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Abstract 
 

The human placenta is a fetal organ that is vital for healthy growth of the baby. Adequate placentation 

requires the normal function of specialised epithelial cells called trophoblasts, of which there are three 

main populations: cytotrophoblasts, extravillous trophoblasts (EVTs) and the syncytiotrophoblast. 

Impaired trophoblast differentiation might result in fetal growth restriction (FGR) where babies are 

born dangerously small. All mature trophoblasts are derived from a putative human trophoblast stem 

cell (TSC). Side-population trophoblasts are a transcriptomically distinct candidate human TSC that 

have been isolated from first trimester placentae, but require further characterisation to demonstrate 

their stem cell phenotype (James et al. 2015). The aim of this thesis was to further characterise side-

population trophoblasts and determine their role in normal and abnormal placentation.   

Side-population trophoblasts have a distinct methylome compared to both cytotrophoblasts and 

EVTs, and this results from differences in the pattern rather than the degree of CpG methylation. First 

trimester side-population trophoblasts can be propagated in colonies only when grown in TSC 

medium, and can be differentiated into 1) ß4 integrin expressing cytotrophoblast-like cells, 2) 

multinucleated syncytiotrophoblast-like cells that express syncytiotrophoblast makers (syncytin-1 and 

human choriogonadotrophin (hCG)) and secrete hCG, and 3) HLA-G positive EVT-like cells that invade 

through Matrigel™. Collectively, these data suggest that side-population trophoblasts are likely to be 

human TSC. 

Side-population trophoblasts were isolated from third trimester placentae for the first time. 

Importantly, the proportion of side-population trophoblast isolated from late gestation and first 

trimester placentae was not significantly different, but the side-population in FGR placentae was 

significantly reduced (0.32%) compared to normal third trimester placentae (3.01%, p<0.0001). 

Changes in the expression of apoptotic (DOK1, KLF11, KCNQ1OT1), and cell proliferation (TMSB4X, 

SPAG9, KLF9 and EFNB2) genes in FGR side-population trophoblasts may explain their reduced 
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numbers in FGR. The depletion of such a stem cell population in the placenta would likely have 

significant functional consequences for placental growth and trophoblast differentiation, and impair 

placental exchange function and thus fetal growth. Future understanding of the functional role of side-

population trophoblasts play in FGR may allow us to therapeutically target the root cause of placental 

dysfunction in FGR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Acknowledgements 
 

The last five years have been some of the most challenging with regard to all aspects of my life. It is 

with hindsight that I now realise how important this PhD was to me as it provided me with a purpose 

that enabled me to survive my personal struggles. The completion of this PhD would not have been 

possible without the following people and organisations.  

I would firstly like to make a special mention of my supervisors Dr. Jo James and Professor Larry 

Chamley. Thank you for always being there for me, your ability to find the positive in anything was 

invaluable throughout my degree. Thank you both for also being incredible role models who have 

provided me with numerous opportunities to progress my career and helped me to develop as a 

scientist.  

Thanks also to the staff and patients of Auckland Medical Aid Centre, Epsom Day Unit and the Birthing 

Unit of National Women’s Hospital without whom this work would not be possible. On a similar note 

I would also like to thank the funding bodies who have allowed this work to be conducted.  Specifically 

I would like to thank the Auckland Medical Research Fund who provided a research grant and my PhD 

scholarship, The University of Auckland for providing me with a Doctoral Scholarship, The Health 

Research Council and Gravida: National Centre for Growth and Development fund who have provided 

research grants that facilitated this work. I would also like to thank the Sir John Logan Campbell Trust, 

the International Federation of Placenta Associations, The University of Auckland Postgraduate 

Student Association and the King Abdullah International Medical Research Centre for providing travel 

grants that have allowed me to disseminate my research to an international audience and allowed me 

to attend workshops in order to develop my understanding of stem cells.  

During my degree I was able to explore numerous techniques that I would not have been able to 

master without access to experts in the field. Therefore would like to extend a special thank you to; 

Mr Stephen Edgar for his expertise in running the fluorescence activated cell sorting (FACS) machine, 



iv 
 

Ms. Jacqueline Ross for her ongoing support using the microscopes and Mr. Chandrakanth Bhoothpur 

for his help with the Sequenom MassARRAY. Thanks also to Dr. Cherie Blenkiron, Dr. Anita 

Muthukaruppan, and Dr. Lynsey Cree for their molecular biology expertise. Thanks also to our 

collaborators at the University of Otago; Dr. Erin Macaulay, Dr. Robert Weeks and Ms. Jackie Ludgate 

for their expertise in DNA methylation.  In addition I would like to thank Dr. William Schierding and 

Mr. Peter Tsai for their help and support in the bioinformatics analysis of methylation data, as well as 

Dr. Daniel Hurley, Dr. Vicky Fan and Dr. Jasper Perry for help with the bioinformatics analysis of the 

gene expression microarrays.  

I would like to also acknowledge the ENCODE Consortium  (ENCODE 2012) and Dr Richard Myers’ Lab 

at the Hudson Alpha Institute for Biotechnology who generated and made available the astrocyte, 

hepatocyte, renal cortical, oesophageal and pulmonary epithelium data sets and the labs which 

generated and made available the B cell (Kushwaha et al. 2016), trophectoderm and inner cell mass 

(Guo et al. 2014) and first trimester whole placental lysate (Jin et al. 2013) DNA methylation data. 

I have also been very privileged to work in a fun, supportive and social working environment. 

Therefore, a thanks is extended to past and present members of the James, Chamley, Cree, Shelling 

and Kalev groups, who have both commiserated and celebrated with me throughout my PhD.  

Most importantly I would like to thank my friends and family, in particular Mr. Stuart Oakley and Ms. 

Asmita Dalal for all your support through the good, the bad, and the crazy. A massive thank you to Mr. 

Ross Robertson for believing in me and funding the first year of my PhD, and supporting my family 

though out the years. A thank you is also extended to my brother Mr. Deshan Gamage for picking me 

up whenever I struggled to see the finish line. Finally, and most importantly I want to thank my parents 

for encouraging me to make the world a better place, for teaching me to be resilient and for teaching 

me to never give up on my dreams.  

 

 



v 
 

 

 

 

 

 

 

 

 

 

 

 

For my parents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Table of Contents 
 

Abstract……………………………………………………………………………………………………………………………………….…i 

Acknowledgements………………………………………………………………………………………………………………………iii 

Dedication…………………………………………………………………………………………………………………………………….v 

Table of Contents………………………………………………………………………………………………………………………….vi 

List of Tables………………………………………………………………………………………………………………………………..xv 

List of Figures…………………………………………………………………………………………………………………………….xviii 

List of Abbreviations………………………………………………………………………………………………………………….xxiv 

Chapter One: Thesis Motivation…………………………………………………………………………………………………….1 

1.1 List of publications arising from this thesis…………………………………………………………………5 

1.2 List of conference abstracts arising from this thesis…………………………………………………..5 

Chapter Two: Literature Review…………………………………………………………………………………………………….7 

2.1 The human placenta…………………………………………………………………………………………………8 

2.1.1 Development of the human placenta……………………………………………………………….8 

2.2 Fetal Growth Restriction…………………………………………………………………………………………15 

2.3 Stem cells………………………………………………………………………………………………………………………17 

2.3.1 What is a stem cell?............................................................................................17 

2.3.2 The stem cell niche…………………………………………………………………………………………18 

2.4 Trophoblast Stem Cells…………………………………………………………………………………………………..20 

2.4.1 Trophoblast stem cells have been isolated from mammalian placenta………….…20 



vii 
 

2.4.2 Evidence of a trophoblast stem cell in the human placenta……………………………21 

2.4.3 Isolation of candidate primary human trophoblast stem cell populations……….22 

2.4.4 Human embryonic stem cells as models for trophoblast stem cells…….……………26 

2.4.5 Are human embryonic stem cell-derived trophoblast-like cells really 

trophoblasts?..............................................................................................................28 

2.4.6 3D models of placental development…………………………………………………………..…31 

2.4.6.1 hESC derived embryoid bodies……………………………..……………………..…31 

2.4.6.2 Human primary cytotrophoblast derived first trimester placental 

organoids…….…………………………………………………………………………………………….32 

2.4.7 iPSC-derived trophoblasts ………………………………………………………………………..……33 

2.4.8 Trophoblast stem-like cells isolated from the HTR8/SVneo cell line……………….35 

2.5 The role of epigenetics in trophoblast differentiation……………………………………………………36 

2.5.1 DNA methylation in the placenta……………………………………………………………………39 

2.5.2 DNA methylation in trophoblast populations…………………………………………………42 

2.5.3 Pathologies associated with aberrant placental DNA methylation…………………43 

2.6 Summary……………………………………………………………………………………………………………………….44 

Chapter Three: Materials and Methods………………………………………………………………………………..………45 

3.1 Materials……………………………………………………………………………………………………………………….46 

3.2 Methodology used across the entire thesis………………………………………………………………….…46 

3.2.1 Collection of human placental samples………………………………………………………..…46 

3.2.2 Isolation of trophoblast populations from human placentae…………………………..47 



viii 
 

3.2.2.1 Isolation of side-population trophoblast and cytotrophoblast 

populations………………………………………………………………………………………………..47 

3.2.2.2 Isolation of extravillous trophoblasts from first trimester placentae..52 

3. 3 Immunohistochemistry…………………………………………………………………………………………………53 

3.3.1 Preparation of first trimester placental thin sections………………………………………53 

3.3.2 Immunocytochemistry……………………………………………………………………………………53 

3.4 Methodology specific to Chapter Four……………………………………………………………………………54 

3.4.1 Extraction of DNA from trophoblast populations……………………………………………54 

3.4.2 Reduced Representation Bisulfite Sequencing………………………………………………..54 

3.4.3 Acquisition and analysis of publicly available RRBS data…………………………………56 

3.4.4 Bioinformatic pipelines for the analysis of RRBS data………………………………………58 

3.4.4.1 Data clean up and mapping……………………………………………………………58 

3.4.4.2 Global methylation analysis……………………………………………………………58 

3.4.4.3 Differential methylation analysis of individual trophoblast 

populations………………………………………………………………………………………………..59 

3.4.4.4 Comparison of promoter methylation and gene expression……………60 

3.4.4.5 miRNA identification, extraction and quantification……………………..…61 

3.4.5 Sequenom MassARRAY EpiTYPER Analysis………………………………………………………62 

3.5 Methodology specific to Chapter Five…………………………………………………………………………….64 

3.5.1 Generation of placental and decidual conditioned media………………………………64 

3.5.2 The effect of extracellular matrices on side-population trophoblast survival…..64 



ix 
 

3.5.3 Use of Trypan Blue to determine cell viability…………………………………………………65 

3.5.4 The effect of different media formulations on side-population trophoblasts…66 

3.5.5 Culture of side-population trophoblasts in defined TSC medium..…………………..68 

3.5.6 Differentiation of side-population trophoblasts into mature trophoblast 

populations…………………………………………………………………………………………………………….68 

3.5.7 Assessment of syncytiotrophoblast differentiation…………………………………………70 

3.5.7.1 Immunocytochemical analysis of syncytiotrophoblast 

differentiation……………………………………………………………………………………………70 

3.5.7.2 hCG Enzyme-Linked Immunosorbent Assay (ELISA)…………………………71 

3.5.8 Assessment of EVT differentiation……………………………………………………………….…72 

3.5.8.1 Immunocytochemical analysis of EVT differentiation………………………72 

3.5.8.2 EVT invasion assays…………………………………………………………………………72 

3.5.9 Assessment of the cytotrophoblast marker ß4 integrin in side-population 

trophoblast cultures……………………………………………………………………………………………….74 

3.6 Methodology specific to Chapter Six………………………………………………………………………………75 

3.6.1 Immunocytochemistry to determine the purity of third trimester side-

population trophoblast isolates………………………………………………………………………………75 

3.6.2 Comparing the transcriptomic profiles of trophoblast populations in normal and 

abnormal pregnancy………………………………………………………………………………………………76 

3.6.2.1 Transcriptomic comparisons of side-population trophoblasts and 

cytotrophoblasts from fetal growth restriction and healthy gestation-

matched control placentae…………………………………………………………………………76 



x 
 

3.6.2.2 Transcriptomic comparison of side-population trophoblasts and 

cytotrophoblasts from first trimester and third trimester placentae……………78 

3.6.3 Real-time PCR analysis of FGR and gestation matched control side-population 

trophoblasts and cytotrophoblasts…………………………………………………………………………80 

3.6.4 Culture of third trimester side-population trophoblast……………………………………81 

3.6.4.1 Culture conditions that maintain third trimester side-population 

trophoblasts in culture……………………………………………………………………………….81 

3.6.4.2 Confocal imaging of third trimester side-population trophoblasts…..81 

Chapter Four: The DNA methylome of side-population trophoblasts compared to mature 

trophoblast populations and other somatic cell types…………………………………………………………………..83 

4.1 Rationale…………………………………………………………………………………………………………………….…84 

4. 2 Human trophoblast populations have biologically similar levels of global CpG methylation 

to many somatic cell populations………………………………………………………………………...................85 

4.3 Human trophoblast populations have similar levels of CpG methylation across genomic 

elements to many somatic cell populations…………………………………………………………………………87 

4.4 Human trophoblasts can be distinguished from somatic cells by differences in the pattern 

of CpG methylation……………………………………………………………………………………………………………..90 

4.5 Trophoblast populations have distinct methylomes……………………………………………………….91 

4.6 Compared to mature trophoblast populations, side-population trophoblasts exhibit 

differential gene methylation………………………………………………………………………………………………97 

4.7 Differential methylation impacts regulatory miRNAs involved in pluripotency signalling 

pathways………………………………………………………………………………………………………………………….100 



xi 
 

4.8 Gene methylation regulates the acquisition of an invasive phenotype during EVT 

differentiation………………………………………………………………………………………………………………..…103 

4. 9 Summary of key findings from Chapter Four……………………………………………………………..…110 

4.10 Discussion…………………………………………………………………………………………………………….……110 

4.10.1 Differences in global CpG methylation between trophoblasts and somatic cells 

are much smaller than previously reported……………………………………………………….....111 

4.10.2 Differences in global CpG methylation in blastocyst-derived cell populations are 

species specific and are likely influenced by the in vitro and in vivo environment.....112 

4.10.3 Trophoblast subpopulation-specific patterns of CpG methylation likely regulate 

human trophoblast differentiation and contribute to the regulation of 

placentation…………………………………………………………………………………………………………114 

4.10.4 Alternative regulatory mechanisms likely contribute to trophoblast lineage 

segregation…………………………………………………………..………………………………………………116 

4.10.5 Limitations and future directions…………………………………………..……………………116 

4.10.6 Chapter Four conclusions……………………………………………………………………………117 

Chapter Five: Culture and differentiation of side-population trophoblasts.…………………………………119 

5.1 Rationale………………………………………………………………………………………..……………………………120 

5.2 Laminin-521 aids side-population trophoblast survival in vitro………………………..……………121 

5.3 Side-population trophoblasts can be cultured for a limited period in commercial and 

custom made media………………………………………………………………………………………………………….123 

5.4 Human TSC Medium allows the long-term propagation of side-population 

trophoblasts………………………………………………………………………………………………………………………125 



xii 
 

5.5 Can first trimester side-population trophoblasts be differentiated into mature trophoblast 

lineages?................................................................................................................................127 

5.5.1 Differentiation of side-population trophoblasts into syncytiotrophoblast……127 

5.5.2 Differentiation of side-population trophoblasts into EVTs……………………………136 

5.5.3 Differentiation of side-population trophoblasts into cytotrophoblasts…………140 

5.6 Summary of key findings from Chapter Five…………………………………………………………………143 

5.7 Discussion……………………………………………………………………………………………………………………143 

5.7.1 The morphology of side-population trophoblasts can be manipulated by the 

culture conditions…………………………………………………………………………………………………143 

5.7.2 Side-population trophoblasts can differentiate into mature trophoblast 

lineages………………………………………………………………………………………………………………..145 

5.7.2.1 Side-population trophoblasts can be differentiated into 

syncytiotrophoblast-like cells…………………………………………………………………..145 

5.7.2.2 Side-population trophoblasts can be differentiated into EVT-like 

cells………………………………………………………………………………………………………….146 

5.7.2.3 Side-population trophoblasts can be differentiated into 

cytotrophoblast-like cells…………………………………………………………………………148 

5.7.3 Are side-population trophoblasts a similar human TSC population to that 

isolated by Okae et al?…………………………………………………………………………………….……149 

5.7.4 Future directions………………………………………………………………………………….………150 

5.7.5 Chapter Five conclusions………………………………………………………………………………151 



xiii 
 

Chapter Six: Isolation of side-population trophoblast from third trimester placentae and their 

transcriptomic profile compared to side-population trophoblasts from fetal growth restricted 

placentae…………………………………………………………………………………………………………..………………………152 

6.1 Rationale……………………………………………………………………………………………………………………..153 

6.2 Side-population trophoblasts can be isolated from third trimester placentae………………154 

6.3 Cells in the side-population gate are >97% pure trophoblasts from within the placental 

villi………………………………………………………………………………………………………….…………………………155 

6.4 The proportion of side-population trophoblasts is significantly reduced in fetal growth 

restriction…………………………………………………………………………………………….……………………………158 

6.5 Transcriptomic analysis of side-population trophoblasts and cytotrophoblasts in normal 

and FGR pregnancies…………………………………………………………………………………………………………159 

6.5.1 Data characteristics of fetal growth restricted and gestation-matched controls 

used in the transcriptomic analysis………………………………………………………………………160 

6.5.2 Gene expression differences exist between side-population trophoblasts 

isolated from fetal growth restricted and normally grown gestation-matched 

controls…………………………………………………………………………………………..……………………161 

6.5.3 The gene expression differences identified by microarray could not be validated 

by real-time PCR……………………………………………………………………………………………………172 

6.5.4 Side-population trophoblasts from third trimester placentae are more closely 

related to cytotrophoblasts than those from first trimester placentae…………………..177 

6.6 Side-population trophoblasts from third trimester placentae exposed to TSC Medium  

exhibit a distinct morphology…………………………………………………………………………………………….181 

6.7 Summary of key findings from Chapter Six……………………………………………………………………184 



xiv 
 

6.8 Discussion……………………………………………………………………………………………………………………185 

6.8.1 Side-population trophoblasts can be isolated from late gestation placentae…185 

6.8.2 Reduced side-population trophoblast numbers may contribute to the 

pathogenesis of FGR………………………………………………………………………….....................186 

6.8.3 Potential origins of gestation-specific gene expression changes in side-

population trophoblasts…………………………………………………………….…………………………189 

6.8.4 Third trimester side-population trophoblasts respond differently to the culture 

conditions that maintain first trimester side-population trophoblasts......……………..190 

6.8.5 Alternative applications……………………………………………………………………………….191 

6.8.6 Chapter Six conclusions………………………………………………………………………………..192 

Chapter Seven: Concluding Discussion……………………………………………………………………………………….193 

7.1 Are side-population trophoblasts a human TSC population?..................………………………194 

7.2 Key advantages of side-population trophoblasts compared to other human TSC………….195 

7.3 Could human TSC be used to treat FGR?...........................................................................196 

7.4 Future investigations……………………………………………………………………………………………………196 

7.5 Conclusion…………………………………………………………………………………………………………………..198 

Chapter Eight: References……………………………………………………………………………………………………….…199 

 

 

 



xv 
 

List of Tables 
 

Chapter Three: Material and Methods  

Table 3.1. Table of placentae and cell types generated for Chapter Four of this thesis.......................56 

Table 3.2. RRBS sample information for NCBI GEO sourced cell and tissues information and newly 

generated trophoblast data…………………………………………………………………………………………………..…………57 

Table 3.3. NCBI GEO sourced placentae and cell types used for gene expression analysis in Chapter 

Four of this thesis……………………………………………………………………………………………………………………….……60 

Table 3.4 Table of miRNA primers………………………………………………………………………………………………….…62 

Table 3.5. Table of Sequenom MassARRAY Primers………………………………………………………………………..…64 

Table. 3.6 Table of extracellular matrices trialled in side-population trophoblast culture……………….…65 

Table 3.7 Table of media trialled to expand side-population trophoblasts………………………………….……67 

Table 3.8 Table of media used to differentiate side-population trophoblasts…………………………….………70 

Table 3.9. Table of placentae and cell types generated in Chapter Six of this thesis…………………………79 

Table 3.10. Table of NCBI GEO sourced placentae and cell types used in Chapter Six………………………79 

Table 3.11. Table of Taqman probes used in the gene expression analysis of side-population 

trophoblasts and cytotrophoblasts isolated from FGR and gestation-matched control placentae……80 

Chapter Four: The DNA methylome of side-population trophoblasts compared to mature 

trophoblast populations and other somatic cell types 

Table 4.1 Summary table of differential methylation between trophoblast populations…………….……93 



xvi 
 

Table 4.2. Table of differentially methylated genes regulating a stem cell phenotype and/ or cell 

cycle regulation and proliferation in side-population compared to cytotrophoblasts or extravillous 

trophoblasts…………………………………………………………………………………………………………………………………….98 

Table 4.3 Table of miRNA involved in signalling pathways regulating stem cells…………………………….101 

Table 4.4. Top 20 GATHER gene ontology enrichment for genes up-regulated in extravillous 

trophoblasts compared to cytotrophoblasts…………………………………………………………………………………104 

Table 4.5. Top 20 GATHER gene ontology enrichment for genes down-regulated in extravillous 

trophoblasts compared to cytotrophoblasts…………………………………………………………………………………104 

Table 4.6. Table of genes with CpGi hypomethylated in the promoter regions of extravillous 

trophoblasts compared to cytotrophoblasts that have up-regulated gene expression and are related 

to EMT, and/or metastatic cancers…………………………………………………………………………………………………107 

Table 4.7. Table of genes with CpGi hypermethylated in the promoter regions of extravillous 

trophoblasts compared to cytotrophoblasts that have up-regulated gene expression and are related 

to EMT, and/or metastatic cancers……………………………………………………………………………..………………….109 

Chapter Six: Isolation of side-population trophoblast from third trimester placentae and their 

transcriptomic profile compared to side-population from fetal growth restriction 

Table 6.1 Summary table showing fetal and maternal characteristics of samples used for microarray 

analysis………………………………………………………………………………………………………………………………….………161 

Table 6.2. Table of genes that are down- or up-regulated exclusively in side-population trophoblasts 

from FGR placentae (compared to gestation-matched control placentae)…………………………………….164 

Table 6.3 Table of gene ontology for top 10 pathways down- regulated in side-population trophoblasts 

from FGR placentae……………………………………………………………………………………………………………………….165 



xvii 
 

Table 6.4 Table of gene ontology for top 10 pathways up-regulated in side-population trophoblasts 

from FGR placentae……………………………………………………………………………………………………………………….165 

Table 6.5. Table of genes that are up-regulated exclusively in side-population trophoblasts in from 

gestation-matched control placentae (compared to FGR placentae)……………………………………………….167 

Table 6.6 Table of gene ontology for top 10 pathways up- regulated in side-population trophoblasts 

from gestation-matched control placentae……………………………………………………………………………………167 

Table 6.7 Table of genes associated with apoptosis and proliferation that are differentially expressed 

between side-population trophoblast (SP) relative to cytotrophoblasts (CTB) in either FGR or 

gestation-matched control placentae…………………………………………………………………………………………….168 

Table 6.8. Table of genes that are down- or up-regulated in side-population trophoblasts in from FGR 

placentae that overlapped with gestation-matched control placentae……………………………………………171 

Table 6.9 Table of gene ontology for top 10 pathways down-regulated in side-population trophoblasts 

from first trimester placentae…………………………………………………………………………………………………………180 

Table 6.10 Table of gene ontology for top 10 pathways up-regulated in side-population trophoblasts 

from first trimester placentae…………………………………………………………………………………………………………180 

Table 6.11 Table of gene ontology for top 10 pathways up-regulated in side-population trophoblasts 

from third trimester placentae……………………………………………………………………………………………….………181 

 

 

 

 

 

 

 

 



xviii 
 

List of Figures 
 

Chapter Two: Literature Review 

Figure 2.1. Schematic diagram of common human embryonic and extraembryonic lineage 

differentiation marker………………………………………………………………………………………………………………………9 

Figure 2.2. Labelled histological section of a human embryo at day 13-17. Carnegie Embryo #7801. 

Location: 12-01-02……………………………………………………………………………………………………………………………11 

Figure 2.3 Schematic diagram of a human placental villus anchored to maternal decidua…………………11 

Figure 2.4. Hematoxylin and eosin stained first trimester and third trimester human placental villi…14 

Figure 2.5. Schematic diagram of cell potency associated with early human embryo development……18 

Figure 2.6. Flow diagram showing the transcription factors involved in the regulatory trophoblast 

lineage derivation from hESC……………………………………………………………………………………………………………27 

Figure 2.7. Diagram showing the DNA methylation of cytosine residues……………………………................37 

Chapter Three: Materials and Methods 

Figure 3.1. Schematic diagram of the methods used to isolate human side-population trophoblasts...49 

Figure 3.2. FACS plots demonstrating how trophoblasts populations were isolated…………………………51 

Figure 3.3. Schematic diagram showing the experimental set up of the invasion assays……………………74 

Chapter Four: The DNA methylome of side-population trophoblasts compared to mature 

trophoblast populations and other somatic cell types 

Figure 4.1 Bar graphs showing the mean percentage of methylated CpG sites………………………………..…87 

Figure 4.2. Pie charts showing the percentage methylation in promoter, exon intron, and intergenic 

regions in trophoblast, blastocyst-derived and somatic cell populations…………………………………..………89 



xix 
 

Figure 4.3. Principal components analysis showing the distribution of cell types using the major (PC1) 

and minor (PC2) methylation variations present in the RRBS data……………………………………………………90 

Figure 4.4 Cluster dendogram based on global CpG methylation for trophoblasts populations and Venn 

diagram of differentially methylated CpG sites between trophoblast populations……………………………92 

Figure 4.5. Pie charts showing the percentage of promoter, exon, intron and intergenic differential 

DNA methylation between trophoblast populations…………………………………………………………………………94  

Figure 4.6 Bar graph of the percentage methylation at 16 CpG across 6 genes chosen for further 

validation using Sequenom methylation analysis ……………...................................................................95 

Figure 4.7 Dot plots showing percentage methylation of CpGs in GATA2, CPZ, CARD9, GALNT6, 

LOC100289580, and C22orf31 when analysed by Sequenom MassARRAY EpiTYPER Analysis…………….96 

Figure 4.8.  Bar graphs showing the normalised miRNA expression in side-population trophoblasts, 

cytotrophoblasts or extravillous trophoblasts for miR-let-7b, miR-637 and miR-4487……………………102 

Figure 4.9.  Bar graphs showing the normalised mRNA fold change of genes associated with EMT or 

invasive cancer that were hypomethylated or hypermethylated at promoters regions of EVTs 

compared to CTBs …………………………………………………………………………………………………………….……………106 

Chapter Five: Culture and differentiation of side-population trophoblast 

Figure 5.1 Phase contrast images of first trimester side-population trophoblasts cultured in Medium 1 

for 24 hours on Matrigel™, Laminin-521, Maxgel, or Tenascin………………............................................121 

Figure 5.2 Bar graph showing the percentage of trypan excluding cells at day three in side-population 

trophoblasts cultured on Laminin-521 or Matrigel™ in Medium 1…………………………………………………..122 

Figure 5.3 Phase contrast images of first trimester side-population trophoblasts at day 7 when cultured 

on Laminin-521 for seven days in Medium 1, Medium 3, Medium 4, Medium 5 or Medium 6……….…124 



xx 
 

Figure 5.4 Phase contrast images of first trimester side-population trophoblasts after four days of 

culture on Collagen IV in human TSC Medium…………………………………………………………………………………125 

Figure 5.5 Phase contrast images of a colony of side-population trophoblasts isolated from a 8.6 week 

placentae at day 10, day 12 and C) day 14 of culture on Collagen IV in human TSC media…………………126 

Figure 5.6 Bar graph showing the growth of side-population trophoblasts colonies at day 12 and day 

14 normalised to the area of the colony at day 10……………………………………………………………………………126 

Figure 5.7 Bar graph showing the doubling time of side-population trophoblasts cultured from passage 

0 through to passage 4…………………………………………………………………………………………………………………...127 

Figure 5.8 Hoffman modulation contrast microscopy images of side-population trophoblasts grown in 

TSC Medium on Collagen IV or Syncytiotrophoblast Differentiation Medium on Collagen IV……………128 

Figure 5.9 Fluorescence microscopy images of side-population trophoblasts in TSC Medium or 

Syncytiotrophoblast Differentiation Medium on Collagen IV stained with anti-desmoplakin 

antibodies...........................................................................................................................................130 

Figure 5.10 Bar graph showing the percentage of nuclei without a defined cell boundary (as detected 

using desmoplakin staining)……………………………………………………………………………………………………………131 

Figure 5.11 Fluorescence microscopy images of side-population trophoblasts in TSC Medium or 

Syncytiotrophoblast Differentiation Medium stained with anti-syncytin-1 antibodies……………………132 

Figure 5.12 Bar graph showing the percentage of nuclei associated with syncytin-1 staining…………133 

Figure 5.13 Fluorescence microscopy images of side-population trophoblasts in TSC Medium or 

Syncytiotrophoblast Differentiation Medium on Collagen IV stained with anti-hCG antibodies………134 

Figure 5.14 Bar graph showing the percentage of nuclei associated with hCG staining…………………….135 

Figure 5.15 Bar graph showing the hCG concentration in the culture media of side-population 

trophoblasts propagated in either TSC Medium or Syncytiotrophoblast Differentiation Medium……136 



xxi 
 

Figure 5.16 Hoffman modulation contrast microscopy images of side-population cultured in TSC 

Medium on 5µg/mL Collagen IV or EVT Differentiation Media on 1µg/mL Collagen IV……………………137 

Figure 5.17 Fluorescence microscopy images of side-population trophoblasts in TSC Medium or 

Syncytiotrophoblast Differentiation Medium on Collagen IV stained with anti-HLA-G antibodies……138 

Figure 5.18 Bar graph showing the percentage of nuclei associated with HLA-G staining…………………139 

Figure 5.19 Bar graph showing the percentage of cells that had migrated through Boyden chambers 

after 9 days in culture …………………………………………………………………………………………………………………….140 

Figure 5.20 Bar graph showing the percentage of nuclei associated with ß4 integrin staining…………141 

Figure 5.21 Fluorescence microscopy images of side-population trophoblasts in TSC Medium, 

Syncytiotrophoblast Differentiation Medium or EVT Differentiation Media on Collagen IV stained with 

anti-ß4 integrin antibodies…………………………………………………………………………………………………………..…142 

Chapter Six: Isolation of side-population trophoblast from third trimester placentae and their 

transcriptomic profile compared to side-population from fetal growth restriction 

Figure 6.1. FACS scatter plots of digested live cells from a third trimester placenta showing the 

presence of side-population trophoblasts in the sorted sample compared to their absence in the 

negative control…………………………………………………………………………………………………………………………….155 

Figure 6.2 Fluorescence microscopy images of side-population trophoblasts stained with anti-vimentin 

anti-MHC I, anti-HLA-G or anti-cytokeratin-7…………………………………………………………………………………157 

Figure 6.3. Representative FACS scatter plots of Hoechst 33342 stained digests from a FGR placenta 

and normal third trimester placenta………………………………………………………………………………………………158 

Figure 6.4 Bar graph showing the proportion of side-population trophoblasts isolated from first 

trimester, normal healthy third trimester or FGR placentae as a percentage of the total live cell 

population…………………………………………………………………………………………………………..…………………………159 



xxii 
 

Figure 6.5. Principle components analysis of FGR and gestation-matched control side-population 

trophoblasts and cytotrophoblasts…………………………………………………………………………………………………162 

Figure 6.6. Venn diagrams demonstrating the overlap in genes down or up-regulated ≥2-fold in side-

population trophoblasts compared to cytotrophoblasts from FGR and gestation-matched control 

placentae………………………………………………………………………………………………………………………………………163 

Figure 6.7. Bar graph showing the relative gene expression fold change of pro-apoptotic, anti-

apoptotic and pro-proliferative in side-population trophoblasts from FGR compared to gestation-

matched controls…………………………………………………………………………………………………………………..………169 

Figure 6.8. Bar graph showing the difference in fold change of gene expression between side-

population trophoblasts from FGR placentae and side-population trophoblasts from gestation-

matched controls (both relative to cytotrophoblasts)……………………………………………………………………170 

Figure 6.9. Bar graph showing the normalised gene expression of eight genes assessed by real-time 

PCR………………………………………………………………………………………………………………………………………………..173 

Figure 6.10. Bar graph showing the difference in normalised gene expression assessed by real-time 

PCR between side-population trophoblasts and cytotrophoblasts of  eight genes from FGR and 

gestation-matched controls…………………………………............................................................................175 

Figure 6.11. Bar graph showing the averaged relative fold change (FGR-gestation matched controls in 

side-population trophoblasts relative to cytotrophoblasts) in eight genes assessed by real-time PCR or 

by microarray…………………………………………………………………………………………………………………………………176 

Figure 6.12 Cluster dendogram showing the separation of first trimester and third trimester side-

population trophoblasts and cytotrophoblasts……………………………………………………………………………….178 

Figure 6.13 Venn diagrams demonstrating the overlap in genes down or up-regulated ≥2-fold in side-

population trophoblasts compared to cytotrophoblasts from first and third trimester placentae……178 



xxiii 
 

Figure 6.14 Representative images of the 3D structures present when third trimester side-population 

trophoblasts were cultured under the conditions described by Okae et al 2018………………………………182 

Figure 6.15 Graph showing the mean width of 3D spherical structures that develop from the culture 

of third trimester side-population trophoblasts over time………………………………………………………………183 

Figure 6.16 Confocal images of 3D spherical structures generated by third trimester side-population 

trophoblasts…………………………………………………………………..………………………………………………………………184 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxiv 
 

List of Abbreviations 
 

5hmC 5-hydroxymethylcytosine  

5mC 5-methylcytosine  

ɑ Alpha 

ABCG2 ATP binding cassette subfamily G member 2  

ADAM19 ADAM metallopeptidase domain 19  

AFP Alpha-fetoprotein  

ALK Anaplastic lymphoma receptor tyrosine kinase  

ALPP Alkaline phosphatase placental  

ASCL2 Achaete-scute family bHLH transcription factor 2  

ß Beta 

BLAT Basic Logical Alignment Tool  

BMI  Body Mass Index 

BMP Bone morphogenetic protein  

CDKN1C Cyclin Dependent Kinase Inhibitor 1C 

CO2 Carbon dioxide 

CDX2 Caudal type homeobox 2  

COL2A1 Collagen type II alpha 1 chain  

DCAF12L1 DDB1 and CUL4 associated factor 12 like 1  

Ddah2 Dimethylarginine dimethylaminohydrolase 2  

DEPC Diethylpyrocarbonate  

DHX34 DExH-box helicase 34  

diH2O Deionised water  

DLX4 Distal-less homeobox 4  

DNA Deoxyribonucleic acid 

DNMT DNA methyltransferase enzyme 

ECM Extracellular matrix  

EDTA Ethylenediaminetetraacetic acid  

EGF Epidermal growth factor  

EGFR Epidermal growth factor receptor  

ELF5 E74 Like ETS Transcription Factor 5 

ELISA Enzyme-linked immunosorbent assay 

EMT Epithelial to mesenchymal transition  

EOMES Eomesodermin 

ESC Embryonic stem cells  

ESRRB Estrogen related receptor beta 

ETS2 E26 avian leukemia oncogene 2, 3' domain  

EVTs Extravillous trophoblasts  

FACS Fluorescence activated cell sorting 

FBS Fetal Bovine Serum  

FDR  False-discovery rate  

FGF Fibroblast growth factor  

FGR Fetal growth restriction  

FOXA2 Forkhead box A2  

GATA2 GATA Binding Protein 2 

GATHER Gene Annotation Tool to Help Explain Relationships 

GCG Grafton Clinical Genomics  



xxv 
 

GCM1 Glial cells missing homolog 1  

GEO Gene Expression Omnibus  

GUSB Glucuronidase Beta 

HAND1 Heart and neural crest derivatives expressed 1 

hCG Human chorionic gonadotropin  

hCG-α Glycoprotein hormones, alpha  polypeptide 

hCG-β Chorionic gonadotropin beta subunit 

hESC Human embryonic stem cells  

HIF Hypoxia inducible factor 

HLA-G Major histocompatibility antigen complex, Class I, G 

hPL Human placental lactogen 

HPLC High-performance liquid chromatography  

IFNT Interferon tau  

IGF2 Insulin-like growth factor 2  

IL1R2 Interleukin 1 receptor type 2  

IL7R Interleukin 7 receptor 

IPO8 Importin 8 

iPSC induced pluripotent stem cells  

ITGA1 Integrin subunit alpha 1 

ITGA5 Integrin subunit alpha 5  

ITGA6 Integrin subunit alpha 6  

ITGB4 Integrin subunit beta 4  

KCNQ1 Potassium Voltage-Gated Channel Subfamily Q Member 1 

KLF4 Kruppel like factor 4  

KRT18 Keratin 18  

LHX2 LIM homeobox 2  

LIF Leukaemia inhibitory factor  

LOXL1 Lysyl oxidase like 1 

LRP5 LDL receptor related protein 5 

MHCI Major histocompatibility complex class I 

miRNA Micro RNA 

MMP2 Matrix metallopeptidase 2  

MYO1B Myosin IB  

Nanog Nanog homeobox  

NBCS New Born Calf Serum  

NCBI National Centre for Biotechnological Information 

NGS Normal Goat Serum 

NOD Non-obese diabetic  

NRG1 Neurogenin-1  

NZGL New Zealand Genomics Limited 

OCT4 POU class 5 homeobox 1  

P/S Penicillin Streptomycin  

PCA Principal component analysis  

PCNA Proliferating Cell Nuclear Antigen  

PHLDA2 Pleckstrin homology-like domain family A member 2  

PI Propidium Iodide  

PLET1 Placenta expressed transcript 1  

PRDM2 PR/SET domain 2  

RNA Ribonucleic acid 

ROCK Rho-associated protein kinases 



xxvi 
 

RRBS Reduced representation bisulfite sequencing  

SAP Shrimp Alkaline Phosphatase  

SCF Stem cell factor  

SCID Severe combined immunodeficiency 

SEM Standard error of the mean  

SOX15 Sex determining region Y-box 15  

SSEA4 Stage-specific embryonic antigen  

STAB1 Stabilin 1 

STAT3 Signal transducer and activator of transcription 3  

TBPC Trophoblast progenitor population 

TCFAP2C Transcription factor AP-2 gamma  

TEAD4 TEA domain family member 4  

TET Ten-eleven translocase  

TGFß Transforming growth factor beta 

TP63 Tumor protein p63  

TPT1 Tumour protein, translationally-controlled 1 

TSCs Trophoblast stem cells  

UBC Ubiquitin C 

VCAM1 Vascular cell adhesion molecule 1  

VEGF Vascular endothelial growth factor  

WNT Wingless/Integrated  

XEN Extraembryonic endoderm cells 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

Chapter One: Thesis Motivation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

The placenta is a vital fetal organ connecting the mother to the fetus. Adequate placental function is 

dependent upon, amongst other things, the functional epithelial cells of the placenta, the trophoblasts 

(Benirschke et al. 2000). In human placentae there are three mature trophoblast subtypes 1) 

cytotrophoblasts, 2) syncytiotrophoblast, and 3) extravillous trophoblasts (EVTs) all of which are 

thought to be derived from trophoblast stem cells (TSCs). Impaired differentiation of any of these 

trophoblast subtypes can result in pregnancy disorders including fetal growth restriction (FGR), for 

which there is no current treatment (Burton et al. 2018). 

Understanding the role of TSC in the placenta is key to understanding normal and pathological 

trophoblast development and differentiation. The isolation of murine TSCs in 1998 lead to an 

explosion in the understanding of murine placentation and murine trophoblast development, and 

models using human embryonic stem cell (hESC) derived-trophoblasts and induced pluripotent stem 

cells (iPSC) have provided insight into transcriptional networks that may be active in human TSCs 

(Tanaka et al. 1998; Latos et al. 2016; Gamage et al. 2016).  However, the isolation of primary human 

TSCs has presented a considerable challenge to the field, and it was not until recently that human TSCs 

were isolated from both blastocysts and first trimester chorionic villi (Zdravkovic et al. 2015; Okae et 

al. 2018).  

Prior to this, other candidate human TSCs populations were isolated from human placental tissue, but 

these required further investigation to truly confirm their stem cell nature (James et al. 2015; 

Genbacev et al. 2011). One such population are side-population trophoblasts, which are hypothesised 

to be a human TSCs population that can be isolated from first trimester chorionic villi (James et al. 

2015). At the functional level, side-population trophoblasts exhibit a characteristic common to many 

epithelial stem cell types; the ability to rapidly efflux Hoechst 33342 and form a characteristic “side-

population” by fluorescence activated cell sorting (FACS) (James et al. 2015). At the transcriptional 

level, side-population trophoblasts are distinct from cytotrophoblasts and EVTs and up-regulate genes 

associated with pluripotency and murine TSCs (James et al. 2015). However, further characterisation 
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of the side-population trophoblasts is required to understand where side-population trophoblasts fit 

into the human trophoblast lineage. Therefore the overall aim of this thesis was to confirm whether 

side-population trophoblasts are a human TSC population and to better understand their role in 

normal and abnormal placentation. I hypothesises that side-population trophoblasts are 

multipotent human TSC, distinct from but capable of differentiating into each of the three mature 

trophoblast populations. 

One way to better understand where side-population trophoblast may fit into human trophoblast 

lineage differentiation is through investigations of epigenetic mechanisms such as deoxyribonucleic 

acid (DNA) methylation.  In the murine model, placental hypomethylation regulates networks involved 

in murine trophoblast differentiation and is thought to conserve gene expression patterns required 

for successful placentation (Bianco-Miotto et al. 2016; Ng et al. 2008; Murray et al. 2016). Methylation 

also regulates stem cell function, and the extent of methylation has been linked to pluripotency (Kim 

et al. 2017). However, reconciling methylation data between the placental and stem cell fields to 

understand where trophoblast progenitors fit into the methylation spectrum is confounded by relative 

presentation of data (e.g. hypo/hypermethylated). Moreover, most studies investigating gene 

methylation in human placentae have used whole tissue lysates that cannot help us understand how 

methylation influences human trophoblast differentiation. I hypothesise that trophoblast 

differentiation may be influenced by gene methylation from the stem cell level. Therefore, the overall 

aim of Chapter Four was to understand how DNA methylation may be involved in human 

trophoblast lineage development. This aim was investigated by examining two components.  First, to 

better understand where human trophoblast populations sit in the overall methylation spectrum, 

global CpG methylation of first trimester side-population trophoblasts, cytotrophoblasts and EVTs was 

compared to somatic and blastocyst-derived cell isolates (Chatterjee et al. 2016; Fuke et al. 2004; 

Novakovic et al. 2010; Schroeder et al. 2013; Tsien et al. 2002).  Second, in order to determine the role 

of DNA methylation in human trophoblast differentiation, the methylation profiles of matched 
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populations of first trimester side-population trophoblasts, cytotrophoblasts and EVTs were 

compared.  

To truly understand human trophoblast differentiation, it is essential that human TSCs can be 

propagated in vitro. Until very recently, the culture conditions that would allow human TSCs to be 

cultured in an undifferentiated state were undefined, and therefore a model system in which to 

investigate human TSCs differentiation remained elusive (Okae et al. 2018). I hypothesise that side-

population trophoblasts could differentiate into mature trophoblast lineages. Consequently, in order 

to test this hypothesis Chapter Five of this thesis aimed to establish culture conditions that could 

expand side-population trophoblast so that the side-population trophoblasts can be employed in 

functional in vitro assays to establish the differentiation capacity of side-population trophoblasts. 

The pathophysiology of pregnancy disorders is established in early gestation as the placenta forms 

and the cells differentiate (Huppertz 2011). However, we cannot accurately predict which pregnancies 

will go on to develop FGR at the time the pathophysiology is developing, confounding our ability to 

understand why placental function is inadequate in this disorder. Studying the stem cells from which 

the placenta forms provides an opportunity to overcome this barrier, by helping tease apart the cause 

and consequence of the pathology at the end of pregnancy. However, the human TSCs recently 

isolated by Okae et al; could not be isolated from third trimester pregnancies by those workers, and 

thus cannot be used to provide direct insight into FGR placentae. I hypothesise that side-population 

trophoblasts may play a role in the pathogenesis of FGR. Therefore, the aim of Chapter Six, the final 

chapter of this thesis, was to determine whether side-population trophoblasts can be isolated from 

third trimester placentae, in order to compare the transcriptome of side-population trophoblasts 

from FGR placentae and gestation-matched controls to understand how these cells may contribute 

to the pathogenesis of FGR. 

The results of this PhD will add to the growing body of work aimed at understanding early human 

trophoblast lineage differentiation and how it may be altered in pregnancy disorders. Moreover the 
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in vitro models that may arise as a result of this PhD can be developed  to help uncover the ‘black box’ 

of early human trophoblast development and may also be used in the future to test potential 

therapeutic interventions aimed at treating pregnancy disorders (James et al. 2012). Overall, the 

outcomes of this PhD will act as a stepping stone to understand the human placenta; our tree of life.  
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2.1 The human placenta 
 

The placenta is a fetal organ that is essential for survival and growth of the fetus in utero. Although 

the human placenta is a transient organ present for only the nine months of pregnancy, it has several 

vital functions including the exchange of oxygen and nutrients from mother to fetus, and the 

reciprocal exchange of carbon dioxide (CO2) and waste products from the fetus to the mother. The 

placenta also acts as an endocrine organ, secreting hormones such as progesterone and oestrogen 

that adapt the mother’s body to sustain pregnancy and prepare it for birth. When the placenta 

develops inadequately, disorders of pregnancy such as FGR, preeclampsia and miscarriage can result 

(Lathi et al. 2011; Cartwright et al. 2010).  

2.1.1 Development of the human placenta 
 

Despite the importance of adequate placental development for pregnancy success, we have a limited 

understanding of early human placentation, and this understanding is derived almost entirely from 

histological ‘snapshots’ from a small number of specimens (<60 normal in situ embryos at six weeks 

gestation or younger) (Boyd et al. 1970; James et al. 2012). However, our understanding of the 

functional cell differentiation events that link these snapshots is lacking. The first clearly identifiable 

cell lineage differentiation event in human development occurs around four days post-fertilization 

when the developing embryo progresses from a compact 32-cell morula to form a 64-cell blastocyst 

that has a distinct inner cell mass, that will develop into the embryo proper, and an outer cell layer 

called the trophectoderm, that will go on to form the trophoblast lineages of the placenta (Boyd et al. 

1970; Nikas et al. 1996).  

The division of the blastocyst into the inner cell mass and trophectoderm is characterised by the up-

regulation of caudal type homeobox 2 (Cdx2), GATA Binding Protein 2 (Gata2), glycoprotein hormones, 

alpha  polypeptide (hCG-α) and chorionic gonadotropin beta subunit (hCG-β) in the trophectoderm, 

and a down-regulation or loss of expression of POU class 5 homeobox 1 (Oct4) and Nanog homeobox 
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(Nanog), which in murine blastocysts are only expressed in the inner cell mass (Figure 2.1) (Benirschke 

et al. 2000; Adjaye et al. 2005; Mitalipov et al. 2009; Senner et al. 2010; Roberts et al. 2011; De Paepe 

et al. 2013). In mice, trophectoderm lineage specification is irreversible, as inner cell mass derived 

embryonic stem cell lines (ESC) are unable to colonise the trophectoderm layer in murine blastocyst 

chimera experiments (Niwa et al. 2000; Rossant 2001). However, this absolute lineage commitment 

may not hold for other animal models such as the cow where Cdx2 does not repress Oct4 expression 

to the same degree as in the mouse, and Cdx2 expression is not an absolute requirement for 

trophectoderm differentiation (Berg et al. 2011; Goissis et al. 2014). Indeed, while murine Cdx2 

expression is ubiquitous at the eight-cell stage, and in the outer cells of the 16 and 32 cell morula 

(Niwa et al. 2005), in the human, Cdx2 is only detected in the trophectoderm of established 

blastocysts, and its expression does not immediately repress trophectoderm Oct4 expression (Niakan 

et al. 2013). Recent in vitro cultures of human blastocysts to day 12 also reveal low levels of OCT4 

expression in a subset of mural trophectoderm cells (Deglincerti et al. 2016). Furthermore, 

trophectoderm isolated from human blastocysts can be re-aggregated into blastocyst-like structures 

containing both trophectoderm and inner cell mass-like cells that express Nanog, indicating that 

human trophectoderm differentiation may be reversible at this early stage (De Paepe et al. 2013).  

 

Figure 2.1. Schematic diagram of common human embryonic and extraembryonic lineage 
differentiation markers 
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As the blastocyst continues to expand, the trophectoderm cells begin to differentiate based on their 

proximity to the inner cell mass, resulting in a region of polar trophectoderm immediately adjacent to 

the inner cell mass, and a mural trophectoderm that extends around the blastocyst cavity (Herzog 

1909; Hertig et al. 1973; Enders 1976). Interestingly, human blastocysts always adhere to the 

decidualised endometrium by the polar trophectoderm (Herzog 1909; Hertig 1968), demonstrating a 

functional differentiation in the trophectoderm lineage by the seventh day post-fertilization, and that 

has recently been confirmed by in vitro experiments (Deglincerti et al. 2016; Shahbazi et al. 2016). 

Following implantation, the trophectoderm differentiates into the first trophoblast lineages, the 

primitive mononuclear cytotrophoblast, and the multinucleated primitive syncytium (Boyd et al. 

1970). The primitive syncytium enzymatically digests the uterine decidual tissue creating spaces or 

lacunae and allowing the syncytium to extend into the decidua (Boyd et al. 1970; Hertig et al. 1956). 

By about the ninth day post-fertilisation, extensions of the primitive syncytium are invaded by 

primitive cytotrophoblast, forming the first (primary) villus-like structures (Boyd et al. 1970). Cells 

from the extraembryonic mesoderm then invade into invaginations in the primitive cytotrophoblast 

to generate a mesenchymal core within the (secondary) villi around 12 days post-fertilization (Figure 

2.2) (Boyd et al. 1970). By 15 to 20 days post-fertilization, the first fetal blood vessels are seen as 

endothelial cords within the (tertiary) villus core (Boyd et al. 1970; Hertig 1968). By the fifth week of 

gestation (approximately 21 days post-fertilization) the placenta has a branching villous structure 

(Benirschke and Kaufman 2000). At this point three mature trophoblast populations exist; 1) 

syncytiotrophoblast, 2) EVTs, and 3) cytotrophoblasts (Figure 2.3, Figure 2.4A). The mesenchymal core 

of the placental villi also undergoes further development such that it that contains placental 

macrophages (Hofbauer cells) along with fetal blood vessels (Castellucci et al. 2000; Fox 1997). 
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Figure 2.2. Labelled histological section of a human embryo at day 13-17. Carnegie Embryo #7801. 
Location: 12-01-02. (Image has been adapted from ‘The Virtual Human Embryo’ project 

[virtualhumanembryo.lsuhsc.edu]). 

 

Figure 2.3 Schematic diagram of a human placental villus anchored to maternal decidua.  
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The syncytiotrophoblast is a multinucleated single cell that forms the outer layer of the placenta in 

direct contact with maternal blood for the majority of pregnancy (Benirschke et al. 2000). From 12 

weeks of gestation the surface area of the syncytiotrophoblast undergoes a 13-fold increase in size 

reaching approximately 12m2 at term (Mayhew et al. 1994; Rainey et al. 2010). This large surface area 

allows the syncytiotrophoblast to efficiently exchange nutrients and gases between the maternal and 

fetal circulation (Griffiths et al. 2015). The syncytiotrophoblast is an important site of hormone 

production and produces hormones including human chorionic gonadotropin (hCG), human placental 

lactogen (hPL), oestrogens and progesterone and human growth hormone variant (Griffiths et al. 

2015; Goldman-Wohl et al. 2014). Together these hormones adapt the maternal physiology to 

maintain pregnancy and induce changes in preparation for child birth (Griffiths et al. 2015). The 

syncytiotrophoblast also plays an important role in allowing ongoing communication to occur between 

the mother and fetus via the deportation of syncytiotrophoblast extracellular vesicles into the 

maternal circulation throughout pregnancy (Chamley et al. 2011; Tong et al. 2015). 

Syncytiotrophoblast extracellular vesicles can be categorised into three forms macrovesicles (20-

100µM), microvesicles (100-1,000nM) and nanovesicles (50-150nM), and all three forms are able to 

carry cargo in the form of proteins, lipids and nucleic acids (Tong et al. 2015; Tannetta et al. 2017). 

These vesicle cargos are thought to allow the mother and fetus to communicate and are likely to be 

involved in inducing maternal immune tolerance towards paternally derived fetal antigens (Tong et al. 

2015).  

Invasive EVTs breach the syncytiotrophoblast layer and invade from the tips of the anchoring villi into 

the maternal decidualised endometrium and eventually the myometrial stroma (Benirschke et al. 

2000; Lunghi et al. 2007). While EVTs disseminate laterally around the placenta forming the 

trophoblast shell, they also home to maternal spiral arteries; which in non-pregnant women are 

narrow high resistance vessels that supply blood to the endometrium (Brosens et al. 1967; Kam et al. 

1999). During early placentation, EVT form “trophoblast plugs” within the maternal spiral arteries 

which block blood flow to the placenta allowing it to develop without mechanical disturbance, and in 
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low oxygen conditions (Burton et al. 2009; Rodesch et al. 1992). Over time, the trophoblast plugs 

degrade and EVTs destroy and replace the smooth muscle cells of the maternal spiral arteries 

transforming them into large, low resistance vessels that are able to supply a large and uninterrupted 

flow of  blood to the placenta from approximately 13 weeks of pregnancy onwards (Pijnenborg et al. 

1981; Roberts et al. 2017).  

While the syncytiotrophoblast and invasive EVTs are mitotically inactive, both of these trophoblast 

populations expand as a result of the differentiation of rapidly proliferating cytotrophoblasts within 

the placental villus (Nishimura et al. 2004; Goldman-Wohl et al. 2014). Mononuclear cytotrophoblasts 

form a layer underneath the syncytiotrophoblast, or cluster in multi-layered groups in anchoring villus 

tips (Benirschke and Kaufman 2000). Historically, cytotrophoblasts were considered to be a 

homogenous ‘stem cell’ population equally able to differentiate into syncytiotrophoblast or EVTs. 

However, more recent evidence that phenotypic differences exist between multi-layered 

cytotrophoblasts in villus tips from which EVT outgrowth occurs, and monolayer cytotrophoblasts that 

fuse to form syncytiotrophoblast, suggests that separate populations of cytotrophoblasts may exist 

that are primed to differentiate either down the EVT or syncytiotrophoblast lineage (Genbacev et al. 

2013; James et al. 2005, 2007; Vicovac et al. 1995; Aboagye-Mathiesen et al. 1996; Telugu et al. 2013). 

Cell surface proteomic profiles using flow cytometry of first trimester trophoblast populations has also 

identified two distinct subpopulations of cytotrophoblasts exist in the early first trimester providing 

further support for the theory that cytotrophoblast subpopulations are present within the placenta 

primed to differentiate into either syncytiotrophoblast or EVTs (Wong et al. 2019). In other epithelial 

tissues, such as the gut and skin, epithelial stem cells give rise to a population of committed 

progenitors (termed transient amplifying cells) that are able to expand the pool of progenitor cells 

available to facilitate the rapid growth and/or high turnover seen in these tissues (Blanpain et al. 

2007). In the placenta, cytotrophoblasts may represent this transient amplifying population, 

suggesting that a more undifferentiated ‘true’ human TSC population also exists (James et al. 2012).  
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With increasing gestation, the placenta grows with greater branching of the villous tree and placental 

villi become more densely packed (Benirschke et al. 2000). At term, the syncytiotrophoblast is much 

thinner compared to the first trimester, and while the numbers of cytotrophoblasts increase with 

gestation, cytotrophoblasts are more sparsely distributed (Figure 2.4B) (Simpson et al. 1992; Mayhew 

et al. 1994; Young 2014).  Consequently, the cytotrophoblasts are harder to identify in term placental 

histological cross-sections (Figure 2.4B) (Young 2014). Moreover, fetal capillaries in terminal villi sit 

adjacent to the thinned syncytiotrophoblast to allow for better nutrient and gas exchange between 

the fetus and mother (Burton et al. 1992). Importantly, while placental growth rates reduce towards 

term, the ability for placental growth is maintained, enabling the placenta to respond to damage and 

help minimise potential injury to the fetus (Fox 1997).  

 

Figure 2.4. Hematoxylin and eosin stained A) first and B) third trimester human placental villi  
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2.2 Fetal Growth Restriction 
 

Adequate placental development plays a vital role in the growth and development of the fetus in utero 

(Benirschke 2004). Inadequate placental development can result in FGR where the fetus is unable to 

grow to its full potential, and in some cases can result in fetal death (Warton et al. 2014; Abrahams et 

al. 2017). Annually, FGR affects 4-7% of all pregnancies, equating to approximately 5,000 New Zealand 

babies each year (Ahmed et al. 2000).  Of these FGR pregnancies, 80-90% are thought to result from 

placental abnormalities (Sankaran et al. 2009). Other aetiological factors that result in FGR include 

maternal factors, environmental exposures, genetic abnormalities and microbial infections (Sankaran 

et al. 2009).  A major risk factor for still birth is FGR and to prevent fetal demise, affected fetuses may 

be delivered preterm which in itself comes with consequences to the baby (Suhag et al. 2013).  

Furthermore, the offspring of these pregnancies, if they survive, are at higher risk of disability (both 

sensory and motor), developmental delay, cardiovascular disease, and diabetes, all of which impose 

an enormous health and economic burden on individuals and society (Barker 2006, 1995; Canti et al. 

2010; Petrou et al. 2012). Despite the significant burden FGR presents to the health care system, the 

majority of FGR pregnancies remain undiagnosed antenatally, and we lack clinical interventions to 

treat FGR (Lappen et al. 2017; Mandruzzato et al. 2008) .   

Several definitions of FGR exist, and collective agreement among the obstetric community is yet to be 

established. For example, an abdominal circumference and estimated fetal weight of <10th centile is 

used as a diagnostic cut off for FGR by The Royal College of Obstetricians (Dall’Asta et al. 2017). This 

broad definition allows for the inclusion of individuals who are both pathologically (FGR) and non-

pathologically (small for gestational age but physiologically normal) and over half of those identified 

using this criteria have been noted to have non-pathological outcomes (Unterscheider et al. 2013; 

Odibo 2017). To help identify pathological pregnancies more accurately, restrictions to the inclusion 

criteria of an estimated fetal weight of <5th percentile and a pulsitility index for umbilical artery 

Doppler >95th percentile have been used to determine the most severe perinatal outcomes 
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(Unterscheider et al. 2013; Dall’Asta et al. 2017). In 2016, an effort was made to achieve a consensus 

definition of FGR through further restriction of criteria to those pregnancies with an estimated fetal 

weight <3rd percentile, and abdominal circumference <3rd percentile or lack of end diastolic flow from 

the umbilical artery, although this definition has also been contested (Gordijn et al. 2016; Schreurs et 

al. 2017).  Regardless, fetal size is also influenced by factors such as gender, ethnicity, parity, maternal 

body mass index (BMI) and other genetic and physiological factors, therefore adjustments for all of 

these factors should also be taken into consideration to accurately diagnose FGR (Brenner et al. 1976; 

Zhang et al. 1995; Dall’Asta et al. 2017). 

Impaired trophoblast development and differentiation is one placental factor that can result in FGR 

(Huppertz 2011). In FGR the volume of trophoblasts is reduced, and it is has been suggested that 

increased trophoblast apoptosis in combination with decreased cytotrophoblast proliferation may 

contribute to the reduction in trophoblast volume (Mayhew et al. 2003; Smith et al. 1998).  It is also 

possible that the thickened syncytiotrophoblast layer that has been observed in FGR results from 

impaired cytotrophoblast differentiation resulting in an increased diffusion distance of the 

syncytiovascular membrane (over which nutrient and gas exchange occurs between fetus and mother) 

(Mayhew et al. 2003). In addition, nutrient and gas exchange is further impaired in FGR as a result of 

impaired transporter function and/or expression by the syncytiotrophoblast and the endocrine 

function of the human placenta is notably reduced in FGR (Huang et al. 2018; Glazier et al. 2006; Strid 

et al. 2003; Roos et al. 2004; Lean et al. 2017). Impaired EVT development is also associated with FGR. 

Specifically, impaired EVT invasion into the maternal decidua and inadequate spiral artery remodelling 

results in suboptimal delivery of maternal blood to the placenta (Kaufmann et al. 2003). In addition, 

impaired trophoblast development and differentiation can result in altered expression of key 

angiogenic factors, such as vascular endothelial growth factor (VEGF), that may adversely impact 

development of the placental vasculature within the villous core further contributing to the 

diminished functional capacity of the placenta (Lyall et al. 1997; Barut et al. 2010).  Collectively, this 
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evidence suggests that impaired trophoblast differentiation at any point in the differentiation 

pathway could contribute to in FGR (Huppertz 2011).  

2.3 Stem cells 
 

2.3.1 What is a stem cell? 
 

Stem cells are cells that are capable of asymmetric cell division and self-replication (Melton 2014). 

Effectively, stem cells are capable of producing two daughter cells, one that is identical to the stem 

cell and allows maintenance of the stem cell population, and another that is capable of further 

differentiation into more restricted cell types (Melton 2014). Totipotent stem cells are unrestricted in 

their differentiation capacity and are capable of producing both embryonic and extraembryonic cell 

types. Pluripotent stem cells, such as those in the inner cell mass can produce all embryonic cell types 

but they are unable to produce the trophectoderm (Figure 2.5). Multipotent stem cells are further 

restricted in their differentiation, giving rise to multiple cell types in a particular cell lineage.  Finally, 

unipotent stem cells give rise to only one cell type (Mummery et al. 2011).  Progenitor cells are the 

descendants of stem cells and are more limited in both self-renewal and differentiation capacity than 

their parent stem cell (Melton 2014).  
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Figure 2.5. Schematic diagram of cell potency associated with early human embryo development 

2.3.2 The stem cell niche 

 

To maintain the “stem cell state” where a stem cell is able to replicate, yet remain undifferentiated, 

external factors in the surrounding environment must be maintained in an equilibrium optimal for 

regulating stem cell fate decisions (Watt et al. 2000; Nowell et al. 2017). This specialised 

microenvironment is often referred to as the “stem cell niche” (Watt et al. 2000). It is clear that 

multiple factors such as extracellular matrix (ECM) components, adhesion molecules, supporting cells, 

secreted factors, vasculature and neuronal inputs contribute to the maintenance of various stem cell 

niches (Ferraro et al. 2010; Nowell et al. 2017). In order to recapitulate the stem cell niche in vitro 

many of these factors including ECM components, cytokines and growth factors and oxygen conditions 

can be manipulated and specified to the stem cells of interest.  

Specific isoforms of collagens, fibronectins and laminin are all stem cell niche-associated ECM proteins 

that are commonly used in vitro. A key component of most tissues and of particular interest to 

trophoblast biologists is collagen as it contributes to inducing an epithelial phenotype (Ahmed et al. 
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2016). Importantly, Collagen IV has been used to not only drive trophectoderm fate in murine ESC but 

also recently used as a growth surface to propagate human TSCs (discussed later) (Schenke-Layland et 

al. 2007; Okae et al. 2018). Collagens are also able to bind laminins, tenascins and fibronectins; ECM 

proteins that play roles in early differentiation events, long-term stem cell survival, and replication 

(Aszodi et al. 2006; George et al. 1993; Li et al. 2002; Singh et al. 2012; Rodin et al. 2014; Midwood et 

al. 2009). Therefore, the use of ECM proteins can be used to help establish culture conditions to 

propagate human TSCs. In addition, ECM components like the proteoglycan heparin sulfate bind 

growth factors in the stem cell niche, preventing growth factor degradation, and helping to establish 

biochemical gradients that allow the formation of a well-controlled microenvironment, regulating cell 

differentiation (Gattazzo et al. 2014; Hynes 2009).   

In the stem cell niche, both the stem cells and supporting stromal cells secrete growth factors and 

regulatory molecules that help to maintain the stem cell state (Ellis et al. 2010). Factors common to 

many tissue stem cell niches include; stem cell factor (SCF), leukaemia inhibitory factor (LIF) and 

members of the bone morphogenetic protein (BMPs), Wingless/Integrated (WNT), NOTCH and 

fibroblast growth factor (FGF) families, which all play roles in regulating stem cell proliferation, 

differentiation and, senescence (Zhang et al. 2005; Burns et al. 2005; Hilton et al. 1988; Khodadi et al. 

2016; Coutu et al. 2011). Importantly, the secreted factors are tailored to the stem cells of interest. A 

notable example of this is from the mouse, where murine ESC require LIF/signal transducer and 

activator of transcription 3 (STAT3) signalling for self-renewal, while FGF4 and proteins with 

transforming growth factor beta (TGFß) and ACTIVIN-like activities secreted from feeder cells are 

required for murine TSCs to proliferate (Erlebacher et al. 2004). In addition, the growth factor 

requirements for a particular cell type in one animal may not be the same in another animal. For 

example, unlike murine TSCs, rhesus monkey and vole TSCs do not require FGF4 to self-replicate, 

further emphasising the speciality of each stem cell niche (Vandevoort et al. 2007; Grigor'eva et al. 

2009).  
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2.4 Trophoblast Stem Cells  
 

2.4.1 Trophoblast stem cells have been isolated from mammalian placenta 

 

TSCs are multipotent stem cells capable of restricted differentiation to the trophoblast lineages of the 

placenta (Latos and Hemberger 2014). Porcine, bovine, rhesus monkey, and murine TSCs have been 

isolated from preimplantation blastocysts (Hashizume et al. 2006; Flechon et al. 1995; Tanaka et al. 

1998; Vandevoort et al. 2007). Of these, murine TSCs are the best characterised. Murine TSCs were 

initially isolated from preimplantation blastocysts grown on a murine embryonic fibroblast feeder 

layers in the presence of FGF4 and heparin (Tanaka et al. 1998). Under these conditions murine TSCs 

proliferate and can be maintained long-term in an undifferentiated state in vitro (Tanaka et al. 1998). 

Removal of FGF4 from these cultures induces the differentiation of murine TSCs into cells of the 

extraembryonic ectoderm, ectoplacental cone, and trophoblast giant cells (Tanaka et al. 1998).  

The use of animal models has allowed researchers to better understand transcriptional pathways that 

may be involved in trophoblast lineage commitment. For example, in mice, the initiation of 

extraembryonic lineage segregation results from the up-regulation of TEA domain family member 4 

(Tead4), which induces expression of Cdx2 (Senner et al. 2010; Nishioka et al. 2009). Cdx2 is 

considered to be a hallmark feature of murine TSCs as it is a key regulator of trophoblast gene 

expression working in a reinforcing loop with eomesodermin (Eomes), transcription factor AP-2 

gamma (Tcfap2c), Gata3, E74-like factor 5 (Elf5) and E26 avian leukemia oncogene 2, 3' domain (Ets2) 

to maintain murine TSCs self-renewal (Senner et al. 2010; Wen et al. 2007; Kuckenberg et al. 2010; Ng 

et al. 2008). In bovine models, CDX2 has also been shown to induce expression of the trophectoderm 

lineage markers interferon tau (IFNT), a major trophectoderm marker in bovines, heart and neural 

crest derivatives expressed 1 (HAND1), achaete-scute family bHLH transcription factor 2 (ASCL2), SRY 

(sex determining region Y)-box 15 (SOX15) and ELF5 (Bai et al. 2011).  
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Despite our knowledge of TSCs from animal models, isolation of human TSCs has been more 

challenging. This is in part due to the fact that the human placenta is an anatomically unique structure 

(Hafez 2017). Therefore, we cannot simply assume that the above markers are all also specific to 

human TSCs, as key differences in the expression of lineage-associated factors have been observed 

between species. In particular, ELF5, EOMES and TCFAP2C, all core transcriptional regulators in murine 

TSCs, show different expression patterns in human blastocysts, as ELF5 and EOMES are not expressed 

in human polar trophectoderm (EOMES expression is also absent in human placentae), whilst TCFAP2C 

is expressed in both the polar trophectoderm and epiblast of human embryos (Blakeley et al. 2015; 

Soncin et al. 2018). Conversely, GATA2, GATA3, CDX2 and keratin 18 (KRT18) are enriched in human 

polar trophectoderm cells (Blakeley et al. 2015; Petropoulos et al. 2016). Taken together, these data 

demonstrate that markers that delineate early trophoblast lineage specification in other species may 

not necessarily be good markers of human TSCs.  Such differences are a major confounding factor in 

the human TSC field as, while some pathways and gene regulatory circuits are shared between species, 

others are not, and our lack of understanding of these discrepancies has confounded our ability to 

derive and define a true human TSCs.  

2.4.2 Evidence of a trophoblast stem cell in the human placenta  
 

The existence of a TSCs population in animal models strongly suggests that a similar population must 

exist in the human placenta, although the identification, isolation, characterisation and functional 

understanding of such a population has proved significantly more difficult than in other species. To 

first try and identify human TSCs,  the presence of murine TSCs and/or hESC markers was examined in 

primary human first trimester placental tissue  (Spitalieri et al. 2009; Weber et al. 2016; Hemberger 

et al. 2010). These studies demonstrated that in vitro subsets of villous cytotrophoblast express OCT4, 

CDX2, stage-specific embryonic antigen (SSEA4), NANOG, SOX2 and alkaline phosphatase placental 

(ALPP), implying that they may be a less differentiated cytotrophoblast sub-population (Spitalieri et 

al. 2009; Weber et al. 2016; Hemberger et al. 2010).  Furthermore, in vivo, a population of proliferative 
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cells co-expressing ELF5 and CDX2 has been identified at the base of EVT columns in the tips of 

anchoring villi (Weber et al. 2016; Hemberger et al. 2010). As ELF5 and CDX2 promote trophoblast 

lineage commitment in the blastocyst, and maintain an undifferentiated murine TSCs phenotype, the 

co-localisation of these markers suggests that a human TSC-like population does exist in first trimester 

human placentae (Hemberger et al. 2010). However, the CDX2 positive staining of placental villi is 

markedly reduced after the first trimester suggesting a stem-like trophoblast population may not exist 

in the human placenta throughout gestation (Soncin et al. 2018).  The base of EVT columns has also 

been suggested as a potential stem cell niche by other authors who noted the presence of a less 

differentiated glial cells missing homolog 1 (GCM1) negative population and the expression of the 

stem cell associated ECM protein tenascin in this location (Baczyk et al. 2004; James et al. 2007; 

Castellucci et al. 1991). More recent work suggests that an integrin ɑ2 rich region  at the base of 

cytotrophoblast cell columns acts as a niche for proliferative trophoblast progenitor cells that 

contribute to both the villous cytotrophoblast and EVT populations (Lee et al. 2018). Taken together 

this data suggest that a human TSCs population is resident in the villous placenta.  

2.4.3 Isolation of candidate primary human trophoblast stem cell populations  
 

As TSCs are thought to reside in the human placenta, several groups have also attempted to isolate 

human TSCs from both first and third trimester placentae. Traditional methods of trophoblast isolation 

from third trimester villous tissue using a percoll gradient revealed that 1% of the cytotrophoblasts 

isolated were phenotypically larger, bi-nucleated (indicative of cell division) and uniquely expressed 

cytokeratin-14, a postulated marker of human TSCs (Abou-Kheir et al. 2015). However, the majority 

of work attempting to isolate human TSCs has focused on isolating them from first trimester 

placentae. One such candidate human TSC population was isolated after the enzymatic digestion 

(using trypsin) of first trimester chorion from which the villi had been removed (Genbacev et al. 2011). 

When cultured on gelatin, this ‘trophoblast progenitor’ (TBPC) population expressed the pluripotency 

marker OCT4, as well as cytokeratin-7 and GATA4, but lacked expression of more differentiated 
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trophoblast markers including GCM1 and hCG (Genbacev et al. 2011). However, culture on Matrigel™ 

induced differentiation, resulting in down-regulation of OCT4, syncytialisation (as demonstrated by 

secretion of hCG) or differentiation into invasive EVT that expressed major histocompatibility antigen 

complex, Class I, G (HLA-G), α1 and α5 integrins and migrate through Matrigel™ coated filters 

(Genbacev et al. 2011). These differentiated TBPC also expressed the murine TSCs marker Eomes, as 

well as cytokeratin-7, GCM1 and geminin, indicative of a trophoblast-like phenotype (Genbacev et al. 

2011). However, more recent work demonstrates that these cells preferentially differentiate into 

invasive EVT that express HLA-G and α4 integrin, and cannot be induced to differentiate down the 

syncytiotrophoblast lineage, suggesting that they are more akin to an EVT progenitor population, than 

a true human TSCs capable of producing all mature trophoblast lineages (Genbacev et al. 2016; 

Genbacev et al. 2015).  

Several groups have also attempted to exploit a characteristic feature of many adult stem cell 

populations; the ability to rapidly efflux Hoechst 33342 stain through the use of membrane efflux 

pumps (Challen et al. 2006) to isolate candidate human TSC. Adult stem cells rapidly eliminate Hoechst 

33342 due to the presence of high levels of xenobiotic transporters such as ATP binding cassette 

subfamily G member 2 (ABCG2) (Goodell et al. 1996). This rapid efflux results in the formation of a 

distinctive side-population when analysed by flow cytometry that is low in staining for Hoechst 33342 

and separate from the main cell population that stains brightly with Hoechst 33342  (Goodell et al. 

1996). The trophectoderm expresses 90-fold more ABCG2 than hESCs isolated from the inner cell 

mass, and thus the Hoechst side-population technique has good potential to isolate TSCs from the 

placenta (Bai et al. 2012). Indeed, 4.2% of first trimester villous cytotrophoblasts that express the hESC 

marker SSEA4 form a Hoechst side-population, equating to approximately 1% of the total villous 

cytotrophoblast population (Spitalieri et al. 2009). However, it remains unclear whether these cells 

are ‘true’ human TSCs as they differentiate into all three embryonic germ layers in vitro, which 

trophoblasts in vivo would not be capable of doing (Spitalieri et al. 2009). Takao et al isolated a smaller 

subset of Hoechst side-population cells that constituted 0.12% of primary isolated cytotrophoblast, 
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and went on to demonstrate that this candidate TSC population could be defined by the unique cell 

surface co-expression of interleukin 1 receptor type 2 (IL1R2) and interleukin 7 receptor (IL7R) (Takao 

et al. 2011). Approximately 50% of these cells expressed the murine TSC marker EOMES, and like the 

villous cytotrophoblast population from which they were isolated, side-population villous 

cytotrophoblasts spontaneously differentiated into hCGβ expressing syncytiotrophoblast and HLA-G 

expressing EVT (Takao et al. 2011).  

More recently, a candidate human TSC population from first trimester villous tissue was isolated, using 

the Hoechst side-population technique in combination with a novel trophoblast isolation protocol and 

these side-population trophoblasts are the focus of this thesis (James et al. 2015). The isolation 

protocol used to obtain side-population trophoblasts differs from the traditional methods of 

cytotrophoblast isolation (Kliman et al. 1986) as it involves two sequential trypsin digests followed by 

FACS and does not employ a percoll gradient, resulting in 98.5% pure side-population trophoblasts  

(James et al. 2015). Cluster dendrogram analysis of their transcriptomes revealed that side-population 

trophoblasts formed a distinct population more closely related to villous cytotrophoblasts than EVTs 

(James et al. 2015).  Side-population trophoblasts uniquely up-regulate the expression of 22 genes in 

comparison to both cytotrophoblasts and EVTs, and pathway analysis revealed that these up-

regulated genes were enriched for morphogenesis, regulation of growth and organ development, 

which are functions typical of other stem cell populations (James et al. 2015). Specifically, side-

population trophoblasts expressed markers that maintain the stem cell state including WNT5A, 

Kruppel like factor 4 (KLF4) and OCT6, and markers involved with both murine and human trophoblast 

lineage differentiation inclusive of ELF5, TEAD4, BMP4, FGF2 and HAND1 (James et al. 2015). Side-

population trophoblasts are quite distinct from the TBPC isolated from the chorionic membranes, 

showing only two genes (collagen type II alpha 1 chain (COL2A1) and myosin IB (MYO1B)) were 

similarly up-regulated between the two data sets (Genbacev et al. 2011; James et al. 2015). Side-

population trophoblasts are also distinct from the cells isolated by Takao et al as they do not express 

IL1R2 or IL7R (Takao et al. 2011; James et al. 2015). Whilst the side-population technique appears to 
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hold great potential for isolating human TSCs, further work is required to confirm the ‘stem cell’ status 

of all the side-population-derived candidate human TSC populations through their differentiation into 

the three mature trophoblast populations (cytotrophoblast, syncytiotrophoblast and EVT).  

Very recently, the first human TSC were isolated from first trimester placental villi using enzymatic 

digestion (TrypLE and Accumax) followed by immunomagentic purification of cytotrophoblasts 

positive for integrin subunit alpha 6 (ITGA6) (Okae et al. 2018). Flow cytometry analysis determined 

the isolated cell population was >90% pure (Okae et al. 2018). Following immunomagentic purification 

proliferative human TSCs were established from 8 placentae and cultured in Collagen IV coated wells 

in TSC medium (described in detail in methods Table 3.7) and the cultures were maintained for at least 

five months (Okae et al. 2018).  These conditions allowed the activation of Wnt and epidermal growth 

factor (EGF) signalling, while simultaneously inhibiting Rho-associated protein kinases (ROCK), histone 

deacetylase and TGF-ß activity (Okae et al. 2018). Similar populations were established from the 

trophectoderm outgrowths of eight human blastocysts. Both placental villus-derived and blastocyst-

derived human TSC populations were similar to one another but they differed from the blastocyst-

derived TSCs isolated by Zdrakovic et al 2015 that are phenotypically more mesenchymal (Okae et al. 

2018). Transcriptomic analysis revealed the human TSCs isolated by Okae et al expressed cytokeratin-

7, tumor protein p63 (TP63), GATA3 and TEAD4 while the expression of the expression of HLA Class I 

molecules was low suggesting the isolated cells were trophoblasts (Okae et al. 2018). However, 

markers associated with murine TSCs (CDX2, estrogen related receptor beta (ESRRB), SOX2, and 

EOMES) were not highly expressed in human TSCs (or any other primary human trophoblast isolates 

tested) suggesting different transcriptional networks are important for human trophoblast 

development (Okae et al. 2018). Investigations of both the transcriptome and methylome reveal that, 

as expected, human TSCs are most closely related to cytotrophoblasts (Okae et al. 2018). In addition, 

these cells were differentiated into both EVTs (using a combination Neurogenin-1 (NRG1) and 

Matrigel™ (described in detail in section 3.5.6 and Table 3.8)) and syncytiotrophoblasts (using Collagen 



26 
 

IV and Forskolin (described in detail in section 3.5.6 and Table 3.8)) (Okae et al. 2018). However, this 

group was unable to isolate their TSC population from third trimester placentae (Okae et al. 2018).    

2.4.4 Human embryonic stem cells as models for trophoblast stem cells 
 

In the absence of a true human TSCs for most of the past decade, researchers have commonly used 

models of human TSCs to better understand aspects of early human trophoblast lineage commitment 

and differentiation. One of the most popular models of human TSCs has been to differentiate hESC 

towards the trophoblast lineage. In vivo, cells of the inner cell mass (from which most commonly used 

hESC lines are derived) form the embryo proper and not the placenta (Babaie et al. 2007). However, 

in vitro, hESCs can be induced to differentiate into trophoblast-like cells that model early human 

trophoblast lineage segregation and highlight potential molecular pathways by which the formation 

of the first trophoblast lineages may be regulated (Golos et al. 2013; Tiruthani et al. 2013). In such 

models, morphological differentiation into trophoblast-like cells is first observed at the periphery of 

cell colonies that display a flattened phenotype, but over time cell differentiation spreads inwards 

towards the colony centre (Babaie et al. 2007; Ezashi et al. 2005; Hoya-Arias et al. 2011). This is 

accompanied by a down-regulation of the pluripotency factors (NANOG and OCT4) and up-regulation 

of SOX2, which results in CDX2 expression leading to trophectoderm lineage differentiation (Lichtner 

et al. 2013; Sudheer et al. 2012; Adachi et al. 2010). Thereafter, SOX2 is down-regulated and TSC 

markers are up-regulated (EOMES, ELF5 and HAND1) (Figure 2.6) (Wang et al. 2012; Amita et al. 2013; 

Sarkar et al. 2015).  
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Figure 2.6. Flow diagram showing the transcription factors involved in the regulatory trophoblast 
lineage derivation from hESC. Gene X indicates other unknown transcription factors which have not 

yet been identified in the trophoblast lineage segregation process but may be involved. 

 

Rare, spontaneous differentiation of hESCs to trophoblast can occur (Ezashi et al. 2005; Chuang et al. 

2015; Sivasubramaniyan et al. 2010). However, the most common mechanism of inducing hESC 

differentiation towards trophoblast-like cells is BMP4 treatment (Gamage et al. 2016). Specifically, at 

the onset of BMP4-induced hESC differentiation, four trophectoderm factors (GATA2, GATA3, 

TCFAP2A and TCFAP2AC) bind both epigenetically inactive placental genes (up-regulating their 

expression) and OCT4 (down-regulating its expression) (Krendl et al. 2017). BMP4 also down-regulates 

the expression of NANOG and SOX2, collectively driving trophoblast lineage commitment by inducing 

the up-regulation of trophoblast-specific genes including TEAD4 and GATA3 and the production of 

trophoblast-like cells not only morphologically but also at the transcriptomic and protein levels (Zhang 

et al. 2008; Gamage et al. 2016; Babaie et al. 2007; Krendl et al. 2017).  

Interestingly, hESCs treated with BMP4 initially transition through a highly proliferative TP63-positive 

cytotrophoblast-like state before terminal differentiation into syncytiotrophoblast and EVT-like cells 

(Li et al. 2013). Although BMP4 treatment can induce differentiation of hESCs to morphologically 

trophoblast-like cells that secrete hCG, it also produces mixed cultures that express trophoblast, 
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mesodermal and vascular endothelial cell markers, suggesting that BMP4 treatment of hESCs does not 

specifically induce differentiation towards the trophoblast lineage (Erb et al. 2011; Drukker et al. 2012; 

Galat et al. 2012). Cells that morphologically resemble mesodermal cells have also been identified in 

BMP4 treated hESC cultures despite expressing the pan-trophoblast maker cytokeratin-7 (Wang et al. 

2012). To prevent mixed phenotype cultures arising from spontaneous differentiation and BMP4 

treatment of hESCs, differentiation protocols have been modified to employ inhibition of the 

Activin/Nodal pathway (SB431542 (also a TGFß inhibitor) or A83-01), and/or FGF2 (SU5402 or 

PD173074) (Yang et al. 2015; Sarkar et al. 2015; Yabe et al. 2016). Inhibition of both Activin/Nodal and 

FGF2 signalling produces cells that are 80-100% trophectoderm/trophoblast-like with undetectable 

levels of the mesodermal marker Brachyury (Erb et al. 2011; Amita et al. 2013). Alternatively, 

mesoderm-free pure hESC-derived trophoblasts cultures can be derived when Wnt inhibitors are 

supplemented into BMP4 dependent differentiation protocols (Kurek et al. 2015). 

Finally, low oxygen conditions mimicking those in which the first trimester placenta develops in vivo 

may limit spontaneous, uncontrolled differentiation of hESCs to mature trophoblasts (Rodesch et al. 

1992). Ambient oxygen conditions (21%) promote hESC differentiation to enlarged flattened 

trophoblast-like cells at the periphery of hESC colonies, and increased secretion of hCG (Das et al. 

2007; Ezashi et al. 2005). However, in 4% oxygen, hESC differentiation is delayed and cells resembling 

trophoblasts are rarely seen (Ezashi et al. 2005). Low oxygen conditions may also impact the function 

of hESC-derived trophoblast by decreasing their invasive capacity and hormone production (Das et al. 

2007; Telugu et al. 2013).  

2.4.5 Are human embryonic stem cell-derived trophoblast-like cells really trophoblasts? 

 

Despite the fact that numerous studies suggest BMP4-induced differentiation of hESCs into 

trophoblast-like cells is a useful model for understanding early trophoblast lineage segregation, key 

differences are observed between hESC-derived trophoblast and primary trophoblasts. 

Transcriptomic data highlight the fact that HLA-G positive EVTs isolated from first trimester placental 
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tissue and hESC-derived HLA-G positive cells are not identical, for example hESC-derived HLA-G 

positive cells retain the expression of a number of markers of pluripotency and murine TSCs (OCT4, 

CDX2, EOMES, and HAND1) not seen in primary EVTs (Telugu et al. 2013). Furthermore, hESC-derived 

EVT-like and syncytiotrophoblast-like populations have gene expression profiles more similar to each 

other than to primary EVTs or syncytiotrophoblast, suggesting that there are differences between 

hESCs and primary trophoblast that may limit their use in understanding human trophoblast 

differentiation and placentation (Telugu et al. 2013). The generation of mixed mesodermal cultures 

from BMP4-treated hESCs has also caused some authors to question whether BMP4 drives hESC 

differentiation into trophoblast-like or mesodermal-like cells (Bernardo et al. 2011; Erb et al. 2011; 

Drukker et al. 2012).  

The questions raised around whether markers are representative of TSCs or mesoderm highlight the 

need for us to better understand the nature of ‘true’ human TSCs and what their expression profile 

should look like.  Primary first trimester trophoblasts are associated with methylation of the promoter 

of the ELF5 gene, expression of the chromosome 19 microRNA cluster, and expression of cytokeratin-

7, TFAP2C and GATA3 (Lee et al. 2016). Like primary trophoblasts, BMP4 differentiated CA1 and H1 

hESCs treated with anaplastic lymphoma receptor tyrosine kinase (ALK) and FGF receptor inhibitors, 

1) express cytokeratin-7, 2) show reduced expression of pluripotency factors OCT4 and NANOG and 

3) are hypomethylated at the promoter region of the ELF5 (Lee et al. 2016). However, hESC derived 

trophoblast-like cells lack multiple qualities associated with the primary trophoblast including the lack 

of expression of TFAP2C and GATA3 and only low levels of expression of microRNA (miRNA) from the 

chromosome 19 cluster (Lee et al. 2016). Ultimately, this suggests that hESC derived trophoblast-like 

cells are not fully representative of primary trophoblasts (Lee et al. 2016). That these hESC-derived 

models of trophoblasts do not fully recapitulate their primary counter parts is not unexpected, as 

deviations between hESC-derived cells and their equivalent primary cell have also been identified in 

other fields, for example, mesenchymal stromal cells and pancreatic beta cells (Vasko et al. 2016; Zhu 

et al. 2016). Thus, there is a continued effort to further optimise the culture conditions in order to 
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better recapitulate primary cells across all in vitro model systems, inclusive of hESC-derived 

trophoblasts.  

The majority of studies published to date have employed hESC cell lines derived from the pluripotent 

inner cell mass (H1, H7, H9, H14), which were not destined to produce trophoblast lineages in vivo 

(Gamage et al. 2016). However, more recent hESC lines generated from the mixed potency morula 

may provide a more appropriate model of the initial events that occur during inner cell mass and 

trophectoderm lineage segregation (Strelchenko et al. 2004; Zdravkovic et al. 2015). Indeed, the 

manipulation of mixed potency morula blastomeres has also allowed the derivation of human TSC line 

(USFB6) derived initially from the feeder-layer dependent culture of a blastomere from an eight-cell 

human embryo (Zdravkovic et al. 2015). USFB6 cells were initially identified as a candidate human 

trophoblast stem cell population as they displayed a ‘more’ trophoblast-like phenotype in three 

dimensional (3D) embryoid body cultures, expressing cytokeratin-7 and CDX2, and demonstrating a 

greater secretion of hCGβ into the culture medium compared to the other lines tested (Zdravkovic et 

al. 2015). Outgrowths of USFB6 cells also showed regions of multinucleated cells indicative of 

syncytiotrophoblast, as well as outgrowths of cells resembling invasive EVT (Zdravkovic et al. 2015). 

When plated on gelatin and cultured in media supplemented with 10ng/ml FGF, 10% fetal bovine 

serum (FBS), and 10µM of Activin/Nodal inhibitor SB431542, USFB6 cells could be propagated in an 

undifferentiated state for 20 passages during which time they maintained consistent expression of 

TEAD4, CDX2, geminin, GATA3, ELF5, EOMES and GCM1, indicating that they were maintaining an 

undifferentiated stem cell phenotype (Zdravkovic et al. 2015). USFB6 cells can be induced to 

differentiate into invasive EVT that express HLA-G, α1 integrin, cadherin 5 and vascular cell adhesion 

molecule 1 (VCAM1) and invade through Matrigel™, or can fuse to form multinucleated 

syncytiotrophoblast that express hCG and human placental lactogen (Zdravkovic et al. 2015). 

Importantly, USFB6 lack expression of the mesodermal markers; brachyury, SOX17, forkhead box A2 

(FOXA2), often observed in hESC-derived trophoblast-like cell cultures (Zdravkovic et al. 2015). 

However, it is important to note that USFB6-derived trophoblasts have a more mesenchymal-like 
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morphology compared to the human TSC population isolated by Okae et al (that have a more epithelial 

morphology), and are maintained in very different culture conditions to the human TSCs isolated by 

Okae et al, sharing only SB431542 (a TGFß1 inhibitor) between the culture media (Zdravkovic et al. 

2015; Okae et al. 2018).  

2.4.6 3D models of placental development 

2.4.6.1 hESC derived embryoid bodies  

Further development of the hESC-derived trophoblast model allowed the derivation of trophoblast-

like cells from embryoid bodies (Gerami-Naini et al. 2004). Unlike hESC monolayer colonies, embryoid 

body cultures contain hESCs that are formed into 3D spheroids by culture in low adherence plates or 

suspension cultures (Sivasubramaiyan et al. 2009; Gerami-Naini et al. 2004). Like monolayer hESCs, 

over time, embryoid bodies either spontaneously differentiate, or can be induced, by treatment with 

BMP4 to differentiate to cells resembling trophoblast (Gerami-Naini et al. 2004; Harun et al. 2006; Lee 

et al. 2015; Rungsiwiwut et al. 2016). The resulting cells express genes consistent with trophoblast 

lineage segregation (CDX2, HLA-G, CD9 molecule, GCM1, hCGβ and cytokeratin-7) without expressing  

hESC pluripotency markers (OCT4, SOX2, and NANOG) (Harun et al. 2006; Gerami-Naini et al. 2004; 

Lee et al. 2015; Yu et al. 2008).  

Unlike monolayer cultures, embryoid bodies allow a more detailed understanding of the 3D cellular 

interactions that regulate cell fate (Gerami-Naini et al. 2004; Harun et al. 2006). Embryoid body 

cultures have shown that 3D cell-cell interactions stimulate and accelerate hESC differentiation into 

trophoblast-like cells (Sivasubramaiyan et al. 2009). Suspension cultures of the spontaneously 

differentiated H1 hESC line secrete more oestradiol (a hormone that trophoblasts are unable to 

produce), progesterone and hCG (indicative of trophoblast differentiation) than hESCs that 

spontaneously differentiate in monolayer colonies (Gerami-Naini et al. 2004; Clark 1988; Sonoyama 

et al. 2012). Long-term culture of embryoid bodies (up to 53 days) resulted in fluid filled cystic 

spheroids that secreted significantly more hCG and progesterone, indicating that later stage embryoid 
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bodies are more representative of terminally differentiated trophoblast (Sivasubramaiyan et al. 2009). 

Like hESC monolayer colonies, hESCs grown in embryoid bodies also differentiated into mixed 

populations of cells containing HLA-G positive EVT-like cells, hCG secreting syncytialised cells, and  

alpha-fetoprotein (AFP) producing endodermal cells (Sivasubramaiyan et al. 2009; Harun et al. 2006; 

Udayashankar et al. 2011).  

Embryoid bodies can also produce structures resembling blastocysts or primitive villi. Blastocyst-like 

embryoid bodies exhibited a blastocoel-like cavity and selectively adhered to endometrial epithelium 

in vitro (Lee et al. 2015). Cytokeratin-7/8 positive, hCG secreting cells localise to the outer surface of 

the embryoid bodies whereas, the small minority of vimentin-expressing mesenchymal cells localise 

towards the centre, mirroring the structure of a placental villus (Gerami-Naini et al. 2004; 

Giakoumopoulos et al. 2010). When embryoid bodies, generated in suspension cultures, were 

cultured on Matrigel™, branching columns resembling EVT were observed radiating out from the 

embryoid body (Gerami-Naini et al. 2004). In addition, co-culturing embryoid bodies with placental 

fibroblasts increased the endocrine activity of the trophoblast-like cells derived from them 

(Giakoumopoulos et al. 2010). The potential development of a stromal core or the addition of 

fibroblasts to these embryoid body models may be useful to the study of stromal cell influences on 

trophoblast differentiation. 

2.4.6.2 Human primary cytotrophoblast derived first trimester placental organoids 

 

More recently, first trimester primary cytotrophoblast derived placental 3D organoid cultures have 

been established that are able to proliferate long-term in culture and closely resemble the physiology 

of first trimester placentae (Haider et al. 2018; Turco et al. 2018). Once the cytotrophoblasts are 

embedded into growth factor reduced Matrigel™, placental organoids are apparent in the cultures 

from 2-3 weeks (Haider et al. 2018; Turco et al. 2018). Placental organoids maintain gene expression 

profiles similar to primary isolates of cytotrophoblasts (Haider et al. 2018).  
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Morphologically, placental organoids have an ‘inside-out architecture’ with cytotrophoblasts on the 

outer surface and an inner layer of syncytiotrophoblast-like cells (Haider et al. 2018; Turco et al. 2018). 

The secretion of hCG into the culture media of placental organoids suggests that the 

syncytiotrophoblast-like cells present within these cultures exhibit an endocrine function similar to 

that in vivo (Turco et al. 2018). Whilst differentiation of the placental organoids into 

syncytiotrophoblast-like cells occurs spontaneously, placental organoids must be induced to 

differentiate and produce HLA-G expressing EVT-like outgrowths (Haider et al. 2018; Turco et al. 

2018). Whether human TSC behave in a similar manner in placental organoid culture systems is 

unknown, however such a system will be important in understanding the 3D interactions of 

trophoblast populations in early pregnancy both with each other and with human endometrial cells 

(Turco et al. 2017).  

2.4.7 iPSC-derived trophoblasts  

 

With the ever growing understanding of stem cells and factors that regulate cell potency and fate, 

terminally differentiated cells can be reprogrammed into a multipotent/stem cell phenotype termed 

iPSC (Chen et al. 2013a). Once reprogrammed, iPSC cells can then be differentiated into lineages from 

all three germ layers regardless of the cell type from which they were originally derived (Chen et al. 

2013a). iPSC are increasingly being used as an alternative source of pluripotent cells, and iPSC cells 

generated by reprogramming human fetal fibroblasts, lung fibroblasts, granulosa cells, amniotic fluid 

cells and human umbilical cord blood fibroblasts have all been used to study trophoblast lineage 

segregation events (Wolfrum et al. 2010; Chen et al. 2013a; Chen et al. 2013b; Chuang et al. 2015; 

Okeyo et al. 2015; Yang et al. 2015).  

BMP4-treated iPSC cell colonies differentiate into distinctive enlarged, flattened, ‘cobblestone’ cells 

at the edge of the colony that morphologically resemble trophoblast (Wolfrum et al. 2010; Yang et al. 

2015). As occurs in hESC and embryoid body models, these cells express trophoblast lineage markers 

(cytokeratin-7, EOMES, CDX2, HAND1, forkhead box F1 (FOXF1), inhibitor of DNA binding 2, dominant 
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negative helix-loop-helix protein (ID2), GATA3 and GATA4), and down-regulate the expression of 

pluripotency markers (NANOG and OCT4) (Wolfrum et al. 2010; Yang et al. 2015; Chen et al. 2013a). 

Like hESCs, iPSC models of early trophoblast development produce mixed cultures of differentiated 

cells expressing characteristics of EVT and syncytiotrophoblast. Trophoblast-like cells derived from 

iPSC express HLA-G and show a greater invasive capacity (58.4%) than that of the fibroblast from which 

they were derived (25.3%), demonstrating their ability to form EVT-like cells (Chen et al. 2013a; Chen 

et al. 2013b). Furthermore, iPSC-derived trophoblast-like cells secrete hCG, progesterone and 

oestradiol in both monolayer and embryoid body cultures (Wolfrum et al. 2010; Chen et al. 2013a). 

Similar to hESC-derived syncytiotrophoblast and EVT, BMP4-treated iPSC cell colonies also 

differentiate into EVT and syncytiotrophoblast-like populations through a TP63-positive 

cytotrophoblast-like state (Li et al. 2013).  

Like hESCs, iPSC can also undergo spontaneous differentiation in culture towards cells that resemble 

trophoblast. In particular, granulosa cell-derived iPSC spontaneously and preferentially differentiate 

into cells resembling trophoblast, potentially resulting from lower expression of the NLR family pyrin 

domain containing 2 (NLRP2) gene involved in preimplantation development in both mouse and 

humans (Chuang et al. 2015). In a similar manner to BMP4-treated hESCs, iPSC-derived trophoblast-

like cells express trophoblast-related markers CDX2, EOMES and estrogen-related receptor beta 

(ERRB) (Chuang et al. 2015). Furthermore, suspension 3D culture models of iPSC-derived trophoblast 

have also been established and do not require the use of small molecules to induce 

differentiation (Okeyo et al. 2015). Instead the mesh suspension culture systems allow for cystic 

structures resembling blastocysts to form, with a vascular-like central cavity enveloped in a epithelial 

cell coat expressing CDX2 and secreting hCG (Okeyo et al. 2015).  

One advantage of the iPSC model of TSCs over the hESC model is that the transduction of CDX2, EOMES 

and ELF5 expression allows iPSC-derived trophoblasts to retain their proliferative capacity for over 2 

months, whereas BMP4-differentiated hESCs usually lose this capacity after approximately 1 week in 
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culture (Xu et al. 2002; Chen et al. 2013b). Trophoblast-like cells derived from iPSC can also be 

maintained indefinitely due to the expression of various cell cycle regulators (replication protein A3 

(RPA3), dyskeratosis congenita 1 dyskerin (DKC1), mutS homolog 6 (MSH6), MAD2 mitotic arrest 

deficient-like 2 (MAD2L2), cyclin dependent kinase 1 (CDK1), lamin β1 (LMNB1), poly(ADP-ribose) 

polymerase 1 (PARP1), checkpoint kinase 1 (CHEK1), polo-like kinase 1 (PLK1), OCT4 and chromatin 

licensing and DNA replication factor 1 (CDT1)) and telomere elongation gene telomerase reverse 

transcriptase (TERT) (Wolfrum et al. 2010). However, it is unclear whether the proliferative ability of 

iPSC-derived trophoblast-like cells represents their maintenance as a less differentiated trophoblast 

population or is a residual feature of the iPSC cells from which they are derived. 

At present it is unclear whether primary first trimester human TSC and hESC-derived trophoblasts 

were isolated from samples that would have developed into pathological pregnancies. iPSC-derived 

cells however, can be generated from both known healthy and unhealthy samples which presents an 

advantage in comparing normal and diseased pathologies. For example, iPSC-derived and hESC-

derived trophoblasts from trisomy 21 have been used to model the delayed development of 

synctyiotrophoblast observed in trisomy 21 pregnancies (Horii et al. 2016) 

2.4.8 Trophoblast stem-like cells isolated from the HTR8/SVneo cell line 

 

Trophoblast stem-like cells have also been postulated to exist in some cell lines, including HTR8/SVneo 

cells, and the BeWo choriocarcinoma line have also been recently suggested to contain a subset of 

cytokeratin-14 positive stem-like cells (Abou-Kheir et al. 2015). The HTR8/SVneo cell line was 

generated by transformation of primary EVT, but have a gene expression profile more similar to villous 

cytotrophoblast than EVT (Graham et al. 1993). Furthermore, they have an unexpected phenotype for 

a trophoblast cell line, expressing vimentin but not cytokeratin-7, and displaying differences in their 

surface antigen repertoire, microRNA expression and DNA methylation patterns from that observed 

in EVTs (Apps et al. 2009; Morales-Prieto et al. 2012; Donker et al. 2012; Hemberger et al. 2010; Takao 

et al. 2011). Several lines of evidence suggest that HTR8/SVneo cells may contain a TSC population. 
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Firstly, HTR8/SVneo cells express CDX2, NOTCH1, NANOG and SOX2, without expressing OCT4, 

indicating these cells have a seemingly contradictory combination of both pluripotent stem cell-like 

and trophoblast-like characteristics (Weber et al. 2013). Secondly, like hESCs, HTR8/SVneo cells 

demonstrate a self-replicating capacity, forming then reforming spheroid structures (Weber et al. 

2013). Finally, in confrontation cultures with chorionic villi, in which the syncytiotrophoblast 

degenerates, HTR8/SVneo cells are able to repopulate the surface of the chorionic villi (Weber et al. 

2013). 

In line with these stem-like characteristics, a Hoechst side-population constituting 0.53% (±0.59%) of 

cells has been identified in HTR8/SVneo cells, which,  like the primary cytotrophoblast side-population  

isolated by the same authors, can be identified by the co-expression of IL7R and IL1R2  (Takao et al. 

2011). In comparison to non-side-population HTR8/SVneo cells, side-population HTR8/SVneo up-

regulate markers of murine TSCs (CDX2, BMP4) and express lower levels of genes characteristic of 

more mature trophoblast populations (hCGβ, HLA-G, and α5/β3 integrin). However, the concurrent 

up-regulation of SOX2, NANOG and OCT4, markers usually associated with the inner cell mass, by 

these side-population HTR8/SVneo cells raises questions around their trophoblast lineage 

commitment (Takao et al. 2011; Inagaki et al. 2016). Side-population HTR8/SVneo cells can also form 

colonies that up-regulate expression of markers associated with syncytiotrophoblast and EVT 

differentiation (Takao et al. 2011). However, while their practical advantages make them an attractive 

model of human TSCs, it remains unclear how a true stem cell population comes to originate from a 

cell line derived from terminally differentiated EVT (Takao et al. 2011; Drennan et al. 2010). 

Consequently, further investigation of the HTR8/SVneo side-population cells is required to validate 

their use as a model of human TSCs. 

2.5 The role of epigenetics in trophoblast differentiation  
 

Lineage determination and potency can both be regulated by epigenetic mechanisms. Epigenetics is 

the study of changes to cell phenotype that do not result from changes to the DNA sequence 
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(Weinhold 2006). Epigenetic changes result from processes such as methylation, acetylation, 

ubiquitylation, phosphorylation, and sumolyation that all involve various chemical groups being added 

onto the DNA, or from processes such as histone modification, which alters the chromatin structure 

(Weinhold 2006; Simmons 2008). Epigenetic change occurs as a result of changes to environmental 

factors, and put simply these epigenetic modifications can act as ‘switches’ that allow genes to be 

turned ‘on’ or ‘off’ allowing for differential gene expression between various cell types (Weinhold 

2006; Simmons 2008). In most situations, epigenetic changes are not thought be inherited, however 

there is emerging evidence that is some epigenetic characteristics can be passed on from one 

generation to the next (Weinhold 2006; Yong et al. 2016).   

 

Figure 2.7. Diagram showing the chemical structure of a cytosine residue with a methyl group (CH3) 
attached and a schematic diagram of DNA with methylated (M) and unmethylated cytosine residues 

present. 

 

One of the most studied forms of epigenetic modification is DNA methylation (Weinhold 2006). DNA 

methylation results from the addition of methyl groups (CH3) to the DNA sequence by a DNA 

methyltransferase enzyme (DNMT), most commonly at cytosine residues adjacent to guanine residues 

linked by a phosphate (CpG sites) resulting in the formation of methylcytosine (Figure 2.7) (Simmons 

2008). However, methylation can also occur at non-CpG sites (CpA, CpC and CpT) (Yong et al. 2016). 

Demethylation of CpG sites can leave an epigenetic signature where hydroxymethylcytosine remains 

as a result of the oxidative demethylation reaction catalysed by the ten-eleven translocase (TET) 
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enzyme, although across the genome hydroxymethylcytosine is found at 10 to 100-fold lower 

abundance than methylcytosine  in mammalian tissue (Kohan-Ghadr et al. 2016; Song et al. 2012; 

Skvortsova et al. 2017). Increased methylation of CpG residues is often termed ‘hypermethylation’ 

whilst a lack of methylation is termed ‘hypomethylation’ (Ehrlich 2002).  

While it is easy to simply think of the genome as a linear and ordered string of nucleotides, in reality 

within cells the genome holds a 3D structure (Gorkin et al. 2014). Therefore the regulation of gene 

expression by DNA methylation is particularly complex and it is possible that the addition or removal 

of a single CpG may influence gene regulation. Specifically, DNA methylation (or lack thereof) can 

impact the biochemistry determining the overall ultrastructure of the genome in order to control 

lineage-specific transcriptional programmes (Gorkin et al. 2014; Tomikawa et al. 2006). For example, 

the methylation of promoter and enhancer regions is often associated with the transcriptional 

repression that can result from alterations to the chromatin structure and blocking transcription 

initiation, whilst hydroxymethylation at these regions is associated with gene expression that likely 

arise through similar biochemical changes to the DNA ultrastructure (Ehrlich et al. 2016; Yong et al. 

2016). Moreover, genes can be indirectly regulated through methylation of miRNAs that target specific 

genes (Cai et al. 2009). In addition DNA methylation in gene coding regions has been associated with 

gene splicing, as well as the silencing of repetitive gene elements that can reduce their mobility and 

enhance the stability of the genome and in turn prevent the development of disease (Laurent et al. 

2010; Zheng et al. 2017).     

Methylation patterns are variable both between organisms, between different tissues from the same 

organism, and between different cell types from the same organ (Yong et al. 2016; Ehrlich 2002).  

Furthermore, methylation status can also differ between pathological and non-pathological tissue 

from the same organ (inclusive of the placenta), and culture methods can also influence the 

methylation status of cells (Ehrlich 2002; Anton et al. 2014; Liu et al. 2014). Therefore, it is evident 

that epigenetics plays an important role in adequate organism and organ development and 
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understanding the role that methylation plays in placental development is key to understanding 

normal and abnormal placentation. 

2.5.1 DNA methylation in the placenta  
 

It has long been thought that during embryonic development, the first cell lineage differentiation 

event is associated with the establishment of distinct DNA methylation differences between the 

trophectoderm and inner cell mass. However, much of this evidence has come from murine studies 

showing that the trophectoderm is significantly less methylated than the inner cell mass, (which will 

form the embryo, and ultimately the somatic tissues) (Bianco-Miotto et al. 2016; Schroeder et al. 

2015). More recent work on human embryos suggests that this difference is not as great in the human 

as it is in the mouse (Guo et al. 2014; Smith et al. 2014).  Nonetheless, these ‘placenta-specific’ 

patterns of epigenetic modification are thought to influence human placental development and 

function throughout gestation (Koukoura et al. 2012). 

The first key piece of information researchers coming to the field of placental epigenetics learn is that, 

‘the placenta is a globally hypomethylated organ’, and this hypomethylation is thought to be 

maintained throughout gestation (Schroeder et al. 2015). Global methylation changes are associated 

with developmental stages and pathological conditions and can influence cell differentiation (Jackson 

et al. 2004; Keil et al. 2015). In the placenta, global hypomethylation has been hypothesised to fulfil a 

uniquely conserved functional role, regulating the gene expression necessary for adequate placental 

development (Bianco-Miotto et al. 2016; Schroeder et al. 2015). Interestingly, while global placental 

methylation increases with gestational age, the majority of the hypomethylation in the placental 

genome occurs in partially methylated domains that maintain their level of methylation throughout 

pregnancy and are a distinguishing feature of the placental methylome (Fuke et al. 2004; Schroeder 

et al. 2013).  

The importance of DNA methylation in placental development can be inferred from studies in rodent 

models. For example, inhibiting methylation in pregnant rats results in smaller placentae with 
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anatomical abnormalities and altered ratios of trophoblast populations (Vlahovic et al. 1999). Similar 

outcomes are observed in knockout models of DNA methyltransferases where, embryonic lethality 

results from defective trophoblast differentiation (Li et al. 1992; Okano et al. 1999; Arima et al. 2006; 

Anson-Cartwright et al. 2000; Bourc'his et al. 2001). In addition the segregation of murine TSCs from 

embryonic and extra-embryonic populations (e.g. ESC and extraembryonic endoderm XEN cells) is 

associated with distinct methylation signatures in key genes including CDX2, EOMES, TCFAP2C, ELF5, 

and placenta expressed transcript 1 (PLET1)), and these methylation changes can be correlated with 

transcriptional changes between these lineages (Murray et al. 2016; Senner et al. 2012; Hemberger et 

al. 2010). In contrast, the role of DNA methylation in regulating murine trophoblast differentiation 

has been explored far less (Tomikawa et al. 2006). However, it is clear that while some genes (e.g. 

ELF5) have similar levels of methylation between trophoblast subsets, differential gene methylation 

(e.g. dimethylarginine dimethylaminohydrolase 2 (Ddah2) enhancer region) exists between the 

different murine trophoblast lineages (Ng et al. 2008; Tomikawa et al. 2006; Latos et al. 2015; Oda et 

al. 2013). While, some transcriptional and regulatory differences exist between rodent and human 

trophoblast lineage segregation, significant anatomical differences exist in early murine and human 

trophoblast differentiation pathways, and our understanding of how methylation networks translate 

across species is incomplete.   

We do know that one of the most well-studied areas of placental methylation; genomic imprinting, is 

not fully conserved between humans and mice (Novakovic et al. 2012). Genomic imprinting involves 

the silencing of one copy of an allele using DNA methylation in a parent-of-origin specific manner to 

allow monoallelic expression of a gene (Novakovic et al. 2012). Genomic imprinting is thought to be 

important for placental and embryonic development and impact genes such as Cyclin Dependent 

Kinase Inhibitor 1C (CDKN1C), Pleckstrin homology-like domain family A member 2 (PHLDA2), the H19 

differentially methylated domain (H19)/Insulin-like growth factor 2 (IGF2) locus, and the Potassium 

Voltage-Gated Channel Subfamily Q Member 1 (KCNQ1) imprinting cluster (Frost et al. 2010). In 

humans, aberrant imprinting of such genes in the placenta is associated with pregnancy disorders such 
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as FGR and preeclampsia (Frost et al. 2010). However, relative to the mouse, there are fewer placenta 

specific genomic imprinting events in humans suggesting placental imprinting may play a lesser role 

in human placentation (Novakovic et al. 2012). That rodents are more likely to carry pups in one litter 

from multiple paternal genetic sources may be the reason for this lack of conservation with paternal 

genes having to ‘fight harder’ for maternal resources (Frost et al. 2010). This highlights the fact that 

other methylation variances may be present with regard to DNA methylation in murine versus human 

placenta.  

Another unique feature of the placenta is that it contains a number of hypomethylated 

retrotransposable elements (mobile repeated DNA sequences that can insert themselves into the DNA 

sequence through an RNA intermediate) (Finnegan 2012; Price et al. 2012). Retrotransposable 

elements (like Alu, HERV and LINE1) comprise roughly 50% of the human genome, however in most 

tissue (cancer being an exception) retrotransposable elements are hypermethylated to help ensure 

genomic stability (Macaulay et al. 2017; de Koning et al. 2011). In the placenta however, 

hypomethylated retrotransposable elements may contribute the evolution of new genes that are 

essential in aiding the invasive and proliferative capacity of the placenta and that are vital for healthy 

pregnancy outcomes (Price et al. 2012; Macaulay et al. 2017).  

Finally, sex differences can also contribute to the methylation patterns in human placenta. As male 

cells contain X and Y chromosomes while females contain only X chromosomes, in somatic tissue DNA 

methylation can inactivate one X chromosome in female cells in order to achieve gene dosage 

compensation during the preimplantation stage of embryonic development (van den Berg et al. 2009). 

In the placenta however, methylation of the inactive X chromosome is less than that of the active 

chromosome (Cotton et al. 2009). This is thought to occur via demethylation of the inactive X 

chromosome which consequently reactivates the silenced X chromosome (Migeon et al. 2005). This 

process is reported to be of particular importance in spiral artery remodelling in order inhibit 

trophoblast proliferation and allow trophoblast apoptosis (Migeon et al. 2005).     
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2.5.2 DNA methylation in trophoblast populations 

 

When individual trophoblast populations are examined it is clear that human trophoblast 

differentiation is associated with considerable gene expression changes (Apps et al. 2011; Bilban et al. 

2009). However, there is little understanding of how DNA methylation influences these transcriptional 

pathways as studies often focus on only a handful of genes or provide an overall picture of methylation 

data (Lee et al. 2016; Novakovic et al. 2017a; Novakovic et al. 2017b; Okae et al. 2018). It is clear that 

DNA methylation differences exist between primary human trophoblast populations (Novakovic et al. 

2017a; Fogarty et al. 2015). These methylation changes are known to influence genes involved in 

regulating cell proliferation, the immune system, and cell invasion (Novakovic et al. 2017a; Novakovic 

et al. 2017b; Nordor et al. 2017). Studies using trophoblast cell lines (JArs, Jeg-3, TEV-1, BeWo and 

HTR8/SVneo cells) also suggest that DNA hypermethylation down-regulates tumor suppressor genes, 

whilst DNA hypomethylation allows up-regulation of epithelial to mesenchymal transition (EMT) 

genes aiding acquisition of an invasive and migratory phenotype (Rahnama et al. 2006; Logan et al. 

2013; Chen et al. 2013c; Wong et al. 2008; Shi et al. 2012). Ongoing investigations of primary 

uncultured human trophoblast populations are required to fully understand the role of DNA 

methylation in human trophoblast development and differentiation.  

DNA methylation likely plays a key role in in regulating trophoblast lineage commitment from the 

stage of the TSCs or trophectoderm (the quintessential TSCs) as DNA methylation is known to help 

regulate stem cell senescence, renewal, and differentiation in other stem cell populations (Kim et al. 

2017). However, much of our understanding of DNA methylation with relation to regulation of the 

stem cell state  is derived from the study of stem cells originating from the  inner cell mass of the 

embryo (e.g. hESC, neuronal stem cells, mesenchymal stem cells), and it is unclear how DNA 

methylation directly relates to human TSC differentiation (cells derived from the trophectoderm) (Kim 

et al. 2017). In murine TSCs, hypomethylation of ELF5 and PLET1 promoters contributes to establishing 

the TSC state and allowing TSC self-renewal but these comparisons have been made (for the most 



43 
 

part) to murine ESC and thus describe the initial trophoblast lineage segregation events, but do not 

help delineate differences between individual trophoblast populations (Murray et al. 2016; Ng et al. 

2008). In the human, the recent isolation of human TSCs from both the blastocyst and placental villi 

suggest that compared to cytotrophoblasts (52% methylated) human TSCs are less methylated 

(approximately 34%) (Okae et al. 2018).  However, placenta specific methylation patterns (particularly 

associated with imprinted genes) remained similar (30-70%) across the three trophoblast populations 

investigated (blastocyst-derived TSCs, placental villi-derived TSCs and primary cytotrophoblasts) (Okae 

et al. 2018). Similar to the mouse model, the ELF5 promoter region of TSCs showed similar levels of 

hypomethylation between blastocyst-derived TSCs and placental villi-derived TSCs (Okae et al. 2018). 

In order to describe and understand the DNA methylome of human trophoblast populations, it will be 

important to examine the DNA methylome of human TSCs or candidate human TSCs in relation to 

both cytotrophoblasts and more mature trophoblast populations.  

2.5.3 Pathologies associated with aberrant placental DNA methylation 

 

Aberrant DNA methylation patterns have also been associated with a number of pregnancy 

pathologies including FGR, preeclampsia, preterm labour or gestational diabetes (Reichetzeder et al. 

2016; Schoorlemmer et al. 2017; Banister et al. 2011; Lambertini et al. 2011; Jia et al. 2012; Blair et al. 

2013; Chu et al. 2014). While a number of studies have identified differences between controls and 

pathological placentae, inter-study comparisons have been difficult due to the different sampling 

methodologies, and this likely accounts for the lack of correlation between the studies (Bianco-Miotto 

et al. 2016). However,  genome-wide methylation studies indicate that differential methylation in 

placental insufficiency disorders like FGR and preeclampsia occur in genes  that enrich for pathways 

associated with inflammation and the immune response, cell proliferation and oxidative stress (Wilson 

et al. 2018; Anton et al. 2014; Hillman et al. 2015). Interestingly, differential methylation in the human 

placenta has also been associated with both neurological and behavioural differences in new born 

babies and in later life (Paquette et al. 2016; Tilley et al. 2018). Collectively, these data highlight the 
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importance of placental DNA methylation to human development both in utero and beyond. However, 

most studies that investigated the DNA methylome of placentae from complicated pregnancies lacked 

matched gene expression data that could help further elucidate the impact of DNA methylation on 

pregnancy pathologies (Bianco-Miotto et al. 2016). Such data is unsuitable to fully understand the role 

of DNA methylation in obstetric complications.  

2.6 Summary  
 

Impaired trophoblast differentiation can result in pregnancy disorders such as FGR (Burton et al. 

2018). However, our ability to understand the molecular mechanisms underlying this dysfunction is 

limited by our lack of understanding regarding early human placental development (James et al. 2012). 

The isolation of murine TSCs has revolutionised our understanding of murine placentation, however  

placentation in the human is a unique and species-specific process therefore, the isolation and 

characterisation of human TSCs is imperative to comprehensively understanding normal human 

placental growth and the impaired human trophoblast differentiation that occurs in the pathogenesis 

of FGR (Gamage et al. 2016). While human TSC populations have been isolated from the 

preimplantation blastocyst and first trimester placental villi, our inability to predict major pregnancy 

pathologies such FGR at those points early in gestation limits our understanding of how human TSCs 

contribute to these disorders (Okae et al. 2018; Zdravkovic et al. 2015). However, we can utilise 

existing model systems of human trophoblasts to understand regulatory mechanisms such as DNA 

methylation that drive human placenta development.  
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Chapter Three: Materials and Methods 
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3.1 Materials 
 

All chemicals used were of Laboratory or Analytical Grade unless otherwise stated and were purchased 

through reputable companies. Unless stated otherwise, the water used in this work was obtained 

using a Milli-Q Reference Ultrapure Water Purification System (Millipore, USA) autoclaved prior to 

use, and was ultrapure and pyrogen free. In all other cases either Diethylpyrocarbonate (DEPC) treated 

water (Invitrogen, USA), RNAse Free water (Fisher Scientific, USA) or deionised water (diH2O) was 

used.  

3.2 General Methodology  

3.2.1 Collection of human placental samples  

The Northern Regional Ethics Committee approved the use of all human placentae in this study 

(NTX/12/06/057/AM07). First trimester placental and decidual tissue was obtained following written 

informed consent from Epsom Day Unit or Auckland Medical Aid Centre from elective terminations of 

pregnancies. Third trimester placentae from healthy or FGR pregnancies were obtained from the 

Delivery Unit of National Women’s Hospital following written informed consent.  

Pregnancies identified to be at high risk of FGR with estimated fetal weight <10th customised growth 

centile or abdominal circumference <5th customised growth centile at any gestation were recruited 

into the study from Women’s Assessment Unit of Auckland City Hospital. Placentae from babies <5th 

customised growth centile at birth were included in this study. Healthy gestation-matched control 

placentae were recruited from women with uncomplicated pregnancies delivering at 30 – 37 weeks 

with a baby appropriate for gestational age (≥25th centile) who delivered for other reasons e.g. 

spontaneous labour. All placentae that were recruited for this study were from women with singleton 

pregnancies with no evidence of; maternal hypertension or preeclampsia, chromosomal abnormalities 

and no maternal diabetes or other autoimmune/ inflammatory diseases. 
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3.2.2 Isolation of trophoblast populations from human placentae 

 

3.2.2.1 Isolation of side-population trophoblast and cytotrophoblast populations  

 

First trimester placentae were washed with phosphate buffered saline (PBS) (120mM NaCl, 8mM 

KH2PO4, 2.7mM KCl, 1.5m NaHPO4 in MilliQ H2O, pH 7.4) and villi were dissected away from the fetal 

membranes. Third trimester placentae had 1cm3 sections dissected from the left, right, top, bottom 

and central regions following removal of the overlying decidual layer. Villi were washed in PBS until 

maternal blood was no longer evident. The wet weight of the villous tissue from each placenta was 

recorded. A solution of 0.25% Trypsin (Gibco, Canada) and 1.5mg/mL DNAse l (Sigma-Aldrich, USA) in 

PBS was added to tissue at a ratio of 10mL per 3g of tissue. Tubes were placed into a 37°C water bath 

for 10 minutes to undergo Enzymatic Digest 1. The tissue was then washed 10 times with 20mL of PBS 

to remove EVTs and syncytiotrophoblast fragments.  After the addition of each wash volume, the 

tissue was allowed to settle and the supernatant was either discarded, or collected for the later 

isolation of EVTs (refer section 3.2.2.2). After this, a further 10mL per 3g tissue of trypsin/DNAse I 

solution was added to the tissue, which was then was placed on a rocker for seven minutes at 4°C 

then left stationary overnight at 4°C (Enzymatic Digest 2) (Figure 3.1A).  

The following morning, the villous tissue was washed 10 times with 20mL of PBS. After each addition 

of PBS, the tissue was allowed to settle, the supernatant was removed and filtered through a 70µM 

mesh filter unit and collected into a 50mL Falcon tube containing 3mL of New Born Calf Serum (NBCS) 

(Invitrogen, New Zealand). The combined supernatants from all the washes were then centrifuged at 

450xg for eight minutes at room temperature.  Supernatants were removed and cell pellets were 

resuspended. For third trimester samples only, 15mL of ice cold Red Blood Cell Lysis Buffer (containing 

150mM ammonium chloride, 10mM sodium bicarbonate and 1.1mM Ethylenediaminetetraacetic acid 

(EDTA)) was then added for 10 minutes at room temperature on a rocker, then the tubes were 

centrifuged for eight minutes at 450xg. All samples were then resuspended in 15mL of DMEM/F12 

medium (Invitrogen, New Zealand) containing 5% FBS (LifeTechnologies, New Zealand) and 1% 
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Penicillin Streptomycin (P/S) (Life Technologies, USA), plated onto a 10cm2 plastic petri dish (Falcon, 

USA), and incubated at 37°C for 10 minutes to deplete contaminating mesenchymal cells by plastic 

adhesion. The cell suspension was collected and the petri dish was rinsed twice with 4mL of 

DMEM/F12 medium containing 5% FBS and 1% P/S to ensure all non-adherent cells were collected. 

Cells were then split into two tubes; Tube A) Tube containing 80% of the cells (main sample from which 

cells are isolated) and Tube B) containing 20% of the cells (negative control) (Figure 3.1B).  Both tubes 

were centrifuged at 480xg for eight minutes. Supernatants were removed and cells were resuspended 

into either a) 200µL of DMEM/F12 medium containing 5% FBS, 1% P/S, and 5µg/mL of mouse anti-

human Class I HLA antibodies conjugated to Alexa Fluor® 647 (Biolegend, USA) (Tube A-the main 

sample), or b) 200µL of DMEM/F12 medium containing 5% FBS and 1% P/S (Tube B- the negative 

control) (Figure 3.1B). Cells were incubated in the dark at 37°C for 30 minutes. When cytotrophoblasts 

were collected, 10µg/mL of mouse anti-human ß4 integrin antibodies conjugated to FITC (Abcam, 

USA) was also added to Tube A (the main sample) (Figure 3.1B).  After the antibody incubations, 

100µg/mL of Hoechst 33342 (Sigma-Aldrich, Israel) in 4mL of DMEM/F12 medium containing 5% FBS 

and 1% P/S was added to both tubes. For the negative control tube (Tube B), 10µM Fumitremorgin C 

(Sigma-Aldrich, Israel) and 150µM of Reserpine (Sigma-Aldrich, India) were also added in order to 

inhibit the ABCG2 pump, and thus Hoechst 33342 efflux. Both tubes were placed into a dark water 

bath at 37°C for 90 minutes (Figure 3.1B). After removal from the water bath, samples were kept ice 

cold for the remainder of the protocol. 20mL of ice cold PBS was the added to each tube, and cells 

were centrifuged at 450xg for eight minutes at 4°C. The supernatant was removed and 4mL of 1µg/mL 

Propidium Iodide (PI) in ice cold PBS was then added to each tube for five minutes in the dark at 4°C 

(Figure 3.1B). A further 20mL of ice cold PBS was added to each tube, and cells were again centrifuged 

at 450xg for eight minutes. This step was repeated once more and then the cells were resuspended in 

3mL (Tube A-main sample) or 0.5mL (Tube B-negative control) of PBS or BD FACS buffer (BD, USA).  
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Figure 3.1. A) Schematic diagram of the methods used to isolate human side-population 
trophoblasts. B) Summarised diagram of the staining procedure for the main sample from which 

side-population trophoblasts are isolated (Tube A) and the negative control (Tube B). 

 

Cells were transferred to FACS tubes and run on a BD FACS Aria™II SORP (BD Bioscience,USA) at 4°C 

(Figure 3.1). Cells were sorted using a 100µm nozzle with 20psi sheath pressure and sterile PBS was 

used as the sheath fluid.  Dead cells were excluded based on PI staining (552nm excitation with a 

Coherent Sapphire laser at 70mW and emission detected with 600 LP and 610/20 BP filters) (Figure 

3.2A). Class I HLA positive contaminating cells were removed to waste. Single, live, HLA Class-I negative 

cells were displayed on Hoechst Red (635LP and 670/50 BP filters) versus (vs) Hoechst Blue (450/50 

BP) dot plot with linear scales. The side-population gate was set based on the Fumitremorgin-C and 

Reserpine treated negative control, which contains no Hoechst 33342-low cells (Figure 3.2C). Side-
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population trophoblasts were then sorted by capturing Hoechst 33342-low cells present in this gate 

in the main sample (Figure 3.2D). A gate was drawn around the main Hoechst 33342-high population, 

and ß4 integrin positive (relative to the unstained negative control) cytotrophoblasts were sorted 

from this population (Figure 3.2E). Hoechst 33342-low side-population trophoblasts and ß4 integrin 

positive cytotrophoblasts were then sorted for downstream applications into either 2mL Eppendorf 

tubes, 96 or 6 well plates (Figure 3.2E).   
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Figure 3.2. FACS plots showing: A) the exclusion of non-viable Propidium Iodide positive (PI +) cells, 
and selection of Propidium Iodide negative (PI -) cells that progressed through the workflow. B) 
Selection of HLA-G positive extravillous trophoblasts. C) Hoechst 33342 fluorescence intensity of 

negative control digests treated with Fumitremorgin-C and Reserpine (inhibitors of Hoechst efflux) 
showing an absence of cells in the side-population (SP) gate. D) Hoechst 33342 fluorescence 

intensity of trophoblast digests demonstrating the gating of Hoechst-low side-population 
trophoblasts. E) Selection of ß4 positive cytotrophoblasts from the main trophoblast population in D. 
Cells in B were obtained from the initial villus digest (Enzymatic Digest 1), whereas cells in sorts in C, 

D and E were obtained from the overnight digest (Enzymatic Digest 2). 
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3.2.2.2 Isolation of extravillous trophoblasts from first trimester placentae 

 

In some experiments using first trimester placentae, EVT were also collected from Enzymatic Digest 1. 

To do this, PBS washes from Enzymatic Digest 1 were filtered through 70µM mesh filter units and 

collected into 50mL Falcon tubes each filled with 3mL of NBCS. The Falcon tubes were centrifuged at 

450xg for eight minutes to pellet the cells. Supernatants were removed and cells were then 

resuspended in 15mL of DMEM/F12 media containing 5% FBS and 1% P/S. Cells were then split into 

two tubes; Tube A) containing 80% of the cells (main EVT sample) and Tube B) containing 

approximately 20% of the cells (EVT negative control) and centrifuged at 450xg for eight minutes. The 

supernatant was removed and the cell pellets were disrupted, then 200µL of DMEM/F12 medium 

containing 5% FBS, 1% P/S, and 5µg/mL of anti-HLA-G antibodies conjugated to FITC (Abcam, USA) 

was added to Tube A (main EVT sample), while 200µL of DMEM/F12 medium containing 5% FBS and 

1% P/S was added to Tube B (EVT negative control). Both Universal tubes were incubated in the dark 

at 4°C overnight.  

The following day, 20mL of PBS was added to each tube and they were centrifuged at 450xg for eight 

minutes. The supernatant was then removed and 4mL of a 1µg/mL PI solution prepared in ice cold PBS 

was added. The cells were incubated in the dark at 4°C for five minutes, after which PBS was added 

and the cells were centrifuged at 450xg for eight minutes. The supernatant was then removed and a 

further 20mL of PBS was added to each tube and centrifuged at 450xg for eight minutes. The cells 

were resuspended in 2mL (Tube A-main EVT sample) or 0.5mL (Tube B-EVT negative control) of PBS. 

Cells were transferred to FACS tubes and run on a BD FACS Aria™II cell SORP sorter. Cells that were PI 

positive were excluded to waste and HLA-G positive cells were sorted into 2mL Eppendorf tubes.  
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3. 3 Immunohistochemistry 
 

3.3.1 Preparation of first trimester placental thin sections  

 

First trimester placental villi (5mm3) were placed into individual tinfoil crucibles containing OTC tissue 

freezing medium (Leica Microsystems Nussloch GmbH/Biostrategy New Zealand) and snap frozen by 

floating these crucibles in isopentane (UniLab Ajax Fine chem Pty Ltd, New Zealand) baths which, were 

in turn, floating in liquid nitrogen. Frozen blocks were stored at -80°C. Serial 5μm thin sections were 

cut using a Leica CM1900 Cryostat (Leica, Germany) and collected on poly-L-lysine-coated glass slides.  

The slides were then dipped into diH2O for three seconds to remove the OTC tissue freezing medium 

and left to air dry for one hour. The slides were fixed by immersion in ice cold acetone for 10 minutes, 

and then allowed to dry for one hour. Thereafter, slides were wrapped in foil and stored at -20°C until 

required. 

3.3.2 Immunocytochemistry  

 

Placental thin sections were defrosted at room temperature for two minutes. Dako hydrophobic pens 

(DAKO, Denmark) were used to encircle the tissue. PBS was removed from the wells containing 

placenta derived cells/cell lines (used in section 3.5.7.1, 3.5.8.1, 3.5.9 and 3.6.1) that were stored after 

10 minutes of methanol fixation. Sections and cells were blocked for 10 minutes with 10% Normal 

Goat Serum (NGS) in PBS-Tween (PBS, pH 7.4, containing 0.05% Tween-20 (v/v) in MilliQ H2O). Next 

100μL of the primary antibody was added for one hour at room temperature or incubated with the 

slides/cells at 4°C overnight. Slides/cells were then washed three times in PBS-Tween for two minutes 

each wash. 100μL of 5µg/mL of biotinylated goat anti-mouse IgG (Jackson Immunoresearch, USA) or 

5µg/mL of biotinylated goat anti-rabbit IgG (Jackson Immunoresearch, USA) diluted in 10% NSG PBS-

Tween was added to the slides for one hour at room temperature, and slides/cells were washed three 

times in PBS-Tween for two minutes. 100µL of 2.5µg/mL Streptavidin 488 (Invitrogen, USA) in 10% 

NSG PBS-Tween was then added for one hour at room temperature in the dark. Slides/cells were 
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washed once with PBS-Tween and in all instances nuclei were counterstained by the addition of 

100µg/mL Hoechst 33342 for five minutes at room temperature in the dark. The slides/cells were then 

washed twice with PBS-Tween. For cells in wells, 200µL of PBS was added, and wells were imaged 

using a Nikon Eclipse Ti-U (Nikon, Japan) fluorescent microscope. For slides, coverslips were mounted 

with one drop of AF1 Citifluor mounting medium (Science Services, Germany) and sealed with nail 

polish then left to dry in the dark before imaging with a Nikon C-Taq (Nikon, Japan) fluorescent 

microscope.  

3.4 Methodology specific to Chapter Four 

3.4.1 Extraction of DNA from trophoblast populations 

To extract DNA from FACS sorted cell populations (side-population trophoblasts, cytotrophoblasts and 

EVTs), cells were sorted into 200µL of sterile PBS. The cells were centrifuged for 450xg for 30 minutes 

at 4°C, and the supernatant was then removed. The cells were then resuspended in 200µL of sterile 

PBS to which 20µL of Qiagen Proteinase K (Qiagen, Germany) was added and mixed by pipetting up 

and down five times. A 200µL volume of AL buffer from a Qiagen DNA Mini Kit (Qiagen, Germany) was 

added, and samples were incubated overnight at 56°C. The next day the DNA was extracted using a 

Qiagen DNA Mini Kit as per the manufacturer’s instruction. The DNA was eluted into 200µL of Qiagen 

DNA Mini Kit AE buffer and stored at -20°C. At the time of elution a 5µL sample of DNA was assessed 

using the Qubit® dsDNA HS Assay Kit (Molecular Probes, USA)  or Qubit® dsDNA BR Assay Kit  

(Molecular Probes, USA). 

3.4.2 Reduced Representation Bisulfite Sequencing  

DNA extracted from matched sets of side-population trophoblasts, cytotrophoblasts and EVTs sorted 

from the same placenta (n=4 placentae, 8.0-12.1 weeks of gestation, Table 3.1) were sent to New 

Zealand Genomics Limited (NZGL) to undergo reduced representation bisulfite sequencing (RRBS). All 

samples were prepared and sequenced at the same time in order to mitigate batch effects.  To process 

the samples, 500ng of DNA was digested overnight with Msp1 enzyme (New England Biolabs, Ipswitch, 
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MA). DNA fragments then underwent end-repair and a poly-A tail was added to the 3’ end. Methylated 

adaptors were ligated and the DNA was purified using the MinElute Gel Extraction Kit (Qiagen, 

Germany). Samples then underwent bisulfilte conversion using the EZ DNA Methylation Kit following 

the manufacturer’s protocol and underwent size selection (150-325 base pairs). Libraries were 

amplified with 15-18 cycles. The products were run on a 3% (w/v) NuSieve agarose gel, 150-325 base 

pair fragments were identified and DNA libraries were purified using the MinElute Gel Extraction Kit 

protocol. Sample quantity was assessed using Qbit (Life Technologies), and average fragment size was 

determined using a 2100 Bioanalyser (Agilent Technologies, USA) using high sensitivity DNA chips. 
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Table 3.1. Table of placentae and cell types generated for Chapter Four of this thesis. 

Gestation of placenta Cell types used GEO Accession 
(number if applicable) 

Utilised in 

8.0 weeks SP1 GSM2948422 RRBS and Sequenom 
MassArray CTB1 GSM2948423 

EVT1 GSM2948424 

8.0 weeks SP2 GSM2948425 RRBS and Sequenom 
MassArray CTB2 GSM2948426 

EVT2 GSM2948427 

12.1 weeks SP3 GSM2948428 RRBS and Sequenom 
MassArray CTB3 GSM2948429 

EVT3 GSM2948430 

8.2 weeks SP4 GSM2948431 RRBS and Sequenom 
MassArray CTB4 GSM2948432 

EVT4 GSM2948433 

9.4 weeks SP5 N/A Real-time miRNA 
expression analysis CTB5 N/A 

EVT5 N/A 

9.4 weeks SP6 N/A Real-time miRNA 
expression analysis CTB6 N/A 

EVT6 N/A 

10.2 weeks SP7 N/A Real-time miRNA 
expression analysis CTB7 N/A 

EVT7 N/A 

8.1 weeks SP8 N/A Real-time miRNA 
expression analysis CTB8 N/A 

EVT8 N/A 

Side-population trophoblasts (SP), cytotrophoblasts (CTB), extravillous trophoblasts (EVT). 

3.4.3 Acquisition and analysis of publicly available RRBS data 

In order to determine where trophoblast populations sit in the overall methylation spectrum of human 

cells, the global CpG methylation of isolated trophoblast RRBS data sets created in 3.4.2 was compared 

to publically available RRBS data from blastocyst-derived and somatic cell populations.  Candidate data 

sets containing normal, untreated human cell isolates were identified using the National Centre for 

Biotechnological Information (NCBI) Gene Expression Omnibus (GEO). The identified samples were 

hESC, inner cell mass, trophectoderm, oesophageal, pulmonary and renal cortical epithelium, 

hepatocytes, naïve B cells, skeletal muscle, astrocytes, dermal fibroblast and whole first trimester 

placental lysates (Table 3.2). Raw data files were downloaded using Aspera Connect. The SRA tool kit 
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was used to obtain .fastq files before the data was cleaned and analysed using methylKit as described 

in section 3.4.4.1 and section 3.4.4.2.  

Table 3.2. RRBS sample information for NCBI GEO sourced cell and tissues information and newly 
generated trophoblast data 

Sample NCBI GEO 
Accession 
number 

Bisulfite 
non-

conversion 
rate 

Number 
of Reads 

Number 
of Reads 
Aligned 

Total Unique 
CpG Sites 

(10× 
Coverage) 

Depth of 
Coverage 

hESC H7 GSM2355546 5.6% 60477673 38656326 2704917 24.63 

hESC UCLA8 GSM2355530 6.6% 42137203 28068692 2354263 22.51 

hESC UCLA2 GSM2355520 5.9% 65154528 43418535 2506315 22.88 

Dermal fibroblast GSM2355559 3.2% 51532423 33965238 2270830 29.58 

Dermal fibroblast GSM2355560 4.4% 27426826 15578559 1906378 10.02 

Oesophageal epithelium GSM683807 4.9% 33421923 10504949 767573 6.82 

Oesophageal epithelium GSM683839 2.4% 41701226 8992473 758940 5.77 

Pulmonary epithelium GSM683794 1.5% 41728450 7903151 675713 6.16 

Pulmonary epithelium GSM683913 5.7% 37155669 14700626 890362 7.65 

Renal cortical epithelium GSM683851 4.0% 52363504 14137177 858688 6.67 

Renal cortical epithelium GSM683901 2.0% 21495369 5143182 571657 4.94 

Hepatocytes GSM683764 1.9% 30647310 14834509 1007197 12.33 

Hepatocytes GSM683872 2.2% 36755279 16199562 1007956 8.28 

Normal Naïve B-cells GSM1614760 2.4% 24305564 15830531 2693100 14.3 

Normal Naïve B-cells GSM1614764 10.7% 20592370 13707225 2588432 12.58 

Neutrophils GSM1429645 2.3% 30270640 29206229 2682779 12.7 

Neutrophils GSM1429647 2.0% 11452366 11070516 1217045 4.27 

Neutrophils GSM1429649 5.0% 11014889 10615943 1320693 8.86 

Skeletal Muscle GSM683811 2.4% 51330404 28558613 1135321 2.82 

Skeletal Muscle GSM683868 11.9% 58176432 19694850 1210783 3.46 

Skeletal Muscle GSM683931 3.1% 37475425 17235260 979199 8.82 

Astrocytes GSM683765 5.5% 20867459 10874669 599060 7.12 

Astrocytes GSM683882 4.0% 25926185 14402914 1106831 9.17 

Inner Cell Mass GSM1207811 1.8% 20000004 12184645 2049759 13.56 

Inner Cell Mass GSM1207813 1.8% 23265415 12795949 1848637 17.14 

Inner Cell Mass GSM1207814 2.0% 23048859 12451758 1803401 16.07 

Trophectoderm GSM1207834 3.0% 7461424 3431749 426165 5.44 

Trophectoderm GSM1207836 1.5% 10499980 6546821 1138097 8.80 

Trophectoderm GSM1207837 1.9% 24314213 13047116 2042438 13.5 

Whole placental lysate GSM1032070 1.3% 13638200 8040950 646885 9.91 

Whole placental lysate GSM1032071 1.3% 16426546 8732981 712152 4.57 

Whole placental lysate GSM1032074 1.7% 24155341 13237362 969981 7.51 

Side-population Trophoblasts 
1 

GSM2948422 1.2% 20951291 12825659 2226738 7.88 

Side-population Trophoblasts 
2 

GSM2948425 1.3% 18724907 10942768 1796125 6.63 

Side-population Trophoblasts 
3 

GSM2948428 1.1% 12791322 7664315 1086423 4.85 

Side-population Trophoblasts 
4 

GSM2948431 1.3% 19871768 11675464 1915012 6.90 

Cytotrophoblasts 1 GSM2948423 1.7% 18092912 11087625 2062476 8.03 

Cytotrophoblasts 2 GSM2948426 1.3% 14362490 8268181 1222573 4.97 

Cytotrophoblasts 3 GSM2948429 1.5% 22822719 13601289 1927338 4.11 
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Cytotrophoblasts 4 GSM2948432 1.2% 19672387 11755919 1741221 5.12 

Extravillous Trophoblasts 1 GSM2948424 1.3% 12339221 7707938 1121206 6.09 

Extravillous Trophoblasts 2 GSM2948427 1.1% 16073781 9754883 1470226 4.92 

Extravillous Trophoblasts 3 GSM2948430 1.2% 18519495 11005409 1890418 8.11 

Extravillous Trophoblasts 4 GSM2948433 1.2% 19978390 11974042 1935862 7.09 

 

3.4.4 Bioinformatic pipelines for the analysis of RRBS data 

3.4.4.1 Data clean up and mapping 

 

The RRBS libraries were trimmed, cleaned and underwent single-ended (100 base pairs) sequencing 

using an Illumina HiSeq2000 following “Processing RRBS samples: a User Guide” by Peter Stockwell 

(Chatterjee et al. 2012). To compensate for the deterioration of RRBS quality that can occur at less 

than 100 cycles, the files were quality trimmed to 90 base pairs at the ends.  As reads of 100 base pairs 

will read into the 3’ adaptor of a 40-220 RRBS library, adaptors were also trimmed as they will not map 

to the reference genome. FastQC reports of each cleaned data file were generated and used to 

determine that the files were acceptable for downstream applications. The reads were aligned to 

human GRCh37 reference genome assembly using Bismark aligner (Krueger et al. 2011). The resulting 

.bam files were sorted and Bismark methylation extractor (Krueger et al. 2011) was used to determine 

DNA methylation status and to yield CpG report files. Sample specific metrics are provided in Table 

3.2. 

3.4.4.2 Global methylation analysis  

 

The R package “methylKit” (Akalin et al. 2012) is a widely published pipeline designed to analyse high-

throughput bisulfite sequencing data obtained via RRBS. In this work, methylKit was first used to 

determine global CpG methylation differences between human trophoblast populations, blastocyst-

derived cell populations and somatic cell populations (Table 3.2). 

 As RRBS enriches for CpG islands (which are usually unmethylated), methylation measurements by 

RRBS are expected to be lower than for the whole genome. Therefore, when global methylation 

between cell populations was compared, CpG island-specific data was removed prior to analysis to 
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help mitigate this bias (Ficz et al. 2013; Peat et al. 2014). This data was then entered into R package 

“methylKit” (Akalin et al. 2012). Methylation at individual CpG sites (counts of the number of 

methylated (T) versus unmethylated (C) bases at each CpG) was assessed. The mean global CpG 

methylation across the sample was calculated and reported with the standard error of the mean 

(SEM). The total number of methylated CpG sites was identified for each sample and the proportion 

of methylated CpGs in exon, intron, promoter and intergenic regions established using the R package 

“genomation” (Akalin et al. 2015), which were then averaged for each cell/tissue type. The percentage 

of CpG sites overlapping with genomic elements was determined with promoter> exon> intron 

precedence. Data was analysed statistically by one-way ANOVA followed by a Bonferroni post-test, or 

by Student’s t-test for two group comparisons, using GraphPad Prism 7.03 (GraphPad Software Inc.). 

3.4.4.3 Differential methylation analysis of individual trophoblast populations 

 

Differential Methylation Analysis was performed using methylKit  (logistic regression with false-

discovery rate (FDR) to control for false positives using the SLIM method) (Wang et al. 2011) to 

interrogate differences in differential CpG methylation between the three matched trophoblast 

populations from four placentae (Table 3.1)). Specifically, three comparisons were made 1) side-

population trophoblasts vs cytotrophoblasts, 2) side-population trophoblasts vs EVTs, and 3) 

cytotrophoblasts vs EVTs. Significantly methylated regions were defined as having a q-value of less 

than 0.01 and methylation difference exceeding 25%. The location (exon, intron, promoter and 

intergenic regions) of differentially methylated CpG was identified using the R package “genomation”. 

The percentage of CpG sites overlapping with genomic elements was determined with promoter> 

exon> intron precedence. Venny 2.0 (Oliveros), a web based tool 

(http://bioinfogp.cnb.csic.es/tools/venny/) that generates Venn diagrams was used to examine the 

cross over in genes impacted by differential methylation among the three comparison groups. GATHER 

(a Gene Annotation Tool to Help Explain Relationships is a web based tool 

(changlab.uth.tmc.edu/gather/) that determines pathway enrichment for a given list of genes and in 

http://bioinfogp.cnb.csic.es/tools/venny/
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turn assesses the statistical significance of the gene enrichment) was used to help determine the 

potential pathways impacted by the differentially methylated genes between trophoblast populations 

(Chang et al. 2006). 

3.4.4.4 Comparison of promoter methylation and gene expression  

In order to understand the impact of promoter methylation in human trophoblast populations, and 

how it impacts gene expression, previously acquired and published transcriptome data sets of first 

trimester EVTs and cytotrophoblasts generated in our laboratory using very similar FACS sorting 

methods to those described in this thesis were used (Table 3.3) (James et al. 2015).   

Table 3.3. NCBI GEO sourced placentae and cell types used for gene expression analysis in Chapter 
Four of this thesis 

Gestation of placenta Cell types used GEO Accession Utilised in 

8.3 weeks CTB1 GSM1394755 Gene expression 
microarrays EVT1 GSM1394754 

8.4 weeks CTB2 GSM1394758 Gene expression 
microarrays EVT2 GSM1394757 

7.4 weeks CTB3 GSM1394761 Gene expression 
microarrays EVT3 GSM1394760 

10 weeks CTB4 GSM1394764 Gene expression 
microarrays EVT4 GSM1394763 

8.1 weeks CTB5 GSM1394767 Gene expression 
microarrays EVT5 GSM1394766 

 

In this thesis, the R package “genomation” was used to generate a list of promoter regions using the 

human GRCh37 reference genome assembly (where promoter regions were defined as 5,000 base 

pairs upstream to 1,000 base pairs downstream of transcriptional start sites). This list of promoters 

was then cross-referenced with the differential methylation data (see section 3.4.4.3) comparing the 

methylome of cytotrophoblasts and EVTs. Finally, the resulting gene list was then cross-referenced 

with a previously published dataset of significant gene expression changes between cytotrophoblasts 

and EVTs producing a list of genes that were both differentially methylated at CpG in promoter 

regions, and showed differential gene expression (coefficient of 1.2 (corresponding to a 2.29 fold-

change) with corrected p values < 0.05). GATHER was used to determine pathway enrichment for the 
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list of genes that were differentially methylated at CpG in promoter regions and showed differential 

gene expression between cytotrophoblasts and EVTs. 

3.4.4.5 miRNA identification, extraction and quantification 

DIANA-mirPath is a web-based miRNA pathway analysis tool (http://snf-

515788.vm.okeanos.grnet.gr/) that can identify the enrichment of miRNA gene lists in experimentally 

validated miRNA interactions derived from DIANA-TarBase (the first database to catalogue 

experimentally validated and published miRNA:gene interactions) (Vlachos et al. 2015b; Vlachos et al. 

2015a). In order to better understand the impact of DNA methylation on miRNA expression 

differential methylation of CpGs in DNA sequences encoding  miRNAs were identified in each of the 

three lists of differentially methylated CpGs (1) side-populations trophoblasts vs cytotrophoblasts, 2) 

side-population trophoblasts vs EVTs, and 3) cytotrophoblasts vs EVTs (see section 3.4.4.3)).  From 

this, three lists of miRNAs that showed differential methylation between trophoblast populations 

were entered into DIANA-mirPath to identify the pathways enriched by the miRNAs.  

In order to determine whether methylation differences in miRNAs identified by RRBS correlated to 

miRNA expression changes, matched sets of side-population trophoblasts, cytotrophoblasts and EVTs 

from 8.1-12.2 weeks gestation (Table 3.1) were FACS sorted into 200µL of RNA Later® (Ambion, USA/ 

Invitrogen, New Zealand). Prior to miRNA extraction, the cells were centrifuged at 450xg for 30 

minutes at 4°C. Supernatants were carefully removed, and the miRNA was extracted using a mirVana™ 

miRNA Isolation Kit (Ambion, USA) and eluted into 100µL of nuclease-free water. cDNA was generated 

using a qScript™ microRNA cDNA Synthesis Kit (Quanta Biosciences™, USA). The Poly(A) Tailing 

reaction was conducted by combining 2µL x5 Poly(A) Tailing buffer, 1µL Poly(A) Polymerase and 7µL 

of miRNA to generate a 10µL final volume in 0.2mL PCR tubes (Axygen, USA) that were mixed and 

centrifuged then placed in a Veriti 96 Well Thermal Cycler (Applied Biosystems, Invitrogen). The 

samples were incubated for 60 minutes at 37°C followed by a five minute incubation at 70°C. The 

samples were then placed on ice, and a 10µL volume containing 9µL of miRNA cDNA Reaction Mix and 

http://snf-515788.vm.okeanos.grnet.gr/
http://snf-515788.vm.okeanos.grnet.gr/
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1µL qScript Reverse Transcriptase was added to the 10µL Poly (A) Tailing Reaction. The samples were 

then vortexed, centrifuged and placed in a Veriti 96 Well Thermal Cycler to undergo the first-strand 

cDNA synthesis reaction at 42°C for 20 minutes followed by an 85°C incubation for five minutes.  Real-

time PCR was conducted using a Quanta PerfeCTa SYBR Fastmix Low ROX mix (Quanta Biosciences™, 

USA) by combining 25µL of 2X PerfectCTa SYBR Green SuperMix, 1µL of 10µM PerfectCTa miRNA Assay 

Primer (Table 3.4), 1µL of 10µM PerfectCTa Universal PCR Primer, 10µL of miRNA cDNA and 13µL of 

Nuclease-Free water in 384 well real-time PCR plates (Sorenson, BioScience, Inc., USA).  The real-time 

plates were then placed in an Applied Biosystems Quant Studio K12 Flex (Applied Biosystems, 

Invitrogen) and run using the 3-step cycling protocol to help improve the specificity of the assays (pre-

incubation for two minutes at 95°C followed by 40 PCR cycles with a denaturing step at 95°C for five 

seconds, annealing at 60°C for 15 seconds and an extension at 70°C for 15 seconds). Gene expression 

was normalised to the geometric mean of three stably expressed miRNAs (miR525-3p, miR103a-3p 

and miR21-5p) using the ΔΔCT method (Livak et al. 2001).  

Table 3.4 Table of miRNA primers  

miRNA Primer Sequence 

Universal Primer GCATAGACCTGAATGGCGGTA 

hsa-let-7b-5p CGTTCTGAGGTAGTAGGTTGTGTG 

hsa-miR-637 CTTTCGGGCTCTGCGTAAA 

hsa-miR-193b-3p GCCCTCAAAGTCCCGCTAA 

hsa-miR-525-3p GAAGGCGCTTCCCTTTAGA 

hsa-miR-103a-3p CAGCATTGTACAGGGCTATGAA 

hsa-miR-21-5p GCTAGCTTATCAGACTGATGTTGAAA 

 

3.4.5 Sequenom MassARRAY EpiTYPER Analysis 

To validate the RRBS results Sequenom EpiTyper MassARRAY Analysis was conducted on CpGs in six 

different genes (Table 3.5) using bisulfite converted DNA that was produced from 200ng of DNA from 

each sample (12 trophoblast samples used in RRBS, as well as 0% and 100% methylation controls 

(Zymo Research, USA)), as well as a water only negative control, underwent bisulfite conversion using 

an EZ DNA methylation kit (Zymo Research, USA) following the manufacturer’s protocol. In order to 
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interrogate CpGs of interest, primers specific to corresponding genomic regions were designed using 

the EpiDesigner (Agena Bioscience) online tool. The primers were then validated using the 

“MassArray” R package (Thompson et al. 2009) and NCBI Basic Logical Alignment Tool (BLAT) tool. The 

selected primers (Table 3.5) (high-performance liquid chromatography (HPLC) grade, Integrated DNA 

Technologies, Inc.) were then used to amplify the regions of interest from the bisulfite converted DNA 

using the EpiTYPER® Reagent and Chip Set reagents. To do this, a PCR Master mix was generated by 

combining 0.8µL of HPLC-grade H2O, 0.5µL of 10X PCR Buffer, 0.4µL of 20mM Magnesium, 0.1µL of 

5mM dNTPs, 0.2µL of 5U/µLTaq DNA Polymerase, 1µL of the Forward primer, 1µL of the Reverse 

primer (Table 3.5) and 1µL of DNA to produce a total reaction volume of 5µL per sterile PCR tube 

(Axygen, USA). The samples were run on a Veriti 96 Well Thermal Cycler. Each PCR was initiated at 

94°C for four minutes, followed by 45 rounds of; a denaturing step at 94°C for 20 seconds, 30 seconds 

at the appropriate annealing temperature (Table 3.5), and an extension of 72°C for one minute. The 

samples then underwent a final extension step of 72°C for five minutes.  1µl of each PCR product was 

run on a 1.5% Agarose gel to ensure successful amplification of the target regions. The successful PCR 

reactions were sent to Grafton Clinical Genomics (GCG), University of Auckland, for processing and 

analysis. At GCG, the PCR products were subjected to Shrimp Alkaline Phosphatase (SAP) treatment 

and T7 conversion, followed by spot firing and Quantitative DNA Methylation Analysis using the 

EpiTYPER software (Agena Bioscience, USA). Mean methylation was calculated for each CpG of interest 

identified in the RRBS data set. Statistical analysis was conducted using GraphPad Prism 7.03 using a 

one-way ANOVA with a Bonferroni post-test correction. 
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Table 3.5. Table of Sequenom MassARRAY Primers 

Primer Name Primer Sequence Annealing 
Temperature 

LOC100289580 
Forward 

aggaagagagGTATATTTGTGAGTAGATTTGGGGG 62°C 

LOC100289580 
Reverse 

cagtaatacgactcactatagggagaaggctAAATAATTCCCATAAACCCTAAAAA 

GALNT6 Forward aggaagagagGTTTGGTGGAGAGGAAGTTTGTAT 62°C 

GALNT6 Reverse cagtaatacgactcactatagggagaaggctCCTCTACCCTTTAACCCTCAAAAAT 

CPZ Forward aggaagagagGGTTGGTTGTATTGTTTTTTATATGTTT 60°C 

CPZ  Reverse cagtaatacgactcactatagggagaaggctAAAAAAAACCTCACCTAATAACCCA 

C22orf31 Forward aggaagagagTTTGAGGTAGAGTTATTGGGTTTTTT 60°C 

C22orf31 Reverse cagtaatacgactcactatagggagaaggctCCAATACCACTATTCCTCCAATAAC 

GATA2 Forward aggaagagagTTTTTATTTTTTTTGGTGAGGATTG 66°C 

GATA2 Reverse cagtaatacgactcactatagggagaaggctAACTCCTACCCAACAACCCC 

CARD9 Forward aggaagagagAGTTGTATAAGAAGGTTATAGGTAAGGA 66°C 

CARD9 Reverse cagtaatacgactcactatagggagaaggctACAACTAAATCAAACCTAACTCCCC 

 

3.5 Methodology specific to Chapter Five 

3.5.1 Generation of placental and decidual conditioned media 

 

Explants of placental villous (7.6-11.3 weeks of gestation, n=17) or decidual tissue (7.4-12.4 weeks of 

gestation, n=17) were dissected and washed three times in PBS.  Each tissue sample was placed into 

a well of a 12 well plate to which 2mL of DMEM/F12 medium containing 5% Knockout Serum 

Replacement (Gibco, USA) and 0.5% P/S were added. The tissue was incubated at 37°C in a humidified 

ambient oxygen atmosphere containing 5% CO2 for 48 hours, after which the conditioned media was 

collected and passed through a 22µm syringe filter. Conditioned media samples were stored at -20°C. 

3.5.2 The effect of extracellular matrices on side-population trophoblast survival   

 

Wells of a 96 well plate were coated with 100µL of one of five ECM (Table 3.6) diluted in Medium 1 

(Table 3.7) at 37°C. At the end of the matrix-specific incubation time (Table 3.6), excess liquid was 

pipetted from the well leaving a thin ECM protein coating. The wells were then filled with 50µL of 

Medium 1 (Table 3.7) and placed on ice prior to cell sorting.  Side-population trophoblasts were sorted 

using a BD FACS Aria™II cell sorter into the pre-coated wells at a concentration of 50,000 cells per well. 

After cell sorting, a further 150µL of Medium 1 was added to each well and the 96 well plates were 
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cultured at 37°C in humidified ambient oxygen atmosphere containing 5% CO2. The cultures received 

a half medium change (100µL) every two days. Cells were imaged using a Nikon Eclipse Ti-U (Nikon 

Japan) inverted microscope and NSI elements software and assessed for viability using Trypan Blue 

exclusion (as described in section 3.5.3) every day from day three of culture.  

Table. 3.6 Table of extracellular matrices trialled in side-population trophoblast culture 

Extracellular matrix Composition Concentration 
used/coating dilution 

Incubation time 

Matrigel™ 
(Corning, USA) 

Mix of extracellular matrix 
proteins including collagen 

IV, heparin sulfate 
proteoglycans, laminin, 
entactin/nidogen, and 

various undisclosed 
growth factors 

1:10 or 1:50 30 minutes 

Maxgel™ 
(Sigma-Aldrich, USA) 

Fibronectins, collagens, 
elastin, laminin and 

various proteoglycans and 
glycosominoglycans and 

tenascin 

100µg/mL 1 hour 

Tenascin-C 
(Millipore, USA) 

Tenascin-C 100µg/mL 2 hours 

Laminin-521 
(Biolamina, Sweden) 

Laminin-521 10μg/mL 2 hours 

Collagen IV 
(Sigma-Aldrich, USA) 

Collagen IV 5µg/mL, 2.5µg/mL, or 
1µg/mL 

2 hours 

 

3.5.3 Use of Trypan Blue to determine cell viability 

 

 To assess cell viability, media was removed from the wells of side-population trophoblast cultures 

and reserved. 50µL of 0.03% Trypan Blue in PBS was then added for 30 seconds. Wells were then 

gently washed three times with 150µL of PBS. Jeg-3 cells treated with 1% Virkon in PBS for 10 minutes 

and stained with Trypan Blue were used as a control for cell death. Untreated Jeg-3 cells stained with 

Trypan Blue were used as control for cell viability. Cells were deemed viable if they completely exclude 

Trypan Blue. To quantify this, wells were imaged using a Nikon Eclipse Ti-U inverted microscope and 

images were captured with NIS Elements software. The proportion of viable cells was determined by 

calculating the number of Trypan Blue stained cells/ total number of cells (Trypan Blue stained and 

unstained) using ImageJ software (Schneider et al. 2012). Cultures were monitored daily until ˃50% of 
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the culture failed to exclude Trypan Blue. Following imaging, the PBS was removed and replaced with 

200µL of the reserved media.   

3.5.4 The effect of different media formulations on side-population trophoblasts 

 

Wells of a 96 well plate were coated with 10μg/mL Laminin-521 diluted in the medium of interest 

(Table 3.7) for two hours at 37°C in humidified ambient oxygen containing 5% CO2. Excess liquid was 

then pipetted from the well leaving a thin Laminin-521 protein coat. The wells were then filled with 

50µL of either Medium 1, Medium 2, Medium 3, Medium 4, or Medium 5 (Table 3.7) and placed on 

ice prior to cell sorting.  Side-population trophoblasts were sorted using a BD FACS Aria™II into the 

pre-coated wells at a concentration of 50,000 cells per well. After cell sorting a further 150µL of 

Medium 1, Medium 2, Medium 3, Medium 4, Medium 5 or Medium 6 (Table 3.7) was added to each 

well, and plates were cultured at 37°C in humidified ambient oxygen atmosphere containing 5% CO2. 

The cultures received a half medium change (100µL) every two days. Cell morphology was examined 

and wells were imaged using a Nikon Eclipse Ti-U (Nikon Japan) inverted microscope and NSI elements 

software every day from 24 hours of culture. 
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Table 3.7 Table of media trialled to expand side-population trophoblasts 

Medium 1 Medium 2 Medium 3 Medium 4 Medium 5 Medium 6 TSC Medium  
(Okae et al. 2018) 

Amniomax II 
Complete 

(base medium) 
 

25% Placental 
Conditioned medium 

 
25% Decidual 

conditioned medium 
 

10ng/mL FGF2 
 

10ng/mL SCF 
 

20ng/mL IL-11 
 

10ng/mL CXCL1 
 

10ng/mL PDGF 
 

1µg/mL LIF 
 

1µg/mL Heparin 

PluriSTEM™ Human 
ES/iPSC commercial 
complete medium 

(EMD Millipore, USA) 
 

Amniomax II 
Complete 

(base medium) 
 

50% Placental 
Conditioned medium 

 
10ng/mL FGF2 

 
10ng/mL SCF 

 
20ng/mL IL-11 

 
10ng/mL CXCL1 

 
10ng/mL PDGF 

 
1µg/mL LIF 

 
1µg/mL Heparin 

 

Advanced DMEM/F1 
(base medium) 

 
22% Embryonic Stem 

Cell FBS 
 

5% Glutamax 
 

1% Penicillin-
Streptomycin 

 
10µg/mL Transferrin 

 
5µg/mL Insulin 

 
 

DMEM/F1  
(base medium) 

 
10% FBS 

 
1% Penicillin-
Streptomycin 

 
5ng/mL EGF 

 
5µg/mL Insulin 

 
10µg/mL Transferrin 

 
20nM Sodium 

selenite 
 

400U/L hCG 
 
 

ESGRO-2i Mouse 
ES/iPSC commercial 
complete medium 

(EMD Millipore, USA) 

DMEM/F12 
(base medium) 

 
0.1mM 2-

mercaptoethanol 
 

0.2% FBS 
 

0.5% Penicillin-
Streptomycin 

 
0.3% bovine serum 

albumin 
 

1% ITS-X supplement 
 

1.5µg/ml L-ascorbic 
acid 

 
50ng/ml EGF 

 
2µM CHIR99021 

 
0.5µM A83-01 

 
1µM SB431542 

 
0.8mM Valporic acid 

 
5µM Y27632 
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3.5.5 Culture of side-population trophoblasts in defined TSC medium 

 

While culture conditions that could maintain the side-population trophoblasts short-term in culture 

were being established (see sections 3.5.2 and 3.5.4), in 2018, the first bona fide TSCs were isolated 

from chorionic villi that could be maintained in long-term culture using TSC Medium (Table 3.7) (Okae 

et al. 2018). Therefore, the conditions employed by these researchers were trialled to improve side-

population trophoblast survival in culture.  

Prior to sorting of the side-population trophoblasts, two wells of a six well plate were coated for two 

hours with 5µg/mL Collagen IV at 37°C (Sigma-Aldrich, USA). The supernatant was removed and 

replaced with 2mL per well of TSC Medium (Table 3.7) as defined by Okae et al.2018. As Okae et al 

were able to establish TSC colonies from as low as 1,000 cells, 1,000 side-population trophoblasts from 

first trimester placentae were sorted into the one well,  and all remaining side-population trophoblasts 

(10,421 - 17,477 cells/well)  were sorted into a second well (n=3 placentae). The cells were cultured 

at 37°C in humidified ambient oxygen atmosphere containing 5% CO2. A full medium change was 

undertaken every two days. Cultures were imaged every two days until day 40, after which time cells 

were imaged every seven days. By day 10, distinct cell colonies could be identified. The position of 

colonies were marked using a permanent marker in order to track them as the culture period 

continued. The area of the side-population trophoblast colonies was quantified between days 10-14 

of culture by digital image analysis using ImageJ. Statistical analysis was conducted by R using the 

simple linear regression model function “lm”. Cell doubling time was calculated using the “Doubling 

Time Computing” online cell doubling calculator (Doubling Time Computing, Available from: 

http://www.doubling-time.com/compute.php) (Roth 2006).  

3.5.6 Differentiation of side-population trophoblasts into mature trophoblast populations 

 

In order to determine whether side-population trophoblasts could differentiate into mature 

trophoblast populations, differentiation assays were conducted using methodology based on that 

described in Okae et al 2018.  

http://www.doubling-time.com/compute.php
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To differentiate first trimester side-population trophoblast into syncytiotrophoblast, 4,000 side-

population trophoblasts (from passage 3 - 5) were seeded into 2.5µg/mL Collagen IV coated wells of 

a 96 well plate containing 200µL of TSC Medium (Table 3.7). The cells were cultured for three days at 

37°C in a humidified ambient oxygen atmosphere with 5% CO2 in order to increase side-population 

trophoblast numbers and establish cell colonies that could be further differentiated. On day four of 

culture, the TSC Medium was removed and replaced with Syncytiotrophoblast Differentiation Medium 

(Table 3.8). The cells were cultured for a further nine days at 37°C in a humidified ambient oxygen 

atmosphere containing 5% CO2. A full medium change with Syncytiotrophoblast Differentiation 

Medium (Table 3.8) was provided every three days.  

To differentiate first trimester side-population trophoblasts into EVTs, 4,000 side-population 

trophoblasts were seeded into 1µg/mL Collagen IV coated wells of a 96 well plate containing 200µL of 

TSC Medium (Table 3.7). The cells were cultured for three days at 37°C in a humidified ambient oxygen 

atmosphere containing 5% CO2. On day four of culture, the TSC Medium was removed and replaced 

with EVT Differentiation Medium 1 (Table 3.8) then Matrigel™ (In Vitro, New Zealand) was added into 

the Medium to a final concentration of 2%. On day eight of culture the media was completely removed 

and then replaced with EVT Differentiation Medium 2 (Table 3.8) then Matrigel™ was added into the 

Medium to a final concentration of 0.5%. After 11 days of culture the media was removed and replaced 

with EVT Differentiation Medium 3 (Table 3.8) then Matrigel™ was added into the Medium to a final 

concentration of 0.5%, and cells were cultured for a further three days. 

Alongside the above differentiation experiments, side-population trophoblasts from the same 

placenta were maintained in an undifferentiated state as controls. To do this, 4,000 side-population 

trophoblasts were seeded into 5µg/mL Collagen IV coated wells of a 96 well plate containing 200µL 

of TSC Medium (Table 3.7). The cells were cultured for 13 days at 37°C in humidified ambient oxygen 

atmosphere containing 5% CO2. A complete change of TSC Medium (Table 3.7) was undertaken every 

three days.  
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At the end of the culture period, cells were fixed for 10 minutes with 100µL methanol for downstream 

immunocytochemistry experiments. Wells were then washed with PBS, and plates were stored at 4°C 

for up to three days.  

Table 3.8 Table of media used to differentiate side-population trophoblasts (Okae et al. 2018) 

Syncytiotrophoblast  
Differentiation Medium 

EVT  
Differentiation Medium 1 

EVT 
 Differentiation Medium 2 

EVT  
Differentiation Medium 3 

DMEM/F12 (base 
medium) 

 
0.1mM 2-

mercaptoethanol 
 

0.5% Penicillin-
Streptomycin 

 
0.3% bovine serum 

albumin 
 

1% ITS-X supplement 
 

4% Knockout serum 
replacement 

 
2.5µM Y27632 

 
2µM Forskolin 

 

DMEM/F12 (base medium) 
 

0.1mM 2-mercaptoethanol 
 

0.5% Penicillin-
Streptomycin 

 
0.3% bovine serum albumin 

 
1% ITS-X supplement 

 
4% Knockout serum 

replacement 
 

100ng/mL NRG1 
 

7.5µM A83-01 
 

2.5µM Y27632 
 

DMEM/F12 (base 
medium) 

 
0.1mM 2-

mercaptoethanol 
 

0.5% Penicillin-
Streptomycin 

 
0.3% bovine serum 

albumin 
 

1% ITS-X supplement 
 

4% Knockout serum 
replacement 

 
7.5µM A83-01 

 
2.5µM Y27632 

DMEM/F12 (base 
medium) 

 
0.1mM 2-

mercaptoethanol 
 

0.5% Penicillin-
Streptomycin 

 
0.3% bovine serum 

albumin 
 

1% ITS-X supplement 
 

7.5µM A83-01 
 

2.5µM Y27632 
 

 

3.5.7 Assessment of syncytiotrophoblast differentiation 

 

3.5.7.1 Immunocytochemical analysis of syncytiotrophoblast differentiation  

 

In order to determine syncytiotrophoblast differentiation, the expression of the syncytiotrophoblast 

markers syncytin-1 and hCG, as well as the cell membrane maker desmoplakin were examined by 

immunocytochemistry in side-population trophoblasts that had undergone syncytiotrophoblast 

differentiation as per section 3.5.6 (n=3 placentae). Side-population trophoblasts that had been 

maintained in TSC Medium (n=3 placentae) acted as undifferentiated cell controls. Expression of each 

marker in a thin section of fresh frozen placenta was assessed simultaneously as a positive control for 

primary syncytiotrophoblast expression.  
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Following fixation and blocking (as in section 3.3), cells and slides were incubated with 100µl of either 

25µg/mL of rabbit anti-human desmoplakin directly conjugated to Alexa Fluor® 488 (Abcam, USA), 

25µg/mL of rabbit anti-human syncytin-1 directly conjugated to FITC (Biorbyt, UK), 2µg/mL of rabbit 

anti-human hCG that detects both the standard and hyperglycosylated forms of hCG (the kind gift of 

Associate Professor JT France, UOA retired, New Zealand) or 25µg/mL of irrelevant rabbit IgG isotype 

control directly conjugated to FITC (Abcam, USA). All primary antibodies were incubated with the cells 

overnight at 4°C. The cells/slide were washed thrice with PBS-Tween. While two of the primary 

antibodies had a fluorescent label, to enhance the signal an amplification cascade was conducted for 

all primary antibodies. Thus, 100μL 5µg/mL of biotinylated goat ɑnti-rabbit IgG (Jackson 

Immunoresearch, USA) diluted in 10% NSG PBS-Tween was added to the slides for one hour at room 

temperature. The remainder of the amplification cascade was completed as per the immunostaining 

protocol (see section 3.3). Five images were captured per well (taken at the centre, top, bottom, left 

and right of the wells) using a Nikon Eclipse Ti-U (Nikon Japan) fluorescent microscope and NSI 

elements software. ImageJ cell counter was used to quantify the total number of cells following 

staining with Hoechst 33342 and the proportion of cells associated with green fluorescent signal 

(positive staining). Statistical analysis was conducted using GraphPad Prism 7.03 using a standard 

unpaired t-test assuming Gaussian distribution. 

3.5.7.2 hCG Enzyme-Linked Immunosorbent Assay (ELISA) 

 
Side-population trophoblasts cultured in TSC Medium or Syncytiotrophoblast Differentiation Medium 

(cells from n=3 placentae in each condition) had conditioned media collected at days three, six and 

nine over the course of the differentiation experiments. This media was analysed using a commercially 

available hCG ELISA kit (Abcam, USA). To do this, the ELISA kits and conditioned media were brought 

to room temperature for one hour then duplicate wells containing each standard (prepared according 

to the manufacturer’s instructions using the diluents provided in the kit), or undiluted media samples, 

were analysed according to the manufacturer’s instructions. The absorbance was read at 450nM using 
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an X-Mark Microplate Reader (BioRad, USA). The mean absorbance of each set of duplicate standards 

and samples was calculated, and the mean optical density of the zero standard was subtracted. A 

graph of the standard was then produced and a line of best fit was generated. The equation for the 

line of best fit was used to determine the concentration of the samples tested. Statistical analysis was 

conducted using GraphPad Prism 7.03 using ANOVA. 

3.5.8 Assessment of EVT differentiation 

 

3.5.8.1 Immunocytochemical analysis of EVT differentiation  

 

In order to determine EVT differentiation, the expression of the EVT marker HLA-G was examined by 

immunocytochemistry in side-population trophoblasts that had undergone EVT differentiation as per 

section 3.5.6 (n=3 placentae). Side-population trophoblasts that had been maintained in TSC medium 

(n=3 placentae) acted as undifferentiated cell controls. Expression of HLA-G in a thin section of fresh 

frozen placenta was assessed simultaneously as a positive control for primary EVT expression.  

Following fixation and blocking (as in section 3. 3), cells and slides were incubated with 100µl of either 

50µg/mL of mouse anti-human HLA-G directly conjugated to FITC (Invitrogen, Czech Republic), or 

50µg/mL of irrelevant mouse IgG1 isotype control directly conjugated to FITC (Abcam, USA).  All 

primary antibodies were incubated with the cells overnight at 4°C.  The cells/slide were washed thrice 

with PBS-Tween. While the primary antibodies had a fluorescent label, to enhance the signal an 

amplification cascade was conducted for all primary antibodies. Thus, 100μL 5µg/mL  of biotinylated 

goat anti-mouse IgG (Jackson Immunoresearch, USA)  diluted in 10% NSG PBS-Tween was added to 

the slides for one hour at room temperature. After incubation with the secondary antibody, the 

remainder of the staining, imaging and statistical analysis proceeded as described in section 3.5.7.1.  

3.5.8.2 EVT invasion assays  

 

Three hours prior to seeding, 12 well plates were filled with 2mL of either TSC Medium (Table 3.7) or 

EVT Differentiation Medium 1 (Table 3.8) and Boyden invasion chamber inserts with 8.0µm Pore 
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Polyester Membranes (Corning, USA)  were placed in the well. The inserts were then filled with 1mL 

of either TSC Medium or EVT Differentiation Medium 1. The plates were then placed on ice and 100µL 

of undiluted Matrigel™ was underlain beneath the media to coat the inserts. The plates were then 

incubated for three hours at 37°C in humidified ambient oxygen atmosphere contained 5% CO2.  Side-

population trophoblasts (passage 3-6, n=3 placentae) or Jeg-3 cells (positive control for an invasive 

trophoblast phenotype) were labelled with 2mL of 2µg/mL of CellTracker™ Green CMFDA Dye 

(Invitrogen, USA). Then the cells were washed three times with 2mL of PBS. Then the cells were 

removed with TrypLE, resuspended in 1mL of either TSC Medium or EVT Differentiation Medium 1 and 

seeded into the Boyden invasion chambers at a concentration of 50,000 cells per well (Figure 3.3). The 

cells were cultured for three days at 37°C in humidified ambient oxygen atmosphere containing 5% 

CO2. At day three, a full media change occurred and the media was replaced with either TSC Medium 

(undifferentiated) or EVT Differentiation Medium 2 (Table 3.8 and Figure 3.3B). The cells were cultured 

for another three days at 37°C in humidified ambient oxygen atmosphere containing 5% CO2. After 

three days, a full media change occurred and media was replaced with either TSC medium or EVT 

Differentiation Medium 3 (Table 3.8 and Figure 3.3B). The cells were cultured for another three days 

at 37°C in humidified ambient oxygen atmosphere containing 5% CO2.  After three days (nine days 

total in culture), the media was removed and the cultures were fixed with 4% paraformaldehyde. The 

cultures were then washed twice with PBS and stained with 100µg/mL Hoechst 33342 in PBS for 10 

minutes at room temperature in the dark. Wells were then washed with PBS, and the Boyden 

chambers were gently dissected out and mounted between two coverslips with one drop of AF1 

Citifluor mounting medium and imaged with an Olympus FV1000 confocal microscope. A compressed 

z-stack was generated for both sides of the membrane for each sample and cell counts based upon 

Hoechst 33342 stained nuclei (which more clearly delineates individual cells by digital image analysis) 

were conducted using Fiji software. Statistical analysis was conducted using GraphPad Prism 7.03 

using a standard unpaired t-test assuming Gaussian distribution. 
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Figure 3.3. Schematic diagram showing A) the experimental set up of the invasion assays and B) the 
medium (TSC Medium or EVT Differentiation Medium 1, 2 or 3) in which paired side-population 

trophoblasts were cultured over a nine day period. The presence of non-invasive cells that had not 
invaded through the 8.0µM semi-permeable membrane (image plane 1) or had invaded through the 

membrane (image plane 2) were imaged using confocal microscopy then quantified.   

 

3.5.9 Assessment of the cytotrophoblast marker ß4 integrin in side-population trophoblast 

cultures 

 

To assess whether side-population trophoblasts were transitioning through a cytotrophoblast-like 

stage prior to syncytiotrophoblast and EVT differentiation (as per section 3.5.6), at day three, six and 

nine in differentiation media the expression of the cytotrophoblast marker ß4 integrin was examined 
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by immunocytochemistry in side-population trophoblasts that had undergone syncytiotrophoblast or 

EVT differentiation as per section 3.5.6 (n=3 placentae). Side-population trophoblasts that had been 

maintained in TSC Medium (n=3 placentae) acted as undifferentiated cell controls. Expression of ß4 

integrin in a thin section of fresh frozen placenta was assessed simultaneously as a positive control for 

primary cytotrophoblast expression.  

Following fixation and blocking with 10% NGS in PBS-Tween (as in section 3.3), cells and slides were 

incubated with 100µl of either 5µg/mL mouse anti-human ß4 integrin directly conjugated to FITC 

(Abcam, USA), or 50µg/mL of irrelevant mouse IgG1 isotype control directly conjugated to FITC 

(Abcam, USA) diluted in 10% NGS in PBS-Tween. All primary antibodies were incubated with the cells 

overnight at 4°C.  The cells/slide were washed thrice with PBS-Tween. While the primary antibodies 

had a fluorescent label, to enhance the signal an amplification cascade was conducted for all primary 

antibodies. Thus, 100μL 5µg/mL  of biotinylated goat anti-mouse IgG (Jackson Immunoresearch, USA) 

diluted in 10% NSG PBS-Tween was added to the slides for one hour at room temperature. After 

incubation with the secondary antibody, the remainder of the staining and imaging proceeded as 

described in section 3.5.7.1. Statistical analysis was conducted using GraphPad Prism 7.03 using 

ANOVA. 

3.6 Methodology specific to Chapter Six 

3.6.1 Immunocytochemistry to determine the purity of third trimester side-population 

trophoblast isolates 

In order to determine the purity of side-population trophoblasts from third trimester placentae 100µL 

(approximately 50,000 cells) of total digest cells or Jeg-3 cells (negative control), or 4,000 cells/well of 

side-population trophoblasts from third trimester placentae were plated onto Matrigel™ coated wells 

of a 96 well plate. The cells were then incubated at 37°C for four hours to allow them to adhere to the 

surface. The supernatant was removed and the cells were fixed with 200µL of methanol for 10 
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minutes. Immunocytochemistry was performed as described in section 3.3 using 100µL of the 

following primary antibodies.  

5µg/mL of mouse anti-human antibodies reactive with HLA-ABC (eBioscience, USA)-a maker of all 

nucleated cells except trophoblast, 50µg/mL of mouse anti-human antibodies reactive with HLA-G 

(Abcam, UK)- an EVT marker, 0.47µg/mL of mouse anti-human antibodies reactive with vimentin 

(Dako, Denmark)- a mesenchymal cell marker, 50µg/mL of irrelevant mouse IgG1 control antibodies 

(Life Technologies, USA) or 50µg/mL of irrelevant mouse IgG2 control antibodies (eBioscience, USA) 

diluted in 10% NGS-PBS-Tween was added for one hour at room temperature. After the addition of 

secondary  and tertiary labelling steps as described in section 3.3.2, cells were washed with PBS-Tween 

and 100µL of 4µg/mL cytokeratin-7 (a pan trophoblast marker) labelled with eFluor® 615 (eBioscience, 

USA) in 10% NGS PBS-Tween was then added for one hour at room temperature in the dark. 

Slides/cells were washed once with PBS-Tween, and counterstained with 100µg/mL Hoechst 33342. 

Cell counts were conducted using ImageJ cell counter. GraphPad Prism 7.03 was used to analyse the 

data. 

3.6.2 Comparing the transcriptomic profiles of trophoblast populations in normal and 

abnormal pregnancy 

3.6.2.1 Transcriptomic comparisons of side-population trophoblasts and cytotrophoblasts from fetal 

growth restriction and healthy gestation-matched control placentae 

Placentae from FGR and healthy gestation-matched controls (Table 3.9) were collected as described 

in section 3.2.2.1. RNA was extracted from matched side-population trophoblast and cytotrophoblast 

isolated from the same placenta using the Macherey-Nagel NucleoSpin® RNA XS kit (Macherey-Nagel, 

Germany) in accordance with the manufacturer’s instructions and RNA was eluted into 30µL of RNAse-

free water. The samples were then stored at -80°C until use. At the time of RNA elution a 5µL aliquot 

of the RNA was taken to determine the RNA content and quality of each sample using the Agilent RNA 

6000 Pico Kit (Agilent, Lithuania) according to the manufacturer’s instructions. cDNA was generated 
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using 2.6ng of RNA and amplified using a NuGEN Ovation Pico WTA system V2 kit in accordance with 

the manufacturer's instructions (NuGEN, San Carlos, CA, USA). Purified cDNA was biotin labelled and 

hybridised to Affymetrix PrimeView microarrays (Affymetrix, USA). 

Microarray data were quality checked and lacked obvious outliers. Pre-processing and normalisation 

of the data using Robust MultiArray Average (RMA) (Bolstad et al. 2003; Irizarry et al. 2003a; Irizarry 

et al. 2003b) was conducted using the R package “affy” (Gautier et al. 2004). In order to determine 

differentially expressed transcripts, the statistical program R and the R package “limma” were used 

(Ritchie et al. 2015).  Linear models were used to determine the Log fold changes between side-

population trophoblast and cytotrophoblast populations from FGR and gestation-matched control 

placentae and an empirical Bayes method was used to moderate the standard deviation of the 

estimated Log fold changes. Genes that were significantly different between side-population 

trophoblasts and cytotrophoblasts were identified after adjustments using Benjamini–Hochberg FDR, 

and a Log fold change cut-off of 1.414 (corresponding to a 2-fold change) with corrected p values <0.05 

were used. The principal component analysis (PCA) analysis and plots were generated using the R 

package “mixOmics” (Rohart et al. 2017). Gene enrichment pathways were determined using the 

bioinformatics tool GATHER (Chang et al. 2006). BioVenn (Hulsen et al. 2008), was used to determine 

the cross over in differentially expressed genes between the two comparison groups 1) FGR side-

population trophoblasts relative to cytotrophoblasts 2) gestation-matched control side-population 

trophoblast relative to cytotrophoblasts from the same placentae. In order to make direct 

comparisons between side-population trophoblasts from FGR and gestation-matched controls, side-

population trophoblasts and cytotrophoblasts from the same placenta were treated as paired samples 

for statistical analysis.  



78 
 

3.6.2.2 Transcriptomic comparison of side-population trophoblasts and cytotrophoblasts from first 

trimester and third trimester placentae 

Publically available .cel files of matched first trimester side-population trophoblasts and 

cytotrophoblasts were downloaded from NCBI GEO (Table 3.10). The first trimester data was 

compared to healthy third trimester control samples from section 3.6.2.1 (Table 3.9). All data were 

cleaned and reanalysed using the method described in section 3.6.2.1 to mitigate bias in the data that 

may result from differences in the analysis pipelines used. Gene enrichment pathways were 

determined using the bioinformatics tool GATHER (Chang et al. 2006). BioVenn (Hulsen et al. 2008) 

was used to determine the cross over in genes that showed differential gene expression among the 

two comparison groups; 1) first trimester side-population trophoblasts relative to cytotrophoblasts, 

or 2) third trimester side-population trophoblast relative to cytotrophoblast from the same placentae. 
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Table 3.9. Table of placentae and cell types generated in Chapter Six of this thesis 

Gestation of 
placenta 

Cell types used GEO Accession 
Number  

 

Utilised in Pathological 
Status 

30.2 weeks SP6 GSM3506938 Gene expression 
microarrays 

FGR 

CTB6 GSM3506943 

37.0 weeks SP7 GSM3506939 Gene expression 
microarrays 

FGR 

CTB7 GSM3506944 

37.2 weeks SP8 GSM3506940 Gene expression 
microarrays 

FGR 

CTB8 GSM3506945 

38.3 weeks SP9 GSM3506937 Gene expression 
microarrays 

FGR 

CTB9 GSM3506942 

39.6 weeks SP10 GSM3506941 Gene expression 
microarrays 

FGR 

CTB10 GSM3506946   

34.4 weeks 
 

SP11 GSM3506948 Gene expression 
microarrays 

Control 

CTB11 GSM3506953 

36.2 weeks 

SP12 GSM3506949 Gene expression 
microarrays 

Control 

CTB12 GSM3506954 

36.6 weeks 

SP13 GSM3506950 Gene expression 
microarrays 

Control 

CTB13 GSM3506955 

38 weeks 

SP14 GSM3506947 Gene expression 
microarrays 

Control 

CTB14 GSM3506952 

40 weeks 

SP15 GSM3506951 Gene expression 
microarrays 

Control 

CTB15 GSM3506956 

39. weeks SP16 N/A Cell culture Control 

38.5 weeks SP17 N/A Cell culture Control 

38.4 weeks SP18 N/A Cell culture Control 

 

Table 3.10. Table of NCBI GEO sourced placentae and cell types used in Chapter Six 

Gestation of 
placenta 

Cell types used GEO Accession 
Number  

Utilised in Pathological 
Status 

8.3 weeks SP1 GSM1394756 Gene expression 
microarrays 

Unknown 

CTB1 GSM1394755 

8.4 weeks SP2 GSM1394759 Gene expression 
microarrays 

Unknown 

CTB2 GSM1394758 

7.4 weeks SP3 GSM1394762 Gene expression 
microarrays 

Unknown 

CTB3 GSM1394761 

10 weeks SP4 GSM1394765 Gene expression 
microarrays 

Unknown 

CTB4 GSM1394764 

8.1 weeks SP5 GSM1394768 Gene expression 
microarrays 

Unknown 

CTB5 GSM1394767 
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3.6.3 Real-time PCR analysis of FGR and gestation matched control side-population 

trophoblasts and cytotrophoblasts 

The expression of eight genes of interest (Table 3.11) identified in the microarray data set was further 

analysed by real-time PCR using the side-population trophoblast and cytotrophoblast RNA from FGR 

and gestation-matched control placentae generated in section 3.6.2.1. cDNA was generated with 

5.8ng of RNA using the SuperScript IV First-Strand Synthesis System (Life Technologies, Lithuania) 

according to the manufacturer's instructions. 12.5µL of the resulting cDNA was amplified using 

TaqMan® PreAmp Master Mix and a pooled Taqman assay mix of 11 probes (Table 3.11) was used 

according to the manufacturer’s instructions. The amplified cDNA was then diluted 1:5 in RNAse-free 

water. Taqman real-time PCR was conducted on 4.5µL of the amplified products using 5µL of TaqMan® 

Gene Expression Master Mix and a further 0.5µL of the specific probe (Table 3.11) using a Applied 

Biosystems Quant Studio K12 Flex with samples run held at 50°C for two minutes, 95°C for 10 minutes, 

followed 50 cycles run at 95° for 15 seconds then 60°C for one minute.  Gene expression was 

normalised to the geometric mean of three stably expressed housekeeping genes (Glucuronidase Beta 

(GUSB), ubiquitin C (UBC) and Importin 8 (IPO8)) using the ΔΔCT method (Livak et al. 2001). Statistical 

analysis of gene expression was done using GraphPad Prism 7.03 using a repeated measures ANOVA 

followed by a Bonferroni post-test to compare the differences between cell populations. p values 

<0.05 were considered statistically significant. 

Table 3.11. Table of Taqman probes used in the gene expression analysis of side-population 
trophoblasts and cytotrophoblasts isolated from FGR and gestation-matched control placentae 

Gene Taqman Assay ID 

MIER2 Hs00380101_m1 

WLS Hs01553062_m1 

KCNQ1OT1 Hs03665990_s1 

PPIP5K1 Hs00206323_m1 

TPM1 Hs01555425_m1 

NR4A3 Hs00175077_m1 

TMSB4X Hs03406519_gH 

DOK1 Hs00796733_s1 

GUSB Hs00939627_m1 

UBC Hs01871556_s1 

IPO8 Hs00183533_m1 
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3.6.4 Culture of third trimester side-population trophoblast 

 

3.6.4.1 Culture conditions that maintain third trimester side-population trophoblasts in culture 

 

Prior to sorting of the side-population trophoblasts, two wells of a 6 well plate were coated for two 

hours with 5µg/mL of Collagen IV at 37°C in humidified ambient oxygen atmosphere containing 5% 

CO2 (Sigma-Aldrich, USA). The supernatant was removed and replaced with 2mL per well of TSC 

Medium (Table 3.7). As Okae et al were able to establish TSC colonies from as low as 1,000 cells, 1,000 

side-population trophoblasts from third trimester placentae were sorted into one well  and all the 

remaining side-population trophoblasts (9,000-14,750 cells/well)  were sorted into a second well. The 

cells were cultured at 37°C in humidified ambient oxygen atmosphere containing 5% CO2. Media was 

completely replaced every two days. Cultures were imaged every two days until day 40 using a Nikon 

Eclipse Ti-U inverted microscope and images were captured with NIS Elements software. The diameter 

of 76 side-population trophoblast spheroids generated from three placentae (Table 3.9) was 

quantified using NIS Elements “measure” tool at day 20, 30 or 40. Data was analysed statistically by 

one-way ANOVA followed by Holm-Sidak’s multiple comparisons test, using GraphPad Prism 7.03 

(GraphPad Software Inc.) 

3.6.4.2 Confocal imaging of third trimester side-population trophoblasts 

 

Third trimester side-population trophoblasts were cultured for up to 40 days, then fixed with 4% 

paraformaldehyde for 10 minutes. The plates were then washed with 2mL of PBS. The wells were 

blocked with 2mL of 10% NGS for one hour then incubated overnight at 4°C with 2mL of 2µg/mL anti-

cytokeratin-7 (DAKO, Denmark)  in 10% NGS in PBS-Tween or with 2µg/mL irrelevant IgG1 control 

antibodies (Life Technologies, USA). The following morning the wells were washed twice with PBS-

Tween and the cells were incubated with 2mL of 5µg/mL biotinylated anti-mouse IgG in 10% NGS in 

PBS-Tween for one hour at room temperature. Wells were then washed once with PBS-Tween. The 

cells were then incubated in the dark with 2µL of 5µg/mL Streptavidin 488 in 10% NSG PBS-Tween for 
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one hour at room temperature. Cells were washed once with PBS-Tween. The cells were then stained 

with 5µg/mL Hoechst 33342, washed once with PBS-Tween and stored in PBS until imaged using the 

Olympus FV1000 live cell imaging confocal microscope taking three by three images from the centre 

of the wells. 
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Chapter Four: The DNA methylome of side-population trophoblasts 

compared to mature trophoblast populations and other somatic cell 

types 
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4.1 Rationale 
 

Current evidence suggests that ‘the placenta is a globally hypomethylated organ’, and that the global 

hypomethylation of the placenta plays a functional role that helps regulate gene expression and in 

turn placental growth and development (Bianco-Miotto et al. 2016; Schroeder et al. 2015). Most 

research regarding global DNA methylation in the human placenta has compared whole third 

trimester placental lysates to digested somatic tissues (heart, liver, lungs, spleen, brain, thymus, 

kidney, whole blood, lymphocytes, neutrophils, and natural killer cells) to show that placental lysates 

have 14-25% less global DNA methylation than somatic tissues (Chatterjee et al. 2016; Fuke et al. 

2004; Novakovic et al. 2010; Schroeder et al. 2013; Tsien et al. 2002). However, as the epigenetic field 

matures, it is becoming apparent that the cell composition of an organ significantly impacts the degree 

of methylation reported (Loh et al. 2010; Reinius et al. 2012).  

Global hypomethylation of the placenta has largely been attributed to trophoblasts (Sakaue et al. 

2010; Grigoriu et al. 2011). However, only a limited number of studies have investigated global 

methylation of trophoblast populations isolated from the human placenta or compared global 

methylation of human trophoblast populations to individual somatic cell populations (Hamada et al. 

2016; Okae et al. 2018).  In order to better understand where human trophoblast populations sit on 

the methylation spectrum, the first aim of this chapter was to determine how the pattern and degree 

of global CpG methylation in trophoblast populations compares to individual somatic cell populations. 

In order to do this, newly generated RRBS data from FACS sorted and matched first trimester 

trophoblast populations 1) side-population trophoblasts (a stem-like population), 2) cytotrophoblasts 

(a rapidly proliferating progenitor population) and 3) EVTs (a mature trophoblast population that has 

an invasive phenotype) from four individual placentae were compared with publically available RRBS 

data from the early blastocyst (1) trophectoderm, 2) inner cell mass and 3) hESC), and  somatic adult 

tissues.  
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As trophoblast populations differentiate, there are considerable gene expression changes (Apps et al. 

2011; Bilban et al. 2009; James et al. 2015). Similar to murine models, the gene expression changes 

that guide human trophoblast lineage segregation are likely to be (at least in-part) regulated by DNA 

methylation (Murray et al. 2016; Hemberger et al. 2010; Kohan-Ghadr et al. 2016).  Previous work has 

identified that at the level of the transcriptome, side-population trophoblasts are a stem-like 

trophoblast population that is distinct from more mature cytotrophoblasts and EVTs isolated from the 

same placenta (James et al. 2015).  How DNA methylation impacts these gene expression changes is 

unclear and there is limited data that compares the methylomes of individual trophoblast population 

to each other on a genome-wide level (Okae et al. 2018; Nordor et al. 2017).  In addition, DNA 

methylation has not been examined directly in uncultured trophoblast isolates and the impact of in 

vitro culture conditions on trophoblast DNA methylation are unclear. Therefore, the second aim of 

this work was to use the methylomic data sets generated from matched primary trophoblast isolates 

to gain insights into how DNA methylation may be altered in human trophoblast differentiation. 

4. 2 Human trophoblast populations have biologically similar levels of global CpG 

methylation to many somatic cell populations. 
 

In order to examine the global CpG methylation levels of individual trophoblast populations, and 

compare them to that of other cell types, three distinct primary trophoblast populations (Hoechst 

side-population trophoblasts (a candidate trophoblast stem cell population (James et al. 2015)), villous 

cytotrophoblasts, and EVTs) were isolated from first trimester placentae (Figure 3.2). RRBS data for 

normal hESC, inner cell mass, trophectoderm, first trimester placental lysates, dermal fibroblasts, 

oesophageal epithelium, renal cortical epithelium, pulmonary epithelium, hepatocytes, astrocytes, B 

cells, neutrophils, and skeletal muscle were sourced from NCBI GEO (Table 3.2). All 16 human 

cell/tissue datasets were analysed after the removal of CpG islands using the R package ‘methylKit’ 

(Akalin et al. 2012; Ficz et al. 2013).  
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This analysis revealed that there was no significant difference in the levels of global CpG methylation 

between the inner cell mass (24.2% methylated, n=3) and the trophectoderm (23.6% methylated, n=3) 

(Figure 4.1A). In contrast, hESCs, which were originally included in the analysis as a proxy reference 

for the inner cell mass, were significantly more methylated (70.1% methylated, n=3) than cells derived 

directly from the inner cell mass (p<0.0001, Figure 4.1A). PCA analysis of global CpG methylation 

demonstrates that the inner cell mass and trophectoderm cluster together, but both of these cell 

types separate distinctly from hESC (Figure 4.3). 

While all three of the trophoblast populations were significantly more methylated than 

trophectoderm (n=3, p <0.0001), there was no significant difference in global CpG methylation 

between any of the three isolated trophoblast populations (44-50% methylated, n=4 isolates of each 

population, p >0.24), nor between any of the three trophoblast populations and first trimester 

placental lysates (51% methylated, n=3, p >0.09). The amount of global CpG methylation of placental 

lysate samples, side-population trophoblasts and cytotrophoblasts was also not significantly different 

to that of many somatic cell types including pulmonary epithelium (53%), oesophageal epithelium 

(52%), renal epithelium (54%), and skeletal muscle (52%) (Figure 4.1A). However, all three trophoblast 

populations were significantly less methylated than neutrophils (67%), B-cells (72%) and hepatocytes 

(62%) (p <0.01)  (Figure 4.1A). 

This study demonstrated CpG methylation in the side-population trophoblasts, cytotrophoblasts and 

EVTs isolated in this study was not significantly different to somatic samples mathematically, however, 

this study was conducted on a small number of isolates. To help determine whether increased sample 

numbers may provide a significant difference, all trophoblast samples were pooled and compared 

with pooled somatic cells that exhibited a low level of methylation (renal, pulmonary and oesophageal 

epithelium and skeletal muscle). Analysis of the pooled samples identified a small but significant 

decrease in global CpG methylation in the pooled trophoblasts (47.5% ± 0.9% SEM, n=12) compared 

to the pooled somatic cells (52.8% ± 0.8%, n=9, p <0.0003) (Figure 4.1B).  
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Figure 4.1 A) Bar graph showing the mean percentage of methylated CpG sites. Error bars are SEM.  
B) Bar graph showing the mean percentage of CpG methylation in pooled “low methylated” somatic 

populations (renal, pulmonary and oesophageal epithelium and skeletal muscle, n=9 total) and 
pooled trophoblast (side-population trophoblasts, cytotrophoblasts and EVTs, n=12 total) Error bars 

are SEM. *** represents p=0.0003). 

 

4.3 Human trophoblast populations have similar levels of CpG methylation across 

genomic elements to many somatic cell populations 
 

Whether cell type differences may be attributed to CpG methylation events in various genomic 

elements was further investigated. The majority of cell types, regardless of their organ of origin, 

exhibited a very similar distribution of methylation across the genome, with over half of methylation 
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events occurring in introns, intergenic regions and promoters where they can directly influence cell 

specific gene expression (Figure 4.2).  

In comparison to all other cell types, fibroblasts exhibited significantly more CpG methylation in 

intergenic regions (46% vs 32-36%, p <0.0001) and significantly less CpG methylation in introns (28% 

vs 32-34%, p<0.03). Differences between fetal and adult tissues were also observed, with significantly 

less promoter CpG methylation (18%) in all fetal tissues (hESC, inner cell mass, whole placental lysate, 

and all trophoblast populations) compared to skeletal muscle, astrocytes, pulmonary epithelium, renal 

epithelium and oesophageal epithelium (20-22%, p <0.05). Less than 16% of CpG methylation events 

occurred in exons across all cell types. The percentage of CpG methylation events in exons was 

significantly lower in fibroblasts (9%) compared to trophoblasts, trophectoderm or hESC (11-15%, p 

<0.003). Finally, the trophoblast populations were less methylated (13%) in promoter regions than 

whole placental lysates (15%, p ≤0.0001) which may be reflective of the mixed tissue type of the whole 

placenta.  
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Figure 4.2. Pie charts showing the percentage methylation in promoter, exon, intron, and intergenic regions in A) human embryonic stem cells (hESC), B) 
inner cell mass, C) trophectoderm D) placental lysate, E) side-population trophoblasts, F) cytotrophoblasts, G) extravillous trophoblasts, H) fibroblasts, I) B 

cells, J) neutrophils, K) skeletal muscle, L) astrocytes, M) renal epithelium.
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4.4 Human trophoblasts can be distinguished from somatic cells by differences in the 

pattern of CpG methylation 
 

In order to determine whether the pattern of CpG methylation could distinguish between trophoblast 

populations, blastocyst-derived or somatic cell populations a PCA analysis was conducted. This 

analysis reveals that placental tissue and trophoblasts have a unique pattern of global CpG 

methylation compared to somatic cells as they cluster distinctly by PCA analysis (Figure 4.3). Taken 

together, these analyses suggest that the importance of CpG methylation in regulating the highly 

specialised process of human placentation may not be a result of large differences in the extent of 

global CpG methylation, but rather may reflect differences in the location of methylated sites within 

these tissues leading to a distinct pattern of gene expression. 

 

Figure 4.3. Principal components analysis showing the distribution of cell types using the major (PC1) 
and minor (PC2) methylation variations present in the RRBS data. 
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4.5 Trophoblast populations have distinct methylomes  
 

Having established that it is the location of CpG methylation that likely contributes to the unique 

trophoblast phenotype, it important to understand whether differences in the location of CpG 

methylation between trophoblasts populations also exist, and whether the location of CpG 

methylation within the genome of trophoblasts populations provides insight into the phenotype of 

each trophoblast population.  In order to determine the specific differences between individual 

trophoblast cell types, differential methylation analysis was conducted to compare the methylomes 

of 1) side-population trophoblasts with cytotrophoblasts, 2) side-population trophoblasts with EVTs 

and 3) cytotrophoblasts with EVTs. Hierarchical clustering identified that the greatest methylation 

differences resulted from variation between placentae, rather than by cell type (Figure 4.4 A). Despite 

these placenta specific differences, the three trophoblast populations had distinct methylomes. When 

the methylome of side-population trophoblasts were compared to cytotrophoblasts 158 CpG sites 

were differentially methylated between the groups, corresponding to 32 genes (Figure 4.4B, Table 

4.1). 2991 CpG sites, corresponding to 1487 genes, were differentially methylated between side-

population trophoblasts and EVTs (Figure 4.4B, Table 4.1). Finally, 7061 CpG sites, corresponding to 

3185 genes, were differentially methylated between cytotrophoblasts and EVTs (Figure 4.4B, Table 

4.1). Taken together, these data indicate that the methylome of side-population trophoblasts and 

cytotrophoblasts are more closely related, while EVTs have a more distinctive methylome in line with 

their different biological function. 
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Figure 4.4 A) Cluster dendogram showing hierarchical clustering based on global CpG methylation 
for side-population trophoblasts (SP), cytotrophoblasts (CTB) and extravillous trophoblasts (EVT) 

from the four placentae used in this work (denoted by numbers 1-4). B) Venn diagram of 
differentially methylated CpG sites between SP and CTB, SP and EVT or CTB and EVT.  
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Table 4.1 Summary table of differential methylation between trophoblast populations 

 SP v CTB SP v EVT CTB v EVT 

Total differentially methylated CpG sites 158 2991 7061 

Hypermethylated CpG sites 11.4% (18) 95% (2842) 96.6% (6819) 

Hypomethylated CpG sites 88.6% (140) 5% (149) 3.4%(242) 

Total genes impacted 32 1,487 3,185 

Hypermethylated genes 10 1,420 3,059 

Hypomethylated genes 18 45 74 

Genes containing both hypo and 
hypermethylated CpG sites  

4 22 52 

   Side-population (SP), cytotrophoblasts (CTB), extravillous trophoblasts (EVT)  

 

Using a genome-wide approach to investigate DNA methylation allows the opportunity to determine 

the location (introns, exons, promoters, intergenic regions) where DNA methylation events may be 

occurring. Methylation events in promoter regions influence gene expression, while methylation 

events at exons influence repetitive DNA elements and gene splicing (Yong et al. 2016). The role of 

methylation at intra- and intergenic regions remains more unclear, although there is evidence that 

differential methylation in these regions can fine tune gene expression (Gulyaeva et al. 2016; 

Maunakea et al. 2010; Yan et al. 2016). The genomic elements in which differential CpG methylation 

occurs between 1) side-population trophoblasts and cytotrophoblasts (Figure 4.5A), 2) side-

population trophoblasts and EVTs (Figure 4.5B) and 3) cytotrophoblasts and EVTs (Figure 4.5C) was 

examined. The same patterns of genome methylation were observed in all three comparison groups 

with the most differential methylation occurring in promoter regions (>54%) and the least occurring 

in exons (<10%, Figure 4.5). The remaining methylation events (>35%) occurred in intra- and intergenic 

regions (Figure 4.5). The high proportion of differential methylation in promoter and intra- and 

intergenic regions indicates a regulatory role of DNA methylation in promoting trophoblast 

differentiation through control of gene expression at the promoter region or through the use of short 

and long non-coding RNA respectively.  
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Figure 4.5. Pie charts showing the percentage of promoter, exon, intron and intergenic differential 
DNA methylation in A) side-population trophoblasts (SP) compared to cytotrophoblasts (CTB), B) SP 

compared to extravillous trophoblasts (EVT), or C) CTB compared to EVT 

 

RRBS data was validated using Sequenom MassARRAY. In total 16 CpG sites across six genes 

(LOC100289580, CARD9, GALNT6, CPZ, GATA2, C22orf31) that were significantly differentially 

methylated in RRBS analysis were investigated by Sequenom MassARRAY (Figure 4.6). In all of the 

methylation events examined in the three trophoblast populations (Figure 4.6) biologically similar 

changes in the direction of percentage of methylation were observed (i.e. methylation was in the same 

direction for each trophoblast population) (Figure 4.7A-F), but not all biological changes were 

statistically significant (Figure 4.7A-F). In addition, a number of CpGs examined across the Sequenom 

MassARRAY fragment were also identified as significantly differentially methylated (Figure 4.7A-F).   
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Figure 4.6 Bar graph of the percentage methylation at 16 CpG across six genes that were significantly differentially methylation when analysed using RRBS 
and chosen for further validation using Sequenom methylation analysis in side-population trophoblasts, cytotrophoblasts and extravillous trophoblasts. 

Each number correlates to the CpG in the Sequenom amplicon presented in Figure 4.7 plots A-F. 
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Figure 4.7 Dot plots showing percentage methylation of CpGs in GATA2 A), CPZ B), CARD9 C), GALNT6 D), LOC100289580 E), and C22orf31 F) in side-
population trophoblasts, cytotrophoblasts, and extravillous trophoblasts when analysed by Sequenom MassARRAY EpiTYPER Analysis. * indicates an 

adjusted p value ≤0.05 and ** indicates an adjusted p value ≤0.01, *** indicates an adjusted p value ≤0.001, **** indicates an adjusted p ≤0.0001. Error 
bars are SEM.
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4.6 Compared to mature trophoblast populations, side-population trophoblasts 

exhibit differential gene methylation 
 

To understand how gene methylation affects human trophoblast differentiation and to examine the 

role that side-population trophoblasts may play in this, the differentially methylated genes between 

side-population trophoblasts, and mature trophoblast populations (cytotrophoblasts and EVTs) were 

further investigated.  First, the differential methylation of genes that play key roles in establishing the 

trophectoderm lineage in the blastocyst, and/or in murine TSC biology, that are known to be 

influenced by DNA methylation (CDX2, EOMES, HAND1, TEAD4, ELF5, and PLET1) was examined, 

although none of these genes were differentially methylated in side-population trophoblasts 

compared to cytotrophoblasts or EVTs.  However, several genes that are highly expressed in murine 

TSCs (DDB1 and CUL4 associated factor 12 like 1 (DCAF12L1), and stabilin 1 (STAB1)) were 

hypomethylated in side-population trophoblasts compared to cytotrophoblasts and/or EVTs (Table 

4.2) (Pearton et al. 2014; Asanoma et al. 2012).  Interestingly, genes associated with maintaining 

pluripotency, cell cycle regulation, proliferation and differentiation were also differentially methylated 

in side-population trophoblasts compared to cytotrophoblasts or EVTs (Table 4.2). Taken together, 

this data suggests that side-population trophoblasts have a methylomic signature that distinguishes 

them from cytotrophoblasts. 
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Table 4.2. Table of differentially methylated genes regulating a stem cell phenotype and/ or cell 
cycle regulation and proliferation in side-population compared to cytotrophoblasts or extravillous 
trophoblasts  

Gene Location Methylation 
difference in 

side-population 
trophoblasts 
compared to 

cytotrophoblasts 

q. value Methylation 
difference in 

side-population 
trophoblasts 
compared to 
extravillous 
trophoblasts 

q. value Function/ 
Biological 
Relevance 

 

PRDM2 Chr1: 
14109294 

3.8 0.9690 -32.6 0.0004 Maintains muscle 
stem cells in a 

quiescent state. 
Aids stem cell 
self-renewal 

(Cheedipudi et al. 
2015). 

Chr1: 
14109300 

4.2 0.9690 -28.9 0.0041 

LRP5 Chr11: 
68139919 

0.5 0.9690 5.0 0.0006 Canonical Wnt 
signalling through 
LRP5 permits the 

regenerative 
capacity of 
mammary 

epithelial stem 
cells (Lindvall et 

al. 2006; Badders 
et al. 2009). 

Chr11: 
68141102 

0.1 0.9690 32.3 0.0094 

Chr11: 
68141123 

4.0 0.9690 36.7 0.0005 

Chr11: 
68097308 

6.2 0.9363 -33.4 0.0026 

Chr11: 
68097314 

3.9 0.9690 -31.6 0.0029 

Chr11: 
68153864 

20.8 0.7617 -37.6 0.0002 

TPT1 Chr13: 
45914874 

34.1 <0.0001 35.4 <0.0001 Enhances Oct4 
and Nanog 

expression in 
embryonic stem 

cells (Amson et al. 
2013; Koziol et al. 

2007). 

Chr13: 
45914880 

34.7 <0.0001 35.5 <0.0001 

RCC1 Chr1: 
28845226 

14.1 0.0039 14.1 0.0002 Critical cell cycle 
regulator 

involved in the S-
phase of mitosis 
(Ohtsubo et al. 
1987; Moore et 

al. 1993). 

Chr1: 
28845238 

14.1 0.0042 13.2 0.0028 

PMF1 Chr1: 
156186626 

10.6 0.0003 8.3 0.0021 Regulates 
transcription of 

genes involved in 
cell growth and 

cell death 
(Husbeck et al. 

2003; Wang et al. 
1993; Wang et al. 

Chr1: 
156186325 

-5.0 <0.0001 8.3 0.0021 

Chr1: 
156186433 

-2.8 0.0004 -1.2 0.3362 

Chr1: 
156186383 

-0.1 0.9690 1.6 0.0070 



99 
 

Chr1: 
156186392 

-0.7 0.9193 2.3 <0.0001 1994; Celano et 
al. 1989a; Celano 

et al. 1989b). Chr1: 
156186393 

-0.2 0.9690 1.6 0.0008 

Chr1: 
156186496 

-1.1 0.9193 3.1 0.00123 

B4GALT6 Chr18: 
29265352 

11.3 0.0088 10.3 0.0220 Required for 
normal 

proliferation and 
differentiation of 

epithelial cells. 
Murine knockout 

models show 
growth 

retardation and 
premature fetal 
death (Asano et 

al. 1997). 

MAPK11 Chr22: 
50717438 

-34.5 0.0086 9.7 0.7256 Required for 
cytotrophoblast 

differentiation to 
syncytiotrophobla

st. Inhibition 
enhances 

cytotrophoblast 
proliferation 

(Johnstone et al. 
2005). 

DHX34 Chr19: 
47852601 

17.6 <0.0001 17.6 <0.0001 Involved in 
nonsense-

mediated mRNA 
decay, a process 

important for 
stem cell 

differentiation 
(Melero et al. 

2016). 

Chr19: 
47852604 

17.2 <0.0001 17.2 <0.0001 

Chr19: 
47852629 

18.2 <0.0001 18.2 <0.0001 

MDM4 Chr1: 
204537885 

17.0 0.9193 -41.1 0.0010 Promotes cell 
proliferation 

though inhibition 
of the p53 

pathway (Francoz 
et al. 2006). 

Chr1: 
204537886 

0.7 0.9680 -57.2 <0.0001 

Chr1: 
204537940 

-1.9 0.9690 -30.5 0.0022 

HOXB1 Chr17: 
46570458 

-0.6 0.9690 -28.6 0.0031 Mediates neural 
stem and 

progenitor 
proliferation and 

differentiation 
(Gouti et al. 

2008). 

DCAF12L1 ChrX:1257
15240 

-3.6 <0.0001 -1.2 0.3769 Expressed in 
murine TSCs and 

is dcaf12L is 
down-regulated 

ChrX:1257
15250 

-3.7 <0.0001 -1.5 0.1722 
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ChrX:1257
15261 

-3.0 0.0002 -2.6 0.0003 upon Elf5 
depletion 

(Pearton et al. 
2014). 

ChrX:1257
15276 

-3.0 0.0002 -2.5 0.0007 

ChrX:1257
15286 

-3.0 0.0004 -2.1 0.0011 

ChrX: 
125715243 

-2.1 0.0272 -2.7 <0.0001 

ChrX: 
125715281 

-1.0 0.9193 -2.1 0.0011 

STAB1 Chr3: 
52520822 

4.9 0.9690 -35.1 0.0006 Required for rat 
TSCs self-renewal 
and maintenance. 
Regulates murine 
embryonic stem 

cell 
differentiation 

and pluripotency 
factor expression 
(Asanoma et al. 

2012; Savarese et 
al. 2009). 

 
 

4.7 Differential methylation impacts regulatory miRNAs involved in pluripotency 

signalling pathways 
 

Approximately 16%-17% of methylation differences between side-population trophoblasts and 

cytotrophoblasts, side-population trophoblasts and EVTs, or cytotrophoblasts and EVTs, occurred at 

intragenic regions that encode gene regulatory molecules, including miRNAs (Figure 4.5). Differential 

methylation of eight miRNAs was evident between side-population trophoblasts and 

cytotrophoblasts, 92 miRNAs between side-population trophoblasts and EVTs, and 212 miRNAs 

between cytotrophoblasts and EVTs. 18/92 miRNAs that were differentially methylated between side-

population trophoblasts and EVTs, and 48/212 miRNAs that were differentially methylated between 

cytotrophoblasts and EVTs, were significantly enriched (p <0.03) for “signalling pathways regulating 

pluripotency of stem cells” by DIANA-miRPath analysis and of these, 13 were common to both groups 

(Table 4.3). This suggests that these miRNAs could play roles in maintaining a stem/progenitor 

phenotype in side-population and cytotrophoblasts.  
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Table 4.3 Table of miRNA involved in signalling pathways regulating stem cells 

miRNA differentially methylated between 
side-population trophoblasts and extravillous 

trophoblasts 

miRNA differentially methylated between 
cytotrophoblasts and extravillous trophoblasts 

hsa-miR-3194-5p hsa-miR-3194-5p 

hsa-miR-193b-3p hsa-miR-193b-3p 

hsa-miR-657 hsa-miR-657 

hsa-miR-2278 hsa-miR-2278 

hsa-miR-339-5p hsa-miR-339-5p 

hsa-miR-3177-5p hsa-miR-3177-5p 

hsa-miR-2110 hsa-miR-2110 

hsa-miR-339-3p hsa-miR-339-3p 

hsa-miR-193b-5p hsa-miR-193b-5p 

hsa-miR-548au-5p hsa-miR-548au-5p 

hsa-miR-3174 hsa-miR-3174 

hsa-miR-548au-3p hsa-miR-548au-3p 

hsa-miR-637 hsa-miR-637 

hsa-miR-200a-3p hsa-miR-130a-3p 

hsa-miR-23a-3p hsa-miR-150-5p 

hsa-miR-200a-5p hsa-miR-3619-5p 

hsa-miR-23a-5p hsa-miR-140-3p 

hsa-let-7b-3p hsa-miR-2467-5p 

 hsa-miR-326 

 hsa-miR-330-3p 

 hsa-miR-330-5p 

 hsa-miR-33a-3p 

 hsa-miR-365a-3p 

 hsa-miR-708-5p 

 hsa-miR-5582-3p 

 hsa-miR-140-5p 

 hsa-miR-33a-5p 

 hsa-miR-135b-5p 

 hsa-miR-4783-3p 

 hsa-miR-150-3p 

 hsa-miR-135b-3p 

 hsa-miR-548z 

 hsa-miR-199a-3p 

 hsa-miR-3943 

 hsa-miR-4487 

 hsa-miR-378i 

 hsa-let-7a-2-3p 

 hsa-miR-4525 

 hsa-miR-199a-5p 

 hsa-miR-708-3p 

 hsa-miR-587 

 hsa-miR-4786-3p 

 hsa-miR-138-2-3p 

 hsa-miR-944 

 hsa-miR-5008-5p 

 hsa-miR-130a-5p 

 hsa-miR-5008-3p 

 hsa-miR-3619-3p 

 



102 
 

To determine whether methylation influenced miRNA expression, the RNA expression of three 

miRNAs that regulate proliferation and differentiation in stem cell populations and trophoblasts (miR-

let-7b, miR-637 and miR-193B) were quantified by real-time PCR in all three trophoblast populations 

from four placentae. In the RRBS dataset, all three of these miRNAs were hypermethylated in side-

population trophoblasts compared to EVTs. Therefore, it would be expected that there would be a 

corresponding decrease in gene expression of these miRNAs in side-population trophoblasts 

compared to EVTs. In concordance with expression patterns predicted by RRBS, miR-let-7b expression 

was significantly lower (>2-fold, p <0.01) in both side-population and cytotrophoblasts compared to 

EVT (Figure 4.8A). However, no significant differences in miR-637 or miR-193B expression were 

observed (Figure 4.8B and C). This demonstrates that methylation alone does not necessarily 

determine the expression of these miRNAs.  

 

Figure 4.8.  Bar graphs showing the normalised miRNA expression in side-population trophoblasts 
(SP), cytotrophoblasts (CTB) or extravillous trophoblasts (EVT) for A) miR-let-7b, B) miR-637 and C) 

miR-4487. ** indicates a p <0.01. Error bars are SEM. 
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4.8 Gene methylation regulates the acquisition of an invasive phenotype during EVT 

differentiation. 
 

The differentiation of villous cytotrophoblasts to invasive EVTs in many ways mimics an EMT in cell 

phenotype (DaSilva-Arnold et al. 2015). This EMT process is also observed in a number of invasive 

cancers where it is in part regulated by gene methylation. Therefore, in order to understand how 

methylation may regulate EVT differentiation the previously published  transcriptome of first trimester 

cytotrophoblasts compared to EVTs (isolated in a similar manner to the cytotrophoblasts and EVTs 

isolated for this study) and methylome of first trimester cytotrophoblasts and EVTs were compared 

(James et al. 2015).  

When the transcripts of EVTs were compared to the transcripts of cytotrophoblasts, 1,744 genes were 

significantly up-regulated ≥2-fold, and 2,068 genes were significantly down-regulated ≥2-fold. The 

GATHER gene ontology tool revealed that genes up-regulated in EVTs were involved in pathways such 

as the immune response, defence response, cell motility, and response to external stimulus (Table 

4.4). Genes down-regulated in EVTs were involved in pathways such as cell proliferation, cell cycle, 

regulation of protein kinase activity, and cell-cell adhesion (Table 4.5). 
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Table 4.4. Top 20 GATHER gene ontology enrichment for genes up-regulated in extravillous 
trophoblasts compared to cytotrophoblasts 

Gene Ontology Number of Genes p value Bayes Factor 

GO:0006955: immune response 210 <0.0001 115.83 

GO:0006952: defence response 223 <0.0001 113.46 

GO:0009607: response to biotic stimulus 235 <0.0001 104.6 

GO:0009613: response to pest, pathogen or parasite 136 <0.0001 74.1 

GO:0043207: response to external biotic stimulus 138 <0.0001 69.48 

GO:0009611: response to wounding 87 <0.0001 48.74 

GO:0006954: inflammatory response 67 <0.0001 43.32 

GO:0006139: nucleobase, nucleoside, nucleotide and 
nucleic acid metabolism 

161 <0.0001 33.9 

GO:0050874: organismal physiological process 273 <0.0001 32.28 

GO:0006950: response to stress 151 <0.0001 29.01 

GO:0050896: response to stimulus 279 <0.0001 29 

GO:0030333: antigen processing 21 <0.0001 25.65 

GO:0019882: antigen presentation 24 <0.0001 23.52 

GO:0006350: transcription 106 <0.0001 19.63 

GO:0006959: humoral immune response 45 <0.0001 18.77 

GO:0006351: transcription, DNA-dependent 100 <0.0001 18.65 

GO:0008152: metabolism 539 <0.0001 17.84 

GO:0019219: regulation of nucleobase, nucleoside, 
nucleotide and nucleic acid metabolism 

104 <0.0001 17.7 

GO:0044237: cellular metabolism 503 <0.0001 17.33 

GO:0006355: regulation of transcription, DNA-
dependent 

98 <0.0001 15.83 

 

Table 4.5. Top 20 GATHER gene ontology enrichment for genes down-regulated in extravillous 
trophoblasts compared to cytotrophoblasts 

Gene Ontology Number of Genes p value Bayes Factor 

GO:0008283 : cell proliferation 164 <0.0001 17.95 

GO:0007049 : cell cycle 120 <0.0001 16.55 

GO:0000278 : mitotic cell cycle 49 <0.0001 16.21 

GO:0000074 : regulation of cell cycle 78 <0.0001 15.71 

GO:0000086 : G2/M transition of mitotic cell cycle 21 <0.0001 15.64 

GO:0000910 : cytokinesis 35 <0.0001 15.44 

GO:0045859 : regulation of protein kinase activity 31 <0.0001 14.93 

GO:0007156 : homophilic cell adhesion 36 <0.0001 13.89 

GO:0007606 : sensory perception of chemical stimulus 3 <0.0001 13.74 

GO:0000079 : regulation of cyclin dependent protein 
kinase activity 

18 <0.0001 12.85 

GO:0007608 : perception of smell 3 <0.0001 11.3 

GO:0000082 : G1/S transition of mitotic cell cycle 21 <0.0001 10.99 

GO:0007186 : G-protein coupled receptor protein 
signalling pathway 

49 <0.0001 10.98 

GO:0050874 : organismal physiological process 118 <0.0001 9.1 

GO:0016337 : cell-cell adhesion 39 <0.0001 7.7 

GO:0043207 : response to external biotic stimulus 19 <0.0001 7.69 

GO:0009613 : response to pest, pathogen or parasite 18 <0.0001 6.71 

GO:0007155 : cell adhesion 89 <0.0001 6.67 

GO:0006952 : defence response 44 <0.0001 6.52 
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Markers characteristic of EVTs including HLA-G and HLA-E, and pro-migratory and invasive genes 

including integrin subunit alpha 1 (ITGA1), integrin subunit alpha 5 (ITGA5), and matrix 

metallopeptidase 2 (MMP2) were all up-regulated in EVTs. Genes characteristic of cytotrophoblasts 

such as integrin subunit beta 4 (ITGB4), integrin subunit alpha 6 (ITGA6) and epidermal growth factor 

receptor (EGFR) were all up-regulated in cytotrophoblasts compared to EVTs (Gamage et al. 2016; 

Knofler 2010).  

Approximately one-third (2231/7061) of the CpG sites that were differentially methylated between 

cytotrophoblasts and EVTs were in promoter regions, impacting 633 unique genes. When the 

methylomes and transcriptomes were compared, 102/633 genes also exhibited transcriptomic 

changes. Interestingly 41/102 genes were associated with EMT and/or metastatic cancers (Table 4.6 

and 4.7, Figure 4.9A). However, promoter methylation did not always correspond to the expected 

transcript levels. 97/102 genes were hypermethylated at promoter regions in cytotrophoblasts 

compared to EVT, yet only 61/97 of these had a corresponding decrease in gene expression (Figure 

4.9B). 
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Figure 4.9.  Bar graphs showing A) the normalised mRNA fold change in extravillous trophoblasts 
(EVTs) compared to cytotrophoblasts (CTBs) of the top 20 significantly different genes associated 

with EMT or invasive cancer that were hypomethylated at CpG islands in promoters regions of EVTs 
compared to CTBs B) the normalised mRNA fold change in CTBs compared to EVTs of the top 20 

significantly different genes that were hypermethylated at CpG island in promoters regions of CTBs 
compared to EVTs. 
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Table 4.6. Table of genes with CpGi hypomethylated in the promoter regions of extravillous 
trophoblasts compared to cytotrophoblasts that have up-regulated gene expression and are related 
to EMT, and/or metastatic cancers.  

Gene Averaged fold 
change in mRNA 
expression in EVT 
compared to CTB 

Function/Biological Relevance Reference 

SLC16A3 13.7*** Associated with hepatocellular 
carcinoma invasion and migration. 

Contributes to EMT in breast cancer.  

(Gao et al. 2015; 
Kondaveeti et al. 2015) 

MICALL2 11.6*** Likely an important regulator of EMT 
in ovarian cancer. Silencing MICALL2 

in ovarian cancers inhibits 
proliferative, invasive and migratory 

capacity of tumours.  

(Zhu et al. 2015) 

ADAM19 9.1*** Involved in the EMT in glioblastoma.  (Wang et al. 2017) 

AQPEP 7.9*** An EVT specific protein involved in 
invasion and migration. 

(Nystad et al. 2014; 
Horie et al. 2012) 

LOXL1 7.9*** Known to drive EMT in cancers. (Cuevas et al. 2017) 

B3GNT7 6.8** Is up-regulated in metastatic breast 
cancer and enhances cell migration 

and invasion in vitro.  

(Canevari et al. 2016; 
Kataoka et al. 2002) 

TGFB1 6.6*** In later stages of tumorigenesis in 
vivo TGFB1 promotes the EMT and 

cancer invasion and metastasis.  

(Brown et al. 2004) 

TPM2 5.6*** Associated with EMT in lens 
epithelium 

(Kubo et al. 2013) 

NRN1 5.3*** Plays a role in the migration of 
neural and bone marrow derived 

mesenchymal stem cells.  

(Zito et al. 2014; Wang 
et al. 2015b) 

AGRN 4.9*** AGRN knockdowns reduce oral 
squamous cell carcinoma migration 

(Kawahara et al. 2014) 

MT1E 4.9*** Involved in migration and invasion of 
bladder cancer and glioma.  

(Ryu et al. 2012; Wu et 
al. 2008) 

CARD9 4.7* CARD9 plays a role in manipulating 
the tumour microenvironment to 
enhance colon cancer metastasis.  

(Yang et al. 2014) 

FAM163A 4.6** Associated with high-risk 
neuroblastoma and metastasis to 

bone marrow.  

(Vasudevan et al. 
2007) 

LHX2 4.4** Involved in EMT during normal and 
cancerous breast epithelium 

development.  

(Kuzmanov et al. 2014) 

LPCAT1 4.3** Associated with increased breast 
cancer grade and metastasis. 

(Abdelzaher et al. 
2015) 

RUSC2 3.7** Important migration of non-small cell 
lung cancer.  

(Duan et al. 2016) 

SOD2 3.7* Mitochondrial enzyme which 
promotes EMT.  

(Li et al. 2015c; 
Kinugasa et al. 2015) 

PIK3CD 3.5* Down-regulation of PIK3CD inhibits 
invasion and migration of colorectal 

cancer cells 

(Zhong et al. 2013) 

LIMS2 3.4* Involved in interactions which help 
cell morphology and migration.  

(Zhang et al. 2002) 
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PRDM16 3.3* Interacts with SKI to enhance gastric 
cancer growth.  

(Takahata et al. 2009) 

HCK 3.2* Contributes to cell migration and 
actin remodelling.  

(Guiet et al. 2008) 

CDR2 3.1** CDR2 is up-regulated in breast and 
ovarian cancers. Up-regulated 

expression of CDR2 is associated 
with poor prognosis in renal cell 

carcinoma and may contribute to 
cancer metastasis.  

(Darnell et al. 2000; 
Kaufmann et al. 2013) 

FERMT3 3.1* Encourages EMT, invasion, 
metastasis and angiogenesis in 

breast cancer.  

(Sossey-Alaoui et al. 
2014) 

WNT1 3.0* Associated with highly metastatic 
advanced cancers. Cancer cell 
migration and invasion can be 

inhibited though blockade of the 
Wnt-1 pathway and inhibition of 

EMT.  

(Wang et al. 2014; Ma 
et al. 2017) 

IL17RA 2.9** Involved in gastric cancer migration 
and osteosarcoma metastasis.  

(Jiang et al. 2015; 
Wang et al. 2013) 

NCOR2 2.9*** Associated with distant metastasis of 
breast cancer cells 

(Green et al. 2008) 

ABR 2.8* BCR related protein with functional 
activity that may regulate Rho family 

members involved in cytoskeletal 
reorganisation.  

(Chuang et al. 1995; 
Heisterkamp et al. 

1989) 

NFATC1 2.8** NFATC1 silencing using siRNA inhibits 
ovarian cancer cell migration. 

Associated with EMT.  

(Li et al. 2016; La Belle 
et al. 2017) 

ZYX 2.8** Regulates lung cancer cell motility. 
Involved in reorganisation of 
cytoskeletal proteins in EMT.  

(Mise et al. 2012; Mori 
et al. 2009) 

CAPN2 2.7* Promotes EMT, migration and 
invasion in metastatic cancer.  

(Miao et al. 2017; Li et 
al. 2017b) 

KIF3C 2.7** Associated with the EMT and breast 
cancer progression and metastasis.  

(Wang et al. 2015a) 

DLX4 2.5* Involved in EMT, invasion and 
migration during embryogenesis and 

placentation.  

(Sun et al. 2011) 

KLF6 2.5** KLF6 is involved in the EMT and 
present in HER2-ERBB2 positive 

ductal breast cancer cells and has 
been identified metastasise in the 

lymph nodes.  

(Gehrau et al. 2010; 
Zou et al. 2017) 

IRF7 2.4** Enables glioma cell invasion. (Kim et al. 2015) 

KLF13 2.1** Oral cancer cells overexpress KLF13 
and contributes to malignancy in 

other tissues.  

(Henson et al. 2010) 

LRFN4 2.1** Expressed in both solid tumours and 
blood cancers. Involved in 

cytoskeletal reorganisation which 
allows cell motility.  

(Konakahara et al. 
2011) 

SKI 2.1** Overexpression in melanoma cells 
enhances migration in vitro.  

(Chen et al. 2009) 
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KCNF1 2.0** Ion channel up-regulated in invasive 
cancer.  

(Hwang et al. 2004) 

PIM3 2.0** Overexpression of PIM3 enhances 
the invasive and migratory capacity 
of ovarian and prostate cancer cells. 

Regulates genes that enhance the 
EMT.  

(Zhuang et al. 2015; 
Santio et al. 2015; Liu 

et al. 2018) 

Statistically significant values are labelled either *adjusted p value <0.05, ** adjusted p value<0.01 or *** 
adjusted p value <0.001. EVT, extravillous trophoblasts; CTB, cytotrophoblast. 

 

Table 4.7. Table of genes with CpGi hypermethylated in the promoter regions of extravillous 
trophoblasts compared to cytotrophoblasts that have up-regulated gene expression and are related 
to EMT, and/or metastatic cancers.  

Gene Averaged fold 
change in mRNA 
expression in EVT 
compared to CTB 

Function/Biological Relevance Reference 

FLT4 5.8*** Associated with metastatic epithelial 
malignancies and EMT.  

(Xiao et al. 2015; 
Matsumoto et al. 

2013; Li et al. 2017a) 

HMHA1 3.5*** Regulates reorganisation of the 
cytoskeleton and enhancing cell 

motility 

(de Kreuk et al. 2013) 

NUMB 3.2** NUMB isoforms are involved in EVT 
migration and in enhancing the EMT 
and invasion and migration of breast 

cancer cells.  

(Karaczyn et al. 2017; 
Haider et al. 2011) 

Statistically significant values are labelled either ** adjusted p value <0.01 or *** adjusted p value <0.001. EVT, 

extravillous trophoblasts; CTB, cytotrophoblast. 
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4. 9 Summary of key findings from Chapter Four 

 Unlike murine blastocysts, the level of global CpG methylation between human 

trophectoderm and inner cell mass samples is not significantly different.  

 Differences in global CpG methylation between human trophoblasts and somatic cells are 

much smaller than previously reported. 

 Different patterns of CpG methylation are likely to be more important than levels of global 

CpG methylation in epigenetically distinguishing the placenta from somatic cell populations. 

 Human trophoblast subpopulations have distinct methylomes.  

 CpG methylation likely plays a role in the EMT-like process that occurs as cytotrophoblasts 

differentiate into invasive EVT. 

 CpG methylation is not always predictive of gene expression therefore a multilevel mechanism 

likely regulates human trophoblast differentiation. 

4.10 Discussion 
 

In this chapter RRBS data from three trophoblast populations (side-population trophoblasts, 

cytotrophoblasts and EVTs) was generated and used to; 1) compare the levels of global CpG 

methylation in trophoblast populations with that of blastocyst-derived and somatic cell populations, 

and 2) assess differential methylation of CpGs between trophoblast populations. This analysis showed 

that primary blastocyst derived cell populations (inner cell mass and trophectoderm) have significantly 

lower levels of CpG methylation compared to hESC and that trophoblasts have a much more 

comparable levels of methylation to many somatic cell populations than previously reported. 

Moreover, human trophoblasts can be primarily distinguished from somatic cells by differences in the 

pattern rather than the degree of global CpG methylation. Importantly, each trophoblast population 

also has a distinct methylome. In line with their close differentiation relationship, the methylation 

profile of side-population trophoblasts was most similar to cytotrophoblasts, whilst EVTs had the most 

distinct methylome. In comparison to mature trophoblast populations, side-population trophoblasts 
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exhibited differential methylation of genes and miRNAs involved in cell cycle regulation, 

differentiation, and regulation of pluripotency. The combined methylomic and transcriptomic 

approach taken to better understand cytotrophoblast differentiation to EVT revealed CpG methylation 

plays a role in the EMT-like process that occurs as cytotrophoblasts differentiate into invasive EVT. 

However, in human trophoblasts CpG methylation is not predictive of gene expression and a multilevel 

mechanism likely regulates human trophoblast differentiation.  

4.10.1 Differences in global CpG methylation between trophoblasts and somatic cells are 

much smaller than previously reported 

The work in this chapter suggests that differences in global CpG methylation between trophoblasts 

and somatic cells are much smaller than previously reported. In this study trophoblast population 

were only 5.3% hypomethylated than pooled somatic cells. The 5.3% difference is much less than the 

14-25% difference previously reported (Chatterjee et al. 2016; Ehrlich et al. 1982; Fuke et al. 2004; 

Gama-Sosa et al. 1983; Schroeder et al. 2015; Tsien et al. 2002). These previous analyses examined 

the methylome of whole placental lysates even though the greater degree of hypomethylation has 

largely been attributed to the trophoblasts within the placenta (Chatterjee et al. 2016; Ehrlich et al. 

1982; Fuke et al. 2004; Gama-Sosa et al. 1983; Schroeder et al. 2015; Tsien et al. 2002). The biological 

relevance of such a small difference is unclear and there are several potential reasons for these 

discrepancies. First, this analysis clearly demonstrates that somatic cell populations have widely 

varying degrees of CpG methylation, and thus relative to some somatic tissue types (neutrophils, B-

cells, hepatocytes), placental lysates and trophoblasts are indeed hypomethylated. Comparative 

studies reporting global methylation in the placenta frequently use immune cell populations that can 

be easily harvested from the peripheral blood as comparators and these may not be representative 

(Chatterjee et al. 2016; Ehrlich et al. 1982; Fuke et al. 2004; Schroeder et al. 2015). Secondly, four of 

the seven previous studies (Ehrlich et al. 1982; Gama-Sosa et al. 1983; Tsien et al. 2002; Fuke et al. 

2004) investigating global placental DNA methylation by examining 5-methyldeoxycytidine content 

relative to total cytosine levels using HPLC. HPLC only allows quantification of the relative ratio of 
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methylated cytosine residues against unmethylated cytosines, and cannot localise individual CpG-site 

methylation changes, which is possible with the more sensitive RRBS technique (Kurdyukov et al. 

2016).  

4.10.2 Differences in global CpG methylation in blastocyst-derived cell populations are 

species specific and are likely influenced by the in vitro and in vivo environment 

Importantly, hESC were more methylated than cells of the inner cell mass and clustered separately to 

both the inner cell mass and trophectoderm by PCA. These data highlight the extent of change that 

hESC derivation or culture may have on these cells, and is in line with previous observations (Smith et 

al. 2014). That both the published  human inner cell mass and trophectoderm samples had similar 

levels of global CpG methylation is in line with previous findings that suggest that, unlike in the murine 

blastocyst (Schroeder et al. 2015; Santos et al. 2010; Santos et al. 2002) where the trophectoderm is 

reported to be much less methylated than the inner cell mass, in human blastocysts the level of 

methylation is similar between the trophectoderm and inner cell mass (Guo et al. 2014; Smith et al. 

2014). This finding also brings into question whether hypomethylation of human trophoblasts stems 

from the segregation of trophectoderm cells from the inner cell mass, as thought to occur in the 

murine model, further highlighting differences that may exist between human and murine trophoblast 

development (Nakanishi et al. 2012). Alternatively, it is known that  in vitro fertilisation processes 

occur during time points in early development when huge DNA methylation reprogramming occurs, 

thus it is possible that the methylation status of human blastocyst-derived cells may undergo 

methylation changes and become more susceptible to epimutations as a result of the in vitro 

fertilisation process that may account for the differences observed between the murine and human 

samples (Messerschmidt et al. 2014; Senner 2011).  

Studies of murine TSCs suggest that the DNA methylome is important for trophoblast development 

and differentiation. Consequently, our current study aimed to determine whether CpG methylation 

may regulate side-population trophoblast differentiation and function in a similar manner to murine 
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TSCs. This study identified two genes (DCAF12L1 and STAB1) previously associated with increased 

gene expression in murine TSCs that were both hypomethylated in side-population trophoblasts 

compared to mature trophoblasts (Pearton et al. 2014; Asanoma et al. 2012). A review of previously 

published data (GEO accession number GSE57834) of gene expression differences in these three 

trophoblast populations demonstrated that STAB1 gene expression was significantly up-regulated in 

both side-population trophoblasts and cytotrophoblasts compared to EVTs, but no transcriptomic 

differences in DCAF12L1 between trophoblast populations were observed. In mice, ELF5 contributes 

to the maintenance of pluripotency in TSCs, and although there is no difference in ELF5 methylation 

between different murine trophoblast populations, ELF5 gene expression is down-regulated following 

differentiation of TSCs into to mature trophoblast lineages (Latos et al. 2015; Oda et al. 2013). 

Similarly, in this study there was no differential methylation of ELF5 in the different human trophoblast 

populations, although the human situation is slightly different as ELF5 is stably expressed in 

cytotrophoblasts (Lee et al. 2016; James et al. 2015; Hemberger et al. 2010). These differences may 

result from the fact that the murine placenta is anatomically quite distinct from the human placenta, 

and that murine and human embryos implant into the maternal tissue in opposite orientations with 

human embryos implanting via the embryonic pole, while murine embryos implant via the 

anembryonic pole. Thus the trophoblasts of the two species are exposed to quite different 

environmental cues that may influence DNA methylation (Gamage et al. 2016).  

Previous reports suggest a similar level and pattern of methylation between first trimester 

cytotrophoblasts and placental villous tissue lysates (Nordor et al. 2017), which is in line with the lack 

of significant differences in the percentage of global CpG methylation between first trimester 

trophoblast populations seen in this analysis.  In contrast, a recent study employing a novel human 

TSC population demonstrated that the human TSCs were approximately 20% less methylated than 

cytotrophoblasts (Okae et al. 2018). In this work, side-population trophoblasts (a candidate TSC 

population used in this study) and cytotrophoblasts showed similar levels of global CpG methylation.  

Differences between the studies may result from the fact that Okae et al  used whole genome bisulfite 
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sequencing to obtain the percentage methylation while this study utilised RRBS. In addition, Okae et 

al isolated human TSCs using an in vitro culture system that may introduce cell culture artefacts that 

have been noted to result in other long term cultures and are shown for hESC above (Bork et al. 2010; 

McEwen et al. 2013), while in this analysis, side-population trophoblasts and cytotrophoblasts were 

directly isolated from primary tissue and are likely more representative of the cells in vivo.  

4.10.3 Trophoblast subpopulation-specific patterns of CpG methylation likely regulate 

human trophoblast differentiation and contribute to the regulation of placentation 

Despite the fact that there was no significant differences in the percentage of global CpG methylation 

between the three first trimester trophoblast populations studied here, each trophoblast population 

had a distinct methylome resulting from differences in the location of CpGs methylated between 

trophoblast populations. This is in line with their proposed in vivo lineage relationship where side-

population trophoblasts differentiate into a cytotrophoblasts (James et al. 2012), the results of this 

chapter showed that side-population trophoblasts have a methylome more similar to that of 

cytotrophoblasts than EVTs. The differential methylation analyses conducted in this chapter indicate 

that side-population trophoblasts may be less differentiated than cytotrophoblasts and EVTs. For 

example, tumour protein, translationally-controlled 1 (TPT1) is hypermethylated in side-population 

trophoblasts compared to mature trophoblasts. Hypermethylation of TPT1 prevents expression of 

OCT4 and NANOG, which are down-regulated during trophectoderm differentiation trophectoderm 

lineage segregation during blastocyst formation (Amson et al. 2013; Koziol et al. 2007). This suggests 

that from the perspective of DNA methylation patterns, side-population trophoblasts are more closely 

related to the trophectoderm (from which all trophoblasts lineages are derived) than mature 

trophoblast populations. In addition, differential methylation of genes associated with the 

maintenance of stem cell populations (e.g. DExH-box helicase 34 (DHX34), PR/SET domain 2 (PRDM2), 

and LDL receptor related protein 5 (LRP5)), was observed in side-population trophoblasts compared 

to mature trophoblast populations (Li et al. 2015b; Lou et al. 2015; Cheedipudi et al. 2015; Badders et 

al. 2009; Lindvall et al. 2006). Collectively these results may suggests that DNA methylation could play 
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a role in maintaining potency and may help in guiding lineage commitment/differentiation in side-

population trophoblasts. However, RRBS may be too blunt a tool to use to definitively conclude a role 

in maintaining the side-population trophoblasts in a stem-like state given the small changes to the 

DNA methylome observed between side-population trophoblasts and cytotrophoblasts in this study.  

Successful placentation involves the invasion of EVTs through the decidua (Holtan et al. 2009; Nordor 

et al. 2017). Similar characteristics are found in cancer cells, and may result from similar molecular 

circuits involved in EMT and tumour development, which have been suggested to be regulated by 

epigenetic factors (Ferretti et al. 2007; Holtan et al. 2009; Nordor et al. 2017). Previous data has shown 

that first trimester placental lysates and cytotrophoblasts are hypomethylated in gene blocks more 

closely related to cancer phenotypes (some of which were enriched for EMT) compared to third 

trimester samples (Nordor et al. 2017). Corresponding gene expression differences in EMT pathways 

in first vs third trimester placentae have also been reported, and together this data likely represents 

key gestational differences in placentation as the majority of EVT differentiation and invasion occurs 

in the first half of pregnancy (DaSilva-Arnold et al. 2015). This research is the first to investigate 

differences in methylation in individual uncultured trophoblast populations from the first trimester, 

and is the first large scale analysis of matched cytotrophoblasts and EVTs from the same placenta that 

has connected promoter methylation with gene expression data to understand how methylation 

influences EVT differentiation. Overall, changes in gene methylation in promotor regions between 

cytotrophoblasts and EVTs were observed in 19 EMT-associated genes. Of these, 17 genes that were 

hypomethylated in promoter regions in this methylomic dataset exhibited corresponding changes in 

gene expression in the transcriptomic dataset, including ADAM metallopeptidase domain 19 

(ADAM19), distal-less homeobox 4 (DLX4), LIM homeobox 2 (LHX2), and lysyl oxidase like 1 (LOXL1) 

(Wang et al. 2017; Sun et al. 2011; Kuzmanov et al. 2014; Zhang et al. 2002). This demonstrates for 

the first time that gene methylation likely regulates some (but not all) of the EMT changes in gene 

expression during EVT differentiation, and supports the emerging concept that EVT differentiation is 

an EMT-like process (DaSilva-Arnold et al. 2015; Davies et al. 2016; Knofler 2010; Kokkinos et al. 2010).  
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4.10.4 Alternative regulatory mechanisms likely contribute to trophoblast lineage 

segregation 

It has previously been demonstrated that in the placenta methylation differences do not always 

directly correspond to differences in gene expression (Ehrlich et al. 2016; Avila et al. 2010; Mayne et 

al. 2017). The results of this chapter show a similar lack of direct correlation between methylation and 

gene expression. The majority of placental gene expression regulation is instead likely attributable to 

changes associated with small RNA, non-coding RNA and histone modifications that in-directly 

regulate gene expression (Mayne et al. 2017; Cai et al. 2009). This investigation identified 225 unique 

miRNAs that were differentially methylated between trophoblast populations. However, as DNA 

methylation did not always correlate with miRNA expression, additional regulatory mechanisms may 

guide miRNA expression in human trophoblasts. Such additional mechanisms may lie in the 3D 

structure that the genome holds within cells, which means that small changes to the DNA (for 

example, through the addition or removal of methyl groups) can change the ultrastructure of the DNA 

in a manner that impacts lineage-specific transcriptional programs (Tomikawa et al. 2006; Gorkin et 

al. 2014). For example, DNA methylation mediates chromatin remodelling and contributes to murine 

trophoblast lineage segregation (Tomikawa et al. 2006).  

4.10.5 Limitations and future directions 

In this study of human trophoblast differentiation, the DNA methylome of side-population 

trophoblasts, cytotrophoblasts and EVTs were compared. While this study provides insight into 

methylation differences between these three human trophoblast populations, this study did not 

compare methylomic differences between these mononuclear trophoblast populations and the 

syncytiotrophoblast as its multinucleated nature means that protocols do not exist within the field to 

isolate pure primary syncytiotrophoblast fragments. However, as cells differentiate we know that they 

acquire methylomic signatures that are specific to the cell type (Suelves et al. 2016). Therefore, it is 

very likely that first trimester syncytiotrophoblast have a distinct methylome compared to 
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mononuclear trophoblast populations isolated from the same placenta. Indeed, differentiation of 

cultured cytotrophoblasts into multinucleated syncytiotrophoblast consistently showed a reduction 

in methylation in 223 CpG (Yuen et al. 2013). In contrast, no CpG were increased in methylation as 

cytotrophoblasts differentiated into syncytiotrophoblast (Yuen et al. 2013). Further work is required 

to confirm whether primary isolated syncytiotrophoblast demonstrate similar methylation signatures 

compared to primary mononuclear trophoblast populations.  

The RRBS technique does have some limitations, including having less sensitivity to methylation 

changes in regions with low CpG density. As RRBS enriches for CpG islands (which are usually 

unmethylated), methylation measurements by RRBS are expected to be lower than for the whole 

genome. In this work this was mitigated in the analysis by prior removal of CpG island specific data. 

However, studies employing alternative techniques for quantifying methylation, such as MethylC-seq, 

which can distinguish between 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC), would 

aid in allowing a more complete understanding of human trophoblast methylation (Urich et al. 2015). 

In addition, the methodology employed in this study only allowed the detailed investigation of CpG 

methylation. To more comprehensively understand how methylation influences trophoblast 

differentiation, future studies of human trophoblast populations could investigate non-CpG 

methylation (CpA, CpT, and CpC). Indeed, non-CpG methylation is a feature of pluripotent cell types 

and iPSC (Ziller et al. 2011). However, as non-CpG methylation accounts for ≤1.7% of methylation in 

the trophoblast samples (data not shown) the extent to which this would influence side-population 

trophoblast function/differentiation in the placenta is unclear. 

4.10.6 Chapter Four conclusions   

In conclusion, findings from this chapter suggest that different patterns of CpG methylation, rather 

than the degree of CpG methylation, are more important in distinguishing trophoblasts from somatic 

cell populations, and these patterns of methylation may contribute to successful 

placental/trophoblast function. Importantly, the methylome of side-population trophoblasts, 
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cytotrophoblasts and EVTs are distinct and it is likely that a multilevel mechanism regulates 

trophoblast differentiation. The results from this chapter provide a scaffold from which individual 

trophoblast populations can be studied in pregnancy disorders to better understand how DNA 

methylation maybe impacting the pathogenesis of diseases such as FGR and preeclampsia. 
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Chapter Five: Culture and differentiation of side-population 

trophoblasts  
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5.1 Rationale 
 

Side-population trophoblasts are a candidate human TSC population, but to confirm their potency the 

long-term culture of these cells in an undifferentiated state, and their further differentiation into the 

more mature trophoblast subtypes, is required. However, for the majority of this thesis, culture 

conditions for human TSC were not defined. Therefore, the first aim of this chapter was to define the 

culture conditions that may aid side-population trophoblast propagation. As many stem cell 

populations are associated with unique ECMs that can influence the phenotype and survival of cells in 

vitro, five ECMs (Table 3.6) were trialled based upon their use in other in vitro culture systems, and 

whether they contain ECM components associated with stem cell niches (Hughes et al. 2010; Yang et 

al. 2016; Rodin et al. 2014; Chiquet-Ehrismann et al. 2014; Okae et al. 2018). As the medium in which 

they are cultured can be manipulated to propagate cells in an undifferentiated state, various media 

(Table 3.7) were also trialled with the aim of expanding the side-population trophoblasts in vitro (Ham 

et al. 1979).  

Characterisation of the side-population trophoblasts using an –omics approach has demonstrated that 

side-population trophoblasts are a distinct trophoblast population both at the RNA level (in previous 

work)  and the methylomic level (in Chapter Four of this thesis) (James et al. 2015). While the –omics 

approach to characterising the side-population trophoblasts is both necessary and useful, it does not 

allow us to fully explore the functional and differentiation capacity of side-population trophoblast. 

Therefore, the second aim of the work in this chapter was to test the potency of side-population 

trophoblast by inducing their differentiation into more mature trophoblast populations 

(cytotrophoblasts, EVTs and syncytiotrophoblast) and assessing phenotypic marker expression and the 

functional capacity of these mature lineages.  
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5.2 Laminin-521 aids side-population trophoblast survival in vitro 
 

In order to investigate which ECM may be the most suitable to allow side-population trophoblast 

propagation, side-population trophoblasts were cultured in Medium 1 (containing placental and 

decidual conditioned media refer to Table 3.7) on one of four commercially available ECMs (Matrigel™ 

(n=3), Laminin-521 (n=3), Maxgel (n=2) and Tenascin-C (n=2)).  After 24 hours of culture, a small 

proportion of side-population trophoblasts adhered to Matrigel™ (Figure 5.1A) and Laminin-521 

(Figure 5.1B) and flattened across the culture surface. Side-population trophoblasts were unable to 

adhere to either Tenascin-C (Figure 5.1C) or Maxgel (Figure 5.1D). When added to Tenascin-C or 

Maxgel coated wells the side-population trophoblasts did not flatten on the culture surface and were 

washed off easily with media changes and following Trypan Blue staining.  

 

Figure 5.1 Representative phase contrast images of side-population trophoblasts isolated from a first 
trimester placentae plated at a cell density of 50,000 cells/well and cultured in Medium 1 for 24 

hours on A) Matrigel™, B) Laminin-521, C) Maxgel, or D) Tenascin. Arrows indicate the presence of 
flattened cells. Boxed in the bottom left corner is an enlarged image of flattened cells (A and B) or 

cells that have not flattened (C and D).  
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As a result of the above findings, cell survival was further evaluated on Matrigel™ or Laminin-521 over 

a longer culture period (three days) in either Medium 1 or in Medium 2 (PluriSTEM™ medium- a 

complete commercial stem cell medium of undeclared composition). The proportion of total live cells 

after three days of culture was determined by Trypan Blue exclusion.  After three days of culture, the 

proportion of side-population trophoblasts  excluding Trypan Blue was significantly greater for those 

cells cultured on Laminin-521 in Medium 1 (66.63% live cells ± 5.94% SEM, n=3) than those cultured 

on Laminin-521 in Medium 2 (17.23% live cells ±4.36% SEM, n=3 p <0.001), on Matrigel™ in Medium 

1 (12.03% live cells ±5.25% SEM, n=3 p <0.001) or on Matrigel™ in Medium 2 (3.91% live cells ±1.84% 

SEM, n=3 p <0.0001) (Figure 5.2). Consequently, Laminin-521 was carried forward as the ECM of choice 

for side-population trophoblast culture, and Medium 2 was not employed further in this thesis.  

 

Figure 5.2 Bar graph showing the percentage of Trypan Blue excluding (live) cells at day three in 
side-population trophoblasts cultured on Laminin-521 or Matrigel™ in Medium 1 or Medium 2. n=3 

biological replicates per condition tested. Error bars are SEM.  *** represents p <0.001 **** 
represents p <0.0001.  
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5.3 Side-population trophoblasts can be cultured for a limited period in commercial 

and custom made media  
 

The next step to establishing in vitro culture conditions to propagate side-population trophoblasts was 

to expand the scope of culture media that may enhance side-population trophoblast survival and 

propagation. To do this, side-population trophoblasts were cultured on Laminin-521 in one of five 

different media (Table 3.7, Medium 1 - containing placental and decidual conditioned media, Medium 

3 – containing placental conditioned medium, Medium 4 - Advanced DMEM/F12 containing ESC FBS, 

transferrin and insulin, Medium 5 - complete trophoblast medium or Medium 6-ESGRO-2i commercial 

medium). Side-population trophoblasts were able to adhere and survive for at least seven days when 

cultured on Laminin-521 in Medium 1 (n=3, Figure 5.3A), Medium 3 (n=3, Figure 5.3B), or Medium 6 

(n=2, Figure 5.3D). Side-population trophoblasts were unable to adhere and flatten on the culture 

surface when grown in Medium 4 (n=2, Figure 5.3C) or Medium 5 (n=2, Figure 5.3E). Under the 

conditions that allow side-population trophoblasts to adhere, side-population trophoblasts had 

distinct morphologies (Figure 5.3A, B, and E). Cells cultured in Medium 1 or Medium 3 were present 

as flattened single cells with a ‘bubbly’ cytoplasm and a large nuclei. Cells cultured in Medium 6 also 

appear flattened with large nuclei, but had less of a ‘bubbly’ appearance in the cytoplasm. However, 

despite their initial adherence and viability, none of the culture conditions employed were able to 

maintain side-population trophoblasts in vitro beyond 14 days. 
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Figure 5.3 Representative phase contrast images of side-population trophoblasts isolated from first 
trimester placentae at day seven when cultured on Laminin-521 in A) Medium 1, B) Medium 3, C) 
Medium 4, D) Medium 5 or E) Medium 6. Arrows indicate the presence of flattened cells. Boxed in 

the bottom left corner is an enlarged image of flattened cells (A, B and E) or cells that have not 
flattened (C and D). 
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5.4 Human TSC medium allows the long-term propagation of side-population 

trophoblasts  
 

As experiments were being conducted to evaluate the best media in which to propagate side-

population trophoblasts in this PhD, ground breaking work describing the first isolation and 

propagation of human TSC from first trimester placental villi was published (Okae et al. 2018). 

Therefore, due to the limited success in propagating side-population trophoblasts in experiments 5.2-

5.3, these experiments were suspended in order to trial the culture of side-population trophoblasts in 

the conditions described by Okae et al 2018 (human TSC medium (DMEM/F12 (base medium) 

containing 0.1mM 2-mercaptoethanol, 0.2% FBS, 0.5% Penicillin-Streptomycin, 0.3% BSA, 1% ITS-X 

supplement, 1.5µg/ml L-ascorbic acid, 50ng/ml EGF, 2µM CHIR99021, 0.5µM A83-01, 1µM SB431542, 

0.8mM Valporic acid and 5µM Y27632 on Collagen IV)).  

Using these culture conditions, side-population trophoblasts were propagated from three first 

trimester placentae (7.5, 8.5, and 8.6 weeks of gestation) (Figure 5.4) on Collagen IV ECM. Side-

population trophoblasts could be propagated after seeding at the lowest seeding density (1,000 cells 

per well of a 6 well plate) that Okae et al were able to establish human TSC lines. The propagation of 

side-population trophoblasts was also possible when side-population trophoblasts were seeded at a 

higher density (10,421 - 17,477 cells per well of a 6 well plate) allowing more rapid expansion (Figure 

5.4).  

 

Figure 5.4 Representative phase contrast images of side-population trophoblasts isolated from 
placentae of A) 7.5 weeks B) 8.5 weeks or C) 8.6 weeks of gestation after four days of culture on 

Collagen IV in human TSC Medium.  

 



126 
 

By day 10, easily identifiable colonies of side-population trophoblasts were present and the growth of 

colonies was tracked by measuring colony area (Figure 5.5). Mean colony size increased from 

0.529mm2 (±0.215mm2 SEM, n=3 side-population trophoblast isolates) at day 10 to 1.189mm2 

(±0.714mm2 SEM, n=3 side-population trophoblast isolates) at day 14. Relative to colony size at day 

10, linear regression analysis demonstrated a significant increase in the area of the cells from day 10 

to day 14 (p <0.0001, R2 =0.8974) (Figure 5.6).   

 

Figure 5.5 Representative phase contrast images of the same colony of side-population trophoblasts 
isolated from a 8.6 week placentae at A) day 10, B) day 12 or C) day 14 of culture on Collagen IV in 

human TSC Media.  

 

 

Figure 5.6 Bar graph showing the growth of side-population trophoblasts colonies (n=4 colonies 
from three placentae) at day 12 and day 14 normalised to the area of the colony at day 10. Error 

bars are SEM.  
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Three side-population trophoblast lines were established that were maintained in culture for over five 

months (one side-population trophoblast line was cultured in 6 well plates up to passage 9). Each of 

the three side-population trophoblast lines were split at least four times during this period. Stocks of 

each line of side-population trophoblasts could also be frozen, thawed and further propagated. Over 

four passages, the rate of growth of the side-population trophoblasts increased and consequently the 

doubling time significantly decreased from 25.1 days (±1.7 days SEM, n=3) between passage 0-passage 

1 to 7.6 days (±1.1 days SEM, n=3) between passage 3-passage 4 (p<0.05) (Figure 5.7). 

 

Figure 5.7 Bar graph showing the doubling time of side-population trophoblasts (n=3 placentae) 
cultured from passage 0 (p0) through to passage 4 (p4). Error bars are SEM.  * represents p <0.05.  

 

5.5 Can first trimester side-population trophoblasts be differentiated into mature 

trophoblast lineages? 
 

5.5.1 Differentiation of side-population trophoblasts into syncytiotrophoblast 

 

In order to differentiate side-population trophoblasts into syncytiotrophoblast, side-population 

trophoblasts (from passage 3-5) were seeded into wells of a 96 well plate under the conditions 

described by Okae et al that allow the maintenance of the human TSC in an undifferentiated state 

(5µg/mL Collagen IV in human TSC Medium) or under conditions that induce human TSC 
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differentiation into syncytiotrophoblast (2.5µg/mL Collagen IV in Syncytiotrophoblast Differentiation 

Medium (DMEM/F12 base containing 0.1 mM 2-mercaptoethanol , 0.5% Penicillin-Streptomycin, 0.3% 

BSA, 1% ITS-X supplement, 2.5 mM Y27632, 2 mM forskolin and 4% knock out serum replacement - 

Table 3.8)) (refer to section 3.5.6). After nine days of culture, side-population trophoblasts maintained 

in human TSC Medium were present in colonies of mononuclear cells (Figure 5.8A). In contrast, side-

population trophoblasts cultured in Syncytiotrophoblast Differentiation Medium had a larger and 

more flattened morphology and appeared to have multiple nuclei (these structures were apparent as 

early as three days in the differentiation medium) (Figure 5.8B).  

 

 

Figure 5.8 Representative Hoffman modulation contrast microscopy images of side-population 
trophoblasts isolated from a 7.5 week placentae grown in A) TSC Medium on 5µg/mL Collagen IV or 
B) Syncytiotrophoblast Differentiation Medium on 2.5µg/mL Collagen IV at day nine in culture. The 

arrows in B indicate multiple nuclei within a single cell. 

 

In order to better assess whether fusion of side-population trophoblasts into multinuclear cells was 

occurring, on day nine of culture, cells were immunofluorescently stained with antibodies reactive 

with  desmoplakin (a component of desmosomes found at intercellular boundaries of trophoblastic 

cells) (n=3) (Douglas et al. 1990). Side-population trophoblasts cultured in TSC Medium exhibited 

distinct cell boundaries between individual nuclei (Figure 5.9A). On average 87.1% (±4.3% SEM, n=3) 

of the nuclei existed as single nuclei within a defined cell boundary (i.e. a clear thin green line encircling 

a single nuclei) when side-population trophoblasts were cultured in TSC Medium (Figure 5.10). 
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However, side-population trophoblasts cultured in Syncytiotrophoblast Differentiation Medium 

exhibited a dimmer and more diffuse staining pattern that did not allow the delineation of clear cell 

boundaries between nuclei (Figure 5.9C). Correspondingly, significantly fewer nuclei (8.6% ±1.3% 

SEM, n=3, p <0.0001) existed as single nuclei within a defined cell boundary when side-population 

trophoblasts were cultured in Syncytiotrophoblast Differentiation Medium (Figure 5.10), indicating 

that clear cell boundaries did not exist between the vast majority of nuclei.  No staining was observed 

with non-specific IgG control antibodies (Figure 5.9B and D).  
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Figure 5.9 Representative images of side-population trophoblasts isolated from an 8.6 week 
placenta (passage 5) cultured in TSC Medium on 5µg/mL Collagen IV (A and B) or 

Syncytiotrophoblast Differentiation Medium on 2.5µg/mL Collagen IV (C and D). A and C are stained 
with antibodies reactive with desmoplakin (green). B and D are stained with irrelevant IgG (negative 
controls). E) 12.3 week section of placental villi stained with antibodies reactive with desmoplakin. 

All cells and the tissue section are stained with Hoechst 33342 (blue) to visualise cell nuclei.  Arrows 
point to cell boundaries. 
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Figure 5.10 Bar graph showing the percentage of nuclei that existed as single nuclei within a defined 
cell boundary (as detected using desmoplakin staining) after side-population trophoblasts were 

cultured for nine days in either TSC Medium or  Syncytiotrophoblast Differentiation Medium (STB 
medium) (n=3). Error bars are SEM. **** represents p <0.0001 

 

To determine whether side-population trophoblasts cultured in Syncytiotrophoblast Differentiation 

Medium up-regulated the expression of syncytiotrophoblast specific markers, side-population 

trophoblasts cultured in either TSC Medium or Syncytiotrophoblast Differentiation Medium were 

stained with antibodies reactive with syncytin-1 (n=3) or hCG (n=3). Only 0.97% (±0.49% SEM, n=3) of 

side-population trophoblasts cultured in TSC Medium expressed syncytin-1 (Figure 5.11A and Figure 

5.12), and these cultures appeared similar to negative staining controls (Figure 5.11B and D). In 

contrast, side-population trophoblasts cultured in Syncytiotrophoblast Differentiation Medium 

exhibited a significant increase in syncytin-1 positive cells (67.37% (±13.28% SEM, n=3), p <0.01, Figure 

5.11C and Figure 5.12). Similar results were observed with hCG staining, with only 0.02% (±0.02% SEM, 

n=3) of side-population trophoblasts cultured in human TSC Medium exhibiting hCG expression 

(Figure 5.13A and Figure 5.14), and these cultures appeared similar to negative staining controls 

(Figure 5.13B and D). In contrast, when side-population trophoblasts were cultured in 

Syncytiotrophoblast Differentiation Medium, significantly more nuclei were associated with hCG 

positive staining (73.89%, ±13.52% SEM, n=3, p <0.01, Figure 5.13B and Figure 5.14). 
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Figure 5.11 Representative images of side-population trophoblasts  isolated from an 8.6 week 
placenta (passage 5) cultured in TSC Medium on 5µg/mL Collagen IV (A and B) or 

Syncytiotrophoblast Differentiation Medium on 2.5µg/mL Collagen IV (C and D). A and C are stained 
with antibodies reactive with syncytin-1 (green). B and D are stained with irrelevant IgG (negative 

controls). E) 12.3 week section of placental villi stained with antibodies reactive with syncytin-1. All 
cells and the tissue section are stained with Hoechst 33342 (blue) to visualise cell nuclei.  Arrows 

point to cells stained with syncytin-1 
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Figure 5.12 Bar graph showing the percentage of nuclei associated with syncytin-1 staining after 
side-population trophoblasts were cultured for nine days in either TSC Medium or  

Syncytiotrophoblast Differentiation Medium (STB Medium) (n=3). Error bars are SEM. ** represents 
p <0.01 
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Figure 5.13 Representative images of side-population trophoblasts  isolated from an 8.6 week 
placenta (passage 5) cultured in TSC Medium on 5µg/mL Collagen IV (A and B) or 

Syncytiotrophoblast Differentiation Medium on 2.5µg/mL Collagen IV (C and D). A and C are stained 
with antibodies reactive with hCG (green). B and D are stained with irrelevant IgG (negative 

controls). E) 12.3 week section of placental villi stained with antibodies reactive with hCG. All cells 
and the tissue section are stained with Hoechst 33342 (blue) to visualise cell nuclei.  Arrows point to 

cells stained with hCG. 
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Figure 5.14 Bar graph showing the percentage of nuclei associated with hCG staining (after side-
population trophoblasts were cultured for nine days in either TSC Medium or  Syncytiotrophoblast 

Differentiation Medium (STB Medium) (n=3). Error bars are SEM. ** represents p <0.01. 

 

To further support data showing cellular hCG expression, hCG secreted into the culture media was 

examined from media collected at three, six or nine days of culture (Figure 5.15). At day three there 

was no significant difference in the secreted hCG between side-population trophoblasts cultured in 

TSC Medium (976.7pg/mL ±949.1pg/mL, SEM, n=3) and side-population trophoblasts cultured in 

Syncytiotrophoblast Differentiation Medium (976.7pg/mL ±649.1pg/mL SEM, n=3, p=0.70). However 

at day nine there was a significant increase in the hCG secreted into the culture media between side-

population trophoblast cultured in TSC Medium (430.6pg/mL ±150.1pg/mL SEM, n=3) and side-

population trophoblasts cultured in Syncytiotrophoblast Differentiation Medium (1,784pg/mL 

±349.6pg/mL SEM, n=3, p<0.05).  
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Figure 5.15 Bar graph showing the concentration of hCG in the culture media of side-population 
trophoblasts propagated in either TSC Medium or Syncytiotrophoblast Differentiation Medium (STB 

Medium) on day three, six and nine. Error bars are SEM. * represents p <0.05 

 

5.5.2 Differentiation of side-population trophoblasts into EVTs 

 

In order to differentiate side-population trophoblasts into EVTs, side-population trophoblasts were 

seeded into wells of a 96 well plate either under the conditions described by Okae et al that allow the 

maintenance of the human TSC in an undifferentiated state (5µg/mL Collagen IV in human TSC 

Medium), or under conditions that induce human TSC differentiation into EVT following the protocol 

described in section 3.5.6 of this thesis.  

On day nine of culture, side-population trophoblasts maintained in human TSC Medium were present 

in colonies with a cobblestone-like morphology (Figure 5.16A). In contrast, on day nine of culture side-

population trophoblast cultured using the EVT differentiation protocol exhibited a more spindle-like 

morphology reminiscent of EVTs generated from explant outgrowths in previously published work 

from our laboratory (Figure 5.16B) (Prossler et al. 2014).  
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Figure 5.16 Representative Hoffman modulation contrast microscopy images of side-population 
trophoblasts isolated from a 7.5 week placentae cultured in A) TSC Medium on 5µg/mL Collagen IV 

and B) using the EVT differentiation protocol on 1µg/mL Collagen IV at day nine in culture. The 
arrows in B point to cells with spindle like morphology. 

 

To determine whether side-population trophoblasts cultured using the EVT differentiation protocol 

up-regulated the expression of the EVT specific marker HLA-G, side-population trophoblasts cultured 

in either TSC Medium or using the EVT differentiation protocol were stained with antibodies reactive 

with HLA-G (n=3). Only 2.9% (± 1.6%, n=3) of side-population trophoblasts cultured in TSC Medium 

expressed HLA-G (Figure 5.17A and Figure 5.18), and these cultures appeared similar to negative 

staining controls (Figure 5.17B and D). In contrast, when side-population trophoblasts were cultured 

using the EVT differentiation protocol, significantly more nuclei were associated with HLA-G positive 

staining (15.12%, ±1.80% SEM, n=3, p <0.01, Figure 5.17C and Figure 5.18).  
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Figure 5.17 Representative images of side-population trophoblasts  isolated from an 7.5 week 
placenta (passage 4) cultured in TSC Medium on 5µg/mL Collagen IV (A and B) or cultured using the 
EVT differentiation protocol on 1µg/mL Collagen IV (C and D). A and C are stained with antibodies 

reactive with HLA-G (green). B and D are stained with irrelevant IgG (negative controls). E) 9.3 week 
section of placental villi stained with antibodies reactive with HLA-G. All cells and the tissue section 

are stained with Hoechst 33342 (blue) to visualise cell nuclei. Arrows point to cells stained with HLA-
G. 
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Figure 5.18 Bar graph showing the percentage of nuclei associated with HLA-G staining (after side-

population trophoblasts were cultured for nine days in either TSC Medium or  using the EVT 

differentiation protocol (EVT Media) (n=3). Error bars are SEM. ** represents p <0.01 

 

To further support data that suggested HLA-G positive EVT-like cells can be differentiated from side-

population trophoblasts, invasion assays were conducted to determine the percentage of side-

population trophoblasts that invade through the 8.0µm pores of Matrigel™-coated Boyden chambers 

during culture in TSC Medium or using the EVT differentiation protocol over a period of nine days. 

Side-population trophoblasts cultured in either TSC Medium or using the EVT differentiation protocol 

both demonstrated an invasive capacity as Hoechst 33342 stained nuclei were identified on the lower 

uncoated surface (image plane 2-see Figure 3.3) of the Boyden chamber in both scenarios. There was 

a significant increase in the proportion of cells [number of cells on image plane 2/ (number of cells on 

image plane 1 + image plane 2)] (see Figure 3.3) that had migrated to the lower surface of the Boyden 

chamber when the side-population trophoblasts were cultured using the EVT differentiation protocol 

(99.2 % ±0.8% SEM, n=3, Figure 5.19) compared to side-population trophoblasts cultured in TSC 

Medium (46.4% ± 4.8% SEM, n=3, p <0.001, Figure 5.19). No cells could be visualised on the bottom 

of the cell culture plate below the Boyden chamber in either media condition, indicating that the cell 
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counts on the lower surface of the invasion chamber (image plane 2-see Figure 3.3) accurately 

represent the proportion of cells that had completely invaded through the Matrigel™.  

 
Figure 5.19 Bar graph showing the percentage of side-population trophoblasts (Hoechst 33342 

stained nuclei) that had migrated through an Matrigel™ coated 8.0µm semi-permeable membrane 

[number of cells on image plane 2/ (number of cells on image plane 1 + image plane 2)] after culture 

for nine days in either TSC Medium or using the EVT Differentiation protocol (EVT Media) (n=3). 

Error bars are SEM. *** p <0.001 

5.5.3 Differentiation of side-population trophoblasts into cytotrophoblasts 

 

Previously published data demonstrated 8.85% of the side-population trophoblasts express the 

cytotrophoblast specific marker ß4 integrin (James et al. 2015; Aplin 1993). To determine whether the 

side-population trophoblasts were undergoing a transitional stage of cytotrophoblast differentiation 

whilst differentiating into syncytiotrophoblasts or EVTs, the expression of the ß4 integrin was 

examined in cultures of side-population trophoblasts at day three, six and nine of culture in either TSC 

Medium, or during differentiation using the syncytiotrophoblast or EVT differentiation protocols 

(Figure 5.21). At day three, there was a significantly higher proportion of ß4 integrin expressing cells 

when side-population trophoblasts were cultured in either Syncytiotrophoblast Differentiation 

Medium (47.0% ± 6.7% SEM, n=3, p >0.05) or using the EVT differentiation protocol (51.2% ±7.0% 

SEM, n=3, p <0.05), than when side-population trophoblasts were cultured in TSC Medium (14.1% ± 

3.5% SEM, n=3) (Figure 5.20). By day nine of culture, at the point that previous data in this thesis has 
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demonstrated that differentiation to syncytiotrophoblast-like or EVT-like cells has been achieved, the 

proportion of ß4 integrin positive cells in differentiation cultures was reduced to 22.0% (±9.4% SEM, 

n=3) for side-population trophoblasts cultured in Syncytiotrophoblast Differentiation Medium and 

20.4% (±6.6% SEM, n=3) for side-population trophoblasts cultured using the EVT differentiation 

protocol. Taken together, these data suggest that differentiation induces an initial increase in ß4 

integrin expression, as side-population trophoblasts transition through a cytotrophoblast-like state 

prior to differentiation into mature trophoblast populations (syncytiotrophoblast or EVTs) by day nine 

(Figure 5.20).  

 

 

Figure 5.20 Bar graph showing the percentage of nuclei associated with ß4 integrin staining (after 
side-population trophoblasts were cultured for three, six or nine days in either TSC Medium, 

Syncytiotrophoblast Differentiation Medium (STB Medium) or using the Extravillous trophoblast 
differentiation protocol (EVT Media)  (n=3). Error bars are SEM. * represents p <0.05 
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Figure 5.21 Representative images of side-population trophoblasts  isolated from an 8.5 week 
placenta (passage 3) cultured in TSC Medium on 5µg/mL Collagen IV (A and B) , Syncytiotrophoblast 
Differentiation Medium on 2.5µg/mL Collagen IV (C and D), or using the EVT differentiation protocol 

(E and F) at day nine in culture. A, C and E are stained with antibodies reactive with ß4 integrin 
(green). B, D and F are stained with irrelevant IgG (negative controls). G) 12.3 week section of 

placental villi stained with antibodies reactive with ß4 integrin. All cells and the tissue section are 
stained with Hoechst 33342 (blue) to visualise cell nuclei. Arrows point to cells stained with ß4 

integrin. 
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5.6 Summary of key findings from Chapter Five 

 Side-population trophoblasts cannot be propagated using standard complete primary 

human trophoblast medium. 

 Of the conditions tested here, first trimester side-population trophoblasts can only be 

maintained in long-term culture using human TSC Medium (Okae et al. 2018). 

 First trimester side-population trophoblasts likely undergo a transitional cytotrophoblast-like 

stage expressing ß4 integrin before terminal differentiation into either syncytiotrophoblast-

like or EVT-like cells.  

 Side-population trophoblasts can differentiate into either syncytiotrophoblast or EVT 

confirming the bipotency of this population.  

5.7 Discussion 

In this chapter, side-population trophoblasts were isolated from first trimester placentae and culture 

conditions that may aid the propagation of side-population trophoblasts in vitro were tested. Of the 

seven media and five ECM trialled in this work, side-population trophoblasts could only be propagated 

long-term on Collagen IV in human TSC Medium and could not be maintained in standard trophoblast 

culture conditions. Once culture conditions were established, side-population trophoblasts could be 

induced to differentiate into cytotrophoblast-like, syncytiotrophoblast-like and EVT-like cells, 

demonstrating that the side-population trophoblasts are a multipotent trophoblast population, and 

adding to the growing body of evidence suggesting that side-population trophoblasts are a human TSC 

population.  

5.7.1 The morphology of side-population trophoblasts can be manipulated by the culture 

conditions 

In this thesis PluriSTEM™ commercial medium, which is used to propagate hESC and iPSC in an 

undifferentiated state and prevents the differentiation of hESC and iPSC into extraembryonic lineages 

(Frank et al. 2012) did not allow the long-term propagation of the side-population trophoblasts. This 
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highlights the unique requirements of trophoblast lineages compared to inner cell mass derived cell 

populations. In addition, side-population trophoblasts were not able to survive in standard 

trophoblast medium (Medium 5) as primary trophoblasts do (James et al. 2007; Viall et al. 2016), 

which highlights that these cells require distinct support and helps reinforce previous transcriptomic 

and methylomic data demonstrating that side-population trophoblasts are a distinct cell population 

within the placenta. Importantly, when side-population trophoblasts were cultured on Collagen IV in 

human TSC Medium, not only were they able to be propagated long-term but they exhibited a 

morphology that is very similar to the recently isolated human TSC (Okae et al. 2018). In human TSC 

medium the side-population trophoblasts do not appear similar to previously isolated cytotrophoblast 

subpopulations that are primed to differentiate into either syncytiotrophoblast-like or EVT-like cells 

however, it is unclear whether the differences in morphology have resulted from the differences in 

the culture conditions (Aboagye-Mathiesen et al. 1996; James et al. 2005, 2007; Telugu et al. 2013).  

The work in this chapter highlights the impact that the culture conditions can have on cell morphology, 

as the side-population trophoblasts appeared morphologically distinct when cultured on Laminin-521 

in Medium 1, Medium 3 or Medium 6, and these morphologies were all quite distinct from the colonies 

formed by side-population trophoblasts cultured in the conditions described by Okae et al. In light of 

this, it is interesting to consider the distinct morphologies of previously published human TSC cultured 

under markedly different conditions. Okae et al describe their human TSC as uniquely epithelial-like, 

whilst the blastocyst-derived human TSC isolated by Zdravkovic et al exhibit a more mesenchymal 

appearance (Okae et al. 2018; Zdravkovic et al. 2015). Okae et al employed DMEM/F12 medium 

supplemented with 0.2% FBS with a cocktail of small molecules that activate Wnt (using CHIR99021) 

and EGF signalling (using EGF supplement), both essential for TSC survival, as well as molecules that 

inhibit the activity of TGF-β (using A83-01, SB431542 inhibitors and EGF (EGF supplement also inhibits 

the activity of TGF-ß)), inhibit histone deacetylase (using Valporic acid), and inhibit Rho-associated 

protein kinase (using Y27632 inhibitor), all essential to allow the cells to adhere to the culture surface. 

In contrast, Zdravkovic et al were able to isolate human TSC from the embryoid body outgrowths 
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formed from UCSFB6 blastocyst derived cells using a simple mixture of DMEM/F12 medium 

supplemented 10% FBS, bFGF (essential for maintaining hESC in culture in an undifferentiated state), 

and the TGF-ß inhibitor SB431542. It is therefore possible that the differing culture media used by the 

two studies produces a different morphology in the same human TSC population. The cocktail of 

inhibitors in the human TSC Medium compared to Media-1 to 6 used in this work also induces 

differences in cell morphology in the side-population trophoblasts. It is possible that the culture of the 

side-population trophoblasts may be aided by the use of the advanced trophoblast organoid medium 

used by Haider et al (Advanced DMEM/F12, 10mM HEPES, 1×B27, 1×N2, and 2mM glutamine, 

100ng/mL R-spondin, 1μM A83-01, 100ng/mL recombinant human EGF, 50ng/mL recombinant murine 

hepatocyte growth factor, 2.5μM prostaglandin E2, 3μM CHIR99021, and 100ng/mL Noggin) or the 

trophoblast organoid medium used by Turco et al (which consists of Advanced DMEM/F12 

supplemented with 1x B27 supplement minus vitamin A, x1 N2 supplement, 100μg/ml Primocin, 

1.25mM N-Acetyl-L-cystine, 2mM L-glutamine, 500nM A83-01, 1.5μM CHIR99021, 50ng/ml human 

EGF, 80ng/ml human R-spondin 1, 100ng/ml human FGF2, 50ng/ml human hepatocyte growth factor, 

2μM Y27632 and 2.5μM prostaglandin E2) particularly if they allow a 3D cultures of side-population 

trophoblast to be established enabling cell-cell contacts similar to those that may exist in vivo. 

5.7.2 Side-population trophoblasts can differentiate into mature trophoblast lineages 

5.7.2.1 Side-population trophoblasts can be differentiated into syncytiotrophoblast-like cells  

 

The results in this thesis demonstrate side-population trophoblasts were differentiated into 

syncytiotrophoblast-like cells using the cyclic AMP agonist forskolin; which has previously induced 

syncytialisation of trophoblast cell lines (Wice et al. 1990). Importantly, culture in Syncytiotrophoblast 

Differentiation Medium produced cells that lacked cell boundaries between multiple nuclei (as 

determined by desmoplakin immunostaining) and expressed the syncytiotrophoblast specific markers 

syncytin-1 and hCG. Like previous reports of first trimester and third trimester placentae that have 

examined the ability of cytotrophoblasts to syncytialise, the presence of syncytial-like structures was 



146 
 

observed within three days of side-population trophoblast culture in Syncytiotrophoblast 

Differentiation Medium and by day nine of culture the vast majority of cells expressed hCG and 

syncytin-1 (Li et al. 2015a; Kliman et al. 1986; Dodeur et al. 1990). The rate of syncytiotrophoblast 

differentiation in this study (>90%) is similar to Okae et al who showed that human TSC cultured in 

Syncytiotrophoblast Differentiation Medium had a fusion index of >0.9.  

Interestingly, while only a very low proportion (0.02%) of the cells cultured in TSC Medium expressed 

hCG by immunofluorescence at day nine, secreted hCG could be measured in side-population 

trophoblasts cultured in TSC Medium at day three, six and nine of culture, although this was at lower 

levels than in cultures of side-population trophoblasts exposed to Syncytiotrophoblast Differentiation 

Medium. This is not entirely surprising, given that hCG secretion by the trophectoderm of the 

blastocyst can be detected as early as day two post fertilization (when the major producer of hCG 

during pregnancy, the syncytiotrophoblast, has not yet developed) (Lopata et al. 1989; Makrigiannakis 

et al. 2017; Ramu et al. 2011).  hCG secreted by the syncytiotrophoblast differs from that secreted by 

EVTs as the later cell type produce a hyperglycosylated form of hCG (with 8 additional oligosaccharide 

side chains) (Cole 2010; Handschuh et al. 2007). Many of the available antibodies generated to detect 

hCG (including those in the ELISA kit used in this work) demonstrate cross reactivity with both forms 

of hCG (Cole et al. 2004). Thus it is likely that the presence of low levels of hCG in the conditioned 

media of side-population trophoblasts cultured in TSC Medium represent this hyperglycosylated form, 

and do not represent syncytiotrophoblast differentiation. This is supported by very low levels of 

syncytin-1 in TSC Medium only cultures, and extremely little spontaneous cell fusion as demonstrated 

by desmoplakin staining.    

5.7.2.2 Side-population trophoblasts can be differentiated into EVT-like cells  

 

The results of this chapter also demonstrates that the side-population trophoblasts can differentiate 

into EVT-like cells that express HLA-G and exhibit an increased capacity to invade through Matrigel™. 

However, unlike Okae et al who were able to differentiate human TSC to >80% HLA-G expressing EVT-
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like cells using the same EVT differentiation protocol, only 15% of side-population trophoblasts 

demonstrated HLA-G expression in this work (Okae et al. 2018). It is quite possible the difference in 

proportion of HLA-G positive cells may be the result of the different techniques 

(immunocytochemistry in this thesis vs the more sensitive flow cytometry utilised by Okae et al) used 

to assess the expression of HLA-G. However, EVT progenitors previously isolated in this lab from first 

trimester placentae yielded similar proportions (20%) of HLA-G positive EVT after five days in culture, 

and thus the rates of differentiation in this study are plausible (James et al. 2007). It may be possible 

to further enhance the EVT differentiation protocol and culture conditions (for example through 

manipulation of the oxygen conditions) to create enhanced side-population trophoblast-specific EVT 

differentiation protocol in the future. Indeed, a low oxygen environment is known to up-regulate 

hypoxia inducible factor (HIF) and promote the differentiation of invasive trophoblast subtypes in 

rodent models, hESC-derived trophoblasts as well primary isolated cytotrophoblasts that 

preferentially differentiate into EVTs (Cowden Dahl et al. 2005; Maltepe et al. 2005; Rosario et al. 

2008; Horii et al. 2016; Wakeland et al. 2017).  

Interestingly, invasive cells were present when side-population trophoblasts were cultured in TSC 

medium (46% invasive cells) and when the cells were cultured using the EVT differentiation protocol 

(99% invasive cells). Notably, in the invasion study side-population trophoblasts were exposed to a 

Matrigel™ coated inserts in both EVT differentiation conditions and when the cells were exposed to 

TSC medium. Matrigel™ is known to induce invasive phenotype in both primary cultures of 

trophoblasts and in transformed trophoblast cell lines (Fisher et al. 1989; Staun-Ram et al. 2004). 

Moreover, placental explants cultured on Matrigel™ give rise to EVT outgrowths (Genbacev et al. 

1992; James et al. 2005). Therefore, exposure to Matrigel™ may explain the presence of invasive cells 

in invasion assays of side-population trophoblasts exposed to TSC medium. Alternatively, human TSC 

may themselves exhibit a degree of migratory/invasive capacity. This is a likely possibility given murine 

TSC demonstrate invasive behaviour in in vivo transplantation studies where TSC migrate out of the 

murine vasculature and engraft into cardiac tissue (Vadakke-Madathil et al. 2019).   



148 
 

While the expression of HLA-G and invasive capacity both demonstrate that EVT-like cells are 

produced as a result of the EVT differentiation protocol, neither method can confirm whether the cells 

generated are interstitial EVTs or endovascular EVTs.   

5.7.2.3 Side-population trophoblasts can be differentiated into cytotrophoblast-like cells  

 

In this study 14.1% of side-population trophoblasts expressed the cytotrophoblast marker ß4 integrin 

at day three when cultured in TSC medium and the proportion of ß4 integrin expressing cells remained 

below 19% over the nine day period. Previously published data has demonstrated that 8.85% of side-

population trophoblasts are ß4 integrin positive when assessed by FACS prior to sorting (James et al. 

2015). Collectively this suggests that that the side-population trophoblast remain in a relatively 

undifferentiated state in TSC Medium after sorting. Quantification of ß4 integrin expression at day 

three, six and nine of both syncytiotrophoblast and EVT differentiation experiments demonstrate that 

side-population trophoblasts likely transition through a cytotrophoblast-like stage prior to terminal 

differentiation into syncytiotrophoblast or EVT-like cells. While a transition through a cytotrophoblast-

like state has been documented in hESC and iPSC-derived syncytiotrophoblast and EVTs (Li et al. 2013), 

a similar transition has not been documented in the differentiation of primary human TSC by Okae et 

al or Zdravkovic et al. Indeed Okae et al were only able to demonstrate that terminally differentiated 

cells lacked expression of cytotrophoblast marker cadherin 1 (CDH1) at the end of the 

syncytiotrophoblast and EVT differentiation protocols. That side-population trophoblasts transiently 

up-regulate ß4 integrin early in differentiation protocols provides important evidence that side-

population trophoblasts are a distinct cell type from most cytotrophoblasts, and suggests that side-

population trophoblasts are more like a human TSC than cytotrophoblasts. This provides further 

functional evidence to support transcriptomic and methylomic data demonstrating that side-

population trophoblasts are a distinct population from cytotrophoblasts. Future studies could aim to 

dual-label cells with 1) syncytiotrophoblast (syncytin-1 and hCG) or EVT-specific (HLA-G) markers, and 

cytotrophoblast specific markers (β4 integrin, TP63, VGLL1) to fully capture the transition that occurs 
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as side-population trophoblasts differentiate into mature trophoblast populations (Soncin et al. 2018; 

Li et al. 2013).  

Taken together, the differentiation work in this chapter demonstrates that side-population 

trophoblasts can be differentiated into syncytiotrophoblast, EVT and cytotrophoblast-like cells, 

supporting the notion that they fulfil the expected cell differentiation potential of a TSC population. 

Future work should investigate whether the side-population trophoblast produce invasive primitive 

syncytium and primitive cytotrophoblasts in vitro in order to help develop our understanding of 

primitive trophoblast populations.  

5.7.3 Are side-population trophoblasts a similar human TSC population to that isolated by 

Okae et al? 

 

That side-population trophoblasts can only be propagated long-term in TSC Medium, and not standard 

complete primary human trophoblast medium, raises the question: are side-population trophoblasts 

a similar human TSC population to that published in Okae et al, but isolated via a different 

methodology? The data in this chapter suggests that this is a distinct possibility for three reasons. First, 

the ABCG2 gene encoding the ABCG2 transporter (thought to be responsible for the rapid efflux of 

Hoechst 33342 by the side-population trophoblasts) is expressed at high levels in both side-population 

trophoblasts (>3-fold higher than cytotrophoblasts) and human TSC (>2-fold higher than 

cytotrophoblasts) (James et al. 2015; Okae et al. 2018). The implication of this is that Hoechst 33342 

efflux would be a plausible way to isolate the population of human TSC identified by Okae et al. 

Second, side-population trophoblasts cultured in TSC Medium exhibit a very similar morphology to 

human TSC isolated by Okae et al. Third, side-population trophoblast are able to differentiate into 

both syncytiotrophoblasts and EVT-like cells demonstrating a similar level of potency to the human 

TSC isolated by Okae et al.  

At present, direct comparisons between first trimester side-population trophoblast isolates and the 

human TSC isolated by Okae et al are not possible because our transcriptomic and methylomic data 
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was acquired using uncultured side-population trophoblasts while the publically available 

transcriptomic and methylomic data for human TSC was obtained from cells at passage 10-20 (Okae 

et al. 2018). It is well known in other stem cell fields that culture can significantly alter cell phenotype 

and it is likely that this would be the case here also (Yang et al. 2018; Bakopoulou et al. 2017; Xie et 

al. 2011). In addition, the methodologies employed between the two studies are considerably 

different (i.e. PrimeView Microarrays were used to investigate the transcriptome of side-population 

trophoblasts, whilst RNA-seq was used to investigate the transcriptome of human TSC, and RRBS was 

used to investigate the methylome of side-population trophoblasts while whole genome bisulfite 

sequencing was used to investigate the methylome of human TSC) preventing a direct comparison 

between studies through reanalysis of the available datasets (Okae et al. 2018).  

5.7.4 Future directions  

Whilst first trimester side-population trophoblasts were propagated in vitro in monolayer cultures in 

this work, as science advances it is clear that 3D culture systems provide advantages to understanding 

organ development (Antoni et al. 2015). Recently, purified cytotrophoblast cultures have been used 

to establish placental organoids that spontaneously differentiate into syncytiotrophoblast-like cells 

and can be induced to differentiate into EVT-like cells (Haider et al. 2018; Turco et al. 2018). It would 

be interesting to employ side-population trophoblasts rather than cytotrophoblasts in these culture 

systems in order to determine whether the side-population trophoblasts behave in a similar manner 

to that reported in the organoid cultures.  

While human TSC Medium allows the propagation of the side-population trophoblasts, there is always 

the opportunity to improve the culture conditions such that they are more reflective of in vivo 

conditions. Given that the placenta and decidua play roles in healthy placental development it is likely 

that paracrine factors secreted by the placenta and decidua aide human TSC survival, therefore future 

studies could aim to analyse such secreted factors in the conditioned media of placental and decidual 

cultured explants or utilise the available secretome data of human trophoblast organoid conditioned 



151 
 

media (as human trophoblasts organoids closely mimic the villous placenta) to assess whether any 

secreted factors could help in the further development of the side-population trophoblast in vitro 

culture system (Turco et al. 2018).  

Finally, future studies must also aim to investigate whether side-population trophoblasts change at 

either/both the –omic or functional level with extended culture. This is particularly important as Okae 

et al report there is a transcriptional change to the isolated human TSC over time in culture (Okae et 

al. 2018). The results presented in this thesis demonstrate that the doubling time of side-population 

trophoblasts decreases with each subsequent passage and this may be indicative of changes to the 

cells over time.  

5.7.5 Chapter Five conclusions 

 

The work in this chapter has allowed the development of a culture system in which side-population 

trophoblasts can be propagated, and this ability to maintain side-population trophoblasts long-term 

in culture has allowed them to be differentiated into syncytiotrophoblast-like, EVT-like cells and 

cytotrophoblast-like cells. Together this supports the hypothesis that side-population trophoblasts are 

a human TSC-like cell, and allows these cells to be used in future studies to better understand early 

placental development.  
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Chapter Six: Isolation of side-population trophoblast from third 

trimester placentae and their transcriptomic profile compared to 

side-population trophoblasts from fetal growth restricted placentae 
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6.1 Rationale 
 

Human TSC populations have previously been isolated from the blastocyst or from first trimester 

placental villi (Zdravkovic et al. 2015; Okae et al. 2018). However, attempts to isolate human TSCs 

from third trimester villi have failed (Okae et al. 2018). Blastocyst and first trimester derived human 

TSCs and candidate human TSC populations (including side-population trophoblasts) enable a deeper 

understanding of early human trophoblast development. However, as we cannot accurately predict 

which first trimester placentae will go onto develop pregnancy disorders, this does not allow us to 

examine the potential role of human TSCs in pregnancy pathologies such as FGR that are diagnosed in 

later gestation.  

The isolation of side-population trophoblasts from third trimester placentae would provide three 

major benefits. First, the use of side-population trophoblasts from third trimester placentae would 

provide a wider range of in vitro models that could be used to investigate early human placental 

development. Second, third trimester side-population trophoblasts may have potential clinical uses 

as a cell therapy both in placental and non-placental pathologies. Indeed,  amniotic epithelial stem 

cells are in clinical trials for ocular surface reconstruction (Gatzioufas et al. 2012; Tomita et al. 2006; 

Habot-Wilner et al. 2007), treatment of burn lesions (Mostaque et al. 2011; Bujang-Safawi et al. 2010) 

and have been used to repair dural defects in the brains of young children (Kudriashov et al. 1981). 

Finally, and most importantly for the focus of this thesis, the isolation of side-population trophoblasts 

from third trimester placentae would allow the potential to isolate these cells from placentae 

impacted by FGR, which is diagnosed in the second half of gestation. Investigating these cells would 

allow us to examine whether there are inherent differences in the side-population trophoblasts from 

FGR and normal placentae that contribute to the pathogenesis of FGR. Thus, the primary aim of this 

chapter was to determine whether side-population trophoblasts could be isolated from third 

trimester placentae, in order to compare gene expression differences between side-population 

trophoblasts isolated from FGR placentae and gestation-matched control placentae.   
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As the pathogenesis of pregnancy disorders such as FGR are established early in gestation, to fully 

understand the contribution of the side-population trophoblasts to the pathogenesis of placental 

disorders it is also important to understand how side-population trophoblasts may change in 

uncomplicated pregnancies through gestation. Therefore, the second aim of this chapter was to 

investigate gene expression differences between first trimester and normal third trimester side-

population trophoblasts.  

Finally, to investigate functional differences between side-population trophoblasts isolated from first 

trimester, normal third trimester or FGR pregnancies and to help test potential clinical interventions 

on these cells, or allow the cells themselves to be used therapeutically, it is essential to establish an in 

vitro culture system for third trimester side-population trophoblasts. Consequently, the last aim of 

this chapter was, to determine whether side-population trophoblasts isolated from third trimester 

placentae could be cultured in a similar manner to first trimester side-population trophoblasts were 

cultured in Chapter Five.  

6.2 Side-population trophoblasts can be isolated from third trimester placentae 
 

In order to isolate side-population cells from third trimester placentae, the previously established cell 

sorting protocol for isolating first trimester side-population trophoblasts (James et al. 2015) was 

employed with the addition of a red blood cell lysis step (refer to section 3.2.2.1). The side-population 

gate was set based on the Fumitremorgin-C and Reserpine treated negative control, which together 

inhibit Hoechst 33342 efflux (Figure 6.1B). Side-population cells were sorted by capturing Hoechst 

33342-low cells present in this gate in the main sample (Figure 6.1A), as well as ß4 integrin-FITC 

positive cytotrophoblasts from the main population.   

Using this methodology, side-population cells could be sorted from third trimester placentae. The 

proportion of side-population cells in digests from normal third trimester placentae (3.35% ±0.56% 

SEM, n=20) was not significantly different from the proportion of side-population cells in digests from 

first trimester placentae (3.66% ±0.43% SEM, n=20, p =0.1891) (Figure 6.4) 
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Figure 6.1. Representative FACS scatter plots of digested live cells from a placenta (40.3 weeks 

gestation). A) The sorted sample shows the presence of the side-population cells (yellow) contained 

in the black box.  B) A negative control (treated with the xenobiotic transporter pump inhibitors 

Reserpine and Fumitremorgin-C) demonstrates the inhibition of Hoechst 33342 efflux confirming the 

side-population trophoblasts nature of the cells in A.  

 

6.3 Cells in the side-population gate are >97% pure trophoblasts from within the 

placental villi 
 

To determine whether the side-population cells were trophoblasts, cells within the side-population 

trophoblast gate (Figure 6.1A) were sorted into Matrigel™ coated wells of a 96 well plate and 

immunofluorescent labelling was used to determine the proportion of cytokeratin-7 (a pan 

trophoblast marker), vimentin (a mesenchymal cell marker), major histocompatibility complex class I 

(MHC I) (absent from villous trophoblast populations) or HLA-G (a marker of EVTs) positive cells.   

Of the cells sorted from the side-population gate:  

 98.2% (±0.91% SEM, n=4) were cytokeratin-7 positive and vimentin negative (Figure 6.2A.).  

 97.6% (±0.25% SEM, n=3) were cytokeratin-7 positive and MHC I negative (Figure 6.2B.). 

 Collectively, this demonstrates that side-population cells are trophoblasts. 
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  98.4% (±1.23% SEM, n=3) of the cells were cytokeratin-7 positive and HLA-G negative (Figure 

6.2C.) demonstrating that the side-population cells are not EVTs and likely originate from 

within the placental villi.  

While these experiments demonstrate that the sorted side-population cells are >97% pure 

trophoblasts, in order to further improve purity an additional MHC I depletion step was introduced 

into the sorting protocol in all further experiments in this chapter.  
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Figure 6.2 Representative images of side-population cells isolated from third trimester placentae 

immunofluorescently labelled with; A) cytokeratin-7 (red)/ vimentin (green), B) cytokeratin-7 / MHC 

I (green), C) cytokeratin-7 / HLA-G (green),  D) cytokeratin-7 and IgG1 (green) (negative control for 

vimentin and HLA-G) or E) IgG2 (green) (negative control for MHC I). Cells are counterstained with 

Hoechst 33342 (blue) to visualise the nuclei. 
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6.4 The proportion of side-population trophoblasts is significantly reduced in fetal 

growth restriction 
 

The proportion of side-population trophoblasts isolated from FGR placentae (0.32% ±0.04% SEM, n=5) 

was significantly reduced compared to side-population trophoblasts isolated from either first 

trimester (3.66%, p <0.0001) or third trimester (3.35%, p <0.0001) placentae (Figure 6.3 and Figure 

6.4). On average 2,106 (±724 SEM, n=5) side-population trophoblasts were obtained per gram of FGR 

placenta, whereas 41,034 (±39,183 SEM, n=5) side-population trophoblasts were obtained per gram 

of gestation-matched control placentae.  

 

Figure 6.3. Representative FACS scatter plots of Hoechst 33342 stained digests from A) a 38.2 week 

FGR placenta (<1st percentile) and B) a 38.0 week normal third trimester placenta. Side population 

trophoblasts are boxed in black and coloured yellow. The main trophoblast population from which 

cytotrophoblasts were isolated is boxed in blue. Plots are normalised to 30,000 cells per plot for 

comparison purposes.  
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Figure 6.4 Bar graph showing the proportion of side-population trophoblasts isolated from first 
trimester (n=20), normal healthy third trimester (n=20) or FGR placentae (n=5) as a percentage of 

the total live cell population. Differences between the sample sets were analysed using Mann-
Whitney test. **** p <0.0001.  Error bars are SEM.  

6.5 Transcriptomic analysis of side-population trophoblasts and cytotrophoblasts in 

normal and FGR pregnancies 
 

In order to evaluate gene expression between side-population trophoblasts from normal third 

trimester and FGR placentae, matched sets of side-population trophoblasts and cytotrophoblasts 

were isolated from five third trimester FGR and five gestation-matched control placentae. RNA was 

extracted from an average of 18,221 (±6,612 SEM) side-population trophoblasts and 220,000 (±12,247 

SEM) cytotrophoblasts isolated from FGR placentae (n=5), or 54,700 (±37,317 SEM) side-population 

trophoblasts and 205,000 (±45,000 SEM) cytotrophoblasts isolated from gestation-matched control 

placentae (n=5). While, the numbers of side-population trophoblasts and cytotrophoblast isolates 

collected differed, downstream transcriptomic analysis was normalised between the two populations 

by using 2.6ng of starting total RNA. The gene expression profiles were obtained and analysed using 

Affymetrix PrimeView microarrays where side-population trophoblast gene expression in each 

placenta was normalised to cytotrophoblasts from the same placenta. Using this data two analyses 

were conducted: 1) in order to determine how gene expression differences in side-population 

trophoblasts may contribute to the pathogenesis of FGR, side-population trophoblasts from FGR 
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placentae were compared to gestation-matched controls, 2) in order to determine whether side-

population trophoblasts exhibited the  same molecular phenotype across gestation, side-population 

trophoblasts from normal third trimester placentae were compared to previously published 

microarray data of five sets of  presumably normal first trimester side-population trophoblasts and 

cytotrophoblasts each isolated from the same placenta.   

6.5.1 Data characteristics of fetal growth restricted and gestation-matched controls used in the 

transcriptomic analysis 

 

All placentae were collected from singleton pregnancies that were not complicated by maternal 

hypertension, diabetes or inflammatory/autoimmune conditions, and thus all FGR samples were 

reflective of pure FGR.  While the inclusion criteria of FGR for this study was ≤5th customised growth 

centile, four of the FGR samples were in fact ≤1st customised growth centile. All gestation-matched 

control samples were ≥25th customised growth centile. Almost all data in Table 6.1 was collected from 

five FGR and five gestation-matched control samples except for data regarding abdominal 

circumference and femur length where data was available for all five FGR samples and but data from 

only three of the five gestation-matched control samples was available. No significant differences 

were apparent in gestation at delivery, head circumference, abdominal circumference, femur length, 

maternal age or maternal BMI (Table 6.1). Birth weight was significantly smaller in FGR samples 

(1,980g ±285.8g SEM, n=5) compared to the gestation matched controls (3,109g ±284.9g SEM, n=5) 

(Table 6.1). However, while average placental weight was decreased in FGR placentae (381g ±72.81g 

SEM, n=5) compared to gestation-matched controls (663g ±80.59g SEM, n=5), this was not statistically 

significant (p 0.0556, Table 6.1).   
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Table 6.1 Summary table showing fetal and maternal characteristics of samples used for microarray 
analysis.  

 FGR Gestation-matched controls p value 

Gestation at 
delivery 

36.5 weeks (±1.3 weeks) 
(range 30.2-39.6 weeks) 

37.0 weeks  (± 0.9 weeks) 
(range 34.4-40 weeks) 

0.7554 

Birth weight 1,980g (±285.8g) 
(range 860-2470g) 

 3,109g (±284.9g) 
(range 2260-4020g) 

0.0159 

Placental 
weight 

381g (±72.81g) 
(range 210-645g) 

663g (±80.59g) 
(range 500-960g) 

0.0556 

Customised 
birth centile 

1.8% (±0.8%) 
(range 1-5%) 

62.8% (±11.7%) 
(range 25-87%) 

0.0079 

Crown heel 
length at birth 

42.2cm (±2.6cm) 
(range 35-48cm) 

50.4cm (±1.3cm) 
(range 47-55cm) 

0.0159 

Head 
circumference 

at birth 

31.3cm (±1.8cm) 
(range 24.5-35cm) 

33.6cm (±0.4cm) 
(range 32.5-35cm) 

0.1508 

Abdominal 
circumference 

25.0cm (±3.1cm) 
(range 14.9cm-31.0cm) 

33.4cm (±23.6cm) 
(range 25.1cm-38.1cm) 

0.1071 

Femur length 5.5cm (±0.7cm) 
(range 3.0cm-6.9cm) 

7.0cm (±1.5cm) 
(range 6.7cm-7.2cm) 

0.1071 

Maternal Age 34.6 years (±1.6 years) 
(range 29-38 years) 

30 years (± 1.3 years) 
(range 27-33 years) 

0.0635 

Maternal BMI 21.8 (±1.4) 
(range 18.7-26.4) 

25.9 (±1.5) 
(range 22.3-31) 

0.0952 

All data are reported as x (± SEM). Statistically significant values are bolded. 

 

6.5.2 Gene expression differences exist between side-population trophoblasts isolated from fetal 

growth restricted and normally grown gestation-matched controls 

 

PCA demonstrates that side-population trophoblasts and cytotrophoblasts from FGR and gestation-

matched control placentae all cluster closely (Figure 6.5). When side-population trophoblasts from 

FGR placentae were compared directly to side-population trophoblasts from gestation-matched 

controls, no significant differences in gene expression were found. Similarly, there were no gene 

expression differences between cytotrophoblasts from FGR placentae and cytotrophoblasts from 

gestation-matched control placentae.  
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Figure 6.5. Principle components analysis of FGR (n=5) (red) and gestation-matched control (n=5) 

(green) side-population trophoblasts (SP) and cytotrophoblasts (CTB) 

 

In order to mitigate placental variation, side-population trophoblast gene expression was then 

examined relative to cytotrophoblasts from the same placenta. Relative to cytotrophoblasts, side-

population trophoblasts isolated from FGR placentae significantly down-regulated 17 genes (>2-fold, 

adjusted p value <0.05) and significantly up-regulated 49 genes (>2-fold, adjusted p value <0.05) 

(Figure 6.6). Relative to cytotrophoblasts, side-population trophoblasts isolated from gestation-

matched control placentae significantly down-regulated 3 genes (>2-fold, adjusted p value<0.05) and 

significantly up-regulated 25 genes (>2-fold, adjusted p value <0.05) (Figure 6.6). 
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Figure 6.6. Proportional Venn diagrams demonstrating the overlap in genes A) down-regulated ≥2-

fold or B) up-regulated ≥2-fold in side-population trophoblasts (SP) compared to cytotrophoblasts 

(CTB) from FGR and gestation-matched control placentae. 

 

The primary question of interest to ask this data is ‘what is happening in FGR placentae that is not 

happening in control placentae?’ To answer this, we must consider genes that only change expression 

levels in side-population trophoblasts from FGR placentae (relative to cytotrophoblasts). 14 genes 

were only down-regulated in side-population trophoblasts relative to cytotrophoblasts from FGR 

placentae suggesting that aberrant down-regulation of these genes may play a role in FGR 

pathogenesis (Figure 6.6A, Table 6.2). GATHER pathways analysis revealed that these 14 genes were 

involved in pathways including peptidyl-glutamic acid carboxylation, glycine catabolism, cGMP 

metabolism, serine family amino acid metabolism, and regulation of cell proliferation (Table 6.3). 35 

genes were only up-regulated in FGR side-population trophoblasts relative to cytotrophoblasts (Figure 

6.6B, Table 6.2).  GATHER pathways analysis revealed these 35 genes are involved in pathways such 

as the response to biotic stimulus, response to unfolded protein, and response to stress (Table 6.4). 

Closer inspection of the 35 up-regulated genes also identified two genes; DOK1 and KLF11, both of 

which inhibit cell growth and promote apoptosis (Figure 6.7, Figure 6.8, Table 6.7) (Ding et al. 2017; 

Diaz et al. 2017; Gohla et al. 2008).  
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Table 6.2. Table of genes that are down- or up-regulated exclusively in side-population trophoblasts 
from FGR placentae (compared to gestation-matched control placentae) 

 FGR Control 

Summary of significance Gene Fold Change 

(SPvCTB) 

Adjusted 

p value 

Fold Change 

(SPvCTB) 

Adjusted 

p value 

 

 

 

 

 

 

Significantly down-regulated 

˃2-fold exclusively in FGR  

AMT -2.98 <0.05 -1.78 0.9 

RAP2B -2.64 <0.05 -1.67 0.32 

H3F3A -2.62 <0.05 -2.09 0.12 

MTFR1L -2.57 <0.05 -1.3 0.65 

PPIP5K1 -2.53 <0.05 -0.52 0.99 

ZNF586 -2.46 <0.01 -1.09 0.52 

WLS -2.41 <0.05 -0.23 1 

GGCX -2.33 <0.05 -0.91 0.74 

GUCY1B2 -2.32 <0.01 -1.11 0.45 

LOC101929060 /// MIER2 -2.29 <0.05 0.2 1 

DDX5 -2.25 <0.05 -1.42 0.28 

LRRC75A -2.2 <0.05 -0.94 0.11 

ECI2 -2.14 <0.05 -1 0.78 

NDUFA4 -2.02 <0.05 -1.4 0.36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significantly up-regulated       

˃2-fold exclusively in FGR 

MALAT1 3.91 <0.01 3.02 0.06 

LASP1 3.5 <0.01 2.31 0.06 

NR4A3 3.36 <0.05 1.75 0.4 

GPRC5A 3.15 <0.01 2.16 0.14 

FCGR2A /// FCGR2C 3.14 <0.05 2.56 0.21 

EGR2 3.1 <0.01 2.2 0.12 

CXCL2 3.04 <0.05 1.93 0.45 

FOSL1 2.94 <0.05 2.46 0.21 

UPP1 2.94 <0.05 2.47 0.06 

TUBA4A 2.82 <0.05 1.74 0.49 

TPM1 2.81 <0.05 1.13 0.84 

DLX2 2.8 <0.05 1.74 0.28 

YPEL2 2.74 <0.05 2.59 0.08 

MYADM 2.72 <0.05 1.34 0.67 

CENPA 2.69 <0.05 1.17 0.94 

HSPA6 2.66 <0.05 1.6 0.37 

DOK1 2.62 <0.05 0.31 1 

CXCL1 2.58 <0.05 1.57 0.4 

ELF3 2.5 <0.05 1.91 <0.05 

EZH2 2.49 <0.01 1.85 <0.05 

RPS16 2.47 <0.05 1.72 0.18 

ARL4D 2.41 <0.05 1.37 0.47 

KIF14 2.36 <0.05 0.88 0.86 

ISG15 2.35 <0.05 1.24 0.62 

HSPA7 2.35 <0.05 1.48 0.34 

DLEU2 2.34 <0.05 1.45 0.46 
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KLF11 2.33 <0.05 1.29 0.47 

NOCT 2.28 <0.05 1.29 0.45 

GCH1 2.22 <0.05 1.47 0.28 

CRY1 2.18 <0.05 1.52 0.16 

SNX5 2.14 <0.05 1.68 0.18 

CDC20B 2.08 <0.05 1.2 0.3 

TIPARP 2.07 <0.05 1.58 0.17 

HSPH1 2.04 <0.05 1.42 0.21 

LUZP1 2.03 <0.05 1.83 0.08 

 

Table 6.3 Table of gene ontology for top 10 pathways down- regulated in side-population trophoblasts 
from FGR placentae 

Pathway Genes involved p value Bayes factor 

GO:0017187: peptidyl-glutamic acid 
carboxylation 

1 
 

0.0001 6 

GO:0018200: peptidyl-glutamic acid 
modification 

1 0.0001 6 

GO:0018214: protein amino acid 
carboxylation 

1 0.0001 6 

GO:0006546: glycine catabolism 1 0.0006 4 

GO:0009071: serine family amino acid 
catabolism 

1 0.0008 4 

GO:0046068: cGMP metabolism 1 0.001 3 

GO:0006182: cGMP biosynthesis 1 0.001 3 

GO:0006544: glycine metabolism 1 0.001 3 

GO:0009190: cyclic nucleotide 
biosynthesis 

1 0.003 2 

GO:0009069: serine family amino acid 
metabolism 

1 0.004 2 

 

Table 6.4 Table of gene ontology for top 10 pathways up-regulated in side-population trophoblasts 
from FGR placentae 

Pathway Genes involved p value Bayes factor 

GO:0009607: response to biotic stimulus 9 0.0001 6 

GO:0006986: response to unfolded 
protein 

3 0.0002 5 

GO:0006950: response to stress 7 0.001 3 

GO:0042330: taxis 3 0.002 3 

GO:0006935: chemotaxis 3 0.002 3 

GO:0007420: brain development 2 0.002 3 

GO:0006955: immune response 6 0.004 2 

GO:0050896: response to stimulus 10 0.005 2 

GO:0006952: defence response 6 0.007 2 

GO:0050874: organismal physiological 
process 

9 0.01 1 
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The second question of interest to ask this dataset is ‘what is happening in control placentae to aid 

healthy placental function that is not happening in FGR placentae?’ To answer this, we must focus on 

genes whose expression level only changes in side-population trophoblasts relative to 

cytotrophoblasts in gestation-matched controls. No genes were only down-regulated in side-

population trophoblasts relative to cytotrophoblasts isolated from gestation-matched control 

placentae (Figure 6.6A). 11 genes were up-regulated only in side-population trophoblasts relative to 

cytotrophoblasts isolated from gestation-matched control placentae (Figure 6.6B, Table 6.5). GATHER 

pathways analysis indicates that these 11 genes were enriched for pathways including the integrin-

mediated signalling pathway, detection of biotic stimulus and antigen processing and presentation 

(Table 6.6).  Closer inspection of these 11 genes identified five genes (TMBX4, KLF9, SPAG9, EFNB2 

and KNCQ1OT1) that drive cell proliferation (Figure 6.7, Figure 6.8, Table 6.7) (Wirsching et al. 2014; 

Hong et al. 2016; Yi et al. 2013; Krusche et al. 2016; Wong et al. 2012; Gong et al. 2017; Yoshizawa et 

al. 2015).  

Taken together, gene expression changes only occurring in FGR placentae, or only occurring in 

gestation-matched control placentae, demonstrate that the side-population trophoblasts from FGR 

placentae may be more prone to apoptosis and are less proliferative than their counterparts isolated 

from gestation-matched control placentae (Table 6.7).  
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Table 6.5. Table of genes that are up-regulated exclusively in side-population trophoblasts in from 
gestation-matched control placentae (compared to FGR placentae) 

 FGR Control 

Summary of significance Gene Fold Change 

(SPvCTB) 

Adjusted     

p value 

Fold Change 

(SPvCTB) 

Adjusted     

p value 

 

 

 

Significantly up-regulated       

˃2-fold  exclusively in 

gestation-matched control 

placentae 

KCNQ1OT1 0.98 0.31 2.85 <0.05 

SERPINE3 1.95 <0.05 2.83 <0.01 

HLA-DPB1 0.82 0.39 2.79 <0.05 

TMSB4X 1.61 0.14 2.67 <0.05 

RNF152 1.15 0.13 2.57 <0.01 

FAM222A 1.99 0.06 2.5 <0.05 

KLF9 1.6 0.07 2.46 <0.05 

SPAG9 1.48 0.11 2.36 <0.05 

EFNB2 1.64 0.1 2.17 <0.05 

ITGAM 1.21 0.14 2.07 <0.05 

CLEC2B 0.87 0.26 2.02 <0.05 

 

Table 6.6 Table of gene ontology for top 10 pathways up- regulated in side-population trophoblasts 
from gestation-matched control placentae 

Pathway Genes involved p value Bayes factor 

GO:0009596: detection of pest, pathogen 
or parasite 

1 0.001 3 

GO:0009405: pathogenesis 1 0.002 3 

GO:0009595: detection of biotic stimulus 1 0.002 3 

GO:0019884: antigen presentation, 
exogenous antigen 

1 0.003 3 

GO:0019886: antigen processing, 
exogenous antigen via MHC class II 

1 0.003 3 

GO:0050875: cellular physiological 
process 

2 0.004 2 

GO:0030333: antigen processing 1 0.005 2 

GO:0019882: antigen presentation 1 0.007 2 

GO:0009613: response to pest, pathogen 
or parasite 

2 0.008 2 

GO:0007229: integrin-mediated signalling 
pathway 

1 0.008 2 
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Table 6.7 Table of genes associated with apoptosis and proliferation that are differentially expressed 
between side-population trophoblast (SP) relative to cytotrophoblasts (CTB) in either FGR or 
gestation-matched control placentae.  

Gene Fold change FGR 

(SP vs CTB) 

Fold change controls 

(SP vs CTB) 

Function of gene 

DOK1 2.6* 0.3 Enhanced expression of DOK1 inhibits proliferation 

and enhances apoptosis (Ding et al. 2017) 

KLF11 2.3* 1.3 Hypermethylated in small for gestational age 

placentae (Diaz et al. 2017). KLF11 inhibits cell 

growth and promotes apoptosis (Gohla et al. 2008) 

KCNQ1OT1 1.0 2.8* An imprinted gene that may regulate placental 

development. In FGR fetuses this gene is 

significantly decreased. (Gou et al. 2017). Down-

regulation of KCNQ1OT1 reduces proliferation and 

induced apoptosis of cells (Gong et al. 2017; 

Yoshizawa et al. 2015) 

TMSB4X 2.0 3.0* TMSB4X can induce cell proliferation, while 

inhibiting TMSB4X promotes cell death and inhibits 

self-renewal (Wirsching et al. 2014; Hong et al. 

2016). 

KLF9 1.6 2.5* Promotes proliferation (Wong et al. 2012) 

SPAG9 1.5 2.4* Promotes proliferation (Yi et al. 2013). 

EFNB2 1.1 2.2* Drives proliferation of stem-like cells (Krusche et al. 

2016). Suppression of EFNB2 in HTR8/Svneo 

prevents proliferation and induces apoptosis (Luo et 

al. 2015). 

*adjusted p value <0.05 
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Figure 6.7. Bar graph showing the relative gene expression fold change of pro-apoptotic (DOK1 and 

KLF11), anti-apoptotic (KCNQ1OT1) and pro-proliferative (TMSB4X, KLF9, SPAG9 and EFNB2) in side-

population trophoblasts from FGR (red) compared to gestation-matched controls (green). 
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Figure 6.8. Bar graph showing the difference in fold change of gene expression between side-

population trophoblasts from FGR placentae and side-population trophoblasts from gestation-

matched controls (both relative to cytotrophoblasts). 
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Finally, inspection of the genes that exhibited changes in side-population trophoblast gene expression 

relative to cytotrophoblasts in both FGR and gestation-matched control placentae allows us to see 

which genes may be necessary for side-population trophoblast function regardless of pathology 

status. Of the 17 genes down-regulated in side-population trophoblasts relative to cytotrophoblasts 

in FGR placentae, 3 genes (NUP210L, DDTL, and TRNAU1AP) overlapped with the gestation-matched 

control groups (Figure 6.6A, Table 6.8). In addition, 14 genes (VEGFA, SLC39A14, DUSP10, GATA6, 

DNAJA4, IFIT2, KLHL15, INTS6, HK2, ZBTB2, CRYAB, EGR3, VIM, and CXCL8) up-regulated in side-

population trophoblasts relative to cytotrophoblasts overlapped between the FGR and gestation-

matched control groups (Figure 6.6B, Table 6.8). Four of these genes (EGR3, GATA6, IL8 and VEGF) 

were identified as being involved in organogenesis by GATHER pathways analysis.  

Table 6.8. Table of genes that are down- or up-regulated in side-population trophoblasts in from FGR 
placentae that overlapped with gestation-matched control placentae  

 FGR Control 

Summary of significance Gene Fold Change 

(SPvCTB) 

Adjusted 

p value 

Fold Change 

(SPvCTB) 

Adjusted 

p value 

Significantly down-regulated 

˃2-fold in both FGR and 

gestation-matched controls 

NUP210L -3.19 <0.05 -2.77 <0.05 

DDTL -3.12 <0.01 -3.2 <0.05 

TRNAU1AP -3.07 <0.01 -3.25 <0.05 

 

 

 

 

 

 

Significantly up-regulated       

˃2-fold both in FGR and 

gestation-matched controls 

 

 

 

 

 

 

CXCL8 4.53 <0.01 6.31 <0.05 

VIM 4.37 <0.05 6.34 <0.05 

EGR3 3.52 <0.05 2.99 <0.05 

CRYAB 3.46 <0.05 3.09 <0.05 

ZBTB2 3.06 <0.01 3.7 <0.05 

HK2 3.03 <0.01 4.52 <0.01 

INTS6 2.86 <0.05 3.36 <0.05 

KLHL15 2.66 <0.05 3.41 <0.05 

IFIT2 2.65 <0.01 2.9 <0.05 

DNAJA4 2.58 <0.05 3.19 <0.05 

GATA6 2.46 <0.01 3.53 <0.01 

SLC39A14 2.44 <0.05 3.34 <0.05 

DUSP10 2.44 <0.05 2.98 <0.05 

VEGFA 2.03 <0.05 2.51 <0.05 
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6.5.3 The gene expression differences identified by microarray could not be validated by real-time 

PCR 

 

In order to validate changes in gene expression between side-population trophoblasts and 

cytotrophoblasts from FGR or gestation-matched control placentae in the microarray datasets, real-

time PCR was used to analyse the expression of eight genes chosen based on highest fold change in 

the microarray dataset (NR4A3, WLS, MEIR2 (LOC101929060), PPIP5K1 and TMP1) and/or biological 

significance (DOK1, KCNQOT1 and TMSBX4). Taqman probes that targeted the same locations as those 

identified by the PrimeView Microarray probes were used in these experiments (Table 3.11) gene 

expression was normalised to the geometric mean of three housekeeping genes (GUSB, UBC and IPO8) 

using the ΔΔCT method.  However, of the eight genes examined, only one gene (TMSB4X) showed the 

same statistically significant change in expression by real-time PCR as it did in the microarray dataset 

(a statistically significant increase in side-population trophoblasts relative to cytotrophoblasts in cells 

from FGR placentae, but no difference in side-population trophoblasts relative to cytotrophoblasts in 

gestation-matched control placentae) (Figure 6.9).    
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Figure 6.9. Bar graph showing the normalised gene expression (to three housekeeping genes -IPO8, 

GUSB and UBC) of A) NR4A3, B) DOK1, C) MEIR2 (LOC101929060), D) WLS, E) KCNQOT1, F) TMSBX4, 

G) PPOP5K1, and H) TMP1 assessed by real-time PCR using Taqman probes in side-population 

trophoblasts and cytotrophoblasts from FGR and gestation-matched controls. Differences between 

the cell types were examined using One-way ANOVA. ** p <0.01.  Error bars are SEM. 
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The data above (Figure 6.9) shows normalised gene expression in both side-population trophoblasts 

and cytotrophoblasts from FGR and gestation-matched control placentae. Biologically, however, the 

comparison of most interest is how side-population trophoblast gene expression (relative to 

cytotrophoblasts) may differ between FGR and gestation-matched control placentae. To further probe 

this question, a second analysis comparing the gene expression by using the equation [side-population 

trophoblasts – cytotrophoblasts] was performed, however no statistical differences were identified 

between the FGR and gestation-matched controls (Figure 6.10).  
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Figure 6.10. Bar graph showing the difference in normalised gene expression (to three housekeeping 

genes -IPO8, GUSB and UBC) assessed by real-time PCR between side-population trophoblasts and 

cytotrophoblasts of  A) NR4A3, B) DOK1, C) MEIR2 (LOC101929060), D) WLS, E) KCNQOT1, F) 

TMSBX4, G) PPIP5K1, or H) TMP1 from FGR and gestation-matched controls. Differences between 

the sample sets were examined using Mann-Whitney test.  Error bars are SEM. 
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Finally, to compare fold changes in gene expression obtained by microarray to those obtained by real-

time PCR, the difference in [side-population trophoblast – cytotrophoblasts] between FGR and 

gestation-matched control placentae between the two methodologies was calculated using the 

equation: FGR [side-population trophoblasts - cytotrophoblasts] – gestation-matched control [side-

population trophoblasts – cytotrophoblasts]. This analysis revealed that the changes in gene 

expression detected by real-time PCR were much smaller than the changes observed in the microarray 

data set but for five of the eight the direction of change was the same (Figure 6.11).  

 

 

Figure 6.11. Bar graph showing the averaged relative fold change (FGR-gestation matched controls 

in side-population trophoblasts relative to cytotrophoblasts) in eight genes (NR4A3, DOK1, MEIR2 

(LOC101929060), WLS, KCNQOT1, TMSBX4, PPOP5K1, and TMP1) assessed by real-time PCR or by 

microarray.  
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6.5.4 Side-population trophoblasts from third trimester placentae are more closely related to 

cytotrophoblasts than those from first trimester placentae 

 

In order to determine how side-population trophoblasts may contribute to placental function across 

gestation, previously published first trimester (side-population trophoblast and cytotrophoblast) 

microarray data was reanalysed and compared to the microarray data generated from the third 

trimester gestation-matched control placentae (side-population trophoblast and cytotrophoblast).  In 

order to mitigate any differences that may arise due to differences in the bioinformatics pipelines used 

to previously analyse the first trimester data, this data was reanalysed using the same pipeline 

employed for third trimester samples in this thesis.  

Cluster dendogram analysis showed that first trimester side-population trophoblasts and 

cytotrophoblasts cluster separately from third trimester side-population trophoblasts and 

cytotrophoblasts (Figure 6.12). However, in the first trimester there is a greater separation between 

the side-population trophoblasts and cytotrophoblasts than in third trimester samples (Figure 6.12). 

317 genes were differentially expressed (>2-fold, adjusted p value <0.05) between first trimester side-

population trophoblasts and cytotrophoblasts (Figure 6.13). 23 genes were differentially expressed 

(>2-fold, adjusted p value <0.05) between third trimester side-population trophoblasts and 

cytotrophoblasts (Figure 6.13).  Taken together this data suggests that side-population trophoblasts 

and cytotrophoblasts are more closely related in third trimester placentae than in first trimester 

placentae.  
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Figure 6.12 Cluster dendogram showing the separation of first trimester (n=5) (blue) and third 

trimester (n=5) (green) side-population trophoblasts (SP) and cytotrophoblasts (CTB) 

 

 

Figure 6.13 Proportional Venn diagrams demonstrating the overlap in genes A) down-regulated ≥2-

fold or B) up-regulated ≥2-fold in side-population trophoblasts compared to cytotrophoblasts from 

first and third trimester placentae. 
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In order to identify core genes for side-population trophoblast function across gestation, the first 

question to ask this dataset is ‘what genes are common to the first trimester and third trimester data 

sets?’ No genes were commonly down-regulated between the first trimester and third trimester 

groups (Figure 6.13A). However, 8 of the genes (INTS6, UPP1, SERPINE3, ELL2, HK2, CXCL8, GATA6, 

HLA-DPB1) up-regulated in side-population trophoblasts relative to cytotrophoblasts were common 

to both first trimester and third trimester placentae (Figure 6.13B). Several of these genes are known 

to play roles in DNA/RNA synthesis (UPP1 and ELL2), regulation of the cell cycle (HK2and INTS6- 

particularly during the synthesis phase where DNA is replicated) and immune regulation (CXCL8 and 

HLA-DPB1) (Morris et al. 2005; Miyashita et al. 2002; Shilatifard et al. 2003; Hu et al. 2014; Shimoya 

et al. 1992; De Oliveira et al. 2010; Shaw et al. 2006).  

The most important question to ask this data set is ‘what is happening to the side-population 

trophoblasts with increasing gestation?’ In order to answer this question we must first consider the 

genes that were differentially expressed only in the first trimester to better understand the pathways 

that are enhanced and suppressed in early placental development compared to late gestation. 13 

genes were down-regulated only in side-population trophoblasts (relative to cytotrophoblasts) 

isolated from first trimester placentae. GATHER pathways analysis showed that these 13 genes were 

involved in pathways such as cytokinesis and regulation of mitosis (Table 6.9). Interestingly, far more 

genes were up-regulated in in side-population trophoblasts compared to cytotrophoblasts in the first 

trimester (296 genes) than in third trimester (13 genes). It is likely that the genes up-regulated only in 

the first trimester side-population trophoblasts (relative to cytotrophoblasts) are crucial for the 

development of a healthy placenta as pathologies of placentation are established in early gestation 

(Huppertz 2011). Therefore, the 296 genes only up-regulated were assessed using GATHER pathways 

analysis which identified these genes were enriched for pathways such as the immune response, 

response to external biotic stimulus, cell adhesion, development and morphogenesis (Table 6.10). 

That third trimester isolates do not up-regulate these genes suggest these pathways may no longer 

be necessary for side-population trophoblast function in late pregnancy. 
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Table 6.9 Table of gene ontology for top 10 pathways down-regulated in side-population trophoblasts 
from first trimester placentae 

Pathway Genes involved p value Bayes factor 

GO:0000910: cytokinesis 2 0.0002 5 

GO:0007089: traversing start control point 
of mitotic cell cycle 

1 0.0003 4 

GO:0000080: G1 phase of mitotic cell 
cycle 

1 0.001 3 

GO:0007088: regulation of mitosis 1 0.003 2 

GO:0000079: regulation of cyclin 
dependent protein kinase activity 

1 0.003 2 

GO:0000086: G2/M transition of mitotic 
cell cycle 

1 0.004 2 

GO:0000082: G1/S transition of mitotic 
cell cycle 

1 0.005 2 

GO:0006916: anti-apoptosis 1 0.008 2 

GO:0045859: regulation of protein kinase 
activity 

1 0.009 1 

GO:0043066: negative regulation of 
apoptosis 

1 0.009 1 

 

Table 6.10 Table of gene ontology for top 10 pathways up-regulated in side-population trophoblasts 
from first trimester placentae 

Pathway Genes involved p value Bayes factor 

GO:0006955: immune response 43 <0.0001 22 

GO:0006952: defence response 45 <0.0001 21 

GO:0030333: antigen processing 10 <0.0001 18 

GO:0009607: response to biotic stimulus 46 <0.0001 17 

GO:0006139 : nucleobase, nucleoside, 
nucleotide and nucleic acid metabolism 

17 <0.0001 16 

GO:0019882 : antigen presentation 10 <0.0001 14 

GO:0019883 : antigen presentation, 
endogenous antigen 

6 <0.0001 12 

GO:0019885: antigen processing, 
endogenous antigen via MHC class I 

6 <0.0001 12 

GO:0043207: response to external biotic 
stimulus 

28 <0.0001 12 

GO:0009613: response to pest, pathogen 
or parasite 

27 <0.0001 12 

 

To fully understand the impact of increasing gestation on side-population trophoblasts we must also 

consider the genes that are differentially expressed only in the third trimester side-population 

trophoblasts (relative to cytotrophoblasts). Only two genes were down-regulated exclusively in side-

population trophoblasts (relative to cytotrophoblasts) from third trimester placentae (TRNAU1AP and 

DDTL), consequently GATHER pathways analysis could not be conducted on these genes. However, 13 
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genes were up-regulated only by third trimester side-population trophoblasts (relative to 

cytotrophoblasts). GATHER pathways analysis suggests that the 13 genes were enriched for pathways 

including cortical cytoskeleton organization and biogenesis, insulin receptor signalling and circadian 

rhythm (Table 6.11).  

Table 6.11 Table of gene ontology for top 10 pathways up-regulated in side-population trophoblasts 
from third trimester placentae 

Pathway Genes involved p value Bayes factor 

GO:0030865: cortical cytoskeleton 
organization and biogenesis 

1 0.002 3 

GO:0008286: insulin receptor signalling 
pathway 

1 0.005 2 

GO:0007623: circadian rhythm 1 0.006 2 

GO:0048511: rhythmic process 1 0.01 1 

GO:0016567: protein ubiquitination 2 0.01 1 

GO:0006464: protein modification 4 0.01 1 

GO:0007254: JNK cascade 1 0.01 1 

GO:0000165: MAPKKK cascade 1 0.03 0 

GO:0006512: ubiquitin cycle 2 0.03 0 

GO:0008286: insulin receptor signalling 
pathway 

1 0.03 0 

 

6.6 Side-population trophoblasts from third trimester placentae exposed to TSC 

Medium exhibit a distinct morphology 

In order to determine if side-population trophoblasts can be maintained in culture, the same 

methodology that was applied to culture first trimester side-population trophoblasts (see Chapter 

Five) was applied to third trimester side-population samples (Okae et al. 2018). Unlike first trimester 

placentae, the seeding of 1,000 side-population trophoblasts per well in a 6 well plate (n=3) did not 

produce colonies of side-population trophoblasts. However, when side-population trophoblasts were 

seeded at an average cell density of 14,951 cells/ well (±5,071 cells SEM, n=3) in a 6 well plate adherent 

cell were apparent in the cultures. Unlike the first trimester side-population trophoblasts, third 

trimester side-population trophoblasts formed 3D spherical structures within 10 days of culture and 

maintained the spherical morphology for up to 40 days (Figure 6.14).  
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Figure 6.14 Representative images of the 3D structures present when side-population trophoblasts 

isolated from a placenta of 39 weeks of gestation cultured under the conditions described by Okae 

et al 2018. Images were taken at day 16 (A and B) and day 40 (C and D) of culture.  

 

Initially, the spheroid structures were observed as loosely adherent to the Collagen IV surface and 

appeared to have an absent or small cavity. However, observations of the structures suggest that over 

time as the structures grew larger and the cavity space increased, the spherical structures lost 

adherence to the culture surface and begin to float in culture preventing individual spherical 

structures from being tracked over time. Never-the-less, in order to determine if the structures were 

growing, the diameters of spherical structures that were present in the cultures were measured at 

days 20, 30 and 40. The mean diameter of the structures showed a significant increase in size from 

x =72.95µM at day 20 (±3.3µM SEM, n=76 structures from 3 placentae), to x =118.1µM at day 40 

(±5.4µM SEM, n=70 structures from 3 placentae, p <0.0001) (Figure 6.15). 
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Figure 6.15 Graph showing the mean width of 3D spherical structures that develop from the culture 

of third trimester side-population trophoblasts over time. Individual data points represent one 

spheroid structure from a placental (n=3 placentae).  

 

Fluorescently labelled anti-cytokeratin-7 and Hoechst 33342 were used to visualise the 3D structures 

by confocal microscopy.  The spherical structures contained 1 to 4 nuclei (Figure 6.16A-C). Phase 

contrast microscopy also determined that the structures contained vesicle-like cargo within the 

cytoplasm (Figure 6.16D-G).  
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Figure 6.16 Confocal images of 3D spherical structures generated by third trimester side-population 

trophoblasts stained with cytokeratin-7 (green) and Hoechst 33342 (blue). Composite image of A) 

structure with one nuclei B) structure with two nuclei, C) structure with four nuclei. Phase contrast 

images E-F show the vesicles contained in the corresponding structure above.  

 

6.7 Summary of key findings from Chapter Six 
 

 The proportion of side-population trophoblasts that can be isolated from third trimester 

placentae was not significantly different to the proportion of side-population trophoblasts 

that were isolated from first trimester placentae. 

 The proportion of side-population trophoblasts in FGR is significantly reduced compared to 

normal first and third trimester placentae.  

 Relative to cytotrophoblasts isolated from the same placentae, microarray analysis suggests 

that FGR placentae are transcriptomically different from those isolated from gestation-

matched control placentae. However, not all gene expression differences seen by microarray 

could be validated by real-time PCR.  

 Gene expression microarray analysis suggests that side-population trophoblasts are more 

closely related to cytotrophoblasts in the third trimester than they are in the first trimester. 
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 Side-population trophoblasts from third trimester placentae spontaneously form 3D 

structures in human TSC Medium. 

6.8 Discussion:  
  

The work in this chapter has shown for the first time that >97% pure side-population trophoblasts can 

be isolated from within third trimester human placental villi. Like the cytotrophoblast to 

syncytiotrophoblast nuclear ratio, which has been shown to remain consistent throughout gestation 

(Mayhew et al. 1999), this work has shown that the proportion of cytotrophoblasts to side-population 

trophoblasts also remain consistent across gestation. However, gene expression analysis revealed that 

third trimester side-population trophoblasts are more closely related to cytotrophoblasts than first 

trimester side-population trophoblasts are. In contrast to both first trimester side-population 

trophoblasts and previously isolated first trimester derived human TSC populations that grow as a 

monolayer, side-population trophoblasts isolated from third trimester placenta spontaneously exhibit 

a distinct 3D spherical morphology when cultured under the conditions described by Okae et al 2018. 

Unlike other placental human TSC populations, side-population trophoblasts could be isolated from 

FGR placentae enabling a better understanding of how side-population trophoblasts may be 

contributing to the pathogenesis of FGR.  Importantly, the results of this chapter have shown that 

side-population trophoblasts constitute a markedly decreased proportion of the total FACS sorted live 

trophoblast cells in FGR placentae, and that these FGR side-population trophoblasts have a 

transcriptome that is distinct from side-population trophoblasts isolated from gestation-matched 

control samples.  

6.8.1 Side-population trophoblasts can be isolated from late gestation placentae 

Human TSC have previously been isolated from both blastocysts and first trimester placental villi, but 

not from third trimester placentae (Okae et al. 2018; Zdravkovic et al. 2015). Moreover, 

immunohistochemical staining of placental thin sections using CDX2 suggested a stem-like population 

may not exist beyond the first trimester (Soncin et al. 2018). In contrast the work in this thesis, 
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demonstrates side-population trophoblasts were able to be isolated from third trimester placentae, 

and this is the first time any candidate human TSC population has been able to be obtained from late 

gestation placentae.  

Okae et al attempted to isolate human TSC from third trimester placentae using an enzymatic digest 

followed by immunomagnetic purification of cytotrophoblasts, which were then cultured giving rise 

to a highly proliferative human TSC population. In contrast, in this thesis, side-population trophoblasts 

were isolated directly from enzymatic digests of third trimester placentae by FACS sorting. Thus, these 

methodological differences may allow the side-population to be isolated from third trimester 

placentae in this thesis, whilst a similar human TSC population is lost during the protocol employed by 

Okae et al.  

6.8.2 Reduced side-population trophoblast numbers may contribute to the pathogenesis of 

FGR 

The most notable feature of this work is that the proportion of side-population trophoblasts was 

significantly reduced in FGR placentae. The microarray data in this chapter revealed a relative up-

regulation of pro-apoptotic genes DOK1 and KLF11 and the down-regulation of the anti-apoptotic 

gene KCNQ1OT1 in FGR side-population trophoblasts compared to gestation-matched controls. 

Interestingly, KCNQ1OT1 mRNA expression has also previously been shown to be decreased in 

placental lysates from FGR placentae (Gou et al. 2017), suggesting that the decrease in KCNQ1OT1 is 

wide-spread throughout different trophoblast populations. The data generated in this thesis suggests 

this deficiency may begin at the stem cell level. In addition, side-population trophoblasts from FGR 

placentae did not up-regulate the expression of the pro-proliferative genes (TMSB4X, SPAG9, and 

EFNB2) as happens in gestation-matched control placentae. Collectively these results suggest that the 

combination of decreased survival capacity and inhibited proliferative capacity may contribute to the 

reduced proportion of side-population trophoblasts in FGR. That side-population trophoblasts from 
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FGR placentae have a diminished proliferative capacity may also be a sign of premature cell 

senescence and placental ageing that is implicated in the pathogenesis of FGR (Sultana et al. 2018). 

It is of concern that these changes in gene expression seen by the Affymetrix  gene expression 

microarrays could not be validated by TaqMan real-time PCR which has previously been shown by the 

‘MicroArray Quality Control project’ to have a high correlation value (>0.9 based on comparisons of 

450–550 gene) between the platforms (Consortium et al. 2006). However, unlike the samples used by 

the Microarray Quality Control project that did not undergo preamplification prior to testing, the 

samples used in this thesis underwent two different preamplification protocols for use in either the 

Affeymetrix gene expression microarrays (using a NuGEN Ovation Pico WTA system V2 kit) or the 

TaqMan real-time PCRs (using a TaqMan® PreAmp Master Mix and the 11 specific TaqMan probes 

Table 3.11) which may contribute to the differences in gene expression changes observed this thesis 

using the two methodologies.  

FGR can result from multifactorial pathogenic processes, whereby different mechanisms may result in 

the same pathological outcome. Thus, in some placentae a depleted pool of side-population 

trophoblasts from the start of pregnancy may contribute to FGR, whilst in others it is possible their 

impaired proliferative capacity and susceptibility to apoptosis renders them unable to keep up with 

placental growth. As human TSC (and the candidate human TSCs, the side-population trophoblasts) 

give rise to all trophoblast populations of the placenta (see Chapter Five of this thesis), having a 

reduced pool of side-population trophoblasts would in turn reduce the pool of cytotrophoblasts. This 

would lead to deficiencies in the number of EVTs able to invade into the uterus and remodel the spiral 

arteries, as well as a reduced pool of cytotrophoblasts able to fuse to form the syncytiotrophoblast. 

Overall, deficiencies in the number of trophoblasts able to be produced could be a significant factor 

contributing to the reduced overall size of FGR placentae, which will further reduce the exchange area 

over which nutrient and gas exchange can occur, thus impeding fetal growth. In order to determine 

the impact of diminished side-population trophoblast numbers in FGR it is imperative that future 
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studies investigate the functional changes (particularly with regards to proliferative, differentiation 

and survival capacity) that occur in side-population trophoblast isolated from FGR placentae 

compared to healthy gestation-matched controls.  

Trophoblast dysfunction is difficult to distinguish histologically, particularly if the deficiencies are 

occurring at the functional level (for example impaired syncytiotrophoblast transporter function or 

EVT invasion) (Burton et al. 2018). However, some features of impaired trophoblast development such 

as a thickened syncytiotrophoblast may be obvious (Burton et al. 2018). In addition, impaired vascular 

development, unknown infection or maternal autoimmunity contributing to FGR may be evident in 

the microanatomy (Ch et al. 2013; Mifsud et al. 2014). Unfortunately, a clinical histological exam was 

only conducted on one of the FGR placentae, which identified some areas of hypermature villi 

suggestive of impaired placental architecture and accelerated placental aging, as well as acute 

atherosis suggestive of vascular dysfunction. It is unclear whether there is evidence for an alternative 

cause of FGR at the histopathological level in the other samples used in this study. Therefore, future 

histopathological examination of placental samples from which FGR side-population trophoblasts 

were isolated may help fully elucidate the reasons for FGR. 

It is notable that gene expression differences could only be detected by microarray when side-

population trophoblasts were considered relative to cytotrophoblasts from the same placenta. Whilst 

this is the most biologically relevant comparison to make, it is possible that by increasing sample size 

differences between side-population trophoblasts alone from FGR and gestation-matched controls 

could be identified. However, as it took four years to collect the five FGR and gestation-matched 

controls used in this PhD (due to the need to align infrequent sample availability with FACS 

availability), increasing the sample size was not possible within the scope of this thesis.  

The results of Chapter Four of this thesis highlight that human trophoblast gene expression is 

regulated by a multilevel system that integrates both DNA methylation as well as miRNA expression. 

Thus, gene expression differences only provide one potential explanation for reduced side-population 
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trophoblast numbers in FGR placentae, and further studies are required to investigate differences that 

may exist in the DNA methylomes and miRNA profiles of FGR and gestation-matched control side-

population trophoblast isolates. In addition, it is possible that while side-population trophoblasts from 

FGR and gestation-matched control placentae are transcriptomically similar, post-transcriptional or 

post-translational modifications prevent expressed proteins from functioning adequately.  

6.8.3 Potential origins of gestation-specific gene expression changes in side-population 

trophoblasts  

The placenta undergoes distinct morphological changes across gestation. With increasing gestation 

the majority of placental villi become smaller in diameter, the cytotrophoblasts underlying the 

syncytiotrophoblast while still present, become more difficult to identify histologically, and the 

mesenchymal stroma becomes more densely packed (Figure 2.4) (Benirschke 2004). Consequently, 

the microenvironment in which human TSC may reside in at later gestations is likely to be different 

from the microenvironment in which they reside in the first trimester (James et al. 2015). This may 

impact on the phenotype of side-population trophoblasts or their role in placentation, and could in 

part explain gene expression differences seen between side-population trophoblasts isolated from 

early and late gestation placentae. Moreover, as the placenta ages, it is likely that the TSC population 

also ages and becomes less ‘stem-like’ (a phenomenon that has been described in stem cells from 

other tissues) (Schultz et al. 2016). The loss of ‘stemness’ as side-population trophoblasts age could 

explain why only 23 gene expression differences were observed between third trimester side-

population trophoblasts and cytotrophoblasts. The transcriptomic differences that were noted in this 

study between first trimester and third trimester side-population trophoblasts may also explain the 

unique 3D spherical morphology that third trimester side-population trophoblasts spontaneously 

exhibit in culture compared to the monolayer cultures of first trimester isolates.  Finally it is also 

possible that the converse scenario may occur when changes in side-population trophoblast function 

with gestation may to a degree drive the changes observed in the placental architecture across 

gestation. Interestingly, stem cell driven tissue morphogenesis has been described in other organs 
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including breast tissue where the rearrangement of mammary stem cells during terminal end bud 

bifurcation has been shown to contribute to the long-term growth of mammary glands  (Scheele et al. 

2017).  

6.8.4 Third trimester side-population trophoblasts respond differently to the culture 

conditions that maintain first trimester side-population trophoblasts  

Recently, blastocyst-like structures (termed blastoids) were generated by co-culturing murine TSC and 

ESC in spheroids (Rivron et al. 2018). While the blastoids were unable to develop into a complete 

embryo, these blastoids were sufficient to induce decidualisation of the murine uterus, and were able 

to implant into the mouse uterus (Rivron et al. 2018).  That such structures can be formed using 

murine stem cells suggests that similar human blastoids could be generated using hESC and a human 

TSC population. That the third trimester side-population trophoblasts can spontaneously form 3D 

spherical structures suggests that they may be an ideal candidate for such experiments and could be 

used to study human implantation. Such experiments would allow a greater understanding of the so 

called “black box” of early human development and may have wider implications in the field of 

assisted reproduction to help better understand human implantation failure (James et al. 2012). An 

even better model of human implantation may be derived, if rather than being cultured in monolayers 

as in this thesis, first trimester side-population trophoblasts were cultured as spheroids.  

Finally, while the pilot data generated during this PhD indicates that third trimester side-population 

trophoblast 3D spherical structures increase in size over the time that they are in culture, it remains 

unclear whether this increase in size results from secretion of fluid into the central cavity of the 

structures, cell recruitment from other cells, or through proliferation of the trophoblasts within the 

3D structures. Future studies could employ markers of proliferation including Ki67 and Proliferating 

Cell Nuclear Antigen (PCNA) in order to help clarify the mechanism through which these structures 

expand (Scholzen et al. 2000; Bologna-Molina et al. 2013). Additionally, the viability of the cultures 

could be further examined using a live/dead stain such as CMDFA and PI which can be used in real-
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time to study kinetic viability (Zhao et al. 2010; Lilius et al. 1996).  It will also be important to assess 

whether the side-population trophoblasts from third trimester placenta can be propagated long-term 

and maintain the same differentiation capacity as their first trimester counter parts (see Chapter Five). 

In addition it will be interesting to investigate the contents of the vesicles within the third trimester 

trophoblasts 3D structures and explore how these molecules may interact with maternal tissue to 

regulate development of the placenta and adaptation of the maternal system to the growing fetus. 

Moreover, future studies could also extend on this work and investigate the contribution of side-

population trophoblasts to other disorders of pregnancy including preeclampsia (preliminary evidence 

suggests that these side-population trophoblasts can also be isolated from preeclamptic placentae). 

6.8.5 Alternative applications 

 

Aside from using side-population trophoblasts isolated from third trimester placentae to investigate 

human placentation and pregnancy complications, side-population trophoblasts have the potential to 

be employed therapeutically in a similar way to that of amniotic epithelial stem cells (Miki 2018). One 

reason placental derived amniotic epithelial stem cells are used widely in a clinical setting is that 

display strong immunomodulatory–immunosuppressive properties (through the secretion of TNF-ɑ, 

FasL, TRAIL, TGF-ß, and MIF, the expression of HLA-G that interacts with T cells to induce 

immunosuppression, and the expression of complement inhibitory proteins, CD59, CD55, and Fas 

antigen/CD95, APO1)  and thus amniotic epithelial stem cells offer significant practical advantages in 

cell therapy, tissue transplantation and regeneration (Miki 2011). Amniotic epithelial stem cells have 

been shown to migrate to areas of injury, including ischemic areas that result from stroke, where they 

are capable of reducing brain oedema and improving motor function in rodent models (Dong et al. 

2010; Liu et al. 2008). Once in damaged tissue, amniotic epithelial stem cells are also known to engraft 

into diseased tissue (including liver and pancreas) where they both allow regeneration and repair of 

injured tissue and  decrease the inflammatory state (Wei et al. 2003; Manuelpillai et al. 2010). The 

immunologically privileged nature of trophoblasts means that if side-population trophoblasts could 
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migrate and exert similar wound healing functions they may hold promise not only in the regenerative 

medicine setting, but in autoimmune disorders where they could be used to modulate defective 

immune responses (McDonald et al. 2015; Pogozhykh et al. 2018).  

6.8.6 Chapter Six conclusions 

 

That trophoblast stem-like cells (the side-population trophoblasts) have been isolated from third 

trimester placentae provides the opportunity to understand the aetiology of both healthy and 

unhealthy pregnancies resulting from inadequate placental development. Collectively the results of 

this chapter demonstrate that side-population trophoblasts can be isolated throughout gestation at 

similar proportions. However, side-population trophoblasts demonstrate gestation-specific gene 

expression profiles. Importantly, the proportion of side-population trophoblasts is significantly 

reduced in FGR which could contribute to the pathogenesis of FGR. Future studies could employ side-

population trophoblasts in spheroid cultures to not only investigate functional differences that may 

exist between FGR side-population trophoblasts and healthy gestation-matched controls but also to 

use this model to inform and trial treatments for FGR including potential cell therapy applications.  

 

 

 

 

 

 

 

 

 

 

 

 



193 
 

Chapter Seven: Concluding Discussion  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



194 
 

The isolation of murine TSCs significantly enhanced our understanding of murine placental 

development. Similarly, the identification and isolation of human TSCs is likely to drive a new era of 

human placental research that will help researchers understand the complex transcriptional networks 

that drive human trophoblast lineage commitment, placental development and the pathogenesis of 

human pregnancy disorders. With this in mind the overall aim of this thesis was to both confirm 

whether side-population trophoblasts are a human TSC population, and to better understand their 

role in normal and abnormal placentation.  

7.1 Are side-population trophoblasts a human TSC population? 

The data in this thesis supports the overall hypothesis that side-population trophoblasts are a human 

TSC population for the following reasons:  

1) Side-population trophoblasts exist as a distinct trophoblast population throughout gestation. 

This was initially demonstrated in the original publication describing the isolation of side-

population trophoblasts (James et al. 2015), but has been further demonstrated by the novel 

data in this thesis showing a) first trimester side-population trophoblasts are distinct from 

cytotrophoblasts and EVT at the level of the DNA methylome, and b) that side-population 

trophoblasts constitute a transcriptomically distinct population of cells from cytotrophoblasts 

in third trimester placentae.  

2) First trimester side-population trophoblasts likely differentiate via an intermediatory 

cytotrophoblast-like state into either syncytiotrophoblast-like or EVT-like cells, and thus 

exhibit the expected potency of a human TSC population.  

3) That side-population trophoblasts can only be propagated in human TSC Medium, and not in 

conventional primary trophoblast medium or hESC/iPSC media, confirms that these cells have 

unique trophic requirements from routinely isolated primary cytotrophoblast or EVT 

populations. Together with their marked morphological similarities in culture to the human 



195 
 

TSC population isolated by Okae et al, this strongly suggests that side-population trophoblasts 

constitute a similar population of human TSCs.  

That side-population trophoblasts are most likely human TSCs, highlights the potential biological 

importance of work in this thesis addressing the hypothesis that side-population trophoblasts may 

play a role in the pathophysiology of FGR. Indeed data presented in Chapter Six strongly supports this 

hypothesis by demonstrating that side-population trophoblasts are significantly depleted in FGR 

placentae. While the reason for the reduced proportion of side-population trophoblasts in FGR 

placentae remains to be confirmed, the data presented here has provided important groundwork to 

undertake more in depth functional experiments to more fully understand how side-population 

trophoblasts may contribute to the pathogenesis of pregnancy disorders in future work. 

7.2 Key advantages of side-population trophoblasts compared to other human TSC 
 

The results of this thesis have highlighted that side-population trophoblasts exhibit several advantages 

over existing human TSC models in the literature. First, our current inability to identify in early 

pregnancy which pregnancies will go on to develop pregnancy disorders later in gestation means that 

human TSC populations that can only be derived from blastocysts or first trimester placentae are 

limited in their ability to shed light on the mechanisms involved in development of pregnancy 

pathologies. The ability to isolate side-population trophoblasts throughout gestation provides a novel 

advantage in the field by allowing us to gain insights for the first time into the role that human TSCs 

may play in FGR, as well as other disorders of pregnancy such as preeclampsia. Secondly, the ability 

to isolate side-population trophoblasts directly from villous tissue without the introduction of 

potential culture artefacts may allow a more in depth understanding of the true in vivo phenotype of 

human TSC. This is particularly pertinent to cells isolated from pathological placentae that may exhibit 

gene expression changes in vivo that are lost upon extended culture in vitro.  
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7.3 Could human TSC be used to treat FGR? 
 

Epithelial stem cells have been used therapeutically both to regenerate epithelial tissue in vitro prior 

to transplantation, and by direct administration to sites of injury to restore damaged epithelial cells 

(Pellegrini et al. 2009; Blanpain et al. 2007). As an epithelial stem cell, it is possible that in the future 

human TSC may also be employed in a similar manner. Indeed, the reduced numbers of side-

population trophoblasts in FGR placentae, shown in this thesis, raises the question as to whether 

transplanting healthy side-population trophoblasts within FGR placentae could help improve the 

function of FGR placentae and improve fetal growth. Alternatively, the work from this thesis may be 

utilised in the future to understand why side-population trophoblasts are reduced in FGR placentae in 

order to develop therapies that may stimulate the proliferation, survival and/or differentiation of 

those cells in vivo. In either case it is important to use this information to develop affordable therapies 

that can be utilised globally particularly in the developing countries where the rate of FGR is estimated 

to be six time higher than in developed countries (Ahmed et al. 2000; Saleem et al. 2011). However, 

like with all therapeutic interventions it is imperative that before human TSC are administered 

clinically that they undergo rigorous in vitro and in vivo testing to ensure patient safety.  

7.4 Future Investigations 

 

While work in this PhD highlights gene expression changes that occur in side-population trophoblasts 

throughout gestation, this is only the tip of the iceberg in understanding the ongoing role of side-

population trophoblasts throughout pregnancy. Research in the wider stem cell and epigenetics fields 

has demonstrated that as stem cells age, epigenetic mechanisms are altered that can impact stem cell 

potency and self-renewal (Ahmed et al. 2017). Moreover, environmental changes (including oxygen) 

can also trigger epigenetic modifications (Yuen et al. 2013). This is particularly important in the context 

of the placenta as fully oxygenated blood flow to the placenta is not completely established until 10-

12 weeks of gestation, and pregnancy pathologies such as FGR and preeclampsia are associated with 

inadequate placental perfusion throughout gestation (Roberts et al. 2016). First, second and third 
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trimester placentae whole tissue lysates can be separated by their DNA methylome and it is likely that 

changes to the methylome of individual trophoblast populations is in part responsible for the distinct 

methylation patterns (Novakovic et al. 2011). Thus, future work should examine the DNA methylation 

changes that occur in human side-population trophoblasts (and other trophoblast populations) across 

gestation, as well as in pregnancy pathologies, with an aim of understanding how these factors may 

affect side-population trophoblast function. 

Future experiments could also inject side-population trophoblasts into immunodeficient mice in order 

to better understand early events associated with placental development. When murine TSC are 

injected into immunodeficient nude mice they form hemoragic tumours that mimic the functional 

capacity of invasive murine trophoblasts (trophoblast giant cells) in vivo (Kibschull et al. 2004; 

Kubaczka et al. 2014; Kuckenberg et al. 2011). Thus, this assay is considered reminiscent of early 

placental development. Similarly, human TSC injected into non-obese diabetic (NOD)-severe 

combined immunodeficiency (SCID) mice demonstrate an invasive capacity and an ability to 

syncytialise in vivo (Okae et al. 2018). It would be of interest to examine whether side-population 

trophoblasts demonstrate such behaviour as these experiments will help to further establish the 

potency and functional capacity of the side-population trophoblasts in vivo, and comparisons of side-

population trophoblasts isolated from first trimester, third trimester and pathological placentae may 

provide insights into early disease pathogenesis.   

Stem cell populations in other fields can be uniquely identified using a single marker (Nguyen et al. 

2017; Clay et al. 2010; Alvarez et al. 2015). At present, no human TSC has been able to be distinguished 

in such a way, but our ability to do this would significantly aid the isolation of human TSC from primary 

tissue and their localisation in human villi. Neither prior transcriptomic analysis of first trimester side-

population trophoblasts, cytotrophoblasts and EVTs (James et al. 2015), nor the transcriptomic 

comparison of third trimester side-population trophoblasts to cytotrophoblasts in this thesis, has been 

able to identify any unique cell surface markers that could be used to distinguish side-population 
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trophoblasts. Future work could endeavour to assess the cell surface proteome of human TSC using 

recently developed high-throughput platforms (Tucker et al. 2018; Wong et al. 2019). However, to 

avoid confounding and misidentification of unique molecules that may result from cell culture 

artefacts, this work must be conducted using freshly isolated and uncultured human TSC.  

7.5 Conclusion 
 

The work and results presented in this thesis provides novel data that supports the hypothesis that 

side-population trophoblasts are a distinct trophoblast population that exhibit characteristics of 

human TSCs. That side-population trophoblasts can be isolated throughout gestation enabled the 

comparison of side-population trophoblasts from normal and FGR placentae for the first time, and this 

work revealed that side-population trophoblasts are significantly reduced in FGR placentae. The 

successful long-term propagation and differentiation of side-population trophoblasts established in 

this thesis is crucial for future use of these cells, both as an in vitro model of placentation and in cell 

therapy applications. In the long term this will aid our ability to better understand the pathogenesis 

of FGR and possibly other pregnancy pathologies, and to identify therapeutic interventions that can 

be implemented to better treat, manage, and prevent disorders of pregnancy such as FGR.  

 



199 
 

Chapter Eight: References  
 

Abdelzaher E and Mostafa MF. Lysophosphatidylcholine acyltransferase 1 
(LPCAT1) upregulation in breast carcinoma contributes to tumor 

progression and predicts early tumor recurrence. Tumour Biol 2015: 36; 
5473-5483. 

Aboagye-Mathiesen G, Laugesen J, Zdravkovic M, and Ebbesen P. Isolation and 

characterization of human placental trophoblast subpopulations from first-
trimester chorionic villi. Clin Diagn Lab Immunol 1996: 3; 14-22. 

Abou-Kheir W, Eid A, El-Merahbi R, Assaf R, and Daoud G. A Unique Expression of 
Keratin 14 in a Subset of Trophoblast Cells. PLoS One 2015: 10; e0139939. 

Abrahams VM, Chamley LW, and Salmon JE. Emerging Treatment Models in 
Rheumatology: Antiphospholipid Syndrome and Pregnancy: Pathogenesis 
to Translation. Arthritis Rheumatol 2017: 69; 1710-1721. 

Adachi K, Suemori H, Yasuda SY, Nakatsuji N, and Kawase E. Role of SOX2 in 
maintaining pluripotency of human embryonic stem cells. Genes Cells 2010: 

15; 455-470. 
Adjaye J, Huntriss J, Herwig R, BenKahla A, Brink TC, Wierling C, Hultschig C, 

Groth D, Yaspo ML, Picton HM, et al. Primary differentiation in the human 

blastocyst: comparative molecular portraits of inner cell mass and 
trophectoderm cells. Stem Cells 2005: 23; 1514-1525. 

Ahmed A and Perkins J. Angiogenesis and intrauterine growth restriction. Baillieres 
Best Pract Res Clin Obstet Gynaecol 2000: 14; 981-998. 

Ahmed ASI, Sheng MHC, Wasnik S, Baylink DJ, and Lau K-HW. Effect of aging on 

stem cells. World Journal of Experimental Medicine 2017: 7; 1-10. 
Ahmed M and Ffrench-Constant C. Extracellular Matrix Regulation of Stem Cell 

Behavior. Curr Stem Cell Rep 2016: 2; 197-206. 
Akalin A, Franke V, Vlahovicek K, Mason CE, and Schubeler D. Genomation: a 

toolkit to summarize, annotate and visualize genomic intervals. 

Bioinformatics 2015: 31; 1127-1129. 
Akalin A, Kormaksson M, Li S, Garrett-Bakelman FE, Figueroa ME, Melnick A, and 

Mason CE. methylKit: a comprehensive R package for the analysis of 
genome-wide DNA methylation profiles. Genome Biol 2012: 13; R87. 

Alvarez R, Lee H-L, Hong C, and Wang C-Y. Single CD271 marker isolates 

mesenchymal stem cells from human dental pulp. International journal of 
oral science 2015: 7; 205-212. 

Amita M, Adachi K, Alexenko AP, Sinha S, Schust DJ, Schulz LC, Roberts RM, and 
Ezashi T. Complete and unidirectional conversion of human embryonic stem 
cells to trophoblast by BMP4. Proc Natl Acad Sci U S A 2013: 110; E1212-

1221. 
Amson R, Pece S, Marine JC, Di Fiore PP, and Telerman A. TPT1/ TCTP-regulated 

pathways in phenotypic reprogramming. Trends Cell Biol 2013: 23; 37-46. 
Anson-Cartwright L, Dawson K, Holmyard D, Fisher SJ, Lazzarini RA, and Cross 

JC. The glial cells missing-1 protein is essential for branching 

morphogenesis in the chorioallantoic placenta. Nat Genet 2000: 25; 311-
314. 

Anton L, Brown AG, Bartolomei MS, and Elovitz MA. Differential methylation of 
genes associated with cell adhesion in preeclamptic placentas. PLoS One 

2014: 9; e100148. 



200 
 

Antoni D, Burckel H, Josset E, and Noel G. Three-Dimensional Cell Culture: A 
Breakthrough in Vivo. Int J Mol Sci 2015: 16; 5517-5527. 

Aplin JD. Expression of integrin alpha 6 beta 4 in human trophoblast and its loss 
from extravillous cells. Placenta 1993: 14; 203-215. 

Apps R, Murphy SP, Fernando R, Gardner L, Ahad T, and Moffett A. Human 
leucocyte antigen (HLA) expression of primary trophoblast cells and 
placental cell lines, determined using single antigen beads to characterize 

allotype specificities of anti-HLA antibodies. Immunology 2009: 127; 26-
39. 

Apps R, Sharkey A, Gardner L, Male V, Trotter M, Miller N, North R, Founds S, and 
Moffett A. Genome-wide expression profile of first trimester villous and 
extravillous human trophoblast cells. Placenta 2011: 32; 33-43. 

Arima T, Hata K, Tanaka S, Kusumi M, Li E, Kato K, Shiota K, Sasaki H, and Wake 
N. Loss of the maternal imprint in Dnmt3Lmat-/- mice leads to a 

differentiation defect in the extraembryonic tissue. Dev Biol 2006: 297; 
361-373. 

Asano M, Furukawa K, Kido M, Matsumoto S, Umesaki Y, Kochibe N, and Iwakura 

Y. Growth retardation and early death of beta-1,4-galactosyltransferase 
knockout mice with augmented proliferation and abnormal differentiation of 

epithelial cells. EMBO J 1997: 16; 1850-1857. 
Asanoma K, Kubota K, Chakraborty D, Renaud SJ, Wake N, Fukushima K, Soares 

MJ, and Rumi MA. SATB homeobox proteins regulate trophoblast stem cell 
renewal and differentiation. J Biol Chem 2012: 287; 2257-2268. 

Aszodi A, Legate KR, Nakchbandi I, and Fassler R. What mouse mutants teach us 

about extracellular matrix function. Annu Rev Cell Dev Biol 2006: 22; 591-
621. 

Avila L, Yuen RK, Diego-Alvarez D, Penaherrera MS, Jiang R, and Robinson WP. 
Evaluating DNA methylation and gene expression variability in the human 
term placenta. Placenta 2010: 31; 1070-1077. 

Babaie Y, Herwig R, Greber B, Brink T, Wruck W, Groth D, Lehrach H, Burdon T, 
and Adjaye J. Analysis of Oct4-dependent transcriptional networks 

regulating self-renewal and pluripotency in human embryonic stem cells. 
Stem Cells 2007: 25; 500-510. 

Baczyk D, Satkunaratnam A, Nait-Oumesmar B, Huppertz B, Cross JC, and 

Kingdom JC. Complex patterns of GCM1 mRNA and protein in villous and 
extravillous trophoblast cells of the human placenta. Placenta 2004: 25; 

553-559. 
Badders NM, Goel S, Clark RJ, Klos KS, Kim S, Bafico A, Lindvall C, Williams BO, 

and Alexander CM. The Wnt receptor, Lrp5, is expressed by mouse 

mammary stem cells and is required to maintain the basal lineage. PLoS 
One 2009: 4; e6594. 

Bai H, Sakurai T, Someya Y, Konno T, Ideta A, Aoyagi Y, and Imakawa K. 
Regulation of trophoblast-specific factors by GATA2 and GATA3 in bovine 
trophoblast CT-1 cells. J Reprod Dev 2011: 57; 518-525. 

Bai Q, Assou S, Haouzi D, Ramirez JM, Monzo C, Becker F, Gerbal-Chaloin S, 
Hamamah S, and De Vos J. Dissecting the first transcriptional divergence 

during human embryonic development. Stem Cell Rev 2012: 8; 150-162. 
Bakopoulou A, Apatzidou D, Aggelidou E, Gousopoulou E, Leyhausen G, Volk J, 

Kritis A, Koidis P, and Geurtsen W. Isolation and prolonged expansion of 

oral mesenchymal stem cells under clinical-grade, GMP-compliant 
conditions differentially affects "stemness" properties. Stem Cell Res Ther 

2017: 8; 247-247. 



201 
 

Banister CE, Koestler DC, Maccani MA, Padbury JF, Houseman EA, and Marsit CJ. 
Infant growth restriction is associated with distinct patterns of DNA 

methylation in human placentas. Epigenetics 2011: 6; 920-927. 
Barker DJ. Fetal origins of coronary heart disease. BMJ 1995: 311; 171-174. 

Barker DJ. Adult consequences of fetal growth restriction. Clin Obstet Gynecol 
2006: 49; 270-283. 

Barut F, Barut A, Gun BD, Kandemir NO, Harma MI, Harma M, Aktunc E, and 

Ozdamar SO. Intrauterine growth restriction and placental angiogenesis. 
Diagnostic Pathology 2010: 5; 24-24. 

Benirschke K. The Placenta: Structure and Function. NeoReviews 2004: 5; e252-
e261. 

Benirschke K and Kaufman M. Pathology of the Human Placenta. 4 edn, 2000. 

Springer, New York  
Berg DK, Smith CS, Pearton DJ, Wells DN, Broadhurst R, Donnison M, and Pfeffer 

PL. Trophectoderm lineage determination in cattle. Dev Cell 2011: 20; 244-
255. 

Bernardo AS, Faial T, Gardner L, Niakan KK, Ortmann D, Senner CE, Callery EM, 

Trotter MW, Hemberger M, Smith JC, et al. BRACHYURY and CDX2 mediate 
BMP-induced differentiation of human and mouse pluripotent stem cells into 

embryonic and extraembryonic lineages. Cell Stem Cell 2011: 9; 144-155. 
Bianco-Miotto T, Mayne BT, Buckberry S, Breen J, Rodriguez Lopez CM, and 

Roberts CT. Recent progress towards understanding the role of DNA 
methylation in human placental development. Reproduction (Cambridge, 
England) 2016: 152; R23-30. 

Bilban M, Haslinger P, Prast J, Klinglmuller F, Woelfel T, Haider S, Sachs A, 
Otterbein LE, Desoye G, Hiden U, et al. Identification of novel trophoblast 

invasion-related genes: heme oxygenase-1 controls motility via peroxisome 
proliferator-activated receptor gamma. Endocrinology 2009: 150; 1000-
1013. 

Blair JD, Yuen RK, Lim BK, McFadden DE, von Dadelszen P, and Robinson WP. 
Widespread DNA hypomethylation at gene enhancer regions in placentas 

associated with early-onset pre-eclampsia. Mol Hum Reprod 2013: 19; 
697-708. 

Blakeley P, Fogarty NM, Del Valle I, Wamaitha SE, Hu TX, Elder K, Snell P, Christie 

L, Robson P, and Niakan KK. Defining the three cell lineages of the human 
blastocyst by single-cell RNA-seq. Development 2015: 142; 3613. 

Blanpain C, Horsley V, and Fuchs E. Epithelial stem cells: turning over new leaves. 
Cell 2007: 128; 445-458. 

Bologna-Molina R, Mosqueda-Taylor A, Molina-Frechero N, Mori-Estevez AD, and 

Sánchez-Acuña G. Comparison of the value of PCNA and Ki-67 as markers 
of cell proliferation in ameloblastic tumor. Medicina Oral, Patología Oral y 

Cirugía Bucal 2013: 18; e174-e179. 
Bolstad BM, Irizarry RA, Astrand M, and Speed TP. A comparison of normalization 

methods for high density oligonucleotide array data based on variance and 

bias. Bioinformatics 2003: 19; 185-193. 
Bork S, Pfister S, Witt H, Horn P, Korn B, Ho AD, and Wagner W. DNA methylation 

pattern changes upon long-term culture and aging of human mesenchymal 
stromal cells. Aging Cell 2010: 9; 54-63. 

Bourc'his D, Xu GL, Lin CS, Bollman B, and Bestor TH. Dnmt3L and the 

establishment of maternal genomic imprints. Science 2001: 294; 2536-
2539. 



202 
 

Boyd J and Hamilton W. The human placenta 1970. W.Heffer & Sons Ltd, 
Cambridge. 

Brenner WE, Edelman DA, and Hendricks CH. A standard of fetal growth for the 
United States of America. Am J Obstet Gynecol 1976: 126; 555-564. 

Brosens I, Robertson WB, and Dixon HG. The physiological response of the vessels 
of the placental bed to normal pregnancy. J Pathol Bacteriol 1967: 93; 569-
579. 

Brown KA, Aakre ME, Gorska AE, Price JO, Eltom SE, Pietenpol JA, and Moses HL. 
Induction by transforming growth factor-β1 of epithelial to mesenchymal 

transition is a rare event in vitro. Breast Cancer Research 2004: 6; R215-
R231. 

Bujang-Safawi E, Halim AS, Khoo TL, and Dorai AA. Dried irradiated human 

amniotic membrane as a biological dressing for facial burns--a 7-year case 
series. Burns 2010: 36; 876-882. 

Burns CE, Traver D, Mayhall E, Shepard JL, and Zon LI. Hematopoietic stem cell 
fate is established by the Notch-Runx pathway. Genes Dev 2005: 19; 2331-
2342. 

Burton GJ and Jauniaux E. Pathophysiology of placental-derived fetal growth 
restriction. Am J Obstet Gynecol 2018: 218; S745-S761. 

Burton GJ and Tham SW. Formation of vasculo-syncytial membranes in the human 
placenta. J Dev Physiol 1992: 18; 43-47. 

Burton GJ, Woods AW, Jauniaux E, and Kingdom JCP. Rheological and 
Physiological Consequences of Conversion of the Maternal Spiral Arteries 
for Uteroplacental Blood Flow during Human Pregnancy. Placenta 2009: 30; 

473-482. 
Cai Y, Yu X, Hu S, and Yu J. A Brief Review on the Mechanisms of miRNA 

Regulation. Genomics, Proteomics & Bioinformatics 2009: 7; 147-154. 
Canevari RA, Marchi FA, Domingues MA, de Andrade VP, Caldeira JR, Verjovski-

Almeida S, Rogatto SR, and Reis EM. Identification of novel biomarkers 

associated with poor patient outcomes in invasive breast carcinoma. 
Tumour Biol 2016: 37; 13855-13870. 

Canti IC, Komlos M, Martins-Costa SH, Ramos JG, Capp E, and Corleta H. Risk 
factors for cardiovascular disease ten years after preeclampsia. Sao Paulo 
Med J 2010: 128; 10-13. 

Cartwright JE, Fraser R, Leslie K, Wallace AE, and James JL. Remodelling at the 
maternal-fetal interface: relevance to human pregnancy disorders. 

Reproduction (Cambridge, England) 2010: 140; 803-813. 
Castellucci M, Classen-Linke I, Muhlhauser J, Kaufmann P, Zardi L, and Chiquet-

Ehrismann R. The human placenta: a model for tenascin expression. 

Histochemistry 1991: 95; 449-458. 
Castellucci M, Kosanke G, Verdenelli F, Huppertz B, and Kaufmann P. Villous 

sprouting: fundamental mechanisms of human placental development. 
Hum Reprod Update 2000: 6; 485-494. 

Celano P, Baylin SB, and Casero RA, Jr. Polyamines differentially modulate the 

transcription of growth-associated genes in human colon carcinoma cells. J 
Biol Chem 1989a: 264; 8922-8927. 

Celano P, Berchtold CM, Giardiello FM, and Casero RA, Jr. Modulation of growth 
gene expression by selective alteration of polyamines in human colon 
carcinoma cells. Biochem Biophys Res Commun 1989b: 165; 384-390. 

Ch U, Guruvare S, Bhat SS, Rai L, and Rao S. Evaluation of placenta in foetal 
demise and foetal growth restriction. Journal of clinical and diagnostic 

research : JCDR 2013: 7; 2530-2533. 



203 
 

Challen GA and Little MH. A side order of stem cells: the SP phenotype. Stem Cells 
2006: 24; 3-12. 

Chamley LW, Chen Q, Ding J, Stone PR, and Abumaree M. Trophoblast 
deportation: just a waste disposal system or antigen sharing? J Reprod 

Immunol 2011: 88; 99-105. 
Chang JT and Nevins JR. GATHER: a systems approach to interpreting genomic 

signatures. Bioinformatics 2006: 22; 2926-2933. 

Chatterjee A, Macaulay EC, Rodger EJ, Stockwell PA, Parry MF, Roberts HE, Slatter 
TL, Hung NA, Devenish CJ, and Morison IM. Placental Hypomethylation Is 

More Pronounced in Genomic Loci Devoid of Retroelements. G3 (Bethesda) 
2016: 6; 1911-1921. 

Chatterjee A, Stockwell PA, Rodger EJ, and Morison IM. Comparison of alignment 

software for genome-wide bisulphite sequence data. Nucleic Acids Res 
2012: 40; e79. 

Cheedipudi S, Puri D, Saleh A, Gala HP, Rumman M, Pillai MS, Sreenivas P, Arora 
R, Sellathurai J, Schroder HD, et al. A fine balance: epigenetic control of 
cellular quiescence by the tumor suppressor PRDM2/RIZ at a bivalent 

domain in the cyclin a gene. Nucleic Acids Res 2015: 43; 6236-6256. 
Chen D, Lin Q, Box N, Roop D, Ishii S, Matsuzaki K, Fan T, Hornyak TJ, Reed JA, 

Stavnezer E, et al. SKI knockdown inhibits human melanoma tumor growth 
in vivo. Pigment Cell Melanoma Res 2009: 22; 761-772. 

Chen Y, Wang K, Chandramouli GV, Knott JG, and Leach R. Trophoblast lineage 
cells derived from human induced pluripotent stem cells. Biochem Biophys 
Res Commun 2013a: 436; 677-684. 

Chen Y, Wang K, Gong YG, Khoo SK, and Leach R. Roles of CDX2 and EOMES in 
human induced trophoblast progenitor cells. Biochem Biophys Res Commun 

2013b: 431; 197-202. 
Chen Y, Wang K, and Leach R. 5-Aza-dC treatment induces mesenchymal-to-

epithelial transition in 1st trimester trophoblast cell line HTR8/SVneo. 

Biochem Biophys Res Commun 2013c: 432; 116-122. 
Chiquet-Ehrismann R, Orend G, Chiquet M, Tucker RP, and Midwood KS. Tenascins 

in stem cell niches. Matrix Biol 2014: 37; 112-123. 
Chu T, Bunce K, Shaw P, Shridhar V, Althouse A, Hubel C, and Peters D. 

Comprehensive analysis of preeclampsia-associated DNA methylation in the 

placenta. PLoS One 2014: 9; e107318. 
Chuang CY, Huang MC, Chen HF, Tseng LH, Yu CY, Stone L, Huang HP, Ho HN, 

and Kuo HC. Granulosa cell-derived induced pluripotent stem cells exhibit 
pro-trophoblastic differentiation potential. Stem Cell Res Ther 2015: 6; 14. 

Chuang TH, Xu X, Kaartinen V, Heisterkamp N, Groffen J, and Bokoch GM. Abr 

and Bcr are multifunctional regulators of the Rho GTP-binding protein 
family. Proc Natl Acad Sci U S A 1995: 92; 10282-10286. 

Clark J. Proceedings of the 1987 Laurentian Hormone Conference: Recent Progress 
in Hormone Research 1988. Academic Press, Inc., San Deigo  

Clay MR, Tabor M, Owen JH, Carey TE, Bradford CR, Wolf GT, Wicha MS, and 

Prince ME. Single-marker identification of head and neck squamous cell 
carcinoma cancer stem cells with aldehyde dehydrogenase. Head Neck 

2010: 32; 1195-1201. 
Cole LA. Biological functions of hCG and hCG-related molecules. Reproductive 

biology and endocrinology : RB&E 2010: 8; 102-102. 

Cole LA, Sutton JM, Higgins TN, and Cembrowski GS. Between-method variation 
in human chorionic gonadotropin test results. Clin Chem 2004: 50; 874-

882. 



204 
 

Consortium M and  Shi L and  Reid LH and  Jones WD and  Shippy R and  
Warrington JA and  Baker SC and  Collins PJ and  de Longueville F and  

Kawasaki ES, et al. The MicroArray Quality Control (MAQC) project shows 
inter- and intraplatform reproducibility of gene expression measurements. 

Nat Biotechnol 2006: 24; 1151-1161. 
Cotton AM, Avila L, Penaherrera MS, Affleck JG, Robinson WP, and Brown CJ. 

Inactive X chromosome-specific reduction in placental DNA methylation. 

Hum Mol Genet 2009: 18; 3544-3552. 
Coutu DL and Galipeau J. Roles of FGF signaling in stem cell self-renewal, 

senescence and aging. Aging (Albany NY) 2011: 3; 920-933. 
Cowden Dahl KD, Fryer BH, Mack FA, Compernolle V, Maltepe E, Adelman DM, 

Carmeliet P, and Simon MC. Hypoxia-inducible factors 1alpha and 2alpha 

regulate trophoblast differentiation. Mol Cell Biol 2005: 25; 10479-10491. 
Cuevas EP, Eraso P, Mazon MJ, Santos V, Moreno-Bueno G, Cano A, and Portillo 

F. LOXL2 drives epithelial-mesenchymal transition via activation of IRE1-
XBP1 signalling pathway. Sci Rep 2017: 7; 44988. 

Dall’Asta A, Brunelli V, Prefumo F, Frusca T, and Lees CC. Early onset fetal growth 

restriction. Maternal Health, Neonatology and Perinatology 2017: 3; 2. 
Darnell JC, Albert ML, and Darnell RB. Cdr2, a target antigen of naturally occuring 

human tumor immunity, is widely expressed in gynecological tumors. 
Cancer Res 2000: 60; 2136-2139. 

Das P, Ezashi T, Schulz LC, Westfall SD, Livingston KA, and Roberts RM. Effects of 
fgf2 and oxygen in the bmp4-driven differentiation of trophoblast from 
human embryonic stem cells. Stem Cell Res 2007: 1; 61-74. 

DaSilva-Arnold S, James JL, Al-Khan A, Zamudio S, and Illsley NP. Differentiation 
of first trimester cytotrophoblast to extravillous trophoblast involves an 

epithelial-mesenchymal transition. Placenta 2015: 36; 1412-1418. 
Davies JE, Pollheimer J, Yong HE, Kokkinos MI, Kalionis B, Knofler M, and Murthi 

P. Epithelial-mesenchymal transition during extravillous trophoblast 

differentiation. Cell Adh Migr 2016: 10; 310-321. 
de Koning APJ, Gu W, Castoe TA, Batzer MA, and Pollock DD. Repetitive Elements 

May Comprise Over Two-Thirds of the Human Genome. PLoS Genet 2011: 
7; e1002384. 

de Kreuk BJ, Schaefer A, Anthony EC, Tol S, Fernandez-Borja M, Geerts D, Pool J, 

Hambach L, Goulmy E, and Hordijk PL. The human minor histocompatibility 
antigen 1 is a RhoGAP. PLoS One 2013: 8; e73962. 

De Oliveira LG, Lash GE, Murray-Dunning C, Bulmer JN, Innes BA, Searle RF, Sass 
N, and Robson SC. Role of interleukin 8 in uterine natural killer cell 
regulation of extravillous trophoblast cell invasion. Placenta 2010: 31; 595-

601. 
De Paepe C, Cauffman G, Verloes A, Sterckx J, Devroey P, Tournaye H, Liebaers 

I, and Van de Velde H. Human trophectoderm cells are not yet committed. 
Hum Reprod 2013: 28; 740-749. 

Deglincerti A, Croft GF, Pietila LN, Zernicka-Goetz M, Siggia ED, and Brivanlou AH. 

Self-organization of the in vitro attached human embryo. Nature 2016: 
533; 251-254. 

Diaz M, Garcia C, Sebastiani G, de Zegher F, Lopez-Bermejo A, and Ibanez L. 
Placental and Cord Blood Methylation of Genes Involved in Energy 
Homeostasis: Association With Fetal Growth and Neonatal Body 

Composition. Diabetes 2017: 66; 779-784. 



205 
 

Ding X, Wang W, Wang M, Wu J, and Yao F. DOK1/PPARgamma pathway mediates 
anti-tumor ability of all-trans retinoic acid in breast cancer MCF-7 cells. 

Biochem Biophys Res Commun 2017: 487; 189-193. 
Dodeur M, Malassine A, Bellet D, Mensier A, and Evain-Brion D. Characterization 

and differentiation of human first trimester placenta trophoblastic cells in 
culture. Reprod Nutr Dev 1990: 30; 183-192. 

Dong W, Chen H, Yang X, Guo L, and Hui G. Treatment of intracerebral 

haemorrhage in rats with intraventricular transplantation of human 
amniotic epithelial cells. Cell Biol Int 2010: 34; 573-577. 

Donker RB, Mouillet JF, Chu T, Hubel CA, Stolz DB, Morelli AE, and Sadovsky Y. 
The expression profile of C19MC microRNAs in primary human trophoblast 
cells and exosomes. Mol Hum Reprod 2012: 18; 417-424. 

Douglas GC and King BF. Differentiation of human trophoblast cells in vitro as 
revealed by immunocytochemical staining of desmoplakin and nuclei. J Cell 

Sci 1990: 96; 131-141. 
Drennan K, Linnemann A, Platts A, Heng H, Armant D, and Krawetz S. Nuclear 

matrix association: switching to the invasive cytotrophoblast. Placenta 

2010: 31; 365-372. 
Drukker M, Tang C, Ardehali R, Rinkevich Y, Seita J, Lee AS, Mosley AR, Weissman 

IL, and Soen Y. Isolation of primitive endoderm, mesoderm, vascular 
endothelial and trophoblast progenitors from human pluripotent stem cells. 

Nat Biotechnol 2012: 30; 531-542. 
Duan B, Cui J, Sun S, Zheng J, Zhang Y, Ye B, Chen Y, Deng W, Du J, Zhu Y, et 

al. EGF-stimulated activation of Rab35 regulates RUSC2-GIT2 complex 

formation to stabilize GIT2 during directional lung cancer cell migration. 
Cancer Lett 2016: 379; 70-83. 

Ehrlich KC, Paterson HL, Lacey M, and Ehrlich M. DNA Hypomethylation in 
Intragenic and Intergenic Enhancer Chromatin of Muscle-Specific Genes 
Usually Correlates with their Expression. Yale J Biol Med 2016: 89; 441-

455. 
Ehrlich M. DNA methylation in cancer: too much, but also too little. Oncogene 

2002: 21; 5400-5413. 
Ehrlich M, Gama-Sosa MA, Huang LH, Midgett RM, Kuo KC, McCune RA, and 

Gehrke C. Amount and distribution of 5-methylcytosine in human DNA from 

different types of tissues of cells. Nucleic Acids Res 1982: 10; 2709-2721. 
Ellis SJ and Tanentzapf G. Integrin-mediated adhesion and stem-cell-niche 

interactions. Cell Tissue Res 2010: 339; 121-130. 
ENCODE. An integrated encyclopedia of DNA elements in the human genome. 

Nature 2012: 489; 57-74. 

Enders AC. Cytology of human early implantation. Res Reprod 1976: 8; 1-2. 
Erb TM, Schneider C, Mucko SE, Sanfilippo JS, Lowry NC, Desai MN, Mangoubi RS, 

Leuba SH, and Sammak PJ. Paracrine and epigenetic control of 
trophectoderm differentiation from human embryonic stem cells: the role 
of bone morphogenic protein 4 and histone deacetylases. Stem Cells Dev 

2011: 20; 1601-1614. 
Erlebacher A, Price KA, and Glimcher LH. Maintenance of mouse trophoblast stem 

cell proliferation by TGF-beta/activin. Dev Biol 2004: 275; 158-169. 
Ezashi T, Das P, and Roberts RM. Low O2 tensions and the prevention of 

differentiation of hES cells. Proc Natl Acad Sci U S A 2005: 102; 4783-

4788. 
Ferraro F, Celso CL, and Scadden D. Adult stem cels and their niches. Adv Exp 

Med Biol 2010: 695; 155-168. 



206 
 

Ferretti C, Bruni L, Dangles-Marie V, Pecking AP, and Bellet D. Molecular circuits 
shared by placental and cancer cells, and their implications in the 

proliferative, invasive and migratory capacities of trophoblasts. Hum 
Reprod Update 2007: 13; 121-141. 

Ficz G, Hore TA, Santos F, Lee HJ, Dean W, Arand J, Krueger F, Oxley D, Paul YL, 
Walter J, et al. FGF signaling inhibition in ESCs drives rapid genome-wide 
demethylation to the epigenetic ground state of pluripotency. Cell Stem Cell 

2013: 13; 351-359. 
Finnegan DJ. Retrotransposons. Current Biology 2012: 22; R432-R437. 

Fisher SJ, Cui TY, Zhang L, Hartman L, Grahl K, Zhang GY, Tarpey J, and Damsky 
CH. Adhesive and degradative properties of human placental 
cytotrophoblast cells in vitro. J Cell Biol 1989: 109; 891-902. 

Flechon JE, Laurie S, and Notarianni E. Isolation and characterization of a feeder-
dependent, porcine trophectoderm cell line obtained from a 9-day 

blastocyst. Placenta 1995: 16; 643-658. 
Fogarty NM, Burton GJ, and Ferguson-Smith AC. Different epigenetic states define 

syncytiotrophoblast and cytotrophoblast nuclei in the trophoblast of the 

human placenta. Placenta 2015: 36; 796-802. 
Fox H. Aging of the placenta. Arch Dis Child Fetal Neonatal Ed 1997: 77; F171-

175. 
Francoz S, Froment P, Bogaerts S, De Clercq S, Maetens M, Doumont G, Bellefroid 

E, and Marine J-C. Mdm4 and Mdm2 cooperate to inhibit p53 activity in 
proliferating and quiescent cells in vivo. Proc Natl Acad Sci U S A 2006: 
103; 3232-3237. 

Frank S, Zhang M, Scholer HR, and Greber B. Small molecule-assisted, line-
independent maintenance of human pluripotent stem cells in defined 

conditions. PLoS One 2012: 7; e41958. 
Frost JM and Moore GE. The importance of imprinting in the human placenta. PLoS 

Genet 2010: 6; e1001015. 

Fuke C, Shimabukuro M, Petronis A, Sugimoto J, Oda T, Miura K, Miyazaki T, Ogura 
C, Okazaki Y, and Jinno Y. Age related changes in 5-methylcytosine content 

in human peripheral leukocytes and placentas: an HPLC-based study. Ann 
Hum Genet 2004: 68; 196-204. 

Galat V, Malchenko S, Galat Y, Ishkin A, Nikolsky Y, Kosak ST, Soares BM, 

Iannaccone P, Crispino JD, and Hendrix MJ. A model of early human 
embryonic stem cell differentiation reveals inter- and intracellular changes 

on transition to squamous epithelium. Stem Cells Dev 2012: 21; 1250-
1263. 

Gama-Sosa MA, Slagel VA, Trewyn RW, Oxenhandler R, Kuo KC, Gehrke CW, and 

Ehrlich M. The 5-methylcytosine content of DNA from human tumors. 
Nucleic Acids Res 1983: 11; 6883-6894. 

Gamage TK, Chamley LW, and James JL. Stem cell insights into human trophoblast 
lineage differentiation. Hum Reprod Update 2016: 23; 77-103. 

Gao HJ, Zhao MC, Zhang YJ, Zhou DS, Xu L, Li GB, Chen MS, and Liu J. 

Monocarboxylate transporter 4 predicts poor prognosis in hepatocellular 
carcinoma and is associated with cell proliferation and migration. J Cancer 

Res Clin Oncol 2015: 141; 1151-1162. 
Gattazzo F, Urciuolo A, and Bonaldo P. Extracellular matrix: a dynamic 

microenvironment for stem cell niche. Biochim Biophys Acta 2014: 1840; 

2506-2519. 



207 
 

Gatzioufas Z, Sauter M, Hasenfus A, Smola S, and Seitz B. In vivo analysis of 
stromal integration of multilayer amniotic membrane transplantation in 

corneal ulcers. Am J Ophthalmol 2012: 153; 379; author reply 379-380. 
Gautier L, Cope L, Bolstad BM, and Irizarry RA. affy--analysis of Affymetrix 

GeneChip data at the probe level. Bioinformatics 2004: 20; 307-315. 
Gehrau RC, D'Astolfo DS, Dumur CI, Bocco JL, and Koritschoner NP. Nuclear 

Expression of KLF6 Tumor Suppressor Factor Is Highly Associated with 

Overexpression of ERBB2 Oncoprotein in Ductal Breast Carcinomas. PLoS 
One 2010: 5; e8929. 

Genbacev O, Donne M, Kapidzic M, Gormley M, Lamb J, Gilmore J, Larocque N, 
Goldfien G, Zdravkovic T, McMaster MT, et al. Establishment of human 
trophoblast progenitor cell lines from the chorion. Stem Cells 2011: 29; 

1427-1436. 
Genbacev O, Lamb JD, Prakobphol A, Donne M, McMaster MT, and Fisher SJ. 

Human trophoblast progenitors: where do they reside? Semin Reprod Med 
2013: 31; 56-61. 

Genbacev O, Larocque N, Ona K, Prakobphol A, Garrido-Gomez T, Kapidzic M, 

Barcena A, Gormley M, and Fisher SJ. Integrin alpha4-positive human 
trophoblast progenitors: functional characterization and transcriptional 

regulation. Hum Reprod 2016: 31; 1300-1314. 
Genbacev O, Schubach SA, and Miller RK. Villous culture of first trimester human 

placenta--model to study extravillous trophoblast (EVT) differentiation. 
Placenta 1992: 13; 439-461. 

Genbacev O, Vicovac L, and Larocque N. The role of chorionic cytotrophoblasts in 

the smooth chorion fusion with parietal decidua. Placenta 2015: 36; 716-
722. 

George EL, Georges-Labouesse EN, Patel-King RS, Rayburn H, and Hynes RO. 
Defects in mesoderm, neural tube and vascular development in mouse 
embryos lacking fibronectin. Development 1993: 119; 1079-1091. 

Gerami-Naini B, Dovzhenko OV, Durning M, Wegner FH, Thomson JA, and Golos 
TG. Trophoblast differentiation in embryoid bodies derived from human 

embryonic stem cells. Endocrinology 2004: 145; 1517-1524. 
Giakoumopoulos M, Siegfried LM, Dambaeva SV, Garthwaite MA, Glennon MC, and 

Golos TG. Placental-derived mesenchyme influences chorionic gonadotropin 

and progesterone secretion of human embryonic stem cell-derived 
trophoblasts. Reprod Sci 2010: 17; 798-808. 

Glazier JD and Sibley CP. In vitro methods for studying human placental amino 
acid transport: placental plasma membrane vesicles. Methods Mol Med 
2006: 122; 241-252. 

Gohla G, Krieglstein K, and Spittau B. Tieg3/Klf11 induces apoptosis in OLI-neu 
cells and enhances the TGF-beta signaling pathway by transcriptional 

repression of Smad7. J Cell Biochem 2008: 104; 850-861. 
Goissis MD and Cibelli JB. Functional characterization of CDX2 during bovine 

preimplantation development in vitro. Mol Reprod Dev 2014: 81; 962-970. 

Goldman-Wohl D and Yagel S. United we stand not dividing: the 
syncytiotrophoblast and cell senescence. Placenta 2014: 35; 341-344. 

Golos TG, Giakoumopoulos M, and Gerami-Naini B. Review: Trophoblast 
differentiation from human embryonic stem cells. Placenta 2013: 34; S56-
61. 

Gong W, Zheng J, Liu X, Liu Y, Guo J, Gao Y, Tao W, Chen J, Li Z, Ma J, et al. 
Knockdown of Long Non-Coding RNA KCNQ1OT1 Restrained Glioma Cells’ 



208 
 

Malignancy by Activating miR-370/CCNE2 Axis. Frontiers in Cellular 
Neuroscience 2017: 11; 84. 

Goodell MA, Brose K, Paradis G, Conner AS, and Mulligan RC. Isolation and 
functional properties of murine hematopoietic stem cells that are replicating 

in vivo. J Exp Med 1996: 183; 1797-1806. 
Gordijn SJ, Beune IM, Thilaganathan B, Papageorghiou A, Baschat AA, Baker PN, 

Silver RM, Wynia K, and Ganzevoort W. Consensus definition of fetal growth 

restriction: a Delphi procedure. Ultrasound Obstet Gynecol 2016: 48; 333-
339. 

Gorkin DU, Leung D, and Ren B. The 3D Genome in Transcriptional Regulation and 
Pluripotency. Cell Stem Cell 2014: 14; 762-775. 

Gou C, Liu X, Shi X, Chai H, He ZM, Huang X, and Fang Q. Placental Expressions 

of CDKN1C and KCNQ1OT1 in Monozygotic Twins with Selective Intrauterine 
Growth Restriction. Twin Res Hum Genet 2017: 20; 389-394. 

Gouti M and Gavalas A. Hoxb1 controls cell fate specification and proliferative 
capacity of neural stem and progenitor cells. Stem Cells 2008: 26; 1985-
1997. 

Graham CH, Hawley TS, Hawley RG, MacDougall JR, Kerbel RS, Khoo N, and Lala 
PK. Establishment and characterization of first trimester human trophoblast 

cells with extended lifespan. Exp Cell Res 1993: 206; 204-211. 
Green AR, Burney C, Granger CJ, Paish EC, El-Sheikh S, Rakha EA, Powe DG, 

Macmillan RD, Ellis IO, and Stylianou E. The prognostic significance of 
steroid receptor co-regulators in breast cancer: co-repressor NCOR2/SMRT 
is an independent indicator of poor outcome. Breast Cancer Res Treat 2008: 

110; 427-437. 
Griffiths SK and Campbell JP. Placental structure, function and drug transfer. 

Continuing Education in Anaesthesia Critical Care & Pain 2015: 15; 84-89. 
Grigor'eva EV, Shevchenko AI, Mazurok NA, Elisaphenko EA, Zhelezova AI, Shilov 

AG, Dyban PA, Dyban AP, Noniashvili EM, Slobodyanyuk SY, et al. FGF4 

independent derivation of trophoblast stem cells from the common vole. 
PLoS One 2009: 4; e7161. 

Grigoriu A, Ferreira JC, Choufani S, Baczyk D, Kingdom J, and Weksberg R. Cell 
specific patterns of methylation in the human placenta. Epigenetics 2011: 
6; 368-379. 

Guiet R, Poincloux R, Castandet J, Marois L, Labrousse A, Le Cabec V, and 
Maridonneau-Parini I. Hematopoietic cell kinase (Hck) isoforms and 

phagocyte duties - from signaling and actin reorganization to migration and 
phagocytosis. Eur J Cell Biol 2008: 87; 527-542. 

Gulyaeva LF and Kushlinskiy NE. Regulatory mechanisms of microRNA expression. 

Journal of Translational Medicine 2016: 14; 143. 
Guo H, Zhu P, Yan L, Li R, Hu B, Lian Y, Yan J, Ren X, Lin S, Li J, et al. The DNA 

methylation landscape of human early embryos. Nature 2014: 511; 606-
610. 

Habot-Wilner Z, Spierer A, Barequet IS, and Greenbaum A. Use of amniotic 

membrane graft and corneal transplantation in a patient with bilateral 
keratomalacia induced by uncontrolled phenylketonuria. Cornea 2007: 26; 

629-631. 
Hafez S. Chapter One - Comparative Placental Anatomy: Divergent Structures 

Serving a Common Purpose. In Huckle, WR (ed) Progress in Molecular 

Biology and Translational Science. 2017. Academic Press, pp 1-28. 



209 
 

Haider M, Qiu Q, Bani-Yaghoub M, Tsang BK, and Gruslin A. Characterization and 
role of NUMB in the human extravillous trophopblast. Placenta 2011: 32; 

441-449. 
Haider S, Meinhardt G, Saleh L, Kunihs V, Gamperl M, Kaindl U, Ellinger A, Burkard 

TR, Fiala C, Pollheimer J, et al. Self-Renewing Trophoblast Organoids 
Recapitulate the Developmental Program of the Early Human Placenta. 
Stem Cell Reports 2018: 11; 537-551. 

Ham RG and McKeehan WL. Media and growth requirements. Methods Enzymol 
1979: 58; 44-93. 

Hamada H, Okae H, Toh H, Chiba H, Hiura H, Shirane K, Sato T, Suyama M, 
Yaegashi N, Sasaki H, et al. Allele-Specific Methylome and Transcriptome 
Analysis Reveals Widespread Imprinting in the Human Placenta. Am J Hum 

Genet 2016: 99; 1045-1058. 
Handschuh K, Guibourdenche J, Tsatsaris V, Guesnon M, Laurendeau I, Evain-

Brion D, and Fournier T. Human chorionic gonadotropin produced by the 
invasive trophoblast but not the villous trophoblast promotes cell invasion 
and is down-regulated by peroxisome proliferator-activated receptor-

gamma. Endocrinology 2007: 148; 5011-5019. 
Harun R, Ruban L, Matin M, Draper J, Jenkins NM, Liew GC, Andrews PW, Li TC, 

Laird SM, and Moore HD. Cytotrophoblast stem cell lines derived from 
human embryonic stem cells and their capacity to mimic invasive 

implantation events. Hum Reprod 2006: 21; 1349-1358. 
Hashizume K, Shimada A, Nakano H, and Takahashi T. Bovine trophoblast cell 

culture systems: a technique to culture bovine trophoblast cells without 

feeder cells. Methods Mol Med 2006: 121; 179-188. 
Heisterkamp N, Morris C, and Groffen J. ABR, an active BCR-related gene. Nucleic 

Acids Res 1989: 17; 8821-8831. 
Hemberger M, Udayashankar R, Tesar P, Moore H, and Burton G. ELF5-enforced 

transcriptional networks define an epigenetically regulated trophoblast 

stem cell compartment in the human placenta. Hum Mol Genet 2010: 19; 
2456-2467. 

Henson BJ and Gollin SM. Overexpression of KLF13 and FGFR3 in Oral Cancer 
Cells. Cytogenet Genome Res 2010: 128; 192-198. 

Hertig AT. Human Trophoblast 1968. Charles C Thomas, Illinois. 

Hertig AT and Rock J. Searching for early fertilized human ova. Gynecol Invest 
1973: 4; 121-139. 

Hertig AT, Rock J, and Adams EC. A description of 34 human ova within the first 
17 days of development. Am J Anat 1956: 98; 435-493. 

Herzog M. A contribution to our knowledge of the earliest known stages of 

placentation and embryonic development in man. American Journal of 
Anatomy 1909: 9; 361-400. 

Hillman SL, Finer S, Smart MC, Mathews C, Lowe R, Rakyan VK, Hitman GA, and 
Williams DJ. Novel DNA methylation profiles associated with key gene 
regulation and transcription pathways in blood and placenta of growth-

restricted neonates. Epigenetics 2015: 10; 50-61. 
Hilton DJ, Nicola NA, and Metcalf D. Purification of a murine leukemia inhibitory 

factor from Krebs ascites cells. Anal Biochem 1988: 173; 359-367. 
Holtan SG, Creedon DJ, Haluska P, and Markovic SN. Cancer and pregnancy: 

parallels in growth, invasion, and immune modulation and implications for 

cancer therapeutic agents. Mayo Clin Proc 2009: 84; 985-1000. 



210 
 

Hong KO, Lee JI, Hong SP, and Hong SD. Thymosin beta4 induces proliferation, 
invasion, and epithelial-to-mesenchymal transition of oral squamous cell 

carcinoma. Amino Acids 2016: 48; 117-127. 
Horie A, Fujiwara H, Sato Y, Suginami K, Matsumoto H, Maruyama M, Konishi I, 

and Hattori A. Laeverin/aminopeptidase Q induces trophoblast invasion 
during human early placentation. Hum Reprod 2012: 27; 1267-1276. 

Horii M, Li Y, Wakeland AK, Pizzo DP, Nelson KK, Sabatini K, Laurent LC, Liu Y, 

and Parast MM. Human pluripotent stem cells as a model of trophoblast 
differentiation in both normal development and disease. Proc Natl Acad Sci 

U S A 2016: 113; E3882-3891. 
Hoya-Arias R, Tomishima M, Perna F, Voza F, and Nimer SD. L3MBTL1 deficiency 

directs the differentiation of human embryonic stem cells toward 

trophectoderm. Stem Cells Dev 2011: 20; 1889-1900. 
Hu JW, Sun P, Zhang DX, Xiong WJ, and Mi J. Hexokinase 2 regulates G1/S 

checkpoint through CDK2 in cancer-associated fibroblasts. Cell Signal 2014: 
26; 2210-2216. 

Huang X, Anderle P, Hostettler L, Baumann MU, Surbek DV, Ontsouka EC, and 

Albrecht C. Identification of placental nutrient transporters associated with 
intrauterine growth restriction and pre-eclampsia. BMC Genomics 2018: 

19; 173. 
Hughes CS, Postovit LM, and Lajoie GA. Matrigel: a complex protein mixture 

required for optimal growth of cell culture. Proteomics 2010: 10; 1886-
1890. 

Hulsen T, de Vlieg J, and Alkema WJBG. BioVenn – a web application for the 

comparison and visualization of biological lists using area-proportional Venn 
diagrams. 2008: 9; 488. 

Huppertz B. Trophoblast differentiation, fetal growth restriction and preeclampsia. 
Pregnancy Hypertens 2011: 1; 79-86. 

Husbeck B, Stringer DE, Gerner EW, and Powis G. Increased thioredoxin-1 inhibits 

SSAT expression in MCF-7 human breast cancer cells. Biochem Biophys Res 
Commun 2003: 306; 469-475. 

Hwang ES, Nyante SJ, Yi Chen Y, Moore D, DeVries S, Korkola JE, Esserman LJ, 
and Waldman FM. Clonality of lobular carcinoma in situ and synchronous 
invasive lobular carcinoma. Cancer 2004: 100; 2562-2572. 

Hynes RO. Extracellular matrix: not just pretty fibrils. Science 2009: 326; 1216-
1219. 

Inagaki T, Kusunoki S, Tabu K, Okabe H, Yamada I, Taga T, Matsumoto A, Makino 
S, Takeda S, and Kato K. Up-regulation of lymphocyte antigen 6 complex 
expression in side-population cells derived from a human trophoblast cell 

line HTR-8/SVneo. Hum Cell 2016: 29; 10-21. 
Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, and Speed TP. Summaries of 

Affymetrix GeneChip probe level data. Nucleic Acids Res 2003a: 31; e15. 
Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, and 

Speed TP. Exploration, normalization, and summaries of high density 

oligonucleotide array probe level data. Biostatistics 2003b: 4; 249-264. 
Jackson M, Krassowska A, Gilbert N, Chevassut T, Forrester L, Ansell J, and 

Ramsahoye B. Severe global DNA hypomethylation blocks differentiation 
and induces histone hyperacetylation in embryonic stem cells. Mol Cell Biol 
2004: 24; 8862-8871. 

James J, Hurley D, Gamage T, Zhang T, Vather R, Pantham P, Murthi P, and 
Chamley L. Isolation and characterisation of a novel trophoblast side-



211 
 

population from first trimester placentae. Reproduction (Cambridge, 
England) 2015: 150; 449-462. 

James JL, Carter AM, and Chamley LW. Human placentation from nidation to 5 
weeks of gestation. Part I: What do we know about formative placental 

development following implantation? Placenta 2012: 33; 327-334. 
James JL, Stone PR, and Chamley LW. Cytotrophoblast differentiation in the first 

trimester of pregnancy: evidence for separate progenitors of extravillous 

trophoblasts and syncytiotrophoblast. Reproduction (Cambridge, England) 
2005: 130; 95-103. 

James JL, Stone PR, and Chamley LW. The isolation and characterization of a 
population of extravillous trophoblast progenitors from first trimester 
human placenta. Hum Reprod 2007: 22; 2111-2119. 

Jia RZ, Zhang X, Hu P, Liu XM, Hua XD, Wang X, and Ding HJ. Screening for 
differential methylation status in human placenta in preeclampsia using a 

CpG island plus promoter microarray. Int J Mol Med 2012: 30; 133-141. 
Jiang Y-X, Li P-A, Yang S-W, Hao Y-X, and Yu P-W. Increased chemokine receptor 

IL-17RA expression is associated with poor survival in gastric cancer 

patients. International Journal of Clinical and Experimental Pathology 2015: 
8; 7002-7008. 

Jin S, Lee YK, Lim YC, Zheng Z, Lin XM, Ng DP, Holbrook JD, Law HY, Kwek KY, 
Yeo GS, et al. Global DNA hypermethylation in down syndrome placenta. 

PLoS Genet 2013: 9; e1003515. 
Johnstone ED, Sibley CP, Lowen B, and Guilbert LJ. Epidermal growth factor 

stimulation of trophoblast differentiation requires MAPK11/14 (p38 MAP 

kinase) activation. Biol Reprod 2005: 73; 1282-1288. 
Kam EP, Gardner L, Loke YW, and King A. The role of trophoblast in the 

physiological change in decidual spiral arteries. Hum Reprod 1999: 14; 
2131-2138. 

Karaczyn AA, Adams TL, Cheng RY, Matluk NN, and Verdi JM. Human NUMB6 

Induces Epithelial-Mesenchymal Transition and Enhances Breast Cancer 
Cells Migration and Invasion. J Cell Biochem 2017: 118; 237-251. 

Kataoka K and Huh NH. A novel beta1,3-N-acetylglucosaminyltransferase involved 
in invasion of cancer cells as assayed in vitro. Biochem Biophys Res 
Commun 2002: 294; 843-848. 

Kaufmann MR, Schraml P, Hermanns T, Wenger RH, and Camenisch G. 
Onconeuronal antigen Cdr2 correlates with HIF prolyl-4-hydroxylase PHD1 

and worse prognosis in renal cell carcinoma. Exp Mol Pathol 2013: 94; 453-
457. 

Kaufmann P, Black S, and Huppertz B. Endovascular trophoblast invasion: 

implications for the pathogenesis of intrauterine growth retardation and 
preeclampsia. Biol Reprod 2003: 69; 1-7. 

Kawahara R, Granato DC, Carnielli CM, Cervigne NK, Oliveria CE, Rivera C, Yokoo 
S, Fonseca FP, Lopes M, Santos-Silva AR, et al. Agrin and perlecan mediate 
tumorigenic processes in oral squamous cell carcinoma. PLoS One 2014: 9; 

e115004. 
Keil KP and Vezina CM. DNA methylation as a dynamic regulator of development 

and disease processes: spotlight on the prostate. Epigenomics 2015: 7; 
413-425. 

Khodadi E, Shahrabi S, Shahjahani M, Azandeh S, and Saki N. Role of stem cell 

factor in the placental niche. Cell Tissue Res 2016: 366; 523-531. 
Kibschull M, Nassiry M, Dunk C, Gellhaus A, Quinn JA, Rossant J, Lye SJ, and 

Winterhager E. Connexin31-deficient trophoblast stem cells: a model to 



212 
 

analyze the role of gap junction communication in mouse placental 
development. Dev Biol 2004: 273; 63-75. 

Kim JK, Jin X, Ham SW, Lee SY, Seo S, Kim SC, Kim SH, and Kim H. IRF7 promotes 
glioma cell invasion by inhibiting AGO2 expression. Tumour Biol 2015: 36; 

5561-5569. 
Kim M and Costello J. DNA methylation: an epigenetic mark of cellular memory. 

Exp Mol Med 2017: 49; e322. 

Kinugasa H, Whelan KA, Tanaka K, Natsuizaka M, Long A, Guo A, Chang S, Kagawa 
S, Srinivasan S, Guha M, et al. Mitochondrial SOD2 regulates epithelial-

mesenchymal transition and cell populations defined by differential CD44 
expression. Oncogene 2015: 34; 5229-5239. 

Kliman HJ, Nestler JE, Sermasi E, Sanger JM, and Strauss JF, 3rd. Purification, 

characterization, and in vitro differentiation of cytotrophoblasts from human 
term placentae. Endocrinology 1986: 118; 1567-1582. 

Knofler M. Critical growth factors and signalling pathways controlling human 
trophoblast invasion. Int J Dev Biol 2010: 54; 269-280. 

Kohan-Ghadr HR, Kadam L, Jain C, Armant DR, and Drewlo S. Potential role of 

epigenetic mechanisms in regulation of trophoblast differentiation, 
migration, and invasion in the human placenta. Cell Adh Migr 2016: 10; 

126-135. 
Kokkinos MI, Murthi P, Wafai R, Thompson EW, and Newgreen DF. Cadherins in 

the human placenta--epithelial-mesenchymal transition (EMT) and 
placental development. Placenta 2010: 31; 747-755. 

Konakahara S, Saitou M, Hori S, Nakane T, Murai K, Itoh R, Shinsaka A, Kohroki 

J, Kawakami T, Kajikawa M, et al. A neuronal transmembrane protein LRFN4 
induces monocyte/macrophage migration via actin cytoskeleton 

reorganization. FEBS Lett 2011: 585; 2377-2384. 
Kondaveeti Y, Guttilla Reed IK, and White BA. Epithelial-mesenchymal transition 

induces similar metabolic alterations in two independent breast cancer cell 

lines. Cancer Lett 2015: 364; 44-58. 
Koukoura O, Sifakis S, and Spandidos DA. DNA methylation in the human placenta 

and fetal growth (review). Mol Med Rep 2012: 5; 883-889. 
Koziol MJ, Garrett N, and Gurdon JB. Tpt1 activates transcription of oct4 and nanog 

in transplanted somatic nuclei. Curr Biol 2007: 17; 801-807. 

Krendl C, Shaposhnikov D, Rishko V, Ori C, Ziegenhain C, Sass S, Simon L, Muller 
NS, Straub T, Brooks KE, et al. GATA2/3-TFAP2A/C transcription factor 

network couples human pluripotent stem cell differentiation to 
trophectoderm with repression of pluripotency. Proc Natl Acad Sci U S A 
2017: 114; E9579-E9588. 

Krueger F and Andrews SR. Bismark: a flexible aligner and methylation caller for 
Bisulfite-Seq applications. Bioinformatics 2011: 27; 1571-1572. 

Krusche B, Ottone C, Clements MP, Johnstone ER, Goetsch K, Lieven H, Mota SG, 
Singh P, Khadayate S, Ashraf A, et al. EphrinB2 drives perivascular invasion 
and proliferation of glioblastoma stem-like cells. Elife 2016: 5. 

Kubaczka C, Senner C, Arauzo-Bravo MJ, Sharma N, Kuckenberg P, Becker A, 
Zimmer A, Brustle O, Peitz M, Hemberger M, et al. Derivation and 

maintenance of murine trophoblast stem cells under defined conditions. 
Stem Cell Reports 2014: 2; 232-242. 

Kubo E, Hasanova N, Fatma N, Sasaki H, and Singh DP. Elevated tropomyosin 

expression is associated with epithelial-mesenchymal transition of lens 
epithelial cells. J Cell Mol Med 2013: 17; 212-221. 



213 
 

Kuckenberg P, Buhl S, Woynecki T, van Furden B, Tolkunova E, Seiffe F, Moser M, 
Tomilin A, Winterhager E, and Schorle H. The transcription factor 

TCFAP2C/AP-2gamma cooperates with CDX2 to maintain trophectoderm 
formation. Mol Cell Biol 2010: 30; 3310-3320. 

Kuckenberg P, Peitz M, Kubaczka C, Becker A, Egert A, Wardelmann E, Zimmer A, 
Brüstle O, and Schorle H. Lineage Conversion of Murine Extraembryonic 
Trophoblast Stem Cells to Pluripotent Stem Cells. Mol Cell Biol 2011: 31; 

1748-1756. 
Kudriashov AF, Artarian AA, and Putsillo MV. [Use of amnion to repair a dural 

defect]. Zh Vopr Neirokhir Im N N Burdenko 1981; 37-40. 
Kurdyukov S and Bullock M. DNA Methylation Analysis: Choosing the Right 

Method. Biology (Basel) 2016: 5. 

Kurek D, Neagu A, Tastemel M, Tuysuz N, Lehmann J, van de Werken HJG, 
Philipsen S, van der Linden R, Maas A, van IWFJ, et al. Endogenous WNT 

signals mediate BMP-induced and spontaneous differentiation of epiblast 
stem cells and human embryonic stem cells. Stem Cell Reports 2015: 4; 
114-128. 

Kushwaha G, Dozmorov M, Wren JD, Qiu J, Shi H, and Xu D. Hypomethylation 
coordinates antagonistically with hypermethylation in cancer development: 

a case study of leukemia. Hum Genomics 2016: 10; 18. 
Kuzmanov A, Hopfer U, Marti P, Meyer-Schaller N, Yilmaz M, and Christofori G. 

LIM-homeobox gene 2 promotes tumor growth and metastasis by inducing 
autocrine and paracrine PDGF-B signaling. Mol Oncol 2014: 8; 401-416. 

La Belle AA and Schiemann WP. The propensity for epithelial-mesenchymal 

transitions is dictated by chromatin states in the cancer cell of origin. Stem 
Cell Investigation 2017: 4; 44. 

Lambertini L, Lee TL, Chan WY, Lee MJ, Diplas A, Wetmur J, and Chen J. 
Differential methylation of imprinted genes in growth-restricted placentas. 
Reprod Sci 2011: 18; 1111-1117. 

Lappen JR and Myers SA. The systematic error in the estimation of fetal weight 
and the underestimation of fetal growth restriction. Am J Obstet Gynecol 

2017. 
Lathi RB, Gray Hazard FK, Heerema-McKenney A, Taylor J, and Chueh JT. First 

trimester miscarriage evaluation. Semin Reprod Med 2011: 29; 463-469. 

Latos PA and Hemberger M. From the stem of the placental tree: trophoblast stem 
cells and their progeny. Development 2016: 143; 3650-3660. 

Latos PA, Sienerth AR, Murray A, Senner CE, Muto M, Ikawa M, Oxley D, Burge S, 
Cox BJ, and Hemberger M. Elf5-centered transcription factor hub controls 
trophoblast stem cell self-renewal and differentiation through 

stoichiometry-sensitive shifts in target gene networks. Genes Dev 2015: 
29; 2435-2448. 

Laurent L, Wong E, Li G, Huynh T, Tsirigos A, Ong CT, Low HM, Kin Sung KW, 
Rigoutsos I, Loring J, et al. Dynamic changes in the human methylome 
during differentiation. Genome Res 2010: 20; 320-331. 

Lean SC, Heazell AEP, Dilworth MR, Mills TA, and Jones RL. Placental Dysfunction 
Underlies Increased Risk of Fetal Growth Restriction and Stillbirth in 

Advanced Maternal Age Women. Sci Rep 2017: 7; 9677. 
Lee CQ, Gardner L, Turco M, Zhao N, Murray MJ, Coleman N, Rossant J, Hemberger 

M, and Moffett A. What Is Trophoblast? A Combination of Criteria Define 

Human First-Trimester Trophoblast. Stem Cell Reports 2016: 6; 257-272. 



214 
 

Lee CQE, Turco MY, Gardner L, Simons BD, Hemberger M, and Moffett A. Integrin 
α2 marks a niche of trophoblast progenitor cells in first trimester human 

placenta. Development 2018: 145. 
Lee YL, Fong SW, Chen AC, Li T, Yue C, Lee CL, Ng EH, Yeung WS, and Lee KF. 

Establishment of a novel human embryonic stem cell-derived trophoblastic 
spheroid implantation model. Hum Reprod 2015: 30; 2614-2626. 

Li C, Zhu M, Lou X, Liu C, Chen H, Lin X, Ji W, Li Z, and Su C. Transcriptional 

factor OCT4 promotes esophageal cancer metastasis by inducing epithelial-
mesenchymal transition through VEGF-C/VEGFR-3 signaling pathway. 

Oncotarget 2017a: 8; 71933-71945. 
Li E, Bestor TH, and Jaenisch R. Targeted mutation of the DNA methyltransferase 

gene results in embryonic lethality. Cell 1992: 69; 915-926. 

Li L, Duan Z, Yu J, and Dang HX. NFATc1 regulates cell proliferation, migration, 
and invasion of ovarian cancer SKOV3 cells in vitro and in vivo. Oncol Rep 

2016: 36; 918-928. 
Li L and Schust DJ. Isolation, purification and in vitro differentiation of 

cytotrophoblast cells from human term placenta. Reproductive Biology and 

Endocrinology 2015a: 13; 71. 
Li P, Miao C, Liang C, Shao P, Wang Z, and Li J. Silencing CAPN2 Expression 

Inhibited Castration-Resistant Prostate Cancer Cells Proliferation and 
Invasion via AKT/mTOR Signal Pathway. BioMed research international 

2017b: 2017; 2593674. 
Li S, Harrison D, Carbonetto S, Fassler R, Smyth N, Edgar D, and Yurchenco PD. 

Matrix assembly, regulation, and survival functions of laminin and its 

receptors in embryonic stem cell differentiation. J Cell Biol 2002: 157; 
1279-1290. 

Li T, Shi Y, Wang P, Guachalla LM, Sun B, Joerss T, Chen YS, Groth M, Krueger A, 
Platzer M, et al. Smg6/Est1 licenses embryonic stem cell differentiation via 
nonsense-mediated mRNA decay. EMBO J 2015b: 34; 1630-1647. 

Li W, Cao L, Han L, Xu Q, and Ma Q. Superoxide dismutase promotes the epithelial-
mesenchymal transition of pancreatic cancer cells via activation of the 

H2O2/ERK/NF-kappaB axis. Int J Oncol 2015c: 46; 2613-2620. 
Li Y, Moretto-Zita M, Soncin F, Wakeland A, Wolfe L, Leon-Garcia S, Pandian R, 

Pizzo D, Cui L, Nazor K, et al. BMP4-directed trophoblast differentiation of 

human embryonic stem cells is mediated through a DeltaNp63+ 
cytotrophoblast stem cell state. Development 2013: 140; 3965-3976. 

Lichtner B, Knaus P, Lehrach H, and Adjaye J. BMP10 as a potent inducer of 
trophoblast differentiation in human embryonic and induced pluripotent 
stem cells. Biomaterials 2013: 34; 9789-9802. 

Lilius H, Hastbacka T, and Isomaa B. A combination of fluorescent probes for 
evaluation of cytotoxicity and toxic mechanisms in isolated rainbow trout 

hepatocytes. Toxicol In Vitro 1996: 10; 341-348. 
Lindvall C, Evans NC, Zylstra CR, Li Y, Alexander CM, and Williams BO. The Wnt 

signaling receptor Lrp5 is required for mammary ductal stem cell activity 

and Wnt1-induced tumorigenesis. J Biol Chem 2006: 281; 35081-35087. 
Liu J, Qu X, Shao L, Hu Y, Yu X, Lan P, Guo Q, Han Q, Zhang J, and Zhang C. Pim-

3 enhances melanoma cell migration and invasion by promoting STAT3 
phosphorylation. Cancer Biol Ther 2018: 19; 160-168. 

Liu L, Zhang X, Rong C, Rui C, Ji H, Qian YJ, Jia R, and Sun L. Distinct DNA 

methylomes of human placentas between pre-eclampsia and gestational 
diabetes mellitus. Cell Physiol Biochem 2014: 34; 1877-1889. 



215 
 

Liu T, Wu J, Huang Q, Hou Y, Jiang Z, Zang S, and Guo L. Human amniotic 
epithelial cells ameliorate behavioral dysfunction and reduce infarct size in 

the rat middle cerebral artery occlusion model. Shock 2008: 29; 603-611. 
Livak KJ and Schmittgen TD. Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001: 
25; 402-408. 

Logan PC, Mitchell MD, and Lobie PE. DNA methyltransferases and TETs in the 

regulation of differentiation and invasiveness of extra-villous trophoblasts. 
Front Genet 2013: 4; 265. 

Loh M, Liem N, Lim PL, Vaithilingam A, Cheng CL, Salto-Tellez M, Yong WP, and 
Soong R. Impact of sample heterogeneity on methylation analysis. Diagn 
Mol Pathol 2010: 19; 243-247. 

Lopata A and Hay DL. The potential of early human embryos to form blastocysts, 
hatch from their zona and secrete HCG in culture. Hum Reprod 1989: 4; 

87-94. 
Lou CH, Shum EY, and Wilkinson MF. RNA degradation drives stem cell 

differentiation. EMBO J 2015: 34; 1606-1608. 

Lunghi L, Ferretti ME, Medici S, Biondi C, and Vesce F. Control of human 
trophoblast function. Reproductive Biology and Endocrinology 2007: 5; 6-

6. 
Luo Q, Liu X, Zheng Y, Zhao Y, Zhu J, and Zou L. Ephrin-B2 mediates trophoblast-

dependent maternal spiral artery remodeling in first trimester. Placenta 
2015: 36; 567-574. 

Lyall F, Young A, Boswell F, Kingdom JC, and Greer IA. Placental expression of 

vascular endothelial growth factor in placentae from pregnancies 
complicated by pre-eclampsia and intrauterine growth restriction does not 

support placental hypoxia at delivery. Placenta 1997: 18; 269-276. 
Ma C, Shi L, Huang Y, Shen L, Peng H, Zhu X, and Zhou G. Nanoparticle delivery 

of Wnt-1 siRNA enhances photodynamic therapy by inhibiting epithelial-

mesenchymal transition for oral cancer. Biomater Sci 2017: 5; 494-501. 
Macaulay EC, Chatterjee A, Cheng X, Baguley BC, Eccles MR, and Morison IM. The 

Genes of Life and Death: A Potential Role for Placental-Specific Genes in 
Cancer: Active retrotransposons in the placenta encode unique functional 
genes that may also be used by cancer cells to promote malignancy. 

Bioessays 2017: 39. 
Makrigiannakis A, Vrekoussis T, Zoumakis E, Kalantaridou SN, and Jeschke U. The 

Role of HCG in Implantation: A Mini-Review of Molecular and Clinical 
Evidence. Int J Mol Sci 2017: 18. 

Maltepe E, Krampitz GW, Okazaki KM, Red-Horse K, Mak W, Simon MC, and Fisher 

SJ. Hypoxia-inducible factor-dependent histone deacetylase activity 
determines stem cell fate in the placenta. Development 2005: 132; 3393-

3403. 
Mandruzzato G, Antsaklis A, Botet F, Chervenak FA, Figueras F, Grunebaum A, 

Puerto B, Skupski D, and Stanojevic M. Intrauterine restriction (IUGR). J 

Perinat Med 2008: 36; 277-281. 
Manuelpillai U, Tchongue J, Lourensz D, Vaghjiani V, Samuel CS, Liu A, Williams 

ED, and Sievert W. Transplantation of human amnion epithelial cells 
reduces hepatic fibrosis in immunocompetent CCl(4)-treated mice. Cell 
Transplant 2010: 19; 1157-1168. 

Matsumoto M, Roufail S, Inder R, Caesar C, Karnezis T, Shayan R, Farnsworth RH, 
Sato T, Achen MG, Mann GB, et al. Signaling for lymphangiogenesis via 



216 
 

VEGFR-3 is required for the early events of metastasis. Clin Exp Metastasis 
2013: 30; 819-832. 

Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ, D'Souza C, Fouse SD, 
Johnson BE, Hong C, Nielsen C, Zhao Y, et al. Conserved role of intragenic 

DNA methylation in regulating alternative promoters. Nature 2010: 466; 
253-257. 

Mayhew TM, Leach L, McGee R, Ismail WW, Myklebust R, and Lammiman MJ. 

Proliferation, differentiation and apoptosis in villous trophoblast at 13-41 
weeks of gestation (including observations on annulate lamellae and 

nuclear pore complexes). Placenta 1999: 20; 407-422. 
Mayhew TM, Ohadike C, Baker PN, Crocker IP, Mitchell C, and Ong SS. 

Stereological investigation of placental morphology in pregnancies 

complicated by pre-eclampsia with and without intrauterine growth 
restriction. Placenta 2003: 24; 219-226. 

Mayhew TM and Simpson RA. Quantitative evidence for the spatial dispersal of 
trophoblast nuclei in human placental villi during gestation. Placenta 1994: 
15; 837-844. 

Mayne BT, Leemaqz SY, Smith AK, Breen J, Roberts CT, and Bianco-Miotto T. 
Accelerated placental aging in early onset preeclampsia pregnancies 

identified by DNA methylation. Epigenomics 2017: 9; 279-289. 
McDonald CA, Payne NL, Sun G, Moussa L, Siatskas C, Lim R, Wallace EM, Jenkin 

G, and Bernard CCA. Immunosuppressive potential of human amnion 
epithelial cells in the treatment of experimental autoimmune 
encephalomyelitis. Journal of Neuroinflammation 2015: 12; 112. 

McEwen KR, Leitch HG, Amouroux R, and Hajkova P. The impact of culture on 
epigenetic properties of pluripotent stem cells and pre-implantation 

embryos. Biochem Soc Trans 2013: 41; 711-719. 
Melero R, Hug N, Lopez-Perrote A, Yamashita A, Caceres JF, and Llorca O. The 

RNA helicase DHX34 functions as a scaffold for SMG1-mediated UPF1 

phosphorylation. Nat Commun 2016: 7; 10585. 
Melton D. Chapter 2 - ‘Stemness’: Definitions, Criteria, and Standards. Essentials 

of Stem Cell Biology (Third Edition). 2014. Academic Press, Boston, pp 7-
17. 

Messerschmidt DM, Knowles BB, and Solter D. DNA methylation dynamics during 

epigenetic reprogramming in the germline and preimplantation embryos. 
Genes Dev 2014: 28; 812-828. 

Miao C, Liang C, Tian Y, Xu A, Zhu J, Zhao K, Zhang J, Hua Y, Liu S, Dong H, et 
al. Overexpression of CAPN2 promotes cell metastasis and proliferation via 
AKT/mTOR signaling in renal cell carcinoma. Oncotarget 2017: 8; 97811-

97821. 
Midwood KS and Orend G. The role of tenascin-C in tissue injury and 

tumorigenesis. Journal of Cell Communication and Signaling 2009: 3; 287-
310. 

Mifsud W and Sebire NJ. Placental Pathology in Early-Onset and Late-Onset Fetal 

Growth Restriction. Fetal Diagnosis and Therapy 2014: 36; 117-128. 
Migeon BR, Axelman J, and Jeppesen P. Differential X Reactivation in Human 

Placental Cells: Implications for Reversal of X Inactivation. Am J Hum Genet 
2005: 77; 355-364. 

Miki T. Amnion-derived stem cells: in quest of clinical applications. Stem Cell Res 

Ther 2011: 2; 25. 
Miki T. Stem cell characteristics and the therapeutic potential of amniotic epithelial 

cells. Am J Reprod Immunol 2018: 80; e13003. 



217 
 

Mise N, Savai R, Yu H, Schwarz J, Kaminski N, and Eickelberg O. Zyxin is a 
transforming growth factor-beta (TGF-beta)/Smad3 target gene that 

regulates lung cancer cell motility via integrin alpha5beta1. J Biol Chem 
2012: 287; 31393-31405. 

Mitalipov S and Wolf D. Totipotency, pluripotency and nuclear reprogramming. 
Adv Biochem Eng Biotechnol 2009: 114; 185-199. 

Miyashita H, Takebayashi Y, Eliason JF, Fujimori F, Nitta Y, Sato A, Morikawa H, 

Ohashi A, Motegi K, Fukumoto M, et al. Uridine phosphorylase is a potential 
prognostic factor in patients with oral squamous cell carcinoma. Cancer 

2002: 94; 2959-2966. 
Moore MS and Blobel G. The GTP-binding protein Ran/TC4 is required for protein 

import into the nucleus. Nature 1993: 365; 661-663. 

Morales-Prieto DM, Chaiwangyen W, Ospina-Prieto S, Schneider U, Herrmann J, 
Gruhn B, and Markert UR. MicroRNA expression profiles of trophoblastic 

cells. Placenta 2012: 33; 725-734. 
Mori M, Nakagami H, Koibuchi N, Miura K, Takami Y, Koriyama H, Hayashi H, Sabe 

H, Mochizuki N, Morishita R, et al. Zyxin mediates actin fiber reorganization 

in epithelial-mesenchymal transition and contributes to endocardial 
morphogenesis. Mol Biol Cell 2009: 20; 3115-3124. 

Morris C and Jalinot P. Silencing of human Int-6 impairs mitosis progression and 
inhibits cyclin B-Cdk1 activation. Oncogene 2005: 24; 1203-1211. 

Mostaque AK and Rahman KB. Comparisons of the effects of biological membrane 
(amnion) and silver sulfadiazine in the management of burn wounds in 
children. J Burn Care Res 2011: 32; 200-209. 

Murray A, Sienerth AR, and Hemberger M. Plet1 is an epigenetically regulated cell 
surface protein that provides essential cues to direct trophoblast stem cell 

differentiation. Sci Rep 2016: 6; 25112. 
Nakanishi MO, Hayakawa K, Nakabayashi K, Hata K, Shiota K, and Tanaka S. 

Trophoblast-specific DNA methylation occurs after the segregation of the 

trophectoderm and inner cell mass in the mouse periimplantation embryo. 
Epigenetics 2012: 7; 173-182. 

Ng RK, Dean W, Dawson C, Lucifero D, Madeja Z, Reik W, and Hemberger M. 
Epigenetic restriction of embryonic cell lineage fate by methylation of Elf5. 
Nat Cell Biol 2008: 10; 1280-1290. 

Nguyen HPT, Xiao L, Deane JA, Tan KS, Cousins FL, Masuda H, Sprung CN, 
Rosamilia A, and Gargett CE. N-cadherin identifies human endometrial 

epithelial progenitor cells by in vitro stem cell assays. Hum Reprod 2017: 
32; 2254-2268. 

Niakan KK and Eggan K. Analysis of human embryos from zygote to blastocyst 

reveals distinct gene expression patterns relative to the mouse. Dev Biol 
2013: 375; 54-64. 

Nikas G, Ao A, Winston RM, and Handyside AH. Compaction and surface polarity 
in the human embryo in vitro. Biol Reprod 1996: 55; 32-37. 

Nishimura T, Dunk C, Lu Y, Feng X, Gellhaus A, Winterhager E, Rossant J, and Lye 

SJ. Gap junctions are required for trophoblast proliferation in early human 
placental development. Placenta 2004: 25; 595-607. 

Nishioka N, Inoue Ki, Adachi K, Kiyonari H, Ota M, Ralston A, Yabuta N, Hirahara 
S, Stephenson RO, Ogonuki N, et al. The Hippo Signaling Pathway 
Components Lats and Yap Pattern Tead4 Activity to Distinguish Mouse 

Trophectoderm from Inner Cell Mass. 2009: 16; 398-410. 



218 
 

Niwa H, Miyazaki J, and Smith AG. Quantitative expression of Oct-3/4 defines 
differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet 2000: 

24; 372-376. 
Niwa H, Toyooka Y, Shimosato D, Strumpf D, Takahashi K, Yagi R, and Rossant J. 

Interaction between Oct3/4 and Cdx2 determines trophectoderm 
differentiation. Cell 2005: 123; 917-929. 

Nordor AV, Nehar-Belaid D, Richon S, Klatzmann D, Bellet D, Dangles-Marie V, 

Fournier T, and Aryee MJ. The early pregnancy placenta foreshadows DNA 
methylation alterations of solid tumors. Epigenetics 2017: 12; 793-803. 

Novakovic B, Evain-Brion D, Murthi P, Fournier T, and Saffery R. Variable DAXX 
gene methylation is a common feature of placental trophoblast 
differentiation, preeclampsia, and response to hypoxia. FASEB J 2017a: 31; 

2380-2392. 
Novakovic B, Fournier T, Harris LK, James J, Roberts CT, Yong HEJ, Kalionis B, 

Evain-Brion D, Ebeling PR, Wallace EM, et al. Increased methylation and 
decreased expression of homeobox genes TLX1, HOXA10 and DLX5 in 
human placenta are associated with trophoblast differentiation. Sci Rep 

2017b: 7; 4523. 
Novakovic B and Saffery R. The ever growing complexity of placental epigenetics 

- role in adverse pregnancy outcomes and fetal programming. Placenta 
2012: 33; 959-970. 

Novakovic B, Wong NC, Sibson M, Ng HK, Morley R, Manuelpillai U, Down T, 
Rakyan VK, Beck S, Hiendleder S, et al. DNA methylation-mediated down-
regulation of DNA methyltransferase-1 (DNMT1) is coincident with, but not 

essential for, global hypomethylation in human placenta. J Biol Chem 2010: 
285; 9583-9593. 

Novakovic B, Yuen RK, Gordon L, Penaherrera MS, Sharkey A, Moffett A, Craig JM, 
Robinson WP, and Saffery R. Evidence for widespread changes in promoter 
methylation profile in human placenta in response to increasing gestational 

age and environmental/stochastic factors. BMC Genomics 2011: 12; 529. 
Nowell CS and Radtke F. Corneal epithelial stem cells and their niche at a glance. 

J Cell Sci 2017. 
Nystad M, Sitras V, Larsen M, and Acharya G. Placental expression of 

aminopeptidase-Q (laeverin) and its role in the pathophysiology of 

preeclampsia. Am J Obstet Gynecol 2014: 211; 686 e681-631. 
Oda M, Oxley D, Dean W, and Reik W. Regulation of lineage specific DNA 

hypomethylation in mouse trophectoderm. PLoS One 2013: 8; e68846. 
Odibo AO. Defining and diagnosing fetal growth restriction: the enigma continues. 

Acta Obstet Gynecol Scand 2017: 96; 137-138. 

Ohtsubo M, Kai R, Furuno N, Sekiguchi T, Sekiguchi M, Hayashida H, Kuma K, 
Miyata T, Fukushige S, Murotsu T, et al. Isolation and characterization of 

the active cDNA of the human cell cycle gene (RCC1) involved in the 
regulation of onset of chromosome condensation. Genes Dev 1987: 1; 585-
593. 

Okae H, Toh H, Sato T, Hiura H, Takahashi S, Shirane K, Kabayama Y, Suyama 
M, Sasaki H, and Arima T. Derivation of Human Trophoblast Stem Cells. Cell 

Stem Cell 2018: 22; 50-63 e56. 
Okano M, Bell DW, Haber DA, and Li E. DNA methyltransferases Dnmt3a and 

Dnmt3b are essential for de novo methylation and mammalian 

development. Cell 1999: 99; 247-257. 
Okeyo KO, Kurosawa O, Yamazaki S, Oana H, Kotera H, Nakauchi H, and Washizu 

M. Cell Adhesion Minimization by a Novel Mesh Culture Method Mechanically 



219 
 

Directs Trophoblast Differentiation and Self-Assembly Organization of 
Human Pluripotent Stem Cells. Tissue Eng Part C Methods 2015: 21; 1105-

1115. 
Oliveros J. VENNY. An interactive tool for comparing lists with Venn diagrams. 

BioinfoGP, CNB-CSIC. 
Paquette AG, Houseman EA, Green BB, Lesseur C, Armstrong DA, Lester B, and 

Marsit CJ. Regions of variable DNA methylation in human placenta 

associated with newborn neurobehavior. Epigenetics 2016: 11; 603-613. 
Pearton DJ, Smith CS, Redgate E, van Leeuwen J, Donnison M, and Pfeffer PL. Elf5 

counteracts precocious trophoblast differentiation by maintaining Sox2 and 
3 and inhibiting Hand1 expression. Dev Biol 2014: 392; 344-357. 

Peat JR, Dean W, Clark SJ, Krueger F, Smallwood SA, Ficz G, Kim JK, Marioni JC, 

Hore TA, and Reik W. Genome-wide bisulfite sequencing in zygotes 
identifies demethylation targets and maps the contribution of TET3 

oxidation. Cell Rep 2014: 9; 1990-2000. 
Pellegrini G, Rama P, Mavilio F, and De Luca M. Epithelial stem cells in corneal 

regeneration and epidermal gene therapy. J Pathol 2009: 217; 217-228. 

Petropoulos S, Edsgard D, Reinius B, Deng Q, Panula SP, Codeluppi S, Reyes AP, 
Linnarsson S, Sandberg R, and Lanner F. Single-Cell RNA-Seq Reveals 

Lineage and X Chromosome Dynamics in Human Preimplantation Embryos. 
Cell 2016: 167; 285. 

Petrou S and Khan K. Economic costs associated with moderate and late preterm 
birth: primary and secondary evidence. Semin Fetal Neonatal Med 2012: 
17; 170-178. 

Pijnenborg R, Bland JM, Robertson WB, Dixon G, and Brosens I. The pattern of 
interstitial trophoblastic invasion of the myometrium in early human 

pregnancy. Placenta 1981: 2; 303-316. 
Pogozhykh O, Prokopyuk V, Figueiredo C, and Pogozhykh D. Placenta and 

Placental Derivatives in Regenerative Therapies: Experimental Studies, 

History, and Prospects. Stem Cells Int 2018: 2018; 4837930. 
Price EM, Cotton AM, Penaherrera MS, McFadden DE, Kobor MS, and Robinson W. 

Different measures of "genome-wide" DNA methylation exhibit unique 
properties in placental and somatic tissues. Epigenetics 2012: 7; 652-663. 

Prossler J, Chen Q, Chamley L, and James JL. The relationship between TGFbeta, 

low oxygen and the outgrowth of extravillous trophoblasts from anchoring 
villi during the first trimester of pregnancy. Cytokine 2014: 68; 9-15. 

Rahnama F, Shafiei F, Gluckman PD, Mitchell MD, and Lobie PE. Epigenetic 
regulation of human trophoblastic cell migration and invasion. 
Endocrinology 2006: 147; 5275-5283. 

Rainey A and Mayhew TM. Volumes and Numbers of Intervillous Pores and Villous 
Domains in Placentas Associated with Intrauterine Growth Restriction 

and/or Pre-eclampsia. Placenta 2010: 31; 602-606. 
Ramu S, Acacio B, Adamowicz M, Parrett S, and Jeyendran RS. Human chorionic 

gonadotropin from day 2 spent embryo culture media and its relationship 

to embryo development. Fertil Steril 2011: 96; 615-617. 
Reichetzeder C, Dwi Putra SE, Pfab T, Slowinski T, Neuber C, Kleuser B, and 

Hocher B. Increased global placental DNA methylation levels are associated 
with gestational diabetes. Clinical Epigenetics 2016: 8; 82. 

Reinius LE, Acevedo N, Joerink M, Pershagen G, Dahlen SE, Greco D, Soderhall C, 

Scheynius A, and Kere J. Differential DNA methylation in purified human 
blood cells: implications for cell lineage and studies on disease 

susceptibility. PLoS One 2012: 7; e41361. 



220 
 

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, and Smyth GK. limma powers 
differential expression analyses for RNA-sequencing and microarray 

studies. Nucleic Acids Res 2015: 43; e47. 
Rivron NC, Frias-Aldeguer J, Vrij EJ, Boisset J-C, Korving J, Vivié J, Truckenmüller 

RK, van Oudenaarden A, van Blitterswijk CA, and Geijsen N. Blastocyst-like 
structures generated solely from stem cells. Nature 2018: 557; 106-111. 

Roberts RM and Fisher SJ. Trophoblast stem cells. Biol Reprod 2011: 84; 412-

421. 
Roberts VH, Lo JO, Salati JA, Lewandowski KS, Lindner JR, Morgan TK, and Frias 

AE. Quantitative assessment of placental perfusion by contrast-enhanced 
ultrasound in macaques and human subjects. Am J Obstet Gynecol 2016: 
214; 369 e361-368. 

Roberts VHJ, Morgan TK, Bednarek P, Morita M, Burton GJ, Lo JO, and Frias AE. 
Early first trimester uteroplacental flow and the progressive disintegration 

of spiral artery plugs: new insights from contrast-enhanced ultrasound and 
tissue histopathology. Hum Reprod 2017: 32; 2382-2393. 

Rodesch F, Simon P, Donner C, and Jauniaux E. Oxygen measurements in 

endometrial and trophoblastic tissues during early pregnancy. Obstet 
Gynecol 1992: 80; 283-285. 

Rodin S, Antonsson L, Niaudet C, Simonson OE, Salmela E, Hansson EM, 
Domogatskaya A, Xiao Z, Damdimopoulou P, Sheikhi M, et al. Clonal 

culturing of human embryonic stem cells on laminin-521/E-cadherin matrix 
in defined and xeno-free environment. Nat Commun 2014: 5; 3195. 

Rohart F, Gautier B, Singh A, and Le Cao KA. mixOmics: An R package for 'omics 

feature selection and multiple data integration. PLoS Comput Biol 2017: 
13; e1005752. 

Roos S, Powell TL, and Jansson T. Human placental taurine transporter in 
uncomplicated and IUGR pregnancies: cellular localization, protein 
expression, and regulation. Am J Physiol Regul Integr Comp Physiol 2004: 

287; R886-893. 
Rosario GX, Konno T, and Soares MJ. Maternal hypoxia activates endovascular 

trophoblast cell invasion. Dev Biol 2008: 314; 362-375. 
Rossant J. Stem cells from the Mammalian blastocyst. Stem Cells 2001: 19; 477-

482. 

Roth V. Doubling Time Computing. 2006. 
Rungsiwiwut R, Ingrungruanglert P, Numchaisrika P, Virutamasen P, Phermthai T, 

and Pruksananonda K. Human Umbilical Cord Blood-Derived Serum for 
Culturing the Supportive Feeder Cells of Human Pluripotent Stem Cell Lines. 
Stem Cells Int 2016: 2016; 4626048. 

Ryu HH, Jung S, Jung TY, Moon KS, Kim IY, Jeong YI, Jin SG, Pei J, Wen M, and 
Jang WY. Role of metallothionein 1E in the migration and invasion of human 

glioma cell lines. Int J Oncol 2012: 41; 1305-1313. 
Sakaue M, Ohta H, Kumaki Y, Oda M, Sakaide Y, Matsuoka C, Yamagiwa A, Niwa 

H, Wakayama T, and Okano M. DNA Methylation Is Dispensable for the 

Growth and Survival of the Extraembryonic Lineages. Current Biology 2010: 
20; 1452-1457. 

Saleem T, Sajjad N, Fatima S, Habib N, Ali SR, and Qadir M. Intrauterine growth 
retardation--small events, big consequences. Italian journal of pediatrics 
2011: 37; 41-41. 

Sankaran S and Kyle PM. Aetiology and pathogenesis of IUGR. Best Pract Res Clin 
Obstet Gynaecol 2009: 23; 765-777. 



221 
 

Santio NM, Eerola SK, Paatero I, Yli-Kauhaluoma J, Anizon F, Moreau P, Tuomela 
J, Harkonen P, and Koskinen PJ. Pim Kinases Promote Migration and 

Metastatic Growth of Prostate Cancer Xenografts. PLoS One 2015: 10; 
e0130340. 

Santos F, Hendrich B, Reik W, and Dean W. Dynamic reprogramming of DNA 
methylation in the early mouse embryo. Dev Biol 2002: 241; 172-182. 

Santos F, Hyslop L, Stojkovic P, Leary C, Murdoch A, Reik W, Stojkovic M, Herbert 

M, and Dean W. Evaluation of epigenetic marks in human embryos derived 
from IVF and ICSI. Human Reproduction 2010: 25; 2387-2395. 

Sarkar P, Randall SM, Collier TS, Nero A, Russell TA, Muddiman DC, and Rao BM. 
Activin/nodal signaling switches the terminal fate of human embryonic stem 
cell-derived trophoblasts. J Biol Chem 2015: 290; 8834-8848. 

Savarese F, Davila A, Nechanitzky R, De La Rosa-Velazquez I, Pereira CF, Engelke 
R, Takahashi K, Jenuwein T, Kohwi-Shigematsu T, Fisher AG, et al. Satb1 

and Satb2 regulate embryonic stem cell differentiation and Nanog 
expression. Genes Dev 2009: 23; 2625-2638. 

Scheele CLGJ, Hannezo E, Muraro MJ, Zomer A, Langedijk NSM, van Oudenaarden 

A, Simons BD, and van Rheenen J. Identity and dynamics of mammary 
stem cells during branching morphogenesis. Nature 2017: 542; 313. 

Schenke-Layland K, Angelis E, Rhodes KE, Heydarkhan-Hagvall S, Mikkola HK, 
and Maclellan WR. Collagen IV induces trophoectoderm differentiation of 

mouse embryonic stem cells. Stem Cells 2007: 25; 1529-1538. 
Schneider CA, Rasband WS, and Eliceiri KW. NIH Image to ImageJ: 25 years of 

image analysis. Nature Methods 2012: 9; 671. 

Scholzen T and Gerdes J. The Ki-67 protein: from the known and the unknown. J 
Cell Physiol 2000: 182; 311-322. 

Schoorlemmer J, Strunk M, Macías-Redondo S, Calvo P, Breton P, Paules C, and 
Oros D. Altered DNA methylation in human placenta after suspected 
preterm labour. Placenta 2017: 57; 305. 

Schreurs CA, Mol BW, and de Boer MA. Re: Consensus definition for placental fetal 
growth restriction: a Delphi procedure. Ultrasound Obstet Gynecol 2017: 

49; 159. 
Schroeder DI, Blair JD, Lott P, Yu HO, Hong D, Crary F, Ashwood P, Walker C, Korf 

I, Robinson WP, et al. The human placenta methylome. Proc Natl Acad Sci 

U S A 2013: 110; 6037-6042. 
Schroeder DI, Jayashankar K, Douglas KC, Thirkill TL, York D, Dickinson PJ, 

Williams LE, Samollow PB, Ross PJ, Bannasch DL, et al. Early Developmental 
and Evolutionary Origins of Gene Body DNA Methylation Patterns in 
Mammalian Placentas. PLoS Genet 2015: 11; e1005442. 

Schultz MB and Sinclair DA. When stem cells grow old: phenotypes and 
mechanisms of stem cell aging. Development 2016: 143; 3-14. 

Senner CE. The role of DNA methylation in mammalian development. Reprod 
Biomed Online 2011: 22; 529-535. 

Senner CE and Hemberger M. Regulation of early trophoblast differentiation - 

lessons from the mouse. Placenta 2010: 31; 944-950. 
Senner CE, Krueger F, Oxley D, Andrews S, and Hemberger M. DNA methylation 

profiles define stem cell identity and reveal a tight embryonic-
extraembryonic lineage boundary. Stem Cells 2012: 30; 2732-2745. 

Shahbazi MN, Jedrusik A, Vuoristo S, Recher G, Hupalowska A, Bolton V, Fogarty 

NM, Campbell A, Devito LG, Ilic D, et al. Self-organization of the human 
embryo in the absence of maternal tissues. Nat Cell Biol 2016: 18; 700-

708. 



222 
 

Shaw BE, Marsh SG, Mayor NP, Russell NH, and Madrigal JA. HLA-DPB1 matching 
status has significant implications for recipients of unrelated donor stem cell 

transplants. Blood 2006: 107; 1220-1226. 
Shi X, Wu Y, Liu H, Gong X, Du H, Li Y, Zhao J, Chen P, Tang G, and Qiao F. Effect 

of epigenetic modification of maspin on extravillous trophoblastic function. 
J Huazhong Univ Sci Technolog Med Sci 2012: 32; 879-882. 

Shilatifard A, Conaway RC, and Conaway JW. The RNA polymerase II elongation 

complex. Annu Rev Biochem 2003: 72; 693-715. 
Shimoya K, Matsuzaki N, Taniguchi T, Kameda T, Koyama M, Neki R, Saji F, and 

Tanizawa O. Human placenta constitutively produces interleukin-8 during 
pregnancy and enhances its production in intrauterine infection. Biol Reprod 
1992: 47; 220-226. 

Simmons D. Epigenetic influence and disease. Nature Education 2008: 1; 6. 
Simpson RA, Mayhew TM, and Barnes PR. From 13 weeks to term, the trophoblast 

of human placenta grows by the continuous recruitment of new proliferative 
units: a study of nuclear number using the disector. Placenta 1992: 13; 
501-512. 

Singh P and Schwarzbauer JE. Fibronectin and stem cell differentiation – lessons 
from chondrogenesis. J Cell Sci 2012: 125; 3703-3712. 

Sivasubramaiyan K, Totey S, Bhat V, Totey SM, and Deb K. Y-27632 enhances 
differentiation of blastocyst like cystic human embryoid bodies to 

endocrinologically active trophoblast cells on a biomimetic platform. J 
Biomed Sci 2009: 16; 88. 

Sivasubramaniyan K, Pal R, Totey S, Bhat VS, and Totey S. Rho kinase inhibitor 

y27632 alters the balance between pluripotency and early differentiation 
events in human embryonic stem cells. Curr Stem Cell Res Ther 2010: 5; 

2-12. 
Skvortsova K, Zotenko E, Luu P-L, Gould CM, Nair SS, Clark SJ, and Stirzaker C. 

Comprehensive evaluation of genome-wide 5-hydroxymethylcytosine 

profiling approaches in human DNA. Epigenetics Chromatin 2017: 10; 16. 
Smith SC, Price E, Hewitt MJ, Symonds EM, and Baker PN. Cellular proliferation in 

the placenta in normal human pregnancy and pregnancy complicated by 
intrauterine growth restriction. J Soc Gynecol Investig 1998: 5; 317-323. 

Smith ZD, Chan MM, Humm KC, Karnik R, Mekhoubad S, Regev A, Eggan K, and 

Meissner A. DNA methylation dynamics of the human preimplantation 
embryo. Nature 2014: 511; 611-615. 

Soncin F, Khater M, To C, Pizzo D, Farah O, Wakeland A, Arul Nambi Rajan K, 
Nelson KK, Chang CW, Moretto-Zita M, et al. Comparative analysis of mouse 
and human placentae across gestation reveals species-specific regulators 

of placental development. Development 2018: 145. 
Song C-X, Yi C, and He C. Mapping new nucleotide variants in the genome and 

transcriptome. Nat Biotechnol 2012: 30; 1107-1116. 
Sonoyama T, Sone M, Honda K, Taura D, Kojima K, Inuzuka M, Kanamoto N, 

Tamura N, and Nakao K. Differentiation of human embryonic stem cells and 

human induced pluripotent stem cells into steroid-producing cells. 
Endocrinology 2012: 153; 4336-4345. 

Sossey-Alaoui K, Pluskota E, Davuluri G, Bialkowska K, Das M, Szpak D, Lindner 
DJ, Downs-Kelly E, Thompson CL, and Plow EF. Kindlin-3 enhances breast 
cancer progression and metastasis by activating Twist-mediated 

angiogenesis. The FASEB Journal 2014: 28; 2260-2271. 
Spitalieri P, Cortese G, Pietropolli A, Filareto A, Dolci S, Klinger FG, Giardina E, Di 

Cesare S, Bernardini L, Lauro D, et al. Identification of multipotent 



223 
 

cytotrophoblast cells from human first trimester chorionic villi. Cloning Stem 
Cells 2009: 11; 535-556. 

Staun-Ram E, Goldman S, Gabarin D, Shalev EJRB, and Endocrinology. Expression 
and importance of matrix metalloproteinase 2 and 9 (MMP-2 and -9) in 

human trophoblast invasion. 2004: 2; 59. 
Strelchenko N, Verlinsky O, Kukharenko V, and Verlinsky Y. Morula-derived human 

embryonic stem cells. Reprod Biomed Online 2004: 9; 623-629. 

Strid H, Bucht E, Jansson T, Wennergren M, and Powell TL. ATP dependent Ca2+ 
transport across basal membrane of human syncytiotrophoblast in 

pregnancies complicated by intrauterine growth restriction or diabetes. 
Placenta 2003: 24; 445-452. 

Sudheer S, Bhushan R, Fauler B, Lehrach H, and Adjaye J. FGF inhibition directs 

BMP4-mediated differentiation of human embryonic stem cells to 
syncytiotrophoblast. Stem Cells Dev 2012: 21; 2987-3000. 

Suelves M, Carrio E, Nunez-Alvarez Y, and Peinado MA. DNA methylation dynamics 
in cellular commitment and differentiation. Brief Funct Genomics 2016: 15; 
443-453. 

Suhag A and Berghella V. Intrauterine Growth Restriction (IUGR): Etiology and 
Diagnosis. Current Obstetrics and Gynecology Reports 2013: 2; 102-111. 

Sultana Z, Maiti K, Dedman L, and Smith R. Is there a role for placental senescence 
in the genesis of obstetric complications and fetal growth restriction? Am J 

Obstet Gynecol 2018: 218; S762-S773. 
Sun YY, Lu M, Xi XW, Qiao QQ, Chen LL, Xu XM, and Feng YJ. Regulation of 

epithelial-mesenchymal transition by homeobox gene DLX4 in JEG-3 

trophoblast cells: a role in preeclampsia. Reprod Sci 2011: 18; 1138-1145. 
Takahata M, Inoue Y, Tsuda H, Imoto I, Koinuma D, Hayashi M, Ichikura T, Yamori 

T, Nagasaki K, Yoshida M, et al. SKI and MEL1 cooperate to inhibit 
transforming growth factor-beta signal in gastric cancer cells. J Biol Chem 
2009: 284; 3334-3344. 

Takao T, Asanoma K, Kato K, Fukushima K, Tsunematsu R, Hirakawa T, 
Matsumura S, Seki H, Takeda S, and Wake N. Isolation and characterization 

of human trophoblast side-population (SP) cells in primary villous 
cytotrophoblasts and HTR-8/SVneo cell line. PLoS One 2011: 6; e21990. 

Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, and Rossant J. Promotion of 

trophoblast stem cell proliferation by FGF4. Science 1998: 282; 2072-
2075. 

Tannetta D, Masliukaite I, Vatish M, Redman C, and Sargent I. Update of 
syncytiotrophoblast derived extracellular vesicles in normal pregnancy and 
preeclampsia. J Reprod Immunol 2017: 119; 98-106. 

Telugu BP, Adachi K, Schlitt JM, Ezashi T, Schust DJ, Roberts RM, and Schulz LC. 
Comparison of extravillous trophoblast cells derived from human embryonic 

stem cells and from first trimester human placentas. Placenta 2013: 34; 
536-543. 

Thompson R and Greally J. MassArray: Analytical Tools for MassArray Data. 2009. 

Tilley SK, Martin EM, Smeester L, Joseph RM, Kuban KCK, Heeren TC, Dammann 
OU, O'Shea TM, and Fry RC. Placental CpG methylation of infants born 

extremely preterm predicts cognitive impairment later in life. PLoS One 
2018: 13; e0193271. 

Tiruthani K, Sarkar P, and Rao B. Trophoblast differentiation of human embryonic 

stem cells. Biotechnol J 2013: 8; 421-433. 



224 
 

Tomikawa J, Fukatsu K, Tanaka S, and Shiota K. DNA methylation-dependent 
epigenetic regulation of dimethylarginine dimethylaminohydrolase 2 gene 

in trophoblast cell lineage. J Biol Chem 2006: 281; 12163-12169. 
Tomita M, Goto H, Muramatsu R, and Usui M. Treatment of large conjunctival 

nevus by resection and reconstruction using amniotic membrane. Graefes 
Arch Clin Exp Ophthalmol 2006: 244; 761-764. 

Tong M and Chamley LW. Placental extracellular vesicles and feto-maternal 

communication. Cold Spring Harb Perspect Med 2015: 5; a023028. 
Tsien F, Fiala ES, Youn B, Long TI, Laird PW, Weissbecker K, and Ehrlich M. 

Prolonged culture of normal chorionic villus cells yields ICF syndrome-like 
chromatin decondensation and rearrangements. Cytogenet Genome Res 
2002: 98; 13-21. 

Tucker DF, Sullivan JT, Mattia KA, Fisher CR, Barnes T, Mabila MN, Wilf R, Sulli C, 
Pitts M, Payne RJ, et al. Isolation of state-dependent monoclonal antibodies 

against the 12-transmembrane domain glucose transporter 4 using virus-
like particles. Proc Natl Acad Sci U S A 2018: 115; E4990-E4999. 

Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez MJ, Farrell L, 

Hollinshead M, Marsh SGE, Brosens JJ, Critchley HO, et al. Long-term, 
hormone-responsive organoid cultures of human endometrium in a 

chemically defined medium. Nat Cell Biol 2017: 19; 568-577. 
Turco MY, Gardner L, Kay RG, Hamilton RS, Prater M, Hollinshead MS, McWhinnie 

A, Esposito L, Fernando R, Skelton H, et al. Trophoblast organoids as a 
model for maternal–fetal interactions during human placentation. Nature 
2018. 

Udayashankar R, Baker D, Tuckerman E, Laird S, Li TC, and Moore HD. 
Characterization of invasive trophoblasts generated from human embryonic 

stem cells. Hum Reprod 2011: 26; 398-406. 
Unterscheider J, Daly S, Geary MP, Kennelly MM, McAuliffe FM, O'Donoghue K, 

Hunter A, Morrison JJ, Burke G, Dicker P, et al. Optimizing the definition of 

intrauterine growth restriction: the multicenter prospective PORTO Study. 
Am J Obstet Gynecol 2013: 208; 290 e291-296. 

Urich MA, Nery JR, Lister R, Schmitz RJ, and Ecker JR. MethylC-seq library 
preparation for base-resolution whole-genome bisulfite sequencing. Nat 
Protoc 2015: 10; 475-483. 

Vadakke-Madathil S, LaRocca G, Raedschelders K, Yoon J, Parker SJ, Tripodi J, 
Najfeld V, Van Eyk JE, and Chaudhry HW. Multipotent fetal-derived Cdx2 

cells from placenta regenerate the heart. Proc Natl Acad Sci U S A 2019: 
116; 11786-11795. 

van den Berg IM, Laven JS, Stevens M, Jonkers I, Galjaard RJ, Gribnau J, and van 

Doorninck JH. X chromosome inactivation is initiated in human 
preimplantation embryos. Am J Hum Genet 2009: 84; 771-779. 

Vandevoort CA, Thirkill TL, and Douglas GC. Blastocyst-derived trophoblast stem 
cells from the rhesus monkey. Stem Cells Dev 2007: 16; 779-788. 

Vasko T, Frobel J, Lubberich R, Goecke TW, and Wagner W. iPSC-derived 

mesenchymal stromal cells are less supportive than primary MSCs for co-
culture of hematopoietic progenitor cells. J Hematol Oncol 2016: 9; 43. 

Vasudevan SA, Russell HV, Okcu MF, Burlingame SM, Liu ZJ, Yang J, and Nuchtern 
JG. Neuroblastoma-derived secretory protein messenger RNA levels 
correlate with high-risk neuroblastoma. Journal of Pediatric Surgery 2007: 

42; 148-152. 



225 
 

Viall CA, Chen Q, Stone PR, and Chamley LW. Human extravillous trophoblasts 
bind but do not internalize antiphospholipid antibodies. Placenta 2016: 42; 

9-16. 
Vicovac L, Jones CJ, and Aplin JD. Trophoblast differentiation during formation of 

anchoring villi in a model of the early human placenta in vitro. Placenta 
1995: 16; 41-56. 

Vlachos IS, Paraskevopoulou MD, Karagkouni D, Georgakilas G, Vergoulis T, 

Kanellos I, Anastasopoulos IL, Maniou S, Karathanou K, Kalfakakou D, et 
al. DIANA-TarBase v7.0: indexing more than half a million experimentally 

supported miRNA:mRNA interactions. Nucleic Acids Res 2015a: 43; D153-
159. 

Vlachos IS, Zagganas K, Paraskevopoulou MD, Georgakilas G, Karagkouni D, 

Vergoulis T, Dalamagas T, and Hatzigeorgiou AG. DIANA-miRPath v3.0: 
deciphering microRNA function with experimental support. Nucleic Acids 

Res 2015b: 43; W460-466. 
Vlahovic M, Bulic-Jakus F, Juric-Lekic G, Fucic A, Maric S, and Serman D. Changes 

in the placenta and in the rat embryo caused by the demethylating agent 

5-azacytidine. Int J Dev Biol 1999: 43; 843-846. 
Wakeland AK, Soncin F, Moretto-Zita M, Chang CW, Horii M, Pizzo D, Nelson KK, 

Laurent LC, and Parast MM. Hypoxia Directs Human Extravillous 
Trophoblast Differentiation in a Hypoxia-Inducible Factor-Dependent 

Manner. Am J Pathol 2017: 187; 767-780. 
Wang C, Wang C, Wei Z, Li Y, Wang W, Li X, Zhao J, Zhou X, Qu X, and Xiang F. 

Suppression of motor protein KIF3C expression inhibits tumor growth and 

metastasis in breast cancer by inhibiting TGF-beta signaling. Cancer Lett 
2015a: 368; 105-114. 

Wang HQ, Tuominen LK, and Tsai CJ. SLIM: a sliding linear model for estimating 
the proportion of true null hypotheses in datasets with dependence 
structures. Bioinformatics 2011: 27; 225-231. 

Wang JM, Huang FC, Kuo MH, Wang ZF, Tseng TY, Chang LC, Yen SJ, Chang TC, 
and Lin JJ. Inhibition of cancer cell migration and invasion through 

suppressing the Wnt1-mediating signal pathway by G-quadruplex structure 
stabilizers. J Biol Chem 2014: 289; 14612-14623. 

Wang JY and Johnson LR. Expression of protooncogenes c-fos and c-myc in healing 

of gastric mucosal stress ulcers. Am J Physiol 1994: 266; G878-886. 
Wang JY, McCormack SA, Viar MJ, Wang H, Tzen CY, Scott RE, and Johnson LR. 

Decreased expression of protooncogenes c-fos, c-myc, and c-jun following 
polyamine depletion in IEC-6 cells. Am J Physiol 1993: 265; G331-338. 

Wang M, Wang L, Ren T, Xu L, and Wen Z. IL-17A/IL-17RA interaction promoted 

metastasis of osteosarcoma cells. Cancer Biology & Therapy 2013: 14; 155-
163. 

Wang X, Liu C, Xu F, Cui L, Tan S, Chen R, Yang L, and Huang J. Effects of neuritin 
on the migration, senescence and proliferation of human bone marrow 
mesenchymal stem cells. Cell Mol Biol Lett 2015b: 20; 466-474. 

Wang X, Wang E, Cao J, Xiong F, Yang Y, and Liu H. MiR-145 inhibits the epithelial-
to-mesenchymal transition via targeting ADAM19 in human glioblastoma. 

Oncotarget 2017: 8; 92545-92554. 
Wang Z, Oron E, Nelson B, Razis S, and Ivanova N. Distinct lineage specification 

roles for NANOG, OCT4, and SOX2 in human embryonic stem cells. Cell 

Stem Cell 2012: 10; 440-454. 



226 
 

Warton S, Sibley C, and Heazell A. Understanding the placental aetiology of fetal 
growth restriction; could this lead to personalied management strategies? 

Fetal and Maternal Medicine Review 2014: 25; 95-116. 
Watt FM and Hogan BL. Out of Eden: stem cells and their niches. Science 2000: 

287; 1427-1430. 
Weber M, Gohner C, San Martin S, Vattai A, Hutter S, Parraga M, Jeschke U, 

Schleussner E, Markert UR, and Fitzgerald JS. Unique trophoblast stem cell- 

and pluripotency marker staining patterns depending on gestational age 
and placenta-associated pregnancy complications. Cell Adh Migr 2016: 10; 

56-65. 
Weber M, Knoefler I, Schleussner E, Markert U, and Fitzgerald J. HTR8/SVneo cells 

display trophoblast progenitor cell-like characteristics indicative of self-

renewal, repopulation activity, and expression of "stemness-" associated 
transcription factors. BioMed research international 2013: 2013; 243649. 

Wei JP, Zhang TS, Kawa S, Aizawa T, Ota M, Akaike T, Kato K, Konishi I, and 
Nikaido T. Human amnion-isolated cells normalize blood glucose in 
streptozotocin-induced diabetic mice. Cell Transplant 2003: 12; 545-552. 

Weinhold B. Epigenetics: the science of change. Environ Health Perspect 2006: 
114; A160-167. 

Wen F, Tynan JA, Cecena G, Williams R, Munera J, Mavrothalassitis G, and Oshima 
RG. Ets2 is required for trophoblast stem cell self-renewal. Dev Biol 2007: 

312; 284-299. 
Wice B, Menton D, Geuze H, and Schwartz AL. Modulators of cyclic AMP 

metabolism induce syncytiotrophoblast formation in vitro. Exp Cell Res 

1990: 186; 306-316. 
Wilson SL and Robinson WP. Utility of DNA methylation to assess placental health. 

Placenta 2018: 64; S23-S28. 
Wirsching HG, Krishnan S, Florea AM, Frei K, Krayenbuhl N, Hasenbach K, 

Reifenberger G, Weller M, and Tabatabai G. Thymosin beta 4 gene silencing 

decreases stemness and invasiveness in glioblastoma. Brain 2014: 137; 
433-448. 

Wolfrum K, Wang Y, Prigione A, Sperling K, Lehrach H, and Adjaye J. The LARGE 
principle of cellular reprogramming: lost, acquired and retained gene 
expression in foreskin and amniotic fluid-derived human iPS cells. PLoS One 

2010: 5; e13703. 
Wong FTM, Lin C, and Cox BJ. Cellular systems biology identifies dynamic 

trophoblast populations in early human placentas. Placenta 2019. 
Wong NC, Novakovic B, Weinrich B, Dewi C, Andronikos R, Sibson M, Macrae F, 

Morley R, Pertile MD, Craig JM, et al. Methylation of the adenomatous 

polyposis coli (APC) gene in human placenta and hypermethylation in 
choriocarcinoma cells. Cancer Lett 2008: 268; 56-62. 

Wong PPC, Merico D, Matei I, Ling V, Bashir S, Chang SG, Cheung QCK, Haw RA, 
Stueker O, Montpellier B, et al. Kruppel-Like Factor, <em>Klf9</em>, 
Promotes Proliferation of Notch-Independent Precursor T-Cell 

Lymphoblastic Lymphomas. Blood 2012: 120; 3496-3496. 
Wu Y, Siadaty MS, Berens ME, Hampton GM, and Theodorescu D. Overlapping 

gene expression profiles of cell migration and tumor invasion in human 
bladder cancer identify metallothionein 1E and nicotinamide N-
methyltransferase as novel regulators of cell migration. Oncogene 2008: 

27; 6679-6689. 



227 
 

Xiao X, Liu Z, Wang R, Wang J, Zhang S, Cai X, Wu K, Bergan RC, Xu L, and Fan 
D. Genistein suppresses FLT4 and inhibits human colorectal cancer 

metastasis. Oncotarget 2015: 6; 3225-3239. 
Xie X, Hiona A, Lee AS, Cao F, Huang M, Li Z, Cherry A, Pei X, and Wu JC. Effects 

of long-term culture on human embryonic stem cell aging. Stem Cells Dev 
2011: 20; 127-138. 

Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, Zwaka TP, and Thomson JA. 

BMP4 initiates human embryonic stem cell differentiation to trophoblast. 
Nat Biotechnol 2002: 20; 1261-1264. 

Yabe S, Alexenko AP, Amita M, Yang Y, Schust DJ, Sadovsky Y, Ezashi T, and 
Roberts RM. Comparison of syncytiotrophoblast generated from human 
embryonic stem cells and from term placentas. Proc Natl Acad Sci U S A 

2016: 113; E2598-2607. 
Yan X, Dong X, Liu L, Yang Y, Lai J, and Guo Y. DNA methylation signature of 

intergenic region involves in nucleosome remodeler DDM1-mediated 
repression of aberrant gene transcriptional read-through. J Genet Genomics 
2016: 43; 513-523. 

Yang M, Shao JH, Miao YJ, Cui W, Qi YF, Han JH, Lin X, and Du J. Tumor cell-
activated CARD9 signaling contributes to metastasis-associated 

macrophage polarization. Cell Death Differ 2014: 21; 1290-1302. 
Yang S, Sun Y, Geng Z, Ma KUI, Sun X, and Fu X. Abnormalities in the basement 

membrane structure promote basal keratinocytes in the epidermis of 
hypertrophic scars to adopt a proliferative phenotype. Int J Mol Med 2016: 
37; 1263-1273. 

Yang Y-HK, Ogando CR, Wang See C, Chang T-Y, and Barabino GA. Changes in 
phenotype and differentiation potential of human mesenchymal stem cells 

aging in vitro. Stem Cell Res Ther 2018: 9; 131. 
Yang Y, Adachi K, Sheridan MA, Alexenko AP, Schust DJ, Schulz LC, Ezashi T, and 

Roberts RM. Heightened potency of human pluripotent stem cell lines 

created by transient BMP4 exposure. Proc Natl Acad Sci U S A 2015: 112; 
E2337-2346. 

Yi F, Ni W, Liu W, Pan X, Han X, Yang L, Kong X, Ma R, and Chang R. SPAG9 is 
overexpressed in human astrocytoma and promotes cell proliferation and 
invasion. Tumour Biol 2013: 34; 2849-2855. 

Yong WS, Hsu FM, and Chen PY. Profiling genome-wide DNA methylation. 
Epigenetics Chromatin 2016: 9; 26. 

Yoshizawa S, Fujiwara K, Sugito K, Uekusa S, Kawashima H, Hoshi R, Watanabe 
Y, Hirano T, Furuya T, Masuko T, et al. Pyrrole-imidazole polyamide-
mediated silencing of KCNQ1OT1 expression induces cell death in Wilms' 

tumor cells. Int J Oncol 2015: 47; 115-121. 
Young B. Wheater's functional histology : a text and colour atlas 2014. Churchill 

Livingston/Elsevier, Philadelphia, PA. 
Yu X, Zou J, Ye Z, Hammond H, Chen G, Tokunaga A, Mali P, Li YM, Civin C, Gaiano 

N, et al. Notch signaling activation in human embryonic stem cells is 

required for embryonic, but not trophoblastic, lineage commitment. Cell 
Stem Cell 2008: 2; 461-471. 

Yuen RKC, Chen B, Blair JD, Robinson WP, and Nelson DM. Hypoxia alters the 
epigenetic profile in cultured human placental trophoblasts. Epigenetics 
2013: 8; 192-202. 

Zdravkovic T, Nazor K, Larocque N, Gormley M, Donne M, Hunkapillar N, Giritharan 
G, Bernstein H, Wei G, Hebrok M, et al. Human stem cells from single 



228 
 

blastomeres reveal pathways of Embryonic or trophoblast fate specification. 
Development 2015. 

Zhang J and Bowes WA, Jr. Birth-weight-for-gestational-age patterns by race, sex, 
and parity in the United States population. Obstet Gynecol 1995: 86; 200-

208. 
Zhang J and Li L. BMP signaling and stem cell regulation. Dev Biol 2005: 284; 1-

11. 

Zhang P, Li J, Tan Z, Wang C, Liu T, Chen L, Yong J, Jiang W, Sun X, Du L, et al. 
Short-term BMP-4 treatment initiates mesoderm induction in human 

embryonic stem cells. Blood 2008: 111; 1933-1941. 
Zhang Y, Chen K, Guo L, and Wu C. Characterization of PINCH-2, a new focal 

adhesion protein that regulates the PINCH-1-ILK interaction, cell spreading, 

and migration. J Biol Chem 2002: 277; 38328-38338. 
Zhao H, Oczos J, Janowski P, Trembecka D, Dobrucki J, Darzynkiewicz Z, and 

Wlodkowic D. Rationale for the real-time and dynamic cell death assays 
using propidium iodide. Cytometry. Part A : the journal of the International 
Society for Analytical Cytology 2010: 77; 399-405. 

Zheng Y, Joyce BT, Liu L, Zhang Z, Kibbe WA, Zhang W, and Hou L. Prediction of 
genome-wide DNA methylation in repetitive elements. Nucleic Acids 

Research 2017: 45; 8697-8711. 
Zhong M, Bian Z, and Wu Z. miR-30a suppresses cell migration and invasion 

through downregulation of PIK3CD in colorectal carcinoma. Cell Physiol 
Biochem 2013: 31; 209-218. 

Zhu LY, Zhang WM, Yang XM, Cui L, Li J, Zhang YL, Wang YH, Ao JP, Ma MZ, Lu 

H, et al. Silencing of MICAL-L2 suppresses malignancy of ovarian cancer by 
inducing mesenchymal-epithelial transition. Cancer Lett 2015: 363; 71-82. 

Zhu S, Russ HA, Wang X, Zhang M, Ma T, Xu T, Tang S, Hebrok M, and Ding S. 
Human pancreatic beta-like cells converted from fibroblasts. Nat Commun 
2016: 7; 10080. 

Zhuang H, Zhao MY, Hei KW, Yang BC, Sun L, Du X, and Li YM. Aberrant expression 
of pim-3 promotes proliferation and migration of ovarian cancer cells. Asian 

Pac J Cancer Prev 2015: 16; 3325-3331. 
Ziller MJ, Muller F, Liao J, Zhang Y, Gu H, Bock C, Boyle P, Epstein CB, Bernstein 

BE, Lengauer T, et al. Genomic distribution and inter-sample variation of 

non-CpG methylation across human cell types. PLoS Genet 2011: 7; 
e1002389. 

Zito A, Cartelli D, Cappelletti G, Cariboni A, Andrews W, Parnavelas J, Poletti A, 
and Galbiati M. Neuritin 1 promotes neuronal migration. Brain Struct Funct 
2014: 219; 105-118. 

Zou XZ, Gong ZC, Liu T, He F, Zhu TT, Li D, Zhang WF, Jiang JL, and Hu CP. 
Involvement of epithelial-mesenchymal transition afforded by activation of 

LOX-1/ TGF-beta1/KLF6 signaling pathway in diabetic pulmonary fibrosis. 
Pulm Pharmacol Ther 2017: 44; 70-77. 

 


