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PIK3R1  Phosphoinositide-3-Kinase, Regulatory Subunit 1 (Alpha) 

PKC Protein Kinase C 

PLA1A Phospholipase A1 member A 

PLA2G- Phospholipase A2, group - 

PLC E1 Phospholipase C, epsilon 1 

POLR2I/CDK19 Polymerase II polypeptide I / Cyclin dependent kinase 19 

PPARG Peroxisome proliferator-activated receptor gamma 

PRKAA1 Protein Kinase, AMP-Activated, Alpha 1 Catalytic Subunit  

PROK2 Prokineticin 2 

PSCDBP/CYTIP  Cytohesin 1 Interacting Protein 

PTEN Phosphatase and tensin homolog  

PTGDS Prostaglandin D2 Synthase 

PTGER4 Prostaglandin E Receptor 4 (Subtype EP4) 

PTGS2 Prostaglandin synthase 2/ cyclooxygenase-2 

PTPN2 Protein tyrosine phosphatase, non-receptor type 2 

PTPRK Protein Tyrosine Phosphatase, Receptor Type, K 

PTPRZ1 Protein Tyrosine Phosphatase, Receptor-Type, Z Polypeptide 1 

PTX3 Pentraxin 3 

PURA Purine-Rich Element Binding Protein A 

QRSL1 Glutaminyl-TRNA Synthase (Glutamine-Hydrolyzing)-Like 1 

RCN2 Reticulocalbin 2, EF-Hand Calcium Binding Domain 

RelA p65 Subunit of the NFkB complex 

RelB Subunit of the NFkB complex 

RGS12 Regulator Of G-protein signaling 12 

Rnd- Rho GTPase 

ROK- ATP-Dependent RNA Helicase 

RRAD Ras-related associated with diabetes 

RUNX1/ AML1 Runt-related transcription factor 1 

S100A- S100 calcium binding protein A 

SCD1 Stearoyl-CoA desaturase-1  

SERPINA3/AACT Serpin Peptidase Inhibitor, A3 /Alpha-1 Antiproteinase, Antitrypsin) 

sFRP4 secreted frizzled-related protein 4 

SHC1 (Src homology 2 domain containing) transforming protein 1 

SLC16A- Solute Carrier Family 16 (Monocarboxylate Transporter), Member- 

SMAD- SMAD Family Member - 

SNAI1 Snail family zinc finger 1 

SOCS- Suppressor of cytokine signalling 

SOD- Superoxide dismutase 

Sp-1 Specificity protein 1 

SQSTM1 Sequestosome 1  

STAM2 Signal Transducing Adaptor Molecule (SH3 Domain And ITAM Motif) 2 

STAT- Signal transducer and activator of transcription 

STUB1 STIP1 homology and U-box containing protein 1 

SYN1 Syncytin-1 

TAGLN- Transgelin- 

TCL1- T-cell Leukemia/Lymphoma 1 

TDRD9 Tudor Domain Containing 9 

TEX1  Testis expressed gene 1 

TFAP2A Transcription factor AP2A 

TGF-  Transforming Growth Factor- 

THBS1 Thrombospondin 1 

THSB1 Thrombospondin 

TIMP1 Tissue inhibitor of metalloproteinases 1 

TIRAP Toll-interleukin 1 receptor domain containing adaptor protein  

TLR- Toll-like receptor 

TNC  Tenascin C 

TNF- Tumour necrosis factor- 

TNFAIP- Tumor necrosis factor alpha-induced protein- 

TNFRSF- Tumor necrosis factor receptor superfamily - 

TNFSF- Tumour necrosis factor, superfamily 

TP53 Tumor Protein P53 

TRAF TNF receptor-associated factor 

TREM1 Triggering receptor expressed on myeloid cells 1 

TUBB- Tubulin, Beta Class I 
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TWIST- Twist Basic Helix-Loop-Helix Transcription Factor 1 

TXA2R/ TBXA2R Thromboxane A2 receptor 

UBC Ubiquitin  

UBE2D3  Ubiquitin-conjugating enzyme E2D 3  

UPF2 UPF2 Regulator Of Nonsense Transcripts Homolog  

VCAM Vascular cell adhesion protein 1 

VCP Valosin Containing Protein 

VEGF  Vascular endothelial growth factor 

VIM Vimentin 

VMP1  Vacuole membrane protein 1 

WNT- Wingless-type mmtv integration site family 

XRCC5  X-Ray Repair Complementing Defective Repair In Chinese Hamster Cells 5  

ZDHHC- Zinc finger, DHHC-type containing  

ZEB Zinc finger E-box binding homeobox  
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Abstract 

Preterm birth is a worldwide health issue, with increased incidence of fetal mortality and risk of 

morbidities. Inhibition of myometrial contractions is the only therapeutic intervention available, but 

this strategy remains limited in effectiveness as labour is initiated by a network of processes. The 

regulation of these mechanisms, and the coordination between different uterine tissues, is poorly 

understood. In order to develop effective therapies, we must first define and understand the 

processes occurring prior to and during labour. We wished to explore the interactions that occur in 

the decidua and myometrium, identify the master regulators within the global system of labour and 

select potential therapeutic candidates for suppression of multiple labouring processes. The 

detailed investigation of the role of the decidua in labour is critically important, as it is the site of 

significant inflammatory, progesterone and prostaglandin activity during labour. Using a global 

approach of detection and analysis, this study used high through-put microarrays, pathway and 

network analysis, an in silico prediction workflow, and in vitro inhibition of candidate proteins in 

human and mouse cell lines to identify molecular fingerprint of labour, characterise the changes 

occurring near the end of pregnancy that lead towards activation of labour, and identify master 

regulators of these pathways. In human choriodecidua, the most enriched pathways of global gene 

expression during term labour were inflammatory-associated. Network analysis identified vimentin, 

TLR4 and TNFSF13B as master regulators of labour in the decidua and identified MT2, TLR2 and 

RelB in the myometrium. Preliminary in vitro inhibition experiments indicated blockade of individual 

master regulators could moderately decrease expression of multiple downstream labour-associated 

genes. The mouse decidua was also characterised by the presence of a significant inflammatory 

response during active term labour. However, major changes in decidual function and regulators 

were evident prior to labour; these processes were initiated as early as 60 hours preceding labour. 

The mouse myometrium was enriched for chemokine pathways, but the majority of gene changes 

occurred only 12 hours prior to labour in this tissue. In the mouse, in silico predicted master 

regulators included IRAK4, TIRAP in the decidua and the TLR2/4 complex in the myometrium. In 

conclusion, this study has shown for the first time that in normal term labour, the human 

choriodecidua is highly functional with active sterile inflammatory processes occurring. The findings 

of widespread preparatory events in the murine decidua, that precede changes in the myometrium, 

suggests integral roles in the initiation of labour. There are highly conserved similarities in the 

inflammatory receptors, ligands and transcription factors between human and mouse tissues. The 

master regulators identified govern multiple downstream genes are that not directly associated 

with contraction, indicating there are multiple important processes occurring during labour as well 

as the contractile factors. Although some of the regulators have been previously identified as being 

associated with labour, this study was the first to identify their network regulatory characteristics. 

Instead of targeting a single and potentially late-stage event such as myometrial contraction, 

targeting multiple processes with the inclusion of processes in the closely-related and highly 

functional decidua, may be a more effective strategy in preventing progression of the labour 

process. 
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1.0 Literature review 

The World Health Organisation recognises that birth before 37 weeks is a major world-wide health 

issue, and despite this premature birth (PTB) has been on the rise over the last 20 years in most 

countries. Advances in medical care in developed countries have greatly improved survival for 

infants born prematurely, especially for extremely premature infants (< 28 weeks). However, there 

have been no advances in treatment that decrease risks of prematurity, and thus prevent neonatal 

morbidity and infant death (Lawn et al. 2010). Investigating the biological pathways involved in 

triggering spontaneous term labour (TL) is crucial in understanding the preterm and term 

pathology. Specific interventions targeting earlier-stage biological signals, in addition to targeting 

the late myometrial excitation state, would potentially give rise to a treatment with a greater 

efficacy in the cessation of idiopathic premature labour processes, and so prevent PTB and improve 

neonatal outcomes.  

1.1 Preterm labour 

1.1.1 Incidence of preterm labour  

Many pregnancies presenting with contractions before 37 weeks will self-resolve. However, 

approximately 20% of women with preterm contractions will progress to premature labour (PTL) 

and PTB. This rate significantly increases when also presenting with a short cervix or cervical 

dilatation (Gomez et al. 2005; Romero et al. 2012). There are a number of markers and 

measurements used to aid the diagnosis of true PTL (Table 1). Cervical length in combination with 

the presence or absence of fetal fibronectin, has been the most commonly used in recent years for 

risk of PTL. Other traditional and relatively non-invasive tests include nitrazine pH strips or an 

absorbent pH pad for alkalinity of vaginal fluid for amniotic leakage, and the Ferning test of vaginal 

fluid for pattern formation, associated with salt crystallisation and high estrogen levels. Biomarkers 

of PTL in cervicovaginal fluid include: insulin growth factor binding protein 1 (IGFBP-1, decidua 

related protein) (Conde-Agudelo & Romero 2015a; Ruanphoo & Phupong 2015), alpha fetal protein 

(AFP) (Di Renzo et al. 2011) and placenta alpha microglobulin 1 (PAMG-1) (Abdelazim et al. 2014; 

Ehsanipoor et al. 2015). These markers are highly concentrated in amniotic fluid, compared to 

maternal serum or urine; elevated levels are associated with true TL and PTL, but their ability to 

accurately predict PTL is variable. Their use as a negative indicator can reassure women with high 

probability of PTL. Many markers associated with labour and PTB have been identified but there is 

no single non-invasive test that can positively predict PTL that results in PTB. Clinically, at least two 

indicators are used to ensure a higher sensitivity and specificity of detection, allowing hospital 

admission and treatment to be managed more accurately. 
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Table 1. Common tests for threat of preterm labour and delivery.  

The range in sensitivity and specificity result in a degree of uncertainty in interpreting risk of actual preterm 

delivery. At least two indicators are used to ensure an accurate assessment. SS= sensitivity, SP= specificity, 

PPV= positive predictive value and NPV= negative predictive value. Table modified and updated from (Di 

Renzo et al. 2011). 

Test Test methods Cut- 

off 

SS 

(%) 

SP 

(%) 

PPV 

(%) 

NPV 

(%) 

Problems 

Cervical 

length 

Ultrasound of cervical 

length. Symptomatic women 

with PPROM. 

≤ 2cm  51 71 62 61 Symptomatic women 

delivering within 7 days with 

PPROM. A short cervix in 

asymptomatic women does 

not always result in PTB 

(Mehra et al. 2015).  

Fetal 

fibro-

nectin 

Multiple kits available. 

Immuno-chromatographic 

assay kit that detects fetal 

fibronectin, in cervicovaginal 

fluid.  

> 50 

ng/ml 

97-98 70-97 74-93 98-

100 

Effective for negative 

prediction. Positive prediction 

in multiple pregnancies and 

symptomatic threatened PTL 

and delivery within 7 days. 

Semen and blood may affect 

the results (Watson et al. 

1998; Leitich et al. 1999; 

Abdelazim et al. 2014). 

Nitrazine 

(pH) 

A sensitive pH strip test of 

amniotic fluid leakage in 

cervicovaginal samples 

(alkaline) 

+ve/ -

ve 

pH>5.2 

90-97 16-70 63-75 80-93 Alkaline urine, blood, vaginal 

infection, semen, and hygiene 

products can alter the colour 

of the pH strip (Bennett et al. 

1993; Tagore & Kwek 2010). 

Ferning 

test  

Sample of vaginal fluid that 

forms a fern-like pattern 

indicates amniotic fluid and 

raised estrogen levels. 

Absent with progesterone. 

+ve/ -

ve 

51-98 70-88 84-93 87-97 Fingerprints, semen, or 

cervical mucus can produce 

the same fern-like effect 

(Garite & Gocke 1990; 

Abdelazim et al. 2014). 

Absorb- 

ent pad 

pH test 

AmnioSense. Non-invasive 

pH test using an absorbent 

pad to detect amniotic fluid 

leakage (alkaline) 

pH > 

5.2 

98.3 70 65-70 98 Mild infection, blood, semen 

and hygiene products can alter 

pH tests. This has not yet 

been documented for the 

Amniosense (Mulhair et al. 

2009).  

IGFBP 

and AFP 

ROM plus Check and 

Amnioquick Duo+. Kits 

that detect high amniotic 

fluid protein levels in vaginal 

fluid. (ng/ml) IGFBP-1 (5 

and 10). AFP (150 and 5) 

respectively 

IGFBP1

and 

AFP  

 80-

99 

75-

100 

85-

100 

74-94 Protein low in semen, urine 

and blood. High levels of blood 

may affect the results 

(Ruanphoo & Phupong 2015). 
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AFP Presence of high levels of 

alpha fetal protein in 

vaginal secretions. 

Indicates leakage of 

amniotic fluid 

>30μg/l 90-

94 

95-100 94-

100 

91-94 Presence of blood may affect 

the results (Garite & Gocke 

1990; Waller et al. 1996; Ho 

et al. 2012). 

IGBP-1 Actim PROM-TEST and 

AMNI Check. Kits that 

detect decidual protein 

levels in vaginal secretions. 

It is undetectable from 

semen, urine and blood. 

>3μg/l 74-

97 

74-98 73-97 56-95 Positive and negative 

predictive value variable 

across different studies. 

Symptomatic women 

delivering within 7 days with 

PPROM (Lembet et al. 2002; 

Ruanphoo & Phupong 2015) 

PAMG-1 AmniSure Test ROM 

(AmniSure International 

LLC, MA). Immunoassay for 

a placental glycoprotein 

protein in cervicovaginal 

fluid.  

>5 ng/ml 98-

99 

87.5-

100 

98-

100 

91-99 Can be positive in 

asymptomatic women without 

ROM. Associated with PTB 

and adverse outcome in 

symptomatic women, with or 

without ROM (Lee et al. 

2012a; Ng et al. 2013; 

Ehsanipoor et al. 2015) 

 

1.1.2 Incidence of preterm birth  

PTB can be divided into three categories according to gestational age. Infants born extremely 

preterm are before 28 weeks, very preterm are between 28 and 32 weeks, and late preterm are 

between 32 and 37 weeks. The latter makes up 84% of all PTBs (Goldenberg et al. 2008; Beck et 

al. 2010; Lawn et al. 2010; Blencowe et al. 2012; Zeitlin et al. 2013). Low-income countries 

experience high rates of PTB and many high income countries report an increase in number of 

cases. High income countries also experience higher rates of iatrogenic PTBs, including multiple 

births and those caused by pregnancy other complications such as pre-eclampsia. The European 

rate of PTB is 5.5% to 11.1%. The overall rate in the U.K has an average trend of 7.7% (Zeitlin et 

al. 2013). However, these rates include multiple births and iatrogenic births. In other a high 

income countries such as the US, the incidence of PTB has fluctuated, slowly decreasing over the 

last ten years but remains at 11.5%, which is comparable to that of PTB rates in Southeast Asia 

(Beck et al. 2010; Blencowe et al. 2012).  

1.1.3 Consequences of PTB 

 1.1.3.1 Mortality and morbidity of premature delivery 

Prematurity at birth increases risk of mortality. According to the World Health Organisation 

(updated November 2015), PTB is the highest cause of infant death in the US (Lawn et al. 2010; 

Blencowe et al. 2012), and the second leading cause of infant death after pneumonia in the UK 

(Blencowe et al. 2012). Morbidity in premature infants is increased, compared to those born at 
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term, and even in infants born close to term. Birth before 35 weeks increases risk of lung-related 

diseases such as respiratory distress syndrome, apnoea of prematurity and chronic lung disease 

from medical intervention. There are also cardiovascular and neurological effects. These 

morbidities are less common and are associated with degree of prematurity, health condition at 

birth and weight at birth. Some neurological effects persist well into adulthood and the degree of 

severity rises with greater prematurity. These include damage to the brain causing cerebral palsy, 

and decreased concentration and hyperactivity in childhood (Talge et al. 2010). In extreme 

prematurity, infants are exposed to risks of reduced cognitive function, and additional 

cardiovascular complications can exacerbate these symptoms. In many cases cardiovascular 

complications can be mild, but poor circulatory function in premature infants is associated with 

hypothermia, brain haemorrhage, hearing loss and retinopathy of prematurity. Under-developed 

fetal immunity in the gut can result in infection in the gastrointestinal tract or necrotising 

enterocolitis, and in severe cases lead to infant death (Goldenberg et al. 2008).  

 1.1.3.2 Economic costs of preterm delivery 

Survival of infants born extremely premature has dramatically improved, but it places a 

considerable financial burden on available medical services. In the UK, advanced neonatal care has 

increased the survival of infants born between 22 - 26 weeks from 40% in 1995, to 53% in 2006. 

However, hospital stay was on average three and a half months, and 59% of those infants had 

continuing major health complications (Costeloe et al. 2012). Although the majority of PTBs occur 

after 32 weeks, late premature infants (35-36 weeks) still require greater access to medical care, 

with a four-fold risk of an adverse medical condition, compared to an infant born at term (Wang et 

al. 2004). As a consequence, there is a 5.9 fold increase in medical costs in the UK for preterm 

infants (born at 32 to 33.6 weeks), and even in late preterm infants (born at 34 to 36.6 weeks) 

there is a 2.8 increase compared to infants born at term in their first 2 years of life (Khan et al. 

2015). Applying these statistics to the annual PTB rate, the study estimated an extra £122 million 

annually for 32 to 36.6 week born preterm born infants up to the age of 2 years old (Khan et al. 

2015). This expenditure is reflected in the exceptional survival rates however, the economic 

consequences of PTB birth are variable depending on hospitalisation length and gestational age. 

The considerable costs of PTB are due to the health implications after birth, which increase with 

decreasing gestational age (Mangham et al. 2009). 

The issue remains that there are very few effective approaches for preventing spontaneous PTL 

and PTB. In low income countries with fewer neonatal medical services, very PTB infants have a 

survival rate of approximately 10% compared to almost 90% in the UK and US (Blencowe et al. 

2012), further highlighting the need for an understanding of labouring processes and an effective 

approach towards prevention of PTBs and PTL. 
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1.1.4 Causes and risk factors of preterm labour and birth 

There are a several causes of PTL leading to PTB, but a major proportion of PTL is defined as 

spontaneous or idiopathic. A third of women experiencing true PTL will deliver prematurely with no 

prior indication or detectable cause for preterm delivery (Goldenberg et al. 2008). There are also 

iatrogenic PTBs resulting from elective or medical caesarean delivery. Elective caesareans are an 

increasing concern in high-income countries, but emergency caesareans are also performed for 

pregnancy complications such as preeclampsia, fetal growth restriction, fetal anomalies and 

obstructed labour. Multiple pregnancies also increases risk of PTL, as physical stretching of the 

uterine tissues promotes contractile signals (Loudon et al. 2004; Shynlova et al. 2007). Sustained 

maternal infection from sexually transmitted diseases, bacterial vaginosis, and chorioamnionitis 

increases the risk of PTL (Goldenberg et al. 2008). Other risk factors include tobacco smoking 

(Ahern et al. 2003; Cnattingius 2004), black ethnicity (Ahern et al. 2003; Blencowe et al. 2012), 

obstetric history (Sadler et al. 2000), short cervix (Gomez et al. 2005; Smith et al. 2008; Romero et 

al. 2012), uterine and placental abnormalities (Miller et al. 1997; Airoldi et al. 2005; Belfort 2011; 

Fishman & Chasen 2011), maternal age under 19 and over 40 years of age (Astolfi & Zonta 1999; 

Tough et al. 2002; da Silva et al. 2003; Pennell et al. 2009), low body mass index (Hickey et al. 

1997; Hendler et al. 2005), low socioeconomic status (Peacock et al. 1995; Glinianaia et al. 2013; 

Hsieh et al. 2015), and maternal health conditions such as diabetes, hypertension and asthma 

(Rush 1979; Goldenberg & Culhane 2005; Peterson et al. 2015). There is a distinct disparity of 

fetal gender in very preterm cases (<32 weeks), with males out numbering females (Challis et al. 

2013) by more than 50% (Ingemarsson 2003). However the effect of fetal sex is contentious as 

idiopathic PTB and the risk of recurrent idiopathic PTB, has been shown to be greater when the 

first pregnancy is a female infant (Kamphuis et al. 2015). Though the study found a pattern of 

difference, the statistical differences are low (15.8 vs. 15.2%; adjusted odds ratio 1.2; 95% 

confidence interval 1.05–1.3) (Kamphuis et al. 2015).  

Risk factors for PTB analysed by cluster network analysis, subsequently identified PTL as 

possessing five major clinical phenotypes including maternal stress, PPROM, familial factors, 

maternal comorbidities and a group of infection, decidual haemorrhage and placental dysfunction 

(Esplin et al. 2015). The risk factors are summarised in Table 2. 
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Table 2. Risk factors for idiopathic preterm labour and delivery 

Maternal 

infection 

Prolonged infection increases risk of PTB; diseases include sexually 

transmitted diseases, bacterial vaginosis, and also chorioamnionitis of the fetal 

membrane (Goldenberg et al. 2008). 

Tobacco 

smoking 

Smoking increases risk by 1.5 fold compared to non-smokers (Ahern et al. 

2003; Cnattingius 2004). Rates of PTB are significantly decreased, even if 

presenting with other high risk factors, if smoking is ceased (Kyrklund-

Blomberg & Cnattingius 1998). 

Black ethnicity African American women have significantly higher rates of premature labour 

and delivery in comparison to Caucasian American women. This higher risk 

with ethnicity remains even when there are other PTB high-risk factors are 

involved such as smoking (Ahern et al. 2003; Lu & Chen 2004; Blencowe et 

al. 2012). The rates of PTB were similar between American Indian/Alaska 

Native, or Asian/Pacific Islander women compared to Caucasian women in the 

cohort (Lu & Chen 2004). 

Obstetric 

history 

History of PTB. Previous induced abortions are associated with PTB (Moreau 

et al. 2005; Klemetti et al. 2012). It is debatable whether a history of cervical 

surgery increases the risk of PTB (Sadler et al. 2000; Nam et al. 2010; Bevis & 

Biggio 2011; Farinelli et al. 2012). However women with a short cervix have a 

much greater risk (Gomez et al. 2005; Smith et al. 2008; Romero et al. 2012). 

Abnormalities in the uterus such as bicornate shape are known to result in 

PTB (Airoldi et al. 2005). 

Maternal age PTB is increased in mothers <19 years old, and those who also experienced 

late menarche (Hediger et al. 1997; da Silva et al. 2003). Pregnancy at >40 

years old are twice as likely to experience PTB compared to women 20-35 

years of age (Astolfi & Zonta 1999; Tough et al. 2002; Pennell et al. 2009) 

Body mass 

index (BMI) 

Low BMI (<19) before pregnancy increases PTB risk, especially combined with 

black ethnicity (Hickey et al. 1997). A high BMI is not independently 

associated with PTB but, risk of PTB increases with another adverse factor 

such as smoking or low socioeconomic status (Hendler et al. 2005). 

Socioeconomic 

factors 

Unemployment, low income, lower education, and single relationship status 

are associated with idiopathic preterm delivery (Peacock et al. 1995; 

Glinianaia et al. 2013; Hsieh et al. 2015). 

Placental 

abnormalities  

Placental abnormalities including placental accreta (attachment to the 

myometrium) increase the incidence of PTB. However as placental accreta is 

associated with previous caesarean delivery, it may be a consequence of 

caesarean delivery rather than cause (Belfort 2011; Fishman & Chasen 2011). 

Placenta previa (partial/full attachment over the cervix) (Miller et al. 1997), 

placental abruption and preterm premature rupture of membranes (PPROM) 

also increase PTL risk (Mackenzie et al. 2004; Lockwood et al. 2005; 

Buhimschi et al. 2010; Han et al. 2011; Lockwood et al. 2012).  

Maternal 

conditions 

Maternal health condition such as diabetes, hypertension and asthma are 

associated with increased risk of PTB (Rush 1979; Goldenberg & Culhane 

2005; Peterson et al. 2015). 

Fetal gender Male infants significantly outnumber female infants by 55-60% in very 

premature cases (< 32 weeks) with better survival in female infants 

(Ingemarsson 2003). Upon lipopolysaccharide (LPS) stimulation, male 

placentae produce more prostaglandins and cytokines than female placentas 

(Challis et al. 2013). 
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1.1.5 Treatments for preterm labour 

The goal in treating pregnancy complications is to improve outcomes for the infant without 

detrimentally affecting the health of the infant or mother. There are several recommendations from 

the World Health Organisation to reduce the incidence of premature labour and PTB: cessation of 

smoking, cervical cerclage - however the length of cervix and intact fetal membranes determines 

the effectiveness of this technique (Hassan et al. 2001; Groom 2007; Owen et al. 2009), reduction 

in the number of embryos transferred during in vitro fertilisation, progesterone therapy for PTB 

high risk women, administration of antenatal corticosteroids to improve fetal development with 

tocolysis to slow labour progression.  

 

Tocolysis is one of the few therapies available to slow PTL. These drugs aim to suppress 

myometrial contraction and include: oxytocin receptor antagonists, non-steroidal anti-inflammatory 

(NSAID) therapies, calcium channel blockers, beta receptor agonists, nitric oxide donors and 

magnesium sulphate, all of which have varying efficacies and side effects to the mother and/or 

fetus (Haas et al. 2012a; Vogel et al. 2014). In the UK, the Royal College of Obstetricians and 

Gynaecologists guidelines recommend the calcium channel blocker, nifedipine, and oxytocin 

receptor antagonist, Atisoban. Both of these are associated with the least number of side effects in 

comparison to other available tocolytics (Conde-Agudelo et al. 2011; Flenady et al. 2014; Vogel et 

al. 2014); however, studies comparing the therapies show little effectiveness in delaying labour 

more than 48 hours against a placebo in singleton pregnancies (Flenady et al. 2014; Danti et al. 

2014). The use of tocolytics does little to increase gestational age at delivery and there is no 

evidence of improved fetal outcomes. Due to the difficulty in assessing idiopathic PTL and lack of 

therapies for pregnancy complications, current tocolytic treatment allows a window of 48 to 72 

hours for corticosteroid treatment to accelerate maturation of the fetal lungs, thus decreasing 

neonatal morbidity. Evidence indicates that blocking myometrial excitation pathways is relatively 

ineffective, and yet they are the target of all PTL therapies (Haas et al. 2012a; Roos et al. 2013; 

Mackeen et al. 2014; Vogel et al. 2014). In addition, tocolytic study data often doesn’t reflect 

efficacy due to biased study design and reporting (Roos et al. 2013).  

 

In a recent meta-analysis of tocolytics, none of the available treatments demonstrated improved 

neonatal outcome, and withdrawal of treatment was common due to severity of maternal and fetal 

side effects (Haas et al. 2012a; Jørgensen et al. 2014; Vogel et al. 2014). The most maternal side 

effects were caused by beta receptor agonists, magnesium sulphate and calcium channel blockers 

(Haas et al. 2012a; Vogel et al. 2014). However the top three tocolytics that consistently delayed 

labour for 48 hours were prostaglandin inhibitors, magnesium sulphate and calcium channel 

blockers (Abramovici & Jenkins 2013; Klauser et al. 2014; Vogel et al. 2014). The least number of 

side effects with moderate rates of delaying PTB was observed with atosiban (Jørgensen et al. 

2014; Vogel et al. 2014). Of the most commonly used tocolytics, indomethacin (a non-steroidal 

anti-inflammatory (NSAID) prostaglandin inhibitor) (Panter et al. 1999), ritodrine (beta-receptor 

antagonist) (Leveno et al. 1990), nitric oxide donors (Duckitt & Thornton 2002) and magnesium 

sulphate (Crowther et al. 2002) often result in minor maternal and fetal side-effects, and there 
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were no advantages between the therapies, which were ineffective for very PTL and PTB before 32 

weeks. Nifedipine, a calcium channel blocker (King et al. 1998) and atosiban, an oxytocin receptor 

antagonist (Tsatsaris et al. 2004; Vrachnis et al. 2011; Jørgensen et al. 2014) delayed premature 

labour for up to 48 hours with fewer maternal side effects in comparison to beta blockers. However 

comparing the efficacy of a tocolytic with another tocolytic gives little evidence towards efficacy for 

delaying PTL and as a result, it is difficult to evaluate the usefulness of tocolytics as a treatment 

(Conde-Agudelo et al. 2011; Abramovici et al. 2012; Haas et al. 2012b; Abramovici & Jenkins 

2013). Antibiotics are also used for PTL therapy, as prolonged infection during gestation has been 

linked with neurological defects. The use of antibiotics such as erythromycin and amoxicillin-

clavulanate, however, has also been associated with a small, but increased risk of cerebral palsy 

(Gilbert et al. 2005; Kenyon et al. 2008). 

 

Prophylactic treatment with progesterone can delay the onset of premature labour in high risk 

cases, and is currently the most effective PTB treatment (Norman et al. 2012); the long term 

outcomes of progesterone prophylaxis including infant health are due to be published 2015/2016 

from the OPPTIMUM study. From available data, the actual effectiveness of progesterone as a 

prophylactic is unclear. There have been reports on improvements in infant health in asymptomatic 

women with a short cervix (<2.5mm) (Meis 2005; Romero et al. 2012) but the data are 

inconsistent, with no evidence of efficacy for PTL in singleton (Likis et al. 2012; Martinez de Tejada 

et al. 2015) or multiple pregnancies (Brizot et al. 2015). A systematic review demonstrated no 

reduction in fetal morbidities such as respiratory distress syndrome, and no effect on PTL in using 

progesterone compared to placebo, in either moderate or late preterm infants (Eke et al. 2015). 

Confounding factors included route of administration and drug type, as not all cases of premature 

labour responded well to progesterone therapy. Vaginal progesterone appears to be the most 

effective formulation with the least side-effects for early treatment of singleton high risk 

pregnancies with PTL, history of prior PTB and short cervix. Evidence for developmental 

advantages for the infant is sparse (Norwitz & Caughey 2011; Likis et al. 2012; Haram et al. 2014; 

Romero et al. 2014; Conde-Agudelo & Romero 2015b; O’Brien & Lewis 2015) but birth weight of 

infants are increased when women with PTL were treated with vaginal progesterone compared to 

nifedipine (Kamat et al. 2014) or placebo (Eke et al. 2015). The evidence presented here however 

are from reviews (Norwitz & Caughey 2011; Haram et al. 2014; Romero et al. 2014; Conde-

Agudelo & Romero 2015b; O’Brien & Lewis 2015). Two were meta-analyses with contradictory 

reports of progesterone as being effective (Likis et al. 2012) or not effective (Eke et al. 2015) in 

delaying PTL. Of the three experimental studies, two indicated no effect with progesterone 

treatment (Brizot et al. 2015; Martinez de Tejada et al. 2015) and one with a significant 

postponement of PTL (Kamat et al. 2014), but this was achieved with different doses at 200mg vs 

400mg/day, respectively. Comparison of equivalent doses and administration route, length and 

effect of treatment on PTL and fetal outcome are required. 

 

Targeting therapeutic treatments towards earlier or multiple events within the labouring process 

may be more effective in preventing premature delivery. To develop therapies that have greater 
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effectiveness, a better understanding of the mechanisms and functions of activated intracellular 

pathways upstream of active labour is required. The long term objectives of this project are to 

target pathways that regulate the processes of PTL, but firstly, the pathways that regulate normal 

TL must be investigated and understood. Uterine activation is a necessary component of 

contraction and labour, and there are established events associated with the labour cascade (as 

discussed below). However, a more complex understanding of the interplay between cellular 

pathways, intercellular signalling and regulation of the switch from uterine quiescence to uterine 

tissue activation is yet to be elucidated. 

 

1.2 Promoters of labour and mediators of contraction  

1.2.1 Promoters of labour 

1.2.1.1 Fetal Hypothalamic Pituitary Adrenal (HPA) axis  

The fetal hypothalamic pituitary adrenal (HPA) axis describes a complex endocrine pathway 

originating from the fetal hypothalamus, anterior pituitary and the adrenal glands. The adult HPA 

axis has roles in many signalling pathways, but during pregnancy, it is thought that the additional 

signalling from the fetal HPA axis triggers pathways favouring parturition (Figure 1). At term, 

maturation of the fetal HPA axis initiates production of corticosteroid releasing hormone (CRH) 

from the fetal hypothalamus. The placenta also produces CRH, increasing as the pregnancy 

develops towards term. Towards the end of pregnancy, the combined concentration of CRH from 

the fetal hypothalamus and placenta signals the fetal anterior pituitary gland to synthesise 

adrenocorticotropic hormone (ACTH). Stimulated by the production of fetal ACTH, the fetal adrenal 

glands commence synthesising cortisol and dehydroepiandrostone (DHEA). Cortisol and DHEA are 

regulators of sex steroids, prostaglandin synthesis, oxytocin receptor and connexin 43 expression, 

and hence regulate a wide range of molecules involved in the initiation of contraction and labour. 

 

Studies in sheep have shown that disruption of the fetal HPA delays normal labour. The silencing of 

fetal anterior pituitary gland function eliminates ACTH production, depleting cortisol and DHEA 

signalling and their downstream factors. Despite available circulating CRH, the loss of ACTH 

extended pregnancies significantly beyond term (Antolovich et al. 1990). Administering ACTH to 

pregnant sheep induces spontaneous PTL, where myometrial activation is similar to TL, with 

elevated myometrial gap junction associated protein 1 (GAP1) mRNA and protein expression with 

exogenous ACTH (McNutt et al. 1994). Due to the experimentally invasive nature of these 

techniques, it is difficult to investigate the timing and function of the HPA axis in human 

parturition. However, there are reports of elevated cord plasma levels of ACTH in labour at TL and 

PTL (Bagnoli et al. 2013), maternal plasma levels of CRH, ACTH and cortisol in labouring women 

are raised, with no change in DHEA levels (Ochedalski et al. 2001; Ochedalski & Lachowicz 2004).  

 

Extended gestation is associated with low fetal plasma ACTH, attenuated cortisol production, and 

lowered urinary estrogen in cases of human anencephalic fetuses. In a primate model of fetal 
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anencephaly, similar low plasma changes were observed, with 40% of pregnancies delivering 

beyond term dates (Novy 1977). In a study, treatment using the anti-inflammatory glucocorticoid 

steroid betamethasone, suppressed primate fetal production of ACTH precursors, adrenal ACTH 

receptor mRNA expression and fetal adrenal weight (Pepe & Albrecht 1995). Hypermaturation of 

the fetal HPA axis has been noted in male fetuses (Ingemarsson 2003; Challis et al. 2013). This 

suggests there is a higher expression of steroidal genes, a higher stimulated production of 

prostaglandins, pro-inflammatory cytokines and anti-inflammatory mediators promoting preterm 

maturity and labour by male placentas (Challis et al. 2013). There are glucocorticoid receptor 

isoforms in the placenta, with 8 differentially expressed in the placenta of women presenting with 

PTB. The glucocorticoid receptor expression of GRαC was greater in PTL compared to TL, and 

GRαD2 in male placentae compared to female (Saif et al. 2015), providing further support to 

potential differences in fetal sex, and cortisol production in the fetal HPA axis maturation, to timing 

of parturition. 
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Figure 1. Summary of the fetal hypothalamic pituitary adrenal axis.  

The matured fetal brain releases corticotropin-releasing hormone (CRH) in the hypothalamus (green circle). 

Fetal release of CRH also triggers secretion of CRH from the placenta. CRH induces the anterior pituitary (red 

dot) to secrete adrenocorticotropic hormone (ACTH). ACTH stimulates the fetal adrenal glands to produce 

dehydroepiandrosterone (DHEA) and cortisol. DHEA is converted to estrogen in the placenta and cortisol is 

released into the maternal serum affecting the maternal HPA axis and contributing towards the onset of 

labour. Images modified from www.braintumour.org.uk; www.chw.org; www.getmedicalmodel.com; 

http://www.chop.edu/healthinfo/fetal-circulation.html 
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1.2.1.2 Progesterone  

Progesterone function is regulated by progesterone receptor B (PRB) and receptor A (PRA) and is 

highly conserved across mammalian species. The exact biological mechanisms underlying the 

functional switch from PRB to PRA dominance during the onset of labour are still in the early 

stages of investigation. Overall PR expression is maintained in the myometrium and decidua during 

pregnancy and TL (Haluska et al. 2002). There exists a threshold of PRA/B expression for the 

commitment towards labouring processes. It is classically thought that the role of progesterone in 

maintaining myometrial quiescence is promoted when PRB expression is dominant over PRA (Chen 

et al. 2008). When the relative expression of PRA is higher, progesterone blocks the immuno-

regulatory actions of PRB by stimulating pro-inflammatory activity (Merlino et al. 2007; Tan et al. 

2012). Term decidua cultured in vitro, showed a supressed immune response to progesterone in 

the presence of prostaglandins (Goldman et al. 2005). PRA expression in the placenta and is 

upregulated at onset of labour, with higher expression in TL compared to PTL; a corresponding 

down-regulation of PRB is observed in both TL and PTL (Zachariades et al. 2012). 

 

Throughout pregnancy, myometrial quiescence is partly maintained by high levels of progesterone 

produced by the placenta. In most mammals, a decline in maternal serum progesterone drives 

parturition. Spontaneous fetal loss or PTL in the rat can also be simulated by inhibiting 

progesterone receptors (Evans et al. 1982). In primates, serum progesterone levels remain 

elevated throughout pregnancy and parturition. Rather than a hormone withdrawal, a block in 

progesterone function signals the end of pregnancy, disrupting the myometrial quiescence (Chen 

et al. 2008). Progesterone maintenance is crucial in myometrial quiescence, such that it is a target 

of tocolysis, as described earlier. Decreased PRB expression occurs concurrently with a placental 

conversion of DHEA to estrogen, further shifting the balance from progesterone to estrogen 

dominance. 

 

In a study investigating PRA to PRB dynamics, the dominance of PRA did not simply suppress PRB 

activity but acted via upregulating NFĸB activity, increasing expression of pro-inflammatory 

cytokines, increasing COX-2 (cyclooxygenase-2/ prostaglandin synthase 2, PTGS2) expression, and 

upregulating genes involved in cellular homeostasis (Tan et al. 2012), thus contributing to 

incremental rise of myometrial sensitivity towards contractile action. When acting through PRB, 

progesterone promotes NFκB inhibitor activity, decreases myometrial pro-inflammatory cytokines 

and PTGS2 expression (Lei et al. 2012; Tan et al. 2012) and down-regulates calcium ion 

homeostasis genes (Tan et al. 2012). Functional withdrawal of progesterone in the myometrium 

involves the promoter binding of PRA peaking just prior to TL, with PRA expression gradually 

decreasing with onset of labour, in conjunction with reduced transcriptional activity downstream of 

PRB. This occurs in both PTL and TL (Chai et al. 2014). Epigenetic modifications of the PRA 

promoter are found in the term myometrium (Chai et al 2012), with epigenetic related metal-

binding nuclear transcriptional activator enzymes possessing a higher affinity for the PRA promoter.  
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1.2.1.3 Estrogen  

Estrogen is responsible for a wide variety of endocrine functions in sexual health in both males and 

females. Estrogen has two main receptors (ER) α and β with three ligands: 17-β-estradiol, estrone 

and estriol, and the ratio between these ligands determine the functional effect (Mesiano et al. 

2002). In women, estrogens are produced by granulosa cells in the ovaries, induced by follicle-

stimulating hormone from the pituitary gland. During pregnancy, they are synthesized by the 

placenta by conversion of fetal DHEA, increasing as the fetal HPA axis matures. ER expression in 

the myometrium also increases at term, where greater ER activation is associated with the rise in 

PRA dominance (Mesiano et al. 2002). The surge in estrogen production and ER expression by the 

myometrium strongly promotes contractile events in the lead up to labour. Abnormal elevation in 

estrogen levels, and especially a high ratio of estriol to estradiol, has been associated with PTL 

(Smith et al. 2009). Estrogen has been demonstrated to increase the frequency of myometrial 

contraction in vitro mediated through the relaxation phase of smooth muscle activity (Jiang et al. 

1991). Smooth muscle tone in myometrial tissue is higher when exposed to a combination of 

progesterone and estrogen, compared to progesterone only (Fu et al. 1996). Interaction between 

progesterone and estrogen receptors also contributes to the control and coordination of uterine 

activating factors. Treatment with estradiol alone in rat myometrium elicits expression of 

prostaglandin receptors EP2 and 4 through ERβ, however estradiol and progesterone increases 

contractile EP1, EP3 and via ERα (Blesson et al. 2012). The roles of prostaglandins and their 

receptors are detailed in section 1.2.2.1. Promoter regions of PR receptors are also regulated by 

estrogen but they do not contain estrogen transcription responsive elements (Kastner et al. 1990). 

In humans, high estrogen to progesterone ratio contributes to higher myometrial sensitivity to 

contractile signals. Estrogen stimulates myometrial mRNA expression of GJA1 (connexin 43, CX-

43)(Di et al. 2001), PTGS2 (Mesiano et al. 2002) and prostaglandin receptor expression (Boos et 

al. 2006), gap junction formation (Petrocelli & Lye 1993; Rezapour et al. 1996), oxytocin receptor 

expression (Mesiano et al. 2002) and leukocyte recruitment via progesterone receptor (Tibbetts et 

al. 1999). Estrogen signalling is crucial but the molecular mechanisms are numerous and the 

regulation between labour-associated signals unclear. In breast cancer cells, ERα and β activity 

induced by inflammatory chemokines CXCR4 and CXCL12 are mediated through estrogen and AP-1 

transcriptional activity (Sauvé et al. 2009). Myometrial AP-1 and cFOS activity increases GJA1 

signalling (Mitchell & Lye 2001) and is promoted by CRH (Wu et al. 2007). The activity of AP-1 also 

upregulates inflammatory signalling and contractile genes associated with preterm and TL 

(MacIntyre et al. 2014).  

1.2.1.4 Uterine stretch 

Pressure or stretch on the uterus from the developing fetus acts as a physical stimulus, releasing 

molecules that activate the uterus in preparation for labour and delivery. Uterine stretch applied 

artificially with an expanding balloon in the first trimester of pregnancy induces myometrial 

contractility and leads to fetal loss (Manabe et al. 1981). This simulated uterine expansion also 

induces myometrial contraction in women at term (Manabe et al. 1983). Increased contraction by 
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uterine stretch is facilitated by, and increases OXTR mRNA expression, NFĸB signalling (Terzidou et 

al. 2011), leukocyte infiltration (Zhao et al. 2013), cytokine expression (Loudon et al. 2004; 

Shynlova et al. 2007a; Shynlova et al. 2008; Hua et al. 2012) and PTGS2 mRNA expression and 

synthesis (Sooranna et al. 2004). Artificial stretch has shown to elicit human cervical softening by 

significantly increasing prostaglandin secretion (Manabe et al. 1982), PTGS2 gene expression and 

pro-inflammatory gene activation (Lei et al. 2011). Uterine stretch in the rat also increases 

expression of matrix metalloproteinases (MMP) 2 and 9 (Yin et al. 2012), alters fibronectin 

localisation (Shynlova et al. 2007b) and extracellular matrix expression (Shynlova et al. 2009), 

which facilitates the coordination of labouring signals. 

1.2.2 Mediators of contraction  

 1.2.2.1 Prostaglandins 

Prostaglandins have multiple roles in the body including inflammation, neurotransmission, 

endothelial permeability and coagulation. During parturition, prostaglandin levels increase in the 

maternal serum and uterine tissues, inducing sensitivity of the myometrial to signals that induce 

contractility, cervical ripening, uterine involution and changes in tissue structure to promote ROM 

(Keelan et al. 2003a; Olson et al. 2003; Makino et al. 2007). Prostaglandins are synthesised 

through the eicosanoid pathway from phospholipids and arachidonic acid (Figure 2). The enzymes 

PTGS1 and 2 catalyse the conversion of arachidonic acid into the inactive intermediate 

prostaglandin H2 (PGH2), which is further converted into a number of active prostaglandins that 

act in an autocrine or paracrine manner. The PTGS enzymes have different expression patterns 

and induce different functions; PTGS1 is expressed in most tissues and PTGS2 expression is 

induced by inflammatory mediators. Active prostaglandins include prostaglandin E2 (PGE2), PGF2α, 

PGD2, Prostacyclin (PGI2), 6-keto-PGF1α (stable product of PGI2) and also thromboxane, which 

causes platelet aggregation. In uterine tissues, the most abundant forms of prostaglandins are 

PGF2α and PGE2, which exert their actions through specific G-protein-coupled transmembrane 

receptors. PGF2α activates the prostaglandin FP receptor (FP) and PGE2 has four main 

prostaglandin E receptors: EP1, EP2, EP3, and EP4. PGD2 binds to prostaglandin D receptor (DP) 

and PGI2 binds to prostaglandin I receptor (IP). Thromboxane binds to the prostaglandin 

thromboxane receptor (TP) (Figure 2). Each receptor activates a specific signalling pathway which 

exhibit distinct tissue-specific localisation and temporal expression. Activated receptors EP2, EP4 

and IP act as smooth muscle relaxers, while FP, EP1 and EP3 increase calcium influx, thus driving 

and intensifying myometrial contractions (Jabbour and Sales, 2004). In the rat, there are isoforms 

of EP2 expression in cervical epithelium and smooth muscle, which alter with exogenous 

progesterone, or progesterone receptor antagonism (Hinton et al. 2010). Recent studies have 

shown that at least 15 prostaglandin-synthesis related genes are involved in labour and are 

dependent on the uterine tissue type (Philips et al 2011; Alzamil et al 2014) and phenotype of 

labour (Phillips et al. 2014). At term, there is abundant myometrial prostaglandin synthesis of PGI₂, 

PGD₂ and PGF₂α. The choriodecidua and placenta are also sites of high prostaglandin production 

and contain high concentrations of PGD2 α, PGF2 and PGE2 at term. PGE2 is characteristic of the 



35 

 

amnion, as is PGI2 in the umbilical cord (Phillips et al. 2011). Many inflammatory factors also 

induce the expression of prostaglandins including interleukin (IL)-1β, IL-6 and IL-8, tumour 

necrosis factor (TNF) α and toll-like receptor (TLR) 2 (Phillips et al. 2014). The prostaglandin PGF2α 

can upregulate the myometrial expression of the converting enzyme PTGS2, receptor OXTR, and 

the protein GJA1 and their transcription is promoted through different signalling pathways such as 

ERK, NFAT, NFκB and PKC (Xu et al. 2015). 

 

 

Figure 2. Diversity of intracellular prostaglandins produced through the eicosanoid 

pathway.  

Phospholipids are converted into arachidonic acids (AA), which are reduced to prostaglandin H2 

(PGH2) by PTGS2 (yellow box). The PGH2 precursor is converted by prostanoid enzymes into 

bioactive prostaglandin I2 (PGI2), PGE2, PGD2, PGF2α and thromboxane A2 (TXA2). These are 

transported out of the cell to their G-coupled membrane receptors: prostaglandin I2 receptor (IP), 

Prostaglandin E1-4 receptors (EP1-4), prostaglandin D2 receptor (DP), prostaglandin F2α receptor 

(FP) and thromboxane receptor (TP), respectively, which are expressed on the cell surface. Image 

adapted from (Fletcher et al. 2010).  
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 1.2.2.1.1 Prostaglandins in the Myometrium  

Myometrial tissues express PTGS enzymes, transporters and contain active prostaglandins during 

labour. Immune cells are present in the uterine tissues and constitutively express PTGS1 enzymes 

and PTGS2 when stimulated by inflammatory events (Seibert & Masferrer 1994). Expression of 

PTGS2 is increased in human term labouring tissues in the myometrium, promoting NFκB activation 

(Poligone & Baldwin 2001) and thus local cytokine levels such as TNFα (Poligone & Baldwin 2001; 

Ackerman et al. 2005), IL-1β (Belt et al. 1999; Bartlett et al. 1999), IL-8 (Elliott et al. 2000), and 

TGFβ (Brown et al. 2000). Activation of FP by PGF2α is also crucial in stimulating smooth muscle 

contraction in the myometrium (Cook et al. 2000). Inhibition of PTGS-2 expression, using a PTGS-2 

selective inhibitor, delays the onset of labour by decreasing conversion of PGF2α, but not PGE, and 

reduces response to inflammatory products (Olson & Ammann 2007). 

Prostaglandins have been shown to produce anti-inflammatory actions. IL-1β stimulation of 

prostaglandins has been shown to suppress in vitro human myometrial release of chemokine motif 

CXC ligand 8 (CXCL8), chemokine motif CC ligand 2 (CCL2) and granulocyte-macrophage colony-

stimulating factor (GMCS) (Mosher et al. 2012) most likely via the inhibitory action of 

cyclopentenone prostaglandins on IκB inhibitors (Poligone & Baldwin 2001). These specific 

prostaglandins also lower the cytotoxicity of macrophages and natural killer cells (Goodwin et al. 

1983). 

Mice completely lacking the PTGS1 enzyme demonstrate dysfunctional parturition. These mice 

have reduced uterine contractions resulting in extended pregnancy. The PTGS1 knockout mice 

eventually give birth successfully, but have higher rates of pup morbidity and mortality (Lim et al. 

1997). Female mice homozygous for PTGS2 knockout are infertile due to abnormalities in ovary 

development, fertility, and decidua formation (Lim et al. 1997). FP knockout mice also demonstrate 

dysfunctional parturition (Tsuboi et al. 2000). Mid-gestation treatment with prostaglandins PGF2α 

and PGE2 rescues normal parturition, but importantly PGF2α treatment did not benefit pup survival 

rate (Sugimoto et al. 1997).  

1.2.2.1.2 Prostaglandins in the cervix 

Prostaglandins are also involved in cervical ripening (Witter 2000). They promote 

glycosaminoglycan synthesis, an important factor regulating the breakdown of collagen in the 

cervix (Schmitz et al. 2001). A lack of FP signalling is associated with a reduction of cervical 

macrophage infiltration, suggesting a role of cervical FP expression and inflammation in cervical 

ripening (Yellon et al. 2008). Macrophages and prostaglandins appear to interact, but the signalling 

and regulation of this crosstalk is not clear. Clinically, low dose application of a synthetic PGE2 is an 

effective inducer of labour, promoting cervical ripening, compared to no treatment (Toplis & Sims 

1979; Norstrom 1982; Ekman et al. 1983; Lopes et al. 1991; El Fekih et al. 2009) 



37 

 

1.2.2.1.3 Prostaglandins in the decidua and fetal membranes 

In the decidua, PTGS1 is expressed throughout pregnancy (Gross et al. 1998). In humans, PTGS2 

expression levels peak at labour (Fuentes et al. 1996; Reese et al. 2000), but is stably expressed 

through labour in mice (Gupta et al. 2001). The prostaglandins synthesised in humans include 

PGF2α, PGE2 and 6-keto-PGF2α where concentrations are the most abundant at labour (Skinner & 

Challis 1985; Norwitz et al. 1991). Fetal membranes from women at term produce more PGE2 and 

PGF2α than women with preterm delivery (Reece et al. 1996). This suggests that prostaglandin 

levels and specific receptors have a role in the timing of normal labour. Exogenous addition of 

inflammatory cytokines such as IL-1β and IL-6 also induces decidua prostaglandins (Dudley et al. 

1993; Mitchell et al. 1995; Ishihara et al. 1996). In addition, anti-inflammatory IL-10 regulates 

fetal membrane prostaglandin synthesis (Brown et al. 2000) demonstrating the prostaglandin 

production and inflammatory stimuli relationship.  

1.2.2.2 Oxytocin  

Oxytocin is a hormone secreted by the posterior pituitary, affecting behaviour, inflammation and in 

pregnant women, promotion of labour and lactation. Oxytocin receptor (OXTR) mRNA expression 

increases at term in the human myometrium and is stably expressed across pregnancy in the 

decidua (Wathes et al. 1999). 

The myometrium and decidua also locally secrete oxytocin at term, and during labour oxytocin 

secretion intensifies and sustains myometrial contractility (Terzidou et al. 2011). Rat studies have 

shown the myometrium is sensitive to oxytocin at term and during labour, but not at earlier 

gestational stages (Garfield & Beier 1989; Arthur et al. 2008). Oxytocin contributes to the 

increasing frequency of action potentials and thus the excitability of the smooth muscle. This 

facilitates strong myometrial contractions and drives the final stages of birth. The effectiveness of 

oxytocin as a contractile stimulator is such that it generates a response in electrically-stimulated 

post-term myometrial tissue, with a response similar to that of normal term myometrial tissue 

(Arrowsmith et al. 2012). Oxytocin has been shown to increase myometrial tone during the active 

contraction-relaxation cycle. Higher intracellular calcium concentration and improved myometrial 

tension are enhanced by oxytocin during the active phase of contraction and relaxation (McKillen et 

al. 1999).  

In an equine endometrial model, oxytocin treatment promoted the expression of PTGS enzymes 

(Penrod et al. 2012). Oxytocin has also been demonstrated to stimulate the release of 

prostaglandins from the cervix in bovine models (Fuchs et al. 2002), suggestive of a synergistic 

action of oxytocin and prostaglandin in myometrial activation. The dilatation and structural changes 

in cervical ripening involves inflammatory processes, that facilitate tissue remodelling, and these 

are tightly regulated by oxytocin. In an in vivo experiment with LPS gram-negative bacteria 

stimulation, volunteers treated with oxytocin had lower levels of ACTH, cortisol, IL-1RA, IL-4, IL-6, 

CCL2, CCL3, CCL4, CXCL10, and TNFα compared to placebo controls (Clodi et al. 2008). In human 

term myometrium and fetal membranes, oxytocin can stimulate the production of IL-6, IL-8, CCL5, 
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and PTGS2 (Kim et al. 2015). Stimulation of amnion cells with IL-1β increases oxytocin secretion 

(Terzidou et al. 2011). This strongly associates oxytocin in the regulation of inflammatory factors. 

After birth, oxytocin continues to be produced in an autocrine and endocrine manner, assisting in 

maternal-infant bonding, promotion of uterine vascular constriction, blood clotting, remodelling of 

the uterus postpartum and lactation. Expression of OXTR and interactions with labour-associated 

genes are complex; the expression of OXTR upregulates GJA1 mRNA expression and contributes to 

formation of gap junctions, though overstimulation can cause desensitisation of the OXTR pathway 

and a reduction in activity (Vrachnis et al. 2011). 

1.2.2.3 Gap junction proteins and formation  

Gap junctions (connexins) are transmembrane intercellular communicating channels that allow 

exchange of ions, hormones, signalling peptides and electrical signalling between neighbouring 

cells (Sakai et al. 1992). They are composed of connexin protein complexes that are transiently 

formed and degraded, resulting in fast and coordinated intercellular communication. Myometrial 

gap junctions increase during pregnancy, allowing rapid contractile synchronization over the whole 

uterus during the progression of labour (Willecke et al. 2002). 

In the murine myometrium, gap junction formation in humans and rats greatly increases during 

term labour (Lye et al. 1993; Chow & Lye 1994) and also in PTL (Tabb et al. 1992) demonstrating 

a role in both normal and abnormal labour. Over 20 types of vertebrate connexin proteins exist, 

where GJB2 (connexin 26; CX26) and GJA1 (CX43) are the most highly expressed in reproductive 

tissues. In the rat, both proteins are expressed in the myometrium and decidua. However, GJB2 is 

expressed throughout pregnancy, whereas GJA1 is increased the day before parturition 

(Winterhager et al. 1991), peaking during the labour process (Lye et al. 1993; Khanam & 

Burnstock 2007). The importance of coordinated cell-cell communication for amplified signalling 

through GJA1 gap junction formation has been demonstrated in transgenic mouse models, where 

the ablation of GJA1 prolonged pregnancy and term labour (Doring et al. 2006; Tong et al. 2009). 

This GJA1 knockout had no effect on prostaglandin receptor FP, oxytocin or progesterone receptor 

expression (Doring et al. 2006) but resulted in decreased gap junction formation in the 

myometrium and reduced response to oxytocin (Tong et al. 2009). This suggests that GJA1 

expression and gap junction formation have a major role in myometrial contractions via enabling 

the cellular to cellular communication.  

Hormones have a major influence on the formation of GJA1 gap junctions. Progesterone receptor 

signalling is associated with GJA1 mRNA expression in the human myometrium. In humans, 

myometrial GJA1 protein expression was decreased in late pregnancy and during labour (Chow & 

Lye 1994), but analysis of gap junction formation revealed a significant increase in labouring 

tissues (Tabb et al. 1992; Chow & Lye 1994). A study using immunocytochemistry, found that a 

ratio of high estrogen to progesterone induced more GJA1 protein expression in myometrial cells, 

compared to progesterone alone (Kilarski et al. 1996; Kilarski et al. 2000). An antagonist of 

progesterone significantly increases GJA1 mRNA expression in rats (Petrocelli & Lye 1993) and 

estrogen stimulates an increase (Petrocelli & Lye 1993; Xie et al. 2012). Rat myometrial increases 



39 

 

in GJA1 mRNA and protein expression has been demonstrated to be transitory and specific to 

labour. There are negligible levels during pregnancy, an increase during labour, and rapid 

regression postpartum (Lye et al. 1993).  

1.2.2.4 Labour as an inflammatory process 

As previously described, promoters of labour and contractile mediators are actively involved in 

normal parturition. In addition, many inflammatory activating events have also been described 

during labour and participate in the processes of parturition. In particular, macrophages, 

neutrophils, T helper cells, mast cell and natural killer cells were present in the absence of signs of 

infection.  

1.2.2.4.1 Evidence that macrophages are involved in parturition  

Macrophages are associated with wound healing and debris removal by phagocytosis to maintain 

tissue homeostasis. Circulating monocytes are induced to differentiate into macrophages by local 

pro-inflammatory signals and once differentiated, further amplify inflammatory activity by affecting 

local prostaglandin levels (Norwitz et al. 1991) and hormone production (Challis et al. 2009). 

Maturation of macrophages is influenced by natural killer cells, T cells and neutrophils; secretion of 

cytokines such as interferon-γ (IFN-γ), CCL2 and TNF-α. Macrophage release of IL-1β promotes 

inflammation by altering vascular permeability, endothelial adhesion and migration of neutrophils, 

eosinophils, and T lymphocytes (Bless et al. 2000), and MMP production (Haque et al. 2004). 

PTGS2 expression are upregulated by macrophages and they stimulate T- lymphocytes to adopt a 

Th2, rather than a Th1, subtype (Taylor et al. 2006; Nagamatsu & Schust 2010; Gomez-Lopez et 

al. 2014a). T cell features are described in chapter section 1.2.2.4.3 below. Subsets of 

macrophages predominantly produce anti-inflammatory factors such as IL-10 and IL-4, thus 

inducing an autocrine reduction in cytotoxic response, which is characteristic of the alternatively 

activated M2 phenotype (Xu et al. 2006; Makita et al. 2015). 

At the onset of parturition, macrophages make up the highest population of immune cells in the 

uterus (Bulmer et al. 1988; Norwitz et al. 1991; Thomson et al. 1999; Osman et al. 2003). They 

are significantly increased during labour across many species including humans (Thomson et al. 

1999; Hamilton et al. 2012), mice (Mackler et al. 1999) and rats (Hamilton et al. 2012). 

Characterisation of macrophage infiltration of the rat uterus demonstrated that macrophages were 

present at least 12 hours prior to normal term labour, suggesting a role in priming uterine tissues 

for parturition (Hamilton et al. 2012). Macrophage infiltration was also significantly higher in the 

decidua than in the myometrium in both rat and mouse models (Hamilton et al. 2012; Shynlova, et 

al. 2013b). Macrophages have also been shown to increase in numbers during term human 

labouring myometrium (Thomson et al. 1999; Hamilton et al. 2012), cervix (Osman et al. 2003), 

decidua (Vince et al. 1990; Hamilton et al. 2012) and maternal blood (Yuan et al. 2009). Similarly, 

leukocyte infiltration has been observed at term labour in the murine myometrium (De et al. 1993; 

Mackler et al. 1999; Shynlova et al. 2013b), decidua (Mackler et al. 1999; Hamilton et al. 2012; 

Shynlova et al. 2013a) and cervix (De et al. 1993; Mackler et al. 1999; Yellon et al. 2009). The 
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increase in uterine macrophages during labour is paralleled by a corresponding increase in 

cytokines and chemokines at the onset of parturition (Sennstrom et al. 2000; Winkler et al. 2001; 

Keelan et al. 2003a; Hamilton et al. 2013). Though these factors have been identified at onset of 

contraction and initiation of labour, their roles as upstream mediators or downstream effectors are 

unclear. 

1.2.2.4.2 Evidence that neutrophils are involved in parturition  

Neutrophils are short lived, and like all immune cells originate from the bone marrow and are 

found in the circulation. As the first line of defence, neutrophils engulf pathogens, release digestive 

proteases, reactive oxygen species, and inflammatory cytokines and chemokines. Neutrophils can 

deactivate their cell surface receptors and alter the response of T and B lymphocytes. Neutrophils 

release angiogenic factors such as vascular endothelial growth factor (VEGF) as well as TNF-α, IL-

1β, CXCL10, CXCL8 and CCL3, a similar cytokine release profile to that of macrophages (Kasama et 

al. 2005). The production of these cytokines suggests neutrophils play a role in regulating the pro-

inflammatory or regulatory actions of macrophages. Neutrophils are suggested to be the 

administrators of the innate inflammatory response, quickly attracting other innate immune cell 

types with the ability to mediate adaptive immunity. Neutrophils co-localise with T-lymphocytes, 

assisting in T-cell activating by acting as a pathogen presenter to dendritic cells. 

An abundance of decidual and placental neutrophils is associated with pregnancy pathologies, 

however, there are elevated numbers in the blood in normal term pregnancies (Yuan et al. 2009), 

in the cervix at the onset and during labour (Bokstrom et al. 1997) and during labour in the 

myometrium (Thomson et al. 1999). Neutrophils are attracted by the chemokine CXCL8, which is 

abundant in myometrial and cervical tissue at term labour (Osman et al. 2003). 

1.2.2.4.3 Evidence that T cells are involved in parturition  

T lymphocytes are a leukocyte subtype that aid in generating long lasting immunity through 

humoral antibody and cellular responses. Under the influence of the cytokine IL-2, T cells 

transform from a CD3+ naive T cell to antigen- and MHC class II-exposed effector CD4+ helper or 

CD8+ (cytotoxic) T cells. CD8+ cells are cytotoxic, whereas CD4+ helper cells interact with B cells to 

produce memory T-cells and facilitate innate immune cell intercommunication via cytokine 

production. There are three subtypes of effector CD4 helper cells and two are known to be 

involved in pregnancy: Th1 and Th2; a third exists in autoimmunity: Th17. CD4 Th1 helper T cells 

mount a pro-inflammatory response driven chiefly by the cytokines IFNγ, TNF-β, IL-2, and IL-12. 

Th1 are responsible for cell mediated immunity and inflammation. CD4+ Th2 helper T cells are 

involved in antibody mediated responses and inhibit phagocyte functions in response to IL-4, -6, -

9, -10, and -13. Helper T cells interact with antigen presenting macrophages, neutrophils and mast 

cells, as well as memory T cells (Abbas et al. 1996; Duhen et al. 2012). Th2 cells regulating 

inflammation by decreasing inflammatory response (Schmidt-Weber et al. 1999; Chen et al. 2004; 

Gilmour & Lavender 2008). IL-4 is responsible for the conversion of neutrophils, macrophages and 
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NK cells into an antigen presenting phenotype rather than toward a phagocytotic or cytotoxic 

phenotype (Gilmour & Lavender 2008; Sykes et al. 2012a).  

There are also non-effector regulatory T-cells (T-regs). T-regs are formerly known as suppressor T 

cells, identified by their lack of IL-2 and expression of CD4, CD25 and FOXP3 (Fontenot et al. 

2003). As their name suggests, they have a highly specialised role in regulation of immunity by 

immuno-suppression and tolerance by regulating the immune reaction (Abbas et al. 1996; 

Fontenot et al. 2003; Duhen et al. 2012). In pregnancy, the major T cell type present are the Th2 

helper CD4+ T cells and T-reg cells, both of which play a major role in maintaining pregnancy and 

tolerance of the fetal allograft (Alijotas-Reig et al. 2014; Jiang et al. 2014; La Rocca et al. 2014) . 

In general, the T-cell population is increased in the maternal serum during pregnancy through to 

postpartum (Wegienka et al. 2011). In the myometrium, T-cells increase during labour (Thomson 

et al. 1999). In the cervix, T-cell numbers are significantly higher at term and throughout labour 

compared to non-labouring tissue (Bokstrom et al. 1997; Osman et al. 2003). In the human 

decidua, T-cells are present at term (Osman et al. 2003) and significantly increased after 

spontaneous term labour (Gomez-Lopez et al. 2013). In mice, reducing the number of T-regs 

induced PTL in mice. The study then demonstrated that co-culturing exogenous T-reg cells from 

normal pregnant mice, with T-cells isolated from the T-reg deficient PTL mouse model, reduced 

abnormal pro-inflammatory secretions (Zenclussen et al. 2005).  

 

Mouse models have shown that T-reg development in normal pregnancies are driven by paternal 

antigen priming of the maternal tissues towards cell expansion and tolerance of the fetal allograft, 

supporting the successful maintenance of pregnancy to term (Zenclussen et al. 2005; Leber et al. 

2010). The pattern of elevated T-cell in mice and humans during pregnancy, and the reduction in 

T-regs in abortion induced mice, suggest they are required for pregnancy and appropriate timing 

of labour via the alteration of immune tolerance contributing to uterine tissue activation. The 

mechanism and control of their transformation at the end of pregnancy towards a labour-

promoting phenotype is unclear. 

1.2.2.4.4 Evidence that NK cells are involved in parturition  

NK cells are able to recognise stressed cells, foreign bodies and synthesise cytotoxic cytokines 

without the presentation of antibodies. Specific to uterine tissues, is a specialized lineage of NK 

cells known as uterine NK cells (uNK). These uNK cells interact with monocytes, stimulating release 

of cytokines IL-12, IL-15, and IL-18. These cytokines also stimulate the uNK cells to produce IFN-

γ, IL-10, CCL-2 and TNF-α (Fehniger et al. 1999). These cytokines influence the maturation of 

infiltrating macrophages and T cells, stimulating the production of prostaglandins, MMP release and 

facilitate vascular remodelling (Winkler et al. 1997; Zhang et al. 2011a).  

The origins of uNK cells are unknown, but they possess regulatory characteristics and reduced 

cytotoxic ability (Murphy et al. 2009). They are positive for CD56, in contrast to CD56 'low' 

peripheral blood NK cells, and do not express the cytotoxicity marker CD16 (Manaster et al. 2008; 
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Zhang et al. 2011a). uNK cells are abundant in the decidua and are important mediators of 

angiogenesis and vascular remodelling during implantation and pregnancy (Wu et al. 2004; Yagel 

2009; Zhang et al. 2011a). There are more activated uNK cells in cord blood (Perez et al. 2007) 

and maternal peripheral blood at term (Mosimann et al. 2013), and CD56+ uNK cells are also 

higher in blood collected from women during labour compared to non-labouring women (Yuan et 

al. 2009). The MHC/KIR receptor expression profile of uNK cells in the decidua is essential in 

maintaining a normal pregnancy, suggesting a role for NK cells in regulating immune recognition of 

the fetus (Chao et al. 1999). In T-cell and NK cell deficient mice (NOD/SCID), the absence of 

functional NK and T cells prevented the onset of preterm labour in the prescence of LPS, which 

normally induces PTL (Lin et al. 2006). In mice with progesterone-delayed parturition, uNK cells 

were reduced in size and less differentiated compared to normal control mice (Kokubu et al. 2005). 

1.2.2.4.5 Evidence that mast cells are involved in parturition  

Mast cells respond quickly to cellular injury, complement proteins, or antibodies produced by the 

adaptive immune system. Actions of mast cells include vasodilatation, endothelium activation and 

vascular permeability, causing symptoms such as swelling, heat and vascular remodelling 

(Rodewald & Feyerabend 2012). Like other cells in innate immunity, mast cells secrete cytokines, 

chemokines, prostaglandins and growth factors (Rodewald & Feyerabend 2012; Gomez-Lopez et 

al. 2014a). High numbers of uterine mast cells are observed throughout pregnancy, compared to 

non-pregnant uterine tissues. They significantly increase in the cervix during the onset of labour in 

mice (Menzies et al. 2012) but no increase is observed in the labouring myometrium (Menzies et 

al. 2012; Thomson et al. 1999). Human mast cells and histamine release have been shown to 

contribute to the myometrial sensitivity of contractile processes during labour (Garfield et al. 

2006). Allergen priming and histamine treatment of myometrial tissue produces strong myometrial 

contractions compared to non-primed tissue (Garfield et al. 2006). The mast cell population and 

histamine secretion in uterine tissues increases towards the end of pregnancy and during labour, 

and are absent by 8 hours post-partum (Padilla et al. 1990). However, mast cells have been shown 

to be non-obligatory for labour despite their abundance, temporal-specific expression and function. 

The depletion of mast cells does not delay the onset of labour, nor does it affect the infiltration of 

other immune cells (Menzies et al. 2011). However due to the redundancy of immune cell function, 

when they are present they are likely to be involved in localised priming of uterine tissues to 

contraction and cervical ripening by their withdrawal (Garfield et al. 2006; Menzies et al. 2011). 

1.2.2.4.6 Evidence for cytokines and chemokines during labour 

Infiltration of leukocytes into tissues is controlled by cytokines and their respective receptors. 

Chemokines are chemotactic cytokines that can elicit distinct specific responses by acting via 

different receptors (Figure 3 and 4). For example, the binding of CXCL12 to CXCR4 increases 

estrogen receptor activity in breast cancer cells (Sauvé et al. 2009). However when bound to 

ubiquitin, CXCR4 increases calcium influx and protein degradation (Saini et al. 2010).  
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The following describes some of the cytokines expressed in uterine tissues. Multiple cytokines are 

stimulated at TL in the myometrium including IL-1β (Osman et al. 2003; Gorowiec et al. 2011), IL-

6, IL-8 (Osman et al. 2003; Mittal et al. 2010; Shynlova et al. 2013b), granulocyte-colony 

stimulating factor (G-CSF), CCL3 (Gorowiec et al. 2011), CCL2, CCL5 (Kayisli et al. 2002; Mittal et 

al. 2010; Chaemsaithong et al. 2013) and CXCL6 (Mittal et al. 2010). Conversely, receptors for 

chemokines such as CCR2, CXCR1 and CXCR2 reduce in expression at time of labour (Hua et al. 

2013). 

 

In the cervix, secretion of cytokines corresponded with labour, cervical dilatation and ROM. IL-β, 

IL-6 (Steinborn et al. 1996a; Sennstrom et al. 2000; Osman et al. 2003), IL-8 (Sennstrom et al. 

2000; Osman et al. 2003; Törnblom et al. 2005), CCL2 (Törnblom et al. 2005) and G-CSF 

(Sennstrom et al. 2000) were associated with term normal labour with intact membranes. The 

additional presence of cervical TNF-α was associated with ROM in TL and PTL (Steinborn et al. 

1996b).  

 

In human fetal membranes IL-1β, CXCR-1, -2, -3, (Gomez-Lopez et al. 2013), CCL2, CCL5, IL-8 

(Denison et al. 1998; Hamilton et al. 2013) CCL4, CXCL10 (Hamilton et al. 2013), IL-6 (Osman et 

al. 2003) and IL-10 (Denison et al. 1998) mRNA and protein were elevated in the choriodecidua at 

term labour. TNF-α expression was associated choriodecidual leukocytes at term labour (Gomez-

Lopez et al. 2013). Many of these cytokines were also expressed in the term placenta (Denison et 

al. 1998). In the amnion and amniotic fluids, IL-1β (Osman et al. 2003), IL-8 (Saito et al. 1993; 

Denison et al. 1998; Osman et al. 2003), IL-6, G-CSF (Saito et al. 1993) and CCL5 (Athayde et al. 

1999) production peak during term labour. Interestingly, monocytes from the human decidua at 

term produced IFN-γ, TNF-α, TGF-β, IL-4 and IL-10 but no changes were observed with labour 

(Gustafsson et al. 2006), suggesting a tissue-based origin of inflammation. Supporting this, the 

placenta is able to generate pro-inflammatory activity from macrophages (TNF-α) and endothelial 

cells (IL-1β and IL-6) (Steinborn et al. 1998). The uterine pro-inflammatory activity is not 

leukocyte-dependent and can originate from multiple sources, indicating a dynamic interaction of 

leukocytes, inflammation and labouring uterine tissues.  

 

Cytokines clearly play a key role in the progression of labour but whether they are contributing to 

initiation of the labour cascade or, are simply released as a result of other regulatory processes is 

still unknown. The complexity of cytokine and immune signalling, which operates amongst other 

hormonal and endocrine signalling cascades, makes it difficult to delineate the function of 

individual molecules and determine whether they would make good therapeutic targets.  
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Figure 3. Expression of chemokine receptors on macrophages, neutrophils & natural killer cells. 

Each immune cell expresses specific receptors (pale blue dotted arrow) shared with other immune cells. Each 

receptor has an affinity for several chemokines (blue box) and chemokines may also bind to more than one 

receptor. Binding is of high affinity regulating a number of biological roles. EM images kindly provided by Dr 

Carolyn Jones. Modified from (Zlotnik et al. 2006). 

 

 

 

Figure 4. Expression of chemokine receptors on T cells.  

T lymphocytes express specific chemokine receptors that may also be expressed on innate immune cells, such 

as CCR1, 2, 4, 5 and 8; and CXCR3 and 4. Each receptor has an affinity for several chemokines (blue boxes) 

and chemokines can bind to more than one receptor. Micrograph image from 

http://en.wikipedia.org/wiki/File:Red_White_Blood_cells.jpg 
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1.2.2.5 Matrix metalloproteinase 

Matrix metalloproteinases (MMPs) are proteases that degrade of extracellular matrix proteins such 

as fibronectins and collagen; however, they have a wide range of biological roles including 

releasing apoptotic factors and cytokine release, affecting cell proliferation, cell adhesion and 

migration, differentiation and apoptosis. There are 24 distinct MMPs, with four naturally occurring 

inhibitors that regulate MMP function. The balance between expression of MMPs and their 

inhibitors is suggested to play an important role in driving the timing of tissue separation in labour. 

During labour MMP1, MMP3, MMP-8, and MMP-9 are expressed by all uterine tissues and tissue 

resident leukocytes. Pro-inflammatory factors, such as IL-1β, IL-6, IL-8 and TNF-α induce MMP 

expression and activity in the decidua, cervix, and fetal membranes (Osmers et al. 1995; Roh et al. 

2000; Vadillo-Ortega & Estrada-Gutierrez 2005; Christiaens et al. 2008). IL-1β also increases 

PTGS2 expression in isolated myometrial cells, and stimulates higher MMP production in the cervix 

(Watari et al. 1999). In a non-human primate model, IL-1β was shown to stimulate prostaglandin 

production and MMP expression in the fetal membranes (Sadowsky et al. 2006). MMPs function by 

facilitating ROM during labour, but the coordination of activity in fetal membrane, decidua or 

cervical activation remains to be clarified. There are hormonal effects, where progesterone 

dampens MMP production in uterine tissues (Rawdanowicz et al. 1994; Salamonsen et al. 2000). 

Progesterone, acting through PRB inhibits expression of MMPs (Igarashi et al. 2005), and the 

switch to PRA dominance facilitates MMP expression (Simian et al. 2009). Extracellular matrix 

integrity is regulated through PR functions (Lee et al. 2012b). Extracellular matrix breakdown may 

also be regulated via IL-1β stimulated JNK/AP-1 pathways during parturition (Lappas et al. 2011).  

A summary of the promoters and mediators of labour are summarised in Figure 5. The regulatory 

mechanisms and the order in which the processes occur in the labour cascade are unknown. The 

hierarchy for promoters and mediators used here is arbitrary. 
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Figure 5. Summary of the promoters of labour and mediators of contraction in 

successful parturition.  

Fetal maturity activates the hypothalamic-pituitary axis resulting in an increase in fetal cortisol and 

estrogen concentration. Decreased progesterone function with the concurrent increase in estrogen 

concentration activates infiltration of immune cells and secretion of inflammatory cytokines that 

trigger prostaglandins, oxytocin and GJA1, as well as MMPs. Immunoregulatory factors are also 

released by the infiltrating immune cells. The arrows indicate the complexities of coordinating the 

multiple events required across different uterine tissues for labour to occur. 
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1.3 Preterm labour  

1.3.1 Promoters of preterm labour  

In most cases of PTL, the triggers are unknown. However, there is some evidence that some of the 

same triggers of term labour are involved, but are inappropriately activated prematurely. 

1.3.3.1 Fetal hypothalamic-pituitary-adrenal (HPA) axis and preterm labour 

There is evidence for a prematurely activated fetal HPA axis in pregnancies presenting with PTL. In 

women who experience PTL, plasma CRH levels are higher than in women delivering at term 

(McLean et al. 1999). This elevation can be detected as early as the second trimester of 

pregnancy. Plasma concentrations of CRH have been linked to the length of pregnancy, not only 

predicting preterm and normal term delivery, but also post term delivery (McLean et al. 1995). 

Lower cortisol metabolites and urinary CRH concentrations in obese women were significantly 

associated with extended pregnancies compared to normal weight women (Stirrat et al. 2015). 

It has been suggested that placental release of CRH acts as a 'placental clock' in the HPA axis 

signalling labour and parturition (McLean et al. 1995; McLean et al. 1999). Placental 

hypermaturation is associated with pregnancies complicated with preeclampsia and fetal growth 

restriction (Taché et al. 2011; Morgan et al. 2012). Placental hypermaturation has been observed 

in women with idiopathic PTL in 84% of the samples, even after controlling for the confounding 

influence of steroid treatment (Morgan et al. 2012). These symptoms suggest CRH/cortisol 

signalling in placental, and possibly fetal, maturation contributes towards timing of labour onset. It 

also implies there is a potential to create further placental deficiencies if treating idiopathic PTL in 

the presence of placental hypermaturation. Administering treatment for PTL should be approached 

with caution to ensure only positive benefits to infant health and survival. Heterogeneous 

maturation is however, characteristic of normal term placentas (Stanek 2013), also the rate of 

hypermaturity in term placentas was not described to be able to compare the differences between 

the experimental groups. Syncytial knots were used as a marker of placental hypermaturation, and 

they are associated with placental dysfunction, but little is known about their formation or function 

(Coleman et al. 2013). 

1.3.3.2 Progesterone and estrogen and preterm labour 

The role of progesterone and the use of progesterone as a prophylaxis during PTL has been 

described in section 1.1.5. It highlights the complexity of the mechanisms of progesterone’s action 

and its use as a treatment, as well as the difficulties in dosing regimen, route of administration and 

whether there are beneficial outcomes for the infant. The differential expression of progesterone 

receptor subtype may inhibit progesterone’s action and trigger PTL, as progesterone receptor 

haplotype is significantly different between term and idiopathic PTB (Manuck et al. 2010).  

 

Salivary estrogen to progesterone levels are increased in women with idiopathic PTL, without 

premature rupture of membranes, compared to the ratios in women who deliver at term (Darne et 

al. 1987b). Amniotic fluid and maternal plasma estrogen (17 beta-estradiol) concentrations are 
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elevated in PTL women, and are higher than those of women at term (Mazor et al. 1994). This 

suggests that spontaneous labour, whether preterm or term is specifically associated with an 

elevated estrogen levels at the onset of labour. The early activation of the HPA axis in women with 

PTL also supports the role of estrogen in the untimely activation of uterine tissues: premature 

release of placental CRH has downstream effects, promoting estrogen synthesis from fetal-derived 

DHEA.  

1.3.3.3 Uterine stretch and preterm labour 

As discussed in previous sections, uterine stretch contributes to the upregulation of inflammatory 

processes and uterine activating proteins that stimulate the myometrium, cervix and fetal 

membranes into labour. Multiple gestations are a common cause of premature activation of labour, 

due to the excessive uterine stretch from increased fetal volume, with 42% of twin pregnancies 

delivering prematurely (Kurdi et al. 2004). CRH levels at 26 weeks are higher in twin pregnancies 

than in singletons, as are estrogen levels in the third trimester (Smith et al. 2009). Stretch may be 

involved in PTL, but more likely in multiple gestations, and in combination with other factors such 

as early activation of the fetal HPA axis and elevated estrogen in the third trimester.  

1.3.3.4 Inflammation and preterm labour 

There is evidence that some of the inflammatory processes in idiopathic PTL are similar to term 

labour. The proportion of idiopathic PTBs is significant, occurring in approximately 45-50% of all 

PTB cases (Pennell et al. 2007; Menon 2008). The inflammatory profile of idiopathic PTL is distinct 

from infectious PTL. Around 30% of PTL is caused by infection, but the cytokine profile (e.g. IL-1β, 

IL-6, TNF-α, IFN-γ and CXCL8) is exaggerated (Goldenberg et al. 2008). These cytokines can be 

stimulated in vitro by LPS treatment of fetal membranes, decidua and myometrium (Bowen et al. 

2002; Hirsch et al. 2006). Cytokines such as IL-1β are found present in human amniotic fluid at 

PTL and TL (Romero et al. 1992) and in the choriodecidua at TL (Elliott et al. 2001; Hamilton et al. 

2013) and PTL (Hamilton et al. 2013). The expression of cytokines observed in TL and PTL provide 

evidence that the cytokine profile can be stimulated in the absence of infectious bacterial stimuli.  

1.3.3.4.1 Macrophages in preterm labour  

Mice deficient in myometrial or decidual macrophages and neutrophils, were observed in the 

RU486-induced PTL mouse (Shynlova et al. 2013a; Shynlova et al. 2013c). In both human 

idiopathic PTL and TL macrophage infiltration in the decidua is elevated compared to non-labouring 

women at term (Hamilton et al. 2012). However, macrophages from maternal peripheral bloodare 

increased during PTL labour compared to these non-labouring women at term (Yuan et al. 2009). 

1.3.3.4.2 Neutrophils in preterm labour 

An abundance of neutrophils in uterine tissues has been associated with pregnancy pathologies 

such as preeclampsia, infection-related PTL (Gervasi et al. 2001; Hamilton et al. 2012) and preterm 

premature rupture of fetal membranes (PPROM) (Lockwood et al. 2005). There are elevated 

numbers in the blood of PTL women (Yuan et al. 2009), and in the decidua of women with 
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chorioamnionitis and PTL, compared to women with idiopathic PTL and TL (Hamilton et al. 2012). 

In an infectious preterm mouse model induced by LPS, neutrophil infiltration was increased in the 

myometrium and decidua (Shynlova et al. 2013a; Shynlova et al. 2013b). The pattern of neutrophil 

infiltration strongly indicates a distinct infiltration of leukocytes, and hence distinct actions in 

different modes of labour. 

1.3.3.4.3 T-cells in preterm labour 

T-cells are present in term myometrium (Osman et al. 2003) and are significantly higher in the 

decidua of women with idiopathic PTL compared to TL and infection-related PTL (Hamilton et al. 

2012). T-cells have a significant role in PTL; low T-reg in the thymus and decidua during pregnancy 

has been associated with spontaneous abortion in mice (Zenclussen et al. 2005). Anti-inflammatory 

cytokines IL-4 and IL-10 produced by decidual T-cells in humans are lower in preterm pregnancy 

than in term (Piccinni 2005; Gustafsson et al. 2006), suggestive of a Th1 phenotype. A shift during 

pregnancy towards a Th1 cell phenotype is suggested to be a cause of fetal loss and pregnancy 

related problems, whereas successful pregnancy and labour is predominately associated with a Th2 

response (Sykes et al. 2012b; Alijotas-Reig et al. 2014; Jiang et al. 2014). There are reduced levels 

of Th2 CD4+ T-cells and elevated Th1 CD8+ T-cells in PTL, compared to women at term but not in 

labour (Sykes et al. 2012a). Mouse models allow the investigation of PTL, immune activation and 

states of change throughout the labouring process. Mice deficient in B and T cells (Rag1 knockout) 

are more susceptible to LPS induced PTL and delivery. This however, can be reduced with the 

transfusion of purified CD4+, CD25+ T-reg cells during mid gestation (Bizargity et al. 2009). In 

women with PTL, successful prophalaxis with progesterone demonstrated an augmentation of the 

T-reg cell population and maintenance of pregnancy (Areia et al. 2015). 

1.3.3.4.4 Uterine natural killers cells in preterm labour 

During human labour, decidual uNK cells are reduced in women at TL and infection-related PTL 

compared to idiopathic PTL (Hamilton et al. 2012), suggesting distinct distribution profiles that are 

specific to term, preterm and non-infection-related labour type. It has been proposed that immune 

cells are primed in the maternal circulation before transmigration into uterine tissues. Numbers of 

maternal peripheral blood CD56+ uNK cells are higher in PTL labour compared to non-labouring 

women (Yuan et al. 2009). Transfer of T-reg cells from normal pregnant mice to a mouse model of 

PTL reduced PTL incidence and fetal loss (Zenclussen et al. 2005). In IL-10 knockout mice, PTL 

was associated with the presence of more cytotoxic placental uNK cells compared to the numbers 

found in wild-type mice. Conversely, deletion of cytotoxic NK cells prevented PTL and prolonged 

pregnancy (Murphy et al. 2009). 

1.3.3.4.4 Chemokines and cytokines in preterm labour 

PTL without infection is associated with pro-inflammatory cytokines, which are similar to those 

found at term labour, but evidence suggests they are abnormally triggered in PTL. Concentrations 

of IL-1β, IL-6, CXCL8 in the myometrium (Winkler et al. 2001), and IL-1β and IL-8 in 

cervicovaginal fluids, increase during PTL as cervical ripening progresses and peak at the time of 



50 

 

maximal cervical dilation (Tanaka et al. 1998). In the cervix, cytokine mRNA expression of IL-10, 

IL-13, IL-1α and β are upregulated in TL and PTL. IL-12 expression is reduced and at a lower 

concentrations in PTL than in TL (Dubicke et al. 2010a). IL-12 is involved in T cell maturity 

suggesting that raised IL-12 concentrations may promote higher leukocyte activity during PTL. The 

cytokines IL-10, TNF-α, IL-1β and IL-6 are elevated in the choriodecidua of women with PTL 

(Keelan et al. 1999). Though PTL choriodecidua expressed contained 3-6 times greater cytokine 

concentrations than TL, the cytokine expression profile was similar to normal TL, supporting that 

there are comparable inflammatory cytokine processes occur in idiopathic PTL and normal TL 

(Denison et al. 1998). The choriodecidual chemokine expression further indicated distinct profiles 

between TL, PTL and presence of infection-related PTL. In normal term labour, mRNA and protein 

expression of CCL2, CCL4, CCL5, CXCL8 and CXCL10 were elevated, CCL8 expression was 

increased in idiopathic PTL, and an there was an exaggerated upregulation of CCL2, CCL3, CCL4, 

and CXCL8 in infection-associated PTL (Hamilton et al. 2013). Mitogen stimulation of monocytes 

obtained from women in PTL resulted in a higher production of the pro-inflammatory cytokines 

IFN-γ and IL-2, compared to monocytes obtained from women who delivered at term, suggesting 

a bias towards a stronger pro-inflammatory response (Makhseed et al. 2003). 

Individual inflammatory factors have shown to have low predictive value for preterm delivery, 

whilst a combination of markers demonstrate better predictive markers. In a study using a panel of 

multiple markers including serum alkaline phosphatase, AFP and GCSF, PTL was predicted with a 

sensitivity at 81% and specificity at 78% for PTL before 32 weeks gestation. The sensitivity and 

specificity reduced as PTL gestational age increased (Goldenberg et al. 2001). The study identified 

that the use of biomarkers in addition to a fetal fibronectin test and/or cervical screening 

significantly improves positive prediction of PTL. Serum levels of IL-10 and CCL5, in combination 

with cervical length, possess high predictive levels for spontaneous PTL leading to delivery. The 

tests had positive and negative predictive values of 76% and 86% respectively (with a sensitivity 

of 74% and a specificity of 87%) for predicting preterm delivery within seven days (Tsiartas et al. 

2012). Second trimester detection of IFN-γ, but not TNF-α or IL-2 or IL-6, in maternal serum has 

been associated with predicting moderate to late idiopathic PTBs (Curry et al. 2007). 

Cytokines have also been shown to directly induce PTL in mice: IL-1β administered to mid to late 

pregnant mice induced PTL within 24 hours which could be blocked by co-treatment with the IL-1β 

receptor antagonist (Romero et al. 1991). In a mouse model of IL-6 ablation, parturition is 

delayed. Systemic treatment with IL-6 from mid-gestation rescued normal term parturition and 

restored normal oxytocin and prostaglandin expression implicating interleukins in regulating the 

timing of normal term parturition (Robertson et al. 2010). 

1.3.3.4.5 Infection and preterm labour 

This study focuses on non-infection related labour, however microbial infection from viruses or 

bacteria can increase the risk of PTL, especially PTBs at very early gestational ages. Infection can 

originate in the maternal tissues, fetal membranes, placenta, amniotic fluid, umbilical cord or fetus 

(Goldenberg et al. 2008). PTL in mice induced by LPS, is associated with elevated myometrial 
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levels of IL-6 (Witczak et al. 2003; Anbe et al. 2007), CCL2 (Diamond et al. 2007), CXCL8 and TNF-

α (Robertson et al. 2006) as well as prostaglandins (Anbe et al. 2007). Women with infectious and 

non-infectious PTL have high levels of IL-1β, IL-6, CXCL8, and TNF-α in the myometrium (Dudley 

et al. 1996a) and cervix, leading to the common assumption that infection and inflammation are 

identical factors in causes of PTL. In the past, studies have described PTL as 'largely subclinical in 

nature' (Romero et al. 2006), or cytokines are bacterial products (Romero et al. 1992). It was 

shown however, that concentrations of specific cytokines are discrete between infection and non-

infection associated PTL (Hillier et al. 1993; Steinborn, Gunes, et al. 1996; Steinborn et al. 1999; 

Sadowsky et al. 2006; Hamilton et al. 2013). In particular, IL-1β and TNF-α, upregulated in uterine 

tissues during term labour and PTL, are significantly higher in the amniotic fluid during infection 

associated PTL (Sadowsky et al. 2006; Hamilton et al. 2013). As discussed previously, the 

leukocyte sub-populations in the decidua are distinct between infection and non-infection PTL 

groups (Hamilton et al. 2012). Infectious PTL may also be defined as related to the existence of a 

chronic infection that leads to susceptibility to a disproportionate uterine response (Goldenberg et 

al. 2008). 

 

 

1.4 Genomic approach to labour 

Thus far, the known events involved in the labour cascade have been summarised. The mechanical 

and hormonal events are numerous, but are frequently investigated separately with the factors 

consistently demonstraing signalling crossover, between uterine tissues, between triggers of labour 

and even mediators. This highlights the complexity of signalling during the labour cascade. The 

interaction, coordination and regulation of each component, as part of the whole system of labour, 

remains to be identified. Investigating the fundamental molecular mechanisms involved in 

spontaneous TL is crucial in understanding the abnormal function in preterm and term pathology 

and hence development of effective therapeutics. Investigating signals that act at an earlier stage 

in the labour process, elucidating communications between the decidua and myometrium prior to, 

and at the onset of parturition, and identification of key regulators with multiple downstream 

targets may reveal novel components that govern the system. In order to achieve this, a global 

analytical approach is required to examine individual processes in the context of the whole 

labouring event. The following describes the literature on large-scale molecular analysis of uterine 

tissues during labour.   
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1.4.1 Human global gene expression of labour 

1.4.1.1 Gene expression profiles in the myometrium and cervix 

From the earliest cDNA blot arrays (Aguan et al. 2000; Chan et al. 2002) to large-scale microarrays 

(Bethin et al. 2003; Hassan et al. 2006; Bollapragada et al. 2009; Weiner et al. 2010; Khanjani et 

al. 2011; Mittal et al. 2011; Chandran et al. 2014) and RNA sequencing (Chan et al. 2014), it has 

been demonstrated that the labouring myometrium expresses discrete genes between pregnancy 

and term labour. These studies are summarised in Appendix Table 1. Aguan et al 2000 undertook 

one of the earliest studies to identify differential gene expression in the myometrium during labour. 

The list of upregulated genes included those involved in smooth muscle and uterine contraction, 

IGFBPs, PKC, and included a platelet aggregation molecule, now known to be a cell adhesion-

associated molecule: glycoprotein IIIa/IIb (GPIIIa/IIb) (Aguan et al. 2000). Forming part of the 

integrin complex, GPIIIa/IIb are expressed by platelets, but are also found on leukocytes, 

endothelial and smooth muscle cells (Malinin et al. 2012). Down-regulated genes included those 

involved in myometrial and smooth muscle relaxation and vascular remodelling, and included 

growth related IGF-2, inflammation/calcium binding-related S100A9 and A8. Within the down-

regulated gene list, was the cytokine receptor EB13, which was listed as 'unknown ligand and 

function' in the myometrium (Aguan et al. 2000). It is now known that EB13 mediates IL27 and 

IL12 signalling, both of which are associated with the early inflammatory response of CD4+ T 

helper cells via the JAK/STAT pathway (Carl & Bai 2008). Though the study included a limited 

number of genes, and the global screening capacity was much reduced compared to available 

modern microarrays (588 vs 35 800 unique genes), the study clearly demonstrated that labour is a 

highly unique process and genes not traditionally associated with muscle contraction are also 

involved.  

The pathways that are activated in the myometrium during term labour include a significant 

number of genes that enriched for inflammation. The cellular pathways associated with these 

genes include chemokine and cytokine activity, cytokine receptor-receptor signalling, chemotaxis 

and cell-cell communication (Aguan et al. 2000; Chan et al. 2002; Bethin et al. 2003; Charpigny et 

al. 2003; Esplin et al. 2005; Rehman et al. 2003; Havelock et al. 2005; Bukowski et al. 2006; 

O’Brien et al. 2008; Bollapragada et al. 2009; Mittal et al. 2010; Weiner et al. 2010; Khanjani et al. 

2011; Mittal et al. 2011; Chaemsaithong et al. 2013; Chan et al. 2014), with high activity 

associated with NFκB signalling (Mittal et al. 2010; Khanjani et al. 2011; Kim et al. 2015), the 

MAPK/ERK pathway (Bethin et al. 2003; Lappas et al. 2011; Alexander et al. 2012; Kim et al. 

2015), WNT signalling (Rehman et al. 2003), TLR signalling (Hassan et al. 2006; O’Brien et al. 

2008); and estrogen receptors (Bethin et al. 2003; Rehman et al. 2003). Though it cannot be ruled 

out that in some women there may be cases of undetected subclinical infection, as suggested by 

some studies (Svare et al. 1991; Kara et al. 1998; Ustun et al. 2001; Wu et al. 2009; Genc & Ford 

2010; Anon 2011; Castro-Leyva et al. 2012), the samples from women at term labour were normal 

and non-infection related. The sheer number of investigations involving multiple tissue samples, 

and studies with strict inclusion/exclusion criteria, also support the premise that non-contractile 
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related and immune-associated pathways play a significant role in normal term labour in uterine 

tissues.  

Unique patterns of gene expression are also observed in the myometrium in PTL. Myometrial genes 

common to normal term and infectious PTL myometrial samples (34 genes) were identified in a 

microarray of 38 500 unique genes (Weiner et al. 2010). From this array, of those that reached the 

statistical criteria (more than >2 fold of change and present in at least 4 of the 6 arrays), 49 were 

unique to PTL and 174 were unique to term labour. This analysis indicates that irrespective of the 

aetiology of labour, there exists a set of genes that control labour, defined as the ‘labour activation’ 

or ‘effector’ set. To elucidate beyond gene-gene pathway functions, Weiner et al also analysed the 

top ten biological processes associated with labour and their molecular function. Of the labour 

effector gene set, the genes were primarily categorised into inflammatory-related pathways. In the 

top 10 highest ranked pathways, 8 out of 10 were inflammation-related, including cell adhesion 

and chemotaxis pathways. In the logical relationship network analysis of the effector set gene, 

there were changes predicted in cell cycle and growth (BRCA1, p300, CDK1/P31), apoptosis (p300, 

p21 and P53) and metabolism (cAMP and pyrophosphate) but also in coagulation and endothelial 

function (KRK7, tyrRS), components of the complement system (C3Ra and C3a, CD21), and 

components of the NFκB pathway including RelA (Weiner et al. 2010). Though the microarray 

comparison between TNL, TL, and PTL indicated that the majority of genes were differentially 

expressed between the groups, the pathway analysis identified parallels in their biological functions 

(Weiner et al. 2010). 

The myometrium also expresses spatially discrete genes. In a comparison of the fundus and lower 

segment of the myometrium and cervix, only a small fraction of myometrial genes were commonly 

expressed across the tissues during labour (28 out of 500 highly significant genes; p<0.01) 

(Bukowski et al. 2006). Genes that were commonly expressed at labour were found in the upper 

and lower myometrium and cervix, supporting the data from Weiner et al that a particular set of 

genes has a crucial role in driving the labouring process between tissues. Though the genes 

expressed were mostly unique in different segments of the uterus, cluster analysis across patient 

samples demonstrated intercommunicating pathways and co-activated processes (Bukowski et al. 

2006). Pathway analysis clustered most of the significantly expressed 500 genes into similar 

expression profiles. Of those pathways, the highest number of expressed genes included 

inflammatory associated genes, and those involved in chemotaxis, proliferation, cell migration and 

tissue formation (Bukowski et al. 2006). These pathways were consistently activated between the 

individual samples and between the fundus, lower myometrium and the cervix, suggest a 

coordination of spatially distinct pathways and also potentially, a temporal coordination in the 

expression of different genes. 

Another large scale comparison of myometrial and cervical cDNA identified a profile of 139 

commonly expressed genes during term labour. Similar to Bukowski et al. 2006, Bollopragada et al. 

also identified multiple chemokine transcripts expressed in both the myometrium and cervix. 

However, functional gene analysis demonstrated at least 40% of these 139 common genes were 

upregulated, and the functions were categorised into the gene ontology of acute inflammatory 
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response. Further canonical classical pathway analysis revealed significant activation within the IL-

6, CXCL8, IL-1 and TNF-α IP3 cascades (Bollapragada et al. 2009). The study also concluded that 

the gene profile of fetal membranes demonstrated similarities with the myometrium and cervix, but 

the fetal membranes data reference was not presented in the methods or results analysis.  

These studies have shown selective expression of extensive gene profiles in the myometrium, 

distinct myometrial compartments and cervix, but the molecular regulation of the mechanical and 

endocrine processes of labour remain largely unknown. Studies have also indicated that there are 

potentially greater differences in gene expression between TL and TNL than between PTL and TL 

(Bethin et al. 2003; Charpigny et al. 2003), indicating that PTL is characterised by premature 

activation of common signalling pathways, rather than activation of alternative pathways.  

1.4.1.2 Gene expression in the fetal membranes  

In a study investigating term labouring fetal membranes, the membranes differently expressed 197 

genes following labour (Haddad et al. 2006). The gene ontology was enriched for 6 major 

biological processes: response to wounding, chemotaxis, response to pests, pathogens and 

parasites, biotic stimulus, abiotic stimulus and viral genome replication. Interestingly in this 

particular study, the down-regulated genes of the chorioamnion revealed no enrichment for gene 

ontology categories, but further analysis may have been required. Functional sub-analysis of 

pathways activated revealed cellular processes in immune-type responses. The genes were highly 

clustered into functions associated with the haematological system and development including: 

migration, chemotaxis, immune response, and cell to cell signalling (Haddad et al. 2006). A 

comparative summary of these studies are in appendix table 1. 

During PTL genomic studies, functional analysis identified preterm subgroup profiles in the fetal 

membranes. In general, the gene ontology was dominated by multiple chemokines and their 

resepective receptors, anti-inflammatory cytokines, cytokine receptors, chemotactic signals, matrix 

metalloproteinases, and cell adhesion molecules (Marvin et al. 2002). Infection-related PTL 

deliveries (iPTL) were associated with extreme NFκB activation. The spontaneous PTL group (sPTL) 

exhibited upregulation of cytokine/chemokine receptors. The gene ontology of membranes from 

women with ROM but no infection PTL (aPTL) was predominately associated with the complement 

cascade and thrombosis (Shankar et al. 2010). All PTL conditions were mediated by TLR signalling 

(Haddad et al. 2006; Shankar et al. 2010). The gene array also identified unique mechanisms of 

arachidonic acid conversion within fetal membranes: initial prostaglandin synthesis in iPTL was 

primarily mediated via aiPLA2γ and PLCXD1, in sPTL it was mediated by PLA2G2A and PLA2G10 

and in aPTL through PLCG2, PLA1A and PLCE1 (Shankar et al. 2010).  

In a unique sub-analysis, the tissue samples were analysed for inflammatory bias from potential 

sub-clinical infection by comparing the level of inflammatory gene expression with length of labour. 

The analysis compared the level of normal term inflammatory activity against time of ROM and 

duration of labour, as they have both been associated with an increased risk of ascending infection 

(Haddad et al. 2006). The analysis indicated that neither factor was a determinant of the 
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inflammatory processes identified from the global analysis, suggesting that the immune profile in 

normal term labour is a sterile spontaneous inflammatory response.  

Distinct changes in fetal membranes have identified during term labour (Haddad et al. 2006) and 

also for PTL (Shankar et al. 2010). A comprehensive cohort, but small-scale array study detected 

unique gene profiles in the choriodecidua at term labour and PTL compared to gestational matched 

not in labour tissues (Marvin et al. 2002). The amnion layer alone expresses unique genes at term 

labour (Marvin et al. 2002; Lim et al. 2012) and at PTL (Marvin et al. 2002). There are however no 

large scale studies on the choriodecidua at normal term labour. 

During TL and PTL there are also differential expression of microRNAs (miR-) in chorioamnion and 

isolated decidual cells (Montenegro et al. 2009). Furthermore, labour is such a dynamic event that 

differential gene expression can be detected in maternal blood (Haddad et al. 2006; Enquobahrie 

et al. 2009; Peng et al. 2011; Heng et al. 2014), and in fetal tissues in the cord blood (Montenegro 

et al. 2009; Peng et al. 2011; Davidson et al. 2013) and placenta (Montenegro et al. 2009; Peng et 

al. 2011). Such transcriptional studies have steered the way into understanding the complexities of 

labour. 

Extensive lists of genes globally expressed during labour have been generated, and more 

importantly, preliminary analysis of their functions identified. These extensive lists generated by 

microarray analysis have identified a number of novel genes, suggesting numerous changes occur 

in the parturition process that encompass more than the contractile events. 

However, there is a gap in the transcriptomic data as the gene changes that occur in human 

choriodecidua during normal term labour have never been investigated. A detail functional analysis 

of the maternal-fetal interface and the underlying myometrium is required to fully characterise and 

understand the changing molecular processes of labour. In order to utilise these considerable 

volumes of data, global unbiased genomic datasets require detailed network analysis to identify 

not only the key components, but the key high-level, upstream regulators within the biology of 

labour; identification of these candidates will advance the search for effective therapeutics. 

The accessibility of human uterine tissues during gestation presents a challenge to the study of 

active labour and the stages leading up to active labour. It is these early stages, when priming of 

the uterine tissues to respond appropriately in labour may be occurring. The ability to examine 

these early events using mouse models may also help to delineate whether a predominance of 

inflammation is vital for labour to occur, or whether it is a non-essential but important product of 

other processes that are occurring. Mouse models provide a useful tool to investigate the temporal 

changes that during pregnancy, both prior to labour and during active labour, circumventing the 

difficulties associated with using human tissues. The existing wealth of genetic information of 

murine models is also useful for experimental investigations in large-scale discovery of potential 

therapeutic candidates. 
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1.4.2. Murine global gene expression of labour  

1.4.2.1 Gene expression profiles in the myometrium and cervix 

It has been shown that there are unique temporal changes in expression of uterotonin genes and 

non-contractile associated genes from mid-gestation to term and through active labour in the rat 

myometrium (Arthur et al. 2008; Helguera et al. 2009; Taggart et al. 2012), the mouse 

myometrium (Cook et al. 2000; Muhle et al. 2001; Bethin et al. 2003; Salomonis et al. 2005; 

Montalbano et al. 2013; MacIntyre et al. 2014), and in the mouse cervix (Gonzalez et al. 2009). At 

least two studies included the whole uterus, with only the fetal tissues excised, so could potentially 

include genomic changes originating from the decidual capularis/parietalis layer (Muhle et al. 2001; 

Bethin et al. 2003).  

Inflammation in the myometrium has been implicated as playing a major role in labour in the 

mouse. The increased presence of immune cells at term labour is accompanied by an inflammatory 

gene expression profile that was similar between a non-infection PTL model and term labour 

(Shynlova et al. 2013c). In a molecular analysis using activation assays and qRT-PCR, a role for 

NFκB in mid to late pregnancy towards labour in the mouse myometrium was identified by 

comparing non-gravid animals to those at embryonic day (E)11, E16, and E18 of pregnancy, mice 

during active labour, and mice treated with RU486 and LPS to induce PTL (MacIntyre et al. 2014). 

Levels of phosphorylated p65, JNK, and c-Jun remained stable until labour, when activation of 

JNK/AP-1 complex occurred, with elevated phospho-c-Jun and AP-1 driving the expression of IL-6, 

-8, -1β, MMPs, PTGS2 and GJA1 (MacIntyre et al. 2014).  

Similarly, the uterine transcriptomic profile from a large scale screen of bacterially-induced PTL has 

a distinct transcriptome to that of non-infection related PTL at mid-late gestation (Muhle et al. 

2001). In a SuperArray, analysis of 84 inflammatory genes in the term myometrium, demonstrated 

that a mouse model ablation of lung surfactant protein A (SP-A) and SP-D compared to wildtype 

counterparts, significantly delayed parturition in the knockout mice. Normally associated with fetal 

signalling, SP-A and D negative mice myometrium had down-regulated expression of established 

labour genes, IL-1β, IL-6, OXTR, and GJA1 (Montalbano et al. 2013).  

Normal term and PTL involves a specific signalling profile of prostaglandin converting- and 

synthesising enzymes in mice (Cook et al. 2000) and in humans (Phillips et al. 2011; Phillips et al. 

2014). In the PTGS1 knockout mouse labour model, the myometrial transcriptome exhibited a 

differential upregulation of several key genes involved in metabolism (ARG1), inflammatory-

associated (Immunoglobulin J chain, IgJ, and TNF receptor superfamily 9,) and action potential 

(troponin, TNNT2) (Zhao et al. 2007). Amongst the down-regulated components were steroid 

regulated kallikrein-related peptidase 6 (KLK6), epithelial-cell ion transporter (CFTR), signal 

transducing regulator of Rho-associated protein kinase (GEM) and ion transporter and ATPase 

activity (Atp8a1) (Zhao et al. 2007). Importantly, they were also differentially expressed between 

non-labouring mid gestation and at term, suggesting they are contributors to length of pregnancy 

and the timing of labour (Zhao et al. 2007). In a rat model, a temporal sensitisation of the 
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myometrium to oxytocin stimulation occurs with pregnancy and during pregnancy progression. 

There is reduced effectiveness of oxytocin stimulation in non-pregnant samples, compared to mid 

to late pregnant and active labour (Taggart et al. 2012). Molecular analysis of pregnant rat 

myometrium showed that levels of mRNA of the immunoregulatory molecule cyclophilin, ERK 1 and 

2, Rho-associated kinase-1 and 2, rho family GTPases 1, 2 and 3, and Rho kinases 1 and 2, were 

consistently expressed throughout gestation, but expression was significantly increased with onset 

of labour, in both term and preterm cases (Taggart et al. 2012); thus identifying the mechanism 

leading to enhanced sensitivity of the myometrium to oxytocin signalling as being mediated 

through the RhoA/ROK pathway. Active labour samples were used in the Taggart et al study, but 

the tissues were collected on the day of expected delivery and only 7/19 were in active labour, as 

indicated by the delivery of a pup. 

The extensive genomic response profiles of normal, delayed or early parturition require an 

investigation of large scale gene expression changes and more importantly, the networks and 

pathways activated by the multiple actions of these altered genes. Only three previous studies 

included functional pathway analysis of the differentially expressed genes detected. In a normal 

term mouse model, 41% of the total 12 000 array genes were shown to significantly change in the 

term uterus (Bethin et al. 2003). The activated pathways were involved in cell cycle, regulator of G 

protein signalling, immune-related, regulators of cell growth, differentiation, and transformation. 

Significantly altered genes highlighted at term labour included those associated with apoptosis, 

signalling with transcription factor SOX4, the JUN/AP-1 transcription molecule cFOS, membrane 

trafficking zinc finger SR3, matrix metalloproteinases, and transcription factor ELF3 (Bethin et al. 

2003). These genes and pathways provide support for the concept of a diverse range of genes 

involved in the regulation of labour and, in pathways not directly associated with myometrial 

contraction. In a comprehensive investigation of the 9000 available transcripts in the myometrium 

between non-pregnant, mid-gestation (E14.5), late gestation (E18.5), and postpartum (24h), over 

a third were differentially expressed at term (Salomonis et al. 2005). Unsurprisingly, pathway 

analysis of these genes indicated the myometrium was a site of hormone activity and synthesis, 

however there was upregulation of cyclic AMP and cyclic GMP stimulation, cytoskeletal cellular 

transformation, cell junctions, and translational regulators (Salomonis et al. 2005). Many of the 

pathways not associated with contraction, or contractile sensitisation, have been suggested to play 

an important, but non-essential role. In a rat model, 43% of 7000 unique genes on a global 

microarray were altered in the myometrium from late pregnancy (day before birth) to active labour 

(Helguera et al. 2009). Some of the genes validated from the microarray included upregulation of 

pro-inflammatory TGFβ-3, retinaldehyde dehydrogenase (ALDH1A2), calcium-binding/extracellular 

matrix component fibulin, and down-regulation of aquaporin 5 (AQP5), short chain 

dehydrogenase/reductase (SDR), metabolism associated Solute Carrier Family 5 (Inositol 

Transporters), Member 3 (SLC5A3/SMIT), thyroid hormone related deiodinase iodothyronine type 

III (DIO2), and immuno-regulator Fc-γ (Helguera et al. 2009). The genes enriched for pathways in 

immune-related response, steroid/lipid metabolism, calcium ion maintenance, cell volume 

regulation, cell signalling, and tissue remodelling (Helguera et al. 2009).  
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In the mouse cervix, activated genes were enriched for immunity and inflammation pathways in 

LPS-induced PTB, but genes in the term labour cervix did were not enriched for immune pathways, 

which were observed in the immediate postpartum cervix. Epithelial cell differentiation pathway 

was the major group of genes associated with term labour, indicating genes of the cervix at term, 

term labour and PTL are regulated by differential processes by temporally expressed genes 

(Gonzalez et al. 2009). 

1.4.2.2 Gene expression profiles in the decidua  

In a small-scale molecular study of gene changes in the lead up to labour, mRNA expression of 

contractile-associated genes at term indicated that PGHS1, oxytocin, iNOS and endothelin-1 were 

primarily expressed in the endometrium. PTGS2, OXTR, PTGS2α FP, GJA1 and endothelin A 

expression were predominately expressed in the myometrium (Arthur et al. 2008). The pattern of 

expression of contractile-associated genes indicated a relationship in myometrial function and 

possibly in regulation of contractility between the ‘endometrium’ and myometrium at term (Arthur 

et al. 2008). The endometrium in the study was described as pregnant rat endometrium isolated 

from the inner layer of the myometrium. As the murine endometrium decidualises during 

pregnancy in the presence of a fetus, this indicates the tissue analysed was more than likely the 

decidua. In another study, myometrial upregulation of cFOS was identified, with subsequent in situ 

hybridisation of cFOS in the decidua (Bethin et al. 2003). This supports the idea of a myometrial–

decidual cross talk, with a JNK/AP-1 signalling pathway in both tissues during labour. 

A uterine-specific deletion of trp53 led to irregular decidual layer development, reduced layer 

thickness but increased prostaglandin synthesis activity and increased secretion of PGF2α, which 

was associated with PTB (Hirota et al. 2010). This over-decidualisation appeared to be facilitated 

by age-related mTORC1 signalling (Hirota et al. 2011); term labour was restored by PTGS2 

inhibition, or with rapamycin (mTORC1 inhibitor), and remarkably, by the creation of another 

uterine-specific deletion, the trp53 related cell cycle kinase inhibitor Cdkn1a (P21). This study 

demonstrated that normal decidual development contributes to the regulation of pregnancy 

duration and onset of labour, whereby cell cycle and apoptosis regulation, and control of 

prostaglandin synthesis is a causal mechanism (Hirota et al. 2010; Hirota et al. 2011).  

The majority of studies using functional genomics and genome-wide analysis focus on comparative 

analysis of “normal” to “pathological” pregnancy states. Analyses of pathway activation, in 

conjunction with changes in gene expression during normal pregnancy to labour are lacking. There 

are no published large-scale microarray investigations of gene expression in the murine decidua at 

term labour or in the stages leading up to labour to our knowledge. Utilising high through-put 

genetic approaches and predictive network analyses would help to elucidate the normal 

progression up to active labour, with detailed upstream analysis of regulatory components, which 

may provide better insights into more effective therapeutic strategies to block preterm labour. 
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1.5 Summary  

PTB is a worldwide health issue in both developed and developing countries (Blencowe et al. 2012; 

Norman & Shennan 2013), with increased mortality and risk of morbidities (Lawn et al. 2010; 

Blencowe et al. 2012). Advances in neonatal care have significantly improved survival for 

premature infants; however there have been no advances in treatments that effectively suspend 

labour, thus increasing gestational length and potentially preventing long term health 

complications. Tocolytic suppression of myometrial contractions is the only therapy available. Meta-

analysis of these interventions indicate that these tocolytics have little efficacy in preventing 

labour, nor do they result in improved health for the infant, but they are administered nonetheless 

(Haas et al. 2012b). The review of the literature presented above also identifies multiple 

contributing factors to the labouring process, where myometrial contraction is a late stage event. 

Whilst many key events involved in mediating labour have already been described, with numerous 

studies focussing on the changes within the myometrium, we are still in the infancy of 

understanding the multiple signalling processes that occur, including their interactions, 

coordination and regulation as a global system. Moreover, a detailed investigation of the role of the 

decidua in labour is critically important, as it is the site of the myometrium to the decidual 

maternal- fetal interface and it exhibits considerable inflammatory, progesterone and prostaglandin 

activity during labour (Makino et al. 2007; Hamilton et al. 2013). Regarding therapeutic 

interventions, instead of targeting a single and potentially late-stage event such as myometrial 

contraction, identifying and targeting signals that occur prior to the onset of myometrial 

contraction, and investigating signals in other closely-related tissues such as the decidua, may be a 

more effective strategy in preventing the progression of the labour process (Hamilton et al. 2012; 

Hamilton et al. 2013).  

In order to develop an efficacious therapy for PTL, a global investigation of the pathways and 

regulators of the normal labour cascade is essential. Human genomic studies have identified a 

large number of genes that are differentially expressed at term labour and PTL (Haddad et al. 

2006; Helguera et al. 2009; Mittal et al. 2010). These include many non-contraction-associated 

genes and the volume of data generated by these studies suggests an important contribution 

towards labour induction.  

Microarray transcriptomics have generated vast quantities of data and identified genes previously 

not associated with labour. Functional investigations are now required to understand the 

coordination and interaction between genes, between functional pathways and their upstream 

regulators, and ultimately, identify key regulators of the labour cascade within the myometrium 

and decidua at term labour, and potentially in preterm labour, both in human and mouse tissues.  

  



60 

 

 

Hypothesis:  

Pathway and network analysis of genome-wide transcriptomic data can identify key regulators of 

the genes expressed during labour. These analyses will also identify the labour-associated genes 

downstream of the master regulators, and provide therapeutic targets for suppression of multiple 

labouring processes.  

Aims and objectives: 

1. To investigate and explore the functions, pathways and molecular characteristics of the 

human choriodecidua transcriptome expressed at normal term labour, with a focus on 

understanding the role of inflammation. 

2. Using in silico analysis, determine the network of interactions within the differentially 

expressed genes of human choriodecidua and myometrium at term labour. Using this 

analysis to: 

a. Identify upstream master regulators in both the decidua and myometrium. 

b. Manipulate these master regulators in an in vitro model and assess the 

downstream effects on gene transcription.  

3. To phenotype the transcriptome and identify master regulators in a pregnant mouse model 

to examine the progression of signalling events during pregnancy towards labour. Using 

this analysis to: 

a. Identify the similarities and differences that define the development of the 

labour cascade between the myometrium and decidua. 

b. Identify the genes that define the stages just prior to labour and at active 

labour in the decidua and myometrium. 

c. Identify and manipulate these master regulators and assess the downstream 

effect for their potential as therapeutic targets. 
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2.0 Methods 

The methods used in this study are described in detail below, however they are also presented in 

the results chapters in publication format. 

  



62 

 

2.1 Human tissue collection and sampling 

Written informed consent was obtained from women with uncomplicated pregnancies at term (37-

41 weeks), undergoing caesarean section without labour (TNL) and from vaginal deliveries (TL), at 

St Mary's Hospital, Manchester, UK. Placentae were collected within 30 minutes of delivery. The 

fetal membranes were sampled from the midzone area, distant from the rupture side and placenta 

(Hamilton et al. 2012; Hamilton et al. 2013). The choriodecidua was removed from amnion by 

manual separation. Ethical approval was granted by the North West Local Research Ethics 

Committee (Reference Number: 08/H1010/55 and 08/H1010/55 (+55)). 

Strict exclusion criteria were applied to exclude any pathological pregnancies, signs of infection or 

maternal comorbidity. All women had healthy pregnancies, with no proteinuria, diabetes or 

maternal hypertension, and infants were of normal birth weight for gestational age (Hamilton et al. 

2012; Hamilton et al. 2013). Maternal clinical characteristics for exclusion of infection-related 

labour were two or more of the following: chorioamnionitis, spontaneous rupture of membranes 48 

hours before labour, temperature >37.6oC, white cell count >15, C-reactive protein >10, and a 

positive high vaginal swab (Hamilton et al. 2013). 

Samples from different cohorts of women were used for different experiments. The samples used 

for microarray analysis (TNL and TL; N=6) and PCR validation (TNL N=10; TL N=11); were 

collected by Dr Sarah Hornung (nee Hamilton). For choriodecidual explant experiments, tissue was 

collected from TNL (N=6). For immunolocalisation, fetal membranes were obtained from the 

Maternal and Fetal Health Research Group Tissue Bank for the following: (i) fetal membranes from 

TNL (39-40 weeks; N=8); (ii) TL (N=7); and (iii) idiopathic, non-infection-related spontaneous PTL 

(≤36 weeks; N=8). The samples used were collected based on the exclusion/inclusion criteria 

specified above.  

2.1.2 Human tissue RNA isolation 

For the human transcriptome analysis, choriodecidual explants (TNL and TL) were incubated in 

RNAlater (Ambion, UK) for 24h at 4oC and then stored at -80oC until RNA extraction. RNA was 

isolated using column extraction methods according to the manufacturer’s instructions in the 

Qiagen RNeasy miniprep kit (UK). After extraction, an extra genomic DNA removal step was 

performed with DNAeasy kit (Ambion, UK). This kit uses a bead-binding assay to remove 

contaminating DNA, which is separated by centrifugation, leaving the RNA in the supernatant. 

Quality of RNA was assessed by measuring absorbance at A260/280 and A260/230. The Quant-iT™ 

RiboGreen RNA Assay Kit (Life Technologies, UK) was used to quantify the RNA. Samples were 

assayed in duplicate using spectroscopy excitation and emission readings at 480/520nm and 

compared against a standard curve. Before hybridisation to the microarray, the samples were re-

assessed for RNA quality using the Agilent 2200 TapeStation system for a RNA integrity number 

equivalent (RINe). The RIN was calculated from electropherogram signal of each sample; the 

measurement also provides the gel profile of 28s to 18s ribosomal RNA ratio. RINe scores close to 

10 are of the most stable intact RNA and close to 1 are degraded RNA (Schroeder et al. 2006). RIN 
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scores above 5.5 are acceptable for molecular analysis. Human microarray samples within this 

study had a RINe of 7 to 8.5. For PCR analysis of individual human samples, RNA was assessed 

using a NanoDrop 2000 UV-Vis spectrophotometer, measuring absorbance at A260/280 and 

A260/230.  

2.1.3 Human microarray hybridisation 

The mRNA samples were hybridised in duplicate onto a Human Genome U133 Plus 2.0 Affymetrix 

GeneChip according to manufacturer’s instructions. Technical quality control and outlier analysis 

was performed with dChip V2005 (Li & Wong 2001) using the default settings. Normalisation and 

expression analysis were performed using multi-mgMos (Liu et al. 2005) with a robust multivariate 

analysis (RMA), a Bayesian method for probe-level measurement error when assessing difference 

of expression accounting for intensity and spatial labelling of each individual spot (Yang et al. 

2002; Liu et al. 2006). Statistical data were analysed with Propagating Uncertainty in Microarray 

Analysis (PUMA) from the Affymetrix Microarray Suite 5.0 software (Irizarry et al. 2003; Pearson et 

al. 2009). 

2.1.4 Human quantitative Real Time PCR  

To reduce non-experimental variation and ensure PCR accuracy, the RNA was transcribed in 

duplicate. These initial experimental duplicates were then amplified again in duplicate, for technical 

accuracy using a reference gene YWHAZ. If the expression was similar between technical 

duplicates, that is, the coefficient of variation of the 2(-Ct value) was <16.6%, the experimental 

duplicates were combined for later experiments to analyse of genes of interest.  

2.1.4.1 Reverse transcription  

After isolation and assessment of RNA quality, the first strand of cDNA was transcribed. An Affinity 

Script Multiple Temperature cDNA Synthesis Kit (Agilent, UK) was used according to the 

manufacturer's instructions. Samples were assayed in duplicate; total RNA (100ng per sample) was 

initially annealed at 65oC with random primers in the first template-primer step. The addition of 

heat in-activators and reverse transcriptase enzyme converted the annealed primer/RNA mix into 

cDNA, over a temperature incubation of 25oC for 10 minutes, 50oC for one hour and then at 72oC 

for 15 minutes to stop the reaction. The cDNA was then stored immediately at -20oC until needed. 

Two negatives controls were generated with each run; a mock control with template but the 

exclusion of the reverse transcriptase, and a no template control with water substitution. 

2.1.4.2 QRT-PCR 

For genes of interest, cDNA was amplified by qPCR using primer sequences referenced from the 

Primer-BLAST PubMed database (Table 3) and PrimerBank (Wang et al. 2012). The sequences 

were then purchased from Life Technologies (UK), Eurofin (UK) or Qiagen (UK). PCR fluorescence 

detection was carried out using the Ultra-Fast SYBRGreen QPCR Master Mix III with 5-carboxy-x-

rhodamine (ROX) as a reference dye (Agilent, UK). Samples were amplified in duplicate on a 

Stratagene QRT-PCR MX3005P machine. Final concentrations of primers were 0.25uM and the 

annealing temperature of each primer was optimised for 60oC. The amplification cycle was as 
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follows: single cycle for 3 minutes, then 40 cycles of 95oC for 10 seconds to denature the cDNA, 

with 60oC for 20 seconds to anneal and extend to the gene of interest; Dissociation curve was 95oC 

for 1 minute, 55oC for 30 seconds, and to finish at 0.2oC incremental increases up to 95oC. An 

amplification with single dissociation peak was considered a single product (Figure 6A and B). 

Relative quantification was used to determine difference in expression of mRNA between samples. 

Data was expressed as differential expression between two groups using 2-ΔCT formula, or 2-ΔΔCT 

formula for differential expression to a vehicle control, after normalisation to a suitable reference 

gene.  

Before analysis of any of the expression data, a panel of housekeeping genes were assessed for 

suitability as a stably expressed reference genes (Table 3A). On assessment, it was found that 

different ‘housekeeping’ genes altered in expression between each different condition and 

experiment. The house keeping gene 18SrRNA was the most stably expressed between TNL and 

TL and chosen for array/PCR validation, RP13L was chosen for the human choriodecidua inhibition 

studies and YWHAZ for the myometrial. TBP was chosen to normalise the PCR data for the mouse 

inhibition treatment experiments and GAPDH for the array/PCR validation. For microarray validation 

studies, amplification was carried out on individual samples (total TNL: n=10 and TL: n=11).  

Genes of interest were selected based on differential expression from the microarray and 

functional significance to labour (Table 3B). The master regulators were identified by the network 

analysis work flow described in a later section. For the functional study, genes of interest were 

selected from the causal network analysis prediction and genes associated with labour.  

 

 

 

 

 

 

Figure 6. An example of Stratagene MX3005P machine qRT-PCR results.  

A) Amplification plot, and B) Dissociation curve. An example of good primer/template amplification 

at 20.3-20.8 cycles, with a single dissociation peak at 79-80oC, was considered a single product.  
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Table 3. Summary of human primer sequences used.  

A) Housekeeping gene sequences of TBP, YWHAZ, β-actin and 18Sr RNA. B) Genes of interest 

sequences analysed by qPCR. Gene list was generated from the human affymetrix array, network 

analysis and genes associated with labour. 

A 

Gene Forward 5' Reverse 3' 
Accession 

number 

TBP CACGAACCACGGCACTGATT TTTTCTTGCTGCCAGTCTGGAC NM_003194 

YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT NM_003406 

β-actin ATGTGGCCGAGGACTTTGATT AGTGGGGTGGCTTTTAGGATG NM_001101 

18SrRNA GCTGGAATTACCGCGGCT CGGCTACCACATCCAAGGAA NR_003286 

RPL13 CTTCTCGGCCTGTTTCCGTAG CGAGGTTGGCTGGAAGTACC NM_012423 

B 

Gene  Forward primer 5' Reverse primer 3' 
Accession 
number 

BCL2a TACAGGCTGGCTCAGGACTAT CGCAACATTTTGTAGCACTCTG NM_004049.3 

CCL4 CAGCACCAATGGGCTCAGA CACTGGGATCAGCACAGACT NM_002984 

CD44 CTGCCGCTTTGCAGGTGTA CATTGTGGGCAAGGTGCTATT NM_000610.3 

CXCR4 ACTACACCGAGGAAATGGGCT  CCCACAATGCCAGTTAAGAAGA NM_003467.2 

FOLR1 GCTCAGCGGATGACAACACA CCTGGCCCATGCAATCCTT NM_016725.2 

ICAM1 ATGCCCAGACATCTGTGTCC  GGGGTCTCTATGCCCAACAA NM_000201.2 

IDO1 GCCAGCTTCGAGAAAGAGTTG ATCCCAGAACTAGACGTGCAA NM_002164.5 

IL1-RN CGGGTGCTACTTTATGGGCA GGTCGGCAGATCGTCTCTAA NM_000577 

IL-1α TGGTAGTAGCAACCAACGGGA ACTTTGATTGAGGGCGTCATTC NM_000575.3 

IL-1β CTCGCCAGTGAAATGATGGCT GTCGGAGATTCGTAGCTGGAT NM_000576.2 

IL-6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA NM_000600 

IL-8/ 
CXCL8 

CACCGGAAGGAACCATCTCACT TGGGGACACCTTTTAGCATC NM_000584.3 

MYLK CCCGAGGTTGTCTGGTTCAAA GCAGGTGTACTTGGCATCGT NM_053025 

NFKBIA CCAACTACAATGGCCACACGTGTCTACA GAGCATTGACATCAGCACCCAAGG NM_020529 

OSMR ATGGCTCTATTTGCAGTCTTTCA CACCCAGATGACATTGGATGTT NM_003999.2 

PLA2G4A TACCAGCACATTATAGTGGAGCA GCTGTCAGGGGTTGTAGAGAT NM_024420 

PTGER4 CATCATCTGCGCCATGAGTGT GCTTGTCCACGTAGTGGCT NM_000958 

PTGS2 CGATGCTCATGCTCTTCGC GGGAGACTGCATAGATGACAGG NM_000956.3 

SOCS3 CCTGCGCCTCAAGACCTTC   GTCACTGCGCTCCAGTAGAA NM_003955.4 

TLR4 AGACCTGTCCCTGAACCCTAT CGATGGACTTCTAAACCAGCCA NM_138554.4 

VCAN GTAACCCATGCGCTACATAAAGT GGCAAAGTAGGCATCGTTGAAA NM_004385.4 

VIM AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC NM_003380.3 

ZEB2 TCTGTAGATGGTCCAGTGAAGA GTCACTGCGCTGAAGGTACT NM_001171653.1 
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2.1.5 Functional genomics using pathway and network analysis 

The workflow for functional and network analysis was developed in order to be able to 

comprehensively analyse the large scale data sets produced from this work and to analyse 

previously published data sets. Genomic analysis of term human choriodecidua was carried out 

using Affymetrix microarray analysis, as described above. The genomic analysis of labouring and 

non-labouring term human myometrium was undertaken by Weiner et al., 2010. This open-access 

data set was identified using a literature search, downloaded and analysed using our custom 

workflow. 

2.1.5.1 Human myometrium data extraction and threshold cut-off 

The National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) 

DataSet was searched for published gene array datasets (http://www.ncbi.nlm.nih.gov/gds). The 

following search terms were applied: 

- Labour/labor in combination with myometrium, myometria, myometrial, decidua, decidual, 

uterine, uterus, cervix and cervices. 

- Parturition in combination with myometrium, myometria, myometrial, decidua, decidual, 

uterine, uterus, cervix and cervices. 

Four datasets were found, one on human myometrium, two on mice and one on rat myometrium. 

No large scale gene studies or microarrays were found on the decidua or choriodecidua or cervix in 

any species. For this report, the myometrial transcriptomic data PubMed GEO series GSE9159 was 

used (Weiner et al. 2010). In summary, the data was generated following analysis of myometrial 

samples obtained from labouring women going caesarean section (TL; N=6; 39 to 41 weeks 

gestation; emergency), or not in labour (TNL; N=6; 38 to 41 weeks gestation; elective). The 

myometrial transcriptome was generated using the GeneChip® Human Genome U133 Plus 2.0 

Array (Affymetrix, UK). To normalise the extracted myometrial GEO data before analysis in this 

study, ANOVA QLUCOREomics explorer (Lund, Sweden) was used. For statistical significance, only 

genes with a differential expression of p<0.02 were used for functional analysis.  

2.1.5.2 Human choriodecidua data threshold cut-off 

Probe sets were considered differentially expressed between the two conditions (TL compared to 

TNL) when they had a PPLR value approaching 0 or 1. The PPLR allows data to be ranked by 

probability of low certainty (Liu et al. 2006), indicating the likelihood that there are differences in 

gene expression between labour and non-labour samples (Pearson et al. 2009). We used a 

threshold cut off of 0.997 and 1x10-5, indicating a very low probability (between 0.003 and 

0.00001%) of uncertainty in the data.  

2.1.5.3 Pathway analysis of human tissues 

The enriched functions and pathways identified from the differential gene expression were 

analysed using Ingenuity Pathways Analysis (IPA, Redwood City, CA, USA) and presented 

according to significance using Right-sided Fishers exact test (hypergeometric test). This software 

http://www.ncbi.nlm.nih.gov/gds
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allows a non-biased global investigation of all known biological systems involved within the 

parameters of the study groups. These relationships are derived from published literature and 

multiple database platforms, which are actively curated in the Ingenuity Knowledge Base. Pathway 

analysis identifies the gene ontology and its downstream events, whereas canonical pathway 

analysis refers to the classically activated intracellular signalling. 

2.1.5.4 Network analysis of human tissues and development of a work flow 

While pathway analysis allows the identification of gene functional enrichment, the enrichment 

data does not identify the interactions between pathways, emphasise the physiological and 

biochemical roles of the transcriptome observations. Our network analysis assesses the gene 

changes observed in the pathway analyses, in the context of an interactome. An interactome is a 

group of all related protein:protein and protein:genetic interactions associated with a particular 

function (Sun and Zhao, 2010). Within a network, these interactions are grouped together by gene 

expression changes observed as “seed” genes. Thus an interactome model of all inferred 

interactions is created around germinal gene points. Such interactome models are generated using 

databases of base-level biological interactions, in this study we used BioGRID 

(http://thebiogrid.org/). BioGRID is an actively curated database of all basic primary gene-gene, 

protein-protein and complex gene-protein interactions. The BioGRID database contains over 70 

000 interactions and the most recent updates include post- translational modifications (Chatr-

Aryamontri et al. 2013; Chatr-Aryamontri et al. 2015). This study used the human BioGRID 

database.  

The interactome map was created using Cytoscape 2.8.3, an academic open access freeware used 

for network visualisation (Shannon et al. 2003). The main network parameter used to analyse the 

function of these interactions was “connectivity”, i.e. the number of connections a node has within 

the network, and the resulting “clusters” of genes (nodes) that arise (Yu et al., 2007). In a 

biological system, genes are rarely expressed in isolation and these features allow genes to be 

prioritised within the interactome. The Cytoscape plug-in ModuLand was used to determine these 

functional clusters using a process known as “community network modelling”; this uses an 

algorithm that allows the comprehensive hierarchical analysis of overlapping network modules 

(Szalay-Beko et al. 2012). The extensive overlaps forms meta-nodes, where each meta-node 

represents nodes of the lower layers, and so enabling the functional prioritisation of network 

elements. 

2.1.5.5 Development of a network analysis workflow and identifying master regulators 

We identified a hierarchy in the transcript data using network analyses, and to ensure confidence 

in the predicted high hierarchal interactions, two different algorithms were utilised. Those ranked 

highest in the hierarchy, were then analysed for their downstream effects in the network, using 

causal analysis (Chapter 3.2 Figure 1). In brief, the work flow was as follows: 

1. Statistical restriction of microarray data to PPLR 1x10-5 and 0.997 (choriodecidua) or p<0.02 

(myometrium). 

http://thebiogrid.org/
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2. Mathemathical modelling using software Cytoscape 2.8.3 (Shannon et al. 2003; Cline et al. 

2007; Smoot et al. 2011; Saito et al. 2012) and the BioGRID database. This study used the 

Cytoscape plugin ModuLand to mathemathically analyse the basic interactions and primary 

interactors from the BioGRID database of the differentially expressed genes. Gene clusters are 

determined algorithmically by centrality over the whole network topology using an overlapping 

community approach, thus forming a hierarchy where nodes (clusters of genes) form the core of 

the next upper level, designated by a meta-node (cluster of nodes) (Szalay-Beko et al. 2012). As 

the nodes and meta-nodes are clusters identified by the top most central gene, these were cross 

referenced back to the microarray to identify the position of the most interconnected genes.  

3. Secondary mathemathical modelling to cluster major functional cores, but include basic 

interaction of protein complexes, gene-protein, protein-protein interactions ClusterONE (Nepusz et 

al. 2012). To prioritise the volume of hierarchially-ranked data, the two mathematical models were 

cross referenced for common genes. Only those clusters with a p<0.05 were included for causal 

analysis. 

4. Causal analysis within Ingenuity pathway analysis (IPA) on selected targets to verify labour 

related significance. Causal analysis analyses array transcripts for master regulators relationships, 

using literature-based analysis of all known gene interactions. Analysing our candidates of interest 

with causal analysis supports the in silico predicted central relationships within our data set, and 

identifies specific downstream effects. Targets were further refined to only those with a high 

number of downstream genes associated with labour. The statistical significance is related to the 

connectivity of the causal network (p-value) and whether the activity of the gene, when placed as 

an upstream component affects the direction of the causal network (activation z-score). 

The two mathematical algorthims in combination with causal analysis, provide detailed hierarchical 

network structure of the myometrium and choriodecidua to investigate the following: (1) 

determine the meta-nodes or the core of labour-associated genes; (2) define key network nodes 

that govern large numbers of downstream genes and, (3) identify individual genes that possess a 

downstream profile that includes a number of labour-associated genes, i.e. Identify potential key, 

high level regulator gene candidates. 

2.1.6 Immunohistochemistry of human tissues 

Immunohistochemistry was carried to determine the protein expression of the master regulator 

genes using colorimetric detection. After dehydration in ascending series of ethanol and xylene, 

and embedding in lambswax, (Thermo Scientific, UK) tissues were sectioned at 5µm and 

transferred onto poly-l-lysine (Sigma, UK) coated glass slides. The tissue sections were 

deparaffinised in Histoclear (Thermo scientific, UK) and rehydrated in descending series of alcohol 

and dH2O. Antigen retrieval consisted of 10 minutes of microwave boiling in sodium citrate buffer 

(0.01M, pH 6.0) and incubation in the hot buffer at room temperature for a further 20 minutes. 

Slides were thoroughly washed in dH2O before treatment for 10 minutes in 3% (v/v) hydrogen 

peroxide, to deplete endogenous peroxide activity. Slides were washed in high salt (0.05M) Tris 
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buffered saline (TBS) before blocking non-specific antibody binding with 2% (v/v) normal goat 

serum, 2% human serum (v/v) in 0.1% TBS/Tween20. The primary antibody was diluted in TBS, 

incubated overnight at 4oC (Table 4) and washed in TBS/ Tween 20 (0.1% v/v) for 1 X 5 min and 

in TBS for 2 X 5 min. The biotinylated goat anti-mouse secondary antibodies were diluted in TBS 

and applied for 30 min at room temperature. Slides were washed as above in TBS/Tween and TBS, 

before avidin peroxidase was applied (5µg/ml in TBS; Sigma Aldrich, UK) for 20 min at room 

temperature. Slides were thoroughly washed in TBS and colour developed with 3,3 

Diaminobenzidine (DAB; 0.7mg/ml; Sigma Aldrich, UK) for 2-6mins. Washing with dH2O halted 

further DAB development. Nuclei were counter-stained with Harris's haematoxylin. Slides were 

mounted in DPX (Sigma Aldrich, UK) after dehydration in alcohol and clearing in Histoclear. The 

negative controls for all antibodies were the appropriate rabbit or mouse non-immune IgG, 

substituting the primary antibody at the same concentrations. Images were taken using a Leitz 

Dialux 22 Microscope (Ernst Leitz Wetzlar GMBH, Germany) and Qicam Fast 1394 camera 

(Qimaging, Surrey, Canada) and Image Pro Plus 6.0 software (Media Cybernetics UK, Marlow, UK).  

 

Table 4. Summary of antibodies used for human tissues 

Primary antibody Company Concentration 

TLR4 mouse monoclonal (ab22048) Abcam, UK 0.63 μg/ml 

CXCR4 mouse monoclonal (SC53534) Santa Cruz, DEU 1 µg/ml 

CD44 mouse monoclonal (M7082) DAKO, DNK 1.6 µg/mL 

Vimentin mouse monoclonal (M0760) DAKO 0.364 µg/mL 

Secondary antibody   

Goat anti mouse DAKO 3.86 µg/mL 

 

2.1.7 Choriodecidual explant culture 

An ex vivo human choriodecidual explant culture model was used to investigate the effect of 

inhibiting the function of putative decidual master regulator proteins. Human choriodecidual 

explants were randomly sampled following amnion removal, as detailed above. After thoroughly 

washing in cold sterile PBS to remove excess red blood cells, the choriodecidual explants were 

washed in serum-free RPMI culture media containing penicillin streptomycin (0.5mg/ml) and 

amphotericin (1.25μg/ml) (Sigma-Aldrich, UK). Three explants of approximately equal size (2mm x 

2mm) were cultured per well, and in duplicate per treatment on netwells for 24 hours at 37oC, 

21% O2 and 5% CO2. All media culture products were purchased from GIBCO, Life Technologies, 

UK, unless otherwise stated. 

To inhibit VIM, this study used the PKC inhibitor Gö 6983 at 1µM (G1918; Sigma Aldrich, UK). This 

specific antagonist has been shown to reduce cellular VIM protein expression (Mor-Vaknin et al. 

2003), decrease focal attachments between adherent cells and also reduce cellular motility 
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(Peterman et al. 2004). This study used another antagonist to inhibit VIM, cytochalasin D at 100nM 

(C2618; Sigma Aldrich, UK). This mycotoxin has been shown to inhibit actin polymerisation 

(Tsuruta & Jones 2003) and decrease VIM protein and mRNA expression (Wu et al. 1999; Krucker 

et al. 2000; Jung et al. 2013). For the specific inhibition of TLR4 this study used the cyclohexene 

inhibitor TAK-242 at 1µM (tlrl-cli95; Invivogen, France) (Zhang et al. 2014). After 24 hours, the 

explants were treated with RNAlater for 24 hours at 4oC, prior to RNA isolation. The vehicle control 

used was at the highest concentration of DMSO used in the inhibitor treatments (0.002% v/v). 

2.1.8 Human myometrial cell culture 

An in vitro cell culture model was utilised to investigate the outcome of inhibiting the function of 

putative myometrial master regulator proteins. An immortalised human myometrial cell line Hret-

C3-Sy, a kind gift from Dr Sylvie Girard (CHU Sainte-Justine, University of Montreal, Canada), was 

seeded in a 6-well plate at 5x104 per well. The cells were cultured with or without inhibitors for 

24h in DMEM/F12 (1:1) media supplemented with L-glutamine (1.5 mg/ml), penicillin and 

streptomycin (0.5mg/ml), gentomycin (100 µg/ml) and 10% (v/v) fetal bovine calf serum, in a 

humidified incubator at 37oC, with 21% O2 and 5% CO2. After 24 hours, the cells were incubated in 

RNAlater for 24 hours at 4oC prior to RNA isolation. All media culture products were purchased 

from GIBCO, Life Technologies, UK, unless otherwise stated.  

The PKC inhibitor GÖ6983 (Sigma Aldrich, UK), was used to inhibit metallothionein 2 (MT2), as PKC 

inhibition has been shown to inhibit MT2 mRNA expression at 15µM (Yu et al. 1997). For the 

specific inhibition of TLR2, this study used a neutralising antibody Mab hTLR2, Clone TL2.1 at 

100ng/ml (Invivogen, France) (Schindler & Baichwal 1994). The vehicle control used was at the 

highest concentration of DMSO used in the inhibitor treatments (0.002% v/v). 

2.1.9 Isolation of primary human choriodecidual cells 

This part of the project did not reach completion and data was not generated but, primary human 

choriodecidual cells were isolated for future work. In summary, a protocol to isolate of primary 

human choriodecidual cells was compiled after consulting a number of previously published 

protocols (Fleming et al. 1980; Starkey et al. 1988; Vince et al. 1990; Tabanelli et al. 1992). The 

final enzymatic digestion and blood separation steps were optimised in our laboratory by Ms Cyntia 

Duval (University of Montreal, Canada).  

After fetal membranes were collected and amnion removed as described above, they were washed 

thoroughly in PBS containing penicillin streptomycin (0.5mg/ml) and amphotericin (1.25μg/ml) 

(Sigma-Aldrich, UK). The membranes were weighed and 30g was macerated using scalpel blades. 

Enzymatic digestion of the tissue was carried out in RPMI containing penicillin streptomycin 

(0.5mg/ml), 1.0mg/mL collagenase (Sigma-Aldrich, UK) and 20mg/ml DNAase (Sigma-Aldrich, UK) 

at 37ºC with mechanical stirring up to 60 minutes. At 15 minute intervals, the digestion was 

examined under the microscope for the degree of cell separation. To stop the digestion process, 

fetal bovine serum (FBS) (Gibco, UK) at 10% of total volume was added. The suspension was then 

strained through a sterile metal sieve, followed by a 40µm filter to remove undigested tissue. The 
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cellular supernatant was centrifuged at 2500rpm for 5 minutes and washed with PBS twice. After 

the third spin, the cells were resuspended in 3ml of DMEM/F12 and layered onto an equal volume 

of HistoPaque (Sigma-Aldrich, UK). The gradient was centrifuged at 400g for 30 min at room 

temperature. The upper layer containing red blood cells were discarded and the opaque layer of 

cells was centrifuged and washed three times in sterile PBS. At the fourth spin, the choriodecidual 

cells were resuspended in complete DMEM/F-12 culture media (Gibco, UK) containing L-glutamine 

(1.5 mg/ml), penicillin and streptomycin (0.5mg/ml) (Sigma-Aldrich, UK), and 10% FBS (v/v) 

(Gibco, UK). Cells were cultured at 5x105 per ml on plastic. To maintain the decidual phenotype, 

the cells were cultured in complete media with β-estradiol at 10-8M and progesterone at 5x10-7M. 

Both reagents were from Sigma-Aldrich, UK. 

The isolated choriodecidual cells were characterised by IHC staining using mouse monoclonal 

antibodies IGFBP-1 (21.2µg/ml) for decidual cells, CD45 (1.25µg/ml) (DAKO, UK) for leukocytes, 

vimentin (2.5µg/ml) (DAKO, UK) for decidual fibroblast cells, cytokeratin 7 (0.4µg/ml) (DAKO, UK) 

for epithelial cells and a negative non-immune mouse IgG (Sigma-Aldrich, UK) substituting for the 

primary antibody. The secondary was a biotinylated goat anti-mouse (DAKO, UK). The resulting 

IHC indicated there were decidual, fibroblastic and some epithelial cells with few leukocytes (Figure 

7). 
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Figure 7. Immunohistochemistry staining of isolated human choriodecidual cells.  

(A) IGFBP-1, (B) CD45, (C) vimentin, (D) cytokeratin 7 and (E) negative IgG control. Scale bar = 

50µM. 
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2.2 Mouse tissue collection and sampling 

Animals were kept in accordance with the UK Animals Scientific Procedures Act 1986. Pregnant 

female C57BL/6 mice were between 8 to 12 weeks old. Embryonic day 0.5 (E0.5) was used to 

designate the vaginal plug as the first day of gestation, day of parturition was E19. Animals were 

housed under a 12h light/dark cycle at 21–23 °C with food (Beekay Mouse Diet, Bantin & Kingman, 

Hull, UK) and water ad libitum. 

To examine changes in gene expression leading up to active labour, uterine tissues (N=6 dams) 

were collected at different stages of gestation (E16.5, E17.5, E18.5) and during active labour (E19) 

(Figure 8). Pups started to litter on the evening of E18.5 (i.e. E19). Active labour was defined as 

the delivery of a pup with umbilical cord still attached; mice were sacrificed immediately following 

delivery of the first pup. After cervical dislocation, uterine horns were rapidly harvested; pups, fetal 

membranes and placental tissue were removed (fetal membranes and placentas stored 

separately), and the uteri were randomly selected for either fixation for 24h in 4% neutral buffered 

formalin (in house) or incubated for 48h at 4oC in RNAlater (Sigma, UK) and storage at -80C. This 

ensured that initial tissue handling was minimal, allowing isolation of high quality, stable RNA, 

suitable for microarrays. For the microarray and PCR validation, at least two uterine sections 

immediately surrounding the pups were randomly selected from the uterine horns (Figure 9). The 

immediate uterine section surrounding the pup will be referred to as the implantation site. RNA 

was extracted individually for each implantation site sampled. Each extraction was assessed for 

RNA integrity before pooling the two samples per dam. The samples for the microarray 

hybridisation were pooled and hybridised in duplicate. 

 

Figure 8. Timeline of tissue collection points. Non-labouring and labouring tissues. 

Detection of vaginal plug is denoted as embryonic day 0.5.  

 

2.2.1 Dissection of mouse myometrium and decidua 

The harvested uterine tissues were separated into myometrium and decidua. Per dam, the uterine 

horns contained 2-6 pups each (Figure 9A). For each of the implantation sites, a dissecting 

microscope was used to separate the distinct layers of decidua parietalis, decidua basalis and 

myometrium (Figure 9B). Fetal membranes were also collected and stored. To assess consistency 

and accuracy of uterine layer separation, several implantation sites were fixed in 4% NBF for 

immunohistochemistry (IHC); these were also separated into the individual uterine layers following 

fixation. IHC was carried out to confirm the identity of the distinct uterine layers separated. 
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Figure 9. Diagram demonstrating the anatomy of the mouse uterus.  

A Illustrating the two uterine horns and the distinct implantation sites of a pregnant mouse. B Image 

demonstrating the different uterine tissue layers surrounding a single fetus (Image modified from Gray’s 

anatomy text)  

 

2.2.1.1 Analysis of the intact mouse decidua and myometrium using 

immunohistochemistry 

To ensure the decidual layer remained intact after fetal tissue removal, immunolocalisation was 

performed on the intact uteri. After dehydration in ascending series of ethanol and xylene, and 

embedding in lambswax (Thermo Scientific, UK) uterine tissues (N=3) were sectioned, and 

processed as described earlier for human tissue IHC. The Vector M.O.M. (Mouse on mouse) 

Immunodetection Kit (Vector Labs, UK) was used to localise the mouse raised primary antibodies 

from Table 5. The M.O.M kit follows the same protocol as conventional immunohistochemistry but 

incorporates additional blocking steps with a mouse Ig blocking agent, a non-immune protein 

diluent and a biotinylated anti-mouse Ig. These extra steps reduce non-specific binding of the 

secondary antibody (Figure 10). The IHC indicated that after removal of the fetal tissue, intact 

myometrium and decidua paretalis remained. In brief, contraction-associated actin calponin was 

strongly expressed in the decidual epithelium and in the myometrium (Figure 10A); the muscle-

associated intermediate filament desmin was positive in decidual stroma and in the underlying 

myometrium (Figure 10B); The smooth muscle actin- α (SMA-α) was highly abundant in the 

myometrium and in the walls of blood vessels (Figure 10C); and decidua-associated Thy1 (Searle & 

Matthews 1988) was strongly positive in the decidua (Figure 10D). 
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Table 5. Summary of mouse antibodies used to assess separated decidua and 

myometrium. 

Primary antibody Company Concentration 

Calponin mouse monoclonal DAKO 0.86 µg/mL 

Desmin rabbit polyclonal Abcam 5 µg/mL 

Smooth muscle α mouse monoclonal DAKO 0.71 µg/mL 

Thy1 (CD90) mouse monoclonal Abcam 4 µg/mL 

Vimentin mouse monoclonal DAKO 0.25 µg/mL 

Secondary antibody 

Goat anti mouse DAKO 3.86 µg/mL 

Swine anti rabbit DAKO 2 µg/mL 

 

 

2.2.1.2 Structural analysis of the separated mouse decidua and myometrium using 

haematoxylin and eosin  

For structural analysis, 5μm slides were stained with Harris' Haematoxylin and Eosin (Figure 11). 

Wax embedding and IHC rehydration was performed as previously described above. Uterine tissue 

sections (N=3) were incubated with filtered Harris' haematoxylin for 2 minutes to stain the nuclei. 

An acid/ alcohol rinse (1% HCl acid with 30% alcohol and 69% dH20) for 2-3 seconds removed 

excess cytoplasmic staining, before sections were incubated for 5 minutes in warm water to 'blue' 

the haematoxylin. Eosin was similarly filtered before use. Haematoxylin stained sections were 

incubated in eosin for 5 minutes before washing in water (3x5 minutes) to remove excess eosin. 

Sections were then dehydrated and mounted as described in the earlier methods section.  

After confirming that separation of the decidua and myometrium had been successful, the 

remaining uterine tissues were manually separated and processed for molecular analysis. 

 

 

 

 

 



76 

 

 

 

 

        

Figure 10. Immunohistochemistry of intact uterine tissues to demonstrate the distinct 

uterine compartments.  

(A) Calponin, (B) Desmin, (C) SMA-α, (D) Thy1 and (E) Mouse IgG (negative control). Myo = 

myometrium, Dec = decidua paretalis. Scale bars = 55 µm.  
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Figure 11. Haematoxylin and eosin staining of separated mouse uterine tissue.  

Left column is at low magnification at x10, whereas the right column is higher magnification at x25. (A -B) 

Whole uterus with the myometrium and decidua intact, (arrow) indicating the decidual layer and (star) 

indicating the smooth muscle of the myometrium. Panels (C-H) show tissue after separation. (C-D) 

Myometrium only, demonstrating smooth muscle. (E-F) Decidua parietalis only, where only the epithelium and 

underlying tissue is present. (G-H) Decidua basalis only with trophoblast giant cells visible. Scale bars on the 

left column (A, C, E, G) = 55 µm; on the right column (B, D, F, H) = 25µm.   
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2.2.2 Inhibition of master regulators 

After analysing the network relationships, using the network analysis workflow developed for the 

human data, we identified potential master regulators in the mouse uterine tissues. Using an 

aminobenzimidazole, this study aimed to inhibit IRAK 1 and 4 (Powers et al. 2006; Bansal & Silakari 

2012). IRAK 1 is involved in TRAF6/ NF-κB signalling (Rhyasen et al. 2013) and IRAK 4 is essential 

in toll-like and interleukin signalling (Isnardi et al. 2008). The immune-modulatory properties of 

protein kinases imparts them with therapeutic potential; they are targets in diseases such as 

chronic inflammation (Cohen 2009). The toll and interleukin-1 receptor adaptor protein (TIRAP) 

functions as part of the TLR4 pathway and contributes to the cellular differences observed in 

microbial response. A TIRAP peptide inhibitor was developed with an antennapedia sequence at 

the end of amino acid: TIRAP 138–151 (RQIKIWFQNRRMKWKK positioned at the NH2-terminal end 

of LQLRDAAPGGAIVS; mouse TIRAP aa 138–151) (Horng et al. 2001). 

For the inhibition of TLR4, this study used the cyclohexene inhibitor, TAK-242 (tlrl-cli95; Invivogen, 

France) (Zhang et al. 2014). Wnt5a has been identified as a non-canonical β-catenin independent 

WNT-signalling molecule involved in cancer cell motility, adhesion and extravasation (Katoh & 

Katoh 2009; Bergenfelz et al. 2013; Li et al. 2013), and in nerve inflammation and injury (Wang et 

al. 2015). To inhibit WNT5a signalling, we used a peptide analogue of WNT5a with a t-boc 

substitution of the N-terminal group transforming it into an antagonist, N-butyloxycarbonyl 

Hexapeptide (BOX5; peptide: t-boc-Met-Asp-Gly-Cys-Glu-Leu) (Jenei et al. 2009). The vehicle 

control used was at the highest concentration of DMSO used in the inhibitor treatments at 0.002% 

v/v. 

2.2.2.1 Mouse uterine tissue explants 

Pregnant mice C57BL/6 at E18.5 were used. The uterine explants were approximately 2-3mm2 and 

cultured with inhibitors or vehicle control for 24 hours, with drug treatment every 12 hours, in 

DMEM/F12 with L-glutamine (1.5 mg/ml), penicillin and streptomycin (0.5mg/ml), and 10% (v/v) 

fetal bovine calf serum. All media and supplements were purchased from GIBCO, Life 

Technologies, UK, unless otherwise stated. After treatment, the explants were incubated in RNA 

later for 24h and processed for PCR analysis. 

2.2.2.2 Immortalised smooth muscle cells 

Immortalised mouse aortic smooth muscle cells, MOVAS (ATCC® CRL-2797™), were used for in 

vitro investigation. The cells were cultured for at least two passages before experiments were 

undertaken. MOVAS cells were seeded in a 6-well plate at 5x104 per well, with two wells per 

treatment. The cells were cultured with or without inhibitors for 24h in DMEM media containing L-

glutamine (1.5 mg/ml), geneticin (200µg/ml) and 10% (v/v) fetal bovine calf serum. Cells were 

cultured in a humidified incubator at 37oC, with 21% O2 and 5% CO2. After 24 or 48 hours, the 

cells were incubated with RNAlater for 24 hours at 4oC prior to RNA isolation and qRT-PCR 

analysis. All media culture products were purchased from GIBCO, Life Technologies, UK, unless 

otherwise stated. 



79 

 

2.2.3 RNA isolation of mouse decidua and myometrium 

RNA was isolated from mouse decidual and myometrial tissues using the MirVana miRNA Isolation 

Kit, following manufacturer’s instructions (Life Technologies, UK). RNA was assessed using a 

NanoDrop 2000 UV-Vis Spectrophotometer, measuring absorbance at A260/280 and A260/230. 

After extraction, genomic DNA was removed as described for the human samples using, the same 

DNA removal kit (Ambion, UK). For microarray analysis, the RINe was calculated for the pooled 

samples using the Agilent 2200 TapeStation system as described for the human microarray data. 

The mouse RNA samples used for the microarray had a RINe of 8.3 to 9.1. 

2.2.4 Mouse microarray hybridisation 

The samples were then hybridised in duplicate onto a GeneChip Mouse Genome 430 2.0 Array 

according to manufacturer’s instructions. The chip can detect over 39,000 transcripts; differentially 

expressed transcripts were normalised as for the human microarray with RMA. Statistical analysis 

was performed with PUMA and the PPLR was generated as described for the human microarray.  

2.2.5 Mouse qRT-PCR  

2.2.5.1 Reverse transcription  

The initial cDNA was transcribed from RNA in duplicate. The experimental duplicates were then 

amplified in duplicate for technical accuracy, using a reference gene YWHAZ. If the expression was 

similar between duplicates, that is, the coefficient of variation of the 2(-Ct value) was <15%, the 

experimental duplicates were combined for later experiments to analyse of genes of interest.  

The first strand of cDNA was transcribed using the same Affinity Script Multiple Temperature cDNA 

Synthesis Kit (Agilent, UK) according to supplied instructions. Samples were assayed in duplicate 

using 250ng total RNA per sample, with the same heating cycles as used for the human cDNA 

transcription. The cDNA was then stored immediately at -20oC until needed.  

2.2.5.2 QRT-PCR 

A panel of housekeeping genes were assessed for stable expression. For PCR validation of the 

microarray, GAPDH was used for analysis for the validations, and TBP was the most stable in the 

inhibition treatments (Table 6A). Candidate genes of interest were selected based on differential 

expression from the microarray and the network predicted downstream genes (Table 6B). The 

master regulators were determined by network analysis, the work flow developed as previously 

described. The genes were purchased from Eurofins (DEU), except for GAPDH, ARG1 and IL-1β 

(Qiagen, UK). 
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Table 6. Summary of mouse primers used. A) Housekeeping genes used and B) Genes 

of interest. 

 

A 

ID Forward 5' Reverse 3' 
Accession 
number 

TBP  CACAGGAGCCAAGAGTGAAGA CACAAGGCCTTCCAGCCTTA NM_013684.3 

YWHAZ  TGAGCTGTCGAATGAGGAGAG CCTCCACGATGACCTACGG NM_011740.3  

GAPDH Not provided by supplier    

MBP TCACAGCGATCCAAGTACCTG CCCCTGTCACCGCTAAAGAA NM_001025251 

 
B 

ID Forward 5' Reverse 3' 
Accession 
number 

AQP5 TCTTGTGGGGATCTACTTCACC TGAGAGGGGCTGAACCGAT NM_009701 

ARG1  Not provided by supplier   NM_007482 

CASP3 GGGGAGCTTGGAACGCTAAG GAGTCCACTGACTTGCTCCC NM_009810.3  

CCL6  AGGCTGGCCTCATACAAGAAAT ACATGGGATCTGTGTGGCAT NM_009139 

CCL9  TCACACATGCAACAGAGACA TGTAGGTCCGTGGTTGTGAG NM_011338 

CTNNB1  CCCAGTCCTTCACGCAAGAG CATCTAGCGTCTCAGGGAACA NM_007614 

CXCL12 AGATTGTTGCACGGCTGAAGA CCTTTGGGCTGTTGTGCTTAC NM_021704 

CXCL16  AACTCTGCAGGTTTGCAGCTC TCACTGATGGAGACGAGCCT NM_023158 

CXCL17  TGCAAAGATTGGTTCCTGCAA TCCTGTGGTGCTTTTGGTGT NM_153576 

CXCR4 GACTGGCATAGTCGGCAATG AGAAGGGGAGTGTGATGACAAA NM_009911 

DUSP10 TGGGGATCAATGAAGCTGAGTG TGAGATCCTGAGGTCGGACA NM_022019.5  

EGR1 TATGAGCACCTGACCACAGAG  GCTGGGATAACTCGTCTCCA  NM_007913 

FOS CCTGGGACAGAAGACCACTC TGAGATCTCCCGGACATGGT NM_010216.1  

GAB1  GAAGTTGAAGCGTTATGCGTG  TCCAGGACATCCGGGTCTC  NM_021356 

GJA1  CAGGTCTGAGAGCCCGAACT TCTGGGCACCTCTCTTTCACTTA NM_010288 

GNA14 AGCGATCTGAACGACGGAAA TCCTCCATGCGGTTCTCATTG NM_008137 

IKBKB TTTCCAGCAAGCTTGAGTCTAC TGTGAGCATCTCTTCGCTAGT NM_026166.2 

IL-1β  Not provided by supplier     

IRAK4  CATACGCAACCTTAATGTGGGG  GGAACTGATTGTATCTGTCGTCG  NM_029926 

IRF8  AGACCATGTTCCGTATCCCCT  CACAGCGTAACCTCGTCTTCC  NM_008320 

MMP11 CCGGAGAGTCACCGTCATC GCAGGACTAGGGACCCAATG NM_008606 

OXTR GATCACGCTCGCCGTCTAC CCGTCTTGAGTCGCAGATTC NM_001081147 

PTGS2 GCTCAGCCAGGCAGCAAATC ATCCAGTCCGGGTACAGTCA NM_011198 

SLIT2 GGCAGACACTGTCCCTATCG GTGTTGCGGGGGATATTCCT NM_178804 

TLR4  ATGGCATGGCTTACACCACC  GAGGCCAATTTTGTCTCCACA  NM_021297 
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2.2.6 Pathway and network analysis of mouse tissues at active labour 

Analyses of the microarray data followed the same protocol as for the human data. In brief, 

principle components analysis was used to explore the relationships of the initial data. Ingenuity 

knowledge database in IPA was used to analyse the gene functions, and canonical pathways to 

characterise the activated genes. Network analysis was carried out on tissues isolated during active 

labour (E19.0) and compared to non-labouring tissues obtained at mid-late (E16.5) gestation 

(E16.5), to predict the master regulators of active labour.  

2.2.7 Mouse choriodecidual and myometrial absolute expression and network analysis 

of genes in the stages leading up to and including active labour 

This study sought to analyse the true globally expressed genes at each stage of pregnancy from 

E16.5, through to active labour E19. For the mouse tissues, the gene data sets were also analysed 

using frozen RMA (fRMA), an approach that uses all known data on the 430 mouse chip to 

calculate presence or absence of gene expression to a high level of confidence using Gene 

Barcoding (McCall et al. 2010; Langfelder et al. 2011). The gene barcoding method removes the 

need for relative expression between samples, so each gene in every microarray (i.e gestational 

stages) can be analysed individually without fold change thresholds and a high level of certainty 

(McCall et al. 2011; McCall et al. 2014). The presence of expression of each probe signal in our 

data was mapped to an estimated z-score, a calculation of the average distribution of all the 

multiple probe signals of each gene within all cell types of the tissue. The distribution Z-score cut-

off was >2.5 (Zilliox & Irizarry 2007; McCall et al. 2010; McCall et al. 2014). The presence of these 

genes will be referred to as the absolutely expressed genes, and these were compared across 

gestational stages in the lead up to labour for similarities and differences using the Venn diagram 

software from Bioinformatics and Evolutionary Genomics 

(http://bioinformatics.psb.ugent.be/software). The resulting categorically expressed genes for each 

time point were then analyse using IPA software and Cytoscape 2.8.3 as described above for the 

relative expression data. 

  

http://bioinformatics.psb.ugent.be/software
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Abstract 

Problem: Inflammation is a driver of labour in myometrium and cervix; however the involvement 

of decidua is poorly defined. We have reported decidual leukocyte infiltration prior to and during 

labour; the regulators of these inflammatory processes are unknown.  

Method of study: Choriodecidua RNA obtained after term labour or elective caesarean delivery 

was applied to Affymetrix GeneChips. Pathway analysis and gene validation was performed. 

Results: Extensive inflammatory activation was identified in choriodecidua following labour, 

predominantly upregulation of genes regulating leukocyte trafficking and cytokine signalling. Genes 

governing cell fate, tissue remodelling and translation were also altered. Upregulation of candidate 

genes (ICAM1, CXCR4, CD44, TLR4, SOCS3, BCL2A, IDO) was confirmed. NFκB, STAT1&3, HMGB1 

and miRNAs-21,-146, -141, -200 were predicted upstream regulators. 

Conclusions: This study confirms inflammatory processes are major players in labour events in 

choriodecidua, as in other gestational tissues. Suppressing uterine inflammation is likely to be 

critical for arresting premature labour. 

 

 

Keywords: Choriodecidua, pathway analysis, chemokines, transcription factors, miRNAs 
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3.1 Introduction 

Prematurity remains the leading cause of neonatal morbidity and mortality in developed countries, 

despite continued advances in neonatal medicine (www.ons.gov.uk, 2015). Globally, 15 million 

babies are born prematurely every year (World Health Organisation 2015) and there has been little 

change in the rates of preterm birth in developed countries over the past decade, with current 

rates of 11.5% and 7.2% in USA and UK respectively (World Health Organisation 2015; Centre for 

diesase control and prevention 2012). Current therapies to stop preterm labour are largely 

ineffective, likely due to the targeting of a single aspect of the labour process, namely arresting 

myometrial contractions (Alfirevic 2012; Dodd et al. 2012; Haas et al. 2012a; Roos et al. 2013; 

Jørgensen et al. 2014; Vogel et al. 2014). However, labour involves many other events, including 

cervical ripening and dilation and fetal membrane rupture, regulated by the complex integration of 

endocrine and paracrine signalling, and thus blockade of a single element is unlikely to halt the 

labour cascade. Improving tocolytic therapies therefore requires better understanding of the exact 

mechanisms driving labour and the concurrent processes in the distinct gestational tissues.  

In addition to studies focusing on the involvement of individual factors in the labour process, there 

have been a number of investigations employing genome-wide analyses to comprehensively 

characterise the whole transcriptome of human uterine tissues following labour. At the time of 

reporting, the majority of these microarray studies focused on the myometrium (Chan et al. 2002; 

Marvin et al. 2002; Bethin et al. 2003; Charpigny et al. 2003; Esplin et al. 2005; Havelock et al. 

2005; Bukowski et al. 2006; Bollapragada et al. 2009; Mittal et al. 2010; Weiner et al. 2010; Chan 

et al. 2014; Chandran et al. 2014), with fewer reports of gene expression changes in the cervix 

(Bukowski et al. 2006; Hassan et al. 2006; Bollapragada et al. 2009) and fetal membranes 

(Haddad et al. 2006; Bollapragada et al. 2009; Shankar et al. 2010). Importantly, all studies 

highlight a major involvement of inflammatory processes in labour. In the human myometrium the 

most prominent biological processes activated with labour were inflammatory response, 

immune/defence response and chemotaxis, tying in with the major molecular functions of cytokine, 

chemokine and growth factor activity (Bethin et al. 2003; Charpigny et al. 2003; Rehman et al. 

2003; Mittal et al. 2010; Weiner et al. 2010). This was reinforced by a study by Weiner et al 2010, 

who identified putative initiator and effector gene sets for term and preterm labour, in which 

chemotaxis, inflammation and muscle contraction processes featured highly. Similar core 

inflammatory processes were reported in a comparison of gene expression changes between the 

myometrium and cervix (Havelock et al. 2005; Bukowski et al. 2006; Bollapragada et al. 2009). An 

“acute inflammation gene expression signature” was identified in intact fetal membranes with term 

labour (Haddad et al. 2006; Han et al. 2008). The genomic changes altered with labour in the 

global analysis studies support other studies demonstrating elevated cytokine and chemokine 

expression in uterine tissues, e.g. interleukin (IL)-1, IL-6, IL-8, tumour necrosis factor (TNF)-α, and 

CCL2 (Hamilton et al. 2013). The genomic studies also identified new candidate inflammatory 

mediators not previously associated with labour in the myometrium: e.g. heparin-binding EGF-like 

growth factor (HBEGF), suppressor of cytokine signalling (SOCS3), prokineticin 2, IL-13RA, IL-9R 

and CXCL-3, -5, and -6 (Mittal et al. 2010; Weiner et al. 2010); in the cervix: e.g. vascular 
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endothelial growth factor (VEGF) and Toll-like receptors (TLR2,-3,-4,-5) (Hassan et al. 2006); and 

in the amniochorion: e.g. pre-B cell colony-enhancing factor (PBEF), TLR2, and superoxide 

dismutase (SOD) 2 (Haddad et al. 2006). 

However, there have been no genome wide gene expression studies of labour-associated changes 

in the human decidua, despite its hormonal actions, anatomical location at the maternal-placento-

fetal interface and its major immunomodulatory actions in coordinating successful pregnancy. 

Recently we demonstrated infiltration of macrophages, coincident with a specific elevated 

chemokine expression profile, in the human decidua following term and preterm labour (Hamilton 

et al. 2013). In the rat, the leukocyte infiltration occurs prior to the onset of labour, and before 

inflammatory events in the myometrium, implicating decidual inflammation as an early, and 

potentially a driving, process in the labour cascade. This is consistent with evidence that the 

decidua is a major source of prostaglandins (Skinner & Challis 1985; Mitchell et al. 1995; Keelan et 

al. 2003b; Makino et al. 2007; Blanks & Brosens 2012), which are key mediators of labour through 

actions on the myometrium and cervix. However, the inflammatory profile and activation of other 

decidual cellular and molecular pathways remain uncharacterised; this knowledge is essential to 

fully understand the concurrent events and signalling pathways in the gestational tissues during 

normal term labour. 

The aim of the current study was to identify and profile changes in gene expression in human 

choriodecidua during term labour, utilising genome wide arrays coupled with pathway analysis to 

identify key canonical pathways and processes associated with labour. We hypothesized that there 

would be widespread changes in gene expression in the choriodecidua during term labour, relating 

to inflammatory processes and extensive tissue remodelling.  

3.2 Methods and Materials 

3.2.1 Tissue collection  

To investigate changes in choriodecidual gene expression during normal term labour, tissue 

samples were obtained with written informed consent from women who delivered at St. Mary’s 

hospital, Manchester. Ethical approval was granted by the North West Local Research Ethics 

Committee (Reference Number: 08/H1010/55). Two study groups at term (37-42 weeks), were 

analysed in this study; term not in labour (TNL: n=12) from elective caesarean section at term 

without labour and normal term labour (TL: n=11) from vaginal deliveries without complications 

(participant demographics shown in Table 1). Strict exclusion criteria were applied to exclude any 

pathological pregnancies, signs of infection or maternal comorbidity as previously described 

(Hamilton et al. 2013). Placentae, with associated fetal membranes, were collected within 30 

minutes of delivery. Choriodecidua was isolated from amnion by manual separation and incubated 

in RNAlater (Ambion, Warrington, UK) for 24h at 4oC prior to RNA extraction. 
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3.2.2 RNA extraction & purification 

RNA was extracted from choriodecidua using TRIZOL (Life Technologies, Paisley, UK) and purified 

using RNAeasy mini kit according to manufacturer’s instructions (Qiagen, Crawley, UK). RNA 

quality and quantity was assessed by UV spectrophotometry and Quant-iT RiboGreen RNA Assay 

Kit (Life Technologies). DNA contamination was removed using the DNAse kit (Ambion, Life 

technologies) following the manufacturer’s instructions.  

3.2.3 Human Affymetrix genearray: choriodecidual transcriptome associated with term 

labour  

Samples from the two groups were pooled (n=6, each) and quality-screened for integrity using the 

RNA 6000 Nano Assay, measured on an Agilent 2100 Bioanalyser. The two pooled groups were 

then hybridised onto Human Genome U133 Plus 2.0 Affymetrix GeneChip according to 

manufacturer’s instructions. Technical quality control and outlier analysis was performed with 

dChip (V2005) (Li & Wong 2001) using the default settings. Normalisation and expression analysis 

were performed using multi-mgMos (Liu et al. 2005). Gene specific differential expression between 

the two groups was assessed with the Bayesian method which includes probe-level measurement 

error when assessing statistical significance (Liu et al. 2006). Analysis was performed with the 

PUMA package (Gentleman et al. 2004) to generate a probability score, probability of positive log 

ratio (PPLR). Probesets were considered differentially expressed between the two conditions when 

they had a PPLR value approaching 0 or 1. The PPLR allows data to be ranked by probability of low 

certainty, indicating the likelihood that there are differences in gene expression between labour 

and non-labour samples (Pearson et al. 2009).  

3.2.4 Determination of biological functions and pathways associated with the 

choriodecidual transcriptome 

The biological pathways and functions either enriched or decreased in the choriodecidual 

transcriptome during labour were assessed using Ingenuity Pathways Analysis (IPA, Redwood City, 

CA, USA) using a right-sided Fisher’s exact test. For pathway analysis, the array list of genomic 

change was set with PPLR threshold hold cut-off of inclusion of ≥0.997 or ≤1x10-5. 

3.2.5 Potential upstream regulators of the choriodecidual transcriptome 

Upstream regulator analysis of differentially expressed gene expression was performed within IPA. 

This method determines expected causal effects between upstream regulators and targets; these 

relationships are derived from published literature and multiple database platforms curated in the 

Ingenuity Knowledge Base. A prediction of the activation state for each transcription factor, based 

on the direction of change, was calculated (z-score) using the gene expression patterns of the 

transcription factor and its downstream genes. An absolute z-score of ≥ |2| was considered 

significant. A p-value was also calculated by Fisher’s Exact Test indicating the statistical 

significance of genes in the dataset that are downstream of the transcription factor or miRNA. 

3.2.6 Gene networks in the choriodecidual transcriptome 

To increase confidence in the observations of differentially expressed genes by correlation with 

biological pathways, we examined the interaction of differentially expressed genes within the 
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context of a model of all known interactions related to the genomic function using Ingenuity 

Knowledge base. Clusters of interactions were determined using the differentially expressed genes 

as "seeds" for generating networks that maximize their specific connectivity. Networks generated 

were scored based on the number of eligible molecules and their size, as well as the total number 

of eligible molecules analysed and the total number of molecules in the Ingenuity Knowledge Base 

that could potentially be included in networks. The score is the –log of the Fisher's exact test result 

and is not an indication of the quality or biological relevance of the network; it calculates the 

approximate "fit" between each network and the differentially expressed genes (Calvano et al. 

2005). 

3.2.7 Validation of genomic data using candidate genes 

Additional choriodecidual samples for each study group were included for PCR validation studies 

(total TNL: n=12 and TL: n=11). Candidate genes were selected based on significance of change 

from the array data and their functional significance. For each individual sample, 200ng of 

extracted RNA was reverse transcribed using the AffinityScript multiple temperature cDNA 

synthesis kit (Agilent; Berkshire, UK). QPCR was carried out using Brilliant SYBRIII Green QPCR 

Master Mix (Stratagene, USA) with 5-carboxy-x-rhodamine as the reference dye and measured 

using the Stratagene MX3000P real-time PCR machine. Specific primers used are summarised in 

Table 2. Data were normalised for expression of the housekeeping gene and presented as 2-ΔCT 

and statistically analysed by Mann-Whitney Test. 

3.2.8 Immunohistochemistry: analysis of candidate protein expression TLR4, CXCR4 

and CD44 

Intact fetal membranes from the same patients were formalin fixed and used to confirm expression 

of three of the candidate genes in the decidua (TNL: N=12 and TL: 11). Immunohistochemistry 

was carried as previously described (Hayward et al. 2011), using colorimetric detection and 

primary anti-human mouse monoclonal antibodies raised against: Toll-like receptor-4 (TLR4, 

ab22048, Abcam, UK, 0.63μg/ml), CXCR4 (SC53534, Santa Cruz, Germany, 1µg/ml), and CD44 

(M7082, Dako, Denmark, 1.6µg/ml). Negative controls substituted with non-immunised mouse IgG 

at equal concentrations, for each primary antibody used. Human tonsil tissue was used as a 

positive control. Images were taken using Leitz Dialux 22 Microscope (Ernst Leitz Wetzlar GMBH, 

Germany) and Qicam Fast 1394 camera (Qimaging, Surrey, Canada) and Image Pro Plus 6.0 

software (Media Cybernetics UK, Marlow, UK).  
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3.3 Results 

3.3.1 Pathway analysis of choriodecidual transcriptomic changes with labour 

Microarray analysis indicated that term labour was associated with extensive alterations in 

choriodecidual gene expression. 796 choriodecidual genes (396 upregulated, 400 downregulated) 

were significantly altered in labour (PPLR value of ≥0.997 or ≤1x10-5) using a 1.3-fold threshold to 

exclude false positives or changes of minimal biological significance (Full list of altered genes 

shown in Supplemental Table 1). The top biological functions altered by labour were predominantly 

inflammatory or immunological in nature. The heat map, in which each individual box represents a 

group of related genes altered within the indicated function ranked by z-score, demonstrates a 

striking upregulation of genes with term labour (orange = increased, blue = decreased) (heat map, 

Figure 1A). The top enriched functions were haematological system and development, cellular 

movement, immune cell trafficking, inflammatory response, and cell to cell signalling and 

interaction (ranked by z-score, p<2.0x10-4). The majority of down-regulated genes were in cell 

death and survival and cancer pathways (ranked by z-score, p<2.0x10-4).  

There were a considerable number of genes with a very high magnitude of change with labour, the 

majority of which had inflammatory/immune characteristics. To enable analysis of inflammatory 

pathways, whilst also unmasking non-inflammatory pathways activated during labour, an arbitrary 

threshold of 3-fold change in gene expression was applied to the dataset. The biological pathways 

of genes with a fold change >3-fold with labour are shown in Figure 1B. Within each of the 

inflammatory categories, the genes were subgrouped into those governing immune cell chemotaxis 

and activation. Even within the apparently non-inflammatory biological functional categories (e.g. 

tissue morphology, cell-cell signalling, cell death and cell proliferation), each individual group 

consisted of genes predominantly immunological in nature (e.g. adhesion and accumulation of 

immune cells or proliferation, cell death and differentiation of immune cells). There was 

considerable overlap in the individual genes regulated in each biological function; a gene list 

(excluding replicates) is shown in Table 3. These include chemokines (e.g. CCL2, CCL4, CXCL1, 

CXCL8), chemokine receptors (CXCR4, CCLR2), cytokines (e.g. IL-1α, IL-6, IL-1RN), matrix 

metalloproteinases (MMP -1, -10, -12), toll-like receptors (TLR -1, -2, -4), calcium binding proteins 

(e.g.S100A8, -9, -12) and adhesion molecules (intercellular adhesion molecule 1 (ICAM1), integrin 

α2, integrin β6, junctional adhesion molecule 2). Prostaglandin G/H synthase 2 (PTGS2 / 

cyclooxygenase (COX-2) ), whose role in labour has been well established (Challis et al. 2002), 

featured highly in the choriodecidual gene lists. 

The gene list was also analysed according to classically activated cellular pathways (canonical 

pathways) to further understand their biological roles (top 15 pathways are shown in Figure 1C). 

These closely reflect the biological functions, i.e. predominantly inflammation and inflammatory-

associated signalling (p<7.7x10-6) (Figure 1C). Of note the majority of genes in each pathway were 

upregulated (red bars), with few down-regulated genes (green bars). All genes altered within each 

canonical pathway are represented in the list of biological functions affected by labour (highlighted 

with an asterisk in Table 3).  
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3.3.2 Unmasking non-inflammatory choriodecidual gene changes associated with 

labour  

Separate analysis of genes with a modest, but still highly significant, change in expression (<3-fold 

change with labour) unmasked other biological processes affected by labour. An enrichment of 

genes in distinct and primarily non-inflammatory biological pathways was revealed (622 probe 

sets: 262 upregulated and 358 down-regulated). The top ten biological functions included: cell 

death and survival, cellular growth and proliferation, free radical scavenging and small molecule 

biochemistry (Figure 2A). Unlike the highly expressed genes, the canonical pathways of genes with 

modest expression included genes that were both up and down-regulated (Figure 2B). Strongly 

down-regulated pathways were: protein translation (comprising multiple eukaryotic initiation 

factors (EIF) and 16 ribosomal subunit proteins) and mitochondrial dysfunction (comprising genes 

encoding subunits of cytochrome c oxidase, ubiquinol-cytochrome c reductase and NADH 

dehydrogenase) (both pathways p<8.4x10-7). Within the canonical pathways: histamine 

degradation, fatty acid oxidation and eicosanoid signalling, gene expression were predominantly 

upregulated (p<0.009). Several specific genes had multiple roles across different pathways 

including: amine oxidase, aldehyde dehydrogenase isoforms, COX-2, prostaglandin receptor EP4, 

thromboxane A2 receptor, arachidonate 5-lipoxygenase-activating protein and multiple 

phospholipases (details not shown). 

3.3.3 Predicted upstream regulators of the choriodecidual labour transcriptome 

Potential upstream regulators of the labour-associated changes in inflammatory gene expression 

were determined. Known regulators of the labour process featured in the top ten transcription 

factors of the data set (Table 4), including NFκB subunits and NR3C1 (glucocorticoid receptor) 

(target genes shown in Figure 3). Other predicted transcription factors included signal transducer 

and activator of transcription (STAT) -1 and -3, the danger associated molecular pattern (DAMP) 

high mobility group box 1 (HMGB1) (target genes shown in Figure 3) and mesenchyme homeobox 

2 (MEOX2) (gene targets not shown). These predicted transcription factors demonstrated 

regulation of multiple genes involved in “inflammatory response” following labour (p<2.3x10-29) 

(Figure 3). Estrogen (ER) and progesterone receptors (PGR) were predicted to regulate the labour 

process, but with lower activation scores and p-values (ER: p=1.91x10-11; PR: p=2.66x10-03). A 

number of miRNAs were also identified as putative regulators of choriodecidual inflammation 

(Table 5), including mir-21, mir-155-5p, mir-146 and -146a-5p). The target molecules for these 

miRNAs map onto the key biological functions and canonical pathways and also known mediators 

of the labour process (including PTGS2/COX-2, interleukins, chemokines and TLRs). 

Interestingly, the predicted upstream regulators for the non-inflammatory changes in the <3-fold 

altered gene set were distinct, with a much stronger activation score and p value for PGR (p=1.82-

10), together with v-myc avian myelocytomatosis viral oncogene homolog (MYC), and master 

regulator of cell survival, TP53 (Table 6, Figure 4). These predicted transcription factors 

demonstrated regulation of multiple genes involved in “proliferation of cells” following labour 

(p<5.6x10-13)(Figure 4).The predicted regulatory miRNAs of lower expressed gene targets were 
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largely those associated with cell survival and tissue remodelling (ECM and cytoskeletal 

components) (Table 7). 

3.3.4 Inflammatory gene network during term labour 

To understand the functional interactions and directionality of the relationships between all the 

inflammatory genes in the choriodecidua in labour, a network analysis was performed. The highest 

ranked network cluster (p<1x10-51) features a central role for chemokine signalling and integrates 

the actions of the calcium binding proteins, IL-17 and other pro-inflammatory cytokines (Figure 5). 

This cluster of highly connected genes that govern immune cell function and migration reinforces 

the important interconnected actions of the genes in regulating choriodecidual inflammation. 

3.3.5 Microarray validation of gene expression changes with labour  

The genes selected for qPCR quantification were highly changed with labour in individual patient 

samples and had functional significance in the labour process. 18S rRNA was used for 

normalisation purposes due to its constitutive expression between the study groups following 

detailed examination of potential housekeeping genes (TBP, YWHAZ, β-actin and 18SrRNA). QPCR 

data confirmed that chemokine receptor CXCR4 (p=0.013), TLR4 (p=0.005), ICAM1 (p=0.016), 

SOCS3 (p=0.039), IL-1β (p=0.023), indoleamine 2, 3-dioxygenase (IDO1; p=0.007), B-cell CLL 

(BCL2a) (p=0.006) and CD44 (p=0.028) were significantly upregulated in the choriodecidua 

following labour (Figure 6). In addition, a panel of chemokines highly altered with labour (CCL2, 

CCL4, CCL5, CXCL8, CXCL9 and CXCL10) in the current microarray have previously been validated 

by real time qPCR on the same sample set, due to their prior detection by a focussed chemokine 

pathway gene array13. The changes detected in versican, folate receptor (FOLR1) and oncostatin M 

(OSM) mRNA expression did not reach statistical significance. 

3.3.6 Immunohistochemical localisation of selected candidate genes 

A selection of validated genes (TLR4, CXCR4 and CD44) were immunolocalised in fetal membranes 

to confirm their expression by decidual cells. All were expressed by decidual cells, with a 

contribution by infiltrating immune cells, but it is noteworthy that the chorion trophoblast cells also 

expressed the proteins examined (Figure 7). Changes in staining intensity with labour were not 

formally assessed due to the insensitivity of this technique. 
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3.4 Discussion 

The current study provides a descriptive analysis of the phenotypic changes in the choriodecidua 

during labour at term, thus filling an important gap in our understanding of the transcriptomic 

alterations regulating labour in gestational tissues. Our key finding is the extensive inflammatory 

activation, consistent with reported inflammatory processes in other uterine tissues (Bethin et al. 

2003; Haddad et al. 2006; Hassan et al. 2006; Mittal et al. 2010; Weiner et al. 2010; Lim et al. 

2012), supporting the hypothesis that decidual inflammation is integral to the labour process. The 

demonstration that a large number of genes are altered in the choriodecidua highlights both the 

complexity of labour and the important contribution of these tissue layers to the labour process, in 

contrast to the majority of previous studies which focus solely on myometrial activation, 

characterised by a limited number of altered genes (e.g. COX-2, oxytocin receptor, connexin 43).  

Pathway analysis was performed to identify key functional pathways altered with labour. The 

highly altered pathways were almost exclusively inflammatory in nature, comprising genes 

governing leukocyte trafficking and activation, prostaglandin synthesis and immunomodulation. We 

have previously reported elevated leukocyte infiltration of the decidua during term labour 

(Hamilton et al. 2012), hence the elevation in chemokines (CCL2, 4, 8 and CXCL1, 2, 3, 9, 10 and 

11) and other regulators of immune cell trafficking (ICAM-1, integrins, CD44) (Zöller et al. 2007; 

Long 2011), together with leukocyte products/surface receptors (IDO, SLPI, TLRs, MMP12, 

interleukins CXCR4, Lymphocyte cytosolic protein 2) is as anticipated. The strong overlap between 

the key chemokines identified in the current study with our previously identified profile (using a 

pathway specific array)(Hamilton et al. 2013), together with their central involvement in the 

leading gene network of highly connected genes, provides compelling evidence for their 

involvement in the labour process. Likewise, identification of genes with established roles in labour 

(e.g. COX2, IL-1β, IL-6, SOCS3, CXCL6) provides reassurance of the accuracy of the gene array 

studies (Elliott et al. 2001; Young et al. 2002; Keelan et al. 2003; Peltier 2003; Challis et al. 2009; 

Khanjani et al. 2011; Gomez-Lopez et al. 2014b; Sykes et al. 2014; Kim et al. 2015; Wahid et al. 

2015). We have also revealed other genes, previously not associated with labour, which have 

recognised actions during inflammatory processes, including: S100A8, -9 and -12 (leukocyte-

derived calcium binding proteins with pro-inflammatory actions), fibroblast growth factor (FGF) 7 

and its cognate receptor (FGFR2) (growth factor with immunomodulatory actions) (Ishino et al. 

2013) and pentraxin 3 (cytokine-induced protein closely related to c-reactive protein) (Azzurri et al. 

2005). Inflammatory processes are tightly controlled and therefore the coincident upregulation of a 

suite of protease inhibitors, particularly those targeting leukocyte-derived proteases: SLPI, 

SerpinA1 and SerpinB6, and modulators of cytokine action: SOCS3 and IL-1RA, demonstrate the 

innate regulatory processes to maintain tissue integrity during physiological inflammation. 

Furthermore, upregulation of SOCS3 and IL-1RA provide evidence of prior STAT3 and IL-1 receptor 

activation respectively (Arend & Guthridge 2000; Gabay et al. 2010), supporting functional 

consequences of the detected changes in mRNA expression. 
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We identified both known and novel upstream transcriptional regulators as potential triggers of the 

choriodecidual inflammatory responses. Activation of NFκB has the potential to induce the 

choriodecidual inflammatory profile observed, consistent with reported actions in driving 

inflammatory processes in amnion (Lim et al. 2012) and myometrium (Lindstrom & Bennett 2005). 

Activation of its endogenous inhibitor (NFκB1A/IκB) was also predicted to regulate choriodecidual 

inflammation; transcription and translation of this gene are stimulated in response to NFκB 

activation (Brown et al. 1993), adding evidence for functionality of this pathway in labour. Fetally-

derived cortisol, acting via the glucocorticoid receptor (NR3C1), has important roles in driving the 

labour process in sheep and probably also in human pregnancies (McDonald et al. 2006; Whittle et 

al. 2006). Glucocorticoid receptors are strongly expressed by decidual cells (McDonald et al. 2006), 

supporting its identification as a putative upstream regulator of decidual chemokine, cytokine, 

protease and protease inhibitors. Novel regulators of term labour included STAT1 and STAT3, 

whose activation strongly mapped to the labour inflammatory profile (including pro-apoptotic 

genes (PHLDA1, Caspase 4), lipid metabolism genes (phospholipase A2, COX2), chemokines, 

interleukins and TLR4). The upstream ligands leading to STAT translocation to the nucleus are 

unidentified, however, a number of highly upregulated cytokines/growth factors (including IL-6, 

bone morphogenetic protein (BMP2), OSM) signal via STAT3, whilst interferons and FGFRs signal 

via STAT1.  

An interesting observation in the context of physiological inflammatory processes during term 

labour is the predicted role for HMGB-1, a leading DAMP (danger associated molecular pattern), in 

regulating choriodecidual inflammation. DAMPs are endogenous stimulators of sterile inflammation 

released from cells in response to injury or stress. HMGB-1 is also released by activated 

macrophages and can interact with TLR2 and 4, activating NFκB, AP1 and IRF5, thus amplifying 

inflammatory reactions and immune cell trafficking (Park et al. 2006; Piccinini & Midwood 2010). 

The fact that TLRs (-1, -2 and -4), classical receptors for PAMPs (pathogens associated molecular 

patterns) feature highly in the significantly altered genes and canonical pathways activated during 

term labour suggests that other mediators of sterile inflammation may also participate in 

choriodecidual activation. Indeed many DAMPs, or their co-receptors required for TLR signalling, 

are upregulated in the decidua in labour (S100A8/9, versican, hylaronic acid fragments/CD44) or 

have established roles in labour (surfactant proteins A and D) (Condon et al. 2004; Foell et al. 

2007). Whether DAMP-ligation of TLRs induces identical downstream signalling pathways to those 

reported in fetal membranes in response to PAMP activation (Hoang et al. 2014) has not been 

established.  

When the most highly altered (>3 fold change) genes were excluded from the pathway analysis, 

we were able to delineate a number of other key biological functions and predicted pathways 

involved in labour, including cell death/survival, tissue remodelling and protein translation. The 

canonical pathways additionally highlighted mitochondrial dysfunction, ribosomal/translation 

suppression and fatty acid metabolism. These pathways map onto the events during parturition: 

decidual activation (elevated prostaglandin output), fetal membrane / placental detachment and 

shedding of the terminally differentiated decidual cell layer. Our tissues were sampled distant to 
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the rupture site; this was important as detailed analysis identified differential expression of 677 

genes (including IGF family members, chemokines, cytokines and proteases) between rupture and 

non-rupture sites (Nhan-Chang et al. 2010). Distinct upstream regulators were predicted to drive 

these gene expression and phenotypic changes; predominantly regulators of cell fate, e.g. 

oncogenes MYC, MYCN and FOS, and the tumour suppressor gene TP53 (P53). The latter was 

predicted to regulate 68 downstream genes that were significantly altered in the choriodecidua 

during labour, including TGFβ superfamily members (inhibin βA, TGFβ2, GDF15), ECM components 

(collagen 3A1 and 1A1, versican), inflammatory genes (COX2, CD44) and transcription/translation 

factors (EIF4E2, NFκB). A role for P53 in dictating the timing of labour has previously been 

demonstrated in mice; conditional uterine knockout P53 in mice resulted in preterm delivery, which 

was reversed by pharmacological inhibition of COX-2 (Hirota et al. 2010). Our studies support a 

similar regulatory pathway may exist in human decidua, but also highlight broader transcriptional 

effects that may account for the additional phenotypes observed in the mouse model (e.g. decidual 

senescence, prolonged labour). 

Given the established hypothesis of a switch from progesterone dominance to estrogen action 

being instrumental in triggering labour, it was perhaps surprising that ER and PR were not highly 

ranked predictive upstream regulators of choriodecidual inflammatory gene expression changes. A 

caveat to any conclusions drawn regarding their importance is that this type of analysis is 

dependent on gene interactions reported in the literature, a minority of which will be from studies 

of reproductive tissues. Hence, ER and PR actions may be underrepresented. Notwithstanding this 

issue, the stronger association of PR with primarily non-inflammatory downstream genes (such as 

paired related homeobox 1, H19, WNT4 and versican) suggests a more influential role in regulating 

labour-associated cell survival, migration and remodelling. In line with previous observations, PR 

can regulate prostaglandin synthesis through modulation of COX-2 and PDGH, and also other lipid 

metabolism enzymes (aldehyde dehydrogenase 1A3, acyl-CoA synthetase long-chain 1, carnitine 

palmitoyltransferase 1B), and along with the ability to alter NFκB responses via upregulation of 

inhibitor NFκB1A (IκB), suggests modulation of choriodecidual inflammatory responses through PR 

signalling.  

We also investigated the theoretical regulation of the choriodecidual transcriptome by miRNAs. 

Studies using mouse models revealed a key role for miRNA200 as a hormonally sensitive modulator 

of contraction associated proteins in the myometrium during term and preterm labour, acting via 

regulation of the homeobox genes ZEB1/2 (Renthal et al. 2010). Our analyses found a similar 

interaction may exist in the choriodecidua, with both miR200b-3p and co-transcribed miR141-3p as 

predicted regulators of ZEB2. Other predicted miRNA regulators include miR101 consistent with 

previous reports of endometrial regulation of COX-2 during establishment of pregnancy 

(Chakrabarty et al. 2007). Altered miRNA expression was also strongly predicted to regulate 

choriodecidual chemokines and related pro-inflammatory mediators. Amongst the top ten potential 

miRNAs regulators are those with strong associations with inflammatory conditions, including 

miR155 (classic pro-inflammatory miRNA) and miR21 and 146, which act to resolve inflammatory 

responses by the suppression of TLR and cytokine (O’Connell et al. 2012) expression. These 
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miRNAs were not found to be altered by labour in a study of global fetal membrane miRNA 

expression, although significant changes in DICER expression (miRNA generating enzyme) with 

term labour supports their involvement in regulating labour events (Montenegro et al. 2009). 

Interestingly a recent study described upregulation of uterine miR200b by transgenerational 

maternal stress in rats; this was associated with earlier delivery and downregulation of ZEB1/2 and 

Stat5 (Yao et al. 2014). Whether miRs are subject to epigenetic regulation in human uterine 

tissues remains to be established. 

A limitation of the current study is the use of choriodecidual samples rather than purified decidua. 

Decidua can be mechanical or enzymatic separated from the adherent chorion, but this has the 

potential to alter gene expression profiles – particularly inflammatory factors – and results in 

variable purity of the decidua. Isolation of decidual stromal cells alone introduces further 

confounders by loss of resident immune cells which have important paracrine actions (Castillo-

Castrejon et al. 2014). We therefore performed immunohistochemistry on selected gene products 

to demonstrated that they were expressed by decidual cells (with some contribution by immune 

cells) and not exclusively by the chorion layer. In addition, our previous studies (and those of 

others) demonstrated that the inflammatory events were more extensive in the decidua than the 

chorion, at least in terms of leukocyte infiltration (Hamilton et al. 2012), thus from an inflammatory 

perspective at least, we believe we can assess decidual events. Previous analyses of intact fetal 

membranes (Haddad et al. 2006) would have included the decidual layer in the samples analysed, 

but there are extensive transcriptomic changes occurring in the amnion during term labour (Marvin 

et al. 2002; Li et al. 2011; Lim et al. 2012). Despite some overlap in the inflammatory pathways in 

isolated amnion cells and intact fetal membranes, there was significant divergence in the specific 

gene expression profiles reflecting distinct regulatory processes occurring in the different tissue 

layers highlighting the need to study all gestational tissues. 

Our ability to validate 80% of altered genes by PCR provides confidence in the changes identified 

by the array. The pathway and network approaches that we have used are resistant to random 

error which provides further confidence in our interpretation (Albert et al. 2000). The failure to 

reproduce all the changes at the qPCR level is likely due to the considerable heterogeneity between 

clinical samples. This variability may reflect localised differences in cellular composition of the 

choriodecidua or the extent to which preparatory events for labour have commenced in the 

pregnancies delivered by caesarean section at term prior to labour. This was elegantly illustrated in 

the amnion in a recent study by Lim et al (Lim et al. 2012), demonstrating NFκB activation 

(accompanied by inflammatory changes) in a proportion of samples from women at 39-40 weeks 

gestation. It would be unsurprising for similar preparatory events to take place in the 

choriodecidua, potentially regulated by amnion. This issue could be circumvented by the use of 

choriodecidual samples from women who delivered preterm without undergoing labour as the 

control non-labour group. However, the indication for preterm delivery (either maternal or fetal 

pathology, e.g. pre-eclampsia, fetal growth restriction) is likely to have a significant influence on 

gene expression in uterine tissues and hence have a stronger confounding influence. Other 

potential sources of heterogeneity in the current study include maternal ethnicity. Although there is 
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an influence of ethnicity on susceptibility to preterm labour (MacDorman 2011), to our knowledge 

there is no evidence that the processes governing term labour differ between women of different 

ethnic origin. Furthermore, inclusion of samples from women with heterogenous ethnic 

backgrounds enabled identification of the common pathways activated in the choriodecidua during 

labour, which is important for future identification of targets for therapeutic intervention. 

Summary 

In an observational study using clinical samples we are unable to verify causation and determine 

the temporal events leading to labour, but the analysis of potential regulators and an initial foray 

into network analyses provides some understanding of the putative interactions between the 

altered genes. In depth network analyses would provide greater knowledge about interactions 

between the genes governing the distinct biological processes and also identify key regulatory 

genes affecting extensive networks of genes. These may ultimately serve as targets for therapeutic 

intervention which may curtail inappropriate activation of labour processes preterm. In summary, 

this paper confirms inflammatory processes are major players in labour events in the 

choriodecidua, as in other gestational tissues. We have identified additional alterations in genes 

governing cell death and survival, tissue remodelling and protein translation, a pattern consistent 

with the imminent loss of this tissue layer following delivery of the infant. Separating the 

inflammatory from the cell survival processes enabled identification of putative regulators of the 

distinct processes, illustrating the complexity of labour and the challenges involved in attempting to 

suppress inappropriate activation of the labour cascade in preterm deliveries.  
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Figures and tables 

 

Figure 1: Pathways and functions associated with choriodecidual genes altered by term 

labour.  

A) Heat map of function activity predicted in association with altered gene expression (z-score and 

p-value). B) Biological functions of genes altered >3-fold with labour, ranked by p-value of Fisher’s 

exact test. C) Canonical pathways of genes altered >3-fold with labour ranked by p-value of 

Fisher’s exact test (orange line, right hand vertical axis), percentage of pathway shown 

upregulated (red) and downregulated (green), bold number = number of genes in pathway. 
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Figure 2: Pathways and functions associated with choriodecidual genes altered <3-fold 

by term labour.  

A) Biological functions ranked by p-value of Fisher’s exact test. B) Canonical pathways ranked by 

p-value of Fisher’s exact test (orange line, right hand vertical axis), percentage of pathway shown 

upregulated (red) and downregulated (green), bold number = number of genes in pathway. 
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Figure 3: Upstream regulators of inflammatory pathways in choriodecidua during term 

labour. 

Predicted activity of the upstream regulators NFB, HMGB1, NR3C1 (glucocorticoid receptor), 

STAT1 and STAT3 (colour coded by predicted activation determined by z-score – see legend) and 

shown in relation to their altered downstream targets (see legend). Predicted relationship to the 

biological function of “inflammatory response” shown. 
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Figure 4: Potential upstream regulators of choriodecidual genes altered <3-fold by 

term labour.  

Predicted activity of the upstream regulators MYCN, PGR, TP53 (colour coded by predicted 

activation determined by z-score – see legend) and shown in relation to their altered downstream 

targets (see legend). Predicted relationship to the biological function of “proliferation of cells” 

shown. 
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Figure 5: Network analysis of inflammatory genes in choriodecidua altered by term 

labour.  

Altered gene expression was used to generate a network model within the context of all known 

interactions related to the genomic function using Ingenuity Knowledge Base (IKB). Clusters of 

interactions were determined using the genes with altered expression as "seeds" for generating 

networks that maximize their specific connectivity. Activity prediction and gene expression colour 

coded (see legend). 
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Figure 6: Q-PCR validation of candidate genes altered by term labour in choriodecidua.  

Data were normalised to 18S rRNA expression levels. TNL (term not labour, n=12), TL (term 

labour, n=11). *p<0.05, **p<0.01, Mann-Whitney Test. 
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Figure 7: Immunolocalisation of candidate genes (CXCR4, CD44, TLR4) altered by term 

labour in fetal membranes.  

Representative images from TNL (term not labour, n=12), TL (term labour, n=11), Neg (negative 

IgG control). Original magnification x10. Scale bar = 100µm. Dec=decidua, Ch=chorion, Am = 

amnion.   
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Table 1. Demographic and biophysical characteristics of the clinical study groups.  

The numbers are median and range unless otherwise indicated. TNL (Term not in labour), TL 

(Term labour), BMI (body mass index at booking to antenatal care). * p<0.05 indicates TL 

compared to TNL (Mann-Whitney test); † statistics performed with Fisher’s Exact Test.  

 

  TNL (n=12)  TL (n=11)  P value 

Age (years)  31 (21-38)  25 (20-33)  NS 

Gravidity 

Parity 

 

 

2 (1-2.5) 

1 (0-3) 

 

 

1(1-3) 

0 (0-6)* 

 

 

NS 

0.04 

Ethnicity: n   

9 Caucasian 

3 Afro – 

Caribbean 

1 Asian 

 

 

 

 

10 Caucasian 

1 Afro-

Caribbean 

 

 

 

 

 

NS† 

BMI (kg/m2)  26 (17-34)  26 (22-43)  NS 

Smoking: n (%)  2 (16%)  1 (9%)  NS† 

Gestational age at 

delivery (weeks) 

 

 
39 (37-41)  40 (38-42)  NS 
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Table 2. Summary of primer sequences used for qPCR validation. 

 

Gene Symbol Forward 5'  

B-cell CLL or Lymphoma 

2 
BCL2a 

5’-TACAGGCTGGCTCAGGACTAT-3’ 

5’-CGCAACATTTTGTAGCACTCTG-3’ 

 

 

Chemokine (C-X-C 

motif) receptor 4 
CXCR4 

5’-ACTACACCGAGGAAATGGGCT-3’ 

5’-CCCACAATGCCAGTTAAGAAGA-3’ 

 

 

Cluster of differentiation 

44 
CD44 

5’-CTGCCGCTTTGCAGGTGTA-3’ 

5’- CATTGTGGGCAAGGTGCTATT-3’ 

 

 

Indoleamine-pyrrole 

2,3-dioxygenase 
IDO1 

5’-GCCAGCTTCGAGAAAGAGTTG-3’ 

5’-ATCCCAGAACTAGACGTGCAA-3’ 

 

 

Intercellular adhesion 

molecule 1 
ICAM1 

5’-ATGCCCAGACATCTGTGTCC-3’ 

5’-GGGGTCTCTATGCCCAACAA-3’ 

 

 

Toll-like receptor 4 TLR4 
5’-AGACCTGTCCCTGAACCCTAT-3’ 

5’-CGATGGACTTCTAAACCAGCCA-3’ 

 

 

Interleukin-1β IL-1 β 
5’-CTCGCCAGTGAAATGATGGCT-3’ 

5’-GTCGGAGATTCGTAGCTGGAT-3’ 
 

Suppressor of cytokine 

signalling 3 
SOCS3 

5’-CCTGCGCCTCAAGACCTTC-3’  

5’-GTCACTGCGCTCCAGTAGAA-3’ 
 

Folate Receptor 1  FOLR1 
5’-GCTCAGCGGATGACAACACA-3’ 

5’-CCTGGCCCATGCAATCCTT-3’ 
 

Versican VCAN 
5’-GTAACCCATGCGCTACATAAAGT-3’ 

5’-GGCAAAGTAGGCATCGTTGAAA-3’ 
 

Oncostatin M OSM 
5’-ATGGCTCTATTTGCAGTCTTTCA-3’ 

5’-CACCCAGATGACATTGGATGTT-3’ 
 

18S ribosomal RNA 
18S 

rRNA 

5’-GCTGGAATTACCGCGGCT-3’ 

5’-CGGCTACCACATCCAAGGAA-3’ 
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Table 3. Choriodecidual genes altered by labour in the top 10 biological functions  

Genes highlighted in blue were selected for validation studies; those in red were previously 

validated (Hamilton et al. 2013). † indicates the gene was also detected in the top canonical 

pathways altered by labour.  

Symbol Entrez Gene Name 

Entrez 

Gene ID 
for Human 

Type(s) 
Fold 

Change 

AKAP12 A kinase (PRKA) anchor protein 12 9590 transporter 3.1 

APOBEC3A 
apolipoprotein B mRNA editing 

enzyme, catalytic polypeptide-like 3A 
200315 enzyme 4.4 

†APOD apolipoprotein D 347 transporter -3.3 

B3GNT5 
UDP-GlcNAc:betaGal beta-1,3-N-
acetylglucosaminyltransferase 5 

84002 enzyme 3.9 

BCL2A1 BCL2-related protein A1 597 other 15.7 

BIRC3 baculoviral IAP repeat containing 3 330 enzyme 20.5 

†BMP2 bone morphogenetic protein 2 650 growth factor 3.5 

CASP4 caspase 4 837 peptidase 3.9 

†CCL2 chemokine (C-C motif) ligand 2 6347 cytokine 3.4 

†CCL4 chemokine (C-C motif) ligand 4 6351 cytokine 3.1 

CCL8 chemokine (C-C motif) ligand 8 6355 cytokine 3.8 

CCRL2 
chemokine (C-C motif) receptor-like 

2 
9034 

G-protein 

coupled receptor 
5.0 

CD44 CD44 molecule  960 enzyme 5.6 

CD69 CD69 molecule 969 
transmembrane 
receptor 

13.1 

CHI3L1 
chitinase 3-like 1 (cartilage 

glycoprotein-39) 
1116 enzyme 11.0 

†CXCL1 chemokine (C-X-C motif) ligand 1  2919 cytokine 10.6 

CXCL2 chemokine (C-X-C motif) ligand 2 2920 cytokine 5.7 

†CXCL3 chemokine (C-X-C motif) ligand 3 2921 cytokine 9.8 

CXCL9 chemokine (C-X-C motif) ligand 9 4283 cytokine 8.5 

†CXCL10 chemokine (C-X-C motif) ligand 10 3627 cytokine 3.7 

†CXCL11 chemokine (C-X-C motif) ligand 11 6373 cytokine 13.7 

†CXCR4 chemokine (C-X-C motif) receptor 4 7852 
G-protein 
coupled receptor 

14.2 

CYTIP cytohesin 1 interacting protein 9595 other 4.6 

†DEFB1 defensin, beta 1 1672 other -9.6 

EBI3 Epstein-Barr virus induced 3 10148 cytokine -3.7 

ENDOG endonuclease G 2021 enzyme -4.0 

EREG epiregulin 2069 growth factor 17.3 

FAT1 FAT atypical cadherin 1 2195 other 
 

FCGR3B 
Fc fragment of IgG, low affinity IIIb, 

receptor (CD16b) 
2215 

transmembrane 

receptor 
11.9 

FGF7 fibroblast growth factor 7 2252 growth factor 5.9 

†FGFR2 fibroblast growth factor receptor 2 2263 kinase 53.3 

FOLR1 folate receptor 1 (adult) 2348 transporter -4.3 

FPR2 formyl peptide receptor 2 2358 
G-protein 

coupled receptor 
53.3 

G0S2 G0/G1switch 2 50486 other 6.2 

GABBR1 
gamma-aminobutyric acid (GABA) B 
receptor, 1 

2550 
G-protein 
coupled receptor 

3.3 

GBP1 
guanylate binding protein 1, 
interferon-inducible 

2633 enzyme 4.7 

GEM 
GTP binding protein overexpressed 

in skeletal muscle 
2669 enzyme 8.7 

†ICAM1 intercellular adhesion molecule 1 3383 transmembrane 8.7 
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receptor 

IDO1 indoleamine 2,3-dioxygenase 1 3620 enzyme 6.6 

IFIT2 
interferon-induced protein with 
tetratricopeptide repeats 2 

3433 other 4.5 

IGHM immunoglobulin heavy constant mu 3507 
transmembrane 

receptor 
-3.4 

IGKC immunoglobulin kappa constant 3514 other 165.1 

†IL6 interleukin 6 (interferon, beta 2) 3569 cytokine 19.6 

†IL8 interleukin 8 3576 cytokine 78.5 

IL-13Rα2 interleukin 13 receptor, alpha 2 3598 
transmembrane 
receptor 

5.5 

†IL-1α interleukin 1, alpha 3552 cytokine 18.7 

†IL-1RN interleukin 1 receptor antagonist 3557 cytokine 28.4 

IRAK3 
interleukin-1 receptor-associated 
kinase 3 

11213 kinase 3.1 

ITGA2 integrin, alpha 2  3673 
transmembrane 
receptor 

5.8 

ITGB6 integrin, beta 6 3694 other 28.2 

JAM2 junctional adhesion molecule 2 58494 other -3.2 

LCP2 

lymphocyte cytosolic protein 2 (SH2 

domain containing leukocyte protein 

of 76kDa) 

3937 other 5.8 

LMNB1 lamin B1 4001 other 11.7 

†LYZ lysozyme 4069 enzyme 3.5 

MBD3 
methyl-CpG binding domain protein 
3 

53615 other -3.1 

†MMP1 matrix metallopeptidase 1 4312 peptidase 4.5 

MMP10 matrix metallopeptidase 10 4319 peptidase 6.2 

MMP12 matrix metallopeptidase 12 4321 peptidase 3.1 

MNDA 
myeloid cell nuclear differentiation 
antigen 

4332 
transcription 
regulator 

4.0 

NAIP 
NLR family, apoptosis inhibitory 
protein 

4671 other 3.6 

NAMPT 
nicotinamide 
phosphoribosyltransferase 

10135 cytokine 19.7 

NPW neuropeptide W 283869 other -3.5 

†OSM oncostatin M 5008 cytokine 31.4 

PAEP 
progestagen-associated endometrial 
protein 

5047 glycoprotein -5.5 

PAG1 
phosphoprotein associated with 
glycosphingolipid microdomains 1 

55824 other 3.3 

PCDH7 protocadherin 7 5099 other 
 

PELI1 pellino E3 ubiquitin protein ligase 1 57162 enzyme 4.8 

PHLDA1 
pleckstrin homology-like domain, 

family A, member 1 
22822 other 8.2 

†PLA2G4A phospholipase A2, group IVA  5321 enzyme 3.0 

PLAU plasminogen activator, urokinase 5328 peptidase 5.3 

PLEK pleckstrin 5341 other 4.3 

PMAIP1 
phorbol-12-myristate-13-acetate-

induced protein 1 
5366 other 5.2 

†PTGS2 
prostaglandin-endoperoxide 

synthase 2 (cyclooxygenase) 
5743 enzyme 3.0 

PTPRC 
protein tyrosine phosphatase, 

receptor type, C 
5788 phosphatase 3.5 

PTX3 pentraxin 3, long 5806 other 34.5 

RGS1 regulator of G-protein signaling 1 5996 other 4.1 

RHOD ras homolog family member D 29984 enzyme -3.3 

RHOH ras homolog family member H 399 enzyme 38.9 
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†S100A8 S100 calcium binding protein A8 6279 other 5.1 

†S100A9 S100 calcium binding protein A9 6280 other 3.2 

†S100A12 S100 calcium binding protein A12 6283 other 7.9 

SAMSN1 
SAM domain, SH3 domain and 

nuclear localization signals 1 
64092 other 6.1 

SCAF11 SR-related CTD-associated factor 11 9169 other 4.7 

SELL selectin L 6402 
transmembrane 

receptor 
6.9 

†SERPINA1 
serpin peptidase inhibitor, clade A 
(alpha-1 antiproteinase, antitrypsin), 

member 1 

5265 other 7.0 

SERPINB6 
serpin peptidase inhibitor, clade B 

(ovalbumin), member 6 
5269 other 93.0 

SKAP2 
src kinase associated 
phosphoprotein 2 

8935 other 3.4 

SLC20A1 
solute carrier family 20 (phosphate 
transporter), member 1 

6574 transporter 4.6 

SLC6A2 
solute carrier family 6 
(neurotransmitter transporter), 

member 2 

6530 transporter -4.1 

SLC7A1 
solute carrier family 7 (cationic 
amino acid transporter, y+ system), 

member 1 

6541 transporter 4.8 

SLPI 
secretory leukocyte peptidase 

inhibitor 
6590 other -3.8 

SOD2 
superoxide dismutase 2, 
mitochondrial 

6648 enzyme 22.6 

SRGN serglycin 5552 other 4.0 

†TLR1 Toll-like receptor 1 7096 
transmembrane 

receptor 
3.0 

†TLR2 Toll-like receptor 2 7097 
transmembrane 

receptor 
5.1 

†TLR4 Toll-like receptor 4 7099 
transmembrane 

receptor 
3.7 

TMEFF1 
transmembrane protein with EGF-

like and two follistatin-like domains 1 
8577 other 7.3 

TNFAIP3 
tumor necrosis factor, alpha-induced 
protein 3 

7128 enzyme 3.5 

†TNFAIP6 
tumor necrosis factor, alpha-induced 
protein 6 

7130 enzyme 3.5 

TRIM22 tripartite motif containing 22 10346 
transcription 

regulator 
3.1 

UCP2 
uncoupling protein 2 (mitochondrial, 

proton carrier) 
7351 transporter -4.2 

VCAN versican 1462 other 3.6 

WISP1 
WNT1 inducible signaling pathway 
protein 1 

8840 other 4.7 
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Table 4. Potential upstream transcription factors regulating choriodecidual gene 

expression changes with term labour.  

The top 10 transcription factors are presented, as ranked by highest significance (lowest p value). 

 

Upstream 

Regulator 

Predicted 

Activation State 

Activation 

z-score 

p-value of 

overlap 

No. of target 

molecules  

NFκB 

(complex) 
Activated 5.422 1.60x10-29 39 

RELA Activated 4.289 9.18 x10-24 28 

NFκBIA Activated 1.080 1.15 x10-22 30 

NFκB1 Activated 2.555 1.70x10-21 23 

STAT1 Activated 3.182 1.57x10-16 20 

MEOX2 Inhibited -3.286 7.37x10-16 11 

STAT3 Activated 2.670 4.35x10-15 22 

NR3C1 Inhibited -3.147 1.48x10-14 26 

HMGB1 Activated 3.266 3.28x10-13 11 

JUN Activated 2.277 3.93x10-13 20 
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Table 5. Potential upstream miRNAs regulating high choriodecidual gene expression 

changes with term labour. 

 The top predicted miRNA regulators are presented, as ranked by highest significance (lowest p 

value). 

 

Upstream 

Regulator 

Predicted 

Activation 

State 

Activatio

n z-score 

p-value of 

overlap 

Target molecules in 

dataset 

mir-21 Inhibited -2.137 4.90x10-11 

CASP4, CXCL1, CXCL10, 

CXCL9, ICAM1, IDO1, 

IGHM, SLPI, SOD2, 

TLR1, TLR2, TLR4 

mir-146 Inhibited -2.186 2.22 x10-07 
CCL2, CXCL10, IL6, IL8, 

PTGS2  

miR-155-5p Inhibited -2.941 6.72 x10-07 

CCL4, CXCL1, CXCL2, 

CXCL3, FGF7, IL1A, IL6, 

IL8, PELI1 

miR-146a-5p Inhibited -2.607 9.37x10-07 

CCL2, CCL8, CXCR4, 

IL8, S100A12, TLR1, 

TLR4 

mir-155  -1.446 1.69 x10-06 
CCL2, CD69, CXCL1, 

CXCL11, IL6, PTGS2 

miR-16-5p  -0.342 2.01x10-04 

FGF7, ITGA2, PSAT1, 

PTGS2, SKAP2, SLC7A1, 

UCP2 
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Table 6. Potential upstream transcription factors regulating choriodecidual gene 

expression changes (<3-fold and >1.3 fold) with term labour 

The top 10 transcription factors are presented, as ranked by highest significance (lowest p value). 

 

Upstream 

Regulator 

Predicted 

Activation 

State 

Activation z-score 
p-value of 

overlap 

MYCN Inhibited -2.412 4.72x10-16 

MYC   -1.002 3.21x10-14 

PGR   0.666 1.82x10-10 

TP53   0.072 1.25x10-09 

FOS   -0.671 5.93x10-09 

PDX1   1.807 2.24x10-08 

CEBPB   0.984 1.05x10-06 

PPARG   -0.622 1.05x10-06 

CEBPA   1.091 4.09x10-06 

NFκBIA   0.892 2.11x10-05 
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Table 7. Potential upstream miRNA regulating choriodecidual gene expression with 

modest changes (<3-fold and >1.3 fold) with term labour.  

The top predicted miRNA regulators are presented, as ranked by highest significance (lowest p 

value). 

 

Upstream 

Regulator 

Activation 

z-score 

p-value of 

overlap 
Target molecules in dataset 

miR-141-3p  -0.627 6.26x10-04 CTBP2, ERBB2IP, TGFB2, VIM, ZEB2 

miR-200b-3p  -1.980 3.90x10-03 ERBB2IP, MARCKS, VIM, ZEB2 

miR-29b-3p  0.579 4.91x10-03 COL1A1, COL3A1, GAS7, HMGN3, MCL1, SRSF10 

miR-21-5p  -0.374 5.83x10-03 FAS, MARCKS, PELI1, PRRG4, TPM1 
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Supplemental table 1. Microarray analysis indicated that term labour was associated 

with extensive alterations in choriodecidual gene expression.  

796 choriodecidual genes were significantly altered in labour (PPLR value of ≥0.997 or ≤1x10-5) 

using a 1.3-fold threshold. Analysis was performed with the PUMA package using probability of 

positive log ratio (PPLR). Probesets were considered differentially expressed between the two 

conditions when they had a PPLR value approaching 0 or 1.  

Fold 

Change 
PPLR ID Symbol Entrez Gene Name 

-2.208 0 53071_s_at OGFOD3 
2-oxoglutarate and iron-dependent oxygenase domain containing 

3 

2.013 1 206638_at HTR2B 5-hydroxytryptamine (serotonin) receptor 2B, G protein-coupled 

-2.281 0 218387_s_at PGLS 6-phosphogluconolactonase 

-2.198 0 218388_at PGLS 6-phosphogluconolactonase 

3.099 1 227529_s_at AKAP12 A kinase (PRKA) anchor protein 12 

-2.355 0 49452_at ACACB acetyl-CoA carboxylase beta 

-2.263 0 204638_at ACP5 acid phosphatase 5, tartrate resistant 

1.57 1 221505_at ANP32E acidic (leucine-rich) nuclear phosphoprotein 32 family, member E 

-1.848 0 207988_s_at ARPC2 actin related protein 2/3 complex, subunit 2, 34kDa 

1.932 1 212815_at ASCC3 activating signal cointegrator 1 complex subunit 3 

1.551 0.999 202672_s_at ATF3 activating transcription factor 3 

2.362 1 201963_at ACSL1 acyl-CoA synthetase long-chain family member 1 

-2.039 0 208002_s_at ACOT7 acyl-CoA thioesterase 7 

-2.81 0 209765_at ADAM19 ADAM metallopeptidase domain 19 

2.827 0.998 208268_at ADAM28 ADAM metallopeptidase domain 28 

-2.738 0 229004_at ADAMTS15 ADAM metallopeptidase with thrombospondin type 1 motif, 15 

1.98 0.999 219023_at AP1AR adaptor-related protein complex 1 associated regulatory protein 

-1.921 0 213892_s_at APRT adenine phosphoribosyltransferase 

-1.969 0 225016_at APCDD1 adenomatosis polyposis coli down-regulated 1 

-1.852 0 200903_s_at AHCY adenosylhomocysteinase 

-1.84 0 201196_s_at AMD1 adenosylmethionine decarboxylase 1 

-2.423 0 203586_s_at ARL4D ADP-ribosylation factor-like 4D 

1.793 0.999 232865_at AFF4 AF4/FMR2 family, member 4 

2.289 1 212224_at ALDH1A1 aldehyde dehydrogenase 1 family, member A1 

2.412 0.998 203180_at ALDH1A3 aldehyde dehydrogenase 1 family, member A3 

-1.545 0 202139_at AKR7A2 
aldo-keto reductase family 7, member A2 (aflatoxin aldehyde 

reductase) 

-1.934 0 200966_x_at ALDOA aldolase A, fructose-bisphosphate 

-1.778 0 214687_x_at ALDOA aldolase A, fructose-bisphosphate 

2.151 0.997 205584_at ALG13 ALG13, UDP-N-acetylglucosaminyltransferase subunit 

-1.445 0 218203_at ALG5 ALG5, dolichyl-phosphate beta-glucosyltransferase 

-2.5 0 223075_s_at AIF1L allograft inflammatory factor 1-like 

-1.903 0 219329_s_at ATRAID all-trans retinoic acid-induced differentiation factor 

-2.342 0 203559_s_at AOC1 amine oxidase, copper containing 1 

2.037 1 222608_s_at ANLN anillin, actin binding protein 

1.938 1 212286_at ANKRD12 ankyrin repeat domain 12 

-2.399 0 224810_s_at ANKRD13A ankyrin repeat domain 13A 

2.854 0.999 1561079_at ANKRD28 ankyrin repeat domain 28 

-2.023 0 204671_s_at ANKRD6 ankyrin repeat domain 6 

-1.983 0 201302_at ANXA4 annexin A4 

-1.858 0 201301_s_at ANXA4 annexin A4 

-1.924 0 203074_at 
ANXA8/ 

ANXA8L1 
annexin A8-like 1 

4.425 0.998 210873_x_at APOBEC3A 
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 

3A 

-3.282 0 201525_at APOD apolipoprotein D 

-2.863 0 39248_at AQP3 aquaporin 3 (Gill blood group) 

2.773 1 204174_at ALOX5AP arachidonate 5-lipoxygenase-activating protein 

-2.388 0 214749_s_at ARMCX6 armadillo repeat containing, X-linked 6 

1.686 0.999 224797_at ARRDC3 arrestin domain containing 3 
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-1.803 0 222912_at ARRB1 arrestin, beta 1 

-1.958 0 38703_at DNPEP aspartyl aminopeptidase 

1.53 0.999 201624_at DARS aspartyl-tRNA synthetase 

-2.233 0 213041_s_at ATP5D 
ATP synthase, H+ transporting, mitochondrial F1 complex, delta 

subunit 

-2.027 0 201172_x_at ATP6V0E1 ATPase, H+ transporting, lysosomal 9kDa, V0 subunit e1 

-2.039 0 201242_s_at ATP1B1 ATPase, Na+/K+ transporting, beta 1 polypeptide 

20.484 1 210538_s_at BIRC3 baculoviral IAP repeat containing 3 

-2.277 0 217809_at BZW2 basic leucine zipper and W2 domains 2 

1.398 0.999 201084_s_at BCLAF1 BCL2-associated transcription factor 1 

1.655 0.999 201101_s_at BCLAF1 BCL2-associated transcription factor 1 

15.654 1 205681_at BCL2A1 BCL2-related protein A1 

-2.677 0 208906_at BSCL2 Berardinelli-Seip congenital lipodystrophy 2 (seipin) 

2.928 0.998 232311_at B2M beta-2-microglobulin 

-2.528 0 213905_x_at BGN biglycan 

2.352 0.999 235009_at BOD1L1 biorientation of chromosomes in cell division 1-like 1 

-1.804 0 201032_at BLCAP bladder cancer associated protein 

3.497 0.999 205289_at BMP2 bone morphogenetic protein 2 

3.29 0.999 1568768_s_at BRE-AS1 BRE antisense RNA 1 

-3.502 0 230854_at BCAR4 breast cancer anti-estrogen resistance 4 (non-protein coding) 

-1.953 0 202102_s_at BRD4 bromodomain containing 4 

2.029 0.999 204194_at BACH1 
BTB and CNC homology 1, basic leucine zipper transcription factor 

1 

2.301 0.998 38241_at BTN3A3 butyrophilin, subfamily 3, member A3 

-2.059 0 218309_at CAMK2N1 calcium/calmodulin-dependent protein kinase II inhibitor 1 

1.678 0.999 201617_x_at CALD1 caldesmon 1 

1.906 0.997 201616_s_at CALD1 caldesmon 1 

-2.164 0 225693_s_at CAMTA1 calmodulin binding transcription activator 1 

-1.808 0 214315_x_at CALR calreticulin 

-2.016 0 202857_at CNPY2 canopy FGF signaling regulator 2 

-1.863 0 209796_s_at CNPY2 canopy FGF signaling regulator 2 

1.697 1 227364_at CAPZA1 capping protein (actin filament) muscle Z-line, alpha 1 

-2.555 0 210069_at CPT1B carnitine palmitoyltransferase 1B (muscle) 

-1.554 0 1555889_a_at CRTAP cartilage associated protein 

1.55 0.999 1556006_s_at CSNK1A1 casein kinase 1, alpha 1 

3.92 0.997 213596_at CASP4 caspase 4, apoptosis-related cysteine peptidase 

-1.883 0 213274_s_at CTSB cathepsin B 

1.976 1 202902_s_at CTSS cathepsin S 

-2.275 0 219025_at CD248 CD248 molecule, endosialin 

1.922 1 212063_at CD44 CD44 molecule (Indian blood group) 

5.625 1 217523_at CD44 CD44 molecule (Indian blood group) 

1.972 0.999 203416_at CD53 CD53 molecule 

13.057 1 209795_at CD69 CD69 molecule 

-1.937 0 201897_s_at CKS1B CDC28 protein kinase regulatory subunit 1B 

2.028 1 214683_s_at CLK1 CDC-like kinase 1 

-2.681 0 212540_at CDC34 cell division cycle 34 

8.095 0.998 212942_s_at CEMIP cell migration inducing protein, hyaluronan binding 

2.534 0.998 206003_at CEP135 centrosomal protein 135kDa 

3.432 1 216598_s_at CCL2 chemokine (C-C motif) ligand 2 

3.075 1 204103_at CCL4 chemokine (C-C motif) ligand 4 

3.799 1 214038_at CCL8 chemokine (C-C motif) ligand 8 

4.98 1 211434_s_at CCRL2 chemokine (C-C motif) receptor-like 2 

10.644 1 204470_at CXCL1 
chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating 

activity, alpha) 

3.664 1 204533_at CXCL10 chemokine (C-X-C motif) ligand 10 

13.707 0.999 211122_s_at CXCL11 chemokine (C-X-C motif) ligand 11 

5.734 1 209774_x_at CXCL2 chemokine (C-X-C motif) ligand 2 

9.764 0.999 207850_at CXCL3 chemokine (C-X-C motif) ligand 3 

10.109 1 202859_x_at CXCL8 chemokine (C-X-C motif) ligand 8 

78.495 1 211506_s_at CXCL8 chemokine (C-X-C motif) ligand 8 

8.46 1 203915_at CXCL9 chemokine (C-X-C motif) ligand 9 

3.21 1 217028_at CXCR4 chemokine (C-X-C motif) receptor 4 

6.073 0.999 211919_s_at CXCR4 chemokine (C-X-C motif) receptor 4 
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14.246 0.998 209201_x_at CXCR4 chemokine (C-X-C motif) receptor 4 

10.991 0.999 209395_at CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 

-2.351 0 223061_at CHID1 chitinase domain containing 1 

-1.731 0 219529_at CLIC3 chloride intracellular channel 3 

-3.214 0 211739_x_at CSH1/CSH2 chorionic somatomammotropin hormone 1 (placental lactogen) 

-3.109 0 208356_x_at CSH1/CSH2 chorionic somatomammotropin hormone 1 (placental lactogen) 

-3.026 0 202493_x_at CSH1/CSH2 chorionic somatomammotropin hormone 1 (placental lactogen) 

-3.007 0 208357_x_at CSH1/CSH2 chorionic somatomammotropin hormone 1 (placental lactogen) 

-2.966 0 208342_x_at CSH1/CSH2 chorionic somatomammotropin hormone 1 (placental lactogen) 

-2.952 0 208341_x_at CSH1/CSH2 chorionic somatomammotropin hormone 1 (placental lactogen) 

-3.969 0 222281_s_at C1orf186 chromosome 1 open reading frame 186 

-2.128 0 229099_at C11orf83 chromosome 11 open reading frame 83 

-1.969 0 224719_s_at C12orf57 chromosome 12 open reading frame 57 

1.521 0.999 223484_at C15orf48 chromosome 15 open reading frame 48 

-2.495 0 227378_x_at C16orf13 chromosome 16 open reading frame 13 

-1.907 0 229860_x_at C4orf48 chromosome 4 open reading frame 48 

2.54 0.999 225919_s_at C9orf72 chromosome 9 open reading frame 72 

-2.677 0 211043_s_at CLTB clathrin, light chain B 

-2.439 0 206284_x_at CLTB clathrin, light chain B 

-3.542 0 1554804_a_at CLDN19 claudin 19 

-3.217 0 1552535_at CLDN19 claudin 19 

-1.705 0 208792_s_at CLU clusterin 

-2.849 0 212512_s_at CARM1 coactivator-associated arginine methyltransferase 1 

-2.063 0 224583_at COTL1 coactosin-like F-actin binding protein 1 

-2.518 0 222890_at CCDC113 coiled-coil domain containing 113 

1.69 0.999 226031_at CCDC132 coiled-coil domain containing 132 

-6.145 0 227091_at CCDC146 coiled-coil domain containing 146 

-2.029 0 1556499_s_at COL1A1 collagen, type I, alpha 1 

-1.654 0 201852_x_at COL3A1 collagen, type III, alpha 1 

-2.282 0 205159_at CSF2RB 
colony stimulating factor 2 receptor, beta, low-affinity 

(granulocyte-macrophage) 

-2.05 0 202953_at C1QB complement component 1, q subcomponent, B chain 

1.651 0.999 203854_at CFI complement factor I 

-2.736 0 223796_at CNTNAP3 contactin associated protein-like 3 

-2.893 0 1552301_a_at CORO6 coronin 6 

-1.702 0 223191_at COX16 COX16 cytochrome c oxidase assembly homolog (S. cerevisiae) 

-1.927 0 210835_s_at CTBP2 C-terminal binding protein 2 

1.535 0.999 209732_at CLEC2B C-type lectin domain family 2, member B 

-2.891 0 205200_at CLEC3B C-type lectin domain family 3, member B 

5.71 1 219947_at CLEC4A C-type lectin domain family 4, member A 

18.243 0.999 221724_s_at CLEC4A C-type lectin domain family 4, member A 

2.219 1 1555756_a_at CLEC7A C-type lectin domain family 7, member A 

-2.342 0 221488_s_at CUTA cutA divalent cation tolerance homolog (E. coli) 

1.935 0.999 211559_s_at CCNG2 cyclin G2 

1.987 0.999 202770_s_at CCNG2 cyclin G2 

2.648 1 1555411_a_at CCNL1 cyclin L1 

1.643 0.998 213743_at CCNT2 cyclin T2 

2.08 0.998 204645_at CCNT2 cyclin T2 

-1.614 0 212899_at CDK19 cyclin-dependent kinase 19 

-2.566 0 206595_at CST6 cystatin E/M 

-2.122 0 207030_s_at CSRP2 cysteine and glycine-rich protein 2 

-2.464 0 205081_at CRIP1 cysteine-rich protein 1 (intestinal) 

-2.038 0 212971_at CARS cysteinyl-tRNA synthetase 

-2.186 0 205627_at CDA cytidine deaminase 

-1.806 0 202263_at CYB5R1 cytochrome b5 reductase 1 

-1.725 0 218026_at COA3 cytochrome c oxidase assembly factor 3 

-1.696 0 202698_x_at COX4I1 cytochrome c oxidase subunit IV isoform 1 

-1.983 0 213735_s_at COX5B cytochrome c oxidase subunit Vb 

-1.971 0 201441_at COX6B1 cytochrome c oxidase subunit VIb polypeptide 1 (ubiquitous) 

2.763 0.999 244546_at CYCS cytochrome c, somatic 

-2.442 0 204309_at CYP11A1 cytochrome P450, family 11, subfamily A, polypeptide 1 

4.565 1 209606_at CYTIP cytohesin 1 interacting protein 

-2.296 0 206315_at CRLF1 cytokine receptor-like factor 1 
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1.482 1 226939_at CPEB2 cytoplasmic polyadenylation element binding protein 2 

1.951 0.998 224831_at CPEB4 cytoplasmic polyadenylation element binding protein 4 

-1.908 0 200999_s_at CKAP4 cytoskeleton-associated protein 4 

1.577 0.999 208896_at DDX18 DEAD (Asp-Glu-Ala-Asp) box polypeptide 18 

1.817 0.999 218986_s_at DDX60 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 

1.952 1 225502_at DOCK8 dedicator of cytokinesis 8 

-9.574 0 210397_at DEFB1 defensin, beta 1 

-3.321 0 203699_s_at DIO2 deiodinase, iodothyronine, type II 

-2.159 0 212611_at DTX4 deltex 4, E3 ubiquitin ligase 

-2.134 0 213068_at DPT dermatopontin 

1.641 0.997 226817_at DSC2 desmocollin 2 

1.961 1 206032_at DSC3 desmocollin 3 

2.859 1 206033_s_at DSC3 desmocollin 3 

2.114 1 212820_at DMXL2 Dmx-like 2 

-2.356 0 202500_at DNAJB2 DnaJ (Hsp40) homolog, subfamily B, member 2 

-1.908 0 208675_s_at DDOST 
dolichyl-diphosphooligosaccharide--protein glycosyltransferase 

subunit (non-catalytic) 

1.88 1 208892_s_at DUSP6 dual specificity phosphatase 6 

1.871 1 225885_at EEA1 early endosome antigen 1 

3.846 1 211742_s_at EVI2B ecotropic viral integration site 2B 

-2.217 0 202942_at ETFB electron-transfer-flavoprotein, beta polypeptide 

1.65 1 221773_at ELK3 ELK3, ETS-domain protein (SRF accessory protein 2) 

1.645 1 226099_at ELL2 elongation factor, RNA polymerase II, 2 

-4.038 0 204824_at ENDOG endonuclease G 

-1.828 0 224576_at ERGIC1 endoplasmic reticulum-golgi intermediate compartment (ERGIC) 1 

17.301 0.999 205767_at EREG epiregulin 

1.846 1 227609_at EPSTI1 epithelial stromal interaction 1 (breast) 

-2.413 0 218180_s_at EPS8L2 EPS8-like 2 

-3.709 0 219424_at EBI3 Epstein-Barr virus induced 3 

1.642 1 203584_at EMC2 ER membrane protein complex subunit 2 

1.727 1 217941_s_at ERBB2IP erbb2 interacting protein 

2.185 1 222473_s_at ERBB2IP erbb2 interacting protein 

2.103 1 222646_s_at ERO1L ERO1-like (S. cerevisiae) 

1.391 1 219017_at ETNK1 ethanolamine kinase 1 

-2.033 0 204034_at ETHE1 ethylmalonic encephalopathy 1 

-1.864 0 203113_s_at EEF1D 
eukaryotic translation elongation factor 1 delta (guanine 

nucleotide exchange protein) 

-1.893 0 211927_x_at EEF1G eukaryotic translation elongation factor 1 gamma 

-1.891 0 211345_x_at EEF1G eukaryotic translation elongation factor 1 gamma 

-1.824 0 200689_x_at EEF1G eukaryotic translation elongation factor 1 gamma 

-2.5 0 215230_x_at EIF3C eukaryotic translation initiation factor 3, subunit C 

-1.812 0 210949_s_at EIF3C eukaryotic translation initiation factor 3, subunit C 

-2.067 0 208887_at EIF3G eukaryotic translation initiation factor 3, subunit G 

-1.88 0 217719_at EIF3L eukaryotic translation initiation factor 3, subunit L 

-2.57 0 221539_at EIF4EBP1 eukaryotic translation initiation factor 4E binding protein 1 

-1.602 0 213571_s_at EIF4E2 eukaryotic translation initiation factor 4E family member 2 

-1.796 0 202013_s_at EXT2 exostosin glycosyltransferase 2 

1.972 1 235927_at XPO1 exportin 1 

-2.18 0 208622_s_at EZR ezrin 

-1.878 0 223000_s_at F11R F11 receptor 

1.366 0.999 212979_s_at FAM115A family with sequence similarity 115, member A 

1.516 0.999 229460_at FAM126B family with sequence similarity 126, member B 

2.094 0.999 1554178_a_at FAM126B family with sequence similarity 126, member B 

-1.866 0 221984_s_at FAM134A family with sequence similarity 134, member A 

-1.728 0 203262_s_at FAM50A family with sequence similarity 50, member A 

2.677 1 209829_at FAM65B family with sequence similarity 65, member B 

-1.73 0 208647_at FDFT1 farnesyl-diphosphate farnesyltransferase 1 

1.913 1 204780_s_at FAS Fas cell surface death receptor 

2.986 0.999 215719_x_at FAS Fas cell surface death receptor 

-4.218 0 201579_at FAT1 FAT atypical cadherin 1 

1.832 1 241763_s_at FBXO32 F-box protein 32 

1.665 0.999 204232_at FCER1G 
Fc fragment of IgE, high affinity I, receptor for; gamma 

polypeptide 



122 

 

2.514 1 1554899_s_at FCER1G 
Fc fragment of IgE, high affinity I, receptor for; gamma 

polypeptide 

5.722 0.999 204007_at 
FCGR3A/ 

FCGR3B 
Fc fragment of IgG, low affinity IIIa, receptor (CD16a) 

11.9 1 204006_s_at 
FCGR3A/ 

FCGR3B 
Fc fragment of IgG, low affinity IIIa, receptor (CD16a) 

2.079 0.998 213341_at FEM1C fem-1 homolog c (C. elegans) 

1.731 0.998 225464_at FRMD6 FERM domain containing 6 

2.023 1 225481_at FRMD6 FERM domain containing 6 

2.244 1 223263_s_at FGFR1OP2 FGFR1 oncogene partner 2 

5.878 0.998 205782_at FGF7 fibroblast growth factor 7 

2.292 1 203638_s_at FGFR2 fibroblast growth factor receptor 2 

3.195 0.997 208228_s_at FGFR2 fibroblast growth factor receptor 2 

-2.053 0 202994_s_at FBLN1 fibulin 1 

-1.792 0 200019_s_at FAU 
Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously 

expressed 

-2.116 0 218034_at FIS1 fission 1 (mitochondrial outer membrane) homolog (S. cerevisiae) 

-4.336 0 204437_s_at FOLR1 folate receptor 1 (adult) 

-1.76 0 208782_at FSTL1 follistatin-like 1 

-2.47 0 203592_s_at FSTL3 follistatin-like 3 (secreted glycoprotein) 

2.41 0.999 205119_s_at FPR1 formyl peptide receptor 1 

53.282 0.999 210772_at FPR2 formyl peptide receptor 2 

-1.956 0 224252_s_at FXYD5 FXYD domain containing ion transport regulator 5 

-1.852 0 218084_x_at FXYD5 FXYD domain containing ion transport regulator 5 

6.202 1 213524_s_at G0S2 G0/G1 switch 2 

1.937 0.998 213142_x_at GSAP gamma-secretase activating protein 

2.15 1 222150_s_at GSAP gamma-secretase activating protein 

2.098 1 226269_at GDAP1 ganglioside induced differentiation associated protein 1 

-1.82 0 201338_x_at GTF3A general transcription factor IIIA 

-2.298 0 1554486_a_at GFOD1 glucose-fructose oxidoreductase domain containing 1 

-2.228 0 202812_at GAA glucosidase, alpha; acid 

-1.619 0 202605_at GUSB glucuronidase, beta 

2.377 1 204844_at ENPEP glutamyl aminopeptidase (aminopeptidase A) 

-2.735 0 201348_at GPX3 glutathione peroxidase 3 (plasma) 

-2.594 0 214091_s_at GPX3 glutathione peroxidase 3 (plasma) 

-2.358 0 203924_at GSTA1 glutathione S-transferase alpha 1 

2.014 1 224826_at GPCPD1 
glycerophosphocholine phosphodiesterase GDE1 homolog (S. 

cerevisiae) 

3.042 0.998 230492_s_at GPCPD1 
glycerophosphocholine phosphodiesterase GDE1 homolog (S. 

cerevisiae) 

-3.153 0 219722_s_at GDPD3 glycerophosphodiester phosphodiesterase domain containing 3 

-2.24 0 212737_at GM2A GM2 ganglioside activator 

-2.141 0 35820_at GM2A GM2 ganglioside activator 

2.841 1 203765_at GCA grancalcin, EF-hand calcium binding protein 

2.069 1 203725_at GADD45A growth arrest and DNA-damage-inducible, alpha 

-2.828 0 31874_at GAS2L1 growth arrest-specific 2 like 1 

-2.79 0 202191_s_at GAS7 growth arrest-specific 7 

-1.76 0 221577_x_at GDF15 growth differentiation factor 15 

3.419 1 204472_at GEM GTP binding protein overexpressed in skeletal muscle 

1.988 0.998 227539_at GNA13 guanine nucleotide binding protein (G protein), alpha 13 

1.653 0.999 227692_at GNAI1 
guanine nucleotide binding protein (G protein), alpha inhibiting 

activity polypeptide 1 

2.428 0.999 224964_s_at GNG2 guanine nucleotide binding protein (G protein), gamma 2 

2.373 0.998 231578_at GBP1 guanylate binding protein 1, interferon-inducible 

3.825 1 202269_x_at GBP1 guanylate binding protein 1, interferon-inducible 

4.384 1 202270_at GBP1 guanylate binding protein 1, interferon-inducible 

4.682 1 231577_s_at GBP1 guanylate binding protein 1, interferon-inducible 

2.526 1 242907_at GBP2 guanylate binding protein 2, interferon-inducible 

2.212 1 223434_at GBP3 guanylate binding protein 3 

-1.948 0 224646_x_at H19 
H19, imprinted maternally expressed transcript (non-protein 

coding) 

-1.584 0 224997_x_at H19 
H19, imprinted maternally expressed transcript (non-protein 

coding) 
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1.681 0.999 200806_s_at HSPD1 heat shock 60kDa protein 1 (chaperonin) 

-2.583 0 217755_at HN1 hematological and neurological expressed 1 

-2.44 0 222396_at HN1 hematological and neurological expressed 1 

-1.912 0 203665_at HMOX1 heme oxygenase (decycling) 1 

-1.625 0 209116_x_at HBB hemoglobin, beta 

-2.42 0 204848_x_at HBG1 hemoglobin, gamma A 

-2.484 0 204419_x_at HBG2 hemoglobin, gamma G 

2.791 0.999 227361_at HS3ST3B1 heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 

-5.205 0 231928_at HES2 hes family bHLH transcription factor 2 

1.952 0.999 225107_at HNRNPA2B1 heterogeneous nuclear ribonucleoprotein A2/B1 

1.629 0.999 1554678_s_at HNRNPDL heterogeneous nuclear ribonucleoprotein D-like 

-2.324 0 201944_at HEXB hexosaminidase B (beta polypeptide) 

2.216 1 208808_s_at HMGB2 high mobility group box 2 

-2.039 0 225601_at HMGB3 high mobility group box 3 

-1.82 0 209377_s_at HMGN3 high mobility group nucleosomal binding domain 3 

-1.621 0 209806_at HIST1H2BK histone cluster 1, H2bk 

1.482 0.997 218280_x_at 
HIST2H2AA3/

HIST2H2AA4 
histone cluster 2, H2aa3 

-1.755 0 217168_s_at HERPUD1 
homocysteine-inducible, endoplasmic reticulum stress-inducible, 

ubiquitin-like domain member 1 

-2.614 0 201185_at HTRA1 HtrA serine peptidase 1 

1.71 1 205220_at HCAR3 hydroxycarboxylic acid receptor 3 

-2.065 0 211549_s_at HPGD hydroxyprostaglandin dehydrogenase 15-(NAD) 

-1.944 0 203914_x_at HPGD hydroxyprostaglandin dehydrogenase 15-(NAD) 

-1.872 0 211548_s_at HPGD hydroxyprostaglandin dehydrogenase 15-(NAD) 

-2.236 0 210624_s_at ILVBL ilvB (bacterial acetolactate synthase)-like 

2.969 1 201631_s_at IER3 immediate early response 3 

-3.375 0 211430_s_at IGHG1 immunoglobulin heavy constant gamma 1 (G1m marker) 

165.09

3 
0.997 215176_x_at IGKC immunoglobulin kappa constant 

4.641 1 214677_x_at IGLC1 immunoglobulin lambda constant 1 (Mcg marker) 

6.649 0.999 210029_at IDO1 indoleamine 2,3-dioxygenase 1 

1.553 0.997 201362_at IVNS1ABP influenza virus NS1A binding protein 

2.075 1 201363_s_at IVNS1ABP influenza virus NS1A binding protein 

2.704 1 206245_s_at IVNS1ABP influenza virus NS1A binding protein 

1.745 0.999 210511_s_at INHBA inhibin, beta A 

1.876 0.999 227140_at INHBA inhibin, beta A 

-1.79 0 227792_at ITPRIPL2 inositol 1,4,5-trisphosphate receptor interacting protein-like 2 

1.865 1 209566_at INSIG2 insulin induced gene 2 

-1.948 0 53968_at INTS5 integrator complex subunit 5 

5.823 1 227314_at ITGA2 integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 

2.572 1 226535_at ITGB6 integrin, beta 6 

28.196 0.999 208083_s_at ITGB6 integrin, beta 6 

-2.74 0 219064_at ITIH5 inter-alpha-trypsin inhibitor heavy chain family, member 5 

8.718 0.998 202637_s_at ICAM1 intercellular adhesion molecule 1 

1.856 1 211676_s_at IFNGR1 interferon gamma receptor 1 

-2.165 0 223474_at IRF2BPL interferon regulatory factor 2 binding protein-like 

2.383 1 208966_x_at IFI16 interferon, gamma-inducible protein 16 

2.391 1 206332_s_at IFI16 interferon, gamma-inducible protein 16 

1.951 1 214453_s_at IFI44 interferon-induced protein 44 

1.684 0.998 204439_at IFI44L interferon-induced protein 44-like 

2.342 0.999 203153_at IFIT1 interferon-induced protein with tetratricopeptide repeats 1 

4.465 0.999 226757_at IFIT2 interferon-induced protein with tetratricopeptide repeats 2 

2.089 1 229450_at IFIT3 interferon-induced protein with tetratricopeptide repeats 3 

2.323 0.997 204747_at IFIT3 interferon-induced protein with tetratricopeptide repeats 3 

28.353 1 212657_s_at IL1RN interleukin 1 receptor antagonist 

18.703 1 210118_s_at IL1A interleukin 1, alpha 

5.491 1 206172_at IL13RA2 interleukin 13 receptor, alpha 2 

-2.516 0 205291_at IL2RB interleukin 2 receptor, beta 

19.56 1 205207_at IL6 interleukin 6 

3.086 1 213817_at IRAK3 interleukin-1 receptor-associated kinase 3 

-2.11 0 210046_s_at IDH2 isocitrate dehydrogenase 2 (NADP+), mitochondrial 

-1.905 0 223104_at JAGN1 jagunal homolog 1 (Drosophila) 
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-1.782 0 200048_s_at JTB jumping translocation breakpoint 

-1.646 0 203752_s_at JUND jun D proto-oncogene 

-3.222 0 219213_at JAM2 junctional adhesion molecule 2 

-2.465 0 229127_at JAM2 junctional adhesion molecule 2 

-1.836 0 200700_s_at KDELR2 
KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention 

receptor 2 

1.412 0.999 221986_s_at KLHL24 kelch-like family member 24 

-1.776 0 201596_x_at KRT18 keratin 18 

-1.932 0 201650_at KRT19 keratin 19 

1.697 0.999 209125_at KRT6A keratin 6A 

-1.898 0 209008_x_at KRT8 keratin 8 

-2.358 0 217118_s_at KIAA0930 KIAA0930 

1.576 1 212794_s_at KIAA1033 KIAA1033 

1.652 0.998 212795_at KIAA1033 KIAA1033 

2.847 1 215936_s_at KIAA1033 KIAA1033 

1.847 1 227152_at KIAA1551 KIAA1551 

2.062 0.999 218614_at KIAA1551 KIAA1551 

-1.903 0 226003_at KIF21A kinesin family member 21A 

1.765 1 34031_i_at KRIT1 KRIT1, ankyrin repeat containing 

1.673 1 224606_at KLF6 Kruppel-like factor 6 

1.955 1 228937_at LACC1 laccase (multicopper oxidoreductase) domain containing 1 

11.691 0.999 203276_at LMNB1 lamin B1 

1.581 0.997 234608_at LAMA3 laminin, alpha 3 

-2.158 0 216264_s_at LAMB2 laminin, beta 2 (laminin S) 

-1.703 0 202729_s_at LTBP1 latent transforming growth factor beta binding protein 1 

-2.094 0 220158_at LGALS14 lectin, galactoside-binding, soluble, 14 

-2.407 0 213909_at LRRC15 leucine rich repeat containing 15 

1.486 1 218577_at LRRC40 leucine rich repeat containing 40 

-2.743 0 1552546_a_at LETM2 leucine zipper-EF-hand containing transmembrane protein 2 

3.271 0.999 215838_at LILRA5 
leukocyte immunoglobulin-like receptor, subfamily A (with TM 

domain), member 5 

3.544 0.999 242767_at LMCD1 LIM and cysteine-rich domains 1 

1.891 1 212687_at LIMS1 LIM and senescent cell antigen-like domains 1 

2.073 0.999 1570259_at LIMS1 LIM and senescent cell antigen-like domains 1 

-2.836 0 220765_s_at LIMS2 LIM and senescent cell antigen-like domains 2 

-2.552 0 209204_at LMO4 LIM domain only 4 

-1.745 0 229349_at LIN28B lin-28 homolog B (C. elegans) 

7.34 1 1559573_at LINC01093 long intergenic non-protein coding RNA 1093 

2.608 0.999 205668_at LY75 lymphocyte antigen 75 

5.801 1 205269_at LCP2 
lymphocyte cytosolic protein 2 (SH2 domain containing leukocyte 

protein of 76kDa) 

1.362 0.998 226100_at KMT2E lysine (K)-specific methyltransferase 2E 

3.51 0.999 1555745_a_at LYZ lysozyme 

-1.913 0 228763_at MDP1 magnesium-dependent phosphatase 1 

1.75 0.999 222805_at MANEA mannosidase, endo-alpha 

-1.777 0 201126_s_at MGAT1 
mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-

acetylglucosaminyltransferase 

-2.613 0 226039_at MGAT4A 
mannosyl (alpha-1,3-)-glycoprotein beta-1,4-N-

acetylglucosaminyltransferase, isozyme A 

-1.904 0 212098_at MGAT5 
mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-acetyl-

glucosaminyltransferase 

4.492 1 204475_at MMP1 matrix metallopeptidase 1 (interstitial collagenase) 

6.175 1 205680_at MMP10 matrix metallopeptidase 10 (stromelysin 2) 

3.083 1 204580_at MMP12 matrix metallopeptidase 12 (macrophage elastase) 

1.992 1 228846_at MXD1 MAX dimerization protein 1 

1.759 1 213761_at MDM1 Mdm1 nuclear protein homolog (mouse) 

-2.997 0 43544_at MED16 mediator complex subunit 16 

-2.524 0 1553993_s_at MED25 mediator complex subunit 25 

-2.584 0 223347_at MUM1 melanoma associated antigen (mutated) 1 

1.746 1 229160_at MUM1L1 melanoma associated antigen (mutated) 1-like 1 

-2.567 0 209087_x_at MCAM melanoma cell adhesion molecule 

-2.271 0 210869_s_at MCAM melanoma cell adhesion molecule 

1.442 0.999 203434_s_at MME membrane metallo-endopeptidase 
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1.902 1 226675_s_at MALAT1 
metastasis associated lung adenocarcinoma transcript 1 (non-

protein coding) 

2.056 1 224568_x_at MALAT1 
metastasis associated lung adenocarcinoma transcript 1 (non-

protein coding) 

2.094 0.998 223940_x_at MALAT1 
metastasis associated lung adenocarcinoma transcript 1 (non-

protein coding) 

-1.897 0 218773_s_at MSRB2 methionine sulfoxide reductase B2 

1.523 0.999 209861_s_at METAP2 methionyl aminopeptidase 2 

-3.048 0 41160_at MBD3 methyl-CpG binding domain protein 3 

-2.892 0 91816_f_at MEX3D mex-3 RNA binding family member D 

-1.959 0 55081_at MICALL1 MICAL-like 1 

-2.482 0 209758_s_at MFAP5 microfibrillar associated protein 5 

-2.268 0 201403_s_at MGST3 microsomal glutathione S-transferase 3 

-1.864 0 212566_at MAP4 microtubule-associated protein 4 

-1.698 0 218027_at MRPL15 mitochondrial ribosomal protein L15 

-1.798 0 204386_s_at MRPL57 mitochondrial ribosomal protein L57 

-2.375 0 218385_at MRPS18A mitochondrial ribosomal protein S18A 

-2.059 0 224948_at MRPS24 mitochondrial ribosomal protein S24 

-1.707 0 224919_at MRPS6 mitochondrial ribosomal protein S6 

1.662 0.998 218311_at MAP4K3 mitogen-activated protein kinase kinase kinase kinase 3 

-1.626 0 211026_s_at MGLL monoglyceride lipase 

2.4 1 201151_s_at MBNL1 muscleblind-like splicing regulator 1 

1.959 1 200798_x_at MCL1 myeloid cell leukemia 1 

4.005 1 204959_at MNDA myeloid cell nuclear differentiation antigen 

2.022 1 212364_at MYO1B myosin IB 

1.968 1 224823_at MYLK myosin light chain kinase 

1.541 0.998 225897_at MARCKS myristoylated alanine-rich protein kinase C substrate 

-1.927 0 224512_s_at NAA38 N(alpha)-acetyltransferase 38, NatC auxiliary subunit 

-2.176 0 220864_s_at NDUFA13 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 

-1.779 0 209224_s_at NDUFA2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2, 8kDa 

-1.732 0 218200_s_at NDUFB2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2, 8kDa 

-1.86 0 201227_s_at NDUFB8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8, 19kDa 

-1.652 0 202077_at NDUFAB1 
NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1, 

8kDa 

-1.611 0 209177_at NDUFAF3 NADH dehydrogenase (ubiquinone) complex I, assembly factor 3 

-2.322 0 203190_at NDUFS8 
NADH dehydrogenase (ubiquinone) Fe-S protein 8, 23kDa (NADH-

coenzyme Q reductase) 

-2.049 0 37005_at 
MINOS1-

NBL1/NBL1 
neuroblastoma 1, DAN family BMP antagonist 

2.948 1 210387_at NCALD neurocalcin delta 

-3.451 0 243110_x_at NPW neuropeptide W 

2.316 0.998 212298_at NRP1 neuropilin 1 

1.819 1 202907_s_at NBN nibrin 

6.544 1 217738_at NAMPT nicotinamide phosphoribosyltransferase 

6.648 1 243296_at NAMPT nicotinamide phosphoribosyltransferase 

8.289 1 217739_s_at NAMPT nicotinamide phosphoribosyltransferase 

19.727 1 1555167_s_at NAMPT nicotinamide phosphoribosyltransferase 

-2.664 0 217950_at NOSIP nitric oxide synthase interacting protein 

3.598 0.997 204860_s_at NAIP NLR family, apoptosis inhibitory protein 

-2.323 0 223206_s_at NMRAL1 NmrA-like family domain containing 1 

-2.186 0 224666_at NSMCE1 non-SMC element 1 homolog (S. cerevisiae) 

-2.288 0 228649_at NOTUM notum pectinacetylesterase homolog (Drosophila) 

-1.669 0 220248_x_at NSFL1C NSFL1 (p97) cofactor (p47) 

-2.772 0 204589_at NUAK1 NUAK family, SNF1-like kinase, 1 

2.048 1 201502_s_at NFKBIA 
nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, alpha 

1.966 1 223218_s_at NFKBIZ 
nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, zeta 

2.91 1 223217_s_at NFKBIZ 
nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, zeta 

1.761 1 225344_at NCOA7 nuclear receptor coactivator 7 

-1.652 0 202397_at NUTF2 nuclear transport factor 2 

1.944 1 228062_at NAP1L5 nucleosome assembly protein 1-like 5 
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-2.373 0 213946_s_at OBSL1 obscurin-like 1 

-1.864 0 212776_s_at OBSL1 obscurin-like 1 

31.393 0.997 230170_at OSM oncostatin M 

2.14 1 226810_at OGFRL1 opioid growth factor receptor-like 1 

1.586 1 202073_at OPTN optineurin 

1.921 0.999 205908_s_at OMD osteomodulin 

2.148 1 210004_at OLR1 oxidized low density lipoprotein (lectin-like) receptor 1 

1.5 1 212585_at OSBPL8 oxysterol binding protein-like 8 

1.555 1 212582_at OSBPL8 oxysterol binding protein-like 8 

2.018 0.998 226695_at PRRX1 paired related homeobox 1 

1.601 0.997 225761_at PAPD4 PAP associated domain containing 4 

-2.204 0 213332_at PAPPA2 pappalysin 2 

-1.538 0 200006_at PARK7 parkinson protein 7 

1.493 0.997 223310_x_at PNPLA8 patatin-like phospholipase domain containing 8 

2.12 1 209243_s_at PEG3 paternally expressed 3 

-2.207 0 219630_at PDZK1IP1 PDZK1 interacting protein 1 

1.777 0.998 218319_at PELI1 pellino E3 ubiquitin protein ligase 1 

4.824 0.999 232304_at PELI1 pellino E3 ubiquitin protein ligase 1 

34.497 1 206157_at PTX3 pentraxin 3, long 

12.089 1 229947_at PI15 peptidase inhibitor 15 

-1.889 0 226336_at PPIA peptidylprolyl isomerase A (cyclophilin A) 

1.385 0.997 209122_at PLIN2 perilipin 2 

-1.69 0 208680_at PRDX1 peroxiredoxin 1 

-1.919 0 1560587_s_at PRDX5 peroxiredoxin 5 

-2.217 0 200844_s_at PRDX6 peroxiredoxin 6 

4.033 0.999 204285_s_at PMAIP1 phorbol-12-myristate-13-acetate-induced protein 1 

27.33 0.999 213638_at PHACTR1 phosphatase and actin regulator 1 

8.056 0.999 242277_at PHACTR2 phosphatase and actin regulator 2 

1.788 1 241905_at PIK3C2A 
phosphatidylinositol-4-phosphate 3-kinase, catalytic subunit type 

2 alpha 

-1.851 0 201968_s_at PGM1 phosphoglucomutase 1 

2.269 0.998 226459_at PIK3AP1 phosphoinositide-3-kinase adaptor protein 1 

3.027 1 210145_at PLA2G4A phospholipase A2, group IVA (cytosolic, calcium-dependent) 

3.336 0.998 225626_at PAG1 
phosphoprotein membrane anchor with glycosphingolipid 

microdomains 1 

-1.964 0 202529_at PRPSAP1 phosphoribosyl pyrophosphate synthetase-associated protein 1 

-11.201 0 223062_s_at PSAT1 phosphoserine aminotransferase 1 

-1.624 0 203335_at PHYH phytanoyl-CoA 2-hydroxylase 

-3.662 0 221605_s_at PIPOX pipecolic acid oxidase 

-2.64 0 219014_at PLAC8 placenta-specific 8 

5.255 0.999 205479_s_at PLAU plasminogen activator, urokinase 

4.338 1 203471_s_at PLEK pleckstrin 

1.493 0.998 212542_s_at PHIP pleckstrin homology domain interacting protein 

4.944 1 217997_at PHLDA1 pleckstrin homology-like domain, family A, member 1 

6.813 1 217996_at PHLDA1 pleckstrin homology-like domain, family A, member 1 

8.184 1 225842_at PHLDA1 pleckstrin homology-like domain, family A, member 1 

-1.984 0 209466_x_at PTN pleiotrophin 

-1.963 0 211737_x_at PTN pleiotrophin 

-2.123 0 201939_at PLK2 polo-like kinase 2 

-1.813 0 214239_x_at PCGF2 polycomb group ring finger 2 

1.33 0.997 226508_at PHC3 polyhomeotic homolog 3 (Drosophila) 

-2.498 0 212955_s_at POLR2I polymerase (RNA) II (DNA directed) polypeptide I, 14.5kDa 

-2.26 0 219956_at GALNT6 polypeptide N-acetylgalactosaminyltransferase 6 

-1.907 0 224617_at PTBP3 polypyrimidine tract binding protein 3 

1.831 0.998 225291_at PNPT1 polyribonucleotide nucleotidyltransferase 1 

-2.127 0 207132_x_at PFDN5 prefoldin subunit 5 

-2.004 0 210908_s_at PFDN5 prefoldin subunit 5 

-2.15 0 204830_x_at PSG5 pregnancy specific beta-1-glycoprotein 5 

-2.537 0 201982_s_at PAPPA pregnancy-associated plasma protein A, pappalysin 1 

-1.713 0 1559400_s_at PAPPA pregnancy-associated plasma protein A, pappalysin 1 

1.756 0.999 220553_s_at PRPF39 pre-mRNA processing factor 39 

2.531 0.998 211090_s_at PRPF4B pre-mRNA processing factor 4B 

-5.454 0 206859_s_at PAEP progestagen-associated endometrial protein 
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-2.404 0 1569110_x_at LOC728613 programmed cell death 6 pseudogene 

-1.82 0 229124_at PROK1 prokineticin 1 

1.458 0.999 206346_at PRLR prolactin receptor 

-2.458 0 227325_at PRR24 proline rich 24 

-2.48 0 238513_at PRRG4 proline rich Gla (G-carboxyglutamic acid) 4 (transmembrane) 

-4.861 0 203860_at PCCA propionyl CoA carboxylase, alpha polypeptide 

2.075 1 204897_at PTGER4 prostaglandin E receptor 4 (subtype EP4) 

2.43 1 1554997_a_at PTGS2 
prostaglandin-endoperoxide synthase 2 (prostaglandin G/H 

synthase and cyclooxygenase) 

3.013 1 204748_at PTGS2 
prostaglandin-endoperoxide synthase 2 (prostaglandin G/H 

synthase and cyclooxygenase) 

-2.173 0 212032_s_at PTOV1 prostate tumor overexpressed 1 

-2.444 0 202525_at PRSS8 protease, serine, 8 

-1.569 0 214288_s_at PSMB1 proteasome (prosome, macropain) subunit, beta type, 1 

-1.78 0 201400_at PSMB3 proteasome (prosome, macropain) subunit, beta type, 3 

-1.676 0 208799_at PSMB5 proteasome (prosome, macropain) subunit, beta type, 5 

-1.698 0 200786_at PSMB7 proteasome (prosome, macropain) subunit, beta type, 7 

-2.491 0 218292_s_at PRKAG2 protein kinase, AMP-activated, gamma 2 non-catalytic subunit 

1.305 0.999 228222_at PPP1CB protein phosphatase 1, catalytic subunit, beta isozyme 

1.35 0.999 222467_s_at PPP6R3 protein phosphatase 6, regulatory subunit 3 

2.744 1 200730_s_at PTP4A1 protein tyrosine phosphatase type IVA, member 1 

2.373 1 212587_s_at PTPRC protein tyrosine phosphatase, receptor type, C 

3.48 1 212588_at PTPRC protein tyrosine phosphatase, receptor type, C 

-2.059 0 200635_s_at PTPRF protein tyrosine phosphatase, receptor type, F 

-1.968 0 244050_at PTPLAD2 protein tyrosine phosphatase-like A domain containing 2 

-2.099 0 211743_s_at PRG2 
proteoglycan 2, bone marrow (natural killer cell activator, 

eosinophil granule major basic protein) 

2.592 0.999 225975_at PCDH18 protocadherin 18 

3.111 1 228640_at PCDH7 protocadherin 7 

-2.503 0 242414_at QPRT quinolinate phosphoribosyltransferase 

-2.129 0 203136_at RABAC1 Rab acceptor 1 (prenylated) 

-2.179 0 227698_s_at RAB40C RAB40C, member RAS oncogene family 

2.044 1 222846_at RAB8B RAB8B, member RAS oncogene family 

2.141 1 242625_at RSAD2 radical S-adenosyl methionine domain containing 2 

-2.814 0 227425_at REPS2 RALBP1 associated Eps domain containing 2 

-1.981 0 221827_at RBCK1 RanBP-type and C3HC4-type zinc finger containing 1 

1.717 0.999 1553186_x_at RASEF RAS and EF-hand domain containing 

1.751 1 1553185_at RASEF RAS and EF-hand domain containing 

-3.341 0 209885_at RHOD ras homolog family member D 

38.921 0.998 204951_at RHOH ras homolog family member H 

1.816 0.998 212122_at RHOQ ras homolog family member Q 

-2.442 0 228109_at RASGRF2 Ras protein-specific guanine nucleotide-releasing factor 2 

1.839 0.998 243463_s_at RIT1 Ras-like without CAAX 1 

-1.992 0 224972_at ROMO1 reactive oxygen species modulator 1 

-2.007 0 204916_at RAMP1 receptor (G protein-coupled) activity modifying protein 1 

1.647 1 218352_at RCBTB1 
regulator of chromosome condensation (RCC1) and BTB (POZ) 

domain containing protein 1 

4.144 1 202988_s_at RGS1 regulator of G-protein signaling 1 

-2.467 0 34408_at RTN2 reticulon 2 

-1.804 0 203423_at RBP1 retinol binding protein 1, cellular 

1.818 0.999 212724_at RND3 Rho family GTPase 3 

-1.726 0 201785_at RNASE1 ribonuclease, RNase A family, 1 (pancreatic) 

-1.839 0 213399_x_at RPN2 ribophorin II 

-1.778 0 229563_s_at RPL10A ribosomal protein L10a 

-1.898 0 208929_x_at RPL13 ribosomal protein L13 

-1.835 0 212734_x_at RPL13 ribosomal protein L13 

-1.752 0 212191_x_at RPL13 ribosomal protein L13 

-1.794 0 200716_x_at RPL13A ribosomal protein L13a 

-1.78 0 212790_x_at RPL13A ribosomal protein L13a 

-1.779 0 210646_x_at RPL13A ribosomal protein L13a 

-1.607 0 200869_at RPL18A ribosomal protein L18a 

-1.763 0 200823_x_at RPL29 ribosomal protein L29 

-1.843 0 201217_x_at RPL3 ribosomal protein L3 
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-1.824 0 211073_x_at RPL3 ribosomal protein L3 

-1.647 0 225190_x_at RPL35A ribosomal protein L35a 

-1.684 0 200717_x_at RPL7 ribosomal protein L7 

-1.712 0 200936_at RPL8 ribosomal protein L8 

-1.823 0 211542_x_at RPS10 ribosomal protein S10 

-1.785 0 200817_x_at RPS10 ribosomal protein S10 

-1.751 0 214003_x_at RPS20 ribosomal protein S20 

-1.669 0 200834_s_at RPS21 ribosomal protein S21 

2.11 0.999 236621_at RPS27 ribosomal protein S27 

-1.762 0 200933_x_at RPS4X ribosomal protein S4, X-linked 

-1.845 0 213801_x_at RPSA ribosomal protein SA 

-1.774 0 214167_s_at RPLP0 ribosomal protein, large, P0 

1.686 1 201845_s_at RYBP RING1 and YY1 binding protein 

2.086 0.999 201846_s_at RYBP RING1 and YY1 binding protein 

-1.669 0 1559946_s_at RUVBL2 RuvB-like AAA ATPase 2 

7.94 1 205863_at S100A12 S100 calcium binding protein A12 

-2.064 0 202598_at S100A13 S100 calcium binding protein A13 

5.062 1 202917_s_at S100A8 S100 calcium binding protein A8 

3.174 1 203535_at S100A9 S100 calcium binding protein A9 

-2.076 0 204351_at S100P S100 calcium binding protein P 

4.866 1 220330_s_at SAMSN1 SAM domain, SH3 domain and nuclear localization signals 1 

6.067 0.999 1555638_a_at SAMSN1 SAM domain, SH3 domain and nuclear localization signals 1 

-2.484 0 236520_at SDCBP2-AS1 SDCBP2 antisense RNA 1 

-3.838 0 203021_at SLPI secretory leukocyte peptidase inhibitor 

6.857 1 204563_at SELL selectin L 

-2.033 0 226051_at SELM selenoprotein M 

2.004 1 203789_s_at SEMA3C 
sema domain, immunoglobulin domain (Ig), short basic domain, 

secreted, (semaphorin) 3C 

2.217 0.998 201859_at SRGN serglycin 

3.841 1 201858_s_at SRGN serglycin 

3.95 0.997 1554676_at SRGN serglycin 

-1.984 0 210715_s_at SPINT2 serine peptidase inhibitor, Kunitz type, 2 

1.659 0.999 204299_at SRSF10 serine/arginine-rich splicing factor 10 

-1.594 0 208804_s_at SRSF6 serine/arginine-rich splicing factor 6 

-1.474 0 208855_s_at STK24 serine/threonine kinase 24 

2.46 0.997 223746_at STK4 serine/threonine kinase 4 

7.044 1 202833_s_at SERPINA1 
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, 

antitrypsin), member 1 

-2.346 0 202376_at SERPINA3 
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, 

antitrypsin), member 3 

92.99 0.998 231628_s_at SERPINB6 serpin peptidase inhibitor, clade B (ovalbumin), member 6 

-2.292 0 200802_at SARS seryl-tRNA synthetase 

-2.515 0 222258_s_at SH3BP4 SH3-domain binding protein 4 

-1.618 0 214853_s_at SHC1 SHC (Src homology 2 domain containing) transforming protein 1 

-3.253 0 228400_at SHROOM3 shroom family member 3 

-1.932 0 201004_at SSR4 signal sequence receptor, delta 

-2.274 0 206118_at STAT4 signal transducer and activator of transcription 4 

1.829 0.999 201139_s_at SSB Sjogren syndrome antigen B (autoantigen La) 

-1.72 0 225534_at SMIM19 small integral membrane protein 19 

-1.97 0 219097_x_at SMIM7 small integral membrane protein 7 

-2.301 0 218493_at SNRNP25 small nuclear ribonucleoprotein 25kDa (U11/U12) 

-1.805 0 200826_at SNRPD2 small nuclear ribonucleoprotein D2 polypeptide 16.5kDa 

-2.275 0 225155_at SNHG5 small nucleolar RNA host gene 5 (non-protein coding) 

2.106 1 225491_at SLC1A2 
solute carrier family 1 (glial high affinity glutamate transporter), 

member 2 

-2.196 0 1554593_s_at SLC1A6 
solute carrier family 1 (high affinity aspartate/glutamate 

transporter), member 6 

-2.164 0 1554592_a_at SLC1A6 
solute carrier family 1 (high affinity aspartate/glutamate 

transporter), member 6 

2.652 1 230748_at SLC16A6 solute carrier family 16, member 6 

3.298 0.998 207038_at SLC16A6 solute carrier family 16, member 6 

-1.836 0 223441_at SLC17A5 solute carrier family 17 (acidic sugar transporter), member 5 

1.953 1 209681_at SLC19A2 solute carrier family 19 (thiamine transporter), member 2 
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1.883 0.997 216236_s_at SLC2A14 
solute carrier family 2 (facilitated glucose transporter), member 

14 

1.571 0.998 201920_at SLC20A1 solute carrier family 20 (phosphate transporter), member 1 

4.62 0.998 230494_at SLC20A1 solute carrier family 20 (phosphate transporter), member 1 

1.942 0.998 222528_s_at SLC25A37 
solute carrier family 25 (mitochondrial iron transporter), member 

37 

-3.338 0 226728_at SLC27A1 solute carrier family 27 (fatty acid transporter), member 1 

1.33 0.997 224595_at SLC44A1 solute carrier family 44 (choline transporter), member 1 

-3.072 0 217621_at SLC6A2 solute carrier family 6 (neurotransmitter transporter), member 2 

-3.467 0 212295_s_at SLC7A1 
solute carrier family 7 (cationic amino acid transporter, y+ 

system), member 1 

2.488 1 218404_at SNX10 sorting nexin 10 

-2.107 0 1553960_at SNX21 sorting nexin family member 21 

1.675 0.999 200795_at SPARCL1 SPARC-like 1 (hevin) 

-2.714 0 215235_at SPTAN1 spectrin, alpha, non-erythrocytic 1 

1.709 1 212470_at SPAG9 sperm associated antigen 9 

-1.875 0 221268_s_at SGPP1 sphingosine-1-phosphate phosphatase 1 

1.876 0.999 228176_at S1PR3 sphingosine-1-phosphate receptor 3 

3.387 0.998 204361_s_at SKAP2 src kinase associated phosphoprotein 2 

4.713 0.998 1570507_at SCAF11 SR-related CTD-associated factor 11 

1.461 0.999 227607_at STAMBPL1 STAM binding protein-like 1 

1.893 0.998 230746_s_at STC1 stanniocalcin 1 

1.9 0.999 225987_at STEAP4 STEAP family member 4 

1.802 1 226603_at SAMD9L sterile alpha motif domain containing 9-like 

1.973 0.999 230036_at SAMD9L sterile alpha motif domain containing 9-like 

-1.933 0 233049_x_at STUB1 
STIP1 homology and U-box containing protein 1, E3 ubiquitin 

protein ligase 

1.899 1 213413_at STON1 stonin 1 

-2.049 0 33323_r_at SFN stratifin 

-2.01 0 33322_i_at SFN stratifin 

2.098 0.999 209257_s_at SMC3 structural maintenance of chromosomes 3 

4.58 1 215223_s_at SOD2 superoxide dismutase 2, mitochondrial 

5.22 0.999 216841_s_at SOD2 superoxide dismutase 2, mitochondrial 

22.609 1 215078_at SOD2 superoxide dismutase 2, mitochondrial 

1.762 1 227697_at SOCS3 suppressor of cytokine signaling 3 

-2.34 0 44702_at SYDE1 synapse defective 1, Rho GTPase, homolog 1 (C. elegans) 

-8.765 0 219992_at TAC3 tachykinin 3 

1.715 1 227685_at TMF1 TATA element modulatory factor 1 

4.83 1 229723_at TAGAP T-cell activation RhoGTPase activating protein 

5.678 0.998 209813_x_at TARP TCR gamma alternate reading frame protein 

-1.93 0 217853_at TNS3 tensin 3 

1.966 0.999 1554029_a_at TTC37 tetratricopeptide repeat domain 37 

1.713 1 225308_s_at TANC1 
tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 

1 

2.112 1 201110_s_at THBS1 thrombospondin 1 

2.87 0.998 201109_s_at THBS1 thrombospondin 1 

-2.295 0 336_at TBXA2R thromboxane A2 receptor 

2.047 0.997 210785_s_at THEMIS2 thymocyte selection associated family member 2 

-3.398 0 229385_s_at TINCR tissue differentiation-inducing non-protein coding RNA 

3.034 0.999 210176_at TLR1 toll-like receptor 1 

5.089 1 204924_at TLR2 toll-like receptor 2 

3.677 1 232068_s_at TLR4 toll-like receptor 4 

-1.702 0 209917_s_at TP53TG1 TP53 target 1 (non-protein coding) 

-2.794 0 226388_at TCEA3 transcription elongation factor A (SII), 3 

-2.017 0 236094_at TCF7L2 transcription factor 7-like 2 (T-cell specific, HMG-box) 

-3.238 0 222219_s_at TLE6 transducin-like enhancer of split 6 

-2.857 0 209909_s_at TGFB2 transforming growth factor, beta 2 

-2.381 0 208837_at TMED3 transmembrane emp24 protein transport domain containing 3 

-1.792 0 205812_s_at TMED9 transmembrane emp24 protein transport domain containing 9 

1.867 1 211967_at TMEM123 transmembrane protein 123 

-1.963 0 224981_at TMEM219 transmembrane protein 219 

57.288 0.997 238429_at TMEM71 transmembrane protein 71 

7.254 0.999 205122_at TMEFF1 transmembrane protein with EGF-like and two follistatin-like 
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domains 1 

-2.611 0 218145_at TRIB3 tribbles pseudokinase 3 

-1.513 0 203148_s_at TRIM14 tripartite motif containing 14 

3.135 1 213293_s_at TRIM22 tripartite motif containing 22 

-1.663 0 202504_at TRIM29 tripartite motif containing 29 

-1.605 0 200742_s_at TPP1 tripeptidyl peptidase I 

-2.006 0 203476_at TPBG trophoblast glycoprotein 

-1.908 0 210987_x_at TPM1 tropomyosin 1 (alpha) 

1.795 1 226181_at TUBE1 tubulin, epsilon 1 

2.058 0.997 223501_at TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b 

2.25 1 202644_s_at TNFAIP3 tumor necrosis factor, alpha-induced protein 3 

3.515 1 202643_s_at TNFAIP3 tumor necrosis factor, alpha-induced protein 3 

5.563 1 206026_s_at TNFAIP6 tumor necrosis factor, alpha-induced protein 6 

8.05 1 206025_s_at TNFAIP6 tumor necrosis factor, alpha-induced protein 6 

-2.434 0 227420_at TNFAIP8L1 tumor necrosis factor, alpha-induced protein 8-like 1 

1.838 0.998 201689_s_at TPD52 tumor protein D52 

-2.109 0 227388_at TUSC1 tumor suppressor candidate 1 

1.987 1 226784_at TWISTNB TWIST neighbor 

-1.618 0 218190_s_at UQCR10 ubiquinol-cytochrome c reductase, complex III subunit X 

-1.955 0 202090_s_at UQCR11 ubiquinol-cytochrome c reductase, complex III subunit XI 

-1.494 0 208909_at UQCRFS1 
ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 

1 

3.309 0.997 205890_s_at UBD ubiquitin D 

2.64 1 230083_at USP53 ubiquitin specific peptidase 53 

1.813 0.997 239163_at UBE2B ubiquitin-conjugating enzyme E2B 

1.499 1 240383_at UBE2D3 ubiquitin-conjugating enzyme E2D 3 

3.89 1 225612_s_at B3GNT5 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 5 

-2.853 0 1555963_x_at B3GNT7 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 7 

1.974 1 212633_at UFL1 UFM1-specific ligase 1 

-2.465 0 243871_at 
LOC10013047

6 
uncharacterized LOC100130476 

-1.687 0 1557161_at 
LOC10013273

5 
uncharacterized LOC100132735 

-2.338 0 231473_at 
LOC10050653

0 
uncharacterized LOC100506530 

-4.229 0 208998_at UCP2 uncoupling protein 2 (mitochondrial, proton carrier) 

-1.837 0 221998_s_at VRK3 vaccinia related kinase 3 

-1.922 0 218679_s_at VPS28 vacuolar protein sorting 28 homolog (S. cerevisiae) 

-3.1 0 217969_at VPS51 vacuolar protein sorting 51 homolog (S. cerevisiae) 

1.399 0.997 224917_at VMP1 vacuole membrane protein 1 

-2.751 0 226213_at ERBB3 v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3 

1.683 0.998 204619_s_at VCAN versican 

1.732 0.999 204620_s_at VCAN versican 

3.304 1 215646_s_at VCAN versican 

3.554 1 211571_s_at VCAN versican 

-2.734 0 209822_s_at VLDLR very low density lipoprotein receptor 

-2.138 0 208626_s_at VAT1 vesicle amine transport 1 

-1.877 0 208091_s_at VOPP1 vesicular, overexpressed in cancer, prosurvival protein 1 

2.252 0.998 224833_at ETS1 v-ets avian erythroblastosis virus E26 oncogene homolog 1 

1.852 0.999 1555938_x_at VIM vimentin 

-1.76 0 217949_s_at VKORC1 vitamin K epoxide reductase complex, subunit 1 

-2.481 0 233929_x_at WASH3P WAS protein family homolog 3 pseudogene 

-2.214 0 226340_x_at WASH3P WAS protein family homolog 3 pseudogene 

-1.931 0 224562_at WASF2 WAS protein family, member 2 

-3.065 0 227174_at WDR72 WD repeat domain 72 

-2.043 0 208606_s_at WNT4 wingless-type MMTV integration site family, member 4 

4.528 0.998 235821_at WISP1 WNT1 inducible signaling pathway protein 1 

4.709 1 229802_at WISP1 WNT1 inducible signaling pathway protein 1 

-2.071 0 202908_at WFS1 Wolfram syndrome 1 (wolframin) 

1.446 0.998 224895_at YAP1 Yes-associated protein 1 

1.77 1 224894_at YAP1 Yes-associated protein 1 

1.618 0.999 201368_at ZFP36L2 ZFP36 ring finger protein-like 2 

2.421 0.999 203603_s_at ZEB2 zinc finger E-box binding homeobox 2 
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2.165 0.998 219228_at ZNF331 zinc finger protein 331 

-2.019 0 204175_at ZNF593 zinc finger protein 593 

-2.078 0 223212_at ZDHHC16 zinc finger, DHHC-type containing 16 

-13.804 0 231063_at     

-4.784 0 228977_at     

-3.432 0 242460_at     

-3.217 0 238805_at     

-2.984 0 237263_at     

-2.984 0 236180_at     

-2.944 0 203807_x_at     

-2.62 0 206548_at     

-2.518 0 213515_x_at     

-2.356 0 1557807_a_at     

-2.342 0 232935_at     

-2.184 0 232191_at     

-1.568 0 213828_x_at     

-1.56 0 212639_x_at     

1.611 0.999 242881_x_at     

1.761 0.998 222088_s_at     

1.809 0.998 1560622_at     

1.883 1 228812_at     

1.928 0.998 224549_x_at     

1.932 0.999 233020_at     

1.937 1 213872_at     

1.94 1 241916_at     

1.95 0.998 233614_at     

1.957 0.999 241773_at     

1.974 1 227368_at     

1.979 1 235456_at     

2.049 0.998 242712_x_at     

2.073 0.999 1564424_at     

2.13 0.998 1565886_at     

2.219 0.999 236685_at     

2.26 0.997 233303_at     

2.397 0.998 235959_at     

2.423 0.998 232268_at     

2.445 1 235419_at     

2.79 1 237496_at     

2.887 1 240038_at     

3.081 1 232628_at     

3.178 0.998 1558783_at     

3.391 0.998 1562260_at     

3.95 0.997 243819_at     

7.323 0.997 215806_x_at     

7.462 1 222326_at     

8.172 0.998 235438_at     

9.262 1 236495_at     

24.601 0.998 1560859_at     

48.057 0.998 234632_x_at     
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Abstract 

Preterm delivery is an international health issue and remains a leading cause of neonatal morbidity 

and mortality. The current available tocolytic therapies target one function, to impair myometrial 

contractions, but little evidence exists they are effective beyond 48 hours. There are a number of 

established processes required for labour, but identifying the regulatory pathways of normal term 

labour is vital to the understanding of labour pathologies and development of effective therapies in 

delaying spontaneous premature birth.  

To identify upstream master regulators of labour that have multiple downstream labour-associated 

effects, this study used microarray transcriptomic data to globally analyse for functional causal 

networks using Cytoscape 2.8.3 plugins ModuLand and ClusterONE, as well as Ingenuity Pathway 

Analysis software, on the human choriodecidua and myometrium. In vitro experiments using 

chemical inhibition were assessed using qRT-PCR. 

The comprehensive network analysis identified several upstream molecular components in the 

decidua including vimentin (VIM), TLR4 and TNFSF13B. In the myometrium, regulator candidates 

include metallothionein 2 (MT2), TLR2 and RelB. These master regulators have significant 

differential gene expression during labour, hierarchically high centrality in gene networks with 

interactions amongst the labour gene set, and causal relationships with numerous downstream 

effects. In vitro experiments indicate inhibition of the candidate master regulator MT2 effectively 

decreased several network predicted downstream genes. These initial results encourage further 

investigation into the efficacy of predicted master regulators in blocking multiple pathways of the 

labour processes and ultimately, potential as therapeutic antagonists that could effectively block 

the labour cascade. 
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4.1 Introduction 

Preterm delivery remains a leading cause of infant morbidity and mortality worldwide (Blencowe et 

al. 2012). Idiopathic, spontaneous preterm births account for 45-50% of cases (Rudra et al. 2008; 

Beck et al. 2010). Current treatments to prevent labour are relatively ineffective. Tocolytics target 

myometrial contractions and are the only available therapy to date. However, they are associated 

with maternal side effects, do not improve fetal outcomes and there is poor evidence for the delay 

of premature labour even up to 48 hours, compared to a placebo (Haas et al. 2012). Labour 

involves the sensitisation of the uterus to contractile signals resulting in amplification and increased 

intensity of myometrial contractions. However, labour and successful parturition involves a 

multitude of other events: inflammatory signalling, decidual activation, fetal and maternal 

endocrine coordination, cervical ripening and dilation, fetal membrane dissociation and placental 

separation (Norman et al. 2007). Targeting multiple pathways within the labouring cascade may be 

more effective in preventing premature deliveries than targeting a single process. Whilst there is a 

wealth of studies on labouring processes, the regulatory molecules and pathways of these critical 

events remain to be elucidated.  

Pathologies are rarely the result of singular gene dysregulations and exploring the roles of 

upstream regulating molecules of a suite of essential mediator genes, are vital in the 

understanding of the triggers of true labour. Identifying the regulators of the normal term labour 

condition is essential to the future development of therapies effective in delaying spontaneous 

premature labour and premature birth. Extensive gene lists using genomic microarray technology 

have identified thousands of genes whose expression changes with labour, suggesting a significant 

role in the parturition process. Transcriptomic changes in the normal term labouring myometrium 

include contractile-associated genes: prostaglandin synthase 2 (PTGS2), prostaglandin F 2α (PGF2-

α) oxytocin (OXT), oxytocin receptor (OXTR) and gap junction 1 (GJA1) (Chan et al. 2002; Rehman 

et al. 2003; Mittal et al. 2010). Other significantly upregulated genes include those involved in 

cytoskeletal structure, cell metabolism, cell death, signal transduction, and inflammatory cytokines 

(Aguan et al. 2000; Chan et al. 2002; Rehman et al. 2003; Esplin et al. 2005; Havelock et al. 2005; 

Bukowski et al. 2006; Bollapragada et al. 2009; Germeyer et al. 2009; Mittal et al. 2010; Khanjani 

et al. 2011). 

When compared to non-labouring tissues, genomic analysis of fetal membranes (decidua, chorion 

and amnion) obtained from normal labouring pregnancies at term identified a number of 

differentially expressed genes that included multiple inflammatory-related complex components 

(multiple chemokines and their resepective receptors; interleukins (IL); the Nuclear factor kappa B 

complex (NFĸB); toll-like receptors (TLR), intercellular adhesion molecule 1 (ICAM1), and cell-

survival related genes: bone morphogenic protein (BMP) 2 and 3; b-cell lymphoma related (BCL) 2 

and 3 (Haddad et al. 2006). Our recent study of isolated choriodecidua supports these findings, 

where we observed a strong immune response during normal term labour. Upregulated genes 

included: ICAM1, CD44, TLR4, BCL2A, suppressor of cytokine signalling (SOCS) 3, along with 

multiple chemokines, cytokines, interleukins and also many matrix metalloproteinases (MMP) 
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(Stephen et al. 2014). Preliminary network analysis identified potential transcription factors that 

are upstream of these labour-associated molecules including: NFĸB, and several micro-RNAs (miR-

21, -146, -141, and -200) (Stephen et al. 2014). Further analysis is required in order to identify 

robust causal relationships, and regulators with the greatest number of downstream effector genes 

in labour-associated tissues.  

This study hypothesed that undertaking a comprehensive global network analysis of the 

choriodecidua and myometrium would identify master regulators of the labour process, by 

identifying and prioritising the most significant genomic interrelationships and interactions. To 

explore the global list of genes whose expression changes with labour in intimately associated 

tissues, the choriodecidua and myometrium, this study aimed to: 1) use hierarchical network 

analysis to prioritise relationships and interactions between genes that are differentially expressed 

in labour; 2) identify potential regulatory candidate genes; and 3) to test whether chemical 

inhibition of the predicted master regulator candidates will alter expression of multiple downstream 

labour-associated molecules, and therefore have potential as therapeutic antagonists that could 

effectively stop the labour cascade. 

4.2 Methods 

4.2.1 Gene microarray data  

The term labour choriodecidua transcriptome data was extracted from Stephen et. al. 2014. In 

brief, the choriodecidual samples were from two groups of women at term: elective caesareans 

with no labour (N=12; 37 to 41 weeks gestation; not in labour) and vaginal deliveries (N=11; 38 to 

42 weeks gestation; normal term labour). The extracted RNA samples were hybridised to 

GeneChip® Human Genome U133 Plus 2.0 Array (Affymetrix, UK) according to the manufacturer’s 

instructions. These arrays can detect over 47 000 transcripts (approximately 38 500 known genes). 

The choriodecidual microarray raw data was normalised using robust multiarray analysis (RMA) 

from the Affymetrix Microarray Suite (Irizarry et al. 2003) and statistically processed using the 

PUMA package (Gentleman et al. 2004). For a stringent data constraint, this study used the 

parameters of probability of positive log ratio (PPLR) of at least 0.997 and less than 0.00001 (gene 

expression change occurring by chance of 0.003% and 0.00001%). 

The publicly available myometrial transcriptomic data PubMed GEO series GSE9159 was analysed 

(Weiner et al. 2010), after normalisation using the R statistical package, and with statistical 

restriction (P<0.02). In summary, the data used were from women undergoing caesarean section 

after labour (N=6; 39 to 41 weeks gestation; emergency section after arrest of cervical dilation), or 

not in labour (N=6; 38 to 41 weeks gestation; elective section). The myometrium transcript data 

was generated by the authors using the GeneChip® Human Genome U133 Plus 2.0 Array 

(Affymetrix, UK).  
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4.2.2 Identification of master regulators of the transcriptome of labour using global 

network analysis 

To investigate the interactions and relationships between the differentially expressed non-labouring 

and labouring genes, all known interactions were referenced using the 'Biological General 

Repository for Interaction Datasets' (BioGRID) database (BioGRID: http://thebiogrid.org). A 

network analysis protocol was developed to comprehensively analyse the large-scale microarray 

results, as well as identify a hierarchy of the most interconnected, central regulatory candidates 

from the gene/protein interactions. We identified a hierarchy in the transcript data using network 

analyses, and to ensure confidence in the predicted high hierarchal interactions two different 

algorithms from the Cytoscape 2.8.3 software, ModuLand and ClusterONE were utilised. Those 

ranked highest in the hierarchy were then analysed for their downstream effects in the network 

using causal analysis (Figure 1).  

In brief, the work flow was as follows: 

1. Statistical restriction of microarray data to PPLR 1x10-5 and 0.997 (choriodecidua) or 0.02 

(myometrium). 

2. Mathemathical modelling using software Cytoscape 2.8.3 (Shannon et al. 2003; Cline et al. 

2007; Smoot et al. 2011; Saito et al. 2012) and the BioGRID database. This study used the 

Cytoscape plugin ModuLand to mathemathically analyse the basic interactions and primary 

interactors, from the BioGRID database, of the differentially expressed genes. Gene clusters were 

determined algorithmically by centrality over the whole network topology using an overlapping 

community approach, thus forming a hierarchy where nodes (clusters of genes) form the core of 

the next upper level, designated by a meta-node (cluster of nodes) (Szalay-Beko et al. 2012). As 

the nodes and meta-nodes are clusters identified by the top-most central gene, these were cross 

referenced back to the microarray to identify the position of the most interconnected genes.  

3. Secondary mathemathical modelling to cluster major functional cores, but include basic 

interaction of protein complexes, gene-protein, protein-protein interactions ClusterONE (Nepusz et 

al. 2012). To prioritise the volume of hierarchially-ranked data, the two mathematical models were 

cross referenced for common genes. 

4. Causal analysis using Ingenuity Pathway Analysis (IPA) on selected targets to verify labour-

related significance. Causal analysis maps array transcripts into master regulators relationships, 

using literature-based analysis of all known gene interactions. Analysing our candidates of interest 

using causal analysis supports the in silico predicted central relationships within our dataset, and 

identifies specific downstream effects. Targets were further refined to only include those with a 

high number of downstream genes associated with labour. 

The two mathematical algorthims in combination with causal analysis provide a detailed 

hierarchical network structure of the myometrium and choriodecidua to investigate the following: 

(1) determine the meta-nodes or the core of labour-associated genes; (2) define key network 
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nodes that govern large numbers of downstream genes and, (3) identify genes that also possess a 

downstream profile that includes a number of labour-associated genes i.e. potential key regulator 

candidates. 

4.2.3 Tissue sampling for in vitro investigation 

Human choriodecidual tissue explants were used to investigate the effect of inhibiting the master 

regulator candidates. Written informed consent was obtained from women undergoing elective 

caesarean section at term (gestational range 37-42 weeks) presenting with an uncomplicated 

pregnancy and who were not in labour (TNL, N=6) at St Mary's Hospital, Manchester, UK. Ethical 

approval was granted by the North West Local Research Ethics Committee (Reference Number: 

08/H1010/55 (+55)).  

4.2.4 Choriodecidual explant culture and treatment 

The choriodecidua samples were taken from the midzone area of the membranes, distant from the 

rupture side and placenta (Hamilton et al. 2012; Hamilton et al. 2013). The decidual parietalis with 

attached chorion were then separated from the fetal amnion membrane. After thoroughly washing 

in cold sterile PBS to remove excess red blood cells, the choriodecidual explants were prepared for 

sterile culture by thoroughly washing in serum-free RPMI culture media containing penicillin 

streptomycin (0.5mg/ml) and amphotericin (1.25μg/ml) (Sigma-Aldrich, UK). The explants were 

then cultured with or without inhibitors for 24h (3-4 explants per well, two wells per treatment or 

control), on netwells in DMEM/F12 (1:1) media supplemented with L-glutamine (1.5mg/ml), 

penicillin streptomycin (0.5mg/ml), and 10% (v/v) FBS in a humidified incubator at 37oC, with 21% 

O2 and 5% CO2. At the end of the 24 hour incubation, the tissues were either treated with 

RNAlater (Ambion, UK) for 24 hours for RNA isolation, or fixed in 4% neutral buffered formalin 

(NBF) for immunohistochemistry. All media culture products were purchased from GIBCO (Life 

Technologies, UK) unless otherwise stated. 

To inhibit VIM, this study used the PKC inhibitor Gö 6983 at 1µM (G1918; Sigma Aldrich, UK). This 

antagonist has been shown to reduce cellular VIM protein expression (Mor-Vaknin et al. 2003), 

decrease focal attachments between adherent cells and also reduce cellular motility (Peterman et 

al. 2004). This study used another antagonist to inhibit VIM, cytochalasin D at 100nM (C2618; 

Sigma Aldrich, UK). This mycotoxin has been shown to inhibit actin polymerisation (Tsuruta & 

Jones 2003) and decrease VIM protein and mRNA expression (Wu et al. 1999; Krucker et al. 2000; 

Jung et al. 2013). For the specific inhibition of TLR4, this study used the cyclohexene inhibitor TAK-

242 at 1µM (tlrl-cli95; Invivogen, France) (Zhang et al. 2014). The vehicle control used was at the 

highest concentration of DMSO used in the inhibitor treatments (0.002% v/v). 

4.2.5 Myometrial cell culture and treatment 

An in vitro cell culture model was utilised to investigate the potential of inhibiting the function of 

putative myometrial master regulator proteins. An immortalised human myometrial cell line, Hret-

C3-Sy, a kind gift from Dr Sylvie Girard (CHU Sainte-Justine, University of Montreal, Canada) was 

seeded in a 6-well plate at 5x104 per well. The cells were cultured with or without inhibitors for 
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24h in DMEM/F12 (1:1) media supplemented with L-glutamine (1.5 mg/ml), penicillin and 

streptomycin (0.5mg/ml), gentomycin (100 µg/ml) and 10% (v/v) fetal bovine calf serum, in a 

humidified incubator at 37oC, with 21% O2 and 5% CO2. After 24 hours, the cells were treated with 

RNAlater for a further 24 hours prior to RNA isolation. All cell culture products were purchased 

from GIBCO, Life Technologies, UK, unless otherwise stated.  

The PKC inhibitor GÖ6983 (Sigma Aldrich, UK), was used at 15uM to inhibit metallothionein 2 

(MT2), as PKC inhibition has been shown to inhibit MT2 mRNA expression (Yu et al. 1997). For the 

specific inhibition of TLR2, this study used a neutralising antibody Mab hTLR2, Clone TL2.1 at 

100ng/ml (Invivogen, France) (Schindler & Baichwal 1994). The vehicle control used was at the 

highest concentration of DMSO used in the inhibitor treatments (0.002% v/v). 

4.2.6 Quantitative RT-PCR 

RNA was isolated using the MirVana miRNA Isolation Kit (Ambion, UK) according to the 

manufacturer’s instructions. Extracted RNA was assessed using a NanoDrop 2000 UV-Vis 

Spectrophotometer, measuring absorbance curve at A260/280 and A260/230. An Affinity Script 

Multiple Temperature cDNA Synthesis Kit (Agilent, UK) was used to reverse transcribe the first 

strand of cDNA, according to manufacturer's instructions. All samples were amplified in duplicate 

using the Ultra-Fast SYBR Green QPCR Master Mix III (Agilent, UK) with 5-carboxy-x-rhodamine 

(ROX) as a reference dye. The annealing temperatures of the primers were optimised at 60oC. The 

amplification and dissociation were carried out using the RT-qPCR Stratagene MX3005 machine. To 

determine the difference in mRNA expression, relative quantification using 2-ΔΔCT was applied. 

Several frequently used housekeeping genes were screened (RPL13, TBP, YWHAZ, GAPDH, and β-

actin; Table 1A) before selecting RPL13 as the most stably expressed reference gene for the 

choriodecidual explants, and YWHAZ for the myometrial cell line. Though the geometric mean of 

reference genes is commonly used to account for the variation in expression of housekeeping 

genes, RPL13 and YWHAZ were selected as they demonstrated unchanged, stable, mRNA 

expression across all treatment and control groups. The genes of interest are listed in Table 1B). 

Statistical analysis used was Wilcoxon signed-rank test; significance was taken as p<0.05. 

4.3 Results 

4.3.1 Network analysis and gene relationships in the choriodecidua 

Using the human choriodecidua microarray transcriptomic data, an interactome model was 

constructed from the BioGRID interaction database using ModuLand to map global interconnecting 

relationships. The original data identified 796 significant transcriptional changes following labour 

with a total of 4980 nodes (clusters of genes) and 12914 interactions in the choriodecidua. At the 

next upper hierarchical level, the nodes clustered to form 71 meta-nodes with 1610 interactions 

(Figure 2). The nodes, functions and pathways of the top 20 meta-nodes of the choriodecidua are 

hierarchically illustrated in Table 2. The top meta-node genes indicates a high centrality in the 

hierarchy of transcriptionally changed genes associated with labour. The genes were dominated by 

ubiquitin (UBC) and cell division cycle 34 homolog (CDC34; a ubiquitin-conjugating enzyme E2-

CDC34) clusters, but also included genes involved in signal transduction in oxidative stress and 
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longevity e.g. Src homology 2 domain containing transforming protein 1 (SHC1; 4th rank); cell 

cycle function and repair e.g. breast cancer type 1 (BRCA1; 6th rank); and inflammatory signalling, 

e.g. suppressor of cytokine signalling (SOCS3; 13th rank). Functional analysis of these regulatory 

meta-nodes showed that they were involved in cellular responses to stress, apoptosis, circadian 

clock, DNA repair, adaptive and innate immunity and growth factor signalling (p-value range: 1x10-

4 to 3.9x10-7) (Table 2). Several nodes also had high hierarchal ranking, for example, the NFκBIA 

was found within the top meta-node cluster UBC, indicating a high biological interaction in the 

network (Supplemental table 1).  

4.3.2 ClusterONE network analysis of the choriodecidua 

From the predicted 71 meta-nodes, 20 candidates were strongly predicted by inclusion of 

ClusterONE analysis as having high potential in regulating multiple labour-associated downstream 

events (Supplemental Table 2a). The top downregulated regulatory candidates included: CDK19 

(54 nodes), POLR2I (54 nodes), INTS5 (25 nodes), CDC34 (23 nodes), LMO4 (15 nodes) (p-value 

range = 5x10-9 to 0.004). The top upregulated regulatory candidates included: VIM (40 nodes), 

INHBA (41 nodes), CSNK1A1 (37 nodes), KRIT1 (10 nodes) and THBS1 (46 nodes) (Significance of 

node cluster p-value range =5.02x10-9 to 0.035). 

4.3.3 Causal network analysis of master regulators in the choriodecidua 

The final list of regulator candidates in the choriodecidua with the most interrelationships were 

VIM, an intermediate filament that increased 1.9 fold during labour; inflammatory activated 

receptor TLR4 which was increased 3.7 fold; and TNFSF13B, a B-cell activating factor, which was 

differentially expressed 2.1 fold during labour (Table 3). VIM was associated with 41 downstream 

genes (p=1.38x10-17) with an activation z-score (a calculated direction bias in the regulation of the 

causal network) (see methods chapter 2.1.5.6 for details), of 3.2 in the network (Table 3); TLR4 

had 25 associated downstream genes (p=4.67x10-10) and activation z-score of 4.2 (Table 3), and 

TNFSF13B had 105 downstream genes (p=9.6x10-8) and activation z-score of 3.4 (Table 3). 

Downstream causal analysis supported predicted labour-associated regulatory actions of VIM 

(Figure 3). The downstream genes of VIM included phospholipidase A2 (PLA2), MMP-1, IL-6, 

CXCL8 (IL-8) and PTGS2. The downstream genes of TLR4 included IL-6, CXCL-10, TLR2, and 

PTGS2 (Supplemental Figure 1). The labour-associated downstream genes of TNFSF13B were 

numerous and included NFkB components, IL-1RN, IL-1A, CXCR4, SOCS3 and multiple chemokines 

(Supplemental Figure 2). 

4.3.4 Network analysis of the myometrium 

The myometrial genomic dataset was analysed using the same analysis workflow as for the 

choriodecidua. From the original 717 myometrial transcripts significantly altered with labour, the 

BioGRID network model generated a total of 4886 nodes with 12112 interactive relationships in the 

myometrium. These were represented at the next hierarchical level by 64 meta-nodes and 1277 

interactions (Figure 4). The top hierarchical 20 meta-nodes included: cyclin-dependent kinase 

inhibitor 1A (CDKN1A), UBC and XRCC5 (Table 4). Other labour associated meta-node clusters 

were involved in signal transduction in oxidative stress e.g. SHC1 (5th rank in ModuLand network), 
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inflammation and survival e.g. BCL3 B-cell CLL/lymphoma 3 (BCL3; 14th rank), and inflammatory 

activation e.g. RelB (a NFĸB sub unit; 15th rank) (Table 4). The functions and pathways of these 

meta-nodes were also involved in cellular responses to hypoxia, apoptosis, DNA replication & 

repair, TGFβ signalling and adaptive immune system (p-value range: 1x10-5 to 8.9x10-7) (Table 4). 

High-ranked nodes in the hierarchy included: heterogeneous nuclear ribonucleoprotein (HNRNPM), 

which is involved in cytokine-associated pre-mRNA induction; ATP-dependent RNA helicase A 

(DHX9), a transcriptional regulator; and the transcription factor, CCAAT/enhancer-binding protein 

alpha (CEBPA) (Table 4; Supplemental Table 3). 

4.3.5 ClusterONE network analysis of the myometrium  

From the 64 myometrial meta-nodes and 1277 network interactions, 30 highly regulatory candidate 

genes were identified (Supplemental Table 2b). The down-regulated regulatory candidates 

included CEBPA (45 nodes), SMAD6 (36 nodes), HDAC9 (42 nodes), GRIA2 (14 nodes), and EMX2 

(17 nodes) (p-value range = 2.12x10-5 to 0.001). The top upregulated regulatory candidates 

included: UPF2 (40 nodes), BATF (45 nodes), DCP2 (30 nodes), ENG (36 nodes), NKX3-1 (25 

nodes) (p-value range = 3.4x10-6 to 8x10-5). 

4.3.6 Causal network analysis of master regulators in the myometrium 

The master-regulator relationships of all 30 myometrial candidates were further explored using 

causal analysis. The final three prioritised candidates have causal relationships amongst the 

activated array gene set, but also possess a significant number of labour-associated downstream 

effects (Table 3). The final candidates included: intracellular ion-regulator, MT2A (or MT2), with a 

modest fold change of 1.2 during labour, associated with changes in 30 downstream genes 

(p=3.24 x10-6) and an activation z-score of 3.3 in the network causal analysis (Table 3); RelB with 

a fold change of 1.4, 123 genes downstream (5.96x10-9) and an activation z-score of 2.4 (Table 3); 

and TLR2 which was upregulated 1.3 fold, with 90 downstream genes (p=1.13x10-6) and an 

activation z-score of 1.3 (Table 3). Analysis of these downstream genes identified several 

established labour associated genes. Genes downstream of MT2 included estrogen receptor, IL-6, 

IL-1β, and different NFĸB components (Figure 5). Downstream of TLR2 included PTGS2, IL-6, and 

multiple NFĸB components (Supplemental Figure 3) and those downstream of RelB included 

estrogen receptor, IL-6, IL-1β, and NFĸBIA (Supplemental Figure 4). Interestingly, network 

analysis identified MT2A as downstream of all three myometrial regulator candidates. 

4.3.7 Commonality between the master regulators of the choriodecidua and 

myometrium  

To demonstrate the key role of the master regulators in term labour, the relationships between the 

selected candidates, and their downstream labour associated genes are summarised in Figure 6. 

Though there are numerous genes regulated by each master regulator, there were downstream 

genes shared multiple times between the master regulators and between each tissue type. For 

example, the master regulators of the choriodecidua, VIM and TNSF13B, shared downstream 

effects on the CXCR4 gene. Amongst the two regulators, VIM and TLR4, there were shared effects 

on the CCL4 gene. In the myometrium, the master regulators MT2a and RelB, both influenced the 
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expression of the downstream phosopholipid enzyme PLA2G12A. The master regulators MT2a and 

TLR2, affected the downstream gene IL-6. Also, some of the downstream genes effected in the in 

silico network are shared across both the choriodecidua and myometrium, including PTGS2, IL-6, 

NFκB, CXCL10 and TLR2. 

The decidual and myometrial network analysis generated highly centralised network relationships 

and in an analysis of those network connections, the top three meta-nodes identified internal 

complex interconnections, supporting their high core functions within each tissue (Figure 7). When 

performing a comparison analysis of the meta-node interrelationships between the choriodecidua 

and myometrium, a clear biological intersection can be identified with two key meta-node clusters: 

SHC1 (choriodecidual, 4th central cluster; myometrial 6th central cluster); and PIK3R1 

(myometrial, 5th central cluster). Both meta-node clusters were strongly canonically-associated 

with the adaptive immune system pathways and growth factor signalling, with a number of genetic 

overlaps between both tissues (4-5 gene clusters), suggesting major roles in the labour process. 

4.3.9 Inhibition of master regulators in choriodecidual explants  

The function of several putative master regulators within the choriodecidua was blocked using 

commercially available chemical inhibitors and the downstream effects on mRNA expression of key 

target genes predicted by network analysis were assessed. After incubating explants of 

choriodecidual with two inhibitors of VIM, Gö6983 and cytochalasin D, there were no significant 

changes in the thirteen downstream labour-associated genes assessed, when compared to vehicle 

control (Figure 8). 

4.3.10 Inhibition of master regulators in myometrial cells  

Inhibition of the master regulators MT2 and TLR2 in a myometrial cell line altered the expression of 

several downstream genes associated with labour (Figure 9). Inhibition of MT2 over 24 hours 

resulted in significant down-regulation of IL-8, IL-6, IL-1α, IL-1β, CD44, PTGER4 and VIM mRNA 

expression (p<0.05-0.01), and upregulated phospholipase PLA2GA mRNA expression (p<0.05). 

Inhibition of TLR2, led to significant down-regulation of IL-8 (p<0.05) and a trend for reduced 

progesterone signalling-related, ZEB2 (p=0.09).  

4.4 Discussion  

Using an unbiased global network analysis, this study has identified gene candidates with central 

regulatory roles in labour-associated processes. The six candidates are VIM, TLR4 and TNFSF13B 

in the choriodecidua, and MT2A, TLR2 and RelB in the myometrium. Whilst the mRNA expression 

of these genes is moderately altered during labour, they possess several important features 

following network analysis. The master regulators are the topmost regulators with the highest 

centrality in the whole network of the labour genome, as well as having a significant number of 

causal relationships with genes associated with labour. These features indicate they have 

important roles in regulating the labour transcriptome in the choriodecidua and myometrium, and 

therefore identifies them as putative master regulators of the labour process. 
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TLR4 and TLR2 have established roles in pregnancy and in parturition (Re & Strominger 2001; 

O’Brien et al. 2008; Shen et al. 2009; Pawelczyk et al. 2010; Friebe et al. 2011; Montalbano et al. 

2013; Agrawal et al. 2013; Lim et al. 2014). The identification of these two TLRs as master 

regulators in this study provides confidence in the use of predictive in silico methods. Our data 

reinforce existing evidence that TLR4 and TLR2 have an important role in parturition and in 

addition, demonstrate that their expression has a major role in regulating the expression of 

numerous genes during labour. The roles of the other candidates VIM, MT2a, TNFSF13B and RelB 

have not been previously analysed in depth in the labour cascade within the choriodecidua or 

myometrium. 

Vimentin is expressed in many cell types and its role as a master regulator in the choriodecidua 

during labour is a novel finding. VIM is classically known as a component of intermediate filaments 

in cytoskeletal organisation. Associated with maintaining cell structure, VIM also has physiological 

roles in the regulation of cellular organisation, cell polarity, cell to cell adhesion and in cellular 

motility. VIM is a common marker of epithelial to mesenchymal transitioning (Satelli & Li 2011) and 

abnormal expression of VIM is associated with advanced cancer and metastasis (Ivaska et al. 

2007). In labour, upregulation of VIM protein expression has been reported in the labouring 

myometrium with proposed roles in sustaining the regularity of muscle contractions (Duquette et 

al. 2005). The multiple functions of VIM support a regulatory role for this protein during 

preparation for active parturition. There is a conserved NFκB sequence within the VIM gene 

promoter (Lilienbaum et al. 1990) suggesting VIM can be regulated by NFĸB signalling. Cytokines 

produced by infiltrating leukocytes induce NFκB signalling, which upregulates PTGS2 expression 

and prostaglandin synthesis during labour, amongst many other functions (Mittal et al. 2010). The 

elevated NFκB signalling and decidual and myometrial leukocyte infiltration preceding labour in a 

rat model, suggests a potential role of decidual VIM towards the preparation for labour (Hamilton 

et al. 2012). The upregulation of VIM in the decidua during labour may represent signalling 

between the two uterine layers, potentially through facilitating signals that amplify and maintain 

myometrial contractions as labour progresses.  

The decidual regulatory candidate TLR4 is part of a family of membrane-bound microbial response 

receptors, well-known to have roles in pregnancy, and in the labour cascade (Re & Strominger 

2001; Toshchakov et al. 2002; Shen et al. 2009; Sheldon & Roberts 2010; Pawelczyk et al. 2010; 

Friebe et al. 2011; Stephen et al. 2014). TLR4 specific signalling requires the surface receptors 

CD14 and MD2, and is activated through MyD88-dependant (TIRAP) and independent 

(TRIF/TRAM) pathways to trigger nuclear NFκB signalling (Takeda & Akira 2004). NFκB complex 

activation is associated with prostaglandin synthesis stimulation, cytokine production, cell growth 

and differentiation (Lim et al. 2001; Poligone & Baldwin 2001). Though mainly associated with 

gram negative bacterial activation, the TLR4/ NFκB pathway is also activated in response to non-

infection related processes such as tissue trauma, cell death and cellular stress - which are major 

processes in parturition - due to release of endogenous alarmins (Taniguchi et al. 2009). 

Constitutive knockout of TLR4 in mice significantly increases length of pregnancy by 13 hours 
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(Wahid et al. 2015). TLR4 mRNA expression is upregulated in human spontaneous preterm 

chorioamnion (Kim et al. 2004), myometrial monocytes (Youssef et al. 2009), maternal blood 

(Pawelczyk et al. 2010), term laboured myometrial monocytes (Youssef et al. 2009), placenta (Ma 

et al. 2007; Patni et al. 2009), chorioamnion (Kim et al. 2004), choriodecidua (Stephen et al. 2014) 

and cervix (Hassan et al. 2006), and protein expression is increased in the cord blood of vaginally 

delivered infants (Shen et al. 2009). In an mouse model of preterm labour induced using LPS, 

TLR4 receptor inhibition increased the population of regulatory T-cells in the decidua and reduced 

hypothalamic CRH expression, which is an essential mediator in the hormonal cascade of 

parturition (Friebe et al. 2011). Suppressing TLR4 receptor function in isolated human decidual 

cells was associated with a reduction in PTGS2 and cytokine expression (Y. Li et al. 2013), these 

downstream changes were also predicted by our network analysis.  

A member of the tumour necrosis superfamily, TNFSF13B is involved in signalling in inflammation, 

infection and innate immune responses. Specifically, TNFSF13B is involved in maternal T-helper cell 

adaptation to the developing fetus (Hunt et al. 2010) and mRNA and protein expression are 

elevated in the third trimester placenta (Langat et al. 2008). TNFSF13B receptors are expressed in 

the endometrium and are upregulated during inflammatory periods of endometriosis (Hever et al. 

2007). Myocyte TNFSF13B mRNA expression increases following NFkB related p65 overexpression 

(Khanjani et al. 2011). Transcript variants of TNFSF13B are associated with pregnancy pathologies 

such as preeclampsia (Fenstad et al. 2010), and spontaneous miscarriage with reduced placental 

and decidual mRNA and protein expression observed (Guo et al. 2008). TNFSF13B is upregulated 

partly by TGF-β1 and IFN-γ, and is highly expressed by monocytes and macrophages (Kim et al. 

2008), the latter of which are abundant in the decidua in labour. Our network prediction supports 

the role of decidual TNFSF13B expression in successful labour, as a highly connected regulator of 

labour-associated genes such as MMPs, tissue inhibitor of metalloproteinases (TIMPS) (Chegini et 

al. 1999), TGF-β1 and IFN-γ (Kim et al. 2008).  

Of the three key regulators of the human myometrium, two were the inflammatory-related 

molecules TLR2 and RelB. Both participate in cytoplasmic signalling events upstream of NFκB 

activation. The predicted regulator TLR2 is expressed by many cell types but in pregnancy, 

expression of TLR2 protein and mRNA is associated with myometrial contractility in normal term 

labour (O’Brien et al. 2008; Montalbano et al. 2013). Signalling through TLR2 during labour 

upregulates cytokine production (Re & Strominger 2001; Lim et al. 2014), MMP expression and 

prostaglandin synthesis (Lappas 2012; Lim et al. 2014) via the MyD88 dependant NFκB pathway 

(Takeda & Akira 2004; Lim et al. 2014). TLR2 mRNA expression is increased in many reproductive 

tissues during term labour, including the cervix (Hassan et al. 2006; Dubicke et al. 2010a), 

placenta (Patni et al. 2009), fetal membranes (Haddad et al. 2006), choriodecidua (Phillips et al. 

2014), and is present in increased levels in cord blood at term (Shen et al. 2009). TLR2 has been 

implicated as a mediator of the labour cascade, as choriodecidual and placental expression is 

associated with prostaglandin synthesis in preterm and term labouring samples (Shankar et al. 

2010; Phillips et al. 2014). Furthermore, homozygous TLR2-/- knockout mice experience extended 
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pregnancies (labour at D20 vs D19.5; copulation plug as D1) compared to their wild-type 

counterparts. These mice express reduced levels of labour-related contractile genes and have 

significantly delayed onset of labour (Montalbano et al. 2013). In our study, an antagonist of TLR2 

inhibited the mRNA expression of IL-8 and with a trend for reduced ZEB2 in cultured immortalised 

myometrial cells. In previous studies, ZEB2 was identified as significantly upregulated in the term 

labour choriodecidua compared to non-labour (Stephen et al. 2014). ZEB2 is a homeobox gene 

that regulates GJA1 and OXTR expression, in the myometrium and during term and preterm labour 

(Renthal et al. 2010; Williams et al. 2012). IL-8 is a pro inflammatory cytokine associated with 

term and preterm labour in the myometrium, choriodecidua, aminon and amniotic fluids (Kelly et 

al. 1994; Arntzen et al. 1998; Elliott et al. 2000; Kato et al. 2004; Hamilton et al. 2013; Stephen et 

al. 2014).  

The second master regulator RelB, was not experimentally tested in this study but is a member of 

the NFκB complex. Studies have shown the NFκB proteins RelA, c-Rel, p52 and p50, are highly 

expressed in the labouring myometrium compared to term non-labour, however RelB protein was 

not detected (Chapman et al. 2004). RelB functions in regulating the circadian rhythm, and is part 

of the IER3 cell stress pathway (Hamidi et al. 2012). Weiner et al 2010 found upregulated 

myometrial mRNA expression of RelB during labour (Weiner et al. 2010), and this study identified it 

as being a component of labour associated networks, with high-ranked hierarchy in the labouring 

myometrium.  

The other top predicted myometrial regulator candidate was a metallothionein gene, MT2. MT2 is 

involved in heavy metal binding and cellular homeostasis (Vašák & Meloni 2011), but is also 

induced during inflammation (Min et al. 1992), and interacts with progesterone (Slater et al. 1988) 

and estrogen receptors (Cano-Gauci & Sarkar 1996; Harris et al. 2001). Increased myometrial MT2 

mRNA expression has been associated with normal term labour (Helguera et al. 2009) and in the 

labouring myometrium with failure to progress (Chaemsaithong et al. 2013). Its functional role in 

normal labour however, has not been investigated. Elevated cytokine production of macrophages is 

observed in association with low intracellular iron levels (Wang et al. 2009), which are regulated by 

the heavy metal zinc (Davis & Cousins 2000). Metallothioneins are associated with cellular 

functions during stress, suggesting an alternative route to inflammatory regulation during labour, 

via alteration of heavy metal homeostasis. Inhibition of MT2 in this study reduced the basal cell 

expression of key pro-inflammatory genes IL-1α, -1β, -6, and -8 with established roles in labour in 

the myometrium, cervix, and fetal membranes (Seghaye et al. 1998; Haddad et al. 2006; 

Bollapragada et al. 2009; Mittal et al. 2010; Robertson et al. 2010; Khanjani et al. 2012; Lim et al. 

2012; Gomez-Lopez et al. 2013; Shynlova et al. 2013a, 2013b) as well as the genes CD44, 

prostaglandin E receptor PTGER4, and VIM. Thus strengthening the hypothesis that MT2 is a 

master regulator with therapeutic potential for suppressing the labour cascade.  

Although this study did not directly experimentally verify the master regulatory candidates VIM, 

TLR4 or TNSF13B, they were major predicted master regulators and their significant involvement in 

cellular processes, such as inflammation, cell to cell signalling and cell movement, may contribute 
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in regulating the labour cascade. This may be due to the study design – e.g. the use of 

choriodecidual explants and antibody inhibitor (e.g. TLR4), which may affect the accessibility of the 

inhibitors to the cellular targets due to tissue penetration, or to ineffective inhibition of the 

candidate regulators with non-specific targeting of the inhibitors (e.g. PKC inhibitor). Optimisation 

of the dose regime and concentrations would better elucidate the effectiveness of the chemical 

inhibitors. Isolation of primary human choriodecidual cells would further help to define the cellular 

roles of these master regulators and determine the pharmacokinetics and effectiveness of the 

inhibitors selected. Direct validation of the network analysis genes would be also possible using 

siRNA-mediated knockdown of each candidate, however, the goal of this study was to investigate 

potential therapeutics and chemical inhibitors of labour that could be more easily translated to 

clinical practise. The results of the master regulator inhibition on basal cell of myometrial cells 

support that the genes identified have regulatory roles, but studies using a labour-stimulated 

model such as IL-1β is required to determine downstream blockade effectiveness. Using chemical 

inhibitors to reduce the activity of our selected master candidate of interest do not preclude off 

target effects. This study used a PKC inhibitor to deplete MT2 activity and VIM function at different 

doses; though PKC inhibition is not a specific inhibitor of the targets of interest, blocking PKC 

activity can down-regulate a variety of pathways including expression of PGF2α receptor (Liang et 

al. 2008) and OXTR expression (Sharkey & Olcese 2007), and increasing cell-cell adhesion and 

GJA1 connections but not GJA1 expression (Morley et al. 2010).  

Summary 

This study aimed to identify master regulator genes with significant major downstream pathways 

associated with labour. We have identified candidates with significant changes in gene expression 

during labour, where the final candidates are the most central in the whole labour network. This 

centrality indicates they are the genes with the highest hierarchy over all other gene-gene 

clustering, protein-gene cluster interactions, and, they have a significant number of labour-

associated downstream effects. The regulator candidates were dissimilar between the human 

choriodecidua and myometrium, but they had common downstream gene components, many of 

which were inflammatory in nature. Inflammatory genes have been implicated as key transcripts in 

labour with commonality across preterm, preterm with infection and normal term cases of labour 

(Weiner et al. 2010). In the decidua, candidate targets also regulate cellular structure, motility and 

permeability and cellular activation.  

The targeting of therapies to multiple tissues within the uterus may be essential, as all uterine 

tissues must be activated for successful labour to occur. Our comparative network data supports 

this potential approach of multiple candidate or multiple tissue targeting, defining two highly 

interconnected regulatory meta-nodes between the choriodecidua and myometrium. While the 

regulatory candidates were predominantly distinct, two were shared meta-nodes that both 

regulated functions in adaptive and innate immunity and growth factor signalling. Future work is 

required to investigate the mechanisms of action of these candidate targets and whether they have 

therapeutic potential in supressing the labour cascade. 
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Figures and tables 

 

Figure 1. Workflow of data analysis and candidate target identification. 

A. The microarray data was extracted and processed using a strict n inclusion criteria of PPLR 

0.997 and 0.00001 (choriodecidua) and p<0.02 (myometrium). B. The database BioGRID and 

network analysis software Cytoscape with i. ModuLand and ii. ClusterONE was used to identify 

candidate master regulators with high centrality and connectivity. C The relationships of the master 

regulator candidates with related genes in the network was analysed with causal analysis in the 

software package Ingenuity Pathway Analysis.  
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Figure 2. Hierarchical network modelling of the meta-nodes of the human 

choriodecidua.  

The upper level of network clusters assessed using the ModuLand algorithm in Cytoscape 2.8.3. 

These 71 principle clusters are meta-nodes and the 1610 interactions of active labour in the 

choriodecidua. The lines indicate interactions between meta-nodes and lower level nodes. The 

yellow lines indicate highly ranked major interactions.  
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Figure 3. The causal network analysis of vimentin identifying relationships with labour-

associated choriodecidual genes downstream.  

Vimentin is shown as the master regulator with five lower level regulators. The bottom level is an 

edited summary of genes affected (full map includes 41 genes). This map shows only the major 

downstream genes with i) at least two network connections (dashed line) or ii) have multiple 

associated functions from a single regulator (solid line). Upregulated regulator= orange; 

upregulated gene=red to pink; The intensity of colour indicates the scale of upregulated 

expression i.e. upregulation of VIM increased the expression of all the downstream genes 

indicated, but the expression of CXCL8 was the most affected.  
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Figure 4. Hierarchical network modelling of metanode-node-gene expression of the 

human myometrium.  

The upper level of network clusters assessed using the Moduland algorithm in Cytoscape 2.8.3. 

These 64 clusters are meta-nodes identifying all lower level nodes and 1277 interactions. The lines 

indicate interactions between meta-nodes and lower level nodes. The yellow lines indicate highly 

ranked major interactions. 
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Figure 5. Causal network analysis of metallothionein 2, identifying relationships with 

labour-associated myometrial genes downstream. 

Metallothionein 2 is shown as the top regulator above NFkB. At the next level are 13 lower level 

regulators. The bottom level is an edited summary of genes affected downstream (full map 

includes 30 genes). This map shows all the regulators and only the major downstream genes with 

i) at least two network connections (dashed line) or ii) have multiple associated functions from a 

single regulator (solid line). Upregulated regulator= orange; downregulated regulator= blue; 

upregulated gene=red to pink, downregulated gene = green; The intensity of colour indicates the 

scale of change e.g. the upregulation of MT2 leads to the activation of NFkB complex, inhibiting 

(blue line) PPARG (dark blue; on the left of the network) which leads to the downregulation of 

GATA2 (green with blue line) and an unpredicted (yellow line) downregulation of EPHX1 (green). 
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Figure 6. Summary of the identified master regulators, and their predicted effects on 

labour associated genes of the labouring choriodecidua and myometrium, with their 

centrality and causal relationships. 

The left-side identifies the relationship within the network by the meta-node rank and location 

within the meta-node (node). The middle are the identified master regulators with arrows 

indicating a regulatory relationship, with the upper three are from the choriodecidua (blue), and 

the bottom three from the myometrium (green). The right-side are genes that are well-established 

to change in expression during labour. The labour mediators are colour-coded according to their 

functions and include inflammatory-associated (red), eicosanoids (yellow), cellular adhesion 

(green), estrogen (pink), NFkB complex pathway (blue). Several of these downstream genes 

overlap between the identified master regulators, and some are shared between the master 

regulators and between the two tissue types. 
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Figure 7. Connective relationships between the network models based on the 

metanode-node-gene relationships between the human choriodecidua and 

myometrium.  

Clusters are represented as octagons and arranged hierarchically by colour intensity in an 

anticlockwise direction (marked by rank; see table 2 and 4). The biologically common relationships 

between the meta-node clusters are marked by two headed arrow, where they share at least 3 

clusters of genes (nodes). Dotted grey line separates the different network models. The 

intersection demonstrates two major meta-nodes sharing a significant number of nodes and genes: 

PIK3R1 and SHC1. 

  



161 

 

 

Figure 8. Choriodecidual expression of downstream labour-associated genes after the 

inhibition of master regulators. 

Inhibition of VIM with A. Go6983 and B. cytochalsinD. Inhibition of TLR4 with C. CLI-095 (n=4-6). 

All results are expressed using the comparative 2∆∆CT method, to the vehicle control (DMSO 0.002% 

v/v) and normalised to RPL13 reference gene. Inflammatory-related regulators are in light grey. 

Genes well-known to be associated with the labouring process in dark grey. Medians are shown.  
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Figure 9. Myometrial cell expression of downstream labour-associated genes after the 

inhibition of master regulators. 

A. Metallothionein inhibitor (G6983) and B. TLR2 neutralising antibody (Mab-hTLR2) (n=8). All 

results are expressed using the comparative 2∆∆CT method, to the appropriate control: vehicle 

(DMSO 0.002% v/v) or control (media) respectively, and normalised to YWHAZ reference gene. 

Inflammatory genes are in light grey. Genes well-known to be associated with the labouring 

process in dark grey. Medians are shown. Significance at p≤0.05 using Wilcoxon-signed rank test 

(*p≤0.05; **p≤0.01).  
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Table 1. Primers used for changes in mRNA expression. 

 A. reference genes analysed for stable expression. B genes of interest selected from the array and 

from the downstream genes of the network analysis. 
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Table 2. The functions, pathways and top core nodes that form each of the major meta-

nodes of the choriodecidual network map.  

The left most column are the top 20 meta-nodes. The middle column lists the first 10 core nodes that cluster 

to form the meta-node. The right column describes the functions and canonical pathways of the cluster. The 

colours are arbitrary but are used here to indicate a ranking in hierarchical clustering based on interactions 

(dark colour = high clustering interactions indicating possible regulatory functions, to light colour = lower 

interactions). The highest ranked meta-nodes include: ubiquitin, CDC34 and STUB1. Within these meta-nodes 

the core nodes also highly ranked in interaction, they include NFKBIA, NOTCH1 and VIM. This table 

represents only part of the 71 meta-nodes with 1610 interactions. 

 

  



165 

 

 

 

 

Table 3. The primary master regulator candidates of the labour transcriptome in 

choriodecidua and myometrium from network analysis and microarray analysis.  

The final output in the table demonstrates the final master regulator gene candidates with the 

following criteria: significant transcriptional changes (defined by microarray), network centrality 

(Moduland), in silico predicted protein-gene interaction (ClusterONE) and association with known 

labour-associated downstream genes (Causal Network Analysis).  
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Table 4. The functions, pathways and top core nodes that form each of the major meta-

nodes of the myometrial network map.  

The left most column are the top 20 hierarchically interactive clusters. The middle column lists the first 10 

core nodes that form the meta-node. The right column describes the functions and canonical pathways of the 

cluster. The colours are arbitrary but were used to indicate a ranking in hierarchical interactions (dark colour 

= high clustering and interactions to light pink = lower cluster with interactions). The highest ranked meta-

nodes with the greatest number of interactions over all clusters were CDKN1A, UBC and XRCC5. Within these 

meta-nodes the core nodes were also highly ranked including DHX9, HNRNPM and CEBPA.  

 

  



167 

 

Supplemental table 1. Nodal details of the choriodecidua network map demonstrating 

the top ten nodes that form each of the major meta-nodes.  

The left most column are the meta-nodes. The colours are arbitrary but are used here to indicate a 

hierarchical ranking in interactions. The upper top left corner are nodes with the greatest 

regulatory function, and therefore major downstream biological effects (red, orange, purple 

colours). There is a decrease in biological rank as the table progresses towards the bottom right 

corner of the table (yellow and green colours). There are 71 meta-nodes of the labouring human 

choriodecidua. Blue arrows indicate descent of hierarchical rank the highest ranked meta-nodes: 

UBC and CDC34, and nodes: NFKBIA and UBE2D3. 
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Supplemental Table 2. ClusterONE choriodecidual and myometrial prioritisation of 

candidates of interest from the Moduland network analysis and BioGRID interactions.  

The secondary mathematical analysis used protein-protein and gene protein interactions.  

A. Choriodecidua and B. myometrium. The output in the table represents all genes with significant 

transcriptional changes in expression (array) and significant centrality within the genomic network 

(Moduland network analysis), and additionally, possesses predicted networks of protein-gene 

interaction (ClusterONE). 
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Supplemental figure 1. Causal network analysis of the TLR2/4 complex identifying 

relationships with labour-associated choriodecidual genes downstream.  

TLR2/4 is shown as the top regulator with three lower level regulators. The bottom level is a 

summary of genes affected downstream (full map includes 25 genes). This map shows the major 

downstream genes with at least two network connections (dashed line). Upregulated expression of 

regulators = orange; upregulated expression of genes = pink. The intensity of colour indicates the 

degree of upregulated expression.  
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Supplemental table 3. Node details of the myometrium network map demonstrating 

meta-nodes and their top ten nodes.  

The left most column are meta-nodes. The colours indicate a hierarchical ranking. The upper top 

left corner of nodes have the greatest hierarchical ranking, and therefore major downstream 

biological effects (red, orange, purple colours). There is a decrease in biological rank as the table 

progresses towards the bottom right corner of the table (yellow and green colours). There are 64 

meta-nodes of the labouring human myometrium. Arrows indicate descent of hierarchical rank the 

highest ranked meta-nodes CDKN1A and ubiquitin and nodes: UBC and VCP. 
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Abstract 

Coordination of labouring processes are essential for successful parturition where abnormal or 

activity is associated with preterm and obstructed labour. Both conditions increase the risk of fetal 

mortality and range in severity of morbidities. Elucidating the coordination and regulation of the 

established normal term processes leading to active labour is essential in understand labour 

disorders. This study aimed to identify master regulators in the myometrium and decidua in a 

mouse model at E16.5, E17.5, E18.5 and during active labour (E19). The transcriptome was 

validated using qRT-PCR and characterised by pathway and network analysis using Ingenuity and 

Cytoscape 2.8.3 software, with additional gene barcoding techniques for absolute expression at 

each gestational/labour stage. Preliminary in vitro master regulator inhibition studies in a mouse 

smooth muscle cell line (MOVAS) were also performed.  

The differential expression of the decidua is characterised by enrichment in cell death and survival, 

inflammatory response and the haematological system and cell pathways represented in LXR/RXR 

activation, acute phase response and coagulation system. However the decidual pattern in the 

number of genes, type of functional changes, and in the diversity of pathways activated, prior to 

labour was initiated by as early as E17.5. The gene activity and functional diversity continues 

through to E18.5, with the largest number of increased gene activity at E19.0. The myometrium 

demonstrates enrichment in tissue development, cellular assembly and cell morphology, with and 

cellular signalling in integrin, IGF and chemokine pathways. These are shared at E17.5 and E18.5 

until 12 hours prior to labour, with the number of genes climbing sharply between E18.5 and active 

labour at E19. At E19, the genes are overrepresented in LXR/RXR activation, acute phase response 

and WNT signalling. In the decidua, IRAK4 and TIRAP were identified as master regulators with 

highly connected networks in both the relative and absolute expression of genes analysis. In the 

myometrium, TLR2/4 complex formed network significance. qRT-PCR validated OXTR, CXCR4, 

MMP11, IRAK4, SLIT2, AQP5, PTGS2, CXCL12, GJA1, and TLR4 between the decidua and 

myometrium (p<0.05 all Wilcoxon-signed rank test).  

These analyses identified high-level master regulators of active labour in decidua and myometrium. 

The decidua is highly functional in the stages preceding labour where the myometrium is active at 

term and labour. Further investigations are required to test the therapeutic potential of blocking 

labour activity.   
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5.1 Introduction 

Successful parturition involves amplification of multiple pathways that sensitise and coordinate the 

uterine tissues to deliver the fetus. Aberrant activity and coordination of these processes are likely 

to underlie problems in timely delivery, including preterm labour, obstructed labour and failure of 

onset of spontaneous labour. Preterm delivery is the leading cause of neonatal morbidity and 

mortality (Blencowe et al. 2012; Chang et al. 2012), whilst dysfunctional or obstructed labour 

increases adverse risks to mother and infant, requiring clinical intervention including induction of 

labour or caesarean delivery (Karaçam et al. 2014; Neal et al. 2015). A greater understanding of 

the mechanisms initiating and driving labour and the key regulatory processes is vital to improve 

clinical management of abnormal labour. 

Studying the transition from pregnancy to active labour is challenging in humans, thus animal 

models provide an invaluable means of characterising the mechanisms underlying the activation of 

the labour cascade. The genetic information and availability of knock out mouse models have 

assisted in identifying some of the regulatory processes involved, including inflammatory signalling 

via toll-like receptor (TLR) 2 (Montalbano et al. 2013) and TLR4 signalling (Wahid et al. 2015), 

prostaglandin synthesis and action via cyclooxygenase-1 (COX-1; PTGS-1 gene) and -2 (COX-2 or 

PTGS-2 gene) (Dinchuk et al. 1995; Lim et al. 1997; Gross et al. 1998) and increased 

prostaglandin F2α receptor (FP) (Sugimoto et al. 1997), and cell to cell communication via 

connexion 43 gap junction protein (GJA1 gene) expression (Doring et al. 2006). Ablation of these 

genes in mice either significantly delayed or prevented the onset of parturition, indicating non-

redundant roles in the labour process. However, normal parturition is preserved following knockout 

of other genes strongly associated with labour, including prostaglandin E (PGE2) receptors EP1, 

EP2, EP3 (Esaki et al. 2010), cytokines interleukin (IL)-1 (Hirsch et al. 2006) and IL-6 (Sakurai et 

al. 2012), and oxytocin receptor (OXTR) (Takayanagi et al. 2005), demonstrating our incomplete 

understanding of the involvement of these established mediators of labour, and their actions in 

association with multiple other factors expressed during labour. 

Transcriptomic approaches have been utilized to identify global gene changes associated with 

labour in mice and rats; however, only two murine studies included functional pathway analysis of 

the differentially expressed genes and there is a scarcity of data utilising network modelling of 

transcriptomic data in any partition studies. Complementary microarray studies have demonstrated 

widespread alterations in myometrial gene expression during labour in the mouse, and activation 

of multiple pathways, including G protein signalling, inflammatory and immune-related signalling, 

regulators of cell cycle, cell growth and differentiation, cytoskeletal cellular transformation, cell 

junctions, and translational regulators, in addition to those governing myometrial contraction 

(Bethin et al. 2003; Salomonis et al. 2005). Inflammation and NFĸB activation have been 

implicated as having an important role in labour, in both infection-associated preterm labour and in 

non-infectious models of preterm (Romero et al. 1991; Lockwood et al. 1994; Romero et al. 1994; 

Lim et al. 2012; Kim et al. 2012; Shynlova 2013a; Heng et al. 2014; Shynlova et al. 2014; 

MacIntyre et al. 2014) and term labour (Bulmer et al 1988; Norwitz et al. 1991; Thomson et al. 
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1999; Osman et al. 2003; M. Yuan et al. 2009; Weiner et al. 2010; Hamilton et al. 2012; Hamilton 

et al. 2013; Shynlova et al. 2013b). How inflammatory pathways interrelate with other regulatory 

pathways is unclear, and whether their activation is a cause or consequence of labour is still 

unknown. 

The decidua plays a critical role in fertility and establishment of pregnancy, and there is an 

increasing recognition of a regulatory role for the decidua in labour. In murine models, immune 

cells infiltrate the decidua prior to labour (Hamilton et al. 2012; Shynlova et al. 2013a), at an 

earlier time and by a greater magnitude than is observed in the myometrium (Hamilton et al. 

2012). Uterine-specific deletion of tumour related protein 53 (Trp53) in the mouse has been shown 

to induce preterm birth, coincident with abnormal decidualisation and irregular prostaglandin 

synthesis activity and secretion of labour-associated PGF2α (Hirota et al. 2010). These changes 

could be rescued by PTGS2 inhibition, or with the mTORC1 inhibitor rapamycin, or by the creation 

of a secondary knockout, TP53-related cell cycle kinase inhibitor (CDKN1A). This implicates normal 

decidual function in governing pregnancy length and parturition, and reinforces the importance of 

cell cycle control as a contributing mechanism (Hirota et al. 2010; Hirota et al. 2011).  

The current study was undertaken to characterise the labour and pre-labour transcriptome 

phenotype in the murine decidua and myometrium, to identify the biological pathways and key 

regulators involved in the initiation and progression of labour, and to explore potential overlapping 

and discrete roles of the two uterine layers. To do this, genome wide transcriptomic analysis of the 

mouse myometrium and decidua was performed during active labour (E19), and in the preceding 

three days (E16.5, E17.5, E18.5) of pregnancy, followed by detailed in silico and in vitro analyses. 

The aims of the study were: 1) to identify the temporal transition in the transcriptome during 

pregnancy and leading up to active labour in the decidua and myometrium; 2) to identify master 

regulators of the labour process in the two uterine layers; and 3) to assess the predicted targets of 

master regulators by manipulating their activity in vitro and assessing the effect on downstream 

gene expression.  

5.2 Methods 

5.2.1 Animal tissue collection 

Animals were kept in accordance with the UK Animals Scientific Procedures Act 1986. Pregnant 

female C57BL/6 mice between 8 to 12 weeks old were housed under a 12h light/dark cycle at 21–

23 °C with food (Beekay Mouse Diet, Bantin & Kingman, Hull, UK) and water provided ad libitum. 

The first day of pregnancy was determined by the detection of a copulation plug and designated 

embryonic day (E0.5). Active labour and parturition occurred on the evening of E18.5, designated 

E19.0, after the delivery of the first pup with umbilical cord still attached.  

To investigate the transcriptomic changes leading up to and during active labour uterine tissue was 

collected at: E16.5, E17.5, E18.5 and E19.0; each group representing mid-late pregnancy, late 

pregnancy, 12 hours before labour and active labour respectively (N=6 dams each). For the tissue 

culture experiments, a separate group of mice were used at pregnancy day E18.5 (N=6). Mice 
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were culled by cervical dislocation and tissues harvested by sampling two implantation sites 

randomly from the uterine horns. The tissues were quickly submerged in RNAlater (Ambion, UK) 

for 24 to 48 hours at 4oC. Before storage at -80oC, fetal tissues were removed and the decidua 

paretalis and myometrium separated under a dissecting microscope for microarray hybridisation 

and PCR analysis; or intact uterine tissues, with fetal tissues removed, were placed in culture 

medium for in vitro analyses. 

5.2.2 RNA isolation 

RNA was isolated following manufacturer’s instructions using the MirVana miRNA Isolation Kit, 

RNeasy miniprep kit (Life Technologies, UK). RNA was assessed using NanoDrop 2000 UV-Vis 

Spectrophotometer, measuring absorbance curves at A260/280 and A260/230. For the microarray, 

individual myometrial and decidual RNA samples collected from N=6 mice per group were pooled, 

for each gestational age studied; pooled samples were assessed again for RNA quality using the 

Agilent 2200 TapeStation system for a RNA integrity number equivalent (RINe) score (Schroeder et 

al. 2006). Microarray samples within this study had a RINe of 8.3 to 9.1. 

5.2.3 Microarray hybridisation 

The samples were hybridised in duplicate onto GeneChip Mouse Genome 430 2.0 Array according 

to manufacturer’s instructions. The chip detects over 39,000 transcripts. Normalisation was 

performed using multi-mgMos (Liu et al. 2005) with a robust multivariate analysis (RMA) which is a 

Bayesian method of probe-level error measurement (Liu et al. 2006). This normalisation method 

accounts for experimental variation in fluorescent dye labelling, and includes robust local 

regression for the intensity and spatial labelling of each individual spot (Yang et al., 2002). 

Resulting .cel files were analysed with Propagating Uncertainty in Microarray Analysis (PUMA) from 

the Affymetrix Microarray Suite 5.0 software (Irizarry et al. 2003). PUMA was used to generate a 

probability of positive log ratio (PPLR) which is a probability of low certainty for significance of 

difference in gene expression between the arrays (Liu et al. 2006). The PPLR was also used as a 

significance threshold cut-off (0.997>PPLR<1x10-5) for use in pathway and network analysis. The 

samples were also analysed using frozen RMA (fRMA), an approach that uses all known data on 

the 430 Mouse Genechip to calculate presence or absence of gene expression to a high level of 

confidence (McCall et al. 2010; Langfelder et al. 2011). The presence of expression of each probe 

signal in our data was mapped to an estimated z-score, a calculation of the average distribution of 

all the multiple probe signals of each gene within all cell types of the tissue. The distribution Z-

score cutoff was >2.5 (Zilliox and Irizarry 2007; McCall et al. 2010; McCall et al. 2014). 

5.2.4 Quantitative RT-PCR 

Reverse transcription was performed according to manufacturer's instructions using the Affinity 

Script Multiple Temperature cDNA Synthesis Kit (Agilent, UK). Primers were purchased from 

Eurofins, Germany, except for GAPDH, ARG1 and IL-1β (Qiagen, UK). The annealing temperatures 

of the primers were optimised at 60oC (Table 1). Samples were amplified in duplicate using the 

Ultra-Fast SYBR Green QPCR Master Mix III (Agilent, UK) with 5-carboxy-x-rhodamine (ROX) as a 

reference dye, using the RT-qPCR Stratagene MX3005 machine (Agilent, UK). An amplification with 



180 

 

a single peak in the dissociation curve was accepted as a single product. To determine relative 

expression of mRNA, this study used 2-ΔCT for difference in expression patterns between two 

groups, or 2-ΔΔCT to compare groups to an untreated control. Validation of the microarray was 

normalised to GAPDH, all other PCR data were normalised to the reference gene TBP, and 

expressed as treatment as compared to control. Several reference genes were screened (TBP, 

YWHAZ, GAPDH, and MBP were selected as expression was unchanged in the array); TBP and 

GAPDH were identified as the most stably expressed gene for reference for each experiment. 

Statistical analysis was undertaken using GraphPad Prism 6.0; a Mann-Whitney U-test for was used 

to analyse changes in gene expression between two groups and a Wilcoxon signed-rank test was 

used to compared expression to an untreated control. Significance was reached when p<0.05. 

5.2.5 Functional pathway analysis of active labour 

To organise the large volume of data from the microarray of E19 for pathway and network 

analysis, we used the relative expression to non-labouring gestational age at E16.5, with a 

threshold of 1.3 fold change and statistical threshold cut off of a PPLR score of ≤1x10-5 and 

≥0.997, indicating a very low probability of uncertainty in the data (Stephen et al. 2014). The 

enriched functions and pathways detected from the changes in gene expression were analysed 

using Ingenuity pathway analysis software (IPA) and presented according to significance using 

Right-sided Fishers exact test (hypergeometric test). 

5.2.6 Network analysis of active labour 

Using the network analysis workflow previously developed to analyse the labour transcriptome in 

human pregnancies (Lui et al. 2015 manuscript in preparation – chapter 4), a robust network 

analysis was performed. In brief, all known interactions were referenced using the Biological 

General Repository for Interaction Datasets (BioGRID) database (BioGRID: http://thebiogrid.org). 

The hierarchy of clusters in the genomic interactions were identified using the ModuLand algorithm 

(Szalay-Beko et al. 2012), a Cytoscape 2.8.3 plugin (Shannon et al. 2003; Smoot et al. 2011). The 

hierarchy of network clusters were then cross referenced back to the array for genes with a 

significant difference between labour and non-labour. To provide additional confidence and 

prioritise highly ranked gene clusters, a second plugin algorithm for Cytoscape, CLusterONE was 

applied to the dataset (Nepusz et al. 2012). This resulted in a list of “master regulators” of the 

labour transcriptome, ranked by the hierarchy of network clusters; these were then examined for 

downstream effects in the network, using causal analysis in Ingenuity Pathway Analysis software, 

and then the list was further refined based on regulation of the most downstream mediators 

associated with labour. 

5.2.7 Absolute presence of genes in the stages leading up to and during active labour 

Data were also interrogated to identify the gene profile at each stage of labour from E16.5 to 

active labour E19 using Gene Barcoding. The gene barcoding method removes the need for 

relative expression between samples, so each gene in every microarray (i.e. gestational stages) 

can be analysed individually. The calculated output produced is a binary outcome - expressed or 

not expressed - allowing the detection of all actual genes present, or absent, with a high level of 

http://thebiogrid.org/
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certainty (McCall et al. 2011; McCall et al. 2014). The presence of these genes will be referred to 

as the absolutely expressed genes, and these were compared across gestational stages in the lead 

up to labour for similarities and differences using the Venn diagram software from Bioinformatics 

and Evolutionary Genomics (http://bioinformatics.psb.ugent.be/software). The resulting 

categorically expressed genes for each time point were then analysed using the IPA software for 

pathway and causal analysis, and Cytoscape plugin ModuLand, was used as described for the 

relative expression data. 

5.2.8 Mouse cell and tissue culture 

All cell culture products were purchased from GIBCO, Life Technologies, UK, unless otherwise 

stated. Immortalised mouse aortic smooth muscle cells, MOVAS (ATCC® CRL-2797™), were used 

for in vitro investigation of the effect of inhibiting the master regulators (IRAK, TIRAP, TLR4), on 

the expression of predicted downstream genes. The cells were cultured in DMEM media containing 

L-glutamine (1.5 mg/ml), geneticin (200µg/ml) and 10% (v/v) fetal bovine calf serum, in a 

humidified incubator at 37oC, with 21% O2 and 5% CO2 for at least two passages from frozen 

before experimental treatments. MOVAS cells were seeded in a 6-well plate at 8x104 per well, with 

two wells per treatment. The cells were cultured with inhibitors (Table 2) or vehicle control (DMSO, 

0.002% v/v to match the highest concentration used in inhibitor experiments) for 24h or 48h. Cells 

were then incubated with RNAlater for 24 hours at 4oC prior to RNA isolation and qRT-PCR 

analysis.  

Full thickness (i.e. myometrium and decidua parietalis) uterine explants from C57BL/6 mice at 

E18.5 were cultured for 24 hours in DMEM/F12 with L-glutamine (1.5 mg/ml), penicillin and 

streptomycin (0.5mg/ml), and 10% (v/v) fetal bovine calf serum. Explants were treated with 

inhibitors against master regulators (Table 2) or vehicle control (DMSO, 0.002% v/v) for 24 hours 

with treatment every 12 hours. After treatment, the explants were incubated in RNA later and 

processed for PCR analysis. 

5.3 Results 

5.3.1 Global differential expression of genes at active labour  

There were 2549 genes differentially expressed in the term active labour decidua parietalis at 

E19.0 compared to non-labour at E16.5. Of these, 785 were down regulated and 1764 upregulated 

with fold change in expression ranging from -233 to 572. The myometrium demonstrated 1146 

changes, with 489 genes down-regulated and 657 upregulated. The fold change in expression 

ranged between -458 and 28. 

Several genes with previously identified labour associated function, and/or those with significant 

changes in expression, were selected from the microarray for validation in individual samples of 

decidua and myometrium. In the decidua, 11 genes were used for validation; of these, expression 

changes in 9 genes validated in the same direction as the microarray (Figure 1A). In both the 

microarray and PCR, OXTR, CXCR4, MMP11, IRAK4, and SLIT2 were upregulated (p<0.05 

Wilcoxon-signed rank test), AQP5 down-regulated (p<0.05 Wilcoxon-signed rank test), whilst IL-

http://bioinformatics.psb.ugent.be/software
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1β, and GAB1 were unchanged (these were unchanged in the array and were selected as internal 

controls). Two genes (ARG1 nor CXCL12), whose expression were significantly increased in the 

pooled microarray analysis samples, were not significantly altered in expression in individual PCR 

amplified samples. However, both genes exhibited a trend for upregulation as observed in the 

array (p=0.06 and p=0.09 respectively, Wilcoxon-signed rank test).  

In the myometrium, altered expression of 9 of the 14 genes at E19.0 was validated by PCR and 

three more genes exhibited a fold change in expression that did not reach statistical significance 

(Figure 1B). The validated genes include PTGS2, OXTR, GJA1, CXCL12, IL1F8, MMP11, SLIT2, and 

TLR4, which were upregulated, and AQP5 which was down-regulated (all p<0.05). OXTR, CXCR4 

and IRF8 were significantly upregulated in the pooled samples used for the array, but not in the 

individual samples used for PCR analysis (p=0.06). The genes ARG1 (p=0.15) and IL-1β (p=0.69) 

did not validate as upregulated genes. 

5.3.2 Pathway analysis of genes differentially expressed in preparation for labour in 

the decidua and myometrium 

Analysis of the biological functions of differentially expressed genes in the decidua at E17.5, 36 

hours before labour, revealed down-regulation of metabolic cellular pathways and alterations in cell 

survival (Heat map, Figure 2A). At E18.5, 12 hours before labour, the differentially expressed 

genes cluster into immune and inflammation responses, which together with cellular signalling 

pathways, were upregulated, whilst cancer functions (including cell proliferation and migration) 

were suppressed. During active labour at E19, differentially expressed genes were overwhelmingly 

upregulated and clustered in cell survival, chemotaxis and immune responses, identifying an 

overlap with the biological functions at E18.5 but distinct from E17.5. 

In the myometrium at 36 hours before labour (E17.5) (Heat map, Figure 2B) the genes 

differentially expressed relative to E16.5 were primarily categorised into tissue development, cell 

movement and cell maintenance type functions. At 12 hours before labour (E18.5), the biological 

functions overlap with E17.5 in terms of tissue development cell movement and assembly, but 

there was a significant group of upregulated genes with functions relating to skeletal and muscular 

development. By active labour (E19) the main functions were cellular movement and cell 

development, and also the immune/haematological system.  

The major canonical pathways of the differentially expressed genes in the decidua are shown in 

figure 3. These are consistent with the biological functions shown in the heatmap, e.g. on E17.5 

related to E16.5, major down-regulated pathways were: LXR/RXR activation, acute phase response 

signalling, coagulation system, nitric oxide and reactive oxygen species in macrophages (Figure 

3A). By E18.5, the differentially expressed genes were a mix of up and down-regulated genes and 

the canonical pathways included LXR/RXR activation, cell cycle control of chromosomal replication, 

and acute phase response signalling, coagulation system (Figure 3B). At active labour E19, the 

canonical pathways were governed by a pattern of up and down regulated genes, again in 

LXR/RXR activation, inflammatory pathways, and activity in the coagulation system (Figure 3C).  
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At E17.5, the genes of the myometrium were characterised by upregulated genes and were found 

in canonical signalling pathways related to integrins, IGF-1, G-beta gamma, ephrin receptor and 

gap junction (Figure 4A). At E18.5 the cellular signalling was also enriched for IGF-I and integrin 

signalling, and also VEGF signalling (Figure 4B). By active labour at E19.0, the canonical pathways 

included genes that were both up and down-regulated and identified in LXR/RXR activation, acute 

phase response signalling, and wnt/β-catenin signalling (Figure 4C).  

5.3.3 Comparative analysis of the absolute uterine gene expression in the days leading 

up to labour.  

The characterisation of the functional changes occurring at active labour prompted further analysis 

of the stages of pregnancy leading up to labour. All genes expressed were compared to identify 

commonalties or discrete gene expression at each individual stage from E16.5 to E19.0 in the 

decidua and myometrium, to determine distinguishing features leading up to labour (Figure 5). In 

the decidua, 654 genes were common to all four days studied, representing genes important for 

normal decidual function (Figure 5A) (Gene set A). A total of 129 genes (Gene set B) were 

transiently expressed between 12-36 hours before labour (i.e. on E17.5 and E18.5), but are not 

expressed during active labour. There were 330 genes (Gene set C) expressed 12-36 hours before 

labour (on E17.5 and E18.5), and their expression is maintained during labour (E19). In the 12 

hours preceding labour and during labour (i.e. on E19), 620 genes (Gene set D) were expressed 

and therefore may be presumed to be those that mediate the labour process. 

These sets of genes leading up to and during active labour, were subjected to pathway analysis to 

determine the major biological functions, and also, the causal networks for major upstream 

regulators of each stage (Table 3). The genes consistently expressed in the decidua during mid to 

late pregnancy prominently featured pathways and specific genes governing normal decidual 

function, including cholesterol biosynthesis and metabolism, maintenance of cell-cell junctions, 

coagulation cascade and STAT3 signalling. Causal analysis identified progesterone, peroxisome 

proliferator-activated receptor gamma (PPARγ) and SMAD2 as major upstream regulators (Table 3 

A). Transient upregulation of calcium transporters, acute phase response, prolactin and TLR 

signalling occurred 12-36 hours prior to labour (Table 3B). Key genes within these pathways were 

glucocorticoid receptor, TLR1, suppressor of cytokine signalling 4 (SOCS4) and IL-33. Major causal 

regulators included TNF receptor associated factor (TRAF), phospholipase C (PLC-β) proteins and 

zinc finger e-box binding homeobox 1 (ZEB1). Prominent pathways activated in the 12-36 hours 

prior to and during active labour were cell cycle control, cancer pathways, growth hormone and 

macrophage function (Table 3C). Multiple cyclins and cyclin dependent kinases (CDK) were 

apparent in these pathways, together with regulators of apoptosis (B-cell CLL/lymphoma 2 (BCL2) 

and caspase 3 (CASP3), growth factors and inflammatory mediators. There was considerable 

overlap in the pathways and major genes in the active labour gene set (Table 3D), with the 

addition of Wnt signalling (including Wnt7a, frizzled receptors, β-catenin) and DNA repair (breast 

cancer type 1 susceptibility protein (BRAC1), and recombination protein a (Rad51). However, the 

top upstream causal regulators of the two gene sets were distinct. Estradiol, CDKs and TRIM65 
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were highly significant causal regulators of the genes that were expressed prior to labour, whilst 

ZEB1, IkB kinase complex, syncytin 1 and prostaglandin E1 (PGE1) were major causal regulators of 

the active labour gene set. 

In the myometrium, 643 genes (Gene set A) were expressed over mid-late pregnancy (Figure 5B). 

At 12 to 36 hours before labour (Gene set B), 257 genes were transiently expressed. The genes 

expressed in the lead up to labour (12 to 36 hours) and were maintained during active labour 

include 192 genes (Gene set C). A total of 411 genes (Gene set D) were differentially expressed 

exclusively at 12 hours before and during active labour at E19.  

The pathway analysis of the myometrial pregnancy-related genes, constantly expressed over late 

gestation were involved normal smooth muscle cell function, eNOS signalling and cell-cell 

junctions, including myosin, actin, fibronectin, endothelin and angiotensin receptor (Table 4A). 

Regulators of apoptosis (CASP3, BCL2 and Bax) were also prominent. The top upstream causal 

regulators included PTGS2, tumour necrosis factor (TNF) and hypoxia inducible factor 1α (HIF1A). 

In the 12-36 hours prior to labour, genes involved in calcium signalling and cell turnover were 

transiently expressed, including calcium transporters, phospholipases, integrins and cyclins (Table 

4B). The main causal upstream regulators of these genes included cytokines/growth factors 

(interferon, hepatocyte growth factor (HGF) and oncostatin M), and the JAK1 pathway. Prominent 

pathways activated in the 12-36 hours prior to and during active labour were molecular 

mechanisms of cancer and growth factor / hormone signalling (Table 4C). Key genes included 

FOXO1, multiple oncogenes and signalling molecules. Causal analysis identified diverse regulators, 

including heat shock protein (HSP) 70, TNF family members and Stearoyl-CoA desaturase-1 

(SCD1). During active labour there was a marked expression of inflammatory and immunological 

pathways, including NFκB, IL-6, TLR and IFN signalling, together with macrophage and 

granulocyte function and cell turnover pathways (Table 4D). Key genes in these pathways included 

SMADs, chemokines, MMPs and TLR. The top causal regulators include Pentraxin 3 (PTX3), 

Cathepsin B (CTSB), SMAD3 and CD11c. 

The dynamic temporal changes in late pregnancy of some of the key pathways identified in the 

decidua are represented graphically in Figure 6. Cholesterol biosynthesis is a major signalling 

pathway during mid-late pregnancy, but it decreased rapidly in significance towards active labour. 

At 36 hours prior to labour to 12 hours before labour, temporal changes in glucocorticoid receptor 

signalling indicates it has a role at all stages of pregnancy and labour but this significance gradually 

increases towards active labour. At E17.5 to 19.0, the identified pathways included cyclins and cell 

cycle regulation and insulin receptor signalling; these increased in significance over time from late-

pregnancy towards active labour. At active labour, the macrophage / monocyte function and NFκB 

signalling had elevated significance leading up to active labour. 

In the myometrium (Figure 7), temporal analysis of Wnt-β-catenin signalling and tight junction 

signalling expression highlighted their role in normal myometrial function but not in active labour. 

At 12-36 hours prior to labour, phospholipase C signalling and Oncostatin M signalling were 
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predominately involved in late pregnancy with little significance in the earlier pregnancy-related or 

later active labour stages. The pathways at E17.5 to E19 included BMP signalling pathway and 

renin-angiotensin signalling. BMP signalling exhibited rising significance in signalling towards 

labour, and renin-angiotensin signalling is maintained at all pregnancy-related periods and labour 

but reduced in active labour signalling. Glucocorticoid receptor signalling indicates significant 

temporal signalling rising at late pregnancy towards active labour, whereas NFκB signalling 

dramatically increases exclusively during active labour. 

5.3.4 Network analysis of differentially expressed genes during active labour 

Network analysis comparisons were performed on the transcriptome to uncover potential master 

regulators of active labour in the decidua and myometrium. The 2549 differentially expressed 

decidual labour genes were used to generate network models, and this hierarchy was used to 

identify and prioritise master regulators. In the decidua, the cluster at the top of the generated 

hierarchy contained a total of 2870 nodes (Figure 8A & B). At the next hierarchical level, they 

generated 69 meta-nodes that connected 1882 interactions, representing all the interactions 

identified at level 0 (Figure 8A & C). In the myometrium, the 1146 differentially expressed genes 

clustered to form 2217 nodes and 2700 interactions at the first level (Figure 9A & B). At the next 

hierarchical level the genes generated 34 nodes with 408 interactions (Figure 9A & C).  

Master regulator candidates in the decidua are summarised in Table 5A. These were further refined 

to select the final master regulators, which possess high interconnectivity within the whole system 

of labour, but also influence numerous downstream genes that include a number of established 

labour-associated genes. IRAK4 was identified in both algorithms indicating high interactions and 

centrality. Using causal analysis, IRAK4 formed two networks, with an activation score within the 

whole system of labour of 3.82 (p<0.0025) (Table 5B; Supplemental Figure 1). The second master 

regulator selected was TIRAP which had an activation score of 2.19 in the system (Table 5B; 

Supplemental Figure 2). 

In the myometrium, master regulator candidates identified after the robust network analysis are 

summarised in Table 6A. The final master regulator candidates with the highest interconnectivity 

and several established labour-associated gene downstream were the TLR2/4 complex and WNT5a 

(Table 6B; Supplemental Figure 3 and 4).  

5.3.5 In vitro chemical manipulation of the master regulators 

To investigate whether inhibition of the master regulators altered the expression of downstream 

labour-associated genes, we utilised an immortalised mouse aortic smooth muscle cell line 

(MOVAS) and identified chemical inhibitors of our master regulators (Table 2). After initial 

optimisation (not shown), a single dose of inhibitor was applied to MOVAS cells for 24h. We 

demonstrated that chemical inhibition of the predicted master regulators TLR4 and WNT5a could 

selectively moderate expression of predicted downstream genes (Figure 10). Inhibition of TLR4 

resulted in a significant decrease in expression of network predicted gene CCL9 and an increase in 

expression of CASP3 (p=0.03 both), with a trend towards an increase in IKBKB and CXCL12 also 
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observed (p=0.06) (Figure 10C). The WNT5a inhibitor BOX 5 significantly increased CCL6 (p=0.03) 

and there was a trend towards an increase for IRAK4 (p=0.06) (Figure 10D). Inhibition of IRAK1/4 

had no significant effect on downstream gene expression (Figure 10A). TIRAP inhibitor peptide 

demonstrated promising results with patterns of reduction in many of the network predicted 

downstream genes (Figure 10B). However with only n=3 in the current study, further exploration 

of the effect of inhibiting TIRAP is required. 

After 48 hours, IRAK4 inhibition led to upregulation of EGR1, CXCL12, FOS and IKBKB (p<0.05) 

(Figure 11A), and TIRAP inhibition resulted in a decrease in expression of several genes including 

GJA1, CXCL12, CCL9, FOS and GNA14 (Figure 11B). Inhibition of TLR4 led to upregulation of 

CXCL12, TLR4, FOS and DUSP10 (p<0.05) and a trend towards a change in mRNA expression of 

PTGS2 (p=0.06) (Figure 11C). Incubation of cells with BOX5, a specific inhibitor of WNT5a, had no 

significant effects on any of the genes assessed for change. Expression of CASP3 however did 

demonstrate a moderate reduction with a trend for decrease (p=0.06) (Figure 11D). 

Chemical inhibition of the selected master regulators in uterine explants resulted in no significant 

changes in downstream gene expression from pregnant mice at E18.5 (data not shown). 

5.3.6 Network analysis of the absolute uterine gene expression in the days leading up 

to labour  

The original candidates from the relative expression analysis i.e. E16.5 to E19, were mapped to 

ModuLand analysis of the absolute gene expression datasets (gene barcode) (Table 7). Network 

analysis of the final master regulators demonstrated that IRAK4 was a strong regulatory candidate 

in the decidua, with additional network significance in the absolute ModuLand analysis (Table 7A). 

IRAK4 is a master regulator with hierarchical significance from 60 hours prior to and during labour 

(E16.5 to E19) (DEC A) and also has significance at 12 hours prior to labour at (E18.5 to E19) (DEC 

D). IRAK4 was also found with high centrality in the myometrium at the same stages leading 

towards labour as the decidua, though the meta-node hierarchy is higher in the decidua. IRAK4 

also forms different networks in the decidua (found in TIRAP and IRAK4), compared to the 

myometrium (found in PELI2 and PELI1). TIRAP was also found to be a strong master regulator 

candidate, with hierarchical significance in the decidua during pregnancy 60 hours prior to, and at 

active labour (E16.5 to E19) (DEC A) and the centrality is maintained at stages closer to active 

labour (E18.5 to E19) (DEC D) (Table 7A). TIRAP was found in multiple meta-node clusters in the 

decidua (MAP3K5, TIRAP, IRAK4) and was also identified in the myometrium in the meta-node 

cluster TLR2. In the myometrium (Table 7B), the original master regulator complex TLR2/4 was 

mapped to the absolute ModuLand networks but as individual genes. TLR2 was a master regulator 

with hierarchical significance at E18.5 to E19 (MYO D) 12 hours before and during active labour 

and was mapped to two different meta-node clusters PELI1 and TLR2. However, it was also 

mapped with high hierarchical significance in the decidua in the stages leading up to and including 

active labour (E16.5 to E19) (DEC A) and 12 hours before labour (E18.5 to E19) (DEC D). The 

myometrial master regulator TLR4 and Wnt5a could only be mapped to the decidual absolute 

ModuLand networks.   
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5.4 Discussion 

Pathway analysis of relative gene expression in the decidua and myometrium 

To our knowledge, our study is the first to explore the globally expressed genes, the cellular 

pathways activated and the hierarchical functional gene networks formed in the normal 

progression of pregnancy from E16.5 to active labour at E19 in the mouse decidua and 

myometrium. The biological functions of the gene profile at active labour in the decidua and 

myometrium, indicate an upregulation in cell survival, cell movement and haematological system, 

supporting the role of immune cell infiltration and immune activity at labour. Leukocyte infiltration 

and cytokine presence have been previously found at term labour in the mouse myometrium 

(Bethin et al. 2003; Zhao et al. 2007; Shynlova et al. 2013a) and mouse and rat decidua (Hamilton 

et al. 2012; Shynlova et al. 2013b). In human labour, inflammatory genes IL-1, -6, and -8 are 

upregulated at term pregnancy (Osmers et al. 1995; Rehman et al. 2003) and in term labour in the 

myometrium (Elliott et al. 2000; O’Brien et al. 2008; Mittal et al. 2010; Mittal et al. 2011), 

chorioamnion (Haddad et al. 2006), and placenta (Peng et al. 2011). These studies support the 

role of inflammation at term pregnancy and labour in a non-infection related conditions.  

Our data provide further evidence for a role for inflammation in the days preceding labour in the 

decidua at 12 hours, and at 36 hours before labour. Acute phase response and coagulation feature 

highly in the top canonical pathways at 36 hours and 12 hours before labour, with an inflammatory 

dominance 12 hours prior to labour and in active labour. The inflammatory gene activation just 

prior to labour in this study, supports a previous observation of extensive leukocyte infiltration in 

the rat decidua 12 hours before parturition (Hamilton et al. 2012). In the relative expression, the 

top pathways in the days preceding labour in the decidua included liver X receptor LXR/RXR 

activation, which was maintained through mid-late pregnancy to labour. LXR/RXR pathways 

regulate lipid metabolism and leukocyte homeostasis (Calkin & Tontonoz 2010), and are involved in 

attenuating synthesis of PTGS-2, IL-6 and MMP-9 expression (Hong & Tontonoz 2008). The 

LXR/RXR pathway appears to have dual roles in inflammation, indicating it may play a role in 

mediating appropriate inflammatory signals during normal term labour. The LXR/RXR pathway was 

also identified as an important canonical pathway in human choriodecidual during normal term 

labour (Stephen et al. 2014). 

In a previous study of the mouse myometrium, Salomonis et al, 2005 identified that mouse 

myometrial genes from mid to term pregnancy, clustered into biological functions of prostaglandin 

synthesis, cell growth and extracellular matrix, contractile function and DNA transcription. The 

canonical pathways included contraction, cytoskeletal remodelling and estrogen signalling and 

transcription (Salomonis et al. 2005). In our study, the myometrial genes were associated cellular 

assembly and organismal development at 12 hours, and then at 36 hours before labour. The 

pathways included integrins, IGF-1, and gap junction signalling, supporting anatomical 

development of the myometrium during mid to late pregnancy. Integrins mediate intracellular 

signalling with a wide number of roles mediating cell motility, cell adhesion, cell polarity, cell death 
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and inflammation to name a few (Gille and Swerlick 1996; van Kooyk et al. 1998; Lévesque and 

Simmons 1999). Growth factors, such as IGF-I and EGF, stimulate myocyte hypertrophy and 

increased uterine tension (Shynlova et al. 2007a; Shynlova et al. 2010b; Liu et al. 2013), which 

increases extracellular matrix proteins and integrin expression in the uterus to accommodate the 

developing fetus (Salomonis et al. 2005; Shynlova et al. 2009). At these gestational stages, the 

gene expression across late pregnancy is unsurprisingly dominated by functions associated with 

maintenance of pregnancy. 

In contrast to the decidua, inflammatory pathways only featured in the myometrium during active 

labour. The presence of inflammatory activity at active labour in the myometrium has been 

associated with myometrial contractile-signalling amplification (Seibert and Masferrer 1994; Gross 

et al. 2000; Chevillard et al. 2007; Terzidou et al. 2011; MacIntyre et al. 2014; Phillips et al. 2014) 

and remodelling activity (Blanks et al. 2007; Yellon et al. 2009; Lirussi et al. 2010). The top 

canonical pathways at E19 are involved in LXR/RXR activation, acute phase response, coagulation 

signalling, and granulocyte adhesion and diapedesis, mirroring the type of immune activation seen 

in the decidua during active labour. This suggests that in the myometrium, inflammatory pathways 

are important during active labour, but not in the preceding stages, arguing against inflammation 

as a driving force for myometrial labour activity. In another study, pathway analysis in the rat 

uterus identified immune responses and WNT activation of NFκB as major cellular pathways at 

term labour (Girotti & Zingg 2003). We also found prominent changes in WNT-signalling, nitric 

oxide and reactive oxygen species, in the myometrium during active labour. The canonical WNT/β-

catenin pathways are involved in many cell types and functions during embryonic cell fate and 

cancer development, including tissue regeneration, migration and proliferation (Blagodatski et al. 

2014). Expression of multiple Wnt family members have been reported in the myometrium 

(Gorowiec et al. 2011), human fetal membranes (Bollapragada et al. 2009) and cervix (Dobyns et 

al. 2015) at term, where its activity is associated with prostaglandin production (Yuan et al. 2012). 

Our identification of nitric oxide as a major cellular activity during active labour is supported by its 

role in promoting prostaglandin synthesis at high concentrations with elevated levels contributing 

to LPS induced mouse preterm birth (Cella et al. 2010). The involvement of reactive oxygen 

species during NFκB signalling is associated with signalling in pro-inflammation, proteases, and 

prostaglandin expression (Lappas et al. 2003). 

Pathway analysis of absolute gene expression in the decidua and myometrium 

We refined our original analysis to determine the gene profile in the decidua and myometrium on 

each day leading up to labour, by detecting all genes that were expressed at each time point, and 

analysing across the gestational stages for contributing mechanisms that lead up to active labour, 

rather than a relative expression compared to E16.5. Using this technique, this study identified 

significant alterations in gene expression that transition in between each stage of pregnancy to 

active labour. We could identify genes constitutively expressed by the uterine tissues on each day 

of mid-late pregnancy, late pregnancy and active labour, and those that were switched on or off as 

the uterus prepares for labour. This approach provides a wealth of data about the potential drivers 
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of the labour process in each uterine tissue layer. Our investigation into the functional 

characteristics of the transcriptome temporally expressed during pregnancy and active labour, 

demonstrated there were very different functions in the different stages leading up to, and during, 

labour between both tissues.  

In decidua, we have defined genes governing normal decidual function across mid to late 

pregnancy, consistent with roles in steroid hormone and eicosanoid biosynthesis and growth factor 

signalling. Inflammatory processes are evident in the 12-36 hours prior to labour, especially in the 

cohort of genes that are maintained during active labour. These include genes regulating 

macrophage function and TLR signalling. Interestingly, transient preparatory events include 

glucocorticoid receptor signalling – implying an early priming role of glucocorticoids for labour, 

whilst changes in cell cycle are a major feature of preparation for and active labour. These studies 

help to define a sequence of events in decidual function, reinforcing that inflammatory changes are 

an early event, followed by modulation of cell cycle and cell death accompanied by inflammation 

during active labour. Causal analysis strongly predicted established labour mediators including 

PGE1, progesterone and estrogen, but also those not yet associated with the regulation of labour, 

including cyclin dependent kinases, homeobox genes and syncytin. The identification of the steroid 

hormones progesterone and estrogen as sequential upstream regulators of normal decidual gene 

function and preparation for labour respectively is consistent with our knowledge of endocrine 

regulation of labour.  

This study has identified a novel function of the homeobox gene ZEB1 as a causal regulator of 

decidual function in late pregnancy, supported by the known roles of ZEB genes in the 

myometrium. Previous studies have indicated ZEB1/2 suppression is involved in contractile 

associated sensitisation of the myometrium via increased prostaglandin and cytokine synthesis 

(Williams et al. 2012), and expression of GJA1 and OXTR through progesterone function (Renthal 

et al. 2010). Cyclin dependant kinases are inactive until the units complex with a cyclin subunit to 

mediate different stages of the cell cycle. Progesterone is a dual regulator/activator of cyclin 

dependent kinases inhibitors (Owen et al. 1998) and estrogen receptor β upregulates cyclin D1 in 

the presence of a selective estrogen receptor blocker (Sauvé et al. 2009), indicating a role of cell 

cycle of during pregnancy and timing of active labour. Specific inhibitors of cyclin kinases (P21) 

have been shown to regulate decidua growth and function during pregnancy and normal induction 

of labour (Hirota et al. 2010), indicating abnormal function of the decidual cell cycle contributes to 

timing of labour. Identification of syncytin strongly supports the global approach to understanding 

the contributions of signals from multiple sources in regulating normal labour. This placental 

specific retrovirus is involved in the formation of the syncytiotrophoblast which, is responsible for 

the placental production of corticotropin-releasing hormone (Riley et al. 1991). The identification of 

syncytin suggests a significant placental contribution to the regulation of labour, through hormonal 

modulation either through the decidual-placental contact or indirectly via maternal circulation, as it 

is released from the placenta into maternal blood (Mi et al. 2000). The regulation of labour may 

also be through syncytin altering immune cell responses, as it has also been shown to upregulate 

inflammatory maternal leukocyte production of IL-2, -6, -8, -10, chemokines CCL2-5, and CXCL1 
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(Holder et al. 2012), but suppress Th1-type cytokine production of CXCL10, TNF-α and IFN-γ 

(Tolosa et al. 2012). 

Genes governing normal myometrial function unsurprisingly heavily featured those regulating 

smooth muscle cell development and behaviour, with regulatory molecules including PTGS2, HIF1α 

and TNFα. Stress related responses to hypoxia have been shown to be triggered in the progression 

of pregnancy from hypertrophy and uterine stretch from the developing fetus (Shynlova et al. 

2010a). HIF1α in particular has been shown to be expressed in the human labouring myometrium 

(Mittal et al. 2010; Chaemsaithong et al. 2013), supporting our network analysis in identifying it as 

a causal regulator of pregnancy. The pathways detected across the gestational stages in 

preparation for labour were similar to the relative expression analysis, with pathways involved in 

activation of smooth muscle cell function, regulation of cell turnover and growth factor signalling. 

Some of the genes included Wnt/frizzled receptor genes and multiple oncogenes. This supports the 

relative expression analysis identification of the Wnt-signalling pathway and suggests that the 

regulation of cell growth and death is a critical event for onset of labour. The topmost regulators of 

these pathways and genes included growth factors HGF and Oncostatin M (OSM), and hsp70. In 

the pregnant rat myometrium, expression of HGF is associated with IL-1β upregulation via 

progesterone receptor regulation during pregnancy (Lee et al. 2012b). OSM has been previously 

identified as differentially expressed at labour in the human myometrium and cervix (Bollapragada 

et al. 2009). Supporting our analysis of OSM as a top regulator in the stages preceding labour, its 

presence was identified in maternal blood in women with threatened preterm labour that delivered 

with 48 hours (Heng et al. 2014). Heat shock proteins (hsp70, 40, 90, p23) play a role in 

progesterone function by forming subunit complexes in progesterone to progesterone receptor 

interactions (Kosano et al. 1998).  

The pathways defined using absolute gene expression correlate comprehensively with those 

defined using relative gene expression changes and contribute to our knowledge of the temporal 

processes occurring during labour. They reinforce that completely distinct priming events occur in 

decidua and myometrium and that the changes in the decidua are earlier and are far more 

extensive. Moreover, this study adds important knowledge to the debate regarding the role of 

inflammation in labour and whether it plays a causal role. Our data confirm that inflammatory 

processes are highly active during labour, and support the hypothesis that inflammation is an 

important priming event in the decidua but not the myometrium.  

There were also common master regulators identified in the myometrium by relative expression 

that were more of decidual origin in the absolute analysis. The Wnt pathway frequently appeared 

as an important regulator in the myometrium, and functioned as key genes and upstream causal 

regulators in the decidua. The identification of the placental-specific regulator syncytin in the 

decidua, suggest signals from the developing fetus and placenta may be facilitated through the 

decidua, but this is a tentative suggestion. These observations contribute to the idea that there is 

crosstalk between the two uterine layers, with labour being potentially regulated by signals from 

the decidua. The role of the decidua as a mediator of myometrial responses for the onset of 
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labouring processes has been previously suggested. As the decidua is a major site of prostaglandin 

synthesis (Makino et al. 2007; Phillips et al. 2011), is a mediator of progesterone function (Blanks 

& Brosens 2012), and there is decidual immune cell infiltration prior to labour and at cell 

populations far greater than those that are found in the myometrium at labour (Hamilton et al. 

2012). There is further evidence in a mouse model with a uterine deletion of p53. This deletion 

resulted in reduced decidualisation and abnormal elevated decidual expression of PTGS2. The 

increased PTGS2 was not observed in the myometrium but resulted in preterm labour (Hirota et al. 

2010). 

The volume of genetic data describing term and term labour in the myometrium has repeatedly 

demonstrated there are genes that are not directly associated with contractile generation, but are 

involved in a wide range of pathways that contribute to the labour cascade. However, to generate 

a meaningful understanding of the genes and pathways in the context of the labour system, in-

depth analysis of the relationships between the differentially genes and interconnections of the 

networks they form was required. Ultimately characterising the phenotype of signals leading 

towards labour will help identify the prominent components and mechanisms that affect the 

biology of labour.  

In vitro analysis of the master regulators  

To identify master regulators of the labour transcriptome, we analysed the relative expression of 

active labour to a non-labouring stage at E16.5. The relative comparison identified several genes 

that were predicted upstream regulators with hierarchically high relationships and highly significant 

interconnections in the gene networks. The final candidates included IRAK4 and TIRAP in the 

decidua, and TLR2/4 complex and Wnt5a in the myometrium. IRAK4 and TIRAP are essential co-

factors in interleukin and TLR signalling, consistent with the inflammatory phenotype of the 

decidua. The inhibition of these upstream regulators of major inflammatory was predicted to 

down-regulate multiple labour-associated signals. WNT5a is a non-canonical signalling pathway, 

involved in cell to cell contact, adhesion, differentiation and cell movement in cancer invasion and 

metastasis (Kikuchi et al. 2012). Activation of TLRs with TNFα and IL-6 can induce Wnt5a 

activation, but through multiple different signalling cascades (such as JAK/STAT, TGFβ, NFκB and 

MAP3K7) (Katoh & Katoh 2009). Wnt5a also has roles in regulating cellular metabolism in cancer 

(Sherwood et al. 2014), and endothelial expression of MMPs (Masckauchán et al. 2006). The 

multiple roles of Wnt5a, and its identification as a major regulator of labour-associated targets 

suggested a potential for effective suppression of downstream targets. 

The chemical inhibition of each individual master regulator IRAK4, TIRAP, TLR4 and Wnt5a had 

some effect on the basal expression of our predicted genes, but these were limited. At 24h IRAK4 

inhibition generated no differences downstream, but the preliminary results of TIRAP inhibition are 

supportive of it being a prospective upstream regulator of labour-associated mediators. TLR4 

inhibition decreased mRNA expression of the network predicted downstream chemokine CCL9 at 

24h, but produced a contrary direction of change in many of the other genes analysed at 24h. The 
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WNT5a inhibitor BOX 5 also generated an opposite direction of expected change in mRNA 

expression, with increased downstream gene expression of predicted downstream genes CCL6 and 

IRAK4. At 48 hours, both IRAK4 and TLR4 inhibition increased the expression of many of the 

downstream genes, contrary to the network prediction. The inhibitor BOX5 significantly reduced 

CASP3 expression, positively validated the predicted decrease in this gene. The preliminary results 

of TIRAP demonstrated encouraging inhibition of the predicted downstream network. 

Although two of the targeted master regulators generated an unexpected pattern of change, it is 

encouraging that the inhibitors generated a response in an unstimulated cell model, and altered 

expression of specific genes predicted from causal network analysis. Investigation of the effects 

using a stimulated labour model is required to better represent the changes in gene expression 

occurring during labour. To further improve experimental outcome, drug-target inhibition 

interactions could assist the targeting of our upstream predicted regulators. There are vast 

numbers of pharmacological agents available for our candidate regulators and the ones in this 

study were selected based on their ability to block each of the individual candidates. However, the 

chemical interactions against our total candidate network were unknown. Drug to target effects are 

shown to interact differently on the biology, the functional pathways and governing biological 

network. There are available techniques to map chemical interaction to target networks, which 

would better identify effectiveness in altering the downstream pathways and therefore reducing 

experimental time in identifying an appropriate reagent (Spiro et al. 2008; Tang et al. 2013; 

Martínez-Jiménez and Marti-Renom 2015; Seal et al. 2015). Additional work in selecting 

appropriate inhibitors through target-drug interaction analysis and would help identify appropriate 

therapies. Studies combining genomic and network analysis with drug-target analysis in cancer 

development identified a series of specific inhibitors that effectively reduced cancer cell viability by 

at least 50%, compared to other cell-viability suppression compounds that maintained cell viability 

at 73% (Jeon et al. 2014). Using network analysis and siRNA ablation, another study validated only 

63% of downstream targets to a transcription factor (Qian et al. 2003). The study identified that 

the relationship between regulators and targets are multifaceted, and selective targeting of 

multiple levels of a network in order to abolish/promote the activity of specific pathways is 

required. This is apparent in molecular investigation as transcription factors promote the 

expression of a whole network of genes, and those genes are also regulated by more than one 

transcription factor (Qian et al. 2003). Our network analysis indicated that the master regulators 

have associated lower level regulators in the network and inclusion of these in experimental 

inhibition may develop a better response downstream. For example, combining the inhibition of 

Wnt5a and TLR signalling may result in more potent inhibition due to the inflammatory association 

of Wnt5a signalling. The combination of inhibiting the TLR2 and/or 4 together with eicosanoid 

signalling would target an earlier stage of a labour-associated cascade via upstream interruption of 

inflammatory and prostaglandin signalling. 

It has been previously shown that inhibition of a significantly expressed inflammatory signalling 

pathway in the labour cascade can reduce the rates of preterm labour. In a mouse model of 
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preterm labour induced by a gram negative bacteria LPS, the use of a broad spectrum chemokine 

inhibitor reduced the rates of preterm birth by 36% (Shynlova et al. 2014). This study supports 

that the blockade of multiple key pathways can prevent labour. However, the partial reduction of 

preterm labour also emphasises that targeting of multiple or upstream pathways is probably 

required to more effectively block the labour cascade.  

Summary 

The dynamic interactions and relationships were investigated between uterine genes during the 

initiation of labour and in active labour, using pathway analysis, and network analyses of changes 

in gene expression to assess the hierarchy of molecular mechanisms involved. These analyses 

identified high-level master regulators of active labour in decidua and myometrium, which 

possessed strong regulatory effects on downstream networks of labour-associated mediators. As a 

pre-requisite to future translational studies to therapeutically promote or suppress the labour 

process, manipulation of these regulatory targets in vitro tested their potential effectiveness in 

suppressing or activating labour-associated genes. 

Using functional genomics this study has found there are substantial changes in genes, signalling 

pathways and regulatory clusters during pregnancy, prior to labour and at active labour in both the 

myometrium and decidua. A limitation of human studies is the ability to investigate samples that 

are in active labour and a mouse model allows the investigation of the processes that preceding 

and activates the processes for parturition. Using the decidua paretalis provides a model that 

removes the potential effect of fetal placental tissue or contaminating invasive trophoblast cells.  

Functional enrichment studies in human uterine tissues identify inflammation driven responses in 

laboured myometrium and fetal membranes (Arthur et al. 2008; Helguera et al. 2009; Elmes et al. 

2015). Our data indicates the inflammatory pathways are highly involved prior to the onset of 

labour during pregnancy in the decidua, but are only present in the myometrium during active 

labour. Temporal activity plays an important role as there are gene and functional activity 

maintained throughout gestation and labour in both tissues. These may not define labour, but 

participate in supporting or contributing to the whole process of successful labour. More 

importantly, there is a significant diversity of functions occurring across pregnancy and in the lead 

up towards labour, especially in the decidua. The decidua is highly active at an earlier gestational 

stage and this activity continues through to active labour. The myometrium is moderately active 

with functional activity involved in smooth muscle maintenance, and cell to cell signalling. Major 

changes in myometrial activity with involvement of major inflammatory signalling peaked during 

active labour. The decidual function at stages preceding labour, and the detection of a myometrial 

regulator as network-related in the decidua, suggests a potential functional cross-talk between the 

two uterine layers for the activation of the labour cascade.  

More detailed in vitro studies are required for the therapeutic potential of the in silico predicted 

genes. The evidence for the decidual predicted master regulators is encouraging with IRAK4 and 

TIRAP, both with major pathway significance and high network regulation. The initial results of this 
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inhibition study using a single target in an unstimulated system alter the response in downstream 

predicted genes. Though the direction of change is in contrast to the network, the basal cell results 

indicate a labour-model stimulation would produce a greater magnitude of effects. The targeting of 

the master regulator and one of its related regulators in the network would also demonstrate the 

effect on network in the system of labour.  
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Figure 1. Microarray validation of gene expression at E19.0 using qRT-PCR. 

Genes were amplified in individual samples, and analysed by fold change of expression at E19.0 

compared to E16.5 in (A) decidua and (B) myometrium. Light grey line indicates normalised 

expression on E16.5. Purple points indicate validated upregulation, dark blue validated down-

regulation, light blue indicates validation for predicted no change in expression. Black points 

indicate differential expression that did not reach statistical significance (p=0.06). Grey points 

indicate no change in expression (p>0.05). * Statistical significance p<0.05 Wilcoxon signed rank 

test. ^ no change in expression was validated (A only). 
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Figure 2. Heat map showing the pattern of gene expression relative to E16.5 and the 

top biological pathways during late pregnancy and active labour 

(A) Decidua and (B) Myometrium. Embryonic day (E) 17.5, E18.5 and E19. Each box represents 

differentially expressed genes that cluster in the indicated function. The intensity of colour specifies 

the degree of change. Orange = upregulation, Blue= down-regulation, white= significant but low 

level of change.  
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Figure 3. Canonical pathways in the decidua preceding and during active labour.  

The differentially expressed genes and their top 10 associated canonical pathways at embryonic 

day (E): (A) E17.5, (B) E18.5, (C) E19.0 compared to E16.5. The y-axis indicates the percentage of 

the differentially expressed genes in the cellular pathway. The numbers at the top of the graph 

indicate the number of known genes within the pathway. The yellow line indicates the calculated 

pattern of gene activity (-log p-value) in each pathway. Red bar = upregulation, green bar = 

down-regulation.  
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Figure 4. Canonical pathways in the myometrium preceding and during active labour.  

The differentially expressed genes and their top 10 associated canonical pathways at embryonic 

day (E): (A) E17.5, (B) E18.5, (C) E19.0 compared to E16.5. The y-axis indicates the percentage of 

the differentially expressed genes in the cellular pathway. The numbers at the top of the graph 

indicates the number of known genes within the pathway. The yellow line indicate the calculated 

pattern of gene activity (-log p-value) in each pathway. Red bar = upregulation, green bar = 

down-regulation.  
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Figure 5. Comparative analysis of the absolute gene expression pattern between the 

stages of pregnancy leading up to labour.  

This Venn diagram identifies the distinguishing pattern of shared and discrete genes between the 

stages of pregnancy leading up to active labour. A. all shared genes E16.5 to E19, B. pattern of 

genes between E17.5 and E18.5, C. gene activity between E17.5, E18.5 and E19, D. genes at 

active labour E19.0. Dec= decidua, Myo= myometrium.  
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Figure 6. The temporal significance of signalling pathways across gestational stages 

and active labour in the decidua.  

A. Gene set consistently expressed (E16.5 to E19). B. Gene set transiently expressed 12-36 hours 

before labour (E17.5 and E18.5). C. Gene set expressed 12-36 hours before and during labour 

(E17.5, E18.5 and E19). D. Gene set expressed during active labour (E18.5 and E19). 
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Figure 7. The temporal significance of signalling pathways across gestational stages 

and active labour in the myometrium. 

A. Gene set consistently expressed (E16.5 to E19). B. Gene set transiently expressed 12-36 hours 

before labour (E17.5 and E18.5). C. Gene set expressed 12-36 hours before and during labour 

(E17.5, E18.5 and E19). D. Gene set expressed during active labour (E18.5 and E19). 
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Figure 8. ModuLand hierarchical network analysis of decidual genes differentially 

expressed at E19 compared to E16.5. 

A. Summary of network analysis showing the number of nodes and interactions formed, B. the 

network system at level 0, and C. the network at the next hierarchical level 1. The nodes at this 

level represent all the lower level interactions at level 0. 
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Figure 9. ModuLand hierarchical network analysis of myometrial genes differentially 

expressed at E19 compared to E16.5. 

A. Summary of network analysis showing the number of nodes and interactions formed, B. the 

network system at level 0, and C. the network at the next hierarchical level 1. The nodes at this 

level represent all the lower level interactions at level 0. 
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Figure 10. Effect of chemical inhibition of master regulators on downstream gene 

expression in mouse MOVA cells after 24h.  

qRT-PCR assessment of inhibition of: (A) IRAK4, (B) TIRAP, (C) TLR4, and (D) WNT5a (n=3-6), on 

mRNA expression of on selected downstream genes predicted from the networks. Data presented 

as relative expression 2-ΔΔCT to vehicle control with normalisation to reference gene TBP. * 

Significance at p<0.05 Wilcoxon signed rank test. ^p=0.06. 
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Figure 11. Effect of chemical inhibition of master regulators on downstream gene 

expression in mouse MOVA cells after 48h.  

qRT-PCR assessment of inhibition of: (A) IRAK4, (B) TIRAP, (C) TLR4, and (D) WNT5a (n=2-8), on 

mRNA expression of selected downstream genes predicted from the networks. Data presented as 

relative expression 2-ΔΔCT to vehicle control with normalisation to reference gene TBP. * 

Significance at p<0.05 Wilcoxon signed rank test. ^p=0.06.  
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Table 1. Summary of mouse primers used. A) reference genes used and B) genes of 

interest. 
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Table 2. Summary of inhibitors used for in vitro experiments 

 

 

Candidate Inhibitor Target Conc Source Reference 

IRAK4 
Aminobenzi-

midazole 
IRAK1/4 150nM Sigma, UK 

Powers et 

al. 2006 

TIRAP 
Peptide 

inhibitor 

RQIKIWFQNRRMKWKK  

at the NH2-terminal  

of LQLRDAAPGGAIVS 

25µM 
Insight 

Bio, UK 

Horng et 

al. 2001 

TLR4 Antibody TAK-242 (tlrl-cli95) 2µM 
Invivogen, 

FR 

Zhang et 

al. 2014 

WNT5a 

Peptide 

inhibitor 

(BOX5) 

On the Wnt5a N-

terminal group; t-boc-

Met-Asp-Gly-Cys-Glu-

Leu 

200µM 
Insight 

Bio, UK 

Jenei et al. 

2009 
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Table 3. The top pathways, key genes and the highest causal regulators of the absolute 

gene expression of pregnancy in the lead up to labour of the decidua. 

A. Gene set consistently expressed (E16.5 to E19). B. Gene set transiently expressed 12-36 hours 

before labour (E17.5 and E18.5). C. Gene set expressed 12-36 hours before and during labour 

(E17.5, E18.5 and E19). D. Gene set expressed during active labour (E18.5 and E19). 
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Table 4. The top pathways, governing genes and top causal regulators of the absolute 

gene expression during pregnancy in the lead up to labour of the myometrium.  

A. Gene set consistently expressed (E16.5 to E19). B. Gene set transiently expressed 12-36 hours 

before labour (E17.5 and E18.5). C. Gene set expressed 12-36 hours before and during labour 

(E17.5, E18.5 and E19). D. Gene set expressed during active labour (E18.5 and E19). 
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Table 5. Candidate master regulators of active labour in the mouse decidua.  

(A) Characteristics of candidates from the microarray, ClusterONE and IPA causal analysis after 

prioritisation through the ModuLand plugin, and (B) final master regulators after detailed analysis 

for downstream labour-associated genes. In the causal analysis, the duplicates indicate the master 

regulator formed more than one network. 

 

 

 

 

 

  



218 

 

 

 

Table 6. Candidate master regulators of active labour in the mouse myometrium. 

(A) Characteristics of candidates from the microarray, ClusterONE and IPA causal analysis after 

prioritisation through the ModuLand plugin, and (B) final master regulators after detailed analysis 

for downstream labour-associated genes.  
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Overlap of the candidate into 
different tissue network 

maps 

 

 

 

Table 7. Summary of master regulators mapped with absolute gene expression and 

network analysis.  

Candidates identified individually from the decidua and myometrium were mapped across both 

tissue types and time points leading up to labour. (A) decidua master regulators. (B) myometrial 

master regulators. Blue text=decidua candidate mapped to decidua, red=myometrial candidate 

mapped to myometrium, black=mapped to the other tissue type. Time periods relate to figure 9 

(A= E16.5 to E19, B= 17.5 and E18.5, C= E17.5, E18.5 and E19, D= E18.5 and E19).  

 

 

 

 

 

 

 

 

Location of the candidate in the overlap 
network map 
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6.0 General discussion 

Labour is a complex process requiring interconnectivity and coordination of signals from multiple 

sources. The most recognisable physiological process of labour, myometrial contraction, is 

currently the only target for therapeutic intervention for labour complications and has been the 

focus of the majority of studies; however, the regulation and interaction of the molecular events 

occurring during labour, in particular the non-contractile-associated processes, have not been 

clearly defined. This study sought to profile and map the events and processes occurring in the 

uterine tissues prior to and during labour. The major findings include that there are a multitude of 

integrated active processes accompanied by widespread alterations in gene expression in the 

decidua and myometrium in preparation for, and during, active labour. These have overlapping 

upstream regulators indicating redundancy in the system, but in accordance with their critical role 

in the culmination of pregnancy and delivery of the infant. As genes are not expressed individually, 

we used network analysis methods to identify significant genes that possess a number of 

functional relationships and significant interconnectivity in the network, and thus high centrality 

during labour. These findings reinforce that targeting a single factor, or a late stage process such 

as myometrial contractions, are unlikely to be successful in stopping preterm labour (PTL).  

The involvement of the decidua in labour 

This project firstly aimed to explore the physiological and biochemical involvement of the human 

choriodecidua in the labouring process, as emerging data suggests that labour may involve 

multiple signalling pathways in the uterine tissues prior to activation of contractions (Marvin et al. 

2002; Haddad et al. 2006; Hamilton et al. 2012; Hamilton et al. 2013; Shynlova, et al. 2013c; 

Castillo-Castrejon et al. 2014). The global transcriptomic approach undertaken in this study has 

shown that in humans, the choriodecidua is highly active during normal term labour (TL). This was 

the first study to characterise the functions, pathways and regulators in detail in the choriodecidua. 

Instead of using a high fold change threshold to select differentially expressed genes, we 

performed pathway and network analysis on all genes that were significantly altered with labour 

using a stringent statistical threshold. Inclusion of all gene changes created gene networks that 

better represented the functional events taking place in the labouring system, and identified 

enrichment of altered genes in common pathways and networks. Even modest changes in the 

expression levels of multiple genes in the same biological pathway indicate its importance in the 

process of labour.  

The prominent gene functions and cellular pathways that characterised the decidual labouring 

system were inflammatory related, as we had previously hypothesised, with multiple upstream 

components that have emerging roles in regulation of labour, such as the mir-200 family that 

increase contractile associated signalling through ZEB1/2 in the myometrium in TL and PTL 

(Renthal et al. 2010; Williams et al. 2012). The transcription factors identified as putative upstream 

regulators of the labour transcriptome events were also inflammatory-related in the choriodecidua. 

These included those with established associations in the labour cascade, such as NFkB 
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components (Khanjani et al. 2011; Sharp et al. 2013), and those previously identified in uterine 

tissues, including HMGB1 (Park et al. 2006; Dubicke et al. 2010b; Khanjani et al. 2011), STAT1 and 

3 (Han et al. 2008; Mittal et al. 2010) and the glucocorticoid receptor NR3C1 (Li et al. 2011). This 

study tentatively suggests that inflammation and other immune-related activity pathways are 

upstream regulators of labour and we hypothesize they may mediate critical preparatory events. 

The microRNAs miR-21 and miR-101 were also identified as putative upstream regulators in this 

study. Previous studies have demonstrated that miR-101 is regulated by PTGS2 expression in the 

uterus (Chakrabarty et al. 2007) and miR-21 is expressed in the uterus during embryo 

development (Hu et al. 2008). With many roles in implantation and pregnancy, with immune cell 

infiltration and spiral artery remodelling, decidualisation at implantation, and shedding and repair 

during menstruation, the decidua is a highly dynamic tissue that is also likely to contribute to active 

labour. Thus, this study has furthered our knowledge of the reproductive roles of the decidua by 

defining related functions during labour.  

Network analysis of the labour transcriptome in human decidua and myometrium and 

discovery of master regulators 

We are in the infancy of understanding the labour transcriptome, and, especially in translating 

these data into therapeutic benefit. Microarrays generate vast amounts of linear data; 

understanding how the genes involved in labour interrelate, and identifying key molecules and 

pathways is essential for a better understanding of the processes involved. Using an unbiased 

systems biology approach, signalling events in the decidua and myometrium - two intimately 

associated tissues - were investigated in detail to generate network maps to define 

interconnections and master regulators of the labour process in the two uterine tissues. 

Using in silico prediction and in vitro techniques, this project has identified genes and pathways 

previously not recognised as crucial in labour in the human choriodecidua and myometrium. 

Detecting these interactions allowed categorisation of potential regulators amongst all the 

differentially expressed genes of labour. Some of the master regulators identified already have an 

established role in pregnancy, such as the TLR family and NFκB, but this study characterised their 

regulatory networks during labour and identified their downstream target genes. We have also 

identified strong regulatory roles for these TLR4 in the choriodecidua, which was previously 

undefined. Other regulatory genes detected had not previously been described in detail in relation 

to labour, including the intermediate filament vimentin and TNFSF13B. Vimentin has roles in 

leukocyte translocation and intracellular communication (Nieminen et al. 2006; Ivaska et al. 2007). 

The identification of vimentin in the decidua suggests it plays an extensive role in regulating 

immune cell infiltration, which we have identified is a key preparatory signalling pathway in the 

stages preceding labour and during active labour. TNFSF13B has a role in maintaining B and T cell 

functions, with elevated expression in autoimmune diseases (Mackay & Schneider 2009). Its wide-

ranging immune-related functions implies that in the decidua it is potentially contributing to 

maternal/fetal immunoregulation, as variant expression is associated with pregnancy complications 

(Hever et al. 2007; Guo et al. 2008; Fenstad et al. 2010).  
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In the human myometrium, TLR2 and RelB were identified as master regulators. TLR2 has 

established roles in labour in uterine tissues promoting contractile processes (O’Brien et al. 2008; 

Re & Strominger 2001; Montalbano et al. 2013; Lim et al. 2014). This study supports its key role in 

labour and demonstrates its relationships as a regulatory molecule, with high centrality in a 

network of the myometrial labour transcriptome. Although the role of NFκB in labour has been 

documented previously, the classical component of NFκB in associated with labour is through 

activation by RelA dimers (Kalkhoven et al. 1996; Zaragoza et al. 2006; Cookson & Chapman 2010; 

De Silva et al. 2010; Zhang et al. 2011b). The role of RelB in uterine tissues during labour is still 

unclear (Cookson & Chapman 2010). This is the first study to indicate that RelB has a regulatory 

role during labour, associated with a number of downstream genes that are selectively expressed 

during labour. It is interesting to note that RelB dimerization can be induced by TNFSF13B 

(Senftleben et al. 2001), a predicted regulator of labour in the choriodecidua, and NFκB signalling 

in human decidual endothelial cells is predominately through the non-canonical RelB (Masat et al. 

2015). These data support the idea of cross-talk and mediation of labouring signals between the 

decidua and myometrium. RelB as a master regulator of labour is also supported by recent studies 

specifically identifying it as the NFκB component that promotes CRH production in the placenta 

through glucocorticoid action (Di Stefano et al. 2015).  

Preliminary in vitro experiments indicate that the predicted master regulators can alter the 

expression of network predicted downstream genes in an unstimulated cell model, although some 

inhibitors were more effective than others. Experimental inhibition of TLR2 in the myometrium, and 

vimentin and TLR4 in choriodecidua was limited in their in vitro regulatory effects on downstream 

genes predicted by the network analyses. The possible reasons for this will be discussed in the 

limitations section. The most promising results were associated with metallotheionein 2 (MT2), an 

intracellular ion-regulator involved in cellular homeostasis maintenance (Vašák & Meloni 2011). We 

identified MT2 as a major upstream causal regulator, suppressing the mRNA expression of 

established labour associated pro-inflammatory genes (IL-1α, -1β, -6, -8), as well as network 

predicted genes PTGER4 (EP4) and vimentin. In addition, as an individual gene, MT2 was 

downstream of all three myometrial regulator candidates MT2, RelB and TLR2, indicating multiple 

biological roles of metallothionein within labour. It is induced during inflammation (Min et al. 

1992), and is associated with hormonal signalling (Slater et al. 1988; Cano-Gauci & Sarkar 1996; 

Harris et al. 2001). We suggest that MT2 may be regulating inflammatory processes during labour, 

and in particular during cellular stress, via alteration of intracellular heavy metal homeostasis.  

Phenotyping the decidual and myometrial events that lead up to labour in a mouse 

model 

One of the limitations of using human tissues is the ability to investigate samples from women in 

active labour or in the days leading up to labour. This means it is impossible to study the 

preparatory processes, or the mediators involved in driving labour, without the confounding effects 

of the labour process itself on the tissue. To be precise, the human tissue samples are obtained 

immediately postpartum, and therefore some of the gene changes observed may be as a 
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consequence of labour. Samples can be collected during emergency caesarean following the onset 

of labour, but this introduces other confounding factors, especially inflammatory responses, from 

maternal and fetal distress. Although there are anatomical, physiological and biochemical 

differences underlying pregnancy and labour in humans and mice, many similarities lie in the 

functional processes. Animal models provide an accessible experimental model to investigate the 

normal changes that precede, and activate, successful labour.  

Using a mouse model to examine the stages leading up to active labour from mid-late pregnancy 

(E16.5-E19), this study demonstrated widespread changes occur in both tissues in the days 

preceding labour. This was expected as priming of the myometrium for labouring activity is an 

established phenomenon, including upregulation of contractile associated signalling such as GJA1 

mRNA and protein expression, and gap junction formation (McNutt et al. 1994; Kilarski et al. 1996; 

McKillen et al. 1999; Doring et al. 2006), oxytocin (Kilarski et al. 1996; McKillen et al. 1999; Arthur 

et al. 2007) and prostaglandin synthesis, receptors and transporters (Manabe et al. 1983; O’Brien 

1995; Cook et al. 2000; Palliser et al. 2004; Arthur et al. 2008; Phillips et al. 2011; Phillips et al. 

2014). However, there were marked differences in the timing, scale and type of preparatory events 

in the two uterine tissues. These studies indicate that the decidual genomics of labour are not a 

swift, sudden event occurring at the end of pregnancy. A clear decline in metabolic and 

biochemical pathways, including cholesterol biosynthesis and metabolism, maintenance of cell-to-

cell junctions occurred 36 hours prior to labour, followed 24 hours later by inflammatory and 

immune responses, together with altered expression of pathways regulating cell death and 

survival. These functional pathways 12 hours before labour resemble those during active labour, 

providing support for their involvement in initiating and driving active labour. In contrast, there 

was a more dramatic alteration in the myometrial transcriptome during active labour, with 

pathways in tissue development and remodelling preceding labour. Importantly, inflammatory 

pathways were only prominent in the myometrium during active labour. Our analyses were 

performed with two methods, with relative expression of differentially expressed genes from E16.5, 

and absolute gene expression with analysis across gestational stages leading up to labour, both 

identifying very similar pathways and the latter identifying key genes and causal regulators for 

each transitional stage. 

Network analysis of the labour transcriptome in mouse decidua and myometrium and 

discovery of master regulators of labour  

An identical analysis approach was performed to characterise the transcriptome, biological 

pathways and identify master regulators during at active labour in the mouse. In the mouse 

decidua, IRAK4 and TIRAP, and in the myometrium TLR2/4 and Wnt5a were identified as master 

regulators. The master regulators identified in the mouse analyses are comparable to those found 

in the human network, as IRAK4 and TIRAP are key components of TLR activation and contribute 

to the specific activity of TLR4 and TLR2 in the induction of NFkB (Horng et al. 2001; Suzuki et al. 

2002). As a target of interest for inflammatory diseases, IRAK1/4 inhibition has been shown to 

inhibit NF-κB signalling in haemopoietic cancer cells (Rhyasen et al. 2013). This suggests a 
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conserved role of inflammatory components which are regulators of labour. We found that there 

were several pathways in common between the human and mouse transcriptome. These included 

LXR/RXR signalling pathway, inflammatory response, Wnt/β-catenin and cell death and survival 

pathways that fluctuated in functional significance across the gestational stages towards labour. 

Our data supports that there are functional and also genomic regulator similarities, rather than 

similarities in gene expression, during labour in the decidua and myometrium between the human 

and mouse. Signalling pathway similarity in the myometrium at labour has been previously 

observed in mouse and human myometrium, where the majority of genes were dissimilar between 

the two species, but they were involved in common pathways involved in smooth muscle function 

and inflammation (Bethin et al. 2003). In our mouse model, the decidual regulators have shown 

prominence as preparatory signals for labour. Our data indicates the decidua and myometrium 

have, in both species, a uniquely active inflammatory role in active labour. 

In the mouse model, in vitro inhibition of IRAK4 resulted in no significant effects on downstream 

genes, whereas inhibition of TLR4 and Wnt5a generated modest suppression. TIRAP indicated 

reduction in many of the network predicted downstream genes, including FOS, CXCR4, CXCL12, 

IKBKB, IRAK4, MMP11 and EGR1, but with low experimental numbers further exploration of 

inhibiting TIRAP is required for statistical significance. In a study using a similar approach 

integrating in silico and in vitro analyses, a key microRNA miR-301/627 was identified in 

maintaining pluripotency of embryonic stem cells by down-regulating hierarchically-high key BMP 

inhibitors TOB2, DAZAP2 and SLAIN1 (Lipchina et al. 2011). These candidates were three of 11 

screened from the network analysis, where siRNA inhibition of individual genes produced no effect, 

but the inhibition of all three together maintained stem cell pluripotency. The study demonstrated 

that master regulators and downstream targets can be predicted, but characterisation of biological 

inhibition requires detailed analysis. 

Important candidates of labour have been identified with high regulatory potential among all the 

genes differentially expressed in the system of normal labour. Using an unbiased approach has 

allowed identification of seemingly non-descript genes as high level regulators, and opens the 

possibility of exploiting overlooked pathways of labour for therapeutic benefit. In general, the 

candidate regulators formed networks that extended beyond the known contractile processes and 

identified regulatory networks in the decidua and myometrium. These data also lends support to 

the idea that targeting multiple processes in different tissues, rather than a single pathway in an 

individual tissue, may generate better efficacy in blocking the labour cascade during PTL. 

The master regulators in both species were selected from a longer list of regulators due to their 

downstream regulatory actions including those genes with a strong association with labour. The 

literature has identified numerous genes with significant expression at labour. However, these 

genes may be downstream mediators and they may not be suitable as effective targets in halting 

cellular processes. This was demonstrated in previous antagonist studies that targeted IL-1R, 

cytokines, or chemokines (Fidel Jr. et al. 1997; Yoshimura & Hirsch 2005; Leitner et al. 2014; 

Shynlova et al. 2014) but found little effect on preterm delivery. A small non-competitive 
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antagonist associated with IL-1R, however, has shown a promising reduction in IL-1β induced 

preterm delivery (12%) compared to IL-1β induction alone (56%). This non-competitive inhibitor 

was shown to be mediated through AP-1 rather than classical NFκB activity traditionally activated 

by IL-1 (Nadeau-Vallée et al. 2015) or LPS (MacIntyre et al. 2014). AP-1 plays a role in the 

expression of the non-canonical NFkB subunit RelB (Wang & Sonenshein 2005), suggesting a 

potential involvement of NFκB signalling via the non-classical pathway. The complexity of 

interactions demonstrates the importance of identifying and targeting significant upstream 

components for effective therapeutic use. Understanding the pathways of action is crucial in 

delineating the regulators, over the prominently expressed components, of a biological system. 

6.1 Limitations 

This work was carried out to phenotype normal labour and identify potential master regulators to 

provide insight into therapeutic potentials for PTL. The decidua was identified as having major 

functionality and regulatory action during normal TL. However, this study used the human 

choriodecidua obtained from the fetal membranes, rather than isolated decidual tissue. This may 

be problematic as it has been shown in previous studies that the chorion and decidua distinctly 

express CRH receptors (Florio et al. 2000), MMPs (Riley et al. 1999), prostaglandin enzymes 

(Phillips et al. 2014) and cytokines (Young et al. 2002). The two layers can contribute to the 

genetic input in the identification of the master regulators in this study, and delineation of the 

contribution of the two layers is difficult without cell isolation or dissection, both of which introduce 

their own potential confounding influences. Our primary interest was in the decidua, due to its 

intimate contact with the myometrium which indicates the potential for regulatory crosstalk. 

Although we demonstrated that TLR4 was expressed by both the chorion and decidua (Stephen et 

al. 2014), vimentin was a product of decidual stromal cells with no reported expression in chorion 

trophoblast cells, which are epithelial in origin (unpublished observations). This provides 

reassurance that the master regulators identified in the choriodecidual are exerting actions in the 

decidua. 

A mouse model was utilised due to the ease of obtaining tissues at multiple time points in 

gestation, the functional similarities with human tissues during labour (Bethin et al. 2003; Williams 

et al. 2012), and the available genetic information of the mouse genome. However, systemic 

progesterone withdrawal drives labouring events in mice, and potentially, the use of animals with 

similar functional progesterone withdrawal as humans, such as the guinea pig, may provide a more 

accurate picture of events (Evans et al. 1982). However, mouse models are frequently utilised as 

any potential therapies are likely to be tested in well-characterised rodent models prior to clinical 

trials. The similarities in function and regulators identified in this study between human and mice 

also indicate that the mouse model is an appropriate animal model for labour studies. 

Understanding the differences, and similarities, between mouse and human uterine signalling helps 

to predict whether a mouse model is appropriate for testing specific therapies or whether a 

different animal model (with labour signalling more similar to that of humans) is required.  
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Microarray analysis was performed on pooled samples with two technical replicates, as pooling of a 

low number of replicates can provide an equivalent detection power as individual arrays and 

account for inherent biological variation between samples (Peng et al. 2003; Kendziorski et al. 

2005). From the literature we found that pooling samples was statistically acceptable, and were 

also chosen as our experimental method due to financial budget constraints. This study validated 

the microarray-identified gene changes using qRT-PCR, but pooling with inclusion of biological 

replicates would provide greater confidence in the data. Previous microarray studies have used 

inclusion criteria of ≥2 fold changes in differential expression analysis (Muhle et al. 2001; Bethin et 

al. 2003; Rehman et al. 2003; Haddad et al. 2006; Mittal et al. 2010; Khanjani et al. 2011; Heng et 

al. 2014). Several of these demonstrated no differential expression or enrichment in functions or 

cellular pathways between term and TL with these fold change criteria (Haddad et al. 2006; Sitras 

et al. 2008). In this study, a lower fold change with a high statistical restriction was used for the 

human and mice studies, as a large fold change in expression is not always biologically significant 

in molecular analyses. The statistical software package PUMA was used to provide a Bayesian 

approach to the statistical assessment of expression, which is particularly suited for small sample 

numbers (Liu et al. 2006; Pearson et al. 2009). To clarify the genomic changes across the 

gestational stages in the mouse data, this study refined the analysis to include gene barcoding to 

include absolute gene expression, to support the relative expression data. Relative expression 

analysed the data to a presumed non-labouring state. These master regulators were also refined 

with a fold change threshold. Gene barcoding reinforces the significance of the data and allows 

inclusion of all arrays for analyses, thus allowing the investigation of transitional expression of 

genes over several time points with no fold change inclusion but similar high statistical restriction.  

Our network analysis in the mouse identified numerous genomic changes involved over time in the 

lead up to labour and further analyses are required to identify key regulators that are not only 

present at active labour but play key roles in the lead up to labour. This would include more 

extensive network analysis at each stage of gestation in the mouse model and also, detailed 

investigation of potential crosstalk between the decidua and myometrium at each stage to 

understand mediating factors that act prior to onset of labour. 

Our in vitro studies investigating the effects of inhibiting the master regulators on downstream 

genes predicted by the network analysis used unstimulated cell lines. This is potentially 

problematic as the basal condition of smooth muscle cells does not represent the highly activated 

labouring myometrium and genes associated with labour may not be expressed to the same 

magnitude or, if expressed may not behave in the same way with inhibition. Our attempts to use a 

more physiological in vitro model of choriodecidual explants were largely unsuccessful. This may be 

due to the variability between different samples of choriodecidua in terms of the relative thickness 

of decidua and chorion, the extent of preparatory events for labour and the abundance of immune 

cells. In addition, the pharmacokinetics and penetrance of chemical inhibitors and neutralising 

antibodies is more complex in intact tissues. Stimulation and inclusion of a decidual cell model may 

be better in representing the effects of the tissue selective master regulators.  
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There are also potential issues with the inhibitors selected. The chemical inhibitor Gö6983 was 

selected from literature due to its known inhibitory effects on the master regulator, vimentin (Mor-

Vaknin et al. 2003) and MT2 (Yu et al. 1997). The selectivity of the inhibitory response was due to 

its use at different concentrations of which block various responses downstream of PKC. The PKC 

inhibitor used in this study was specific for α, β, δ and ζ, however, the PKC kinase isoforms 

mediate a number of functions such as cell growth, proliferation, death and differentiation across 

many tissue types. NFκB transcription is promoted by specific isoforms of PKC in monocyte and 

macrophages (Wang et al. 2011) and are involved in cytokine signalling during LPS activation of 

mouse macrophages (St-Denis et al. 1998). Investigating the effects of PKC in the labouring 

network would better elucidate the target mechanisms, but for our study the use of a more specific 

inhibitor for the master regulators would be more effective and prevent off target effects. Our 

inhibitors for TLR2 and 4 were antibodies which may have limited tissue/ cell surface access due to 

their large size. In tissue explant models, there are also additional complications with the presence 

of the extracellular matrix. In in vitro models, the interaction of antibodies to the surface receptors 

may activate complement factors depending on concentration and antibody affinity (Chames et al. 

2009). A major limitation to the promising results of the TIRAP inhibition was due to the cost and 

access of the peptide inhibitor. The peptide was commercially purchased, but custom made from 

reported sequences. The molecular size and the concentrations required to generate inhibition 

limited experimental numbers. 

Our final master regulators candidates have multiple downstream functions, an experimental 

difficulty when attempting to pharmacologically inhibit the candidate individually. A multi- targeted 

approach may be required. It has been previously shown that the inhibition of the key upstream 

components of the TLR pathway (IRAK1 and 4) inhibits cell progression in breast cancer cells, but 

inhibition of another key component, BCL, significantly heightened the efficacy of the inhibition 

(Rhyasen et al. 2013). We have also shown downstream genes of master regulators overlap 

between the decidua and myometrium (Lui et al, 2015 manuscript in preparation, Chapter 4). 

During labour it has been shown that depletion of natural killer cells significantly contribute to 

labour, but ablation does not do not effect timing of labour (Li et al. 2012). The redundancy in the 

inflammatory system has also been shown in other models, where the roles of the inflammatory 

products IL-1 and -6 are established in labour, but timing of labour was not affected in mice 

deficient in these cytokines (Hirsch et al. 2006; Sakurai et al. 2012). Ideally, targeting multiple 

regulators simultaneously or multiple levels of a regulator network, would more effectively supress 

the network, and overcome the redundancy found in major biological systems such as the 

inflammatory response. A potential method to target multiple regulators is the use of miRNAs, 

which we have shown to be upstream of pathways associated with labour, although thorough 

investigation of the all downstream targets of specific miRNAs would be required. 

Our project was to characterise the decidua in human and mouse models and identify master 

regulators in the decidua and myometrium of TL. As a primary limitation, our studies have 

primarily focused on normal TL and we have extrapolated potential use of our master targets for 

PTL. We have shown that TLR4 (Stephen et al. 2014) and vimentin (Lui et al, 2015 manuscript in 
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preparation) are expressed in the decidua in TL and in PTL samples. However, further work on the 

effects of our master regulators in PTL samples would be required to investigate whether the same 

gene networks and pathways are relevant.  

Summary  

Understanding the processes involved in the regulation and development of labour is of utmost 

importance if we are to develop more effective therapeutics for PTL. This study have identified that 

the decidua contributes significantly towards the processes of normal TL in the human and mouse. 

Inflammatory processes are prominent in the labour transcriptome, and in the mouse, these and 

related processes are initiated prior to the onset of labour, suggesting a causative rather than 

consequential role. Other preparatory events were evident in the decidua during the final days of 

pregnancy, whereas in the myometrium, activation of key functions were detected nearer to the 

onset of labour, supporting the hypothesis that decidual activation precedes myometrial activation 

for labour, at least in terms of immunological or inflammatory responses. Network analyses have 

identified key master regulators of the labour system in both human and mice models, and these 

key candidates included several with previously unknown roles in pregnancy. Some candidates with 

established roles in labour were shown for the first time as master regulators of labouring 

pathways; others were shown to have lower level functions within uterine tissues and therefore not 

be suitable therapeutic targets. The therapeutic potential of these master regulators requires 

further investigation, but initial results are encouraging. The complexity in identifying networks and 

the differences between the two uterine layers in normal labour strongly suggest a multiple-target 

approach may be essential in preventing idiopathic PTL. Understanding normal TL and 

investigating the regulation of the genome to identify potential therapeutic targets may also have 

wider implications in cases such as term obstructed labour, where failure to of labour progress 

places great risk to both fetal and maternal mortality.  
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7.0 Future directions 

This study has contributed to our understanding of the mechanisms of labour in the decidua and 

myometrium, and between the human and mouse, but there are many more questions to be 

answered in order to elucidate biological importance and generate therapeutic usefulness. In 

particular, the transcriptomics and in silico analyses this study has performed have generated 

hypotheses and new avenues for future research. Some of these are discussed below. 

Does TIRAP inhibition actually suppress the network predicted downstream genes as the 

preliminary data indicates? 

The most immediate short term goal, in order to strengthen the data, would be to increase the 

experimental number of treating the mouse smooth muscle (MOVA) cells with the TIRAP inhibitor 

and assessing the cell mRNA expression of downstream mediators. 

 

Can we chemically inhibit human master regulators in a stimulated cell model? 

The next immediate aim would be to investigate the inhibition of master regulators in activated 

cells and/or primary cells from labour. We have recently successfully isolated human choriodecidual 

cells (Duval et al, unpublished observations). Stimulating the cells with IL-1β or isolating cells from 

women who have undergone labour, would help identify the effectiveness of using the chemical 

inhibitors on the expression of downstream labour associated genes. 

 

Is the multiple use of inhibitors a better approach to target multiple pathways? 

As each master regulator forms a causal network that consists of several associated downstream 

regulators, the targeting of multiple regulatory components within a system may produce more 

effective suppression of the labour-associated pathways. As an example, ERK1/2 signalling was 

identified in the network as a related (lower level) regulator in all the final mouse regulators 

(IRAK4, TIRAP, TLR2/4 and WNT5a), and in most of the final human regulators (VIM, TLR4, 

TNFSF13B, TLR4 and RelB). As part of cell growth and survival pathways, which were detected in 

as crucial signalling pathways prior to labour in the mouse, the ERK regulator is a promising 

candidate to include in multiple targeting investigations. ERK inhibitors are commercially available 

as they are a target of interest in cancer targeting therapeutics (Samatar & Poulikakos 2014). 

 

Should we be targeting other key regulators? 

There were numerous upstream causal regulators identified from the network analysis. A 

combination of these master regulators that govern inflammatory and non-inflammatory, especially 

those that may be preparatory for labour, i.e. were involved in the transcriptome prior to labour. 

These may target a wider range of inhibition of pathways, and thus be a more effective approach. 

In the decidua, ZEB1 was identified as a major regulator transiently appearing at 12-36 hours 

before labour, before reappearing with active labour in the mouse studies. We have also predicted 

upstream microRNA regulators of ZEB1/2 in the labouring human choriodecidua. Upregulated by 

progesterone, this family of zinc finger homeo box genes, negatively regulates contractile 
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associated signalling (Renthal et al. 2010) making it a promising future target of the labouring 

decidua with potential effects over the myometrium. Another potential candidate predicted from 

the mouse myometrial networks was BCL3, with roles in major pathways found at 12-36 hours 

before labour. Involved in cell death and survival, it has been previously used as a target in cancer 

cell studies in reducing tumour growth. In other studies, the simultaneous targeting of multiple 

pathways such as combining BCL3 and IRAK1 increased efficiency of tumour growth suppression 

(Rhyasen et al. 2013). 

 

Would the use of drug-drug and drug-target network mapping identify reagents with higher 

specificity for the master regulators? 

Future directions in the long term would include the use of drug-target mapping, which would 

assist in selecting reagents that are more likely to be specific to our master regulator candidates. A 

system biology approach in predicting the interactions between chemical and the activated 

pathways would also identify inhibitors and any known off-target effects. There are multiple free to 

access repositories available. For example, chemical-drug-target interaction databases include 

DrugBank (Knox et al. 2011) and Supertarget (Hecker et al. 2012). Databases with chemical 

properties, and pharmacology to biological interactions include BioAssay Database (Wang et al. 

2014) and ChEMBL (Gaulton et al. 2012).  

 

Are there similar activating pathways and regulators in preterm labour? 

We would perform analysis of the transcriptome of human PTL in the decidua and myometrium 

using microarray and network analysis to investigate the similarities between TL and PTL. We 

would hypothesize that there would be strong similarities, based on previous studies showing there 

are labour-associated effector genes in the myometrium, regardless of the mode of labour (Weiner 

et al. 2010). However, careful criteria of participant inclusion would be required with numerous 

potential confounders to consider for a ‘normal’ PTL cohort such as non-infectious PTL, singleton 

pregnancy, gestational age, smoking, ethnicity, BMI, medical administration e.g. betamethasone 

therapy which has anti-inflammatory effects.  

 

Can we inhibit labour processes in an in vivo model and delay labour? 

To test whether an inhibitor had the potential to stop PTL, we would need to use an animal model. 

We would require careful titration of inhibitors and studies of pharmacokinetics in tissues and 

animal models. Using an established non-infectious PTL model with a progesterone receptor 

antagonist mifepristone (RU486) (Dudley et al. 1996b; Gomez-Lopez et al. 2014b) we would 

investigate the effect on timing of labour and inhibition in labouring processes. In combination with 

the in vivo investigations, we would require dose and toxicity testing of the inhibitors for optimal 

dosing. Any promising potential chemical candidates would then be investigated in different animal 

model species for toxicological affects for future potential in utilising master regulator candidates in 

human clinical trials. Several animals would include, rabbits, guinea pigs and sheep. 
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Long term future directions 

 

Can we improve delivery of therapeutics to the target tissues? 

 

Encapsulation 

The development of new therapies in pregnancy is difficult due to the potential for maternal and 

fetal morbidities. In order to improve not only therapeutic efficacy, but also delivery, drug targeting 

techniques can be applied. Encapsulating barriers with tissue-specific targeting labels are one such 

approach. Lipids are easily metabolised and liposomes are biocompatible (Mallick & Choi 2014). 

Liposomes been successfully used as therapeutic transporters in chemotherapy (Gabizon et al. 

2006), with liposomal encapsulated doxorubicin demonstrating increased tumour reduction efficacy 

in mice, compared to the unbound drug. This technology also has efficacy at reduced doses, 

identifying the potential in decreasing chemotherapeutic side-effects (Gabizon 2002). The large 

surface area of a liposome also allows multivalent attachment of targeting peptides. In place of 

systemic delivery to all vascular beds, the use of organ-specific peptide-mediated delivery of target 

drugs can improve therapeutic effects, and reduce systemic side effects (Ruoslahti et al., 2010).  

 

Tissue-specific targeting 

There are risks to the fetus to consider when applying a master regulator therapeutic systemically, 

especially one selected to target an upstream molecule with multiple downstream effects. Though 

our in silico prediction are based on genes selectively expressed at labour in the human and mouse 

uterine tissues, many of the functions, and especially those of the inflammatory nature, are 

ubiquitously involved in haematological development, cell growth and cell survival. Therapeutic 

inhibition of such targets may have unforeseen effects on the rapidly developing fetus if 

therapeutics are able to cross the placental-fetal barrier.  

Tissue-specific targeting peptides have previously been identified by screening phage libraries in 

whole animal models. Using this technique, we can synthesis liposomes that display 

myometrial/decidual targeting peptides on their surface. This will allow delivery of potential PTL 

therapies to their site of action, maximising the therapeutic effect. In addition, the encapsulated 

drug has less general exposure to maternal tissue, which is particularly important where timing and 

dosage of therapies is crucial. As an example, extended treatment with COX-2 inhibitors often 

requires drug withdrawal due to reported maternal hypertension, cardiac complications and, in 

severe cases, kidney failure (Komers et al. 2001). Directed liposomal targeted delivery, would 

reduce maternal systemic exposure, and could potentially increase its effectiveness as a PTL 

suppressive drug.  

The potential of liposomal encapsulation in tocolysis had been shown in a recent study targeting 

oxytocin receptors in the myometrium. The targeted encapsulated tocolytic drugs (nifedipine, 

salbutamol, rolipram and dofetilide) extended pregnancies or increased duration of labour, and, the 

liposomes were not detected in the fetus localising primarily in the uterine tissues (Paul et al. 
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2015). The development of targeted liposomal drug delivery and our in silico identification of 

master regulators provide promising therapeutic potential for PTL. 

 

 

What is preterm labour and is it a condition that should be treated? 

A problem in PTL and preterm birth, is that it is currently defined only by gestational age rather 

than aetiology. This is a major issue which also contributes to the lack of efficacy in available 

treatments for idiopathic PTL. Future treatments with increased effectiveness would require 

strategic treatment plans to benefit infant and/or maternal health. This includes the need for 

stratification of patient samples to investigate causal conditions of PTL, as this may identify 

alternative genetic regulators based on an aetiology rather than the gestational age; or, the 

stratification of patients to identify those in which an intervention would benefit the infant and/or 

maternal outcome, in clinical trials. Maternal side effects on cardiovascular health are of concern 

over long term tocolysis (Katz & Farmer 1999; de Heus et al. 2009), and fetal distress and long 

term effects on fetal health have also been reported especially using magnesium sulphate and 

selective PTGS2 inhibition (van Veen et al. 2005; Hubinont & Debieve 2011; Klauser et al. 2014). 

This has also been an issue with antibiotic treatment in infection-related PTL being associated with 

an increased risk of cerebral palsy (Kenyon et al. 2001; Kenyon et al. 2008). 
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