (1) Zona pellucuida, (2)
Trophoblast (outer cell layer), (3) Hypoblast (part of the inner cell mass), (4) Blastocyst
cavity, (5) Epiblast (part of inner cell mass or embryo proper). Figure revised from (www?®).

e Adhesion of the blastocyst to the endometrium
Soon after the apposition of the blastocyst, its adhesion onto the maternal endometrium
begins. During this time the cytoskeleton of endometrial epithelial lining undergoes
6
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structural modulation to facilitate the formation of pinopodes (Carlson and Mosby, 1994).
This structural change can enhance the adhesion of STBs with endometrial epithelial lining
(See Figure 1.5). At this stage, the microvilli present on the outer surface of STBs interact
with the epithelial cell membrane of the endometrium which reduces the chance of being
flushed out of the blastocyst (Carlson and Mosby, 1994). The presence of cytokines, such as
leukaemia inhibitory factor (LIF) in uterine fluid, is believed to support successful
implantation of the blastocyst. Up-regulated LIF along with heparin-binding epidermal
growth factor (HB-EGF) stimulates the hatching of the blastocyst and trophoblast growth
(Carlson and Mosby, 1994).

Hatched blastocyst
from zona
pellucida

Adhesion of
blastocyst

Endometrial epithelium

Figurel.5: Schematic representation of adhesion of blastocyst. Figure revised from
(wwwd).

e Invasion
After adhesion of the blastocyst to the maternal endometrium, intra/inter-cellular signalling
mechanisms initiate changes in polarisation of the endometrial epithelial cells. These cells
are involved in redistribution of apical cells, basolateral membrane domains, and
remodelling of tight and adhering junctions of endometrium tissues (Gude et al., 2004). The
invasion of the blastocyst is accomplished by the inter-link between STBs and the lateral
border of the endometrial epithelial cells. The invasion is facilitated by decidual cells, which
contribute to the breakdown of basal lamina as well as other materials of basement
membrane including laminin, collagen IV etc. In order to facilitate this implantation process
maternal endometrium undergoes several physiological preparations supported by many
hormones. These hormones in turn regulate other growth factors, cytokines and adhesion

7
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molecules to enhance implantation (Gude et al., 2004). The rapid proliferation of
mononuclear trophoblast cells followed by invasion is not very different from that seen in

aggressive tumours.

1.1.3.3 Detailed structure and functions of trophoblast

Trophoblast, the specialized cell type in a placenta, plays an important role in implantation
and formation of the materno-foetal interface (Huppertz, 2008). In the invasion process,
trophoblast cells undergo differentiation to form a multinucleated syncytiotrophoblast (STB)
(Huppertz, 2008). This STB penetrates the uterine epithelium crossing the basal lamina and
embeds the embryo into the stroma. The mononucleated cytotrophoblast cells (CTBs) form
the second layer and do not come into contact with the maternal interface. They act as stem
cells for the STB, which upon rapid division and fusion finally lead to the expansion of the
placenta (Aplin, 1991). The main event during placental development is trophoblast invasion
into maternal spiral arteries to remodel the arterial walls to enhance blood supply, which is
an important process for successful development of the placenta and pregnancy (Aplin,
1991). Trophoblast invasion begins early in pregnancy and continues until the 20" week of
gestation. This invasion (and migration) of trophoblast is controlled by several factors
secreted by endometrial glands, such as epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), cytokines, transcription factors, extracellular matrix degradation
enzymes, and human leukocyte antigen-G (HLA-G). The molecular steps involved in
trophoblast differentiation are poorly understood (Goldman-Wohl and Yagel, 2002; Knofler
and Pollheimer, 2012). However, trophoblast invasion has been found to be increased or
decreased under different oxygen concentrations (Anin et al., 2004). Shallow or poor
trophoblast invasion is associated with pregnancy complications such as miscarriage, pre-
eclampsia (PE) and intrauterine growth restriction (IUGR). Likewise, the excessive invasion

of trophoblast leads to placenta accreta (Harris, 2010).

1.1.34 Pathways of human trophoblast cell differentiation

The human trophoblast cells have a heterogeneous group of immature cell populations which
include stem cells (trophoblast stem cells, TSC) and progenitor cells (Gude et al., 2004).
The differentiation of these mononuclear cytotrophoblast progenitor cells is categorised into
two main pathways: 1) the invasive extra-villous trophoblast pathway which is found to be
active during first trimester, and 2) the non-invasive villous trophoblast pathway which
appears later in pregnancy. This suggests that the differentiation process of trophoblast cells
is a dynamic procedure that continues until the end of pregnancy (Gude et al., 2004; Ji et

al., 2013). The two pathways are summarised in Figure 1.6.
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Figurel.6: Trophoblast differentiation via different cell lineages.

[Figure adapted from Gude et al., 2004]

(1) Invasive Pathway

During the invasive extravillous pathway, CTB stem cells, at the basement membrane of the
anchoring villi, invade into the uterine tissue, where they first proliferate and then migrate
into the decidua and the myometrium (Guibourdenche et al., 2009). EVT are primarily
mononuclear cells that are found in the smooth chorion, chorionic plate and basal plate. The
functions of EVT include transformation of the maternal spiral arteries, toleration to
hypoxia, adhesion to ECM, stimulating the CTB proliferation/differentiation, interaction
with the maternal immune system and enhancing apoptosis (Guibourdenche et al., 2009).
The EVT cells divide into three subtypes, namely (a) interstitial trophoblast (iIEVT), (b) the
endovascular trophoblast (enEVT) and (c) endoglandular trophoblast (egEVT) (Hammer,
2011). Several studies have confirmed that the reduction in numbers of both interstitial and
endovascular trophoblast and failure in re-modelling are associated with PE and IUGR
(Guibourdenche et al., 2009).
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e Interstitial extravillous trophoblast (iIEVT)
These non-proliferative cells are dispersed in the decidua and express three different
phenotypes: (1) the large polygonal iEVTs (not invasive) (2) small spindle-shapes iIEVTs
(invasive) and (3) placental bed giant cells (Ferreti et al., 2007). The large polygonal iEVTs
stay in the transition phase between placenta and decidua, maintaining firm attachment to
the uterus throughout the pregnancy (Ferreti et al., 2007). They also secrete trophoblastic
glue to enhance adhesion. On the other hand, the small spindle shaped iEVT cells invade to
the inner layer of myometrium during the second trimester of the pregnancy (Ji et al., 2013).
They move deeper into the decidua and start to differentiate into multinucleated round cells
called placental bed giant cells. These cells restrict the EVT invasion outside myometrium
and therefore limit the invasion (Ji et al., 2013). They have the ability to secrete human
chorionic gonadotropin (hCG) and human placental lactogen (hPL) which supplies energy
to the embryo (Ferreti et al., 2007). It has been suggested, that these cells play a role in the
maintenance of pregnancy and secretion of protease inhibitors which are responsible for

controlling the EVTs invasion past myometrium (Hammer, 2011).

Placental invasion can extend beyond the uterus and establish a long-term presence in the
mother (Kinder et al., 2015). Physiologically, invasion of the endometrium by the
trophoblast is limited to the decidua basalis. Placenta accreta is present when there is
excessive invasion during placentation extending beyond the decidua basalis. While placenta
increta presents if there is extended invasion into the uterine myometrium. Moreover, if the
placental villa penetrate the myometrium and reach the uterine serosa or even invade
neighbouring organs such as the bladder and intestines this is known as placenta percreta
(Findeklee and Costa, 2015).

e Endovascular trophoblast (enEVT)

The enEVT cells play a significant role in the re-modelling of the uterine spiral arteries
(Lyall, 2006). After 11-14 weeks of pregnancy EVTs start to invade the uterine spiral
arteries, and by replacing the maternal endothelial lining they induce: (a) the loss of elastic
tissue and (b) reduction of the number of the smooth muscle cells (Ashton et al., 2005). This
mechanism is known as "pseudo-vasculogenesis” or vascular mimicry (Ashton et al., 2005).
The permeation process of enEVT to the spiral arteries causes the blockage of the vessels by
forming plugs which aids vascular remodelling of spiral arteries at the end of first trimester.
As mentioned above, this leads to changes in the structure of arteries, extends the vessels,
and creates a low resistance against blood flow resulting in high flow utero-placental
circulation (Ji et al., 2013) (See Section 1.1.3.5 for a detailed explanation).
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The five stages that occur during remodelling include:

i.  Decidual activity associated with early vascular remodelling,
ii. IEVT involved in vascular remodelling,

iii.  enEVT migration,

iv.  The insertion of enEVTs into the vessel wall, and
v.  The re-endothelisation and sub-intimal thickening (Staff et al., 2010) (See Figure
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Figurel.7: The different stages involved in spiral artery remodelling.

Starting with non-pregnancy conditions, Stage | shows the earliest stage in vascular
remodelling which consists of compact endothelia. Stage Il is associated with
disorganisation of the vascular smooth muscles. Stage Il is initiated by the start of plug
formation by enEVT. In Stage IV enEVT is embedded and replaces the original smooth
muscle cells. The re-endothelialisation occurs at last stage V. [Figure adapted from
Pijneborg et al., 2006]

As the maternal blood circulates through the intervillous space, this helps the developing
foetus to establish its haemotrophic nutrition (Moser et al., 2010). As stated above, the

invasion of trophoblast cells is important for establishing foeto-maternal circulation.

e Endoglandular trophoblast (egEVT)

A study by Huppertz et al. (2008) have suggested the presence of an additional sub-
population of EVTs named as endoglandular extravillous trophoblast cells (egEVT) (see

Figure 1.8). The first evidence of egEVTs existence was produced in an in vitro study in the
11
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first trimester decidua and placenta explant co-culture, where indication of glandular
remodelling was observed with a similar mechanism to enEVT spiral artery remodelling
(Moser et al., 2010). The glandular cell replacement by the egEVT may provide a
mechanism which supports both (a) opening of the uterine glands to the intervillous space
and (b) provides histiotrophic nutrition to the embryo ahead of the development of good

perfusion of the placenta (Ji et al., 2013).

@ Interstitial trophoblast ~ (iEVT)

@ Endovascular trophoblast (€NEVT)

@ Endoglanduler trophoblast (€8EVT)

Cel columrn

Figurel.8: Different types of trophoblast cells during invasion.

IEVT invade and embed into myometrial smooth muscle to make a firm attachment. enEVT
invades the spiral arteries to remodel them. enEVT are involved in the remodelling of uterine
endometrial glands. [Figure adopted from Moser et al., 2010]

(2) Non-invasive Villous pathway

The non-invasive villous pathway is also known as the syncytial pathway and includes the
CTB cells which differentiate by fusion to form the multinucleated STBs that covers the
entire surface of the villi (Guibourdenche et al., 2009). Therefore, the villous cytotrophoblast
(vCTBs - the inner layer) consists of both the STBs and CTBs (Hammer, 2011). These villi
are in direct contact with maternal blood within the intervillous space and are involved in
gas, nutrient and waste exchange (Ferretti et al., 2007). Moreover, the syncytial layer plays
a major role in the maintenance of the pregnancy by releasing important hormones into the
maternal circulation such as hCG and hPL (Ferretti et al., 2007). As explained in section

1.1.3.2, STBs protect the foetus by inhibiting the maternal immune response. The STB layer
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is maintained by the continual proliferation, differentiation, and fusion of CTBs (Forbes and
Westwood, 2010; Ji et al., 2013).

1.1.35 Spiral artery remodelling in detail

As explained in Section 1.1.3.4, uterine spiral arteries in non-pregnant women have a
compact vascular smooth muscle cells which helps them to maintain a steady blood flow
(See Figure 1.7). However, during pregnancy this blood supply must be increased to match
the demands of the developing foetus and is usually carried out by invasive endovascular
(enEVT) trophoblast cells (Chandan et al., 2002). The first step starts with the vacuolation
of endothelial cells within the spiral arteries, followed by the migration of iEVTs which will
invade the uterine tissue. They have the ability to penetrate one-third of the adjacent
myometrium (Chandan et al., 2002). The enEVTs migrate towards uterine arteries and
replace all the endothelial cell lining in the arteries. They also degrade the muscular layer
which is essentially required to maintain blood vessel integrity (Chandan et al., 2002). This
is called re-endothelisation which helps in the lowering of vascular resistance to allow
increased flow during pregnancy (Aplin, 2006). This remodelling of spiral arteries
transforms the endometrial blood flow from “high resistant, low flow” to “low resistant, high
flow” circulation (See Figurel.9). This is essential for the maintenance of pregnancy as it
prevent any hypoxia induced oxidative stress (Knofler and Pollheimer, 2012).

Anchoring

villous

Endovascular EVT

@—v Interstitial EVT

&——* Macrophage

Decidua

Fibrinoid
material

Figurel.9: Schematic representation of normal spiral artery remodelling.

The remodelling process involves replacement of endothelial cells by enEVTs and
destruction of smooth muscles by iEVTs. Figure Adapted from (www?®)
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1.1.3.6 Regulation of trophoblast differentiation and invasion

The trophoblast invasion is tightly controlled by several factors including hormones,
cytokines, proteases like matrix metalloproteinase (MMPs) and their inhibitors [tissue
inhibitors of metalloproteases (TIMP)], major histocompatibility complex (MHC) and
surface integrins (Ferretti et al., 2007). Differentiation and development of trophoblast cells
Is influenced by many other factors which exert their effects in a paracrine or autocrine
manner (Staun-Ram and Shalev, 2005). The vascular endothelial growth factor family
includes five members namely VEGF-A, -B, -C, -D and placenta-like growth factor (PIGF)
which are considered essential for differentiation (Ferretti et al., 2007). Furthermore, the
Placental Growth Factor (PGF) is found in spiral artery remodelling. Trophoblast cells also
express several other factors such as human leukocyte antigens (HLA), including HLA-E,
polymorphic HLA-C, and HLA-G, which interact with decidual NK cells (Holtan et al.,
2009). All these factors are secreted not only by the trophoblast cells and villous
mesenchymal cells, but also secreted from the uterine stromal, glandular, endothelial cells,
and many other immune cells present at the maternal-foetal interface. Some of these factors

and their functions are summarised in Table 1.1
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Table 1.1: Summary of factors involved in trophoblast invasion [Table adapted from Staun-Ram and Shalev, 2005].

Factors Source Differentiation | Proliferation | Migration | Invasion Functions
Regulate trophoblast invasion by activating different
VEGF family CTBS&SCTJBUZ E;/”IS’ and N N J N signalling cascades as PI3K/Akt pathway.
' Vasodilation, syncytialisation, angiogenesis
EGF Decidua. CTBs. EVTs N N N N STBs_differentiation, placental endocrine function
' ' ' modulation, embryo implantation
PIGF Trophoblast cells N N NV, NV, Angiogenesis
IGF-1 Trophoblast cells ,]\ 4\ 4\ 4\ Both foetal and placental development
TGF-p Decidua, trophoblast, uNK \l/ \1/ \1/ \1/ Inhibit early trophoblast differentiation and induces
cells syncytialisation, down regulate invading of CBTs
CTBs, decidua, trophoblast . . .
HGF villous STBs N N N N Rapid trophoblast cell proliferation
CSF Placenta, decidua N N N/A N Stimulate growth invasive trophoblast cells
Angiopoietin Decidua, endothelial cells, . .
a1op il 0 N/A N/A | NIA Angiogenesis
. Tips of anchoring villi,
Adhesion molecules CTBs N/A N/A N N Placental anchorage
hCG Produced by trophoblast N N/A N N Control regulation of invasion process
Progesterone Produced by placenta N/A N/A N/A N Maintain placenta, and control CTBs invasion

EGF = Epidermal growth factor; IGF-1 = Insulin like growth factor; TGF-f = Transforming growth factor beta; HGF = Hepatocyte growth factor; CSF
= Colony stimulating factor; hCG = human chorionic gonadotrophin. /= Increased; ¥ = decreased; N/A = data not available
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1.14  Placental complications

There are diverse clinical conditions and complications associated with pregnancy (www?).
Complications resulting from abnormal placentation of embryo at second-trimester may lead
to foetal death, and at the early stage may lead to severe diseases such as: pre-eclampsia
(PE), intra-uterine growth restriction (IUGR) and abruption of placenta (Chaddha et al.,
2004). PE is most common disease that occurs in near-term pregnancies and causes death or
early delivery of the foetus (www?’). A detailed description of this syndrome is given below.

1141 Pre-eclampsia (PE)

PE affects around 3-8% of pregnancies in the world and is one of the leading causes of
perinatal maternal morbidity and mortality. Pre-eclampsia is derived from the Greek word
‘eklampsis’, meaning sudden flash or growth (Red-Horse et al., 2004). It is a pregnancy-
specific condition which develops after 20 weeks of pregnancy and is characterized by
hypertension (>140/90 mm Hg), proteinuria (concentration >30 mg/24 hours) and other
systemic disorders such as organ damage and convulsions (Redman and Sargent, 2005). For
mothers, it may cause other cardiovascular diseases such as chronic hypertension, ischemic
stroke and heart disease (Goldman-Wohl and Yagel, 2002). Also, the babies who are born
from pre-eclamptic pregnancies, are at risk of coronary heart disease, metabolic syndromes
(such as diabetes) or stroke in their adult life (Roberts and Cooper, 2001; Uzan etal., 2011).
The risk factors for PE include pre-natal obesity, a family history of PE, multiple
pregnancies, and chronic medical disorders such as long-term hypertension or diabetes
(Redman and Sargent, 2005). Moreover, Immune and paternal factors may also affect
women's risk for preeclampsia. It has been suggested that the risk for preeclampsia is
increase with a change in paternity, limited sperm exposure with the same partner, or
increased duration of time between pregnancies. These findings has noted that an immune
tolerance mechanism contributes to the pathogenesis of preeclampsia (Saftlas et al., 2003).
Shallow trophoblast invasion during spiral artery remodelling can lead to PE, and IUGR
(Kaufman and Disis, 2004; Pijenborg et al., 2006).

16



Chapter 1: Introduction

1.1.4.2 Pathophysiology of Pre-eclampsia

Maternal PE is a condition that occurs in the last stage of pregnancy. This conditions starts
with maternal responses like hypertension. In most of the cases, it is influenced either by
environmental factors or maternal nutritional factors (Redman and Sargent, 2005). The
maternal disease (or symptoms) occurs after 20 weeks and shows as full blown PE before
34 weeks of pregnancy. In contrast, placental PE is a condition where the placenta is
becoming defective under hypoxia and oxidative stress (See Figure 1.10). Although the
mechanism which leads to PE remains unclear, the pathophysiology may have two distinct
stages: two distinct stages depending on the placental interaction: (1) placental PE and (2)
maternal PE (Redman and Sargent, 2005).

Stage 1:This is called “poor placentation” and is characterized by shallow trophoblast
invasion that results in placental ischemia (Sankaralingam et al., 2006). The failure of
trophoblasts to convert the spiral arteries results in poor remodelling, therefore restricting
the utero-placental flow before 20 weeks of pregnancy, i.e. well before any clinical signs of
PE (Goldman-Wohl and Yagel, 2002; Redman and Sargent, 2005).

Stage 2: This is characterized by a maternal inflammatory responses to defective placental
circulation and a resultant hypoxia, by releasing factors which activate (or cause) the
maternal endothelial dysfunction (Sankaralingam et al., 2006). The recruitment of dendritic
cells, macrophages and NK cells towards decidua is coupled with maternal symptoms such
as hypertension and proteinuria, blood clotting and liver dysfunction (Redman and Sargent,
2005). In rare cases, the foetus may suffer from respiratory insufficiency, decreased

nutritional supply and asphyxia leading to death (Redman and Sargent, 2005).
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Figurel.10: Spiral artery remodelling between NT and PE placentation.

[A] Normal placentation associated with maternal decidua by anchoring villi. The
cytotrophoblasts (blue) cross the placental maternal bridges and invade the maternal decidua
next to the spiral arteries. The maternal endothelium ( ) is encouraging remodelling of
the arterial wall that results in smooth muscle replacement and arterial dilatation. In a normal
pregnancy the activity of immune cells such as NK cells (red) and macrophages (purple)
are down regulated to help the cytotrophoblasts invasion into the myometrial segments. [B]
Pre-eclampsia is characterised by an impaired arterial remodelling and shallow
cytotrophoblast invasion. [C] and [D] illustrate the two stages of PE. [Figure adopted from
Redman and Sargent, 2005]
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1.2 Tumour

Cancer is one of the major health problems which leads to a large number of deaths
worldwide (www?8). According to the World Health Organisation (WHO) it is second among
deadly diseases, following cardiovascular diseases (www?). It is a highly heterogeneous
disease that includes more than 100 different types of human cancer (Grizzi et al., 2006).
Tumourigenesis is a complex multi-development process consisting of transformation,
proliferation, growth, invasion and metastasis which leads to cancer (Grizzi et al., 2006).
There are several contributing factors to the development of cancer, these include
bacterial/viral infection, carcinogenic chemicals, organic and inorganic fibers and physical
aberrations including ionising radiation and ultraviolet rays, somatic mutations etc. About
50% of all cancers are linked to lifestyle, such as diet, exposure to industrial toxins, tobacco
and alcohol consumption (Devi, 2004; Abel and Di Giovanni, 2008). The tumour can be
benign, if its growth is local (i.e. without invasion). It can also be malignant, if growth is

uncontrolled, invades the neighbouring tissues and results in metastasis

1.2.1 Hallmarks of cancer

Hanahan and Weinberg (2000), initially identified six fundamental hallmarks of tumour
growth and metastasis, which are shared by most of the tumour cells: (1) Sustaining
proliferative signalling, (2) evading growth suppression, (3) resistance to cell death program,
(4) enabling replicative immortality, (5) inducing angiogenesis, (6) activation of invasion
and the metastasis process. In 2011, they added four more additional hallmarks namely (7)
deregulating cellular energetics, (8) avoiding immune destruction, (9) genomic instability
and mutation, and (10) tumour promoting inflammation (See Figure 1.11). All these

hallmarks are described below.
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Figurel.11: Hallmarks of Cancer.

The figure represents the 10 characteristic changes taking place in cancer cells for tumour
growth and transformation. [Adapted from Hanahan and Weinberg, 2011]

(1) Sustaining proliferative signalling
In normal tissues, cells are controlled by the production and release of growth-promoting
signals (Hanahan and Weinberg, 2011). These signals enhance cell growth and division
cycle, and lead to normal tissue functions. In order for normal cells to convert from inactive
to a proliferative state, they need mitogenic growth signals (or growth factors) and in the
absence of these growth signals, normal cells die (Hanahan and Weinberg, 2011). On the
other hand, cancer cells may produce growth factors themselves (Lemmon and Schlessinger,
2010). Moreover, they gain the ability to enhance these mitogenic signals and alter growth
receptors (Kroll et al., 2010).

(2) Evading growth suppressors
In normal cells, the proliferation process is regulated by growth suppressors which drive the
healthy cells into quiescent stage (Go). According to Hanahan and Weinberg (2011), the
developing tumour cells must evade anti-proliferative signals in order to drive them to
malignant growth. Moreover, inactivation of tumour suppressor genes (that stop cell growth

and proliferation) has been reported in many human cancers (Hanahan and Weinberg, 2011)
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(3) Resisting cell death

A stable ratio between cell proliferation and cell death helps to maintain the growth of
normal tissues (Elmore, 2007). Apoptosis (or programmed cell death) is an important
cellular process which occurs in both physiological and pathological conditions. However,
cancer cells lose the balance between cell division and cell death (EImore, 2007). Almost
all tumour cells develop an ability to evade apoptosis by down regulating pro-apoptotic
factors (such as Bax, Bim, and Puma), and increasing the expression of anti-apoptotic
regulators (Bcl-2, Bcl-x.) or that of survival signals (1gf1/2) (Hanahan and Weinberg, 2011;
Wong 2011).

(4) Enabling replicative immortality

One of the interesting features of normal cells is their potential to lose the ability of
replication at some point leading to senescence (Hanahan and Weinberg, 2011). It has been
reported that the tumour cells evade senescence by the inactivation of the tumour suppressor
genes (e.g. p53 and pRb) resulting in uncontrolled proliferation and growth of the tumour
(Herzig and Christofori, 2002). Cell death is mainly caused due to progressive shortening of
the telomeres which occurs after each cell cycle. Yet this phenomenon is also surmounted
by the over-expression of telomerase activity which ultimately results in indefinite cell
proliferation (Kim et al., 1994).

(5) Inducing angiogenesis
Tumour cells require oxygen, nutrients and the removal of waste products during rapid
growth and invasion (Folkman, 1971). In order to do this they need to vascularize which is
achieved by a complex process called angiogenesis and in its absence a tumour may become
necrotic or apoptotic (Holmgren et al., 1995). Therefore, angiogenesis is an important step
for successful invasion, metastasis and growth of the tumour. Physiological angiogenesis is
a complex process that normally occurs during embryonic development and in wound

healing (Oklu et al., 2010). However, pathological angiogenesis is critical for cancer cells.

Angiogenesis is regulated by a balance between angiogenic activators and angiogenic
inhibitors. The expression levels of angiogenic factors reflect the aggressiveness of the
tumour cells (Nishida et al., 2006). Tumour endothelial, stromal, and circulating host cells
(endothelial progenitor cells, platelets, and macrophages) are capable of stimulating
angiogenesis by producing several angiogenic factors, such as VEGF, EGF, bFGF, TGF-p
and TNF-a (Nishida et al., 2006) (See Table 1.2). VEGF has two primary roles: Firstly it
induce a proliferative effect on the endothelial cells thereby enhances their growth by

increasing their survival and lowering the rate of the apoptosis in them, and secondly, it is
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known to increase vascular permeability (Nishida et al., 2006). These aid the invasion by
creating a way for extravasation and migration for the tumour from/into the circulation
(Dimova et al., 2014). Apart from this, there are a number of cellular stress factors important
to stimulate angiogenesis signalling such as hypoxia, low pH, and lack of nutrients. In fact,
angiogenesis in tumour tissue is a multistep development, mediated by endothelial cells
(ECs) (Dimova et al., 2014).

Table 1. 1: Activators and inhibitors of angiogenesis [Table adapted from Nishida et al., 2006]

Angiogenesis Activators

Angiogenesis Inhibitors

Vascular endothelial growth factor family (VEGF)

basic fibroblast growth factor (bFGF)

Interleukin 1L4

Interleukin 1L10

Acidic fibroblast growth factor (aFGF) Interleukin 1L12

Transforming growth factor (TGF-B) Endostatin
Tumour necrosis factor (TNF-a) Interferon IFN- o

Tissue inhibitors of
metalloproteinase (TIMPSs)

Platelet-derived growth factor (PDGF)

Hepatocyte growth factor (HGF)
Angiopoietin-2
Epidermal growth factor (EGF)
Angiotensin
Placental growth factor (PGF)
Thrombospondin 1 (TSP-1)
Colony stimulating factor (CSF)
p53
Matrix metalloproteinase (MMPs)

To summarise a small tumour is formed when a cell has acquired genetic modifications that
allow unlimited growth and escape from apoptosis. Once a tumour has reached the size of
about 1 to 2 mm?, the oxygen and nutrient supply become insufficient (Thijssen et al., 2009).
This results in production and release of different growth factors into the nearby tissue. The
secreted growth factors bind to receptors on ECs in nearby vessels. The ECs are then
activated and start producing proteases and other digestive enzymes, such as MMPs, to
degrade the basal membrane and the extracellular matrix (OKklu et al., 2010). This
extracellular matrix dissolution allows the release of pro-angiogenic factors. Finally, the ECs
start to divide, and migrate into the surrounding tissues to form new vascular structures. This
helps tumour cells to grow, and undergo metastasis (see below) (Thijssen et al., 2009 ; Oklu
et al., 2010).
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(6) Activating invasion and metastasis

Metastasis is a complex multistep process, responsible for around 90% of all cancer
mortalities (Djamgoz et al., 2014). During metastasis cell separation from the primary
tumour occurs first when cells gain the ability to survive without adherence (Weinberg,
2008). They then detach from the primary tumour mass and invade the neighbouring tissues
and basement membranes ((Nguyen, 2008). Following this, they enter the blood vessels and
lymphatic circulation (intravasation), being transported by these circulations to new organ
or tissue sites in the body (extravasation) (Nguyen, 2008; Weinberg, 2008; Bravo-Cordero
et al., 2012). These steps for metastasis are summarized in Figure 1.12.
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Figurel.12: The metastasis process during tumour invasion.

[Adapted from Geho et al., 2005]

During cancer development, tumour cells change their plasticity by morphological and
phenotypical conversions from epithelial to mesenchymal transition (EMT) (Kong et al.,
2011). However, it is worth noting EMT is also shown in normal cells. It is a normal
physiological process recognized as a feature of embryogenesis, especially during
morphogenesis and is characterized by the epithelial cells losing adhesion and detachment
from tight junctions. They change cell shape, and become more migrant and invasive (Kong
et al., 2011). Apart from embryogenesis, EMT plays an important role during wound
healing, chronic inflammation and fibrosis. EMT has a critical role in tumour metastasis,
which is induced by factors associated with tumour aggressiveness, such as FGF, VEGF,
PDGF and integrins (Kong et al., 2011; Van Zijl et al., 2011). Cells with EMT phenotype

are rich sources for cancer stem-like cells. In the case EMT is associated with a loss of
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epithelial factors such as E-cadherin (Das et al., 2014). In most tumour types, down-
regulation in the expression of E-cadherin has been illustrated and correlated with the
increased invasion and metastatic process (Devi, 2004). Another important transformation
during metastasis is the opposite of EMT that is from mesenchymal-epithelial transition cells
(MET), especially at secondary sites (Kong et al., 2011). This reverse mesenchymal-
epithelial transition generates secondary epithelia (Samatov et al., 2013). This process
allows mesenchymal cells to regain the epithelial cell-to-cell junctions for colonisation at
secondary sites (Van Zijl et al., 2011). Thus, EMT and MET play essential roles in both
normal development and cancer metastasis (Heerboth et al., 2015).

(7) Deregulating cellular energetics
During normal cellular respiration, glucose through glycolysis gets converted to pyruvate,
which is further converted to carbon dioxide in mitochondria resulting in ATP production.
However, during anaerobic metabolism, only the glycolysis takes place, to reduce the usage
of oxygen and leads to the accumulation of lactic acid (Warburg mechanism). This latter
mechanism is also observed in tumour cells even during the presence of oxygen. This results
in an 18-fold reduction in ATP production. This deficit in synthesis of ATP is compensated
by the up-regulation of glucose transporter proteins in the cell membrane, leading to
increased transport of glucose molecules inside the cells (DeBerardinis et al., 2008; Hsu and
Sabatini, 2008; Jones and Thompson, 2009). Therefore, cancer cells can conserve energy to
entrap glucose which is needed for rapid proliferation by artificially producing an anaerobic

metabolism.

(8) Avoiding immune destruction
Tumour cells create a microenvironment to escape from the immune response. Immune
surveillance is essential to prevent the development and progression of tumour cells
(Kaufman and Disis, 2004). In this process, the innate and the adaptive immune systems
cooperate in functioning, and T cells play an essential role in detecting and eliminating the
tumour cells. T cells are activated by the T-cell receptor (TCR) that binds with antigen
peptides presented on major histocompatibility complex molecules (MHCs). The
recognition of peptides presented by MHC class | molecules results in the activation of
CDB8+ cytotoxic T cells (CTLs). Additionally, another subset of T cells, the CD4+ T cells,
recognises peptides presented by MHC class Il molecules and improve the ability of
dendritic cell (DCs) to induce CTLs (Bennaceur et al., 2009). CD4+ T cell activation
significantly increases innate immunity, such as activation of macrophages and NK cells, by

enhanced IFN-y secretion (TOpfer et al., 2011)). IFN-y levels improve the recognition
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capacity of T cells through induction of higher expression levels of MHC class | molecules
on the target cell (Topfer et al., 2011). Apart from them, neutrophils are also involved in
innate immunity. They bring about rejection of tumours by directly killing the tumour cells
through various mechanisms such as destruction of tumour vessels and inhibition of
angiogenesis (Igney and Krammer, 2002). Moreover, tumours can display tumour antigens

and can stimulate other immune cells.

Interestingly, tumour cells escape CTL recognition by producing abnormalities in the
antigen presentation machinery (APM). This includes down regulation or complete loss of
MHC class I molecules as observed in many types of carcinoma. (Topfer et al., 2011). There
are several mechanisms by which the tumour can escape from the immune cells. For
example, the down-regulation of adhesion molecules present in malignant tissue may inhibit
the immune system. The tumour stroma also plays a critical role in inhibiting immunity,
which serves as a physical barrier between the tumour and immune cells. The down-
regulated expression of the tumour antigen results in enhanced tumour incidence and
metastasis. Furthermore, the downregulation expression of HLA-A and-B on the cell surface
of tumour cells will normally prevent recognition CD8+ cytotoxic T cells, class Il HLA
downregulation expression prevents recognition by CD4+ T cells but expression of HLA-C
and HLA-G non-classical MHC class | leads to inhibtions of NK cell cytotoxicity function
(Topfer et al., 2011). Tumour stroma also expresses immunosuppressive factors and these
factors may be expressed by the malignant cells themselves or by non-cancerous (such as
epithelial or stromal) cells that are present at the tumour site (Ochsenbein et al., 2001). There
are several immunosuppressive factors, such as TGF-p, that play an essential role in
proliferation, activation, and differentiation of cells of innate and adaptive immunity
(Gabrilovich et al., 1996). Other immunosuppressive factors expressed by malignant cells
are prostaglandins, interleukin (IL-10), macrophage and CSF (Igney and Krammer, 2002;
Kroll et al.,2010).

(9) Genomic instability and mutation

Tumour progression is a multistep process and is believed to be acquired by successive
clonal expansions resulting in a mutant genotype (Hanahan and Weinberg, 2011). In each
cell, there exists a DNA repair mechanism that detects and resolves various defects in the
DNA after every replication, ensuring a minimal rate of spontaneous mutations. In cancers,
there is an increase in this rate of mutation due to its sensitivity to mutagenic agents or failure
of DNA repair mechanism which ultimately results in tumour formation (Negrini et al.,
2010; Salk et al., 2010).
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(10) Tumour promoting inflammation

Inflammation is a helpful response that is activated to repair tissue injury. However, if
inflammation is unregulated, it can become chronic, inducing malignant cell transformation
in the surrounding tissue (Landskron et al., 2014). The inflammatory response shares several
molecular targets and signalling pathways with the tumourigenic process (Landskron et al.,
2014). The inflammatory system can act as activator or inhibitor in tumour growth (Welch,
2008). The hypoxic environment and severe metabolic stress activates inflammatory
infiltrates, such as cytokines (Whiteside, 2008). Depending on the tumour
microenvironment, cytokines can modulate an anti-tumoural response but during chronic
inflammation they can also induce cell transformation and malignancy. Inflammation also
induces generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) at
the site of inflammation. These species trigger DNA damage and mutations on the genes of
differentiating and proliferating cells (Landskron et al., 2014). In fact, most cells responsible
for inflammation may contribute to some of the hallmarks of cancer by supplying growth
factors, matrix-metalloproteinases, pro-angiogenic factors and survival factors (Karnoub and
Weinberg, 2007; DeNardo et al, 2010).

1.3 Similarities between placentation and tumourigenesis

In both placentation and tumourigenesis the invasion phenotype is acquired by up/down
regulation of many cell specific adhesion molecules, extended activity of matrix-digested
enzymes (along with other expressed enzymes such as telomerase) and/or expression of
proto-oncogenes (Soundararajan and Rao, 2004). Trophoblast and tumour cells both have
the capability of escaping the host’s immune system and can also establish an abundant
blood supply (Soundararajan and Rao, 2004) (See Figure 1.13). The regulatory components
for tumour cell migration and invasion are also shared by the human trophoblast cells. In
fact, due to the migratory and invasive capacities, the trophoblast cells are often considered
as ‘pseudo-malignant tissue’ which show ‘physiological metastasis’ (Soundararajan and
Rao, 2004). As seen in Figure 1.13, different adhesion molecules, proteases MMPs and
plasminogen are involved in both the processes. Apart from these molecules, EGF can up
regulate the enzymatic signal transduction in order to activate mitogen activated protein
kinases (MAPK) (Ferretti et al., 2007). Also, PDGFR which is expressed by EVT as well as
tumour cells can trigger c-Myc function to stimulate cell proliferation (Soundararajan and

Rao, 2004). Both processes are compared in detail as follows.
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Figure 1.13: Micro-environments of placental and tumour invasion.

Both placenta and tumour interfaces are supported by similar molecules as shown in the
figure. [Adapted and modified from Holtan et al., 2009]

1.3.1 Invasion

Both establishment of a successful pregnancy and tumourigenesis are dependent on
maintaining adequate blood and nutrient supply (Holtan et al., 2009). However, the cellular
events of trophoblast cells are much more organised as they follow a specific pattern of
“differentiation during proliferating” followed by “invasion without distance metastasis”
(Holtan et al., 2009). As explained in Section 1.1.3.2, EVT cells differentiate into an invasive
phenotype. These cells then migrate into the maternal decidua through the CTB cell columns
(Holtan et al., 2009). Several molecular factors are involved during the ‘physiological
metastisation’ (Ferretti et al., 2006). In contrast, the cancer cells show “proliferation during
invasion” followed by “distant metastasis”. Tumour cells follow a three-step process
(known as the three-step hypothesis) to complete the invasion process within host tissue
(Liotta, 1984). The first step is the attachment or adhesion of tumour cells with host tissue
and is similar to blastocyst adhesion after hatching from the zona-pellucida. The second step
is degradation of the extra cellular matrix (ECM) by aggressive cancerous cells with the help
of secreted hydrolysis enzymes (Liotta, 1984). This is also seen in EVT cell migration in
placental development. The third step is motility or locomotion of the invading tumour cells
within modified ECM (similar to the events in spiral artery remodelling). However, the
aggressive invasion of tumour cells is brought about by the cyclic repetition of these steps
(Plantefaber and Hynes, 1989; Albelda et al., 1990; Behrens et al., 1993; Oka et al., 1993).
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1.3.2 Proliferation

The capacity for extensive proliferation is identical in trophoblast and tumour cells. At the
early stage of adhesion, cytotrophoblast stem cells trigger rapid proliferation (Ferretti et al.,
2006). Studies have shown that there is a close resemblance between the behaviour of highly
proliferative vCTBs and evCTBs which show a tumorigenic phenotype after neoplastic
transformation (Ferretti et al., 2006). However, CTB proliferation is highly controlled
(Pollheimer and Knofler, 2005). In both cases, the ability to oscillate cell expansion is not
only determined by proliferation rate, but also by the rate of evasion of apoptosis. Activation
of many cell surface receptors can induce the escape mechanism for apoptosis in non-
malignant trophoblast and malignant cells (Ferretti et al., 2006). For example, trophoblast
and cancer cells both express common ligand/receptor pairs including insulin growth
factor1/2 (IGF1/2) ligand for the receptor IGF-1R to achieve survival signal stimuli (Butt et
al., 1999). Phosphorylation of these receptors can activate the phosphoinositide 3-kinase
(PI3K) pathway to minimize apoptosis rates in both tumour and trophoblast cells (Butt et
al., 1999).
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Figurel.14: Similarities in cell proliferation between trophoblast and tumour cell.

During trophoblast cell proliferation, rapid cell expansion leads to formation of STBs (A)
and a similar attribute in tumour cells also helps in cell multiplication (B). [Adapted and
modified from Mathew et al., 2007]
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1.3.3 Vasculogenic mimicry and immune escape

During vasculogenic mimicry, invading trophoblast cells within maternal spiral arteries
further differentiate into a vascular phenotype and similar attributes are also present in
tumour cells (Zhou et al., 1997). Elementary key genes and cell signalling pathways for
vasculogenic mimicry are shared by both malignant and non-malignant trophoblast cells
(Zhou et al., 1997). Angiopoietins, the chief controllers of vascular remodelling are up-
regulated during early placentation and also in tumour angiogenesis. Also, PGF which is a
member of the VEGF family is highly expressed by trophoblast cells and tumour cells (Cao
and Leu, 2007). Despite the fact that trophoblasts express paternal antigens, the maternal
immune monitoring system is unable to reject the embryo (Ferretti et al., 2006). This is
mainly due to the down-regulation of major histocompatibility complex (MHC) class | or
class 11 molecules. Due to this, invading trophoblast cells still manage to evade the maternal
immune system (Weetman, 1999). This down-regulation is also shown in tumour cells
enabling them to elude T-cell-mediated immune responses (Bubenik, 2003). In addition,
evCTBs highly express the non-classic MHC gene which encodes HLA-G in order to
inactivate NK cell function. By sharing similar cellular mechanism, the tumour cells also
inactive NK cells (Sinkovics and Horvath, 2005).

1.4  Differences between trophoblast and tumour invasion

Although there are several similarities between early embryo and tumour development, there
are also differences between them (See Figure 1.15). As mentioned (in Section 1.3), the
main difference between trophoblast and tumour invasion is that during trophoblast
development, the molecular mechanisms such as proliferation, invasion and migration are
well regulated (Ferretti et al., 2007). The invasion of trophoblastic cells is spatial, in that the
invasion mechanism is stopped after the development of placenta (Ferretti et al., 2007).
Instead of continuing invasion, trophoblast cells start apoptosis after establishing a definitive
placenta (Kliman et al., 1990). Specifically, trophoblast invasion declines rapidly 20 weeks
after establishing materno-foetal communication, this demonstrates that trophoblast
differentiation occurs under tightly controlled circumstances (Fitzgerald et al., 2005). Thus,
the regulated migration and invasion of trophoblast cells is also known as a “controlled

programme of terminal differentiation” (Soundararajan and Rao, 2004).
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Figurel.15: Similarities and differences between trophoblast and tumour invasions.

In contrast, tumour invasion happens randomly, without any control in the cells transferring
to distant organs. In tumour cells, there is a loss of regulation of cell cycle proteins which
causes abnormal proliferation of cells and uncontrolled cell division (Cross et al., 2003).
However, trophoblast cells do not show any deviation from the normal cell cycle, which is
achieved by placenta-specific genes, cytokines and endocrine factors through either
inhibition or promotion of the invasion processes (Cross et al., 2003). As trophoblast cells
divide, differentiate and then invade, the lifespan of a single trophoblast cell (and also the
invasive depth) is limited (Richard, 2011). In contrast, tumour cells divide and invade at the
same time. As mentioned before, trophoblast invasion is controlled during implantation in
both space (endometrium) and time in the first trimester (12 weeks post conception) (Cohen
and Bischof, 2007).

1.5 Potential factors of interest common to tumours and placenta
Interestingly, several different factors are believed to play important roles in placental and
tumour invasion. However, the functional status of many of these factors has not been fully

established. Some of these factors are listed below.

1.5.1 Human aldehyde dehydrogenase 3 family, member Al (ALDH3A1)
Aldehyde dehydrogenase 3 (ALDH3) belongs to the mammalian aldehyde dehydrogenase
family that is involved in the metabolism of endogenous/exogenous aldehydes, and

neurotransmitters (Vasiliou and Nebert, 2005). Depending on their physiochemical
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properties, 12 ALDH genes are present in humans which are located on different
chromosomes, and distributed in various tissues including brain, liver, stomach, kidney and
testis. Although, each member of the ALDH family have a different function, collectively
their activities include enhancing cell proliferation, differentiation, drug resistance, and cell
response to oxidative stress. Interestingly, ALDH also activates other compounds that are
beneficial to the cells (Canuto et al., 2001). For example, ALDH3AL converts an aldehyde
precursor to an acid thereby preventing DNA damage (Ho et al., 2008). This indicates that
ALDHa3 is capable of providing cellular protection. The activity of ALDH has been used to
identify, and select stem-like cell lineage amongst endothelial progenitor, mesenchymal,
epithelial and hematopoietic stem cells. For example, van den Hoogen et al. (2010) used
ALDH3AL to compare and isolate populations of primary human prostate cancer cells.
Likewise, the expression and activity of ALDH3A1 was found to be a marker for cancer
stem cells in many solid tumours, such as breast, ovarian and colon cancer (Ma and Allan,
2011). It has an important effect in tumour progression during metastatic initiation but the
mechanism that controls the constitutive expression of ALDH3AL1 remains unclear
(Reisdorph and Lindahl, 2001). Most importantly the mechanism of ALDH3A1 at the

trophoblast invasion stage is yet to be clearly understood (Jelski and Szmitkowski, 2008).

1.5.2 Aurora kinases (AURK)

Aurora kinase (AURK) genes are a group of serine-threonine kinases which are commonly
known as mitotic kinases which were first isolated from Drosophila (Bhat et al., 1996). They
play an important role in regulation of cell division in G2 to M phase, and the deregulation
of AURK activity leads to defects in the functions of centrosome, maturation, and spindle
formation (Dar et al., 2010). Moreover, the signalling of Aurora kinase associated with
mitotic errors is closely connected to chromosomal aneuploidy in cancer cells (Dar et al.,
2010; Banno, 2013). The two subtypes of AURK which are of interest in this study are

explained below.

» Aurora kinase A (AURK-A)
Aurora kinase A (AURK-A) is also named as STK15/BTAK, BTAK (Breast Tumour
Activated Kinase) (Berdnik and Knoblich, 2002). It plays a major role in cell cycle
regulation of meiosis, mitosis cytokinesis, chromosome maturation and centrosome
separation (Ma et al., 2003). Interestingly, centrosome maturation happens in the G2 phase
where many proteins that accumulate at the centrosomes lead to tumourigenesis. AURK-A
is over-expressed in several human cancers including gastric cancer, breast cancer and
neuroblastoma (Ma et al., 2003). Furthermore, many oncogenic functions including the

activation of growth signalling pathways, reduction in the functions of p53, p73, and
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phosphatidylinositide 3-kinase/AKT are caused due to the abnormal expression of AURK-
A. P53 is a tumour suppressor protein that plays an important role in preventing the
development of cancer cells at several regulatory points during the cell cycle (Ryan et al.,
2001). P73 regulates the cell cycle and induces apoptosis in cells under stress (Zawacka-
Pankau et al., 2010). A strong correlation between AURK-A over-expression, p53 function
and tumourigenesis has been reported (Vader and Lens, 2008). By phosphorylating p53,
AURK-A decreases the transcriptional activity of p53 mRNA (Vader and Lens, 2008).
However, p53 inhibits AURK-A activity by binding to the catalytic domain of AURK-A.
In addition, p53 induces a protein called DNA-damage-inducible protein (GADDA45a) that
also participates in inhibiting AURK-A function (Vader and Lens, 2008). This indicates that
the effect of AURK-A over-expression on centrosome regulation is dependent on p53 status
(See Figure 1.16).
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Figurel.16: Summary of the interaction between AURK-A and p53.

The function of P53 is related to the over-expression of AURK-A in tumourigenesis, where
p53 stability is decreased by phosphorylation of AURK-A. In contrast, p53 inhibits AURK-
A function by inducing GADDA45a. [Figure adopted from Vader and Lens, 2008]

The role of AURK-A in tumour and trophoblast cells is still not fully understood. It is
suggested that over-expression of AURK-A potentially affects cell proliferation and VEGF-
mediated angiogenesis. Moreover, on the placental side, it has been suggested that spindle
and chromatin dynamics is regulated by AURK-A during early and late stages of mammalian
oocyte maturation (Shuda et al., 2009).
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» Aurora kinase C (AURK-C)

AURK-C is another member of the AURK protein family that is over expressed in many
types of cancer, such as breast, liver and prostate, which suggests that AURK-C may have
the potential to induce proliferative capacity in tumour cells (Dieterich et al., 2007).
Remarkably, it has been found that the mRNA and protein of AURK-C is also over expressed
in normal rapidly dividing tissues such as testis. The exact role and function of AURK C in
carcinogenesis and placental development is not clearly known (Dar et al., 2010; Kollareddy
et al., 2008; Banno, 2013). It has been found that AURK-C plays an important role during
pre-implantation of embryo (Zeng et al., 2004; Macaulay et al., 2011).

1.5.3 Platelet-derived growth factor receptor alpha (PDGFRa)

PDGF is a family of growth factors that play a major role in several physiological functions,
including embryogenesis and angiogenesis. PDGF also plays an important role in cellular
differentiation and development, regulation of growth such as proliferation (Looman et al.,
2007). It was characterised as a mitogen for fibroblasts and cells of mesenchymal-origins,
such as smooth muscle cells (Looman et al., 2007). PDGF exists in three isoforms PDGF-a,
PDGF-B and PDGF-af which can function as hetero- or homodimers (Majumdar et al.,
2009). Expression of PDGF and its receptors became an area of interest because they are
thought to promote human cancer development and progression. PDGF encodes a protein
responsible for cell transformation, indicating an autocrine mechanism in tumourigenesis
(Raica and Cimpean, 2010). Furthermore, the co-expression of PDGF-a and PDGF-f, and
their receptors have been identified in the cellular signalling seen in malignant gliomas
(Alvarez et al., 2006). The status and functions of PDGFRa in trophoblast cells are not fully
understood.

1.5.4 Basic helix loop helix protein (TWIST1)

TWIST1 is a member of the basic helix-loop-helix (bHLH) family of proteins (Murre et al.
1989). The bHLH structure was recognised in the DNA binding proteins E12 and E47, and
was first identified in Drosophila (O’Rourke and Tam, 2002). It plays an essential role in
promoting tumour metastasis from epithelial to mesenchymal transition by promoting the
formation of invadopodia, specialized membrane protrusions for ECM degradation (Eckert
etal.,, 2011). It is over-expressed in a variety of tumours, e.g. prostate, lung, breast, uterus,
and liver cancer. TWIST1 also plays a vital role during embryonic growth of tissues such as
muscle and bone (Cabrera Je, 2013). In mouse and rat, the mRNA expression of TWIST-1
was present in the mesoderm of the gastrulating embryo and was also found in the limb bud
mesenchyme during the organogenesis phase (Maestro et al., 1999). Both TWIST-1 and

TWIST-2, can inhibit the p53 that is essential for cell death. Interestingly, they can interfere
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with the p53 tumour suppressor pathway by modification of the action of ARF/MDM2/p53
action ( Maestro et al., 1999; O’Rourke and Tam, 2002 ).

155 JAGI (Jagged-1)

Jag-1 (or Jagged-1) is a protein encoded by the JAG1 gene, also known as CD339 (www?).
It is considered as a ligand for multiple NOTCH receptors and acts as a mediator for NOTCH
signalling. It interacts with NOTCH 2 and 3 receptors, but in the presence of calcium it can
interact with NOTCH 1 receptors as well (Purrow et al., 2005). The NOTCH signalling may
act either positively or negatively to influence cell processes such as proliferation,
differentiation and apoptosis, depending on the cell type (Purrow et al., 2005). Therefore,
JAG-1 can play a crucial role in tissue formation during the development of an embryo
(Karanu et al., 2000). Moreover, NOTCH was found to be present in the cytoplasm of the
CTB, EVT and placental stroma in the first trimester of the pregnancy. It was also present
in the STB, endothelial cells and stroma of placental villi ( De Falco et al., 2007). Studies
have shown that JAGL1 is a potent pro-angiogenic factor in mice embryos (Benedito et al.,
2009). It has been proposed as a promoter of metastasis in both breast and bone cancer by
engaging NOTCH signalling, however, the mechanism behind this remains unknown (Sethi
etal., 2011).

1.6 Importance of “stem-like” cells in invasion

Another distinctive character shown by both tumour and trophoblast cells is presence of stem
cell populations. In the case of tumours, the cancer stem cells (CSCs) show a high
tumourigenic capacity of replenish self-renewal and differentiate into other cell types (Yoo
et al., 2013). On the other hand, trophoblast stem cells are involved in promoting self-
renewal only (Red-Horse et al., 2015). Surprisingly some interesting data has demonstrated
that during the development of tumour, ‘‘sphere forming cells’’ or ‘‘spheroids’’ can enhance
tumourigenesis and increase the metastatic ability of malignant cells in vivo (Burleson et al.,
2006). Likewise, spheroid like structure formation has also been reported in the case of non-
malignant trophoblast cells (Sivasubramaniam, Unpublished data). A detailed discussion of
spheroidal attributes of these two cellular types is given in (Chapter 4). A general description

of different types of stem cells is given below.
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1.6.1 Stem Cells

Cells with the ability to renew themselves and to generate mature cells through the process
of differentiation within a particular tissue are known as stem cells (Reya et al., 2001; Gao,
2007). Three significant properties differentiate these cells from normal cells, which are: (a)
an ability to renew independently which maintains the stem cell pool within the host; (b) an
ability to regulate the number of cells produced, and (c) an ability to differentiate to develop
all the functional elements of the tissue (Al -Hajj et al., 2004). Even though stem cells differ
in their developmental potential, they must maintain a balance between self-renewal and
differentiation. Consequently, the concept of regulation of self-renewal is important in
cancer since it is considered to be a disease of unregulated self-renewal (Reya et al., 2001;
Tuch, 2006).

1.6.2 Classification of Stem Cells

Depending on their ability to differentiate, stem cells are classified as totipotent, pluripotent,
or multipotent. Totipotent stem cells have the ability to become any kind of cell in the body
and usually develop from the fertilized egg. Pluripotent stem cells develop from the three
embryonic tissue layers, i.e. ectoderm, endoderm and mesoderm (Gao et al., 2008: Kaur et
al., 2009). They can be obtained from the inner cell mass (ICM) of the blastocyst.
Multipotent stem cells can differentiate into more than one type of specialised cell in tissue
or organ, and are isolated from many tissues of the body (Mousa, et al., 2006). These cells
can self-renew to repair any damaged tissue like the haematopoetic stem cells in bone
marrow, blood, neuronal stem cells of brain and hepatic stem cells of liver (See Figurel.16).
Multipotent stem cells are further differentiated into three types depending on their ability
to renew; Long term self-renewing cells, Short term self-renewing and Progenitor multi-
potent cells incapable of self-renewal (Gao et al., 2008: Kaur et al., 2009). Division of stem
cells generates daughter cells possessing the properties of their parent cells. Different types
of stem cells that are produced from trophoblast are summarised in Figurel.17.
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Figurel.17: The origins of specialisation of stem cells.

The single cell begins to divide and multiply at a rate much faster than somatic cells after a
sperm fertilizes an egg. The totipotent stem cells (SCs) rising in the inner mass of the
blastocyst are known as embryonic stem cells (ES). ES can differentiate into various tissue
types of the human body. [Figure adopted from Chaudry, 2004]

1.6.3 Stem cell markers

There are many molecular markers used to isolate and characterize various stem cell
populations, some of which include OCT4, SOX2, NANOG, NOTCH1 and CDX2.
Although the marker profiles of stem cell populations often change depending on their site
of origin or species, these molecular markers provide a systematic approach to characterize

a healthy stem cell population (www?0).

> OCT4
OCT4 is a transcription factor belonging to the POU (Pit-Oct-Unc) transcription factor
family and is also known as OCT-3, OCT3/4 and POU5F1 (Schéler et al., 1990). It plays

a crucial role in the embryonic development, acts as a regulator of self-renewal and
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differentiation, maintains and re-establishes pluripotency of embryonic stem (ES) cells in
both human and mouse (Shi and Jin, 2010). It is usually expressed in the early cleavage stage
of the inner cell mass. Studies indicate that mMRNA and protein expression of OCT4 are found
in several human tissue specific adult stem cells and different types of cancer stem cells
(Atlasi et al., 2007).

» SOX2

SOX2 (Sex-determining region Y (SRY)-Box 2) is a member of the SOX family of
transcription factors (www??). It plays a vital role in maintenance and differentiation of stem
cells. It is required for trophoblast formation and progression of several human malignancies
Laga et al. (2010) findings suggest that SOX2 is a novel biomarker used for subpopulations
of stem cell niches related to melanocyte ontogeny and tumorigenesis and a growing number
of studies illustrate the relationship between SOX2 and cancer. In breast cancer cells, SOX2
promotes cell proliferation and tumourigenesis (Xiang et al., 2011). Both SOX2 and OCT4
have essential roles during embryogenesis. They generate pluripotent stem cells from human
cord blood cells and work together to regulate genes necessary for the self-renewal
(Herreros-Villanueva et al., 2013; Rizzino, 2013).

> NANOG
NANOG is a homeodomain-containing transcription factor which is expressed in the inner
cell mass and embryonic stem cells (ES). It has important roles in maintaining self-renewal
amongst undifferentiated pluripotent stem cells during early embryonic development.
NANOG and OCT4 work together to support stem cell potency and self-renewal in several
germ cell and tumours (Siu et al., 2012; Wang et al., 2013)). It is associated with tumour
aggressiveness, metastasis and chemo-sensitivity. The knockdown of NANOG has been
reported to inhibit ovarian cancer cell proliferation and invasion. Therefore, several studies
suggest that NANOG can be used as a target for molecular therapeutics and as a potential
marker to target ovarian cancer (Siu et al., 2012; Wang et al., 2013). OCT4, NANOG and
SOX2 are all identified to be co-up-regulated in many human tumours, including prostate
and breast cancer and tumours may be controlled by restricting the expression of these three
genes. Likewise, they can be used as tumourigenesis markers, which can act as molecular

switches that control the CSC cell fate during cancer development (Liu et al., 2013).

» NOTCH1
NOTCHL1 is a transmembrane receptor which was first identified in Drosophila. There are
two pathways involved in NOTCH signalling: canonical signalling and non-canonical

signalling. Canonical NOTCH signalling is achieved by cell-cell interaction, but non-
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canonical signalling is not completely understood (De Falco et al., 2007; Cuman et al.,
2014). Studies in the past, demonstrated that the NOTCH signalling pathway was necessary
for the development of the placenta (Zhao and Lin, 2012). Itis believed NOTCH1 signalling
controls uterine decidualisation and plays an essential role in implantation. Moreover,
members of the NOTCH signalling pathway have been identified in placental growth and
reported to play an important role during placentation (Zhao and Lin, 2012). This involves
endometrial trophoectoderm interactions during the initiation of attachment, and regulation
of EVT invasion (Zhao and Lin, 2012). It is also essential for spiral artery remodelling in
the decidua, angiogenesis progression and vascular homeostasis in the adults. On the other
hand, the irregular signalling of NOTCH is found in PE and IUGR (Cuman et al., 2014).
Interestingly, NOTCH also plays an essential role in tumour development and can act as an

oncogene (Bolés et al., 2007).

» CDX2
CDX2 is a nuclear homeobox transcription factor that belongs to the caudal-related family
of CDX homeobox (HOX) genes (www?3). The gene encodes CDX2 plays an essential role
during embryonic development. It is expressed in the embryonic trophoectoderm and in the
spongiotrophoblast component of the placenta at later stages of development (Murthi et al.,
2011). HOX genes can be used as markers and targets for some diseases, such as cancer,
diabetic wound healing, and Alzheimer’s disease. It is also expressed in the intestinal
epithelium, where it plays roles in establishment and maintenance of intestinal epithelial
cells (Saad et al., 2011). Previous studies have suggested that the expression of CDX2 is
down-regulated during colorectal carcinogenesis (Bai et al., 2003). They proposed that
CDX2 acts as a tumour suppressor by promoting cellular differentiation and inhibiting
proliferation. The absence of CDX2 results in an aggressive tumour with enhanced

metastasis of colorectal cancer (Bai et al., 2003).

1.6.4 The ability for trophoblasts to produce stem-like cells

As mentioned before in Section 1.1.3.4, the placenta is a pseudo-malignant organ which
shows ‘physiological metastasis’ (Ferretti et al., 2007). Both the process of tumorigenesis
and placentation begin with a highly invasive form of cells (See Figure 1.18). One of the
unique characteristics of the trophoblast cells is the ability to produce stem cell populations
that are involved in the promotion of self-renewal (Red-Horse et al., 2014). Trophoblast cells
also demonstrated the ability to produce stem-like cells during invasion (John et al., 1993).
Likewise, spheroid like structure formation has also been reported in malignant cancers
including ovarian cancer (Burleson et al., 2004). Also, in vitro studies have shown that the

embryonic stem cells (ESCs) can grow into three-dimensional spheres called embryonic
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bodies (EBs) in culture media (Sivasubramaiyan et al., 2009). Comparative photoelectron

micrographs of tumour spheroidal cells and blastocyst are given in Figure 1.18.

TUMOUR BLASTOCYST

www.tat.gu.se Bentin-Ley et al, 1999

Figurel.18: The similarity of the spheroid like structure in tumour and blastocyst.

1.7  Spheroid (3-D) cell culture

Three-dimensional (3-D) cell culture in vitro models have been used in research as an
intermediate between in vitro cultures and in vivo tumour (Fennema et al., 2013). Cells that
are cultured in 3-D grow as aggregates have many different names such as mammosphere,
micro-mass and spheroid (Fennema et al., 2013). This system mimics various properties of
solid tumours such as cell heterogeneity and production of similar proliferating, quiescent
regions with a necrotic core (Weiswald et al., 2015). Moreover, tumour cells cultured as
spheroids exhibit more resistance to therapy than those cultured as a monolayer. In fact 3-D
culture provides “multicellular resistance,” enhanced by cell-cell contacts, cell-matrix
contacts, and the 3-D shape (similar to the in vivo situation) (Phung et al., 2011). Thus, it
provides a microenvironment similar to a solid tumour (See Figure 1.19). These features
limit the delivery of anti-cancer drugs to core cancer cells that are located far from blood
vessels (Phung et al., 2011).
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Figurel.19: Comparison between in vivo solid tumour and spheroid model.

The 3-D culture creates an oxygen gradient similar to in vivo solid tumours. This feature limits the
delivery of anticancer drugs to the core of the spheroids. [Adopted from Phung et al., 2011]

As explained in in several parts of the introduction, there are similarities and differences
between tumour and trophoblast cells. The pseudo-tumourigenic properties of trophoblast
cells can be used not only to compare the status of common factors between these two
processes; but also can be exploited to study the toxicological effects of chemotherapeutic
agents in physiologically rapid dividing cells. In order to achieve the former; trophoblasts of
placental disorders with low trophoblast invasion (such as PE) can be compared. Likewise,
it is also essential to establish in vitro 3-D spheroid cultures of “stem-like cells” from

trophoblast derived cells to study the latter.
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1.8  Aims and hypothesis

A literature review indicated differential gene expression patterns in normotensive and PE

placentae. The factors of interest (ALDH3A1, AURK-A and C, PDGFRa, TWISTI, and

JAG1) have also been demonstrated to be involved in proliferation, migration and invasion

of various cells. Furthermore it has been shown that due to resemblance of trophoblast cells

to tumour cells, it may be possible to produce spheroids from both the cell types. Therefore,
it was hypothesised:

e The expression of factors that are involved in trophoblast invasion would be altered in
pre-eclamptic placentae.

e These expression patterns may also be different in non-resistant and drug-resistant
spheroids from those of the original parental cells.

e The invasive capacities of non-resistant and drug-resistant spheroids would be different
from the original parental cells.

e Compared to parental cells, the global protein expression profiles would be altered in
non-resistant and drug-resistant spheroidal cells.

Aims:

e To compare the expression patterns of common factors related to invasion, such as
ALDH3A1, AURK-A and C, PDGFRa, TWIST1, and JAG1 involved in normotensive
(NT) and pre-eclamptic (PE) placentae.

e To generate spheroids from transformed trophoblast (HTR8/SVneo, TEV-1) and
choriocarcinoma (JEG-3, BeWo) cell lines and to check the effects of the
chemotherapeutic agent Doxorubicin in producing drug resistant spheroids from
trophoblast cell lines.

e To characterise the “stemness” feature by studying the expressions of stem cell markers
such as OCT4, SOX-2, NANOG, CDX2 and NOTCHL.

e To compare the migration and invasion potentials amongst non-resistant, drug-resistant
spheroids and their parental cells.

e To investigate the expression patterns of common factors such as ALDH3A1, AURK- (A
and C), PDGFRa, TWIST1, and JAG1 in parental cells and spheroidal cells (untreated and
DOX-treated) originated from four trophoblast cell lines.

e To investigate the changes in the global protein (peptide) expression profiles in parental and
spheroidal cells (untreated and DOX-treated) which are produced from transformed
trophoblast cell lines (HTR8/SVneo and TEV-1) by using SWATH-MS technique.
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2.1 Buffers and solutions

All buffers and solutions were prepared in sterile glass bottles and maintained at

recommended temperature when not in use with some solutions prepared fresh

immediately before to use.

Table 2.1: Buffers and solutions

Reagent

Recipe

TAE Buffer 50X

242 g Tris Base, 57.1 ml Acetic Acid, 100 ml 0.5M EDTA,
1 litre ddH20, pH 8.5

1X TAE buffer (pH 8.0)

50X TAE buffer 20ml, ddH20 980ml

1% Agarose used for RNA

Agarose 0.4, 1X TAE 40ml, Ethidium bromide (Sigma) 2ul

1.5% Agarose used for DNA

Agarose 0.6, 1X TAE 40ml, Ethidium bromide (Sigma) 2ul

PBS-Tween20 (PBS-T)

1 litre 1X PBS, 5ml Tween 20

TBS-Tween20 (TBS-T)

1 litre 1X TBS, 5ml Tween20

TBS 10X

24.23g Trizma HCI, 80.06g NaCl, 1 litre ddH20, pH 7.6

PBS 1X

10 Phosphate Buffered-Saline tablets (Fisher Scientific) in
1 litre ddH>O

Running Buffer 5X

15 g Tris Base, 72 g Glycine, 5.0 g SDS, 1 litre ddH-0O, pH
8.3.

Transfer Buffer 10X

60.4 g Tris Base, 288 g Glycine, 1.8 litres ddH>O. Methanol
added to 1X transfer buffer before use.

Laemmli Buffer 4X

200mM Tris-HCI pH 6.8, 400mM DTT, 0.8% w/v SDS,
0.4% w/v Bromophenol blue, 40% v/v glycerol, 5% v/v -
mercaptoethanol

Antibody Buffer

3% BSA, TBS-T, 0.02% Sodium Azide

50mM (Triethyl ammonium
bicarbonate) TEAB buffer

Diluting 1M stock solution 20 times (i.e. 500 pl of 1M stock
solution +9.5 ml of nanopure grade water)

0.5 M dithiothreitol (DTT; MW
154.25)

Dissolve 0.077 g of DTT in 1ml of nanopure water

0.55 M iodoacetamide (IAA; MW
184.96)

Dissolve 0.0407 g of IAA in 400 pl of 50mM TEAB buffer

0.1% formic acid

50 ml of nanopure water in and remove 50 ul of nanopure
water and add 50 pl of neat formic acid

5% Acetonitrile in 0.1% formic
acid

10 ml of 0.1% formic acid in 15 ml red-top tube remove 500
ul of 1% formic acid and add 500 pl of 100% acetone
acetonitrile.
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2.2 Antibodies

All antibodies were prepared and stored according to manufacturer’s guidelines and used
before the expiry date. The concentration of each antibody (primary or secondary) for
Immunohistochemistry (IHC), Immunofluorescence (IF) and Western blotting (WB), are
summarised in Tables 2.2 and 2.3.

Table 2.2: Details of primary antibodies with concentrations for IHC, WB and IF.

Primary antibodies Supplier Antibody dilutions
Rabbit Anti-ALDH3A1 Abcam IHC (1:200); WB (1:500)
Rabbit Anti-Aurora A Abcam IHC (1:20); WB (1:500)
Rabbit Anti- Aurora C Abcam IHC (1:200); WB (1:500)
Rabbit Anti- Jagged1 Abcam IHC(1:500); WB (1:10000)
Rabbit Anti-PDGFR Abcam IHC (1:500); WB (1:500)
Rabbit Anti-TWIST1 Abcam IHC (1:200); WB (1:500)
Mouse Anti-OCT4 Abcam IF (1:200); WB (1:500)
Rabbit Anti-SOX2 Abcam || (1:500): WB (1:500)
Rabbit Anti-NANOG Abcam IF (1:50); WB (1:1000)
Rabbit Anti-CDX2 Abcam | \wB (1:500)

Mouse Anti-CDX2 Abcam ||k (1:50)

Rabbit Anti-NOTCH1 Abcam IF (1:150); WB (1:1000)
Controls

Mouse Anti-Vimentin

(positive control for IHC) NCL-L-VIM- Leica | IHC (1:400)

Active PDGF protein Abcam WB (1:500)
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Table 2.3: Details of secondary antibodies with concentrations for IHC, WB and IF.

- . Antibody
Secondary Antibodies Supplier dilutions
Donkey Anti-Rabbit Human IgG H+L (HRP) Abcam WB (1:3000)

conjugated

FluoresceinAnti-Rabbit 19G (H+L) Vector Laboratories, Inc | WB (1:1000)

Biotinylated Anti-Mouse/Rabbit IgG provided | PK-6200

with VECTASTAIN Elite ABC Kit Vector Laboratories, Inc IHC (1:1000)
- ®

Goat anti-Mouse 1gG (H+L), Alexa Fluor life technologies IF (1:1000)
= - ®

Goat anti-Rabbit IgG (H+L), Alexa Fluor life technologies IF (1:1000)

2.3 Placental tissue collection

Human placental tissue samples were obtained from the Nottingham City Hospital following
informed consent from donors under NHS ethical approval [NREC Ref: 12/NE/0112]. This
ethical approval was extended to suit this study by the Health Research Authority-NRES
Committee North East. The demographic details of the placentae are given in Section 3.2.1.
These samples were collected and stored appropriately at -80°C until further use. Some of
the samples were further preserved by paraformaldehyde fixation and embedded in paraffin

for immunostaining protocol.

2.4 Total RNA extraction

RNeasy® Plus Mini-kit (Qiagen) was used to perform the total RNA isolation and
purification from placental tissues according to the manufacturers (Qiagen, Inc) instructions.
Homogenisation of placental samples was carried out by crushing the samples with liquid
nitrogen and transferred into pre-cooled centrifuge tubes after which 600ul of RLT buffer
with 6ul B-mercaptoethanol (Sigma Aldrich) was added to the samples. This homogenized
lysate was transferred into a QlAshredder® (Qiagen) and centrifuged at 15,000 x g for 2
minutes in a microcentrifuge (Microcentaur Sanyo). The supernatant was transferred into a
gDNA eliminator spin column. The column was centrifuged again at 10,000 x g for 30
seconds to remove any genomic DNA. The supernatant was mixed with 600ul 70% ethanol
(Fisher Scientific). This mixture was transferred to an RNeasy spin column placed in a
collection tube. Centrifugation was repeated at 10,000 x g for 15 seconds. The RNeasy spin
column was retained and 700ul Buffer RW1 was added and centrifuged again at 10,000 x g
for 15 seconds. This was followed by 2x 500ul RPE Buffer washes. Lastly the column was
treated with 30-50p1 RNase-free Millipore water and centrifuged at 10,000 x g for 1 minute.
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The supernatant was transferred to a new eppendorf tube and stored at -80°C. The purity and
quantity of RNA were measured by using Nanodrop® spectrophotometer. The extracted
RNA samples were electrophoresed in 1% agarose gel (BIOzym group) to fractionate the
two RNA subunits, 28S and 18S. 1kb ladder (New England, BioLabs® Inc) was used to

identify the two subunits.

2.5 cDNA template preparation by Reverse Transcription

SuperScript™ 1l Reverse Transcriptase kit (Invitrogen™) was used to convert RNA into
cDNA. Depending on the total RNA concentration of 10pg-5.g, a 20l reaction volume was
prepared. The reaction mixture was created in an eppendorf tube with 15 pl of nuclease free
water, with 1pl of extracted RNA samples,1 pl Oligo (dT) 15 Primer (Promega), 1pl dNTP
mix (10mM each) (Promega) and 1l RNAsin (Promega). This mixture was gently vortexed
then heated to 65°C for 5 minutes followed by chilling quickly on ice. 4ul of 5X First-Strand
Buffer and 2ul of 0.1M DTT was added to the reaction and mixed well. The sample was
incubated at 42°C for 2 minutes. After this incubation, 1pl of SuperScript™ 1l was added and

allowed to incubate at 42°C for 50 minutes. The sample of cDNA was stored at -20°C.

2.6 Gene expression study

2.6.1 Primer designing and optimising

PCR primers were designed by using Coding DNA sequences (CDS) for the factors of
interest from National Centre for Biotechnology Information (NCBI) website (www!4). CDS
was used to design the primers using Primer 3 Input version 4 (www?®) and Integrated DNA
Tool (www*6) was used to check the properties of primers such as annealing temperature,
hairpin loops, GC content etc. ClustalW2 software was used to find the common nucleotide
regions between all the variants (if the factors has more than one variant) (www?’). BLAST
software (www?8) was used to check specificity of the primer sequences and the specific

primers were finalised. The criteria used for primer design are given below:

1) Sequence:
a) The following were avoided (i) 3 or more runs of G or C at 3" end, (ii) a T at the 3°
end, (iii) mismatches at the 3" end and complementary sequences.
b) 3" end should end in G or C or CG or GC. This will increase efficiency of priming.
2) The length of primer was kept between 18-22 nucleotides.
3) The GC content was between 40-60%.
4) Melting temperature (Tm) was kept between 55-80 °C.

5) Product size was less than 200 bps.
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6) Primer Concentration: 0.1-0.5uM.

The primer sequences with their annealing temperatures are given in Table3.2. The

annealing temperatures for the primers were first calculated using the following equations:
T, =4(G+C)+2(A+T)

T,, Forward + T,, Reverse
Ty=— o - 5°C

Where Tm is melting temperature for the primers, Ta is the annealing temperature for the

gene of interest.

2.6.2  Gene amplification using conventional PCR and gradient PCR

Factors of interest were amplified using the primers designed in Section 2.6.1 by
conventional TECHNE® Thermocycler TC3000 (Bibby Scientific Ltd.). The PCR Master
Mix (Promega) was used for the reaction mixture. The reaction mixture was prepared

according to the company guidelines.

= Reaction Mixture for 25pl:

Components Volume Final concentration
PCR Master Mix, 2X 12.5ul 1X

upstream primer, 10uM 0.5ul 0.1-1.0pM
downstream primer, 10uM 0. 5ul 0.1-1.0uM

DNA template 1ul <250ng
Nuclease-Free water 10.5ul N.A.

®  General program setting for PCR amplification was as follows:
e Initial denaturation at 95°C for 2 minutes
o Denaturation at 95°C for 30 seconds
o Annealing at X°C for 30 seconds X 40 cycles
o Extension at 72°C for 30 seconds

e Final Extension at 72°C for 2 minutes
Note: Where X°C is the Ta calculated in Section 2.6.1

TECHNE® 3Prime temperature gradient PCR (Geneflow Ltd.) was also used to amplify
genes for which calculated Ta showed low/no dimer products. The PCR product size was

analysed by using 1.5% agarose gel using a 100bp ladder (New England Biolabs® Inc).
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2.6.3  Agarose gel electrophoresis

Agarose gel electrophoresis was carried out to check the size and integrity of the product
whether from a DNA or RNA sample. The desired percentage of agarose gel was prepared
in fresh 1X TAE buffer; 1.5% agarose gel was used to analyse PCR products and 1% agarose
gel to detect the integrity of the RNA samples. Ethidium bromide (Sigma) was used as a
detection dye in the gel. The gel was electrophoresed at 50 Volts for 15 minutes followed by
80 volts for 30 minutes. The gels were then imaged on Gel Doc (InGenius, Syngene) under
UV light.

2.6.4 PCR product confirmation by DNA sequencing

The PCR products were cleaned by using a Wizard® Genomic DNA purification kit
(Promega) according to the manufacturer’s guidelines. An equal volume of membrane
binding solution was mixed with the PCR products. The mixture was transferred to a
Minicolumn assembly and incubated at room temperature for 1 minute. The Minicolumn
was then centrifuged at 16,000 x g for 1 minute. Following this the column was washed
twice with membrane wash solution and centrifuged at 16,000 x g for 1 minute. Purified
DNA was eluted out from the column using nuclease-free water. The purified samples were
sent for sequencing at the Functional Genomics, Proteomics and Metabolomics Facility,
University of Birmingham, for DNA sequencing. The sequences were analysed using

Chromas lite 2.1.1 software for accuracy.

2.6.5 Relative expression of factors of interest by quantitative Real-Time PCR
(QRT-PCR)

Factors of interest were amplified by using a Corbett® quantitative PCR (QRT-PCR) thermo
cycler (Corbett Lifesciences). The reaction mixture of qRT-PCR was prepared at a final
volume of 12.5ul. Millipore water 4.25ul; SYBR Green 6.75ul (Biorad Laboratories, Inc.);
forward and reverse primers 0.5ul 10 pM/uL; and cDNA samples 0.5pl were used.
Nuclease-free water was used as negative control. The program started with an initial
denaturation for 5 minutes at 95°C. The number of cycles for amplification was 40 with a
denaturation at 95°C for 30 seconds. Depending on the primer of interest, the annealing
temperature was set for 30 seconds and the extension at 72°C for 10 seconds. The annealing
temperatures for each gene are given in Table 3.2. The melting curve for the factors was
analysed after the reaction using Rotor Gene-6000 Series 1.7 software and the delta Ct values
(2722¢t) were calculated. 222 is a method to calculate relative quantitative expression by
comparing Ct values (Livak and Schmittgen, 2001). The mRNA expression of target factors
are normalised to an endogenous reference gene (house-keeping gene) and relative to
calibrator (positive control). The house-keeping genes used in this study are GAPDH,
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HPRT1and TBP1. The calibrator for factors expression was MCF-7 a tumour cell line of

non-placental origin.

2.7 In vitro cell culture

2.7.1  Cell revival and subculture

The cells were revived from liquid nitrogen storage by thawing the vials quickly in warm
water. Thawed cells were added with 10 ml of growth media to remove the cytotoxic effects
of freeze media and centrifuged at 1,000 x g for 5 minutes. The supernatant was discarded
and 1ml of growth media was added to the pellet. Cells were then transferred into T25 flasks
(Sarstedt). All cell lines specifications and culture media are summarized in Table 2.4. The
growth media were supplemented by 10% FBS (foetal bovine serum) (Lonza), 2mM L-
Glutamine (Lonza) and 25U/ml penicillin/streptomycin (Lonza). Cells were grown in T25
flasks incubating at 37°C in a humidified atmosphere of 95% (v/v) air/5% (v/v) carbon
dioxide. A daily check was performed and the cell lines were sub-cultured when they reached
70-95% confluence.

Table 2.1: Details of the cell lines used in this study.

Cell line Cell type Medium Provider
HTR-8/SVneo Humap First-trimester RPMI-1640 Dr C_harles Graham University
extravillous trophoblast of Kingston, Canada
Human First-trimester Dr Mei Choi Choey University
TEVL extravillous trophoblast RPMI-1640 | of Hong Kong, China

Human placenta

JEG-3 . . EMEM ECACC*
choriocarcinoma
Bewo | Human placenta Ham’s F12 ECACC*
choriocarcinoma
#
MCE-7 Human breast DMEM ATCC

adenocarcinoma cell line

*European Collection of Cell Cultures; *American Type Culture Collection

After the cells attained 70-95% confluency sub-culture was carried out by discarding the
media and washing the flasks three times with 1X PBS (Lonza). Trypsin 1X (Sigma) was
added to the flask to detach the cells and incubated for 2 minutes at 37°C. The duration of
trypsinisation differed according to the cell types. An inverted light microscope (Motic
AE2000, Scientific Laboratory Supplies Ltd.) was used to check detachment of the cells.
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Afterwards, respective growth media for each cell line was added to stop the action of
trypsin. The cells were collected into Sterilin® tubes (Sarstedt) and were centrifuged for 5

minutes at 1,000 x g in Harrier 15/80 centrifuge (Sanyo).

The supernatant was discarded and 1ml of growth media was added to the pellet and mixed
well to achieve a suspension of single cells. Viable cells were counted by using 0.4% (v/v)
trypan blue (Sigma Aldrich). 100ul of cell suspension was mixed with 300ul trypan blue. A
small volume (10ul) of this mix was used to count in a haemocytometer. The cell numbers
in four large grids were counted to estimate the total cell count using following calculation.

Cell Numbers/ml = Average cell number x 10* x 4 (dilution factor)

These cells were both bulked up and transferred into T75/T175 flasks (Sarstedt) and used

for further experiments or frozen down as below.

2.7.2  Cryopreservation of cells

For a continuous supply of cell lines, cells were cryopreserved in liquid nitrogen. The cell
pellet after centrifugation was re-suspended in freeze media (Media 6.4ml,
Penicillin/Streptomycin 0.1ml, FBS 2.5ml, and DMSO 1.0ml). The cells with freeze media
were then transferred to cryovials placed on ice and immediately transferred to a -80°C
freezer. The following day the cells were moved into liquid nitrogen for long storage.

2.8 In vitro cytotoxicity assays

2.8.1 MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay
Doxorubicin hydrochloride (10 mg) was obtained from Sigma Aldrich. This was
reconstituted by diluting in 10ml of filtered distilled water to achieve the final concentration
of Img/ml. and stored as aliquots at 4 °C covered with foil. The MTT assay was carried out
with an appropriate number of cells (5 x10%) which were transferred into 96 well plates
grown along with different concentration of Doxorubicin hydrochloride (250, 500, 1000,
2000 and 4000 ng/ml) being incubated for 24 and 48 hours at 37°C. After incubation the
media were removed from the wells and 50ul of 5mg/ml MTT solution (Sigma Aldrich) was
added to each well. The plates were wrapped in aluminium foil and incubated for an hour at
37°C. After incubation 500ul DMSO (Sigma Aldrich) was added to each well and
thoroughly mixed. The plates were gently agitated in a plate shaker to dissolve the crystals.
A small volume of this solution 200 pl was transferred into a 96 well plate and the

absorbance read at 570 nm. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
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bromide) is a yellow soluble tetrazolium salt. The MTT assay is a colorimetric assay based
on reduction of MTT to insoluble purple formazan crystals by both mitochondrial and extra-
mitochondrial dehydrogenases (Fotakis and Timbrell, 2006). The viable and proliferating
cells contain higher NADH or NADPH ratios which act as mediators in the reduction of
MTT. Likewise, succinate and NADH-linked mitochondrial substrates such as malate,
pyruvate or glutamate support MTT reduction (Liu et al., 1997). Therefore, the viability is
directly proportional to the amount of crystals formed. All five cell lines which were used in
this study are adherent cells. Therefore, a trypsinisation step is required before the cells are
prepared for seeding. This causes stress to the cells and reduces their metabolic activity.
Most of the cells require 24 hours of recovery from trypsin stress and function again as viable
cells. Therefore, the effect of DOX on viable cells with different concentrations was

investigated after 24 hours of the cells seeding.

2.8.2 CytoTox 96® Non-Radioactive Cytotoxicity/ Lactate dehydrogenase assay
(LDH assay)
An appropriate number of cells (5 x10%) was plated and treated exactly as in Section 2.8.1.
An additional set of wells was plated for maximum lactate dehydrogenase (LDH) release
and used as positive Control. The assay was carried out according to the manufacturers’
guidelines. After DOX treatment, Lysis Solution (10X) was added to the maximum LDH
release control wells. After 45 minutes, the plates were centrifuged at 250 x g for 5 minutes.
After centrifugation 50l of the supernatant from each well was mixed with 50pl of Substrate
Mix and incubated for 30 minutes on a shaker protected from light. After 30 minutes of
incubation the reaction was stopped by adding 50 ul of Stop solution. The absorbance was
read at 490 nm. The CytoTox 96® non-radioactive cytotoxicity assay measures the release
of LDH from the damaged cell membrane of non-viable cells into the cell culture media.
LDH converts lactate to pyruvate with reduction of NAD" to NADH/H". The H* from
NADH/H" is transferred to the tetrazolium salt INT (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
phenyltetrazolium chloride) which reduces it to a red formazan dye (Cobb, 2013). The
amount of red formazan dye is proportional to the amount of LDH released into the media.

Hence, CytoTox 96® non-radioactive cytotoxicity assays indirectly measure cell death.

2.9 Generation of non-resistant (normal) and drug resistant spheroids

Previous studies within this laboratory by Dr Selman Ali have shown that spheroids can be
generated from tumour cell lines by two different methods either by (1) growing the cells in
ultra-low attachment flasks to produce normal spheroid, and (2) treating the cells with a

chemotherapeutic agent (Doxorubicin) to select drug resistant spheroids. The same protocol
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was used in this study to generate respective spheroids from trophoblast cell lines.

2.9.1 Generation of non-resistant (normal) spheroids
This assay was carried out to check the ability of trophoblast cells to produce spheroids. The

procedure involves four stages as explained below.

e Stage 1 (Bulking up of parental cells)
Cell lines (usually 5 x10° cells/ml) were grown in a T75 flask under normal conditions in
their respective media for 72 hours. Once the cells reached to 80-90% confluence, they were

harvested and sub-cultured for stage 2.

e Stage 2 (Spheroid formation)
The cells harvested from stage 1 were trypsinised and counted to determine 5 x10° cells/ml.
They were then sub-cultured in non-adherent (Ultra-Low Attachment) (Sigma-Aldrich) T75
flasks in 20ml of serum-free media. This media contained (1% w/v L-glutamine and 1% v/v
penicillin/streptomycin) supplemented with growth factors: Sug/ml each of bFGF (Sigma-
Aldrich), EGF (Sigma-Aldrich) plus 5ug/ml of insulin (Sigma-Aldrich), and 0.4% BSA
(Sigma-Aldrich). Cells were incubated for 3-5 days. Spheroid formation was monitored

under the microscope every 24 hours.

e Stage 3 (Cell sorting by gravity separation)
The spheroids were separated from single cells by gravity separation. The cell mixture
containing both spheroids and single cells was transferred into Sterilin® tubes (Sarstedt) and
kept at room temperature for 10 minutes to separate the spheroids from the single cells. The
spheroid cells settled at the bottom of the tube. The single cells from the upper layer of the
media were carefully removed without disturbing the pellet of spheroids. Afterwards, the

spheroids were then centrifuged for 5 minutes at 1,000 x g.

e Stage 4 (The ability of normal spheroid cells to grow under normal conditions)
Spheroids were grown in normal adherent flasks for 72 hours under normal growth media

conditions to observe their growth rate (See Figure 2.1).
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Figure 2.1: Schematic representation of protocol used to generate non-resistant

(normal) spheroids.

2.9.2

Generation of Doxorubicin (DOX) resistant spheroids

This assay was carried out to select the spheroids that are resistant to doxorubicin. The

procedure involves four stages as shown in Figure 2.2. The protocol was exactly the same

as generating non-resistant (normal) spheroids except for the additional drug treatment with

different concentrations of doxorubicin for 48 hours at stage one.
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Figure 2.2: Schematic representation of protocol used to generate resistant spheroids.
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2.9.3  RNA extraction from normal cells and spheroidal cells
RNA extraction and cDNA template preparation were carried out as explained in sections
2.4 and 2.5 for parental and spheroids cells (untreated and DOX-treated).

2.10 Protein expression studies

2.10.1 Tissue lysate preparation for protein analysis

The placental samples NT and PE were homogenized in liquid nitrogen to avoid protease
degradation of proteins and transferred to centrifuge tubes. RIPA (Radio-
Immunoprecipitation Assay) buffer 10ml (Sigma Aldrich) and protease inhibitor cocktail
(Roche) 0.2 % (v/v) and 1 mM Na3VO4 (Sigma Aldrich) were added to the samples. Then
samples were vortexed for 30 minutes followed by 5 minutes incubation on ice. The tubes
were incubated on ice for 1 hour then were centrifuged at 27,000 x g for 15 minutes at 4°C
(Harrier 15/80 refrigerated centrifuge, Sanyo). The supernatant (i.e. the native form of the

tissue lysate) was collected and stored at -80°C.

2.10.2 Cell lysate preparation for protein analysis

Cells were lysed directly in lysis buffer to collect whole cell extracts. Cells were washed
twice with 1X PBS then transferred into 20 ml universal tubes and centrifuged at 27,000 x ¢
for 15 minutes at 4°C. The supernatant was discarded and the pellet re-suspended in 1X PBS
to remove the remaining growth media and centrifuged once again. The supernatant was
removed and RIPA buffer 300ul (Sigma Aldrich) with protease inhibitor cocktail (Roche)
0.2 %( v/v) and 1 mM Na3VO04 (Sigma Aldrich) were added to the cell pellet. Cells were
then incubated on ice for 1 hour. The samples were centrifuged at 27,000 x g for 10 minutes
at 4°C (Harrier 15/80 refrigerated centrifuge, Sanyo). Finally the cell lysate supernatant was

collected and stored at -80°C.

2.10.3 Estimation of protein concentration by Bicinchoninic acid (BCA) assay

All protein concentrations were determined using BCA (Sigma Aldrich) according to the
manufacturer’s instructions to estimate the protein concentrations in the tissue and cells
lysates prepared as mentioned earlier in Sections 2.10.1 and 2.10.2. The BCA working
reagent was prepared by mixing 50 parts of reagent A (BCA) with 1 part of reagent B (4%
w/v Copper (I1) sulphate solution, Sigma Aldrich). The different concentrations of BSA
(Bovine Serum Albumin) (Fisher Scientific) at 0.2, 0.4, 0.6, 0.8 and 1mg/ml were used to
establish a standard curve. The placental tissue or cell lysates, together with BSA standards
and blank (RIPA buffer) were added to a 96 well plate and mixed with 8 parts of BCA
working reagent. The plate was incubated for 30 minutes at 37°C. The absorbance was

measured at a wavelength of 570 nm by using a microplate reader (Biochrom Asys
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UVM340). The protein concentrations of samples were derived from calculations based on

the standard curve.

2.10.4 Protein separation by SDS-PAGE

Protein lysate samples were denatured for SDS-PAGE separation by using Laemmli buffer
4X at 70-80°C for 10 minutes on a heating block. Equal concentrations of the protein
samples were loaded into 10% or 12.5% w/v SDS-PAGE along with molecular weight
markers (Bio-rad Laboratories, Inc.). ProtoGel® 30% wi/v, ProtoGel® 4X Resolving and
ProtoGel® stacking buffers were used to prepare SDS-PAGE gels according to the
manufacturers’ guidelines (National Diagnostics). The SDS-PAGE was run at 50 volts for
30 minutes followed by 90 volts for 1 hour. Finally the results were visualised by staining

with Coomassie Brilliant Blue (Bio-Rad Laboratories, Inc.).

2.10.5 Protein analysis by Immunoblotting

Immunoblotting was carried out after protein separation from SDS-PAGE on to 0.2um
nitrocellulose membrane (Sigma Aldrich) by wet-transfer over-night in a cold room. The
nitrocellulose membrane was incubated in blocking solution (3% w/v BSA in 1X TBS-
Tween20) for 1 hour. After incubation, the membrane was washed three times with Millipore
water followed by a 1X TBS-Tween20 wash. The membrane was then incubated in primary
antibody overnight on a shaker at 4°C. Following incubation the membrane was washed and
incubated in secondary antibody for 1-2 hours. After this the membrane was washed by 1X
TBS-Tween20, three times for 5 minutes each to remove excess secondary antibody, and
developed by using UV light (US Chemiluminescent Substrate Interchim). Image capture
was carried out by using a Gel Doc, InGenius (Syngene). New GeneSys Image analyser
software was used for blots captured by InGenius and AIDA Image analyser software
version 5.2 was used to quantify the bands. The expression levels of the proteins of interest

were normalised against the house keeping proteins (f-actin).

2.11  Staining protocol

2.11.1 Immunohistochemistry (IHC)
IHC was performed to investigate the cellular localisation of the proteins of interest in the
tissue sections. The placental samples were embedded in paraffin, sectioned at S5um
thickness and placed onto poly-L-lysine coated slides (Thermo Scientific) for 1 hour at 60°C.
The protocol was divided into the following steps:
a. Pre-staining:
Paraffin wax was removed from the slides using xylene (Fisher Scientific) twice for

5 minutes.
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Hydration:
Slides were hydrated through an alcohol gradient as follows:

e 2x in Absolute alcohol for 2 minutes
e 2xin95% v/v ethanol for 2 minutes
e 1xin75% v/v ethanol for 2 minutes

e 1x ddH20 for 2 minutes

Heat induced antigen retrieval (HIAR):

HIAR was used to break the methylene bridge formed during PF-fixation. The
slides were heated for 20 minutes in a microwave at high temperature with retrieval
buffer (10mM Tris-1mM EDTA buffer, pH 9 or 10mM Citrate buffer, pH 6). This
was followed by washing with 1XPBS.

Blocking endogenous peroxide :

To block the slides from the endogenous peroxidase activity 3% v/v hydrogen
peroxide (H202) (Fisher Scientific) in methanol was used for 30 minutes. This was
followed by washing with distilled water.

Primary antibody and Secondary antibody:

The sections were blocked for unspecific binding with horse serum for 30 minutes
or longer. The slides were then incubated with 100ul primary antibodies over-night
at 4°C at appropriate dilutions for each antibody. Then the slides were carefully
rinsed with 1X PBS 3 times for 5 minutes to remove weakly bound to non-specific
sites and to allow a proper binding between primary and secondary antibodies. For
the negative controls, no primary antibodies were used in the incubation. After this,
the slides were incubated with the biotinylated-conjugated secondary antibody in
an ABC kit for 1 hour at room temperature.

DAB (3,3'-diaminobenzidine) DAB:

After several 1X PBS washes, DAB substrate (Vectastain®) was prepared according
to the manufacturers’ guidelines and was used to develop the detection of the
chromogenic product. In the presence of antibody conjugated to peroxidase enzyme
and peroxide, the DAB is oxidised to give a brown colour.

Morphological histochemical staining:

The slides were dipped for 20 seconds in Gills Haematoxylin. This stained the cell
nucleus with blue. This stain is used to demonstrate general tissue structures.
Therefore, NT and PE placentae were counter-stained with haematoxylin for

morphology comparison as well as for the demonstration of tissue antigens.
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Dehydration and Mounting
The slides were dehydrated in an alcohol gradient as follows:

e 1xin 75% v/v ethanol for 2 minutes. .
e 2xin 95% v/v ethanol for 2 minutes

e 2xin Absolute alcohol for 2 minutes

Absolute alcohol treatment was followed by soaking in xylene for 10 minutes. Then
the slides were mounted using Entellen® and covered with coverslips. Finally the
slides were viewed and photographed at 20X magnification by using an Olympus
camera DP73. The steps of the IHC protocol are summarised in Figure 2.3.
Visualisation and semi-quantification of IHC

A semi-quantitative scoring system was used to evaluate the status and expression
of each factor. The images captured were taken approximately at the same locations
in comparative slides. The staining in the images was then semi-quantified using a
point scale immuno-reactivity scoring (IRS) system (as shown in Table 2.5). These
scorings were carried out compared to the positive staining for vimentin IRS (scored
as 3) and negative stain (secondary antibody only; 0) in the same sample. Multiple
images of the slides were scored independently by three observers. Their individual
scores were then compared and tallied for final scores. The most frequently repeated
score between the three scorers (the mode) was taken as the final score for the
factors of interest in an overall pool of samples (NT and PE). A weighted kappa
statistical analysis was also performed with the scores provided individually by the
three scorers to analyse the inter-observer error. The values for the kappa were
interpreted as mentioned by Viera and Garrett (2005). If the values were: < 0, there
was less chances of agreement; 0.01-0.20, indicated slight agreement; 0.21- 0.40,
fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement

and 0.81-0.99, practically perfect agreement

Table 2.2: IRS system for Visualisation and semi-quantification.

Immunoreactivity score system (IRS) Staining Intensity
0 No staining or very low staining
1 Low staining
2 Medium staining
3 High staining
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Figure 2.3: Summary flow chart of IHC protocol.

2.11.2

Immunofluorescence staining

The general protocol followed for immunofluorescence staining is given below:

Cell culture: The different types of cells were grown on sterile glass cover slips
GG-18-PLL (neuVitro), poly-I-lysine coated coverslips under the respective growth

conditions. The coverslips were then rinsed with 1X DPBS

Cell fixing: The media was removed from the culture plate and the coverslips were
rinsed with 1X PBS. Cells were then fixed with 4% wi/v formaldehyde in 1X PBS
for 30 minutes. Next, the cover slip was washed gently by 1X PBS 3 times for 5
minutes.
Permeabilisation: For staining intracellular proteins the cells fixed with
paraformaldehyde and methanol were permeabilised in 0.25% v/v Triton X-100 in
PBS for 15 minutes. This was followed by three washes in 1X PBS for 5 mintues.
The permeabilisation step was not required for acetone fixed cells and for detection
of membrane proteins.

Blocking: The cover slips were then incubated in (1% w/v BSA in PBST) for 1 hour
at room temperature. For paraformaldehyde-fixed coverslips, 0.3M Glycine was
added to the blocking buffer.

Primary and secondary antibody incubation: The coverslips were then incubated

in primary antibody diluted in 1% w/v BSA in 1X PBST for 1 hour at room
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temperature or overnight at 4°C in a humidified dark chamber. After incubation the
coverslips were washed again in 1X PBS 3 times for 5 mintues. The coverslips were
then incubated in secondary antibody diluted in 1% w/v BSA in 1X PBST for 1 hour
at room temperature in the dark followed by five minutes washes with 1XPBS.

e Counter staining: The coverslips, if required, were counter-stained with
VECTASHIELD® HardSet™ mounting medium with DAPI. Once dried, the edges of
the coverslips were sealed with colourless nail varnish to prevent them from moving
while taking images. The images were captured using an Olympus camera with
suitable filters at different magnifications (Objective magnification: 20X and 40X).
This assay was carried out to stain the spheroidal cells. The protocol is exactly the
same except for the first step when spheroidal cells (untreated and DOX-treated)
were collected from a non-adherent flask and transferred into 15 ml universal tubes
for centrifugation at 500 x g for 10 minutes. Finally spheroids were washed 3 times
for 5 minutes and mounted on the slides with two drops of VECTASHIELD®
HardSet™ mounting medium after securing the area boundaries by means of a

hydrophobic image barrier pen (Vector Laboratories, Inc).

2.12  Scratch /Wound healing assay

A wound healing assay was carried out to evaluate cell migration. Cells were plated at
optimum densities (5x10%) into 24 well plates (Falcon) until 90-95% confluence. In the case
of spheroids they were trypsinised after harvestinig to break them down to single cells and
re-suspended in the respective growth media. Cells were then transferred to 24 well plates
(Falcon) until 90-95% confluence. A straight scratch was made on the cell monolayer by
using a 2 ul pipette tip at an angle of about 90 degrees. The cells were washed gently with
1X PBS (Lonza) to remove the debris after the scratch. 1ml of serum free media (media with
1% wi/v L-glutamine and 1% v/v penicillin/streptomycin) with DOX and without DOX 250
ng/ml (Sigma) was added to the cells according to the set experiments to check the effect of
DOX on the migration property of normal and spheroidal cells at 24 and 48 hours. The
scratches were continuously imaged in real time using a Leica microscope at 30 minute
intervals for 48 hours The images were analysed using Wimscratch® automated analysis by
Wimasis® quantitative image analysis (www?°). This software identifies the edge of the

scratch and measures the gap area.
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2.13 Invasion assay

The invasion assay was carried out using the BD Falcon™ BioCoat tumour invasion systems
(BD Falcon) with fluoroBlock™ 96 well insert plate (8um pore size) coated with BD matrigel
matrix. This was compared with migration of cells through uncoated BD Falcon™

FluoroBlok™ 96 well insert plates. The assay used was as follows:

e Rehydration: A BD falcon BioCoat™ tumour invasion plate was removed from -20°C
and kept for half an hour at room temperature. The apical chambers were filled with 75
ul of warm media and allowed to rehydrate for 2 hours at 37°C at 5% v/v CO2. The
uncoated BD falcon fluoroBlock™ 96 well insert plate that was used as a cell migration
control does not required rehydration.

e Pre-staining the cells: The cells were grown to 70% confluency and collected after
trypsinisation. Collected cells were incubated with 10uM CellTrace™ CFSE red dye
(Molecular Probes®) for 45 minutes. After incubation the cells were centrifuged and re-
suspended in warm media.

e Cell suspension: Cell densities of 1.25x10* cells were prepared in SFM (media with1%
w/v L-glutamine and 1% v/v penicillin/streptomycin).

e Setting up assay: The media was removed from apical chambers after renydration of BD
falcon Bio Coat™ tumour invasion plate and replaced with 50ul of cell suspension. The
50ul of cell suspension was also added to the apical chambers of the BD falcon
fluoroBlock™ 96 well insert migration plate. The bottom of the chambers was filled with
growth media containing 5% v/v FBC, which acts as a chemoattractant. In addition, the
apical as well as the bottom chambers were treated with 250 ng of DOX in treatment
condition.

e Taking images: After incubating the plates for 24 hours at 37°C and 5% CO, the
membranes were removed from the inserts with a special knife and mounted on slides.
The fluorescence of invaded cells was then read at a wavelength of 494/517 nm (Ex/ Em)
followed by image capture at the end of the assay using a fluorescent microscope
(Olympus BX51) with an Olympus camera. The invasion assay steps are summarised in
Figure 2.4

e Calculation of cell invasion percentage: The number of cells invaded from the tumour
invasion plate together with percentage invasion (see below for equation) was analysed

using ImageJ software.

/ om %% = Number of cells invaded < 100
nvaston 7o = Number of cells migrated

60



Chapter 2: Materials and Methods

1. Rehydration

Invasion plate Migration Plate
. u . . =
<+ Upper Chambers X
:/ Lower Chambers >
|:] Growth Media [:] Does not require rehydration
— — - Invasion Membrane — — - Migration Membrane

" cocune 2 Preswining

-D-e-0

. e Cells centrifuged and collected after trypsinisation Cells washed and
Parental Spheroids and Cells Incubated with CFSE dye for 45 minutes  ready to next step

(Treated/untreated) (Treated/untreated)
3. Setting up and taking images

Invasion plate

\-vu/
apical chamber and growth ia I i‘
media added to the bottom
chamber

Migration Plate
Time 24 Hours

Chemo-attractant (5%FBS) @@» Cells Serum Free Media

Cell suspension was added to

Figure 2.2: Summary of the Invasion assay steps.

2.14  Cultrex® 96 well 3-D spheroid Basement Membrane Extract (BME) cell
invasion assay

This assay is standardized for a three-dimensional cell structure, where invasive cells can
penetrate a barrier consisting of components resembling basement membranes in vitro in
response to chemoattractant/invasion modulation compounds. The assay duration was 3
days. At dayl, 10X Spheroid Formation ECM was thawed on ice overnight at 4°C in a
refrigerator. Atday 2, cells were harvested (without and with DOX) and the optimal seeding
density for each cell line was added usually 2x10° cells/ml per well for trophoblast cells;
whereas MCF-7 was seeded with a density of 1.5x10° cells/ml. A single cell suspension was
prepared in 1X spheroid formation ECM and 50pl of single suspension in 1X ECM was
dispensed to each well. The plate was centrifuged at 300 x g for 5 mins to make all the cells
acentric in position then incubated for 72 hours at 37°C with 5% CO: supply. After 72 hours
the plate was taken out and left on ice for 5 minuts to cool down. Invasion Matrix 50ul was
added per well and centrifuged at 200 x g for 5mins to remove bubbles. The plate was
incubated again for 1 hour at 37 °C with 5% CO2 supply to promote gel formation. After this
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100ul of warm culture media was added to each well. The plate was then placed under a

confocal microscope for imaging at 4 hour intervals for 48 hours. Later, images were

analysed using Image-J software and data were quantified using GraphPad Prism software.

2.15 Cell lysate preparation for mass spectrometry

A stepwise explanation of this protocol is given below.

Initial Steps:

a.

Sample preparation: Cell lines (5x10° cells/ml) were harvested by trypsinisation in the
case of parental (adherent) cells, while spheroids (suspension) cells were centrifuged at
300 x g for 10 min, washed twice with 1X PBS and then centrifuged at 300 x g for 10
min. The residual PBS was discarded. Then 15 pl of 8M urea and 1.5 pl of Protease
MAX ™ (Sigma) was added to the cell suspension. Afterwards, the cell lysates were
mixed by vortexing. To the lysed solution 58.5ul of 50 mM TEAB (Sigma) was added
and incubated on ice for 15 min. To enhance cell lysis a sonicator was used, incubated
in a water bath for 5 min and repeated three times. After final sonication the solution was
centrifuged at 14,000 x g for 15 min at 4°C. The samples were transferred into a fresh
labelled tube for the alkylation and reduction step.

Reduction and Alkylation: In this step, 1.0ul of 0.5 M DTT (Sigma) was added to
samples incubated at 56°C for 20 minutes in a water bath. Following this 2.7ul of 0.55M
IAA (Sigma) was added and the sample mixed well and incubated at room temperature
in the dark for 15 minutes.

Trypsinisation: This step was carried out using freshly made trypsin by adding 20l

of 1 mM HCL (Sigma) to re-suspend all trypsin completely. From the cell lysate 50ug

of protein together with 100ul of 50 mM TEAB (Sigma) solution was mixed with 2ug

of trypsin, vortexed and incubated at 37°C overnight with gentle shaking.

Final step:

After trypsinisation, the samples were concentrated using a SpeedVac concentrator for
30-40 minutes. Finally, 20ul of 5% Acetonitrile/0.1% (Sigma) formic acid solution
(Sigma) was added to the samples and transferred into a new tube. The samples were then
analysed using a TripleTOF® 6600 System SCIEX. A spectral library was constructed
using the output from ProteinPilot 5 (SCIEX) combining 4 IDA runs per comparison and
filtered and aligned to spiked in iRT peptides (Biognosys, Switzerland) using PeakView
2.0 (SCIEX). SWATH data extraction, quantitation and fold change analysis were carried

out using SCIEX OneOmics cloud processing software.
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3.1 Introduction

Tumour and placenta show several similarities as mentioned in previous chapter 1 in Section
1.3). They both have capacity for proliferation, differentiation, and invasion through the
surrounding tissues by degrading the extra-cellular matrix (ECM) (Ferretti et al., 2007). In
addition, tumour and placenta also possess other novel characteristics, such as interacting
with endothelial cells, evading the immune response, escaping apoptosis, and establishing
nutrient supply by angiogenesis (Ferretti et al., 2007). However, the invasion of placental
trophoblast cells into the uterine wall, is a unique and controlled process, which is essential
for foetal development. If the invasion is shallow, it results in a multisystem disease called
pre-eclampsia (PE) which affects 5-7% of pregnant women (Louwen et al., 2012). It is
considered as a major cause of maternal and foetal mortality worldwide. The complete
pathophysiology of this syndrome is not well understood. However, many factors have been
identified for pre-eclampsia which include: genetic predisposition, reduced/abnormal
trophoblast invasion with impaired spiral artery remodelling (during placental development),
immunologic intolerance, ethnicity and variations in inflammation (Sankaralingam et al.,
2006). Most of the research is focused on various gene expression and epidemiological
factors that have been modified during pre-eclampsia (Sankaralingam et al., 2006).
Microarray technigues and proteomic studies, have identified potential genes and proteins
that are altered in PE when compared to normal placenta (Sankaralingam et al., 2006;
Enquobabhrie et al., 2008). Therefore, these genes and proteins might be used to understand
the pathogenesis of PE and also for the development of new therapeutic targets (Yang and
Kong, 2015).

Interestingly, most of these altered genes and proteins have been reported to be closely
involved in tumour development as well (Louwen et al., 2012). In fact, the NT, PE and
tumour, can be considered as three scenarios; (a) normotensive pregnancy where there is a
controlled but normal trophoblast invasion, (b) pre-eclampsia, the invasion is low, and (c)
tumour where there is uncontrolled invasion. By comparing the status of factors between NT
and PE placentae, it will be easy to understand their importance in the invasive process and
can further be used to target tumours invasion. Therefore, the primary aim of this chapter is
to compare the status of the tumour associated factors, such as ALDH3A1, AURK- (A and
C), PDGFRa, TWISTI, and JAGI, in NT and PE placentae. Interestingly, these factors are
believed to play important roles in tumour invasion as mentioned in Section (1.5). These
factors may also be expressed in human placenta invasion. However, the functional status of

many of these factors has not been fully established.
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3.2 Results

The mRNA expressions of the above mentioned factors (See Section 3.1) were compared
between 13 NT and 12 PE human placental tissue samples. To confirm that changes in
MRNA expressions were also faithfully translated into protein changes, the identified
proteins were qualitatively and semi-quantitatively compared by immunohistochemistry
(IHC) and western blotting. The MCF-7 human breast adenocarcinoma cell line was used as
a tumour cell line of non-placental origin for all of the experiments in this study.

3.2.1  Human placental samples

The demographic details of NT and PE samples are given in Table 3.1 (Ethical approval was
obtained from NHS REC: 12/NE/0112). Individual patient data can be found in Appendix

Al

Table 3.1: Demographic details of the normotensive and pre-eclamptic subjects.

Parameter Normotensive Pre-eclamptic P value §
(n=13) (n=12)

Maternal age (years) 342+ 1.4 28.5+2.2 0.075
(28-41) (19-39)

Gestational age (weeks) 38.9£0.1 37.5£ 0.7 0.036
(38.4-39.3) (33-39.4)

Systolic blood pressure 122.2 £ 3.5 153.8 £ 3.4 <0.0001

(mmHg)
(109-140) (140-168)

Diastolic blood pressure 70.6 + 3.4 98.5+ 1.9 <0.0001

(mmHg)
(60-90) (91.5-108)

Protein in urine N/D 1.149 + 0.328

(g/1t)

(g / 24 hour) N/D 2.687 £ 0.852

Placental weight (g) 657.4 £ 37.3 506.3 + 35.8 0.015
(527-855) (360-620)

Mode of delivery

Parity 1.9 £ 0.3 (1-4) 0.3 £ 0.3 (0-2) 0.005

Gestational Weight (Kg) 3.4+0.1 2.6 £0.2 0.015
(3.03-4.24) (1.66-3.59)

The details are expressed as mean + SD, N/D= none detected, n=number of women in each
group. 8 Mann — Whitney U test.
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3.2.2  Gene expression studies

According to the protocol in Section 2.9.3, total RNA was extracted and reverse transcribed
from 13 NT and 12 PE placental samples. The ratio of absorbance at 260/280 nm ranged
from 1.9-2.3, showing that the RNA was pure and the integrity was well maintained. The
extracted RNA was found to be pure from genomic DNA, when the RNA samples were
subjected to electrophoresis in a 1% w/v agarose gel and two bright clear bands were
separated (28S and 18S) (See Appendix A.2). Primers for all factors of interest were
designed as mentioned in Section 2.6.1. The primer sequences for the factors and the house
keeping genes, along with their optimised annealing temperatures (Ta) are summarised in
Table 3.2. Single bands were obtained for all the PCR products at regions of approximately
200 bp in a 1.5% agarose gel, without any presence of primer and/or product dimers (See
Appendi A.3). The accession numbers for target factors are listed in Appendix A.4. All PCR
products were confirmed by DNA sequencing carried out by Source Bioscience
(Birmingham, UK). Examples of DNA product confirmation gel and sequencing data can be

found in Appendix A.5.

Table 3.2: The primers for the specific gene and their annealing temperatures (Ta)

Primer Annealing
Factors of interest Primer sequence (5'to 3') Length Temperature
(nucleotides) (Ta) °C
Forward | GATCCAGCAGGAGCA 15
ALDHSAL Reverse | GTCTTCACGGGCTCA 15 58.2
Forward | GAATTGGCAAATGCCCTG 18
AURK-A Reverse | AGGGGGCAGGTAGTCCAG 18 537
Forward | TTGGAGAGACTGCCCCTG 18
AURK-C Reverse | GCAGACAGGGCTCAGGAA 18 °8.2
Forward | CGACAGCAGACAGGGCTTTA 20
PDGFR-a Reverse | AACAGCACAGGTGACCACAA 20 59:5
Forward | CAGTGATTCCCAGACGGA 18
TWISTL Reverse | TTCAGTGGCTGATTGGCA 18 °8.2
IAGL Forward | TCAACGGGGGAACTTGTAGC 20 532
Reverse | TGACAGGGATCAGAGAGGCA 20 '
Housekeeping genes
GAPDH Forward | ACCACCAACTGCTTAGCACC 20 58
Reverse | CCATCCACAGTCTTCTGGGT 20
HPRT1 Forward | TGACACTGGCAAAACAATGCA 21 55
Reverse | GGTCCTTTTCACCAGCAAGCT 21
TBPL Forward | TGCACAGGAGCCAAGAGTGAA 21 56
Reverse | CACATCACAGCTCCCCACCA 20
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3.2.2.1 Relative mRNA expression of factors of interest in NT and PE

Quantitative real-time PCR (qQRT-PCR) was carried out to determine the mRNA expression
level of the different factors of interest in NT and PE placental samples. The 224 values
were calculated as mention in Section 2.6.5. Figure 3.1 shows a Scatter-plot displaying the
different mRNA expression level for each factors in NT and PE samples as shown in Figure

3.1. The expression patterns of individual factors are reported below:

»  The human aldehyde dehydrogenase 3A1 (ALDH3A1)
Relative expression of ALDH3AL is shown in Figure 3.1, Panel A. There was a significant
up-regulation in the levels of ALDH3A1 mRNA expression in PE samples when compared

to NT placentae samples (p<0.05).

»  Aurorakinase A (AURK-A)
Interestingly, there was a statistically significant difference in the relative mRNA
expressions of AURK-A in PE when compared to NT. The expression of AURK-A mRNA
was up regulated in PE placentae (p<0.001; See Figure 3.1, Panel B).

»  Aurorakinase C (AURK-C)
The relative mRNA expression level of AURK-C was significantly reduced in PE samples
when compared to NT samples (p<0.05; See Figure 3.1, Panel C).

»  Platelet-derived growth factor (PDGFRa)
The relative mRNA expression level of PDGFa was significantly reduced in NT when
compared to PE (p<0.01; See Figure 3.1, Panel D).

»  Basic helix loop helix protein (TWIST1)
As seen in Figure 3.1, Panel E, there was a significant up-regulation in mRNA expression
level of TWIST1 in PE placentae when compared to NT (p<0.01).

» JAGL (Jagged 1)
In Figure 3.1, Panel F, there was a statistically significant down regulation in mRNA

expression level in PE when compared to NT (p<0.01).
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Figure 3. 1: Relative mRNA expression analysis of tumour associated factors between
NT and PE placentae.

The relative mRNA expressions of the following factors were found to be significantly up-
regulated in PE placenta; ALDH3A1 (panel A), AURK-A (panel B); PDGFa (panel D) and
TWISTL (panel E). In contrast, the mRNA expressions of AURK-C (panel C), and JAG1
(panel F) are significantly down-regulated in PE placentae. Statistical significance was
determined using  Mann-Whitney U test (n=13 NT and 12 PE
respectively;*p<0.05;**p<0.01; ***p<0.001). Data represent the median of three individual
experiments, each performed in triplicate.
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3.2.3 Protein expression and cellular localisation of factors of interest in NT and PE
The expression of all factors of interest were investigated in both NT and PE samples using
western blot analysis, to check the alterations between mRNA and protein expressions; for
methods see Section 2.10. Equal amount of placental samples (50ug) were loaded, as
confirmed by B-actin on the same blots. Only (20ug) of the positive control were loaded to
avoid over-saturation of the blot. The positive controls were suggested by the supplier
(Abcam) and was different for each factor. The scatter-plots for protein expression of each
factors of interest is shown in the following Figures: 3.2, 3.4, 3.6, 3.8, 3.10, and 3.12. The
last lane in both NT and PE blots are the positive controls which are separated by dotted
lines in the blot. The protein expression levels were normalised by using housekeeping [3-

actin protein levels as internal control.

The status and cellular localisation of factors was studied by using Immunohistochemistry
(IHC) methods. For IHC the positive and negative controls are required for validity of
staining. The brown staining with 3,3’-Diaminobenzidine (DAB) substrate were used as a
positive staining and scored according to the intensity of staining. The negative controls were
treated only with secondary antibody, therefore no immuno-reactivity (brown staining) was
observed. The scoring was carried out by three different individuals (at least one of them
was a histologist) and the semi-quantified immune-reactivity scores (IRS) between NT and
PE samples are shown in Tables 3.3. The Fleiss Kappa statistics was performed on this IRS
data which provided a kappa value of 0.47, suggesting a moderate level of agreement

between the scorers.

Table 3. 3: Immuno-reactivity score (IRS) of all factors of interesting

Factors NT (n=5) PE (n=5) P Value Significance
ALDH3A1 | 2+0.4 2+0.3 >0.9999 NS
AURK-A | 1£0.2 3+0.2 0.0085 **
AURK-C | 2+02 1+0.3 0.0133 *

PDGFRa 2+0.2 2+0.3 >0.9999 Ns
TWISTL | 1#0.2 2+0.3 0.0004 i

JAG1 1+0.3 1+0.2 >0.9999 Ns

The intensity of staining was represented by the mode +SEM of the IRS from 5 individual
samples in each group. Unpaired t-test was then performed on the IRS modes of NT and PE
(ns=no significance) (*p<0.05;**p<0.01; ***p<0.001).
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» Protein expression of ALDH3A1
The predicated molecular weight of ALDH3AL protein declared by the supplier (Abcam)
was 50 kDa. The single band at 49kDa was observed in most of the placental (NT and PE)
samples, as well as in MCF-7 cells, which was used as a positive control for ALDH3AL.
ALDH3AL expression could be observed in almost all PE samples. However, only 10/13
samples of NT showed expression of ALDH3AL. Interestingly, the protein expression
patterns agreed with quantitative mRNA analysis data showing a statistically significant

increase of ALDH3A1 expression in PE samples (p<0.05) (Figure 3.2).
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Figure 3. 2: The expression of ALDH3AL protein in NT and PE placentae.

Scatter-plots are derived from 13 NT and 12 PE samples and relative expression was
determined from three independent blots. Mann Whitney U test was performed (*p<0.05).
Quantified data are expressed as the ratio of the ALDH3AL/ B-actin. The error bars (+SEM)
are represented with brown lines. A representative western blots showing the single bands
detected by both anti-ALDH3A1 and B-actin antibodies are also shown.

» Cellular localisation of the ALDH3A1
Moderate immuno-staining of ALDH3A1 was observed in both NT and PE samples (Figure
3.3). The staining in the STB layers (red arrows) of the placental villi in PE tissues were
slightly higher when compared with the STB layer in NT tissues. No staining differences
were detected between NT and PE in both the mesenchymal cells (red star) and foetal blood
vessels (black arrows). Therefore, the overall staining intensities for NT and PE showed no

significant difference (Table 3.3).
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Figure 3.3: ALDH3AL localisation determined by immunohistochemistry.

Five placental samples for each group (NT and PE) are represented here. The IRS for
ALDH3AL1 for each sample was scored in comparison to the IRS of positive (Vimentin) and
negative controls (2" Ab only) of the same sample. Magnification 20X; scale bar=100um.
STB layer (red arrows), the mesenchymal stromal cells (red star) and foetal blood vessels
(black arrows).
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» Protein expression of AURK-A
Almost all of the PE samples showed expression of AURK-A protein (Figure 3.4). The
single bands for AURK-A were detected at 48kDa for all (NT and PE) placental samples
and the positive control (Hela cells) which was within the predicted range (between 46-48
kDa). The expression levels were significantly higher in PE samples (p<0.001) when

compared to NT samples.
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Figure 3.4: AURK-A protein expression in NT and PE placentae.

Scatter-plots are derived from 13 NT and 12 PE samples and relative expression was
determined from three independent blots. Mann Whitney U test was performed (***p<0.001).
Quantified data are expressed as the ratio of the AURK-A / B-actin. The error bars (+SEM)
are represented with brown lines. Representative western blots showing the single bands
detected by both anti-AURK-A and B-actin antibodies are also shown.

» Cellular localisation of the AURK-A
The IRS data of AURK-A suggested that the intensity of staining was more pronounced in
PE samples, when compared with NT samples (See Table 3.3). The entire PE sections were
completely stained; with higher staining intensities around the STB layer (red arrows).
However, the weak staining intensity was found in the mesenchymal stromal cells (red star)
and foetal blood vessels (black arrows). Overall, the staining intensity in PE tissues was

higher when compared to low staining levels in NT tissues (Figure 3.5).
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Figure 3.5: AURK-A localisation determined by immunohistochemistry.

Five placental samples for each group (NT and PE) are represented here. The IRS for AURK-
A for each sample was scored in comparison to IRS of positive (Vimentin) and negative
controls (2" Ab only) of the same sample. Magnification 20X; scale bar=100pum. STB layer
(red arrows), the mesenchymal stromal cells (red star) and foetal blood vessels (black
arrows).
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» Protein expression of AURK-C
The anti-AURK-C antibody produced single bands in almost all of the NT samples and
positive control (Hela cells). However, only some of the PE samples showed expression of
AURK-C (Figure 3.6). The detected bands were at 36 kDa which is within the predicted
range (20-36). The expression levels of AURK-C in NT samples were significantly higher

than in PE samples.
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Figure 3.6: AURK-C protein expression in NT and PE placentae.

Scatter-plots are derived from 13 NT and 12 PE samples and relative expression was
determined from three independent blots. Mann Whitney U test was performed (**p<0.01).
Quantified data are expressed as the ratio of the AURK-C / B-actin. The error bars (+SEM)
are represented with brown lines. Representative western blot showing the single bands
detected by both anti-AURK-C and B-actin antibodies are also shown.

» Cellular localisation of the AURK-C
The staining intensity of AURK-C was less in PE samples when compared with NT samples,
asseenin Figure 3.7. In NT, IRS for AURK-C was observed in the STB layers (red arrows).
No staining difference was observed between NT and PE samples, in both the mesenchymal
stromal cells (red star) and foetal blood vessels (black arrows). The IRS data, which showed
statistically lower expression of AURK-C staining in PE compared to NT samples (p<0.05)
(Table 3.3).
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Figure 3.7: AURK-C localisation determined by immunohistochemistry.

Five placental samples for each group (NT and PE) are represented here. The IRS for AURK-
C for each sample was scored in comparison to the IRS of positive (Vimentin) and negative
controls (2" Ab only) of the same sample. Magnification 20X; scale bar=100um. STB layer
(red arrows), the mesenchymal stromal cells (red star) and foetal blood vessels (black
arrows).
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» Protein expression of PDGFRa:

The expression of PDGFRa protein showed a single band in both placental samples and
positive control (PDGF protein). These bands were detected at 36 kDa whilst the expected
molecular weight of the band was in the range of 14-20 kDa. Only a few NT samples showed
expression of PDGFRa, when compared to the expression in all the PE samples and positive
control (Figure 3.8). Thus, there was a significant difference in the expression levels between
NT and PE placentae (p<0.01).
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Figure 3.3: PDGFRa protein expression in NT and PE placentae.

Scatter-plots are derived from 13 NT and 12 PE samples and relative expression was
determined from three independent blots. Mann Whitney U test was performed (**p<0.01).
Quantified data are expressed as the ratio of the PDGFRa. / B-actin. The error bars (+SEM)
are represented with brown lines. Representative western blots showing the single bands
detected by both anti- PDGFRa and j-actin antibodies are also shown.

> Cellular localisation of the PDGFRa

Both NT and PE tissues showed moderate immuno-reactivity for PDGFRa (See Figure 3.9).
In general, the STB layer (red arrow) was clearly stained in both NT and PE tissues.
Although, the STB layer in PE showed deeper staining than STB layer in NT. The IRS data
showed equal intensities of staining in NT and PE tissues, without any significant difference
(Table 3.3).

76



Chapter 3: Expression analysis of tumour associated factors in NT and PE

Normotensive

2 ol
e
only

dol S
o ‘«*«?} o

Figure 3.9: PDGFRa localisation determined by immunohistochemistry.

Five placental samples for each group (NT and PE) are represented here. The IRS for
PDGFRa for each sample was scored in comparison to IRS of positive (Vimentin) and
negative control (2" Ab only) of the same sample. Magnification 20X; scale bar=100um.
STB layer (red arrows), the mesenchymal stromal cells (red star) and foetal blood vessels
(black arrows).
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» Protein expression of TWIST1

The predicated molecular weight of TWIST1 protein as declared by the antibody supplier
(Abcam) was between 21- 36 kDa. However, a single band was observed for TWIST1 in
both positive control (Hela cells) and placental samples at 49 kDa (Figure 3.10). The protein
expression level of TWIST1 was significantly increased in PE samples when compared to
NT placentae (p<0.05).

TWIST1
£ 4- —
°
3 ]
8 ;5
2 [ ]
= ™
|—
0 2] .
2 -3
= U R
5 1 [
o . Eagn®
'ﬁ () [ |
o 0 T !
NT PE
1
TWIST1 -——— — !
NT -
ﬂ-ACtin K — -—-——L‘
1
—-_— —_— i
— — —
pE | TWISTI ——— e ———— . e

B-Actin e S S —

4Figure 3.10: TWIST1 protein expression in NT and PE placentae.

Scatter-plots are derived from 13 NT and 12 PE samples and relative expression was
determined from three independent blots. Mann Whitney U test was performed (*p<0.05).
Quantified data are expressed as the ratio of the TWIST1 / B-actin. The error bars (xSEM)
are represented with brown lines. Representative western blots showing the single bands
detected by both anti- TWIST1 and B-actin antibodies are also shown.

» Cellular localisation of the TWIST1
As seen in Figure 3.11, the staining intensity of TWIST1 expression was more intense in PE
when compared with the NT tissues, especially in the STB layer. Interestingly, these are also
confirmed by the IRS data which showed statistical significance for differences in TWIST1
expression in PE and NT samples (p<0.001) (Table 3.3). The staining was clearly observed
in the STB layer in both NT and PE.
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Figure 3.11: TWIST1 localisation determined by immunohistochemistry.

Five placental samples for each group (NT and PE) are represented here. The IRS for
TWISTL1 for each sample was scored in comparison to IRS of positive (Vimentin) and
negative control (2" Ab only) of the same sample. Magnification 20X; scale bar=100um.
STB layer (red arrows), the mesenchymal stromal cells (red star) and foetal blood vessels
(black arrows).
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» Protein expression of JAG1
The molecular weight of the JAG1 protein was predicted between 75-137 kDa according to
the antibody supplier (Abcam). A single band of JAG1 expression were observed at 75 kDa
in the positive control (Hela cells) and in placental samples. A significant reduction in the
expression was observed in PE samples when compared to NT samples (p<0.01) (See Figure
3.12).

JAG1
1.5+ dede
ey

1.0 ]

Ratio of JAG1 / beta-Actin

)
|

‘| ] |
'
|

| |
(]

0.5- e’
° =
[ ] ]
0.0 . ugu®
NT PE
1
JAG1 T —— — D —
NT B-Actin e ——— s e e — e —_— . — :
1
JAG1 e— .
PE ) - .
L N —— —-I-'-
1

Figure 3.12: JAGL1 protein expression in NT and PE placentae.

Scatter-plots are derived from 13 NT and 12 PE samples and relative expression was
determined from three independent blots. Mann Whitney U test was performed (**p<0.01).
Quantified data are expressed as the ratio of the JAG1/ -actin. The error bars (xSEM) are
represented with brown lines. Representative western blots showing the single bands
detected by both anti-JAG1 and B-actin antibodies are also shown.

» Cellular localisation of the JAG1
Both NT and PE samples showed lower immuno-reactivity to JAG1 (Figure 3.13). The STB
located at the surface of placental villi (red arrow) layer showed intense staining in NT
samples when compared with PE samples. On the other hand, the IRS data analysis did not
show any statistically significant difference in staining between the two groups (See Table
3.3). Some staining was also observed in the mesenchymal stromal cells (red star) in NT

tissues.
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Figure 3.13: JAGL localisation determined by immunohistochemistry.

Five placental samples for each group (NT and PE) are represented here. The IRS for JAG1
for each sample was scored in comparison to IRS of positive (Vimentin) and negative control
(2" Ab only) of the same sample. Magnification 20X; scale bar=100pum. STB layer (red
arrows), the mesenchymal stromal cells (red star) and foetal blood vessels (black arrows).
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3.3 Discussion

The Placenta has a central role in foetal and maternal physiology and development (Sood et
al., 2006). The variation of placental gene expression patterns can be associated with several
maternal or foetal abnormalities including PE (Kleinrouweler et al., 2013). Several studies,
using RNA or DNA microarray techniques, have shown that some genes are common in
placental and tumour development, therefore, it was essential to understand their molecular
mechanisms during placental development (Sood et al., 2006; Louwen et al., 2012;
Kleinrouweler et al., 2013). The expression of these genes can be used as novel biomarkers
in diagnostics, especially for early detection of PE (Kleinrouweler et al.,2013). The prime
aim of this chapter was to compare the level of mMRNA and protein expression (in NT and
PE placentae) of some factors of interest that were identified from microarray technology
(Ali, 2011). Although, there were several investigations about PE in past few years, the
mechanisms of PE development still remains unknown (Vanwijk et al., 2000). However, it
is generally accepted that the pathogenesis of PE begins during the first and early second
trimester of pregnancy, where there is impaired trophoblast invasion and remodelling of the
spiral arteries (Goldman-Wohl and Yagel, 2009). Moreover, several factors that have been
suggested to be involved in PE, but several others still remain to be investigated or

discovered.

The factors which are considered in this chapter include ALDH3A1, AURK-A, AURK-C,
PDGFRa, TWIST1 and JAGL1, which were identified by microarray as common molecules
involved in tumour invasion (Ali, 2011) and could be involved in trophoblast invasion due
to the resemblance of placental invasion to tumour. They mostly fall under the categories of
enzymes (ALDH3A1, AURK-A, AURK-C), transcription factor (TWISTL1), growth factor
receptors (PDGFRa) and signalling proteins (JAG1) The status of these factors in PE
placentae have not been investigated earlier. Furthermore, since these factors have been
suggested to play roles in tumour invasion (Ali, 2011), studying the status of these factors in

PE (where the invasion is low) would help it to better understand their functions.

ALDH3AL is an enzyme which plays a role in normal and cancer stem cell biology, and
hence used as a marker for the identification and isolation of cancer cells (Januchowski et
al.,2013). Aurora kinases (AURK-A and C) both are overexpressed in several human cancers
and normal tissues. Their overexpression could help to provide a new target for the treatment
and understanding of cancer mechanisms (Xu et al., 2014). PDGFRa is a growth factor that
plays a major role in several physiologic functions, including embryogenesis and

angiogenesis (Majumdar et al., 2009). The transcription factor, such as TWIST1, which

82



Chapter 3: Expression analysis of tumour associated factors in NT and PE

plays a vital role during embryonic growth, is also associated with cancer development and
overexpressed in a variety of tumours e.g., prostate, lung, and breast (Cabrera Je, 2013).
JAG1 or Jagged-1 is a protein encoded by JAG1 gene and plays a crucial role in tissue
formation during the development of embryo (Karanu et al., 2000). The mRNA and protein
expression level of JAG1 are used as biomarkers for breast cancer (Dickson et al., 2007).
Therefore, understanding these factors that may be affected in reduced trophoblast invasion
(as in PE) could shed some light on their importance in tumour invasion as well. The results
of this chapter are summarised in Table 3.4.

Table 3.4: Overall correlation between mRNA, protein expression and IRS in PE in
comparison to NT placentae.

PE

Factors MRNA by gRT-PCR Protein by WB IHC
interesting (compared to NT) (compared to NT) IRS Cell type
ALDH3AL (+)* (+)* ns STB

STB, mesenchymal

stromal cells and
AURK-A (+)*** (+)*** (+)** | foetal blood vessels
AURK-C (-)* (-)** (-)* STB
PDGFRa (+)** (+)** ns STB
TWIST1 (+)** (+)* (+)**=* STB

STB, mesenchymal
JAG1 (-)** (-)** NS | stromal cells

The results of AURK-A, AURK-C and TWIST1, showed correlation between mRNA, protein
expression and IRS. (-) down regulated; (+) up regulated; ns= no significance; *p<0.05;**p<0.01;
***p<0.001.

3.3.1 Comparative expression analysis between NT and PE placentae

» ALDH3A1l

ALDH3AL is a member of the ALDH3 family; others include ALDH3A2, ALDH3B1, and
ALDH3B2). The ALDH3 family plays important role in cell proliferation, differentiation
and survival, especially during the cellular responses to oxidative stress (Marchitti et al.,
2010). Its expression has also been reported in mouse embryonic cells. Although ALDH3A1
proteins are believed to play a role in tumourigenesis, their exact functions are not

completely understood, apart from the fact that they are up-regulated in tumour cells (Muzio
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etal., 2012). It has been suggested to play a role in maintaining tumour cell growth, motility,
and gene expression and are therefore used as a functional markers for cancer (Muzio et al.,
2012).

Over the last few years, ALDH3A1 has been studied in placental tissues, but then its role in
placenta remains unclear (Marchitti et al., 2010). The data from this study suggest that both
mRNA and protein levels of ALDH3AL1 are significantly increased in PE placentae when
compared to NT (p<0.05). However, no significant difference could be observed from the
IHC data, apart from visible strong staining in the STB layers of PE tissues compared to NT
tissues. IHC is a qualitative tool to confirm the presence or absence, and localization of a
protein in or on cells/tissue by using antibody (Torlakovic et al., 2015). However, it has
some limitations for quantitation, for example, the brown colour of DAB reaction product is
not a true absorber of light, but rather it scatters light (Rudbeck, 2015). The more protein
there is in the tissue, the more DAB will precipitate, but the colour does not follow a linear
relationship between the amounts of DAB and how dark it shows (Rudbeck, 2015).
Moreover, thick sections of tissue tend to give stronger staining intensity than thin sections
because there is more tissue with more antigen into which the DAB product may precipitate
(van der Loos, 2008). Although, the sections used in this study were all 5 um in thickness
to minimise these limitations there were still no correlation to mRNA and protein by western
blotting. Furthermore, Western blotting was carried out in this study which is a relatively
accurate method for protein quantitation. Machitti et al. in 2010, used western blot analyses
to show that ALDH3AL1 was expressed in different mouse tissues including placentae. In
placental tissues, its expression plays a helpful and physiological role against oxidative
stress, i.e. it protects the trophoblasts from damage, prevents pregnancy loss at early stages
and placental toxicity, and can be considered as a foetal antioxidant (Marchitti et al., 2010).
Therefore, the overall high expression of ALDH3AL in PE tissues could act to overcome the

oxidative stress caused by the abnormal re-modelling of the spiral arteries.
» AURK-A

The involvement of Aurora-A during cell division makes it a potential drug target for cancer
therapy (Staff et al., 2009). To the best of the author’s knowledge, this is the first study on
the expression of AURK-A in NT and PE placentae, and there were no previous data to be
found on AURK-A expression in placenta. Interestingly, the data from this study showed

that AURK-A was overexpressed in PE placental samples.
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Yoon et al. in 2012 have indicated that Aurora A is essential for post-implantation embryo
growth and survival. Moreover, their data show that the effects of ablation of Aurora A at
post-implantation stages can impact the embryo differently depending on the tissues affected
by the mutation, such as in epiblast. Interestingly, in this present study, results showed an
overall positive correlation between mRNA and protein expression levels, and were up-
regulated in PE samples. This present study thus provides evidence for the expression of
AURK-A in both NT and PE placentae.

Results from IHC illustrated that AURK-A also showed higher staining for PE than NT
placentae. Thus, there was a high significant correlation between, mRNA, WB and IHC for
AURK-A. Its over-expression in PE tissues shows that it might play a role in placental
abnormalities and other pathological characteristics of PE. Moreover, the overexpression of
AURK-A in both PE and cancerous tissues suggest that it could be a potential therapeutic

target for these diseases.

» AURK-C
AURK-C is overexpressed in many cancer cell lines and it is believed to increase the cellular
proliferation and migration of tumours (Dieterich et al., 2007). Khan et al. (2012), found
that AURK-C can stimulate formation of multinuclear cells from mononuclear cells
condition by amplifying the centrosome. Furthermore, AURK-C is also linked to male
infertility (Fellmeth et al.,, 2015). Schindler et al. (2012) reported the involvement of
AURK-C in the cytokinesis process during normal oocyte maturation and in pre-
implantation of embryos. Although, it is highly expressed in normal tissues (e.g. testis), its
function is not yet clear (Harrington et al., 2004). Interestingly, there was a correlation
between the intensity of IHC staining, mMRNA and protein expression levels of AURK-C.
Both mRNA and protein expression levels of AURK-C were decreased in PE. AURK-C
expression was localised in the STB layers of both NT and PE samples. According to semi-
quantitative analysis of IHC for AURK-C, it is evident that AURK-C IRS is significantly
higher in NT placentae in comparison with PE placentae. Thus, from this study it can be
predicted that AURK-C might be expressed during first trimester trophoblast cells to
enhance, proliferation and invasion of EVT cells, which are important for successful
pregnancy. Additionally, there may be possible involvement of AURK-C during the
formation of STB from mononuclear CTB. During formation of STB from CTB in normal
placenta, some of the trophoblast cells undergo apoptosis in order to maintain the cell
numbers (Crocker at al., 2003). However, in PE placenta this cell death number is
dramatically increased resulting in placental dysfunction (Ishihara et al., 2002). The down-

regulation of AURK-C in PE placenta when compared with NT placentae reported in this
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study, could be due to disturbed trophoblast fusion during syncytial layer formation during

this condition.

» PDGFRau
PDGFRa belongs to the tyrosine kinase receptor family which has 2 subtypes: PDGFRa and
PDGFRp. Although the underlying mechanisms remain largely unknown, PDGFRa are
predicted to be involved in cellular proliferation, differentiation, growth development and
pro-angiogenesis (Andrae et al., 2008). During embryonic development, PDGFRa regulates
cell growth and differentiation (Majumdar et al., 2009). PDGFR signalling has important
functions during embryogenesis, and its overexpression is associated with several
pathological conditions such as cancer (Betsholtz et al., 2001). It has been found to be
expressed in mouse pre-embryos and in human placental cells (Osterlund et al.,1996).
PDGFR a signalling is essential for the normal blood vessel formation and for the proper
cellular organization of several organs such as brain, kidney and placenta (Looman et al.,
2007). Hence, they are one of the important mediators of mammalian development. While
the importance of the B-isoform of PDGFR in trophoblast proliferation during pregnancy
have been demonstrated (Holmgren et al., 1995). Conversely the function of a-isoform has

not been fully established in placental development.

In addition, a study by Kita et al. (2003) has shown that both PDGFRa and B in human
placenta are expressed in the syncytiotrophoblast and the villous cytotrophoblast. The
present finding of this study also supports these previous studies, where STB layers express
PDGFRa in both NT and PE. However, the STB layer in PE showed deeper staining than in
NT. Although, the overall IRS data showed equal intensities of staining in NT and PE tissues
without any significant differences. Interestingly, there was a correlation between the mMRNA
and protein expression levels of PDGFRa, which were increased significantly (p<0.01) in
PE compared to NT. This confirms the findings of Jurcovicova et al. (1998) who presented
that PDGF mRNA expression values for NT placenta are considerably lower when compared
to PE placentae. In contrast a study by (Jarvenpaa et al., 2007), showed that PDGFRa was
down-regulated in patients with PE associated with intrauterine growth restriction (IUGR),
using microarray analysis. It is worth noting that the PE placentae samples used in current

study did not have IUGR complications.

In this present study, 13 NT and 12 PE placentae were used, whereas only 3 NT and 2 PE
with (IUGR) were used by (Jarvenpaa et al., 2007). Furthermore, the PE placentae used in
this study were only mild pre-eclamptic, not severe unlike the one used by (Jarvenpaa et al.,

2007). According to Morey et al (2006), gRT-PCR is the most common validation tool used
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for confirming gene expression results obtained from microarray analysis and confirmed
their results usually are in agreement. Yet, there is still a debate on which of the two
techniques is most reliable. Therefore, in this study western blot was used to check the
validity of the mRNA and IHC results.

» TWIST1

TWIST]L, is a transcription factor that belongs to the basic helix-loop-helix (bHLH) family.
It plays a major role in regulatory functions during embryogenesis. It regulates cell
proliferation, migration and differentiation in embryonic development (Ansieau et al.,
2008). Moreover, it also plays multiple role in cancer initiation, progression and metastasis
process (Qin et al., 2012). It can override oncogene-induced cell senescence and apoptosis
(Maestro et al., 1999). In addition, TWIST1 increases cancer cell resistance to chemotherapy
and enhances cancer stem cell (CSC) population (Mani et al., 2008). It plays a role in
inducing epithelial-mesenchymal transition (EMT) and it allows the acquisition of a
mesenchymal phenotype that permit the invasion and release of cells from the primary
tumour (Ansieau et al., 2010). In addition, it regulates many proteins associated with EMT
such as E-cadherin, which is essential for epithelial cell-cell adhesion (Ansieau et al., 2010).
Therefore, TWIST1, can be considered as an important tumour biomarker. The expression
of TWISTL1 during embryonic development of mouse has been studied previously (Qin et
al., 2012) However, information relating to the TWIST1 expression profile during human
embryogenesis is lacking. A strong mMRNA expression of TWIST1 was observed in placenta,
especially in the foetal side of the placenta during a study conducted by Wang et al. (1997)
using human tissues and cells originating from different human tissues to observe TWIST1
expression. Furthermore, it is highly expressed in the mesoderm-derived embryonic
mesenchyme and the adult stem cells of the mesenchyme (Qin et al., 2012).

In the present study, a statistically significant increase was observed in both mMRNA (p<0.01)
and protein expression levels (p<0.05) of TWIST1 in PE. Interestingly, when these results
were also validated with IHC, intense staining for TWIST1 was detected in the STB layer of
PE placentae rather than NT placentae. A study by Sitras et al. (2009) also reported up-
regulation of the second member of the bHLH family (BHLHB2) in PE placentae. Therefore,
it could be suggested that TWIST1 over-expression in placental tissues might play a role in

placental abnormalities and the pathological characteristics of PE.
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> JAG1L
JAG1 belongs to the group of NOTCH signalling proteins which are responsible for
vasculogenesis and angiogenesis in embryonic development during gestation (Funahashi et
al., 2011). Therefore, most researchers investigated previously the expression pattern of
NOTCH receptors and their ligands during pregnancy in order to study the vasculogenesis
and angiogenesis process in human placenta. NOTCH signalling might represent a key
regulatory pathway that controls trophoblast proliferation, motility, and differentiation
(Haider et al., 2014). Furthermore, the published studies demonstrate that NOTCH
signalling and their ligands pathway have a crucial role in the development of the placenta.
The normal function of JAG1 is to stimulate vasculogenesis and angiogenesis, but its

mechanism in metastasis remains to be elucidated (Purow et al., 2013: Sethi et al., 2011).

In this study, both mRNA and protein expression levels of JAG1 were decreased (p<0.01)
in PE compared to NT placentae. The STB layer along with some mesenchymal stromal
cells showed intense staining in NT when compared to PE. These results agreed with the
investigations of Herr and colleagues (2011), Jarvenpaa et al. (2007) and De Falco et al.
(2007), where down-regulation of JAG1 were also reported in PE placentae followed by up-

regulation in STB and placental stromal layer of NT placenta.

The functional details of these factors will be discussed in chapter 7.

3.4  Conclusions

The collective data from mRNA, protein expression and IHC studies, suggest that the
expression patterns of ALDH3A1, AURK-A, PDGFRa, and TWISTL1 are increased in PE
placentae. Since placental invasion resembles tumorigenesis, and the fact that expression of
the presumed tumour markers is altered in PE (that has low invasiveness), they may be an
interesting avenue to explore. In contrast, the data from this chapter suggest the expression
patterns of AURK-C and JAG1 are down-regulated in PE samples. This could be associated
with the signaling pathways in development of placenta and in various invasion mechanisms.
The investigation of the protein expression of these factors (ALDH3A1, AURK-A and-C,
PDGFRa, TWIST1 and JAG1) may provide valuable insights into placental function and
help to identify molecular mechanism of both NT and PE. To further investigate the
molecular mechanisms of these factors, in vitro study by using different placental origin cell
lines to investigate the protein expression of these factors were conducted (See Chapter 6).
Therefore, it is important to study and investigate the functions of these factors during

placental development by using primary cultures (See Section 7.8: Future Studies).
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4.1 Introduction

As previously mentioned in Chapter 1, placenta is an extra-embryonic temporary organ and
yet it encompasses innumerable functions for development and survival of the foetus (Sood
et al., 2006). Due to ethical constraints, it is impossible to carry out in vivo studies; equally
development of ex vivo models remains to be challenging. The human placenta is made up
of a heterogeneous groups of cells which include trophoblast, mesenchymal and stromal
fibroblasts with neighbouring connective tissues (Novakovic et al., 2011). These cell types
exhibit differences in morphology, function and gene expression. Therefore, in vitro research
using cell lines remains the important model systems in which to study placental
development. Previous in vitro studies have used all these different cell types to understand

the physiological and pathological functions of placenta (Ji et al., 2013).

There are two ways for in vitro studies; (1) primary cells developed from term and /or first
trimester aborted pregnancies, such as CTBs, ST and EVTs and (2) placental derived cell
lines from placental extravillous trophoblast and tumour cells (such as choriocarcinoma)
(Novakovic et al., 2011). Bilban and colleagues (2009 and 2010) by using microarray and
bioinformatics analysis compared the gene expression profile of three choriocarcinoma cell
lines (JEG-3, BeWo and ACH-3P), two EVT-derived cell lines (HTR8/SVneo and SGHPL-
5) and primary trophoblasts (EVTs and CTBs). They reported that the three types of cells
were found to be significantly different with respect to their gene expression profiles.
Although, primary trophoblast cultures are highly useful in studying the differentiation and
functions of trophoblasts, these cells remain suitable only for short term studies, but not for

longer culture to study early development phases (Ji et al., 2013).

On the other hand, a number of trophoblast cell lines are available for in vitro analysis of
placental function (King et al., 2000). These cell lines are important research tools used as a
replacement for primary trophoblast cells (Burleigh et al., 2007). Placental derived cell lines
have similar characteristics and behave similarly to cells they were isolated from (Novakovic
etal., 2011). An example of a placental derived cell line is BeWo, which was established in
1968 by Patillo and Gey. Following this, several other placenta derived cell lines were
established (Fogh et al., 1977; Graham et al., 1993; Feng et al., 2005). These cell lines are
immortalised by several techniques and they are regarded as powerful tools for long term
examination. However, during immortalization the physiological function of these cells may
be altered. Therefore, it is strongly suggested to use more than one cell line during any in
vitro investigation to determine the functional compatibility of these cell lines and to obtain

meaningful data.
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In this study, four different placental cell lines were used. Two of which were transformed
(non-tumour) placental cell lines (HTR8/SVneo and TEV-1), produced by individual
immortalisation of first trimester EVT using SV-40 large T antigen (Novakovic etal., 2011)
and retroviral vector respectively (Feng et al., 2005). The other two cell lines (JEG-3 and
BeWo), were derived from gestational choriocarcinoma. Both the EVT and choriocarcinoma
cells show capacity to invade, however, the EVT cells invade only after proliferation while
choriocarcinoma cells can proliferate and invade at the same time (Farnk et al., 1999).
Therefore, it was evident that there are differences in mechanisms, gene expressions and
functions between the two groups. Thus, two different groups of cell lines were used in this
study. MCF-7, breast adenocarcinoma cell line has unique biological properties (Osborne et
al., 1987). In this study MCF-7 was used as a tumour cell line of non-placental origin. The

information relating to all cell lines used are summarized in Table 4.1.
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Table 4.1: The origins and features of the different cell lines used in this study (Table adapted from Novakovic et al., 2011).

Origin HTRS First trimester First trimester placental Breast
villous explants explants Choriocarcinoma Choriocarcinoma adenocarcinoma
Cell morphology Epithelial Epithelial Epithelial Epithelial Epithelial
Tissue Placenta Placenta Placenta Placenta Breast
Immortalization Electroporation with Retroviral vectors with Naturally Naturally Naturally
method (pSV3neo) containing early | Human papillomavirus type occurring occurring occurring
region of SV40encoding 16 (HPV16) E6/E7 genes
the (§V40 Tag)
Migration + + + + +
Invasion + + + + (non-invasive type).
References Graham ct al 1993 Feng et al 2005 Kohler and Bridson 1971 Patillo and Gey 1968 Herbert S;);l}fz and other
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4.1.1  Establishing stem like cells from human trophoblast and tumour cell lines
Stem cell research has offered solutions for several clinical problems and opened new
windows in drug testing, placental development studies, cancer and gene therapy (Mousa et
al., 2006). They are the undifferentiated primary cells of all multicellular organisms, that
have the capacity for self-renewal, proliferation and differentiation into specialized cell types
(Mousa et al., 2006). Stem cells can be isolated from various types of tissues and/or organs.
For example, adult stem cells can be obtained from bone marrow, skeletal muscle and skin;
while embryonic stem cells are derived from embryos (www?°). The placenta can be used as
a main source to isolate different types of stem cells such as hematopoietic stem cells
(HSCs), human amniotic epithelial cells (hnAEC), embryonic stem cells (ES), mesenchymal
stem cells (MSCs), trophoblast stem cells (also known as trophoendodermal stem cells),
umbilical cord blood stem cells (UCB) and foetal stem cells (FSCs) (Mousa et al., 2006 ;
Avasthi et al., 2008). These stem cells can form aggregated clusters called spheroids with
stem cell features able to grow in suspension culture (Manuel Iglesias et al., 2013). There
are many molecular markers have been used to characterize various stem cell populations
such as surface marker (CD133, CD90, CD29 and CD44) and transcription factors (OCT4,
SOX2, and NANOG) (Zhao et al., 2012). These spheroids were selected from 3-D culture.
In cancer research, 3-D cell culture is used as a tool to produce spheroids to investigate the
growth formation and behaviour of tumours as they behave like solid tumour (Mehta et al.,
2013). Besides spheroids culture is a useful method in vitro to understand the physiological
and biological processes involved in organogenesis in the embryo (Oudar 2000). This study
focused on embryonic stem cell markers such as transcription factors (OCT4, SOX2, and
NANOG), trophoblast transcription factor (CDX2) and a receptor involved in cell fate
determination (NOTCHL1). Most of these factors are expressed not only in embryonic stem
cells but also in a number of tumour cells (James et al., 2012). The transcription factors
(OCT4, SOX2, and NANOG) play crucial roles in embryonic development, acting as a
regulator of self-renewal/differentiation, maintaining and re-establishing pluripotency of
embryonic stem cells (ESCs) (Miyazawa et al., 2014). CDX2 has an essential role in the
differentiation process of the trophectoderm (the outer epithelial layer of the blastocysts)
(James et al., 2012). Likewise, the over-expression of NOTCHL1 protein was associated with
several aggressive tumours (Hendrix et al., 2003). Moreover, this chapter deals with the
generation of spheroids from four trophoblast cell lines (HTR8/SVneo, TEV-1, JEG-3 and
BeWo) and MCF-7 cell line.

As explained in chapter 1, human trophoblast cells exhibits some similarities with malignant

cells, including rapid proliferation and the ability to invade the surrounding tissue; whereas
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they do not have the ability to metastasise or exhibit unlimited growth (Fennema et al.,
2013). Hence, the aim of this chapter was to generate and select non-resistant (normal) and
drug resistant spheroids from transformed trophoblast (HTR8/SVneo, TEV-1) and
choriocarcinoma (JEG-3, BeWo) cell lines and to check for “stemness” feature by studying
the expressions of stem cell markers such as OCT4, SOX2, NANOG, CDX2 and NOTCHL1.

4.1.2  Using DOX to select drug resistant spheroids

Doxorubicin (DOX)/Adriamycin, is an anthracycline antibiotic isolated from Streptomyces
peucetius var. caesius and has been widely used as a chemotherapeutic agent for the
treatment cancers (Suzuki et al., 2005). The chemical name of DOX is (8S-cis)-10-[(3-
amino-2,3,6-trideoxy-a-L-lyxohexopyranosyl)-oxy]-7,8,9,10-tetrahydro-6,8,11-trihydroxy-
8-(hydroxyacetyl)-1-methoxy-5,12-naphthacenedione) (Suzuki et al., 2005). Its structure is
given in (Figure 4.1)

There are two mechanisms by which DOX acts on the cancer cells: (1) it has an ability to
interact with plasma membranes, intercalate with DNA, and disrupt topoisomerase-Il, (2)
generation of the free radicals and their damage to cellular membranes, DNA and proteins
(Gewirtz, 1999). DOX is oxidized to semi-quinone, an unstable metabolite, which is
converted back to doxorubicin .This process releases reactive oxygen species (ROS) that can
lead to lipid peroxidation and membrane/DNA damage, oxidative stress, and activates

apoptotic pathways (Doroshow, 1986).

Figure 4.1: Chemical structure of Doxorubicin. (Adopted from Suzuki et al., 2005)
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4.2 Results

4.2.1  Determination of cell seeding density for different cell lines

It was essential to determine the appropriate cell seeding densities for each cell line before
performing any of the assays. A previous study within this laboratory (by Dr Anushuya
Tamang) has determined the accurate cell density by using an MTT assay. Based on these
findings, (5x 10%ml) cells were selected as optimal seeding density for all placental cell

lines.

4.2.2  Use of Doxorubicin to select resistant spheroids

To determine the optimal concentration of DOX to select resistant spheroids, the cells were
treated with different concentration of Doxorubicin (250, 500, 1000, 2000 and 4000 ng/ml)
coupled with MTT and LDH assays.

4.2.2.1 Effect of Doxorubicin on cell viability and toxicity

In HTR8/SVneo, there were no significant changes in the mitochondrial activity (cell
viability) when they were treated with 250 ng/ml of DOX compared to control (no
treatment). There was a slight reduction in the mitochondrial activity (cell viability) when
cells were treated with 500 ng/ml treatment but was not significant when compared with the
untreated control. With the concentrations of 1000 ng/ml and above, a significant reductions
in the mitochondrial activity (cell viability) were observed (See Figure 4.2, Panel A). Figure
4.2 Panel B shows the status of LDH released into the media by HTR8/SVneo cell line. A
significant reduction in the level of LDH release was observed with the cells treated with
both 250 ng/ml and 500ng/ml of DOX at 24 and 48 hours compared to control (100% lysis
buffer). The reduction was significant only at 48 hours for 1000ng/ml treatment but not at
24 hours for the same treatment. Interestingly, a significant increase in the level of LDH
release was observed with 4000ng/ml of DOX only at 48 hours of treatment (p<0.01) when
compared to control (100% lysis buffer).

In the MTT assay, the TEV-1 cell line showed no significant change of viability when they
were treated with 250 ng/ml of DOX at 24 hours; but a significant increase in the
mitochondrial activity (cell viability) was observed for the same treatment at 48 hours. There
was a significant reduction of mitochondrial activity (cell viability) with 500 ng/ml treatment
(p < 0.001). Concentrations of 1000 ng/ml and above, showed a significant reduction in the
mitochondrial activity (cell viability) (p< 0.0001) (See Figure 4.2, Panel C). In the case of
LDH assay, the status of LDH released into the media by TEV-1 cell line is shown in Figure.
4.2, Panel D. A significant reduction in the level of LDH release was observed with cells
treated with 250 ng/ml, 500 ng/ml and 1000 ng/ml of DOX at both 24 and 48 hours,
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compared to control (100% lysis buffer). No significant change in the level of LDH release

was observed with 2000 ng/ml and 4000 ng/ml treatment.

MTT Assay LDH Assay
A) B)

HTR8/SVneo HTR8/SVneo
150- b

150+

*%
IT\ Il 24 hours
48 hours

LDH release

MTT reduction
(%of control response)
(% of control response)

$ 9 3 § P
P F

00‘\ L J
C Doxorubicin (ng/ml) D) .
) Doxorubicin (ng/ml)
TEV-1
150+ TEV-1
150 a =
kkk
3 ki ] b W 24 hours
c
8 o 0 48 hours
g 2 100 a a %
] - o
S0 *kk a s <
J - [ | B
T3S = Kk -
C = 1 E e
Fs so A T IR
=2 5

&

N S \
Q 9 N
N » ©

Doxorubicin (ng/ml) Doxorubicin {ng/ml)

Figure 4.2: The effect of doxorubicin on mitochondrial activity (MTT) and toxicity
(LDH) of transformed trophoblast cell lines.

Statistical analysis was carried out using two-way ANOVA (Dunnett’s multiple comparison
test against control). The data are a representation as the percentage of control cells (= 100%)
and represent the mean £ SEM of three independent experiments each performed in
triplicate. (**p < 0.01, ***p < 0.001, and ****p < 0.0001); MTT assay was carried out in
comparison with no treatment as control (depicted as “a” in the figures), while LDH assay
was in comparison with 100% lysis control (depicted as “b” in the figures).

The effect of DOX on placental choriocarcinoma cell lines showed slightly different results
when compared with the transformed cell lines. In the MTT assay, there was a significant
increase in the mitochondrial activity (cell viability) in both the JEG-3 (p<0.001) and the
BeWo (p<0.01) cell lines with 48 hours of 250 ng/ml DOX treatment when compared to
control. In addition, a significant reduction in mitochondrial activity was noted at 24 hours
of treatment for the BeWo cell line alone (p<0.01). However, when cells were treated with
concentration at 500 ng/ml and above, there was a significant reduction in mitochondrial
activity (p<0.0001) (See Figure 4.3, Panel A and C). There was a significant reduction
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(p<0.0001) in levels of LDH release from these cells lines treated with 250 mg/ml and 500
ng/ml DOX when compared to control (100% lysis buffer) (See Figure 4.3, Panel B and D).
Significant reduction of LDH levels were also noted at 1000 ng/ml in JEG-3 (p<0.0001) and
BeWo (p<0.01) cell lines. There was no significant change in the levels of LDH at 2000
ng/ml and 4000 ng/ml DOX treatment in both the cell lines.
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Figure 4.3: The effect of doxorubicin on mitochondrial activity (MTT) and toxicity
(LDH) of placental choriocarcinoma cells.

Statistical analysis was carried out using two-way ANOVA (Dunnett’s multiple comparison
test against control). The data are a representation as the percentage of control cells (= 100%)
and represent the mean £ SEM of three independent experiments each performed in
triplicate. (**p < 0.01, ***p < 0.001, and ****p < 0.0001); MTT assay was carried out in
comparison with no treatment as control (depicted as “a” in the figures), while LDH assay
was in comparison with 100% lysis control (depicted as “b” in the figures).

In the case of MCF-7, as seen in Figure 4.4, Panel A, treatment with 250ng/ml of DOX
resulted in increase in mitochondrial activity (p<0.01) at 48 hours, whereas no significant
change was observed at 24 hours of treatment. There was a significant reduction in the
mitochondrial activity at the concentration of 500 ng/ml (p<0.001) and above (p<0.0001)

compared to the control. Panel B in Figure 4.4 shows the levels of LDH release with a
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significant reduction in the LDH release at 250 ng/ml, 500 ng/ml and 1000 ng/ml DOX
treatment; while no significant change was observed at 2000 ng/ml and 4000 ng/ml treatment

compared to control (100% lysis buffer).

Overall, all concentrations of DOX above 1000 ng/ml were found to be toxic to placental as
well as tumour cells. In summary, the 250 ng/ml and 500 ng/ml treatments were optimal

concentrations of DOX for further investigations.
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Figure 4.4: The effect of doxorubicin on mitochondrial activity (MTT) and toxicity
(LDH) of MCF-7 cells.

Statistical analysis was carried out using two-way ANOVA (Dunnett’s multiple comparison
test against control). The data are a representation as the percentage of control cells (= 100%)
and represent the mean £ SEM of three independent experiments each performed in
triplicate. (**p < 0.01, ***p < 0.001, and ****p < 0.0001); MTT assay was carried out in
comparison with no treatment as control (depicted as “a” in the figures), while LDH assay
was in comparison with 100% lysis control (depicted as “b” in the figures).

4.2.3  Generation of spheroids from trophoblast and tumour cells

As mentioned in Section (2.9), two methods were carried out to generate spheroids, namely:
(@) non-resistant (normal) spheroid generation and (b) drug resistant spheroid generation.
4.2.3.1 Generation of non-resistant (normal) spheroids

The placental derived cell lines were checked for ability to form 3-D spheroids on non-
adherent flask without treating them with DOX. All the cell lines showed the ability to
produce spheroids. As seen in Figure 4.5, Panel A and B (row 2), both the transformed
trophoblast cell lines (HTR8/SVneo and TEV-1) were capable of producing spheroid bodies
in non-adherent flasks. Also, they were able to revert back to normal grow (after detachment

and in growth media) in the adherent flask [See Figure 4.5, Panel A and Panel B (row 3)].
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The two choriocarcinoma cells (JEG-3 and BeWo) also showed a similar trend in forming
spheroid bodies [See Figure 4.5, Panel C and Panel D (row 2 and 3)]. A larger sized spheroid
was observed for MCF-7 cells when compared to the spheroids produced from other
trophoblast cell lines. MCF-7 spheroids also had the ability to grow under normal adherent

conditions [See Figure 4.5, Panel E (row 2 and 3)].

Row 1: parental cells without treatment

C) JEG-3 D) BeWo E) MCF-7

b 491
o

Figure 4.5: Generation of normal spheroids.

The ability of transformed trophoblast (HTR8/SVneo and TEV-1) and choriocarcinoma
(BeWo and JEG-3) cell lines to generate non-resistant spheroids are shown in Panels A to
D. Likewise, the MCF-7 is shown in Panel E. Row 1 = Parental cells without treatment; Row
2 = Spheroidal cells produced from non-adherent 3-D culture; Row 3 = the ability of
spheroidal cells to re-grow onto normal adherent 2-D culture. Scale bar= 100um.

4.2.3.2 Generation of drug resistant spheroids

DOX was used to produce an environment for physiological stress, which can develop drug-
resistant spheroids. This was achieved by treating cells with chemotherapeutic drugs such as
DOX. HTR8/SVneo and TEV-1 cell lines, which were exposed to all concentrations above
1000 ng/ml of DOX in normal condition for 48 hours, were found to be dead and appeared
floating rather than clustering together to form spheroids in the non-adherent flask [See
Figure 4.6 and 4.7, Panels A and B]. However, cells with both 250 ng/ml and 500 ng/ml
DOX treatments, cultured in non-adherent flasks with serum free media, supplemented with
growth factors produced viable spheroids. The cells which were treated with 500ng/ml,
found to form spheroids of smaller sizes when compared to spheroids produced from cells

treated with 250 ng/ml. Interestingly, for most of the spheroids produced by treating with
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250 ng/ml, the cells retained the ability to attach and re-grow in the adherent flask under
normal conditions after they were manually disseminated. Also, some of these cells had
similar morphology to the parental cells, which indicates these cells have the ability to self-
renew and differentiate to form cells that are similar to that of the parental cells [See Figure
4.6 and 4.7, Panel D]. Therefore, 250 ng/ml was used as the optimal concentration of DOX
for selecting spheroids from both transformed trophoblast cell lines. Similar results were
obtained from both choriocarcinoma cell lines (JEG-3 and BeWo) treated with 250 ng/ml of
DOX [See Figure 4.8 and 4.9, Panels B, C and D]. MCF-7 showed similar results to the
placental derived cell lines with both DOX concentrations (250 and 500 ng/ml); however,
the spheroids formed by MCF-7 were bigger in size compared to placental cell lines [See
Figure 4.10, Panels B, C and D]. In addition, MCF-7 cells treated with 1000 ng/ml of DOX
were able to produce small spheroids compared to trophoblast cells lines (which did not form
any spheroids at 1000 ng/ml).
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Figure 4.6: Generation of resistant spheroids from transformed trophoblast cell line
(HTR8/SVneo).

Panel A shows HTR8/SVneo normal parental cells; Panel B shows parental cells after
treatment with different concentrations of DOX. Panel C shows the ability of the cells to
produce spheroid bodies from each concentration of DOX; Panel D shows the re-growth of
the cells dispersed from spheroids onto adherent flasks under normal conditions. This was
only observed in 250 ng/ml concentration of DOX. Scale bar= 100um.
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Figure 4. 2: Generation of resistant spheroids from transformed trophoblast cell line
(TEV-1).

Panel A shows TEV-1 normal (parental cells); Panel B shows parental cells after treatment
with different concentration of DOX. Panel C shows the ability of the cells to produce
spheroid bodies from each concentration of DOX; Panel D shows the re-growth of the cells
dispersed from spheroids onto adherent flasks under normal conditions. This was only
observed in 250 ng/ml concentration of DOX. Scale bar= 100pum.
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Figure 4. 3: Generation of resistant spheroids from choriocarcinoma cell line (JEG-
3).

Panel A shows JEG-3 normal (parental cells); Panel B shows parental cells after treatment
with different concentration of DOX. Panel C shows the ability of the cells to produce
spheroid bodies from each concentration of DOX; Panel D shows the re-growth of the cells
dispersed from spheroids onto adherent flasks under normal conditions. This was only
observed in 250 ng/ml concentration of DOX. Scale bar= 100um.

102



Chapter 4: Generation spheroidal from trophoblast cells

A) BeWo
a.zmwj% “:,gn
-

&

B) Parental cells treat with different concentrations of Doxorubicin

T |
250ng/ml 500ng/ml 1000 ng/ml 2000ng/ml 4000 ng/ml
G | T CO it oy S

SEETAY

t'}(

v v

C) produced spheroids produced small Can not produced any spheroids bodies
from non-adherent flask
o : ‘! - 3 o - . %
on | : ‘ »

D) spheroid bodies re-growing can not regrow again in adherent flask

in adherent flask

B

S ARGIm NS G

Figure 4. 4: Generation of resistant spheroids from choriocarcinoma cell line (BeWo).

Panel A shows BeWo normal (parental cells); Panel B shows parental cells after treatment
with different concentration of DOX. Panel C shows the ability of the cells to produce
spheroid bodies from each concentration of DOX; Panel D shows the re-growth of the cells
dispersed from spheroids onto adherent flasks under normal conditions. This was only
observed in 250 ng/ml concentration of DOX. Scale bar= 100um.
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Figure 4.10: Generation of resistant spheroids from human breast adenocarcinoma
cell line (MCF-7).

Panel A shows MCF-7 normal (parental cells); Panel B shows parental cells after treatment
with different concentration of DOX. Panel C shows the ability of the cells to produce
spheroid bodies from each concentration of DOX; Panel D shows spheroid bodies produced
by treating with 250, 500 and 1000 ng/ml of DOX re-growing in an adherent flask under
normal conditions while others cannot. Scale bar= 100um.

4.2.4  Immunofluorescence staining of stem cell markers

As mentioned in Section 2.11.2, co-immunofluorescence staining was carried out in parental
cells (with and without DOX treatment) and spheroids (non-resistant and DOX-resistant).
The stem cell markers which were studied include: transcription factors (OCT4, SOX2 and
NANOG), trophoblast transcription factor (CDX2), and NOTCH1 which is a receptor

involved in regulating cell fate determination associated with both cancer stem cells and

human embryonic stem cells.
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4.2.4.1 Expression of OCT4 and SOX2 markers

As shown in Figure 4.11, Panel I (row A), HTR8/SVneo parental cells (both untreated and
DOX-treated) showed positive green staining of OCT4. The perinuclear and cytoplasmic
localization was clear on closer observation. Since spheroidal cells (untreated and DOX-
treated) appear as aggregated cells, intracellular localisation was not distinctly visible. Figure
4.11, Panel 11 (row A), there was no staining of OCT4 in TEV-1 parental cells compared to
spheroid (untreated and DOX-treated). However, TEV-1 parental and spheroidal cells
showed positive red staining of SOX2 (Panel I1; row B).

As for choriocarcinoma cells, there was no staining of OCT4 observed in parental cells in
JEG-3 cell line [See Figure 4.12, Panel I (row A)], while BeWo parental cells showed a
positive staining [See Figure 4.12, Panel Il (row A)]. On the other hand, the staining for
SOX2 was consistent in parental cells (both DOX-treated and un-treated) of JEG-3 and
BeWo. The spheroids of both cell lines were positive to OCT4 and SOX2. However, the
intracellular localization of these factors in spheroidal cells is not clear.

MCF-7 cells showed a similar results to the TEV-1 cell, there was no staining of OCT4
observed in the parental cells (untreated and DOX-treated). However, spheroidal (untreated
and DOX-treated) cells of the same cell line showed clear staining of OCT4 [See Figure
4.13, Panel I (row A)]. Panel 11 (row B) from the same figure showed positive red staining
for SOX2 of perinuclear and cytoplasm regions, which was clearly visible in parental cells

compared to spheroidal cells.
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Figure 4.11: Immunofluorescence staining of OCT4 and SOX2 in transformed
trophoblast cells.

Panel 1 and Il shows immunofluorescence staining images for HTR8/SVneo and TEV-1
cells. Rows A, B and C show staining for OCT4, SOX2 and nuclear staining with DAPI
respectively, in parental and spheroidal cells. Rows D show the three combined staining
(OCT4+SOX2+DAPI) in parental cells and spheroidal cells. [Objective magnification=40X;
Scale bar =50 pm].
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Figure 4.12: Immunofluorescence staining of OCT4 and SOX2 in choriocarcinoma
cells.

Panel I and Il shows immunofluorescence staining images for JEG-3 and BeWo cells. Rows
A, B and C show staining for OCT4, SOX2 and nuclear staining with DAPI respectively, in
parental and spheroidal cells. Rows D show the three combined staining
(OCT4+SOX2+DAPI) in parental cells and spheroidal cells. [Objective magnification=40X;
Scale bar =50 pm].
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Figure 4.13: Immunofluorescence staining of OCT4 and SOX2 in MCF-7 cells.

Row A shows immunofluorescence staining images of OCT4 in MCF-7 cell. Row B shows
immunofluorescence staining images of SOX2. Row C shows nuclear staining with DAPI
and Row D shows two combined staining (SOX2+DAPI) in parental cells and three
combined  staining (OCT4+SOX2+DAPI) in spheroidal cells. [Objective
magnification=40X; Scale bar =50 um].

4.2.4.2 Expression of OCT4 and NANOG1 markers

The HTR8/SVneo parental cells (both untreated and DOX-treated) showed positive green
staining of OCT4 in the perinuclear and cytoplasmic region. This intracellular localization
was more distinct in parental cells when compared to spheroid cells due to cell aggregates
[See Figure 4.14, Panel I (row A)]. On the other hand, Figure 4.14, Panel 11 (row A), showed
that there was no staining of OCT4 observed in TEV-1 parental cells (untreated and DOX-
treated), while clear staining of OCT4 was observed in the spheroid cells (untreated and
DOX-treated). Moreover, Figure 4.14, Rows B in Panels I and 11, showed positive red
staining of NANOG in the perinuclear and cytoplasmic regions. This localization was clear

in parental cells compared to spheroid cells from both HTR8/SVneo and TEV-1 cell lines.
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There was no staining of OCT4 observed in JEG-3 parental cells (untreated and DOX-
treated). However, spheroid cells (untreated and DOX-treated) of the same cell line showed
clear staining of OCT4 [See Figure 4.15, Panel I (row A)]. In the case of BeWo cells,
parental (both untreated and DOX-treated) cells showed positive green staining of OCT4 in
the perinuclear and cytoplasmic regions. This intracellular localization was distinct in
parental cells than in spheroidal cells. Figure 4.15, Panels | and Il (row B) showed positive
red staining of NANOG in the perinuclear and cytoplasmic regions which was clearly

apparent in parental cells compared to spheroid cells from both JEG-3 and BeWo cell lines.

From Figure 4.16, Panel | (row A), there was no staining of OCT4 observed in MCF-7
parental cells (untreated and DOX-treated). However, spheroid (untreated and DOX-treated)
of the same cell line showed clear staining of OCT4. Row B from the same figure showed
positive red staining of NANOG in perinuclear and cytoplasmic regions which was clearly

apparent in parental cells compared to spheroid (untreated and DOX-treated) cells.
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Figure 4.14: Immunofluorescence staining of OCT4 and NANOG in transformed
trophoblast cells.

Panel I and Il shows immunofluorescence staining images for HTR8/SVneo and TEV-1
cells. Rows A, B and C show staining for OCT4, NANOG and nuclear staining with DAPI
respectively, in parental and spheroidal cells. Rows D show the three combined staining
(OCT4+NANOG+DAPI) in parental cells and spheroidal cells. [Objective
magnification=40X; Scale bar =50 pm].
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Figure 4.15: Immunofluorescence staining of OCT4 and NANOG in choriocarcinoma
cell lines.

Panel I and Il shows immunofluorescence staining images for JEG-3 and BeWo cells. Rows
A, B and C show staining for OCT4, NANOG and nuclear staining with DAPI respectively,
in parental and spheroidal cells. Rows D show the three combined staining
(OCT4+NANOG+DAPI) in parental cells and spheroidal cells. [Objective
magnification=40X; Scale bar =50 pm].
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Figure 4.16: Immunofluorescence staining of OCT4 and NANOG in MCF-7 cells.

Row A shows immunofluorescence staining images of OCT4 in MCF-7 cell. Row B shows
immunofluorescence staining images of NANOG. Row C shows nuclear staining with DAPI
and Row D shows two combined staining (NANOG+DAPI) in parental cells and three
combined staining (OCT4+NANOG+DAPI) in spheroidal cells. [Objective magnification=
40X; Scale bar =50 pm].

4.2.4.3 Expression of CDX2 and NOTCH1 markers

The transformed trophoblast parental cells, HTR8/SVneo and TEV-1, untreated and DOX-
treated showed positive green staining of CDX2 within perinuclear and cytoplasmic regions.
This intracellular localisation was distinct only in parental cells. On the other hand, there
was no staining of CDX2 observed in spheroid untreated and DOX-treated from both
HTR8/SVneo and TEV-1 cell lines [See Figure 4.17, Panels I and 11 (row A)]. From Panels
I and Il (row B) of Figure 4.17, clear red staining of NOTCH1 in perinuclear and

cytoplasmic regions in parental cells than in spheroidal cells.

Both parental cells (untreated and DOX-treated) and spheroid (untreated and DOX-treated),
from both placental choriocarcinoma cell lines (JEG-3 and BeWo) showed negative staining
for CDX2 [See Figure 4.18, Panels I and Il (row A)]. In contrast, Panels I and Il (row B) in
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Figure 4.18, showed there was a clear red staining of NOTCH1 in perinuclear and

cytoplasmic regions. This was more apparent in parental cells than in spheroidal cells.

Both parental cells (untreated and DOX-treated) and spheroid (untreated and DOX-treated)
derived from MCF-7, showed similar results as both trophoblast choriocarcinoma cells
(JEG-3 and BeWo). There was no significant staining of CDX2 in all cell conditions [See
Figure 4.19, Panel I (row A)]. On the other hand, (row B) from the same figure showed a
clear red staining of NOTCH1 in perinuclear and cytoplasmic regions in parental cells.

However, the localisation of NOTCHL1 in spheroidal cells was not distinguishable.
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Figure 4.17: Immunofluorescence staining of CDX2 and NOTCH1 in transformed
trophoblast cells.

Panel 1 and 11 shows immunofluorescence staining images for HTR8/SVneo and TEV-1
cells. Rows A, B and C show staining for CDX2, NOTCH1 and nuclear staining with DAPI
respectively, in parental and spheroidal cells. Rows D show the three combined staining
(CDX2+NOTCH1+DAPI) in parental cells and spheroidal cells. [Objective
magnification=40X; Scale bar =50 pm].
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Figure 4.18: Immunofluorescence staining of CDX2 and NOTCHL1 in choriocarcinoma
cell lines.

D) Combined

II

D) Combined

Panel I and Il shows immunofluorescence staining images for JEG-3 and BeWo cells. Rows
A, B and C show staining for CDX2, NOTCH1 and nuclear staining with DAPI respectively,
in parental and spheroidal cells. Rows D show the three combined staining
(CDX2+NOTCH1+DAPI) in parental cells and spheroidal cells. [Objective
magnification=40X; Scale bar =50 pm].
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Figure 4.19: Immunofluorescence staining of CDX2 and NOTCH1 in MCF-7 cells.

Row A shows immunofluorescence staining images of CDX2 in MCF-7 cell. Row B shows
immunofluorescence staining images of NOTCH1. Row C shows nuclear staining with
DAPI and Row D shows two combined staining (NOTCH1+DAPI) in parental cells and
spheroidal cells. [Objective magnification: 40X (scale bar =50 um)].

425  Gene expression studies of stem cell markers

As explained in Section 2.9.3, the total RNA was extracted from HTR8/SVneo, TEV-1, JEG-
3, BeWo and MCF-7 cell lines, and reverse transcribed to produce cDNA templates. The
purity and integrity of RNA samples was high without any genomic DNA contamination, as
indicated by the ratio of 260/280 nm which ranged in between 1.9-2.3. When the total RNA
samples were subjected to electrophoresis in a 1% agarose gel two bright and clear bands

were observed corresponding to 28S and 18S as shown in Appendix A.6.

Primers for all markers of interest were designed as mentioned in Section 2.6.1. The
sequence details of each primer and the optimised annealing temperatures (Ta) are
summarised in Table 4.2. The purity and the final product sizes of all PCR products were
checked by agarose gel electrophoresis Appendix A.7. The accession numbers of stem cell
markers used to design the primers are listed in Appendix A.8.
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Table 4.1: The primers for specific markers and their annealing temperature (Ta).

Primer Annealing
Markers of Interest | Primers sequence (5'to 3) Length Temperature
(nucleotides) Ta (°C)
Forward | AATTTGTTCCTGCAGTGCCC 20
OCT4 -
Reverse | CTCTCGTTGTGCATAGTCGC 20
Forward | CGGAAAACCAAGACGCTCAT 20
SOX2 Reverse | TTCATGTGCGCGTAACTGTC 20 55
Forward | CCATCCTGCAAATGTCTTCTG 21
60.9
NANOG | Reverse | CTTTGGGACTGGTGGAAGAAT 21
Forward | GGGAGGACTGGAATGGCTAC 20
CDX2 Reverse | CCCAGAAGCGCAGGAAGG 18 59.9
Forward | GGCGGTGCACACCTATTCTG 19
58.2
NOTCH1 | Reverse | CAGGCGAGGAGTAGCTGTG 19
Housekeeping genes
Forward | ACCACCAACTGCTTAGCACC 20
GAPDH | Reverse | CCATCCACAGTCTTCTGGGT 20 58
Forward | TGACACTGGCAAAACAATGCA 21 -
HPRT1 Reverse | GGTCCTTTTCACCAGCAAGCT 21
Forward | TGCACAGGAGCCAAGAGTGAA 21
TBP1 56
Reverse | CACATCACAGCTCCCCACCA 20

4.2.5.1 Relative mRNA expression of stem cells markers in trophoblast and tumour

cell lines

Following the qualitative immunofluorescence study, the relative expressions of stemness

and trophoblast markers were checked by comparing the mRNA (gRT-PCR) and protein

(western blotting) expression in different conditions. The mRNA expression was compared

between: (a) untreated parental versus DOX-treated parental, (b) untreated parental versus

untreated spheroid, (c) untreated spheroids versus DOX-treated spheroids and (d) DOX-

treated parental versus DOX-treated spheroids. Statistical significant was determined by a

one-way ANOVA followed by Tukey's test for multiple comparisons between these different

conditions.
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» OCT4

HTR8/SVneo showed a significant up-regulation of OCT4 mRNA expression level in both
sets of comparison (a) untreated parental versus DOX-treated parental, and (b) untreated
parental versus untreated spheroids. TEV-1 cells lines showed similar results to
HTR8/SVneo (See Figure 4.20, Panels A and B). On the other hand, the mMRNA expression
of OCT4 in the first choriocarcinoma cells (JEG-3) was significantly down-regulated in
untreated parental cells in comparison with spheroidal cell (p<0.001). Likewise, DOX-
treated parental showed down-regulation in OCT4 expression in comparison with respective
spheroidal cells (p<0.01) (See Figure 4.20, Panel C). In the second choriocarcinoma cell line
(BeWo), the mRNA expression of OCT4 was significantly up-regulated in DOX-treated
spheroidal cells compared to both untreated spheroids (p<0.05) and DOX- treated parental
cells (p<0.01) (See Figure 4.20, Panel D). The untreated spheroids of MCF-7 have shown a
significant up-regulation relative to all other cell populations (p<0.0001) (See Figure 4.20,
Panels E).
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Figure 4.20: Relative mRNA expression of OCT4 in trophoblast and tumour cells.

The relative mRNA expression of OCT4 was compared between different conditions. The
data from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
data for JEG-3 and BeWo cells are presented in panels C and D respectively. Panel E shows
the data from MCF-7 cells. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean £SEM of three
in triplicate (****p<0.0001; ***p<0.001;

individual experiments, each performed

**p<0.01; *p<0.05).
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» SOX2

As can be observed from Figure 4.21, Panel A, there was no statistically significant
difference in the relative expressions of SOX2 between all comparisons in HTR8/SVneo
cells. However, a significant up-regulation of SOX2 mRNA expression was seen in TEV-1
between untreated spheroids and DOX-treated spheroids (p<0.01) (See Figure 4.21, Panel
B). From Figure 4.21, panel C, JEG-3 cells showed significant up-regulation of SOX2
MRNA expression level of DOX-treated spheroids, in comparison with DOX-treated
parental cells and untreated spheroids (p<0.0001). It was also observed that SOX2 mRNA
expression in BeWo cells was significantly higher in untreated spheroidal cells, in
comparison to both untreated parental cells and DOX-treated spheroids (p<0.0001) (See
Figure 4.21, Panel E). As for MCF-7 cells, the mRNA expression level of SOX2 in untreated
spheroidal cells was significantly higher than the untreated parental cells (p<0.001) (See
Figure 4.21, Panel F).
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Figure 4.21: Relative mRNA expression of SOX2 in trophoblast and tumour cells.

The relative mRNA expression of SOX2 was compared between different conditions. The
data from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
the data for JEG-3 and BeWo cells are presented in panels C and D respectively. Panel E
shows the data from MCF-7 cells. Statistical significance was determined using a one-way
ANOVA followed by Tukey's test for multiple comparisons. Data represent the mean +SEM
of three individual experiments, each performed in triplicate (****p<0.0001; ***p<0.001;
**p<0.01).
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» NANOG

As seen in Figure 4.22, Panel A, DOX-treated parental HTR8/SVneo cells showed a
significantly lower level of NANOG compared to untreated parental cells (p<0.001) and
DOX-treated spheroidal cells (p<0.0001). Interestingly, in TEV-1 cells both DOX-treated
parental and spheroids cells have shown a significant down-regulation in the NANOG
MRNA expressions compared to their respective untreated cells (See Figure 4.22, Panel B).
In contrast, JEG-3 showed a significant up-regulation of NANOG mRNA in untreated
parental cells compared to DOX-treated parental cells (p<0.001) and spheroids (p<0.05). In
the case of BeWo cells, the untreated parental cells showed a significant down-regulation of
NANOG mRNA expression compared to (a) DOX-treated parental cells (p<0.01) and (b)
spheroidal cells (p<0.01) (See Figure 4.22, Panels C and D).

In the MCF-7 cells, the overall MRNA expression levels of NANOG in untreated spheroids
cells was found to be up-regulated in comparison with all other conditions types of this cells
(p<0.0001) (See Figure 4.22, Panels E).
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Figure 4.22: Relative mRNA expression of NANOG in trophoblast and tumour cells.

The relative in mMRNA expression of NANOG was compared between different conditions.
The data from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively.
Likewise, the data for JEG-3 and BeWo cells are presented in panels C and D respectively.
Panel E shows the data from MCF-7 cells. Statistical significance was determined using a
one-way ANOVA followed by Tukey's test for multiple comparisons. Data represent the
mean £SEM of three individual experiments, each performed in triplicate (****p<0.0001;

**%n<0,001; **p<0.01; *p<0.05).
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» CDX2

The first transformed trophoblast cell line, HTR8/SVneo, showed a significantly higher level
of CDX2 mRNA expression in untreated parental compared to (a) DOX-treated parental
(p<0.01); and (b) spheroidal cells (p<0.001). There was also a significant difference in DOX-
treated spheroids compared to untreated spheroids (p<0.001) (See Figure 4.23, Panel A).
The second transformed trophoblast cell line, TEV-1, showed a significantly higher level of
CDX2 mRNA expressions in untreated parental compared to (a) DOX- treated parental
(p<0.001); and (b) spheroidal cells (p<0.01). There was also a significant difference in
untreated spheroids compared to DOX-treated spheroids (*p<0.05) (See Figure 4.23, Panel
B).

Interestingly, both choriocarcinoma cell lines showed similar results to transformed
trophoblast cell lines in untreated parental compared to (a) DOX-treated parental; and (b)
spheroidal cells (p<0.001) (See Figure 4.23, Panel C and D).

Likewise, in MCF-7 cells there was a significant up-regulation of CDX2 mRNA expressions
in untreated parental cells compared to untreated spheroids (p<0.001); and in DOX-treated

parental cells in comparison to DOX-treated spheroids (p<0.01) (See Figure 4.23, Panel E).

Overall, there is a significant down-regulation of the mMRNA expression of CDX2 in spheroid
cells condition when compared with the parental cells conditions in four trophoblast and

tumour cell lines.
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Figure 4.23: Relative mRNA expression of CDX2 in trophoblast and tumour cells.

The relative mRNA expression of CDX2 was compared between different conditions. The
data from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
the data for JEG-3 and BeWo cells are presented in panels C and D respectively. Panel E
shows the data from MCF-7 cell. Statistical significance was determined using a one-way
ANOVA followed by Tukey's test for multiple comparisons. Data represent the mean +SEM
of three individual experiments, each performed in triplicate (****p<0.0001; ***p<0.001;
**p<0.01; *p<0.05).
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» NOTCH1

HTR8/SVneo showed the mRNA expression of NOTCH1 was statistically increased in
untreated parental cells compared to (a) DOX-treated parental (p<0.001) and (b) spheroidal
cells (p<0.0001) (See Figure 4.24, Panel A). TEV-1 cells showed a significantly higher level
of NOTCH1 mRNA expression in DOX-treated parental cells compared to (a) untreated
parental cells (p<0.05) and (b) DOX-treated spheroids cells (p<0.0001). A significant
difference in NOTCH1 expression was also observed between untreated parental cells when

compared to untreated spheroids (p<0.05) (See Figure 4.24, Panel B).

In JEG-3 cells, no statistically significant difference in the relative expression of NOTCH1
was observed in any comparisons (See Figure 4.24, Panel C). However, the mRNA
expression of NOTCH1 level in BeWo cells was significantly higher in (a) untreated parental
cells when compared to spheroidal cells, and (b) DOX-treated parental cells compared to
DOX-treated spheroidal cells (p<0.0001) (See Figure 4.24, Panel D). As seen from Figure
4.24, panel E, the relative mMRNA expression level of NOTCH1 in MCF-7 was higher in
untreated parental cells compared to DOX-treated parental cells and untreated spheroids
(p<0.0001) (see Figure 4.24, Panel E).

In general, there was a significant down-regulation of the mRNA expression of NOTCHL1 in
HTR8/SVneo, TEV-1, BeWo and MCF-7 cells under untreated and DOX-treated spheroidal

cell conditions when compared with the parental cell conditions.
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Figure 4.24: Relative mRNA expression of NOTCHL1 in trophoblast and tumour cells.

The relative mMRNA expression of NOTCH1 was compared between different conditions.
The data from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively.
Likewise, the data for JEG-3 and BeWo cells are presented in panels C and D respectively.
Panel E shows the data from MCF-7cell. Statistical significance was determined using a one-
way ANOVA followed by Tukey's test for multiple comparisons. Data represent the mean
+SEM of three individual experiments, each performed in triplicate (****p<0.0001;
***p<0.001; *p<0.05).
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4.2.6  Protein expression of stem cell markers

The relative protein expression was compared between: (a) untreated parental versus DOX-
treated parental, (b) untreated parental versus untreated spheroid, (c) untreated spheroids
versus DOX-treated spheroids, and (d) DOX-treated parental versus DOX-treated spheroids.
The data were analysed using a one-way ANOVA followed by Tukey's post-hoc test for
multiple comparisons. The equal amount of protein samples (30ug) from trophoblast and
tumour cells were loaded onto the gel, as confirmed by the internal controls B-actin on the
same blots. Specific positive controls were used for each factor as suggested by the antibody
providers. Caco?2 cells were used as a positive control for OCT4, NANOG and CDX2. While
MCEF-7 cell lines were used as positive control for NOTCH1 and SOX2. A lower level of
the positive control (20ug) was loaded to avoid over-saturation of the blot. Protein
expression levels were normalised using the housekeeping protein B-actin levels as an

internal control.

4.2.6.1 Protein expression of OCT4

The OCT4 antibody produced a single band in spheroidal and parental (DOX-treated and
untreated) samples in trophoblast cell lines, MCF-7 and the recommended positive control
(Caco2 cell line). The detected bands were at 45 kDa which was within the predicted range
for the protein (See Figure 4.25, Panel A). In contrast to mMRNA expression, a significant
increase in protein expression of OCT4 was observed in both HTR8/SVneo and TEV-1
spheroidal cells (untreated and DOX-treated) compared to their parental cell counterparts
(see Figure 4.25, Panel B and C). In JEG-3 cells, both DOX-treated parental and untreated
spheroids, showed a significant increase in OCT4 expression compared to untreated parental
cells (p<0.01) (Figure 4.25, Panel D). However, the mRNA and protein expression were in
agreement only in parental cells compared to untreated spheroids. From Figure 4.25, Panel
E, a significant increase in protein expression of OCT4 was observed in BeWo cells between
untreated parental with DOX-treated parental cells (p<0.05), and DOX-treated spheroids
with DOX-treated parental cells (p<0.001). Interestingly, these differences in expression
were also observed in mMRNA expression (See Figure 4.20, Panel D). In MCF-7 cells (Figure
4.25, Panel F) the OCT4 protein expression was significantly different in untreated parental
cells compared to (a) DOX-treated parental cells (p<0.01) and (b) untreated spheroids
(p<0.05). Likewise, only the OCT4 protein expression in DOX-treated spheroids was
significantly higher than that of DOX-treated parental cells (p<0.01). In summary, the
expression of OCT4 protein in four trophoblast cell lines and MCF-7 tumour cell was
significantly increased in untreated and DOX-treated spheroids cells compared to parental

cells conditions.
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Figure 4.25: The expression of OCT4 protein in trophoblast and tumour cells.

Panel A represents a western blot showing the single bands detected by anti-OCT4 for
trophoblast cell lines (HTR8/SVneo, TEV-1, JEG-3 and BeWo) and the breast cancer cell
line MCF-7 under different conditions. Caco?2 cell line used as the positive control and is
separated with red dotted lines. Equal loading of protein was confirmed by [-actin
expression. Panels B, C, D, E and F represents the ratio of OCT4 to B-actin densitometry
readings for HTR8/SVneo, TEV-1, JEG-3, BeWo, and MCF-7 cells respectively. A one-
way ANOVA followed by Tukey's test for multiple comparisons was carried out. Data
represent the mean £SEM of three individual experiments, each performed in triplicate
(**p<0.01; *p<0.05).
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4.2.6.2 Protein expression of SOX2

As seen from Figure 4.26, the SOX2 antibody produced a single band in almost all the
protein samples from trophoblast cell lines and MCF-7 cells. These bands were detected at
37kDa, where the expected molecular weight of the band was in the range of 35-43 kDa.
Interestingly, the overall protein expression of SOX2 was increased in the case of both
untreated and DOX-treated spheroids (See Figure 4.26, Panel A).

In HTR8/SVneo cells, the protein expression was significantly higher in untreated parental
cells compared to DOX-treated parental cells (p<0.01) (See Figure 4.26, Panel B). Likewise,
higher expression was observed in untreated spheroidal cells compared to untreated parental
cells (p<0.05). Moreover, the protein expression of DOX-treated spheroids was significantly
higher than that of DOX-treated parental cells (p<0.01).

In contrast to mMRNA expression, a significant increase in protein expression of SOX2 in
TEV-1 spheroids (both DOX-treated and untreated) was observed when compared to their
parental cell counterparts (p<0.01) (See Figure 4.26, Panel C).

Also in contrast to MRNA expression data, a significant increase in protein expression of
SOX2 was observed in both JEG-3 and BeWo cells between (a) untreated spheroids cells
compared to untreated parental cells (p<0.05) and (b) DOX-treated spheroids compared to
DOX-treated parental cell (p<0.01) (See Figure 4.26, Panel D and E).

There was a significant increase in protein expression of SOX2 observed in MCF-7
spheroids (both DOX-treated and untreated) compared to their parental cell counterparts
(See Figure 4.26, Panel F). There was a correlation btween mRNA and protein expression

in untreated parental compared to untreated spheroids (See Figure 4.21, Panel F).

Overall, the protein expression of SOX2 in four trophoblast cell lines and MCF-7 was

significantly increased in spheroids compared to parental conditions.
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Figure 4.26: The expression of SOX2 protein in trophoblast and tumour cells.

Panel A represents a western blot showing the single bands detected by anti-SOX2 for
trophoblast cell lines (HTR8/SVneo, TEV-1, JEG-3 and BeWo) and the breast cancer cell
MCF-7 under different conditions. MCF-7 cell line used as the positive control and is
separated with red dotted lines. Equal loading of protein was confirmed by [-actin
expression. Panels B, C, D, E and F represents the ratio of SOX2 to B-actin densitometry
readings for HTR8/SVneo, TEV-1, JEG-3, BeWo, and MCF-7 cells respectively. A one-way
ANOVA followed by Tukey's test for multiple comparisons was carried out. Data represent
the mean £SEM of three individual experiments, each performed in triplicate (***p<0.001;

**p<0.01; *p<0.05).
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4.2.6.3 Protein expression of NANOG

The NANOG antibody produced a single band in almost all trophoblast cell lines, MCF-
7cells and positive control (Caco2 cells). The expected molecular weight of the band was in
the range of 36-55 kDa. Interestingly, the overall protein expression of NANOG was up-
regulated in the case of spheroids (DOX-treated and untreated) in all cell lines. These bands
were detected at 36 kDa (see Figure 4.27, Panel A).

In contrast to mMRNA expression, a significant increase in protein expression of NANOG in
both HTR8/SVneo and TEV-1 spheroidal cells (both DOX-treated and untreated) was
observed, when compared to their parental cell counterparts (See Figure 4.27, Panel B and
C). In the case of HTR8/SVneo DOX-treated parental cells compared to DOX-treated
spheroids. There was a correlation in mMRNA and protein expressions.

Similar results were observed in JEG-3 and BeWo cell lines. There was a significant increase
in protein expression of NANOG in spheroidal cells (both DOX-treated and untreated)
compared to their parental cell counterparts (See Figure 4.27, Panel D and E). Interestingly,
the BeWo choriocarcinoma cell line showed there is correlation between mMRNA and protein
expressions in untreated spheroids versus untreated parental cells (See Figure 4.22, Panels
C and D).

There was a significant increase in protein expression of NANOG observed in MCF-7
spheroidal cells (both DOX-treated and untreated) compared to their parental cell
counterparts (p<0.01) (See Figure 4.27, Panel F). The difference observed in protein
expression of NANOG between untreated parental versus untreated spheroids was also

observed at the level of mMRNA expressions (See Figure 4.22, Panel E).

Generally, all four trophoblast and MCF-7 cell lines showed a significant increase of
NANOG protein expression in spheroid cells compared to parental conditions.
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Figure 4.27: The expression of NANOG protein in trophoblast and tumour cells.

Panel A represents a western blot showing the single bands detected by anti-NANOG for
trophoblast (HTR8/SVneo, TEV-1, JEG-3 and BeWo) and the breast cancer cell MCF-7
under different conditions. Caco2 cell line used as the positive control and is separated with
red dotted lines. Equal loading of protein was confirmed by -actin expression. Panels B, C,
D, E and F represents the ratio of NANOG to B-actin densitometry readings for
HTR8/SVneo, TEV-1, JEG-3, BeWo, and MCF-7 cells respectively. A one-way ANOVA
followed by Tukey's test for multiple comparisons was carried out. Data represent the mean
+SEM of three individual experiments, each performed in triplicate (**p<0.01; *p<0.05).

133



Chapter 4: Generation spheroidal from trophoblast cells

4.2.6.4 Protein expression of CDX2

The CDX2 antibody produced a single band in most cell lines including positive control
(Caco2 cells). The detected bands were at 42 kDa which is within the predicted range (30-
42). The expression of CDX2 was minimal in parental DOX-treated and untreated

trophoblast cells (see Figure 4.28, Panel A).

There were no significant changes observed in protein expression in both choriocarcinoma
cell lines, However, CDX2 expression was increased in HTR8/SVneo DOX-treated
spheroids compared to untreated spheroids (p<0.05) (See Figure 4.28, Panel B). This
difference in expression was also observed at the level of MRNA. Likewise, in TEV-1 cells
the expression was found to be elevated in parental DOX-treated compared to untreated cells
(p<0.05) (Figure 4.28, Panel C). On the other hand, in MCF-7 cells a significant increase in
the expressions of CDX2 was observed in untreated parental cells compared to (a) DOX-
treated parental and (b) untreated spheroids (p<0.001) (See Figure 4.28, Panel F). This
difference in the expression was also observed at the level of mMRNA. Furthermore, there
was significant increase in protein expression between versus DOX-treated spheroids
untreated spheroids (p<0.01).
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Figure 4.28: The expression of CDX2 protein in trophoblast and tumour cells.

Panel A represents a western blot showing the single bands detected by anti-CDX2 for
trophoblast cell lines (HTR8/SVneo, TEV-1, JEG-3 and BeWo) and the breast cancer cell
MCF-7 under different conditions. Caco2 cell line used as the positive control and is
separated with red dotted lines. Equal loading of protein concentration was confirmed by f-
actin expression. Panels B, C, D, E and F represents the ratio of CDX2 to pB-actin
densitometry readings for HTR8/SVneo, TEV-1, JEG-3, BeWo, and MCF-7 cells
respectively. A one-way ANOVA followed by Tukey's test for multiple comparisons was
carried out. Data represent the mean +SEM of three individual experiments, each performed

in triplicate (***p<0.001; **p<0.01; *p<0.05).
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4.2.6.5 Protein expression of NOTCH1

The NOTCHL1 antibody produced a single band in some trophoblast cell lines and MCF-7
(See Figure 4.29, Panel A). The predicated molecular weight of NOTCHL1 protein as
declared by the supplier (Abcam), was 125 kDa. However, a single band was observed at
100 kDa for NOTCHL1 in all samples as well as in positive control (MCF-7 cells).

There was correlation between the mRNA and protein expression of NOTCH1 in
HTR8/SVneo cells. It showed a significant increas in untreated parental compared to DOX-
treated parental cells (p<0.05), and also between untreated parental versus untreated
spheroids (p<0.05) (See Figure 4.29, Panel B). However, in TEV-1 cells there was no
significant increase in the expression of NOTCH1 between all conditions.

In JEG-3 cells, a significant increase in protein expression of NOTCH1 was seen in parental
untreated compared to DOX-treated parental cells and untreated spheroidal cells (See Figure
4.29, Panel D). This change was not apparent in mRNA expression. In BeWo cells the
expression of NOTCH1 was reduced in untreated spheroids compared to respective parental

cells (p<0.05). This change was also observed in mRNA expression.

In MCF-7 cells , there was a significant change in protein expression level of NOTCH1
especially in untreated parental cells compared to (a) DOX-treated parental cells (p<0.001)
and (b) untreated spheroids (p<0.01). Moreover, in spheroid untreated compared to DOX-
treated spheroids NOTCHL1 protein level only were lower (p<0.05).

Overall, the protein expression of NOTCH1 in trophoblast cells was down-regulated in

spheroids (both DOX-treated and untreated) compared to parental cell conditions.
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Figure 4.29: The expression of NOTCH1 protein in trophoblast and tumour cells.

Panel A represents a western blot showing the single bands detected by anti-NOTCH1 for
trophoblast cell lines (HTR8/SVneo, TEV-1, JEG-3 and BeWo) and the breast cancer cell
MCF-7 under different conditions. MCF-7 cell line used as the positive control and is
separated with red dotted lines. Equal loading of protein was confirmed by B-actin
expression. Panels B, C, D, E and F represents the ratio of NOTCHL1 to B-actin densitometry
readings for HTR8/SVneo, TEV-1, JEG-3, BeWo, and MCF-7 cells respectively.A one-way
ANOVA followed by Tukey's test for multiple comparisons was carried out. Data represent
the mean *SEM of three individual experiments, each performed in triplicate
(****p<0.0001; ***p<0.001; **p<0.01; *p<0.05).
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4.3 Discussion

Methodical investigation of the status of any placental proteins, biomarkers and factors in
situ has always been challenging due to ethical constraints. Moreover, the morphology of
the placenta is clearly different from one individual to another even during normotensive
pregnancies (Orendi et al., 2011). To avoid these problems, placental explants and many
different types of placental cells have been isolated and immortalised to be used as in vitro
models (Orendi et al., 2011). For this study, four placental cell lines were studied:
HTR8/SVneo and TEV-1 (representing early first trimester trophoblast cells) together with
JEG-3 and BeWo (choriocarcinoma cell lines) and MCF-7 (human breast adenocarcinoma

cell line), which represents a tumour cell line of non-placental origins.

The trophoblast stem cells derived either from normal or choriocarcinoma placental cell lines
are another powerful tool that can be used to understand the trophoblast cell immunology,
biology, and placental development (King et al., 2000). In addition, trophoblast spheroid
generation is a useful method that can mimic and can be used to investigate the trophoblast
during early differentiation stages, as these investigations are challenging in humans.
Therefore, trophoblast cells have been cultured with other cell types in either two
dimensional (2-D) or three dimensional (3-D) culture systems, where they are able to more
to closely mimic the specialized features of trophoblast cells inside the uterus during

pregnancy (Ji et al., 2013).

The aims of this chapter were to generate and select spheroids from four trophoblast cell
lines (HTR8/SVneo, TEV-1, JEG-3 and BeWo) and also from MCF-7 cells. To check the
effects of chemotherapeutic agent (Doxorubicin) in producing drug resistant spheroids from
all four trophoblast cell lines and MCF-7. After selection of spheroids from trophoblast cell
lines, the expression of various stem cell markers was studied to determine the capacity for

‘stemness’ ability of these cell lines.

4.3.1  Effect of Doxorubicin on cell viability and toxicity

The first choice of assays to check cell viability and cytotoxicity were MTT and LDH assays,
due to their quick and straight forward protocols, cost effectiveness and reliability. The data
suggest that the lower concentrations of DOX do not affect mitochondrial activity; while at
higher concentrations, DOX becomes cytotoxic to the cells used. The LDH assay showed
minimum LDH release in cells treated with 250 and 500 ng/ml DOX concentrations

compared to control.
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There are two mechanisms by which DOX acts on cell cytotoxicity: (1) it has an ability to
interact with plasma membranes, intercalate with DNA, and disrupt topoisomerase-Il, (2)
generation of the free radicals and their damage to cellular membranes, DNA and proteins
(Gewirtz, 1999).

4.3.2 Generation of non-resistant (normal) spheroids

As explained in Section 4.2.3.1, both the first trimester transformed trophoblast and
choriocarcinoma cells have shown the ability to form spheroids. From literature searches, it
is clear that this is the first successful attempt to produce spheroid bodies in the transformed
first trimester trophoblast cell line TEV-1. In fact, there is only one recent study, which has
managed to produce spheroids from other placental cell lines (Webber et al., 2013). They
illustrated that HTR8/SVneo cells have a high ability to form spheroid bodies and was in
agreement with the present study. However, they reported that JEG-3 cells have only a
limited ability to form spheroid bodies, while in this study, JEG-3 cells were found to have
produced spheroids. The difference between the two studies may depend on the methodology
used to produce spheroids. The previous study used hanging drops, which is a simple and
inexpensive method to produce spheroid. However, it is difficult to change media, add drugs
and track the spheroid behaviour during formation (Achilli et al., 2012; Mehta et al., 2013).
In contrast, this study as explained before in (Section 2.9) used non-adherent flasks with a
cocktail of growth factors to induce spheroid formation. Furthermore, Grummer et al. 1994
reported the formation and properties of spheroids produced from the BeWo and JEG-3 cell
lines. The present study also prove the formation of spheroids from BeWo cells. 3-D culture
can be a useful model to studying the differentiation, attachment and invasion potential of

trophoblast.

Overall, the findings of this study indicate that, all four trophoblast cell lines are capable of
producing spheroids under non-adherent conditions and re-grow again under normal
conditions (See Section 4.2.3.1).

4.3.3  Generation of resistant spheroids from trophoblast and tumour cell lines

Spheroids were aggregated as clusters of cells, formed by self-assembly with the help of
growth factors and non-adherent culture flasks. Compared to 2-D cell monolayer cultures,
spheroidal 3-D models can closely replicate essential physiological conditions and in
vivo cellular responses to external motivations (Mehta et al., 2013). 3-D cultures offer many
physiological advantages for testing of drug delivery and toxicity, by allowing the study
about their in vivo metabolism in vitro. In addition, the cellular heterogeneity of spheroid

produced from 3-D culture can closely mimic the cell morphology in vivo as well as their
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functions such as proliferation, differentiation, gene expression, etc. However, 3-D cell
culture can be expensive for large-scale production and time consuming (Mehta et al., 2013).
Furthermore, the 3-D systems still lack the complex vascular systems which support tissues
in vivo for nutrients, oxygenation, and removal of waste (Edmondson et al., 2014). Cells
grown in this system perform these functions only by diffusion processes.

The drug-resistant spheroid bodies were generated using DOX. All concentrations above
1000 ng/ml of DOX showed reduced cell viability in all four trophoblast cell lines
(HTR8/SVneo, TEV-1, JEG-3 and BeWo). In addition, the small cells resulting from DOX
treatment did not revert back to a monolayer morphology, when cultured back into adherent
cell culture flasks. However, the spheroids produced from 250 and 500 ng/ml DOX were
larger in size and also reverted back into a monolayer upon growing in adherent cell culture
flasks. Similar results could be observed in the MCF-7 cell line. Nevertheless, the spheroids
produced by MCF-7 cells were bigger in size compared to the trophoblast cell lines.
Additionally, the DOX resistant spheroids generated from all four trophoblast cell lines were
smaller when compared with the non-treated spheroids. However, the DOX treatment did
not affect the ability of MCF-7 cell line to produce larger spheroids.

These preliminary results indicate that the trophoblast cells lines exhibit “stemness”
features in spheroid bodies, such as self-renewal, as they possessed the ability to re-grow
again under normal conditions. Although the MCF-7 cells treated with 1000 ng/ml of DOX
were able to produce small spheroids, considering a uniform selection criteria, 250 ng/ml
DOX treatment was selected as the optimum dose to generate drug resistant spheroids in all

five cell lines.

4.3.4  Characterization of stem cell markers by Immunofluorescence

The expression of transcription factors (such as SOX2, NANOG) that are associated with
“stemness” were clearly observed in all the cell lines used (under all conditions). In the case
of OCT4, there was no staining in parental (both DOX-treated and untreated) TEV-1, JEG-
3 and MCF-7 cells. On the other hand, both parental cells of HTR8/SVneo and BeWo have
shown immunofluorescence for OCT4. This shows OCT4 expression was cell lines
dependent for parental cells type. However, the presence of OCT4 in the spheroidal cells
generated from all trophoblast cells and MCF-7 suggests that these cell lines have

transformed into stem-like cells upon spheroid formation.

OCT4, SOX2 and NANOG form a core regulatory network that coordinates to determine
the self-renewal and differentiation of embryonic stem cells (ESCs) which can contribute to
tumorigenesis (Chang et al., 2008). Interestingly, the expression of OCT4, SOX2 and

NANOG in MCF-7 have already been reported by Ling et al. (2012) using
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immunohistochemistry. Likewise, Webber et al. (2013) have confirmed the expression of
SOX2, NANOG, and NOTCH1 in HTR8/SVneo spheroid cells. Although these findings
support the present finding partially, the data from Webber et al. (2013) have not shown the
expression of OCT4 in HTR8/SVneo spheroid cells and expressions in JEG-3 were not
reported. These differences may be attributed to the use of different antibodies, and
differences in the experimental procedure for producing spheroids.

However, the staining for the trophoblast transcription marker CDX2, was absent in the
spheroidal cells generated from all cell lines. Interestingly, staining for CDX2 was detected
in the parental cells of HTR8/SVneo and TEV-1. Since CDX2 is a specific trophoblast
transcription factor. This finding suggests that CDX2 is a sign of trophoblast lineage
derivation instead of a trophoblast stem cell differentiation. Jia et al. (2014) have shown
CDX2 overexpression in HTR-8/SVneo cells enhanced the cell invasion by promoting
MMP-9 expression and inhibiting TIMP-1 expression. The fact that the expression of CDX2
was lost in spheroidal cells was contradictory with Webber et al. (2013) investigation, where
they showed HTR8/SVneo and JEG-3 spheroid bodies expressed CDX2. These differences
may be attributed to the use of different antibodies. Additional, differences in the
experimental methods to produce spheroids such as hanging drop was used by Webber ef al.

(2013).

NOTCHI1 was detected in all four trophoblast cell lines (HTR8/SVneo, TEV-1, JEG-3 and
BeWo) and MCF-7 in both parental and spheroidal cells (DOX-treated and untreated).
NOTCH1 have been reported to be expressed in trophoblast stem cells and in differentiated
trophoblast cells, and has been associated with “stemness” properties such as stem cell self-
renewal (Sarikaya and Jerome-Majewska, 2011; Bolds et al., 2013). NOTCHI1 activity was
also associated positively with cancer growth or initiation of pro-tumorigenic activities in
breast cancer cell lines such as MCF-7 (Bol6s et al., 2013). Although the
expression/localisation of these factors are not clear in spheroidal cells (due to the spheroidal
nature), the parental cells show a clear cytoplasmic staining. Other studies using gastric
cancer cell lines have also shown the cytoplasmic and perinuclear distribution of these
factors (Liu et al., 2013).

Overall, both un-treated and DOX-treated spheroids showed positive staining for most of
these factors except CDX2. Since spheroidal cells are associated as clusters, they might have
complemented signals to each other, whilst monolayer cell cultures of parental cells may not
have these signals (Liu et al., 2013). Moreover, the culture medium used for spheroids
contained growth factors which may also contribute to the increased intensity of staining. It

should be noted that in immunofluorescence studies, the intensity of staining is not
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proportional to the expression levels. Especially in spheroidal cells, the staining intensity

was affected by the clustering nature of the cells.

4.3.5 Relative mRNA/protein expressions of stem cell markers

The relative mMRNA and protein expression level of each marker (OCT4, SOX2, NANOG,
CDX2 and NOTCH1) was compared between the different conditions used in this study.
Some comparisons showed a correlation between relative mRNA expression and protein
level (especially in MCF-7 cells), whereas others results did not show this correlation. The
reason for the mismatch correlation between mRNA and protein levels was not entirely
explainable. It may be that expression of mMRNAs are reciprocally reduced as a result of the
high levels of protein expression. Another potential reason is that the half-life of some
MRNA transcripts is extremely short due to RNA degradation. For data showing relatively
high levels of mMRNA compared to their protein counterpart; it can be argued that some
transcripts have an extremely long half-life (Wang et al., 2002; Yang et al., 2003) Either
way it is suggested that the correlation between transcript and protein level can be as little
as 40% for factors that have regulatory functions. This was also ascertained by
Schwanhausser et al. (2013) who argued that there is poor genome-wide correlations
between some mRNA and proteins, mainly between those factors involved in the regulation

of cell division and differentiation (Schwanhausser et al., 2013)

» OCT4
In this study, spheroids (DOX-treated and untreated) from four trophoblast cell lines
(HTR8/SVneo, TEV-1, JEG-3 and BeWo) and MCF-7 cells have shown an increase in the
protein expression of OCT4 compared with the parental cells conditions of these cell lines.
Similar results were observed in mMRNA expression of OCT4 under spheroid (treated and
untreated) when compared with the parental condition only in the JEG-3, BeWo and MCF-
7 cells. Li et al. (2012) recognized that SOX2 and OCT4 are associated with “stemness”
characteristics in cancer cells, therefore, they could lead to cells immortality, as well as self-
renewable and invasive properties of cancer cells. Different studies have confirmed that
OCT4 is responsible for the stemness properties and it is regulator expression and protects
embryonic stem cells in an undifferentiated state (Boyer et al., 2005; shi and Jin,
2010; Zhang et al., 2015). Therefore, the high expression of OCT4 in the spheroids in this

study suggests the “stemness” characteristic of these cells.
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» SOX2
SOX2 is an important transcription factor which is involved in many physiological processes
including normal and pathological development such as maintenance the pluripotency of
human ESC, and cancer (Liu et al., 2013: Wu et al., 2013).

In addition, it may have an essential role in trophoblast development. However, the role of
SOX2 in human ESCs is not fully understood (Adachi et al., 2010). SOX2 protein has been
implicated in many processes of cancer including proliferation, growth, cellular migration
and invasion, maintenance of the stemness of CSCs or TICs (tumour-initiating cells), and
chemo-resistance (Liu et al., 2013). It has been reported that the placenta contain a
population of multipotent stem cells which show expression of embryonic stem cells
markers, such OCT4 and SOX2 (Miki and Strom, 2006). This supports the present findings
which showed an increased protein expression of SOX2 in spheroids (DOX-treated and
untreated) in almost all trophoblast cell lines used. The increased expression of SOX2 in
spheroids also indicated its stem-like features. In addition, SOX2 expression in cancer cells
has been found to correlate with the invasiveness of several types of solid tumours, such as
breast cancer (Wu et al., 2013). It has been demonstrated that SOX2 was expressed in most
of the human breast cancer cell lines such as MCF-7, T-47D and MDA-MB-231 cell lines
(Chen et al., 2008). This agreed with current findings with SOX2 expressions in case of
MCEF-7 cells.

> NANOG
The transcription factors such as OCT4, SOX2 and NANOG have critical molecular
switches regulating ESC fate, which might also operate in renewing cancer stem cells. They
play a role in determining the self-renewal and differentiation of ESCs (Ling et al.,
2012). The current study shows NANOG protein expression was up-regulated in spheroids
(DOX-treated and untreated) in all cell lines indicating that they have self-renewal
properties. The mechanism of NANOG on stem cell pluripotency are still unknown
(Miyazawa et al., 2014). Previous findings by Siu et al. (2008) reported that the knock down
of the NANOG genes decreased mobility and invasion potential of trophoblast cells;
suggesting NANOG may be involved in the malignant progression of trophoblast especially
in the choriocarcinoma cell line JEG-3. The current study has shown that up-regulation of
NANOG is common during the spheroidal transformation of all trophoblast cell lines

suggesting NANOG expression may be linked to invasive properties (see Chapter 5).
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» CDX2

CDX2 plays an essential role during embryonic development and is involved in the processes
of intestinal cell proliferation, differentiation, adhesion, and apoptosis (Bai et al., 2003). It
is also a transcriptional regulator essential for the trophoblast lineage (Tolkunova et al.,
2006). However, the specific role of CDX2 in trophoblast invasion is still unclear; although
it has been shown that aberrant expression of CDX2 is associated with intestinal
inflammation and tumorigenesis (Coskun et al., 2011). The data from the current study have
shown that there was no significant difference in the protein expression levels of CDX2
during spheroidal transformation in all cell lines. This could be because the CDX2
expression is repressed and regulated by the high expression of pluripotent OCT4 and
NANOG transcription factors. The correlation of NANOG and OCT4 expressions to CDX2
expression level during specialisation of the pluripotent trophoblast stem cell TSC have also
been reported (Marchand et al., 2011). Interestingly there was a decrease in the protein
expression level of CDX2 under untreated spheroids compared to the parental cells in MCF-
7 cells. This may be due to the tumour suppressive role of CDX2 by inhibiting cell
proliferation (Saad et al., 2011).

» NOTCH1

NOTCHL1 plays important roles in many cellular processes, such as regulating proliferation,
cell fate determination, differentiation, cell death and cell type specification that is critical
for organogenesis (Zhao and Lin, 2012). It isassociated with “stemness” properties, as well
as with the differentiation of cancer stem cells (Prasad et al., 2009; Webber et al., 2013).
There was a clear IF staining of NOTCH1 observed in four trophoblast cell lines under
different conditions. However, the protein expression of NOTCH1 was decreased in
spheroidal cells (both DOX-treated and untreated) compared to parental cells in four
trophoblast cell lines. A previous study has also reported NOTCH1 expression in both
trophoblast stem cells and in differentiated trophoblast cells (Sarikaya et al., 2011).
However, the result from this study in the case of spheroidal cells was not as expected.
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4.4 Conclusions

The data from this chapter showed the ability of four trophoblast cell lines (HTR8/SVneo,
TEV-1, JEG-3 and BeWo) to produce spheroids under 3-D culture. Re-grown under normal
conditions, they were able to produce monolayer of cells. Overall, the data in this study
suggest that compared to parental cells there was an increased protein expression of stem
cell markers (such as OCT4, SOX2 and NANOG) in spheroidal cells (DOX-treated and
untreated); as they are required to maintain the stemness properties. Moreover, the positive
staining for these factors could provide evidence that the spheroids generated from four
trophoblast cell lines possess “stem-like cells” characteristics. The data suggests that these

cells could be used as an in vitro model representing physiologically rapidly dividing cells.
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Understanding the cellular

behaviour of spheroidal cells derived
from trophoblast and tumour cell lines
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5.1 Introduction

Uncontrolled cell proliferation along with cell invasion is important for aggressive tumour
metastasis (Curran and Murray, 2000). Interestingly, during development of the human
placenta, the trophoblast cells share some properties with tumour cells; for instance,
differentiation, rapid proliferation, the ability to invade the surrounding tissue (including the
basement membrane), migration and formation of new blood vessels (or angiogenesis)
(YYagel et al., 1988). During the first trimester of pregnancy, extra-villous trophoblast cells
invade into the maternal spiral arteries and into the uterine wall, which is essential for foetal
development and normal pregnancy. Normally, the invasion of trophoblasts is controlled by
several cellular interactions and/or molecular events such as extracellular matrix
degradation, trophoblast differentiation and transcriptional regulation (Goldman-Wohl and
Yagel, 2002). However, pre-eclampsia is characterized by shallow, insufficient trophoblast
invasion, which leads to unmodified narrow spiral arteries and results in foetal hypoxia. This
causes endothelial damage and finally leads to maternal symptoms such as hypertension,
oedema, and proteinuria (Goldman-Wohl and Yagel, 2002). Interestingly, in the early 18"
Century, John Beard (1911) developed the idea that the trophoblast can be used as an ideal
model for cancer, to study the regulation of cell growth and differentiation, as well as
invasion. Therefore, a better understanding of all aspects of trophoblast invasion may result
in the development of new therapies to treat diseases of pregnancy associated with over (such
as choriocarcinoma) or under invasion (e.g. PE) (Graham and Lala, 1992). Furthermore, the
understanding of trophoblast invasion may not only pave the way to unravel the molecular
mechanisms involved in metastatic tumour cells, but also lead to identification of new
therapeutic targets for inhibiting proliferation and invasion (Anin et al., 2004: Holtan et al.,
2009).

In order to understand tumour development, spheroid models have been used to understand
the inter-relationship between tumour and endothelial cells (Oudar, 2000). These models
have been used to study aspects such as wound healing, invasion, metastasis and
angiogenesis. According to Oudar (2000), spheroid cells are powerful tools that reflect the
degree of complexity and tumourigenicity in vivo when compared with monolayer cells.
Grummer et al. 1994 reported the formation and properties of spheroids produced from the
BeWo and JEG-3 cell lines. However, the invasive properties of these spheroids were not

investigated.
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To the best of the author’s knowledge, this is the first study which shows the invasive

properties of spheroids formed from trophoblast cell lines.

The present study aims to generate spheroids and characterise “stem-like cells” from
transformed trophoblast cell lines (HTR8/SVneo, TEV-1) and trophoblast choriocarcinoma
cells (JEG-3, BeWo) and MCF-7 cells. This comparative analysis of the migration and
invasive potentials of parental and spheroidal cells was carried out to understand the
behaviour of the spheroids produced from cells of trophoblast cells.
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5.2 Results

The wound healing (scratch) assay was carried out at first, followed by invasion assays using
2-D matrigel and by 96 well 3-D spheroid BME. As mentioned in Section 2.12-2.14 assays
were performed on both the parental cells from 2-D adherent flasks in DOX-treated and
untreated conditions, along with the spheroids selected by using 3-D culture with or without

DOX-treatment. The results are described below.

5.2.1 Invitro cell migration by scratch/wound healing assay

This assay was carried out to study the migration potential of transformed trophoblast cell
lines (HTR8/SVneo and TEV-1), choriocarcinoma cell lines (JEG-3 and BeWo) and MCF-
7, amongst parental DOX-treated and untreated, spheroids DOX-treated and untreated, each
at 24 and 48 hours. Spheroids were used after being harvested from non-adherent flasks and
disrupted by trypsin for plating into adherent 24 well plates under normal growth conditions
before migration (as described in Section 2.12). WimScratch/Wimasis® software was used
to analyse all confocal images, to calculate percentage wound closure. The experiment was
repeated three times in quintuplicates. A two-way ANOVA followed by Tukey's post-hoc
test was performed for multiple comparisons between: (a) parental untreated cells versus
parental DOX-treated, (b) parental untreated cells versus spheroid untreated cells, (c)
spheroid untreated versus spheroid DOX-treated cells and (d) parental DOX-treated cells

versus spheroid DOX-treated cells.

5.2.2.1 Migration of transformed trophoblast cell lines

According to Figure 5.1, the HTR8/SVneo parental cells have covered 75% of the area at 24
hours, and at 48 hours cells covered almost 95% of the scratch area. In the case of the DOX-
treated parental cells, almost 98% of wound closure was observed at 24 hours and a gradual
decrease to 80% was observed at 48 hours. Therefore, DOX showed an inhibitory effect on
the cell migration only after 48 hours of HTR8/SVneo cells [Figure 5.1, Panel A (red arrow)].
In the case of untreated spheroids, wound closure of 45% was observed at 24 hours which
was increased to 98% at 48 hours. In contrast, the DOX-treated spheroid covered 55% of the
area in 24 hours and decreased to 49% of the area in 48 hours [Figure 5.1, Panel A (white
arrow)].

At 24 hours, there was a significant increase in wound closure in parental cells (both DOX-
treated and untreated) compared to their spheroidal cell counterparts (p<0.01). Likewise, a
significant increase in wound closure was observed in untreated spheroids versus DOX-
treated spheroids at 48 hours (p<0.01) (Figure 5.1, Panel B).
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Figure 5.1: Migration of the HTR8/SVneo cell line.

Panel A: Represents the percent (%) wound closure at 0, 24 and 48 hours. The red arrow is
pointing to the delayed effect of DOX on parental cells under treated conditions. The white
arrow shows the effect of DOX on spheroidal cells. Panel B: Represents the quantitative
analysis of wound closure using WimScratch/Wimasis® at 24 and 48 hours. Statistical
significance was determined using a two-way ANOVA followed by Tukey's test for multiple
comparisons between each condition. Data represent the mean £SEM of three individual
experiments, each performed in quintuplicate (**p<0.01).

150



Chapter 5: spheroidal behaviour study

In the case of TEV-1 cells, untreated parental cells covered almost 100% of the scratch area
within 48 hours. In contrast, when the parental cells were treated with DOX at 24 hours the
closure was found to be 98%. Interestingly, the wound re-opened and showed only 86%
healing at 48 hours [see Figure 5.2, Panel A (red arrow)].

The migration of untreated spheroids was 90% at 24 hours and increased to 100% at 48
hours. The migration of DOX-treated spheroids covered around 55% at 24 hours and the
covered area was reduced to 40% at 48 hours, which shows limited migration even after 48

hours [Figure 5.2, Panel A (white arrow)].

There was a significant increase in wound closure in the case of DOX-treated parental versus
DOX-treated spheroids. Similarly, there was an increase in wound closure between untreated
spheroids and DOX-treated spheroids at 24 and 48 hours (p<0.0001). At 48 hours, a
significant increase in wound closure was observed between untreated parental and DOX-
treated parental (p<0.01) (Figure 5.2, Panel B).

151



Chapter 5: spheroidal behaviour study

A) 0 hour 24 hours 48 hours

Parental
untreated

Parental
DOX- treated

Spheroids
untreated

Spheroids
DOX-treated

B) TEV-1
150
Il Parental untreated
*%* *kk*k

EN Fekkk E=1 Parental DOX-treated
g 100 - E= Spheroids untreated
3 oo W Spheroids DOX-treated
© o
2 :
S 50 -
O ::
= o =

0. ] e

Vv

Time (hours)

Figure 5.2: Migration of the TEV-1 cell line.

Panel A: Represents the percent (%) wound closure at 0, 24 and 48 hours. The red arrow is
pointing to the delayed effect of DOX on parental cells under treated conditions. The white
arrow shows the effect of DOX on spheroidal cells. Panel B: Represents the quantitative
analysis of wound closure using WimScratch/Wimasis® at 24 and 48 hours. Statistical
significance was determined using a two-way ANOVA followed by Tukey's test for multiple
comparisons between each condition. Data represent the mean £SEM of three individual
experiments, each performed in quintuplicate (****p<0.0001; **p<0.01).
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5.2.2.2 Migration of choriocarcinoma cell lines

Figure 5.3, Panel A, shows that the parental cells of JEG-3 covered 77% of the scratch wound
area at 24 hours which was increased to 89% at 48 hours. A similar trend was observed for
the DOX-treated parental cells, which covered almost 81% of the scratch area at 24 hours.
However, the wound healed area was decreased to 61% at 48 hours [See Figure 5.3, Panel
A (red arrow)]. In untreated spheroidal cells, the covered area remained 81% at 24 hours,
but at 48 hours healing showed a slight increase to 85% in covered area. In the case of
spheroidal cells under DOX treatment the covered area was 60% at 24 hours. Again like
DOX-treated parental cells, at 48 hours, the cell covered area was reduced to 55% [See
Figure 5.3, Panel A (white arrow)].

There was a significant reduction in the covered area of DOX-treated spheroids compared
to both (a) DOX-treated parental (p<0.01) and (b) untreated spheroidal cells (p<0.01) at 24
hours. Moreover, there was a significant increase in wound closure of untreated parental
versus DOX-treated parental cells (p<0.01). Likewise, the wound closure in untreated
spheroidal cells was higher than in DOX- treated spheroids cells (p<0.0001) at 48 hours (See
Figure 5.3, Panel B).
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Figure 5.3: Migration of the JEG-3 cell line.

Panel A: Represents the percent (%) wound closure at 0, 24 and 48 hours. The red arrow is
pointing to the delayed effect of DOX on parental cells under treated conditions. The white
arrow shows the effect of DOX on spheroidal cells. Panel B: Represents the quantitative
analysis of wound closure using WimScratch/Wimasis® at 24 and 48 hours. Statistical
significance was determined using a two-way ANOVA followed by Tukey's test for multiple
comparisons between each condition. The data is a mean representative of three individual
experiments each for two different passages performed in quintuplicate (n=3xSEM;
****pn<0.0001; **p<0.01).
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In the case of BeWo cells, the untreated parental cells covered around 71% of the scratch
area at 24 hours. At 48 hours it was increased to 80%. Whilst, DOX-treated parental cells
covered 85% of the area at 24 hours, which was then decreased to 63% at 48 hours [see
Figure 5.4, Panel A (red arrow)]. In the case of untreated spheroids, at 24 hours the cell
covered area was 55% and this increased to 60% at 48 hours. On the other hand, in the DOX-
treated spheroidal cells, the covered area at 24 hours was 45% and this decreased to 36% at

48 hours [see Figure 5.4, Panel A (white arrow)].

Overall, the cell migration was reduced in DOX-treated spheroidal cells compared to DOX-
treated parental cells (p<0.001) at 24 hours. There was a significant increase in untreated
parental cells compared to both DOX-treated parental cells and untreated spheroids
(p<0.05). However, a significant reduction in cell migration was also observed in DOX-
treated spheroidal cells compared to both untreated spheroidal cells and DOX-treated

parental cells (p<0.01). (See Figure 5.4, Panel B).
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Figure 5.4: Migration of the BeWo cell line.

Panel A: Represents the percent (%) wound closure at 0, 24 and 48 hours. The red arrow is
pointing to the delayed effect of DOX on parental cells under treated conditions. The white
arrow shows the effect of DOX on spheroidal cells. Panel B: Represents the quantitative
analysis of wound closure using WimScratch/Wimasis® at 24 and 48 hours. Statistical
significance was determined using a two-way ANOVA followed by Tukey's test for multiple
comparisons between each condition. Data represent the mean £SEM of three individual
experiments, each performed in quintuplicate (***p<0.001; **p<0.01;*p<0.05).

156



Chapter 5: spheroidal behaviour study

5.2.2.3 Migration of MCF-7 tumour cells

In the case of MCF-7cells, the parental MCF-7 cells covered 63% of the wound at 24 hours,
and at 48 hours this was slightly increased to 69%. In DOX-treated parental MCF-7, the cell
covered area observed was 70% at 24 hours. A slight increase to 73% in wound closure was
observed at 48 hours [Figure 5.5, Panel A (red arrow)].

The wound closure observed in untreated spheroids cells at 24 and 48 hours, were 55% and
58% respectively. In the case of DOX-treated spheroidal MCF-7 cells, the cells covered area
was 58% at 24 hours and this was slight decreased to 50% at 48 hours [Figure 5.5, Panel A

(white arrow)].

There was a significant increase in wound closure in parental cells (both DOX-treated and
untreated) compared to their spheroidal cell counterparts at 24 and 48 hours. Moreover, the
wound closure in DOX-treated parental cells was faster than DOX-treated spheroids (See
Figure 5.5, Panel B).
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Figure 5.5: Migration of the MCF-7cell line

Panel A: Represents the percent (%) wound closure at 0, 24 and 48 hours. The red arrow is
pointing to the delayed effect of DOX on parental cells under treated conditions. The white
arrow shows the effect of DOX on spheroidal cells. Panel B: Represents the quantitative
analysis of wound closure using WimScratch/Wimasis® at 24 and 48 hours. Statistical
significance was determined using a two-way ANOVA followed by Tukey's test for multiple
comparisons between each condition. Data represent the mean £SEM of three individual
experiments, each performed in quintuplicate (**p<0.01; *p<0.05).
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5.2.2  Cell invasion Assay

The cell migration assay was followed by an invasion assay using BD Falcon ™ BioCoat
tumour invasion plates as explained in Section 2.13. This experiment was carried out to study
the invading capacity of cells by comparing the number of cells invaded under different
conditions. In this present study, spheroid cells which have a total diameter above 8.0 um
were involved. Therefore, the spheroids were disintegrated by using trypsin into single cells
before performing the invasion assay. Image J software analysis was used to analyse the
images taken using Olympus microscope of the bottom coated membrane. As in the
migration assay, the invasion capacity of cells was compared between (a) untreated parental
versus DOX-treated parental; (b) untreated parental versus untreated spheroidal cells; (c)
untreated spheroidal versus DOX-treated spheroid and (d) DOX-treated parental versus
DOX-treated spheroidal cells. This comparisons were performed by using a one-way
ANOVA followed by Tukey's post-hoc test for multiple comparisons. Micrographs obtained
from the cell invasion study, together with the quantitative analysis of number of cells
invaded and percentage of cell invasion are given in Figures 5.6 to 5.10. The number of cells

invaded and percentage of cells invasion were two different methods to calculate this
property.

5.2.2.1 The invasion of transformed trophoblast cell lines

Both the transformed cell lines, HTR8/SVneo and TEV-1, were initially analysed for their
invasive capacity. HTR8/SVneo cells showed a higher invasion capacity in untreated
spheroids compared to other conditions of this cells. Moreover, there was also a significant
increase in the number of cells invaded by untreated parental compared to DOX-treated
parental cells (p<0.05). There was a highly significant increase in the number of untreated
spheroid cells invaded compared to all other cells/treatments (See Figure 5.6, Panel A and
B). However, the percentage invaded of untreated spheroidal cells (that cell invasion in
comparison to migration) was significantly lower than untreated parental and DOX-treated
spheroidal cells (p<0.05) (See Figure 5.6, Panel C).
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Figure 5.6: HTR8/SVneo invasion.

Panel A: Represents the number of HTR8/SVneo cells invaded at 24 hours. Image was taken
of the bottom coated membrane using an Olympus fluorescence microscope. Objective
magnification 20X (Scale bar = 100 um). Panel B: Represents the quantitative analysis of
number of cells invaded using ImageJ and Graphpad software. Panel C: Represents the
percentage of invasion calculated using the formula described in Section 2.13. The white
bold arrow and glowing arrow are pointing towards parental invaded cells and invaded
spheroids respectively. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean +SEM of three
individual experiments, each performed in quintuplicate (****p<0.0001; *p<0.05).

In the case of TEV-1 cells (see Figure 5.7, Panel A and B), there was a highly significant
increase in the number of cells invaded by untreated spheroids compared to both untreated
parental (p<0.0001) and DOX-treated spheroids (p<0.05). In addition, there was a significant
reduction in the number of cells invaded by DOX-treated parental compared to DOX-treated
spheroidal cells (p<0.05). However, there was no statistically significant increase in the
percentage invasion under all conditions except in untreated parental versus DOX-treated
parental cells (p<0.05) (Figure 5.7, Panel C).
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Figure 5.7: TEV-1 invasion.

Panel A: Represents the number of TEV-1 cells invaded at 24 hours. Image was taken of the
bottom coated membrane using an Olympus fluorescence microscope. Objective
magnification 20X (Scale bar = 100 um). Panel B: Represents the quantitative analysis of
number of cells invaded using ImageJ and Graphpad software. Panel C: Represents the
percentage of invasion calculated using the formula described in Section 2.13. The white
bold arrow and glowing arrow are pointing towards parental invaded cells and invaded
spheroids respectively. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean +SEM of three
individual experiments, each performed in quintuplicate (****p<0.0001; *p<0.05).

5.2.2.2 The invasion of choriocarcinoma cell lines

Figure 5.8, Panels A and B, represent the invasion by JEG-3 cells. The data were similar to
TEV-1 cells. There was a highly significant increase in the number of cells invaded by
untreated spheroid compared to both untreated parental cells and DOX- treated spheroids
(p<0.0001). Moreover, there was a significant reduction in the number of cells invaded by
DOX-treated parental compared to DOX-treated spheroid cells (p<0.01) (See Figure 5.8,
Panel A and B). There was no statistically significant increase in the percentage invasion
under all conditions except in untreated parental verses DOX-treated parental cells (p<0.05)
(See Figure 5.8, Panel C).

In the BeWo cell line (see Figure 5.9, Panel A and B), there was only a significant increase
in the number of cells invaded in untreated spheroids compared to untreated parental cells

(p<0.05). The percentage of invasion followed the same pattern (See Figure 5.9, Panel C).
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Figure 5.8: JEG-3 invasion.
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Panel A: Represents the number of JEG-3 cells invaded at 24 hours. Image was taken of the

bottom coated membrane using an Olympus fluorescence microscope.

Objective

magnification 20X (Scale bar = 100 um). Panel B: Represents the quantitative analysis of
number of cells invaded using ImageJ and Graphpad software. Panel C: Represents the
percentage of invasion calculated using the formula described in Section 2.13. The white
bold arrow and glowing arrow are pointing towards the parental invaded cells and invaded
spheroids respectively. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean +SEM of three

individual experiments, each performed in quintuplicate (****p<0.0001;

*p<0.05).

**p<0.01;
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Figure 5.9: BeWo invasion.

Panel A: Represents the number of BeWo cells invaded at 24 hours. Image was taken of the
bottom coated membrane using an Olympus fluorescence microscope. Objective
magnification 20X (Scale bar = 100 um). Panel B: Represents the quantitative analysis of
number of cells invaded using ImageJ and Graphpad software. Panel C: Represents the
percentage of invasion calculated using the formula described in Section 2.13. The white
bold arrow and glowing arrow are pointing towards the parental invaded cells and invaded
spheroids respectively. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean £SEM of three
individual experiments, each performed in quintuplicate (n=; *p<0.05).

5.2.2.3 The invasion of MCF-7 cell line

In MCF-7 cells, there was a significantly higher number of cells invading in spheroids
(untreated and DOX-treated) compared to parental cells (untreated and DOX-treated).
Moreover, there was a significant reduction in the number of cells invaded by DOX-treated
parental cells compared to DOX-treated spheroidal cells (p<0.0001) (See Figure 5.10, Panel
A and B). The percentage of invasion showed a statistically significant increase between
parental cells (both DOX-treated and untreated) compared to their spheroidal cell
counterparts (p<0.01) (See Figure 5.10, Panel C).
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Figure 5.10: MCF-7 invasion.

Panel A: Represents the number of MCF-7 cells invaded at 24 hours. Image was taken of
the bottom coated membrane using an Olympus fluorescence microscope. Objective
magnification 20X (Scale bar = 100 um). Panel B: Represents the quantitative analysis of
number of cells invaded using ImageJ and Graphpad software. Panel C: Represents the
percentage of invasion calculated using the formula described in Section 2.13. The white
bold arrow and glowing arrow are pointing towards the parental invaded cells and invaded
spheroids respectively. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean of three
individual experiments, each performed in quintuplicate (n=3+SEM; ****p<0.0001;
***p<0.001; **p<0.01).

5.2.3  3-D Spheroid BME cell invasion assay
3-D Spheroid BME cell invasion assays were carried out to compare the invasive potential
of untreated and DOX-treated spheroidal cells. ImageJ software was used to analyse all

confocal images, to measure changes in the invasion area at 12, 24 and 48 hours.

5.2.3.1 3-Dinvasion by spheroids produced from transformed trophoblast cell lines

In HTR8/SVneo cells, there was a significant increase in invasion potential observed for
untreated spheroid compared to DOX-treated spheroids (see Figure 5.11). The significance
was proportional with time. At 12 hours, there was no significant difference in the invasion
capacity between untreated and DOX-treated spheroids. On the other hand, a significant

increase was observed in invasion capacity of the cells at 24 and 48 hours.
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This pattern of invasion was also noticed in the TEV-1 cell line. Untreated spheroids showed
significant increases in invasion area compared to DOX-treated spheroids at 24 and 48 hours.
In both transformed trophoblast cell lines (HTR8/SVneo and TEV-1), the size of the
untreated spheroids were found to be larger than DOX-treated spheroids. Furthermore, a
polygonal morphology with stretched protrusions was formed by the cells, which was clear
in the untreated spheroid condition (See Figure 5.11 and 5.12, Panel A). In untreated
spheroids invasion increased with time but these invasive characteristics were minimal (at

24 and 48 hours) or absent (at 12 hours) in DOX-treated spheroids. See Figure 5.11 and 5.12,
Panel B).
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Figure 5.11: Invasion potential of untreated and DOX-treated spheroids of
HTR8/SVneo.

Panel A: Represents images of invasion pattern of HTR8/SVneo untreated and DOX-treated
spheroidal cells using confocal microscopy. Objective magnification=10X. Panel B:
Represents the quantitative analysis of invasion area of untreated and DOX-treated
spheroidal cells using ImageJ and Graphpad software. White bold arrow indicates active
protrusions from spheroid untreated, which was clearer than in spheroid DOX-treated.
Statistical significance was determined using two-way ANOVA followed by Sidak's
multiple comparisons test performed to compare invasion area between untreated and DOX-
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treated spheroids at different times. Data represent the mean +SEM of three individual
experiments, each performed in quintuplicate (****p<0.0001; **p<0.01).
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Figure 5.12: Invasion potential of untreated and DOX-treated spheroids of TEV-1.

Panel A: Represents images of invasion pattern of TEV-1 spheroids untreated and DOX-
treated cells using confocal microscopy. Objective magnification=10X. Panel B: Represents
the quantitative analysis of invasion area of untreated and DOX-treated spheroid cells using
ImageJ and Graphpad software. White bold arrow indicates active protrusions from spheroid
untreated, which was clearer than in spheroid DOX-treated. Statistical significance was
determined using two-way ANOVA followed by Sidak's multiple comparisons test
performed to compare invasion area between untreated and DOX-treated spheroids at
different times. Data represent the mean +SEM of three individual experiments, each
performed in quintuplicate (***p<0.001; **p<0.01).

5.2.3.2 3-D invasion by spheroids produced from choriocarcinoma cell lines

Both choriocarcinoma cell lines (JEG-3 and BeWo) were developed from trophoblast
tumours. The size of the untreated spheroids were found to be larger than that of transformed
trophoblast cells (See Figures 5.13 and 5.14, Panel A respectively). In the case of JEG-3

cells, there was a significant increase in invasion potential observed in untreated spheroids
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compared to DOX-treated spheroids at 12, 24 and 48 hours. However, the DOX-treated
spheroids from JEG-3 cells only produced a collection of spheroid like bodies without any
invasive properties (see Figure 5.13, Panel B). Similarly, in BeWo cells, the untreated
spheroids showed a higher invasion potential than DOX-treated spheroids at 12, 24 and 48
hours (See Figure 5.14, Panel B). In contrast, the DOX-treated cells failed to produce any
effective spheroids. In both choriocarcinoma cell lines (JEG-3 and BeWo), the size of the

untreated spheroids were found to be larger than the DOX-treated spheroids.

A)
0 hour 12 hours 24 hours 48 hours

Spheroid

Spheroid treated

JEG-3
250000 -
*k*k
“E 200000 e ® -®- Spheriod
=2 *;‘, FE -B- Spheriod treated
T 150000 sy ™
= -
© i -
= >
§ 100000+ r
& *
S so000 ®
£
----------- ]
0 m------ | o -a
T T T T
0 12. 24. 48.

Time (hours)

Figure 5.13: Invasion potential of untreated and DOX-treated spheroids of JEG-3.

Panel A: Represents images of invasion pattern of JEG-3 spheroids untreated and DOX-
treated cells using confocal microscopy. Objective magnification=10X. Panel B: Represents
the quantitative analysis of invasion area of spheroid untreated and DOX-treated cells using
ImageJ and Graphpad software. White bold arrow indicates active protrusions from spheroid
untreated, which was clearer than in spheroid treated. Statistical significance was determined
using two-way ANOVA followed by Sidak's multiple comparisons test performed to
compare invasion area between untreated and DOX-treated spheroids at different times. Data

represent the mean +SEM of three individual experiments, each performed in quintuplicate
(***p<0.001).
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Figure 5.14: Invasion potential of spheroids untreated and DOX-treated of BeWo.

Panel A: Represents images of invasion pattern of BeWo spheroids untreated and DOX-
treated cells using confocal microscopy. Objective magnification=10X. Panel B: Represents
the quantitative analysis of invasion area of spheroid untreated and DOX-treated cells using
ImageJ and Graphpad software. White bold arrow indicates active protrusions from spheroid
untreated, which was clearer than in spheroid DOX-treated. Statistical significance was
determined using two-way ANOVA followed by Sidak's multiple comparisons test
performed to compare invasion area between untreated DOX-treated spheroids at different
times. Data represent the mean £SEM of three individual experiments, each performed in
quintuplicate (***p<0.001; **p<0.01).

5.2.3.3 3-D invasion by spheroids produced from adenocarcinoma breast cancer cell
line.

In MCF-7 cells, untreated and DOX-treated spheroids remained as cell aggregates and did

not invade into the surrounding invasion matrix. It has failed to produce effective spheroids

in 3-D culture. The analysis showed no significant difference in invasion potential of

untreated and DOX-treated spheroids. It was also evident in the micrographs that the
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spheroids had failed to produce a polygonal morphology or an even network structure (See
Figure 5.15, Panel A and B).

A)
0 hour 12 hours 24 hours 48 hours

=

o

7]

=

[=3

n

T

2

©

@

=

3

[=]

S

7]

=

Q.

n

MCF-7
B)
150000 -
-®- Spheriod
1000004 -M- Spheriod treated

; ------ & - _i ----- ]
s0000{ W 7777 i

Invasion area (um?)

Time (hours)

Figure 5.15: Invasion potential of untreated and DOX-treated spheroids of MCF-7.

Panel A: Represents images of invasion pattern of MCF-7 spheroids untreated and DOX-
treated cells using confocal microscopy. Objective magnification=10X. Panel B: Represents
the quantitative analysis of invasion area of spheroid untreated and DOX-treated cells using
ImageJ and Graphpad software. White bold arrow indicates active protrusions from spheroid
untreated, which was not pronounced in DOX-treated spheroids). There was no statistically
significant difference determined by using two-way ANOVA followed by Sidak's multiple
comparisons test performed to compare invasion area between untreated and DOX-treated
spheroids at different times. Data represent the mean +SEM of three individual experiments,
each performed in quintuplicate.
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53 Discussion

Successful placental implantation requires distinct cellular functions including attachment,
migration and invasion of EVTs into the uterine endometrium (Norwitz et al., 2001).
Reduced or aggressive invasion can cause gestational complications such as placental
accreta (or choriocarcinoma) and PE or intrauterine growth restriction (IUGR) respectively
(Graham and Lala, 1992). Spheroids produced from 3-D cultures are a useful method to
investigate the physiological events such as wound healing, invasion and metastasis (Oudar,
2000). Therefore, the aim of this chapter was to investigate and comparatively analyse the
invasive potentials of parental and spheroidal cells from transformed trophoblast
(HTR8/SVneo and TEV-1), choriocarcinoma cell lines (JEG-3 and BeWo) and MCF-7 cell

line.

5.3.1 Invitro cell migration analysis using scratch /wound healing assay

Migration is a key property of living cells and plays a critical role in embryonic development,
immune response, vascular morphogenesis and tissue repair (Kramer et al., 2011). Many
pathological processes, such as cancer metastasis and inflammation, also involve cell
migration (Kramer et al., 2011). Wound healing assays are suitable methods for studying the
effects of cell-to-matrix and cell-to-cell interactions during migration (Liang et al., 2007).
It is a simple, common and economical technique for studying cell migration in vitro.
Therefore, it is an important and useful tool in biomedical research such as cancer biology
and cell biology (Jain et al., 2012). In fact, the comparative study of migratory behaviour of
malignant cells and non-malignant trophoblast cells can shed light onto the prognosis of
tumour metastasis (Kramer et al., 2011). The present study, combines 3-D and 2-D cell

culture techniques by producing spheroids to mimic the in vivo situation.

5.3.1.1 Migration of transformed trophoblast cell lines

HTR8/SVneo cell line has been previously used to study cell adhesion and migration
(Hannan, 2010). The results explained herein showed that the migration of HTR8/SVneo
parental cells was increased at 24 and 48 hours. As there was no treatment given to the
parental cells, they may have proliferated and migrated at normal speed. In contrast,
migration was greater in HTR8/SVneo DOX-treated parental than untreated parental cells at
24 hours. However, the wound re-opened at 48 hours. This could be because 250 ng of DOX
may have showed a delayed inhibitory effects on the cell migration. DOX has been reported
to develop resistance in tumour cells, and toxicity in healthy tissues and cells (Gajewski,
2007). Therefore, DOX maybe producing delayed anoikis in these cells by disrupting their
contact with the ECM as explained by Gilmore (2005). Interestingly, the rate of migration in
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untreated spheroids was higher at 48 hours. Spheroidal cells migrate faster than the parental
cells. Since spheroids, act like solid tumours in vivo, the observed high migration by
spheroidal cells may be due to their deregulated proliferation and an uncontrolled speed of
migration (Ferretti et al., 2007). However, DOX-treated spheroidal cells showed a lower rate
of migration than untreated spheroids at 48 hours. Furthermore, the monolayers produced by
the spheroidal cells have the ability to re-grow under normal conditions, as clusters which
are different from the normal cell monolayers [see section 4.2.3.2, Figures 4.6 to 4.10 Panel
D (chapter 4)]. This might have affected the migration of spheroidal, especially DOX-treated
cells.

The migration of parental TEV-1 cells increased and covered almost 100% of the wound
area within 24 and 48 hours. This could suggest a high proliferative and migratory capacity
of these cells. In contrast, after treating with DOX, the wound initially healed well (95% by
24 hours), but re-opened by 48 hours. This may suggest that DOX produces delayed anoikis
in these cells by disrupting their contact with the ECM (Gilmore, 2005), and also affects the
proliferation or migration of the cells (Denard et al., 2012).

Data from this study showed that spheroids derived from TEV-1 show high migration and
covered most of the scratch area at 24 and 48 hours. However, DOX-treated spheroid cells
showed a lower rate of migration at 48 hours, perhaps because of DOX mediated effects on

spheroidal migration speed, as these cells are plated as single cells and grow as monolayers.

5.3.1.2 Migration of choriocarcinoma cell lines

The migration of JEG-3 parental cells showed the wounds healed within 48 hours. However,
after treating with DOX, the wound healing increased at 24 hours, interestingly, the wound
re-opened at 48 hours. This reduction in wound covered area by the DOX indicates an effect
of DOX on proliferation or migration of these cell. There was a slight increase in wound
covered area in untreated spheroids. In contrast, the migration was slightly decreased in
DOX-treated spheroids at 48 hours compared to 24 hours. In BeWo cells, the migration of
parental cells was increased at 48 hours. This may be due to the slow growing nature of the
BeWo cell line (Aplin et al., 1992). Since the cells are slow growing, the syncytial nature of
the cell was unpredictable and as a result the scratch was not 100% covered. However, in
parental DOX-treated cells the wound covered area was increased at 24 hours but decreased
at 48 hours. This may be due to the slow effects of DOX. Untreated spheroids showed
increased wound coverage at 48 hours. Overall, the wound healing of transformed
trophoblast cells in both parental untreated and spheroids cells showed higher wound

coverage than placental choriocarcinoma cell lines. This unexpectedly reduced rate of
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wound healing in JEG-3 and BeWo cells may be due to the fact that these cell lines (despite
having originated from choriocarcinoma), have a syncytial-like morphology. That is, they
both grow in clusters of cells and migrate as sheets or clumps. Therefore, difference in cell
motility cannot be observed as in transformed trophoblast cells.

5.3.1.3 Migration of MCF-7 tumour cell line.

The increase of cell covered area in the parental MCF-7 cell experiments was lower than for
the trophoblast cell lines. The parental MCF-7 under DOX-treated condition, showed no
significant change in cell covered area at 24 and 48 hours. This may be because the cells
develop resistance to DOX over several sub-culture. Although the speed of migration of
DOX-treated parental cells was low, the wound showed no signs of “re-opening” as in
transformed trophoblast cells. Therefore, it is possible that the effects of DOX are somewhat
resisted by the transformed trophoblast cells until 24 hours. However, long term exposure of
DOX would have disrupted the cell-to-ECM contact. This phenomenon was not shown in
MCEF-7.

DOX is an anthracycline antibiotic which can inhibit cell proliferation and induce apoptosis
in tumour cells (Wang et al., 2004). Despite the fact that DOX is an active drug for breast
cancer therapy and the best effect is only seen when used in combination of
cyclophosphamide, Adriamycin, 5-Fluorouracil (CAF) (Czeczuga-Semeniuk et al., 2004).
Ciftci and colleagues (2003), have demonstrated that DOX can inhibit cell proliferation up
to 70-80% in 24 hours in the MCF-7 cell line regardless of concentration. There was no
significant change observed in covered area by spheroids at 24 and 48 hours. DOX-treated
spheroids of MCF-7 showed there was a slight increase in wound coverage at 48 hours
compared to 24 hours, which may be due to the delayed effect of DOX. Studies by
Bartholoma and colleagues, (2005) have demonstrated that spheroids of breast cancer cell

lines (mainly MCF-7) can be used to study the cytotoxic effects of different drugs.

5.3.2  Cell invasion Assay
This assay is designed to monitor cell invasion by using the BD Falcon™ BioCoat tumour
invasion system. This assay kit contains a FluoroBlok™ 96 well insert plate with a
membrane (8.0 um pore size). This membrane is coated with matrigel matrix that only allows
single cells to pass. However, in this present study, spheroids which have a total size greater
than 8.0 um were involved. Therefore, the spheroids were dispersed using trypsin into single
cells before performing the invasion assay. Also, in order to differentiate cell migration from
invasion the experiment was duplicated in a control migration plate with a porous membrane.

Hence, the migration plate will only measure the number of cells travelling through this
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porous membrane. On the other hand, the cell invasion assay monitors the cell movement
through the matrigel (Kramer et al., 2013). The quantitation of this assay is achieved by pre-
labelling cells with a fluorescent dye as only labelled cells passing through the matrigel can
be detected.

5.3.2.1 2-D Invasion by transformed trophoblast cell lines

In this study, HTR8/SVneo cells showed a higher invasion capacity in untreated spheroids
compared to other conditions. Previous studies have used HTR8/SVneo cell line as a model
to investigate the proliferation and invasion of trophoblast cells (Zuo et al., 2014). While,
TEV-1 cell line showed a highly significant difference in invasive capacity of untreated and
DOX-treated spheroids compared to their respective parental counterparts. Previously, the
TEV-1 cell line has been shown to have a higher invasive potential in response to TGFB1
treatment in vitro (Feng et al., 2005). TGFB1 under in vivo conditions is reported to play a
significant role in regulating extravillous trophoblast invasion, migration and proliferation
(Graham and Lala, 1991; Peng, 2003). Therefore, TEV-1 may be highly useful as a cell
model to study the physiological and functional properties of human extravillous trophoblast
invasion (Feng et al., 2005). Interestingly, the invasion by DOX-treated spheroids was lower
than the untreated spheroids in TEV-1. Therefore, it can be suggested that the treatment with
DOX has reduced the invasion capacity of cells. However, the mechanism through which
DOX inhibits invasion of cells is not completely understood (Denard et al., 2012). It is
known that the trophoblast-derived proteinases (MMPs and the serine proteases) are
essential for trophoblast invasion (Librach et al., 1991). Also it has been previously shown
that DOX treatment reduced the production of pro-MMP-2 and pro-MMP-9 at 24 hours of
treatment, resulting in reduced cell proliferation along with reduced invasion. However, the
status of MMPs in this study is yet to be investigated (Shen et al., 2009).

5.3.2.2 2-D Invasion by choriocarcinoma cell lines

JEG-3 cells showed similar result to TEV-1 cells, in that there was a highly significant
increase in invasion capacity of untreated and DOX-treated spheroids compared to their
respective parental cells. This confirms the findings by Buck and colleagues (2015), who
have shown that the linear growth and invasion potential of spheroids from the hybridoma
cell line, AC-1M88 (a fusion of primary EVT cells and the JEG-3 choriocarcinoma cell line),
are much higher than differentially grown single cells. The invasion potential of untreated
and DOX-treated spheroids was increased due to the spheroidal features, as they act as solid

tumour.
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In the case of BeWo, the only significant increase in invasion capacity was observed in
untreated spheroids compared to untreated parental cells. The invasiveness of spheroids
produced from JEG-3 and BeWo, as an in vitro model have been previously studied
(Grummer et al., 1989). According to their experiment, differences in the adhesion and
invasion processes were observed. JEG-3 cells showed the highest adhesion rate to
endometrial epithelium and a fast/deep invasion into stroma. However, BeWo cells showed
low adhesion rate to endometrial epithelium and shallow invasion into stroma. The data from
this current study also confirmed the fact that the invasion potential of JEG-3 (both parental
and spheroidal cells) was found to be higher than that of BeWo cells.

5.3.2.3 2-D Invasion of the MCF-7 cell line

Although, MCF-7 cells are derived from a non-invasive breast cancer compared to invasive
cell line MDA-MB-231(Nagaraja et al., 2006), the MCF-7 cell line demonstrated similar
results to TEV-1 and JEG-3 cells. There was a significantly high invasion capacity of
untreated and DOX-treated spheroids compared to their respective parental cells. This could
be that the MCF-7 spheroids after dispersion into monolayers exert invasive properties as
they still have stem-like features. However, DOX-treated parental cells showed lower
numbers of cells invading than untreated parental cells. Several studies have shown that
DOX inhibits the growth of breast cancer cell lines in a dose and time dependant manner
(Sharma et al., 2004). Therefore, the observed results were expected. It is known that DOX
can reduce the invasion potential of MCF-7 cells by reducing the rate of proliferation (Pichot
et al., 2009) and also reduce the invasion potential of spheroids produced by MCF-7 (Doillon
et al., 2004). MCF-7 spheroids after dispersal showed higher number of cells invading the
matrix when compared with the parental cells. This may be due to the nature of spheroids
which act like solid tumours (Khanna et al., 2014).

Overall, it is clear that the spheroids produced from both transformed trophoblast cell lines
(HTR8/SVneo and TEV-1) and choriocarcinoma (JEG-3 and BeWo) cell lines were capable
of invasion. The results of the present study are in general agreement with another study,
which showed that there were potentially different invasive properties of HTR8/SVneo,
JEG-3 and BeWo dependent on the cell type (Lash et al., 2007). However, monolayer cell
invasion systems are commonly used to evaluate invasion of single cells. Therefore, this
method is not competent enough to study the invasion potential of a spheroid. Although the
spheroids were artificially separated into single cells to suit the 2-D invasion assay, it is not
entirely appropriate to study the interactions between the invasive spheroid and the basement
membranes. In order to compare the invasive behaviour of untreated and DOX-treated

spheroids a further experiment 3-D invasion assay experiment is necessary.
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5.3.3  3-D Spheroid BME cell invasion assay

The 3-D spheroid BME cell invasion assay provides an easy, quick and quantitative process
to compare morphological patterns as well as the speed of invasion. The study of parameters
related to how cells can invade an artificial basement membrane acting as ECM in response
to chemoattractants and/or inhibiting compounds, is important for embryonic development,
immune response and tumour metastasis (www??) . In this assay spheroids produced within
each well can invade the surrounding matrix resulting in spindle-like formation, and the
absence of this would indicate that there is less or no invasion (www?!). This assay is
commonly used in in vitro drug testing to compare the invasive patterns of aggressive
tumours with and without drug intervention. The main advantage of this assay is that cell
movement through a 3-D matrix closely mimics invasion in vivo (www??). Interestingly, the
invasion process occurs from cell clusters with well-established cell—cell interactions rather
than from single cells, closely reflecting the in vivo situation in cancer. However, to the
author’s knowledge this is the first study that has used this assay to compare the invasive
potential of spheroids originating from transformed trophoblast and choriocarcinoma

placental cells.

5.3.3.1 3-D invasion of spheroids produced from transformed trophoblast cell lines
In the case of HTR8/SVneo, the size of both untreated and DOX-treated spheroids were
initially almost equal. However, with increasing time untreated spheroids invaded a large
surface area with a more consistent growth trend than treated spheroids (viewed under time-
lapse images). However, DOX-treated spheroids showed minimal growth and invasion
(Figure 5.11).

It is also possible that the cells may have produced a mass to compensate for the effects of
DOX, but that they retained some properties of invasion. For TEV-1 cells, the initial size of
DOX-treated spheroids was smaller than that of untreated spheroids (Figure 5.12). However,
untreated spheroid invasion increased with time. In contrast, compared to untreated
spheroids, the invasion of DOX-treated spheroids was found to be low; yet they did show
limited invasive potential in 3-D. Further investigations are needed to understand the

survival mechanisms of these cell types after treatment.

5.3.3.2 3-D invasion of spheroids produced from choriocarcinoma cell lines

In the case of JEG-3 and BeWo cells, untreated spheroids showed a distinct increase in
invading area with time (See Figure 5.13 and 5.14). These data suggest that spheroids
derived from choriocarcinoma cell lines can potentially invade faster than those of
transformed trophoblast cells. It is worth noting that a previous study has shown that BeWo

cells can produce spheroids in vitro, (Grummer et al., 1994). In this present study, BeWo
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cells were able to form spheroids (See Figure 5.14 Panel A). However, DOX-treated
spheroids from both JEG-3 and BeWo cells have shown an unusual profile. The distorted
shape of spheroids did not show any invasion in either cell line. This may be due to the
persisting effect of the DOX treatment in these cell lines.

5.3.3.3 3-D invasion of spheroids produced from the MCF-7 cell line

According to the supplier’s (Amsbio) result (they used the same kit to test the morphology
of 3-D invasion and to analyse the surface area of the MCF-7 cell line during 4 days), MCF-
7 cells remained as aggregates and did not invade into the surrounding invasion matrix. In
contrast, invasive cells such as MDA-MB-231 did invade. The results in this study showed
similar results and there was no significant difference in invasion capacity between MCF-7
spheroids that were DOX-treated and untreated. Data from the current study also confirmed
that both untreated and DOX-treated spheroids of MCF-7 cells did not show any ability to
invade. They formed an irregular mass of cells which were incapable of invasion. Non-
invasive cancer cell lines stay as compact spheroids with a distinct border to the surrounding
ECM and do not show any signs of invasion even after a long period of cultivation. However,
invasive cell lines (such as the breast cancer line MDA-MB-231) start to invade into the
surrounding matrix and show astral outgrowth from the spheroid (Kramer et al. 2013).
Almost all of the cell lines used in this study were able to produce spheroids with DOX
treatment with different morphologies. However, the DOX-treated spheroids are found to be
small with lower invasion capacity. Therefore, it can be suggested that DOX-treatment, due
to its toxicity, has produced an accumulation of cells (instead of true spheroidal cells), that
are trying to survive in the stressed cellular microenvironment to avoid apoptosis. Further
detailed study is necessary to understand the underlying mechanisms of invasion by
spheroids produced from trophoblast (HTR-8/SVne, TEV-1, JEG-3 and BeWo) cell lines.
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5.4 Conclusions

The data obtained from this chapter suggest that the transformed trophoblast (HTR8/SVneo
and TEV-1) and choriocarcinoma (JEG-3 and BeWo) cell lines are capable of producing
spheroids with different invasive properties. There was no significant difference in invasion
ability of both untreated and DOX-treated spheroidal cells generated from MCF-7. The
wound healing of transformed trophoblast cells in both parental untreated and spheroids cells
showed higher healing coverage than placental choriocarcinoma cells. Moreover these
spheroids have shown the potential to invade under 2-D culture conditions, with different
invasive properties. As for 3-D cell culture a time dependant increase in the invasion was
observed especially in non-resistant spheroids confirming their “stem-like” attributes.

Most of the previous studies focussed on JEG-3 and BeWo cells as a model of the invasive
trophoblast. However, present study have shown HTR8/SVneo and TEV1 may also be used
as additional models to represent physiologically rapidly dividing cells in the toxicological

studies of chemotherapeutic agents.
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6.1 Introduction

Human placenta is a multifaceted and poorly understood organ, which has an essential role
not only in the supply of nutrients to the foetus but also in the maintenance of pregnancy (Ji
et al., 2013; www??). Primary human trophoblast cultures (CTBs and EVTs) may be ideal to
study the molecular regulation of trophoblast invasion (Bilban et al., 2010). They provide
critical insights into placental function in normal and abnormal development (Rosario et al.,
2012). Furthermore, EVT cells that are derived from early pregnancy are much more
invasive than those from term placentae (Ji et al., 2013). Although, primary trophoblast
cultures are useful tools to examine the differentiation and functions of the trophoblast, there
are many major limitations to the use of these cells as in vitro models. Firstly, due to ethical
constraints these cells are more difficult to obtain, and secondly, fresh primary cells have a
very limited lifespan. Furthermore, they have limited ability to proliferate in culture, and
hence, difficult to study the biochemical pathways and placental function (Ji et al., 2013).
These limitations have hampered the use of these cells in standard molecular manipulation
experiments, such as overexpression/silencing through plasmid DNA transfection etc.

In addition, the gestational age of the placental tissue can influence the differentiation
potential of CTBs and must be taken into account when primary cultured trophoblast cells
are used as an in vitro model (Ji et al., 2013). In order to avoid these issues, several
transformed model cell lines have been established over many years using different
approaches. For example, trophoblast derived cell lines were used in an attempt to identify
functional pathways differentially regulated by epigenetic modification (Novakovic et al.,
2011).

Trophoblast cell lines can be used as an alternative to primary trophoblast cells to study
placental function in vitro including, the processes of differentiation/invasion,
hypoxia/oxidative stress responses, and foeto-maternal immunology (Burleigh et al., 2007).
Since the cellular origins of transformed trophoblasts are likely to be diverse, it may be of
value to increase the understanding of the unique and shared phenotypes of these cells on a
global scale (Burleigh et al., 2007).

Most of the available cell lines can be separated into three main groups: (1) cell lines
originating from normal tissue, such as HTR8/SVneo, SGHPL-4 and RSVT-2; (2) cell lines
originating from malignant tissue, such as BeWo, JEG-3 and JAR; and (3) cell lines
originating from embryonic carcinomas which have evidence of trophoblast differentiation,
such as H9, NCR-G3 and NCCIT (King et al., 2000).
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As explained in chapter 1, several tumour associated factors may also be expressed in human
placenta. Cellular expression of these novel factors: ALDH3A1l, AURK-A/C, PDGFRa,
TWIST1, and JAG1 have been compared between NT and PE placentae in chapter 3. It
would be interesting to study the changes in the expressions of these factors after spheroidal
transformation. Apart from this it would be worth analysing the global changes in the
protein/peptide expression between parental and spheroidal cells obtained in this study
(Chapter 4). Recently, a new technique called SWATH-MS (Sequential Windowed
Acquisition of All Theoretical Fragment lon Mass Spectra), is being used for identification
and quantification of a large number of proteins and proteomes from a complex mixture
(Wang et al., 2015). SWATH is a suitable tool for identifying more differential ratios, being
(@) more sensitive in the detection of small differential ratios, and (b) capable to cover a
larger dynamic range (Bourassa et al., 2015). This could help to quantify dynamic changes
in protein complex interaction level, for each different cell lines under different conditions.

The first aim of this chapter was to compare the status of the tumour associated factors, such
as ALDH3A1, AURK- A/C, PDGFRa, TWIST1, and JAGI, in parental and spheroidal cells
(untreated and DOX-treated) produced from trophoblast cell lines (HTR8/SVneo, TEV-1,
JEG-3 and BeWo) and MCF-7 cell line.

The second aim was to investigate the changes in the global protein (peptide) expression
profiles of non-resistant, and drug-resistant spheroids originated from transformed
trophoblast cell lines (HTR8/SVneo and TEV-1) by using SWATH-MS.
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6.2 Results

6.2.1  Relative mMRNA expression

The relative expression of these factors were studied by comparing mRNA (qRT-PCR)
expression under different conditions. Analysis was performed by using a one-way ANOVA
followed by Tukey's Post-hoc test for multiple comparisons between (a) untreated parental
versus DOX-treated parental, (b) untreated parental versus untreated spheroid, (c) untreated

versus DOX-treated spheroids, and (d) DOX-treated parental versus DOX-treated spheroids.

6.2.1.1 Relative mRNA expression of ALDH3A1

HTR8/SVneo cells lines showed significant up-regulation of ALDH3A1 mRNA expression
in untreated parental cells compared to (a) DOX-treated parental cells (p< 0.0001) and (b)
untreated spheroids (p<0.001). Similarly, compared to DOX-treated spheroids, the untreated
spheroidal cells showed an up-regulation of ALDH3A1 mRNA expression (p<0.001) (See
Figure 6.1, Panel A). TEV-1 showed a significant in increase in mMRNA expression of
parental cells (both DOX-treated and untreated) compared to spheroidal cells counterparts.
Moreover, there was a significant increase in mRNA expression in untreated spheroids of
TEV-1 compared to DOX-treated spheroids (p<0.05) (See Figure 6.1, Panel B). On the other
hand, the mRNA expression of ALDH3AL in JEG-3 cells was significantly up-regulated in
untreated spheroids compared to untreated parental cells (p<0.01) (See Figure 6.1, Panel C).
BeWo cells showed a significantly higher level of ALDH3A1 mRNA expression in
untreated parental compared to DOX-treated parental cells (p<0.05). Moreover, there was a
significant up-regulation of ALDH3A1 mRNA expression level in DOX-treated BeWo
spheroids compared to both DOX-treated parental and untreated spheroids (p<0.001) (See
Figure 6.1, Panel D). As for MCF-7 cells, the mRNA expression levels in untreated
spheroidal cells was significantly higher compared to its parental counterpart (p<0.001) and
DOX-treated spheroids (p<0.0001) (See Figure 6.1, Panel E). There was also a significant
difference in mRNA expression level in the same cell line between untreated parental and
DOX-treated parental cells (p<0.01).
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Figure 6.1: Relative mRNA expression of ALDH3A1.

The variance in mRNA expression was compared between different conditions. The data
from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
JEG-3 and BeWo cells data are presented in panels C and D respectively. Panel E shows the
data from MCF-7 cells. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean +SEM of three
individual experiments, each performed in triplicate (****p<0.0001; ***p<0.001;
**p<0.01; *p<0.05).
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6.2.1.2 Relative mMRNA expression of Aurora kinase A (AURK-A)

Figure 6.2 shows the relative mRNA expression of AURK-A in HTR8/SVneo, TEV-1, JEG-
3, BeWo and MCF-7 cells. As seen in Panel A, HTR8/SVneo showed significantly higher
AURK-A mRNA expression in untreated parental compared to DOX-treated parental cells
(p<0.01); and between untreated spheroids compared to DOX-treated spheroids (p<0.01). In
TEV-1 cells, there was a significantly higher level of mMRNA expression in untreated parental
compared to both DOX-treated parental and untreated spheroids (p<0.0001). Also, there was
a significant up-regulation in untreated spheroids compared to DOX-treated spheroids
(p<0.01) (See Figure 6.2, Panel B). However, there was no a statistically significant
difference in the relative expression of AURK-A between any comparison in both
choriocarcinoma cell lines (BeWo and JEG-3) (See Figure 6.2, Panel C and D). In the MCF-
7 cell line, there was a significant up-regulation observed in untreated parental compared to
both DOX-treated parental and untreated spheroids (p<0.0001). Also, there was a significant
difference in mMRNA expression in DOX-treated parental versus DOX-treated spheroids
(p<0.0001) (See Figure 6.2, Panel E).
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Figure 6.1: Relative mRNA expression of AURK-A.

The variance in mRNA expression was compared between different conditions. The data
from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
JEG-3 and BeWo cells data are presented in panels C and D respectively. Panel E shows the
data from MCF-7cells. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean +SEM of three
individual experiments, each performed in triplicate (****p<0.0001; **p<0.01).
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6.2.1.3 Relative mMRNA expression of Aurora kinase C (AURK-C)

Compared to other factors the mRNA expression of AURK-C was relatively low in all five
cell lines. The HTR8/SVneo cell line showed a significantly higher level of AURK-C mRNA
expression in untreated parental compared to DOX-treated parental cells (p<0.01). There
was a significant down-regulation of mMRNA expression in DOX-treated spheroids compared
to both DOX-treated parental (p<0.05) and untreated spheroids (p<0.001) (See Figure 6.3,
Panel A). TEV-1 cells showed a significant up-regulation of AURK-C mRNA expression
level in untreated parental compared to both DOX-treated parental and untreated spheroidal
cells(p<0.0001). Moreover, there was a significant down-regulation in DOX-treated
spheroids compared to untreated spheroids (p<0.05) (See Figure 6.3, Panel B). Interestingly,
the JEG-3 cell line showed similar result to the TEV-1cell line, while the BeWo cell line
showed a similar result to HTR8/SVneo only in untreated parental compared to DOX-treated
parental cells (See Figure 6.3, Panel C and D). From Panel E, the relative mRNA expression
of AURK-C in MCF-7 was down-regulated in untreated parental cells compared to untreated
spheroidal cells (p<0.0001) and DOX-treated parental compared to DOX-treated spheroidal
cells (p<0.001).
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Figure 6.3: Relative mRNA expression of AURK-C.

The variance in mRNA expression was compared between different conditions. The data
from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
JEG-3 and BeWo cells data are presented in panels C and D respectively. Panel E shows the
data from MCF-7 cells. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean £SEM of three
individual experiments, each performed in triplicate (****p<0.0001; ***p<0.001;
**p<0.01; *p<0.05).
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6.2.14 Relative mRNA expression of PDGFRa

There was a significant up-regulation of PDGFRa mRNA expression in HTR8/SVneo
untreated parental cells compared to DOX-treated parental (p<0.0001) and in untreated
spheroids compared with DOX-treated spheroidal cells (p<0.0001) (See Figure 6.4, Panel
A). In TEV-1 there was a significant up-regulation in mRNA expression in untreated
spheroids compared to both untreated parental and DOX-treated spheroids (p<0.0001) (See
Figure 6.4, Panel B).

For JEG-3 cells (Panel C), there was a significant up-regulation of PDGFRa mRNA
expression level of DOX-treated parental cells in comparison to both (a) untreated parental
cells (p<0.01), and (b) DOX-treated spheroids (p<0.001). Also, there was a significant
down-regulation in untreated spheroids compared with untreated parental cells (p<0.0001).
In BeWo cells, a significant down-regulation of mMRNA expression was observed in DOX-
treated parental cells compared to (a) untreated parental cells (p<0.001) and (b) DOX-treated
spheroids (p<0.05) (See Figure 6.4, Panel D).

MCEF-7 cells (Figure 6.4 Panel F), showed higher mRNA expression levels in (a) untreated
parental cells in comparison to untreated spheroids (p<0.05) and also in DOX-treated
parental compared with DOX-treated spheroids (p<0.01). However, a lower mRNA
expression was observed in DOX-treated spheroids cells compared to untreated spheroids
(p<0.01).

187



Chapter 6: expression analysis of tumour associated factors in trophoblast cells

A) B)
HTR8/SVneo TEV-1
5 0.20+ £ 020
§ I H dede ek dekdek
£ 0154 *kkk £ 015 I
»
o o
S o.101 < 010 G
x o e
£ £ .
.g 0.054 2 0.05 -ﬁ
< 5
% 0.00- & 0,00 s Z
P PT s ST
Q) D)
§ 9201 £ 0.20- "
§ Kk ok [ "k
- - *khkk
g 0.15 ‘ ‘ *E £ 0.15- *kk -lﬂ
o >
% 0.10- < 040
1
£ £
Q
2 ¢ o005 N | B
© b=
K ©
& 0.00- @ 0.004
P s ST
E)
£ 0.20- MCF-7
L
(']
8
£ 0154
»
-]
< 0.104 B Parental untreated (P)
2
€ * *% =1 Parental DOX-treated (PT)
£ 0.05- .
£ EX Spheroid untreated (S)
E 0.00- EZ Spheroid DOX-treated (ST)

Figure 6.4: Relative mRNA expression of PDGFRa.

The variance in mRNA expression was compared between different conditions. The data
from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
JEG-3 and BeWo cells data are presented in panels C and D respectively. Panel E shows the
data from MCF-7cells. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean +SEM of three
individual experiments, each performed in triplicate (****p<0.0001; ***p<0.001;
**p<0.01; *p<0.05).
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6.2.1.5 Relative mMRNA expression of TWIST1

From Figure 6.5, Panel A, the HTR8/SVneo cell line showed a significant down-regulation
of TWIST1 mRNA expression in DOX-treated parental cells compared to untreated parental
cells (p<0.01). Similar changes were observed in DOX-treated spheroids compared to
untreated spheroids (p<0.01). It was also observed that TWIST1 mRNA expression in TEV-
1 cells was significantly higher in untreated parental cells in comparison to both (a) DOX-
treated parental, and (b) untreated spheroidal cells (p<0.001). Likewise in panel B, the
MRNA expressions in untreated spheroids was found to be higher than that of DOX-treated
spheroidal cells (p<0.01).

Similar result to the HTR8/SVneo cell line was observed in the JEG-3 cell line. Additionally,
BeWo cells showed similar results to TEV-1 cell line (See Figure 6.5, Panel C and D). In
the MCF-7 cell line, a significant difference in mMRNA expression of TWIST1 was observed
in untreated parental compared to both (a) DOX-treated parental and (b) untreated spheroidal
cells (p<0.0001).
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Figure 6.2: Relative mRNA expression of TWIST1.

The variance in mRNA expression was compared between different conditions. The data
from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
JEG-3 and BeWo cells data are presented in panels C and D respectively. Panel E shows the
data from MCF-7cells. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean £SEM of three
individual experiments, each performed in triplicate (****p<0.0001; ***p<0.001,;
**p<0.01; *p<0.05).
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6.2.1.6 Relative mMRNA expression of JAG1 (Jagged 1)

There were no statistically significant differences observed in the relative expression of
JAGL1 between all comparisons in either HTR8/SVneo or BeWo cell lines (see Figure 6.6
Panel A and D). However, in TEV-1, there was a significant up-regulation in untreated
parental compared to both DOX-treated parental and untreated spheroidal cells (p<0.0001).
Also, untreated spheroids expressed a higher level of JAG1 mRNA than DOX-treated
spheroids (p<0.05) (Figure 6.6 Panel B). A similar profile to that seen in TEV-1 cells was
also observed in JEG3 cells, where untreated parental cells expressed significantly higher
levels of JAG1 mRNA than either DOX-treated parental or untreated spheroidal cells
(p<0.0001) (Figure 6.6 Panel C). Interestingly, MCF-7 cells showed a similar result to both
trophoblast cell lines (HTR8/SVneo and BeWo) (Figure 6.6 Panel E).
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Figure 6.3: Relative mRNA expression of JAGL.

The variance in mRNA expression was compared between different conditions. The data
from HTR8/SVneo and TEV-1 cells are given in panels A and B respectively. Likewise,
JEG-3 and BeWo cells data are presented in panels C and D respectively. Panel E shows the
data from MCF-7cells. Statistical significance was determined using a one-way ANOVA
followed by Tukey's test for multiple comparisons. Data represent the mean £SEM of three
individual experiments, each performed in triplicate (****p<0.0001; *p<0.05).
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6.2.2 Protein expression analysis

Protein expression level were compared between different conditions as explained earlier in
Section 6.2.1 Different positive controls, as suggested by the supplier (Abcam, UK), were
used (separated by red dotted lines in the blot). The protein expression levels were

normalised by using housekeeping protein -actin levels as an internal control.

6.2.2.1 Protein expression of ALDH3A1

The predicated molecular weight of ALDH3AL protein was 50 kDa. The single band was
observed at 49kDa in untreated and DOX-treated parental and spheroidal cells. The
ALDH3AL antibody produced a single band in most samples from four trophoblast and
tumour MCF-7) cell lines (see Figure 6.7).

In HTR8/SVneo cells (Figure 6.7 Panel A), the ALDH3Alprotein expression was
significantly higher in DOX-treated parental cells compared to both (a) untreated parental
cells; (b) DOX-treated spheroidal cells (p<0.001). Likewise, ALDH3A1 expression in
untreated spheroids was found to be higher than untreated parental cells and DOX-treated
spheroids (p<0.01). However, there were no statistically significant differences observed in
the protein expression of ALDH3A1 between any conditions in TEV-1 cells (see Figure 6.7
Panel B). In JEG-3 cells, there was a significant up-regulation in DOX-treated parental
verses untreated parental cells and in DOX-treated spheroids versus untreated spheroids
(p<0.01) (Figure 6.7 Panel C). In BeWo cells, there was a significant up-regulation in protein
expression in DOX-treated parental cells versus DOX-treated spheroidal cells (p<0.05)
(Figure 6.7 Panel D).

The MCF-7 cells showed a significant up-regulation of protein expression in untreated
spheroids compared to (a) untreated parental cells (p<0.001) and (b) DOX-treated spheroids
(p<0.05). Interestingly, these differences in expression were also observed in mRNA
expression. Likewise, there was also a significant difference in DOX-treated spheroids
versus DOX- treated parental cells (p<0.01). In general, the protein expression of ALDH3A1

was significant higher in MCF-7 untreated spheroids compared to other conditions.

193



Chapter 6: expression analysis of tumour associated factors in trophoblast cells

A
) HTR8/SVneo B) TEV-1
£
-;:% 0.6 - *% ;cla 0.6+
3 £ 04
S 04 add < 02
< b L
2 £ 0.06T
S o2 | —_
2 024 2 0.04
- - e
2 = 2 e
& o.0- - . § 0.00-
P PT s sT S ST
P PT S ST S ST
auvisar I | | b - e = b=
B-Actin L — — : " B-Actin T -v:—
C) JEG3 D)
c BeWo
+ 0.6 =
2 5 0.6 4 *
3 1
a8 *% 3
= 2 =
< - E
(22}
z T
a fa)
- -
< <
-
<} s .
L o
5 ; s Z
1% s ST o s ST
P PT S ST P PT S ST
ALDH3A1 “ ALDH3A1 C — o 5
. | |
E
) MCF-7
£ 06
<
2 E Parental untreated (P)
Q
2 0.4
I Fkk % =1 Parental DOX-treated (PT)
o™ - -
= - EX Spheroid untreated (S)
- 0.2 o .
y s EZ Spheroid DOX-treated (ST)
o u]
.2 l‘:h:.
S e r
P PT S ST

P PT S ST

NEDHSAL e —
~ I

B-Actin

Figure 6.7: The expression of ALDH3AL protein.

The ratio of ALDH3A1 to B-actin densitometry readings are given for the HTR8/SVneo and
TEV-1 cell lines in panels A and B respectively. Likewise Panel C and D represent JEG-3
and BeWo cell lines; and Panel E shows the data for the MCF-7 cell line. MCF-7 cell line
used as the positive control and is separated with red dotted lines. A one-way ANOVA
followed by Tukey's test for multiple comparisons between different conditions was carried
out. Data represent the mean £SEM of three individual experiments, each performed in
triplicate (***p<0.001; **p<0.01; *p<0.05).
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6.2.2.2 Protein expression of AURK-A
The AURK-A antibody produced single band at 48 kDa in most of the trophoblast cell lines,
MCEF-7 cells and positive control (Hela cells) (See Figure 6.8).

There was correlation between mRNA and protein expression profile for AURK-A in
HTR8/SVneo cells. There was a significant increase in untreated parental compared to DOX-
treated parental cells (p<0.05) and also between untreated spheroids and DOX-treated
spheroids (p<0.001) (See Figure 6.8, Panel A). TEV-1 cells showed a significant up-
regulation in AURK-A protein level in DOX-treated spheroids compared to both (a) DOX-
treated parental cells (p<0.001) and (b) untreated spheroids cells (p<0.05) (Figure 6.8, Panel
B).

In JEG-3 cells, there were no significant changes in the expression of AURK-A between all
conditions. On the other hand, a significant increase in protein expression was seen in BeWo
DOX-treated parental cells compared to untreated parental cells (p<0.05) (See Figure 6.8,
Panel C and D). This change was not seen in mMRNA expression comparisons. The protein
expression of AURK-A was increased in MCF-7 untreated spheroids compared to parental
cells (p<0.05). Also, there was a significant change in untreated spheroidal cells versus
DOX-treated spheroidal cells (p<0.05) (See Figure 6.8, Panel E).
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Figure 6.8: The expression of AURK-A protein.

The ratio of AURK-A to B-actin densitometry readings are given for the HTR8/SVneo and
TEV-1 cell lines in panels A and B respectively. Likewise Panel C and D represent JEG-3
and BeWo cell lines; and Panel E shows the data for the MCF-7 cell line. Hela cell line used
as the positive control and is separated with red dotted lines. A one-way ANOVA followed
by Tukey's test for multiple comparisons between different conditions was carried out. Data
represent the mean £SEM of three individual experiments, each performed in triplicate
(***p<0.001; **p<0.01; *p<0.05).
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6.2.2.3 Protein expression of AURK-C

The AURK-C antibody produced single bands at 36 kDa in almost all the four trophoblast
cell lines, MCF-7 samples and positive control (Hela cells) (See Figure 6.9).

There was a significant increase in protein expression of AURK-C observed in HTR8/SVneo
DOX-treated parental cells compared with (a) their untreated counter parts (p<0.05), and (b)
DOX-treated spheroidal cells (p<0.01). On the other hand, there was a significant reduction
in protein expression in untreated spheroid compared to untreated parental cells (p<0.01)
(See Figure 6.9, Panel A). The TEV-1 cell line showed a significant increase in DOX-treated
parental cells compared to untreated parental cells. (See Figure 6.9, Panel A).

There was a correlation between mRNA and protein expression in JEG-3 untreated parental
compared to untreated spheroidal cells (p<0.01). Difference in protein expression level were
only observed in DOX-treated parental compared to DOX-treated spheroidal cells (p<0.01)
(See Figure 6.9, Panel C). The BeWo cells derived untreated spheroids showed a higher
protein expression level of AURK-C than DOX-treated spheroids (p<0.01) (See Figure 6.9,
Panel D).

There was a significant increase in mRNA and protein expression of AURK-C observed in
MCEF-7 spheroidal cells (both DOX-treated and untreated) compared to their parental cell
counterparts (p<0.01) (See Figure 6.9, Panel E).
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Figure 6.9: The expression of AURK-C protein.

The ratio of AURK-C to B-actin densitometry readings are given for the HTR8/SVneo and
TEV-1 cell lines in panels A and B respectively. Likewise Panel C and D represent JEG-3
and BeWo cell lines; and Panel E shows the data for the MCF-7 cell line. Hela cell line used
as the positive control and is separated with red dotted lines. A one-way ANOVA followed
by Tukey's test for multiple comparisons between different conditions was carried out. Data
represent the mean £SEM of three individual experiments, each performed in triplicate
(***p<0.001; **p<0.01; *p<0.05).
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6.2.2.4 Protein expression of PDGFRa.

The PDGFRa antibody produced a single band at 36kDa in all four trophoblast, MCF-7
samples and positive control (PDGF protein), whilst the expected molecular weight of the
band was in the range of 14-20kDa (Figure 6.10).

In HTR8/SVneo cells (Figure 6.10, Panel A) the protein and mMRNA expression of PDGFRa
was significantly higher in untreated parental cells compared to DOX-treated parental cells
(p<0.001). The protein expression in DOX-treated spheroids was significantly higher than
that of DOX-treated parental cells (p<0.001). In TEV-1 cells, compared to parental cells
spheroids showed a significant increase in protein expression of PDGFRa (p<0.01) (see
Figure 6.10, Panel B).

In JEG3 cells, a significant increase in protein expression of PDGFRa was seen in DOX-
treated parental cells compared to (a) untreated parental cells (p<0.001) and (b) DOX-treated
spheroids (p<0.05) (Figure 6.10, Panel C).

In BeWo cells, the expression of protein was reduced in DOX-treated parental cells
compared to parental cells (p<0.001). Furthermore, a significant reduction was observed in
untreated spheroids compared to parental cells (p<0.001) (Figure 6.10, Panel D). These

changes were not observed in mRNA expression comparisons

In MCF-7 cells (Figure 6.10, Panel E), the protein expression was higher in untreated
parental cells compared to DOX-treated parental cells (p<0.001). Also, there was a
significant difference between untreated parental and untreated spheroidal cells (p<0.001).
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Figure 6.10: The expression of PDGFRa protein.

The ratio of PDGFRa to B-actin densitometry readings are given for the HTR8/SVneo and
TEV-1 cell lines in panels A and B respectively. Likewise Panel C and D represent JEG-3
and BeWo cell lines; and Panel E shows the data for the MCF-7 cell line. PDGF (protein)
used as the positive control and is separated with red dotted lines. A one-way ANOVA
followed by Tukey's test for multiple comparisons between different conditions was carried
out. Data represent the mean £SEM of three individual experiments, each performed in
triplicate (***p<0.001; **p<0.01; *p<0.05).
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6.2.2.5 Protein expression of TWIST1

The TWISTL1 antibody produced single bands at 49kDa in all four trophoblast, MCF-7
samples and positive control (Hela cells), whilst the expected molecular weight of the band
was between 21- 36 kDa (Figure 6.11).

Figure 6.11 Panel A shows that protein expression was lower in HTR8/SVneo DOX-treated
parental cells compared (a) untreated parental and (b) DOX-treated spheroids (p<0.01). In
TEV-1 cells (Figure 6.11, Panel B), the protein expression was significantly higher in DOX-
treated parental cells compared to untreated parental (p<0.05) and in DOX- treated parental

cells versus untreated spheroids (p<0.01).

The JEG-3 cells showed a significant change in protein expression in untreated parental cells
compared to DOX-treated parental cells and untreated spheroidal cells (p<0.05) (Figure
6.11, Panel C). In the BeWo cells, a significant reduction in protein expression of TWIST1
was observed in untreated spheroidal cells compared to (a) untreated parental cells and (b)
DOX-treated spheroids (p<0.05) (Figure 6.11, Panel D).

MCEF-7 cells exhibited a high level of protein and mRNA expression of TWIST1 in DOX-
treated parental cells compared to DOX-treated spheroids (p<0.05) (Figure 6.11, Panel E).
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Figure 6.14: The expression of TWIST1 protein.

The ratio of TWIST1 to B-actin densitometry readings are given for the HTR8/SVneo and
TEV-1 cell lines in panels A and B respectively. Likewise Panel C and D represent JEG-3
and BeWo cell lines; and Panel E shows the data for the MCF-7 cell line. Hela cell line used
as the positive control and is separated with red dotted lines. A one-way ANOVA followed
by Tukey's test for multiple comparisons between different conditions was carried out. Data
represent the mean £SEM of three individual experiments, each performed in triplicate
(**p<0.01; *p<0.05).
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6.2.2.6 Protein expression of JAG1

The JAG1 antibody produced single band at 75 kDa in all the four trophoblast cells, MCF-7
and positive control (Hela cells) under different conditions (See Figure 6.12). There were
no significant changes observed in JAG1 protein expression level in HTR8/SVneo, TEV-1,
BeWo and MCF-7 cell lines (See Figure 6.12, Panel A, B, D and E). However, in JEG-3
the protein expression of JAG1 was increased in DOX-treated parental cells compared to
both (a) untreated parental, and (b) DOX-treated spheroids (p<0.01) (See Figure 6.12, Panel
C).
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Figure 6.12: The expression of JAGL1 protein.

The ratio of JAGL1 to B-actin densitometry readings are given for the HTR8/SVneo and TEV-
1 cell lines in panels A and B respectively. Likewise Panel C and D represent JEG-3 and
BeWo cell lines; and Panel E shows the data for the MCF-7 cell line. Hela cell line used as
the positive control and is separated with red dotted lines. A one-way ANOVA followed by
Tukey's test for multiple comparisons between different conditions was carried out. Data
represent the mean £SEM of three individual experiments, each performed in triplicate
(**p<0.01).
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6.2.3 Proteomic analysis of global protein/peptide expressions

Sequential Windowed Acquisition of All Theoretical Fragment lon Mass Spectra (SWATH-
MS) was carried out to identify novel proteins, whose expression is affected by spheroidal
transformation. As the analyses have produced a very large data set, this chapter focuses
only on the changes identified in the transformed trophoblast cell lines (HTR8/SVneo and
TEV-1). SWATH-MS analysis is a recently developed technique, which enables
quantification of mass spectrometry data (Wang et al., 2015). These proteins were selected
from a long list of proteins identified according to their fold change only up-regulated

proteins and functions related to cell division, proliferation and invasion.

6.2.3.1 Identification of altered proteins in HTR8/SVneo cells

A list of the most up-regulated proteins and their fold change in HTR8/SVneo cells are
summarised in Table 6.1 [6.1A - untreated parental versus untreated spheroids; 6.1B
untreated parental versus DOX-treated parental; 6.1C untreated spheroid versus DOX-
treated spheroids; and 6.1D. DOX-treated parental versus DOX-treated spheroids]. As can
be seen in Table 6.1A, eight of the proteins with different fold changes were observed to be
up-regulated in untreated spheroids compared to their parental counterparts. Interestingly,
plasminogen, vitronectin, cysteine rich protein 2 and AL1A3 were all up-regulated in
untreated spheroidal cells (6.1A). Many of these proteins are involved in cells differentiation
and proliferation. In addition, the cell adhesion factor vitronectin and plasminogen were
found to be up-regulated in both untreated and DOX-treated spheroidal cells. The details of
fold changes with cells involved are summarised in table 6.1 (A) to (D). The most interesting
proteins that have been identified in different cell populations of HTR8/Svneo and TEV-1
by SWATH-MS are summarised in Table 6.3.
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Table 6. 1: Identification of up-regulated proteins/peptide in HTR8/SVneo cells.

HTR8/SVneo cells were collected from adherent and non-adherent flasks. The proteins were

analysed by SWATH-MS using the following comparisons; untreated parental Vs untreated
spheroids (6.1A); untreated parental Vs DOX-treated parental) (6.1B); untreated spheroids Vs DOX-
treated spheroidal cells (6.1C) and parental cells Vs DOX-treated spheroidal cells (6.1D).

(A) Untreated parental versus untreated spheroids

Protein Name Accession Uniprot name Absolute Up -regulated
number fold change expression Function of the protein
Plasminogen P00747 PLMN_HUMAN 3.579 untreated It plays role in embryonic development,
spheroids  tissue remodelling, tumour invasion, and
inflammation.
Vitronectin P04004 VTNC_HUMAN 2.878 untreated  Itis a cell adhesion and spreading factor
spheroids  found in serum and tissues, Is recognized by
certain members of the integrin family and
serves as a cell-to-substrate adhesion
molecule.
Protein NDRG1 Q92597 NDRG1_HUMAN 2,471 untreated  Plays roles in hormone responses, cell
spheroids  growth, and differentiation. Acts as a
tumour suppressor in many cell types.
Cysteine-rich protein P52943 CRIP2_HUMAN 2.097 untreated  Positive regulation of cell proliferation
2 spheroids
SAP domain- P82979 SARNP_HUMAN 1.284 untreated  May participate in important transcriptional
containing spheroids  or translational control of cell growth,
ribonucleoprotein metabolism and carcinog i
Cathepsin B P07858 CATB_HUMAN 1.214 untreated It participate in intracellular degradation
spheroids and turnover of proteins. Has been
implicated in tumour invasion and
metastasis.
Deoxyribonuclease-2- 000115 DNS2A_HUMAN 1.662 untreated  plays a major role in the degradation of
alpha spheroids nuclear DNA in cellular apoptosis during
development. Necessary for proper foetal
development
Aldehyde P47895 AL1A3_HUMAN 1.5 untreated plays important role in cell proliferation,
dehydrogenase spheroids differentiation and survival especially during

family 1 member A3

the cellular responses to oxidative stress.

(B) Untreated parental versus DOX-treated parental cells

Protein Name  Accession Uniprot name Absolute fold Up -regulated Function of the protein
number change expression

Collagen alpha- P02452 CO1A1_HUMAN 3.28 DOX-treated Type I collagen is a member

1(I) chain parental of group I collagen (fibrillar
forming collagen)

Collagen alpha- P08123 CO1A2_HUMAN 2.268 untreated Type I collagen is a member

2(I) chain parental of group I collagen (fibrillar
forming collagen)

Cysteine-rich P52943 CRIP2_HUMAN 2.084 DOX-treated Positive regulation of cell

protein 2 parental proliferation

Stress-70 P38646 GRP75_HUMAN 1.078 untreated Implicated in the control of

protein, parental cell proliferation and cellular

mitochondrial

aging

The data were summarised after 4 individual experiments with different passage numbers (n=4) using SCIEX

OneOmics with the following parameters: MLR weight >0.15, confidence >70%, algorithms. Both accession

numbers and protein names are from the Uniprot database. The common proteins that were found among all

the comparisons were encircled with red colour.
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Table 6.1: Identification of up-regulated proteins/peptide in HTR8/SVneo cells.

(C) Untreated spheroids versus DOX-treated spheroids

Protein Name Accession Uniprot name Absolute Up -regulated Function of the protein
number fold change expression
Basigin P35613 BASI_HUMAN 1.868 DOX-treated Plays pivotal roles in spermatogenesis,

spheroids embryo implantation, neural network
formation and tumour progression.

Plasminogen P00747 PLMN_HUMAN 1.255 DOX-treated It plays role in embryonic
spheroids development, tissue remodelling,
tumour invasion, and inflammation.

Alpha-parvin Q9NVD?7 PARVA_HUMAN 1.085 DOX-treated Required for normal development of
spheroids the embryonic cardiovascular system,
and for normal Plays a role in the
establishment of cell polarity, cell
adhesion, cell spreading, and directed
cell migration

Vitronectin P04004 VTNC_HUMAN 1.25 DOX-treated It is a cell adhesion and spreading
spheroids  factor found in serum and tissues. Is
recognized by certain members of the
integrin family and serves as a cell-to-
substrate adhesion molecule.

(D) DOX-treated parental versus DOX- treated spheroids

Protein Name Accession Uniprot name  Absolute fold Up -regulated Function of the protein
number change expression
Vitronectin P04004 VTNC_HUMAN 4.239 DOX-treated Itis a cell adhesion and

spheroids  spreading factor found in serum
and tissues. Is recognized by
certain members of the integrin
family and serves as a cell-to-
substrate adhesion molecule,

Plasminogen P00747 PLMN_HUMAN 5.696 DOX-treated It plays role in embryonic
spheroids  development, tissue remodelling,
tumour invasion, and

inflammation
Thrombospondin- P07996 TSP1_HUMAN 2.53 DOX-treated Adhesive glycoprotein that
1 spheroids  mediates cell-to-cell and cell-to-

matrix interactions, Ligand for
CD36 mediating antiangiogenic
properties.

The data were summarised after 4 individual experiments with different passage numbers (n=4) using SCIEX
OneOmics with the following parameters: MLR weight >0.15, confidence >70%, algorithms. Both accession
numbers and protein names are from the Uniprot database. The common proteins that were found among all

the comparisons were encircled with red colour.
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6.2.3.2 Identification of altered proteins in TEV-1 cells

A list of the most up-regulated proteins and their fold changes are summarised in Table 6.2
[6.2A untreated parental versus untreated spheroids; 6.2B untreated parental versus DOX-
treated parental; 6.2C untreated spheroids versus DOX-treated spheroids; and 6.2D DOX-
treated parental versus DOX-treated spheroids. An overall two-fold up-regulation of AL1A3
(Aldehyde dehydrogenase family 1 member A3) was observed in untreated parental versus
spheroidal cells and in untreated parental versus DOX-treated parental cells [see tables
6.2(A) and (B)]. Furthermore, there was a more than three fold up-regulation of proteolytic
enzyme plasminogen in untreated spheroids in comparison with untreated parental cells
[(Table 6.2(B)]. Interestingly, the three-fold up-regulation of plasminogen in untreated
spheroids was also observed when compared to DOX-treated spheroids [Table 6.2(C)]. In
contrast, the less than two-fold up-regulation of Galectin-1 (LEG1) was observed in
untreated spheroids compared to DOX-treated spheroids [Table 6.2(C)] and in DOX-treated
parental compared to DOX-treated spheroids [Table 6.2(D)]. The details of fold changes
with cells involved are summarised in Table 6.2 (A) to (D). The most interesting proteins
that have been identified in different cell populations of HTR8/SVneo and TEV-1 by
SWATCH-MS are summarised in Table 6.3.
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Table 6. 2: Identification of up-regulated proteins/peptide in TEV-1 cells.

TEV-1 cells were pre-collected from adherent and non-adherent flask. The up-regulated
proteins were analysed by SWATH-MS using following comparisons; untreated parental Vs

untreated spheroids (6.2A); untreated parental Vs DOX-treated parental) (6.2B); untreated spheroids
Vs DOX-treated spheroidal cells (6.2C) and parental cells Vs DOX-treated spheroidal cells (6.2D).

(A) Untreated parental versus untreated spheroids

Protein Name Accession Uniprot name Absolute fold Up -regulated
number change expression Function of the protein
Vitronectin P04004 VTNC_HUMAN 3.213 untreated It is a cell adhesion and spreading

spheroids factor found in serum and tissues.
Is recognized by certain members
of the integrin family and serves as
a cell-to-substrate adhesion
molecule

Plasminogen P00747 PLMN_HUMAN 3.049 untreated It plays role in embryonic
spheroids development, tissue remodelling,
tumour invasion, and inflammation

Aldehyde P47895 AL1A3_HUMAN 2.199 untreated plays important role in cell
dehydrogenase spheroids proliferation, differentiation and
family 1 member A3 survival especially during the
cellular responses to oxidative
stress
Caprin-1 Q14444 CAPR1_HUMAN 1.368 untreated It may regulate the transport and
parental translation of mRNAs of proteins

involved in cell proliferation and
migration in multiple cell types

(B) Untreated parental versus DOX-treated parental cells

Protein Name Accession Uniprot name Absolute fold Up -regulated
number change expression Function of the protein

Glucose-6- P06744 G6PI_HUMAN 3.033 DOX-treated It function as a tumour-secreted

phosphate parental cytokine and an angiogenic factor

isomerase (AMF) that stimulates endothelial cell
motility

Cellular tumour P04637 P53_HUMAN 2,224 untreated Acts as a tumour suppressor in many

antigen p53 parental tumour types; induces growth arrest or
apoptosis depending on the
physiological circumstances and cell
type. Involved in cell cycle regulation as
a trans-activator that acts to negatively
regulate cell division by controlling a
set of genes required for this process

Aldehyde P47895 AL1A3_HUMA 2.056 untreated plays important role in cell

dehydrogenase N parental proliferation, differentiation and

family 1 member survival especially during the cellular

A3 responses to oxidative stress

The data were summarised after 4 individual experiments with different passage numbers (n=4) using SCIEX
OneOmics with the following parameters: MLR weight >0.15, confidence >70%, algorithms. Both accession
numbers and protein names are from the Uniprot database. The common proteins that were found among all

the comparisons were encircled with red colour.
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Table 6.2: Identification of up-regulated proteins/peptide in TEV-1 cells.

(C) Untreated spheroids versus DOX-treated spheroids

Protein Name Accession Uniprot name Absolute Up -regulated
number fold change expression Function of the protein
Prelamin-A/C P02545 LMNA_HUMAN 5.648 untreated Plays an important role in nuclear
spheroids assembly, chromatin organization,
nuclear membrane and telomere
dynamics.
Plasminogen P00747 PLMN_HUMAN 3.646 untreated It plays role in embryonic
spheroids development, tissue remodelling,
tumour invasion, and inflammation.
Galectin-1 P09382 LEG1_HUMAN 1.249 untreated Plays a role in regulating apoptosis,
spheroids cell proliferation and cell
differentiation.

(D) DOX-treated parental versus DOX- treated spheroids

Protein Name Accession Uniprot name  Absolute fold  Up -regulated
number change expression Function of the protein
Plasminogen P00747 PLMN_HUMAN 2,135 DOX-treated It plays role in embryonic
parental development, tissue remodelling,
tumour invasion, and inflammation
Complement it is believed to be a multifunctional
component 1 Q Q07021 C1QBP_HUMAN DOX-treated and multicompartmental protein
subcomponent- 1.945 spheroids involved in inflammation and
binding protein, infection processes, ribosome
mitochondrial biogenesis, regulation of apoptosis,
transcriptional regulation and pre-
mRNA splicing.
Plays a role in regulating apoptosis,
Galectin-1 P09382 LEG1_HUMAN 1.535 DOX-treated cell proliferation and cell

parental

differentiation

The data were summarised after 4 individual experimentations with different passage numbers (n=4)
using SCIEX OneOmics with parameters MLR weight >0.15, confidence >70% algorithms used
mentioned as detailed. Both accession numbers and protein names are from the Uniprot database.
Any protein found in both conditions were encircled with red colour.
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Table 6. 3: Protein changes that are common to HTR/SVneo and TEV-1 cells.

Protein Name HTR8/SVneo and TEV-1(Comparison)

Plasminogen Up-regulated in untreated spheroids compared to its parental counterpart
(PLMN_HUMAN)

Vitronectin Up-regulated in untreated spheroids compared to its parental counterpart
(VINC_HUMAN)

Aldehydedehydrogenase family  Up-regulated in untreated spheroids compared to its parental counterpart
1 member A3
(AL1A3_HUMAN)
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6.3 Discussion

The aim of this chapter was to investigate and compare the status of the tumour associated
factors ALDH3A1L, AURK-A and C, PDGFRa, TWIST1, and JAGTI in four trophoblast cell
lines (HTR8/SVneo, TEV-1, JEG-3 and BeWo) and MCF-7cells under different conditions.
The expression of these factors have been investigated in placental tissues (NT and PE) in
Chapter 3. In this chapter, the status of the same factors were analysed in different
trophoblast cell lines and the spheroidal cells generated from them. Both mMRNA and protein
expression were compared by gRT-PCR and semi-quantitative western blotting respectively.
To the best of author’s knowledge, this is the first study that has attempted to comparatively
analyse the protein and mRNA expressions of these factors in (trophoblast) placental derived
cells. Since some of the factors related to tumourigenesis have been shown to be changed
with spheroidal transformation, it was also decided to compare the global protein expression
(proteome) during spheroidal transformation.

As mentioned in Section 6.1, there are many difficulties in using primary cell cultures. To
elaborate further, the purity of primary trophoblasts are always questionable as these cultures
readily become contaminated with other cell types such as fibroblasts, endothelial and
mesenchymal cells (Zuo et al., 2014). Furthermore, they cannot be maintained for long
periods in culture. Therefore, several trophoblast cell lines have been established and
characterised to investigate the proliferation and invasion of both placenta and placental
tumours (Zuo et al., 2014). These cells have different features and they share some
molecular markers with their primary counterparts. However, they are of limited value for
studying the paracrine/autocrine interaction between sub-populations of trophoblast because
all these cell lines differ from each other as they: a) do not comprise the sub-populations, b)
have differing genetic backgrounds, and c) have been immortalised under different

procedures or obtained after tumorigenic transformation strategies (Hiden et al., 2007).

Some of these cells have been used in this study, such as HTR8/SVneo, which is a human
immortal first-trimester EVT cell line, originated from extravillous cytotrophoblast and
exhibits similar in vitro invasive properties to the parental cells (Lala et al., 2002).The TEV-
1 cell line was established from a human first-trimester extravillous trophoblast cell line. It
resembles EVTs in the expression of immunological antigens and phenotypic characteristics
(Feng et al., 2005). JEG-3 is a choriocarcinoma cell line, used as a trophoblast cell model to
study placental function and presents many of the biological and biochemical characteristics
associated with syncytiotrophoblasts (Matsuo and Strauss, 1994). BeWo is another type of

choriocarcinoma cell line, used in vitro as a model to mimic in vivo syncytialisation of
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placental villous trophoblasts, to study villous trophoblast differentiation and fusion (Orendi
etal., 2010).

6.3.1 Relative mMRNA/protein expressions of factors of interest

The variance in mMRNA and protein expression level of these factors (ALDH3AL, AURK- A
and C, PDGFRo, TWIST1, and JAG1) were compared between different conditions. It is
worth noting that data from different cell lines were found to be different to each other. This
shows that the observations are cell line specific and might have been influenced by the way
they were immortalised. Also, compared to the house-keeping proteins, the expression of
these factors are low, both at mRNA and protein levels. Some comparisons showed a
correlation between relative mRNA expression and protein level (especially in MCF-7 cells),
whereas other results did not show this correlation. As mentioned in Chapter4 (Section
4.3.5), the reason for the mismatch correlation between mRNA and protein levels is not fully
clear, but it may be possible that expression of mMRNA is reciprocally reduced as a result of
the high levels of protein expression. Moreover, it could be because of the half-life of some

MRNA transcripts is extremely low due to RNA degradation.

» ALDH3A1l
ALDH is also found in stem cells during early life and was demonstrated as an important
marker for identification of SCs (Douville et al., 2009). Also ALDH1 can be a better marker
of breast cancer SCs than CD44+/CD24- (Tanei et al., 2009). It has also been described as
a stem cell marker in various solid tumours including lung cancer (Jiang et al., 2009), breast
carcinoma (Ginestier et al., 2007), and colorectal cancer (Huang et al., 2009). ALDH1A3
may influence cell activity and proliferation by controlling intracellular retinoid
concentrations and play important roles in stem cell biology (Balber, 2011). It also plays an
essential role in the cell proliferation, drug metabolism and regulation of growth and
differentiation in both normal and cancer cells (Muzio et al., 2012). The mRNA of a specific
isoform ALDHS3 has been found to be expressed in placental tissue (Alnouti and Klaassen,
2007). In this investigation, both HTR8/SVneo and BeWo cell lines showed a significant
up-regulation in the protein expression of ALDH3A1 in DOX-treated parental compared to
other conditions. In contrast to mMRNA expressions, there was no significant difference in the
protein expression level of ALDH3A1 in TEV-1 cells, in all conditions. Overall, the protein
expression of ALDH3A1 was significantly higher in DOX-treated parental cells and
untreated spheroid cells derived from JEG-3 cells. This increased expression of ALDH3A1
in both untreated and DOX-treated spheroids may indicate that spheroidal cells have

increased their stem cell-like features. Interestingly, there was a significant up-regulation of
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ALDH3ALl protein expression in MCF-7 spheroidal cells compared to parental
conditions. This could be because MCF-7 is a breast cancer cell line as stated earlier (Tanei
et al., 2009).

» AURK-A

As explained in Chapter 3, AURK-A shows a high expression in PE tissue samples. AURK-
A plays an important role in cell cycle progression, and has been implicated in tumour
formation and progression (Fu et al., 2007). It is highly expressed in several tumour types
such as breast, lung, colon, prostate and pancreas (Siggelkow et al., 2012). Furthermore,
polymorphisms in the AURK-A gene are associated with increased primary breast cancer
risk (Fletcher et al., 2006). Interestingly, the protein expression of AURK-A in MCF-7 cells
was significantly higher in untreated spheroids compared with other conditions. A recent
study showed that the protein expression of AURK-A was elevated in the MCF-7 cell line
(Sun et al., 2014). According to the data presented in this chapter, the protein expression
level of AURK-A was increased in HTR8/SVneo untreated spheroids compared to other
conditions. A significant increase in protein expression of AURK-A in TEV-1 DOX-treated
spheroidal cells was observed, compared to their spheroidal cell counterparts. This suggests
that spheroids produced from the transformed trophoblast cell lines may have gained the
ability to proliferate. On the other hand, despite their cancerous origins, there were no
significant changes in the expressions of AURK-A in spheroids produced from JEG-3 and

BeWo, as higher levels of expression were expected.

» AURK-C
The expression of AURK-C in trophoblast cells has not been reported yet. As explained in
Chapter 3, there was a significant increase in the mRNA and protein expression of AURK-
C in NT placental tissues compared to PE. In the cell lines, a significant reduction in protein
expression of AURK-C was observed in HTR8/SVneo, TEV-1 and JEG-3, in spheroidal
cells (untreated and DOX-treated) compared to other conditions. However, in BeWo cells
the protein expression was up-regulated in untreated spheroids compared to DOX-treated
spheroids. Since AURK-C is overexpressed in cell transformation and tumour formation
(Khan et al., 2011), in fact, this is the first study to show the expression of AURK-C in these

cell lines and their spheroids.
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» PDGFRa
PDGFRa signalling has important functions during embryogenesis, and its overexpression
is associated with several pathological conditions such cancer (Carvalho et al., 2005). The
expression of PDGFR-a in trophoblast cell lines has not previously been investigated. The
current data shows, a significant increase in protein expression of PDGFRa observed in
DOX-treated spheroidal cells of HTR8/SVneo. In addition TEV-1 cells showed a significant
increase in protein expression of PDGFRa in both spheroidal cells (untreated and DOX-
treated) compared to parental conditions. Increased expression of PDGFRa in untreated and
DOX-treated spheroids in both transformed cell lines (HTR8/SVneo and TEV-1) may
indicate that spheroidal cells have increased their stem-like cell features, [as PDGFRa was
expressed by multipotent cardiovascular progenitors in mouse and human embryonic stem
cell systems (Tallquist and Soriano, 2002)]. In contrast a significant reduction in protein
expression was observed in spheroidal cells (untreated and DOX-treated) of BeWo cells
compared to their parental cell counterparts. This was unexpected as PDGFR-a expression
has been previously reported in various tumour types such as ovary, prostate, colon and lung
(Bronzert et al., 1987). On the other hand, there was a significant difference in protein
expression of PDGFRa between untreated spheroidal cells of MCF-7 confirming its
expression being correlated with invasive breast carcinomas (Carvalho et al., 2005).
» TWIST1

TWIST1 plays many roles in promoting tumour metastasis (Kang and Massagué, 2004).
Furthermore, studies showed TWIST1 plays a role in promoting trophoblast invasion in mice
(Abell et al., 2009). However, the role of TWIST in human trophoblast invasion is still not
clear. The current data shows that the protein expression of TWIST1 was significantly
increased in the case of HTR8/SVneo spheroids (both DOX-treated and untreated) compared
to their parental cells counterparts. This actually confirms the finding of Ng et al. (2012) that
the mRNA and protein expressions of TWIST1 was substantially increased in HTR8/SVneo
(more than both choriocarcinoma cell lines JEG-3 and BeWo). Regardless of the differences
in the aims of the present study and the study by Ng et al. (2012), the findings of both studies
agree that TWIST1 could play important role in spheroidal transformation and/or trophoblast

invasion.
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» JAGI (Jaggedl)

Interestingly, the result from Chapter 3 showed that JAG1 mRNA and protein expression
were high in human placental tissues. However, the result from this chapter showed that
there was no significant change in the mRNA and protein expression levels of JAG1
observed in trophoblast cells (HTR8/SVneo, TEV-1 and BeWo). On the other hand, the
protein expression level was up-regulated in JEG3 DOX-treated parental cells compared to
both (a) untreated parental, and (b) DOX-treated spheroidal cells. The MCF-7 cell line
showed similar results to the trophoblast cell lines, (i.e. there was no significant change in
MRNA and protein expression level of JAG1). According to Herr et al., (2011) NOTCH
receptors 1-4 and their ligands JAG1, -2 are expressed in first and third trimester human
placental tissue. Also many studies have identified NOTCHL1 receptors in the endometrium,
and blastocyst. Moreover, JAG1 was detected in placental endothelial cells (Zhao et al.,
2013). It has also been demonstrated that NOTCH3 up-regulates its own ligand Jagged1 in
human primary mammospheres (Zhang et al., 2010), and in human breast cancer cell lines,
such as MCF-7 and MDA-MB-231 (Shao et al., 2015). NOTCH signalling plays important
roles in implantation/placentation by the regulation of EVT invasion and spiral artery
remodelling in the decidua and angiogenesis in the placenta (Cuman et al., 2013). However,
the data obtained here did not show any changes with spheroidal transformation.

6.3.2 Proteomics on global expressions of protein in transformed trophoblast cell lines
Proteomics technology can provide valuable information on the dynamic changes of proteins
(Yang et al., 2015). In this study, using SWATH-MS the up-regulated proteins between the
following comparisons were identified: (a) untreated parental Vs. untreated spheroids; (b)
untreated parental Vs. DOX-treated parental; (c) untreated spheroids Vs. DOX-treated
spheroids; and (D) DOX treated parental V's. DOX-treated spheroids. SWATH-MS analysis
has identified up-/down-regulations of several proteins in different comparisons in
transformed trophoblast (HTR8/SVneo and TEV-1) and choriocarcinoma (BeWo and JEG-
3) cell lines. However, due to the high volume of data only the proteins that have shown up-
regulation in fold changes in HTR8/SVneo and TEV-1 are discussed below. Interestingly,
many of those proteins are found to be involved in cell proliferation, invasion, and
differentiation. Others are involved in embryonic development and inflammation. These
were up-regulated mainly in both un-/DOX-treated spheroids. As seen in Table 6.1 (A) and
(C), in HTR8/SVneo both untreated and DOX-treated spheroids have shown up-regulation
of many proteins. These include plasminogen and vitronectin. On the other hand, in TEV-1

cells only the untreated spheroids have shown up-regulation of these proteins.
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Plasminogen is a precursor of plasmin during the blood clotting cascade (Stoppelli,
2013). Plasmin is one of the most important and reactive serine protease enzymes, present
in blood that degrades many blood plasma proteins, including fibrin clots (Deryugina and
Quigley, 2012). It plays a role in different physiological processes such as embryo
development, wound healing (thrombolysis), and cancer development (Andreasen et al.,
2000). The plasminogen system is composed of two types includes the urokinase-type (UPA)
and the tissue-type (tPA) (Alfano et al., 2005) uPA is generally agreed to be the enzyme of
most relevance to tumour biology, whereas tPA has a role in the generation of plasmin for
fibrinolysis. As plasminogen activation plays an important role in vascular and tissue
remodelling, tumour growth, and cancer progression (Andreasen et al., 2000) and the fact
that is up-regulated mainly in untreated spheroids (in TEV-1) and DOX-treated spheroids
(in HTR8/SVneo cells) compared to parental cells indicate that these cells might have gained

stemness features.

In contrast, vitronectin (VNTC) showed up-regulation mainly in DOX-treated spheroidal
cells followed by un-treated spheroids in HTR8/SVneo cells. On the other hand, TEV-1 cells
showed the highest fold change only in un-treated spheroids. Vitronectin is an abundant
adhesion glycoprotein in blood plasma associated with different extracellular matrix sites
and tumour cells (Preissner and Reuning, 2011). Vitronectin is produced in the liver,
however, its MRNA has been detected in various tissues, including the brain and heart, and
this suggests its production by other cells (Seiffert et al., 1994). It plays an important role in
cell migration, tissue repair and, tissue remodelling (Seiffert et al., 1994). Moreover, it has
many physiological functions such as cell adhesion, regulation of fibrinolysis, coagulation
and immune defence, which could be key in the incidence and progression of severe PE,
mainly in early-onset severe PE (Shen et al., 2012). Different studies have reported that
vitronectin protein expression has been found in breast cancer (Aaboe et al., 2003). In
addition, a significant increase in expression level of VTNC protein was found in the
maternal-foetal interface of early-onset severe preeclampsia (Shen et al., 2012). Here, the
up-regulation of VNTC in spheroidal cells might be linked to their transformation and
gaining invasiveness.

The other protein that showed high fold changes in the up-regulation in spheroidal cells was
cysteine-rich protein 2 (CRIP2). This protein was up-regulated in untreated spheroids and
DOX-treated parental of HTR8/SVneo cells. It is also worth noting, ALDH1A3 was
observed to be up-regulated in untreated spheroids in both HTR8/SVneo and TEV-1 cells as
identified by SWATH-MS. However, the gRT-PCR (mMRNA) and western blotting (protein)
results of ALDH3AL did not completely agree with this. This may be mainly due to
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ALDH1A3 is a different gene to ALDH3AL, which there are from same grup (ALD), but
under different family and member. Overall the SWATH-MS data have identified several
proteins that are up-regulated in untreated and DOX-treated spheroids. Some of the changes
in proteins are consistent between HTR8/SVneo and TEV-1 cells (See Table 6.3). These
proteins are linked with either cell proliferation, invasion or cell cycle control. For example,
vitronectin has been identified as a component of serum which drives the differentiation of
both breast and prostate CSCs (Hurt et al., 2010). It is also used as a substrate substitute in
matrigel to study the maintenance and differentiation of human pluripotent stem cells
(hPSCs) (Braam et al., 2008). This suggest the spheroidal cells expressing these proteins

have gained “stem-like” behaviour; confirming the data obtained in Chapter 4.

6.4 Conclusion

According to the data from this study, the mRNA and protein expression of ALDH1A3,
AURK-(A and C), PDGFRa, TWIST1, and JAG1 were differentially expressed in spheroidal
and parental cells. Also, SWATH-MS analysis highlighted up-regulation of some proteins
that are associated with proliferation, invasion and cell cycle control. This suggests that
spheroidal (untreated and DOX-treated) generated from both transformed trophoblast cell

lines, HTR8/SVneo and TEV-1, may have gained the “stemness” features.
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7.0 Discussion

The aims of this study were firstly, to compare the expression patterns of common factors
related to invasion, such as ALDH3A1, AURK-A and C, PDGFRa, TWISTI1, and JAGI1
between normotensive (NT) and pre-eclamptic (PE) placentae. Secondly, to generate
spheroidal cells from transformed trophoblast cells (HTR8/SVneo, TEV-1), and
choriocarcinoma (JEG-3, BeWo) (using breast cancer cell line MCF-7 as non-placental
tumour control). In addition, to check the effects of a chemotherapeutic agent (Doxorubicin)
in producing drug resistant spheroids from all four trophoblast cell lines. This was followed
by a characterisation of “stemness” feature by studying the expressions of stem cell markers,
such as OCT4, SOX-2, NANOG, CDX2 and NOTCHL1. Thirdly, to compare the migration
and invasive potentials amongst non-resistant/drug-resistant spheroids and their original
(parental) cells. Next linking with the first aim, the expression patterns of the common
factors such as ALDH3A1, AURK- (A and C), PDGFRa, TWIST1, and JAGTI in spheroidal
cells and their parental controls (both untreated and DOX-treated) were looked at. Finally,
the study aimed to investigate the changes in the global protein (peptide) expression profiles
in parental and spheroidal cells (untreated and DOX-treated) using SWATH-MS technique.

7.1 Expression analysis factors of interest in NT and PE

Differential gene expression techniques, such as microarray, have identified several
candidate genes/factors involved in PE. As explained in chapter 3, these include growth
factors, transcription factors, extracellular matrix proteins, and proteins involved in
signalling pathways (Hansson et al., 2006; Sood et al., 2006; Louwen et al., 2012). Using
murine microarrays established by Dr Ali (Nottingham Trent University), some common
molecules that might be hypothetically involved in trophoblast invasion were identified (eg.
ALDH3A1, AURK-A, AURK-C, PDGFRa, TWIST1 and JAG1). To begin with, the mRNA
and protein expression of these factors were compared in NT and PE placentae.

Although, pathophysiology of PE is still unclear, it is associated with abnormal vascular
remodelling of the spiral arterioles and shallow invasion (Goldman-Wohl and Yagel, 2002).
The abnormal remodelling reduces the oxygen supply to the placenta and decidua, creating
a hypoxic condition which leads to the production of reactive oxygen species (ROS) and
ultimately to oxidative stress (www?3). Oxidative stress plays an important role in the
pathophysiology of PE (www?3). The data explained in chapter 3 suggest that the expression
of these factors are definitely altered in PE. Since many of these factors are involved in cell

proliferation and/or invasion, their altered expressions in PE placentae confirms previous
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findings/hypothesis of trophoblast dysfunctions being responsible for PE (Burton and
Jauniaux, 2004; Pennington et al., 2012; Vaiman et al., 2013). The changes in the individual
proteins are discussed below.

Interestingly, the enzyme ALDH3 family has an important role during cell proliferation,
differentiation, and also plays an important physiological role against cellular oxidative
stress by detoxifying aldehydes derived from oxidative processes, such as ethanol
metabolism (Marchitti et al., 2010). The present study showed that both mRNA and protein
levels of ALDH3AL1 are significantly increased in PE placentae compared to NT. ALDH3A1
was recognized as an oxidative stress response protein as oxidative stress leads to increased
ALDH3AL expression (Moreb et al., 2008; Kim et al., 2014). ALDH3AL is presumed to
have a protective role against oxidative stress-induced apoptosis. This result is consistent
with the hypothesis that oxidative stress is a significant factor in the pathogenesis of PE.
Therefore, the higher levels of ALDH3AL in PE could be a mechanism to overcome the

oxidative stress induced apoptosis.

Likewise, AURK-A plays an important role in the regulation of mitosis and cytokinesis
(Kimura et al., 1999). Dysregulated Aurora-A expression leads to mitotic faults and results
in pathological conditions (Mortlock et al., 2007). To date no studies on AURK-A
expression in human placental tissues have been reported. A study carried out by Cho et al
(2014), illustrated that oxidative DNA damage can be related to the expression of AURK-A
protein. Significant up-regulation of MRNA and protein expression of AURK-A in PE was
observed in present study. Interestingly, results from IHC illustrated that AURK-A also
showed higher staining for PE than NT placentae. It can be assumed that the AURK-A
expression increasing in PE due to the high oxidative stress. However, both mRNA and
protein expression levels of AURK-C were increased in NT compared to PE. The data was
also confirmed by IHC which illustrated higher staining for NT than PE. AURK-C has arole
in the regulation of mitosis and cytokinesis (Kimura et al., 1999). It is expressed in many
types of cancer, however the function of AURK-C in normal cellular processes is not fully
understood (Quartuccio and Schindler, 2015). Therefore, it is difficult to predict the
biological significance of this expression on the disease. Interestingly, it can be predicted
that AURK-C might be expressed during first trimester trophoblast cells to enhance
proliferation and invasion of EVT cells, which are important for successful pregnancy.
Additionally, AURK-C could play a role during implantation by regulating cytokinesis
(Mortlock et al., 2007). The biological effects of PDGFs are exerted by activation of two
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tyrosine kinases platelet-derived growth factor receptor PDGFRo and . PDGFRa is
instrumental during embryonic organogenesis and development by directing the cell
proliferation, differentiation, migration, and function of specialised mesenchymal cells
(Karlsson et al., 1999).

The present study showed the mRNA and protein expression levels of PDGFRa are
increased significantly in PE compared to NT. PDGFRa was studied only in early placenta
but not near-term placental tissues. Therefore, a high expression in term PE samples could

be an indication of malformation of the placenta.

TWIST1 plays a role in cell proliferation, migration and differentiation in embryonic
progenitor cell populations and transformed tumour cells (Ansieau et al., 2008). The current
study shows a statistically significant increase of TWIST1 mRNA and protein expression in
PE. Interestingly, these results were also validated with IHC and intense staining for
TWIST1 was detected in the STB layer of PE placentae rather than NT placentae. Ng et al
(2012) demonstrated that TWIST1 and N-cadherin are abundantly expressed in highly
invasive EVT propagated from first-trimester human placenta. It could be suggested that
TWIST1 over-expression in placental tissues might only has advantages in the early stage.
A high expression of TWIST1 in PE placental samples could be a compensatory change to

counteract the defective trophoblast invasion in PE.

JAG1 is one of the five cell surface proteins (ligands) that interact with four receptors in the
mammalian NOTCH signalling pathway (Zhao and Lin, 2012). Overall they play an
important role in normal development of human placenta. Therefore, the defect of NOTCH
signalling pathway could contribute to the pregnancy complications, such as PE (Zhao and
Lin, 2012). Sahin et al. (2011), detected a significant decrease in the immunoreactivity of
NOTCH proteins in PE compared to normal placentae. This was consistent with the present
data where both mRNA and protein expression levels of JAG-1 were decreased in PE
compared to NT placentae. A study by Hunkapiller et al. (2011) speculated that there was a
correlation between reduced JAG-1 expression and failed vascular remodelling in PE. The
low expression of JAG1 in PE in this study could be associated with incomplete remodelling

of human spiral arterioles.

These factors of interest were also investigated in trophoblast cell lines to confirm their
expression patterns in these cells. The data showed that mMRNA and protein expression of
ALDHI1A3, AURK-(A and C), PDGFRa, TWISTI1, and JAGI1 are expressed in these

222



Chapter 7: General Discussion

trophoblast derived cell lines. However their expression levels in each trophoblast cell line
were found to be different. The disparities in mMRNA and protein expression could be due to
their origins and differences in immortalization method used to develop these cells. In
summary the factors that were identified from murine microarrays as potential markers for

defective trophoblast invasion have all showed changes in PE placentae.

7.2 Generation of spheroids from trophoblast and tumour cell lines

In this study, both transformed trophoblast cells (HTR8/SVneo, TEV-1) and
choriocarcinoma cells (JEG-3, BeWo) and also MCF-7 cells have shown the ability to
produce non-resistant (normal) spheroids under non-adherent conditions. Moreover, they
were able to revert back to normal growth under adherent conditions. Due to the nature of
the MCF-7 cells, they produced a larger sized spheroid when compared to the spheroids
produced from trophoblast cell lines. In 2013, Webber et al. illustrated that HTR8/SVneo
cells have a high ability to form spheroidal bodies. Likewise multicellular spheroids were
established from JEG-3 and BeWo in culture by Grummer et al. (1994). In the case of MCF-
7 cells, several studies have shown that the cell line can be used as a model of 3-D cellular
organization, which has ability to grow as multicellular spheroids (Villalobos et al., 1995;
Guttilla et al., 2011). Based on these findings the spheroid body-forming cells have several
features, which include self-renewal, differentiation into specialized cell types and
proliferation ( Cheng et al., 2012; Liu et al., 2013). The current findings suggest that all four
investigated trophoblast cell lines have stem cell features; that is they are more than just
aggregates of cells. Although previous studies have shown this spheroidal transformation
abilities in HTR8/Svneo, JEG-3 and BoWo cell lines, to the best of the author’s knowledge,
this was the first study to produce and characterise the spheroidal cells from TEV-1 cells.
Since TEV-1 cells are also derived from first trimester trophoblast cells, this finding proves
that most of the transformed EVT cells have the ability to produce spheroidal cells.
Moreover, DOX was used in this study to select drug resistant spheroids generated from four
trophoblast cell lines and also to check their aggressive profile.

After producing spheroids, the expression of transcription factors (OCT4, SOX2 and
NANOG), trophoblast transcription factor (CDX2), and NOTCH1 were checked. OCT4
plays a key regulatory role in self-renewal and differentiation of pluripotency of mouse and
human embryonic stem cells (Pan et al., 2002). Thus, the expression of OCT4 in trophoblast

spheroids may be linked to “stem-like cells” properties, such as self-renewal, of these cells.

From current data, compared to parental cells, the mRNA and protein expression of OCT4

showed a significant increase in spheroidal cells (both DOX-treated and untreated) produced
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from JEG-3, BeWo and MCF-7cell lines. Likewise, SOX2 and NANOG play regulatory
roles along with other transcriptional factors (OCT4 and NANOG) maintain pluripotancy
and self-renewal features in human and mouse ESCs (Boyer et al., 2005). Interestingly, both,
immunofluorescence staining and western blot, results suggested that SOX2 expression
increased in spheroidal cells. In contrast, the mRNA expression of SOX2 was up-regulated
only under untreated spheroid conditions compared to the parental conditions in TEV-1,
JEG-3 and MCF-7 cells. The difference in expression patterns between mRNA and protein
in this study, may be due to the half-life of mMRNA, as protein cannot be translated from
mRNA with very short or long half-life (Wang et al., 2002; Yang et al., 2003).

The fact that the “stemness” markers OCT4, SOX2 and NANOG have increased especially
in spheroidal cells from all four trophoblast cell lines suggests that these cells have
transformed themselves into “stem-like” cells. According to Desoizet et al. (1998) the
spheroids were used in oncology for studying the multi-drug resistant types of cancer.
Moreover, it was also useful in studying the resistance to chemo- or radiotherapy. By using
a spheroid model, it is possible to investigate cell to cell and extracellular matrix (ECM) to
cell interactions in vitro (Nederman et al., 1984; Oudar, 2000; Mehta et al., 2013). The data
explained in chapter 5 have clearly shown that DOX treated trophoblast cells produced
spheroids that not only displaying “stemness” features, such as self-renewal by reverting
back into a monolayer when re-grown under normal conditions, but also showed resistance
against DOX treatment. Therefore, these cells may be used as a model to study the
toxicological effects of other chemotherapeutic effects on “physiologically rapidly dividing”

cells.

7.3 Migration capacities of spheroidal from trophoblast cell lines

The ability for the cells to migrate is an important characteristics of all stem-like cells.
However, as spheroidal cells grow in aggregate, they were transformed into the normal
adherent flasks to study their capacities of migration. The current data showed that the
migration rate of HTR8/SVneo and TEV-1 untreated spheroids was faster than the parental
cells at 48 hours. This was expected since spheroids act like solid tumours in vivo with
deregulated proliferation and an uncontrolled speed of migration (Ferretti et al., 2007).
However, DOX-treated spheroidal cells showed low rate of migration at 48 hours. Spheroid
monolayers are different from normal cell monolayers and they still have ‘stem like cells’
features and should show the ability to resist drug treatment. However the low rate of
migration showed by the monolayers formed by the spheroidal cells may be due to the
enhanced penetration by DOX. That is the penetration of DOX into the spheroidal cell

clusters will be difficult; and therefore its effects will be limited in cells that are growing in
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3-D culture. However, the DOX exposure would have been greater when these cells were
re-transformed into monolayers. Thus, DOX could have been absorbed rapidly. In fact, the
3-D structures provide a multicellular resistance model that mimics the chemotherapy
resistance often found in solid tumours in vivo (Oudar, 2000). This might have affected the
migration of spheroidal, especially DOX-treated cells. Unfortunately due to the growth
patterns of choriocarcinoma cells (BeWO and JEG-3), it was impossible to carry out a wound
healing assay even with parental cells. These cells do not produce cell monolayers and it was
extremely difficult to produce a uniform wound (or scratch) as such attempts disrupted cell
attachments.

7.4 Invasion capacities of spheroidal cells from trophoblast cell lines

The analysis of growth, proliferation and invasion of trophoblast cells in culture is essential,
to understand the functions of the placenta by using different trophoblast cell lines (Zuo et
al., 2014). Moreover, study of trophoblast cell invasion will lead to a better understanding
of trophoblast invasion mechanisms and this will be essential for the treatment of
pathological conditions which are involved in placental over-invasion (e.g.,
choriocarcinoma) or under-invasion (e.g., pre-eclampsia). Moreover, it is also important to
develop therapies for cancer (Graham and Lala, 1992). However, comparing the invasion of
parental and spheroidal cells is difficult. Therefore, two different approaches were made (a)
A 2-D invasion assay to compare the invasive potentials between parental and spheroidal
cells. For this the spheroidal cells were manually disrupted into single cells. This was
essential as the BD Bio-coat invasion assay kit has a membrane that would only allow single
cells with the optimum diameter of 8 um. Also by breaking spheroids into single cells, it
would be interesting to see whether they have gained true transformation into “stem-like
cells” and (b) A 3-D invasion assay to see and compare the invasive potential of un-treated
and DOX-treated spheroidal clusters that were made from trophoblast cells. In fact
monolyer spheroidal cells are not entirely appropriate to study the interactions between the
invasive spheroid and the basement membranes. Thus, 3-D invasion was used to compare

the invasive behaviour of spheroidal cells.

The current data strongly suggest that in 2-D invasion assay all trophoblast cell lines
(HTR8/SVneo, TEV-1, JEG-3, and BeWo) showed a higher invasion in untreated spheroids
compared to other conditions with different capacity in each cell lines. This shows that
untreated spheroidal cells have truly transformed into “stem-like cells”. In addition the 3-D
invasion assay using a BME-3D kit, have shown, with time the invasion of untreated
spheroidal cells of all trophoblast cell lines (HTR8/Svneo, TEV-1, JEG-3 and BeWo) was

higher than that of DOX-treated spheroids. Moreover the data suggested that spheroids of
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choriocarcinoma can potentially invade faster than that of transformed trophoblast cells. It
may be due to the nature of these cells, as they are malignant trophoblastic tumour cells.
However, DOX-treated spheroids in both JEG-3 and BeWo showed a strange behaviour,
where the distorted shape of spheroid did not show any invasion in both cell lines. This may
be due to the persisting effect of the DOX treatment in these small spheroids. According to
Gong et al. (2015), the penetration capability of DOX can be influenced by spheroid size.
Their study reported that stronger DOX penetration was observed within the smaller
spheroids compared to larger spheroids which showed higher chemo-resistance. Likewise
the study by Gong et al. (2015), suggested that 3-D spheroids drug sensitivity depended on
the spheroids size. Unfortunately, both untreated and DOX-treated spheroid of non-
invasive cells (MCF-7) remained as cell aggregates and did not show any ability to invade
into the surrounding invasion matrix in 3-D assay. That is despite the ability of MCF-7
producing spheroids under non-adherent conditions with serum-free medium contained
growth factors (See Chapter4), they did not show any invasion in 3-D cell invasion assay.
This was not expected as MCF-7 was used as a non-placental tumour positive control to

detect/compare invasions with trophoblast cell lines.

According to studies supplementary growth factors, such as bFGF, FGF, EGF and insulin
(IGF), are necessary to maintain and influence cell proliferation, motility, survival and
morphogenesis (Rodrigues et al., 2010). However the effect of each growth factor is
different. For example, bFGF has a role in forming tumour spheres and in maintaining the
characteristics of sphere-forming cells (Min et al., 2015). FGF plays an important role in
creating tumour spheroids and increasing the internal population (Kondo et al., 2004). It has
been reported that EGF promoted sphere formation and enhanced the self-renewal capacities
of human glioma-derived cancer stem cells CSCs (Soeda et al., 2008). Insulin has an
essential role in proliferation of normal stem cell (Ziegler et al., 2014). Arsenijevic et al.
(2001) reported that in the absence of IGF, EGF or FGF embryonic cells were unable to
stimulate sphere formation. Furthermore, study of Min et al. (2015) reported that the
spheroids from MCF-7 cells maintained in media containing growth factors showed greater
cell proliferation than spheroids in media with FBS. Therefore, it can be assumed that the

growth factors might play a role in MCF-7 spheroid formation under 3-D culture.
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7.5  Global expressions of protein in transformed trophoblast cell line

Comparative SWATH-MS analysis amongst spheroid and parental cells (untreated and
DOX-treated) have identified up-regulation of 14 novel proteins generated from
HTR8/SVneo cell lines. Likewise 8 novel proteins have been identified to be up-regulated
in TEV-1. Interestingly, most of these proteins were associated with cell adhesion,
proliferation, differentiation, invasion and embryo implantation. The most interesting
proteins that were found in both HTR8/SVneo and TEV-1 cell lines under different
conditions are plasminogen, vitronectin and ALDH1A3. Due to time restrictions it was not
possible to further analyse the real time expression profiles of all the new/novel peptides that
were identified by the SWATH-MS analysis as up-/down-regulated in different spheroid
cells (See Section 7.7)

7.6 Conclusion

The data from this study suggest that

e The mRNA and protein expression of ALDH1A3, AURK-(A and C), PDGFRa,
TWIST1, and JAG1 were differentially expressed in NT, and PE placenta.
Interestingly their expression was also found to be different in untreated and DOX-
treated spheroidal cells compared to their parental counterparts.

e This study has successfully generated and characterised “stem-like” spheroidal cells
from four different trophoblast cell lines (namely HTR8/SVneo, TEV1, JEG-3 and
BeWo) using non-adherent 3-D culture.

e These spheroids showed increased protein expression of stem cells markers, such as
OCT4, SOX2 and NANOG. On the other hand, both trophoblast CDX2 and the cell
fate determining transcription factor, NOTCHZ1, are reduced in spheroidal cells.

e Spheroids generated from different trophoblast cell lines may also be used as an in
vitro model to study the toxicological effects of chemotherapeutic agents on
physiologically rapidly dividing cells.

e SWATH-MS analysis highlighted up-regulation of novel proteins that are associated
with proliferation, invasion and cell cycle control in both transformed trophoblast
cell lines (See the synopsis of the PhD thesis).
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ALDH1A3, AURK-(A&C), PDGFRa, TWIST1,
and JAG1 were differently expressed in
spheroidal and parental cells.

SWATH-MS highlighted up-regulation of
novel proteins in both transformed
trophoblast cell lines.
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7.8 Future work

Firstly the comparative expression analysis between NT and PE samples need to be extended
to check the status of the molecules/proteins that were using SWATH-MS with a larger
number of placental samples to identify the changes in global protein expression profiles in
PE samples. The status of these identified proteins would then be checked in real time using
gRT-PCR and immunoblots. Also by using primary culture, such as CTBs, and EVTs, the
role of these newly identified factors during first trimester can be investigated using in vitro
invasion studies. This will be shed some light on functional relationships of these proteins
during placental invasion. The cellular expression of these proteins can also be identified
using cellular fractionation techniques such as micro-dissection and coupled with
mRNA/protein expression studies in particular cellular groups, such as CTB, STB and

deciduas.

Interestingly, this study has successfully showed the potentials of producing “stem-like”
spheroid cells. Further studies may also be appropriate to check the status of other
“stemness” markers such as CD44, CD34, CD90 and CD133 in spheroids produced from
trophoblast cells lines, especially HTR8/Svneo and TEV-1 to confirm the stem-like
transformation during 3-D culture. Upon confirmation, the effects of oxidative stress, a
contributing factor for PE, on the invasion of spheroid cells can be compared with their
respective parental cells. The results would show whether there are any differences in the
responses to oxidative stress by spheroids.

Furthermore exploration studies using these cells as in vitro models of physiologically
rapidly dividing cells are essential. Using 3-D spheroids of transformed trophoblast cell lines
HTR8/Svneo and TEV-1, the effects of current chemotherapeutic agents on physiologically
rapidly dividing cells can be studied in relation to other non-trophoblast tumour cell lines.
Depending on the results, it may be possible also to investigate the ability of primary

trophoblast cells such as CTBs, ST and EVTs to produce spheroid under the same conditions.

Also as explained in section 7.6 (and in chapter 5), the MCF-7 clone used in this study was
found to be non-invasive; therefore it is essential to repeat the invasion assays with spheroids
obtained from invasive clones of MCF-7 or other non-placental tumour cell lines. This
would not only confirm the invasive capacities of drug-resistant spheroids from non-
placental tumours, but also compare the differences between the drug-resistant spheroids

that are produced from trophoblast (physiologically rapidly dividing cells) and tumour cells.
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Most importantly it is essential to explore all the proteins that have been identified by
SWATH-MS to have several fold (of either increase or reduced) changes during spheroids
transformation. This was not possible during this study due to time restrictions. Using
bioinformatics, the cellular functions of these proteins/peptides can be identified. Following
this the real time status of these proteins can be investigated using gRT-PCR and western

blotting.
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A.1 :Clinical data of patients
Table A 1: Clinical Data

App

endix

Serial No. [ Normotensive: |Maternal age |Gestational age |Systolic BP |Diastolic BP |Placental Weight |Mode of Delivery |Gestational weight |Gestational Sex |BMI (Protein in urine (g/L)
(Years) (Weeks) (mmHg) (mmHg) (Grams) (Kg)
N1 V6 34 38.4 122 60 855 Vaginal 4.24 male 21.6 N/D
N2 v7 32 38.9 120 90 700 Vaginal 3.3 female 24.5 N/D
N3 V8 29 40.1 140 68 520 Vaginal 3.8 male 23 N/D
N4 V9 36 39.2 128 68 579 Vaginal 3.12 male 24.2 N/D
N5 V10 39 39.2 130 70 636 Vaginal 3.03 male 23.5 N/D
N6 AV § 35 38.1 120 70 654 Vaginal 3 male 23 N/D
N7 vi2 34 38.3 120 72 725 Vaginal 3.33 female 23 N/D
N8 V13 40 38.4 123 70 852 Vaginal 4.24 male 24.2 N/D
N9 V15 29 39.2 122 66 625 Vaginal 3.21 male 23.5 N/D
N10 v23 36 39.1 110 70 579 Vaginal 3.01 male 24 N/D
N11 V24 35 39.2 125 71 560 Vaginal 3.01 female 24.7 N/D
N12 SITE-1 35 38.5 109 78 698 Vaginal 3.5 female 23.5 N/D
N13 ALISON 34 39.3 122 67 524 Vaginal 3.51 male 24.5 N/D
Average 34.46 38.92 122.38 70.77 654.38 3.41 23.63
STD 3.20 0.55 7.94 7.04 109.85 0.44 0.86
Serial no. [ Pre-eclamptic: |Maternal age |Gestational age |Systolic BP |Diastolic BP [Placental Weight |Mode of Delivery |Gestational weight (Gestational Sex [BMI |Protein in urine (g/L)
(Years) (Weeks) (mmHg) (mmHg) (Grams) (Kg)
P1 Kirsty 28 33 150 92 360 Vaginal 1.66 male 23.5 2.5
P2 PE3 27 36 168 95 470 Cesearean 2.3 male 22.8 1.5
P3 PE5 29 37 152 110 505 Cesearean 1.87 male 22.5 1.14
P4 vi4 29 38 150 111 420 Vaginal 1.82 female 24.4 1.01
P5 V16 27 36 160 92 545 Cesearean 2.6 male 24.6 1
P6 V17 28 39 160 90 480 Cesearean 1.76 male 22.8 0.9
P7 V18 32 37 150 90 510 Cesearean 2.98 male 22.5 0.98
P8 V19 28 38 150 90 529 Cesearean 3.1 female 21 1
P9 V22 28 39.5 155 95 510 Cesearean 2.8 male 23.5 0.91
P10 V25 28 38 155 112 517 Cesearean 2.9 male 22.8 0.875
P11 V26 29 39 140 108 620 Vaginal 3.59 female 23 0.88
P12 Angela 29 39.4 156 98 610 Cesearean 3.12 male 22 1.1
Average 28.5 37.5 153.3 98.5 506.3 2.54 22.95 1.14
STD 131 [ 186 [ 699 [ 898 71.79 f 0.64 0.98 [ 0.46
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Appendix

A.2: The extraction of RNA from NT (Panel A) and PE (panel B) placental tissues.
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Figure A 1 The purity of extracted RNA from NT and PE placental tissues.

[M= 1Kb Molecular marker; Panel A = RNA extracted from 13 NT samples; Panel B =
RNA extracted from 12 PE samples]
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Appendix

A.3:Temperature optimisation for factors of interest

Figure A 2: Confirmation of PCR products in agarose gel.

[Amplified factor products with placental sample. M-Molecular marker (ladder) 50bp,
lanel- ALDH3A1L, lane2- AURK-A, lane3- AURK C, lane4- PDGFR-a, lane5- TWIST],
lane6- JAG1 and lane7- MCF-7 (used as positive control).

A.4: Accession numbers for target factors used for primer designing

Table A 2: NCBI accession numbers for factors.

Factor NCBI accession number

ALDH3A1 NM_001135168.1; NM_001135167.1

AURK- A NM_198433.1; NM_003600.2

AURK-C NM_001015878.1;NM_001015879.1;NM_003160.2
PDGFR-a NM_006206.4

TWIST-1 NM_000474.3

JAG1 NM_000214.2
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Appendix

A.5: Example of sequencing

=] AURK A - Chromas - o Em
File Edit Options Help
F k i & S T —
Open Export | Print | Next Find - Bemplela
10 20 30 40 s0 &0 70 g0 20
- = (SRR ——_ S e LT R R R aep—— e ) L R P L (=] (pp—— ga— ]
IGCCRMYACTSS S RRRGAG TAW TCATA GAGRARCAT TAR GCCAR GAGAACTTACTTCTT GGATCAGCT GGAGAGCTTARAATT GCAGATTTHKGGGT GGTCAY

Figure A 3 : The DNA sequencing data for AURK-A PCR product.

The bases represented by N were replaced by the specific bases identified by their coloured

peaks (A- Green, T- Red, G- Black and C- Blue).

Distribution of 22 Blast Hits on the Query Sequence &

[Mouse-over to show defline and scores, click to show alignments

Color key for alignment scores

<40 40-50 50-80

1
60

1
1 30

Query '_
S0

80-200

[ [ 1
120 150

7 Alignments

Transcripts

O Homo sapiens aurora kin

ase A (AURKA), trans
O Hemoe sapiens aurera kina

ript variant 1, mRH
2 A (AURKA), trans cript vari mENA
O Homo sapiens aurora kinase A

1 (AURKAPS 1), RNA

<
:":::; ::('): Qc'jw';’r’ wﬁm ident|  Accession |
241 241 86% 3e-61 98% XM 0067238721 |
241 241 86% 3e-61 98% XM 0067238711
241 241 86% 3e-61 98% XM 0052605341
241 241 86% 3e-61 9B% MM 1984371
241 241 86% 3e-61 98% NM 1984361
241 241 86% 3e-61 98% LM 1934351
241 241  86% 3e-61 98% NiM 1084341
241 247 86% 3e-61 98% MM 1084331
241 241 86% 3e-61 98% NM 0025002
222 222 82% 1e-55 97% MNE 0015871

Figure A 4: Example of BLAST matching data for AURK-A sequence obtained from

sequencing.

The red bands shows >=200 alignment score for the DNA sequence received from the
company and the gene of interest PASD1 (with 99% maximum identity).
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Appendix

A.6: The extraction of RNA from trophoblast cell lines

Figure A 5: The purity of extracted RNA from trophoblast cell lines in parental
conditions.

[M= 1Kb Molecular marker; lanel- HTR8/SVneo, lane2- TEV-1, lane3- JEG-3, lane4-
BeWo, lane5- MCF-7 (used as positive control).

A.7: Temperature optimisation for markers of interest

Figure A 6: Example of PCR product confirmation in Agarose gel.

[Amplified marker (OCT4) products with trophoblast cell line (parental conditions). M-
Molecular marker (ladder) 50bp, lanel- HTR8/SVneo, lane2- TEV-1, lane3- JEG-3, lane4-
BeWo, lane5- MCF-7 (used as positive control).
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Appendix

A.8: Accession numbers for target factors used for primer designing

Table A 3: NCBI accession numbers for markers.

Marker NCBI accession number

OCT4 NM_001173531.2; NM_001285986.1; NM_001285987.1
SOX2 NM_003106.3

NANOG1 NM_001297698.1

CDX2 NM_001265.4

NOTCH NM_017617.3
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