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Abstract 

 

An appropriate transcriptional profile in the placenta and fetal membranes is a necessary 

requirement for the successful completion of pregnancy since any aberrant variations may 

lead to the inappropriate timing of birth.  Epigenetic regulation through reversible 

modification of chromatin has emerged as a fundamental mechanism for the control of gene 

expression in a wide range of biological systems and can be modified by pharmacological 

intervention, thus providing novel therapeutic avenues. Matrix metalloproteinases (MMPs) 

and specific endogenous tissue inhibitors of metalloproteinases (TIMPs) are key mediators of 

fetal membrane rupture during physiological and pathological labour.  Membrane type MMPs 

(MT-MMPs) activate secreted MMPs in addition to degrading the extracellular matrix 

(ECM); however, their role in fetal membrane rupture is unclear.  We have characterised MT-

MMPs by quantitative real-time PCR (qRT-PCR) and immunohistochemistry in term 

placenta and fetal membranes and discovered tissue-specific expression patterns in relation to 

the process of labour.  To determine if MMPs and TIMPs are regulated by DNA methylation 

in gestational tissues we employed an in vitro model in which gestational tissue explants were 

treated with the demethylating agent 5-aza-2'-deoxycytidine (AZA) and/or 

lipopolysaccharide (LPS).  qRT-PCR and western blotting revealed synergistic up-regulation 

of MT1-MMP and TIMP-1, by combined AZA+LPS treatments.  Secreted MMP-2 and -9 

activities were evaluated by gelatin zymography and found to be increased in placenta and 

amnion at specific time points and treatments, correlating with mRNA expression levels.  

Interrogation of the TIMP-1 and MT1-MMP promoters using Sequenom™ EpiTyper® 

MassARRAY revealed general hypomethylation of the two genes, with sex-specific 

differential methylation observed in the TIMP-1 promoter, in part explained by x-linked 

methylation.  These studies reveal that although selected MMPs and TIMPs may not be 

directly regulated by DNA methylation in the placenta and fetal membranes, the synergistic 

response to AZA+LPS suggest that DNA methylation may be involved in the regulation of 

these genes within an infectious setting, through alterations in chromatin structure, direct 

interactions with upstream mediators, or through the regulation of specific targets of LPS 

signalling.  Collectively, these observations support a mechanistic link between inflammation 

and epigenetic alterations in the placenta and fetal membranes.  









iii 
 

Acknowledgements 

 

First and foremost I would like to thank the women who donated to this study, without their 

contribution the experiments would have not been possible.  I would also like to thank the 

staff at Auckland City Hospital for their assistance and cooperation in collecting the tissues.  

We could not have recruited many of the women who participated in the study without the 

help of Dr Lisa Meyer and Dr Chern Lo at BirthRight, who assisted in collecting consent 

during antenatal appointments. 

 

I would like to thank Prof. Murray Mitchell and Dr Anna Ponnampalam for the opportunity 

to be part of their research group and for their supervision and mentorship throughout my 

PhD.  The knowledge I have gained from both of you over the past four years is invaluable.  

 

I would like to give my heartfelt thanks to Dr Mhoyra Fraser for going above and beyond 

what was required of her as an advisor and Academic Director.  Thanks to Anuj Bhargava for 

his friendship, mentorship, for helping me to become a better teacher, and for redistributing 

my physiology marking to other tutors when I was too busy writing my thesis.  

 

I would like to thank past and present members of the Placenta Group; particularly Sheryl, 

Philip and Biju. I would like to acknowledge the friends that I have made during my PhD, 

particularly those at ACSRC and our weekly soccer team.  It was great to have the support of 

like-minded people going through the same ordeal.   

 

I would like to thank Lisa and Jess for their continued support and encouragement, and Sujie 

and Harriet for being one half of an awesome flat family.  To Luke, I honestly could have not 

have done this without you.  To my father Malcolm, mother Alison and sisters Eleanor and 

Alexandra; your unwavering love and support got me through my years at university.   

 

Finally, I would like to thank the funding bodies that supported this project and me personally 

in the form of scholarships and travel grants:  Gravida National Centre for Growth and 



iv 
 

Development (formerly NRCGD); Liggins Institute; Friends of the Liggins; University of 

Auckland Faculty Development Fund and the UoA Post Graduate Students Association.   



v 
  

 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my Grandmother, Jocelyn.    



vi 
 

Conference Proceedings 

 

Vincent, Z.L., Mitchell, M.D., and Ponnampalam, A.P. “Epigenetic Regulation of Matrix 

Metalloproteinases and their Inhibitors in Parturition”. 59th Annual Meeting of the Society 

for Gynaecologic Investigation, San Diego, California, March 2012 (Abstract 491 - Poster 

presentation)  

 

Vincent, Z.L., Mitchell, M.D., and Ponnampalam, A.P. “Epigenetic Regulation of Matrix 

Metalloproteinases and their Inhibitors in Parturition”. 21st Annual Queenstown Molecular 

Biology Meeting, Queenstown, New Zealand, 2011. (Abstract Q21 - Oral presentation)  

 

Vincent, Z.L., Munro, S.K., Ponnampalam, A.P., and Mitchell, M.D. “Dynamic Changes in 

the Expressions of DNA Methyltransferases (DNMTs) in Placenta Associated with Labour in 

Women”. 57th Annual Meeting of the Society for Gynaecologic Investigation, Orlando, 

Florida, March 2010. (Abstract 885 - Poster presentation)  



vii 
 

Table of Contents 

 

Abstract Error! Bookmark not defined.	  

Acknowledgements .................................................................................................................. iii	  

Conference Proceedings ............................................................................................................ vi	  

List of Figures .......................................................................................................................... xii	  

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

List of Abbreviations .............................................................................................................. xvi	  

Chapter 1. Literature Review ..................................................................................................... 1	  

1.1. Gestational Tissues – The Placenta and Fetal Membranes ............................................. 1	  

1.2. Parturition ........................................................................................................................ 7	  

1.2.1. Key Molecules Involved in Parturition .................................................................. 10	  

1.3. Preterm Labour .............................................................................................................. 13	  

1.3.1. Intrauterine Infection .............................................................................................. 14	  

1.3.2. Apoptosis ................................................................................................................ 15	  

1.4. Matrix Metalloproteinases ............................................................................................. 16	  

1.4.1. Structure .................................................................................................................. 19	  

1.4.2. Regulation and Activation of Matrix Metalloproteinases ...................................... 21	  

1.4.3. Inhibition by TIMPs ............................................................................................... 24	  

1.4.4. MMPs and TIMPs in Gestational Tissues .............................................................. 26	  

1.4.5. MMPs and TIMPs in Pathological Membrane Rupture and Pregnancy 

Complications ................................................................................................................... 30	  

1.5. Epigenetic Regulation ................................................................................................... 31	  

1.5.1. Genomic Imprinting ............................................................................................... 33	  

1.5.2. Histone Modifications ............................................................................................ 33	  

1.5.3. DNA Methylation ................................................................................................... 34	  



viii 
 

1.5.4. Hydroxymethylation ............................................................................................... 37	  

1.5.5. MicroRNAs ............................................................................................................ 39	  

1.6. Epigenetic Regulation in Gestational Tissues ............................................................... 39	  

1.6.1. X-Chromosome Inactivation and Imprinting ......................................................... 40	  

1.6.2. Histone Modifications ............................................................................................ 41	  

1.6.3. DNA Methylation ................................................................................................... 41	  

1.6.4. MicroRNA .............................................................................................................. 43	  

1.6.5. Epigenetic Regulation of MMPs and TIMPs ......................................................... 44	  

1.7. Thesis Overview ............................................................................................................ 47	  

Chapter 2. Materials and Methods ........................................................................................... 49	  

2.1. Materials and Reagents ................................................................................................. 49	  

2.2. Gestational Tissue Collection ........................................................................................ 49	  

2.3. Tissue Explant System .................................................................................................. 51	  

2.4. Nucleic Acid Methods ................................................................................................... 53	  

2.4.1. RNA Isolation ......................................................................................................... 53	  

2.4.2. Reverse Transcription and cDNA Synthesis .......................................................... 53	  

2.4.3. Quantitative Real-Time Polymerase Chain Reaction ............................................. 54	  

2.4.4. Genomic DNA Isolation ......................................................................................... 57	  

2.4.5. Global Methylated Cytosine Enzyme Immunoassay .............................................. 57	  

2.4.6. Global Hydroxymethylated Cytosine Immunoassay .............................................. 58	  

2.4.7. Promoter-Specific DNA Methylation Analysis ...................................................... 59	  

2.5. Protein Methods ............................................................................................................ 62	  

2.5.1. Protein Extraction ................................................................................................... 62	  

2.5.2. Bicinchoninic Assay ............................................................................................... 62	  

2.5.3. Western Blotting ..................................................................................................... 63	  

2.5.4. Gelatin Zymography ............................................................................................... 64	  

2.5.5. Enzyme Linked Immunosorbent Assay .................................................................. 65	  



ix 
 

2.5.6. Immunohistochemistry ........................................................................................... 66	  

2.6. Metabolite Measurements in Culture Media ................................................................. 67	  

2.7. Graphing and statistical analysis ................................................................................... 67	  

Chapter 3. DNA Methyltransferases in the Placenta and Fetal Membranes ............................ 68	  

3.1. Introduction ................................................................................................................... 68	  

3.2. Methods ......................................................................................................................... 71	  

3.2.1. Tissue collection ..................................................................................................... 71	  

3.2.2. Western Blotting ..................................................................................................... 72	  

3.2.3. Statistical Analysis ................................................................................................. 72	  

3.3. Results ........................................................................................................................... 72	  

3.4. Discussion ..................................................................................................................... 75	  

Chapter 4. Hydroxymethylation in Term Placenta and Fetal Membranes ............................... 77	  

4.1. Introduction ................................................................................................................... 77	  

4.2. Methods ......................................................................................................................... 78	  

4.2.1. Tissue Collection .................................................................................................... 78	  

4.2.2. DNA Extraction and Hydroxymethylation Analysis .............................................. 78	  

4.2.3. Statistical Analysis ................................................................................................. 79	  

4.3. Results ........................................................................................................................... 79	  

4.4. Discussion ..................................................................................................................... 81	  

Chapter 5. Characterisation of Membrane Type MMPs in Term Placenta, Amnion and 

Choriodecidua ......................................................................................................... 84	  

5.1. Introduction ................................................................................................................... 84	  

5.2. Methods ......................................................................................................................... 88	  

5.2.1. Tissue Collection .................................................................................................... 88	  

5.2.2. Quantitative Real-Time PCR .................................................................................. 88	  

5.2.3. Immunohistochemistry ........................................................................................... 89	  

5.2.4. Statistical Analysis ................................................................................................. 90	  



x 
  

5.3. Results ........................................................................................................................... 91	  

5.4. Discussion ................................................................................................................... 111	  

Chapter 6. Regulation of the MT1-MMP/MMP-2/TIMP-2 Axis by DNA Methylation in 

Human Term Placenta and Fetal Membranes ....................................................... 115	  

6.1. Preface ......................................................................................................................... 115	  

6.2. Introduction ................................................................................................................. 115	  

6.3. Methods ....................................................................................................................... 119	  

6.3.1. Tissue Collection and Explant System ................................................................. 119	  

6.3.2. RNA Extraction and Quantitative Real-Time PCR .............................................. 120	  

6.3.3. Western Blotting ................................................................................................... 121	  

6.3.4. Gelatin Zymography ............................................................................................. 121	  

6.3.5. Enzyme Linked Immunosorbent Assay ................................................................ 122	  

6.3.6. DNA Extraction and Methylation Analysis .......................................................... 122	  

6.3.7. Statistical Analysis ............................................................................................... 123	  

6.4. Results ......................................................................................................................... 123	  

6.5. Discussion ................................................................................................................... 135	  

Chapter 7. Epigenetic Regulation of TIMP-1 in the Placenta and Fetal Membranes: 

Contribution of DNA Methylation ........................................................................ 138	  

7.1. Introduction ................................................................................................................. 138	  

7.2. Methods ....................................................................................................................... 141	  

7.2.1. Tissue Collection and Explant System ................................................................. 141	  

7.2.2. RNA Extraction and Quantitative Real-Time PCR .............................................. 142	  

7.2.3. Western Blotting ................................................................................................... 143	  

7.2.4. Gelatin Zymography ............................................................................................. 143	  

7.2.5. DNA Extraction and Methylation Analysis .......................................................... 144	  

7.2.6. Statistical Analysis ............................................................................................... 144	  

7.3. Results ......................................................................................................................... 145	  

7.4. Discussion ................................................................................................................... 155	  



xi 
 

Chapter 8. Discussion and Concluding Remarks ................................................................... 160	  

Appendix I. Chemicals, Reagents and Kits ........................................................................... 167	  

Appendix II. PEARL Study Documentation ......................................................................... 170	  

Appendix III. Additional Data ............................................................................................... 177	  

Appendix IV. Figure Permissions .......................................................................................... 187	  

References .............................................................................................................................. 194	  

 



xii 
 

List of Figures 

 

Figure 1.1: Haemochorial structure of the human placenta. ...................................................... 2	  

Figure 1.2: The fetal membrane layers. ..................................................................................... 4	  

Figure 1.3: Zone of altered morphology in fetal membranes overlying the cervix. ................ 10	  

Figure 1.4: Domain structures of matrix metalloproteinases ................................................... 20	  

Figure 1.5: Transcriptional regulatory elements of MMP promoter regions. .......................... 23	  

Figure 1.6: Extracellular matrix signalling in physiological membrane rupture. .................... 29	  

Figure 1.7: The epigenetic system. .......................................................................................... 32	  

Figure 1.8: Chromatin structure and remodelling by histone acetyltransferases and histone 

deacetylases. ............................................................................................................................. 34	  

Figure 1.9: DNA methylation changes in the developing embryo during the peri-implantation 

period. ...................................................................................................................................... 37	  

Figure 2.1: Experimental design of the tissue explant system. ................................................ 51	  

Figure 2.2: Mechanism of 5-AZA-2’-Deoxycytidine. ............................................................. 52	  

Figure 2.3: Sequenom™ MassARRAY® EpiTYPER workflow. ............................................ 60	  

Figure 2.4: Schematic of gene regions covered by Sequenom™ primers for MT1-MMP and 

TIMP-1. .................................................................................................................................... 61	  

Figure 3.1: DNMT protein levels in placenta, amnion and choriodecidua. ............................. 74	  

Figure 4.1: Hydroxymethylation in term placenta, amnion and choriodecidua ...................... 80	  

Figure 5.1: Negative controls for immunohistochemistry using matched isotype IgG. .......... 90	  

Figure 5.2: MT1-MMP mRNA expression in term placenta, amnion and choriodecidua ...... 92	  

Figure 5.3: MT2-MMP mRNA expression in term placenta, amnion and choriodecidua. ..... 93	  

Figure 5.4: MT3-MMP mRNA expression in term placenta, amnion and choriodecidua. ..... 94	  

Figure 5.5: MT4-MMP mRNA expression in term placenta, amnion and choriodecidua. ..... 94	  

Figure 5.6: MT5-MMP mRNA expression in term placenta, amnion and choriodecidua. ..... 95	  

Figure 5.7: MT6-MMP mRNA expression in term placenta, amnion and choriodecidua ...... 95	  

Figure 5.8: MT1-MMP immunostaining in term placenta, amnion and choriodecidua. ......... 99	  

Figure 5.9: MT1-MMP immunostaining in term placenta, amnion and choriodecidua at 

higher magnification. ............................................................................................................. 100	  

Figure 5.10: MT2-MMP immunostaining in term placenta, amnion and choriodecidua. ..... 101	  



xiii 
 

Figure 5.11: MT2-MMP immunostaining in term placenta, amnion and choriodecidua at 

higher magnification. ............................................................................................................. 102	  

Figure 5.12: MT3-MMP immunostaining in term placenta, amnion and choriodecidua. ..... 103	  

Figure 5.13: MT3-MMP immunostaining term placenta, amnion and choriodecidua at higher 

magnification. ........................................................................................................................ 104	  

Figure 5.14: MT4-MMP immunostaining in term placenta, amnion and choriodecidua ...... 105	  

Figure 5.15: MT4-MMP immunostaining in term placenta, amnion and choriodecidua at 

higher magnification. ............................................................................................................. 106	  

Figure 5.16: MT5-MMP immunostaining in term placenta, amnion and choriodecidua. ..... 107	  

Figure 5.17: MT5-MMP immunostaining in term placenta, amnion and choriodecidua at 

higher magnification. ............................................................................................................. 108	  

Figure 5.18: MT6-MMP immunostaining in term placenta, amnion and choriodecidua. ..... 109	  

Figure 5.19: MT6-MMP immunostaining in term placenta, amnion and choriodecidua at 

higher magnification. ............................................................................................................. 110	  

Figure 6.1: Mechanisms of activation of MMP-2 via interactions with MT1-MMP and TIMP-

2.............................................................................................................................................. 117	  

Figure 6.2: MT1-MMP mRNA expression in gestational tissue explants. ............................ 126	  

Figure 6.3: MT1-MMP protein in gestational tissue explants. .............................................. 127	  

Figure 6.4: MMP-2 mRNA expression in gestational tissue explants. .................................. 128	  

Figure 6.5: Secreted MMP-2 activity from gestational tissue explants. ................................ 129	  

Figure 6.6: TIMP-2 mRNA expression in gestational tissue explants ................................... 130	  

Figure 6.7: Secreted TIMP-2 protein from gestational tissue explants. ................................ 131	  

Figure 6.8: Global methylation in gestational tissue explants. .............................................. 132	  

Figure 6.9: MT1-MMP promoter methylation in term placenta, amnion and choriodecidua.

................................................................................................................................................ 133	  

Figure 6.10: MT1-MMP promoter methylation in gestational tissue explants. ..................... 134	  

Figure 7.1: Schematic of the TIMP-1 gene promoter and locations of EpiTyper MassARRAY 

primers ................................................................................................................................... 144	  

Figure 7.2: TIMP-1 mRNA expression in term placenta, amnion and choriodecidua. ......... 148	  

Figure 7.3: TIMP-1 mRNA expression in gestational tissue explants. .................................. 149	  

Figure 7.4: TIMP-1 protein in gestational tissue explants. .................................................... 150	  

Figure 7.5: MMP-9 mRNA expression in gestational tissue explants. .................................. 151	  

Figure 7.6: Secreted MMP-9 activity from gestational tissue explants. ................................ 152	  

Figure 7.7: TIMP-1 promoter methylation in term placenta, amnion and choriodecidua. .... 153	  



xiv 
 

Figure 7.8: TIMP-1 promoter methylation in gestational tissue explants. ............................ 154	  



xv 
 

List of Tables  

 

Table 1.1: Major subclasses of MMP separated by general structural features. ...................... 19	  

Table 1.2: Human TIMP molecular weights and substrate specificity. ................................... 25	  

Table 2.1: Buffers and solutions .............................................................................................. 49	  

Table 2.2: Gene specific primers used for quantitative real-time PCR ................................... 56	  

Table 2.3: Sequences of primers used for the analysis of MT1-MMP and TIMP-1 promoters.

.................................................................................................................................................. 61	  

Table 2.4:  Antibodies used for western blotting ..................................................................... 63	  

Table 2.5: Molecular mass of protein isoforms of MMP-2 and -9 .......................................... 64	  

Table 2.6: Primary antibodies used for immunohistochemistry .............................................. 66	  

Table 5.1: Membrane Type MMPs .......................................................................................... 86	  

Table 5.2: Sequences of primers used for quantitative real-time PCR. ................................... 89	  

Table 6.1: Sequences of primers used for quantitative real-time PCR. ................................. 121	  

Table 6.2: Sequences of primers used for the analysis of the MT1-MMP promoter. ............ 123	  

Table 7.1: Sequences of primers used for quantitative real-time PCR. ................................. 143	  

Table I.1: Chemicals, reagents and kits. ................................................................................ 169 

Table III. 1: Summary of clinical data from Caesarean Section and Spontaneous Vaginal 

Delivery tissues collected as part of the PEARL Study. ........................................................ 177 

Table III. 2 Intensity scoring for immunohistochemistry. ..................................................... 181	  

Table III.3: MT-MMP and TIMP mRNA expression in placental explants. ......................... 182	  

Table III.4: MT-MMP and TIMP mRNA expression in amnion explants. ........................... 183	  

Table III.5: MT-MMP and TIMP mRNA expression in choriodecidua explants. ................. 184	  

Table III.6: TIMP protein in culture media from placental explants. .................................... 184	  

Table III.7: TIMP protein in culture media from amnion explants. ...................................... 185	  

Table III.8: TIMP protein in culture media from choriodecidua explants. ............................ 185	  

Table III.9: Glucose uptake by gestational tissue explants. ................................................... 186	  

Table III.10: Lactate production by gestational tissue explants. ........................................... 186	  

 



 

xvi 
 

List of Abbreviations  

% Percent 
± Plus or minus 
°C Degrees Celsius 
µg Microgram 
µg/ml Microgram per millilitre 
µl Microlitre 
µM Micromolar 
µm micrometre 
5-hmC Hydroxymethylated cytosine  
5-mC Methylated cytosine  
AF Amniotic fluid 
ANOVA Analysis of variance 
AP-1 Activating protein-1 
AZA 5-aza-2'-deoxycytidine  
Bp Base pairs 
BSA  Bovine serum albumin 
CAM Cell adhesion molecule 
cDNA Complimentary deoxyribonucleic acid 
CGI CpG Island 
CO2 Carbon dioxide 
COX Cyclooxygenase 
CpG Cytosine guanine dinucleotide 
CRH Corticotropin-releasing hormone  
CS  Caesarean section 
CuSO4 Copper sulfate 
DEPC Diethylpyrocarbonate 
DMEM-F12 Dulbecco’s modified Eagle’s medium/Hams F-12  
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DNMT DNA methyltransferase 
ECM Extracellular matrix 
EIA Enzyme immunosorbent assay 
ELISA Enzyme-linked immunosorbent assay 
Ets E-twenty six 
FBS Fetal bovine serum 
g Force in gravity 
GF Growth factor 
GPI Glycosylphosphatidilyinositol 
h Hours 
H2O Water 
HAT Histone acetyltransferase 
HDAC Histone deacetylase 
HEPES 4-(2-Hydroxyethyl)-piperazine-1-ethanesulphonic acid 
ICM Inner cell mass 
ICR Imprinting control region 
IGF Insulin-like growth factor  
IHC Immunohistochemistry 
IL Interleukin 



 

xvii 
 

IUGR Intrauterine growth restriction 
kDa Kilodaltons 
L Litre 
LPS Lipopolysaccharide  
ml Millilitres 
MMP Matrix metalloproteinase 
mol Molar concentration 
mRNA Messenger ribonucleic acid 
MT-MMP Membrane type matrix metalloproteinase 
N Nitrogen 
ng Nanograms  
nm Nanometers 
O2 Oxygen 
PAE3 Polyma enhancing element  
PAE-3 Polyoma enhancing activator-3 
PAI-2  Plasminogen activator inhibitor type-2 
PAMPs Pathogen associated molecular patterns  
PBS Phosphate buffered saline 
PCR Polymerase chain reaction 
PG Prostaglandin 
PGDH 15-hydroxy prostaglandin dehydrogenase  
PGHS Prostaglandin synthases  
PGI2 Prostacyclin 
PGN Peptidoglycan 
PPROM Preterm premature rupture of fetal membranes 
PR Progesterone receptor 
PROM Preterm rupture of the membranes  
PTHrP Parathyroid hormone-related peptide 
RNA Ribonucleic acid 
ROM Rupture of the fetal membranes 
SAM S-adenosyl methionine  
SDS Sodium dodecylsulphate 
SDS-PAGE Sodium dodecylsulphate - polyacrylamide gel electrophoresis 
SEM Standard error of the mean 
sEng Soluble endoglin 
Sp1 Specificity protein 1 
SVD  Spontaneous vaginal delivery 
TAE Tris-acetate-EDTA  
TE Trophoectoderm 
TET  Ten eleven translocation  
TGF Transforming growth factor 
TIE TGF-β inhibitory elements 
TIMPs Specific endogenous tissue inhibitors of metalloproteinases 
TLR Toll-like receptor 
TNF Tumour necrosis factor 
TNF-α Tumour necrosis factor-alpha 
TRIS Tris(hydroxymethyl)methylamine 
TSA Trichostatin A 
uPA  Urokinase plasminogen activator  
UPAR Urokinase receptor 
V Volts 
w/v Weight/volume 
Xi X-chromosome inactivation 
ZAM Zone of altered morphology 



Chapter 1. 

1 
 

Chapter 1. Literature Review 

1.1. Gestational Tissues – The Placenta and Fetal Membranes 

The placenta and fetal membranes (amnion and chorion) contain and protect the fetus and 

amniotic fluid whilst providing nutrients to support fetal growth throughout gestation.  The 

human placenta is a highly specialised, temporary endocrine organ that plays a pivotal role in 

fetal growth and development.  Its roles can be loosely divided into three main components; 

the transfer of nutrients and waste products; metabolic functions, and endocrine functions.  

These processes are continually changing throughout gestation in order to match fetal 

demand to maternal supply whilst meeting its own metabolic demands (Gude, Roberts, 

Kalionis, & King, 2004). 

 

The placenta provides oxygen, water and essential nutrients such as carbohydrates, amino 

acids, lipids, vitamins and minerals to support the developing fetus whilst removing waste 

products and carbon dioxide (Gude, et al., 2004).  The presence of metabolic enzymes and 

transport systems allow the placenta to metabolise a number of substances including growth 

hormones, placental lactogens and angiogenic factors, which are then released into the 

maternal and fetal circulations (Gude, et al., 2004; van der Aa, Peereboom-Stegeman, 

Noordhoek, Gribnau, & Russel, 1998).  These have far reaching effects on pregnancy, 

including modifying maternal circulation, metabolism and fetal growth (Gude, et al., 2004; 

van der Aa, et al., 1998).  The placenta also acts in a protective capacity, transporting 

maternal IgG to the fetus while its own immune response is in the process of developing 

(Palmeira, Quinello, Silveira-Lessa, Zago, & Carneiro-Sampaio, 2012).   

 

The villous placental tissue is both fetal and maternal in origin and like other primates is 

haemochorial; characterised by fetal trophoblast cells being in direct contact with maternal 

blood (Prouillac & Lecoeur, 2010).  The placenta is divided into functional vascular units 

called cotyledons, within each lies a villous tree containing extensively branched, closely 

packed villous structures containing fetal blood vessels (Gude, et al., 2004).  Placental villi 

are covered by syncytiotrophoblast; a continuous multinucleated epithelial cell layer.  

Beneath the syncytiotrophoblast is a layer of cytotrophoblast cells, consisting of either single 
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or combined cells known as Langhans’ cells, which support the growth and regeneration of 

the syncytiotrophoblast layer (Benirschke, Kaufmann, & Baergen, 2006). 

 

Hofbauer cells (HBCs) are placental macrophages, which are present in high numbers in the 

villous tissue from around 18 days gestation and then decline progressively in number with 

increasing gestation (Castellucci, Zaccheo, & Pescetto, 1980; Fox, 1967).  They are large in 

appearance (10-30µm) and are highly vacuolated with a granular cytoplasm (Castellucci, et 

al., 1980).  ).  Although their exact physiological role is unknown, they exhibit phagocytotic 

activity and may play a role in substrate transport within the villous stroma and in 

immunological reactions (Castellucci & Kaufmann, 1982; Fox, 1967; Fox & Kharkongor, 

1969).   

 

The maternal and fetal circulations are separated by a barrier consisting of the endothelium of 

fetal capillaries and the trophoblast, which itself contains villous stroma, cytotrophoblasts and 

the syncytiotrophoblast layer (Figure 1.1) (Soares, Chakraborty, Karim Rumi, Konno, & 

Renaud, 2012).  As gestation progresses, the cytotrophoblast layer thins and partially 

disappears, facilitating the exchange process between the mother and fetus via the 

syncytiotrophoblast (van der Aa, et al., 1998).   

 

Figure 1.1: Haemochorial structure of the human placenta. 
Reprinted (adapted) with permission from (Soares, et al., 2012) Copyright (2012) 
Elsevier. 
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The fetal membranes are composed of the amnion and chorion and primarily function to 

contain the fetus and protect it from the external environment and infection whilst retaining 

amniotic fluid (AF) (S. Parry & Strauss, 1998).  The amnion and chorion are closely adherent 

layers passively attached by internal pressure from the amniotic fluid, and can therefore be 

easily separated (Benirschke, et al., 2006).  The fetal membranes contain several cell types 

including epithelial cells, mesenchymal cells and trophoblast cells, all of which are embedded 

in an extracellular matrix (ECM).  This ECM forms the architectural structure of the 

membranes and is made up of fibrous proteins, namely collagens, embedded in a 

polysaccharide gel (Menon & Fortunato, 2004; S. Parry & Strauss, 1998).  Fibrillar collagen 

types I, II and III form the backbone of the ECM of the fetal membranes, and are primarily 

responsible for the amnion’s tensile strength (Arechavaleta-Velasco, Marciano, Diaz-Cueto, 

& Parry, 2004).   

 

In addition to containing the fetus and AF, the fetal membranes also have barrier functions 

and fulfil paracrine signalling between the maternal and fetal compartments (Myatt & Sun, 

2010).  A positive feedback loop is present in the fetal membranes, involving the stimulation 

of cortisol and prostaglandin production to promote fetal maturation, and stimulate parturition 

(Myatt & Sun, 2010).  The fetal membranes are a major site of prostaglandin synthesis, which 

has an important role in the initiation and maintenance of labour (Gibb, 1998).  

Prostaglandins are potent stimulators of uterine contractions, and the amount of amnion-

produced prostaglandin that reaches the myometrium is dependent on the expression and 

activity of the enzymes prostaglandin synthases (PGHS) and 15-hydroxyprostaglandin 

dehydrogenase (PGDH), which balance the synthesis and metabolism of prostaglandin 

respectively (Casciani et al., 2008).  Studies have shown that very little prostaglandin passes 

through the fetal membranes without being converted into an inactive metabolite (Bennett, 

Chamberlain, Patel, Elder, & Myatt, 1990; B. F. Mitchell, Rogers, & Wong, 1993).  The fetal 

membranes also produce glucocorticoids, which are involved in fetal lung maturation and the 

regulation of immune responses (Gonzales, Ballard, Ertsey, & Williams, 1986; Whittle et al., 

2001).  Among other important physiological changes associated with pregnancy, 

glucocorticoids also play a critical role in the initiation of parturition (J. R. Challis et al., 

2001; Liggins, 1994; Whittle, et al., 2001)    

 

The structural and functional integrity of the fetal membranes is dependent on the balance of 

extracellular matrix synthesis and degradation.  The synthesis of collagen sustains the 
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increased pressure and volume exerted by the fetus and amniotic fluid as gestation progresses 

until term, at which time there is a cessation of collagen synthesis coupled with increased 

proteolytic activity of MMPs (Aplin, Campbell, Donnai, Bard, & Allen, 1986; Goldman, 

Weiss, Eyali, & Shalev, 2003; S. Parry & Strauss, 1998).  The composition and structure of 

the fetal membranes is shown in Figure 1.2.   

 

 

Figure 1.2: The fetal membrane layers. 
The amnion is an avascular membrane composed of five distinct layers.  Immediately 
adjacent is the chorion, composed of trophoblasts and fetal vessels.  Reprinted 
(adapted) with permission from (S. Parry & Strauss, 1998), Copyright (1998) 
Massachusetts Medical Society. 

 

 

The amnion is a thin, avascular translucent layer of epithelial cells and connective tissue 

derived from the fetal ectoderm that is contiguous with the fetal skin and overlies the 

umbilical cord (Bennet et al., 2006).  As the amnion does not contain any blood vessels it 

gains oxygen and nutrition from the chorionic fluid during very early gestation, and later, the 

amniotic fluid and the fetal surface vessels (Bennet, et al., 2006; S. Parry & Strauss, 1998; 
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Schmidt, 1992).  The chorionic fluid is the fluid in the chorionic cavity, which diminishes in 

size as the amniotic enlarges, until it is ‘fused’ with the amnion.  This happens towards the 

end of the first trimester (Chilcote & Asokan, 1977; Jeanty, Renoy, Van Kerkem, Dagnelie, 

& Struyven, 1982).  	  
 

The amniotic epithelium is a highly variable tissue composed of a single layer of flat, 

cuboidal to columnar cells and although thinner than the choriodecidua, has a greater tensile 

strength (Bennet, et al., 2006).  The amnion secretes collagen III, IV and other non-

collagenous glycoproteins such as laminin, nidogen and fibronectin, which form the 

basement membrane (S. Parry & Strauss, 1998).  Immediately adjacent to the basement 

membrane is a compact layer of connective tissue that forms the main fibrous skeleton.  This 

layer is rich in collagen types I and III with smaller amounts of collagen types V, VI and VII, 

which provide the amnion with its architectural integrity and tensile strength (Malak et al., 

1993; S. Parry & Strauss, 1998).  Type V and VI collagens form the connection between the 

interstitial collagens and the epithelial basement membrane (Malak, et al., 1993).  The 

fibroblast layer is the thickest layer of the amnion and contains mesenchymal cells and 

macrophages (Malak, et al., 1993).  The fibroblasts in the amniotic connective tissue maybe 

transformed into Hofbauer cells, which have phagocytic activity (Schmidt, 1992)   The 

amnion is rich in collagens and proteoglycans such as decorin.  Collagens provide the 

‘backbone’ of the ECM, whilst decorin acts to stabilise the ECM by binding type II and III 

collagens, thereby enhancing the tensile strength of the tissue (Meinert et al., 2001).  Decorin 

is decreased in fetal membranes after labour and delivery, and this is coupled with increased 

levels of proteoglycans biglycan and hyaluronan, which destabilise the decorin-collagen bond 

thus disrupting ECM organisation (Meinert et al., 2007; Roughley & Lee, 1994).   

 

Lying between the amnion and the chorion is the intermediate spongy layer which allows the 

amnion to slide against the chorion (Athayde et al., 1998; S. Parry & Strauss, 1998).  The 

chorion is a typical epithelial membrane with its polarity towards the maternal decidua, 

composed of connective tissues within which there are fetal (chorioallantoic) blood vessels.  

As gestation increases, the trophoblastic villi contained within the chorionic layer regress (S. 

Parry & Strauss, 1998).  The chorion is inherently weaker than the amnion, and is the first to 

rupture at the onset of labour (Arikat et al., 2006).  This has been demonstrated in vitro by 

biomechanical testing, whereby the mechanical properties (rupture strength, work to rupture, 

stiffness, and ductility) of joined amniochorion and separated membranes were measured 
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using modified industrial rupture testing equipment to standards determined by the American 

Society for Testing and Materials.  Video analysis of the experiments allowed for the 

sequence of fetal membrane rupture to be viewed in vitro, and the force required to rupture 

each component of the fetal membranes was measured (Arikat, et al., 2006).  An earlier study 

measured the strength of the fetal membranes suspended between two parallel circular plates, 

demonstrating the chorion is weaker than the amnion; furthermore laboured membranes are 

weaker than non-laboured membranes (Oyen, Cook, & Calvin, 2004).   

 

Closely adherent to the chorion is the decidua, the outermost layer and the only maternal 

component of the membranes.  The decidua is formed from modified endometrial cells and 

may contain maternal blood vessels macrophages and lymphocytes.  (Bennet, et al., 2006; 

Weiss, Goldman, & Shalev, 2007). 

 

Amniotic fluid (AF) is a complex and dynamic substance that contains nutrients and growth 

factors that facilitate fetal growth, and provides mechanical cushioning and antimicrobial 

factors that protect the fetus ).  In the first half of gestation (up to 24 weeks), the AF is 

isotonic to fetal plasma, and is produced mainly from the passive movement of water 

accompanying the active movement of sodium and chloride across the amniotic membrane 

and fetal skin (Brace & Wolf, 1989).  ).  During the second half of gestation, AF becomes 

more hypotonic and is predominantly produced by fetal urination and secretions from the 

fetal respiratory tract (Mescher et al., 1975; Muller et al., 1994; Olver & Strang, 1974; F. 

Torricelli et al., 1993).   

 

AF volume progressively increases during the first half of pregnancy, from 20 ml at 10 weeks 

to 630 ml at 22 weeks and 770 ml at 28 weeks (Brace & Wolf, 1989).  ).  During this stage 

the relationship between fetal size and AF volume is linear.  The production of AF plateaus at 

around 29 weeks gestation, after which there is little change in volume (Brace & Wolf, 1989).  

).  The volume of fetal urine produced per day is thought to be in the range of 25% of body 

weight/day, or nearly 1000ml/day near term (Fagerquist, Fagerquist, Oden, & Blomberg, 

2001; Rabinowitz, Peters, Vyas, Campbell, & Nicolaides, 1989).  Although the rate of fluid 

production from human fetal lungs has not been measured, studies in the near-term fetal 

sheep have shown that there is an outflow from the lungs of 200-400 ml/day, corresponding 

to 10% of the body weight/day (Adamson et al., 1975)  
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AF is removed by fetal swallowing and intramembraneous flow, which transfers solutes and 

fluids from the AF across the amniotic membrane into the fetal and maternal circulations 

(Gilbert, Newman, Eby-Wilkens, & Brace, 1996; Pritchard, 1966).  It is estimated that the 

fetus swallows on average 210-760 ml/day of AF, and this occurs mainly during episodes of 

fetal breathing movements (Pritchard, 1965).  Experiments in fetal sheep suggest a net 

intramembranous flow of 200-400ml/day, or 10% of the body weight/day (Brace, 1997; 

Gilbert & Brace, 1989; Jang & Brace, 1992)  

 

1.2. Parturition 

The average duration of a human pregnancy is 40 weeks in women with a regular menstrual 

cycle (traditionally thought to be 28 days, but now recognised to vary between 26 to 35 days) 

(Mumford et al., 2012).  The end of gestation is signified by the physiological hallmarks of 

uterine contractions and rupture of the fetal membranes; two processes which are essential for 

the advancement of parturition to labour (R. Romero, Espinoza, Kusanovic, et al., 2006).  

The terms labour and parturition are used interchangeably, but are not synonymous.  

Parturition is the act of giving birth, and describes the processes leading up to, during, and 

after labour (Roberto Romero, Espinoza, Santolaya, Chaiworapongsa, & Mazor, 2006).  

Labour is the process of the fetus being expelled from the uterus, and is characterised by a 

period of increasing uterine contractions resulting in delivery (Roberto Romero, et al., 2006).  

 

The ‘common terminal pathway’ of parturition has been defined as the anatomical, 

physiological, biochemical, endocrinological, immunological and clinical events that occur in 

the fetus and the mother at both preterm and term labour; the only difference being the time 

at which they occur (R. Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).  The uterine 

components of this pathway include increased uterine contractility, cervical ripening, and 

decidua/membrane activation (J. R. G. Challis, 2000; R. Romero, J. Espinoza, J. P. 

Kusanovic, et al., 2006).  Non-uterine features of the common pathway include changes in 

the concentrations of hormones such as corticotrophin releasing factor and cortisol (R. 

Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).   

 

Uterine contractility during pregnancy and parturition can be divided into four distinct 

phases.  For the majority of gestation the uterus is held in a quiescent state (phase 0), during 
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which myometrial activity is inhibited by a number of molecules including progesterone, 

prostacyclin, parathyroid hormone-related peptide and nitric oxide (J. R. G. Challis, 2000).  

The development of coordinated high frequency, high-amplitude contractions at term (phase 

1) results in a myometrium that is spontaneously active and excitable, and can be stimulated 

by exogenous uterotonins (J. R. G. Challis, Matthews, Gibb, & Lye, 2000)  Once activated, 

the myometrium can then undergo stimulation by endogenous and/or exogenous agonists 

(phase 2).  Lye et al. suggested that myometrium stimulation results from the activation of a 

cassette of contraction-associated proteins (CAPs), which include gap junction proteins such 

as connexin-43 and receptors for oxytocin and stimulatory prostaglandins (Lye, 1994).  Phase 

3 results in the fetus being delivered and the placenta expelled from the uterus (J. R. G. 

Challis, 2000; J. R. G. Challis, et al., 2000).   

 

During labour and parturition the cervix undergoes profound structural changes including 

softening and dilatation.  The biochemical events that are implicated in these changes include 

an increase in collagenolytic activity and water content alongside decreased collagen content 

in the cervical ECM.  The resulting cervical tissue has collagen fibres which have low 

resistance to mechanical force and stretching and distort easily under pressure (J. R. G. 

Challis, 2000; R. Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).  

 

Activation of the fetal membranes and decidua involves a number of complex biochemical 

and anatomical events.  A controlled collagenolytic activity leading to a decrease in collagen 

content has been observed in the amnion during last eight weeks of pregnancy (Skinner, 

Campos, & Liggins, 1981).  This degradation of the ECM leads to separation of the fetal 

membranes from the decidua in the lower uterine segment and eventually the spontaneous 

rupture of the membranes (ROM) and delivery of the placenta, a process which usually 

occurs spontaneously (Athayde et al., 1999; R. Romero, J. Espinoza, J. P. Kusanovic, et al., 

2006).  Spontaneous separation of the chorion from the amnion also frequently precedes 

membrane rupture in almost all deliveries, and this increased separation coupled with 

decreased adherence of the fetal membranes is associated with labour and increased 

gestational age (Strohl et al., 2010). 

 

The process of ROM occurs in a distinct sequence of events.  The fetal membranes stretch 

under mechanical load until the amnion separates form the choriodecidua.  The choriodecidua 

is inherently the weaker of the two, and ruptures first.  The amnion continues to stretch non-
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elastically until it ruptures (Arikat, et al., 2006).  The physiology behind ROM is not entirely 

clear; extracellular matrix remodelling, apoptosis and stretch-induced physical weakening of 

the fetal membranes all contribute to the process (El Khwad et al., 2005; Lei, Furth, et al., 

1996; McLaren, Taylor, & Bell, 2000).   

 

The site of membrane rupture is morphologically distinct from the rest of the fetal 

membranes.  The extensive disruption of the extracellular matrix components within the 

connective tissue layers, leads to swelling in the region, and marked reductions in the 

thickness and cellularity of cytotrophoblast and decidual layers  (Malak & Bell, 1994).  Given 

that these changes are most apparent in the area of membranes overlying the cervix, this area 

is known as the ‘zone of altered morphology’ (ZAM) (McLaren, Malak, & Bell, 1999).  

These structural changes are prevalent over a large area of the membranes, but are less 

apparent in sites distal from the ZAM.  Furthermore, it has been proposed that ZAM is the 

initial site of membrane rupture during labour (Malak & Bell, 1994; McLaren, et al., 1999). 

 

Prior to the onset of labour, the structure of the ZAM is significantly altered compared to 

areas of fetal membrane sampled mid-way between the cervix and the placental edge (Figure 

1.3).  The connective tissue layer is significantly thicker; however the overall thickness of the 

membranes is reduced due to thinning of decidual and cytotrophoblasts layers (McLaren, et 

al., 1999).  The ZAM is associated with increased matrix metalloproteinase (MMP) activity, 

apoptosis and physical weakening of the membranes (El Khwad, et al., 2005; McLaren, et al., 

2000).  The ZAM also shows reduced antioxidant enzyme activity, resulting in greater 

susceptibility to oxidative damage (Chai, Barker, Menon, & Lappas, 2012).  The structural 

changes in the ZAM are more extensive in preterm pregnancies (McLaren, et al., 1999). 
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Figure 1.3: Zone of altered morphology in fetal membranes overlying the cervix. 
Structural differences between the (A) mid-zone and (B) zone of altered morphology 
(ZAM) in fetal membranes at term prior to the onset of labour stained with 
haematoxylin and eosin.  The mid-zone is halfway between the cervical area and the 
placental edge, whilst the ZAM overlies the cervix.  Marked swelling of the 
connective tissue layer (CTL) and pronounced thinning of the amniotic epithelium 
(AE) and trophoblast (T) and decidual layers (D) is evident at the ZAM compared to 
the mid-zone area, where the tissues are densely packed. Scale bars = 100 µm. 
Reprinted (adapted) from (McLaren, et al., 1999) by permission of Oxford University 
Press, Copyright (1999). 

 

1.2.1. Key Molecules Involved in Parturition 

The biochemical events involved in parturition closely resemble an inflammatory reaction, 

with prostaglandins and pro-inflammatory cytokines playing central roles in the onset and 

continuation of labour (Mohan, Loudon, & Bennett, 2004).   

 

Prostaglandins are produced by the placenta, fetal membranes and myometrium.  They induce 

myometrial contractility as well as changing ECM metabolism, which is associated with 

cervical ripening and decidua/membrane activation (Brodt-Eppley & Myatt, 1999).  The 

activity of prostaglandin is dependent upon the expression and activity of prostaglandin 

synthases (PGHS) in the amnion and chorion, and the expression of 15-hydroxy 

prostaglandin dehydrogenase (PGDH) in the chorion trophoblast.  These enzymes balance 

prostaglandin synthesis and metabolism respectively, and it is thought that decreased PGDH 

levels contributes to preterm labour (J. R. Challis et al., 2009; J. R. G. Challis, 2000; M. D. 

Mitchell, Romero, Edwin, & Trautman, 1995; Myatt & Sun, 2010; Welsh, Mitchell, Walters, 

Mesiano, & Zakar, 2005). 
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Cytokines are small signalling molecules produced in response to activation of the innate 

immune system by pathogens (Horton, Yamamoto, & Bryant-Greenwood, 2012).  Pro-

inflammatory cytokines IL-1β, IL-6, IL-8 and TNF-α are temporally expressed during 

parturition independent of the presence of infection (Elliott et al., 2001).  A positive feedback 

loop between cytokine synthesis and activation initiates a cascade of events which contributes 

to labour progression by inducing the stimulation of uterine activation proteins (Christiaens et 

al., 2008).  These include increased progesterone synthesis and the activation of enhanced 

vascular endothelial growth factor production, which has the potential to increase leucocyte 

recruitment to the uterus (Arechavaleta-Velasco, Ogando, Parry, & Vadillo-Ortega, 2002; 

Christiaens, et al., 2008).    

 

Corticotropin-releasing hormone (CRH) has both pro-inflammatory and anti-inflammatory 

actions and is expressed in the placental and fetal membranes in increasing amounts towards 

term gestation (Petraglia, Florio, Nappi, & Genazzani, 1996). CRH stimulates the release of 

adrenocorticotropic hormone (ACTH) (Petraglia et al., 1999; Sirianni, Rehman, Carr, Parker, 

& Rainey, 2005), prostaglandin (Petraglia, Benedetto, et al., 1995) and oxytocin (Florio et al., 

1996) from cultured placental cells.  Both women in preterm labour, and those with microbial 

invasion of the amniotic cavity show increased plasma CRH compared to healthy women at 

the same gestation without labour or infection (Petraglia, Aguzzoli, et al., 1995).  Placental 

CRH peptides and their receptors are altered in women with preterm delivery, preterm 

rupture of the fetal membranes and chorioamnionitis, suggesting that the activation of stress 

related pathways are involved in the mechanism of infection associated preterm delivery (M. 

Torricelli et al., 2011). 

 

Progesterone plays a dominant role in pregnancy, from the time of implantation through to 

parturition.  Progesterone is secreted by the corpus luteum and prevents menstruation, thus 

maintaining the endometrium and preventing embryo loss.  At seven weeks gestation, 

production of progesterone is taken over by the placenta, and maintains the uterus in a 

quiescent state.  Progesterone withdrawal precedes the onset of labour, allowing for 

excitatory molecules to act upon the myometrium and stimulate contractions.  In humans, this 

‘functional withdrawal’ is suggested to occur via several including variations in progesterone 

receptor isoform expression (Mesiano et al., 2002; Pieber, Allport, & Bennett, 2001; Pieber, 

Allport, Hills, Johnson, & Bennett, 2001).  Progesterone also acts as a potent 
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immunomodulator, altering the production of antibodies and cytokines to promote survival of 

the semi-allogeneic fetus (Moriyama & Sugawa, 1972).   

 

Oestrogen enhances myometrial contractility during labour.  Maintaining the balance 

between the stimulatory actions of oestrogen and the relaxing actions of progesterone are 

essential for maintenance of pregnancy throughout gestation (J. R. Challis, et al., 2009; Zakar 

& Hertelendy, 2007). 

 

Relaxin is a collagenolytic hormone involved in uterine growth and development, myometrial 

contractility and cervical ripening (Bryant-Greenwood, Kern, Yamamoto, Sadowsky, & 

Novy, 2007).  Relaxin causes a dose dependent increase in MMP-1, MMP-3 and MMP-9 

activity in fetal membranes in vitro (X. Qin, Chua, Ohira, & Bryant-Greenwood, 1997; X. 

Qin, Garibay-Tupas, Chua, Cachola, & Bryant-Greenwood, 1997).  Levels of relaxin are 

increased in the fetal membranes at term gestation prior to the onset of labour, and the 

resulting induction of an inflammatory pathway may result in preterm rupture of the fetal 

membranes or preterm delivery (J. R. Challis, et al., 2009).   

 

Oxytocin is a key hormone stimulating myometrial contractility during parturition.  It is 

produced by choriodecidua, and increased levels at the time of parturition are thought to be 

caused by enhanced oestrogen activity (Blanks et al., 2003).  Oxytocin receptors are 

increased in the myometrium at term gestation, allowing for greater sensitivity.  Oxytocin 

mRNA is increased in response to inflammatory cytokines, which is mediated by 

transcription factor binding in the promoter region of the gene (Ivell, Bathgate, Kimura, & 

Parry, 1997; L. J. Parry, Bathgate, Shaw, Renfree, & Ivell, 1997).    

 

The placenta and fetal membranes express activin A and activin type II receptors in 

increasing amounts throughout gestation (Petraglia et al., 1991).  High levels of activin A in 

maternal serum at term gestation rapidly decrease following delivery, suggesting that the 

placenta is a major source of this peptide.  Furthermore, activin A stimulates the release of 

prostaglandin from fetal membranes and oxytocin from cultured placental cells, and therefore 

may play a role in the onset of labour (Luisi, Florio, Reis, & Petraglia, 2001; Petraglia, et al., 

1996).   
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1.3. Preterm Labour 

Preterm delivery is defined as delivery before 37 weeks of gestation and occurs in 8-12% of 

all pregnancies globally (R. Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).  The 

incidence of preterm birth has not changed over the past 40 years, and as such it remains a 

major cause of maternal and perinatal morbidity and mortality and is associated with the 

development of disease in adult life (Goldenberg, Culhane, Iams, & Romero, 2008; R. 

Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).  Romero and colleagues proposed while 

term labour results from the physiologic activation of the common pathway of parturition, 

preterm labour is a consequence of pathological activation (R. Romero, J. Espinoza, J. P. 

Kusanovic, et al., 2006).   

 

Preterm labour is a multifactorial syndrome, with a number of factors potentially contributing 

to pathological activation of the common pathway.  These include intrauterine infection, 

uteroplacental ischemia or haemorrhage, immunologically mediated processes, uterine over-

distension, cervical disease, fetal growth restriction or congenital abnormalities in the fetus 

(R. Romero, Espinoza, Goncalves, et al., 2006).  Among all causes, intrauterine infection 

remains the most frequent condition causing preterm delivery, however the aetiology of 

preterm labour is for the most part unexplained with approximately 50% of preterm births 

being idiopathic(Goldenberg, et al., 2008).  

 

Preterm rupture of the membranes (PROM) is defined as the rupture of the fetal membranes 

more than one hour prior to the onset of labour (Mercer, 2003; R. Romero, J. Espinoza, J. P. 

Kusanovic, et al., 2006).  PROM is the leading identifiable cause of preterm delivery outside 

of infection and occurs in around 8% of all pregnant women.  Preterm premature rupture of 

the fetal membranes (pPROM), where the membranes rupture prior to the onset of labour at 

<37 weeks gestation, accounts for approximately 3% of all pregnancies and is associated with 

30-40% of preterm deliveries (Goldenberg, et al., 2008; Kenyon, Abi-Nader, & Pandya, 

2010; S. Parry & Strauss, 1998).  If the time between membrane rupture and delivery is 

prolonged there is an increased risk of intrauterine infection (Mercer, 2003).  

 

Epidemiological studies reveal that male fetuses are overrepresented in preterm birth 

statistics, and this is associated with a higher incidence of infection (J. Challis, Newnham, 

Petraglia, Yeganegi, & Bocking, 2013; Clifton, 2010).  Furthermore, male fetuses are 20% 
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more likely to have a poorer outcome than females fetuses in pregnancies complicated by 

pre-eclampsia, preterm delivery and intrauterine growth restriction (IUGR) (Vatten & 

Skjaerven, 2004).  Current evidence suggests this sexual dimorphism may be mediated by 

sex-specific functions of the placenta (Murphy et al., 2003; Stark, Clifton, & Wright, 2009; 

Stark, Dierkx, Clifton, & Wright, 2006).   

 

A number of mechanisms contribute to PROM and pPROM including intrauterine infection 

and apoptosis, which are discussed below.  Matrix metalloproteinases (MMPs) are key 

mediators of fetal membrane rupture at both term and preterm labour, and will be discussed 

in a later section. 

1.3.1. Intrauterine Infection 

Intrauterine infection is a well-established cause of preterm birth, with up to 30% of preterm 

births associated with an infective process, although there has been some debate as to 

whether infection is a cause or consequence of preterm labour (J. R. G. Challis, 2000; 

Kenyon, et al., 2010).  Intrauterine infection may predispose women to preterm labour by a 

number of mechanisms, particularly via enhanced ECM degradation in fetal membranes 

resulting from increased activation of MMPs by pro-inflammatory cytokines (S. Parry & 

Strauss, 1998). Intrauterine infection is often sub-clinical in nature, and may be caused by 

gram-positive and/or -negative organisms (R. Romero, J. Espinoza, L. F. Goncalves, et al., 

2006).  Common microorganisms found in the amniotic cavity include commensal bacteria 

found in the vaginal tract; genital mycoplasma (Ureaplasma	  urealyticum	  and	  Streptococcus	  

agalactiae)	   and	   also	  Mycoplasma	  hominis,	  Escherichia	   coli,	   Fusobacterium	   species	   and	  

Gardnerella	   vaginalis	   (Gillaux,	   Mehats,	   Vaiman,	   Cabrol,	   &	   Breuiller-‐Fouche,	   2011;	   R.	  

Romero,	  J.	  Espinoza,	  L.	  F.	  Goncalves,	  et	  al.,	  2006). 

 

Recognition of pathogens by innate immune cells is mediated by receptors that recognise 

conserved pathogen associated molecular patterns (PAMPs).  Cell walls of gram-negative 

bacteria contain lipopolysaccharide (LPS), gram-positive bacteria contain peptidoglycans 

(PGN) and lipoteichoic acid, while mycoplasma contain lipoglycans (R. Romero, J. Espinoza, 

L. F. Goncalves, et al., 2006).  Toll-like receptors (TLR) are a family of innate immune 

receptors that act as the principal sensors of bacterial pathogens.  There are ten TLRs 

identified in humans, and each recognises different PAMPs (Gillaux, et al., 2011).  TLRs 1, 
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2, 4, 5, 6 and 10 are expressed on the cell surface, whereas TLR3, 7, 8, and 9 are expressed in 

cytoplasmic organelles (Adams, Lucas, Kapur, & Stevens, 2007; Gillaux, et al., 2011).  TLR2 

recognises a variety of PAMPs and forms a complex as a heterodimer with TLR6 or TLR1 to 

interact with microbial diacylated or triacylated lipopeptides, respectively (Gillaux, et al., 

2011).  TLR4 mediates LPS induced immune responses, whilst TLR5 is activated by bacteria 

flagellum (Gillaux, et al., 2011).  Despite having lower TLR4 levels than amnion, 

choriodecidua releases high amounts of TNF-α and IL1-β in response to LPS in culture 

(Leroy, Dallot, Czerkiewicz, Schmitz, & Breuiller-Fouche, 2007), which in turn stimulates 

amnion production of MMP-9 in a paracrine manner (Arechavaleta-Velasco, et al., 2002).   

 

The amnion epithelium acts as the first line of host defence against intrauterine infection.  

Treatment of amniotic epithelium with LPS translocates TLR4 from the apical membrane to 

the basement membrane (Adams, et al., 2007).  Activation of TLR4 in amnion epithelium 

reduces cell viability and induces apoptosis, whilst activation of TLR5 and TLR6 produces 

inflammatory cytokines (IL-6 and IL-8) that concurrently activate the NF-κB signalling 

pathway, MMP-9 and prostaglandin synthase expression (Gillaux, et al., 2011). Thus, 

translocation of TLR4 may reduce LPS-induced signalling in the early stages of infection, 

allowing the amnion epithelium to remain competent in its recognition of pathogens (Adams, 

et al., 2007).  

 

Both bacterial infection and the host inflammatory response are thought to increase the risk of 

preterm rupture of the membranes via increased production of prostaglandin (S. Parry & 

Strauss, 1998).  Bacteria produce phospholipases, which provoke arachidonic acid release 

resulting in amplified prostaglandin synthesis (J. R. G. Challis, et al., 2000; R. Romero, J. 

Espinoza, L. F. Goncalves, et al., 2006).  Bacterial toxins also release LPS, which stimulates 

prostaglandin production by macrophages or the release of pro-inflammatory cytokines.  

Bacteria stimulate the production of glucocorticoids by the amnion, which further enhances 

simulation of prostaglandin production (S. Parry & Strauss, 1998; R. Romero, J. Espinoza, L. 

F. Goncalves, et al., 2006).    

1.3.2. Apoptosis 

The area of fetal membranes overlying the cervix (ZAM) exhibits increased cellular apoptosis 

when compared to distal sites of the membranes (McLaren, et al., 2000; Reti, Lappas, Riley, 
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et al., 2007), with significant changes in both pro- and anti-apoptotic proteins from the 

intrinsic, but not extrinsic, apoptotic pathway (Reti, Lappas, Riley, et al., 2007).  The intrinsic 

apoptotic pathway involves activation of death promoting members of the B-cell 

leukaemia/lymphoma (Bcl-2) protein family.  These proteins interact with mitochondria 

resulting in the release cytochrome c, which activates initiator caspases (caspase-9).  Initiator 

caspases then activate downstream effector caspases (caspase-3 and caspase-6), resulting in 

cell death (Reti, Lappas, Riley, et al., 2007).   

 

Pro-apoptotic genes such as p53 and BAX are up-regulated in PROM fetal membranes when 

compared to preterm labour with intact membranes, with a concomitant decrease in anti-

apoptotic gene (Bcl-2) (Fortunato & Menon, 2001; Fortunato, Menon, Bryant, & Lombardi, 

2000).  Fas and caspase-8, members of the extrinsic apoptotic pathway, are expressed by the 

fetal membranes in the majority of PROM, and in around half of preterm labour membranes 

with intact membranes, suggesting a role for this pathway in pathogenic membrane rupture 

(Fortunato & Menon, 2001).  

 

1.4. Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that are 

secreted into the extracellular space as latent pro-enzymes by a variety of cell types.  Upon 

activation, these enzymes degrade a variety of ECM components as well as other proteins 

including growth factors, growth factor binding proteins and protease inhibitors (Reich et al., 

1988).  The ability to degrade ECM components is fundamental for any cell to interact with 

its immediate surroundings and for a multicellular organism to develop and function normally 

(Zucker, Pei, Cao, & Lopez-Otin, 2003).  ECM macromolecules provide both architectural 

structure and tensile strength to the fetal membranes, and as such MMPs play integral roles in 

not only the normal development of fetal membranes throughout gestation but also during 

fetal membrane rupture at the onset of labour (Hulboy, Rudolph, & Matrisian, 1997).  

 

Despite their detrimental roles, MMPs are essential in many biological processes including 

motility of developing cells, inflammatory responses, and tissue repair after injury (Nagase, 

Visse, & Murphy, 2006).  The level of proteolysis depends on the balance between the 

proteases and specific endogenous tissue inhibitors of metalloproteinases (TIMPs).  TIMPs 
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regulate the activation and action of MMPs and also affect the extent and duration of 

proteolytic action.  Shifting the balance to the activated forms of the enzymes results in 

excessive proteolytic activity, whereas excess inhibition of MMP activity can result in 

fibrosis (Nagase, et al., 2006).  Due to their diverse functions, the activity of MMPs and their 

inhibitors underpins both physiological and pathological processes (Visse & Nagase, 2003).  

 

MMPs are classified as the matrixin subfamily of zinc metalloproteinases (Nagase, et al., 

2006).  Over 20 human MMPs have been identified, and are grouped into subclasses based on 

structural features (Stamenkovic, 2003; Visse & Nagase, 2003).  Secreted MMPs are further 

classified into the following subclasses based on their substrate specificity: collagenases; 

gelatinases; stomelysins; matrilysins, and metalloelastases (Nagase, et al., 2006).  Due to 

overlapping substrate specificity, the biological functions of MMPs are largely dependent on 

their differential expression (Cohen, Meisser, & Bischof, 2006).  The major classes of MMPs, 

their activators and substrates are detailed in Table 1.1.   

 

Most MMPs are secreted into the extracellular space, where they degrade ECM components 

after becoming activated by the removal of the pro-peptide region (Nagase & Woessner, 

1999).  Membrane-type MMPs (MT-MMPs) are unique in that they are anchored to the cell 

surface membrane via a type 1 trans-membrane protein or a glycosylphosphatidilyinositol 

(GPI) anchor with their catalytic site exposed to the extracellular space.  Due to their 

positioning, they are therefore well suited to proteolysis both in the plasma membrane and the 

pericellular space (Sohail et al., 2008; Zucker, et al., 2003).  The anchoring domain also 

facilitates diffusion and translocation of the activated enzyme along the plasma membrane to 

the front of migrating cells (Barbolina & Stack, 2008; Zucker, et al., 2003). 

 

MT-MMPs are capable of activating pro-MMP-2 and have a range of actions independent of 

their proteolytic activity (Fillmore, VanMeter, & Broaddus, 2001).  MT1-MMP in particular 

is a major physiological activator of pro-MMP-2 via its interactions with TIMP-2 (Chernov, 

Sounni, Remacle, & Strongin, 2009).  MMP-2 and TIMP-2 bind at the C-terminal of each 

protein to form a complex that leaves the inhibitory N-terminal of TIMP-2 to bind free MT1-

MMP at the cell surface.  Unbound MT1-MMPs then initiate autocatalytic processing of the 

bound pro-MMP-2, resulting in a fully activated MMP-2 (Nagase, et al., 2006; Nelson, 

Fingleton, Rothenberg, & Matrisian, 2000; Visse & Nagase, 2003; Will, Atkinson, Butler, 

Smith, & Murphy, 1996).  MT1-MMP also plays a role in angiogenesis, and is capable of 



Chapter 1. 

18 
 

activating or inactivating various cytokines and chemokines by cleaving their pro-forms (pro-

TGFβ and pro-TNF-α) or active forms (IL-8 and TNF-α) (Hiden et al.; Pepper, 2001).  In 

contrast to most secreted MMPs, MT-MMPs are expressed in a wide range of tissues 

including brain, ovary, colon and kidney, but their expression levels vary considerably (Seiki, 

1999; Shimada et al., 1999; Will & Hinzmann, 1995; Zucker, et al., 2003).   

 

Member	   Name	   Activators	   ECM	  Substrates	   Non-‐ECM	  Substrates	  
Basic	  domains	  (pro-‐domain	  +	  catalytic	  domain	  +	  haemopexin-‐containing	  domain)	  

MMP-‐1	  
Collagenase-‐1	  
(Interstitial	  
Collagenase)	  

MMP-‐3,	  MMP-‐10,	  
plasmin,	  kallikrein,	  
chymase	  

Collagens	  I,	  II,	  III,	  VI	  and	  X;	  
gelatins;	  aggrecan;	  entactin;	  
tenascin;	  perlecan	  

IGBP-‐2,	  -‐3,	  -‐4	  and	  -‐5;	  pro-‐
IL-‐1β;	  pro-‐TNF-‐α;	  	  CTGF;	  
MMP-‐2	  and	  -‐9	  

MMP-‐3	   Stromelysin	  -‐1	  
plasmin,	  kallikrein,	  
chymase,	  tryptase	  

Aggrecan;	  decorin;	  gelatins;	  
fibronectin;	  laminin;	  collagens	  III,	  
IV,	  IX	  and	  X;	  tenascin,	  perlecan	  

IGFBP-‐3;	  pro-‐IL-‐1b;	  HB-‐
EGF;	  pro-‐TGFβ;	  CTGF;	  E-‐
cadherin;	  plasminogen;	  
uPA;	  pro-‐MMP-‐1,	  -‐7,	  -‐8,	  -‐
9	  and	  -‐13;	  MMP2/TIMP2	  
complex	  

MMP-‐8	  
Collagenase-‐2	  	  
(Neutrophil	  
Collagenase)	  

MMP-‐3,	  MMP-‐10,	  
plasmin	  

Collagens	  I,	  II	  and	  III;	  gelatins;	  
aggrecan	  

Α1-‐AT;	  α2-‐antiplasmin;	  
fibronectin	  

MMP-‐10	   Stromelysin-‐2	  
Plasmin,	  kallikrein,	  
chymase,	  tryptase	  

Aggrecan;	  fibronectin;	  laminin;	  
collagens	  III,	  IV	  and	  V;	  gelatin;	  
casein;	  proteoglycan	  link	  protein	  

Pro-‐MMP-‐1	  and	  	  -‐8	  	  

MMP-‐11	   Stromelysin-‐3	   Furin,	  plasmin	   Fibronectin;	  laminin;	  aggrecan;	  
gelatins	  

IGFBP-‐1	  

MMP-‐12	   Metalloelastase	   n.d	  
Elastin;	  aggrecan;	  fibronectin;	  
osteonectin;	  laminin;	  nidogen;	  
gelatin	  

Plasminogen	  

MMP-‐13	   Collagenase-‐3	  
MMP-‐2,	  -‐14,	  
plasmin,	  kallikrein,	  
chymase,	  tryptase	  

Collagens	  I,	  II,	  III,	  IV,	  IX,	  X	  and	  XIV;	  
aggrecan;	  fibronectin;	  tenascin;	  
SPARC/osteonectin;	  laminin;	  
perlecan	  

CTGF;	  pro-‐TGF-‐β;	  MCP-‐3	  

MMP-‐21	   XMMP	   n.d	   n.d	   n.d	  
MMP-‐27	   	   n.d	   n.d	   n.d	  
Minimal	  Domains	  (pro-‐domain	  +	  catalytic	  domain)	  

MMP-‐7	   Matrilysin-‐1	  
MMP-‐3,	  -‐10,	  
plasmin	  

Aggrecan;	  gelatins;	  fibronectin;	  
laminin;	  elastin;	  entactin;	  collagen	  
IV;	  tenascin;	  decorin	  

Β4	  integrin;	  E-‐cadherin,	  
pro-‐TNF-‐α;	  CTGF;	  HB-‐
EGF;	  RANKL;	  IGFBP-‐3;	  
plasminogen;	  MMP-‐1,	  -‐2	  
and	  -‐9	  	  

MMP-‐26	   Matrilysin-‐2	   n.d	   Gelatin;	  collagen	  IV;	  fibronectin;	  
vitronectin	  

Pro-‐MMP-‐9	  

MMPs	  with	  fibronectin-‐domain	  inserts	  

MMP-‐2	   Gelatinase	  A	  
MMP-‐1,	  -‐7,	  -‐13	  ,	  -‐
14,	  -‐15,	  -‐16,	  -‐24,	  -‐
25,	  plasmin	  

Gelatins;	  collagens	  IV,	  V,	  VII,	  X	  and	  
XI;	  fibronectin;	  laminin;	  elastin;	  
aggrecan;	  galectin	  

Pro-‐TGF-‐β;	  FGF	  receptor	  
I;	  MCP-‐3;	  IGFBP-‐5;	  pro-‐
IL1-‐b;	  galectin-‐3;	  
plasminogen	  

MMP-‐9	   Gelatinase	  B	   MMP-‐2,	  -‐3,	  -‐10	  and	  
Gelatins;	  collagens	  III,	  IV	  and	  V;	  
aggrecan;	  elastin;	  entactin;	  

Pro-‐TGF-‐β;	  IL-‐2	  receptor	  
a;	  Kit-‐L;	  IGFBP-‐3;	  pro-‐IL-‐
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Member	   Name	   Activators	   ECM	  Substrates	   Non-‐ECM	  Substrates	  
-‐13,	  plasmin	   vitronectin;	  N-‐telopeptide	  of	  

collagen	  I	  
1b;	  ICAM-‐1;	  galectin-‐3;	  
plasminogen	  

Membrane-‐Type	  MMP	  anchored	  by	  GPI	  or	  transmembrane	  domain	  (TM)	  

MMP-‐14	   MT1-‐MMP	   Furin	  
Collagens	  I,	  II	  and	  III;	  gelatins;	  
aggrecan;	  fibronectin;	  laminin;	  
fibrin	  

Pro-‐MMP-‐2	  and	  -‐13;	  
CD44;	  MCP-‐3;	  tissue	  
transglutaminase;	  Pro-‐
TNF-‐α	  

MMP-‐15	   MT2-‐MMP	   Furin	   Fibronectin;	  laminin;	  tenascin;	  
nidogen;	  aggrecan;	  perlecan	  

Pro-‐MMP-‐2;	  tissue	  
transglutaminase	  

MMP-‐16	   MT3-‐MMP	   Furin	   Collagen	  III;	  fibronectin;	  gelatin	  
Pro-‐MMP-‐2;	  tissue	  
transglutaminase	  

MMP-‐17	   MT4-‐MMP	   Furin	   Gelatin;	  fibronectin	   n.d	  
MMP-‐24	   MT5-‐MMP	   Furin	   Fibrin;	  gelatin;	  proteoglycan	   Pro-‐MMP-‐2	  

MMP-‐25	   MT6-‐MMP	   Furin	  
Gelatin;	  collagen	  IV;	  fibrin;	  
fibronectin;	  laminin	  

Pro-‐MMP-‐2	  

Table 1.1: Major subclasses of MMP separated by general structural features.   
Major activators and substrate specificity are shown.  n.d, not determined; IGBP, 
insulin-like growth factor binding protein; IL, interleukin; TNF, tumour necrosis 
factor; CTGF, connective tissue growth factor; MMP, matrix metalloproteinase; HB-
EGF, heparin binding epidermal growth factor; TGF, transforming growth factor; 
uPA, urokinase plasminogen activator; TIMP, tissue inhibitor of metalloproteinases; 
RANKL, receptor activator of NF-κB ligand; FGF, fibroblast growth factor; ICAM, 
intercellular adhesion molecule.  Adapted from (P. Lu, Takai, Weaver, & Werb, 
2011; Nagase, et al., 2006; Nelson, et al., 2000) 

 

1.4.1. Structure 

MMPs contain several highly conserved structural domains, which include a propeptide 

domain of approximately 80 amino acids, a catalytic domain of around 170 amino acids 

containing a zinc-binding active site, a linker peptide or hinge region which is of variable 

length, and a haemopexin (Hpx) domain of around 200 amino acids (Nagase, et al., 2006; 

Nelson, et al., 2000; Visse & Nagase, 2003; Woessner & Nagase, 2000).  The major domain 

formations of MMPs are shown in Figure 1.4.  

 

The signal sequence, or ‘pre’ domain at the amino terminus signals for cellular export.  

Following this is the ‘pro’ domain.  A cysteine residue is present in the propeptide domain of 

all MMPs, which functions to stabilise the inactive zymogen form, known as pro-MMP.    

The zinc ion in the catalytic domain forms a bond with this cysteine residue, rendering the 

MMP inactive (Nagase, et al., 2006; Nagase & Woessner, 1999).  Displacement of the 
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cysteine residue results in activation of the enzyme, thus the cysteine motif has been termed 

the ‘cysteine switch’ (Zucker, et al., 2003).  

 

 

Figure 1.4: Domain structures of matrix metalloproteinases 
All MMPs contain a signal peptide region attached to a propeptide region and zinc-
containing catalytic domain.  The hinge region is followed by a haemopexin-like 
domain which is present in all MMPs except MMP-7.  The furin recognition motif 
enables intracellular activation.  Membrane bound MMPs contain an additional 
transmembrane domain or GPI anchor (Candelario-Jalil, Yang, & Rosenberg, 2009; 
Nagase, et al., 2006; Nagase & Woessner, 1999; Rosenberg, 2002; Woessner & 
Nagase, 2000) 

 

 

All MMPs, with the exception of MMP-7, contain the haemopexin-like domain, which is 

essential for collagenases to cleave triple helical interstitial collagens, and is also required for 

the cell surface activation of pro-MMP-2 by MT1-MMP.  The hinge region assists with 

substrate specificity.  MT-MMPs also contain a potential furin-cleavage site within the 

propeptide allowing intracellular activation prior to secretion (Clark, Swingler, Sampieri, & 

Edwards, 2008).  Most MMPs, in particular the gelatinases, have further domains such as 

type II fibronectin repeats found in the gelatinases.  These additional domains confer 
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substrate specificity and are important in inhibitor binding interactions (Hulboy, et al., 1997; 

Nagase, et al., 2006; Stamenkovic, 2003; Visse & Nagase, 2003).  

 

1.4.2. Regulation and Activation of Matrix Metalloproteinases 

MMP activity is typically low in normal tissues and is tightly regulated due to their 

potentially destructive behaviour at a number of steps including transcription, translation, 

activation and inhibition by endogenous inhibitors (Brew & Nagase, 2010; Cohen, et al., 

2006; Rosenberg, 2002).  Activation of the immediate early genes, c-Fos and c-Jun as well as 

the presence of LPS, TNF-α or IL-1β or other inflammatory mediators can all stimulate MMP 

production (Mancini & Di Battista, 2006).   

1.4.2.1. Transcriptional Regulation 

MMPs and TIMPs are regulated at the transcriptional level by the binding of transcription 

factors, enhancers and repressors to the gene’s promoter region.  Most MMPs share common 

cis-elements in their promoter sequences, allowing for tight control of cell-specific 

expression.  As a result, MMPs are often co-expressed or co-repressed in response to multiple 

external stimuli, such as growth hormones and cytokines (Fanjul-Fernandez, Folgueras, 

Cabrera, & Lopez-Otin, 2010; Yan & Boyd, 2007).   

 

MMP promoters are thought to be downstream of early response genes as their transcriptional 

activation occurs within hours of stimulation.  These early response genes encode signalling 

proteins such as NF-κB, which phosphorylate transcription factors that then bind to MMP 

promoters (Yan & Boyd, 2007).   

 

Most MMP promoter regions contain two major cis-acting elements; activator protein-1 (AP-

1) which interact with the Fos and Jun family of transcription factors, and polyoma enhancing 

activator-3 (PAE-3), which interacts with the E-twenty six (Ets) family of transcription 

factors (Cohen, et al., 2006; Deschamps & Spinale, 2006).  These transcription factors 

contain immediate early genes, such as members of the Jun family (c-Jun, Jun B and Jun D) 

and the Fos family (c-Fos, Fra-1, Fra-2 and FosB) (Cohen, et al., 2006).  In addition, MMP-1, 

-7, -13 and MT1-MMP contain one or more TGF-β Inhibitory Elements (TIE), which bind 

the SMAD family of transcription factors.  MT1-MMP also contains GC boxes which bind 
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Specificity Protein 1 (Sp1) transcription factors.  MMP-9 contains an NF-κB binding site, 

while MMP1 and MMP13 contain an NF-κB-like binding site (Mancini & Di Battista, 2006).  
	  
Importantly, a large variety of cytokines and growth factors (including interleukins, 

interferons, TNF-α and TGF-β) trigger cell signalling which results in the trans-activation of 

these MMP promoters at the AP-1 and/or PEA3 elements.  The presence of these 

transcription factors allows for the transient expression of MMPs upon exposure to external 

stimuli such as inflammatory mediators (Yan & Boyd, 2007).  AP-1 plays a significant role in 

the activation of inducible MMPs, particularly MMP-1 and -9, facilitating the response to 

changes in the amount and/or activity of the corresponding trans-activators (Cohen, et al., 

2006; Gum et al., 1996).  PEA-3 elements are usually adjacent to AP-1 in the promoter, and 

are found in almost all inducible MMP promoters.  Ets transcription factors act as co-

activators, preferentially binding to other transcription factors such as AP-1 (Cohen, et al., 

2006).  

 

MMP2 is unlike other MMPs in that it is constitutively expressed in most tissues and has a 

structurally different promoter region.  It lacks a TATA region, AP-1 and PAE-3 binding 

sites, instead containing Ap2 and Sp1 sites and two silencer regions (Clark, et al., 2008; 

Mancini & Di Battista, 2006; Rosenberg, 2002).   

 

Knowledge of the regulatory elements in MT-MMPs is still relatively limited, the most 

widely studied is MT1-MMP.  MT1-MMP lacks the classic TATA box and transcriptional 

elements representative of cytokine and growth factor targeting.  Instead, it has Sp1 binding 

GC box, and stress response elements.  Binding of the transcription factor Egr-1 to the 

promoter displaces Sp1 from the GC box, inducing MT1-MMP activity. (Fanjul-Fernandez, 

et al., 2010; Hernandez-Barrantes, Bernardo, Toth, & Fridman, 2002)  The regulatory 

elements of a constitutively expressed (MMP-2), an inducible MMP (MMP-9) and MT1-

MMP are shown in Figure 1.5.  
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Figure 1.5: Transcriptional regulatory elements of MMP promoter regions. 
Transcriptional regulatory elements in promoter regions for MMP-2, which is 
constitutively expressed, MMP-9, which is inducible, and MT1-MMP are as follows; 
Cis elements are abbreviated as: AP-2 - activator protein-2; NF-κB- nuclear factor-
kappa B; PEA3 – polyoma enhancing activator-3 (Ets binding sequence); Sil- 
silencer; Sp-1, Sp1 and Egr-1 binding sequence; TRE, phorbol ester response 
element; c/EPB, CCAAT/enhancer binding protein-b, TIE, Transforming growth 
factor-β inhibitory element; HBS, HIF-binding site; SAF-1, serum amyloid A 
activating factor-1 binding site.  Numbers indicate starting nucleotide position 
relative to the transcription starting point (+), image is  not drawn to scale .  Adapted 
from (Candelario-Jalil, et al., 2009; Fanjul-Fernandez, et al., 2010; Mancini & Di 
Battista, 2006; Rosenberg, 2002). 

 

1.4.2.2. Activation 

Further to regulation at the transcriptional level, MMPs can be regulated post-

transcriptionally by cleavage and removal of the propeptide (Hulboy, et al., 1997).  Most 

MMPs are secreted from cells as latent pro-enzymes called zymogens, which become 

activated extracellularly following removal of the propeptide.  These MMPs have a 

proteinase susceptible ‘bait’ region, allowing tissue and plasma proteinases or bacterial 

proteinases to activate the pro-MMPs, a mechanism referred to as ‘stepwise activation’ 

(Nagase, et al., 2006; Visse & Nagase, 2003).  MT-MMPs are activated intracellularly by the 

golgi-associated proteinase furin (Pei & Weiss, 1995).  MMPs can also be activated by other 

proteinases, chemical agents in vitro or by their surrounding environment such as low pH or 

heat treatment (Visse & Nagase, 2003).   

 

The activation of MMPs requires the disruption of the bond between the active Zn2+ and 

cysteine residue in the pro-peptide region via a mechanism known as the ‘cysteine switch’.  A 

water molecule binds to the Zn2+ ion, replacing the cysteine residue.  The zinc ion is then 

changed to a catalytic molecule, resulting in an intermediate active enzyme.  The subsequent 

removal of the pro-domain by autolytic cleavage or by other proteases results in a fully active 
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enzyme (Springman, Angleton, Birkedal-Hansen, & Van Wart, 1990; Van Wart & Birkedal-

Hansen, 1990).  This cleavage event is maintained by other MMPs, resulting in the active 

enzyme after a number of autocatalytic cuts (Hulboy, et al., 1997; Nagase, et al., 2006).   

 

MMP-2 is not readily activated by general proteinases; instead it has a unique mode of 

activation and inhibition by TIMP-2 (Fortunato, Menon, & Lombardi, 1997).  Pro-MMP-2 

activation takes place at the cell surface, where it is anchored to the cell membrane by TIMP-

2 for presentation to MT1-MMP, resulting in proteolytic cleavage (Fortunato, et al., 1997).  

TIMP-2 anchors pro-MMP-2 on the cell membrane surface for presentation MT1-MMP, 

resulting in proteolytic cleavage activation. If TIMP-2 concentrations are high enough 

following MMP-2 activation then it can not only inhibit the MMP-2 itself, but also prevent 

further pro-MMP-2 activation by binding to the pro-MMP-2 binding site on MT1-MMP 

(Fortunato, et al., 1997).   

1.4.3. Inhibition by TIMPs 

TIMPs are endogenous inhibitors of the metalloproteinases, and are thus important regulators 

of ECM turnover, tissue remodelling and cell behaviour (Visse & Nagase, 2003).  The 

balance between the production of active MMPs and their inhibition plays a crucial role in 

maintaining healthy tissues.  TIMPs are often secreted by the same cell type that is secreting 

MMPs, allowing for direct inhibition of activity (Woessner & Nagase, 2000).  Disruption of 

this balance may lead to diseases associated with inflammation, uncontrolled ECM turnover, 

cell growth and migration such as cancer, arthritis and cardiovascular disease (Brew & 

Nagase, 2010; Verstappen & Von den Hoff, 2006; Visse & Nagase, 2003).  TIMPs are 

expressed by a variety of cells and are present in most tissues and body fluids and inhibit 

metalloproteinases by binding in a 1:1 stoichiometric, non-covalent complex (Fortunato, 

Menon, & Lombardi, 1999a; Hulboy, et al., 1997; Lambert, Dasse, Haye, & Petitfrere, 2004). 

 

There are four human TIMP proteins ranging in size from 21 to 29 kDa.  They have high 

sequence homology (40%) and consist of two distinct domains; an N-terminal of 

approximately 125 amino acid residues, and a C-terminal of approximately 65 amino acid 

residues.  The conformation of each domain is stabilised by three conserved disulphide 

bonds, forming six loops (Brew & Nagase, 2010; Visse & Nagase, 2003).  The N-terminal 

region is highly conserved and contains the VIRAK consensus sequence, thought to be 



Chapter 1. 

25 
 

critically important in MMP inhibition (Lambert, et al., 2004; Woessner & Nagase, 2000).  

The overall structure of the N-terminal inhibitory domain is ‘wedge-like’, with a contiguous 

ridge structure that slots into the active site of MMPs (Nagase, et al., 2006). 

 

TIMP-1, -2 and -4 are available in soluble forms, whereas TIMP-3 tightly bound to the ECM 

(Lambert, et al., 2004).  TIMP-1 and TIMP-3 expression is inducible, whilst TIMP-2 

expression is for the most part constitutive (Verstappen & Von den Hoff, 2006).  Although 

generally thought of as broad-spectrum inhibitors of MMPs, TIMPs do have varying 

specificity for the enzymes (Table 1.1).  TIMP-1 binds strongly to MMP-3 and MMP-9, and 

while it has low affinity for membrane type MMP-1, -2 and -5, binds strongly to MT-MMP6 

(Brew & Nagase, 2010).  TIMP-2 and TIMP-3 efficiently inhibit MT1-, MT2-, MT3- and 

MT5-MMP, whilst TIMP-4 only inhibits MT1-MMP (Hernandez-Barrantes, et al., 2002).   

 

	  	  TIMP	   Molecular	  weight	   MMP	  Substrate	  

TIMP-‐1	   28	  kDa	  
MMP-‐1,	  MMP-‐2,	  MMP-‐3,	  MMP-‐7,	  MMP-‐8,	  MMP-‐9,	  
MMP-‐10,	  MMP-‐11,	  MMP-‐12,	  MMP-‐13,	  MT3-‐MMP	  

TIMP-‐2	   21	  kDa	  
MMP-‐1,	  MMP-‐2,	  MMP-‐	  3,	  MMP-‐7,	  MMP-‐8,	  MMP-‐9,	  
MMP-‐10,	  MMP-‐13,	  MMP-‐19,	  MT1-‐MMP,	  MT2-‐MMP,	  
MT3-‐MMP	  

TIMP-‐3	   24	  kDa	  
MMP-‐1,	  MMP-‐2,	  MMP-‐3,	  MMP-‐7,	  MMP-‐9,	  MMP-‐13,	  
MT1-‐MMP,	  MT2-‐MMP	  

TIMP-‐4	   26	  kDa	   MMP-‐1,	  MMP-‐2,	  MMP-‐3,	  MMP-‐7,	  MMP-‐9	  

Table 1.2: Human TIMP molecular weights and substrate specificity.  
Adapted from (Brew & Nagase, 2010; Hernandez-Barrantes, et al., 2002). 

 

TIMPs have additional biological activities independent of MMP inhibition including 

inhibition of cell invasion, tumourigenesis, metastasis and angiogenesis in vivo.  They can 

also  promote cell proliferation and are both pro- and anti-apoptotic (Guedez, Courtemanch, 

& Stetler-Stevenson, 1998; Jourquin et al., 2005; Rosenberg, 2002; Stetler-Stevenson, 2008; 

Verstappen & Von den Hoff, 2006).   

1.4.3.1. Transcriptional Regulation of TIMPs 

TIMP transcription can be stimulated by a number of agents such as serum, growth factors, 

phorbol esters, cytokines and viruses (Trim et al., 2000).  TIMP proteins lack the classical 

TATA box within their promoter regions, but instead contain a highly conserved 22 bp serum 

response element located 75 bp upstream of the major transcription start site.  This serum 
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response element contains binding sites for AP-1 (Fos/Jun), signal transducer and activator of 

transcription, and PEA-3 (Ets) transcription factors (Trim, et al., 2000).  All four TIMPs have 

one or more Sp1 binding site; TIMP-1 and TIMP-2 also contain PEA-3 and AP-1 binding 

sites (Visse & Nagase, 2003).  These are crucial for responsiveness of the promoter to 

external stimuli such as growth factors and cytokines (Brew & Nagase, 2010; Hernandez-

Barrantes, et al., 2002; Trim, et al., 2000; Visse & Nagase, 2003).   

 

TIMP1 is unique in that it has a short first exon which is transcribed but not translated, with 

the translational start site located on exon 2.  Intron 1 of TIMP-1 strongly represses gene 

expression, however, within the intron 1 are a number of elements which could induce 

expression (Dean, Young, Edwards, & Clark, 2000).  In addition to AP-1 family proteins 

JunD, Fra2 and FosB, which bind to an essential AP-1 binding site at the 5’ end of the 

promoter, there is an additional cis-acting regulatory DNA element named UTE-1 (Upstream 

Tissue Inhibitor of Metalloproteinases Element-1) located downstream of the AP-1 and PEA3 

sites, which appears to be essential for transcriptional activity of the human TIMP-1 promoter 

(Trim, et al., 2000).   

1.4.4. MMPs and TIMPs in Gestational Tissues  

Human pregnancy is characterised by rapid and extensive remodelling of reproductive tissues 

throughout gestation, and thus a number of processes in gestational tissues are mediated by 

MMPs and TIMPs.  For the purpose of this literature review, only the role of MMPs and 

TIMPs in the third trimester of pregnancy, particularly their role in fetal membrane rupture, 

will be detailed.    

 

There is substantial evidence for the expression of MMPs in the placenta and fetal 

membranes during both physiological and pathological membrane rupture.  During normal 

gestation, MMP-1, -2, -3 and -7 are found in the amniotic fluid and fetal membranes.   

 

MMP-9, although detectable is only expressed at very low levels throughout gestation, until 

the onset of labour at which time it is significantly up-regulated (Athayde, et al., 1999; 

Locksmith, Clark, Duff, Saade, & Schultz, 2001).  MMP-9 is predominantly responsible for 

the proteolytic activity in fetal membranes which causes fetal membrane rupture (Athayde, et 

al., 1999).  MMP-9 is also increased in the labouring placenta where it is thought to facilitate 
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placental separation from the uterus following delivery (Athayde, et al., 1999; Bryant-

Greenwood & Yamamoto, 1995; Goldman, et al., 2003; McLaren, et al., 2000; Tsatas, Baker, 

& Rice, 1999; Vadillo-Ortega & Estrada-Gutierrez, 2005; Vadillo-Ortega et al., 1995; Weiss, 

et al., 2007; Xu, Alfaidy, & Challis, 2002).   

 

MMP-2 is detectable in the amniotic fluid and fetal membranes before and after contractions; 

however, information regarding the changes in MMP-2 expression in response to labour is 

conflicting.  Several groups have observed no change in MMP-2 expression in fetal 

membranes in response to labour, suggesting that MMP-2 is constitutively expressed 

throughout gestation and not involved in the labour process (Fortunato, et al., 1999a; Xu, et 

al., 2002).  Contrastingly, significantly lower levels of MMP-2 have been observed in 

amniotic fluid of women with ROM (not in labour) compared to term not in labour with 

intact membranes (Maymon, Romero, Pacora, Gervasi, Gomez, et al., 2000).  A recent study 

however, showed increased MMP-2 in amnion, but not choriodecidua, at term labour.  

Furthermore, the authors discovered a gestation dependent increase in pro-MMP-2 in amnion, 

with levels at term gestation higher than those at preterm (Yonemoto et al., 2006).  

 

The discrepancies observed between these studies could be due to the source of MMPs 

(amnion, choriodecidua or amniotic fluid), variation in sample size and whether gestational 

age-matched controls were used.  However Yonemoto et al. and others suggest that it is in 

fact the protein extraction method used, since traditional lysis buffers cannot liberate tightly 

bound MMPs, and therefore only loosely bound MMPs would be isolated (Yonemoto, et al., 

2006; Yu & Woessner, 2000).   

 

MMP-1, -3, -7 and -8 are found in amniotic fluid and fetal membranes throughout the third 

trimester. (Fortunato, et al., 1997; Maymon, Romero, Pacora, Gomez, et al., 2000; Weiss, et 

al., 2007).  MMP-1 and -7, although detected in increasing amounts during the third 

trimester, are not changed with labour and have not been associated with rupture of the 

membranes (Maymon, Romero, Pacora, Gervasi, Edwin, et al., 2000; Weiss, et al., 2007).  

MMP-3 is increased in fetal membranes and decidua, whilst MMP-8 is increased in the 

amniotic fluid and fetal membranes during active labour (Arechavaleta-Velasco, et al., 2004; 

Bryant-Greenwood & Yamamoto, 1995; Maymon, Romero, Pacora, Gomez, et al., 2000).  

MMP-13 is found in amniotic fluid and gestational tissues but does not change with labour 

(Fortunato, LaFleur, & Menon, 2003). 
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MT1- and MT2-MMP have been described in human first trimester extra-villous trophoblasts 

and are thought to regulate trophoblast invasion during implantation (Bjorn, Hastrup, Larsen, 

Lund, & Pyke, 2000).  Furthermore, MT1- and MT2-MMP are critical for normal placental 

development in mice (Szabova et al., 2010).  The role of MT-MMPs in fetal membrane 

rupture is unclear.  It has previously been documented that amnion-chorion fetal membrane 

samples express all MT-MMPs with the exception of MT3-MMP and MT6-MMP.  Varying 

expression was observed between tissue groups, however the measurements were not 

quantitative and therefore no definitive comments could be made about the involvement of 

MT-MMPs in fetal membrane rupture, or if they are altered in the presence of labour.  

Furthermore, expression of MT-MMPs was not investigated in the placenta (Fortunato & 

Menon, 2002; Fortunato, Menon, & Lombardi, 1998a).   

 

Several activators of MMPs have been detected in fetal membranes during gestation.  As its 

name would suggest, extracellular matrix metalloproteinase inducer (EMMPRIN) is capable 

of activating MMPs, and has been detected in significantly higher levels in fetal membranes 

during active labour, potentially facilitating fetal membrane rupture via MMP stimulation 

(W. Li, Alfaidy, & Challis, 2004).  However, a definite role of EMMPRIN in this process has 

not been investigated further.  Urokinase plasminogen activator (UPA) is not changed in 

response to labour, however urokinase receptor (UPAR) and plasminogen activator inhibitor 

type-2 (PAI-2) were significantly increased in amnion tissue during and active labour.  UPA, 

UPAR and PAI-2 are part of the plasminogen activation cascade, which can activate latent 

MMPs  (Tsatas, Baker, Moses, & Rice, 1998).       

 

All four TIMPs are expressed in fetal membranes before and after labour (Fortunato, Menon, 

& Lombardi, 1998c) with no apparent differences in the localisation or intensity of protein 

staining (Riley et al., 1999).  The chorion and decidua are primary producers of TIMPs, 

which are secreted into the amniotic fluid throughout gestation.  During active labour the 

secretion of TIMPs is significantly reduced, and this, coupled with the up-regulation of 

MMPs, alters the MMP-TIMP ratio making the membranes vulnerable to rupture (Goldman, 

et al., 2003; Maymon et al., 2001; Riley, et al., 1999; Weiss, et al., 2007).  The interaction 

between MMPs, TIMPs and other factors involved in the events that lead to fetal membrane 

rupture in physiological labour are summarised in Figure 1.6.  
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Figure 1.6: Extracellular matrix signalling in physiological membrane rupture. 
The fetal membranes have a fully functioning MMP system which is influenced by 
factors such as mechanical stretch of the membranes and production of hormones, 
cytokines and growth factors.  Together, these form a complex system whereby 
MMPs are activated leading to ECM degradation and fetal membrane rupture at term 
gestation.  Reprinted (adapted) from (Bryant-Greenwood, 1998), Copyright (1998), 
with permission from Elsevier.  
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1.4.5. MMPs and TIMPs in Pathological Membrane Rupture and 

Pregnancy Complications 

Preterm labour, PROM and pPROM are associated with significantly higher levels of 

activated MMPs in the fetal membranes and amniotic fluid, alongside reduced or unchanged 

TIMP protein concentrations (Fortunato, Menon, & Lombardi, 2000; Maymon, et al., 2001; 

Vadillo-Ortega et al., 1996).  Increased MMPs at preterm birth are often exacerbated by the 

presence of intrauterine infection.  Pro-inflammatory cytokines such as IL-1, -6, -8 and TNF-

α enhance the transcription and activation of MMPs via increased binding of transcription 

factors (Athayde, et al., 1998; Bryant-Greenwood, 1998; Maymon, Romero, Pacora, Gervasi, 

Bianco, et al., 2000; Maymon, Romero, Pacora, Gervasi, Gomez, et al., 2000; Maymon, 

Romero, Pacora, Gomez, et al., 2000).   

 

MMP-1, -2, -8, -9 have all been detected in significantly higher levels in fetal membranes and 

amniotic fluid both with and without intrauterine infection (Athayde, et al., 1998; Athayde, et 

al., 1999; Draper et al., 1995; Maymon, Romero, Pacora, Gervasi, Gomez, et al., 2000; 

Vadillo-Ortega, et al., 1996; Xu, et al., 2002).  MMP-3 also appears to be important in 

infection-mediated preterm birth (Fortunato, Menon, & Lombardi, 1999b; Ota et al., 2006; 

Park et al., 2003; Weiss, et al., 2007).  Preterm labour without infection is associated with a 

significant increase in amniotic fluid concentrations of MMP-7, however, PROM without 

infection is not associated with a significant change in amniotic fluid MMP-7 concentrations 

(Maymon, Romero, Pacora, Gervasi, Edwin, et al., 2000).  

 

Induction of MMPs by inflammatory mediators in gestational tissues has been confirmed in 

vitro.  LPS treatment of amnion and chorion stimulates MMP-2 and -9 activity and at the 

same time decreases TIMP-2 (Fortunato, Menon, & Lombardi, 2000; Skinner, et al., 1981).  

Treatment of first trimester cytotrophoblasts separately with TNF-α and IL1-β significantly 

increases MMP-9 activity in a dose-dependent manner (Librach et al., 1991).   

 

MMPs and TIMPs are implicated in the pathogenesis of hypertension-related pregnancy 

complications due to their roles in vascular remodelling, angiogenesis and vasodilatation.  

MMPs are crucial for correct placentation, and are expressed by extravillous trophoblasts in 

the first trimester (Isaka et al., 2003; Marzusch, Ruck, Dietl, Horny, & Kaiserling, 1996; Xu 

et al., 2000).  MT1-MMP is the key protease responsible for releasing soluble endoglin 
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(sEng) from the placenta and is highly expressed in early-onset pre-eclamptic placentas 

(Kaitu'u-Lino et al., 2012).  MT2-MMP is also increased in pre-eclamptic placentas, but does 

not cleave sEng (Kaitu'u-Lino, Palmer, Tuohey, Ye, & Tong, 2012).  A recent study has 

examined the remaining MT-MMPs in severe early-onset pre-eclamptic and matched preterm 

placentas and reported the localisation of MT3-, MT5 and MT-6 in the syncytiotrophoblast 

whilst MT4-MMP is localised to the stroma and fetal vessels (Kaitu'u-Lino et al., 2013).  

 

1.5. Epigenetic Regulation 

Epigenetic regulation is defined as “the structural adaptation of chromosomal regions so as to 

register, signal or perpetuate altered activity states” (A. Bird, 2007) and refers to 

modifications to DNA which result in heritable changes in gene expression that are 

independent of changes in the genetic sequence (Probst, Dunleavy, & Almouzni, 2009).  

Epigenetic regulation includes DNA methylation, histone modifications and RNA 

interference, particularly through non-coding microRNA (miRNA), and is a flexible and 

reversible yet stable mechanism for maintaining cellular memory (Probst, et al., 2009).  The 

accessibility of transcription factor binding sites is determined by specific patterns of  

chromatin modifications and DNA methylation, and in this way, DNA methylation and 

histone acetylation interact to regulate gene expression (Horsthemke & Ludwig, 2005; 

Ohgane, Yagi, & Shiota, 2008).  Epigenetic modifications are shown in Figure 1.7 (Sawan, 

Vaissiere, Murr, & Herceg, 2008).  
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Figure 1.7: The epigenetic system.  
The Epigenetic system contains histone modifications, RNA interference and DNA 
methylation.  Histone modifications refer to covalent post-translational modifications 
Lysine (K) residues. P; phosphorylation, A; acetylation, U; ubiquitination and M; 
methylation.  RNA interference by micro RNAs (miRNA) prevents translation of 
mRNA into protein products by promoting mRNA degradation.  DNA methylation is 
the addition of a methyl group to cytosine residues in CpG dinucleotides.  Reprinted 
from (Sawan, et al., 2008), Copyright (2008), with permission from Elsevier.  
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1.5.1. Genomic Imprinting 

Genomic imprinting refers to the sex-specific silencing of one allele, either from the maternal 

or paternal genome on certain chromosome regions.  Only one of the alleles can be active and 

expressed, although imprinting has been associated with both activity and inactivity 

(Ferguson-Smith et al., 2006).  Genomic imprinting can be marked by histone modifications, 

DNA methylation, or both (Reik & Walter, 2001).  Imprinted genes escape the epigenetic 

programming which takes place in the developing embryo at blastocyst stage to preserve 

parental imprinting (Mayer, Niveleau, Walter, Fundele, & Haaf, 2000). 

 

A large number of imprinted genes are involved in fetal growth and development; generally, 

paternally expressed genes enhance fetal growth, whereas maternally expressed genes limit 

growth.  Imprinted genes are essential for the development and function of the placenta, 

affecting both the overall growth of the placenta and nutrient supply to the fetus (Reik & 

Walter, 2001).  A classic example of imprinting in the placenta is the paternally expressed 

IGF2 gene which is an important growth enhancer (Frost & Moore, 2010).  A reduction in 

IGF2 expression caused by aberrant methylation at the H19 imprinting region has been 

associated with intrauterine growth restriction (IUGR) (Bourque, Avila, Penaherrera, von 

Dadelszen, & Robinson, 2010; Koukoura et al., 2011).  A loss of methylation at H19 

differentially methylated domain is found in a subset of Silver Russell Syndrome (SRS) 

cases, of which a defining feature is placental insufficiency and severe IUGR (Gicquel et al., 

2005). 

1.5.2. Histone Modifications 

DNA is wound around a histone octamer, which consists of two molecules each of the four 

core histones H2A, H2b, H3 and H4, forming a nucleosome (Wolffe & Guschin, 2000).  The 

N-terminal histone tail protrudes from the tail of the chromatin and selected amino acids can 

be modified by acetylation, methylation, phosphorylation and ubiquitination, resulting in 

either transcriptionally permissive or repressive chromatin structures (Turner, 2005).  Histone 

modifications are carried out by a range of enzymes including histone methyltransferases 

(HMTs), acetyltransferases (HATs), deacetylases (HDACs), kinases and ubiquitinases, and 

function by either adding (e.g. HATs) or removing (e.g. HDACs) marks on the histone tail 

(Figure 1.8) (Sakai et al., 2003; Turner, 2005; Uchida, Maruyama, Nagashima, Asada, & 

Yoshimura, 2005).  
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Acetylation of the core histones H3, H4, H2A and H2B are usually associated with 

transcriptional activation, and subsequent methylation of lysine residues in the histone tails 

may either lead to transcriptional activation or repression.  Di- or tri- Methylation of lysine 

residue four of histone H2 (H3K4me2 and K4me) marks active genes, whereas H3K9me2/3 

and H3K27me3 are repressive histone marks (Turner, 2005).  It is thought that repressive 

histone marks are more short-term and flexible silencing than the more stable DNA 

methylation (Kouzarides, 2007; Y. Zhang & Reinberg, 2001).  

 

 

Figure 1.8: Chromatin structure and remodelling by histone acetyltransferases 
and histone deacetylases. 
Acetylation by histone acetyltransferases (HATs) results in open chromatin and 
activation of gene expression, whilst removal of acetyl groups by histone 
deacetylases (HDACs) leads to condensed, inactive chromatin.  Adapted by 
permission from Macmillan Publishers Ltd: Nature Neuroscience (Lattal & Wood, 
2013), Copyright 2013. 

 

1.5.3. DNA Methylation 

DNA methylation is the covalent modification of post-replicative DNA by the addition of a 

methyl group to the cytosine ring to form methyl cytosine (5-mC) (A. P. Bird, 1986).  In 

mammals, 60-90% of DNA methylation occurs in the context of CpG dinucleotides where a 

cytosine is followed by a guanine residue.  CpG sites occur at a low frequency throughout the 

human genome, representing only approximately 0.8% of all dinucleotides (expected 4.4%) 

but are concentrated in areas of high CpG density called CpG Islands (CGIs) (A. P. Bird, 

1986; Ehrlich et al., 1982).  CGIs are short interspersed sequences with a higher than 
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expected number of CpGs, and are primarily found in gene promoter regions (Cisneros, 2004; 

Y. Wu, Strawn, Basir, Halverson, & Guo, 2007).  CGIs are predominantly unmethylated, and 

alterations in methylation within CGIs, particularly those associated with promoter regions, 

alters gene expression.  Hypermethylation of CGIs is associated with transcriptional 

repression and gene silencing, whereas hypomethylation is associated with enhanced gene 

activity (Deaton & Bird, 2011).  CpGs that are normally methylated include those associated 

with imprinted genes and genes on the inactivated X chromosome in females (Dahl, 

Gronbaek, & Guldberg, 2011).   

 

Although it was traditionally thought that the CGIs in the promoter region controlled gene 

expression, the discovery of so called ‘CpG Shores’ suggests that alterations in methylation 

as far as 2 kb distant from a gene promoter may affect transcriptional activity (Doi et al., 

2009; Irizarry et al., 2009).  DNA methylation is associated with a number of key functions 

such as genome organisation, chromosome instability, gene expression, cellular 

differentiation, genomic imprinting, chromosome inactivation and chromatin modification 

(Cisneros, 2004; Y. Wu, et al., 2007), and has also be shown to be essential for embryonic 

development (E. Li, Bestor, & Jaenisch, 1992).   

 

DNA methyltransferases (DNMTs) are the primary mediators of the establishment and 

maintenance of DNA methylation, acting to either catalyse de novo methylation or to 

maintain methylation following DNA replication by using S-adenosyl methionine (SAM) as a 

methyl group donor (Allis, Jenuwein, Reinberg, & Caparros, 2006; Dahl, et al., 2011).  The 

enzyme methylation machinery is made up of DNMT1, DNMT3a and DNMT3b.  A fourth 

enzyme exists (DNMT3L) and although structurally similar to the other three 

methyltransferases, has no catalytic activity itself but is thought to play a regulatory role by 

enhancing the action of DNMT3a and DNMT3b on the maternal genome during embryo 

development (Okano, Xie, & Li, 1998; Suetake, Shinozaki, Miyagawa, Takeshima, & 

Tajima, 2004).   

 

DNMT1 copies methylation patterns following DNA synthesis, thereby maintaining genomic 

methylation patterns and for this reason is known as the maintenance methyltransferase (K. 

D. Robertson, Keyomarsi, Gonzales, Velicescu, & Jones, 2000).  DNMT1 is recruited to the 

replication foci and strongly binds hemi-methylated DNA via its interaction with the 

ubiquitin like plant homeodomain and RING finger domain 1 (Bestor, Laudano, Mattaliano, 
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& Ingram, 1988; Bostick et al., 2007; Hermann, Goyal, & Jeltsch, 2004; Sharif et al., 2007).  

DNMT3a and DNMT3b establish the methylation pattern in the developing embryo during 

the blastocyst stage of development, which is thereafter maintained by DNMT1 during 

successive cell divisions (Allis, et al., 2006; K. D. Robertson, et al., 2000; S. C. Wu & Zhang, 

2010).  DNMT1 is therefore expressed constitutively in proliferating cells, and whereas 

DNMT3a expression is ubiquitous in adult tissues, DNMT3b expression is low in most 

tissues with the exception of testes, thyroid and bone marrow (Xie et al., 1999).  Variations in 

DNMT expression occur throughout the cell cycle, and alterations in the normal patterns of 

expression lead to aberrant methylation patterns that are associated with cancer development 

(Ghabreau et al., 2004).   

 

DNA methylation profiles have been found to be specific to tissue or cell type.  Genome-

wide analyses of methylation patterns have determined that there are a number of tissue-

dependent differentially methylated regions (T-MDRs) that are widely distributed throughout 

the mammalian genome (Ohgane, et al., 2008).   

 

Several mechanisms of DNA methylation are thought to cause gene silencing.  In the 

dominant mechanism, DNA methylation of cytosine residues interrupts the recognition and 

binding of transcription factors.  Another mechanism involves DNA methylation acting as a 

signal to target histone modification thorough CpG methyl binding proteins, which 

participate in chromatin remodelling and gene silencing by recruiting HDACs (Ohgane, et al., 

2008). 

 

During development, the fertilised oocyte undergoes major epigenetic reprogramming, 

whereby existing epigenetic marks are removed, and replaced by a different set.  This occurs 

in the newly formed blastocyst as a wave of rapid, active demethylation in the paternal 

genome and a slower wave of passive demethylation in the maternal genome so that the 

implanting blastocyst is hypomethylated.  Following implantation and blastocyst hatching, 

the establishment of de novo methylation is facilitated by DNMT3a and DNMT3b.  The 

extent of re-methylation differs between cell types – trophectoderm derived cells are 

relatively hypomethylated compared to the inner cell mass derived cells (Figure 1.9) 

(Morgan, Santos, Green, Dean, & Reik, 2005; S. C. Wu & Zhang, 2010).  The establishment 

and maintenance of DNA methylation marks in the embryo is critical for development; mice 

deficient in DNMT1 or DNMT3b are embryonic-lethal (E. Li, et al., 1992; Okano, Bell, 
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Haber, & Li, 1999), and DNMT3a-null mice do not survive past 4 weeks (Okano, et al., 

1999).   

 

DNA methylation is involved in a number of pathologies and degenerative processes such as 

cancer and aging (Cisneros, 2004; Ghabreau, et al., 2004; Y. Wu et al., 2005).  Alterations in 

DNA methylation is involved in neoplastic progression and often signifies the start of 

tumourigenesis (Ghabreau, et al., 2004; Y. Wu, et al., 2005). 

 

 

 

Figure 1.9: DNA methylation changes in the developing embryo during the peri-
implantation period.  
Following fertilisation, the paternal genome undergoes rapid genome-wide active 
DNA demethylation.  The maternal genome undergoes a slower, passive 
demethylation process.  De Novo methylation patterns are established in the 
blastocyst by DNMT3a and DNMT3b.  DNA methylation levels in the inner cell 
mass (ICM) which form the embryo proper, are higher than the trophectoderm (TE) 
cells, which form the placenta.  Adapted by permission from Macmillan Publishers 
Ltd: Nature Reviews Molecular Cell Biology (S. C. Wu & Zhang, 2010), Copyright 
2010.  

 

1.5.4. Hydroxymethylation 

A modified dinucleotide, 5-methylhydroxycytosine (5-hmC) was first described in 

mammalian DNA in 1972 (Penn, Suwalski, O'Riley, Bojanowski, & Yura, 1972), but has 

received little attention until recently when it was discovered in the mouse brain and 

embryonic stem cells (Kriaucionis & Heintz, 2009; Munzel et al., 2010; Tahiliani et al., 

2009).    
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5-hmC is generated from a methylated cytosine residue by the Ten-eleven translocation 

(TET) 1–3 proteins (Kriaucionis & Heintz, 2009; Munzel, et al., 2010; Tahiliani, et al., 2009).  

TET proteins convert 5-mC into 5-hmC, 5-formylcytosine (5-fC), and 5-carboxylcytosine (5-

caC) through consecutive oxidation reactions (H. Wu & Zhang, 2011).  These additional 5-

mC oxidation derivatives could potentially serve as substrates for DNA glycosylases or 

deaminases (H. Wu & Zhang, 2011)	  

 

Recently, Li et al. was the first to report the abundance of global 5-hmC across a range of 

human tissues, revealing tissue-specific expression patterns and low levels of 5-hmC in the 

placenta (0.6% of total DNA) (W. Li & Liu, 2011).  Although the biological significance of 

5-hmC in epigenetic regulation remains unclear, the relative abundance of 5-hmC in genomic 

DNA suggests that it may play a role in modulating 5-mC dependent gene regulation and 

biological functions.  5-hmC prevents DNMT1 mediated methylation of cytosine, possibly 

causing passive demethylation by interfering with the maintenance of methylation patterns 

during cell division.(Valinluck & Sowers, 2007)  Methyl-CpG binding proteins have reduced 

affinity for 5-hmC, which may affect the transcriptional activity of genes with 5-hmC in their 

promoter (Jin, Kadam, & Pfeifer, 2010; Valinluck et al., 2004).  Finally, 5-hmC could be a 

key intermediate in an active DNA demethylation pathway by converting cytosine via ten-

eleven translocation (TET) enzyme activity or by cell-specific specialised DNA repair 

proteins.(Tahiliani, et al., 2009)  In addition, 5-hmC may prove to be a stable epigenetic mark 

in its own right, recruiting specific readers that direct the remodelling and organisation of 

chromatin structures, ultimately impacting gene expression.(Tan & Shi, 2012)   

 

Conversely, 5-hmC could be a key intermediate in a replication-independent active DNA 

demethylation pathway, although the presence of such a pathway is controversial (Tahiliani, 

et al., 2009; S. C. Wu & Zhang, 2010).  Additionally, methyl-CpG binding proteins such as 

MBD1, MBD2, MBD4 and MeCP2 have reduced affinity for 5-hmC (Jin, et al., 2010; 

Valinluck, et al., 2004), therefore the transcriptional activity of genes with significant levels 

of 5-hmC in their promoter regions may be affected.  5-hmC may prove to be a stable 

epigenetic mark in its own right, recruiting specific readers that direct the remodelling and 

organisation of chromatin structures, ultimately impacting gene expression (Tan & Shi, 2012; 

H. Wu & Zhang, 2011).  The presence of 5-hmC at the promoter has been indirectly linked to 

gene repression (Williams et al., 2011; H. Wu et al., 2011).  It has been recently demonstrated 
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in vitro that 5-hmC at the promoter, but not in the gene body itself, is strongly associated with 

gene repression (J. Robertson, Robertson, & Klungland, 2011).  

 

5-hmC is significantly reduced in cancerous colon tissue compared to normal colon tissue 

and is almost absent in cancer cell lines (W. Li & Liu, 2011).  The cancer genome is 

hypomethylated, and 5-mC mediated silencing of tumour suppressor genes is a hallmark of 

cancer formation and progression.  A reduction in 5-hmC in disease states could therefore 

contribute to silencing of regulatory genes in these tissues through 5-mC turnover via 

interactions with DNMT1 (Valinluck & Sowers, 2007).   

1.5.5. MicroRNAs 

MicroRNAs (miRNAs) are small non-coding RNAs of 21-24 nucleotides which negatively 

regulate gene expression promoting mRNA degradation and translational inhibition (Zhu, 

Han, Sargent, Yin, & Yao, 2009).  MiRNAs function in a wide range of biological and 

pathological processes, and their role in the pathogenesis of human cancers have been of 

particular interest (Iorio et al., 2005; J. Lu et al., 2005; Yanaihara et al., 2006).   

 

1.6. Epigenetic Regulation in Gestational Tissues 

The recently proposed EPIIC (Epigenetic Impact of Childbirth) hypothesis suggests that 

physiological labour and birth exert positive stressors on the fetus, imposing an epigenomic 

effect on genes, particularly those involved in immune response and weight regulation 

(Dahlen et al., 2013).  Dahlen et al. suggest that the intrapartum period (labour and birth) may 

be crucial to epigenetic remodelling, providing the link between fetal and extrauterine life.  

Any alterations in the process of labour and delivery, for example delivery mode, could alter 

the epigenome and therefore affect the health of both the neonate and the mother (Dahlen, et 

al., 2013).    

 

There have been a number of recent genome-wide and gene-specific placental epigenetic 

studies, most of these focusing on the environmental influence on DNA methylation patterns 

and how these affect placental development and function, and their contribution to placental 

pathologies.  The role of epigenetic marks in placental and fetal membrane development, 

physiology and pathology are herein discussed. 
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1.6.1. X-Chromosome Inactivation and Imprinting 

X-chromosome inactivation (Xi) is the transcriptional silencing of one of the two X-

chromosomes in females, and is required to achieve dosage compensation between males and 

females for X-linked gene products (Anderson & Brown, 2002).  Xi, mediated by DNA 

methylation, occurs early during development and is maintained through many subsequent 

cell divisions (Anderson & Brown, 1999).  However, not all X-linked genes are completely 

silenced, and some are reported to display variable inactivation due to both changes in 

methylation and chromatin structure (Anderson & Brown, 2002, 2005).  With the exception 

of genes which do escape Xi, X-linked promoters should show limited methylation in males 

and partial methylation in females (Cotton et al., 2009).   

 

The placenta is hypomethylated compared to somatic tissues, and this reduced DNA 

methylation is not genome-wide; methylation of placental promoters is reduced only on the X 

chromosome.  This reduction is particularly evident in females, suggesting an X- specific 

methylation decrease (Cotton, et al., 2009).  Furthermore, the placenta shows an extensive 

intra-placental mosaicism of x-inactivation, suggesting that in the placenta this process is 

random (Moreira de Mello et al., 2010). 

 

Genomic imprinting refers to the allele-specific silencing of one copy of a gene in a parent-

of-origin manner (Frost & Moore, 2010).  Experiments involving pronuclear transfer in mice 

determined that both maternal and paternal genomes are essential for embryo viability, 

(Barton, Surani, & Norris, 1984; McGrath & Solter, 1984; Surani, Barton, & Norris, 1984).  

During imprinting, the male and female germ lines confer a sex-specific mark on specific 

chromosomal regions (Reik & Walter, 2001).  Only one allele can be active and expressed, 

although genomic imprinting can be associated with either gene activity or inactivity 

(Ferguson-Smith, et al., 2006).  The paternal genome is thought to provide the fetus with 

maximal resources for its growth and development, whilst the maternal genome acts to 

restrain these resources to benefit the long term reproductive fitness of the mother.  This 

conflict is thought to have driven the evolution of imprinting (Constancia, Kelsey, & Reik, 

2004).	  	  	  

 

Parental-specific imprinting balances fetal gene expression to the equal benefit of both 

parental genomes (Frost & Moore, 2010).  Many imprinted genes regulate placental and fetal 
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growth, and thus correct imprinting is paramount to successful pregnancy.  Paternally 

expressed Placenta-specific insulin growth-factor 2 (IGF2) is one such imprinted gene that is 

a major moderator of both placental and fetal growth by regulating the fetal nutrient supply 

(Fowden, Sibley, Reik, & Constancia, 2006).  IGF2 and maternally expressed H19 are co-

ordinately regulated by a differentially methylated binding region known as imprinting 

control region 1 (ICR1) (Engel, West, Felsenfeld, & Bartolomei, 2004).  Loss of imprinting 

and aberrant methylation at the H19/IGF2 ICR1 region is associated with normotensive 

intrauterine growth restriction and may contribute to small for gestational age (SGA) infants 

(Bourque, et al., 2010; Guo et al., 2008; Koukoura, et al., 2011).  Aberrant methylation of 

IGF2 is associated with syndromes associated with altered pre- and post-natal growth, 

including Silver Russell Syndrome, Beckwith-Wiedemann syndrome and Prader-

Willi/Angelman Syndrome (Gicquel, et al., 2005; K. D. Robertson, 2005; Weksberg, Smith, 

Squire, & Sadowski, 2003).   

1.6.2. Histone Modifications 

Post-translational modifications of histones function in trophoblast biology and 

differentiation.  Histone modifications are particularly important in embryo development and 

cell differentiation during the blastocyst stage.  Cells of the inner cell mass have more histone 

modifications than those of the trophoblast lineage (Torres-Padilla, 2008).  Histone 

modifications are involved in placental gene activation.  Placental specific human growth 

hormone is differentially regulated by HATs and HMTs, with these two enzymes acting as 

co-activator complexes (Kimura, Liebhaber, & Cooke, 2004).  Deacetylation of transcription 

factors such as syncytin, a gene which regulates the fusion of trophoblasts in to the 

syncytiotrophoblast layer; suggest that trophoblast fusion to form the syncytiotrophoblast 

layer is dependent on the activity of HATs and HDACs (Chuang, Chang, Chang, Yao, & 

Chen, 2006).    

1.6.3. DNA Methylation 

As previously mentioned, the cells of the developing blastocysts undergo an extensive 

reorganisation of epigenetic marks, whereby the cells of the trophoblast lineage are re-

methylated to a lesser extent than the ICM.  Despite this hypomethylation, DNA methylation 

plays an essential role in the development and function of a healthy placenta.    
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DNA methylation is essential for normal development of extra-embryonic tissues, 

particularly the invasive behaviour of trophoblast cells in vitro (Rahnama, Shafiei, Gluckman, 

Mitchell, & Lobie, 2006).  Treatment of pregnant rats at varying stages of gestation with 5-

aza-2’-deoxycytidine (AZA), a drug which inhibits DNA methylation, disrupts trophoblast 

proliferation (Serman et al., 2007; Vlahovic et al., 1999) and deletion of the DNMTs in mice 

causes embryo lethality and multiple placental abnormalities (E. Li, et al., 1992).  

Deregulation of trophoblast invasiveness in humans resulting in either enhanced or inhibited 

invasion has detrimental effects on the mother and the fetus.  Trophoblast overgrowth results 

in malignant trophoblast disease (Hui, Martel, & Parkash, 2005), whereas incomplete 

placental invasion is associated with preeclampsia and fetal growth restriction (Chaddha, 

Viero, Huppertz, & Kingdom, 2004; Fisher, 2004; Gluckman & Hanson, 2004; Monk & 

Moore, 2004; Xue et al., 2004; H. J. Zhang et al., 2008).  

 

The placenta has been described as being pseudo-malignant in nature, as trophoblast cells 

have the ability to migrate and invade tissue, much like tumour cells (Perry, Lins, Lobie, & 

Mitchell, 2010).  The placenta shares epigenetic similarities with cancer, demonstrated by 

low global methylation and hypermethylation of tumour suppressor genes such as MASPIN, 

RASSF1A and APC in trophoblast cells (Chiu et al., 2007; Dokras et al., 2006; Novakovic et 

al., 2008; Wong et al., 2008).   

 

DNA methylation functions in normal placenta physiology, placental-specific methylation of 

a major catabolic enzyme of vitamin D has been demonstrated, thereby limiting breakdown 

of vitamin D and maximising the transfer of active vitamin D between maternal and fetal 

circulations during pregnancy (Novakovic et al., 2009).   

 

Genome wide studies of hypomethylated genomes have revealed large partially methylated 

domains (PMDs).  These PMDs are associated with gene repression and inactive 

chromosome marks, and cover up to 40% of the genome (Schroeder et al., 2013).  It has 

recently been shown that the full term placenta has PMDs, covering 37% of the placental 

genome.  These marks are stable throughout gestation and show little variation between 

individuals (Schroeder, et al., 2013).  PMDs in the placenta are similar to those in cultured 

human cells, in that the genes within the PMD regions are repressed and have tissue-specific 

functions (Schroeder, et al., 2013).  Promoter CpG islands for genes within PMDs shower 

higher methylation compared to HMD regions, despite the lower overall methylation 
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observed in PMDs.  This is similar to some cancers, where the genome is hypomethylated, 

but hypermethylation is observed at gene promoters.   

 

To date, two studies have measured global methylation at the time of labour and delivery, and 

the data is conflicting.  Global methylation measured in white blood cells has been shown to 

be higher in infants born by caesarean section (CS) compared to those born by vaginal 

delivery (VD), and after 3-5 days methylation levels in CS infants ‘caught up’ to that of VD 

infants (Schlinzig, Johansson, Gunnar, Ekstrom, & Norman, 2009).  However, a more recent 

study has suggested that delivery mode is not associated with global methylation at birth 

(Virani et al., 2012).  The latter was a large study and measured DNA isolated from umbilical 

venous cord blood in scheduled CS deliveries (prior to the onset of labour) and emergency 

CS deliveries, as well as from VD.  This study adjusted for maternal age, smoking and infant 

gender.  However, as both studies measured global methylation and at methylation of LINE 

elements, neither measured gene specific methylation around or near promoter regions which 

may prove to be more functionally significant in terms of fetal and maternal outcome.  

Furthermore, both of these studies measured global methylation in fetal blood; to date no 

studies have measured methylation in the placenta and fetal membranes in relation to labour 

and delivery.  

 

It has been proposed that low levels of methylation in the placenta are due to 

hypermethylation of DNMT1 resulting in low levels of the protein and overall lower global 

methylation (Novakovic et al., 2010).  Aberrant gene-specific methylation has been 

associated with adverse pregnancy outcome, particularly preeclampsia, suggesting that 

aberrant methylation may be a common mechanism leading to the development of this 

pregnancy disease.  Specifically, the hypomethylation of genes relating to placental 

invasiveness has been demonstrated (Chelbi et al., 2007; J. Wang, Zhao, Wu, Liu, & Mu, 

2010; Z. Wang et al., 2009).    

1.6.4. MicroRNA 

The role of microRNAs (miRNAs) in the placenta is a relatively new and rapidly expanding 

field.  They are abundant in the placenta (Barad et al., 2004), and increasing evidence 

suggests they are important regulators of placental development, particularly in trophoblast 

cell biology (Dai et al., 2012a, 2012b; Fu et al., 2013; Luo et al., 2012) Differential 
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expression of miRNAs has been demonstrated in placentas complicated by pre-eclampsia (Hu 

et al., 2009; Mayor-Lynn, Toloubeydokhti, Cruz, & Chegini, 2011; Pineles et al., 2007; Zhu, 

et al., 2009).   

1.6.5. Epigenetic Regulation of MMPs and TIMPs 

Much of the literature surrounding epigenetic regulation of MMPs and TIMPs is in cancer 

cells; however there is increasing evidence for its role in placental pathologies, particularly 

pre-eclampsia.  

 

MMP-9 is hypomethylated in preeclampsia, leading to increased synthesis and significantly 

higher expression (Z. Wang, et al., 2009).  SERPINA3, an MMP essential for embryo 

implantation which acts as a specific inhibitor of elastase, is also hypomethylated in pre-

eclamptic placentas (Chelbi, et al., 2007).  The MMP-9 promoter is hypomethylated at the 

Sp1 site in lymphoma cells, leading to increased MMP-9 transcription and translation 

(Chicoine et al., 2002).  Treatment of murine lymphoma cell lines with AZA leads to neo-

expression of MMP-9 at both mRNA and protein levels in a dose-dependent manner 

(Chicoine, et al., 2002).  High expression of MMP-3, MMP-9 and MMP-13 by chondrocytes 

in patients with osteoarthritis is caused by demethylation of the promoter regions of the genes 

(Roach et al., 2005).   

 

Dual deletion of DNMT1 and DNMT3a by homologous recombination induces expression of 

MMP-3, but not MMP-1 or MMP-2 in a human colorectal cancer cell line.  Treatment with 

AZA induces MMP-3 and MMP-10 in a cell specific manner, whilst in vitro methylation of 

the MMP-3 promoter supresses MMP-3 transcriptional activity by up to 80% (Couillard, 

Demers, Lavoie, & St-Pierre, 2006).  MMP-3 in this cell line is regulated synergistically by 

AZA and IL-1, providing a mechanistic link for inflammatory processes and epigenetic 

regulation of MMPs (Couillard, Esteve, Pradhan, & St-Pierre, 2011).   

 

The silencing of TIMP genes via promoter methylation is a feature of cancer cells, and 

progressive promoter methylation inhibition via AZA treatment has resulted in the induction 

of TIMP1 in a number of cancer cell lines (MacDougall, Bani, Lin, Muschel, & Kerbel, 1999; 

Missiaglia et al., 2005; Ricca et al., 2009; Shih Ie et al., 2010; Veerla, Panagopoulos, Jin, 

Lindgren, & Hoglund, 2008; Yuan, Jefferson, Popescu, & Reynolds, 2004).  Furthermore, 
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AZA induces TIMP1 expression in endometrial stromal cells (Logan, Ponnampalam, 

Rahnama, Lobie, & Mitchell, 2010), and suppresses TIMP-1 induction normally seen in 

myofibroblast transdifferentiation in culture (Mann et al., 2007).   

 

The TIMP-2 promoter contains two CpG islands; the first overlaps the first exon and is 

generally hypomethylated, but is hypermethylated in prostate, cervical and lymphoid 

malignancies, reducing TIMP-2 expression (Galm et al., 2005; Ivanova et al., 2004; Pulukuri, 

Patibandla, Patel, Estes, & Rao, 2007).  A recent study however, has reported high TIMP-2 

transcription in the presence of promoter methylation in some cervical cancer cell lines, 

providing evidence that TIMP-2 may not be regulated by methylation (Parashar & Capalash, 

2012).  However, the second, highly methylated CpG island in the TIMP-2 promoter is 1.5 kb 

upstream of the promoter, and thus together with the first CpG island could be contributing to 

cell-specific epigenetic regulation of TIMP-2 in cancers (Chernov et al., 2010).   

 

Microarray analysis of pre-eclamptic placentas has revealed promoter hypomethylation of a 

number of genes including TIMP-3, particularly in early-onset pre-eclampsia (Yuen, 

Penaherrera, von Dadelszen, McFadden, & Robinson, 2010).  TIMP-3 is down-regulated in 

choriocarcinoma cell lines (JAR and JEG3) and clinical choriocarcinoma samples when 

compared to normal first trimester placentas.  Down-regulation of TIMP-3 by promoter 

methylation has been observed in other cancers including kidney, stomach, brain, breast, 

lung, liver and colon (Esteller, Corn, Baylin, & Herman, 2001; Kang et al., 2001; van der 

Velden et al., 2003). Treatment of cancer cell lines with AZA leads to increased TIMP-3 

expression (Feng et al., 2004; Gagnon, Shaker, Primeau, Hurtubise, & Momparler, 2003). 

 

The MT-MMP1/MMP-2/TIMP-2 axis regulates invasiveness in cancer cells.  MT1-MMP and 

MMP-2 is silenced by DNA methylation in low-level migrating MCF-7 breast cancer cells, 

whereas high-migratory U251 cells are hypomethylated (Chernov, et al., 2009).  TIMP-2 

showed differential methylation at two CpG islands within the promoter region, suggesting 

that the methylation ratio between the two could play a role in TIMP-2 expression (Chernov, 

et al., 2009).  It has previously been reported that loss of TIMP-2 expression in human 

prostate cancers is due to hypermethylation of a CpG island within its promoter (Pulukuri, et 

al., 2007).  An alteration of any components of the MT-MMP1/MMP-2/TIMP-2 axis affects 

the balance of MMPs to TIMPs, and therefore the amount of MMP activity (Chernov, et al., 

2009; Pulukuri, et al., 2007). 
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Analysis of the promoter region of MMP-2, MMP-7 and MMP-9 in human pancreatic cells 

has shown that genes with little to no expression are partially or fully methylated.  Treatment 

of these cell lines with AZA resulted in increased expression of the MMPs as well as 

increasing cell invasion (N. Sato, Maehara, Su, & Goggins, 2003). 

 

As previously discussed, MMPs are regulated by a number of transcription factors, such as 

AP-1 and Sp1.  These transcription factors, as well as a number of signalling pathway 

components can be subject to both acetylation and deacetylation (Clark, et al., 2008).  Current 

evidence suggests that HDAC inhibitors (Trichostatin-A and Sodium Butyrate) act upon the 

signalling pathways induced by pro-inflammatory cytokines rather than acting on the MMPs 

themselves.  Treatment of human chondrocytes with HDAC inhibitors blocks MMP-1, MMP-

7 and MMP-13 induction by pro-inflammatory cytokines (X. Wang, Song, Jacobi, & Tuan, 

2009; Young et al., 2005).  Similarly, treatment of chondrosarcoma cells repressed induction 

of a number of MMPs (MMP-1, MMP-3, MMP-7, MMP-8, MMP-10, MMP-12 and MMP-

13) (Young, Lakey, et al., 2005). 

 

Trichostatin-A regulates hepatocyte growth factor-induced MMP-9 expression and activity, 

possibly through a PKC-dependent pathway in gastric cancer cells (K. H. Lee et al.) Sodium 

Butyrate treatment increases TIMP-1 and TIMP-3 expression, whilst decreasing expression 

of MMP-7 and MMP-12 in lung cancer cells (X. Wang, et al., 2009). 

 

Tricostatin-A or Sodium Butyrate treatment increases PMA-induced TIMP-1 expression but 

inhibits TGF-β1-induced TIMP-1 expression.  However, another HDAC inhibitor, valproic 

acid, did not block TGF- β1-induced TIMP-1 expression, demonstrating differential effects of 

HDAC inhibitors on the same protein.  The authors discovered that the opposite affects 

observed were due to different HDACs being involved in the TIMP-1 response to PMA or 

TGF-β1 stimulation (Young, Billingham, Sampieri, Edwards, & Clark, 2005). 

 

MMP-28 expression is induced by HDAC inhibitors in HeLa cells, an affect that is mediated 

through the GT-box that binds Sp1/Sp3 transcription factors (Swingler et al.).  Furthermore, 

knockdown of HDAC1 induced MMP-28 expression in the same manner, providing further 

evidence that MMP-28 expression is controlled by acetylation (Swingler, et al., 2010).  
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Tricostatin-A inhibits MMP2 activity in human lung cancer cells via RECK up-regulation (L. 

T. Liu, Chang, Chiang, & Hung, 2003).  RECK is a glycoprotein that negatively regulates 

MMPs.  Furthermore, treatment with Tricostatin-A restores hypoxia-induced down-regulation 

of RECK expression and subsequently the inhibition of MMP-2 and MMP-9 in human breast 

cancer cells (Jeon & Lee). 

 

1.7. Thesis Overview 

Based on evidence in the literature which documents the regulation of specific MMPs and 

TIMPs in pre-eclampsia and numerous cancers by DNA methylation, we hypothesise that 

DNA methylation is regulates MT-MMPs, MMPs and TIMPs in the placenta and fetal 

membranes.  We hypothesise that levels of methylation are changing in order to prepare for, 

or in response to labour thus altering the expression of these genes which are central to the 

membrane rupture process.  We hypothesise that aberrant methylation of these genes 

resulting in inappropriate gene expression leads to enhanced proteolytic activity making the 

fetal membranes vulnerable to rupture, therefore contributing to the timing of parturition.   

 

The specific aims of this project were: 

• To ascertain if epigenetic marks, specifically DNA methylation and DNA 

hydroxymethylation, are changed in the placenta and fetal membranes in relation to 

labour and delivery. 

• To characterise MT-MMPs in the placenta and fetal membranes at term gestation 

prior to, and post labour and delivery. 

• To determine the contribution of DNA methylation to the regulation of selected 

MMPs and TIMPs using an ex vivo tissue culture model. 

• To determine if inflammation alters DNA methylation of selected MMPs and TIMPs 

 

This thesis has been formatted in agreement with the 2011 University of Auckland statute and 

guidelines for the degree of Doctor of Philosophy. Chapter one is an introduction, providing a 

contextual framework for the subsequent chapters, and highlighting the current state of 

knowledge regarding the role of MMPs and TIMPs in the labour process and evidence of 

their regulation by DNA methylation.  Chapter two contains detailed methodology of the 

materials and protocols utilised in this thesis.  Chapters 3-7 contain an introduction and 
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overview to the chapter, results and discussion.  Chapter 8 is a final discussion chapter 

evaluating each chapter’s results, limitations and potential implications of the studies 

presented in this thesis.  Appendix I contains chemicals, reagents and kits used in this thesis, 

Appendix II contains relevant paper work for gestational tissue collection and Appendix III 

contains additional data.  Appendix IV contains reprint permissions for figures used in this 

thesis and finally, all references covered throughout this thesis are compiled.   
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Chapter 2. Materials and Methods 

2.1. Materials and Reagents 

Water was purified by filtering through ion exchange columns and a 0.22 µm filter (Milli-Q 

purification system, Millipore Corporation, MA, USA) unless stated otherwise. Reagents, 

chemicals and materials were purchased as listed in Appendix I, Table I.1.  Buffers and 

solutions are listed in Table 2.1.  

 

Name	   Composition	  
Blocking	  buffer	   5%	  (w/v)	  non-‐fat	  milk	  powder	  in	  PBS-‐T	  

DPEC	  Water	   0.1%	  Diethylpyrocarbonate	  

Fixing/Destaining	  (FD)	  Solution	  
45%	  methanol	  
10%	  acetic	  acid	  

Paraformaldehyde	  (PFA)	  	   4%	  (w/v)	  PFA	  in	  PBS	  
PBS-‐T	   0.1%	  (v/v)	  Tween-‐20	  in	  PBS	  

Phosphate	  buffered	  saline	  
(PBS)	  	  

150	  mM	  sodium	  chloride	  

3	  mM	  disodium	  hydrogen	  orthophosphate	  
1	  mM	  potassium	  dihydrogen	  orthophosphate	  

pH	  7.4	  

SDS	  lysis	  buffer	  

2%	  SDS	  

20%	  glycerol	  
60	  mM	  Tris-‐HCl,	  pH	  6.8	  

EDTA-‐free	  protease	  tablet	  (1	  tablet/10ml)	  

Staining	  Solution	  
0.3%	  (w/v)	  Coomassie	  Brilliant	  Blue	  G-‐250	  in	  
FD	  solution	  

Wash	  Buffer	  (ELISA)	   0.01%	  (v/v)	  Tween-‐20	  in	  PBS	  

Table 2.1: Buffers and solutions 
 

2.2. Gestational Tissue Collection 

Biological samples used for this study were collected under the Placental Epigenetics and 

Regulation of Labour (PEARL) Study at the Liggins Institute, University of Auckland unless 

otherwise stated.  Samples were obtained from Auckland City Hospital (Auckland District 

Health Board) from uncomplicated singleton term pregnancies (>37 weeks gestation) either 

by scheduled elective caesarean section prior to the onset of labour (CS) or vaginal delivery 
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following the spontaneous onset of labour and delivery (SVD).  Ethics approval was granted 

from Northern X Regional Ethics Committee (project approval NTX/10/07/062).  

 

Suitable subjects were identified through either their midwives or by a researcher and invited 

to partake in the study and excluded if any of the exclusion criteria were applicable 

(Appendix II; PEARL Study Exclusion Criteria).  Informed consent was collected a week 

prior to scheduled surgery (CS) or in the third trimester of pregnancy at scheduled antenatal 

clinic appointments (SVD).  Refer to Appendix II for PEARL Study Participant Information 

Sheet, PEARL Study Consent Form, PEARL Study Questionnaire and PEARL Study 

Clinical Questionnaire.  The PEARL Study Questionnaire was for the purpose of collecting 

demographical data, and to further identify unsuitable women for inclusion in the study, 

whereas the PEARL Study clinical questionnaire was to collect clinically relevant data such 

as time of membrane rupture and duration of labour until delivery.  A table summarising this 

data for the PEARL study samples used in this thesis can be found in Appendix II, Table III. 

1.   

 

Indications for CS delivery were: personal choice, CS delivery in previous pregnancies or a 

breech birth.  At the time of labour, subjects were further excluded from the study if they 

showed any signs of a clinical infection, or were scheduled for emergency CS (with labour). 

 

Tissues were collected immediately following delivery and processed without delay. All 

tissues were extensively rinsed in sterile PBS to remove maternal blood.  The fetal 

membranes were separated into amnion and chorion (with the immediately adjacent decidua 

attached, herein referred to as choriodecidua).  Samples of amnion and choriodecidua were 

taken randomly midway between the placental border and the edge of the membranes.  

Chorionic villi were sampled from the fetal side of the placenta, after removal of surface 

membranes and large blood vessels.  Tissue samples were randomly collected across the 

placenta, amnion and choriodecidua and pooled to account for intra-placental variation.   

 

Tissues used for characterisation studies were snap frozen in liquid nitrogen and stored at -

80°C until required.  Tissues used in the explant system were prepared and cultured as 

described below. 
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2.3. Tissue Explant System 

Tissues collected from uncomplicated term elective CS deliveries were used for the tissue 

explant system.  Tissues were cultured using a previously published in vitro protocol (M. D. 

Mitchell, 2006; T. A. Sato & Mitchell, 2006; Simpson, Keelan, & Mitchell, 1998) with 

modifications as follows (Summarised in Figure 2.1).      

 

 

Figure 2.1: Experimental design of the tissue explant system. 
Tissue explants of placenta, amnion and choriodecidua from elective caesarean 
section deliveries at term gestation prior to the onset of labour were equilibrated in 
serum supplemented media for 24 h at 8% O2.  Explants were washed and treated 
with serum-free 5-aza-2’-deoxycytidine (5µM) conditioned media at day zero (orange 
arrow).  After 48 h, explants were washed and treated with serum-free LPS (5µg/ml) 
conditioned media (red arrow). Tissue and media samples were collected at 24 h and 
48 h (black arrows).   

 

Samples of chorionic villous tissue were taken randomly from the fetal side of the placenta 

after removal of surface membranes.  Large blood vessels were removed using blunt 

dissection leaving only villous tissue, which was further dissected into 20 mg pieces. Fetal 

membranes were separated into amnion and choriodecidua and 6 mm tissue discs were 

excised using a sterile cork borer from samples taken randomly midway between the 

placental border and the edge of the membranes.  Explants for each tissue type were pooled 

separately and then plated (six pieces per well).  Tissues were equilibrated in Dulbecco's 

Modified Eagle’s Medium : Nutrient Mixture F-12 (DMEM/F-12) containing GlutaMAX™ 

(Life Technologies) with 10% heat inactivated FBS (Life Technologies) and 1% Penstrep 

solution (final concentrations 100 U/ml Penicillin and 100 µg streptomycin; Life 

Technologies) in a humidified incubation box within an O2 control glove box (Coy 

Laboratory Products, Detroit, MI, USA) set at 5% CO2 and 8% O2 (displacement by N2) for 

24 h.  The glove box contains an air lock and glove ports to allow access to the chamber 

interior without disruption of the experimental environment.  All treatments and collections 
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were performed within the glove box at 8% O2.  This value is consistent with physiological 

levels of oxygen in third trimester placenta (Miller et al., 2005; Reti, Lappas, Huppertz, et al., 

2007).    

 

After equilibration, tissues were washed in sterile PBS and media were replaced with 

DMEM/F12 supplemented with 0.1% bovine gamma globulin (G7516, Sigma-Aldrich, New 

Zealand) containing 5µM 5-aza-2'-deoxycytidine (A3656, Sigma-Aldrich) or DMSO as a 

control (D2650, Sigma-Aldrich). All media used for the culture experiments (including those 

with treatments) were equilibrated in the glove box (8% O2) for at least an hour prior to use.  

AZA is a deoxynucleoside analogue which is incorporated into the DNA of proliferating 

cells; its mechanism of action is shown in Figure 2.2.  Following 48 h culture, tissues were 

extensively washed and tissues were further incubated in the presence or absence of 5µg/ml 

lipopolysaccharide (LPS, E.coli 055.B5, L2880, Sigma-Aldrich).  Culture was terminated at 

24 h and 48 h post LPS treatment, tissues were snap frozen in liquid nitrogen and conditioned 

media reserved.  Tissues and media samples were stored at -80 °C and -20 °C respectively, 

until required.  

 

 

Figure 2.2: Mechanism of 5-AZA-2’-Deoxycytidine.    
5-AZA-2’-Deoxycytidine (AZA) is a deoxynucleoside analogue that is converted into 
the triphosphate (Z-TP) inside S-phase cells, and subsequently incorporated into 
DNA in place of cytosine.  Once in the DNA, the bases form covalent bonds with 
DNMT1, resulting in the depletion of the active enzyme and loss of methylation 
maintenance during cell division.  Z = AZA, pink circles = methylated CpGs, white 
circles = unmethylated CpGs. Reprinted (adapted) by permission from Macmillan 
Publishers Ltd: Nature (Egger, Liang, Aparicio, & Jones, 2004), Copyright (2004).  
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2.4. Nucleic Acid Methods 

2.4.1. RNA Isolation 

Total RNA was extracted from tissues using Trizol® reagent (Life Technologies, New 

Zealand).  Samples were crushed in liquid nitrogen and Trizol® was added (1 ml per 100 mg 

tissue).  Samples were incubated at room temperature for 5 minutes to allow for the complete 

dissociation of nucleoprotein complexes.  Chloroform was added (0.2 x Trizol® volume) to 

the homogenates and tubes were shaken vigorously by hand for 15 seconds, followed by 

room temperature incubation for 3 minutes. The homogenates were then centrifuged at 12000 

x g for 15 minutes at 4 °C. The aqueous phase RNA was separated from the organic phase 

and mixed with isopropanol (0.4 x Trizol® volume).  The samples were then incubated at 4 

°C for 20 minutes, followed by centrifugation at 12000 x g for 15 minutes at 4 °C. The RNA 

pellets were washed in 75% ethanol in DEPC treated water, vortexed and centrifuged at 

10000 x g for 5 minutes at 4 °C. The wash step was repeated once. RNA pellets were air 

dried at room temperature for 10 minutes and then suspended in RNAse free water.  RNA 

quantification was carried out with a Nanodrop® ND-1000 meter (Biosciences, Auckland, 

New Zealand).  RNA samples were considered pure and only used if the 260/280 ratios were 

greater than 1.8 and less than 2.2.  

2.4.2. Reverse Transcription and cDNA Synthesis 

Following DNAse treatment (Life Technologies) reverse transcription and cDNA synthesis 

was performed using Transcriptor First Strand cDNA synthesis kit (Roche Applied Science, 

New Zealand) following the manufacturer’s instructions.  For each 20 µl reaction, 1 µg of 

total RNA was mixed with 60 µM random hexamer prime, and PCR-grade water in sterile 0.2 

ml tubes.  Following incubation at 65 °C for 10 minutes to denature to template-primer 

mixture, tubes were immediately cooled at, and 7 µl of the RT mix was added.  The RT mix 

contained 5 x Transcriptor Reverse Transcriptase Reaction Buffer, Protector RNAse Inhibitor 

(20 U), Deoxynucleotide Mix (1 mM) and Transcriptor Reverse Transcriptase (10 U).  The 

contents of each tube were gently mixed by pipetting, and then incubated at 25 °C for 10 

minutes using a BioRad DNAEngine® Peltier Thermal Cycler. The tubes were then 

incubated for 30 minutes at 55 °C, followed by 85 °C for 5 minutes.  Tubes were then 

incubated at 4 °C to terminate the reaction.  
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2.4.3. Quantitative Real-Time Polymerase Chain Reaction 

Quantitative real-time PCR (qRT-PCR) was used to quantify gene expression in gestational 

tissues.  Gene specific primers were designed using Primer3 software version 0.4.0 (Rozen & 

Skaletsky, 2000) and tested for specificity using the Primer-BLAST platform 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  Primers were purchased from Integrated 

DNA Technologies, USA.  LightCycler 480 SR Green Master (Roche Applied Sciences) and 

primers (final concentration 0.5 µM) were used to perform qRT-PCR.  Primer specificity was 

confirmed by ABI Sanger DNA sequencing with the ABI3730 Genetic analyser (Applied 

Biosystems) and was carried out by the Massey Genome Service at Massey University, 

Palmerston North, New Zealand.  The primers used in this thesis are detailed in Table 2.2.  

 
The following components were added to each well for a final reaction volume of 20 µl: 2 µl 

forward primer (5 µM), 2 µl reverse primer (5 µM), 10 µl Fast SYBR® Green Master Mix, 4 

µl DEPC H2O and 2µl of diluted cDNA.  Optimisation of cDNA template for qRT-PCR was 

performed prior to each analysis.   

 

Samples were aliquotted in duplicate into an optical 384 well reaction plate (Roche Applied 

Sciences), sealed with a transparent adhesive cover (Roche Applied Sciences) and 

centrifuged at 1200 x g for 2 minutes.  qRT-PCR was performed using the LightCycler® 480 

Real-Time PCR System (Roche Applied Sciences) under the following parameters: Pre-

incubation, 95 °C for 5 seconds followed by 45 cycles; melt 95 °C for 10 seconds, 

anneal/extend 60 °C for 10 seconds and 75 °C for 10 seconds, followed by a dissociation 

stage of 95 °C for 5 seconds, 60 °C for 1 second and 95 °C for 20 seconds to create a 

dissociation curve.  Data was analysed using LightCycler® 480 software (Roche Applied 

Sciences).   

 

Relative gene expression in tissues collected from CS and SVD pregnancies was calculated 

using the relative standard curve method and all results were normalised to the geometric 

mean of the housekeeping genes (RPLPO and RPL13a).  The housekeeping genes selected 

for qRT-PCR were chosen from a panel of housekeeping genes tested and were the most 

stable, with no effect of labour or explant treatments on gene expression.  Standard curves for 

each gene were constructed using cDNA from a fibrosacroma cell line (HT1080; MT1-MMP, 

MT2-, MT3, MT4- and MT5-MMP) or human colon cancer cell line (HCT-116; MT6-
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MMP).  The cDNA used for all standard curves was prepared as detailed in section 2.4.2, 

aliquoted into single use volumes and frozen.  Fresh standards for each gene were made for 

every experimental run and was prepared by serially diluting an aliquot of the stock solution 

1:10 in DEPC water to create a 5 log dynamic range of concentrations.   

 

For the tissue culture experiments, gene expression in tissues was calculated relative to 

controls using the ΔCt method. The ΔCt value is calculated by: 

 

∆𝐶𝑡   = 𝐶𝑡  𝑡𝑎𝑟𝑔𝑒𝑡 − 𝐶𝑡  𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

 

Ct target represents the mean Ct value for the target gene and Ct reference represents the 

mean Ct value for the housekeeping gene within the same sample.  As two housekeeping 

genes were used for each experiment (RPLPO and RPL13a), the geometric mean of these two 

values were taken and used as the Ct reference value.  The ΔΔCT is calculated by:  

 

∆∆𝐶𝑡 =   ∆𝐶𝑡  𝑡𝑟𝑒𝑎𝑡𝑒𝑑 −   ∆𝐶𝑡  𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

 

ΔCt treated represents the ΔCt value for the target gene in the treated sample and ΔCt control 

represents the ΔCt value for the target gene in time-matched control samples.  

The range for the target gene expression relative to a time matched control sample is 

calculated by:  

𝐹𝑜𝑙𝑑  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 2!∆∆!" ± 𝑆𝐸𝑀 

 

SEM is the standard error of the mean ΔΔCT value. 
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Gene	   Primer	  Sequence	   Amplicon	  Size	  (bp)	  

MMP-‐2	  
Sense	  
Antisense	  

5’-‐ACA	  GTG	  CAT	  CTC	  AGC	  CCA	  CAT	  AGT-‐3’	  
5’-‐AAG	  CTC	  TGA	  CCT	  TTC	  CAG	  CAG	  ACA-‐3’	  

323	  

MMP-‐9	  
Sense	  
Antisense	  

5’-‐ATT	  TCT	  GCC	  AGG	  ACC	  GCT	  TCT	  ACT-‐3’	  
5’-‐CAG	  TTT	  GTA	  TCC	  GGC	  AAA	  CTG	  GCT-‐3’	  

195	  

MT1-‐MMP	  
Sense	  
Antisense	  

5’-‐	  ATC	  ATG	  GCA	  CCC	  TTT	  TAC	  CA-‐3’	  
5’-‐AGC	  GCT	  CCT	  TGA	  AGA	  CAA	  AC-‐3’	  

253	  

MT2-‐MMP	  
Sense	  
Antisense	  

5’-‐	  CGG	  TCG	  TTT	  TGT	  CTT	  TTT	  CA-‐3’	  
5’-‐CGC	  TGT	  GTC	  TCC	  TCG	  TTG-‐3’	  

204	  

MT3-‐MMP	  
Sense	  
Antisense	  

5’-‐ATC	  CCA	  AGC	  CAA	  TCA	  CAG	  TC-‐3’	  
5’-‐GGT	  CCA	  TCA	  CAG	  CCC	  ATA	  AA-‐3’	  

187	  

MT4-‐MMP	  
Sense	  
Antisense	  

5’-‐TGG	  GAG	  TGG	  AGT	  GGC	  TAA-‐3’	  
5’-‐GCG	  TGG	  GGT	  TTT	  CAT	  CAG-‐3’	  

176	  

MT5-‐MMP	  
Sense	  
Antisense	  

5’-‐ACC	  AGA	  AAC	  TGA	  GCG	  TGG	  AG-‐3’	  
5’-‐TGT	  AGA	  CCA	  GCA	  CCA	  GGA	  TG-‐3’	  

216	  

MT6-‐MMP	  
Sense	  
Antisense	  

5’-‐GAC	  CTG	  GAC	  TTT	  TGG	  GTC	  AA-‐3’	  
5’-‐TCC	  TGA	  GAC	  AGG	  CGG	  TAC	  TT-‐3’	  

171	  

TIMP-‐1	  
Sense	  
Antisense	  

5’-‐TCT	  GGC	  ATC	  CTG	  TTG	  TTG	  CT-‐3’	  
5’-‐CGC	  TGG	  TAT	  AAG	  GTG	  GTC	  TGG-‐3’	  

155	  

TIMP-‐2	  
Sense	  
Antisense	  

5’-‐CCC	  TCC	  TCG	  GCA	  GTG	  TGT-‐3’	  
5’-‐GGC	  TCT	  TCT	  TCT	  GGG	  TGG	  TG-‐3’	  

154	  

TIMP-‐3	  
Sense	  
Antisense	  

5’-‐TGT	  GCA	  ACT	  TCG	  TGG	  AGA	  GG-‐3’	  
5’-‐ATG	  CAG	  GCG	  TAG	  TGT	  TTG	  GA-‐3’	  

205	  

TIMP-‐4	  
Sense	  
Antisense	  

5’-‐AAG	  CCA	  ACA	  GCC	  AGA	  AGC	  A-‐3’	  
5’-‐GCA	  GCC	  ACA	  GTT	  CAG	  ATG	  GTA	  G-‐3’	  

155	  

RPLPO	  
Sense	  
Antisense	  

5’-‐AGA	  AAC	  TGC	  TGC	  CTC	  ATA	  TCC	  G-‐3’	  
5’-‐CCC	  CTG	  GAG	  ATT	  TTA	  GTG	  GTG	  A-‐3’	  

223	  

RPL13a	  
Sense	  
Antisense	  

5’-‐GCC	  CTA	  CGA	  CAA	  GAA	  AAA	  GCG-‐3’	  
5’-‐TAC	  TTC	  CAG	  CCA	  ACC	  TCG	  TGA-‐3’	  

117	  

Table 2.2: Gene specific primers used for quantitative real-time PCR 
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2.4.4. Genomic DNA Isolation 

Genomic DNA was extracted from samples using QIAamp DNA Mini Kit (Qiagen) as per 

manufacturer’s instructions.  Tissues were ground in liquid nitrogen and 25 mg of each 

sample was weighed out into a sterile 1.5 ml microcentrifuge tube, to which 180 µl Buffer 

ATL and 20 µl Proteinase K was added.  Samples were then incubated at 56 °C with gentle 

agitation the tissues were completely lysed (between 1-3 h).  After brief centrifugation, 200 

µl of Buffer AL was added to each sample and mixed by pulse-vortexing for 15 seconds.  

Tubes were then incubated at 70 °C for 10 minutes and briefly centrifuged.  200 µl of ethanol 

was added to each sample, mixed by pulse-vortexing and briefly centrifuged.  The mixture 

from each tube was then applied to a QIAamp Mini spin column in a 2 ml collection tube.  

Samples were then centrifuged at 6000 x g for 1 minute, the flow-through discarded, and 

centrifuged again.  500 µl of buffer AW1 was then added to each column and samples were 

centrifuged at 20000 x g for 3 minutes.  The QIAamp Mini spin column was then placed in a 

new sterile 2 ml collection tube and centrifuged at 20000 x g for a further 1 minute.  Each 

QIAamp Mini spin column was placed in a sterile 1.5 ml microcentrifuge tube and distilled 

water added to each.  After incubation for 1 minute at room temperature, tubes were 

centrifuged at 6000 x g for 1 minute.  DNA was quantified using Nanodrop® ND-1000 meter 

(Biosciences, Auckland, New Zealand), and was considered pure with an A260/A280 ratio of 

1.7–1.9.  DNA samples were stored at -20 °C until required.     

2.4.5. Global Methylated Cytosine Enzyme Immunoassay 

Global methylation was measured in genomic DNA from treated explant samples using the 

DNA Methylation EIA Kit (Cayman, 589324).  Prior to assaying, 100 ng of DNA was 

digested using P1 nuclease (N8630, Sigma-Aldrich) for 4 h at 65 °C.  Alkaline phosphatise 

was added (1 unit/100 µg DNA) (Sigma-Aldrich, P0114-10KU) and samples were incubated 

at 37 °C for 30 minutes.  This was followed by incubation at 95 °C for 10 minutes, after 

which samples were stored on ice until use. 

 

Samples and standards were assayed on a supplied 96 well Goat Anti-Mouse IgG coated plate 

and incubated with 5-Methyl-2’-deoxycytidine AChE Tracer and 5-Methyl-2’-deoxycytidine 

EIA monoclonal antibody for 18 h at 4 °C.  Plates were washed 5 times with wash buffer and 

then incubated with Ellman’s Reagent (5,5'-dithiobis-(2-nitrobenzoic acid)) for 90 minutes at 

room temperature with gentle agitation.  Absorbance was read at 405 nm on a Synergy 2 
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multi-mode plate reader (BioTek).  The amount of 5-mC in samples (ng/ml) determined from 

the standard curve using linear regression.   

2.4.6. Global Hydroxymethylated Cytosine Immunoassay 

Global hydroxymethylation was measured in genomic DNA extracted from gestational 

tissues collected prior, and post labour and delivery using the MethylFlash™ 

Hydroxymethylated DNA quantification Kit (P-1036, Epigentek, USA) following the 

manufacturer’s instructions.  This is a colourimetric ELISA-based assay with high specificity 

and sensitivity to hydroxymethylated cytosine (5-hmC) and does not cross-react with either 

unmethylated cytosine, or methylated cytosine (5-mC) residues.  

 

 200 ng of DNA for each sample was run in duplicate alongside a five-point standard curve 

(0.5 ng to 10 ng 5-hmC) with positive (5-hmC) and negative (cytosine and 5-mC) controls.  

Samples and standards were incubated with a binding solution for 90 minutes in a supplied 

96-well plate and then washed with the supplied wash buffer.  After incubation for 60 

minutes with capture antibody, samples and standards were washed and then incubated for a 

further 60 minutes with detection antibody.  The plate was again washed, and an enhancer 

solution added.  After 30 minutes incubation, the plate was washed, and developer solution 

added.  The colour change reaction was monitored for 1-10 minutes and then a stop solution 

was added to terminate the reaction.  Absorbance was read at 450 nm on a Synergy 2 multi-

mode plate reader (BioTek).         

 

To calculate the amount of 5-hmC in the samples, first a standard curve was created and the 

slope (OD/ng) of the standard curve determined using linear regression.  The amount and 

percentage 5-hmC was calculated using the following formulas: 

 

5− ℎ𝑚𝐶   𝑛𝑔 =   
𝑆𝑎𝑚𝑝𝑙𝑒  𝑂𝐷 − 𝐻𝐶4  𝑂𝐷

𝑆𝑙𝑜𝑝𝑒×  5  

 

5− ℎ𝑚𝐶  % =   
5ℎ𝑚𝐶  𝐴𝑚𝑜𝑢𝑛𝑡   𝑛𝑔

𝑆   ×100 

 

Where HC4 is the 5-mC negative control, 5 is a factor to normalise 5-hmC in the positive 

control to 100% and S is the amount of input sample DNA.   
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2.4.7. Promoter-Specific DNA Methylation Analysis  

Methylation analysis of specific CpGs within gene regions was analysed using the 

Sequenom™ EpiTyper® MassARRAY platform and was undertaken by the Australian 

Genome Research Facility (AGRF; www.agrf.org.au).  AGRF were supplied with gene 

sequences for selected regions within the TIMP1 and MT1-MMP genes.  Multiple primers 

sets were designed in-house by AGRF and the best two sets were selected for each gene. 

 

Methylation analysis was carried out on bisulphite converted genomic DNA, using 200 ng for 

each preparation.  Bisulphite treatment converts non-methylated cytosine residues into uracil, 

whereas methylated cytosine residues remain as they are.  Following PCR amplification, in 

vitro RNA transcription is performed using T7 polymerase.  Subsequent base-specific 

cleavage produces a distinct signal pattern between methylated and non-methylated DNA 

measured by the MassARRAY system using MALDI-TOF mass spectrometry analysis.  The 

workflow for Sequenom™ EpiTYPER® MassARRAY is shown in Figure 2.3.  

 

The regions of each gene that were covered by the final Sequenom™ primers are as follows: 

TIMP1 primers: Region A is upstream from the transcription start site (-275/-1) covering 11 

CpGs and Region B includes the TIMP1 promoter and first exon, covering 14 CpGs.  MT1-

MMP primers covered the major CpG Island in the promoter of the gene.  Region A covered 

30 CpGs and region B covered 38 CpGs.  A schematic of primer regions for each gene is 

shown in Figure 2.4 and primer sequences are detailed in Table 2.3. 
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Figure 2.3: Sequenom™ MassARRAY® EpiTYPER workflow. 
Genomic DNA is bisulphite treated to convert unmethylated cytosine residues to 
uracil.  Following PCR amplification and in vitro transcription using T7 polymerase, 
base-specific cleavage results in unique signal patterns between methylated and 
unmethylated DNA measured by MALDI-TOF MS analysis. A shift in the mass 
spectrometry signal of 16 Da is observed between methylated and non-methylated 
residues. Image reproduced from the EpiTyper 96 Application Guide Version 2.0, 
UG11570 R2.0 CO 110074, Sequenom™, March 2011.   
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Figure 2.4: Schematic of gene regions covered by Sequenom™ primers for MT1-
MMP and TIMP-1. 
Two primer sets were chosen for each gene, named Region A and B.  Tss: 
Transcription start site.  Percentage GC depicted on Y axis, CpG islands shown by 
Blue areas.  Individual CpGs shown as vertical red lines under the input sequence.   

 

	   	   Primer	   Start	   Size	   GC%	   Sequence	  

MT1-‐MMP	  

Region	  A	  
Left	  
Right	  

71	  
450	  

30	  
27	  

46.67	  
59.26	  

GGAAAAGAGGAGAAGAGTAAATAGGTATTT	  
AATAAAAACTATCCCCTAAAAAACCCC	  

Product	  size:	  380,	  Tm:	  72.0,	  CpGs	  in	  product:	  30	  

Region	  B	  
Left	  
Right	  

377	  
1036	  

25	  
25	  

62.50	  
50.00	  

GGGTTTTGTTTTTAGTTTTGGAAT	  	  
ACTCACAAAAAAAACTTTATATATAC	  

Product	  size:	  360,	  Tm:	  72.1,	  CpGs	  in	  Product:	  38	  

TIMP-‐1	  

Region	  A	  
Left	  
Right	  

-‐275	  	  	  
-‐1	  

23	  
25	  

60.87	  
56.00	  

TTGGAGATTTTAGGGGATTGGGT	  
ATCCACCCACCATCAATACAAAAAC	  

Product	  size:	  278,	  Tm:	  76.3,	  CpGs	  in	  product:	  14	  

Region	  B	  
Left	  
Right	  

334	  
611	  	  

25	  
25	  

64.00	  
60.00	  

TTTAGGAAGTTTGGAGGTTTGTGGT	  
TCTTCCCCCTAAACTAACCCAAAAT	  

Product	  size:	  278,	  Tm:	  76.3,	  CpGs	  in	  product:	  14	  

Table 2.3: Sequences of primers used for the analysis of MT1-MMP and TIMP-1 
promoters. 
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2.5. Protein Methods 

2.5.1. Protein Extraction 

Tissues crushed in liquid nitrogen were mixed with cell lysis buffer containing 2% SDS, 20% 

glycerol and 0.06 M Tris-HCl.  Cell lysates were then sonicated with 1 Hz bursts for 8-10 

seconds at ~30% power (Sonopuls ultrasonic homogenizer; Bandelin. Modified with a MS73 

titanium microtip; Bandelin. Housed within a LS6 sound proof box; Bandelin).  Cell lysates 

were then incubated on ice for 1 hour followed by centrifugation at 12600 x g for 15 minutes 

at 10 °C to remove cellular debris.  Supernatant were transferred to a clean pre-chilled tube, 

and before being stored at -80 °C and an aliquot of each sample was obtained for 

identification of protein concentration.   

2.5.2. Bicinchoninic Assay 

Protein concentrations of cell lysates and conditioned culture media were quantified using the 

microplate bicinchoninic assay (BCA) protein assay kit (Pierce). This method incorporates 

the well-known reduction of Cu2+ to Cu+1 by protein in an alkaline medium with the highly 

sensitive and selective colourimetric detection of the cuprous cation using a reagent 

containing bicinchoninic acid.  

 

Samples were diluted 1:10 and a standard curve ranging from 0-2000 µg/mL was prepared 

using bovine serum albumin (BSA).  25 µl duplicates of each standard and sample were 

pipetted into a microplate and 200 µl of the working reagent was added to each well and 

mixed for 30 seconds on a plate shaker. The plate was then covered and incubated at 37 °C 

for 30 minutes and allowed to cool to room temperature (25 minutes). Absorbance was then 

read at 562 nm on a Synergy 2 multi-mode plate reader (BioTek).   

 

The average 562 nm absorbance of the blank standard was subtracted from all standard and 

sample values and a standard curve was prepared by plotting the average measurement for 

each BSA standard against its known concentration. This curve was then used to determine 

the protein concentration of each unknown sample.  
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2.5.3. Western Blotting 

Western blotting was performed on whole cell lysates using the XCell SureLock® Mini-Cell 

tank system (Life Technologies).  Antibody concentrations were optimised using protein 

extracted from T47-D Human ductal breast epithelial tumour cell line (HTB-133™, ATCC®, 

USA).  An aliquot of this sample was run on each gel and used to control for gel-to-gel 

variation.  Protein lysates (25 µg) were reduced (NuPAGE® Sample Reducing Agent, Life 

technologies) and diluted with sample loading dye (NuPAGE® LDS Sample Buffer, Life 

Technologies).  Samples were separated by weight by SDS-PAGE using 4-12% BisTris gels 

in MOPs SDS Running buffer (Life Technologies, New Zealand) for 55 minutes at 200 V, 

and transferred onto PVDF membrane for 2 h at 50 V in transfer buffer containing 10% 

methanol (Life Technologies).  Following pre-incubation with a blocking solution (5% skim 

milk powder in 0.1% PBS-T), membranes were incubated in optimally diluted primary 

antibody overnight at 4 °C with gentle rocking.  Unbound antibodies were removed by four 

PBS-T washes of at least 7 minutes at room temperature with agitation.  Membranes were 

then incubated in horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody 

(Sigma-Aldrich) for 2 h at room temperature.  Membranes were washed four times for 7 

minutes in PBS-T at room temperature, and protein bands detected using Pierce SuperSignal 

West Dura Extended Duration Substrate in accordance with manufacturer’s instructions 

(Thermofisher Scientific).  Protein was visualised on X-ray films developed using a CP1000 

Film Processor (AGFA, Greenville, South Carolina, USA.  Relative protein levels were 

obtained using densitometric quantification (Quantity One software; Bio-Rad Laboratories) 

and were normalised to β-‐Actin levels in the same sample.  Primary and secondary antibodies 

used for western blotting in this thesis are listed in Table 2.4. 

 

Name	   Host	  Species	   Clonality	   Source	   Band	  MW	   Dilution	  
Anti-‐DNMT1	   Mouse	   Monoclonal	   ab13537,	  Abcam	   180	  kDa	   1:500	  

Anti-‐DNMT3a	   Mouse	   Monoclonal	   ab13888,	  Abcam	   120	  kDa	   1:100	  
Anti-‐DNMT3b	  	   Mouse	   Monoclonal	   ab13604,	  Abcam	   110	  kDa	   1:250	  

Anti-‐MT1-‐MMP	   Rabbit	   Monoclonal	   ab38971,	  Abcam	   66	  kDa	   1:1000	  
Anti-‐TIMP-‐1	  	   Rabbit	  	   Monoclonal	   ab109125,	  Abcam	   23	  kDa	   1:1000	  

Anti-‐β-‐Actin	   Mouse	   Monoclonal	   A1978,	  Sigma-‐Aldrich	   43	  kDa	   1:10000	  

Anti-‐Rabbit	  IgG	   Goat	   Polyclonal	   A0545,	  Sigma-‐Aldrich	   n/a	   1:5000	  
Anti-‐Mouse	  IgG	   sheep	   Polyclonal	   A5906,	  Sigma-‐Aldrich	   n/a	   1:5000	  

Table 2.4:  Antibodies used for western blotting 
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2.5.4. Gelatin Zymography 

 

Gelatin substrate zymography was used to characterise MMP activity in conditioned 

culture media from treated tissue explants.  This method measures both the 

proteolytically inactive proform (zymogen) and active form of the enzymes by utilising the 

substrate gelatin.  The zymogen is approximately 10 kDa larger than the activated form, and 

is still able to be detected using the zymographic method as becomes activated during the 

process of denaturation and renaturation after electrophoresis.  Thus, both the active and 

inactive forms can be identified by where they degrade the gelatin content of the zymogram 

gel.  Gelatin is incorporated into the zymogram gel, which is then degraded by the enzymes 

upon activation.  Areas that have been degraded appear as clear bands against a dark 

background.  MMP isoforms that can be identified by gelatin zymography are detailed in 

Table 2.5.  

 

MMP	   Isoform	   Molecular	  Weight	  (kDa)	  

MMP-‐2	  
Latent	  MMP2	  
Active	  MMP2	  
Low-‐MW	  MMP2	  

72	  
67	  
52	  

MMP-‐9	  

Latent	  MMP-‐9	  Dimer	  
Latent	  MMP-‐9	  
Active	  MMP-‐9	  
Low-‐MW	  MMP-‐9	  

180	  
92	  
84	  
45	  

Table 2.5: Molecular mass of protein isoforms of MMP-2 and -9 
Latent, active and low molecular weight (Low-MW) isoforms are shown.   

 
 

Samples of conditioned media (7 µl) were diluted 1:1 in non-reducing 2 x sample loading 

buffer (Life Technologies) and separated by electrophoresis (125 V for 90 minutes) on 

Novex® 10% gelatin zymogram gels (Life Technologies).  Gels were removed from their 

cassettes, trimmed and washed in Novex® Zymogram renaturing buffer for 30 minutes at 

room temperature with gentle agitation.  Gels were then equilibrated in Novex® Zymogram 

Developing Buffer for 30 minutes at room temperature followed by overnight (20 h) 

incubation in developing buffer at 37 °C with gentle rocking.  Proteolytic bands were 
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visualised by incubating with a staining solution containing 0.3% (w/v) Coomassie Brilliant 

Blue G-250 for 20 minutes, followed by incubation with a destaining solution for 20 minutes 

at room temperature.  Proteolytic activity of latent and active gelatinases was detected by 

densitometric quantitation around clear bands at 72 and 67 (MMP-2) and 92 and 84 (MMP-9) 

kDa, respectively.  Gels were scanned with a GS-800 Calibrated Densitometer (Bio-Rad) and 

analysed with Quantity One 1-D Analysis Software (Bio-Rad). The optical density (OD) of 

each gelatinolytic band was determined by subtracting the background of the corresponding 

lane then standardised to the band intensity of an MMP-2/MMP-9 standard (BIOMOL 

International) in each gel. The final optical density values were presented as a percentage of 

time matched controls, which were arbitrarily set to 100%, and adjusted to total secreted 

protein content (BCA assay; Thermo Scientific Pierce).  Negative control gels were incubated 

in the presence of 20 mM EDTA, a known inhibitor of MMPs, to ensure the MMP specificity 

of the observed gelatinolytic bands.  

2.5.5. Enzyme Linked Immunosorbent Assay 

Enzyme-linked immunosorbent assay (ELISA) was used to measure total TIMP protein in 

conditioned media. DuoSet ELISA Kit ELISA kits for human TIMP-1, TIMP-2, TIMP-3 and 

TIMP-4 were carried out following manufacturer’s instructions (R&D Systems). 96 well 

microplates (Thermofisher Scientific) were coated in capture antibody and incubated at room 

temperature overnight.  Plates were then washed three times in wash buffer (0.05% PBS-T).  

After addition of standards and samples, plates were incubated at room temperature for 2 h 

and then washed three times with wash buffer.  Plates were incubated with the detection 

antibody for 2 h at room temperature and again washed three times.  Plates were developed 

with substrate solution (R&D Systems) and the reaction stopped with 2·N·H2SO4.  Optical 

density was read at 450 nm and corrected with 540 nm on a Synergy 2 multi-mode plate 

reader (BioTek).  Levels of secreted TIMP-2 were normalised with respect to the total protein 

content as measured by BCA assay (see Chapter 2.5.2) and expressed as a percentage of time 

matched controls.  
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2.5.6. Immunohistochemistry 

Localisation of membrane-type MMPs in gestational tissues was determined using NovoLink 

Polymer Detection System (RE7140, Leica Biosystems) and protein-specific antibodies listed 

in Table 2.6.   

 

Gestational tissues collected from elective caesarean section and spontaneous vaginal 

delivery (Chapter 2.2) were washed in PBS to remove maternal blood and fixed in 4% 

paraformaldehyde.  Tissue sections were embedded in paraffin and sections of 4 µm 

thickness were mounted on SuperFrost Plus slides (Thermofisher Scientific).  Sections were 

de-paraffinized in xylene and rehydrated through a series of ethanol steps.  Antigen retrieval 

was performed as required and endogenous peroxidase activity blocked with Peroxidase 

Block for 5 minutes.  Slides were washed in PBS for 2 x 5 minutes and incubated with 

Protein Block for 5 minutes. Slides were then incubated with optimally diluted primary 

antibody (Table 2.6) for 1 hour, after which they were washed and incubated in Post Primary 

Block for 30 minutes.  Slides were then washed and incubated with NovoLink Polymer for 30 

minutes and washed again.  Peroxidase activity was developed with DAB and slides were 

counterstained in haematoxylin.  A series of ethanol steps was used to dehydrate the slides, 

and coverslips were mounted with DPX.   

 

Name	   Clonality	   Source	   Dilution	   Positive	  control	  
Anti-‐MT1-‐MMP	   Monoclonal	   ab38971,	  Abcam	   1:400	   Human	  uterus	  
Anti-‐MT2-‐MMP	   Monoclonal	   ab56308,	  Abcam	   1:25	   Rat	  liver	  
Anti-‐MT3-‐MMP	   Polyclonal	   ab73877,	  Abcam	   1:500	   Rat	  kidney	  
Anti-‐MT4-‐MMP	   Monoclonal	   ab51075,	  Abcam	   1:25	   Rat	  brain	  
Anti-‐MT5-‐MMP	   Polyclonal	   PAB4789,	  AbNova	   1:25	   Rat	  brain	  
Anti-‐MT6-‐MMP	   Polyclonal	   ab39031,	  Abcam	   1:600	   Human	  colon	  carcinoma	  

Table 2.6: Primary antibodies used for immunohistochemistry  
 

Photomicrographs of immunostained tissue sections were taken using a Nikon Eclipse E800 

microscope and analysed using an arbitrary scale based on staining intensity from absent (-) 

to very strong (+++).  
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2.6. Metabolite Measurements in Culture Media 

Tissue viability was assessed by glucose uptake and lactate production in conditioned media 

from explant experiments (Reti, Lappas, Huppertz, et al., 2007).  Metabolites were measured 

on a Hitachi 902 autoanalyser (Hitachi High Technologies Corporation, Tokyo, Japan): 

glucose by enzymatic colourimetric assay (Roche, Mannheim, Germany); and lactate by 

enzymatic colourimetric assay (Randox Laboratories Ltd, Ardmore, Crumlin, UK).  Data 

were normalised to wet tissue weight and minutes of culture, and presented as µmol/mg/min 

(mean ± SEM).  

 

2.7. Graphing and statistical analysis 

Replicates were pooled after being normalised to controls and plotted at mean ± standard 

error of the mean (SEM) using GraphPad Prism version 6.0 for Windows (GraphPad 

Software, La Jolla California USA, www.graphpad.com).  Statistical analyses were 

conducted as appropriate for the data set, using GraphPad Prism software.  Statistical tests 

used are specified in each chapter.  Significance was set at p<0.05.   
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Chapter 3. DNA Methyltransferases in the Placenta 

and Fetal Membranes 

3.1. Introduction 

Human parturition comprises a complex series of events that occur in the fetus, placenta and 

mother at the end of gestation, culminating in the successful delivery of a healthy neonate.  

These processes must be precisely timed; therefore the appropriate transcriptional profile in 

gestational tissues is a crucial requirement for a successful pregnancy, and any variations in 

these processes may lead to the inappropriate timing of labour and birth (R. Romero, J. 

Espinoza, J. P. Kusanovic, et al., 2006).  Preterm birth is defined as birth  before 37 weeks 

gestation and is the leading cause of maternal and perinatal morbidity and mortality, affecting 

around 10% of all births globally (Goldenberg, et al., 2008; Roberto Romero, et al., 2006).  

Preterm birth is a multifactorial syndrome, with unknown etiology for a significant 

proportion of cases (J. R. G. Challis, 2000).   

 

Preterm and term labour are fundamentally the same process and share a common pathway to 

parturition (R. Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).  This pathway is made up 

of uterine and non-uterine components: uterine components include increased uterine 

contractility, cervical ripening and decidua and fetal membrane activation, while non-uterine 

components include changes in hormones such as corticotrophin releasing factor (CRH) (R. 

Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).  The major difference between preterm 

and term labour are the gestation at which each occurs, and whereas term labour results from 

the physiological activation of the common pathway, preterm birth is thought to arise from 

the pathological activation of one or more components of the pathway (J. R. G. Challis, 2000; 

R. Romero, J. Espinoza, J. P. Kusanovic, et al., 2006). 

 

Epigenetic regulation through the reversible modification of chromatin has emerged as a 

fundamental mechanism for the control of gene expression in a range of biological systems.  

Epigenetic regulation includes DNA methylation, histone modifications and RNA 

interference, particularly through non-coding microRNA (miRNA), and is a flexible and 
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reversible yet stable mechanism for maintaining cellular memory (Probst, et al., 2009).  DNA 

methylation is the most studied epigenetic modification and generally methylation of gene 

promoter regions is inversely correlated with gene activity (A. P. Bird, 1986; Siegfried et al., 

1999). 

 

DNA methylation is catalysed by DNA Methyltransferases (DNMTs) -1, -3a and -3b (Lei, 

Oh, et al., 1996; E. Li, et al., 1992; Ohgane, et al., 2008; Xie, et al., 1999).  DNMT1 is known 

as the maintenance methyltransferase as it preferentially copies the methylation patterns on 

hemi-methylated DNA following DNA synthesis, thereby maintaining genomic methylation 

patterns (K. D. Robertson, et al., 2000).  DNMT3a and DNMT3b catalyse de novo 

methylation and are responsible for establishing the methylation pattern in the developing 

embryo.  This methylation pattern is subsequently maintained by DNMT1 during successive 

cell divisions (Allis, et al., 2006; K. D. Robertson, et al., 2000; S. C. Wu & Zhang, 2010).  

DNMT1 is expressed constitutively in proliferating cells, and whereas DNMT3a expression 

is ubiquitous in adult tissues, DNMT3b expression is low in most tissues with the exception 

of testes, thyroid and bone marrow (Xie, et al., 1999).  Variations in DNMT expression occur 

throughout the cell cycle, and alterations in the normal patterns of expression leading to 

aberrant methylation patterns are considered a hallmark of early cancer development 

(Ghabreau, et al., 2004).   

 

The placenta has a unique epigenetic profile and is hypomethylated compared to somatic 

tissues (Santos, Hendrich, Reik, & Dean, 2002).  During embryo development, the fertilised 

oocyte undergoes major epigenetic remodeling, whereby existing epigenetic marks are 

removed and replaced by a new set of marks.  The extent of re-methylation differs between 

cell types, with cells derived from trophectoderm being relatively hypomethylated to inner 

cell mass-derived cells.  This re-establishment and subsequent maintenance of DNA 

methylation is critical for development (Morgan, et al., 2005; S. C. Wu & Zhang, 2010).   

 

DNA methylation is essential for normal development of extra-embryonic tissues, 

particularly the invasive behavior of trophoblast cells (Rahnama, et al., 2006).  Alterations in 

both global and gene-specific methylation have been found in pre-eclamptic placentas, a 

disease of pregnancy associated with decreased trophoblast invasion resulting in altered 

blood flow within the placental bed spiral arteries and uterine arteries (Chelbi, et al., 2007; 

Huppertz, 2008; Kulkarni, Chavan-Gautam, Mehendale, Yadav, & Joshi, 2011; Z. Wang, et 
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al., 2009; Yuen, et al., 2010; Zhao et al., 2010).  Decreased placental methylation has been 

associated with intrauterine growth restriction (IUGR) (Bourque, et al., 2010).   

 

A recent study has identified that the placenta, like cultured human cell lines, displays large 

regions of partially methylated domains (PMDs).  These PMDs are associated with gene 

repression and inactive chromosome marks, and cover 37% of the placental genome 

(Schroeder, et al., 2013).  Furthermore, PMDs are stable throughout gestation and show little 

variation between individuals (Schroeder, et al., 2013), contrasting with evidence that both 

global and gene-specific methylation is altered throughout gestation (Chavan-Gautam et al., 

2011; Novakovic et al., 2011).  Although the evidence is somewhat conflicting, alterations in 

methylation through gestation suggest that there are consistent and large scale changes to 

DNA methylation in the placenta as pregnancy progresses, influencing global placental gene 

expression. 

 

The EPIIC (Epigenetic Impact of Childbirth) hypothesis suggests that physiological labour 

and birth exert positive stressors on the fetus, imposing an epigenomic effect on genes, 

particularly those involved in immune response and weight regulation (Dahlen, et al., 2013).  

The intrapartum period may therefore be crucial to epigenetic remodelling, providing the link 

between fetal and extra uterine life.  Any alterations in the process of labour and delivery 

could alter the epigenome and therefore affect the health of both the neonate and the mother 

(Dahlen, et al., 2013).    

 

To date, two studies have measured global methylation at the time of labour and delivery, 

with conflicting results.  Global methylation measured in white blood cells isolated from 

umbilical cord blood is higher in infants born by caesarean section (CS) compared to those 

born by spontaneous vaginal delivery (SVD).  The methylation levels in CS infants increased 

to the same levels observed in VD infants 3-5 days after delivery (Schlinzig, et al., 2009).  A 

more recent study measuring global methylation in umbilical cord venous blood found no 

difference between CS and SVD samples and has suggested that the mode of delivery does 

not affect global methylation (Virani, et al., 2012).  As both studies measured global 

methylation, any gene specific methylation changes that may be occurring in response to, or 

in preparation for labour would be obscured within the global results.  Furthermore, both 

studies measured methylation in fetal samples, with the view that aberrant epigenetic 

modifications surrounding labour and birth could be a potential mechanism for perinatal 
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contributions to later disease risk.  To date no studies have measured methylation specifically 

in the placenta and fetal membranes in relation to labour and delivery. 

 

The role of DNA methylation in placental development and pathophysiology is becoming 

increasingly evident; however the involvement in the role of the onset of labour remains 

unclear.  We hypothesise that that levels of DNMT1, DNMT3a and DNMT3b proteins in 

human gestational tissues are changing in order to prepare for, or in response to, labour and 

delivery.  To this end, as a preliminary study to understand what changes in DNA 

methylation may be occurring around the time of labour , DNMT proteins were measured in 

the placenta and fetal membranes in preterm tissues, and in term tissues prior to, and post 

labour and delivery.     

 

3.2. Methods 

3.2.1. Tissue collection 

Human placentae and fetal membranes were collected from women after preterm labour (twin 

pregnancies, 26-32 weeks gestation, n = 6), and from uncomplicated singleton pregnancies at 

term (>37 weeks gestation) from elective caesarean sections prior to the onset of labour (CS, 

n = 8) and after vaginal delivery from women with spontaneous onset of labour (SVD, n = 3).  

Ethical approval for tissue collection was granted by Auckland Y Ethics Committee (Project 

approval 95/225) and tissues were collected following written informed consent.  The fetal 

membranes were separated into amnion and chorion (with the immediately adjacent decidua 

attached, herein referred to as choriodecidua).  Chorionic villi were sampled from the fetal 

side after removal of surface membranes and large blood vessels.  Amnion and choriodecidua 

were sampled mid-way between the placental border and the edge of the membranes.  Tissue 

samples were taken randomly across the placenta, amnion and choriodecidua and tissue types 

pooled to minimise intra-placental variation.  All tissues were extensively rinsed in sterile 

PBS to remove maternal blood, snap-frozen with liquid nitrogen and stored at -80 °C until 

required. 
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3.2.2. Western Blotting 

Protein was isolated and quantified from tissue samples using methods outlined in Chapter 

2.5.1 and 2.5.2.  Western blotting was performed on whole cell lysates using anti-DNMT1 

(1:500, ab13537, Abcam), anti-DNMT3a (1:100, ab13888, Abcam) or anti-DNMT3b 

antibodies (1:250, ab13604, Abcam) as detailed in Chapter 2.5.3.  .   

 

Briefly, Protein samples (25 µg) were separated by weight using SDS-PAGE and 4-12% 

BisTris gels (Life Technologies).  Following transfer onto PVDF membrane and incubation 

with a blocking solution (5% Milk in PBST), membranes were incubated in primary antibody 

at the optimal dilutions overnight at 4 °C with gentle agitation.  The membranes were then 

extensively washed and incubated with HRP-conjugated secondary antibody (A5906, Sigma-

Aldrich).  Protein bands were visualised using Pierce SuperSignal West Dura Extended 

Duration Substrate (Thermofisher Scientific).  Relative protein levels were obtained using 

densitometric quantification (Quantity One software; Bio-Rad Laboratories) and all results 

were normalised to β-‐Actin.   

3.2.3. Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version 6.0 for Windows 

(GraphPad Software, La Jolla California USA, www.graphpad.com).  Due to the low sample 

numbers in each group, non-parametric Kruskal Wallis ANOVA (one way analysis of 

variance) was used to assess significance among groups and if significantly different (p ≤ 

0.05), post-hoc multiple comparisons using Dunn’s test was performed.  Data are presented 

as means ± SEM. 

 

3.3. Results 

In all tissue types, DNMT1 protein showed the highest levels in PT samples.  DNMT1 

protein was significantly higher in Villous and CD preterm (PT) samples compared to both 

non-laboured caesarean section (CS) and laboured vaginally delivered (SVD) samples.  

DNMT1 was significantly higher in amnion PT samples compared to SVD samples.  There 

was a trend for higher levels in villous CS samples compared SVD (Figure 3.1A).  

  



Chapter 3. 

73 
 

DNMT3a protein was significantly lower in term villous CS samples when compared to SVD 

samples.  A trend towards higher expression in villous PT tissue when compared to CS 

tissues was observed (p=0.08) (Figure 3.1B). 

 

DNMT3b protein showed a trend towards higher expression in villous CS tissue when 

compared to SVD villous tissue (P=0.08).  In choriodecidua, tissues from SVDs tended to 

have higher levels of DNMT3b protein compared to CS samples (p=0.07; Figure 3.1C).  
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Figure 3.1: DNMT protein levels in placenta, amnion and choriodecidua.  
Western blotting was used to measure protein levels of DNMT1, DNMT3a and 
DNMT3b in gestational tissues collected at preterm delivery and at term prior to, and 
post labour and delivery.  DNMT1 protein was reduced in placenta and choriodecidua 
from spontaneous vaginal deliveries (SVD, n = 3) compared to those collected from 
elective caesarean section deliveries (CS, n = 8) and those collected preterm (PT, n = 
6; A).  DNMT1 was also decreased in SVD amnion compared to PT amnion (A).  
DNMT3a protein was increased in SVD placenta compared to CS placenta (B).  
DNMT3b protein was increased in placenta from SVD pregnancies compared to 
those from CS deliveries (C).  Data are presented as mean protein levels normalised 
to β-Actin optical density ± SEM.  *p<0.05, **p<0.01, ***p<0.001. 
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3.4. Discussion 

The current study measured DNMT protein levels in gestational tissues at preterm and term 

gestation.  The mode of delivery was also investigated to determine if there was a specific 

labour effect.  DNMT1 was significantly higher in placenta and choriodecidua collected 

preterm compared to tissues collected at term from either delivery mode (caesarean section 

and spontaneous vaginal delivery).  DNMT3a was significantly higher in placenta collected 

following labour and delivery compared to tissues collected prior to the onset of labour. 

 

Tissue specific expression patterns were observed for all three DNMTs.  These results 

suggest that global methylation levels in the placenta and fetal membranes could be changing 

in order to prepare for, or in response to, labour and delivery.  This is consistent with a 

previous study showing altered global gene expression in term placenta at the time of labour 

(K. J. Lee et al., 2010).   

 

DNMT1 showed the greatest change in response to increasing gestation and/or labour status, 

with the highest levels observed in preterm tissues.  DNMT1 maintains genome (global) 

methylation during cell division, thereby suggesting that global methylation levels would be 

higher in these preterm tissues.  These results conflict with a study showing lower global 

DNA methylation levels in preterm deliveries compared to term placentas (Chavan-Gautam, 

et al., 2011).  The discrepancy could be due to preterm tissues in the present study being from 

twin pregnancies as opposed to singletons.  The DNMT1 promoter is hypermethylated in 

term placental tissues and it has been proposed that this is a major contributor to the low 

levels of overall global methylation observed in the placenta compared to somatic tissues 

(Novakovic, et al., 2010).  The same study found no difference in the levels of promoter 

methylation of DNMT1 in first trimester tissues compared to third trimester tissues, 

suggesting that this level of methylation of the DNMT1 gene in particular, is present 

throughout the majority of pregnancy.   

 

Genome wide hypomethylation, combined with gene-specific hypermethylation is commonly 

seen in human cancers.  There is a substantial body of work on DNA methylation and its 

involvement in the progression of tumour development and metastasis and due to the pseudo-

malignant nature of the placenta; studies have thus investigated the epigenetic regulation of 

cancer-related genes in the placenta (Novakovic, et al., 2008; J. Wang, et al., 2010).  
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Promoter regions of MMP-9 (Z. Wang et al., 2010) , SERPINA3 (Chelbi, et al., 2007) and 

TIMP-3 (Yuen, et al., 2010) are hypomethylated in preeclampsia-associated placentas.  

MMPs and TIMPs are key molecules involved in fetal membrane rupture in both term and 

preterm deliveries (Fortunato, et al., 1999a).  MMP-1, which has been associated with 

preterm premature rupture of membranes, is increased in amnion fibroblasts following 

treatment to inhibit DNA methyltransferases (H. Wang et al., 2008).    

 

It is becoming increasingly clear that DNA methylation plays an important role in not only 

the development but also the normal physiology and function of the placenta.  We have 

demonstrated tissue specific expression patterns for all three DNMTs in relation to 

gestational age and labour status, however, due to the multiple variables in the sample groups 

(gestational age, twin or singleton pregnancies, labour or no labour); the physiological 

relevance of the data is unclear.  The placental-specific epigenetic regulation of key 

molecules involved in labour and parturition need to be examined further and their biological 

relevance addressed.  Unravelling the epigenome of the placenta will provide insight into the 

molecular mechanisms governing fetal membrane rupture and the onset of labour. 
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Chapter 4. Hydroxymethylation in Term Placenta 

and Fetal Membranes 

 

4.1. Introduction 

Epigenetic regulation through the reversible modification of chromatin has emerged as a 

fundamental mechanism for the control of gene expression in a range of biological systems.  

DNA methylation of cytosine residues (5-mC) is a key epigenetic mark which plays a crucial 

role in gene expression (A. P. Bird, 1986).  Recently, a modified form of cytosine termed 5-

hydroxymethylcytosine (5-hmC, hydroxymethylation) has gained considerable attention as a 

potential epigenetic mechanism.  5-hmC was first described in mammalian DNA in 1972 

(Penn, et al., 1972), but has gone relatively unnoticed until it was recently discovered to be 

highly abundant in mouse brain and embryonic stem cells (Kriaucionis & Heintz, 2009; 

Munzel, et al., 2010; Tahiliani, et al., 2009). 

 

5-hmC is enriched at gene bodies and transcriptional start sites and may play a role in 

regulation of DNA methylation, chromatin remodelling and gene expression (Williams, et al., 

2011).  Although the exact functions of 5-hmC remain unclear, several have been proposed.  

5-hmC prevents DNMT1 mediated methylation of cytosine, possibly causing passive 

demethylation by interfering with the maintenance of methylation patterns during cell 

division (Valinluck & Sowers, 2007).  Methyl-CpG binding proteins have reduced affinity for 

5-hmC (Jin, et al., 2010; Valinluck, et al., 2004), which may affect the transcriptional activity 

of genes with 5-hmC in their promoter.  Finally, 5-hmC could be a key intermediate in an 

active DNA demethylation pathway by converting cytosine via ten-eleven translocation 

(TET) enzyme activity or by cell-specific specialised DNA repair proteins (Tahiliani, et al., 

2009).  In addition, 5-hmC may prove to be a stable epigenetic mark in its own right, 

recruiting specific readers that direct the remodelling and organisation of chromatin 

structures, ultimately impacting gene expression (Tan & Shi, 2012).   
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Li et al. was the first to report global 5-hmC levels across a range of human tissues, revealing 

tissue-specific expression patterns and low levels of 5-hmC in placental DNA (W. Li & Liu, 

2011).  The biological significance of 5-hmC in epigenetic regulation is currently unclear, 

and its contribution to gene regulation in both normal and pathological settings remains to be 

explored.  We hypothesise that global 5-hmC is changing in human term placenta in order to 

prepare for, or in response to, labour and delivery.  The present study has measured the levels 

of global 5-hmC in term placenta and fetal membranes collected prior to, or post labour and 

delivery as a starting point to understand how this epigenetic mark may be contributing to 

gene regulation in gestational tissues at the time of parturition.  

 

4.2. Methods 

4.2.1. Tissue Collection 

Term gestational tissues were collected as part of the PEARL study (Chapter 2.2).  Ethical 

approval for the study was obtained from NorthernX Regional Ethics Committee 

(NTX/10/07/062) and written informed consent was completed prior to delivery.  Placenta 

and fetal membranes were collected at term from uncomplicated, singleton pregnancies (38-

40 weeks gestation) following elective caesarean section prior to the onset of labour (CS, n = 

6. Mean maternal age 35 years and mean gestational age 38 weeks) or after vaginal delivery 

with the spontaneous onset of labour (SVD, n = 7.  Mean maternal age 31 years and mean 

gestational age 39 weeks).  Tissues were collected immediately following delivery, the fetal 

membranes were separated into amnion and chorion (with the immediately adjacent decidua 

attached, herein referred to as choriodecidua), and all tissues were rinsed in PBS to remove 

maternal blood.  Samples were taken randomly across the placenta, amnion and 

choriodecidua and pooled to account for intra-placental variation. 

4.2.2. DNA Extraction and Hydroxymethylation Analysis 

Genomic detailed was isolated from tissues, and hydroxymethylated DNA measured using 

MethylFlash™ Hydroxymethylated DNA Quantification Kit (P-1036, Epigentek as outlined 

in Chapter 2.4.6.  This kit is a colourimetric ELISA based sensitive and specific assay for 

measuring global 5-hmC.  200 ng of DNA for each sample was assayed in duplicate with 
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positive and negative controls and analysed against a five point standard curve.  Data are 

reported as mean % 5-hmC of total input DNA ± SEM.   

4.2.3. Statistical Analysis 

The non-parametric Mann-Whitney U test was performed for each data set using GraphPad 

Prism version 6.0 for Windows (GraphPad Software, La Jolla California USA, 

www.graphpad.com).  Significance was set at p<0.05.   

 

4.3. Results 

The placenta and fetal membranes contain low levels of global 5-hmC, with a significant 

reduction observed in choriodecidua from SVD pregnancies compared to CS deliveries 

(Figure 4.1A).  Data was further analysed by sex of the fetus, revealing no sex-specific 

differences in levels of 5-hmC in any tissue.  However, there was a trend towards higher 5-

hmC in placenta from CS pregnancies with male fetuses compared to placenta from SVD 

pregnancies with female fetuses (Figure 4.1B and C).  

 



Chapter 4. 

80 
 

 

Figure 4.1: Hydroxymethylation in term placenta, amnion and choriodecidua  
Hydroxymethylation (5-hmC) was measured in gestational tissues collected prior to, 
or post labour and delivery using an ELISA based technique.  Hydroxymethylation 
was reduced in choriodecidua collected from spontaneous vaginal deliveries (SVD, n 
= 7) compared to those from elective caesarean section deliveries (CS, n = 6; A).  
Sexual dimorphism of hydroxymethylation due to fetal sex was assessed in CS tissues 
(male n = 3 and female n = 3; B) and SVD tissues (male n = 3 and female n = 4; C).  
Data are presented as % 5-hmC of total input DNA (mean ± SEM).  *p<0.05.  
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4.4. Discussion 

The present study reports, for the first time, levels of 5-hmC in gestational tissues in relation 

to labour and delivery.  There is a clear labour effect in choriodecidua, with a significant 

reduction in % 5-hmC in tissues collected from CS deliveries compared to tissues collected 

from SVD pregnancies.  Additionally, we report a trend towards sexual-dimorphism in 

villous tissue collected from CS deliveries.  

 

The contribution of 5-hmC to gene regulation is at this stage poorly understood but is thought 

to play a role in gene regulation via interactions with 5-mC (Valinluck & Sowers, 2007).  The 

placenta is hypomethylated compared to somatic tissues (Cotton, et al., 2009; Santos, et al., 

2002) and placental global 5-mC is positively correlated with gestational age (Chavan-

Gautam, et al., 2011; Novakovic, et al., 2011).  Data for the precise role of 5-mC in the 

labour process are conflicting; one study reported increased global methylation in fetal cells 

from CS deliveries compared to SVD (Schlinzig, et al., 2009), whereas another reported no 

difference (Virani, et al., 2012).  A confounding factor of methylation studies is the inability 

of sodium bisulphite conversion (which converts methylated cytosine residues to uracil) to 

discriminate between 5-mC and 5-hmC.  Consequently, the specific contribution of 5-mC and 

5-hmC in many reports of methylation to date is not known (Nestor, Ruzov, Meehan, & 

Dunican, 2010).   

 

Large-scale changes in placental gene expression are known to occur during labour (K. J. 

Lee, et al., 2010), and thus the role of 5-mC or 5-hmC in modification of DNA in epigenetic 

regulation requires clarification.  Aberrations in 5-mC, both globally and at specific gene 

promoters, have been correlated with adverse pregnancy outcomes such as pre-eclampsia 

(Chelbi, et al., 2007; K. J. Lee, et al., 2010; J. Wang, et al., 2010; Z. Wang, et al., 2009; 

Yuen, et al., 2010).  

 

Sexually-dimorphic responses by the fetus to the maternal environment are thought to be 

mediated by placenta-specific functions; male fetuses are 20% more likely to experience 

adverse outcomes in pregnancies complicated by preeclampsia, preterm delivery and IUGR 

(Clifton, 2010; Vatten & Skjaerven, 2004).  Male fetuses are overrepresented in preterm birth 

statistics, and this is associated with a higher incidence of infection (J. Challis, et al., 2013; 

Clifton, 2010)  Furthermore, gestational tissues from pregnancies with male fetuses show a 
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greater response to infectious stimuli in vitro (Yeganegi et al., 2009).  Intrauterine infection 

and premature rupture of the fetal membranes (PROM) are the leading identifiable causes of 

preterm birth (45-50% and 25%, respectively) (Goldenberg, et al., 2008; Simmons, Rubens, 

Darmstadt, & Gravett, 2010).  A recent study has reported differential methylation of the 

imprinted gene PLAGL1 in fetal blood from preterm births complicated by chorioamnionitis 

(Y. Liu et al., 2013).  We speculate that the difference observed in % 5-hmC in choriodecidua 

from CS deliveries with male fetuses could be regulating, either directly or indirectly 

(through 5-mC interactions), genes central to fetal membrane rupture at labour.  Matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) mediate fetal 

membrane rupture at both term and preterm deliveries (Fortunato, et al., 1999a).  Aberrant 

methylation of MMP-9 and TIMP-3 has been demonstrated in pre-eclampsia-associated 

placentas (Z. Wang, et al., 2009; Yuen, et al., 2010).  

 

The placenta is inherently variable; significant intra-placental variation due to the vast range 

of cell types as well as normal variations in size, shape and weight impacts on both gene 

expression and the placental epigenome (Avila et al., 2010; Novakovic, et al., 2011).  It is 

possible that hydroxymethylation also shows temporal and spatial changes in gestational 

tissues; in light of this every effort was taken to sample tissue widely across the placenta and 

fetal membranes.  Li et al. previously reported the abundance of 5-hmC in a range of human 

tissues, with 5-hmC levels in the placenta reported to be lower than the levels observed in the 

present study (0.06% compared to 0.3%).  However, Li et al. used commercially available 

DNA isolated from pooled placental material with no available information about gestational 

age or sex of the fetus, and such could account for the discrepancy in the higher percentage of 

hydroxymethylation reported here (W. Li & Liu, 2011). 

 

The placenta is commonly described as being ‘pseudo-malignant’ due to its similarities to 

cancer including rapid cell division, migration and invasion and genome hypomethylation 

(Novakovic, et al., 2008).  5-mC mediated silencing of tumour suppressor genes is a hallmark 

of cancer formation and progression.  A number of tumour suppressor and tumour associated 

genes have been reported to be methylated in the placenta, in both normal placenta and in 

pathological conditions such as pre-eclampsia (Chiu, et al., 2007; Dokras, et al., 2006; 

Novakovic, et al., 2008; J. Wang, et al., 2010; Wong, et al., 2008).  5-hmC is significantly 

reduced in cancerous colon tissue compared to normal colon tissue and is almost absent in 

cancer cell lines (W. Li & Liu, 2011).  A reduction in 5-hmC in disease states could 
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contribute to silencing of regulatory genes through 5-mC turnover via interactions with 

DNMT1 (Valinluck & Sowers, 2007).  Elucidating how 5-hmC levels contribute to aberrant 

5-mC patterns is paramount to understanding how it contributes to gene regulation in normal 

and disease states.   

 

It is becoming increasingly clear that DNA methylation plays an important role in not only 

the development, but also the normal physiology and function of the placenta.  We are the 

first to show a reduction in 5-hmC following active labour in choriodecidua.  This is a 

preliminary study, and as such the placental-specific epigenetic regulation of key molecules 

involved in labour and parturition requires further examination and their biological relevance 

addressed.  Unravelling the epigenome of the placenta will provide insight into the molecular 

mechanisms governing fetal membrane rupture and the onset of labour.   
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Chapter 5. Characterisation of Membrane Type 

MMPs in Term Placenta, Amnion and 

Choriodecidua  

 

5.1. Introduction 

Matrix metalloproteinases (MMPs) represent a large family of zinc-dependent proteolytic 

enzymes that, once activated, are capable of degrading a variety of extracellular matrix 

(ECM) and non-ECM components (Nagase & Woessner, 1999).  To date there are over 20 

known human MMPs which, due to their wide-ranging and overlapping substrate 

specificities, play key roles in normal development, wound healing and a wide variety of 

pathological processes.  MMP activity is tightly regulated at the transcriptional, post-

transcriptional and post-translational stages, as well as being inhibited by specific 

endogenous tissue inhibitors of metalloproteinases (TIMPs) (Rosenberg, 2002; Visse & 

Nagase, 2003; Zucker, et al., 2003). 

 

Most MMPs are secreted into the intracellular space as latent enzymes; however a subset of 

MMPs stay closely associated to the cell membrane.  This group of enzymes, termed 

Membrane-Type MMPs (MT-MMPs) are anchored to the cell membrane by either a 

transmembrane domain (MT1-, MT2-, MT3- and MT5-MMP) or a 

glycosylphosphatidylinositol (GPI) anchor (MT4- and MT6-MMP) (Visse & Nagase, 2003).  

MT-MMPs can be activated either intracellularly or at the cell surface by cleavage of the 

propeptide sequence (Nagase & Woessner, 1999; Yana & Weiss, 2000).  Their positioning 

means they are well suited for pericellular proteolysis, whilst the anchoring domain facilitates 

diffusion and translocation of the activated enzyme to the front of migrating cells (Barbolina 

& Stack, 2008; Sohail, et al., 2008; Zucker, et al., 2003).  

 

Out of all the MT-MMPs, MT1-MMP is the most widely studied and has roles in cell 

migration, angiogenesis and tumour metastasis (Nelson, et al., 2000; Visse & Nagase, 2003).  
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MT2- and MT3-MMP are also involved in cell migration and invasion, and along with MT1-

MMP stimulate angiogenesis in vitro, (Hotary, Allen, Punturieri, Yana, & Weiss, 2000).  

MT4- and MT6-MMP are associated with metastasis and progression of human cancers 

(Chabottaux et al., 2009; Sohail, et al., 2008)  MT5-MMP, while also found in cancers, 

induces embryonic brain development and axonal growth (Hayashita-Kinoh et al., 2001; 

Llano et al., 1999).  MT1- and MT2-MMP have been described in human first trimester 

extra-villous trophoblasts and are thought to regulate trophoblast invasion during 

implantation (Bjorn, et al., 2000).  Furthermore, MT1- and MT2-MMP are critical for normal 

placental development in mice (Szabova, et al., 2010).   

 

MT1-MMP is the key protease responsible for releasing soluble endoglin (sEng) from the 

placenta and is highly expressed in early-onset pre-eclamptic placentas (Kaitu'u-Lino, 

Palmer, Whitehead, et al., 2012).  MT2-MMP is also increased in pre-eclamptic placentas, 

but does not cleave sEng (Kaitu'u-Lino, Palmer, Tuohey, et al., 2012).  A recent study has 

examined the remaining MT-MMPs in severe early-onset pre-eclamptic and matched preterm 

placentas and reported the localisation of MT3-, MT5 and MT-6 in the syncytiotrophoblast 

whilst MT4-MMP localised to the stroma and fetal vessels (Kaitu'u-Lino, et al., 2013).  

 

In addition to degrading ECM components, MT-MMPs, with the exception of MT4-MMP, 

are capable of activating of pro-MMP-2 (Hernandez-Barrantes, et al., 2002).  MT1-MMP in 

particular, is the predominant physiological activator of pro-MMP2 via interactions with 

TIMP-2.  MMP-2 and TIMP-2 bind at the C-terminal of each protein to form a complex that 

leaves the inhibitory N-terminal of TIMP-2 to bind free MT1-MMP at the cell surface.  

Unbound MT1-MMPs then initiate autocatalytic processing of the bound pro-MMP-2, 

resulting in a fully activated MMP-2 (Nagase, et al., 2006; Nelson, et al., 2000; Visse & 

Nagase, 2003; Will, et al., 1996).  The MT1-MMP/MMP2/TIMP2 axis also activates pro-

MMP-9 (Toth, Chvyrkova, Bernardo, Hernandez-Barrantes, & Fridman, 2003) and is a key 

regulator of the invasive behaviour of many cancer cell types (Chernov, et al., 2009).  The six 

human MT-MMPs, their substrate specificity and inhibitors are listed in Table 5.1: 

Membrane Type MMPs.   

 

Human parturition comprises a series of complex events that occur in the fetus, placenta and 

mother at the onset of labour.  The uterine components include increased myometrial 

contractility, cervical ripening, and decidua/fetal membrane activation.  For the majority of 
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pregnant women, the fetal membranes spontaneously rupture at term gestation after the onset 

of uterine contractions, however in around 10% of all births this rupture precedes 

contractions (Moore, Mansour, Redline, Mercer, & Moore, 2006; R. Romero, J. Espinoza, J. 

P. Kusanovic, et al., 2006).   

 

Enzyme	  name	   ECM	  Substrates	   Non	  ECM	  Substrates	   Inhibitor	  

MT1-‐MMP	  
(MMP-‐14)	  

Collagens	  I,	  II,	  III,	  gelatin,	  casein,	  
elastin,	  fibronectin,	  laminin-‐1,	  
vitronectin,	  proteoglycans,	  large	  
tenascin-‐C,	  entactin	  

Pro-‐MMP-‐2,	  α1-‐AT,	  Surface	  tissue	  
transglutaminase,	  CD44,	  pro-‐TNF-‐α,	  
α1-‐Proteinase	  inhibitor,	  α2	  
microglobulin	  

TIMP-‐2,	  TIMP-‐3,	  
TIMP-‐4	  
	  

MT2-‐MMP	  
(MMP-‐15)	  

Gelatin,	  fibronectin,	  large	  
tenascin-‐C,	  entactin,	  laminin,	  
aggrecan,	  perlecan	  

Pro-‐MMP-‐2,	  Surface	  tissue	  
transglutaminase	  

TIMP-‐1,	  TIMP-‐2,	  
TIMP-‐3	  

MT3-‐MMP	  
(MMP-‐16)	  

Gelatin,	  Collagen	  III,	  casein,	  
fibronectin,	  laminin-‐1,	  vitronectin,	  
aggrecan	  

Pro-‐MMP-‐2,	  Surface	  tissue	  
transglutaminase,	  α1-‐Proteinase	  
inhibitor,	  α2	  microglobulin	  

TIMP-‐2,	  TIMP-‐3	  
	  

MT4-‐MMP	  
(MMP-‐17)	  

Gelatin,	  Fibrinogen,	  fibrin	  
Pro-‐TNF-‐α	  
	  

TIMP-‐1,	  TIMP-‐2,	  
TIMP-‐3	  

MT5-‐MMP	  
(MMP-‐24)	  

Gelatin,	  fibronectin,	  laminin,	  
chondroitin	  sulphate,	  decorin	  
dermatan	  sulphate	  

Pro-‐MMP-‐2	   TIMP-‐2	  

MT6-‐MMP	  
(MMP-‐25)	  

Gelatin,	  Collagen	  IV,	  fibrin,	  
fibrinogen,	  fibronectin,	  
chondroitin	  sulphate,	  dermatan	  
sulphate	  

Pro-‐MMP-‐2,	  α1-‐Proteinase	  inhibitor	  
TIMP-‐1,	  TIMP-‐2,	  
TIMP-‐3	  

Table 5.1: Membrane Type MMPs  
MT-MMPs degrade a range of ECM and non-ECM substrates and are inhibited by 
specific tissue inhibitors, TIMPs.  Adapted from (Couillard, et al., 2006; Hernandez-
Barrantes, et al., 2002; Lijnen, 2001; Nagase, et al., 2006; Nelson, et al., 2000) 

 

The fetal membranes, consisting of the amnion and choriodecidua, are made up of a number 

of cell types including fibroblasts embedded in a collagen-rich extracellular matrix.  MMP 

mediated ECM degradation plays a key role in normal growth and remodelling of fetal 

membranes throughout gestation and at term, particularly in the weakening and subsequent 

rupture of the membranes at the time of labour (Weiss, et al., 2007).   

 

The role of secreted MMPs in both physiological and pathological fetal membrane rupture 

has been well documented.  MMP-9 levels in the amniotic fluid are barely detectable 

throughout gestation until term, at which time MMP-9 is significantly increased and is 

responsible for most of the gelatinolytic activity in the fetal membranes (Athayde, et al., 
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1999; Bryant-Greenwood & Yamamoto, 1995; Goldman, et al., 2003; Tsatas, et al., 1999; 

Vadillo-Ortega, et al., 1995; Weiss, et al., 2007).  MMP-9 levels increase in the placenta at 

term gestation and are thought to facilitate placental separation from the uterus following 

delivery (Tsatas, et al., 1999; Xu, et al., 2002).  

 

Reports of MMP-2 expression in relation to the process of labour are conflicting.  It was 

initially thought that MMP-2 is constitutively expressed throughout gestation and therefore 

not involved in labour or fetal membrane rupture (Fortunato, et al., 1999a; Xu, et al., 2002).  

However, MMP-2 has been implicated in the pathogenesis of preterm rupture of the fetal 

membranes (PROM), particularly in the presence of infection (Maymon, Romero, Pacora, 

Gervasi, Gomez, et al., 2000) and it has more recently been demonstrated to increase 

significantly in amnion at term labour (Yonemoto, et al., 2006).  The increase in soluble 

MMPs at term gestation is coupled by an associated decrease in TIMPs thus favouring a 

gelatinolytic state, resulting in the degradation of the ECM and ultimately causing fetal 

membrane rupture (Riley, et al., 1999; Vadillo-Ortega, et al., 1996).  

 

The role of MT-MMPs in fetal membrane rupture is unclear.  It has previously been 

documented that amnion-chorion fetal membrane samples express all MT-MMPs with the 

exception of MT3-MMP and MT6-MMP (Fortunato & Menon, 2002; Fortunato, et al., 

1998a).  Varying expression was observed between tissue groups, however the measurements 

were not quantitative and therefore no definitive comments could be made about the 

involvement of MT-MMPs in fetal membrane rupture, or if they are altered in the presence of 

labour.  Furthermore, expression of MT-MMPs was not investigated in the placenta.   

 

We hypothesise that the MT-MMPs are present in the placenta and fetal membranes, and that 

these may be changing in order to prepare for, or in response to, labour and delivery.  In this 

study we have characterised the expression of all six MT-MMPs and identified the 

predominant tissue and cellular sites of expression in the placenta and gestational fetal 

membranes at term prior to, and post labour and delivery.   
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5.2. Methods 

5.2.1. Tissue Collection 

Placenta and fetal membranes were collected at term from uncomplicated, singleton 

pregnancies (38-40 weeks gestation) as detailed in Chapter 2.2.  Ethical approval for the 

study was obtained from NorthernX Regional Ethics Committee (NTX/10/07/062) and 

tissues were collected following written informed consent.  Tissues were processed 

immediately following elective caesarean section prior to the onset of labour (CS, n = 15. 

Mean maternal age 35 years and mean gestational age 38 weeks) or after vaginal delivery 

with the spontaneous onset of labour (SVD, n = 13.  Mean maternal age 31 years and mean 

gestational age 39 weeks).  Fetal membranes were separated into amnion and chorion (with 

the immediately adjacent decidua attached, herein referred to as choriodecidua) and tissues 

were extensively rinsed in sterile PBS to remove maternal blood.  Chorionic villi were 

sampled randomly from the fetal side of the placenta after removal of surface membranes and 

large blood vessels.  Amnion and choriodecidua were sampled randomly midway between 

the placental border and edge of the membranes.  Samples for each issue were pooled to 

account for intra-placental variation, and either snap frozen in liquid nitrogen and stored at -

80°C until required, or fixed in 4% paraformaldehyde for 24 h, after which they were stored 

in 70% ethanol until paraffin embedding for immunohistochemistry.   

 

5.2.2. Quantitative Real-Time PCR 

Total RNA was isolated from tissues and quantified as detailed in Chapter 2.4.1.  Following 

DNAse treatment (Life Technologies), reverse transcription and cDNA synthesis was 

performed using Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Sciences) 

according to manufacturer’s instructions using 1 µg of total RNA for each preparation. cDNA 

was stored at -20 °C (Chapter 2.4.2). 

 

MT-MMP expression was analysed by quantitative real-time polymerase chain reaction 

(qRT-PCR) using the LightCycler 480 (Roche Applied Sciences), LightCycler 480 SR Green 

Master Mix (Roche Applied Sciences) and gene specific primers (Table 5.2).  Primer 

specificity was confirmed by ABI Sanger DNA sequencing with the ABI3730 Genetic 
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analyser (Applied Biosystems) and was carried out by the Massey Genome Service at Massey 

University, Palmerston North, New Zealand.  

 

The relative standard curve method was used to calculate the amount of mRNA in samples 

and two housekeeping genes (RPLPO and RPL13a) were used as endogenous controls to 

normalise gene expression (detailed in Chapter 2.4.3).   

 

Gene	   Primer	  Sequence	   Amplicon	  Size	  (Bp)	  

MT1-‐MMP	  
Sense	   5'-‐ATCATGGCACCCTTTTACCA-‐3'	  

253	  
Antisense	   5'-‐AGCGCTCCTTGAAGACAAAC-‐3'	  

MT2-‐MMP	  
Sense	   5'-‐CGGTCGTTTTGTCTTTTTCA-‐3'	  

204	  
Antisense	   5'-‐CGCTGTGTCTCCTCGTTG-‐3'	  

MT3-‐MMP	  
Sense	   5'-‐ATCCCAAGCCAATCACAGTC-‐3'	  

187	  
Antisense	   5'-‐GGTCCATCACAGCCCATAAA-‐3'	  

MT4-‐MMP	  
Sense	   5'-‐TGGGAGTGGAGTGGCTAA-‐3'	  

176	  
Antisense	   5'-‐GCGTGGGGTTTTCATCAG-‐3'	  

MT5-‐MMP	  
Sense	   5'-‐ACCAGAAACTGAGCGTGGAG-‐3'	  

216	  
Antisense	   	  5'-‐TGTAGACCAGCACCAGGATG-‐3'	  

MT6-‐MMP	  
Sense	   5'-‐GACCTGGACTTTTGGGTCAA-‐3'	  

171	  
Antisense	   5'-‐TCCTGAGACAGGCGGTACTT-‐3'	  

RPLPO	  
Sense	   5’-‐AGAAACTGCTGCCTCATATCCG-‐3’	  

223	  
Antisense	   5’-‐CCCCTGGAGATTTTAGTGGTGA-‐3’	  

RPL13a	  
Sense	   5’-‐GCCCTACGACAAGAAAAAGCG-‐3’	  

117	  
Antisense	   5’-‐TACTTCCAGCCAACCTCGTGA-‐3’	  

Table 5.2: Sequences of primers used for quantitative real-time PCR. 
 

5.2.3. Immunohistochemistry 

MT-MMP peptides were localised by colourimetric immunohistochemistry on 4 µm sections 

of placenta, amnion and choriodecidua from CS (n = 6) and SVD (n = 6) pregnancies as 

described in Chapter 2.5.6.  The NovoLink Max Polymer Detection System (Leica 

Microsystems) was used with the following primary antibodies: anti-MT1-MMP (AbCam, 

ab38971), anti-MT2-MMP (AbCam, ab56308), anti-MT3-MMP (AbCam, ab73877), anti-

MT4-MMP (AbCam, ab51075), anti-MT5-MMP (Abnova, PAB4789) and anti-MT6-MMP 

(AbCam, ab39031).  Tissue sections were visualised by standard light microscopy using a 

Nikon Eclipse E800 microscope and staining intensity was assessed using an arbitrary scale.  

Staining intensity tables can be found in Appendix III, Table III.2.    Negative controls using 

matched isotype IgG for each antibody showed no significant staining (Figure 5.1).   
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Figure 5.1: Negative controls for immunohistochemistry using matched isotype 
IgG. 
Representative photomicrographs of negative controls for MT-MMP in placenta, 
amnion and choriodecidua.  Tissue sections are counterstained in haematoxylin and 
viewed at 100 x magnification, scale bar represents 1 µm. 

 

5.2.4. Statistical Analysis 

The mRNA data are graphically presented as means ± SEM.  Statistical analyses were 

performed using GraphPad Prism version 6.0 for Windows (GraphPad Software, La Jolla 

California USA, www.graphpad.com).  Comparisons between tissues collected from CS and 

SVD pregnancies were carried out with the non-parametric Mann-Whitney U test.  

Significance was set at p<0.05.   
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5.3. Results 

MT-MMP mRNA Expression in Term Gestational Tissues 

MT1-MMP mRNA expression levels were low in placenta and amnion, with no difference in 

levels between CS and SVD tissues.  MT1-MMP was significantly higher in choriodecidua 

from CS deliveries compared to SVD (Figure 5.2A).  In SVD tissues, MT1-MMP mRNA 

showed a trend towards higher expression in choriodecidua collected from pregnancies with 

female fetuses compared to choriodecidua collected from pregnancies with male fetuses 

(Figure 5.2C).  

 

MT2-MMP mRNA was virtually undetectable in amnion from either CS or SVD 

pregnancies.  There was no difference in expression levels between CS and SVD tissues for 

both placenta and choriodecidua (Figure 5.3A).  MT2-MMP mRNA was significantly higher 

in SVD choriodecidua collected from pregnancies with female fetuses, compared to tissues 

from pregnancies with male fetuses (Figure 5.3C).  

 

MT3-, MT4-, MT5- and MT6-MMP mRNA was only detected in half of the tissues analysed, 

thus due to low sample numbers in each group no further analysis by sex of the fetus was 

performed.  There was no difference in MT3-MMP expression levels between CS and SVD 

tissues (Figure 5.4).  MT4-MMP was detected in placenta from CS deliveries, but not in 

placenta from SVD pregnancies.  MT4-MMP expression was higher in SVD amnion 

compared to CS amnion, and showed a trend towards higher expression in CS choriodecidua 

compared to SVD choriodecidua (Figure 5.5).  MT5-MMP was significantly higher in CS 

amnion compared to SVD amnion.  No difference was observed in placenta or choriodecidua 

between tissues collected from CS deliveries or SVD (Figure 5.6).  MT6-MMP showed a 

trend toward higher expression in SVD amnion compared to CS amnion, and no difference 

was observed in either CS or SVD placenta or choriodecidua (Figure 5.7).    
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Figure 5.2: MT1-MMP mRNA expression in term placenta, amnion and 
choriodecidua 
Quantitative real-time PCR was used to detect MT1-MMP mRNA expression in 
placenta, amnion and choriodecidua collected prior to, or post labour and delivery.  
Expression of MT1-MMP was reduced in choriodecidua collected from spontaneous 
vaginal delivery (SVD, n = 13) compared to those collected from caesarean section 
deliveries (CS, n = 15; A).  Divergence of MT1-MMP expression due to fetal sex was 
assessed in CS tissues (male n = 6 and female n = 8; B) and SVD tissues (male n = 5 
and female n = 6; C).  Data are presented as relative MT1-MMP transcript normalised 
to RPLPO and RPL13a (mean ± SEM). *p<0.05.  
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Figure 5.3: MT2-MMP mRNA expression in term placenta, amnion and 
choriodecidua. 
Quantitative real-time PCR was used to detect MT2-MMP mRNA expression in 
gestational tissues collected prior to, or post labour and delivery.  No difference in 
MT2-MMP expression was observed between tissues collected from caesarean 
section deliveries (CS, n = 15) compared to those collected from spontaneous vaginal 
delivery (SVD, n = 13; A).  Divergence of MT2-MMP expression due to fetal sex 
was assessed in CS tissues (male n = 6 and female n = 8; B) and SVD tissues (male n 
= 5 and female n = 6; C).  Data are presented as relative MT2-MMP transcript 
normalised to RPLPO and RPL13a (mean ± SEM). *p<0.05  
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Figure 5.4: MT3-MMP mRNA expression in term placenta, amnion and 
choriodecidua.  
Quantitative real-time PCR was used to detect MT3-MMP mRNA expression in 
gestational tissues collected prior to, or post labour and delivery.  No difference in 
MT3-MMP expression was observed between tissues collected from caesarean 
section deliveries (CS, n = 15) compared to those collected from spontaneous vaginal 
delivery (SVD, n = 13).  Data are presented as relative MT3-MMP transcript 
normalised to RPLPO and RPL13a (mean ± SEM).  

 

 

 

Figure 5.5: MT4-MMP mRNA expression in term placenta, amnion and 
choriodecidua.  
Quantitative real-time PCR was used to detect MT4-MMP mRNA expression in 
gestational tissues collected prior to, or post labour and delivery.  Expression of MT4-
MMP was increased in amnion collected from spontaneous vaginal deliveries (SVD, 
n = 10) compared to those from elective caesarean section deliveries (CS, n = 14).  
MT4-MMP expression was negligible in SVD placenta.  Data are presented as 
relative MT4-MMP transcript normalised to RPLPO and RPL13a (mean ± SEM), 
*p<0.05.  
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Figure 5.6: MT5-MMP mRNA expression in term placenta, amnion and 
choriodecidua. 
Quantitative real-time PCR was used to detect MT5-MMP mRNA expression in 
gestational tissues collected prior to, or post labour and delivery.  Expression of MT5-
MMP was increased in amnion collected from spontaneous vaginal deliveries (SVD, 
n = 10) compared to those from elective caesarean section deliveries (CS, n = 14).  
Data are presented as relative MT5-MMP transcript normalised to RPLPO and 
RPL13a (mean ± SEM), *p<0.05.  

 

 

 

Figure 5.7: MT6-MMP mRNA expression in term placenta, amnion and 
choriodecidua  
Quantitative real-time PCR was used to detect MT6-MMP mRNA expression in 
gestational tissues collected prior to, or post labour and delivery.  Expression of MT6-
MMP showed a trend towards being increased in amnion collected from spontaneous 
vaginal deliveries (SVD, n = 10) compared to those from elective caesarean section 
deliveries (CS, n = 14).  Data are presented as relative MT6-MMP transcript 
normalised to RPLPO and RPL13a (mean ± SEM)  
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MT-MMP Protein Localisation in Term Placenta and Fetal Membranes 

MT1-MMP  

The staining intensity for MT1-MMP did not differ greatly between placenta from CS and 

SVD pregnancies and no differences between tissues from pregnancies with male or female 

fetuses were apparent (Figure 5.8).  MT1-MMP protein was localised to the 

syncytiotrophoblast and luminal epithelium of capillaries in placenta tissue (Figure 5.8A-D).  

Nuclear, cytoplasmic and membrane staining was observed in syncytiotrophoblast and 

cytotrophoblast cells, and membrane staining was also apparent in the capillary epithelium 

(Figure 5.9A).   

In amnion tissue, MT1-MMP was localised to the amniotic epithelium, with strong staining 

observed in both CS and SVD tissues (Figure 5.8E-H).  Weak staining of the spongy/reticular 

layer was observed.  At higher magnification moderate staining of the amniotic epithelium 

basement membrane was noted, as well as nuclear and cytoplasmic staining of the 

epithelium. Staining of fibroblasts in the spongy/reticular layer was also observed (Figure 

5.9B).   

MT1-MMP staining in trophoblasts and maternal decidua tended to be stronger in SVD 

choriodecidua compared to CS choriodecidua (Figure 5.8I-L).  However, weaker staining was 

noted in choriodecidua from pregnancies with male fetuses (Figure 5.8K).  Higher 

magnification revealed moderate membrane staining of trophoblast cells with some nuclear 

and cytoplasmic staining present (Figure 5.9C).  Strong membrane staining of decidual cells 

was observed, with moderate nuclear and cytoplasmic staining noted (Figure 5.9D). 

MT2-MMP 

MT2-MMP protein staining was stronger in the syncytiotrophoblast layer of placental tissues 

from CS deliveries compared to SVD pregnancies, with no differences between the sexes 

observed (Figure 5.10A-D).  Strong nuclear and cytoplasmic staining was observed in the 

syncytiotrophoblast layer and cytotrophoblast cells (Figure 5.11A).   

Moderate MT2-MMP staining was observed in the amniotic epithelium, with weak staining 

in the spongy/reticular layer.  No differences in staining intensity were observed between CS 

and SVD tissues (Figure 5.10E-H).  Basement membrane of amniotic epithelium and 
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fibroblasts in the spongy layer showed positive staining for MT2-MMP protein (Figure 

5.11B).   

Weak staining of MT2-MMP was observed in choriodecidua (Figure 5.10I-L), with slightly 

stronger staining of trophoblasts in SVD pregnancies with female fetuses (Figure 5.10L).  

Higher magnification revealed cytoplasmic and nuclear staining in the choriodecidua, with 

light staining of the trophoblast membranes (Figure 5.11C and D).   

MT3-MMP 

MT3-MMP localised to the syncytiotrophoblast of placenta tissue from both CS and SVD 

pregnancies, with slightly higher staining intensity observed in CS tissues. Moderate staining 

in capillary endothelium was also observed (Figure 5.12A-D).  Nuclear and cytoplasmic 

staining was observed in syncytiotrophoblast and epithelium at higher magnification (Figure 

5.13A).  

Amnion epithelium was strongly immunoreactive for MT3-MMP, with weak staining 

observed in the spongy/reticular (Figure 5.12E-H).  Amnion epithelium showed strong 

nuclear and cytoplasmic staining (Figure 5.13B).   

No staining of CS choriodecidua was observed.  In SVD choriodecidua, MT3-MMP localised 

to trophoblast and decidua (Figure 5.12I-L).  Higher magnification revealed membrane 

staining of both trophoblast and decidua cells, with weak cytoplasmic staining (Figure 5.13C 

and D).   

MT4-MMP 

MT4-MMP protein localised to the syncytiotrophoblast layer of placenta from CS and SVD 

tissues, with weaker staining observed in SVD placenta from pregnancies with male fetuses 

(Figure 5.14A-D).  Staining in the syncytiotrophoblast layer was predominantly nuclear 

(Figure 5.15A).   

Moderate staining for MT4-MMP was observed in amnion epithelium with weak staining of 

the spongy/reticular layer (Figure 5.14E-F).  MT4-MMP protein was localised to the apical 

side of the amniotic epithelium and the basement membrane.  Staining of fibroblasts in the 

spongy/reticular layer was also noted (Figure 5.15B).   
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MT4-MMP staining was observed in trophoblast and decidua of choriodecidua from both CS 

and SVD pregnancies, with higher staining observed in trophoblasts from CS pregnancies 

(Figure 5.14I-L).  Membrane staining was observed in trophoblast and decidua cells (Figure 

5.15C and D).   

MT5-MMP 

Very weak staining of MT5-MMP was observed in placental tissue and was localised to the 

syncytiotrophoblast layer (Figure 5.16A-D and Figure 5.17A).  Moderate MT5-MMP 

staining was observed in amnion epithelium and ECM, with stronger staining observed in 

SVD tissues (Figure 5.16E-H).  MT5-MMP localised to the apical side of the amniotic 

epithelium as well as the basement membrane.  Moderate staining of fibroblasts in the 

spongy/reticular layer was also observed (Figure 5.17B). 

Weak staining was observed in choriodecidua, with no difference in staining intensity 

observed between CS and SVD tissues (Figure 5.16I-L).  Membrane staining of trophoblast 

and decidua was observed at higher magnification (Figure 5.17C and D).   

MT6-MMP 

MT6-MMP also showed weak staining in placenta and was localised to the 

syncytiotrophoblast.  No differences were observed in staining intensity between CS or SVD 

tissues (Figure 5.18D and Figure 5.19A).   

Moderate staining of the amniotic epithelium was observed, with no differences between CS 

and SVD tissues (Figure 5.18E-H).  Staining of the apical and basement membrane of the 

amniotic epithelium was observed, with nuclear and cytoplasmic staining evident (Figure 

5.19B).   

Weak staining was observed in choriodecidua from both CS and SVD pregnancies, with no 

differences in staining intensity observed (Figure 5.18I-L).  Staining was localised to the 

membrane of trophoblasts, with nuclear and cytoplasmic staining evident in trophoblasts and 

decidua (Figure 5.19C and D). 
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Figure 5.8: MT1-MMP immunostaining in term placenta, amnion and choriodecidua. 
Representative photomicrographs showing MT1-MMP immunostaining in: placenta tissue from CS deliveries with male fetuses (A) or 
female fetuses (B) and from SVD pregnancies with male fetuses (C) or female fetuses (D); amnion from CS deliveries with male fetuses (E) 
or female fetuses (F) and from SVD pregnancies with male fetuses (G) and female fetuses (H); choriodecidua from CS deliveries with male 
fetuses (I) and female fetuses (J) and from SVD pregnancies with male fetuses (K) and female fetuses (L).  ST, syncytiotrophoblast, LE, 
luminal epithelium, S, stroma; AE, amniotic epithelium; SL, spongy/reticular layer; D, decidua; T, trophoblast; C, collagen fibres.  Tissue 
sections were counterstained with haematoxylin and are shown viewed at 40 x magnification. Scale bar in (L) represents 5 µm. 
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Figure 5.9: MT1-MMP immunostaining in term placenta, amnion and 
choriodecidua at higher magnification.  
Representative photomicrographs showing MT1-MMP immunostaining in placenta 
(A), amnion (B) and choriodecidua (C and D).  LE, luminal epithelium; ST, 
syncytiotrophoblast; S, stroma; CT, cytotrophoblast; SL, spongy/reticular layer; AE, 
amniotic epithelium; D, decidua; T, trophoblast, C; collagen fibres.  Tissue sections 
were counterstained with haematoxylin and are shown viewed at 100 x magnification. 
Scale bar in (D) represents 5 µm. 
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Figure 5.10: MT2-MMP immunostaining in term placenta, amnion and choriodecidua.   
Representative photomicrographs showing MT2-MMP immunostaining in: placenta tissue from CS deliveries with male fetuses (A) or 
female fetuses (B) and from SVD pregnancies with male fetuses (C) or female fetuses (D); amnion from CS deliveries with male fetuses (E) 
or female fetuses (F) and from SVD pregnancies with male fetuses (G) and female fetuses (H); choriodecidua from CS deliveries with male 
fetuses (I) and female fetuses (J) and from SVD pregnancies with male fetuses (K) and female fetuses (L).  ST, syncytiotrophoblast, LE, 
luminal epithelium, S, stroma; AE, amniotic epithelium; SL, spongy/reticular layer; D, decidua; T, trophoblast; C, collagen fibres.  Tissue 
sections were counterstained with haematoxylin and are shown viewed at 40 x magnification. Scale bar in (L) represents 5 µm. 
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Figure 5.11: MT2-MMP immunostaining in term placenta, amnion and 
choriodecidua at higher magnification. 
Representative photomicrographs showing MT2-MMP immunostaining in placenta 
(A), amnion (B) and choriodecidua (C and D).  LE, luminal epithelium; ST, 
syncytiotrophoblast; S, stroma; CT, cytotrophoblast; SL, spongy/reticular layer; AE, 
amniotic epithelium; D, decidua; T, trophoblast, C; collagen fibres.  Tissue sections 
were counterstained with haematoxylin and are shown viewed at 100 x magnification. 
Scale bar in (D) represents 5 µm. 
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Figure 5.12: MT3-MMP immunostaining in term placenta, amnion and choriodecidua. 
Representative photomicrographs showing MT3-MMP immunostaining in: placenta tissue from CS deliveries with male fetuses (A) or 
female fetuses (B) and from SVD pregnancies with male fetuses (C) or female fetuses (D); amnion from CS deliveries with male fetuses (E) 
or female fetuses (F) and from SVD pregnancies with male fetuses (G) and female fetuses (H); choriodecidua from CS deliveries with male 
fetuses (I) and female fetuses (J) and from SVD pregnancies with male fetuses (K) and female fetuses (L).  ST, syncytiotrophoblast, LE, 
luminal epithelium, S, stroma; AE, amniotic epithelium; SL, spongy/reticular layer; D, decidua; T, trophoblast; C, collagen fibres.  Tissue 
sections were counterstained with haematoxylin and are shown viewed at 40 x magnification. Scale bar in (L) represents 5 µm. 
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Figure 5.13: MT3-MMP immunostaining term placenta, amnion and 
choriodecidua at higher magnification.  
Representative photomicrographs showing MT3-MMP immunostaining in placenta 
(A), amnion (B) and choriodecidua (C and D).  LE, luminal epithelium; ST, 
syncytiotrophoblast; S, stroma; SL, spongy/reticular layer; AE, amniotic epithelium; 
D, decidua; T, trophoblast, C; collagen fibres.  Tissue sections were counterstained 
with haematoxylin and are shown viewed at 100 x magnification. Scale bar in (D) 
represents 5 µm. 
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Figure 5.14: MT4-MMP immunostaining in term placenta, amnion and choriodecidua 
Representative photomicrographs showing MT4-MMP immunostaining in: placenta tissue from CS deliveries with male fetuses (A) or 
female fetuses (B) and from SVD pregnancies with male fetuses (C) or female fetuses (D); amnion from CS deliveries with male fetuses (E) 
or female fetuses (F) and from SVD pregnancies with male fetuses (G) and female fetuses (H); choriodecidua from CS deliveries with male 
fetuses (I) and female fetuses (J) and from SVD pregnancies with male fetuses (K) and female fetuses (L).  ST, syncytiotrophoblast, LE, 
luminal epithelium, S, stroma; AE, amniotic epithelium; SL, spongy/reticular layer; D, decidua; T, trophoblast; C, collagen fibres.  Tissue 
sections were counterstained with haematoxylin and are shown viewed at 40 x magnification. Scale bar in (L) represents 5 µm. 
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Figure 5.15: MT4-MMP immunostaining in term placenta, amnion and 
choriodecidua at higher magnification. 
Representative photomicrographs showing MT4-MMP immunostaining in placenta 
(A), amnion (B) and choriodecidua (C and D).  LE, luminal epithelium; ST, 
syncytiotrophoblast; S, stroma; SL, spongy/reticular layer; AE, amniotic epithelium; 
D, decidua; T, trophoblast, C; collagen fibres.  Tissue sections were counterstained 
with haematoxylin and are shown viewed at 100 x magnification. Scale bar in (D) 
represents 5 µm. 
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Figure 5.16: MT5-MMP immunostaining in term placenta, amnion and choriodecidua. 
Representative photomicrographs showing MT5-MMP immunostaining in: placenta tissue from CS deliveries with male fetuses (A) or 
female fetuses (B) and from SVD pregnancies with male fetuses (C) or female fetuses (D); amnion from CS deliveries with male fetuses (E) 
or female fetuses (F) and from SVD pregnancies with male fetuses (G) and female fetuses (H); choriodecidua from CS deliveries with male 
fetuses (I) and female fetuses (J) and from SVD pregnancies with male fetuses (K) and female fetuses (L).  ST, syncytiotrophoblast, LE, 
luminal epithelium, S, stroma; AE, amniotic epithelium; SL, spongy/reticular layer; D, decidua; T, trophoblast; C, collagen fibres.  Tissue 
sections were counterstained with haematoxylin and are shown viewed at 40 x magnification. Scale bar in (L) represents 5 µm. 
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Figure 5.17: MT5-MMP immunostaining in term placenta, amnion and 
choriodecidua at higher magnification. 
Representative photomicrographs showing MT5-MMP immunostaining in placenta 
(A), amnion (B) and choriodecidua (C and D).  LE, luminal epithelium; ST, 
syncytiotrophoblast; S, stroma; CT, cytotrophoblast; SL, spongy/reticular layer; AE, 
amniotic epithelium; D, decidua; T, trophoblast, C; collagen fibres.  Tissue sections 
were counterstained with haematoxylin and are shown viewed at 40 x magnification. 
Scale bar in (D) represents 5 µm. 
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Figure 5.18: MT6-MMP immunostaining in term placenta, amnion and choriodecidua. 
Representative photomicrographs showing MT6-MMP immunostaining in: placenta tissue from CS deliveries with male fetuses (A) or 
female fetuses (B) and from SVD pregnancies with male fetuses (C) or female fetuses (D); amnion from CS deliveries with male fetuses (E) 
or female fetuses (F) and from SVD pregnancies with male fetuses (G) and female fetuses (H); choriodecidua from CS deliveries with male 
fetuses (I) and female fetuses (J) and from SVD pregnancies with male fetuses (K) and female fetuses (L).  ST, syncytiotrophoblast, LE, 
luminal epithelium, S, stroma; AE, amniotic epithelium; SL, spongy/reticular layer; D, decidua; T, trophoblast; C, collagen fibres.  Tissue 
sections were counterstained with haematoxylin and are shown viewed at 40 x magnification. Scale bar in (L) represents 5 µm. 
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Figure 5.19: MT6-MMP immunostaining in term placenta, amnion and 
choriodecidua at higher magnification. 
Representative photomicrographs showing MT6-MMP immunostaining in placenta 
(A), amnion (B) and choriodecidua (C and D).  LE, luminal epithelium; ST, 
syncytiotrophoblast; S, stroma; SL, spongy/reticular layer; AE, amniotic epithelium; 
D, decidua; T, trophoblast, C; collagen fibres.  Tissue sections were counterstained 
with haematoxylin and are shown viewed at 40 x magnification. Scale bar in (D) 
represents 5 µm. 
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5.4. Discussion 

The present study has documented the differential expression of MT-MMPs in term placenta, 

amnion and choriodecidua.  We report labour effects and sexual dimorphism in gene 

expression, and have documented the cellular localisation of all MT-MMP proteins in term 

gestational tissues prior to and post labour.  To our knowledge, this is the first description of 

MT-MMPs in human placental tissue at term gestation.  

 

MT1-MMP mRNA was significantly higher in choriodecidua from CS deliveries compared 

to SVD tissues.  Choriodecidua from SVD pregnancies with female tissues had higher MT1-

MMP mRNA levels and stronger staining intensity for MT1-MMP protein levels than 

choriodecidua from SVD pregnancies with male tissues.  A previous study reported no 

change in MT1-MMP mRNA or protein in joined fetal membranes in relation to delivery 

mode (Fortunato, et al., 1998a).  However, no information regarding sex of the fetus was 

provided.  The sexual-dimorphism in MT1-MMP mRNA expression observed in 

choriodecidua from SVD pregnancies with female fetuses may in part explain this 

discrepancy.  Furthermore, semi-quantitative RT-PCR was used to measure gene expression 

in both reports whereas in the present study quantitative real-time PCR was used which is a 

more sensitive technique to quantify mRNA.    

 

A further study by Fortunato et al. screened joined amnion and chorion from CS and SVD 

pregnancies for mRNA of all MT-MMPs excluding MT1-MMP.  The authors reported 

expression of MT2-MMP in the fetal membranes prior to, and post labour and delivery 

(Fortunato & Menon, 2002).  They also reported that MT3-MMP was not present in fetal 

membranes, MT4-MMP and MT5-MMP was only present in SVD membranes, and MT6-

MMP was only present in CS fetal membranes (Fortunato & Menon, 2002).  As with their 

previous study, no information regarding sex of the fetus was provided, and mRNA was 

measured using semi-quantitative RT-PCR.  Consequently the authors could only comment 

on the presence or absence of MT-MMP genes in the fetal membranes (Fortunato & Menon, 

2002).   

 

No differences in MT2- or MT3-MMP mRNA expression or protein between CS or SVD 

samples for any tissues were observed in the present study.  However, higher levels of MT2-

MMP mRNA were observed in SVD choriodecidua from pregnancies with female fetuses, 
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with a similar trend observed for MT1-MMP mRNA.  Sexually-dimorphic responses by the 

fetus to the maternal environment are thought to be mediated by placenta-specific functions; 

although it is male fetuses that are overrepresented in preterm birth statistics, and they are 

20% more likely to experience adverse outcomes in pregnancies complicated by 

preeclampsia, preterm delivery and IUGR (J. Challis, et al., 2013; Clifton, 2010; Vatten & 

Skjaerven, 2004).  Sexual-dimorphism of MT1-MMP has been reported in TIMP-2 knockout 

mice in a model of obesity.  The authors reported a sex-specific diet-induced insulin 

resistance with an associated increase of MT1-MMP mRNA in male mice, likely due to 

decreased TIMP-2 mRNA (Jaworski et al., 2011).  To the best of our knowledge, this is the 

first report of sexual-dimorphism for MT2-MMP mRNA and the basis for this sexual 

dimorphism is, at present, unknown.   

 

Differences in MT-MMP mRNA between CS and SVD tissues were not reflected 

histologically.  Despite immunohistochemistry (IHC) being a sensitive technique, it is not 

quantitative and therefore subtle yet potentially significant changes in MT-MMP proteins, 

related to the labour process and/or sex of the fetus, may not have been discernible.  The 

limitations of IHC will be discussed further in the final discussion chapter.   

 

Most MT-MMPs are capable of activating pro-MMP-2 at the cell surface, a process 

principally accomplished by MT1-MMP.  Significantly higher levels of MT1-MMP mRNA 

in choriodecidua prior to the onset of labour may therefore contribute to activation of pro-

MMP-2 in this tissue, thereby enhancing ECM degradation causing fetal membrane rupture 

(Yonemoto, et al., 2006). 

 

MT4-MMP mRNA was significantly higher in amnion tissues from SVD pregnancies and 

showed a trend towards higher expression in choriodecidua from CS deliveries.  No 

difference in MT4-MMP protein was observed in these tissues, but tended to be higher in 

placenta from CS deliveries.  MT4-MMP is unable to activate pro-MMP2, but instead has 

tumour necrosis factor-α converting enzyme (TACE) activity (English et al., 2000).  TACE is 

a member of the MMP family that cleaves the membrane-bound precursor of tumour necrosis 

factor- α  (TNF-α) to its active soluble form (Reddy et al., 2000).  TNF-α is an inflammatory 

cytokine mainly produced by activated macrophages and is associated with intra-amniotic 

infection and preterm birth (Fortunato, Menon, Swan, & Menon, 1996).  However, TNF-α 

also has physiological roles and is found to be expressed at the maternal interface whilst 
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biologically active TNF-α has been found in amniotic fluid (Hunt, Chen, & Miller, 1996; 

Laham, Brennecke, Bendtzen, & Rice, 1994).  Furthermore, and perhaps most importantly, 

TNF-α is considered to be involved in the onset of labour due to its ability to stimulate 

prostaglandin production by gestational tissues (R. Romero et al., 1992; Steinborn, Gunes, & 

Halberstadt, 1995; Steinborn, Kuhnert, & Halberstadt, 1996).  Therefore, increased MT4-

MMP in choriodecidua prior to the onset of labour could potentially enhance the activation of 

TNF-α, thus stimulating prostaglandin production leading to parturition.    

 

MT5-MMP mRNA was significantly higher in amnion from SVD pregnancies, however no 

differences in immunostaining between CS and SVD tissues were observed.  MT5-MMP is 

predominantly expressed in the brain, regulates axonal growth in differentiated neurons and 

is involved in neuro-immune interactions (Folgueras et al., 2009; Hayashita-Kinoh, et al., 

2001).  MT5-MMP degrades proteoglycans, small proteins which stabilise collagen fibres in 

the ECM (Meinert, et al., 2001; X. Wang, Yi, Lei, & Pei, 1999).  The amnion is rich in both 

collagens and decorin; collagens form the ‘backbone’ of the ECM, whilst decorin binds type 

II and III collagens, acting to stabilise the ECM and thereby enhancing tensile strength of the 

tissue (Meinert, et al., 2001).  Decorin is decreased in fetal membranes from SVD 

pregnancies, and this is coupled with increased biglycan and hyaluronan, which destabilise 

the decorin-collagen bond and lead to disrupted ECM organisation (Meinert, et al., 2007; 

Roughley & Lee, 1994).  The presence of MT5-MMP in these tissues may therefore enhance 

the degradation of decorin in the amnion, leading to further ECM disruption resulting in fetal 

membranes that are more vulnerable to rupture.   

 

MT6-MMP mRNA showed a trend towards higher expression in SVD amnion.  MT6-MMP 

is expressed by peripheral blood leucocyte (Pei, 1999).  The biochemical events in human 

parturition closely resemble an inflammatory response, with leucocyte infiltration in the 

myometrium, cervix and fetal membranes a well-documented phenomenon at labour 

(Halgunset et al., 1994; Osman et al., 2003; Thomson et al., 1999).  It is possible that the 

increase in MT6-MMP mRNA observed in amnion may have been the result of increased 

localisation of leucocyte within the tissues.   

 

Here, we report nuclear and cytoplasmic staining of MT1-MMP proteins which we surmise to 

be true staining due to the absence in negative controls.  Traditionally thought to be restricted 

to the extracellular space, recent works have identified MMPs as functioning both intra- and 
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extracellularly, and within the nucleus (Mannello & Medda, 2012).  Subcellular localisation 

of MT1-MMP has been reported in ischemic mouse cells, normal and cancerous human liver 

cells (Annabi et al., 2001; Ip, Cheung, & Fan, 2007) whilst MMP15 has been reported in 

nuclei and cytosol of human breast cancer cells (Kohrmann, Kammerer, Kapp, Dietl, & 

Anacker, 2009).  The mechanisms of nuclear translocation for different MMPs is not fully 

realised, however it has been suggested that various MMPs have different trafficking routes.  

MT1-MMP nuclear trafficking is thought to occur via an endocytosis mechanism through 

internalisation resulting from the co-localisation of caveolin-1 and MT1-MMP in peri-nuclear 

regions (Ip, et al., 2007).  MMP-3 is activated intracellularly due to the presence of the furin 

cleavage site (Pei & Weiss, 1995), which is also present in all of the MT-MMPs.  These 

observations suggest that MT-MMPs could be acting as regulatory enzymes beyond their 

currently known capacity.  It is therefore necessary to identify the potential down-stream 

targets of sub-cellular MT-MMPs as they have the potential to cleave intracellular peptides or 

to influence gene expression via alterations with matrix-related peptides within the nucleus 

(Cauwe & Opdenakker, 2010; Mannello & Medda, 2012).   

 

There is currently insufficient knowledge on the physiologic functions of MT-MMPs, not 

only in the placenta and fetal membranes but also in other human tissues, as much of the 

information to date has come from cancer research.  Due to their ability to activate soluble 

MMPs preliminary investigations proposed a role in fetal membrane rupture (Fortunato & 

Menon, 2002; Fortunato, et al., 1998a), however little work has been conducted since and 

further studies are needed to address their precise actions and mechanisms involved.  The 

present study has characterised membrane-type MMPs and localised their proteins in term 

placenta, amnion and choriodecidua prior to, and post labour and delivery.  We have detailed 

labour-specific effects on the expression of these enzymes, suggesting differential roles in the 

biochemical processes leading up to parturition including fetal membrane rupture.  

Furthermore, we have revealed sexual-dimorphism in the expression levels of MT2-MMP 

mRNA with a similar trend observed in MT1-MMP mRNA, although the biological 

significance of this, if any, remains to be determined.    
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Chapter 6. Regulation of the MT1-MMP/MMP-

2/TIMP-2 Axis by DNA Methylation in Human 

Term Placenta and Fetal Membranes  

 

6.1. Preface 

The previous chapter identified tissue-specific patterns of MT-MMPs in the placenta and fetal 

membranes in relation to the process of labour, suggesting a role for these enzymes in fetal 

membrane rupture.  In order to investigate the contribution of DNA methylation to the 

regulation of these genes, a tissue explant system was employed where placenta, amnion and 

choriodecidua explants were treated with 5-AZA-2’-deoxycytidine (AZA) to inhibit DNA 

methylation, and lipopolysaccharide (LPS) to induce an inflammatory response.  Although 

the gene expression of all MT-MMPs and TIMPs was measured in explant tissues using qRT-

PCR, out of the MT-MMPs, only MT1-MMP was significantly changed in response to 

treatments.  For this reason, the current chapter focuses on the expression and regulation of 

MT1-MMP, MMP-2 and TIMP-2 due to well-known physiological interactions.  Chapter 7 

reports the expression and regulation of TIMP-1 and MMP-9, the major downstream target of 

TIMP-1 inhibition.  Data for the remaining MT-MMPs and TIMPs can be found in Appendix 

III Additional Data; Tables III.1 to III.6.   

 

6.2. Introduction 

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases, which upon 

activation degrade a variety of extracellular matrix (ECM) and non-ECM components 

(Nagase & Woessner, 1999; Reich, et al., 1988).  Most MMPs are secreted into the 

intracellular space where they become activated by cleavage of the pro-peptide sequence.  

These secreted MMPs, particularly MMP-2 and MMP-9, are major modulators of normal 

development and cell turnover in the fetal membranes throughout gestation and are 

responsible for their rupture at the onset of labour (Weiss, et al., 2007).   
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A subset of MMPs remains closely associated to the cell membrane, anchored by a 

transmembrane domain or a glycosylphosphatidylinositol (GPI) anchor, and are thus named 

Membrane Type MMPs (MT-MMPs).  Membrane Type 1 MMP (MT1-MMP) is synthesised 

as an inactive 63 kDa latent enzyme which is cleaved into the active 57 kDa form.  In 

addition to degrading ECM components, MT1-MMP is a potent physiological activator of 

soluble MMPs, plays a role in angiogenesis and is capable of activating or inactivating 

various cytokines and chemokines (Hiden, et al.; Nagase & Woessner, 1999; Pepper, 2001).   

 

Specific endogenous tissue inhibitors of metalloproteinases (TIMPs) regulate MMP 

activation by binding in a 1:1 stoichiometry (Visse & Nagase, 2003).  Consequently, shifting 

the balance between TIMPs and active MMPs results in excessive proteolytic activity leading 

to ECM degradation (Nagase, et al., 2006).  TIMPs can inhibit cell invasion, tumourigenesis, 

metastasis and angiogenesis, promote cell proliferation and are both pro- and anti-apoptotic 

(Guedez, et al., 1998; Jourquin, et al., 2005; Rosenberg, 2002; Stetler-Stevenson, 2008; 

Verstappen & Von den Hoff, 2006).  TIMP-2 is a 21 kDa protein which as well as inhibiting 

a broad range of MMP activity is an essential mediator in the activation pathway of MMP-2 

(Visse & Nagase, 2003).   

 

Latent MMP-2 (pro-MMP-2) is not readily activated by general proteolytic cleavage; rather, 

its activation is mediated at the cell surface via a series of reactions involving MT1-MMP and 

TIMP-2 (Bernardo & Fridman, 2003). A Pro-MMP-2/TIMP-2 complex is formed via the C-

terminal of both proteins, leaving the inhibitory N-terminal of TIMP-2 free to bind MT1-

MMP at the cell surface.  Once at the cell surface, the pro-MMP-2 is activated by a second 

MT1-MMP which is free of TIMPs (Figure 6.1).  Alternatively, if TIMP-2 is already 

inhibiting MT1-MMP, this complex may act as receptor for pro-MMP-2 (Bernardo & 

Fridman, 2003; Nagase, et al., 2006; Nelson, et al., 2000; Visse & Nagase, 2003).  This so 

called MT1-MMP/MMP-2/TIMP-2 axis is a key regulator of the invasive behaviour of many 

cell types, particularly migratory cancer cells (Chernov, et al., 2009).  
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Figure 6.1: Mechanisms of activation of MMP-2 via interactions with MT1-
MMP and TIMP-2. 
MT1-MMP and TIMP-2 interact with pro-MMP-2 to activate MMP-2 at the cell 
surface.  Increased levels of active MMP-2 degrade extracellular matrix (ECM) and 
this process can be inhibited by unbound TIMPs. Adapted from (Bernardo & 
Fridman, 2003; Candelario-Jalil, et al., 2009). 

 
The fetal membranes are composed of the amnion and chorion and contain various cell types 

including epithelial cells, mesenchymal cells and trophoblast cells, all of which are embedded 

in a collagen-rich ECM (Menon & Fortunato, 2004; S. Parry & Strauss, 1998).  The synthesis 

of collagen sustains the increased pressure and volume exerted by the fetus and amniotic fluid 

as gestation progresses until term, at which time there is a cessation of collagen synthesis 

coupled with increased proteolytic activity of MMPs (Athayde, et al., 1999; Bryant-

Greenwood & Yamamoto, 1995; Goldman, et al., 2003; McLaren, et al., 2000; Tsatas, et al., 

1999; Vadillo-Ortega, et al., 1995; Weiss, et al., 2007; Yonemoto, et al., 2006).  The structure 

and integrity of the fetal membranes is largely dependent on the balance of ECM synthesis 

and degradation, which is mediated by MMPs and TIMPs (Aplin, et al., 1986). 

 

There is conflicting information about the role of MMP-2 in fetal membrane rupture.  It has 

previously been reported to be constitutively expressed in the fetal membranes throughout 

gestation and therefore not involved in the labour process (Fortunato, et al., 1999a; Xu, et al., 

2002).  However, a more recent study reported increased MMP-2 mRNA in the amnion with 

advancing gestational age and significantly higher expression levels during active labour 

(Yonemoto, et al., 2006).  MMP-2 has also been implicated in preterm rupture of the fetal 

membranes (PROM) (Ota, et al., 2006) and is increased in the presence of LPS (Fortunato, 

Menon, & Lombardi, 2000).  Conversely, TIMP-2 protein remains constant or is decreased at 
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term labour in fetal membranes and amniotic fluid, and is decreased in fetal membranes 

exposed to LPS (Fortunato, Menon, & Lombardi, 2000; Maymon, et al., 2001).  

 

MT1-MMP has previously been detected in fetal membranes collected at term gestation from 

non-labouring caesarean section (CS) deliveries, and from normal vaginal deliveries with the 

spontaneous onset of labour (SVD) (Fortunato, et al., 1998a).  The authors reported that 

MT1-MMP mRNA and protein was present in the fetal membranes; and no differences were 

detected following culture with LPS, however the measurements were not quantitative, 

consequently no definitive comment could be made on the role of MT1-MMP during labour 

(Fortunato, et al., 1998a).   

 

Epigenetic regulation refers to modifications to DNA and chromatin which result in heritable 

changes in gene expression independent of the genetic sequence and includes DNA 

methylation and histone modifications (Probst, et al., 2009).  DNA methylation refers to the 

addition of a methyl group to the cytosine ring in DNA in the context of a CpG dinucleotide 

to form methyl cytosine (5-mC).  High levels of DNA methylation in the promoter region of 

a gene are generally associated with transcriptional repression; conversely low levels of 

methylation are associated with transcriptional activation (Deaton & Bird, 2011).  Epigenetic 

marks, such as DNA methylation, can be modified by both environmental factors and 

pharmacologic agents, making them an attractive option for novel therapies. 

 

The placenta is hypomethylated compared to somatic cells but despite this, DNA methylation 

is a crucial requirement for the development and function of a normal placenta (Cotton, et al., 

2009; Santos, et al., 2002).  There is a growing body of evidence supporting the role of DNA 

methylation in the pathophysiology of adverse pregnancy outcomes.  MMP-9 and 

SERPINA3, a specific inhibitor of elastase which is essential for embryo implantation, are 

both hypomethylated in preeclampsia (Chelbi, et al., 2007).  Microarray analysis of pre-

eclamptic placentas has revealed promoter hypomethylation of a number of genes including 

TIMP-3, particularly in early-onset pre-eclampsia (Yuen, et al., 2010).   

 

Silencing of TIMP genes via promoter methylation is a hallmark of cancer development and 

the TIMP-2 promoter is aberrantly methylated in prostate, cervical and lymphoid 

malignancies (Galm, et al., 2005; Ivanova, et al., 2004; Pulukuri, et al., 2007).  MT1-MMP 

and MMP-2 promoter methylation inversely correlates with gene expression in human 
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malignancies (Chernov, et al., 2009; Shukeir, Pakneshan, Chen, Szyf, & Rabbani, 2006; 

Takeshima, Yamashita, Shimazu, Niwa, & Ushijima, 2009), and AZA treatment increases 

both MT1-MMP and MMP-2 levels in pancreatic cancer cells, with a corresponding increase 

in invasive potential (N. Sato, et al., 2003).  The MT1-MMP/MMP2/TIMP2 axis is regulated 

by a combination of DNA methylation and histone modifications in cancer cells (Chernov, et 

al., 2009).   

 

We hypothesise that MT1-MMP, MMP-2 and TIMP-2 are regulated by DNA methylation in 

the placenta and fetal membranes and that altering the levels of methylation in these tissues 

will alter the balance of MMP to TIMPs.  In the present study we investigated the influence 

of infection on MT1-MMP promoter methylation in placenta, amnion and choriodecidua 

using a tissue culture explant system.  Furthermore, we evaluated the effect of infection and 

inhibition of DNA methylation on MMP-2 and TIMP-2 in cultured gestational tissues.  Our 

observations suggest that DNA methylation alone is not regulating MT1-MMP, MMP-2 or 

TIMP-2 in the placenta and fetal membranes.  However, synergistic interactions of AZA and 

LPS treatments on MT1-MMP support a role for epigenetic regulation of this gene in an 

inflammatory setting.    

 

6.3. Methods 

6.3.1. Tissue Collection and Explant System 

Gestational tissues were collected as part of the PEARL study (outlined in Chapter 2.2) from 

women at term with uncomplicated, singleton pregnancies (38-40 weeks gestation) following 

elective caesarean section prior to the onset of labour (CS, Mean maternal age 35 years and 

mean gestational age 38 weeks) or after vaginal delivery with the spontaneous onset of labour 

(SVD, mean maternal age 31 years and mean gestational age 39 weeks).  Ethical approval for 

the study was obtained from NorthernX Regional Ethics Committee (NTX/10/07/062) and 

tissues were collected following written informed consent.  The fetal membranes were 

separated into amnion and chorion (with the immediately adjacent decidua attached, herein 

referred to as choriodecidua), and all tissues were rinsed in PBS to remove maternal blood.  

Tissues from were snap frozen and stored at -80 °C until further analysis.   
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Tissues from CS deliveries were cultured using a previously published in vitro tissue explant 

system (M. D. Mitchell, 2006; T. A. Sato & Mitchell, 2006; Simpson, et al., 1998) with 

modifications detailed in Chapter 2.3.  Briefly, explants were sampled randomly across the 

placenta, amnion and choriodecidua and cultured in a humidified atmosphere of 5% CO2 and 

8% O2 with or without 5µM 5-aza-2'-deoxycytidine (AZA, Sigma-Aldrich) or DMSO 

(Sigma-Aldrich) for 48 h.  Tissues were washed extensively and cultured for a further 24 or 

48 h in the presence or absence of 5 µg/ml lipopolysaccharide (LPS E.coli, Sigma-Aldrich).  

At the end of the culture period tissues were snap frozen and conditioned media reserved.  

Tissues and media samples were stored at - and - respectively until further analysis. 

6.3.2. RNA Extraction and Quantitative Real-Time PCR  

Total RNA was isolated from tissues using Trizol® (Life Technologies) according to 

manufacturer’s instructions.  RNA concentrations were quantified using a NanoDrop ND-

1000 spectrophotometer (Biosciences) (details in Chapter 2.4.1).  Following DNAse 

treatment (Life Technologies), reverse transcription and cDNA synthesis was performed 

using Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Sciences) according to 

manufacturer’s instructions using 1 µg of total RNA for each preparation (outlined in Chapter 

2.4.2). The resulting cDNA was stored at -20 °C until required quantitative real-time PCR 

(qRT-PCR). 

 

MT1-MMP, MMP-2 and TIMP-2 mRNA expression was analysed by qRT-PCR using the 

LightCycler 480 and LightCycler 480 SR Green Master Mix (Roche Applied Sciences).  

Gene specific primers used for qRT-PCR are listed in Table 6.1.  The relative standard curve 

method was used to calculate the amount of mRNA in samples and two housekeeping genes 

(RPLPO and RPL13a) were used as endogenous controls to normalise gene expression.  The 

average transcript quantity in in treated tissue explants was calculated using the Delta-delta 

Ct method (see Chapter 2.4.3 for detailed information). 
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Gene	   Primer	  Sequence	   Amplicon	  Size	  (bp)	  

MT1-‐MMP	  
Sense	  
Antisense	  

5’-‐	  ATC	  ATG	  GCA	  CCC	  TTT	  TAC	  CA-‐3’	  
5’-‐AGC	  GCT	  CCT	  TGA	  AGA	  CAA	  AC-‐3’	  

253	  

MMP-‐2	  
Sense	  
Antisense	  

5’-‐ACA	  GTG	  CAT	  CTC	  AGC	  CCA	  CAT	  AGT-‐3’	  
5’-‐AAG	  CTC	  TGA	  CCT	  TTC	  CAG	  CAG	  ACA-‐3’	  

323	  

TIMP-‐2	  
Sense	  
Antisense	  

5’-‐CCC	  TCC	  TCG	  GCA	  GTG	  TGT-‐3’	  
5’-‐GGC	  TCT	  TCT	  TCT	  GGG	  TGG	  TG-‐3’	  

154	  

RPLPO	  
Sense	  
Antisense	  

5’-‐AGA	  AAC	  TGC	  TGC	  CTC	  ATA	  TCC	  G-‐3’	  
5’-‐CCC	  CTG	  GAG	  ATT	  TTA	  GTG	  GTG	  A-‐3’	  

223	  

RPL13a	  
Sense	  
Antisense	  

5’-‐GCC	  CTA	  CGA	  CAA	  GAA	  AAA	  GCG-‐3’	  
5’-‐TAC	  TTC	  CAG	  CCA	  ACC	  TCG	  TGA-‐3’	  

117	  

Table 6.1: Sequences of primers used for quantitative real-time PCR. 
 

6.3.3. Western Blotting 

Protein was extracted and quantified as outlined in Chapter 2.5.1 and 2.5.2.  Western blotting 

for MT1-MMP was performed on whole cell lysates using rabbit monoclonal anti-MT1-

MMP antibody (1:1000, ab51074, Abcam), detailed in Chapter 2.5.3.  Briefly, proteins were 

separated by weight by SDS-PAGE using 4-12% BisTris gels (Life Technologies), and 

transferred onto PVDF membrane.  Following pre-incubation with a blocking solution, 

membranes were incubated in primary antibody overnight.  The membranes were then 

extensively washed, incubated in HRP-conjugated secondary antibody (A5045, Sigma 

Aldrich) and were visualised using Pierce SuperSignal West Dura Extended Duration 

Substrate (Thermofisher Scientific).  Relative protein levels were obtained using 

densitometric quantification (Quantity One software; Bio-Rad Laboratories) and were 

normalised to β-Actin.  

6.3.4. Gelatin Zymography 

MMP-2 activity was measured in conditioned media from placental explant cultures using 

gelatin zymography, as outlined in Chapter 2.5.4.  Samples were separated by electrophoresis 

(125 V for 90 minutes) on Novex® 10% gelatin zymogram gels (Life Technologies).  Gels 

were washed in 2.7% Triton X-100 for 30 minutes at room temperature to remove SDS and 

re-nature the gelatinases.  Gelatinases were activated by incubating the gel zymogram 

developing buffer (Life Technologies) for 30 minutes at room temperature followed by 18 

hours incubation at 37 °C with gentle shaking.  Gels were fixed in fixing/destaining (FD) 
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solution for 15 minutes, incubated in staining solution for 20 minutes and then destained in 

FD solution for 20 minutes.  Proteolytic activity of latent and active gelatinases was detected 

by densitometric quantitation around clear bands at 72 and 67 (MMP-2) and 92 and 84 

(MMP-9) kDa, respectively.  Gels were scanned with a GS-800 Calibrated Densitometer 

(Bio-Rad Laboratories) and analysed using Quantity One software (Bio-Rad Laboratories).   

6.3.5. Enzyme Linked Immunosorbent Assay 

Total TIMP-2 protein in conditioned media from tissue explant experiments was measured 

using Human TIMP-2 DuoSet Elisa Kit (R&D Systems) following manufacturer’s 

instructions detailed in Chapter 2.5.5.  Optical density was read at 450 nm and corrected 

against 540 nm on a Synergy 2 multi-mode plate reader (BioTek).  Levels of secreted TIMP-

2 were normalised with respect to the total protein content in the media as measured by BCA 

assay (detailed in Chapter 2.5.2) and expressed as a percentage of time matched controls   

 

6.3.6. DNA Extraction and Methylation Analysis 

Genomic DNA was extracted from tissues using QiaAMP DNA extraction kit (Qiagen) as per 

manufacturers’ instructions.  DNA concentrations were quantified using a NanoDrop ND-

1000 spectrophotometer, as outlined in Chapter 2.4.4.    

  

Global methylation in explant treated tissues was measured using a DNA Methylation EIA 

Kit (589324, Cayman) following manufacturer’s instructions (detailed in Chapter 2.4.5).  

Briefly, samples and standards were assayed on a supplied 96 well Goat Anti-Mouse IgG 

coated plate and incubated with 5-Methyl-2’-deoxycytidine AChE Tracer and 5-Methyl-2’-

deoxycytidine EIA monoclonal antibody for 18 h at 4 °C.  Plates were washed 5 times with 

wash buffer and then incubated with Ellman’s Reagent (5,5'-dithiobis-(2-nitrobenzoic acid)) 

for 90 minutes at room temperature with gentle agitation.  Optical densities were read at 405 

nm on a Synergy 2 multi-mode plate reader (BioTek).   

 

Methylation analysis of the MT1-MMP promoter using the Sequenom™ EpiTyper® 

MassARRAY platform was undertaken by the Australian Genome Research Facility (AGRF; 

www.agrf.org.au).  The EpiTyper® MassARRAY workflow is outlined in Chapter 2.4.7.  

Two primer sets were designed in-house by AGRF to cover the major CpG island in the 
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MT1-MMP promoter (Table 6.2).  Methylation analysis was carried out on bisulphite 

converted DNA, using 200 ng for each preparation.  Methylation levels for each CpG unit are 

expressed as a percentages calculated from the ratio of mass signals between methylated and 

non-methylated DNA in each sample. 

 

	   	   Primer	   Start	   Size	   GC%	   Sequence	  

MT1-‐MMP	  

Region	  A	  
Left	  
Right	  

71	  
450	  

30	  
27	  

46.67	  
59.26	  

GGAAAAGAGGAGAAGAGTAAATAGGTATTT	  
AATAAAAACTATCCCCTAAAAAACCCC	  

Product	  size:	  380,	  Tm:	  72.0,	  CpGs	  in	  product:	  30	  

Region	  B	  
Left	  
Right	  

377	  
1036	  

25	  
25	  

62.50	  
50.00	  

GGGTTTTGTTTTTAGTTTTGGAAT	  	  
ACTCACAAAAAAAACTTTATATATAC	  

Product	  size:	  360,	  Tm:	  72.1,	  CpGs	  in	  Product:	  38	  

Table 6.2: Sequences of primers used for the analysis of the MT1-MMP 
promoter. 

 

6.3.7. Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version 6.0 for Windows 

(GraphPad Software, La Jolla California USA, www.graphpad.com).  Comparisons between 

tissues collected from CS and SVD pregnancies were carried out using the non-parametric 

Mann-Whitney U test.  One-way analysis of variance was used for explant experiments and if 

significantly different (p ≤ 0.05), post-hoc multiple comparisons using Dunn’s test was 

performed for comparison to time matched controls. Values are presented as mean ± SEM. 

 

6.4. Results 

Effect of AZA and LPS Treatments on MT1-MMP Transcription and Translation 

MT1-MMP mRNA expression was significantly increased in placenta, amnion explants pre-

treated with AZA and subsequently treated with LPS for 24 h or 48 h compared to controls 

(Figure 6.2A and B), while the increase was only significant after 24 h in choriodecidua 

explants (Figure 6.2C).  LPS stimulation alone significantly increased MT1-MMP 

transcription in placental explants after 48 h of treatment (Figure 6.2A).   
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MT1-MMP protein was significantly increased in placental explants pre-treated with AZA 

and then cultured with LPS for 24 h and 48 h and treated with LPS alone for 24 h (Figure 

6.3A).  MT1-MMP protein levels in amnion and choriodecidua did not change with culture 

treatments (Figure 6.3B and C).   

Effect of AZA and LPS Treatments on MMP-2 Transcription and Secretion 

MMP-2 mRNA expression was not significantly altered by AZA or LPS treatment alone or in 

combination in any tissue (Figure 6.4).  MMP-2 activity however, was significantly increased 

in the culture media from placental explants pre-treated with AZA and subsequently cultured 

with LPS for 48 h (Figure 6.5A). No significant changes were observed in MMP-2 activity in 

amnion and choriodecidua explants in response to treatments at either time points (Figure 

6.5).  

Effect of AZA and LPS Treatments on TIMP-2 Transcription and Secretion 

There were no significant differences in TIMP-2 mRNA expression in relation to any 

treatment in any tissue (Figure 6.6).  TIMP-2 protein production was significantly decreased 

in the culture media from placental explants pre-treated with AZA and subsequently cultured 

with LPS for 48 h (Figure 6.7A).  No differences in TIMP-2 protein production were 

observed in culture media from amnion or choriodecidua explants (Figure 6.7B and C).   

Methylation Analysis: Global methylation and MT1-MMP Promoter Methylation  

Global methylation levels in the treated tissue explants did not change in response to 

treatments (Figure 6.8).  Interrogation of the MT1-MMP promoter revealed hypomethylation 

in the placenta and fetal membranes in both regions analysed (on average 5-6% methylated; 

Figure 6.9).  No differences in methylation were observed in any tissue collected prior to the 

onset of labour to tissues collected post labour and delivery (Figure 6.9A).  Choriodecidua 

collected from CS deliveries with female fetuses had significantly higher methylation 

compared to choriodecidua collected from CS deliveries with male fetuses (on average 10.3% 

and 3.8% 5-mC, respectively; Figure 6.9B).  Conversely, choriodecidua from SVD with male 

fetuses showed a trend towards higher methylation than choriodecidua collected from SVD 

with female fetuses (on average 9.5% and 4.4% 5-mC respectively; Figure 6.9C).  No 

changes in methylation were observed in cultured tissue explants in response to any treatment 
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(Figure 6.10).  Levels of MT1-MMP promoter methylation did not correlate with gene 

expression in SVD or CS tissues (Figure 5.2) or in tissue explants (Figure 6.2).     
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Figure 6.2: MT1-MMP mRNA expression in gestational tissue explants.   
Quantitative real-time PCR was used to detect TIMP-1 mRNA expression in tissues 
treated with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  Combined 
AZA+LPS treatment increased MT1-MMP transcription at 24 h and 48 h in placenta 
(A) and amnion (B) and at 24 h in choriodecidua (C).  LPS treatment at 48 h 
increased MT1-MMP in the placenta (A).  Data are presented as mean fold change in 
MT1-MMP transcript normalised to RPLPO and RPL13a (± SEM) compared to time 
matched controls (n = 8), *p<0.05, **p<0.01, ***p<0.001. 
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Figure 6.3: MT1-MMP protein in gestational tissue explants.  
Western blotting was used to detect MT1-MMP protein in tissues treated 
with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  Combined 
AZA+LPS treatment at 24 h and 48 h as well as LPS treatment at 24 h increased 
MT1-MMP protein in placenta (A).  No differences were observed in amnion (B) or 
choriodecidua (C).  Data are presented as mean fold change in MT1-MMP protein 
normalised to β-Actin optical density (± SEM) compared to time matched controls (n 
= 8), *p<0.05.  
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Figure 6.4: MMP-2 mRNA expression in gestational tissue explants.  
Quantitative real-time PCR was used to detect TIMP-1 mRNA expression in tissues 
treated with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  No 
differences were observed in placenta (A), amnion (B) or choriodecidua (C).  Data 
are presented as mean fold change in MMP-2 transcript normalised to RPLPO and 
RPL13a (± SEM) compared to time matched controls (n = 8).  
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Figure 6.5: Secreted MMP-2 activity from gestational tissue explants.  
Gelatin zymography was used to assess MMP-2 activity in conditioned media from 
tissue explants treated with/without 5µg/ml LPS with/without prior 5µM AZA 
treatment.  Active MMP-2 was increased at 48 h in placenta treated with combined 
AZA+LPS (A).  No change was observed in amnion (B) or choriodecidua (C).  Pro-
MMP-2 activity is shown by pale yellow bars; activated MMP-2 activity is shown by 
dark yellow bars.  Levels of the secreted MMPs were normalised with respect to the 
total protein content and expressed as a percentage of time matched controls (mean ± 
SEM; n = 8), *p<0.05.  
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Figure 6.6: TIMP-2 mRNA expression in gestational tissue explants 
Quantitative real-time PCR was used to detect TIMP-2 mRNA expression in tissues 
treated with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  No change 
was observed in placenta (A), amnion (B) and choriodecidua (C).  Data are presented 
as mean fold change in TIMP-2 transcript normalised to RPLPO and RPL13a (± 
SEM) compared to time matched controls (n = 8).  
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Figure 6.7: Secreted TIMP-2 protein from gestational tissue explants.    
ELISA was used to assess TIMP-2 protein in conditioned media from tissue explants 
treated with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  TIMP-2 
protein was decreased at 48 h in placenta treated with combined AZA+LPS (A).  No 
change was observed in amnion (B) or choriodecidua (C).  Levels of secreted TIMP-2 
were normalised with respect to the total protein content and expressed as a 
percentage of time matched controls (mean ± SEM; n = 8), *p<0.05.  
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Figure 6.8: Global methylation in gestational tissue explants. 
EIA was used to measure global methylation (5-mC) levels in tissues treated 
with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  No changes were 
observed in placenta (A), amnion (B) or choriodecidua.  Data are presented as mean 
amount of 5-mC (ng/ml of total DNA) ± SEM, (n = 8).  
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Figure 6.9: MT1-MMP promoter methylation in term placenta, amnion and 
choriodecidua.   
Sequenom™ EpiTyper® MassARRAY was used to measure methylated cytosine 
residues (5-mC) within the MT1-MMP promoter in placenta collected prior to, or 
post labour and delivery.  No differences in MT1-MMP promoter methylation were 
observed between tissues collected from elective caesarean section deliveries (CS, n 
= 14) and those from spontaneous vaginal deliveries (SVD, n = 10; A).  Analysis 
based on sex of the fetus in revealed sexual dimorphism in % 5-mC in CS 
choriodecidua (male n = 8 and female n = 6; B) with a similar trend observed in SVD 
choriodecidua (male n = 5 and female n = 5; C).  % 5-mC is calculated from the ratio 
of mass signals between methylated and non-methylated DNA in each sample.  Data 
are presented as mean % 5-mC across all CpGs ± SEM, ***p<0.001.  
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Figure 6.10: MT1-MMP promoter methylation in gestational tissue explants.  
Sequenom™ EpiTyper® MassARRAY was used to measure methylated cytosine 
residues (5-mC) within the MT1-MMP promoter in in tissues treated with 5µg/ml 
LPS with/without prior 5µM AZA treatment.  No differences were observed between 
treatments or due to sex of the fetus in placenta (A) amnion (B) or choriodecidua (C).  
% 5-mC is calculated from the ratio of mass signals between methylated and non-
methylated DNA in each sample.  Data are presented as mean % 5-mC across all 
CpGs in Region A and B ± SEM (male n = 5 and female n = 3).  
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6.5. Discussion 

The present study investigated the response of MT1-MMP, MMP-2 and TIMP-2 to 

methylation inhibition and infection treatments in term human gestational tissue explants.  In 

addition we examined promoter-specific methylation of the MT1-MMP gene in treated tissue 

explants.  As MMP-2 and TIMP-2 transcription did not change with culture treatments, it is 

unlikely their methylation status was affected; hence promoter-specific methylation of these 

genes was not carried out. 

 

A previous study reported that MT1-MMP mRNA is not increased by LPS treatment in 

amnion-chorion fetal membrane samples, leading the authors to suggest that MT1-MMP is 

not inducible and therefore constitutively expressed by the fetal membranes (Fortunato, 

Menon, & Lombardi, 1998b).  Although we did not observe induced MT1-MMP 

transcription in amnion and choriodecidua with LPS treatment alone, we report enhanced 

transcription in all tissues treated with both AZA and LPS, suggesting that these treatments 

are acting synergistically to increase MT1-MMP transcription.  In addition, our data showed 

a LPS-induced increase in MT1-MMP transcription and translation in placental explants. 

 

It was interesting to note that AZA only affected MT1-MMP expression and production 

concurrently with LPS treatment, and had no effect basally.  AZA is a methylation inhibiting 

agent that is incorporated into the DNA as a cytidine analogue and prevents methylation by 

irreversibly binding DNMT1, leading to passive hypomethylation over successive rounds of 

cell division (Egger, et al., 2004).  As tissue explants were utilised in this study rather than 

actively dividing cell lines, it is possible that AZA may have not fully incorporated into the 

DNA, resulting in reduced action and less pronounced hypomethylation (T. Qin, Jelinek, Si, 

Shu, & Issa, 2009).  Although we did not measure proliferation in the tissue explants, tissues 

remained viable throughout the entire culture period and this was confirmed by glucose 

uptake and lactate production in culture media (Appendix III; Table III.9 and Table III.10).  

Interrogation of the MT1-MMP promoter revealed hypomethylation in all tissues, and no 

change in either MT1-MMP promoter-specific or global methylation was observed in treated 

explant tissues.  While sex-specific differential promoter methylation was noted in 

choriodecidua from CS and SVD pregnancies, as the tissues were generally hypomethylated 

it is unlikely these differences in methylation are functionally relevant.   
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It is becoming increasingly apparent that AZA has further reaching effects than 

hypomethylation alone; evidence suggests that AZA is capable of reorganising chromatin 

structure (Nguyen et al., 2002; Terry & Vallis, 2012).  In this way, AZA may be enhancing 

the availability of transcriptional regulatory elements in the MT1-MMP promoter or directly 

interacting with the transcription factors themselves (Nguyen, et al., 2002; Terry & Vallis, 

2012).  Co-treatment of human colorectal cancer cell lines with combined AZA and pro-

inflammatory cytokines IL-1, IL-6 or TNF-α induces MMP-2 and MMP-9 mRNA to a 

greater extent than cytokine treatment alone.  This cooperative regulation was due to 

functional interactions between AZA and transcription factors c-Jun and C/EBP (Couillard, et 

al., 2011).  MT1-MMP contains a number of regulatory binding sites in its promoter 

including several for C/EBP, thus the direct interaction between AZA and transcription 

factors is a potential mechanism of MT1-MMP in the placenta and fetal membranes in the 

presence of inflammation (Hernandez-Barrantes, et al., 2002).  Although we did not observe 

increased MMP-2 mRNA with combined AZA and LPS treatments, MT1-MMP induction 

resulted in significant increase in MMP-2 activity in placenta explants after 48 h.   

 

AZA could also be increasing the expression of Toll-Like receptors (TLRs) in these tissues 

leading to enhanced LPS stimulation.  TLRs are innate immune receptors which are the 

principal sensors of bacterial pathogens, and are highly expressed by gestational tissues 

(Adams, et al., 2007).  TLR4 mediates LPS induced immune responses, and is methylated in 

human intestinal epithelial cell lines and mice embryonic stem cells (Takahashi, Sugi, 

Hosono, & Kaminogawa, 2009; Zampetaki, Xiao, Zeng, Hu, & Xu, 2006).  Treatment of 

AZA restores TLR4 expression in these cells, thereby enhancing LPS responsiveness.  TLR4 

re-activation was augmented by combined AZA and TSA treatments, suggesting co-operative 

control of TLR4 by DNA methylation and histone modifications.  Therefore, DNA 

methylation may, in part, provide a mechanism for supressed TLR4 gene repression leading 

to the reduced response to LPS observed here.   

 

Preterm rupture of the fetal membranes (PROM) is associated with increased MMP-2 and 

MT1-MMP concentrations, and decreased TIMP-2 protein in fetal membranes and amniotic 

fluid (Fortunato, et al., 1999a; Maymon, et al., 2001; Ota, et al., 2006).  We report 

significantly increased MT1-MMP mRNA and protein and MMP-2 activity with an 

associated decrease in TIMP-2 protein in placental explants treated with combined 

AZA+LPS treatments.  MT1-MMP and TIMP-2 are major mediators of MMP-2 activity, and 
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while high concentrations of MT1-MMP facilitate the activation of MMP-2, low TIMP-2 

concentration would result in less inhibition of the activated enzymes (Bernardo & Fridman, 

2003).  MT1-MMP was also increased in amnion and choriodecidua explants pre-treated with 

AZA and cultured with LPS, whilst TIMP-2 levels remained constant.  Increased MMP levels 

in the presence of unchanged or decreased TIMP-2 would shift the balance in favour of 

gelatinase activity, resulting in ECM degradation. 

 

The placenta itself is inherently variable, and significant intra-placental variation has been 

observed due to the vast range of cell types as well as normal variation in size, shape and 

weight (Avila, et al., 2010).  There can also be considerable epigenetic variation within a 

placenta, so in addition to the effect of cell heterogeneity, there could also be random and 

localised effects of the uterine environment on the placental epigenome (Avila, et al., 2010).  

In light of this, every effort was taken to sample tissue widely across the placenta and fetal 

membranes. 

 

Our results imply that promoter methylation is not directly involved in the regulation of 

MT1-MMP in human placenta and fetal membranes.  Rather, alterations in chromatin 

structure instigated by pharmacologic agents such as AZA could expose regulatory regions in 

the MT1-MMP promoter, allowing for the binding of transcription factors.  Furthermore, 

recent evidence demonstrates the direct interaction between AZA and transcription factors in 

the presence of inflammatory mediators to increase MMP transcription.  Together, this 

supports a mechanistic link between epigenetic modifications and inflammation in the control 

of MMP expression.  Enhanced MT1-MMP in gestational tissues alongside an associated 

increase in activation of MMP-2 would alter the balance of MMPs and TIMPs, favouring a 

proteolytic state thus making the fetal membranes vulnerable to ECM degradation and 

subsequent membrane rupture.    
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Chapter 7. Epigenetic Regulation of TIMP-1 in the 

Placenta and Fetal Membranes: Contribution of 

DNA Methylation 

 

7.1. Introduction 

The end of human gestation is signified by the physiological hallmarks of uterine 

contractions and rupture of the fetal membranes (amnion and chorion) (R. Romero, J. 

Espinoza, J. P. Kusanovic, et al., 2006).  These two processes are essential for the 

advancement of labour.  Inappropriate timing of these processes may lead to premature or 

post-term birth, both of which have adverse consequences for the neonate (Hilder, Costeloe, 

& Thilaganathan, 1998; R. Romero, J. Espinoza, J. P. Kusanovic, et al., 2006).  

 

Specific endogenous tissue inhibitors of metalloproteinases (TIMPs) function as critical 

modulators of both normal and pathological tissue remodelling.  MMP mediated extra 

cellular matrix (ECM) degradation plays a key role in normal growth and remodelling of fetal 

membranes throughout gestation and at term, and are critically involved in the weakening and 

subsequent rupture of the fetal membranes at the time of labour (Weiss, et al., 2007).  MMP-9 

(Gelatinase B) activity is significantly increased in the fetal membrane and amniotic fluid at 

the onset of labour and is primarily responsible for the gelatinolytic activity in the fetal 

membranes which lead to membrane rupture (Athayde, et al., 1999; Bryant-Greenwood & 

Yamamoto, 1995; Goldman, et al., 2003; McLaren, et al., 2000; Tsatas, et al., 1999; Vadillo-

Ortega, et al., 1995; Weiss, et al., 2007).  MMP-9 activity is also increased in labouring 

placenta, which may facilitate placental separation from the uterus following delivery 

(Tsatas, et al., 1999; Xu, et al., 2002). 

TIMP-1 preferentially binds MMP-9, which degrades type IV collagen, a major component 

of the fetal membranes.  TIMP-1 levels decrease in the amniotic fluid with advancing 

gestation, concomitant with a marked increase in MMP-9 prior to the onset of labour 

(Athayde, et al., 1999; Fortunato, et al., 1997, 1999a; Riley, et al., 1999; Vadillo-Ortega, et 
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al., 1996).  Since TIMPs bind to MMPs in a 1:1 stoichiometric fashion, the resulting 

imbalance in the MMP:TIMP ratio favours a gelatinolytic state leading to excessive MMP 

activity and subsequent tissue degradation.  Indeed, increased MMPs, particularly MMP-9, in 

both preterm and term labour fetal membrane rupture is well documented (Fortunato, et al., 

1999a; Locksmith, et al., 2001; McLaren, et al., 2000; R. Romero et al., 2002; Vadillo-

Ortega, et al., 1995; Vadillo-Ortega, et al., 1996; Xu, et al., 2002) and the MMP-9:TIMP-1 

ratio in fetal membranes at term gestation correlates with their tensile strength (Uchide et al., 

2000). Furthermore, this altered MMP9:TIMP-1 ratio is exacerbated in the presence of 

infection (Athayde, et al., 1998; Fortunato, Menon, & Lombardi, 2000; Garcia-Lopez et al., 

2007; Maymon, Romero, Pacora, Gervasi, Gomez, et al., 2000; Vadillo-Ortega, et al., 1996; 

Zaga-Clavellina, Garcia-Lopez, Flores-Pliego, Merchant-Larios, & Vadillo-Ortega, 2011).   

 

Abnormal rupture of the fetal membranes during pregnancy before the onset of labour, 

known as PROM, occurs in as many as 15% of all pregnancies and is associated with 25-50% 

of preterm births (Asrat, 2001; S. Parry & Strauss, 1998).  The etiology of preterm labour is 

complex and multifactorial, however intrauterine infection caused by bacteria is the leading 

identifiable cause (R. Romero, J. Espinoza, L. F. Goncalves, et al., 2006; R. Romero, J. 

Espinoza, J. P. Kusanovic, et al., 2006).  Lipopolysaccharide (LPS) is an endotoxin on the 

outer surface of gram-negative bacteria, and has been implicated in the mechanism 

responsible for PROM and preterm delivery (Gomez, Romero, Edwin, & David, 1997; R. 

Romero et al., 1988).   	   

 

Epigenetic regulation through the reversible modification of chromatin has emerged as a 

fundamental mechanism for the control of gene expression in a range of biological systems.  

DNA methylation is the most widely studied epigenetic modification, and is the covalent 

modification of post-replicative DNA by the addition of a methyl group to the cytosine ring 

to form methyl cytosine, usually in the context of CpG dinucleotides.  Generally, the extent 

of methylation in promoter regions is inversely correlated with gene activity (A. P. Bird, 

1986; Siegfried, et al., 1999) and is catalysed by DNA Methyltransferases (DNMTs) 1, 3a 

and 3b (Lei, Oh, et al., 1996; E. Li, et al., 1992; Ohgane, et al., 2008; Xie, et al., 1999).  Most 

methylation occurs within CpG islands, regions of higher than expected CpG density; 

however CpGs in regions outside of the promoter CpG islands are increasingly being 

associated with gene regulation (Weber et al., 2007).  Epigenetic modifications are subject to 
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both developmental and environmental regulation, are reversible and can potentially be 

modified, thereby making them an attractive target for therapeutic interventions. 

 

The placenta has a unique epigenetic profile; cells belonging to the extra-embryonic 

(trophoblast) lineage are hypomethylated compared to somatic tissues (Cotton, et al., 2009; 

Santos, et al., 2002).  DNA methylation is essential for normal development of extra-

embryonic tissues, particularly the invasive behaviour of trophoblast cells (Rahnama, et al., 

2006) and is positively correlated with gestational age (Chavan-Gautam, et al., 2011; 

Novakovic, et al., 2011).  This suggests that there are consistent and large scale changes to 

DNA methylation in the placenta as pregnancy progresses, possibly influencing the 

differential global gene expression observed by microarray studies in the placenta across 

gestation (Sitras, Fenton, Paulssen, Vartun, & Acharya, 2012) and at term prior to, and 

following, spontaneous labour and delivery (K. J. Lee, et al., 2010; Sitras, Paulssen, Gronaas, 

Vartun, & Acharya, 2008). 

 

Aberrant DNA methylation of MMPs has been associated with adverse pregnancy outcomes.  

MMP-9 and SERPINA3, a specific inhibitor of elastase which is essential for embryo 

implantation, are both hypomethylated in pre-eclampsia (Chelbi, et al., 2007).  Microarray 

analysis of pre-eclamptic placentas has revealed promoter hypomethylation of a number of 

genes including TIMP-3, particularly in early-onset pre-eclampsia (Yuen, et al., 2010).  The 

silencing of TIMP genes via promoter methylation is a feature of cancer cells, and 

progressive promoter demethylation via AZA treatment has resulted in the induction of 

TIMP-1 in a number of cancer cell lines (MacDougall, et al., 1999; Missiaglia, et al., 2005; 

Ricca, et al., 2009; Veerla, et al., 2008; Yuan, et al., 2004).  Furthermore, AZA induces 

TIMP-1 expression in endometrial stromal cells (Logan, et al., 2010).  AZA is a 

deoxynucleoside analogue which is incorporated into the DNA of proliferating cells and 

binds to DNMT1, causing passive hypomethylation of the genome.  It is routinely used in cell 

cultures to investigate epigenetic regulation by DNA methylation (Egger, et al., 2004).   

 

We hypothesise that the two major mediators of fetal membrane rupture, MMP-9 and TIMP-

1, are regulated by DNA methylation in the placenta and fetal membranes and that altering 

the levels of methylation in these tissues will tip the balance in favour of tissue degradation.  

The aim of the present study was to investigate the regulation of TIMP-1 by DNA 

methylation in term placenta and fetal membranes around the timing of labour, and to explore 
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if this regulation is altered in the presence of infection.  We have discovered a marked 

increase in TIMP-1 in response to LPS stimulation following demethylation treatment, thus 

implying that DNA methylation may be indirectly involved in the regulation of TIMP-1 in 

the placenta and fetal membranes, particularly in an infectious setting.  We also measured the 

levels of MMP-9, the major downstream target of TIMP-1 inhibition, and discovered 

transcription and secretion was increased in placentas cultured with LPS with/without prior 

AZA treatment.   

 

7.2. Methods 

7.2.1. Tissue Collection and Explant System 

Gestational tissues were collected as part of the PEARL Study (outlined in Chapter 2.2) from 

uncomplicated, singleton pregnancies (37-40 weeks gestation) following elective caesarean 

section prior to the onset of labour (CS, Mean maternal age 35 years and mean gestational 

age 38 weeks) or after vaginal delivery with the spontaneous onset of labour (SVD, mean 

maternal age 31 years and mean gestational age 39 weeks).  Ethical approval for the study 

was obtained from NorthernX Regional Ethics Committee (NTX/10/07/062) and tissues were 

collected following written informed consent.   

 

Gestational tissues were processed and sampled according to the methods outlined in Chapter 

2.3.  Tissues from CS and SVD pregnancies were sampled, rinsed in sterile PBS and 

immediately snap frozen in liquid nitrogen and stored at -80°C until RNA and protein 

extraction.  

 

For the explant experiments, tissues from CS deliveries were cultured using a previously 

published in vitro tissue explant system, with modifications (M. D. Mitchell, 2006; T. A. Sato 

& Mitchell, 2006; Simpson, et al., 1998).  Tissue explants of placenta (20 mg pieces), amnion 

and choriodecidua (6 mm discs) were plated separately (six pieces per well) and equilibrated 

in DMEM/F12 containing L-Glutamate (Life Technologies) with 10% FBS (Life 

Technologies) and 1% Penstrep solution (final concentrations 100 U/ml Penicillin and 100 µg 

streptomycin; Life Technologies) in a humidified atmosphere of 5% CO2 and 8% O2 for 24 h.   
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After equilibration, tissues were washed and media replaced with DMEM/F12 supplemented 

with 0.1% bovine gamma globulin (Sigma-Aldrich) containing 5µM 5-aza-2'-deoxycytidine 

(AZA, Sigma-Aldrich) or DMSO (Sigma-Aldrich).  Following 48 h culture, tissues were 

extensively washed in sterile PBS and tissues were further incubated in the presence or 

absence of 5mg/ml LPS (E.coli serotype O55:B5, Sigma-Aldrich).  Tissues were cultured 

with LPS to determine if an inflammatory response induced changes in gene expression 

and/or DNA methylation.  Cultured were terminated at 24 h or 48 h post LPS treatment, 

tissues were snap frozen and conditioned media reserved.  Tissues and media samples were 

stored at -80°C and at -20°C, respectively.   

7.2.2. RNA Extraction and Quantitative Real-Time PCR 

Total RNA was isolated from tissues using Trizol® (Life Technologies) according to 

manufacturer’s instructions.  RNA concentrations were quantified using a NanoDrop ND-

1000 spectrophotometer (Biosciences) (Chapter 2.4.1).  Following DNAse treatment (Life 

Technologies), reverse transcription and cDNA synthesis was performed using Transcriptor 

First Strand cDNA Synthesis Kit (Roche Applied Sciences) according to manufacturer’s 

instructions using 1 µg of total RNA for each preparation (Chapter 2.4.2). The resulting 

cDNA was stored at - until required. 

 

TIMP-1 and MMP-9 expression was analysed by quantitative real-time PCR (qRT-PCR) 

using the LightCycler 480 (Roche Applied Sciences), SR Green Master Mix (Roche Applied 

Sciences) and gene specific primers listed in Table 7.1.  Primer specificity was confirmed by 

the Massey Genome Service at Massey University, Palmerston North, New Zealand.  The 

average transcript quantity in tissues collected from CS and SVD deliveries and in treated 

tissue explants was calculated using the relative standard curve method and Delta-delta Ct 

method, respectively (see Chapter 2.4.3 for detailed information). 
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Gene	   Primer	  Sequence	   Amplicon	  Size	  (bp)	  

TIMP-‐1	  
Sense	  
Antisense	  

5’-‐TCT	  GGC	  ATC	  CTG	  TTG	  TTG	  CT-‐3’	  
5’-‐CGC	  TGG	  TAT	  AAG	  GTG	  GTC	  TGG-‐3’	  

155	  

MMP-‐9	  
Sense	  
Antisense	  

5’-‐ATT	  TCT	  GCC	  AGG	  ACC	  GCT	  TCT	  ACT-‐3’	  
5’-‐CAG	  TTT	  GTA	  TCC	  GGC	  AAA	  CTG	  GCT-‐3’	  

195	  

RPLPO	  
Sense	  
Antisense	  

5’-‐AGA	  AAC	  TGC	  TGC	  CTC	  ATA	  TCC	  G-‐3’	  
5’-‐CCC	  CTG	  GAG	  ATT	  TTA	  GTG	  GTG	  A-‐3’	  

223	  

RPL13a	  
Sense	  
Antisense	  

5’-‐GCC	  CTA	  CGA	  CAA	  GAA	  AAA	  GCG-‐3’	  
5’-‐TAC	  TTC	  CAG	  CCA	  ACC	  TCG	  TGA-‐3’	  

117	  

Table 7.1: Sequences of primers used for quantitative real-time PCR. 
 

7.2.3. Western Blotting 

Proteins were extracted and quantified according to the instructions in Chapter 2.5.1 and 

2.5.2 and western blotting for TIMP-1 protein was performed as detailed in Chapter 2.5.3.  

Cell Lysates (25 µg) were separated by weight by SDS-PAGE using 4-12% BisTris gels (Life 

Technologies), and transferred onto PVDF membrane.  Following pre-incubation with a 

blocking solution, membranes were incubated in optimally diluted anti-TIMP-1 antibody 

(1:1000, ab109125, Abcam) overnight at 4 °C.  The membranes were then extensively 

washed, incubated in HRP-conjugated secondary antibody (A5045, Sigma Aldrich) and were 

visualised using Pierce SuperSignal West Dura Extended Duration Substrate (Thermofisher 

Scientific).  Relative protein levels were obtained using densitometric quantification 

(Quantity One software; Bio-Rad Laboratories) and were normalised to β-Actin.  

7.2.4. Gelatin Zymography 

MMP-9 activity was measured in conditioned media from placental explant cultures using 

gelatin zymography, as outlined in Chapter 2.5.4.  Samples were separated by electrophoresis 

(125 V for 90 minutes) on Novex® 10% gelatin zymogram gels (Life Technologies).  Gels 

were washed in 2.7% Triton X-100 for 30 minutes at room temperature to remove SDS and 

re-nature the gelatinases.  Gelatinases were activated by incubating the gel zymogram 

developing buffer (Life Technologies) for 30 minutes at room temperature followed by 18 h 

incubation at 37 °C with gentle shaking.  Gels were fixed in fixing/destaining (FD) solution 

for 15 minutes, incubated in staining solution for 20 minutes and then destained in FD 

solution for 20 minutes.  Proteolytic activity of latent and active gelatinases was detected by 

densitometric quantitation around clear bands at 72 and 67 (MMP-2) and 92 and 84 (MMP-9) 
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kDa, respectively.  Gels were scanned with a GS-800 Calibrated Densitometer (Bio-Rad 

Laboratories) and analysed using Quantity One software (Bio-Rad Laboratories).   

7.2.5. DNA Extraction and Methylation Analysis  

Genomic DNA was extracted from tissues using QiaAMP DNA extraction kit (Qiagen) as per 

manufacturers’ instructions.  DNA concentrations were quantified using a NanoDrop ND-

1000 spectrophotometer (outlined in Chapter 2.4.4). 

 

Methylation analysis using the Sequenom™ EpiTyper® MassARRAY platform was 

undertaken by the Australian Genome Research Facility (AGRF, www.agrf.org.au).  

Sequenom primers specific to two regions of the TIMP-1 gene were designed in-house by 

AGRF.  Region A is upstream from the transcription start site (-275/-1) covering 11 CpGs 

and Region B (+1/+279) includes the TIMP-1 promoter and first exon, covering 14 CpGs 

(Figure 7.1).  Methylation analysis was carried out on bisulphite converted DNA, using 200 

ng for each preparation.  Methylation levels for each CpG unit are expressed as a percentage 

which is calculated from the ratio mass signals between methylated and non-methylated DNA 

in each sample. 

 

Figure 7.1: Schematic of the TIMP-1 gene promoter and locations of EpiTyper 
MassARRAY primers 
EpiTyper® MassARRAY primers used to analyse promoter methylation of TIMP-1 
were designed to cover two regions.  Region A is upstream of the transcription start 
site (-275/-1) and covers 11 CpGs.  Region B (+1/+279) covers the promoter and first 
exon and contains 14 CpGs.  Diagram not drawn to scale.  

 

7.2.6. Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version 6.0 for Windows 

(GraphPad Software, La Jolla California USA, www.graphpad.com).  Comparisons between 

tissues collected from CS and SVD pregnancies were carried out using the non-parametric 
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Mann-Whitney U test.  One-way analysis of variance was used for explant experiments and if 

significantly different (p ≤ 0.05), post-hoc multiple comparisons using Dunn’s test was 

performed for comparison to time matched controls. Data are presented as means ± SEM. 

 

7.3. Results 

1. Expression of TIMP-1 in Term Gestational Tissues   

TIMP-1 mRNA levels were significantly higher in placenta collected from elective caesarean 

section deliveries, prior to the onset of labour (CS) compared to tissues collected following 

spontaneous vaginal delivery (SVD).  This trend was also observed in choriodecidua, but not 

in amnion tissues (Figure 7.2A).  Amnion from both CS and SVD pregnancies with female 

fetuses had significantly higher TIMP-1 mRNA compared to amnion from pregnancies with 

male fetuses (Figure 7.2B and C). 

2. Effect of AZA and LPS treatments on TIMP-1 Transcription and Protein Production 

Placenta, amnion and choriodecidua tissues pre-treated with AZA and subsequently cultured 

in the presence of LPS for 24 h and 48 h had significantly increased TIMP-1 mRNA 

expression compared to controls (Figure 7.3).  LPS treatment alone, without pre-treatment of 

AZA, had no effect on TIMP-1 mRNA (Figure 7.3).   

Placenta and amnion from pregnancies with male fetuses had greater stimulation of TIMP-1 

mRNA when pre-treated with AZA and cultured with LPS for 48 h (Figure 7.3B and D).  

This was also observed in choriodecidua from pregnancies with male fetuses pre-treated with 

AZA and cultured with LPS for 24 h (Figure 7.3F).   

Placenta and amnion explants pre-treated with AZA and then incubated in the presence of 

LPS for 24 h had significantly higher TIMP-1 protein production compared to controls 

(Figure 7.4A and C).  As with the mRNA, LPS treatment alone had little effect on TIMP-1 

protein production in placenta or amnion explants (Figure 7.4A and C), however in 

choriodecidua explants TIMP-1 protein was increased following 24 h incubation with LPS 

(Figure 7.4E).  No changes in TIMP-1 protein production were observed in any tissue 

cultured with LPS for 48 h (Figure 7.4). 
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There was evidence of a sex-specific response of TIMP-1 protein production to 48 h LPS and 

combined AZA and LPS treatments in choriodecidua from pregnancies with male fetuses 

(Figure 7.4F).  Although notable, high variability amongst sample groups prevented this from 

reaching statistical significance. 

3. Effect of AZA and LPS on MMP-9 transcription and activity 

MMP-9 mRNA was significantly increased in placental explants treated with LPS alone and 

with LPS in combination with AZA pre-treatment for 48 h (Figure 7.5A).  Further analysis of 

the data revealed that placenta from pregnancies with male fetuses had a marked response to 

48 h LPS treatment alone, whereas placenta from pregnancies with both male and female 

fetuses had increased MMP-9 mRNA in response to 48 h LPS when pre-treated with AZA 

(Figure 7.5B). 

MMP-9 activity was significantly increased in culture supernatants of placental explants 

treated with LPS alone and with LPS in combination with AZA pre-treatment for 24 h 

(Figure 7.6A).  MMP-9 activity was also increased in culture supernatant from amnion 

explants pre-treated with AZA and subsequently by LPS treatment for 48 h (Figure 7.6B).   

4. Methylation analysis of the TIMP-1 Promoter 

Methylation within the TIMP-1 promoter was significantly higher in amnion from CS 

deliveries compared to SVD (17% and 8% respectively; Figure 7.7B).  Placenta from 

pregnancies with male fetuses were hypomethylated compared to tissues from pregnancies 

with female fetuses in both CS and SVD samples (CS placenta male 3.5%, female 7.8%; CS 

amnion male 3.9%, female 25.9%; SVD placenta male 3.7%, female 8.9%; SVD amnion 

male 3.2%, female 24%; Figure 7.7B and C).  Choriodecidua from pregnancies with male 

fetuses were hypomethylated compared to choriodecidua from pregnancies with female 

fetuses in SVD alone (16% and 22%, respectively; Figure 7.7C).  This was evident to the 

same extent in both regions of the TIMP-1 promoter analysed (only region B is shown).   

Cultured placenta and amnion from pregnancies with male fetuses were hypomethylated 

compared to tissues from female pregnancies (on average: placenta male 4.7%, female 9.6%; 

amnion male 5.35%, female 29.5%; Figure 7.8A and B).  Amnion from pregnancies with 

female fetuses cultured in the presence of LPS had significantly higher methylation compared 

to controls (34.6% and 20.6%, respectively; Figure 7.8B).  Methylation of choriodecidua 
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from pregnancies with female fetuses was significantly higher following treatment with AZA 

and LPS compared to choriodecidua from pregnancies with male fetuses (26.8% and 19.2%, 

respectively; Figure 7.8C).   
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Figure 7.2: TIMP-1 mRNA expression in term placenta, amnion and 
choriodecidua.  
Quantitative real-time PCR was used to detect TIMP-1 mRNA expression in 
gestational tissues collected prior to, or post labour and delivery.  Expression of 
TIMP-1 was reduced in placenta collected from spontaneous vaginal deliveries (SVD, 
n = 10) compared to those from elective caesarean section deliveries (CS, n = 14; A).  
Divergence of TIMP-1 expression due to fetal sex was assessed in CS tissues (male n 
= 8 and female n = 6; B) and SVD tissues (male n = 5 and female n = 5; C).  Data are 
presented as relative TIMP-1 transcript normalised to RPLPO and RPL13a (mean ± 
SEM), *p<0.05. 
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Figure 7.3: TIMP-1 mRNA expression in gestational tissue explants.   
Quantitative real-time PCR was used to detect TIMP-1 mRNA expression in tissues 
treated with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  Combined 
AZA+LPS treatment increased TIMP-1 transcription in placenta (A), amnion (C) and 
choriodecidua (E).  Analysis based on sex of the fetus in revealed sexual dimorphism 
between treatments in placenta (B) amnion (D) and choriodecidua (F).  Data are 
presented as fold change in TIMP-1 transcript normalised to RPLPO and RPL13a 
(mean ± SEM) compared to time matched controls (male n = 5 and female n = 5).  
*p<0.05, **p<0.01, ***p<0.001.   
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Figure 7.4: TIMP-1 protein in gestational tissue explants.   
Western blotting was used to detect TIMP-1 protein in tissues treated with/without 
5µg/ml LPS with/without prior 5µM AZA treatment.  Combined AZA+LPS 
treatment increased TIMP-1 protein at 24 h in placenta (A) and amnion (D), while 
LPS treatment increased TIMP-1 protein at 24 h in choriodecidua (E).  Analysis 
based on sex of the fetus revealed no differences in TIMP-1 protein in placenta (B), 
amnion (D) or choriodecidua (F). Data are presented as fold change in TIMP-1 
protein normalised to β-Actin optical density (mean ± SEM) compared to time 
matched controls (male n = 5 and female n = 5).  *p<0.05.  
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Figure 7.5: MMP-9 mRNA expression in gestational tissue explants. 
Quantitative real-time PCR was used to detect MMP-9 mRNA expression in tissues 
treated with/without 5µg/ml LPS with/without prior 5µM AZA treatment.  MMP-9 
mRNA was increased at 48 h in placenta treated with LPS and combined AZA+LPS 
(A).  Analysis based on sex of the fetus in revealed sexual dimorphism between 48 h 
LPS treatment in placenta (B).  No differences were observed in amnion (B and D) or 
choriodecidua (C and F).  Data are presented as fold change in MMP-9 transcript 
normalised to RPLPO and RPL13a (mean ± SEM) compared to time matched 
controls (male n = 5 and female n = 5).  *p<0.05, **p<0.01, ***p<0.001. 
****p<0.0001.  
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Figure 7.6: Secreted MMP-9 activity from gestational tissue explants.  
Gelatin zymography was used to assess MMP-9 activity in conditioned media from 
tissue explants treated with/without 5µg/ml LPS with/without prior 5µM AZA 
treatment.  Active MMP-9 was increased at 24 h in placenta treated with LPS and 
combined AZA+LPS (A), and at 48 h in amnion treated with combined AZA+LPS 
(B).  No change was observed in choriodecidua (C) Pro-MMP-9 activity is shown by 
pale yellow bars; activated MMP-9 activity is shown by the dark yellow bars.  Levels 
of the secreted MMPs were normalised with respect to the total protein content and 
expressed as a percentage of time matched controls  (mean ± SEM; n = 8). *p<0.05, 
**p<0.01.   
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Figure 7.7: TIMP-1 promoter methylation in term placenta, amnion and 
choriodecidua.   
Sequenom™ EpiTyper® MassARRAY was used to measure methylated cytosine 
residues (5-mC) within the TIMP-1 promoter in placenta collected prior to, or post 
labour and delivery.  TIMP-1 promoter methylation was reduced in amnion collected 
from spontaneous vaginal deliveries (SVD, n = 10) compared to those from elective 
caesarean section deliveries (CS, n = 14; A).  Analysis based on sex of the fetus in 
revealed sexual dimorphism in % 5-mC in CS placenta and amnion (male n = 8 and 
female n = 6; B), and in all three SVD tissues (male n = 5 and female n = 5; C).  
Representative epigrams show the % of 5-mC at each CpG site within the amplicon 
for Region A (D). % 5-mC is calculated from the ratio of mass signals between 
methylated and non-methylated DNA in each sample.  Data are presented as % 5-mC 
across all CpGs (mean ± SEM). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 7.8: TIMP-1 promoter methylation in gestational tissue explants.  
Sequenom™ EpiTyper® MassARRAY was used to measure methylated cytosine 
residues (5-mC) within the TIMP-1 promoter in in tissues treated with/without 
5µg/ml LPS with/without prior 5µM AZA treatment.  Sexual dimorphism in % 5-mC 
was observed in placenta (A), amnion (B) and choriodecidua (C).  Representative 
epigrams show the % of 5-mC at each CpG site within the amplicon for Region A 
alongside each graph.  % 5-mC is calculated from the ratio of mass signals between 
methylated and non-methylated DNA in each sample.  Data are presented as % 5-mC 
across all CpGs in Region A (mean ± SEM; male n = 5 and female n = 3).  *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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7.4. Discussion 

The present study investigated the regulation of TIMP-1 by DNA methylation with or 

without LPS-induced infection in the human placenta and fetal membranes.  We investigated 

promoter-specific methylation of the TIMP-1 gene in tissues collected prior to, and post 

labour and delivery and in treated explant tissues.  We also measured the levels of MMP-9 in 

response to demethylation and infection treatments as it is the major downstream target of 

TIMP-1, and is responsible for proteolytic degradation of the fetal membranes at parturition. 

 

We observed a labour effect on TIMP-1 transcription in the placenta, and discovered sex-

specific differential expression in amnion collected both prior to and post labour and delivery.  

There were subtle differences in methylation in all tissues in relation to labour status, which 

was discordant with the gene expression observed.  The TIMP-1 promoter was generally 

hypomethylated, however sex specific methylation patterns were observed; methylation in 

placenta and amnion from pregnancies with female fetuses was markedly higher than tissues 

from pregnancies with male fetuses, whereas the levels in choriodecidua were comparable.  

Treatment with the demethylating agent AZA followed by incubation with LPS significantly 

increased TIMP-1 mRNA, and to a lesser extent protein, in cultured tissue explants.  Placenta 

and amnion from pregnancies with male fetuses showed greater stimulation of TIMP-1 

transcription following 48 h of treatment.  This is the first study to show sex-specific 

expression patterns of TIMP-1 in term gestational tissues.   

 

TIMP-1 is on the X chromosome and is consequently subject to X chromosome inactivation 

in females.  The fact that higher methylation levels were observed in female tissues in this 

study was not surprising, as methylation of X-linked genes is enriched on the inactivated X 

chromosome (Cotton et al., 2011; Yuen et al., 2009).  However, not all X-linked genes are 

completely silenced, and TIMP-1 is reported to display variable inactivation due to both 

changes in methylation and chromatin structure (Anderson & Brown, 2002, 2005).  With the 

exception of genes that escape X inactivation, X-linked promoters should show limited 

methylation in males and partial methylation in females (Cotton, et al., 2009).  X-linked 

methylation explains both the differences in methylation observed between tissues from 

pregnancies with male or female fetuses collected prior to, and post labour and delivery, and 

the associated discordant gene expression in amnion samples.  However, complete 

inactivation of one X-chromosome should result in a gene showing at least 50% methylation, 
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which was not the case in all tissues from pregnancies with female fetuses tested, thus 

suggesting variable inactivation.   

 

A comparison of autosomal and X-lined genes showed that methylation of placental 

promoters is reduced only on the X chromosome, and is particularly evident in females 

resulting from an X- specific methylation decrease (Cotton, et al., 2009).  Due to the fact that 

X-linked placental genes are not usually over expressed, other epigenetic marks, such as 

chromatin modifications and non-coding RNA, are likely involved in the silencing of X-

linked genes, including chromatin changes and non-coding RNA (Cotton, et al., 2009).  It is 

possible that other epigenetic marks are regulating TIMP-1 in the placenta.   

 

The levels of methylation we observed in choriodecidua samples did not differ between 

tissues from pregnancies with male or female fetuses.  This could be explained in part by the 

presence of adjacent maternal decidual cells in the tissue sample, which still have one active 

TIMP-1 allele.  Despite the presence of maternal cells in male tissue samples, the X-linked 

methylation cannot alone account for the lessened response of TIMP-1 in cultured tissue 

explants from pregnancies with female fetuses.  However, the greater response observed in 

tissues from pregnancies with male fetuses could simply be due to them being more 

susceptible to LPS treatment (Kim-Fine et al., 2012). 
	  

Tissue and sex-specific differential methylation of the TIMP-1 promoter was observed in 

both tissues collected at term prior to, and post labour and delivery, and in treated explants.  

Increased gene expression in the presence of greater methylation could be due to the mixture 

expressing silent methylated cells and unmethylated cells in the tissues (Anderson & Brown, 

2002).  It is becoming increasingly apparent that DNA methylation may not just function in 

gene silencing, since increased methylation has been associated with enhanced gene 

expression for several genes including IL8, EGRF-2, HLA-DRA and GPH-α (Cox, Gutkin, 

Haas, & Cosgrove, 1998; De Larco, Wuertz, Yee, Rickert, & Furcht, 2003; Niesen et al., 

2005; Unoki & Nakamura, 2003; Xiong, Tapprich, & Cox, 2002).   

 

Aside from one time point in choriodecidua explants, TIMP-1 transcription or protein was not 

changed with LPS treatment alone.  This is in agreement with other studies which have also 

reported no change in TIMP-1 levels in the placenta and/or fetal membranes following LPS 

stimulation (Garcia-Lopez, et al., 2007; W. Li, Unlugedik, Bocking, & Challis, 2007; Zaga-
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Clavellina, et al., 2011).  These studies did however, report an associated increase in MMP9, 

thereby altering the MMP:TIMP ratio and favouring a gelatinolytic state.  LPS up-regulates a 

number of pro-inflammatory cytokines which in turn activates MMPs (R. Romero, J. 

Espinoza, L. F. Goncalves, et al., 2006; Zaga-Clavellina, Martha, & Flores-Espinosa, 2007).   

 

AZA is a demethylating agent that is incorporated into the DNA as a cytidine analogue, 

preventing methylation by irreversibly binding DNMT1 (Egger, et al., 2004).  The resulting 

loss of DNMT1 leads to passive hypomethylation of the genome over successive rounds of 

cell division, which may have effects on upstream regulators of TIMP-1.  Treatment with 

AZA has previously been shown to induce TIMP-1 expression and protein production in cell 

culture models (MacDougall, et al., 1999; Missiaglia, et al., 2005; Ricca, et al., 2009; Veerla, 

et al., 2008; Yuan, et al., 2004).  Our tissue culture model utilised tissue explants rather than 

cell lines, and in light of this, AZA may not have fully incorporated into the DNA, resulting 

in reduced action and less pronounced hypomethylation (T. Qin, et al., 2009).  Although we 

did not measure proliferation in the tissue explants, glucose uptake and lactate production by 

tissue explants was measured in culture media and confirmed that tissues remained viable 

throughout the culture period (Appendix III Table III.9 and Table III.10).  We saw little 

variation in both TIMP-1 promoter-specific and global methylation (Reported in Chapter 6, 

Figure 6.8) in response to the explant treatments; therefore it is most likely that the 

mechanism by which DNA methylation maintains the silence of TIMP-1 includes primarily 

stabilising chromatin into a structure which prevents the accessibility or binding of 

transcriptional activators to DNA. 

 

The increased TIMP-1 transcription observed in tissues pre-treated with AZA and 

subsequently cultured with LPS indicates that TIMP-1 activation appears to require an AZA-

induced change in chromatin structure, such that DNA binding sites in the promoter region 

become accessible to transcriptional activators.  The TIMP-1 promoter contains both Ets and 

AP-1 binding sites, which, once bound by effector proteins could potentiate enhanced TIMP-

1 transcription (Anderson & Brown, 2002).  Work on human hypoxanthine 

phosphoribosyltransferase (HPRT) and human-mouse phosphoglycerate kinase-1 (PK-1) 

genes suggest that X-linked genes are unlikely to be primarily silenced by DNA methylation 

via direct sequence-specific alterations in DNA-protein reactions; rather, methylation 

primarily affects chromatin structure (Litt, Hansen, Hornstra, Gartler, & Yang, 1997; Pfeifer, 

Steigerwald, Hansen, Gartler, & Riggs, 1990; Pfeifer, Tanguay, Steigerwald, & Riggs, 1990).   
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MMP-9 expression and activity was increased in placenta pre-treated with AZA and/or 

cultured in the presence of LPS.  MMP-9 activity was also increased in culture media from 

amnion explants pre-treated with AZA and cultured with LPS for 48 h.  However, as the 

levels of stimulation of MMP-9 by LPS and AZA+LPS were comparable and AZA treatment 

alone had no effect, the up-regulation we observed must have been due to LPS stimulation 

alone.  Consequently no further investigations into MMP-9 promoter methylation were 

carried out.   

 

A significant proportion of preterm births are complicated by intrauterine bacterial infection, 

which as associated with an increase in MMP-9 activity in fetal membranes and amniotic 

fluid (Athayde, et al., 1998; Fortunato, et al., 1997; W. Li, et al., 2007; Stephenson, 

Lockwood, Ma, & Guller, 2005).  LPS is an endotoxin found in gram-negative bacteria and is 

implicated in the pathogenesis of PROM and preterm labour (Arechavaleta-Velasco, et al., 

2002; Hernandez-Guerrero et al., 2003; R. Romero, J. Espinoza, L. F. Goncalves, et al., 

2006).  Although some stimulation of MMP-9 by LPS was observed in this study, for the 

most part, MMP-9 was unchanged.  Evidence of LPS associated stimulation of MMP-9 is 

conflicting, there are a number of reports of increased MMP-9 mRNA and activity in 

response to LPS stimulation, (Arechavaleta-Velasco, et al., 2002; Fortunato, et al., 1997; 

Fortunato, Menon, & Lombardi, 2001) whilst others report that fetal membranes are 

unresponsive to LPS, suggesting upstream mediators of MMPs such as prostaglandins and/or 

pro-inflammatory cytokines are required (Buhimschi, Kramer, Buhimschi, Thompson, & 

Weiner, 2000; Lim, Barker, Wall, & Lappas, 2013).   

 

Toll-like receptors (TLRs) are a family of innate immune receptors that act as the primary 

sensors of bacterial pathogens, and are highly expressed in gestational tissues (Adams, et al., 

2007).  TLR4 mediates LPS induced immune responses, whilst TLR5 is activated by bacteria 

flagellum and TLR6 forms a complex with TLR2 to interact with microbial diacylated 

lipopeptides (Gillaux, et al., 2011).  Despite having lower TLR4 levels than amnion, 

choriodecidua releases high amounts of TNF-α and IL1-β in response to LPS in culture 

(Leroy, et al., 2007), which in turn stimulates amnion production of MMP-9 in a paracrine 

manner (Arechavaleta-Velasco, et al., 2002).  Conversely, activation of TLR4 in amnion 

reduces amniotic epithelium cell viability and induces cell apoptosis, whilst activation of 

TLR5 and TLR6 produces inflammatory cytokines (IL-6 and IL-8) that concurrently activate 
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the NF-κB signalling pathway, and MMP-9 and prostaglandin synthase expression (Gillaux, 

et al., 2011).  Thus, in tissue culture models where the fetal membranes are separated prior to 

culture, the amnion does not receive the paracrine signalling required to induce MMP-9 

expression (Arechavaleta-Velasco, et al., 2002).  Interestingly, the TLR4 promoter is highly 

methylated in mice embryonic stem cells, and treatment with AZA reactivates TLR4, 

conferring LPS responsiveness in ES cells (Zampetaki, et al., 2006).  TLRs1-9 are conserved 

in mice and humans (Gillaux, et al., 2011), thus DNA methylation may provide a possible 

mechanism for supressed TLR4 gene repression leading to the reduced response to LPS 

observed here.   

 

The placenta itself is inherently variable, and significant intra-placental variation has been 

observed due to the vast range of cell types as well as normal variation in size, shape and 

weight (Avila, et al., 2010).  There can also be considerable epigenetic variation within a 

placenta, so in addition to the effect of cell heterogeneity, there could also be random and 

localised effects of the uterine environment on the placental epigenome (Avila, et al., 2010).  

In light of this, every effort was taken to sample tissue widely across the placenta and fetal 

membranes.   

 

Intrauterine infection is the leading identifiable cause of preterm birth, closely followed by 

PROM, and despite the implementation of antibiotic treatments to reduce perinatal morbidity 

and mortality, the incidence of preterm birth is in fact increasing (Goldenberg, et al., 2008; 

Iams, Romero, Culhane, & Goldenberg, 2008).  The use of inhibitors of metalloproteinases, 

in particular TIMP-1, provides an attractive option as a potential therapeutic agent.  Our 

finding of a marked increase in TIMP-1 in gestational tissues in response to LPS in the 

context of altered chromatin structure by AZA therefore suggests that a pharmacological 

agent that modifies chromatin structure could be used as a therapeutic agent in women with 

intrauterine infection and who have a greater risk of premature rupture of the fetal 

membranes. 
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Chapter 8. Discussion and Concluding Remarks 

 

The onset and progress of human parturition is multifactorial and complex, thus for the 

purpose of this thesis we have focused specifically on rupture of the fetal membranes and the 

major mediators of this process, MMPs and TIMPs.  The causes of preterm birth are 

numerous, though intra-amniotic infection is thought to be the major cause of preterm labour 

and PROM.  The aims of this thesis were to ascertain if DNMTs and hydroxymethylation are 

changed in the placenta and fetal membranes in relation to labour and delivery, to 

characterise MT-MMPs in these tissues, to determine the contribution of DNA methylation to 

the regulation of selected MT-MMPs, secreted MMPs and TIMPs, and to establish the 

influence of infection upon DNA methylation and gene expression.   

 

The role of secreted MMPs and TIMPs in fetal membrane rupture is well documented.  

Rupture occurs due to an imbalance between activated MMPs and TIMP inhibition, which 

occurs in response to physiological signals such as prostaglandins.  Pathological membrane 

rupture (PROM and pPROM) results from excessive MMP activation by infection (LPS) or 

immune (cytokines) mediators.  The work in this thesis contributes to literature supporting a 

fully functioning MMP system in the placenta and fetal membranes at term parturition.  To 

the best of our knowledge, this is the first detailed report of MT-MMPs mRNA expression 

and protein localisation in term placenta and fetal membranes, and the first investigation into 

their expression in relation to the labour process.  We build on previous research conducted 

by Fortunato et al. which identified the presence of MT-MMP transcripts in human fetal 

membranes (Fortunato & Menon, 2002; Fortunato, et al., 1998a).   

 

MT-MMPs, in addition to degrading the ECM, can activate pro-MMP-2.  MT1-MMP, which 

we report to be significantly higher in choriodecidua prior to the onset of labour, is the major 

physiological activator of MMP-2.  MMP-2 itself is implicated in fetal membrane rupture and 

although reports on its expression with regard to labour have been conflicting, recently it has 

been shown to increase with gestational age and is significantly higher in amnion during 

active labour (Yonemoto, et al., 2006).  We also identified differential expression of MT4-, 

MT5- and MT6-MMPs with regard to labour.  The specific actions of these enzymes are 
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likely to be related to their already known functions; MT4-MMP has TNF-α converting 

enzyme (TACE) activity, and thus its presence in amnion prior to the onset of labour may be 

enhancing the activation of TNF-α which in turn stimulates prostaglandin production, a key 

mediator of the labour process.  MT5-MMP degrades proteoglycans, a key component of the 

fetal membranes which stabilise collagen fibres, thus contributing to tensile strength.  

Increased MT5-MMP in the amnion prior to the onset of labour would disrupt decorin-

collagen bonds, weakening structural components of the amnion thus making it susceptible to 

rupture.  MT6-MMP is expressed by peripheral leucocytes, hence the increased expression 

we have observed in tissues post labour and delivery is likely due to the influx of leucocytes 

into gestational tissues at term.  We also identified sexual dimorphic expression of MT2-

MMP in amnion from SVD pregnancies, with a similar trend observed in MT1-MMP.  At 

this stage, the reasons for this sexual dimorphism remain unclear. 

 

Immunohistochemistry (IHC) was used to identify MT-MMP proteins in fixed placenta and 

fetal membrane samples from term pregnancies.  Although IHC is a robust and sensitive 

technique often used to describe cellular location of proteins, it does not directly show the 

target of interest, but instead provides indirect evidence for its presence in the tissue that is 

being examined.  This is because the signal that is observed (the change in colour), merely 

reflects the deposition of a substrate around the site that is bound by the enzyme catalysing 

the reaction (Fritschy, 2008).  The absence of such a signal may not be due to the absence of 

the molecule of interest, but could be an effect of suboptimal tissue processing or of the 

antibody itself (insufficient optimisation of protocol or binding of the antibody). Likewise, 

strong staining could also be a consequence of tissue processing, or incorrect protocol 

(Fritschy, 2008; Lorincz & Nusser, 2008).  With the particular technique used in this thesis 

using DAB, it is essential that the enzymatic colour change is monitored closely.  Thus, it is 

crucial that both negative and positive controls are included for every antibody and 

experimental run, as was done in the IHC experiments carried out in this thesis.   

 

In order to identify the involvement of DNA methylation in the regulation of MMPs and 

TIMPs, we employed an in vitro tissue explant system, whereby placenta, amnion and 

choriodecidua were cultured in the presence or absence of LPS, with or without prior 

treatment with the demethylating drug, AZA.  We revealed that although DNA methylation 

may not be directly regulating the MMPs and TIMPs studied in this thesis, the synergistic 

effect observed when AZA was combined with LPS, particularly for MT1-MMP and TIMP-
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1, suggests it is in some way involved in the regulation of specific MMPs and TIMPs in the 

placenta and fetal membranes.  This may be through alterations in chromatin structure, direct 

interactions with upstream mediators, or through the regulation of specific targets of LPS 

signalling. 

 

To determine the effect of inflammation on DNA methylation and subsequent gene 

expression, LPS was utilised to stimulate an inflammatory response in cultured tissues.  LPS 

is an endotoxin found on the outer membrane of gram-negative bacteria and is implicated in 

the pathogenesis of PROM and preterm labour (Arechavaleta-Velasco, et al., 2002; Athayde, 

et al., 1998; Bryant-Greenwood, 1998; Maymon, Romero, Pacora, Gervasi, Bianco, et al., 

2000; Maymon, Romero, Pacora, Gervasi, Gomez, et al., 2000; Maymon, Romero, Pacora, 

Gomez, et al., 2000).  Although some stimulation of MMPs by LPS treatment alone was 

observed, for the most part the tissues were non-responsive.  Evidence of MMP stimulation 

by LPS associated stimulation is conflicting.  Whilst a number of authors have reported 

increased transcription and activity of MMPs by LPS stimulation in culture (Arechavaleta-

Velasco, et al., 2002; Fortunato, et al., 1997, 2001), others have reported no response 

(Buhimschi, et al., 2000; Fortunato, et al., 1998a; Lim, et al., 2013).  Thus, it may have been 

more appropriate to use an inflammatory mediator such as IL-1β or TNF-α in the culture 

experiments, as both cytokines mediate the pathophysiologic events leading to preterm 

labour.  

 

AZA is a deoxynucleoside analogue which is incorporated into the DNA of proliferating 

cells.  Once in the DNA, it forms covalent bonds with DNMT1, resulting in depletion of the 

active enzyme and loss of methylation maintenance during cell division (T. Qin, et al., 2009).  

The inherent flaw in the tissue culture method utilised for this thesis then, is the use of tissues 

rather than readily dividing cell lines, and as a result, AZA may not have fully incorporated 

into the DNA resulting in reduced action and less pronounced hypomethylation.  Although 

proliferation in the tissues was not measured, viability was confirmed by glucose uptake and 

lactate production from culture media.  Primary cell cultures can be used as an alternative to 

tissue explants; however the isolation of one cell type would not be representative of the 

heterogeneous tissues they were derived from.  Nevertheless, experimenting on cell-line 

models is an accepted form of research in molecular biology and allows for the investigation 

of specific cellular mechanisms.   
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The placenta is inherently variable in size, shape and weight.  This, coupled with the vast 

range of cell types, contributes to significant intra-placental variation in both gene expression 

and DNA methylation (Avila, et al., 2010; Novakovic, et al., 2011; Reiss, Zhang, & Mager, 

2007; Sood, Zehnder, Druzin, & Brown, 2006; Yuen, et al., 2009).  The fetal membranes are 

known to have a ‘weak zone’ overlying the cervix.  This area exhibits signs of both apoptosis 

and remodelling, including higher levels of MMPs, and is known to be the site of rupture 

prior to labour (El Khwad, et al., 2005; Moore, et al., 2006).      

 

For the present study, tissue samples were taken randomly across the placenta, midway 

between the fetal and maternal sides after removal of surface membranes.  Likewise, amnion 

and choriodecidua were randomly sampled between the placental edge and rupture site.  

Tissue samples were then pooled to minimise intra-placental variation; however this may 

have masked region-specific variations in both gene expression and methylation.  Taking 

measurements from several sites across the placenta, amnion and choriodecidua and 

analysing the region-specific changes in gene expression and epigenetic marks separately 

would allow for the discrimination between normal and abnormal changes.  Furthermore, 

separation of the decidual cells from the chorion would allow for the analysis of the 

contribution of fetal and maternal cells to gene expression.  This would be particularly useful 

in clarifying if the sexual dimorphism in gene expression which has been observed in 

experiments here is a true effect.    

 

A further limitation of the samples used in this study is the specific tissue groups pertaining 

to the gestational age and labour state, in particular those described in Chapter 3.  The tissues 

used for this chapter were from an existing cohort of preterm and term samples.  The preterm 

samples were either from twin pregnancies or preterm deliveries that were positive for 

amniocentesis.  Samples positive for infection were excluded from analysis, and as this was a 

previously collected tissue cohort due to potential differences in sampling technique and 

processing, additional samples from the PEARL study were not used.  As a result, group 

samples for this chapter were small, in particular the term SVD group.  Furthermore, 

insufficient clinical data was available for these samples to allow a more detailed analysis of 

the data, namely the effect of sex of the fetus.   
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AZA is highly toxic to cells and animals, but at low concentrations induces rapid loss of 

DNA methylation (Flatau, Gonzales, Michalowsky, & Jones, 1984; Momparler et al., 1984).  

After completion of experiments it came to our attention that the half-life of AZA in cell 

culture is 8–12 h, necessitating daily treatment to ensure continued exposure (Hollenbach et 

al., 2010), thus for optimum effect, tissues ideally should have been treated every 24 h.  

Furthermore, AZA has only transient effects and DNA is gradually re-methylated after 

removal of the drug (Yoo et al., 2007).  Although the concentration of AZA used for this 

thesis (5µM for 48 h) in terms of tissue toxicity was validated by our research group (M. D. 

Mitchell, Ponnampalam, & Rice, 2012; T. A. Sato & Mitchell, 2006), the specific effect of 

AZA on DNA methylation using this protocol was not validated.  This is a limitation of the 

tissue explant system used, and indeed no significant alterations in gene expression or for that 

matter global or promoter-specific methylation were observed with AZA treatment alone in 

this thesis.   

 

Nonetheless, the synergistic effect observed with AZA and LPS treatment signify that AZA is 

in some way involved in the transcriptional activation of specific MMPs and TIMPs in an 

infectious setting.  Work by Couillard et al. supports this notion; AZA and IL-1β treatment in 

human colorectal carcinoma cells cooperate to induce MMP-3 expression by increasing the 

expression and activity of specific transcription factors (Couillard, et al., 2011).  

Alternatively, instead of directly interacting with transcription factors, AZA may be 

reorganising chromatin in such a way that regulatory regions within the promoter are exposed 

thus facilitating binding of transcription factors which are increased in the presence of 

infection.  Moreover, TLR4, which directly mediates LPS induced immune responses, is 

methylated in mouse embryonic stem cells (ESCs), and treatment with AZA reactivates 

TLR4 expression, conferring LPS responsiveness in the treated cells (Zampetaki, et al., 

2006).  Therefore, DNA methylation may provide a possible mechanism for suppressed 

TLR4 gene expression leading to the reduced response to LPS observed in our present study. 

 

Promoter methylation of selected genes was measured using EpiTyper® MassARRAY 

platform (Sequenom™).  This is a high throughput, candidate gene approach which allows 

for the analysis of multiple CpG sites within a specific region.  Target genes were identified 

by maximal response of mRNA to culture treatments.  This assay was chosen as it is 

considered the ‘gold standard’ for promoter methylation analysis, however due to the expense 
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of the technique only a limited number of genes could be analysed.  Alternatively, other 

techniques to measure methylation could have been employed, such as PyroMark (Qiagen) 

pyrosequencing.  Pyrosequencing provides high resolution methylation quantification on 

specific CpG sites and would have allowed for larger gene regions to be targeted.  Ideally, 

whole epigenome screening experiments (e.g. Illumina Infinium HumanMethylation450 

Beadchip, a methylation profiling platform using array technology) could have been used 

first to identify differentially methylated genes in treated explants and tissues collected prior 

to, and post labour and delivery.  The methylation of selected genes could then be validated 

by EpiTyper® MassARRAY or Pyrosequencing.   
 

A confounding factor of methylation studies is the inability of sodium bisulphite conversion, 

(which converts methylated cytosine residues to uracil) to discriminate between methylated 

cytosine and hydroxymethylated cytosine.  Consequently, the specific contribution of each 

epigenetic mark to gene regulation is unknown, impacting on the validity of many reports of 

methylation to date (Nestor, et al., 2010).  As a preliminary investigation, we measured levels 

of hydroxymethylation in term gestational tissues, and to the best of our knowledge this is the 

first report on hydroxymethylation with regards to the labour process.  We discovered 

significantly higher levels of hydroxymethylation in choriodecidua collected prior to the 

onset of labour, suggesting a role in gene regulation for this relatively new epigenetic mark in 

gestational tissues.  Although the exact functions of hydroxymethylation remain unclear, it 

may be participating in gene regulation via interactions with DNA methylation and/or methyl 

binding proteins, or may prove to be directly regulating gene expression.  Large-scale 

changes in placental gene expression are known to occur during labour (K. J. Lee, et al., 

2010), and thus the role of epigenetic regulation in gestational tissues, either by 

hydroxymethylation or DNA methylation, requires clarification.   

 

It is becoming increasingly clear that DNA methylation plays an important role in not only 

the development, but also the normal physiology and function of the placenta.  Aberrant 

DNA methylation of genes, particularly MMPs and TIMPs, has been implicated in the 

pathophysiology of pregnancy complications including pre-eclampsia and IUGR.  We 

hypothesised that MMPs and TIMPs are regulated in the placenta and fetal membranes, and 

that changes in methylation in both normal and infectious settings, contributes to altered gene 

expression and thus ultimately fetal membrane rupture.  Although DNA methylation does not 

appear to be directly regulating the MMPs and TIMPs we have investigated in these tissues, 
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the synergistic activation by AZA and LPS support a mechanistic link between inflammation 

and epigenetic alterations.   

 

The work in this thesis adds an interesting aspect of epigenetic regulation to the multi-faceted 

puzzle of fetal membrane rupture.  We have demonstrated enhanced activation of MMPs 

concomitant with unchanged or decreased TIMP concentrations in the presence of 

demethylating treatments and infection.  The specific regulation of upstream mediators of 

MMPs and TIMPs, as well as receptors involved in immune signalling, requires further 

investigation to establish the precise mechanisms and functional significance.  Indeed, the 

unravelling of the placental epigenome will provide a greater insight into the potential 

molecular mechanisms governing physiological and pathological fetal membrane rupture.   
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Appendix I. Chemicals, Reagents and Kits  

 

Product	   Source	  
5-‐Aza-‐2′-‐deoxycytidine	   A3656	  	   Sigma-‐Aldrich,	  USA	  
Alkaline	  Phosphatase	  from	  bovine	  intestinal	  mucosa	   P0114-‐10KU	   Sigma-‐Aldrich,	  USA	  
Chloroform	  	   C2432	   Sigma-‐Aldrich,	  USA	  
Coomassie	  Brilliant	  Blue	  G-‐250	   B0770	   Sigma-‐Aldrich,	  USA	  
Diethylpyrocarbonate	  (DEPC)	   A08810020	   Applichem,	  Denmark	  
Dimethyl	  Sulfoxide	  (DMSO)	   D2650	   Life	  Technologies,	  New	  Zealand	  
DMEM/F-‐12,	  GlutaMAX™	   10565-‐042	   Life	  Technologies,	  New	  Zealand	  
DNA	  Methylation	  EIA	  Kit	   589324	   Cayman	  Chemical	  Company,	  USA	  	  
DNase	  I,	  Amplification	  Grade	   18068-‐015	   Life	  Technologies,	  New	  Zealand	  
Ethanol,	  Absolute	  (100%)	   101077Y	   BDH	  Prolab	  VWR	  International,	  England	  
Fetal	  Bovine	  Serum	   10091148	   Life	  Technologies,	  New	  Zealand	  
Gibco®	  Antibiotic-‐Antimycotic	   15240096,	  	   Life	  Technologies,	  New	  Zealand	  
Glacial	  Acetic	  Acid	   AC0352	   Sharlau	  Chemie,	  Spain	  
Glucose	  Reagent	   11448668	  216	   Roche,	  Mannheim,	  Germany	  
Glycerol,	  SigmaUltra	   G6279-‐500	   Sigma-‐Aldrich,	  USA	  
Glycine,	  Ultrapure™	   15527-‐013	   Life	  Technologies,	  New	  Zealand	  
Human	  TIMP-‐1	  DuoSet	  ELISA	  Kit	   DY970	   R&D	  Systems,	  USA	  
Human	  TIMP-‐2	  DuoSet	  ELISA	  Kit	   DY971	   R&D	  Systems,	  USA	  
Human	  TIMP-‐3	  DuoSet	  ELISA	  Kit	   DY973	  	   R&D	  Systems,	  USA	  
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Product	   Source	  
Human	  TIMP-‐4	  DuoSet	  ELISA	  Kit	   DY974	   R&D	  Systems,	  USA	  
Isopropanol	   19516	   R&D	  Systems,	  USA	  
Lactate	  Reagent	  	   LC2389	   Randox	  Laboratories	  Ltd,	  Ardmore,	  Crumlin,	  UK	  
LightCycler	  480	  SR	  Green	  Master	   04	  887	  352	  001	   Roche	  Applied	  Sciences,	  New	  Zealand	  
Lipopolysaccharide	  from	  E.	  coli	  serotype	  O55:B5	   L2880	   Sigma-‐Aldrich,	  USA	  
Methanol	   20	  847.320	   BDH	  Prolab	  VWR	  International,	  England	  
MethylFlash™	  Hydroxymethylated	  DNA	  Quantification	  Kit	  	   P-‐1036	   Epigentek,	  USA	  
Novex	  10%	  Zymogram	  (Gelatin)	  Gel	  1.0	  mm,	  10	  well	   EC61755BOX	   Life	  Technologies,	  New	  Zealand	  
Novex®	  Tris-‐Glycine	  SDS	  Running	  Buffer	   LC2675	   Life	  Technologies,	  New	  Zealand	  
Novex®	  Tris-‐Glycine	  SDS	  Sample	  Buffer	  (2x)	   LC2676	   Life	  Technologies,	  New	  Zealand	  
Novex®	  Zymogram	  Developing	  Buffer	  	   LC2671	   Life	  Technologies,	  New	  Zealand	  
Novex®	  Zymogram	  Renaturing	  Buffer	   LC2670	   Life	  Technologies,	  New	  Zealand	  
Novolink	  Polymer	  Detection	  System	   RE7140	   Leica	  Microsystems	  Pty	  Ltd,	  New	  Zealand	  
Nuclease	  P1	  from	  Penicillium	  citrinum	   N8630	   Sigma-‐Aldrich,	  USA	  
NuPAGE®	  Antioxidant	   NP0005	   Life	  Technologies,	  New	  Zealand	  
NuPAGE®	  LDS	  Sample	  Buffer	  (4x)	   NP0007	   Life	  Technologies,	  New	  Zealand	  
NuPAGE®	  MOPS	  SDS	  running	  Buffer	   NP0001	   Life	  Technologies,	  New	  Zealand	  
NuPAGE®	  Novex	  4-‐12%	  Bis-‐Tris	  Gel	  1.0	  mm,	  10	  well	   NP0321BOX	   Life	  Technologies,	  New	  Zealand	  
NuPAGE®	  Sample	  Reducing	  Agent	   NP0004	   Life	  Technologies,	  New	  Zealand	  
NuPAGE®	  Transfer	  Buffer	   NP0006-‐1	   Life	  Technologies,	  New	  Zealand	  
QIAamp®	  DNA	  Mini	  Kit	   51306	   Qiagen,	  USA	  
SeeBlue®	  Plus	  2	  Pre-‐stained	  protein	  Standard	   LC5925	   Life	  Technologies,	  New	  Zealand	  
Sequi-‐Blot™	  PVDF	  Membrane	   162-‐0184	   Bio-‐Rad	  Laboratories,	  USA	  
Sequi-‐Blot™	  PVDF	  Membrane	   	  162-‐0184	   Bio-‐Rad	  Laboratories,	  USA	  
Sodium	  dodecyl	  sulphate	  (SDS)	   442444H	   BDH	  Prolab	  VWR	  International,	  England	  
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Product	   Source	  
Substrate	  Reagent	  (ELISA)	   DY999	   R&D	  Systems,	  USA	  
Super-‐Signal®	  West	  Dura	  Extended	  duration	  Substrate	  	   34075	   Pierce	  Global	  Science	  &	  Technology	  Ltd,	  New	  Zealand	  

Transcriptor	  First	  Strand	  cDNA	  synthesis	  kit	   04	  897	  030	  001	   Roche	  Applied	  Sciences,	  New	  Zealand	  
Tris(hydroxymethyl)methylamine	  (TRIS)	   103156x	   VWR	  International,	  England	  
Trizol®	   15596-‐018	   	  Life	  Technologies,	  New	  Zealand	  
Tween®20	  	   4974-‐1000	   Applichem,	  Denmark	  
Xylene	  xyanol	   1029-‐6H	   BDH	  Prolab	  VWR	  International,	  England	  

Table I.1: Chemicals, reagents and kits. 
All chemicals, reagents and kits used in this thesis are listed with catalogue numbers and suppliers. 

 

 

 



Appendix II. 

170 
 

Appendix II. PEARL Study Documentation 

PEARL Study Participant Information Sheet 

 

 

 
 
 

PARTICIPANT INFORMATION SHEET 
 

Project title: The PEARL Study – Placental Epigenetics and Regulation of Labour 

 
We would like to invite you to take part in a study we are undertaking at the Liggins Institute, 
University of Auckland.   
 
We are studying the role of the placenta (Whenua) in the timing of labour as part of 
three student PhD projects. If you were not wishing to keep the placenta after the birth 
of your baby, we would like you to read this information sheet and consider donating 
your placenta for this research project. If after reading about the study you are willing 
to participate, please sign the consent form attached. 
 
The placenta plays a central role in the successful completion of pregnancy. Proper placental 
growth and function is important for normal growth and development of your baby. Healthy 
placental function is also needed to maintain the pregnancy until the right time for birth. We 
do not fully understand how labour is started in humans but we do know that the placenta 
plays a key role in signalling the uterus (womb) to start contracting and go on to established 
labour. We know that certain biochemical pathways are switched on and the “switches” are 
genes. Many factors are now known to affect the way genes work and there is a new science 
about this called “epigenetics”. The purpose of this study is to understand the epigenetic 
regulation of labour. Epigenetics is a term given to chemical changes that occur in DNA 
molecules without changing the genetic code. These changes are triggered by factors in the 
environment and have the effect of regulating the activity of particular genes in the same way 
a dimmer switch regulates the intensity of a light. Successful pregnancy requires the precisely 
coordinated modulation of gene expression in pregnancy tissues including the womb and the 

The Liggins Institute 
University of Auckland 
2-6 Park Ave, Grafton 

Private Bag 92019 
Auckland, New Zealand 
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placenta, and it is likely that epigenetic regulation of gene expression plays a key role. This 
project aims to understand the role of epigenetic regulation during pregnancy and as the birth 
process begins. It is designed to provide the basis for new methods of diagnosis and perhaps 
for novel interventions targeting epigenetic states which lead to problems such as premature 
labour.  
 
With your consent, we propose to take samples of the placenta, attached fetal membranes and 
cord for laboratory studies to study their production of hormones, growth factors and 
signalling molecules. Placentae from normal deliveries will be compared with those from 
caesarean section births. Placental samples will be processed and analysed, and extracted 
materials stored in laboratories at the Liggins Institute for a maximum of four years to be 
used in subsequent studies.  These studies will include the analysis of gene and protein 
expressions, and the role of epigenetic modifications at the time of, and before the onset of 
labour.  In some cases we will grow cells from the placenta for a few days in the laboratory 
and test the effects of various signalling molecules on the placental cells. Unused tissues will 
be returned in a sterile bag to the hospital to be disposed of.  The data obtained from these 
studies will be identified by a research ID number, will not be linked to patient details and 
will be stored in locked cabinets at the Liggins Institute for 10 years. 
 
Women scheduled for C-section will be able to consider the request to participate in this 
research project over the time between request and admission for delivery. Women 
undergoing normal vaginal delivery will be notified of the study during their third trimester 
by their lead maternity carer, so will have approximately two months to consider the request.  
If you do not wish to take part in this research this will not in any way change the treatment 
you would ordinarily receive. You may change your mind and withdraw consent up until the 
time of sampling without giving a reason. The results of the tests we perform will not be 
directly available to you and it is unlikely that they will be of direct benefit to you as it will 
take some time to analyse all the data. However, they may help us to understand how normal 
labour and preterm birth occurs in the future. Please provide us your contact details if you 
wish to know the outcomes of our study.  It is most helpful if we are able to have the whole 
placenta but should you be prepared to donate a part of your placenta, this would be of value. 
We can explain how we would be able to take samples without needing the whole placenta.  
If you wish to have your placenta returned following tissue sampling, this can be arranged.  
Maori participants are invited to include Whanau, Hapu and Iwi support persons in any/all 
discussion as you choose.  Auckland District Health Board (ADHB) Maori Ethics Review do 
not support tissue banking in any form, given collective Whanau, Hapu, Iwi, Whakapapa 
implications.  However, they have noted individuals have the right to make their own 
decisions. 
 
Personal information will be collected on your ethnicity, age, smoking status, any known 
pregnancy complications (such as gestational diabetes, infertility issues) and the number of 
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previous pregnancies. No material which could personally identify you will be used in any 
reports on this study. Only the NHI number (hospital number) will be used to collect 
information about maternal and fetal outcomes, such as fetal weight, during and just after the 
delivery. Data collected from the specimens will not be labelled with names or identifying 
features at any time. A log book of placental tissue obtained will be kept at the Liggins 
Institute and will only be available to researchers for the purpose of requesting patient data 
for analysis.  
 
If you have any queries or concerns regarding your rights as a participant in this research you 
may contact an independent health and disability advocate. This is a free service provided 
under the Health and Disability Commissioner Act on 0800 555 050 or 
advocacy@hdc.org.nz. 
 
Funding for the study comes from the National Research Centre for Growth and 
Development.  If you would like further information, please phone Zoë Vincent / Sheryl 
Munro (021 819 373), Dr Mhoyra Fraser (373 7599 ext. 83042) or Professor Peter Stone (373 
7599 ext. 89480 or 89493). 
 
This study has received ethical approval from the Northern X Regional Ethics Committee 
(project approval NTX/10/07/062).  
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PEARL Study Exclusion Criteria 

 

 

 
 
 

Pearl Study: Patient Exclusion Criteria 
 

We are looking to recruit women for our study who are planning on having normal vaginal 

deliveries.  Please exclude women from our study if they include any of the following: 

 

§ Plan on being induced or are having a caesarean section 
§ Became pregnant as a result of assisted reproductive technologies such as IVF 
§ Are having twins 
§ Suffer from any pregnancy complications other than pre-eclampsia 
§ Are a current smoker, or smoked up until, or during any part of their pregnancy 
§ Have consumed more than a moderate amount of alcohol during their pregnancy 

(please use your discretion for what is considered ‘moderate’) 
 

If you have any questions, please phone Anna Ponnampalam on 021 819 373  

  

The Liggins Institute 
University of Auckland 
2-6 Park Ave, Grafton 

Private Bag 92019 
Auckland, New Zealand 

 



Appendix II. 

174 
 

PEARL Study Consent Form 

 

 
 

 
Title of the project: The PEARL Study 
 

NAME OF THE PATIENT: ________________________________________________ 

DATE OF BIRTH: _________________ 

 

English I wish to have an interpreter. Yes No 

Maori E hiahia ana ahau ki tetahi kaiwhakamaori/kaiwhaka pakeha korero. Ae Kao 

Cook 
Island Ka inangaro au i  tetai tangata uri reo. Ae Kare 

Fijian Au gadreva me dua e vakadewa vosa vei au Io Sega 

Niuean Fia manako au ke fakaaoga e taha tagata fakahokohoko kupu. E Nakai 

Samoan Ou te mana’o ia i ai se fa’amatala upu. Ioe Leai 

Tokelaun Ko au e fofou ki he tino ke fakaliliu te gagana Peletania ki na gagana 
o na motu o te Pahefika Ioe Leai 

Tongan Oku ou fiema’u ha fakatonulea. Io Ikai 

 
 
 

• I have read and understood the information sheet dated 13/09/2010 for  
volunteers taking part in the study designed to investigate the epigenetic  YES/NO 
regulation of labour.  I have had the opportunity to discuss this study.  I am 
satisfied with the answers I have been given.  

 
 

• I understand that taking part in this study is voluntary (my choice) and that I YES/NO 
 may withdraw from the study at any time and this will in no way affect my   
continuing health care.  
 
 

• I understand that my participation in this study is confidential and that no  YES/NO 
material which could identify me will be used in any reports on this study.   

The Liggins Institute 
University of Auckland 
2-6 Park Ave, Grafton 

Private Bag 92019 
Auckland, New Zealand 
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• I understand that my consent to take part does not alter my legal rights. YES/NO
  
 

• I have been given ample time to discuss the project with Whanau/family  YES/NO 
or a friend.  

 
  

• I consent to take part as a subject in this research. YES/NO
  
 

• I wish to receive my placenta back following tissue sampling. YES/NO 
 
   

• I do not wish to receive my placenta back and consent for collective cremation YES/NO 
of the placenta by LabPlus   
 
 

I. I consent for my tissues to be used in additional follow-up studies relating  YES/NO 
to this study   
 
 

 
 Signed: ___________________________________            Date: ______________ 

 
 
 
In my opinion, consent was given freely and with understanding. 
 
Witness Name:  _______________________________________________  
                                    (Please Print) 
 
 
Witness Signature:  ____________________________________________ 
 
 
 
 
Consent obtained by: _____________________________ 
 
 
Signature: _____________________________________ 
 
 
 
Subject No: ______ 
 
 
This consent is valid till __________________  
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PEARL Study Questionnaire 

 

 
 

 
1. Please state your ethnicity (circle): 

Maori, Caucasian, African Americans, Pacific Islanders, Asian, Indian 
Other (please specify): _________________________________ 

 
 

2. Is this your first pregnancy?  If no, how many previous pregnancies have you had? 
 
 
 

3. Do you have a regular menstrual cycle? 
 
 
 

4. Has it taken longer than six months of trying to conceive?  Did you seek any assistance, for 
example IVF?  
 
 
 

5. Have you been diagnosed with any pregnancy complications such as high blood pressure or 
gestational diabetes? 

 
 
 

6. Are you a smoker?  Yes / No 
 
Please circle those applicable:  
 
Never Smoked, regular smoker prior to pregnancy, regular smoker during pregnancy, non-
smoker during pregnancy 
 
 

7. Have you consumed any alcohol during your pregnancy?  If yes, how many standard drinks 
per week/month? 
 
 
 

8. Are you on any medications? 
 
 
 

9. If a C-Section birth is planned what is the indication? 
 

The Liggins Institute 
University of Auckland 
2-6 Park Ave, Grafton 

Private Bag 92019 
Auckland, New Zealand 

 



Appendix III. 

177 
 

Appendix III. Additional Data 

 

 

	  	   CS	   SVD	  
Total	  number	  of	  subjects	   18	   12	  
Male	  fetus	   10	   7	  
Female	  fetus	   8	   5	  
Maternal	  age	  (years)	   35.11	  ±	  3.76	   30.91	  ±	  4.69	  
Gestational	  age	  (weeks)	   38.46	  ±	  0.49	   39.18	  ±	  1.11	  
Birth	  weight	  (g)	   3392.78	  ±	  337.96	   3259.38	  ±	  402.61	  
Duration	  of	  ROM	  (mins)	   n/a	   372.8	  ±	  201	  

Table III. 1: Summary of clinical data from Caesarean Section and Spontaneous 
Vaginal Delivery tissues collected as part of the PEARL Study.  
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The following tables contain intensity scoring for immunohistochemical analyses of MT-
MMPs in term gestational tissues (Chapter 5.3).  

 

	  
	  MT1-‐MMP	  Villous	  

	  
Female	   Male	  

	  
ST	   S	   LE	   ST	   S	   LE	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
4	   2	   2	   0	   3	   0	   0	   2	   0	   2	   0	   2	  

	  
4	   2	   2	   0	   2	   0	   2	   3	   2	   2	   3	   3	  

	  
3	   3	   2	   2	   2	   2	   3	   3	   2	   2	   3	   3	  

Average	   3.7	   2.3	   2.0	   0.7	   2.3	   0.7	   1.7	   2.7	   1.3	   2.0	   2.0	   2.7	  
SD	   0.5	   0.5	   0.0	   0.9	   0.5	   0.9	   1.2	   0.5	   0.9	   0.0	   1.4	   0.5	  

 

	  
MT1-‐MMP	  Amnion	  

	  
Female	   Male	  

	  
AE	   CT	   AE	   CT	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
4	   3	   3	   3	   4	   4	   2	   2	  

	  
3	   4	   2	   2	   3	   3	   2	   3	  

	  
4	   3	   2	   3	   3	   3	   3	   3	  

Average	   3.7	   3.3	   2.3	   2.7	   3.3	   3.3	   2.3	   2.7	  
SD	   0.5	   0.5	   0.5	   0.5	   0.5	   0.5	   0.5	   0.5	  

 

	  
MT1-‐MMP	  Choriodecidua	  

	  
Female	   Male	  

	  
C	   T	   D	   C	   T	   D	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
0	   2	   2	   4	   0	   4	   2	   2	   2	   4	   2	   4	  

	  
1	   2	   2	   4	   1	   4	   0	   2	   0	   3	   0	   3	  

	  
0	   2	   4	   4	   2	   4	   3	   2	   4	   4	   4	   4	  

Average	   0.3	   2.0	   2.7	   4.0	   1.0	   4.0	   1.7	   2.0	   2.0	   3.7	   2.0	   3.7	  
SD	   0.5	   0.0	   0.9	   0.0	   0.8	   0.0	   1.2	   0.0	   1.6	   0.5	   1.6	   0.5	  

 

	  
	  MT2-‐MMP	  Villous	  

	  
Female	   Male	  

	  
ST	   S	   LE	   ST	   S	   LE	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
4	   3	   2	   2	   0	   2	   4	   3	   2	   2	   2	   0	  

	  
3	   2	   2	   2	   0	   0	   3	   2	   2	   2	   0	   0	  

	  
2	   2	   2	   2	   2	   0	   2	   3	   2	   0	   2	   2	  

Average	   3.0	   2.3	   2.0	   2.0	   0.7	   0.7	   3.0	   2.7	   2.0	   1.3	   1.3	   0.7	  
SD	   0.8	   0.5	   0.0	   0.0	   0.9	   0.9	   0.8	   0.5	   0.0	   0.9	   0.9	   0.9	  
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MT2-‐MMP	  Amnion	  

	  
Female	   Male	  

	  
AE	   CT	   AE	   CT	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
2	   3	   1	   1	   2	   3	   1	   1	  

	  
2	   2	   1	   2	   2	   2	   1	   0	  

	  
3	   2	   1	   1	   1	   3	   2	   1	  

Average	   2.3	   2.3	   1.0	   1.3	   1.7	   2.7	   1.3	   0.7	  
SD	   0.5	   0.5	   0.0	   0.5	   0.5	   0.5	   0.5	   0.5	  
	   	   	   	   	   	   	   	   	  

 

	  
MT2-‐MMP	  Choriodecidua	  

	  
Female	   Male	  

	  
C	   T	   D	   C	   T	   D	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
3	   2	   2	   4	   2	   2	   2	   3	   3	   4	   2	   3	  

	  
2	   0	   3	   3	   3	   3	   2	   3	   3	   3	   2	   2	  

	  
2	   2	   3	   4	   2	   3	   3	   3	   4	   3	   3	   3	  

Average	   2.3	   1.3	   2.7	   3.7	   2.3	   2.7	   2.3	   3.0	   3.3	   3.3	   2.3	   2.7	  
SD	   0.5	   0.9	   0.5	   0.5	   0.5	   0.5	   0.5	   0.0	   0.5	   0.5	   0.5	   0.5	  

 

	  
	  MT3-‐MMP	  Villous	  

	  
Female	   Male	  

	  
ST	   S	   LE	   ST	   S	   LE	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
2	   2	   0	   0	   2	   2	   3	   1	   2	   1	   3	   2	  

	  
0	   2	   0	   0	   0	   2	   3	   2	   0	   2	   0	   1	  

	  
2	   2	   0	   0	   2	   0	   3	   2	   2	   2	   2	   2	  

Average	   1.3	   2.0	   0.0	   0.0	   1.3	   1.3	   3.0	   1.7	   1.3	   1.7	   1.7	   1.7	  
SD	   0.9	   0.0	   0.0	   0.0	   0.9	   0.9	   0.0	   0.5	   0.9	   0.5	   1.2	   0.5	  

 

	  
MT3-‐MMP	  Amnion	  

	  
Female	   Male	  

	  
AE	   CT	   AE	   CT	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
4	   4	   2	   1	   4	   4	   2	   1	  

	  
4	   3	   2	   1	   4	   4	   2	   2	  

	  
4	   3	   1	   1	   3	   4	   1	   1	  

Average	   4.0	   3.3	   1.7	   1.0	   3.7	   4.0	   1.7	   1.3	  
SD	   0.0	   0.5	   0.5	   0.0	   0.5	   0.0	   0.5	   0.5	  

 

	  
MT3-‐MMP	  Choriodecidua	  

	  
Female	   Male	  

	  
C	   T	   D	   C	   T	   D	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
0	   2	   0	   3	   0	   3	   1	   2	   1	   4	   1	   3	  

	  
0	   2	   0	   3	   0	   3	   1	   2	   1	   3	   1	   3	  

	  
2	   2	   3	   3	   2	   3	   2	   2	   3	   3	   2	   3	  

Average	   0.7	   2.0	   1.0	   3.0	   0.7	   3.0	   1.3	   2.0	   1.7	   3.3	   1.3	   3.0	  
SD	   0.9	   0.0	   1.4	   0.0	   0.9	   0.0	   0.5	   0.0	   0.9	   0.5	   0.5	   0.0	  
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	  MT4-‐MMP	  Villous	  

	  
Female	   Male	  

	  
ST	   S	   LE	   ST	   S	   LE	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
3	   2	   0	   2	   2	   2	   3	   3	   0	   1	   0	   2	  

	  
2	   2	   0	   0	   0	   2	   2	   2	   1	   1	   0	   2	  

	  
2	   2	   2	   0	   2	   2	   2	   2	   1	   0	   2	   1	  

Average	   2.3	   2.0	   0.7	   0.7	   1.3	   2.0	   2.3	   2.3	   0.7	   0.7	   0.7	   1.7	  
SD	   0.5	   0.0	   0.9	   0.9	   0.9	   0.0	   0.5	   0.5	   0.5	   0.5	   0.9	   0.5	  

 

	  
MT4-‐MMP	  Amnion	  

	  
Female	   Male	  

	  
AE	   CT	   AE	   CT	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
2	   3	   0	   0	   2	   2	   1	   1	  

	  
2	   3	   1	   1	   2	   1	   1	   1	  

	  
3	   3	   1	   0	   1	   2	   1	   1	  

Average	   2.3	   3.0	   0.7	   0.3	   1.7	   1.7	   1.0	   1.0	  
SD	   0.5	   0.0	   0.5	   0.5	   0.5	   0.5	   0.0	   0.0	  

 

	  
MT4-‐MMP	  Choriodecidua	  

	  
Female	   Male	  

	  
C	   T	   D	   C	   T	   D	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
0	   2	   0	   4	   0	   3	   0	   1	   0	   3	   0	   2	  

	  
2	   2	   2	   2	   2	   2	   0	   2	   1	   3	   1	   2	  

	  
3	   2	   3	   3	   3	   3	   0	   1	   1	   1	   1	   2	  

Average	   1.7	   2.0	   1.7	   3.0	   1.7	   2.7	   0.0	   1.3	   0.7	   2.3	   0.7	   2.0	  
SD	   1.2	   0.0	   1.2	   0.8	   1.2	   0.5	   0.0	   0.5	   0.5	   0.9	   0.5	   0.0	  

 

	  
	  MT5-‐MMP	  Villous	  

	  
Female	   Male	  

	  
ST	   S	   LE	   ST	   S	   LE	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
2	   0	   0	   2	   1	   0	   2	   2	   1	   1	   0	   0	  

	  
2	   1	   1	   1	   1	   0	   1	   1	   1	   1	   0	   0	  

	  
2	   1	   1	   1	   1	   0	   2	   1	   1	   1	   0	   0	  

Average	   2.0	   0.7	   0.7	   1.3	   1.0	   0.0	   1.7	   1.3	   1.0	   1.0	   0.0	   0.0	  
SD	   0.0	   0.5	   0.5	   0.5	   0.0	   0.0	   0.5	   0.5	   0.0	   0.0	   0.0	   0.0	  

 

	  
MT5-‐MMP	  Amnion	  

	  
Female	   Male	  

	  
AE	   CT	   AE	   CT	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
2	   3	   3	   3	   2	   2	   33	   2	  

	  
2	   3	   2	   2	   2	   3	   2	   2	  

	  
3	   3	   2	   2	   1	   3	   2	   2	  

Average	   2.3	   3.0	   2.3	   2.3	   1.7	   2.7	   12.3	   2.0	  
SD	   0.5	   0.0	   0.5	   0.5	   0.5	   0.5	   14.6	   0.0	  
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MT5-‐MMP	  Choriodecidua	  

	  
Female	   Male	  

	  
C	   T	   D	   C	   T	   D	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
1	   2	   1	   1	   1	   2	   1	   1	   1	   1	   1	   1	  

	  
1	   2	   0	   2	   1	   2	   1	   0	   1	   0	   1	   0	  

	  
2	   2	   1	   2	   2	   2	   1	   1	   1	   1	   1	   1	  

Average	   1.3	   2.0	   0.7	   1.7	   1.3	   2.0	   1.0	   0.7	   1.0	   0.7	   1.0	   0.7	  
SD	   0.5	   0.0	   0.5	   0.5	   0.5	   0.0	   0.0	   0.5	   0.0	   0.5	   0.0	   0.5	  

 

	  
	  MT6-‐MMP	  Villous	  

	  
Female	   Male	  

	  
ST	   S	   LE	   ST	   S	   LE	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
4	   2	   3	   2	   3	   0	   4	   2	   3	   1	   3	   0	  

	  
4	   3	   3	   2	   2	   1	   4	   2	   4	   1	   4	   0	  

	  
3	   2	   2	   1	   1	   0	   3	   2	   0	   1	   1	   0	  

Average	   3.7	   2.3	   2.7	   1.7	   2.0	   0.3	   3.7	   2.0	   2.3	   1.0	   2.7	   0.0	  
SD	   0.5	   0.5	   0.5	   0.5	   0.8	   0.5	   0.5	   0.0	   1.7	   0.0	   1.2	   0.0	  

 

	  
MT6-‐MMP	  Amnion	  

	  
Female	   Male	  

	  
AE	   CT	   AE	   CT	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
2	   2	   1	   1	   2	   2	   2	   1	  

	  
2	   1	   0	   0	   2	   0	   2	   1	  

	  
2	   2	   0	   0	   1	   2	   2	   0	  

Average	   2.0	   1.7	   0.3	   0.3	   1.7	   1.3	   2.0	   0.7	  
SD	   0.0	   0.5	   0.5	   0.5	   0.5	   0.9	   0.0	   0.5	  

 

	  
MT6-‐MMP	  Choriodecidua	  

	  
Female	   Male	  

	  
C	   T	   D	   C	   T	   D	  

	  
CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	   CS	   SVD	  

	  
0	   0	   2	   1	   1	   1	   1	   0	   1	   2	   1	   1	  

	  
0	   0	   2	   2	   1	   1	   1	   0	   0	   2	   0	   1	  

	  
0	   0	   2	   1	   1	   1	   1	   1	   1	   2	   0	   1	  

Average	   0.0	   0.0	   2.0	   1.3	   1.0	   1.0	   1.0	   0.3	   0.7	   2.0	   0.3	   1.0	  
SD	   0.0	   0.0	   0.0	   0.5	   0.0	   0.0	   0.0	   0.5	   0.5	   0.0	   0.5	   0.0	  

Table III. 2 Intensity scoring for immunohistochemistry. 
Each table contains the intensity scoring for each sample analysed for 
immunohistochemistry.  Staining intensity was assessed using an arbitrary scale: 0, 
no staining; 1, weak; 2, moderate; 3, strong and 4, very strong.  ST, 
syncytiotrophoblast, LE, luminal epithelium, S, stroma; AE, amniotic epithelium; SL, 
spongy/reticular layer; D, decidua; T, trophoblast; C, collagen fibres. 
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24	  h	   48	  h	  

	   AZA	   LPS	   AZA+LPS	   AZA	   LPS	   AZA+LPS	  
MT2-‐MMP	   1.25	  ±	  0.21	  (8)	   1.22	  ±	  0.37	  (8)	   1.14	  ±	  0.20	  (8)	   1.21	  ±	  0.23	  (8)	   1.11	  ±	  0.23	  (8)	   1.00	  ±	  0.20	  (8)	  

MT3-‐MMP	   1.43	  ±	  0.22	  (4)	   0.99	  ±	  0.34	  (4)	   0.78	  ±	  0.30	  (4)	   2.53	  (1)	   1.32	  (1)	   0.48	  (1)	  

MT4-‐MMP	   0.63	  ±	  0.12	  (2)	   0.67	  ±	  0.17	  (2)	   1.00	  ±	  0.13	  (2)	   2.17	  (1)	   1.5	  (1)	   1.98	  (1)	  

MT5-‐MMP	   1.11	  ±	  0.24	  (8)	   1.07	  ±	  0.27	  (8)	   0.71	  ±	  0.22	  (8)	   1.56	  ±	  0.24	  (5)	   1.46	  ±	  0.48	  (5)	   0.91	  ±	  0.37	  (5)	  

MT6-‐MMP	   1.84	  ±	  0.45	  (2)	   0.77	  ±	  0.11	  (2)	   0.69	  ±	  0.04	  (2)	   -‐	   -‐	   -‐	  

TIMP-‐3	   1.23	  ±	  0.19	  (8)	   0.89	  ±	  0.10	  (8)	   1.07	  ±	  0.11	  (8)	   1.12	  ±	  0.11	  (8)	   1.32	  ±	  0.17	  (8)	   1.14	  ±	  0.20	  	  (8)	  

TIMP-‐4	   1.17	  ±	  0.13	  (3)	   0.58	  ±	  0.05	  (3)	   1.06	  ±	  0.24	  (3)	   6.29	  (1)	   2.81	  (1)	   3.04	  (1)	  

Table III.3: MT-MMP and TIMP mRNA expression in placental explants. 
Quantitative real-time PCR was used to detect MT-MMP and TIMP mRNA expression in placenta treated with/without 5µg/ml LPS 
with/without prior 5µM AZA treatment.  Data are presented as mean fold change in target gene transcript normalised to RPLPO and RPL13a 
±SEM compared to time matched controls with n value shown in brackets (number of tissues transcript was detected in out of eight separate 
placentas tested). – denotes no detectable gene expression.  Where suitable, ANOVA was performed and revealed no significance.   
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	   24	  h	   48	  h	  
	   AZA	   LPS	   AZA+LPS	   AZA	   LPS	   AZA+LPS	  
MT2-‐MMP	   0.99	  ±	  0.18	  (7)	   0.95	  ±	  0.21	  (7)	   1.25	  ±	  0.14	  (7)	   1.27	  ±	  0.32	  (7)	   1.60	  ±	  0.36	  (7)	   0.69	  ±	  0.1	  (7)	  

MT3-‐MMP	   0.67	  ±	  0.08	  (7)	   0.91	  ±	  0.13	  (7)	   1.96	  ±	  0.90	  (7)	   1.11	  ±	  0.28	  (7)	   1.66	  ±	  0.36	  (7)	   0.92	  ±	  0.1	  (7)	  

MT4-‐MMP	   1.42	  (1)	   0.84	  (1)	   1.91	  (1)	   -‐	   3.2	  (1)	   0.24	  (1)	  

MT5-‐MMP	   0.90	  ±	  0.29	  (7)	   0.77	  ±	  0.28	  (7)	   1.12	  ±	  0.34	  (7)	   1.6	  ±	  0.26	  (7)	   0.93	  ±	  0.17	  (7)	   0.74	  ±	  0.26	  (7)	  

MT6-‐MMP	   0.66	  ±	  0.4	  (3)	   0.07	  (1)	   0.59	  ±	  0.14	  (3)	   0.74	  (1)	   -‐	   0.04	  (1)	  

TIMP-‐3	   1.14	  ±	  0.15	  (8)	   1.15	  ±	  0.13	  (8)	   1.17	  ±	  0.12	  (8)	   1.00	  ±	  0.18	  (8)	   1.19	  ±	  0.16	  (8)	   1.39	  ±	  0.25	  (8)	  

TIMP-‐4	   1.89	  ±	  0.10	  (3)	   1.15	  ±	  0.24	  (3)	   1.51	  ±	  0.08	  (3)	   0.97	  ±	  0.26	  (3)	   1.12	  ±	  0.09	  (3)	   0.74	  ±	  0.20	  (3)	  

Table III.4: MT-MMP and TIMP mRNA expression in amnion explants. 
Quantitative real-time PCR was used to detect MT-MMP and TIMP mRNA expression in amnion treated with/without 5µg/ml LPS 
with/without prior 5µM AZA treatment.  Data are presented as mean fold change in target gene transcript normalised to RPLPO and RPL13a 
±SEM compared to time matched controls with n value shown in brackets (number of tissues transcript was detected in out of eight separate 
amnions tested). – denotes no detectable gene expression.  Where suitable, ANOVA was performed and revealed no significance.   
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	   24	  h	   48	  h	  
	   AZA	   LPS	   AZA+LPS	   AZA	   LPS	   AZA+LPS	  

MT2-‐MMP	   1.19	  ±	  0.11	  (6)	   1.08	  ±	  0.17	  (6)	   0.86	  ±	  0.14	  (6)	   1.45	  ±	  0.20	  (6)	   1.12	  ±	  0.1	  (6)	   1.81	  ±	  0.34	  (6)	  

MT3-‐MMP	   0.55	  (1)	   0.26	  (1)	   0.43	  (1)	   -‐	   -‐	   -‐	  

MT4-‐MMP	   0.84	  ±	  0.16	  (5)	   0.97	  ±	  0.23	  (5)	   0.66	  ±	  0.12	  (5)	   1.09	  ±	  0.25	  (5)	   0.98	  ±	  0.15	  (5)	   1.04	  ±	  0.25	  (5)	  

MT5-‐MMP	   2.06	  ±	  0.81	  (7)	   1.17	  ±	  0.15	  (7)	   1.33	  ±	  0.35	  (7)	   1.52	  ±	  0.11	  (7)	   0.85	  ±	  0.19	  (7)	   1.42	  ±	  0.49	  (7)	  

MT6-‐MMP	   4.84	  (1)	   -‐	   1.26	  ±	  0.67	  (2)	   1.08	  ±	  0.10	  (2)	   0.98	  ±	  0.05	  (2)	   -‐	  

TIMP-‐3	   1.10	  ±	  0.19	  (8)	   1.13	  ±	  0.18	  (8)	   1.15	  ±	  0.23	  (8)	   1.07	  ±	  0.08	  (8)	   1.09	  ±	  0.06	  (8)	   1.24	  ±	  0.17	  (8)	  

TIMP-‐4	   1.37	  ±	  0.28	  (6)	   1.00	  ±	  0.12	  (6)	   1.44	  ±	  0.19	  (6)	   1.27	  ±	  0.42	  (6)	   1.35	  ±	  0.48	  (6)	   1.12	  ±	  0.30	  (6)	  

Table III.5: MT-MMP and TIMP mRNA expression in choriodecidua explants. 
Quantitative real-time PCR was used to detect MT-MMP and TIMP mRNA expression in choriodecidua treated with/without 5µg/ml LPS 
with/without prior 5µM AZA treatment.  Data are presented as mean fold change in target gene transcript normalised to RPLPO and RPL13a 
±SEM compared to time matched controls with n value shown in brackets (number of tissues transcript was detected in out of eight separate 
choriodecidua tested). – denotes no detectable gene expression.  Where suitable, ANOVA was performed and revealed no significance.   

 

 

	   24	  h	   48	  h	  
	   AZA	   LPS	   AZA+LPS	   AZA	   LPS	   AZA+LPS	  
TIMP-‐3	   126.02	  ±	  20.69	  (n	  =	  8)	   105.36	  ±	  11.07	  (n	  =	  8)	   143.34	  ±	  30.12	  (n	  =	  8)	   128.13	  ±	  22.40	  (n	  =	  8)	   115.27	  ±	  14.00	  (n	  =	  8)	   106.41	  ±	  14.01	  (n	  =	  8)	  

TIMP-‐4	   65.36	  ±	  10.45	  (n	  =	  4)	   31.93	  ±	  8.02	  (n	  =	  4)	   39.05	  ±	  9.60	  	  (n	  =	  4)	   128.88	  ±	  9.60	  (n	  =	  4)	   78.33	  ±	  15.21	  (n	  =	  4)	   109.88	  ±	  30.32	  (n	  =	  4)	  

Table III.6: TIMP protein in culture media from placental explants. 
ELISA was used to assess TIMP protein in conditioned media from placenta explants treated with/without 5µg/ml LPS with/without prior 
5µM AZA treatment.  Levels of secreted TIMP were normalised with respect to the total protein content and expressed as a percentage of 
time matched controls ±SEM compared to time matched controls with n value shown in brackets (number of tissues transcript was detected in 
out of eight separate placentas tested).  Where suitable, ANOVA was performed and revealed no significance.   
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	   24	  h	   48	  h	  
	   AZA	   LPS	   AZA+LPS	   AZA	   LPS	   AZA+LPS	  

TIMP-‐3	   170.85	  ±	  43.57	  (n	  =	  8)	   216.83	  ±	  69.52	  (n	  =	  8)	   187.20	  ±	  39.14	  (n	  =	  8)	   107.59	  ±	  10.12	  (n	  =	  8)	   144.04	  ±	  26.49	  (n	  =	  8)	   157.81	  ±	  16.80	  (n	  =	  8)	  

TIMP-‐4	   120.71	  ±	  8.35	  (n	  =	  4)	   111.38	  ±	  6.87	  (n	  =	  4)	   149.24	  ±	  13.39	  (n	  =	  4)	   175.60	  ±	  12.71	  (n	  =	  4)	   91.98	  ±	  4.38	  (n	  =	  4)	   111.41	  ±	  4.38	  (n	  =	  4)	  

Table III.7: TIMP protein in culture media from amnion explants. 
ELISA was used to assess TIMP protein in conditioned media from amnion explants treated with/without 5µg/ml LPS with/without prior 
5µM AZA treatment.  Levels of secreted TIMP were normalised with respect to the total protein content and expressed as a percentage of 
time matched controls ±SEM compared to time matched controls with n value shown in brackets (number of tissues transcript was detected in 
out of eight separate amnion tested) .  Where suitable, ANOVA was performed and revealed no significance.   

 

 

	   24	  h	   48	  h	  
	   AZA	   LPS	   AZA+LPS	   AZA	   LPS	   AZA+LPS	  

TIMP-‐3	   103.82	  ±	  12.88	  (8)	   108.87	  ±	  10.01	  (8)	   107.78	  ±	  10.82	  (8)	   109.49	  ±	  6.22	  (8)	   137.06	  ±	  13.08	  (8)	   123.11	  ±	  16.81	  (8)	  

TIMP-‐4	   119.65	  	  ±	  12.88	  	  (8)	   80.48	  	  ±	  10.59	  (8)	   75.10	  	  ±	  15.51	  (8)	   84.39	  	  ±	  5.77	  (8)	   95.23	  	  ±	  10.15	  (8)	   80.53	  	  ±	  16.42	  (8)	  

Table III.8: TIMP protein in culture media from choriodecidua explants. 
ELISA was used to assess TIMP protein in conditioned media from amnion explants treated with/without 5µg/ml LPS with/without prior 
5µM AZA treatment.  Levels of secreted TIMP were normalised with respect to the total protein content and expressed as a percentage of 
time matched controls ±SEM compared to time matched controls with n value shown in brackets (number of tissues transcript was detected in 
out of eight separate amnion tested) .  Where suitable, ANOVA was performed and revealed no significance.   
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	   24	  h	   48	  h	  
	   Control	   AZA	   LPS	   AZA+LPS	   Control	   AZA	   LPS	   AZA+LPS	  
Placenta	   0.80	  ±	  0.13	   0.92	  ±	  0.09	   0.79	  ±	  0.08	   0.86	  ±	  0.06	   0.43	  ±	  0.04	   0.63	  ±	  0.02	   0.49	  ±	  0.05	   0.48	  ±	  0.06	  

Amnion	   0.98	  ±	  0.02	   0.92	  ±	  0.02	   0.86	  ±	  0.03	   0.91	  ±	  0.02	   0.84	  ±	  0.02	   0.85	  ±	  0.01	   0.76	  ±	  0.02	   0.73	  ±	  0.01	  

Choriodecidua	   0.43	  ±	  0.03	   0.47	  ±	  0.07	   0.41	  ±	  0.06	   0.40	  ±	  0.06	   0.38	  ±	  0.05	   0.41	  ±	  0.04	   0.39	  ±	  0.03	   0.45	  ±	  0.04	  

Table III.9: Glucose uptake by gestational tissue explants.  
Glucose uptake by placenta, amnion and choriodecidua explants was measured in conditioned culture media by enzymatic colourimetric 
assay.  Data are presented as glucose uptake µmol/mg/min (mean ± SEM; n = 8).   

 
	   24	  h	   48	  h	  
	   Control	   AZA	   LPS	   AZA+LPS	   Control	   AZA	   LPS	   AZA+LPS	  
Placenta	   0.18	  ±	  0.03	   0.18	  ±	  0.04	   0.18	  ±	  0.03	   0.17	  ±	  0.04	   0.21	  ±	  0.04	   0.35	  ±	  0.02	   0.22	  	  ±	  0.06	   0.21	  ±	  0.05	  

Amnion	   0.16	  ±	  0.05	   0.17	  ±	  0.02	   0.16	  ±	  0.07	   0.12	  ±	  0.04	   0.14	  ±	  0.04	   0.11	  ±	  0.02	   0.14	  ±	  0.04	   0.10	  ±	  0.02	  

Choriodecidua	   0.26	  ±	  0.07	   0.31	  ±	  0.01	   0.27	  ±	  0.08	   0.27	  ±	  0.01	   0.26	  ±	  0.01	   0.36	  ±	  0.04	   0.31	  ±	  0.08	   0.32	  ±	  0.03	  

Table III.10: Lactate production by gestational tissue explants. 
Lactate production by placenta, amnion and choriodecidua explants was measured in conditioned culture media by enzymatic colourimetric 
assay.  Data are presented as amount of lactate µmol/mg/min (mean ± SEM; n = 8).   
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Figure 1.7: The Epigenetic system: Histone modifications, RNA interference and DNA 

Methylation (Sawan, et al., 2008) 
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Figure 1.8 Chromatin structure and remodelling by histone acetyltransferases (HATs) 

and histone deacetylases (HDACs) (Lattal & Wood, 2013) 
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Figure 2.2: Mechanism of 5-AZA-2’-Deoxycytidine (Egger, et al., 2004) 
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