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ABSTRACT 

Preterm birth (PTB) is a global public health problem that has significant adverse 

effects on neonatal mortality and morbidity. Progress in understanding the pathological 

mechanisms underlying PTB has been greatly hampered by the complex and polygenic 

nature of the disease. As a result, a multifaceted approach may hold promise for 

identifying true causal factors. The main objective of this thesis is to identify genes that 

play a role in the etiology of PTB using experimental data derived from different 

molecular levels (genome, transcriptome, and epigenome). To achieve this goal, we 

performed association studies using a candidate gene approach to identify genetic factors 

contributing to PTB. Our analysis of genetic variants in three OXT pathway genes 

(oxytocin (OXT), oxytocin receptor (OXTR), and leucyl/cystinyl aminopeptidase 

(LNPEP)) revealed several common polymorphisms in LNPEP that show significant 

association with prematurity. Large-scale sequence analysis of the OXTR gene identified 

several novel rare coding variants that might be of etiologic importance. Our results 

suggest that these variants, in aggregate, appear to make some contribution to 

susceptibility to PTB. We also examined the gene expression profiles in the human 

placenta to identify, at the transcriptomic level, candidate genes for PTB. Using splicing-

sensitive microarray and deep sequencing technologies, we identified transcriptome 

signatures that differ between term (with and without labor) and preterm placental tissues 

and between placental and other human tissues. The transcriptome data were analyzed 

not only at the gene-level, but also at the exon-level, enabling the detection of alternative 

splicing events. The exon-level analysis revealed more frequent disruption of alternative 

splicing in preterm than term placental tissues, indicating that alternative splicing may 

represent one possible mechanism contributing to PTB. Our study at the epigenomic level 

was pursued through investigation of placental DNA methylation profiles. We, using a 

genome-wide approach, detected a panel of genes showing labor- and gestational age-
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associated methylation differences. Selected genes were validated using bisulfite 

sequencing and methylation-specific PCR. SLC30A3, a validated differentially 

methylated gene between term labor and preterm labor amnion tissues, for instance, may 

potentially play a role in the pathogenesis of PTB. Taken together, this thesis work 

provides a valuable source of novel candidate genes for PTB, and future research using 

integrative systems biology approaches may shed light on the molecular mechanisms 

underlying this complex, heterogeneous disease. 
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In the beginning God created the heaven and the earth...So God created man in his own 
image, in the image of God created he him; male and female created he them… And God 

saw every thing that he had made, and, behold, it was very good. 
Genesis 1:1, 27, 31 
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ABSTRACT 

Preterm birth (PTB) is a global public health problem that has significant adverse 

effects on neonatal mortality and morbidity. Progress in understanding the pathological 

mechanisms underlying PTB has been greatly hampered by the complex and polygenic 

nature of the disease. As a result, a multifaceted approach may hold promise for 

identifying true causal factors. The main objective of this thesis is to identify genes that 

play a role in the etiology of PTB using experimental data derived from different 

molecular levels (genome, transcriptome, and epigenome). To achieve this goal, we 

performed association studies using a candidate gene approach to identify genetic factors 

contributing to PTB. Our analysis of genetic variants in three OXT pathway genes 

(oxytocin (OXT), oxytocin receptor (OXTR), and leucyl/cystinyl aminopeptidase 

(LNPEP)) revealed several common polymorphisms in LNPEP that show significant 

association with prematurity. Large-scale sequence analysis of the OXTR gene identified 

several novel rare coding variants that might be of etiologic importance. Our results 

suggest that these variants, in aggregate, appear to make some contribution to 

susceptibility to PTB. We also examined the gene expression profiles in the human 

placenta to identify, at the transcriptomic level, candidate genes for PTB. Using splicing-

sensitive microarray and deep sequencing technologies, we identified transcriptome 

signatures that differ between term (with and without labor) and preterm placental tissues 

and between placental and other human tissues. The transcriptome data were analyzed 

not only at the gene-level, but also at the exon-level, enabling the detection of alternative 

splicing events. The exon-level analysis revealed more frequent disruption of alternative 

splicing in preterm than term placental tissues, indicating that alternative splicing may 

represent one possible mechanism contributing to PTB. Our study at the epigenomic level 

was pursued through investigation of placental DNA methylation profiles. We, using a 

genome-wide approach, detected a panel of genes showing labor- and gestational age-
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associated methylation differences. Selected genes were validated using bisulfite 

sequencing and methylation-specific PCR. SLC30A3, a validated differentially 

methylated gene between term labor and preterm labor amnion tissues, for instance, may 

potentially play a role in the pathogenesis of PTB. Taken together, this thesis work 

provides a valuable source of novel candidate genes for PTB, and future research using 

integrative systems biology approaches may shed light on the molecular mechanisms 

underlying this complex, heterogeneous disease. 
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CHAPTER 1 

INTRODUCTION 

Parturition is a complex process that is dependent upon the interplay among 

maternal, fetal, and placental factors (

Human Parturition 

Petraglia et al. 1997). It involves a sequence of 

programmed events that eventually culminate in the expulsion of the fetus (Challis et al. 

2000). Understanding the normal physiology of parturition is critical to improving our 

knowledge of the pathophysiology of parturition. The following provides an overview of 

the process of normal human parturition, which will form the basis for the discussion of 

preterm birth (PTB). 

Phases of parturition 

Normal human parturition can be divided into four phases termed quiescence 

(phase 0), activation (phase 1), stimulation (phase 2), and involution (phase 3) (Challis et 

al. 2000). During most of pregnancy, the uterus is maintained in a relatively quiescent 

state, which corresponds to phase 0 of parturition (Gravett et al. 2010). At term, the 

uterus undergoes a transformation in response to mechanical signals generated by stretch 

of the uterus and through an endocrine pathway involving activation of the fetal 

hypothalamic-pituitary-adrenal (HPA) axis (Challis et al. 2001). This activation phase 

(phase 1) is followed by the onset of regular contractions characteristic of labor, triggered 

by several hormones, including estrogen, corticotropin releasing hormone (CRH), and 

prostaglandins (Smith 2007; Terzidou 2007; Gravett et al. 2010). As labor progresses 

during this phase of parturition (phase 2), the contractions increase in amplitude and 

frequency, moving the fetus through the vagina (Gravett et al. 2010). During phase 3, 

placental separation takes place, and the uterus becomes smaller and returns to its non-

pregnant state (Gravett et al. 2010). Although the process of human parturition has been 
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relatively well described, the mechanisms regulating its initiation and progression remain 

incompletely understood. 

The common pathway of parturition 

Parturition in humans has been proposed to occur through a common pathway that 

is defined as “the anatomical, physiological, biochemical, endocrinological, 

immunological, and clinical events that occur in the mother and/or fetus at the time of 

parturition regardless of whether this occurs at term or preterm” (Romero et al. 2006; 

Gotsch et al. 2009). The common pathway of parturition is considered to involve uterine 

contractility, cervical ripening, and decidual and fetal membrane activation (Romero et al. 

1994). Each of these components is described in more detail below. 

The development of regular phasic uterine contractions is an essential component 

of parturition (

Uterine contractility 

Lopez Bernal et al. 1995). Contractility in uterine smooth muscle is mainly 

determined by the intracellular free calcium level [Ca2+
i] and the phosphorylation state of 

myosin light chain (Lopez Bernal et al. 1995). Uterotonins such as oxytocin (OXT) and 

prostaglandins act to stimulate the activated myometrium (Petraglia et al. 2007; Smith 

2007), and the formation of gap junctions and increased expression of gap junction 

proteins such as connexins facilitate synchronization of uterine contractions by enhancing 

cell-to-cell coupling (Garfield and Hayashi 1981; Garfield et al. 1982; Romero et al. 1994; 

Smith 2007). 

The cervix is primarily composed of connective tissue rich in extracellular matrix 

(ECM) whose components include collagen, proteoaminoglycans, and glycoproteins 

(

Cervical ripening 

Romero et al. 1994). Cervical ripening, which is crucial for induction of labor, is marked 

by changes in collagen content and metabolism, including a reduction in total collagen 
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content and an elevation in collagen solubility and collagenolytic activity (Romero et al. 

1994). Estrogens, progesterones, and prostaglandins have been implicated in the 

metabolism of the ECM (Romero et al. 1994; Gravett et al. 2010), and inflammatory 

cytokines (for example, interleukin (IL)-6 and IL-8) have been suggested as mediators of 

cervical remodeling (Sennstrom et al. 2000; Dubicke et al. 2010). 

Decidual and fetal membrane activation has been described as “a complex set of 

anatomical and biochemical events which lead to separation of the lower pole of the 

membranes from the decidua of the lower uterine segment and, eventually, the 

occurrence of spontaneous rupture of membranes” (

Decidual and fetal membrane activation 

Romero et al. 1994; Gravett et al. 

2010). Enzymes involved in the degradation of the ECM such as matrix 

metalloproteinase (MMP)-1, MMP-8, and MMP-9 are believed to play a role in this 

process by degrading ECM proteins and hence, loosening the membranes, which 

eventually results in the rupture of membranes (Gravett et al. 2010). Fibronectin, a major 

component of the ECM can be found in the vagina during term parturition, and its 

presence in cervicovaginal secretions in early pregnancy has been used as a marker to 

predict the risk of PTB (Romero et al. 1994; Leitich et al. 1999). 

According to this view that a common terminal pathway is shared by term and 

preterm parturition, the former occurs when there is physiological activation of the 

components of the common pathway, whereas the latter occurs when there is pathological 

activation of one or more components of the common pathway of parturition (Romero et 

al. 2006; Gotsch et al. 2009; Gravett et al. 2010). This notion provides an important 

perspective from which PTB research can be approached. 

Endocrine regulation of parturition 

Parturition has been described as an endocrine event (Golightly et al. 2011). It is 

preceded and accompanied by profound hormonal changes that affect the structural and 
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biochemical properties of the uterus and cervix (Mesiano and Welsh 2007; Timmons et al. 

2010). These changes, which result from dynamic interactions between the maternal and 

fetal endocrine systems, are a critical factor in the regulation of the parturition process, 

including preparation, initiation, and progression (Challis et al. 2000; Weiss 2000; 

Golightly et al. 2011). Although a detailed chain of endocrine events leading to 

parturition in humans has not been fully elucidated, several hormones are believed to play 

a crucial role in driving the parturitional cascade, including progesterone, estrogen, 

corticotropin-releasing hormone, and oxytocin. Each of these hormones is briefly 

overviewed below. 

Progesterone plays a key role in the maintenance of pregnancy by promoting 

myometrial relaxation and sustaining uterine quiescence (

Progesterone 

Mesiano and Welsh 2007; 

Zakar and Hertelendy 2007). In most mammalian species, a significant fall in plasma 

progesterone levels occurs near term, which signals the initiation of parturition (Zakar 

and Hertelendy 2007; Golightly et al. 2011). However, such change is not observed in 

humans (Boroditsky et al. 1978), which has led to the hypothesis of functional 

progesterone withdrawal as the main mechanism for the initiation of parturition (Zakar 

and Hertelendy 2007; Golightly et al. 2011). The currently proposed mechanisms by 

which functional progesterone withdrawal might be achieved include: (1) changes in 

progesterone metabolism (increased production of a less active metabolite, 20α-

dihydroprogesterone) (Mitchell and Wong 1993); (2) changes in the ratio of progesterone 

receptor (PGR) isoforms (an increase in the inhibitory isoform PGR-A to stimulatory 

isoform PGR-B ratio) (Mesiano et al. 2002); and (3) changes in levels of cofactors of 

PGR (a decrease in the levels of steroid receptor coactivators 2 and 3) (Condon et al. 

2003). 
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Estrogen upregulates the expression of contraction associated proteins (CAPs) 

such as oxytocin receptors (OXTRs) (

Estrogen 

Fleming et al. 2006) and connexin 43 (Lye et al. 

1993), and hence, acts to stimulate myometrial contractions. While most mammals 

display a parturition-associated increase in serum estrogen levels, humans maintain 

relatively high levels of estrogens throughout pregnancy (Knobil and Neill 1994). It has 

been reported that circulating estrogens in humans gradually increase until term 

(Tulchinsky et al. 1972), and that there is no significant difference in their levels between 

before and during labor (Boroditsky et al. 1978). Based on these observations, it has been 

proposed that in humans, functional estrogen activation may occur (Mesiano and Welsh 

2007; Golightly et al. 2011), possibly through increased expression of estrogen receptor 

mRNA (Mesiano et al. 2002) and changes in the ratio of estriol to estradiol (Smith et al. 

2009). 

Corticotropin-releasing hormone (CRH) is a hypothalamic peptide, but in 

primates, it is also produced by the placenta during pregnancy, causing a substantial 

increase in maternal plasma CRH levels (

Corticotropin-releasing hormone 

Shibasaki et al. 1982; Grino et al. 1987). The 

circulating levels of CRH peak at parturition and rapidly decline to pre-pregnancy levels 

following delivery (Campbell et al. 1987). The bioavailability of CRH is regulated by 

CRH binding protein (CRHBP) whose levels drop during the third trimester of 

pregnancy, resulting in an increase in free CRH in maternal circulation (Linton et al. 

1993). It has been reported that plasma CRH levels are considerably higher in women 

delivering preterm than those delivering term (Wadhwa et al. 1998), leading to the 

hypothesis that CRH may serve as a placental clock that determines the length of 

gestation and the onset of labor (McLean et al. 1995; Golightly et al. 2011). 
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Oxytocin (OXT) has uterotonic activity and thus, plays an important role in 

parturition. The action of OXT is mediated through two mechanisms (

Oxytocin 

Weiss 2000). It 

stimulates uterine contractions directly or indirectly through prostaglandin F2 alpha (a 

uterine stimulant) by activating phospholipase C (PLC), which subsequently leads to the 

activation of calcium channels and the release of calcium from intracellular stores (Burns 

et al. 1997; Weiss 2000; Sanborn 2001). Before the onset of labor, the uterus develops a 

greatly increased sensitivity to OXT, which occurs concomitantly with a marked 

upregulation of myometrial OXT receptors (Fuchs et al. 1984; Gimpl and Fahrenholz 

2001). Atosiban, an OXTR antagonist is being used in a clinical setting as a tocolytic 

agent to delay preterm labor (PTL), supporting the importance of OXT signaling in labor 

and parturition. Given the functional importance of the OXT pathway, in this thesis, 

selected genes from this pathway have been examined for their association with PTB 

using a genetic approach (see chapter 2).  

Inflammation and normal labor 

Inflammation has long been recognized as playing a role in normal parturition 

devoid of clinical signs of infection, as evidenced by an influx of inflammatory cells into 

the myometrium and increased levels of proinflammatory cytokines in association with 

physiological labor (Thomson et al. 1999; Young et al. 2002; Lindstrom and Bennett 

2005; Norman et al. 2007). Microarray-based gene expression studies have demonstrated 

that a plethora of proinflammatory genes are upregulated in the myometrium, cervix, and 

fetal membranes after spontaneous labor at term (Marvin et al. 2002; Hassan et al. 2006; 

Bollapragada et al. 2009). In a non-microarray study, IL-1B, IL-6, and IL-8 in the 

myometrium and cervix, and IL-1B and IL-8 in fetal membranes, specifically, have been 

shown to be expressed at elevated levels (Osman et al. 2003). Nuclear factor kappa B 

(NFKB) family of transcription factors has been the subject of intense focus in recent 
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years because of its critical role in inflammation and more importantly, its ability to 

regulate many genes encoding proinflammatory cytokines such as those associated with 

labor (Lindstrom and Bennett 2005). Toll-like receptors (TLRs), lying upstream of 

NFKB, may play a role in mediating inflammatory events (Patni et al. 2007), as 

suggested by studies on the TLR expression patterns in gestation-related tissues 

(Holmlund et al. 2002; Hassan et al. 2006; Patni et al. 2007). Although it still remains to 

be determined whether the immunological changes act as a primary switch that initiates 

the transition from uterine quiescence to activation, all these findings collectively indicate 

that inflammation is one important mechanism regulating parturition. With a growing 

appreciation of the importance of inflammatory signaling in the process of labor, PTB 

research has been largely focusing on establishing links between dysregulation of 

inflammatory pathways and prematurity. 

The placenta is a transient, but vital, organ carrying out multiple functions 

required for the maintenance of pregnancy at the maternal-fetal interface (

The Human Placenta 

Rossant and 

Cross 2001; Sood et al. 2006). It orchestrates complex interactions between mother and 

fetus, ensuring both maternal homeostasis and proper fetal growth (Gude et al. 2004; 

Sood et al. 2006). The ability of the placenta to perform its functions depends on the 

status of its growth and development, which occur throughout pregnancy (Gude et al. 

2004; Huppertz 2008). Defects in the formation and function of the placenta have been 

associated with adverse pregnancy outcomes such as intrauterine growth restriction 

(IUGR), preeclampsia (PE), and PTB (Rossant and Cross 2001; Sood et al. 2006; 

Maltepe et al. 2010), providing further evidence for a critical role of the placenta in 

maternal and fetal physiology. The following is an overview of the development, 

anatomy, and function of the placenta, which will serve as an introduction to the studies 

presented in chapters 3 and 4 of the thesis. 
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Placental development 

After fertilization of the ovum, the zygote undergoes a series of cell divisions as it 

travels down the oviduct (

Preimplantation stage 

Starr 2009). By the time the zygote reaches the uterus, it 

becomes a compact mass of 16 cells called a morula, which later (about 4-5 days after 

fertilization) develops into a blastocyst (Huppertz 2008; Starr 2009). The blastocyst, 

containing a few hundred cells, is composed of two parts: the inner cell mass (or 

embryoblast), which gives rise to the embryo, umbilical cord, and amnion, and the 

trophectoderm, which forms extraembryonic tissues, such as the placenta, that support the 

growth and development of the embryo (Plachot 2000; Benirschke et al. 2006; Huppertz 

2008; Starr 2009). The placenta is also formed in part from embryoblast-derived 

mesenchyme and blood vessels (Benirschke et al. 2006). At 6-7 days post-fertilization, 

the blastocyst hatches from the zona pellucida, the extracellular matrix surrounding the 

oocyte, and begins to implant into the endometrium, which marks the beginning of 

placental development (Plachot 2000; Huppertz 2008). 

After the blastocyst comes into contact with the uterine epithelium at its 

embryonic pole (the part of the blastocyst containing the inner cell mass), the trophoblast 

undergoes differentiation, forming two layers, the outer multinucleated 

syncytiotrophoblast and the inner cytotrophoblast (

Prelacunar stage 

Aplin 1991; Benirschke and 

Kaufmann 2000; Huppertz 2007; Huppertz 2008) (Figure 1). The syncytiotrophoblast, 

which is generated by syncytial fusion of trophoblastic cells, displays invasive properties, 

allowing the blastocyst to penetrate the endometrium (Aplin 1991; Benirschke and 

Kaufmann 2000; Huppertz 2008). The remaining mononuclear trophoblasts, which are 

not in direct contact with maternal tissue, are referred as cytotrophoblast (Aplin 1991; 

Benirschke and Kaufmann 2000; Huppertz 2008). With progressive invasion, the 
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syncytiotrophoblast layer grows thicker as the cytotrophoblast continues to proliferate 

and fuse, leading to an increase in syncytiotrophoblastic mass at the implantation pole 

(Benirschke and Kaufmann 2000; Huppertz 2008). The endometrium reacts to the 

implantion by the decidual reaction in which endometrial stromal cells are loaded with 

glycogen and lipid, become enlarged, and transformed into decidual cells (Carlson 2009). 

The embryoblast undergoes changes that result in the formation of a bilaminar embryonic 

disc consisting of the epiblast and hypoblast (Moore et al. 2008). The epiblast ultimately 

gives rise to all three germ layers (ectoderm, mesoderm, and endoderm), while the 

hypoblast forms the primary yolk sac (Dudek and Fix 2005; Moore et al. 2008). The 

epiblast nearest to the implantation site differentiates into amnioblasts that form a thin 

membrane (the amnion) enclosing the amniotic cavity (Faye-Petersen et al. 2004; Moore 

et al. 2008). 

When the invading syncytiotrophoblast encounters maternal blood vessels, it 

develops fluid-filled spaces called lacunae that become enlarged and fuse to form lacunar 

networks through which maternal blood flows (

Lacunar stage 

Dudek and Fix 2005) (Figure 1). The 

lacunae are separated from each other by syncytiotrophoblast columns called trabeculae, 

which reach from the embryonic side of the placenta to the maternal decidua (Benirschke 

and Kaufmann 2000; Edmonds and Dewhurst 2007; Huppertz 2007). The formation of 

lacunae leads to the subdivision of the placenta into its three compartments: the primary 

chorionic plate facing the embryo, the lacunar system together with the trabeculae giving 

rise to the intervillous space and the chorionic villi, and the primitive basal plate in 

contact with the endometrium (Benirschke and Kaufmann 2000; Edmonds and Dewhurst 

2007; Huppertz 2007; Huppertz 2008).  

At 12 days post-fertilization, implantation is completed with the blastocyst fully 

embedded in the maternal endometirum (Benirschke and Kaufmann 2000; Edmonds and 
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Dewhurst 2007; Huppertz 2008). At this time, the developing embryo is surrounded by 

the syncytiotrophoblast on its outer surface, and extraembryonic mesodermal cells 

derived from the inner cell mass migrate over the inner surface of the cytotrophoblast, 

generating the chorion (Edmonds and Dewhurst 2007; Huppertz 2008).  

The cytotrophoblast of the chorionic plate penetrates into the trabeculae, 

proliferates, and reaches the maternal side of the placenta by 15 days post-fertilization 

(

Villous stage 

Edmonds and Dewhurst 2007; Huppertz 2008) (Figure 1). The cytotrophoblast further 

proliferates within the trabeculae, leading to the formation of syncytial side branches 

(primary villi) protruding into the intervillous space. Shortly later, the primary villi are 

invaded by the extraembryonic mesodermal cells of the chorionic plate and transformed 

into secondary villi (Benirschke and Kaufmann 2000; Edmonds and Dewhurst 2007; 

Huppertz 2008). At 20-21 days after fertilization, the first blood and endothelial cells 

develop in the placenta separately from the vascular system of the embryo proper (Demir 

et al. 1989; Asan et al. 1999; Huppertz 2008). Tertiary villi are formed when the 

mesenchymal core of the secondary villi are penetrated by fetal vessels (Carlson 2009). 

Beginning 5 weeks after fertilization, the tertiary villi differentiate into four villous types 

that differ in structure and function, including immature intermediate villi, stem villi, 

mature intermediate villi, and terminal villi (Kay et al. 2011). The villi are organized in 

tree-like structures called villous trees, which expand continuously by branching 

throughout pregnancy (Ockleford et al. 1981; Edmonds and Dewhurst 2007). This 

branching process, termed branching morphogenesis is critical for placental growth as 

well as its transport function by providing greater surface area for the exchange of 

nutrients and waste products between mother and fetus (Cross et al. 2003; Kaplan 2007). 
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Placental structure 

The human placenta is a hemochorial organ in which fetal trophoblast is in direct 

contact with maternal blood, and has both maternal and fetal components (Benirschke 

and Kaufmann 2000; Carlson 2009). The fetal portion consists of the chorionic plate and 

its villi, whereas the maternal portion is formed by the decidua basalis (Carlson 2009). 

The studies described in chapters 3 and 4 of the thesis were performed on fetal 

membranes (amnion, chorion) and maternal decidua (decidua basalis) (Figure 2), and 

hence, these three placental compartments are discussed in more detail below. 

The fetal membranes serve as a protective barrier for the fetus. The two composite 

membranes, the amnion and chorion (Figure 2), are initially separate, but between 14-16 

weeks of gestation, they fuse together to form the amniochorionic membrane (

Fetal membranes 

Strohl et al. 

2010). This fusion, however, is never complete, allowing the two membranes to easily 

slide against each other (Baergen 2005). The fused membranes normally remain intact 

until spontaneous membrane rupture takes place near the end of the first stage of labor 

(Mead 1980; McLaren et al. 1999). It has been reported that preterm premature rupture of 

membranes (PPROM) is associated with 30-40% of preterm deliveries (PTDs), and thus 

is considered as a major cause of PTB (Parry and Strauss 1998). The fetal membranes are 

also an important site for the synthesis of a variety of molecules that play a role in the 

parturition process, including oxytocin (Chibbar et al. 1993), prostaglandins (Duchesne et 

al. 1978), and cytokines (Menon et al. 2006). 

Amnion 

The amnion is the inner layer of the fetal membranes building the amniotic sac 

that surrounds the fetus (Bourne 1962). It is a thin, avascular tissue formed by the 

extraembryonic ectoderm (derived from epiblast) as well as the extraembryonic 

mesoderm (Carlson 2009). The amnion consists of five layers, including epithelium, 
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basement membrane, compact layer, fibroblast layer, and spongy layer (Bourne 1962). 

The epithelium forms the innermost layer that is in direct contact with the amniotic fluid 

(Bourne 1962). This layer has tight junctions, which have been shown to play a role in 

the regulation of fluid flux through the amniotic membrane (Kobayashi et al. 2009). The 

compact layer is composed of a complex network of reticular fibers, and is thought to 

confer tensile strength to the amnion tissue (Bourne 1962; Bourne 1966). The spongy 

layer is the outermost layer that is abundant in mucin (von Versen-Hoynck et al. 2004). 

The separation of the amnion and chorion has been shown to occur in this layer before 

the rupture of membranes (Fawthrop and Ockleford 1994; Calvin and Oyen 2007). 

Chorion 

The chorion is the outer layer of the fetal membranes, and is in contact with the 

amnion on its one side and the decidua on its other side (Bourne 1962). It is formed by 

the fusion of the extraembryonic mesoderm and the trophoblast (Carlson 2009). The 

chorion is composed of four layers, including cellular layer, reticular layer, pseudo-

basement membrane, and trophoblast (Bourne 1962). The reticular layer, which consists 

of a reticular network, makes up most of the thickness of the chorion (Bourne 1962; 

Bourne 1966). This layer is distinguished from the other layers in that it provides routes 

for fetal blood vessels to reach the placental villi (Bourne 1962; Bourne 1966). The 

trophoblast layer consists of trophoblastic cells (two to ten layers in thickness) as well as 

obliterated chorionic villi (Bourne 1962; Bourne 1966). The chorion is firmly attached to 

the decidua, and builds a covering (chorionic vesicle) around the embryo, amnion, yolk 

sac, and body stalk (Bourne 1962; Carlson 2009). 

The decidua, which is of maternal origin (Figure 2), is divided into three parts 

(named according to their location in relation to the embryo): decidua capsularis, which 

overlies the chorionic vesicle, decidua basalis, which lies between the chorionic vesicle 

Decidua 
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and the uterine wall, and decidua parietalis, which lines the rest of the uterine cavity 

(Carlson 2009). Decidualized human endometrial cells express classic decidual markers 

such as prolactin (PRL) and insulin-like growth factor binding protein 1 (IGFBP1) (Bell 

et al. 1988; Irwin et al. 1989). It has been suggested that the cyclic AMP (cAMP) 

signaling pathway is important for the induction of progesterone-dependent 

decidualization (Brar et al. 1997). The process of decidualization is accompanied by 

multiple cellular and molecular changes, including ECM remodeling, alterations in 

expression of steroid hormone receptors, cytokines, and growth factors (Gellersen and 

Brosens 2003). The decidua is thought to play a key role in the maintenance of pregnancy 

by regulating trophoblast invasion, oxidative stress and immune responses (Gellersen et 

al. 2007). 

Placental function 

The placenta is a versatile organ that performs diverse functions during pregnancy, 

which can largely be categorized into: transport, metabolic, immune, and endocrine 

functions (Gude et al. 2004). 

After maternal blood comes into contact with fetal tissue around 10-12 weeks of 

gestation, the exchange of respiratory gases, nutrients, and waste products between the 

fetal and maternal circulations occurs across the placental membrane (

Transport and metabolic functions 

Gude et al. 2004). 

Owing to the higher affinity of fetal hemoglobin for oxygen and lower affinity for carbon 

dioxide than maternal hemoglobin, transfer of oxygen to the fetus and carbon dioxide to 

the mother are favored (Gude et al. 2004). The transport of glucose is mediated by 

glucose transporters (GLUTs) (Gude et al. 2004). Particularly, GLUT1 in the 

syncytiotrophoblast is thought to play a major role in placental glucose transport (Illsley 

2000). Amino acids are transported via an active (energy-consuming) mechanism (Gude 

et al. 2004), and some amino acids (such as arginine) are metabolized in the placenta to 
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form other compounds to meet fetal needs (Grillo et al. 2008). Free fatty acids and 

glycerol can cross the syncytiotrophoblast membranes, aided by fatty acid binding 

proteins or by simple diffusion (Haggarty 2002; Gude et al. 2004). The placenta also 

carries out many of the functions of the liver such as elimination of bile acids (St-Pierre 

et al. 2001; Gude et al. 2004). 

It remains unclear what mechanisms are involved in maternal immune tolerance 

to the fetus, but several possible explanations have been suggested, including: (1) lack of 

antigen presentation by the fetal tissues, especially the placenta; (2) prevention of local 

maternal immune recognition through the decidual barrier; and (3) local inactivation of 

immune cells by molecules formed from the fetal surface of the placenta (

Immune functions 

Carlson 2009). 

The placenta also functions to protect the fetus from infections. It allows the passage of 

antibodies from the mother, mainly those of the immunoglobulin G class (via 

pinocytosis), which confers passive immunity to the newborn (Gude et al. 2004). The 

placenta is not merely a passive, but also active immune barrier. For example, the 

trophoblast, which is the major cell type of the fetal portion of the placenta, is capable of 

recognizing and responding to viral products through Toll-like receptor 3 (TLR3) 

(Abrahams et al. 2006). It has been demonstrated that upon TLR3 ligation by viral 

double-stranded RNA (dsRNA), trophoblastic cells induce indoleamine 2,3-dioxygenase 

(IDO), a tryptophan catabolizing enzyme, via an interferon beta 1 (IFNB1)-dependent 

pathway, which, in turn, leads to antimicrobial activity (Wang et al. 2011). These 

findings collectively suggest that the trophoblast can recognize and respond to pathogens 

in a highly regulated manner and that the placenta plays more than a passive role in the 

control of viral infections and maintenance of fetomaternal immune tolerance (Abrahams 

et al. 2006; Wang et al. 2011). 
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The placenta synthesizes and secretes various hormones that are important for 

pregnancy. Those hormones include, but are not limited to: (1) human chorionic 

gonadotropin (hCG), which plays a role in the maintenance of the corpus luteum and its 

synthesis of progesterone and estrogens; (2) chorionic somatomammotropin hormone 

(CSH), which is involved in lipid and carbohydrate metabolism and fetal growth 

regulation; and (3) placental growth hormone (hGH), which is secreted by the 

syncytiotrophoblast into the maternal circulation (not detectable in fetal serum), and is 

thought to be important for the regulation of maternal blood glucose levels (

Endocrine functions 

Gude et al. 

2004; Carlson 2009). 

The World Health Organization (WHO) defines preterm birth (PTB) as birth 

before 37 completed weeks of gestation (

Preterm Birth 

Beck et al. 2010). PTB is subdivided into four 

groups based on gestational age (GA): late preterm (34-36 weeks), moderately preterm 

(32-33 weeks), very preterm (28-31 weeks), and extremely preterm (<28 weeks) 

(Behrman et al. 2007). Late preterm infants account for about 70% of all PTBs (Engle 

and Kominiarek 2008), comprising the largest subgroup. PTB is a major public health 

problem that has a significant adverse impact on health outcomes in childhood, which 

often extend into adulthood (Behrman et al. 2007). Despite considerable research efforts, 

our understanding of the fundamental processes underlying this disease is still very 

limited. The following provides an overview of various aspects of this common yet 

poorly understood condition. 

Epidemiological and clinical aspects of preterm birth 

PTB occurs in about 10% of all births worldwide (Beck et al. 2010). There are 

geographical differences in the incidence of PTB with Africa and North America having 

the highest rates (11.9% and 10.6%, respectively), and Europe having the lowest rate 
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(6.2%) (Beck et al. 2010). The PTB rate in the United States (U.S.), in particular, is 

among the highest in the world with 12.18% of all births in 2009 being premature (Martin 

et al. 2011).  

PTB has significant health consequences, adversely affecting perinatal mortality 

and morbidity (Beck et al. 2010). In 2007, 36.0% of all infant deaths in the U.S. were 

preterm-related (Mathews and MacDorman 2011). Preterm survivors can suffer from 

both short-term and long-term physical and mental sequelae, including chronic lung 

disease, cerebral palsy, sensory impairments, mental retardation, and language and 

learning disabilities (Behrman et al. 2007; Saigal and Doyle 2008). It has been shown that 

there is an inverse relationship between GA at birth and the risks of medical and social 

disabilities among adult survivors of PTB (Moster et al. 2008; Gracie et al. 2010), 

providing evidence for long-term consequences of being born too early.  

PTBs have been classified into three clinical subtypes: (1) idiopathic spontaneous 

PTL with intact fetal membranes; (2) PPROM; and (3) medically indicated PTB 

(artificially induced for medical reasons), which account for approximately 45-50%, 30%, 

and 15-20% of all PTBs, respectively (Ananth and Vintzileos 2006; Behrman et al. 2007; 

Menon 2008; Gracie et al. 2010). Of note, each of these subtypes is not entirely 

homogeneous in its clinical presentation, suggesting that PTB is a highly heterogeneous 

disease (Behrman et al. 2007; Gracie et al. 2010). This heterogeneity of PTB makes it 

difficult to accurately identify causative factors. The studies described in this thesis 

mainly focuses on the spontaneous subtypes of PTB (idiopathic spontaneous PTL and 

PPROM). 

Until recently, efforts to reduce the frequency of PTB have largely been focused 

on treatment rather than prevention (Behrman et al. 2007). Tocolytic therapy, which acts 

through inhibition of uterine contractions, is a commonly used approach to PTB 

treatment (Behrman et al. 2007). There are five main classes of tocolytic agents, 

including magnesium sulfate, prostaglandin synthesis inhibitors, calcium channel 
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blockers, beta-adrenergic agonists, and nitric oxide donors (Goldenberg 2002; Behrman 

et al. 2007; Kam and Lamont 2008). These have different safety and efficacy profiles, 

and clinical outcomes after the use of the agents are not exactly understood (Behrman et 

al. 2007; Kam and Lamont 2008). In spite of their benefits, however, they have not been 

effective in decreasing the incidence of PTB, but only useful for delaying delivery for a 

short time (Behrman et al. 2007). 

Causes and risk factors of preterm birth 

The causes of PTB are not well understood, but it is believed that multiple factors 

play a role in the etiology of this disease (Gotsch et al. 2009). There are many maternal 

factors that have been shown to be associated with an elevated risk of spontaneous PTB, 

including advanced maternal age, low maternal body mass index, short interpregnancy 

interval, stress, smoking, alcohol consumption, and low socioeconomic status (Behrman 

et al. 2007; Goldenberg et al. 2008; Muglia and Katz 2010). There are also some clinical 

markers that have been used to assess the risk for PTB, such as early cervical ripening 

(Papiernik et al. 1986), vaginal bleeding (Yang et al. 2004), the presence of 

cervicovaginal fetal fibronectin in the second and third trimesters of pregnancy 

(Lockwood et al. 1991), and salivary estriol (McGregor et al. 1995). In addition to these 

epidemiological and clinical risk factors, genetic factors have long been postulated to be 

important in the predisposition to PTB. Evidence supporting a genetic basis for this 

disorder is discussed in more detail below. While PTB, in the past, was considered to 

occur through a single pathogenic pathway, it is currently believed that it is a 

heterogeneous clinical entity caused by multiple factors and that nevertheless, there are 

common biological pathways that lead to PTB (Behrman et al. 2007). These pathways are 

also briefly described below. 
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Personal history 

Genetics of preterm birth 

The single best predictor for PTD is a history of a previous PTB (Pennell et al. 

2007). It has been reported that the risk of PTB increases threefold after one previous 

PTB and sixfold after two previous PTBs (Carr-Hill and Hall 1985). This finding is 

consistent with the results of a Danish population-based cohort study (Boyd et al. 2009) 

showing that women with ≥1 prior PTB(s) were 5.6 times more likely than women with 

no history of PTD to experience another PTD. Furthermore, in women who have 

experienced a premature delivery, recurrence tends to occur at similar GAs (Melve et al. 

1999). 

Family history 

A familial tendency is another piece of evidence that supports the importance of 

genetics in PTB. A woman who was born preterm is at an increased risk of spontaneous 

PTL and PTD with the risk rising with decreasing maternal GA at birth (Varner and 

Esplin 2005). A Swedish cohort study (Winkvist et al. 1998) has shown that women who 

have sisters with a previous PTB are more likely to deliver preterm. 

Racial disparities 

It is well documented that there are racial differences in PTB rates. An elevated 

risk of PTB has been repeatedly observed among black women (Dolan 2010; York et al. 

2010). Recurrent PTB is also more common in black women than in white women 

(Adams et al. 2000). Importantly, the racial differences remain after controlling for 

medical environmental and psychosocial risk factors (Goldenberg et al. 1996; Shin 2008). 

These suggest that genetic influence may underlie the racial disparities in the prevalence 

of PTB. 
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Taken together, all these findings indicate that there is a genetic predisposition to 

this pregnancy complication. Given this, chapter 2 of the thesis examines genetic 

contribution to the risk of PTB using a candidate gene approach. 

It has been suggested that there are four commonly observed pathogenic 

processes that lead to uterine contractions and cervical changes, eventually resulting in 

PTD (

Biological pathways involved in preterm birth 

Lockwood and Kuczynski 2001; Behrman et al. 2007) (Figure 3), which serve as a 

useful framework for understanding the disease at the molecular and cellular levels. 

Those four processes are discussed in further detail below. 

Maternal-fetal HPA activation 

The maternal or fetal HPA axis is activated by stress, and stress-associated PTB is 

thought to be mediated by placental CRH (Wadhwa et al. 2001). It has been shown that 

placental CRH levels significantly increase before the onset of PTL and that changes in 

CRH levels are associated with maternal stress (Hobel et al. 1999; Wadhwa et al. 2001). 

Placental CRH stimulates the production of dehydroepiandrosterone sulfate (DHEAS), 

which is used in the synthesis of estradiol and estrone (Wadhwa et al. 2001). These 

estrogens enhance gap junction formation, prostaglandin synthesis, and OXTR mRNA 

expression, resulting in uterine contractions (Challis et al. 1995; Mesiano et al. 2002). It 

has been postulated that increased production of placental CRH driven by maternal HPA 

axis in response to stress results in premature activation of the fetal HPA axis and the 

onset of PTL, which, in turn, leads to PTD (Wadhwa et al. 2001; Gravett et al. 2010). 

Infection and inflammation 

PTB has long been associated with infections. Specifically, intrauterine infections, 

systemic maternal infections, and lower genital tract infections have been implicated in 

its etiology (Klein and Gibbs 2005; Gravett et al. 2010). Intrauterine infection is 
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considered as one of the most important and frequent causes of spontaneous PTB, 

particularly at early gestations, accounting for up to 50% of extreme PTBs (<28 weeks) 

(Romero et al. 2003; Gravett et al. 2010). Histologic chorioamnionitis (infection of the 

fetal membranes) has often been noted in preterm placentas with acute and chronic 

chorioamnionitis being more common in extreme early PTB (<28 weeks) and late PTB, 

respectively (Kim et al. 2010). PTB can also result from ascending lower genital tract 

infections such as bacterial vaginosis, cervicitis, and urinary tract infection (Romero et al. 

2003; Klein and Gibbs 2005). Maternal systemic infections (such as periodontitis, 

malaria, and syphilis) have been associated with PTL and PTD as well, but they occur at 

low frequency in developed countries (Romero et al. 2003; Klein and Gibbs 2005; 

Gravett et al. 2010). In response to infection, macrophages, decidual cells, and fetal 

membranes produce proinflammatory cytokines, which, in turn, stimulate prostaglandin 

production by amnion and decidua, leading to myometrial contractions (Behrman et al. 

2007; Gravett et al. 2010). 

Decidual hemorrhage and thrombosis 

Decidual hemorrhage (placental abruption) is a condition that complicates about 1% 

of all pregnancies, and vaginal bleeding in the second half of pregnancy is often caused 

by this condition (Oyelese and Ananth 2006). In a previous study (Ananth and Wilcox 

2001), a strong association between decidual hemorrhage and PTD has been reported. 

This condition greatly enhances local thrombin production, and thrombin binds to 

protease-activated receptors and stimulates decidual protease production and myometrial 

contractions (Sarno et al. 2006). These roles of thrombin in membrane degradation and 

uterine contractility may explain the association between decidual hemorrhage and PTB 

(Behrman et al. 2007). 
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Uterine overdistension 

Overdistension of the uterus has been implicated in PTL associated with multiple 

gestations, polyhydramnios, and macrosomia although the underlying mechanisms are 

not well understood (Behrman et al. 2007; Gravett et al. 2010). The stretching of the 

uterus causes the induction of contraction-associated proteins such as connexins and 

OXTRs (Ou et al. 1997; Terzidou et al. 2005) as well as prostaglandin-endoperoxide 

synthase 2 (PTGS2) and prostaglandin E (PGE) and IL8 (Maradny et al. 1996; Sooranna 

et al. 2004). The increased expression of these molecules may lead to the onset of PTL by 

promoting uterine contractions and cervical ripening (Loudon et al. 2004; Behrman et al. 

2007; Gravett et al. 2010). 

Past and current research in preterm birth 

Previous efforts in PTB research have been mainly directed towards improving 

disease outcomes, resulting in an increased survival rate of preterm infants (Tucker and 

McGuire 2004; Muglia and Katz 2010). The rate of PTBs in the U.S. has dropped from 

from 12.8% in 2006 to 12.18% in 2009, following an increase of more than one-third 

from the early 1980s to 2006 (Martin et al. 2008; Martin et al. 2011). Despite the recent 

decline in PTB rates, the current prevalence in the U.S. is still very high compared to 

other developed countries (Beck et al. 2010), suggesting that future endeavors should 

focus on prevention-oriented research. The following provides a brief summary of 

findings and limitations of past and current human genetic and animal research in PTB. 

Association studies have been extensively employed to assess genetic 

contributions to PTB. Several studies have reported positive associations of single gene 

variants such as those in tumor necrosis factor (TNF) (

Human genetic association studies 

Aidoo et al. 2001; Chen et al. 

2003), IL4 (Annells et al. 2004), and IL6 (Simhan et al. 2003). However, they have 
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largely focused on immunity and inflammation-related genes, suggesting that attention 

should also be paid to genes belonging to other disease-relevant functional classes. 

Recently, Dolan et al. (Dolan 2010) conducted a systemic literature review (61 

articles published between 1990 an 2008) and meta-analysis of published PTB data. This 

study, which reports results of 36 meta-analyses on 189 polymorphisms in 84 genes, 

found that only 5 gene variants show consistent evidence of association. Those variants 

include 4 maternal polymorphisms in interleukin 1 receptor antagonist (IL1RN), beta-2 

adrenergic surface receptor (ADRB2), interferon gamma (IFNG), and coagulation factor 

II (F2), and 1 fetal polymorphism in F2 (Dolan 2010). All five polymorphisms identified 

were nominally associated with PTB and had weak epidemiological credibility (Dolan 

2010). The findings of this study revealed many limitations of the PTB association 

studies performed to date, including small sample sizes, inappropriate study design, lack 

of control for confounding variables, publication and reporting bias, and lack of 

replication (Pennell et al. 2007; Dolan 2010). 

PTB research has been hampered, in part, by the lack of a feasible common 

animal model. There are substantial species differences in mechanisms of normal 

parturition, critical periods of fetal development, genetics, and susceptibility to 

environmental exposures (

Animal model studies 

Gravett et al. 2010). One fundamental difference between 

humans and most other animals is that in most other species, a significant decline in 

circulating progesterone levels is observed before the onset of labor, whereas a pre-

parturition systemic progesterone withdrawal does not occur in humans (Elovitz and 

Mrinalini 2004; Zakar and Hertelendy 2007). This observation has led to the hypothesis 

of functional progesterone withdrawal in humans that may be mediated by, for example, 

changes in expression and activity of PGR (Zakar and Hertelendy 2007; Vrachnis et al. 
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2012). The exact mechanisms underlying the initiation of human parturition, however, 

still remain unclear. 

The inter-species differences in parturition physiology pose challenges to the 

development of animal models that address clinically relevant variables associated with 

PTB. But despite these limitations, animal models have provided some insights into the 

physiology of term parturition as well as the pathophysiology of preterm parturition 

(Elovitz and Mrinalini 2004). The following is an overview of the advantages and 

disadvantages of common animal models used in PTB research. 

Sheep 

Sheep and humans share several similarities in their reproductive biology, 

including a small number of fetuses per pregnancy and a shift in progesterone production 

from the corpus luteum to the placenta during pregnancy (Challis et al. 2000; Ratajczak 

et al. 2010). In addition, the average length of gestation in sheep is longer than common 

rodent models such as mice and rats (Ratajczak et al. 2010). However, sheep, unlike 

humans, undergo progesterone withdrawal before the onset of labor, and their uterus 

(bicornuate) differs in structure from the human uterus (pyriform, unicornuate) 

(Ratajczak et al. 2010). 

Parturition, in sheep, is initiated by an increase in the activity of the fetal HPA 

axis (Liggins et al. 1973; Purinton and Wood 2002). It can be delayed by destruction of 

the paraventricular nucleus or pituitary, while the opposite effect is produced by 

adrenocorticotropic hormone (ACTH) or glucocorticoids infusion (Liggins et al. 1967; 

Liggins 1968; Liggins 1969; Gluckman et al. 1991; McDonald and Nathanielsz 1991; 

Purinton and Wood 2002). Kumarasamy et al. have shown that periconceptional maternal 

undernutrition leads to PTD by accelerating maturation of the fetal HPA axis 

(Kumarasamy et al. 2005), demonstrating the role of maternal nutrition in the duration of 

gestation. 
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Rodents 

Rodents (mice, rats) differ from humans in important aspects of reproductive 

physiology, including short gestational periods, large litter sizes, pre-parturition 

progesterone withdrawal, and steroid hormone production by the corpora lutea 

throughout gestation (Ratajczak et al. 2010). Like sheep, but unlike humans, they have a 

bicornuate uterus (Ratajczak et al. 2010). Despite these differences, mice and rats can be 

genetically manipulated, which makes them attractive as model organisms for PTB 

research (Elovitz and Mrinalini 2004; Ratajczak et al. 2010). 

There have been many mouse models of infection- or inflammation-induced PTB 

as well as non-infectious PTB developed. Several infection-induced models have been 

used to study the role of proinflammatory cytokines in the pathogenesis of PTB. For 

example, it has been shown that inflammation-induced PTB is not prevented by anti-IL-

1B, TNF agents (Fidel et al. 1997) and that IL-1B and IL-6, whose levels are significantly 

increased in infection-induced PTB, are not required for preterm parturition to occur 

(Reznikov et al. 1999; Yoshimura and Hirsch 2003; Elovitz and Mrinalini 2004). Further 

in vivo investigation may help determine if these cytokines participate in mediating PTL 

or if they are merely upregulated as a result of infection. 

Non-infectious mouse models have been instrumental in understanding the role of 

non-immune/inflammatory genes in PTB. PGR antagonist (RU486) has been shown to 

induce preterm labor and delivery, presumably by altering decidual prostaglandin and 

cytokine production (Dudley et al. 1996). Connexin 43 knockout mice specifically 

targeted to smooth muscle cells exhibit prolonged parturition (Doring et al. 2006; 

Ratajczak et al. 2010). Mice deficient for relaxin/insulin-like family peptide receptor 1 

(RXFP1) display reproductive defects such as inability to deliver pups, perinatal lethality 

of their offspring, and defective spermatogenesis (Krajnc-Franken et al. 2004; Ratajczak 

et al. 2010). 
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Other animal models 

In addition to sheep and rodents, there are other animal models that have been 

valuable tools for the study of human parturition. They include guinea pigs, dogs, and 

primates (Ratajczak et al. 2010). Guinea pigs, particularly, have several advantages over 

other animal models (Mitchell and Taggart 2009). They maintain high progesterone 

levels at the time of parturition, and exhibit similarities to humans with respect to 

responsiveness to progesterone and OXTR antagonists (Schellenberg 1995; Mitchell and 

Taggart 2009; Ratajczak et al. 2010). In addition, PTB is relatively common in guinea 

pigs (7-8%) as in humans (Manjeli et al. 1998; Mitchell and Taggart 2009). These 

collectively suggest that guinea pigs are a suitable model to study human PTB. 

Non-human primates represent an important model for understanding human 

parturition owing to their close physiological similarities to humans (Hirst and Thorburn 

1996; Golos 2004). Although the use of non-human primate models has been limited due 

to practical reasons, they have provided invaluable insight into potential mechanisms 

involved in the initiation of parturition (Hirst and Thorburn 1996). Particularly, studies 

performed in monkeys have been useful in furthering our understanding of the role of key 

endocrine and paracrine molecules (such as prostaglandins and OXT) in the regulation of 

the timing of labor onset (Mitchell et al. 1978; Dawood et al. 1979; Hirst and Thorburn 

1996). Non-human primates may continue to serve as a useful experimental tool for 

answering many open questions related to the etiology of PTB as well as testing novel 

therapeutic interventions. 

Previous research has had only limited success in reducing the incidence of PTB 

in the U.S., which suggests that greater effort should be directed toward preventing its 

occurrence. Developing effective prevention strategies requires a thorough understanding 

of the factors involved in the disease process. PTB is a complex and highly 

Rationale And Objectives Of The Thesis 
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heterogeneous disease that is caused by a multitude of genetic and environmental factors 

acting together. Given the multifactorial nature of PTB, studying a single component in 

isolation would not allow a complete understanding of the disorder. The traditional 

approach considers PTB as a single pathologic process (Behrman et al. 2007) and thus 

has not been effective in finding robust markers for PTB. This suggests that a 

multifaceted approach may hold promise for identifying reliable candidate genes. The 

overall goal of this thesis was to identify genes that play a role in the etiology of PTB 

using experimental data derived from different molecular levels (genome, transcriptome, 

and epigenome). To achieve this goal, three specific aims were examined in the present 

thesis. The first aim (chapter 2) was to evaluate the association of genetic variants in OXT 

pathway genes with the risk of PTB. In this aim, case-control association studies were 

conducted to investigate the role of polymorphisms in pre-selected genes belonging to the 

OXT hormonal system in human PTB. Results from several large OXTR sequencing data 

sets were reported particularly in depth. The second aim (chapter 3) was to identify 

transcriptome signatures that differ between human term (with and without labor) and 

preterm placental tissues and between placental and other human tissues. In this aim, 

splicing-sensitive microarray and deep sequencing technologies were employed and data 

were analyzed at the gene level as well as exon level to identify genes important for 

normal placental function and the regulation of labor and the timing of birth. The third 

aim (chapter 4) was to investigate the role of epigenetics in the pathogenesis of PTB. In 

this aim, global DNA methylation profiles were characterized in human term (with and 

without labor) and preterm placental tissues to examine if there are labor- and gestational 

age (GA)- associated differences in methylation patterns. 
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Figure 1.    Human placental development. (A) Prelacunar stage, the embryo is 
surrounded by two layers of trophoblasts: the inner cytotrophoblast and the 
outer syncytiotrophoblast. The syncytiotrophoblast penetrates through the 
uterine epithelium to reach the decidua. (B) Lacunar stage, within the 
syncytiotrophoblast, fluid-filled spaces called lacunae develop. These lacunae 
later become the intervillous space of the mature placenta. A layer of 
extraembryonic mesenchyme forms between the embryo and the 
cytotrophoblast. The region enclosed in the rectangle is enlarged in C. (C) 
Villous stage, the extraembryonic mesoderm starts penetrating the trabeculae 
(syncytiotrophoblast columns). The cytotrophoblast breaks through the 
syncytiotrophoblast and invades the decidua. The intervillous space is filled 
with maternal plasma and uterine gland secretory products (D) Villous stage, 
about 15 days after fertilization, the extraembryonic mesenchyme starts 
invading into the trabeculae. This invasion eventually leads to the formation 
of the secondary and tertiary villi c, cytotrophoblast; d, decidua; e, embryo; 
evt, extravillous trophoblast; ivs, intervillous space; l, lacunae; me, 
mesenchyme; s, syncytiotrophoblast; ue, uterine epithelium. Adapted and 
modified from (Huppertz 2007). 
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Figure 2.    Schematic cross-section through the human mature placenta. Two fetal 
(amnion, chorion) and one maternal (decidua) compartments (shown in red 
boxes) specifically were examined in the present thesis. Adapted and modified 
from (Sood et al. 2006). 
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Figure 3.   Common pathways leading to preterm birth. Shown in the top four boxes are commonly recognized pathogenic processes 
leading to preterm birth first proposed by Lockwood and Kuczynski (2001). Adapted from (Behrman et al. 2007). 
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CHAPTER 2  

ASSOCIATION ANALYSIS OF GENETIC VARIANTS IN OXYTOCIN 

SYSTEM GENES WITH PRETERM BIRTH 

The study presented in this chapter investigates the genetic association of single 

nucleotide polymorphisms (SNPs) in oxytocin (OXT) pathway genes with preterm birth 

(PTB) in American and European populations. The results of this study support the role 

of common variants in the leucyl/cystinyl aminopeptidase (LNPEP) gene and rare 

variants in the oxytocin receptor (OXTR) gene in susceptibility to PTB. The study also 

provides preliminary evidence suggesting that some of the OXTR rare missense variants 

identified may have direct effects on the function of the receptor. Collectively, this work 

demonstrates a role for sequence variation in OXT system genes in the risk of PTB and 

provides a valuable basis for further genetic and functional investigation into this 

pathway in the context of PTB. 

This chapter is based on the following manuscript prepared for publication on 

which I have first authorship: 

Sequence variants in oxytocin pathway genes and preterm birth 

Jinsil Kim, Kara J. Stirling, Margaret E. Cooper, Mario Ascoli, Allison M. Momany, Erin 

L. McDonald, Kelli K. Ryckman, Lindsey Rhea, Kendra L. Schaa, Viviana Cosentino, 

Enrique Gadow, Cesar Saleme, Min Shi, Mikko Hallman, Jevon Plunkett, Kari A. 

Teramo, Louis J. Muglia, Bjarke Feenstra, Frank Geller, Heather A. Boyd, Mads Melbye, 

Mary L. Marazita, John M. Dagle, and Jeffrey C. Murray. 

I was involved in genotyping a subset of the SNPs examined in the study, 

sequencing the OXTR gene in a Danish cohort of case and control mothers, reconfirming 

the presence of OXTR rare variants in a subset of individuals studied in the initial and 

follow-up screens, coordinating with statisticians (Margaret E. Cooper and Min Shi) in 

analyzing all genotyping and sequencing datasets, conducting computational analysis of 
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OXTR missense variants to predict their potential functional effects, performing 

comparative analysis between the OXTR sequencing data and publicly available large-

scale reference data, carrying out in vitro functional analysis of selected OXTR missense 

mutations, interpreting the results of all data analyses performed in the study, and writing 

and editing the whole manuscript. 

Abstract 

Preterm birth (PTB) is a complex disorder with a significant genetic component. 

This study was designed to identify genetic variation associated with PTB in oxytocin 

pathway genes whose role in parturition is well known. In order to identify common 

genetic variation predisposing to PTB, we genotyped 16 single nucleotide 

polymorphisms (SNPs) in the oxytocin (OXT), oxytocin receptor (OXTR), and 

leucyl/cystinylaminopeptidase (LNPEP) genes in 661 case infants from USA and one or 

both of their parents. Maternal genetic effect analysis revealed four SNPs in LNPEP that 

show significant association with prematurity. To identify rare genetic variants 

contributing to PTB, we performed sequence analysis of OXTR in 1225 cases and 449 

controls from USA, Argentina, and Finland. This initial screen revealed four novel 

missense variants in exon 3 of OXTR, all but one of which were found in cases only. To 

further evaluate the importance of rare genetic variation in this region, we have 

sequenced the same exon of OXTR in a single well-characterized cohort of Danish case 

(N=723) and control (N=920) mothers in whom 5 novel rare variants were found. The 

study was extended to maternal triads (maternal grandparents-mother of a case infant, 

N=312) in which one common missense SNP (rs4686302) was identified as being 

marginally associated with PTB. In vitro functional studies showed a significant 

difference in ligand binding between wild-type and two mutant receptors. Our study 

supports a role for sequence variation in oxytocin pathway genes as risk factors for PTB. 
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Introduction 

Preterm birth (PTB) is a major public health problem that accounts for 

approximately 10% of all births worldwide (Dizon-Townson 2001; Beck et al. 2010). In 

2009, PTBs, occurring before 37 completed weeks of gestation, comprised 12.18% of 

live births in the United States (Martin et al. 2011). Prematurity is a leading cause of 

perinatal mortality and in survivors is a significant contributor to short- and long-term 

morbidity (Gotsch et al. 2009). The etiology of PTB is not completely understood, but 

multiple lines of evidence suggest that genetic factors play an important role in PTB, 

including a high rate of recurrence in individuals with a history of previous preterm 

delivery (PTD), a tendency to occur within families, and racial disparity (Dizon-Townson 

2001; Adams and Eschenbach 2004; Crider et al. 2005; Muglia and Katz 2010). 

The oxytocin (OXT)-oxytocin receptor (OXTR) system provides promising 

candidate genes for studies of genetic contributions to prematurity. Its components 

influence a wide range of physiological, behavioral, and emotional processes in humans, 

but have been most extensively studied for their role in reproduction, particularly labor 

and parturition (Gimpl and Fahrenholz 2001; Blanks et al. 2007). OXT acts as an inducer 

of uterine contraction and the myometrium becomes increasingly sensitive to the action 

of OXT towards term (Gimpl and Fahrenholz 2001). This increase in uterine sensitivity 

to OXT occurs concomitantly with an upregulation of OXTR mRNA and a dramatic 

increase in myometrial OXTR number, which peaks during early labor (Gimpl and 

Fahrenholz 2001; Blanks et al. 2007). The availability of OXT to the receptor is 

dependent on serum levels of leucyl/cystinylaminopeptidase (LNPEP), an enzyme that 

hydrolyzes and inactivates the hormone (Lampelo and Vanhaperttula 1980; Nomura et al. 

2005). LNPEP is known to increase in maternal serum during pregnancy and play an 

important role in fetal development and maintenance of gestation (Lampelo and 

Vanhaperttula 1980; Nomura et al. 2005). The efficacy of Atosiban, an OXT antagonist 



33 
 

used to stop premature uterine contractions and delay PTD (Tsatsaris et al. 2004), 

provides further support for the importance of this hormonal system in prematurity. 

Previous candidate gene association studies have provided evidence for genetic 

variation predisposing to PTB with four maternal and one fetal variants showing 

relatively consistent evidence of association (Dolan et al. 2010). In the present study, we 

hypothesize that allelic variations in OXT, OXTR, and LNPEP contribute to the genetic 

predisposition to prematurity. We evaluated the association between single nucleotide 

polymorphisms (SNPs) in the three genes and PTD with either the mother or the infant as 

the index case. We also performed direct sequence analysis to search for rare variants in 

the OXT-OXTR system that might play a role in PTB. Selected rare OXTR variants 

identified in preterm cases were then further investigated to determine their functional 

significance. Additionally, linear and logistic regression analyses have been performed to 

assess genetic influence on gestational age (GA) in a subgroup of sequenced subjects. 

Results 

Effects of common polymorphisms in the OXT pathway 

genes on the risk of PTB 

We selected 16 SNPs in the OXT, OXTR, and LNPEP genes based on haplotype 

block structures, and examined them for their association with PTB in patients from Iowa. 

All SNPs tested had a minor allele frequency (MAF) greater than 10% (Table 1). 

Excluding one SNP (rs237889) with Hardy-Weinberg equilibrium (HWE) violation 

(p=8x10-5) and one SNP (rs4686302) with insufficient informative families (n<10) left a 

total of 14 SNPs for analysis. 

Fetal genetic effects 

Figure 4 shows the p-values obtained from fetal effect analysis, using the entire 

set of data as well as subsets classified by GA. There was no significant SNP found either 
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when all GAs were examined together (Figure 4A) or when the GA-stratified analyses 

were performed (Figure 4A and 4B). 

Maternal genetic effects 

Figure 5 summarizes the results from the analysis of maternally mediated genetic 

effects. When the analysis was performed on all GA cases (Figure 5A), three SNPs in 

LNPEP were found to have a p-value of less than 0.05 (rs4869315, p=0.035; rs3849749, 

p=0.019; rs4869317, p=0.006). These values are uncorrected for the multiple 

comparisons done in this study where a Bonferroni corrected p-value for significance 

would be <0.002 accounting for 14 SNPs and both maternal and fetal comparisons. When 

the data were stratified into five-week sliding windows of GA (Figure 5B), the same 

variants in LNPEP remained significant: rs4869315 for the 30-34 (p=0.019) and 32-36 

(p=0.009) week GA groups, rs3849749 for the 32-36 (p=0.016) week GA group, and 

rs4869317 for the 31-35 (p=0.024) and 32-36 (p=0.012) week GA groups. Another 

LNPEP SNP, rs13175726 (p=0.035) was additionally found to be significant for the 26-

30 week GA group. Haplotype analysis of all 6 SNPs in LNPEP failed to yield any 

significant results. 

Analysis of rare variants in the OXTR gene 

Identification of novel missense variants in OXTR: pilot 

and follow-up sequencing analyses 

Lack of association between common polymorphisms in OXT and OXTR led us to 

examine whether there exist(s) rare genetic variant(s) in these two genes with potential 

effects on the risk of prematurity. To this end, we first sequenced all exons of OXT and 

OXTR in a subgroup (n=189) of the genotyped patients. This pilot sequencing analysis 

revealed only previously reported SNPs in the OXT gene. In OXTR, we found one novel 

missense variant (W203R) in one case infant. We also found four previously reported 
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missense polymorphisms: V172A (rs115324487) and L206V (rs150746704), SNPs with 

low MAF, and A218T (rs4686302) and A238T (rs61740241), common polymorphisms 

(Table 2). Of note, the mutant allele at codon 206 was always detected together with that 

at codon 172, indicative of a rare double-mutant haplotype, while the V172A rare allele 

was identified both on its own and together with the L206V rare allele. Interestingly, we 

found that all the missense variants identified were located in one high-yield amplicon of 

OXTR, which corresponds to exon 3, and therefore attempted to replicate these pilot 

sequencing results in more individuals. Follow-up sequencing was performed on 

additional preterm infants, mothers, and term controls from the U.S., Argentina, and 

Finland. In the U.S. and Argentina additional cases, we identified the same rare missense 

variants with the exception of W203R as well as a new rare mutation (F284L) (Table 2). 

This mutation, which was found in one case mother from the U.S., was also transmitted 

to the infant. In Finnish subjects (mothers), we found two novel missense mutations. One 

(P108A) was identified in one case mother, while the other (G252A) was identified in 

one control mother. The total number of identified preterm cases (mothers and infants) 

for each of these missense mutations is summarized in Table 2. Except G252A, all rare 

missense variants were found in cases only. The A238T (rs61740241) variant occurred in 

controls (15/449, 3.34%) at a similar frequency to that observed for cases (56/1225, 

4.57%). Figure 6 shows the location of each of these missense mutations in the receptor. 

Analysis of OXTR sequence variations in a Danish cohort 

To extend our pilot and follow-up studies performed on three populations of 

relatively small size and further evaluate the importance of rare genetic variation found in 

OXTR, we sequenced the same region (exon 3) of the gene in a large population 

composed of well-characterized cases (≤36 weeks gestation, N=723) and controls (40 

weeks gestation, N=920). In this cohort of mothers selected from the Danish National 

Birth Cohort Study (DNBCS) (Olsen et al. 2001), we found 6 rare variants. Two of those 
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variants (A11T and V281M) were only present in cases, one (V45L) was only present in 

controls, and three (V211L, A247A, and G252A) were present both in cases and controls 

(Table 2). None of the rare variants has been previously reported in dbSNP with the 

G252A variant first detected in one Finnish control in our initial screen. Association 

analysis revealed no significant association with PTD for any individual rare variant 

identified (Table 3). Similar results were obtained when combined analyses were 

performed for all missense variants, all synonymous variants or all coding variants 

(p=0.35, 0.59, and 0.26, respectively). 

We extended our analysis further and performed regression analyses to more 

precisely define the effects of genetic variation in OXTR on GA. We modeled the effects 

of all OXTR coding variants (both common and rare) identified by sequencing on GA 

treated as either a continuous (in weeks) or categorical (preterm, ≤36 weeks; and term, 40 

weeks) variable. In both analyses, no results were found to be significant (Table 4), with 

the best-fitting genetic model being the one containing rs237913, a common 

polymorphism located in intron 2 of the gene (continuous, p=0.08 and categorical, 

p=0.11). 

Comprehensive analysis of rare coding variants in OXTR 

using reference data 

To gain a more complete understanding of the spectrum of genetic variation in 

exon 3 of OXTR and the importance of the OXTR rare variants identified in the present 

study in predisposition to PTB, we examined recent data from the 1000 Genomes Project 

(1000GP) (The 1000 Genomes Project Consortium 2010) and the NHLBI GO Exome 

Sequencing Project (ESP) (Exome Variant Server) (see Materials and Methods for more 

details). A list of coding variants in exon 3 of OXTR reported in the two databases is 

shown in Table 5. We compared the list with our sequencing results, focusing on rare 

variants in exon 3 identified in populations of European origin. We found that only one 
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(V172A) of the 11 rare coding variants identified in our study was present in the 

European individuals sequenced by the 1000GP. The ESP data from European Americans 

revealed 4 missense variants (V45L, V172A, L206V, and V281M) that overlap with our 

data. To gain a better insight into the potential contribution of the rare variants to the risk 

of PTB, we analyzed minor allele frequency differences between case and control 

populations. For this analysis, we excluded the results from our pilot study and then, 

compared the allele frequency of each rare variant in cases identified in our study to 

controls from our study together with all European individuals from the two reference 

databases. The analysis revealed that the minor alleles of the V172A and L206V variants, 

which were detected in cases only in our study, were significantly overrepresented among 

preterm patients (p=0.045, 0.016, respectively). Since a subset of the individuals 

sequenced in our study are from Argentina, which has admixed population (Seldin et al. 

2007), we re-analyzed the data after removing Argentine patients and found that the 

L206V variant remained significant with a p-value of 0.026, suggesting its possible 

association with increased risk of PTB. We also performed the same analysis on all rare 

coding or missense variants together as a group, but found no significant result. The ESP 

data showed that the L206V variant occurs at higher frequencies in African Americans 

than in European Americans (Table 5). This observation further supports the potential 

role of the variant in prematurity, particularly given that about 10% of normal individuals 

whose sequences are catalogued in the database are expected to be preterm and that PTB 

rates are higher in African Americans than in whites (Dolan 2010). In addition, we found 

that 4 rare variants (A11T, P108A, W203R, and F284L) were detected exclusively in our 

cases with PTB and more importantly, that three of them were predicted to have 

functional effects by PolyPhen (Ramensky et al. 2002) and SIFT (Ng and Henikoff 2002) 

(Table 6), suggesting that they are potentially etiologic. 
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Maternal OXTR genetic variation and susceptibility to PTB 

To address in more depth the importance of maternal genetic effects on the risk of 

PTB, we extended the results obtained from the study of Danish mothers by performing 

sequence analysis of OXTR in maternal triads created from 312 pedigrees from U.S., 

Argentina, and Denmark as well as in a small group of Caucasian patients from Iowa 

consisting of case (n=71) and control (n=64) mothers. Each maternal triad consisted of a 

mother of a preterm infant with GA between 23 and 36 weeks and her parents 

(grandmother-grandfather-mother), and we examined the transmission of OXTR variant 

alleles from maternal grandparents to the mothers of affected infants using the 

transmission disequilibrium test (TDT). 

Table 7 summarizes the p-values obtained from the TDT analysis for 8 coding 

variants identified by sequencing, two (Q143R and E242Q) of which were not detected in 

any subject in our initial (pilot, follow-up) and Danish sequencing studies. We found no 

significant association with any variant when we examined all GAs together. However, 

when the data were stratified into three GA groups (early, 21-27 weeks; middle, 28-30 

weeks; and late, 31-36 weeks), one missense SNP (rs4686302, A218T) showed 

significant association for the middle GA group (p=0.01, Table 7). We also performed a 

stratified analysis using five-week sliding windows of GA and obtained the results shown 

in Figure 7. Due to very low frequencies of rare variant minor alleles, complete results 

were available for 3 SNPs (rs4686302, rs237902, and rs61740241) with more than 10 

informative families. Among those three polymorphisms, rs4686302 was found to be 

significant for multiple GA subgroups, including the 24-28 week through 27-31 week 

groups. Borderline significant association (p=0.05) was noted between rs237902 and the 

27-31 week group and between rs4686302 and the 28-32 week group, while no 

significant results were obtained for rs61740241 (Figure 7). When the data were analyzed 

with birth weight (BW) of the infants as a phenotype of the case mothers, suggestive 

association (p=0.04) was observed between rs4686302 and all GA cases (data not shown). 
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The three SNPs were further studied in the Iowa case-control study (71 case 

mothers and 64 control mothers). We first developed logistic regression models to predict 

case/control status, and found that the model containing the two polymorphisms 

rs4686302 and rs237902 best explains case-control status (p=0.04, 0.05, respectively, 

R2=0.062) (Table 8A). Next, linear regression analyses were performed to predict GA 

and BW. As demonstrated in Table 8B, the models containing (rs237902 + rs61740241) 

and (rs4686302 + rs61740241) were best at predicting lower GA (p=0.03, 0.04, R2=0.055) 

and lower BW (p=0.008, 0.01, R2=0.074), respectively. The results indicate that 2 SNPs 

significantly explain 5.5% of the variation in GA and 7.3% of the variation in BW with 

rs61740241 in a slightly more supportive role to the other SNP. The SNPs that best 

predict case-control status are identical to the SNPs involved as the main predictors of 

GA in weeks and BW in grams. 

Functional analysis of OXTR missense polymorphisms 

We performed in vitro functional studies on the aforementioned three OXTR 

missense mutations (P108A, W203R, and F284L) that were uniquely identified in our 

study and predicted as deleterious by PolyPhen (Ramensky et al. 2002) and SIFT (Ng and 

Henikoff 2002) (Table 6). We first tested the ligand-binding properties of the mutant 

receptors, using transiently transfected COS-7 cells. To this end, the level of [3H]OXT 

binding was assessed in empty vector-, wild-type or mutant OXTR-expressing cells in the 

presence or absence of excess unlabeled OXT. The specific binding of [3H]OXT to intact 

transfected cells was defined as the difference between total and non-specific binding. 

We initially observed a considerable decrease in specific binding in cells transfected with 

the mutant plasmids, compared to those transfected with the wild-type plasmid. Because 

this could be a reflection of lower expression of the mutant receptor proteins, we 

attempted to increase their expression levels using twice the amount of plasmid DNA (4 

µg per well). However, the mean binding levels (in cpm/million cells) in each 
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transfection group hardly varied. Based on this observation, we combined data from all 

experiments performed, regardless of the amount of transfected DNA. As shown in 

Figure 8, two of the three mutants (P108A and W203R) tested exhibited a statistically 

significant reduction in [3H]OXT binding. For the W203R mutation, there was nearly 

complete abolishment of specific binding. Our results suggest that these mutations may 

cause either reduced receptor expression or ligand affinity, leading to impaired ligand 

binding. 

The OXTR is a G protein-coupled receptor (GPCR) which, upon stimulation, 

activates the phosphoinositide cascade (Gimpl and Fahrenholz 2001; Trzidou 2007). This 

activation leads to stimulation of inositol phosphate accumulation, which can be 

measured by radiolabeled inositol incorporation (Trzidou 2007). To gain insight into 

whether the missense mutations affect receptor signaling, OXT-stimulated inositol 

phosphate (InsP) production by wild-type and mutant OXTRs was evaluated. Figure 9A 

summarizes the results obtained. The accumulation of [3H]InsPs increased more than 

twofold in response to oxytocin in wild-type OXTR-expressing cells, while this increase 

was not observed in mutant plasmid- and empty vector-transfected cells. In addition, 

basal (unstimulated) levels of inositol phosphates were almost indistinguishable between 

wild-type OXTR and the three mutant receptors (Figure 9B), suggesting that the mutant 

receptors are unlikely to be constitutively active. Taken together, these data indicate that 

the examined mutations may have no effect on the coupling of the receptor to the InsP 

second messenger signaling system. 

Discussion 

Pregnancy and parturition involve an intricate biochemical and molecular 

interplay between mother and fetus (Trzidou 2007). The study of PTB has been hampered 

by incomplete knowledge of these complex, time-varying processes, and an investigation 

of static makers like sequence variants may serve as one way to predict the risk of PTB. 
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In this study, we used a candidate gene approach to better understand genetic 

factors contributing to PTB. Previous studies have identified some polymorphisms 

suggestively associated with PTB, but with a focus mostly on immune-related and 

inflammatory genes such as interleukin 1 receptor antagonist (IL1RN), interferon gamma 

(IFNG), and coagulation factor II (F2) (Dolan et al. 2010). The present study was 

undertaken to explore the contribution of genetic variations in another functionally 

relevant pathway, the oxytocin pathway to the etiology of PTB, given the important role 

of constituents of the pathway in labor and parturition. Recent epidemiologic evidence 

suggests that maternal effects may predominate in the genetic risks to PTB (Boyd et al. 

2009; Svensson et al. 2009), but paternal and fetal effects may still remain important 

(Muglia and Katz 2010). Therefore, we evaluated both maternal and fetal genetic effects 

on susceptibility to PTB in our study. 

Our analysis for fetal genetic effects revealed no evidence of association between 

the fourteen SNPs in OXT, OXTR, and LNPEP and PTB. When maternal genetic effects 

were assessed for all GA cases, we identified three SNPs in LNPEP that correlate with 

prematurity when not corrected for multiple comparisons. This finding is in line with the 

results of recent studies demonstrating that the maternal genome has a major impact on 

the risk of prematurity (Boyd et al. 2009; Svensson et al. 2009) and can be considered 

hypothesis generating for further investigations in the role of LNPEP in preterm labor 

(PTL). 

LNPEP, also known as PLAP, encodes an aminopeptidase that cleaves several 

peptide hormones including OXT. This oxytocinase plays a critical role in the 

maintenance of pregnancy via regulating OXT levels and activity (Nomura et al. 2005). 

Ishii et al. (Ishii et al. 2009) recently reported that in LNPEP knockout mice, an increased 

sensitivity to OXT is observed and pregnancy duration is significantly shortened, 

providing functional evidence supporting our genetic data. It was noted that the same 

three LNPEP SNPs showing suggestive association in the analysis of all GAs remained 
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significant in the GA-stratified analysis, further supporting the importance of these SNPs. 

The activity of LNPEP is known to gradually increase during late pregnancy and reach a 

very high level at 11 days before the onset of labor (Ishii et al. 2009). Interestingly, in our 

five-week sliding window analysis for maternal effects, the three SNPs were found to be 

significant in late GA groups (30-34, 31-35, and 32-36 week groups) although there was 

an additional significant SNP (rs13175726) detected for the 26-30 week group. Pending 

replication with larger samples, we postulate that these polymorphisms, all of which are 

non-coding SNPs, may serve as regulatory elements for the LNPEP gene rather than 

having a direct functional effect. 

Since none of the common OXTR SNPs tested showed significant association 

with prematurity, neither in the fetal effect nor the maternal effect analyses, we screened 

the receptor gene by sequencing for rare genetic variation, and identified multiple novel 

variants in exon 3, which is highly conserved across species (Table 9).  

Our analysis comparing the rare variants identified by sequencing with those 

reported in the 1000GP and the ESP demonstrates that some of the rare variants may be 

of etiologic importance. The significant overrepresentation of the minor allele of the 

L206V variant among preterm cases particularly merits further attention. The observation 

that three of the four rare missense variants not found in either the 1000GP or the ESP 

data were predicted to affect the function of the receptor protein also provides an 

important piece of evidence for the potential role of the rare variants in OXTR in the 

pathogenesis of PTB. Collectively, these results indicate that rare OXTR coding variants 

appear to make some contribution to the genetic risk of prematurity, but larger studies 

will be needed to measure their combined as well as individual impact more accurately 

and determine the diagnostic or therapeutic relevance of the findings. 

We studied the role of maternal OXTR genotype in PTB in more depth using 

maternal grandparents-mother triads. Transmission disequilibrium analysis revealed no 

significant transmission distortion of the OXTR coding variants examined when the 
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analysis was performed on all GA cases. However, one missense SNP (rs4686302) 

showed marginal associations, particularly for the middle GA group and in the GA 

sliding windows primarily involving 24-31 weeks of gestation. These results suggest GA-

specific effects of maternal genotype of this OXTR SNP on susceptibility to PTB.  

We characterized the effects of three mutations of potential functional 

significance with in vitro assays. Our radioligand binding assay revealed that P108A and 

W203R mutant-transfected cells display significantly diminished levels of [3H]OXT 

specific binding, compared to wild-type-transfected cells. Although it should be further 

clarified if the mutations affect OXTR protein expression, ligand binding affinity, or both, 

our results indicate the importance of these residues in receptor function and support 

previous findings that the first and second extracellular loops of OXTR, where P108 and 

W203 residues, respectively, are located, are important for agonist binding and selectivity 

(Postina et al. 1996). Despite their important biological effects, it is yet unclear how the 

mutations may contribute to the disease as it is counterintuitive that attenuated OXT 

signaling leads to PTB. However, it is possible that the variants may act indirectly to 

stimulate uterine contractions. Given that the regulation of OXTR function is dependent 

on steroids such as estradiol, progesterone, and its metabolites (Grazzini et al. 1998; 

Dunlap and Stormshak 2004; Gellersen et al. 2009), it is probable that the mutations may 

affect receptor-hormone interaction in a way that interferes with the timely onset of labor. 

Another mutant, F284L, also exhibited a reduced level of specific binding, but the 

result did not quite reach statistical significance. An earlier mutagenesis study has shown 

that when two transmembrane residues Y209 and F284 are mutated to F and Y residues, 

respectively, arginine vasopressin (AVP), a partial agonist of the OXTR, becomes a full 

agonist (Chini et al. 1996; Gimpl and Fahrenholz 2001). The finding indicates that these 

residues may be critical for modulation of the receptor response to AVP. Given the 

uterotonic action of AVP (Chan et al. 1996), an investigation into the sensitivity of the 
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F284L as well as the other two mutant receptors to other agonists like AVP could 

possibly provide an explanation about the pathogenic effects of those mutations. 

Our study has certain limitations. First of all, the sample size of our association 

study may not be large enough to provide sufficient statistical power for the analysis of 

rare variants with small effects. Second, the functional assays were not carried out in a 

cellular context relevant to address mechanisms of PTB. The functional role of the 

identified OXTR mutations should be determined using physiologically more relevant cell 

types such as uterine myometrial cells. In addition, we only focused on the InsP pathway 

to examine the downstream effects of the OXTR mutations. We did not observe any 

significant difference in OXT-induced InsP production between wild type and mutant 

receptor-expressing cells, and it is possible that their effects are mediated through other 

signal transduction pathway(s). Therefore, it would be important to examine the impact 

of the mutations on different biologic pathways like the MAP kinase pathway (Tahara et 

al. 2000). Future study is also warranted for the functional significance of the leucine-to-

valine substitution at residue 206, which was significantly overrepresented among 

preterm cases, compared with reference populations studied by the 1000GP and the ESP. 

Determination of genetic factors associated with PTD may give greater insight 

into the mechanisms involved in prematurity.  Further genetic and functional studies may 

help elucidate the precise role of the genes in the OXT pathway in PTD and ultimately, 

accelerate translation of such findings into genetic-based diagnostic and therapeutic 

applications. 

Materials and Methods 

Study population 

The study population consisted of case and control patients from 4 countries, 

including the U.S. (4 sites; the University of Iowa Hospitals and Clinics in Iowa City, IA, 

Magee-Womens Hospital in Pittsburgh, PA, University of Rochester Medical Center in 
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Rochester, NY, and Wake Forest University in Wake Forest, NC), Argentina (two centers; 

Instituto de Maternidad y GinecologíaNuestraSeñora de las Mercedes in Tucumán and 

Hospital Provincial de Rosario in Rosario), Finland (the University of Helsinki in 

Helsinki), and Denmark (the island of Funen and the Danish National Birth Cohort 

(Olsen et al. 2001)). Preterm delivery was defined as delivery before 37 completed weeks 

of gestation. GA was determined by obstetrical assignment using the first day of the last 

menstrual period as well as ultrasound examination, and was confirmed by assessment at 

birth. All families provided signed informed consent for study enrollment in accordance 

with institutional review board guidelines. Demographic and clinical data were collected 

by chart review and/or clinician interview. Cases from Finland (mother-infant dyads, <36 

weeks gestation) were families with spontaneous onset of preterm singleton birth from 

2003 to 2009, selected using the following exclusion criteria: elective deliveries without 

spontaneous onset of labor and deliveries in which either maternal (e.g. systemic 

infection) or fetal (e.g. malformation) disease with known predisposition to premature 

birth was indicated. Finnish control families were defined as those with two or more 

children, all of whom were delivered at 37 weeks or later. The median gestational ages 

for index mother-infant dyads were 34 and 40 weeks for cases and controls, respectively. 

Danish cases and controls were identified on Funen where the University Hospital of 

Odense was a major participating site for case collection, and from the Danish National 

Birth Cohort (DNBC) (Olsen et al. 2001). The DNBC consisted of 96,946 total births, 

including 5,352 preterm births, occurring between 1997 and 2002. We selected 723 case 

(≤36 weeks gestation) and 920 control (40 weeks gestation) mothers for our study. 

Individuals were considered for inclusion in this study only if there was no evidence of 

obstetrical induction, placental abnormalities, preeclampsia, congenital malformations, 

and multiple births. Subjects were enrolled with appropriate consent for future research. 

Biological samples collected from mothers were stored in the Biobank at Statens Serum 

Institut in Copenhagen. Epidemiologic information was collected from existing medical 
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records and from three maternal interviews, during the first trimester, at about 30 weeks 

gestation and 6 months after birth. 

SNP genotyping 

A total of 812 premature infants born in Iowa between 1999 and 2008 with GAs 

between 21 and 36 weeks (mean, 31 ± 3.7 weeks) and one or both of their parents were 

selected for genotyping. DNA was extracted from cord blood or discarded venous blood 

from the infants and venous blood, buccal swab, or saliva from the parents using standard 

protocols. Genotyping for SNP markers was performed using TaqMan assays (Applied 

Biosystems, Foster City, CA, USA) as described in detail elsewhere (Ehn et al. 2007). A 

total of 16 tagging SNPs were selected to cover haplotype blocks of the oxytocin gene 

(OXT; 1 SNP), the oxytocin receptor gene (OXTR; 9 SNPs), and the 

leucyl/cystinylaminopeptidase gene (LNPEP; 6 SNPs). The SNPs genotyped, along with 

their minor allele frequencies (MAFs), are listed in Table 1. Twin births (N=151) were 

excluded, leaving 661 singleton infants for analysis. Of the 661 infants, 565 were 

successfully genotyped with GAs between 23 and 36 weeks (mean 31.1 ± 3.75). 

Sequencing 

A subgroup of the genotyped Iowa patients were initially selected for sequencing 

based on GA, including 94 infants and 95 mothers of different infants with GA between 

24-32 weeks. All three coding exons of OXT and all four exons of OXTR were sequenced 

in both directions, as described in prior studies (Ehn et al. 2007). And then, samples from 

177 Iowa infants with GA between 33-36 weeks and 88 Caucasian controls, and 100 

Argentina preterm infants born between 2005 and 2008 and 112 mothers of preterm 

infants as well as 125 Argentine controls were additionally sequenced. Further replication 

was performed by sequencing samples from additional 542 mothers of preterm infants 

from the U.S. and 141 term control mothers as well as 105 Finnish cases and 95 Finnish 

controls. For replication of novel variants found in our initial screen and better 
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determination of their frequencies, we sequenced the region encompassing exon 3 of 

OXTR in Danish case (N=723) and control (N=920) mothers participating in the DNBC. 

To assess the effect of maternal OXTR genotype on the risk of PTD, we 

performed sequence analysis on the same region of OXTR in maternal triads (each 

including a mother of a premature infant with GA between 23 and 36 weeks (single 

gestation, born after spontaneous onset of labor) and her parents as well as in a small 

group of patients consisting of 71 case and 64 control mothers. These case and control 

mothers were all Caucasians from Iowa with a singleton spontaneous delivery between 

2005 and 2010. Further exclusion criteria for cases include preeclampsia and induction of 

labor. Of the 71 cases (mothers of preterm infants with GA between 23-28 weeks and 

birth weight (BW) between 413 and 1770 grams) and the 64 controls (mothers of term 

infants with GA between 39-42 weeks and BW between 2050 and 4756 grams), 62 cases 

and 60 controls with complete data were included in the analysis. The maternal 

grandmother-grandfather-mother triads were created from 312 pedigrees from different 

populations, including the U.S. (4 sites), Argentina (2 centers), and Denmark (the island 

of Funen). The families were enrolled in the study between 2005 and 2010 (U.S. and 

Argentina) and between 2008 and 2009 (Denmark). DNA was extracted from venous 

blood, buccal swab, or saliva (U.S.) venous blood or saliva (Argentina), and saliva 

(Denmark), and subsequently used for sequencing. All sequencing was performed by 

Functional Biosciences, Inc., Madison, WI, USA. 

Plasmids and cells 

A full-length cDNA encoding human OXTR was obtained from the Missouri 

S&T cDNA Resource Center (Rolla, MO, USA). Site-directed mutagenesis was 

performed to generate mutant constructs possessing missense mutations of potential 

functional significance identified in premature cases, including P108A, W203R, and 

F284. The mutations were introduced individually into the wild-type OXTR sequence 
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using a PCR-based mutagenesis strategy. The wild-type and mutant full-length cDNAs 

were inserted into the EcoRI and XhoI sites of expression vector pcDNA3.1 (+) 

(Invitrogen, Carlsbad, CA, USA). The sequence of all constructs was confirmed by 

sequencing. 

African green monkey kidney COS-7 cells were maintained in Dulbecco’s 

Modified Eagle’s Medium supplemented with 10% newborn calf serum, 50 μg/mL 

gentamicin, and 10 mM HEPES, pH 7.4. Cells were plated at a density of 4 x 

105cells/well in 6-well (35-mm) plates, and transiently transfected with plasmid DNA 

using FuGENE HD Transfection Reagent (Roche Applied Science, Indianapolis, IN, 

USA) according to the manufacturer’s instructions. After overnight incubation, the cells 

were washed and used in subsequent experiments. 

Inositol phosphate assays 

The accumulation of inositol phosphates was measured using [3H]inositol-labeled 

cells incubated in the absence or presence of 100 nM oxytocin for 1 h as described 

elsewhere (Ascoli et al. 1989). Results were presented as mean fold difference between 

stimulated and unstimulated values (in cpm/106 cells) or mean ratio of the basal level in 

each transfection group to that in the wild-type group. 

Ligand binding assays 

Two days after transfection, cells were washed twice with warm buffer (20 mM 

HEPES, 0.15 M NaCl, 1 mg/ml bovine serum albumin, pH 7.4), and incubated with 50 

nM [3H]oxytocin (PerkinElmer, Waltham, MA, USA) alone (total binding) or together 

with 20 μM unlabeled oxytocin (nonspecific binding). After 2.5 hours of incubation at 

room temperature, the cells were washed twice with cold buffer and dissolved in 0.5 ml 

of 0.5 N NaOH overnight. After collecting the lysate, each well was washed with another 

0.5 ml of 0.5 N NaOH, and the wash was combined with the lysate, followed by 

neutralization with 0.25 ml of 2 N HCl prior to measuring radioactivity. Specific binding 
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was determined by calculating the difference between total and nonspecific binding and 

was expressed as mean cpm/106 cells. 

Statistical analysis 

The common SNP genotyping data were tested for genotype deviation from the 

Hardy–Weinberg equilibrium (HWE) using PLINK (Purcell et al. 2007) and Haploview 

(Barrett et al. 2005). We first analyzed the data for all gestational ages together and then 

performed stratified analyses. For both maternal and fetal effects, five-week sliding 

windows of GA were utilized, starting with 23-27 weeks and ending with 32-36 weeks. 

For fetal effect analysis, three-stage stratification was additionally used, resulting in three 

GA groups: early (between 23 and 27 weeks), middle (between 28 and 30 weeks), and 

late (between 31 and 36 weeks). We performed a transmission disequilibrium test (TDT) 

using the Family Based Association Test (FBAT) software (Laird et al. 2000; Rabinowitz 

and Laird 2000), which analyzes overtransmission of alleles to an affected fetus 

(Spielman et al. 1993). For maternal genetic effect analysis, we used a log-linear 

approach (Weinberg and Wilcox 1999). This approach uses a case-parents triad as the 

analysis unit and it tests maternally-mediated genetic effects based on the symmetry 

assumption of allele counts between the mothers and the fathers in the source population 

(Schaid and Sommer 1993). We performed likelihood ratio tests (LRTs) of the maternal 

genetic effects. The expectation-maximization (EM) algorithm was applied to fully 

utilize families with missing parental genotypes (Weinberg 1999). We also performed a 

haplotype analysis for all the six SNPs in the LNPEP gene using TRIMM (Shi et al. 

2008). The test statistics was constructed based on the vector of genotype differences 

between the mother and the father. Under genetic mating symmetry assumption, the 

difference vector has an expected value of 0 at each locus under the null hypothesis. A 

permutation test was used to evaluate the significance of the test statistic. 
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The sequencing data from the maternal triads were analyzed in a similar way 

except that we defined as affected those (mothers) who delivered preterm infants and 

used GA and BW of the infants as phenotypes of the case mothers. We performed a TDT 

using the FBAT (Laird et al. 2000; Rabinowitz and Laird 2000) program for each 

common or rare variant found in the sequenced region. The data were analyzed for all 

GAs together as well as for GA subgroups using five-week sliding windows of GA and 

three-stage (early, middle, and late) stratification as described above. 

We performed chi-square and Fisher’s exact tests using SAS version 9.2 statistical 

program (SAS, Cary, NC, USA) for a 2 by 2 or 2 by 3 contingency table to analyze the 

sequence data on rare and common OXTR variants found in Danish case and control 

mothers as well as Caucasian case and control mothers from Iowa. In the Iowa case and 

control study, we restricted our analysis to only 3 polymorphisms (rs4686302, rs237902, 

and rs61740241) because of the absence of rare variant minor alleles in both cases and 

controls. 

The Danish sequencing data were further analyzed using linear regression to 

model genetic effects of the OXTR variants identified on GA. In the Iowa case-control 

study, we conducted logistic regression analysis to predict case/control status and linear 

regression analyses to predict GA (weeks) and BW (grams) on the aforementioned three 

OXTR polymorphisms. 

Data for inositol phosphate and ligand binding assays were analyzed using one-

way ANOVA, followed by Dunnett's test with InStat software (GraphPad, La Jolla, CA, 

USA). 

Analysis of genetic variation in OXTR using publicly 

available reference data 

The OXTR sequencing results from our study were additionally analyzed utilizing 

publicly available data from two databases: (1) the 1000 Genomes Project (1000GP), 
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which provides a catalogue of genetic variants present in the genomes of healthy 

individuals from different ethnic groups (The 1000 Genomes Project Consortium 2010) 

and (2) the National Heart, Lung, and Blood Institute (NHLBI) Grand Opportunity (GO) 

Exome Sequencing Project (ESP), which provides a catalogue of exome variants present 

in the genomes of approximately 2500 European and African American individuals from 

cohorts sampled for heart, lung, and blood diseases (Exome Variant Server). No data on 

these for GA is reported. We investigated the two databases in search of coding variants 

in exon 3 of the OXTR gene in European Americans and African Americans, and then 

compared the variants retrieved with those identified in our sequencing study. The 

variants reported in the 1000GP (October 2011 release, 20110521) were annotated using 

the SeattleSeq Annotation Server (http://gvs.gs.washington.edu/SeattleSeqAnnotation/). 

Chi-square and Fisher’s exact tests were used to assess differences in the proportion of 

cases and controls possessing rare coding variant minor alleles. 
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Figure 4.   Results of fetal genetic effect analysis. No statistically significant (p<0.05) association was found between preterm birth 
risk and any of the SNPs in OXT, OXTR, and LNPEP either when all GAs together were evaluated (A) or when three-stage 
(A) or five-week sliding window (B) stratification was used. 
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Figure 5.   Results of maternal genetic effect analysis. Three SNPs (rs4869315, rs3849749, rs4869317) in LNPEP had suggestive 
association when all GAs were together considered (A). Another SNP (rs13175726) in LNPEP as well as the same three 
SNPs showed significant association for several GA subgroups when five-week sliding window analysis was performed 
(B). 
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Figure 6.   Schematic representation of OXTR gene structure and location of all coding variants identified by sequence analysis in the 
present study. Note that all the variants were found in exon 3 (indicated by an asterisk) that encodes 6 of 7 transmembrane 
domains of the receptor. 
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Figure 7.   Results of TDT analysis for three OXTR coding SNPs (rs4686302, rs237902, 
and rs61740241) detected in maternal triads by sequencing. Data were 
analyzed using five-week sliding windows of GA stratification. Note that no 
data were available for some GA subgroups due to the lack of a sufficient 
number of informative families. 
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Figure 8.   Comparison of specific [3H]OXT binding to wild-type and mutant oxytocin 
receptors. COS-7 cells were transiently transfected with empty pcDNA3.1 
vector (EV) and vectors encoding wild-type and mutant OXTRs, and were 
exposed to 50 nM [3H]OXT in the absence and presence of 20 μM unlabeled 
oxytocin. Specific binding was determined as described in Materials and 
Methods. Statistical significance of differences in [3H]OXT specific binding 
between wild-type and mutant OXTR-expressing cells was determined using 
one-way ANOVA followed by Dunnett's test. Data presented are mean in 
cpm/106 cells ± SEM of multiple experiments performed in duplicate. * 
P<0.05. 
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Figure 9.   Inositol phosphate (InsP) accumulation in COS-7 cells transiently transfected with wild-type and mutant OXTRs. 
Transfected cells prelabeled with myo-[3H]inositol were treated with buffer alone or with 100 nM oxytocin. After one hour 
of incubation, InsP accumulation was measured as described in Materials and Methods. (A) Oxytocin-stimulated InsP 
accumulation. Results are presented as fold change compared with unstimulated (basal) InsP levels. (B) Comparison of 
basal levels of InsP accumulation in transfected cells. Results are presented as the ratio to the unstimulated (basal) InsP 
levels in cells expressing wild-type receptor. Data are mean ± SEM of multiple experiments performed in duplicate. 
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Table 1. List of SNPs in the OXT, OXTR, and LNPEP genes genotyped 
Gene SNP Alleles Chr Positiona MAF 
OXT rs2740210 G/T 20 3053255 0.32 

OXTR rs7632287 A/G 3 8791446 0.25 
 rs11706648 A/C 3 8796547 0.33 
 rs237887 A/G 3 8797042 0.41 
 rs4686301 C/T 3 8798586 0.29 
 rs237889 C/T 3 8802483 0.37 
 rs53576 A/G 3 8804371 0.32 
 rs237893 A/G 3 8805950 0.42 
 rs237897 A/G 3 8808285 0.36 
 rs4686302 C/T 3 8809222 0.12 

LNPEP rs4869315 A/G 5 96229272 0.44 
 rs3849749 A/T 5 96234533 0.41 
 rs4869317 A/T 5 96292004 0.28 
 rs18059 C/T 5 96352068 0.48 
 rs316206 C/T 5 96380733 0.32 
 rs13175726 A/G 5 96387033 0.29 

aPosition according to NCBI Build 37.2 GRCh37.p2 assembly. 

SNP = single nucleotide polymorphism, Chr = chromosome, MAF = minor allele frequency. 
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Table 2. Summary of all OXTR coding variants detected by sequencing in the present study 

Nucleotide 
variationa 

Amino acid 
substitution 

Domain 
Locationb dbSNP ID Sequencing analysisc 

Number of variant carriersd 
Mother Infant 

Case Control Case Control 
+31C>T A11T END  Danish cohort 1 (D) 0   

+133C>A V45L TMD 1  Danish cohort 0 2 (D)   
+322G>C P108A ECL 1  Follow-up, MT 1 (F) 0 0 0 
+428T>C Q143R ICL 2  MT     
+515A>G V172A TMD 4 rs115324487 Pilot, follow-up, MT 7 (A, U) 0 5 (A, U) 0 
+607A>G W203R ECL 2  Pilot 0 0 1 (U) 0 
+616G>C L206Ve TMD 5 rs150746704 Pilot, follow-up 2 (U) 0 3 (A, U) 0 
+631C>A V211L TMD 5  Danish cohort 1 (D) 1 (D)   
+652C>T A218T TMD 5 rs4686302 All     
+690G>A N230N ICL 3 rs237902 All     
+712C>T A238T ICL 3 rs61740241 All     
+724C>G E242Q ICL 3  MT     
+741C>T A247A ICL 3  Danish cohort 2 (D) 1 (D)   
+755C>G G252A ICL 3  Follow-up, Danish cohort, MT 3 (D) 2 (D, F)   
+841C>T V281M TMD 6  Danish cohort 1 (D) 0   
+850A>G F284L TMD 6  Follow-up 1 (U) 0 0 0 

aNucleotide numbering: +1 is the A of the ATG translation initiation codon. 
bECL = extracellular loop, END = extracellular N-terminal domain, ICL = intracellular loop, and TMD = transmembrane domain. 
cSequencing analysis in which the variant indicated was detected. See text for further details. MT, maternal triad. 
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Table 2. Continued 
 
dCounts of common variant (A218T, N230N, and A238T) carriers are not shown. Counts from maternal triad analysis were not 
included: P108A, Q143R, V172A, E242Q, and G252A were identified each in one family. Letter in parentheses is a population code: 
A, Argentina; D, Denmark; F, Finland; and U, USA. 
 
eAlways found together with V172A. 
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Table 3. Association analysis of rare coding variants in exon 3 of OXTR identified by 
Danish cohort sequencing 

Nucleotide 
variationa 

Amino acid 
substitution 

Domain 
Location 

Number of variant carriers 
P-value Case 

mother(N=723) 
Control mother 

(N=920) 
+31C>T A11T END 1 0 0.44 

+133C>A V45L TMD 1 0 2 0.51 
+631C>A V211L TMD 5 1 1 1.00 
+741C>T A247A ICL 3 2 1 0.59 
+755C>G G252A ICL 3 3 1 0.33 
+841C>T V281M TMD 6 1 0 0.44 

aNucleotide numbering: +1 is the A of the ATG translation initiation codon. 
 
END = extracellular N-terminal domain, ICL = intracellular loop, TMD = transmembrane 
domain. 
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Table 4. Results of regression analyses of OXTR coding variants predicting gestational 
age (GA) in Danish case and control mothersa 

Variant GA in weeksb GA as a binary traitc 
nd P-value n(case, control)d P-value 

rs237913e 1591 0.08 691, 900 0.11 
rs237911 1598 0.22 696, 902 0.44 

A11T 1602 0.53 697, 905 0.98 
V45L 1602 0.28 696, 906 0.97 
V211L 1590 0.39 698, 892 0.86 

rs4686302 1592 0.57 701, 891 0.54 
rs237902 1586 0.26 697, 889 0.35 

rs61740241 1588 0.46 698, 890 0.26 
A247A 1587 0.79 696, 891 0.44 
G252A 1588 0.35 698, 890 0.25 
V281M 1588 0.38 697, 891 0.98 

aThe analysis was performed for all common and rare variants identified by sequencing. 
bGA was considered as a continuous variable. 
cGA was considered as a categorical variable (preterm, ≤36 weeks; and term, 40 weeks). 
dNumber of individuals successfully genotyped and included in the analysis. 
eThe best genetic effect model. 
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Table 5. Comparison of coding variants in exon 3 of OXTR identified by the 1000 Genomes Project (1000GP) and the Exome 
Sequencing Project (ESP) and the current study 

dbSNP ID Amino acid 
substitution 

1000GP ESP Pilot, follow-up, and Danish cohort studies 

European All European 
American 

African 
American Casea Control 

mA / MA mA / MA mA / MA mA / MA mA MA mA MA 

 A11T     1 1445 0 1840 

 V45L   1 / 1111 0 / 1300 0 1446 2 1838 

 N57N 200 / 558 696 / 1488 392 / 1256 546 / 1042     

 L74F   1 / 2003 0 / 1786     

 Y106D   1 / 2391 0 / 1938     

 P108A     1 (1) 2449 (2071) 0 898 

 T152T   2 / 974 0 / 1024     

 P170P 1 / 757 2 / 2182       
rs115324487 V172A 4 / 754 38 / 2146 1 / 2177 70 / 1412 12 (9) 2438 (2063) 0 898 

 W203R     1 (0) 2449 (2072) 0 898 
rs150746704 L206V 0 / 758 15 / 2169 1 / 2675 33 / 2083 6 (5) 2444 (2067) 0 898 

 V211L     1 1445 1 1839 
rs4686302 A218T 98 / 660 322 / 1862 306 / 2344 157 / 1949     
rs237902 N230N 247 / 511 512 / 1672 776 / 1514 562 / 1330     

rs61740241 A238T 19 / 739 26 / 2158 34 / 1216 5 / 1131     

 A247A     2 1444 1 1839 

 G252Ab     0 (0) 2450 (2072) 1 897 

 V281M   3 / 2691 0 / 2146 1 1445 0 1840 

 F284L     1 (1) 2449 (2071) 0 898 
 
aNumber in parentheses indicates allele counts obtained after removing the pilot sequencing results and used in the chi-square and 
Fisher’s exact tests (see text for further details). 
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Table 5. Continued 
 
bShown are the counts from the pilot and follow-up studies. Also found in the Danish cohort (case, 3 / 1443; control, 1 / 1839). 
mA, minor allele count and MA, major allele count. 
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Table 6. In silico prediction of functional significance of OXTR missense variants 
identified by sequencing 

Amino acid 
change 

PolyPhen SIFT 

Prediction PSIC score 
difference Prediction Tolerance 

index 
A11T Benign N/A Tolerated 0.44 
V45L Benign N/A Tolerated 0.11 

P108Aa Probably 
 

2.243 Affect protein 
 

0.04 
Q143R Benign 0.286 Tolerated 0.67 
V172A Benign 0.820 Tolerated 0.37 
W203Ra Probably 

 
4.115 Affect protein 

 
0.00 

L206V Benign 0.319 Tolerated 0.41 
V211L Benign N/A Tolerated 0.41 
A218T Benign 0.324 Tolerated 0.36 
A238T Benign 0.330 Tolerated 0.59 
E242Q Benign 0.740 Tolerated 0.59 
G252A Benign 0.278 Tolerated 0.74 
V281Ma Probably 

 
2.013 Affect protein 

 
0.00 

F284La Probably 
 

2.208 Affect protein 
 

0.01 
aAmino acid substitutions with predicted deleterious effects. 
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Table 7. Results of TDT analysis for coding variants in exon 3 of OXTR identified in 
maternal triads 
Nucleoti

de 
variation

a 

Amino 
acid 

substituti
on 

Domai
n 

Locatio
n 

All 
(N=31

2) 

Earlyb(n=2
6)c 

Middleb(n=4
2)c 

Lateb(n=19
0)c 

+322G>
C P108A ECL 1 0.32 N/A N/A 0.32 

+428T>C Q143Rd ICL 2 0.32 N/A N/A N/A 
+515A>

G V172A TMD 4 0.32 N/A N/A 0.32 

+652C>T A218T TMD 5 0.35 0.21 0.01 0.78 
+690G>

A N230N ICL 3 0.31 N/A N/A 0.28 

+712C>T A238T ICL 3 0.56 N/A N/A 0.13 
+724C>

G E242Q4 ICL 3 0.32 N/A N/A 0.32 

+755C>
G G252A ICL 3 0.32 N/A N/A 0.32 

 
aNucleotide numbering: +1 is the A of the ATG translation initiation codon. 
 
bAnalysis was stratified by GA into three groups: early (21-27 weeks), middle (28-30 
weeks), and late (31-36 weeks). 
cn indicates the number of informative pedigrees included in the analysis. 
dMissense variants detected in maternal triads only. 
 
ECL = extracellular loop, ICL = intracellular loop, N/A = not available, TMD = 
transmembrane domain. 
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Table 8. Results of regression analyses of OXTR coding variants predicting case/control 
status (A) and gestational age and birth weight (B) in Iowa case and control mothers 

(A) Logistic regression 
Model n (case, control) P-value R2 

rs4686302 (A218T) 60, 60 0.19 0.020 
rs237902 (N230N) 60, 60 0.24 0.015 

rs61740241 (A238T) 60, 59 0.75 0.001 
rs4686302 (A218T) + rs237902 

(N230N)a 60, 60 0.04, 0.05b 0.062 

 
 
 
(B) Linear regression 

Model n Gestational age Birth weight 
P-value R2 P-value R2 

rs4686302 (A218T) 120 0.14 0.019 0.08 0.025 
rs237902 (N230N) 120 0.23 0.022 0.17 0.016 

rs61740241 (A238T) 119 0.77 0.001 0.53 0.003 
rs237902 (N230N) + 
rs61740241(A238T)c 120 0.03, 0.04 0.055 N/A N/A 

rs4686302 (A218T) + rs61740241 
(A238T)d 120 N/A N/A 0.008, 

0.01 0.074 

aThe most parsimonious model for predicting case/control status. 
brs4686302 OR=2.861 (1.041, 7.859) and rs237902 OR=1.803 (0.993, 3.273). 
cThe most parsimonious model for predicting gestational age. 
dThe most parsimonious model for predicting birth weight. 

N/A = not available. 
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Table 9. Alignment of the amino acid sequence of OXTR from different species at mutant residues of all coding variants identified in 
the present study 

Amino acid residue Human Rhesus Mouse Dog Elephant Opossum Chicken X_tropicalis Zebrafish 
A11 A T I A A L — — — 
V45 V V V V V V V V V 
P108 P P P P P P P P P 
Q143 Q Q Q Q Q Q Q Q Q 
V172 V V V V V I I I V 
W203 W W W W W W W W W 
L206 L L L L L L L I L 
V211 V V V V V I I L I 
A218 A A A A A A V V V 
N230 N N N N N N N N N 
A238 A A A A A E G V E 
E242 E E A E E A G — — 
A247 A A A A E S S E L 
G252 G G A — G G G R S 
V281 V V V V V V V V V 
F284 F F F F F F F Y Y 
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CHAPTER 3  

CHARACTERIZATION OF THE TERM AND PRETERM 

PLACENTAL TRANSCRIPTOMES 

The study presented in this chapter aims to identify genes involved in physiologic 

and pathologic (preterm) pregnancies by examining the transcriptomic profiles of human 

placental tissues. This study, which was performed using microarray- and deep 

sequencing (RNA-Seq)-based approaches, shows the existence of distinct gene 

expression and splicing profiles between term and preterm placental tissues and between 

placental and other human tissues. The results of the microarray analysis particularly 

provide important evidence demonstrating that aberrant splicing may represent one 

pathogenic mechanism underlying PTB. Collectively, this work suggests that 

transcription and alternative splicing are critical mechanisms for anatomical and 

functional specialization of the human placenta and that analysis of the placental 

transcriptome can provide valuable insight into genes involved in the pathogenesis of 

PTB. 

Part of this chapter (RNA sequencing (RNA-Seq) analysis of the normal human 

placenta) is based on the following paper published in the March 2012 issue of BMC 

Genomics on which I have co-first authorship: 

Transcriptome landscape of the human placenta 

Jinsil Kim*, Keyan Zhao*, Peng Jiang*, Zhi-xiang Lu, Jinkai Wang, Jeffrey C. Murray, 

and Yi Xing. (*Co-first authors) 

The work presented in this chapter was carried out in collaboration with the 

laboratory of Yi Xing, and I was involved in designing the study, collecting placental 

tissues, preparing RNA samples for microarray and RNA-Seq analyses, coordinating with 

biostatisticians (Keyan Zhao, Peng Jiang, and Shihao Shen) in analyzing data, examining 

lists of differentially expressed and differentially spliced genes and prioritizing them for 



70 
 

validation, conducting qRT-PCR experiments to validate differential expression detected 

by microarray analysis, interpreting data analysis results, and writing and revising the 

manuscript. 

Abstract 

The placenta is a key component in understanding the physiological processes 

involved in pregnancy. Malfunction of the placenta has long been implicated as one cause 

of preterm birth (PTB), and identification of molecular alterations underlying placental 

dysfunction such as alterations in gene expression may provide useful insight into the 

mechanisms involved in PTB. In this study, we examined the transcriptomes of human 

term and preterm placentas using splicing-sensitive microarrays (the Human Exon 

Junction Array (HJAY)) and RNA sequencing (RNA-Seq). We also performed 

comparative transcriptomic analyses of placental and other human tissues to identify 

genes important for normal placental function. Gene-level analysis of the HJAY and 

RNA-Seq data revealed expression signatures that distinguish between placental and 

other human tissues and between term (with and without labor) and preterm placental 

tissues. Exon-level expression analysis identified a number of placenta-specific, and 

labor- and gestational age-associated alternative splicing events. We particularly noted 

widespread dysregulation of alternative splicing in preterm placental tissues, which was 

concomitantly observed with differential expression of genes involved in the regulation 

of splicing (such as ESRP1). These findings suggest that alternative splicing may 

represent one possible pathogenic mechanism underlying PTB. Taken together, a detailed 

understanding of the placental transcriptome may shed light on the physiology of normal 

pregnancy as well as the complex pathogenesis of PTB. 

Introduction 

Pregnancy and parturition require an intricate interplay between maternal and 

fetal factors, orchestrated by the placenta, which lies at the interface between mother and 
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fetus. The placenta performs multiple functions critical for fetal survival, growth, and 

development, including transport of gases, nutrients, and waste products, hormone 

production, protection of the fetus from maternal immune attack, and anchorage of the 

fetus to the uterus (Kay et al. 2011). The role of the placenta as a key organ of pregnancy 

is well demonstrated by the fact that placental pathology is associated with adverse 

maternal and fetal outcomes such as preterm birth (PTB), intrauterine growth restriction 

(IUGR), and preeclampsia (PE) (Faye-Petersen 2008; Roberts and Post 2008; Kay et al. 

2011). 

The value of placental examination is well recognized, particularly in the setting 

of PTB, which complicates over 12% of all pregnancies in the U.S. (Faye-Petersen 2008; 

Goldenberg et al. 2008; Martin et al. 2011). Histological examination of the placenta, 

which is frequently carried out to explore possible causes of preterm delivery (PTD), has 

been a useful tool for identifying lesions commonly associated with PTB, such as 

chorioamnionitis (Faye-Petersen 2008). In cases where no remarkable histologic 

abnormalities are found, investigation into molecular alterations causing placental 

dysfunction could provide insight into the pathogenesis of prematurity. 

The normal function of the placenta depends on its structural integrity, and the 

proper growth and development of its structural components require the finely tuned 

regulation of involved genes. Therefore, alterations in gene expression and RNA 

processing may represent one of the major molecular mechanisms underlying 

pathological pregnancies. Previously, numerous microarray studies have investigated 

changes in global human placental gene expression that are associated with gestational 

age (GA) (Mikheev et al. 2008), physiologic labor (Haddad et al. 2006; Sitras et al. 2008), 

or pathological conditions (Sitras et al. 2009). Although these microarray studies have 

provided useful insights into the placental transcriptome, they were limited in depth in 

that they only examined gene-level expression changes, and did not have the resolution to 
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investigate the complexity of the placental transcriptome that arises from changes in 

RNA processing. 

Alternative splicing (AS) is a common mechanism of gene regulation in higher 

eukaryotes, occurring in over 90% of multi-exon genes in the human genome (Pan et al. 

2008; Wang et al. 2008). AS is regulated by complex interactions between cis-acting 

splicing elements and trans-acting factors (Chen and Manley 2009). Many splicing 

regulators have tissue-specific expression patterns, resulting in widespread differences in 

AS patterns across different tissues. In addition to playing a critical role in regulating 

normal gene functions, AS is also frequently involved in diseases (Caceres and 

Kornblihtt 2002; Wang and Cooper 2007). Previous studies have revealed associations 

between AS of individual genes and human pregnancy complications (Soleymanlou et al. 

2005; Sela et al. 2008; Heydarian et al. 2009). For example, the soluble isoform of the 

fms-like tyrosine kinase-1 (sFlt1) arising from AS and polyadenylation is significantly 

up-regulated in placentas from women with PE (Heydarian et al. 2009), and encodes a 

potent inhibitor of the vascular endothelial growth factor (VEGF) (Sela et al. 2008). 

Despite such interesting anecdotal examples, the global patterns of AS of human genes 

have not been systematically examined in the placenta. 

In this study, we conducted a genome-wide analysis of the term and preterm 

placental transcriptomes employing two technologies: (1) the Human Exon Junction 

Array (HJAY), which is a splicing-sensitive microarray platform that contains probes 

targeting not only exons, but also exon-exon junctions (Shen et al. 2010), and (2) high-

throughput RNA sequencing (RNA-Seq), which is a powerful sequencing application that 

allows global characterization of gene expression and AS at the nucleotide resolution 

(Wang et al. 2009). Given the heterogeneity in placental tissue composition and gene 

expression (Sood et al. 2006; Avila et al. 2010), we examined selected tissue components 

of the placenta separately, focusing on: the amnion in the HJAY study, and the amnion, 

chorion, and decidua in the RNA-Seq study. 
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Results 

Human Exon Junction Array (HJAY) analysis of 

placental gene expression and alternative splicing 

Overview of the HJAY data analysis 

The Affymetrix HJAY is a high-density human exon array that contains, on 

average, eight probes per probe set for 315,137 exons and 260,488 exon–exon junctions 

(Yamamoto et al. 2009; Shen et al. 2010). This array covers all AS events supported by 

mRNA and EST evidence in the UCSC Genome Browser and Ensembl databases, 

making it a powerful tool for exon-level transcriptome analysis (Yamamoto et al. 2009; 

Shen et al. 2010). In our study, we analyzed a total of 34 placental amnion samples that 

are grouped into three types: (1) term no labor (TNL, n=14); (2) term labor (TL, n=14); 

and (3) preterm labor (PTL, n=6). Excluding five samples (3 TNL and 2 TL samples) 

identified as outliers left 29 samples for analysis (see Materials and Methods for more 

details on the outlier detection procedure).We performed differential expression and 

splicing analyses on those 29 tissue samples to identify genes that play a role in labor and 

birth timing, which will be discussed in more detail in the following sections. 

We also compared our data on term placentas (TNL and TL) with the data on 

other human cells/tissues (cerebellum, erythroblasts, and prostatic epithelial cells) 

obtained from the Xing lab at the University of Iowa or the publicly available NCBI 

database (see Materials and Methods for more details for further details) to identify genes 

important for normal placental function. 

Gene expression patterns in term (with and without labor) 

and preterm placentas 

We generated expression profiles of human term (TNL and TL) and preterm (PTL) 

placentas using the HJAY, a highly sensitive array platform that allows both gene-level 
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and exon-level expression analysis. We first performed expression analysis at the gene-

level in 11 TNL, 12 TL, and 6 PTL amnion tissues. One of the main goals of our study 

was to identify labor- and gestational age (GA)-associated transcriptomic signatures, and 

therefore we investigated the extent to which the three groups of samples differ from one 

another with respect to the overall gene expression patterns. 

Employing cluster analysis, we found that there exists a gene expression signature 

that distinguishes term no labor from term labor amnion tissues (Figure 10), suggesting 

that labor may result from changes in expression of a specific set of genes in the amnion. 

We observed heterogeneous patterns of gene expression among the six PTL samples 

(data not shown), while the TNL and TL samples showed relatively homogeneous intra-

group expression patterns. This inter-sample variability in gene expression observed 

within the PTL group may probably reflect the heterogeneous nature of PTB. 

We next performed differential expression analysis to identify individual genes 

that play a role in the regulation of physiologic labor and gestation length. Using 

Significance Analysis of Microarrays (SAM) (Tusher et al. 2001), we identified 42 genes 

(Figure 10) with a gene expression index ≥100, a false discovery rate (FDR) <0.01 and a 

minimum of 1.5-fold change in expression levels between the TNL and TL groups. 

Among those 42 genes, 25 genes showed increased expression, and 17 showed decreased 

expression in the TL samples. We randomly selected 13 differentially expressed genes 

and performed qRT-PCR validation of their mRNA expression levels in the same 

samples used in the HJAY experiments. Figure 11 shows the qRT-PCR results for two 

(BMP2 and PLIN2) of the validated genes, both of which were upregulated in the TL 

tissues. We also identified unique gene expression signatures that differentiate preterm 

from term amnion tissues. Figure 12 shows the heatmaps for the top 50 differentially 

expressed genes between the TNL or TL and PTL groups. 

Another goal of our study was to identify genes that are important for placental 

biology and normal placental function. To achieve this goal, we compared the gene 
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expression profiles of term placentas (TNL and TL) with those of other human 

cell/tissues, including cerebellum, erythroblasts, and prostatic epithelial cells. SAM 

analysis revealed 236 genes that are differentially expressed between placental and other 

human tissues (FDR <0.01 and ≥2-fold change), including 72 genes with increased 

expression and 164 genes with decreased expression in the placental tissues. We 

randomly selected 9 differentially expressed genes and examined their mRNA levels by 

qRT-PCR, using the same placental (TNL and TL) samples used in the HJAY 

experiments and 10 other human tissue samples (see Materials and Methods for a full list 

of tissues used). Figure 13 shows the results of expression analysis for three (CCL4, 

TRIM29, and SUGP2) of the validated genes. We found that CCL4 and TRIM29 were 

expressed at much higher levels in the placenta than in other tissues, whereas SUGP2 was 

downregulated in the placenta, which confirms the direction of expression changes 

predicted by the HJAY analysis. 

Taken together, our work demonstrates the existence of unique transcriptional 

profiles that distinguish between term no labor (TNL) and labor (TL) placentas, term and 

preterm placentas, and placental and other tissues. 

Analysis of alternative splicing (AS) in term (with and 

without labor) and preterm placentas 

To investigate if AS could represent a mechanism involved in the regulation of 

labor, gestation length, and placental function, we examined exon-level expression 

changes in the same set of amnion tissues. We used Microarray Analysis of Differential 

Splicing + (MADS+) algorithm (Shen et al. 2010) to identify differential splicing events. 

AS analysis procedures using this computational tool are described in detail in previous 

studies (Xing et al. 2008; Shen et al. 2010) as well as Figure 14. 

Our exon-level analysis of the HJAY data using these published procedures 

revealed global differences in splicing among the three groups of amnion tissues. We 
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identified 56 and 265 exons that are differentially spliced between the TNL and TL 

groups and the TL and PTL groups, respectively (p<0.05). In addition, 138 exons showed 

splicing differences between placental (TNL and TL) and other human tissues (p<0.05). 

Given that our main interest lies in finding candidate genes for PTB, we focused 

our experimental validation on the differentially spliced exons between the TL and PTL 

groups. We performed fluorescently labeled RT-PCR analyses of 17 selected exons, and 

determined their inclusion levels by quantifying the fluorescence intensity of the RT-PCR 

products. Differential splicing (≥10% difference in exon inclusion level) detected by the 

HJAY was robustly confirmed for four exons (ATP5C1, CLK1, MYOF, and PDK1), as 

shown in Figure 15. It should be noted that there results were obtained using an extended 

set of amnion tissues (14 TL and 28 PTL samples) and a stringent p-value cutoff of 

<0.005. 

One particularly interesting observation was that the differentially spliced exons 

between the TL and PTL groups were significantly enriched with epithelial splicing 

regulatory protein 1 (ESRP1) target exons (20.4% (54 of 265 exons), p=7.9 x 10-7, Figure 

16A). qRT-PCR analysis of 14 TL and 27 PTL amnion samples showed that the ESRP1 

mRNA levels are reduced by ~35% in preterm amnion tissues (Figure 16B). These 

findings suggest that the pathogenesis of PTB may involve dysregulated splicing of 

ESRP1-regulated exons. 

Taken all together, our results indicate an important role of AS in the amnion in 

placental biology and normal and pathological pregnancy processes. 

RNA sequencing (RNA-Seq) analysis of the normal 

human placenta 

Overview of the RNA-Seq data analysis 

To obtain a more detailed picture of the normal placental transcriptome, we 

sequenced pooled mRNA of the amnion, chorion, and decidua separately taken from five 
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normal term (TL) placentas (3 from male infants and 2 from female infants). For each of 

the placental tissues, we generated 2 lanes of paired-end Illumina RNA-Seq data with 54 

bp and 72 bp in read length and 23-33 million reads of each lane, for a total of 50-60 

million paired-end reads per tissue. We only used 50 bp of each end for mapping and 

analysis based on the sequencing error profile. In addition, we also obtained the Illumina 

Human Body Map 2.0 (HBM2.0) data with 73-83 million 50 bp paired-end reads from 16 

normal non-placental human tissues (adipose, adrenal, brain, breast, colon, heart, kidney, 

liver, lung, lymph node, ovary, prostate, skeletal muscle, testes, thyroid, and white blood 

cells). We mapped the sequence reads of each tissue to the reference human genome 

sequence (hg19) as well as all possible exon-exon junctions (Ensembl genes, r57). We 

obtained a high mapping rate with 70-90% and 7-10% of reads mapped to the reference 

genome and exon-exon junctions, respectively. 70-80% of the mapped paired-end reads 

were uniquely mapped pairs and were used for subsequent analyses. 

Global analysis of gene expression in placental and other 

human tissues 

Using the uniquely mapped read pairs, we estimated the expression levels of 

22,523 protein-coding genes (Ensembl genes, r57) in each tissue using the “Fragments 

Per Kilobase of gene per Million mapped fragments” (FPKM) metric (Trapnell et al. 

2010) in a way similar to RPKM (Mortazavi et al. 2008) (see Materials and Methods for 

further details). With a coverage depth ranging from 50 to 80 million paired-end reads 

per tissue, we detected the expression (i.e. FPKM>0) of the majority of the protein-

coding genes (66-84% for each of the 19 tissues). Approximately half of the genes were 

expressed with FPKM>1. We investigated the similarity in the global gene expression 

profiles among the three placental compartments and 16 HBM2.0 tissues using average 

linkage hierarchical clustering of the top 1000 most divergent genes (Figure 17). The 

three placental tissues clustered more closely with one another than with the other 16 
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tissues, suggesting the existence of a placenta-specific gene expression signature. In 

addition, we also observed genes with distinct expression patterns among the amnion, 

chorion, and decidua, indicating that each compartment of the placenta has its unique 

expression signature, possibly reflecting differences in their functions and/or biological 

activities. 

To obtain a more detailed picture of genes potentially important for normal 

placental function, we compared the RNA-Seq gene expression profiles between the three 

placental tissues and the 16 HBM2.0 tissues to identify two types of genes with 

preferential expression in the placenta: (1) placenta-enriched genes, defined as genes with 

an FPKM value of at least 1 and greater than 4-fold difference in FPKM between any of 

the three placental tissues and the average of the 16 non-placental tissues as similarly 

defined in another study (Knox and Baker 2008); and (2) placenta-specific genes, defined 

as genes whose RNA-Seq reads were only detected in the placenta but not in any of the 

16 non-placental tissues. 

We identified 938, 865, and 944 genes with at least 4-fold enriched expression in 

the amnion, chorion, and decidua, respectively, as compared to non-placental tissues, 

including 216 genes shared among the three compartments of the placenta. We used a 

similar strategy to generate a list of 758 placenta-enriched genes using the GeneAtlas 

microarray data set covering the whole placenta and other human tissues (Su et al. 2004) 

(see Materials and Methods for further details). Among the 758 array-based placenta-

enriched genes, 297 were found to be enriched in one of the 3 placental tissues according 

to our RNA-Seq data, representing a significant overlap between the array and RNA-Seq 

results (p=2.2 x 10-119, Fisher’s exact test). The difference between array- and RNA-Seq-

based gene lists could be due to the differences in platforms as well as in tissue samples 

used for expression profiling. We also obtained a list of tissue-enriched genes in each of 

the 16 HBM2.0 tissues (15 other HBM2.0 tissues were used as the background). Of all 19 

tissues, the three placental tissues were among the tissues with the highest number of 
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tissue-enriched genes, with only testes, brain and white blood cells topping the placental 

tissues (Figure 18A). 

The RNA-Seq data also allowed us to identify genes whose expression was 

restricted to the placenta (i.e. not a single read detected in any of the 16 non-placental 

tissues). We identified a total of 170 placenta-specific genes in the three placental 

compartments combined. We also used the same criteria to identify tissue-specific genes 

within the 16 HBM2.0 tissues. Consistent with the patterns observed for tissue-enriched 

genes, the three placental tissues were among the tissues with the highest number of 

tissue-specific genes, only after testes and brain. Taken together, these data indicate 

abundant tissue-specific activation of gene transcription in the placenta. 

Genes enriched in or specific to the placenta play important 

roles in placental function and pregnancy-related diseases 

In order to understand the functional significance of the genes with enriched 

expression (EE) in the placenta, we asked whether these genes have been implicated in 

placental biology and/or pregnancy disorders. We compiled two lists of human genes 

using the Mouse Genome Informatics (MGI) database (http://www.informatics.jax.org/) 

(Blake et al. 2011) and the Preterm Birth Genetics Knowledge Base PTBGene database 

(http://bioinformatics.aecom.yu.edu/ptbgene/index.html) (Dolan et al. 2010). The MGI 

list consisted of human genes whose mouse orthologs are associated with abnormal 

placental phenotypes when disrupted. The PTB list consisted of genes collected from the 

literature on genetic association studies of PTB. We found that the placenta-enriched 

genes overlapped with 70 genes (19%, p=1.9 x 10-9) in the MGI list and 20 genes (24%; 

p=1.7 x 10-5) in the PTB list, significantly overrepresented compared to random 

expectation (Figure 18B). 

Many of the genes associated with placental abnormalities in mice (see Figure 

18C for the heatmap showing their expression patterns) were previously known to be 
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involved in physiological and pathological processes related to pregnancy, with examples 

including prolactin receptor (PRLR) and insulin-like growth factor 2 (IGF2). The PTB 

list was particularly enriched with interleukin-1 (IL1)-related genes, including IL1R1, 

IL1RN, IL1B, and IL1A. We also found genes overlapping with both the MGB and PTB 

lists, such as coagulation factor II (thrombin) receptor (F2R) and vascular endothelial 

growth factor A (VEGFA). 

To gain more insight into key processes that may possibly explain functional 

differences among the three placental tissues, we carried out functional annotation 

analysis of placenta-enriched genes identified in each of the three placental tissues 

compared with the other 16 human tissues using DAVID (http://david.abcc.ncifcrf.gov/) 

(Dennis et al. 2003). The analysis revealed significant enrichment (p<0.05 after 

Bonferroni correction) of Gene Ontology (GO) terms and KEGG pathways involved in a 

wide range of biological processes, including focal adhesion, vasculature development, 

wound healing, and extracellular matrix (ECM)-receptor interaction (data not shown). Of 

particular note is that there was no significantly enriched GO term shared among all three 

placental tissues, indicating that each compartment of the placenta has its unique profile 

of active genes involved in different biological processes. 

Although there was no GO annotation shared by all three compartments, we 

identified several biologically relevant enriched categories that overlap between the two 

membranous compartments amnion and chorion. For example,  epithelium development, 

one of those categories, explains a common compositional feature that exists between the 

two tissues with both at least partially consisting of a layer of cells that are epithelial in 

origin (the amniotic epithelium and extravillous cytotrophoblast) (Benirschke 2012). The 

enrichment of cell/biological adhesion-related genes supports the role of the two 

membranes as a barrier protecting the fetus from external mechanical force, which 

requires substantial involvement of cell adhesion molecules. Of note is that we also 

observed an overrepresentation of mesoderm development in both tissues when we 
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performed our analysis using a different annotation system PANTHER (Thomas et al. 

2003; Thomas et al. 2006), which reflects a common structural feature shared by the two 

membranes. 

Among the non-overlapping GO terms, it was noted that there was significant 

overrepresentation of vascular-related GO terms such as blood vessel development, 

vasculature development, blood vessel morphogenesis, and angiogenesis in the chorion, 

while these terms were absent from the amnion, an avascular tissue. One of the genes 

belonging to these categories is VEGFA, which is an extensively studied gene that acts as 

a signal triggering the induction of angiogenesis (Lash et al. 2003) and has been 

implicated in pregnancy complications (Baker et al. 1995; Cirpan et al. 2007; Akercan et 

al. 2008). 

We found that three GO terms are significantly enriched for the decidua with 

female pregnancy being the most enriched category, consistent with the role of decidua as 

a principal source of hormones and cytokines pivotal in the maintenance of pregnancy. It 

was noted that many of the genes associated with female pregnancy have also been 

implicated in pregnancy-related disorders. These genes include transforming growth 

factor beta 1 (TGFB1) and placental growth factor (PGF) in PE (Semczuk-Sikora et al. 

2007; Farina et al. 2008; Farina et al. 2010) and corticotropin releasing hormone (CRH) 

in PTL or PTD (Sandman et al. 2006; Vitoratos et al. 2006). 

For placenta-specific genes, we further removed genes with extremely low FPKM 

values (<0.3) in the placental tissues, which could represent genes with universal low 

expression in all tissues but sampled by RNA-Seq in the placenta by chance. This led to a 

final set of 24 placenta-specific well-annotated protein-coding genes with FPKM>0.3 in 

at least one placental tissue. The placenta-specific genes are highly enriched for genes 

encoding pregnancy-related hormones, including pregnancy-specific glycoproteins 

(PSGs), chorionic somatomammotropin hormones (CSHs), and chorionic gonadotropin, 

beta polypeptides (CGBs) (Figure 18D). 
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Expression profiles of splicing factors (SFs) in placental 

and other human tissues 

The deep RNA-Seq data also allowed us to go beyond whole transcript level 

changes, to identify transcript isoform changes due to pre-mRNA alternative splicing 

(AS). Splicing factors (SFs) are RNA binding proteins that play key roles in AS 

regulation(Chen and Manley 2009). Tissue- and cell-type specific expression of SFs is a 

major mechanism that drives AS differences among human tissues (Grosso et al. 2008). 

For example, brain-specific SFs NOVA1, NOVA2, and FOX1 control a large number of 

brain-specific AS events (Yeo et al. 2009). The epithelial-specific splicing factor ESRP1 

is transcriptionally silenced during the epithelial-to-mesenchymal transition, which flips 

the switch off for a genome-wide epithelial splicing regulatory network (Warzecha et al. 

2009). 

To identify SFs with a placenta-specific increase or decrease in expression levels, 

we compiled a list of sixty well-studied SFs (Chen and Manley 2009; de la Grange et al. 

2010), and analyzed their RNA-Seq FPKM gene expression levels in the placenta and 16 

other human tissues. Hierarchical clustering of the sixty SFs revealed a sub-cluster 

among the three placental compartments, (Figure 19A), consistent with the clustering 

pattern based on all genes (Figure 10). This cluster analysis recapitulated the known 

tissue-specific expression patterns of SFs, such as the brain-specific expression of 

NOVA1, NOVA2, FOX1 (also known as A2BP1), and BRUNOL4. Interestingly, we 

identified several SFs with tissue-specific changes in expression levels in the placenta, 

most notably ESRP1 (in the amnion) and MBNL3 (in the decidua) (Figure 19B), which 

we confirmed by qRT-PCR. ESRP1 and MBNL3 are known to regulate splicing of a 

large number of genes in epithelial cells (Warzecha et al. 2010) and during myogenic 

differentiation (Bland et al. 2010), suggesting a unique set of AS events in individual 

placental compartments downstream of these master splicing regulators. We also 

identified several ubiquitously expressed SFs with a significant difference in expression 
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levels among the three placental compartments. For example, FOX2 (also known as 

RBM9), an important splicing regulator in the heart, muscle, and neurons (Chen and 

Manley 2009), was expressed two-fold higher in amnion compared to the chorion and 

decidua. Together, the expression profiles of SFs suggest tissue-specific regulation of AS 

between the placenta and other tissues and between different compartments of the 

placenta. 

RNA-Seq and RT-PCR analysis of exon skipping events in 

placental and other human tissues 

To directly identify AS differences between the placenta and other human tissues, 

we calculated the exon inclusion level (Ψ) of alternatively spliced cassette exons in each 

tissue using RNA-Seq reads that are uniquely mapped to the upstream, downstream, and 

skipping exon-exon junctions of alternatively spliced exons as previously described 

(Wang et al. 2008). We used a Bayesian approach MATS (Multivariate Analysis of 

Differential Splicing) (Shen et al. 2012) to perform pairwise comparisons of tissue pairs 

to test if the difference in Ψ of any alternatively spliced exon between two tissues 

exceeds 10% (see Materials and Methods for details). Between the three compartments of 

the placenta, approximately 0.1% of exons were found to be differentially spliced 

(FDR<0.1). In contrast, there was a much greater degree of splicing difference between 

placental and other human tissues, with 1.6% of exons, on average, being differentially 

spliced between one of the placental tissues and one of the 16 HBM2.0 tissues (Figure 

20A). It should be noted that given the moderate sequencing depth of 50-83 million reads 

per tissue, this analysis is expected to have an appreciable level of false negatives. The 

true extent of splicing differences among these tissues could be considerably larger. 

In order to boost the power of RNA-Seq splicing analysis and obtain a robust set 

of splicing differences between the placental and non-placental tissues, we pooled the 

RNA-Seq data of all HBM2.0 tissues. We then compared the pooled data to that of each 
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placental tissue. We identified 393, 637, and 402 differentially spliced exons (in 275, 464, 

and 289 genes) when comparing the pooled non-placental tissues to the amnion, chorion, 

and decidua, respectively (Figure 20B). 129 exons (in 76 genes) were shared among the 

three placental tissues. On the other hand, the majority (74%) of differentially spliced 

exons identified were restricted to only one of the three placental tissues as compared to 

the non-placental tissues (Figure 20B). Importantly, among the 744 genes containing 

differentially spliced exons between placental and non-placental tissues, we observed a 

significant enrichment for genes in the MGI list (2.8% over 1.4% for the genome 

background, p=0.001 based on Fisher’s exact test), indicating the importance of tissue-

specific AS in placental function and development. For example, one of these exons 

(ENSE00000882762) was in integrin, alpha 6 (ITGA6) (Figure 21A), which forms 

heterodimers with other integrin components and plays a crucial role in cell adhesion and 

migration (Tamura et al. 1991; Lee et al. 1992). We observed a high inclusion level of 

this exon in the amnion and chorion compared to most of the other tissues, with close to 

100% exon inclusion in amnion as validated by fluorescently labeled RT-PCR (Figure 

5a). Exon (ENSE00001385284) in another integrin gene ITGB4 was frequently skipped 

in the placental tissues (Figure 21B). TCIRG1 (T-cell, immune regulator 1, ATPase, H+ 

transporting, lysosomal V0 subunit A3) is another differentially spliced gene with 

multiple known isoforms produced by AS (Heinemann et al. 1999; Smirnova et al. 2005). 

As shown in Figure 21C, the inclusion level of one of its exons (ENSE00000736978) was 

significantly lower in the amnion. 

To further confirm the RNA-Seq results of exon splicing, we randomly selected 

34 exons in total (including the 3 aformentioned exons) for fluorescently labeled RT-PCR. 

Using an independent set of term placental samples (n=4) that were not used in the RNA-

Seq experiments, we validated the predicted differential splicing events of 27 exons, 

yielding a validation rate of 79%. The RNA-Seq difference in exon inclusion levels 
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between the placental tissues and the pooled non-placental tissues strongly matched the 

RT-PCR results (Pearson's correlation coefficient=0.78) (Figure 22A). 

The splicing factor ESRP1 regulates tissue-specific splicing 

in the amnion 

The placenta-specific increase in the expression levels of certain master splicing 

regulators such as ESRP1 and MBNL3 raises the possibility that downstream exon 

targets of these regulators may have altered splicing activities in the placenta over non-

placental tissues. To test this, we studied the splicing factor ESRP1, which had 5.4 fold 

higher expression in the amnion over the average of the 16 HBM2.0 tissues (Figure 19B). 

Of note, among the exons validated by RT-PCR as differentially spliced between the 

amnion and non-placental tissues, several were known ESRP1 targets (such as those in 

ITGA6, LAS1L, MAP3K7, LRRFIP2, and KIF13A). To assess the overall enrichment of 

ESRP1 target exons among differentially spliced exons in the amnion, we collected 167 

RT-PCR validated ESRP1 target exons from our previous genome-wide analysis of 

ESRP1-regulated splicing events in epithelial and mesenchymal cells (Warzecha et al. 

2010). Of the 167 known ESRP1 target exons, 131 were expressed and detectable in our 

data. Among them, a significantly enriched set of 20 exons exhibited differential splicing 

in the amnion compared to other human tissues according to RNA-Seq data (Fisher’s 

exact test, p = 4.3 x 10-33) (Figure 22B). 

Given our moderate sequencing depth in the placental tissues, it is possible that 

additional ESRP1 target exons with differential splicing in the amnion were missed by 

RNA-Seq. We therefore selected additional 21 ESRP1 target exons besides the 

aforementioned 5 validated exons for RT-PCR analysis, resulting in 26 exons tested in 

total. Seven of those exons did not have any RNA-Seq reads, presumably due to their 

relatively low expression levels and the limited coverage depth of our sequencing data. 

We confirmed that 12 of the 26 ESRP1 target exons showed more than 10% changes in 
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splicing in the amnion, with known ESRP1-enhanced exons having increased splicing 

activities, and known ESRP1-silenced exons having decreased splicing activities. One of 

the validated ESRP1 target exons was in misshapen-like kinase 1 (MINK1), which has an 

important role in cell adhesion and motility (Hu et al. 2004). The exon 

(ENSE00001213221) in MINK1, a known ESRP1 target had an inclusion level of >90% 

in the amnion, approximately 20-30% higher than those observed for other human tissues 

(Figure 22C). The increased splicing activity of this MINK1 exon was consistent with the 

previous observation that ESRP1 positively regulates the splicing of this exon (Warzecha 

et al. 2010). 

Analysis of pathways influenced by tissue-enriched 

expression and differential splicing in the placenta 

The differential gene- and exon-level expression patterns observed between the 

placental and non-placental tissues may underlie gene pathways that have key roles in the 

normal biology of the placenta. To identify pathways and molecular networks influenced 

by placenta-specific gene expression and splicing, we constructed functional interaction 

(FI) networks (Wu et al. 2010) covering genes with enriched expression (EE) and genes 

with differential splicing (DS) in the amnion, chorion and decidua compared to other 

human tissues. These genes were used as query sets and projected onto a functional 

interaction network of human genes constructed from diverse genomic data sources (Wu 

et al. 2010). We used the edge betweenness algorithm (Girvan and Newman 2002) to find 

functional modules in the network, each of which contained enriched functional 

annotation terms (pathways) that describe the biological roles of genes that are grouped 

together. 

The results of our analysis performed on each of the three placental tissues 

showed significant enrichment of many functional pathways, including those involved in 

the regulation of SMAD2/3 signaling, TGF-beta receptor signaling, and HIF1-alpha TF 



87 
 

network, which were significantly overrepresented in module 0 of all the amnion, chorion, 

and decidua FI networks (shown in Figure 23A is module 0 of the chorion FI network). 

The analysis performed on genes abundantly expressed and/or differentially 

spliced in all three placental tissues revealed strong overrepresentation of pathways 

related to integrin signaling and focal adhesion (Figure 23B). These pathways were 

enriched with genes encoding collagens (COL17A1, COL7A1, COL5A1), laminins 

(LAMA3, LAMA5), filamins (FLNC, FLNA), integrin (ITGB4), and actinin (ACTN1), 

all of which are structural components of extracellular matrix (ECM). These results 

suggest the critical role of ECM in processes involved in normal placental biology. It is 

interesting to note that the network module contained an appreciable number of both 

differentially expressed and differentially spliced genes, suggesting that AS and gene 

transcription act in a coordinated manner to control the overall pathway activity in the 

placenta. 

Novel transcriptional active regions (TARs) 

One major advantage of RNA-Seq compared to microarray technology is its 

capability to detect un-annotated novel transcripts. To identify novel transcriptional 

active regions (TARs) in placental tissues, we used the software Scripture (Guttman et al. 

2010) for ab initio reconstruction of transcripts for each tissue after sequence mapping 

with Tophat (Trapnell et al. 2010) (see Materials and Methods for details). We identified 

approximately 100,000 transcripts in each of the placental tissues with more than 70% of 

them being multi-exon transcripts (Table 10). To reduce false signals, only multi-exon 

transcripts were used in the following analysis. After overlapping transcripts were 

merged into one single TAR, a total of 13,469, 16,987, and 15,158 TARs were found in 

the amnion, chorion, and decidua, respectively. We filtered out the ones overlapping with 

the annotated transcripts from the NCBI RefSeq, UCSC Genome Browser, Ensembl, and 

Vega databases, and identified 604, 1007, and 896 novel TARs in the amnion, chorion, 
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and decidua, respectively. Importantly, a large proportion of these novel TARs (285, 456, 

and 468 in the corresponding placental tissues) are placenta-specific or more than 4 fold 

enriched compared to non-placental tissues. Shown in Figure 24 is one example of novel 

TARs on chromosome 16 (chr16:50424807-50430893) expressed in amnion with a high 

FPKM value of 7.1. Of note, this transcript is not documented in any human gene 

databases, although the existence of human expressed sequence tags (ESTs) at this locus 

further support the validity of this TAR (Figure 24). 

We also used RNA-Seq data to identify novel exons in annotated genes. There are 

a total of between 93 and 103 thousand exons identified in the TARs overlapping with 

annotated genes. Although more than 80% of these exons were well annotated with the 

same 5’ and 3’ ends, we detected between 494 and 585 totally new exons with no 

sequence overlap with any annotated exons in the placental tissues. These novel TARs 

and exons provide a valuable resource for novel transcripts with potential functional 

significance in the placenta. 

Discussion 

With the emergence of high-throughput technologies for the analysis of AS such 

as splicing-sensitive microarrays and RNA-Seq, we have recently witnessed a remarkable 

increase in our knowledge of mammalian transcriptome content and diversity. There has 

been a particular surge in our understanding of the transcriptome diversity between 

different tissues and cell types. For example, Wang et al. performed an RNA-Seq analysis 

of 15 human tissues and cell lines and identified over 22,000 tissue-specific AS events 

(Wang et al. 2008). Other studies have established the association between tissue-specific 

expression of SFs and genome-wide changes in tissue-specific splicing patterns (Grosso 

et al. 2008; de la Grange et al. 2010), which underscores a critical role of AS regulation 

in tissue differentiation and specialization. 
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The majority of previous gene expression studies of human placental tissue have 

only provided gene-level insights (Haddad et al. 2006; Sood et al. 2006; Mikheev et al. 

2008; Sitras et al. 2008; Sitras et al. 2009), driving the need for higher-resolution analysis 

to enable a better understanding of the complexity of the placental transcriptome at the 

level of exon splicing. AS, which has a well-established role in cell differentiation (Yeo 

et al. 2007; Salomonis et al. 2009), may be critical for the proper functioning of the 

placenta, an organ composed of a variety of differentiated cell types, each with its own 

specific functions during pregnancy. Thus, uncovering the complexity of AS in the 

placental transcriptome will provide a valuable basis for understanding genes with 

functional and clinical relevance in placental biology and pathophysiology. 

In the present study, we used the HJAY and RNA-Seq to systematically 

characterize the transcriptome of the human placentas from term (TNL, TL) and preterm 

(PTL) pregnancies. In the HJAY study, we examined the placental tissues from all three 

types of deliveries to identify labor- and gestational age-associated gene expression and 

splicing signatures. We also compared the expression and splicing profiles of the 

placental tissues to those of other normal human tissues to identify genes important for 

normal placental function. The most interesting observation made in the HJAY study was 

that ESRP1-regulated splicing network was largely dysregulated and ESRP1gene 

expression levels were altered in the PTL samples compared with the TL samples. These 

observations suggest the important role of AS in the pathogenic process of PTB. 

While the HJAY can only detect known AS events, RNA-Seq allows an unbiased 

and sensitive interrogation of the full repertoire of placental mRNA transcripts. We took 

a two-step approach to analyze the RNA-Seq data at both the gene-level and the exon-

level. First, we investigated differential gene expression between the placental and other 

human tissues to identify genes that are specifically or abundantly expressed in the 

placenta. Second, we carried out exon profiling as well as SF expression profiling to find 
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AS events and their potential regulators that are differentially present in the placental 

versus non-placental tissues. 

We have compared placenta-enriched genes to genes with putative functional 

significance in the placenta using the mouse phenotype data and human PTB association 

study data. We observed that genes implicated in placental abnormalities and PTB are 

enriched among the genes with placenta-enriched expression profiles. We note that the 

mouse phenotype data from MGI were generated independent of any previously known 

gene expression pattern in the placenta. Among such genes are PRLR and F2R, genes 

encoding receptors for prolactin and thrombin, respectively, whose levels are precisely 

regulated during pregnancy (Delorme et al. 1992; Jabbour and Critchley 2001). The 

enrichment of IL1-related genes was also noted, suggesting the importance of IL1 

signaling in normal placental function and pregnancy. IGF2, one of the genes associated 

with abnormal placental phenotypes in mice, is known for its active role in placental and 

fetal growth (Coan et al. 2008; Randhawa 2008). Together, these provide a link between 

highly expressed placenta-enriched genes and their functional importance in the placenta. 

Likewise, we found that genes uniquely expressed in the placenta play a critical role in 

diverse pregnancy-related processes, with examples including CSH1 in the regulation of 

fetal growth (Prager et al. 2003), CGB in the maintenance of early pregnancy (Henderson 

et al. 1992; Rull and Laan 2005), and human leukocyte antigen-G (HLA-G) in feto-

maternal immune tolerance (Hunt et al. 2005; Hunt et al. 2006). In addition, we observed 

a significant enrichment of differentially spliced genes in the placenta among genes with 

placental phenotypes in the mouse, suggesting the importance of tissue-specific AS in 

placental development and function. 

Because the HBM2.0 data all came from adult tissues, it is possible that some 

placenta-enriched genes identified in our study reflect age-specific expression signatures. 

Because of the unavailability of RNA-Seq data from other fetal tissues, we assessed this 

possibility using the GeneAtlas array data. There were 4 fetal tissues (brain, liver, lung, 
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and thyroid) included in the GeneAtlas data (Su et al. 2004). Of the 297 genes with at 

least 4-fold enrichment in the placenta over adult tissues in both the GeneAtlas array data 

and our RNA-Seq data, the vast majority (281 genes) were more than 4-fold enriched in 

the placenta compared with the 4 fetal tissues according to the GeneAtlas array data. This 

suggests that the placenta-enriched genes identified in our study reflect genuine placenta-

associated gene expression signatures. In addition, the strong association of placental 

expression enrichment with placental disease-related gene sets further supports that most 

of the placenta-enriched genes found here reflect tissue effect rather than age effect. 

Given the heterogeneous tissue composition of the placenta, we have 

characterized the transcriptome profiles of the placenta not only at the whole-organ level, 

but also at the sub-organ level. It should be noted that the placental samples used in our 

study (amnion, chorion, and decidua) may not be completely pure, containing minor 

contamination with other placental components. Nonetheless, our study demonstrated 

that they are highly enriched for the corresponding tissue types, displaying compartment-

specific expression profiles and splicing patterns. The amnion is the innermost layer of 

the fetal membranes lining the amniotic cavity and is composed of an epithelial cell layer 

on top of a basement membrane and an avascular matrix (Niknejad et al. 2008; Izumi-

Yoneda et al. 2009). Consistent with these histological properties of the amnion, we have 

detected enrichment of genes involved in cell/focal adhesion and observed that the 

epithelial splicing regulator ESRP1 was highly expressed. Our splicing analysis of the 

amnion using RNA-Seq and RT-PCR revealed 20 and 12 known ESRP1 target exons, 

respectively, with differential splicing activities in the amnion. It should be noted that 

ESRP1 is a master cell-type-specific splicing regulator critical for maintaining the 

epithelial cell identity and has been implicated in a variety of developmental and disease 

processes (Warzecha et al. 2010). The ESRP1 target exons are strongly enriched in genes 

involved in the regulation of cell adhesion such as the exon in MINK1 (Hu et al. 2004), 

that was found to be differentially spliced in the amnion compared to other human tissues 
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by RNA-Seq and validated by RT-PCR. These data support a role of the ESRP1 splicing 

regulatory network in the amnion. The chorion, the outer layer of the fetal membranes in 

contact with the decidua, consists of the reticular layer, the basement membrane, and the 

trophoblast layer (Benirschke 2012). Similar to the amnion, genes with a role in 

cell/biological adhesion are also enriched in the chorion, which may be important for the 

adherence of the trophoblast layer to the decidua (Bourne 1962; Aplin et al. 2009). The 

enrichment of genes involved in vascular-related processes in the chorion may be 

explained by velamentous vessels traversing the extraplacental membranes or maternal 

vessels in interdigitating decidua processed along with the chorion. Unlike the two fetal 

membranes, the decidua is of maternal origin (In 't Anker et al. 2004; Kay et al. 2011). It 

is noteworthy that genes related to female pregnancy were significantly enriched in this 

compartment of the placenta, further supporting the crucial role of this tissue in 

pregnancy. Of note, we observed significant differential expression of a splicing factor 

MBNL3 in the decidua. In future studies, it would be useful to examine how MBNL3 

globally impacts gene splicing and function in the decidua. 

We also examined potential interactions among genes highly expressed and 

differentially spliced in the placenta compared to other human tissues by constructing FI 

networks composed of sub-network modules enriched for specific gene categories and 

functional pathways. Analysis performed separately on each of the three placental tissues 

revealed enrichment of set of pathways commonly enriched in all three compartments, 

for example, regulation of cytoplasmic and nuclear SMAD2/3 signaling and TGF-beta 

receptor signaling. These pathways are known to be involved in a wide range of cellular 

processes (Massague 2000), which reflects the versatile function of the placenta that can 

be achieved through diverse cellular activities occurring in different parts of the placenta. 

Among its other main functions, the placenta plays an important role as an immune 

barrier, protecting the fetus from the mother’s immune system (Maltepe et al. 2010). This 

function is reflected by the enriched expression of transcription factors (TFs) involved in 
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immune regulation such as GATA3 and IRF7 as well as the differential splicing of REL, a 

member of the Rel/NFKB family and NFATC2, a member of the nuclear factors of 

activated T cells transcription complex. HIF-1-alpha TF network is another pathway that 

was enriched in module 0 of all the three FI networks. The placenta, during its 

development, is exposed to different oxygen environments and tight regulation of oxygen 

homeostasis is necessary for proper placental development and function, which requires 

active involvement of the HIF1-alpha TF network (Fryer and Simon 2006). These 

findings suggest: (1) the common importance of these pathways in the functioning of the 

different parts of the placenta examined in the present study; (2) the importance of the 

regulation of gene expression and AS as critical mechanisms underlying anatomical, 

developmental, and functional specialization of the placenta. When the analysis was 

performed on all of the tissues combined, we observed the overrepresentation of ECM-

related gene sets such as integrin signaling pathway, ECM-receptor interaction, focal 

adhesion, and integrin cell surface interactions. These results provide evidence for the 

role of ECM in placental development and placental cell proliferation as demonstrated in 

earlier studies (Harkness and Harkness 1955; Poschl et al. 2004). 

In conclusion, our study provides the first comprehensive view of the placental 

transcriptome at exon-level resolution, and reveals that tissue-specific gene regulation in 

the placenta involves complex changes in both gene transcription and exon splicing. Our 

data should serve as a valuable resource for future in-depth investigations into what genes 

contribute to specification of the placenta. Furthermore, the findings of this work may 

provide useful clues on how those genes/pathways, when altered at either the gene level 

or exon level, could lead to pregnancy-related diseases. Future research using tissues 

from abnormal conditions will help expand our knowledge of the transcriptome 

alterations and pathological processes involved in maternal and fetal complications. 
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Materials And Methods 

Tissue collection and preparation 

Fresh human placentas were obtained after elective cesarean delivery at term 

(term no labor (TNL), ≥37 weeks of gestation), normal spontaneous vaginal delivery at 

term (term labor (TL), ≥37 weeks of gestation), and spontaneous preterm delivery 

(preterm labor (PTL), <37 weeks of gestation).The tissues were collected under protocols 

approved by the University of Iowa Institutional Review Board, and signed informed 

consent were obtained from all participants. Each placenta was dissected into the fetal 

(amnion, chorion) and maternal (decidua) portions. The amnion and chorion were 

obtained from the reflected membranes by peeling the two apart, as described elsewhere 

(Sood et al. 2006). The decidua basalis was isolated from the maternal side of the 

placenta. The dissected tissues were cut into small pieces and placed in RNAlater 

solution (Applied Biosystems, Foster City, CA, USA). 

RNA preparation 

Total RNA was extracted from each tissue using the TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA) according to manufacturer's instructions. After being checked for 

quality using the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, 

USA), the extracted RNA was stored at -80°C until used. 

For HJAY experiments, we used a total of 34 amnion RNA samples from the 

TNL (n=14), TL (n=14), and PTL (n=6) groups. For RNA-Seq experiments, we prepared 

pooled amnion, chorion, and decidua TL samples, using an identical set of RNA from 

five different individuals. The pooled samples were of high quality with an RNA integrity 

number (RIN) > 8. For validation of differential splicing events and splicing factor 

expression detected by RNA-Seq, we generated RNA pools, each for the amnion, chorion, 

and decidua, consisting of 4 biological replicates that are independent from those used in 

the RNA-Seq experiments. 
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For experiments to validate gene expression and splicing differences between 

placental and other human tissues, we purchased total RNA isolated from normal non-

placental human tissues from Applied Biosystems or Clontech (Mountain View, CA, 

USA).Ten human tissues were used to validate the HJAY data, including cerebellum, 

heart, kidney, liver, skeletal muscle, pancreas, prostate, spleen, testis, and thyroid. Fifteen 

human tissues were used to validate the RNA-Seq data, including adipose, adrenal, brain, 

breast, colon, heart, kidney, liver, lung, lymph node, ovary, prostate, skeletal muscle, 

testes, and thyroid. 

qRT-PCR and fluorescently labeled RT-PCR 

The expression levels and alternative splicing of selected differentially expressed 

and spliced genes were validated by qRT-PCR and fluorescently labeled RT-PCR, 

respectively. Single strand cDNA was synthesized from total RNA using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the 

manufacturer's protocol. 

qRT-PCR was performed using gene-specific primers and the Power SYBR 

Green PCR Master Mix (Applied Biosystems) on the 7900HT Fast Real-Time PCR 

System (Applied Biosystems).In the experiments to validate the HJAY data, beta actin 

(ACTB) was used as endogenous control. For validation of the RNA-Seq expression data, 

three splicing regulators ESRP1, MBNL3 and RBM9 were selected and tested by qRT-

PCR using hypoxanthine phosphoribosyltransferase 1 (HPRT1) as endogeneous control. 

Data was generated with the SDS 2.3 software (Applied Biosystems) and analyzed using 

the comparative CT method (Livak and Schmittgen 2001). 

Fluorescently labeled RT-PCR was performed as described elsewhere (Lu et al. 

2011). Briefly, for each tested exon, we designed a pair of primers targeting flanking 

constitutive exons. Fluorescent labeling of PCR products was carried out according to a 

method modified from that of Schuelke (Schuelke 2000). PCR products were separated 
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on a polyacrylamide gel, and the fluorescence signal was captured and quantified using a 

Typhoon 9200 scanner (Molecular Dynamics, Sunnyvale, CA, USA) and the Quantity 

One 4.6.2 software (Bio-Rad, Hercules, CA, USA). 

RT-PCR validation of AS events detected by the HJAY was performed on 

selected exons differentially spliced between TL and PTL placentas. For validation of the 

RNA-Seq data, two sets of exons were selected. One set includes 34 exons that showed 

significant differential splicing (>10% inclusion level difference with a false discovery 

rate (FDR)<0.1) between one of the three placental tissues and the HBM2.0 tissues (all 

tissues combined). The other set includes 21 known ESRP1 target exons that were 

predicted to be differentially spliced due to differential expression of ESRP1 in the 

amnion. 

Human Exon Junction Array (HJAY) analysis 

The HJAY chips were purchased from Affymetrix (Santa Clara, CA, USA). 

Details of the array design have been described elsewhere (Yamamoto et al. 2009). 

Sample processing and array hybridization were performed at the University of Iowa 

DNA Facility according to the manufacturer’s instructions. Raw probe intensity data 

stored in CEL files were subjected to preprocessing, including background correction and 

normalization, as previously described (Shen et al. 2010).The resulting data sets were 

used in subsequent analyses, including expression index calculation and AS analysis. 

Differentially expressed genes were identified by conducting pairwise 

comparisons of expression indexes (representing gene expression levels) in term (TNL, 

TL) and preterm (PTL) placentas using Significance Analysis of Microarrays (SAM) 

(Tusher et al. 2001). Genes expressed at very low levels (with maximum expression 

indexes <100) were removed from the analysis. We defined an outlier as a sample that 

shows high variability in gene expression patterns compared with other samples within 

the same group (TNL, TL, or PTL) – more specifically, a sample with a correlation 
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coefficient of less than 0.95 in greater than 50% of all possible pairwise comparisons. We 

found 5 outliers (3 TNL and 2 TL samples) and excluded them from further analyses. 

SAM analysis was performed using FDR<0.01 criterion. 

Differential splicing events were analyzed using Microarray Analysis of 

Differential Splicing + (MADS+), a tool developed for detection of AS from exon 

junction array data (Shen et al. 2010). Full details of the steps involved in AS analysis 

using MADS+ have been provided in Shen et al. 2010. Differentially spliced exons/genes 

were identified by applying a p-value cutoff of 0.05. The same procedures were used to 

detect differential expression and splicing between placental (TNL, TL) and other human 

cells/tissues (cerebellum, erythroblasts, and prostatic epithelial cells) using human exon 

array data previously generated by the laboratory of Yi Xing at the University of Iowa 

(cerebellum (Lin et al. 2010) and PNT2 normal human prostate epithelial cells) or 

publicly available through the NCBI Gene Expression Omnibus (GEO) database 

(erythroblasts, GSE14588, (Yamamoto et al. 2009)). 

RNA sequencing (RNA-Seq) analysis 

Library construction and sequencing 

Library preparation and paired-end sequencing were performed by Ambry 

Genetics (Aliso Viejo, CA, USA). Double-stranded cDNA fragments were synthesized 

from mRNA, ligated with adapters, and size-selected for library construction according to 

the manufacturer’s protocol (Illumina, San Diego, CA, USA). Each of the three libraries 

generated (amnion, chorion, and decidua) was loaded onto one lane of the flow cell at 8 

pM concentration. Two paired-end runs (72 bp and 54 bp runs) of sequencing were 

carried out on the Illumina Genome Analyzer IIx. Initial data processing was performed 

using RTA 1.6.47.1 (SCS version 2.6.26). Sequence quality filtering script was executed 

in the Illumina CASAVA version 1.6.0 software (Illumina, Hayward, CA, USA). 
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Sequence alignment 

For each end (forward or reverse) of the paired-end reads from placenta, we 

trimmed the sequence to 50 bp based on the sequencing error profile. The HBM2.0 data 

consists of the following tissues: adipose, adrenal, brain, breast, colon, heart, kidney, 

liver, lung, lymph node, ovary, prostate, skeletal muscle, testes, thyroid, and white blood 

cells. Each tissue came from a single adult donor with ages ranging from 19 to 86. The 

HBM2.0 data are accessible from EBI ArrayExpress track 

(http://www.ebi.ac.uk/arrayexpress/browse.html?keywords=E-MTAB-513). For HBM2.0, 

we used all the 50 bp from the paired end data. Each read was mapped to the reference 

human genome (hg19) as well as all possible exon-exon junctions (Ensembl genes, r57) 

as previously described (Shen et al. 2011). Each exon-exon junction is 84 bp in length, 

containing the last 42 bp of the upstream exon and the first 42 bp of the downstream exon. 

We used Bowtie (Langmead et al. 2009) to map those reads, allowing up to three 

mismatches and also required that each read has at most three possible mapped locations 

in either the human genome or all possible exon-exon junctions. For each pair of forward 

and reverse reads, we enumerated all possible combinations of mapped forward and 

reverse reads. We required that the two ends from the same read pair should be on the 

same chromosome but in the opposite orientation. Since 98.4% of human introns have 

length less than 50 kb (data not shown), we also required that the two ends should be 

within 50 kb of each other in the mapped genomic locations. Based on these criteria, we 

collected a set of uniquely mapped pairs to do the subsequent analysis. 

Transcript quantification with RNA-Seq data 

We estimated the gene expression level using RNA-Seq by the Fragments Per 

Kilobase of gene per Million mapped fragments (FPKM). Ensembl release r57 was used 

for gene annotation. To avoid the ambiguity of assigning reads to different isoforms of 

the same gene and obtain a robust estimate of the overall gene expression levels, we used 
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an exon union method by counting all reads mapped to any exon in any of the gene’s 

isoforms. This approach is similar to the original RPKM definition (Mortazavi et al. 2008) 

instead of the transcript isoform level estimate as in Cufflinks (Trapnell et al. 2010). 

Analysis of GeneAtlas array data 

We selected 16 tissues from the Human GeneAtlas array dataset (Su et al. 2004), 

consisting of whole placental tissue and 15 non-placental tissues. These 15 tissues are 

identical to those examined in the Human Body Map 2.0 project except that breast tissue 

is not included in the GeneAtlas data set. We compared the expression values from the 

whole placental tissue to the average values from 15 other human tissues and generated a 

list of 758 genes with at least 4-fold enrichment in the whole placenta. 

Gene ontology (GO) analysis 

To identify overrepresented functional categories among the genes with enriched 

expression in the placenta compared to the 16 HBM2.0 tissues, we used the Database for 

Annotation, Visualization, and Integrated Discovery (DAVID, 

http://david.abcc.ncifcrf.gov/), an online functional annotation tool (Dennis et al. 2003; 

Huang et al. 2009). All the expressed protein-coding genes in the combined placenta and 

HBM2.0 data are used as the background. We used the GO_BP_FAT categories for GO 

biological process categories and KEGG and PANTHER annotation for pathway analysis. 

A modified Fisher’s exact test (EASE score) from DAVID was used for testing the 

significance of functional category enrichment. The significant categories with a p-value 

<0.05 after Bonferroni correction were reported. 

Comparative analysis between placenta-enriched genes and 

placental abnormality- and preterm birth-related genes 

The functional importance of placenta-enriched genes was assessed through 

comparisons to genes implicated in abnormal placental phenotypes and PTB. To compile 
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a list of genes involved in placental abnormalities, we searched the Mouse Genome 

Informatics (MGI) database (http://www.informatics.jax.org/) (Blake et al. 2011) for 4 

phenotypes (abnormal amnion morphology, MP:0005029; abnormal chorion morphology, 

MP:0002836; abnormal placenta morphology, MP:0001711; abnormal maternal decidual 

layer morphology, MP:0004256). We employed the MGI Human and Mouse Orthology 

to obtain the human orthologs of the mouse genes associated with those phenotypes. 

PTB-related genes were taken from the preterm birth genetics knowledge base PTBGene 

(Dolan et al. 2010) (http://bioinformatics.aecom.yu.edu/ptbgene/index.html), a regularly 

updated and manually curated collection of genes examined in published PTB association 

studies. 

Alternative splicing (AS) analysis 

For AS analysis, we only used the reads that uniquely mapped to the splicing 

junctions to estimate the exon inclusion levels (Ψ) of alternatively spliced exons. We 

used the same formula as in (Wang et al. 2008): Ψ=I/(I+S). Suppose UJC, DJC, and SJC 

represent read counts of upstream junction, downstream junction, and skipping junction, 

respectively. Then junction read counts from the exon-included transcript (I) equal 

(UJC+DJC)/2 and read counts from the exon-skipped transcript equal S. To find the 

placenta-specific exon inclusion/skipping events, we also pooled all the reads from the 16 

HBM 2.0 tissues to get a mean exon inclusion level for non-placental tissues. We 

performed differential splicing analysis utilizing a multivariate Bayesian algorithm 

MATS (Multivariate Analysis of Transcript Splicing) (Shen et al. 2012). Briefly, MATS 

uses a multivariate uniform prior to model the between-sample correlation in exon 

splicing patterns, and a Markov chain Monte Carlo (MCMC) method coupled with a 

simulation-based adaptive sampling procedure to calculate the p-value and FDR of 

differential AS. Importantly, the MATS approach provides the flexibility to identify 

differential AS events that match a given user-defined pattern. Suppose Ψ1and Ψ2 are the 
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exon inclusion levels of 2 tissues and we want to test if ׀Ψ1—Ψ210%<׀. Then we can 

obtain the Bayesian posterior probability P=P(׀Ψ1—Ψ210%<׀) and subsequent p-value 

and FDR. The MATS software can be downloaded from 

(http://intron.healthcare.uiowa.edu/mats/; username: mats password: site4mats). 

Functional interaction (FI) network analysis 

Query gene sets were generated by combining the placenta-enriched genes (EE, 

>4 fold and FPKM>1) and the differentially spliced genes (DS, FDR<0.1 and ׀Ψ1—

Ψ210%<׀). Functional interaction (FI) network analysis was performed for each of the 

three placental tissues as well as all three tissues combined using the Reactome FI 

Network Cytoscape plugin (Smoot et al. 2010; Wu et al. 2010). We used the edge-

betweenness algorithm to cluster networks of interacting proteins into functional modules 

(Yoon et al. 2006). Pathway enrichment analysis was performed on the whole network 

and each of the sub-network modules. The networks from representative modules were 

visualized in Cytoscape (Smoot et al. 2010). 

Detection of novel transcriptional active regions (TARs) 

Scripture software (Guttman et al. 2010) was used for ab initio reconstruction of 

placental transcriptomes after mapping with TopHat (Trapnell et al. 2010). As done in the 

expression analyses, the reads from the three placental tissues were trimmed at the 3' end 

to a length of 50 bases before mapping. The start and end positions of reconstructed 

transcripts usually are not as accurate as splice sites and therefore single-exon transcripts 

were removed from the analysis. The reconstructed transcripts were clustered into TARs 

when there exist overlapping transcripts. Two transcripts were defined as overlapping 

when they were in the same strand and have at least one common internal exon boundary 

– in other words, when they have at least one common exon start or end site. Novel TARs 

were determined by comparison with a combination of annotated transcripts from the 

NCBI RefSeq, UCSC, Ensembl, and Vega databases. A TAR was considered as novel if 
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there is no overlap of TAR with any annotated transcript using the above definition. We 

also examined the distribution of exons within the TARs overlapping with annotated 

transcripts. Because transcript start and end site annotations are not always consistent, we 

only focused on internal exons in our comparison of the reconstructed exons within 

TARs overlapping annotated transcripts with the annotated exons. The expression levels 

(in FPKM) of novel TARs identified in placental tissues were determined in the same 

way as in the analysis of known gene expression and were compared with those of other 

human (HBM2.0) tissues. 
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Figure 10.  Comparison of gene expression profiles between term no labor (TNL, n=11) 
and term labor (TL, n=12) amnion tissues generated by the HJAY. The 
heatmap shows the expression patterns of 42 differentially expressed genes 
between the two groups (SAM FDR <0.01 and ≥1.5-fold change). Scaled 
expression values are color-coded according to the legend at the bottom of the 
image. 
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Figure 11.  qRT-PCR validation of differentially expressed genes between term no labor 
(TNL) and term labor (TL) amnion tissues identified by the HJAY. mRNA 
expression levels of BMP2 (A) and PLIN2 (B) were normalized to beta actin 
(ACTB) expression. Data presented are mean ± SEM of triplicates. Asterisks 
represent statistically significant difference between the two groups (p<0.05, 
Student's t test). 
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Figure 12.  Comparison of gene expression patterns between term and preterm amnion 
tissues generated by the HJAY. The heatmaps show the expression profiles of 
50 differentially expressed genes between term no labor (TNL, n=11) and 
preterm labor (PTL, n=6) groups (A) and between term labor (TL, n=12) and 
preterm labor (PTL, n=6) groups (B) (SAM FDR <0.01 and ≥1.5-fold change). 
Scaled expression values are color-coded according to the legend at the 
bottom of each image. 
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Figure 13.  qRT-PCR validation of differentially expressed genes between placental and 
other human tissues identified by the HJAY. mRNA expression levels of 
CCL4 (A), TRIM29 (B), and SUGP2 (C) were normalized to beta actin (ACTB) 
expression. Experiments were performed using 10 other human tissues. 
Shown are the results from 4 representative tissues. Data presented are mean ± 
SEM of triplicates. 
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Figure 14.  Example of an exon with splicing differences between term labor (TL) and 
preterm labor (PTL) amnion samples detected by the HJAY. (A) The HJAY 
probe design for cassette exons. (B) The HJAY data indicate reduced exon 
inclusion of the penultimate exon of ATP5C1 in the PTL samples as compared 
to the TL samples. In each panel, the dashed red line indicates the average 
gene expression levels of ATP5C1 in 12 TL and 6 PTL samples. The 
individual blue lines indicate the average backgroud-corrected intensities of 
individual probes in a probe set. Shown below the name of the probeset is p-
value for differential splicing obtained using MADS+. The ‘+’ and ‘-’ signs 
indicate the direction of change in exon inclusion levels in the TL over PTL 
samples. 
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Figure 15.  RT-PCR validation of splicing differences between term labor (TL) and 
preterm labor (PTL) amnion tissues detected by the HJAY. (A) Estimated 
exon inclusion level and (B) RT-PCR gel image of ATP5C1 exon. (C) 
Estimated exon inclusion levels of MYOF, CLK1, and PDK1 exons. 

 

 

 

 

 

 

 

 

 



109 
 

 

 

 

 

 

 

 

 

 
 

Figure 16.  Dysregulation of ESRP1-regulated splicing network in preterm amnion tissues. (A) Significant enrichment (54, 20.4%) of 
ESRP1-regulated exons among 265 candidate differentially spliced exons detected by the HJAY array. (B) qRT-PCR 
analysis of ESRP1 mRNA expression in term labor (TL) and preterm labor (PTL) amnion tissues. 
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Figure 17.  Hierarchical clustering analysis of differentially expressed genes among 
placental and other human tissues identified by RNA-Seq. We calculated 
expression levels of 51,682 Ensembl genes in each tissue and selected those 
expressed with FPKM>5 in 8 or more tissues, which were then ranked based 
on their coefficient of variation (CV). The heatmap was generated by average 
linkage hierarchical clustering of the top 1,000 differentially expressed genes, 
using 1-Pearson correlation coefficient as the distance metric. Scaled 
expression values are color-coded according to the legend in the top left 
corner. 
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Figure 18.  Analysis of placenta-enriched and -specific genes identified by RNA-Seq. (A) 
Number of tissue-enriched (blue bar) and tissue-specific (red bar) genes. 
Tissue-enriched genes were defined as genes with more than 4-fold change in 
expression and minimum FPKM of 1. (B) Proportions of overlapping genes 
between the placenta-enriched gene list and the MGI or PTB gene list (see 
text and Materials and Methods for details). The lighter shade indicates the 
proportion of non-placenta-enriched genes while the darker shade indicates 
the proportion of placenta-enriched genes. P-values were determined by 
Fisher’s exact test. (C) Expression profile of the 70 placenta-enriched MGI list 
genes. Gene expression values were normalized for each gene and color-
coded using the same scheme depicted in Figure 17. (D) Expression patterns 
of placenta-specific genes in the amnion, chorion, and decidua. Color scheme 
is based on log10(FPKM value). 

 



112 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 19.  RNA-Seq expression profile of splicing factors in placental and other human tissues. (A) Heatmap showing the expression 
levels of 60 selected splicing factors across all 19 tissues. Scaled expression values are color-coded according to the legend 
in the top left corner. Clustering of genes and tissues are both generated by average linkage hierarchical clustering using 1-
Pearson correlation coefficient as the distance metric. (B) Expression levels of 3 splicing factors differentially expressed 
between placental and other human tissues. Each bar labeled HBM2.0 (in blue) represents mean expression value of all 16 
HBM2.0 tissues. 
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Figure 20.  Summary of differential splicing events identified by RNA-Seq. (A) Number (percentage in parentheses) of exons with 
differential inclusion levels (׀∆Ψ0.1<׀, FDR <0.1) between given tissue pairs. (B) Venn diagrams showing the distribution 
and overlap of exons (left) and genes (right) in the three placental tissues that are differentially spliced between the 
placental and non-placental tissues. 
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Figure 21.  Examples of exons with splicing differences between placental and HBM2.0 
tissues identified by RNA-Seq. (A) Exon ENSE00000882762 in ITGA6. (B) 
Exon ENSE00001385284 in ITGB4. (C) Exon ENSE00000736978 in TCIRG1. 
Shown on the left-hand side are wiggle plots of RNA-Seq read coverage and 
RT-PCR gel images for validation of differential splicing events generated for 
placental and HBM2.0 tissues. UJC, DJC, and SJC indicate upstream, 
downstream, and skipping junction counts, respectively. Star mark in (C) 
indicates an additional alternatively spliced product detected by using the 
given primer pairs. Represented on the right-hand side are histograms 
showing exon inclusion levels obtained from RNA-Seq (blue bar) and RT-
PCR (red bar) experiments. The values represented by red bars correspond to 
the numbers shown on the top of the gel pictures. 
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Figure 22.  Validation of differentially spliced exons between placental and other tissues 
identified by RNA-Seq. (A) Correlation of exon inclusion level differences 
between placental and HBM2.0 tissues estimated by RNA-Seq (x-axis) and by 
RT-PCR (y-axis). The dots are color-coded based on the placental 
compartment to which the values for other tissues were compared. The grey 
line indicates y=x. Two dashed lines indicate the 0.1 inclusion level difference, 
which was used to select target exons for validation. (B) Significant 
enrichment of ESRP1 targets among exons that are differentially spliced 
between amnion and other tissues. The darker and lighter shades indicate the 
proportions of exons with and without splicing differences (according to 
RNA-Seq) between amnion and other tissues, respectively. P-value was 
determined by Fisher’s exact test. (C) An example of ESRP1 target exons 
differentially spliced in the amnion. Shown are a wiggle plot of RNA-Seq 
read coverage for MINK1 (top) and a gel image of RT-PCR products (bottom). 
Exon inclusion level for each tissue is shown on the top of the gel picture. Star 
mark in gel picture (C) denotes PCR products of unexpected sizes possibly 
resulting from the usage of cryptic splice sites. 
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Figure 23. Functional interaction network analysis of genes with enriched expression (EE) and differential splicing (DS) in the 
placenta identified by RNA-Seq. (A) Module 0 of the interaction network constructed for the chorion. Two large circular 
clusters represent highlighted significantly enriched pathways in the chorion: glypican, SMAD2/3, and TGF-beta receptor 
signaling pathways (left-hand side; red lines) and HIF1 alpha transcription factor signaling pathway (right-hand side; blue 
lines). FOS and SERPINE1 are shared by both groups of enriched pathways, but only shown in the right cluster. Several 
linker hub genes with dense connections with the highlighted pathways are also shown in bigger nodes. (B)Module 2of the 
interaction network constructed for all three placental tissues combined. The most significantly enriched pathways were 
highlighted in bigger node size: integrin signaling pathway and ECM-receptor interaction pathway. Circular node: a query 
gene. Diamond-shaped node: a linker gene. Node color was determined based on whether the query gene shows EE (green), 
DS (pink), or both (red). 



117 
 

 

 

 

 

 

 

 

 

 
 

Figure 24.  An example of novel transcriptional active regions (TARs) identified by RNA-Seq. Shown is a novel TAR on chromosome 
16 found in the amnion. A wiggle plot of RNA-Seq read coverage, structures of 3 alternatively spliced transcripts and 
ESTs were shown from top to bottom. Note that there is no gene annotated in this region in the indicated annotation 
databases. 
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Table 10. Novel transcriptional active regions (TARs) and exons identified in placental tissues by RNA-Seqa 
Transcripts Amnion Chorion Decidua 

Total transcripts 92,265 107,371 105,158 

Multi-exon transcripts 69,721 69,858 75,958 
Perfect match with annotated transcripts (ignoring transcript 
start and end) 21,288 22,724 25,077 

Total TARs 13,469 16,987 15,158 
Novel TARs (not overlapping with the combined annotation of 
Ensembl, UCSC, RefSeq and Vega genes) 604 1,007 896 

Internal exons in TARs overlapping annotated transcripts Amnion Chorion Decidua 

Total exons 93,506 103,356 100,003 

Annotated exons 75,154 81,591 83,283 
Novel exons with one end (5' or 3') shared with an annotated 
exon 16,907 20,121 15,246 

Novel exons overlapping with an annotated exon but with no 
shared 5' or 3' end 950 1,093 876 

Novel exons not overlapping with any annotated exons 494 537 585 
 
aAnalysis was performed using software Scripture for ab initio reconstruction of transcripts for each of the three placental tissue after 
sequence mapping with Tophat. 
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CHAPTER 4  

THE ROLE OF EPIGENETICS IN PRETERM BIRTH: GENOME-

WIDE ANALYSIS OF PLACENTAL DNA METHYLATION 

PATTERNS 

The study presented in this chapter examines the genome-wide DNA methylation 

profiles of human amnion tissue to explore the possible involvement of DNA methylation 

changes in the pathogenesis of PTB. This study, which was performed using a high-

throughput array-based approach, shows distinct methylation profiles associated with 

labor and gestational age. Functional annotation of differentially methylated genes 

demonstrates the biological relevance of the methylation signatures observed. 

Collectively, this work suggests that altered DNA methylation in the amnion may be at 

least partially involved in the etiology of preterm birth, and that DNA methylation 

profiles, in combination with other biological data, may provide useful insight into the 

mechanisms underlying this complex disease. 

This chapter is based on the following manuscript prepared for publication on 

which I have first authorship: 

Genome-wide analysis of DNA methylation in human amnion 

Jinsil Kim, Mitchell M. Pitlick, Paul J. Christine, Amanda R. Schaefer, Cesar Saleme, 

Belén Comas, Viviana Cosentino, Enrique Gadow, and Jeffrey C. Murray. 

I was involved in designing the study, collecting placental tissues, preparing DNA 

samples for array and validation experiments, coordinating with a biostatistics group (the 

Keck Biostatistics Resource) in analyzing raw array data, conducting functional 

annotation analysis of differentially methylated genes, prioritizing genes for validation, 

performing bisulfite sequencing and methylation-specific PCR experiments and 

analyzing the results, interpreting the results of all data analyses performed in the study, 

and writing and editing the whole manuscript. 
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Abstract 

The ability of the placenta to adequately respond to environmental changes is 

critical for the maintenance of fetal homeostasis and normal maternal physiology. Recent 

studies have increasingly indicated the role of epigenetic mechanisms in mediating such 

adaptive function of the placenta, which, when altered, can lead to undesirable pregnancy 

outcomes as a result of adverse intrauterine conditions. In this study, we examined 

genome-wide DNA methylation patterns in human placental amnion from term deliveries 

with and without labor and preterm deliveries to determine if altered DNA methylation is 

associated with preterm birth (PTB), a disorder with environmental as well as genetic 

components. Using the Illumina Infinium HumanMethylation27 BeadChip, we identified 

genes exhibiting labor- and gestational age (GA)-associated differential methylation at 

CpG sites within and/or outside CpG islands. Functional annotation analysis of the 

differentially methylated genes identified biologically relevant enriched gene sets, 

including those related to cytokine production and ion transport among genes with labor-

associated methylation differences, and focal adhesion and adherens junction among 

genes with GA-associated methylation differences. Bisulfite sequencing analysis of the 

OXTR promoter region detected two CpG dinucleotides significantly differentially 

methylated among the three groups of samples. Hypermethylation of the SLC30A3 CpG 

island in preterm amnion was confirmed by methylation-specific PCR. This work 

provides preliminary evidence that alterations in placental methylation may be at least 

partially involved in the etiology of PTB, and suggests that DNA methylation profiles, in 

combination of other biological data, may provide valuable insight into the mechanisms 

underlying this complex, multifactorial condition. 

Introduction 

The placenta is an indispensable component of successful pregnancy, ensuring 

proper fetal growth and development by maintaining a stable in utero environment 
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(Myatt 2006). It helps maintain intrauterine homeostasis by properly responding to 

environmental cues such as maternal nutrition, stress, and infection (Hobel and Culhane 

2003). This function relies on fine-tuned, coordinated control of gene expression, which 

is achieved, at least in part, through epigenetic mechanisms (Maccani and Marsit 2009). 

DNA methylation, in particular, has been increasingly recognized as a critical 

epigenetic process regulating placental adaptive responses to such environmental signals 

(Nelissen et al. 2011). Suboptimal maternal intake of some micronutrients, such as folic 

acid, for instance, has been shown to affect global DNA methylation level in rat placenta 

(Kulkarni et al. 2011). In a pregnant mouse model, it has been demonstrated that maternal 

bacterial infection is associated with hypermethylation of the P0 promoter region of 

placental Igf2 and down-regulation of Igf2 gene expression (Bobetsis et al. 2007). 

In addition to its role as a molecular switch underlying placental plasticity under 

changing environmental conditions, DNA methylation represents an important 

mechanism regulating normal placental development. It has been shown to play a role in 

the regulation of genes involved in trophoblast proliferation (Serman et al. 2007), 

migration, and invasion (Rahnama et al. 2006), which are critical components of 

placental development. Imprinted genes constitute a special class of genes that are mainly 

under control of methylation with abundant expression in the placenta. Such genes have 

been suggested to be crucial to placental developmental processes such as angiogenesis 

(Mayer et al. 2000) and cytotrophoblast differentiation (Rachmilewitz et al. 1992). 

Previous studies have implicated aberrant placental DNA methylation in adverse 

pregnancy outcomes, including intrauterine growth restriction (Bourque et al. 2010), 

preeclampsia (Wang et al. 2010), and small for gestational age (Guo et al. 2008), 

providing further evidence for the developmental and functional significance of the 

epigenetic process. Examination of placental methylation profiles under normal and 

disease conditions may therefore lead to a better understanding of physiologic and 

pathologic pregnancy processes that are mediated by the placenta. 
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In this study, we performed genome-wide methylation profiling of human term 

and preterm placentas in order to explore the possible importance of DNA methylation in 

the etiology of preterm birth (PTB), a common pregnancy complication with genetic and 

environmental components (Muglia and Katz 2010). Given the previous report of 

heterogeneous global gene expression patterns observed among different parts of the 

placenta (Sood et al. 2006), we sought to selectively examine one particular placental 

compartment (the amnion) to gain clearer insight into the relationship between 

methylation status, gene expression, and disease risk. Independent of the global 

methylation study, we also carried out methylation analysis of the promoter region of the 

oxytocin receptor (OXTR) gene given its well-established role in human parturition 

(Gimpl and Fahrenholz 2001), whose aberrant methylation in other tissue types has 

recently been implicated in autism (Gregory et al. 2009), a disorder that has been 

associated with PTB (Larsson et al. 2005; Limperopoulos et al. 2008). 

Results 

Genome-wide patterns of methylation in human amnion 

To investigate the possible involvement of epigenetic mechanisms in the 

pathogenesis of PTB, we profiled genome-wide methylation patterns in placental amnion 

tissues from term (TNL and TL) and preterm (PTL) deliveries using the Illumina 

Infinium BeadChip platform. The overall levels of DNA methylation in the experimental 

samples (n=21) were low with third quartile AVG_Beta values between 0.4 and 0.5, 

which is in accordance with previous observations of global hypomethylation in human 

placenta (Ehrlich et al. 1982; Fuke et al. 2004). Principal components analysis (PCA) 

placed the pooled TL and PTL samples close to each other and very distant from the 

pooled TNL sample (Figure 25), which indicates that the genome-wide methylation 

patterns in amnion tissues from the two spontaneous labor groups (regardless of 

gestational age (GA) at delivery) are more similar to each other than to those observed in 
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non-labor samples. However, the analysis revealed no clear groupings of the individual 

TNL and TL samples (n=9 for each group, data not shown), suggesting the existence of 

high inter-individual variation in methylation among the amnion samples examined. 

CpG loci differentially methylated between term (with 

and without labor) and preterm amnion tissues 

Although no obvious distinction in methylation patterns at the global genome 

level was noted among the three groups of samples examined, we sought to identify 

methylation differences at the gene/locus level. To this end, we performed differential 

methylation analysis using the Illumina custom error model algorithm. Comparisons were 

made between the TNL and TL groups and the TL and PTL groups to examine whether 

there are labor- and/or GA-related methylation changes at specific CpG sites. We 

identified 65CpG sites in 64 autosomal genes and 65 CpG sites in 61 autosomal genes 

that are differentially methylated between the TNL and TL groups and the TL and PTL 

groups, respectively with a DiffScore of >30 (equivalent to p-value of <0.001). Listed in 

Table 11 are the 15 most highly differentially methylated genes in the TL and PTL 

groups compared to the TNL and TL groups, respectively. As implied in the table, we 

found that a larger number of differentially methylated sites were located outside than 

within CpG islands annotated in the UCSC Genome Browser. It was also noted that 

among the genes we identified as differentially methylated, there were several belonging 

to special classes of genes such as non-coding RNAs and imprinted genes (DSCR10, 

FBXL19-AS1, and PEG10 as shown in Table 11), many of which have regulatory 

functions in diverse biological processes. 

Functional enrichment analysis 

To determine the biological significance of genes exhibiting differential 

methylation, functional annotation analysis was performed. Our approach involved 

identifying predefined annotated gene sets that are significantly associated with the 
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observed methylation differences using the MSigDB (Subramanian et al. 2005). Given 

the small number of differentially expressed genes (n=65) with a p-value below 0.001, a 

less stringent p-value cut-off of < 0.01 (corresponding to a DiffScore of >20) was applied, 

providing lists of 110 and 186 genes differentially methylated between the TNL and TL 

groups and the TL and PTL groups, respectively. We then examined the extent of overlap 

between those lists of genes and gene sets from the MSigDB CP (canonical pathways) 

and C5 (GO gene sets) collections. In the list of differentially methylated genes between 

the TNL and TL groups, 7 gene sets from the C5 collection were significantly 

overrepresented (p < 0.05), while no gene set from the CP collection showed significant 

enrichment. The 7 enriched gene sets included cation transport, ion channel activity, and 

those shown in Table 12, most of which are highly relevant to molecular processes 

involved in physiologic labor. Among the genes showing methylation differences 

between the TL and PTL groups, 17 gene sets from the C5 collection were 

overrepresented. One of those gene sets (adherens junction) was also identified as being 

enriched (p=0.049) in the analysis performed with the CP collection. The top most 

overrepresented gene set was negative regulation of transferase activity, consisting of 

HEXIM1, SFN, CBLC, and DUSP2. Of note, many of the 17 enriched gene sets were 

found to be associated with the regulation of cell behavior and extracellular matrix-cell 

interactions, including focal adhesion, cell junction, cell substrate adherens junction, and 

integrin binding (Table 12). 

Bisulfite sequencing (BS) analysis of differential 

methylation 

To validate differential methylation detected by global methylation profiling, we 

performed BS analysis on a selected gene (UCN) identified as being more highly 

methylated in the PTL group compared with the TL group with a DiffScore > 50 (Table 

11). We studied one additional gene (OXTR) whose promoter hypermethylation has 
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recently been implicated in autism (Gregory et al. 2009). We selected the two genes 

given that they are known to play a crucial role in normal labor and parturition and that 

the primary goal of our study was to identify potential candidate genes for PTB. We 

examined a 278 bp CpG island region of UCN spanning part of the promoter, exon 1, and 

part of intron 1 (-439 to -162 relative to translation start site (TSS)) that contains 16 CpG 

sites and a 358 bp CpG island region of the OXTR promoter (-1195 to -838 relative to 

TSS) containing 22 CpG sites that has been associated with tissue-specific OXTR 

expression (Kusui et al. 2001) and the development of autism (Gregory et al. 2009) 

(Figure 26A and B). The regions examined in both genes were located within CpG 

islands. We carried out our analysis using the same samples assayed on the BeadChips 

and eight additional independent PTL samples (TNL, n=9; TL, n=9; and PTL, n=14). 

All 16 CpG dinucleotides interrogated in the UCN gene showed some degree of 

methylation ranging between 2.2 and 55.7% with the ones at positions -361, -335, -319 

(relative to TSS) more highly methylated (22.9—55.7%) compared with those at other 

positions (1.1—17.1%). All except two CpG sites were overmethylated in the PTL 

samples compared to the TL samples, showing the expected direction of differential 

methylation. However, the differences were not statistically significant (two-sided M-W 

rank sum test, p >0.05) with the CpG dinucleotide at position -279 having the lowest p-

value (p=0.073, 2.2 (TL) and 11 (PTL) % methylation) (Figure 26A). 

For the OXTR gene, since we had no priori data on the methylation status of the 

22 CpG sites in amnion tissue, we made comparisons among all three groups of samples. 

Consistent with the finding of Gregory et al. (Gregory et al. 2009), 5 CpG sites at 

positions -959, -934, -924, -901 and -860 (relative to TSS) showed the highest levels 

(22.2—68.6 %, Figure 26B) and variation in methylation, whereas very little or no 

methylation (0—5.7 %) was observed at the other sites. We found that one (CpG -959) of 

the five sites was significantly differentially methylated among the three groups tested 

(one-way ANOVA, p=0.014), exhibiting 43.3, 24.4, 27.1% methylation in the TNL, TL, 
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and PTL amnion samples, respectively (Figure 26B). Pairwise comparisons (Holm-Sidak 

test) revealed significant differences between the TNL and TL groups (p=0.017) and the 

TNL and PTL groups (p=0.025), and borderline significant difference between the TL 

and PTL groups (p=0.050), demonstrating more distinct differences in methylation at this 

site between non-labor and labor tissues than term and preterm tissues. 

To determine if the observed differential methylation also occurs in other parts of 

the placenta where the genes are known to be expressed (Gimpl and Fahrenholz 2001; Gu 

et al. 2001), we extended our study to decidua tissues of maternal origin (Miki et al. 2005) 

from the same groups of individuals. As in the amnion tissues, the overall methylation 

levels of UCN were higher (but to a lesser extent) in the PTL samples compared with the 

TL samples and at CpG sites -361, -335, and -319 (19.9—36.4 %) than the other sites. 

However again, there was no statistically significant difference in methylation between 

the TL and PTL groups (two-tailed t-test, p >0.05). 

The overall methylation patterns of the OXTR promoter in the decidua were also 

similar to those observed in the amnion with the five CpG sites most differentially and 

heavily methylated. However, unlike in the amnion tissues, the methylation levels at CpG 

-959 were not statistically significantly different among the three groups in the decidua 

tissues. The analysis, instead, identified a different site (CpG -1084) that shows 

significant difference (K-W one-way ANOVA by ranks, p=0.008). This site, interestingly, 

was completely unmethylated in the TL group, whereas it was methylated to some small 

degree in the other two groups (TNL, 10%; PTL, 8.7%) (Figure 26B). Significant 

differences between the TL and TNL or PTL groups were confirmed by Dunn’s post-hoc 

test (p <0.05). Taken together, it appears that there exist compartment-specific OXTR 

methylation patterns in the placenta. 
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Analysis of UCN and OXTR gene expression in the 

amnion and decidua 

To evaluate the functional significance of methylation status of the two genes, we 

performed gene expression analysis using qRT-PCR. We analyzed amnion and decidua 

RNA samples (n=107, 59, respectively) from three groups (TNL, TL, and PTL) of 

placentas, including those from which DNA samples for methylation experiments were 

obtained. The results of mRNA expression analysis are summarized in Figure 27. 

Although the differential methylation of the UCN gene was not validated by BS, we 

found that there was a statistically significant difference in the level of UCN expression 

among the three groups of amnion samples (K-W one-way ANOVA by ranks, p < 0.001). 

UCN mRNA expression in the PTL group was about 2.3-fold higher compared to the 

TNL and TL groups (Figure 27). Similar observations were made when the amnion 

samples used in BS only were analyzed. However, the results were not replicated in the 

decidua samples, indicating that upregulation of UCN is specific to the amnion from 

spontaneous preterm deliveries. 

We also observed a significant increase in OXTR mRNA levels in the PTL 

amnion samples, but the change was less than two-fold (K-W one-way ANOVA by ranks, 

p=0.002). A significant difference existed only between the TL and PTL groups (Dunn's 

post-hoc test, p < 0.05), as shown in Figure 27. Again, we could not reproduce the results 

using the decidua samples. Given that methylation generally plays a role in gene 

silencing, the differential methylation in OXTR observed may not be correlated with 

OXTR expression levels. 

Methylation-specific PCR (MSP) analysis of differential 

methylation 

As an alternative approach to validate DNA methylation differences captured by 

our genome-wide methylation study, we carried out methylation-specific PCR (MSP) for 
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selected 3 differentially methylated genes between the TNL and TL groups (PEG10) and 

between the TL and PTL groups (LPAR5 and SLC30A3). Analysis of the same set of 

amnion samples used in BS (TNL, n=9; TL, n=9; and PTL, n=14) revealed no inter-group 

differences in PEG10 and LPAR5 methylation (data not shown). However, the 

methylation status of SLC30A3 was in good agreement with our global methylation data 

with methylated MSP products present in 10 out of 14 (71%) PTL samples and none of 

the TL samples (Figure 28). These results suggest a possible association between aberrant 

overmethylation of this zinc transporter gene and PTB. 

Discussion 

In recent years, epigenetics has emerged as a potentially important mechanism 

involved in the regulation of human pregnancy (Lins and Mitchell 2008). DNA 

methylation, particularly in the placenta, a vital organ of pregnancy, has gained a 

considerable amount of attention owing to its critical role in normal placental 

development and function (Rahnama et al. 2006; Serman et al. 2007; Maccani and Marsit 

2009; Nelissen et al. 2011), which are essential components of successful pregnancy. For 

example, placenta-specific methylation of CYP24A1 in humans has been suggested to 

increase active vitamin D levels at the interface between mother and fetus (Novakovic et 

al. 2009), and Oct4 methylation, which is maintained in normal placenta throughout 

pregnancy, is thought to be potentially important in the regulation of trophectoderm 

differentiation and hCG gene expression (Zhang et al. 2008). The association of altered 

methylation patterns in the placenta with undesirable fetal and maternal pregnancy 

outcomes (Guo et al. 2008; Zhang et al. 2008; Bourque et al. 2010; Wang et al. 2010) 

supports the importance of methylation in pathologic pregnancy processes in addition to 

its physiologic significance. 

The present study investigated if there exist distinct global methylation signatures 

that distinguish among term and preterm placental amnion tissues. Although genetics is 
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believed to play an important role in PTB (Nesin 2007), only a few genes have been 

shown to be consistently associated with the disease at a nominal significance level to 

date (Dolan et al. 2010) despite extensive research efforts, probably due to etiologic 

contribution of environmental factors. Given the involvement of epigenetic processes in 

placental responses to environmental changes (Bobetsis et al. 2007; Kulkarni et al. 2011; 

Nelissen et al. 2011), our approach may bridge the gap between our knowledge of 

genomes and phenotypes in the context of PTB. 

Our genome-wide methylation profiling revealed a higher degree of similarity 

between the methylation patterns in the TL and PTL pooled samples than those observed 

in the TNL pooled sample, suggesting the potential role of methylation in the regulation 

of labor, independent from GA. However, the presence of large inter-individual 

variability among the non-pooled TNL and TL samples suggests that the results should 

be interpreted with great caution although they are in line with the previous finding of 

high variability in overall DNA methylation in normal placenta compared with other 

normal human tissues (Houseman et al. 2008). 

We identified a small number of differentially methylated genes between the TNL 

and TL groups and the TL and PTL groups (65 genes each) at the p<0.001 significance 

level. This observation may be attributed to the small sample size and the high level of 

sample heterogeneity. When we performed gene set enrichment analyses on genes 

identified as differentially methylated using a less stringent p-value cut-off of < 0.01, we 

observed significant overrepresentation of various gene sets that appear to be functionally 

relevant. The enrichment of pathways related to ion transport and channel activity and 

cytokine production among the differentially methylated genes between the TNL and TL 

groups reflect biochemical and molecular events associated with the onset of labor, which, 

along with hormonal factors, help to initiate parturition. The overrepresentation of heart 

(development and contraction)-related gene sets may be explained by the presence of 

myofibroblasts in the connective tissue of the amnion (Wang and Schneider 1982) that 
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have contractile ability (Tomasek et al. 2002), and hence are involved in heart rhythm 

regulation (Rohr 2009) and possibly, prevention of excessive distension of amniotic 

membrane (Wang and Schneider 1982). Genes showing methylation differences between 

the TL and PTL groups were found to be enriched with gene sets involved in cell 

adhesion, cell-cell and cell-extra cellular matrix interactions. Those gene sets have 

important roles in the modulation of cellular behavior, tissue maintenance and 

organization (DuFort et al. 2011), and their enrichment confirms the significance of intact 

fetal membranes as a critical factor in the maintenance pregnancy. 

Our study at the individual gene level using BS revealed no significant differences 

in UCN methylation levels between the TL and PTL groups, while two CpG sites (CpGs -

959 and -1084) in OXTR were found to be significantly differentially methylated among 

the three groups of amnion and decidua tissues, which are of fetal and maternal origin, 

respectively (Miki et al. 2005). Subsequent gene expression analysis demonstrated no 

correlation between gene expression and methylation and therefore, the functional 

significance of the observed differential methylation remains undetermined. Previous 

work showed that site-specific methylation can result in transcriptional alterations 

through its effects on the interaction of transcription factors (TFs) with its cognate DNA 

sequence (Belanger et al. 2010). Currently, there are no known TF binding sites around 

CpG -959, which was previously identified as significantly hypermethylated in peripheral 

blood mononuclear cells from autistic patients compared with  those from control patients 

(Gregory et al. 2009). However, using ENCODE ChIP-seq data available in the UCSC 

genome browser, we found that CpG -1084 falls within putative binding sites for SUZ12 

and Pol2 (see Materials and Methods for more details), which warrants future studies to 

dissect the impact of the methylation status at this specific dinucleotide on the 

interactions between these TFs and their binding sites. 

Despite the lack of any significant correlation between methylation state and UCN 

transcript expression, our observation of a significant, more than 2-fold increase in UCN 
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mRNA levels in the PTL amnion tissues compared with the TNL and TL tissues suggests 

a potential role of this gene in the etiologic process of PTB, which encodes an 

endogenous ligand for corticotropin releasing hormone receptor (CRHR) that mediates 

the action of CRH, one of the major endocrine factors in parturition (Florio et al. 2004). 

A previous study has shown that there is no difference in placental UCN mRNA levels 

among the three groups of samples (Florio et al. 2005), which is probably attributed to 

the use of different sampling strategies since we also did not detect a significant 

upregulation of UCN in other placental tissues (the chorion and decidua). Given that there 

are several putative binding sites for TFs (such as C7EBP, GATA, and MyoD) (Zhao et 

al. 1998) upstream of the region examined in this study, it would also be intriguing to 

investigate whether the methylation status of CpG dinucleotides encompassing those sites 

is associated with the observed gene expression patterns. It would also be worthwhile to 

examine if mechanisms other than methylation underlie the transcriptional regulation of 

UCN in the amnion. 

Our MSP analysis identified another gene (SLC30A3) that might play a role in 

pathogenic processes of PTB. This gene, also known as ZNT3, encodes a zinc transporter 

responsible for zinc efflux from the cytoplasm to extracellular spaces or intracellular 

organelles (Cousins et al. 2006). In mice, placental zinc transporters have been shown to 

exhibit variation in expression in response to dietary zinc supply, which is important in 

the regulation of zinc supply to the fetus (Helston et al. 2007). A recent study has 

reported that SLC30A3 is a gene that is most responsive to glucose as well as zinc in 

mouse beta cells (Smidt et al. 2009). Given these findings, it is postulated that its 

dysregulated expression due to aberrant methylation in human amnion may influence the 

ability of the placenta to properly respond to maternal nutritional signals, ultimately 

leading to PTB. This hypothesis requires further exploration. 

Our work was limited by the small sample size as well as the lack of control for 

gender-specific methylation differences (Cotton et al. 2009; Yuen et al. 2010). Very 
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recently, it has been shown that there exist cell-type specific global methylation profiles 

in human placenta (Grigoriu et al. 2011). Therefore, a cell-type specific profiling 

approach using a larger number of samples may allow a more accurate characterization of 

DNA methylation profiles associated with PTB, which, together with other types of 

biological data, which holds promise for identification of candidate markers for the 

disease. 

Materials And Methods 

Tissue collection and preparation 

Fresh human placentas were collected in 2009 and 2010 at the University of Iowa 

Hospitals and Clinics in IA, USA and Instituto de Maternidad y Ginecología Nuestra 

Señora de las Mercedes in Tucumán, Argentina with signed informed consent and 

institutional review board approval. We examined 121 placentas from three groups of 

patients undergoing: term cesarean delivery without labor (term no labor (TNL) group, 

n=18), normal term vaginal delivery (term labor (TL) group, n=40), and spontaneous 

preterm (<37 weeks of gestation) delivery (preterm labor (PTL) group, n=63). Each 

placenta was dissected into fetal (amnion, chorion) and maternal (decidua basalis) 

components. The amnion and chorion obtained from the reflected membranes were 

separated by peeling the two apart, as described elsewhere (Sood et al. 2006). After being 

cut into small pieces, the dissected tissues were placed in RNAlater solution (Applied 

Biosystems, Foster City, CA, USA), and stored per manufacturer's recommendations 

until used. 

DNA extraction and bisulfite conversion 

Genomic DNA was extracted from placental tissue samples using the DNeasy 

Blood & Tissue Kit (QIAGEN, Valencia, CA, USA) following the manufacturer's 

protocol. The quality of the extracted DNA was evaluated by agarose gel electrophoresis. 
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Bisulfite conversion of DNA was performed using the EZ DNA Methylation Kit (Zymo 

Research, Irvine, CA, USA) according to the manufacturer's instructions. 

Genome-wide DNA methylation analysis 

Illumina Infinium methylation assay 

DNA methylation profiling was performed by the W.M. Keck Biotechnology 

Resource Laboratory at Yale University, using the Illumina Infinium 

HumanMethylation27 BeadChip (Illumina, San Diego, CA, USA). Details of the design 

and general properties of this platform have been previously described (Bibikova et al. 

2009). A total of 24 samples were assayed on two BeadChips (12 samples per chip) 

following the standard protocol provided by Illumina. The samples examined included 9 

individual and 1 pooled amnion samples each from the TNL and TL groups, one pooled 

amnion sample from the PTL group obtained by combining 6 individual samples, and 3 

controls (methylated DNA control treated with M.SssI methyltransferase (New England 

Biolabs, Ipswich, MA, USA), Universal Methylated Human DNA Standard (Zymo 

Research), and bisulfite-untreated control). Based on the heterogeneous global gene 

expression patterns observed among PTL samples (unpublished data), we only included 

one pooled PTL sample to assess a group DNA methylation average. The samples were 

arranged randomly on each chip and were processed in a blinded fashion. 

Quality control and statistical analysis 

Data analysis was conducted on a fee-for-service basis by the W.M. Keck 

Biostatistics Resource at Yale University using GenomeStudio Methylation Module v1.0 

(Illumina). We evaluated the quality of the data based on the signals of assay built-in 

control probes (staining, hybridization, target removal, extension, bisulfite conversion, 

methylation signal specificity, background determination, and overall assay performance) 

and three experimental controls (two positive methylated controls and one non-bisulfite-
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converted control), and confirmed the reliability of our data. Principal component 

analysis (PCA) demonstrated that there is no significant batch effect among the three 

groups of samples examined. The methylation status of each interrogated CpG site was 

determined employing the β-value (defined as the fraction of methylation, calculation 

details described in a previous study (Chowdhury et al. 2011)) method. An average β-

value (AVG_Beta) for each CpG locus ranging from 0 (unmethylated) to 1 (completely 

methylated) was extracted utilizing the GenomeStudio software and used in further 

analyses. For determination of differential methylation between two given groups, we 

used the Illumina custom error model. We prioritized differentially methylated CpG sites 

by DiffScore=10sgn(βctrl-βtrt)log10P, which were annotated with respect to their nearest 

gene based on the information provided by Illumina. 

Functional enrichment analysis 

Differentially methylated genes with a DiffScore of >20 (equivalent to p-value of 

<0.01) were evaluated for functional enrichment using predefined gene sets from the 

Molecular Signatures Database (MSigDB) (Subramanian et al. 2005). We searched for 

significantly enriched gene sets by computing overlaps between the lists of differentially 

methylated genes and the CP collection (canonical pathways, 880 gene sets) or the C5 

collection (GO gene sets, 1454 gene sets) in the MSigDB. Gene sets with a p-value 

(based on the hypergeometric distribution) less than 0.05 were considered significant. 

Bisulfite sequencing (BS) 

To validate methylation differences revealed by the global methylation assay, we 

performed bisulfite sequencing on urocortin (UCN), a gene identified as differentially 

methylated between the TL and PTL groups and OXTR, a gene whose methylation status 

has recently been shown to be important in the pathogenesis of autism (Gregory et al. 

2009). We investigated the methylation status of OXTR given its significant role in 

parturition, which makes it a potential candidate gene for PTB. Primers for UCN were 
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designed to cover the CpG site identified as being differentially methylated by genome-

wide methylation profiling, using the default parameters of MethPrimer (Li and Dahiya 

2002). Bisulfite-converted DNA extracted from amnion and decidua tissues (TNL, n=9; 

TL, n=9; and PTL, n=14 per tissue) was PCR-amplified in a 25μl reaction mix containing 

1X Reaction Buffer with 1.75 mM MgCl2, 250 µM each dNTP, 0.8 µM primers, and 1U 

ZymoTaq DNA polymerase (Zymo Research). PCR cycling conditions were set as 

follows: 95°C for 10 minutes, 45 cycles of 95°C for 30 seconds, 50.4°C for 1 minute, and 

68°C for 2 minutes followed by a final extension at 68°C for 7 minutes. For OXTR, we 

used the same primers and PCR conditions as those used in the previous study (Gregory 

et al. 2009). The PCR products were run on an agarose gel and cloned into the pGEM-T 

Easy vector (Promega, Madison, WI, USA). Individual clones were isolated and purified 

using the PureLink Quick Plasmid Miniprep Kit (Invitrogen, Carlsbad, CA, USA) per 

manufacturer's instructions. On average, 10 clones per sample were sequenced and 

analyzed. Percentage methylation was determined for each CpG site similarly as done in 

(Gregory et al. 2009). Statistical analysis was conducted using SigmaPlot 11.0 (Systat 

Software, San Jose, CA, USA). Significance of differential methylation was assessed 

using the t-test (two-tailed), Mann-Whitney (M-W) rank sum test (two-sided), one-way 

ANOVA, or Kruskal-Wallis (K-W) one-way ANOVA by ranks, as indicated in the text 

and/or figure legends. Post-hoc analysis following ANOVA was performed using either 

the Holm-Sidak method or the Dunn's Method. A p<0.05 was considered significant. 

ENCODE ChIP-seq data 

We examined the potential functional significance of the region of the OXTR gene 

containing CpG sites with statistically different DNA methylation status (CpGs -959 and 

-1084) using the ChIP-Seq data from the ENCODE project available in the UCSC 

genome browser (Birney et al. 2007; Rosenbloom et al. 2010). We specifically used the 

SUZ12 and Pol2ChIP-Seq data generated by the laboratories of Michael Snyder at 
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Stanford University and Vishy Iyer at the University of Texas Austin. The ChIP-Seq data 

were obtained using human cells (NT2-D1 for the SUZ12 data; GM 18526, 18951, 19099, 

19193, and ProgFib for the Pol2 data). 

Methylation-specific PCR (MSP) 

Validation of differential methylation was additionally carried out using 

methylation-specific PCR (MSP). Two pairs of primers (unmethylated and methylated) 

for each of the LPAR5, PEG10, and SLC30A3 genes were designed in a similar manner to 

the BS primers, but using the MSP-specific default parameters of the MethPrimer 

program (Li and Dahiya 2002). Bisulfite-converted DNA extracted from amnion tissues 

(TNL, n=9; TL, n=9; and PTL, n=14) was PCR-amplified in a 50μl reaction mix 

containing 1X NH4 Buffer, 1.5 mM MgCl2, 200 µM each dNTP, 0.6 µM primers, and 

1.25 U Biolase DNA polymerase (Bioline, Taunton, MA, USA). PCR cycling conditions 

were set as follows: 94°C for 5 minutes, 35 cycles of 94°C for 30 seconds, x (optimized 

temperature for each primer set)°C for 30 seconds, and 72°C for 40 seconds followed by 

a final extension at 72°C for 7 minutes. The PCR products were visualized on a 2% 

agarose gel. 

DNA methylation Standards 

Universal Methylated Human DNA Standard (Zymo Research) was used as 

positive control in the Illumina Infinium methylation assay. The DNA is enzymatically 

methylated in vitro at all cytosines in CpG dinucleotides. We also used Human 

Methylated and Non-methylated DNA Standards (Zymo Research) as positive and 

negative controls for methylation-specific PCR. Both of the standards are purified from 

DNMT1 and DNMT3b double-knockout HCT116 cells, but the methylated standard is 

enzymatically methylated at all cytosines in CpG dinucleotides. 
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RNA extraction and real-time qRT-PCR 

Total RNA was extracted from amnion (TNL, n=14; TL, n=34; and PTL, n=59) 

and decidua (TNL, n=12; TL, n=16; and PTL, n=31) tissues using TRIzol reagent 

(Invitrogen) according to the manufacturer's protocol. The quality of extracted RNA was 

checked using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 

USA). Reverse transcription was carried out with the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems), using random hexamers as primers following the 

manufacturer's instructions. Synthesized cDNA template was added to a 20 μL qRT-PCR 

reaction containing 0.5 μM gene-specific primers (UCN and OXTR) and Power SYBR 

Green PCR Master Mix (Applied Biosystems). The reactions (including no-template 

controls) were run in triplicate on the 7900HT Fast Real-Time PCR System (Applied 

Biosystems) using the following conditions: 50°C for 2 minutes, 95°C for 10 minutes, 40 

cycles of 95°C for 15 seconds and x (optimized temperature for each primer set)°C for 1 

minute followed by a dissociation stage of 95°C for 15 seconds, 60°C for 15 seconds, and 

95°C for 15 seconds. We used ACTB (beta actin) as an endogenous reference (Ahn et al. 

2008). Data were analyzed with the SDS 2.4 software (Applied Biosystems), employing 

the comparative CT method (Livak and Schmittgen 2001). Total RNA from human heart 

obtained from Clontech Laboratories (Mountain View, CA, USA) and two human 

myometrial immortalized cell lines (kindly provided by Dr. Sarah K. England at 

Washington University in St. Louis) were used as positive controls for UCN and OXTR 

gene expression, respectively. Samples with a value that falls outside ±2 standard 

deviations of the group mean were defined as outliers and removed from the study. 

Statistical analysis was performed similarly as described above for BS analysis. Data 

were presented as mean ± SEM. 
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Figure 25.  Principal component analysis (PCA) of DNA methylation in the amnion. 
Each colored dot represents a pooled DNA sample from term no labor (TNL), 
term labor (TL) or preterm labor (PTL) group. Note that the TNL sample is 
placed distantly from the TL or PTL samples, indicating that it displays very 
different DNA methylation patterns compared to the other two samples. 
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Figure 26.  Bisulfite sequencing (BS) analysis of UCN (A) and OXTR (B) methylation status. Black horizontal arrows denote BS PCR 
primer binding sites. Solid box, coding region; open box, untranslated region. The expected PCR product sizes and 
positions of the primer binding sites (chromosome and base count, NCBI Build GRCh37/hg19) are indicated. Tables 
summarize average % methylation at selected CpG dinucleotides named according to their nucleotide positions relative to 
translation start site (TSS). CpG sites with the lowest p-value in each tissue type are shaded in gray (CpGs -244 and -279, 
p>0.05 (insignificant); CpGs -959 and -1084, p=0.017 (one-way ANOVA) and 0.008 (K-W one-way ANOVA by ranks), 
respectively. Represented in bold are CpG sites methylated at higher levels in both the amnion and the decidua (not shown) 
than the average methylation level of all sites examined. 
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Figure 27.  UCN and OXTR mRNA expression levels in term and preterm amnion tissues. Expression levels were normalized to that 
of beta-actin (ACTB). Experiments were performed in triplicate. Data presented are mean±SEM. Asterisks represent 
statistically significant difference (p<0.05, K-W one-way ANOVA by ranks followed by Dunn’s post-hoc test) between 
specified groups. 
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Figure 28.  Methylation-specific PCR (MSP) analysis of SLC30A3. (A) Schematic representation of MSP primer binding sites. Black 
horizontal arrows, methylated-specific primer (MSPM) binding sites; gray horizontal arrows, unmethylated-specific primer 
(MSPU) binding sites. The expected PCR product sizes and positions of the primer annealing sites (chromosome and base 
count, NCBI Build GRCh37/hg19) are indicated. Solid box, coding region; open box, untranslated region. (B) Agarose gel 
electrophoresis of MSP products. M, product amplified with MSPM; U, product amplified with MSPU. PC, positive 
control, Human Methylated DNA Standard; NC, negative control, human unmethylated DNA standard; W, water control 
(Details can be found in Materials and Methods) 
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Table 11. List of top 15 differentially methylated autosomal genes in amnion tissues from 
term (TNL, TL) and preterm (PTL) deliveries ranked by statistical significancea 

TNL versus TLb TL versus PTLc 

Gene Locus CpGislandd Gene Locus CpGislandd 

IL32 16p13.3 No TOB1 17q21 No 

EDARADD 1q42.3 No PNPLA3 22q13.31 No 

STK19 6p21.3 No ZNF671 19q13.43 No 

EXTL1 1p36.1 No DAB2IPg 9q33.1-q33.3 No 

HLA-DQB2 6p21 No MFNG 22q12 No 

MFSD3 8q24.3 Yes UCN 2p23-p21 Yes 

RAB31 18p11.3 Yes EXOC3L2 19q13.32 Yes 

PNPLA3 22q13.31 No SLC44A2 19p13.1 Yes 

GRHPR 9q12 Yes FBXL19-AS1f 16p11.2 Yes 

MPHOSPH10 2p13.3 No DLGAP5 14q22.3 Yes 

PEG10e 7q21 No SLC30A3 2p23.3 Yes 

DSCR10f 21q22.13 No CHFR 12q24.33 No 

SRRD 22q12.1 Yes C11orf1 11q23.1 No 

POLI 18q21.1 Yes SLC24A4 14q32.12 No 

OSTalpha 3q29 No PI4KB 1q21 No 
 
aStatistical significance was determined based on p-values calculated from DiffScores. 
All genes listed here have a DiffScore>40 (corresponding to p-value of <0.0001). 
bGenes most highly methylated in the TL group compared to the TNL group. 
cGenes most highly methylated in the PTL group compared to the TL group. 
dDefined by the CpG island track in the UCSC Genome Browser. 
eAn imprinted gene. 
fNon-protein coding genes. 
gA gene identified as having three non-island CpG sites with a DiffScore>40. 
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Table 12. Gene sets overrepresented among differentially methylated genes in amnion 
tissues from term (TNL, TL) and preterm (PTL) deliveriesa 
TNL versus TL 
Gene setb P-valuec 
HEART_DEVELOPMENT 0.012 
POSITIVE_REGULATION_OF_CYTOKINE_PRODUCTION 0.017 
GATED_CHANNEL_ACTIVITY 0.024 
REGULATION_OF_HEART_CONTRACTION 0.041 
REGULATION_OF_CYTOKINE_PRODUCTION 0.044 

TL versus PTL 
Gene setb P-valuec 
NEGATIVE_REGULATION_OF_TRANSFERASE_ACTIVITY 0.007 
ADHERENS_JUNCTIONd 0.011 
HEPARIN_BINDING 0.014 
FOCAL_ADHESION_FORMATION 0.02 
FOCAL_ADHESION 0.024 

aPresented are the top 5 most significantly enriched gene sets from C5 collection. 
bDefined in the Molecular Signatures Database (MSigDB). 
cThe cut-off for statistical significance was p=0.05. 
 
dAlso identified as being enriched (p=0.049) in the analysis performed with the CP 
collection. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

The main goal of this thesis was to identify and characterize genes involved in 

PTB. Many previous candidate gene studies have used a genetic association approach, 

given the significant genetic component of this disorder (Esplin 2006; Nesin 2007). 

Although several of these studies have reported positive associations between genetic 

variants, mostly single nucleotide polymorphisms (SNPs) and risk of PTB, few 

associations have been consistently replicated, complicating our understanding of the 

genes of etiological importance (DeFranco et al. 2007; Chaudhari et al. 2008; Plunkett 

and Muglia 2008; Dolan 2010). Moreover, past research has been hampered by bias in 

the selection of genes to study with many studies focusing on those related to immunity 

and inflammation (Plunkett and Muglia 2008). The work presented in this thesis 

addressed these limitations by directing the focus of genetic investigation to the pathway 

(the OXT pathway) previously not examined in the literature in the context of PTB 

(chapter 2) and by employing non-genetic (transcriptomic and epigenomic), unbiased 

genome‐wide approaches that can complement genetic research and help reliably identify 

candidate genes (chapters 3 and 4). 

Conclusions 

OXT system genes and susceptibility to PTB 

We investigated the association between genetic polymorphisms in three genes 

belonging to the OXT system, including OXT, OXTR, and LNPEP and PTB risk. In our 

study, we did not find any evidence of association of the OXT gene with PTB. Although 

it has long been suggested that OXT is involved in parturition, its precise role has yet to 

be determined. Previous human and animal studies have clearly demonstrated that OXT 

plays a role in the expulsive phase of labor (Blanks and Thornton 2003). However, it 
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remains controversial if the gene contributes to the initiation of labor. In addition, it has 

been shown that mice deficient for oxytocin have deficits in lactation and social behavior, 

but normal parturition (Young et al. 1996; Winslow and Insel 2002). These findings 

suggest that the action of OXT may be critical only during the second stage of labor, and 

that its function in parturition can be compensated by other gene(s). Despite these 

observations as well as our insignificant finding, however, this gene should not be 

completely disregarded in studies of PTB, given that its interaction with prostaglandins 

has been reported to important for the onset of labor in mice (Gross et al. 1998), and that 

it has been shown to play a critical role in mediating circadian regulation of parturition 

(Roizen et al. 2007). 

We also found no statistically significant association between any of the OXTR 

common polymorphisms (SNPs) tested and PTB. However, our sequencing study 

revealed several novel rare polymorphic variants in OXTR, some of which might be of 

etiological relevance. Particularly worth further exploration are those identified as being 

overrepresented (L206V) or occurring exclusively (P108A, W203R, and F284L) in our 

PTB cases when compared to the reference populations sequenced as part of the 1000GP 

and the ESP. 

Our functional analysis of the three novel variants P108A, W203R, and F284L 

indicates that they affect ligand (OXT) binding. Although it is unclear whether these 

polymorphisms truly contribute to PTB, there is evidence from other studies that the 

polymorphic residues may be important at least for receptor function. The P108A is 

located in the first extracellular loop, a domain that is proposed to interact with the linear 

C-terminal tripeptidic part of OXT (Postina et al. 1996; Gimpl and Fahrenholz 2001). A 

previous mutagenesis study demonstrated that mutating F284 to Y makes arginine 

vasopressin (AVP) become a full agonist (Chini et al. 1996; Gimpl and Fahrenholz 2001). 

This result suggests that this residue is critical for the receptor response to AVP, which is 

a partial agonist to OXTR with uterotonic activity (Chan et al. 1996; Chini et al. 1996). 
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The L206V variant, although not examined in our functional study, is also likely to have 

some effect on ligand-receptor interaction, given that it has been proposed to form an 

OXT docking site (Fanelli et al. 1999; Gimpl and Fahrenholz 2001). 

Recent studies have increasingly indicated a substantial contribution of the 

maternal genome to PTB risk (Wilcox et al. 2008; Boyd et al. 2009; Svensson et al. 

2009). We observed significant association between one OXTR common missense SNP 

(rs4686302, A218T) and prematurity in our study of maternal triads, providing some 

evidence for the role of maternal OXTR genotype in susceptibility to PTB. 

Our data collectively suggest that the OXTR gene may be involved in the genetic 

predisposition to PTB, and that its rare coding variants may act in combination to 

influence the risk of prematurity. Oxtr knockout mice, like Oxt-deficient mice, have been 

shown to display impairments in lactation and social behavior, but normal parturition 

(Lee et al. 2008; Nishimori et al. 2008). Although these observations do not support an 

indispensable role of Oxtr in parturition, OXTR antagonists (such as atosiban) have been 

effectively used in the management of PTL in humans (Tsatsaris et al. 2004; Simhan and 

Caritis 2007), suggesting that OXTR plays a role in human labor, and that modulation of 

its activity exerts clinically relevant effect in the context of PTD. It should also be noted 

that PTB is a polygenic disorder (Chaudhari et al. 2008) caused by the combined action 

of multiple genes, and therefore a single gene is not expected to produce a large 

phenotypic effect. Taken all together, OXTR appears to account for a small part of the 

genetic risk of PTB. 

The results from our association analysis of common SNPs in LNPEP provide 

another piece of evidence supporting the contribution of maternal genetic factors to PTB. 

Four of 6 LNPEP SNPs tested showed significant association with prematurity when 

maternal genetic effects were evaluated, while none of them was identified as correlating 

with PTB in the fetal effect analysis. LNPEP is known as the only membrane 

aminopeptidase that functionally degrades OXT and hence regulates uterine contraction 
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(Nomura et al. 2005). It has also been shown to play a role in other physiological and 

pathological pregnancy processes, suggesting its important role in the maintenance of 

pregnancy homeostasis (Nomura et al. 2005). LNPEP deficiency causes a significant 

reduction in the duration of pregnancy, leading to premature delivery in mice (Ishii et al. 

2009), and its activity in maternal serum has been reported to decrease in human patients 

with spontaneous PTD (Kozaki et al. 2001). These findings, along with our genetic data, 

make LNPEP an attractive candidate gene. 

Placental genes and PTB 

We examined the genome-wide gene expression and DNA methylation profiles of 

human placentas to search for genes that play important roles in normal and preterm 

parturition. Our study was distinct in that it has been conducted employing high-

resolution technologies, providing deeper insight into the transcriptomic and methylation 

landscapes of the human placenta compared to previous low-throughput studies. Using 

these advanced tools, we identified a panel of genes with potential roles in normal and 

pathological placental functions/pregnancies. 

The splicing-sensitive HJAY analysis particularly was instrumental in identifying 

alternative splicing (AS) events that distinguish between term (TL) and preterm (PTL) 

placentas. We detected a much greater number of differentially spliced exons between the 

TL and PTL amnion tissues (265 exons) than the TNL and TL amnion tissues (56 exons). 

These findings suggest that aberrant splicing may play a role in the pathogenic process of 

PTB. We robustly validated the differential splicing of 4 exons in ATP5C1, CLK1, 

MYOF, and PDK1. It is interesting to note that two of these genes (ATP5C1 and PDK1) 

are involved in energy metabolism (Hong and Pedersen 2003; Sugden and Holness 

2003), indicating that energy homeostasis is critical for placental function and pregnancy 

maintenance. MYOF, which has previously been shown to be expressed in the 

syncytiotrophoblast (Robinson et al. 2009), encodes a protein involved in membrane 
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fusion (Bernatchez et al. 2009). CLK1 is known to be play a role in the regulation of 

splicing (Colwill et al. 1996; Muraki et al. 2004), providing additional evidence 

supporting the importance of properly regulated splicing in normal placental biology. 

We observed significant enrichment of ESRP1 target exons (p=7.9 x 10-7) among 

the 265 differentially spliced exons between the TL and PTL groups. Importantly, ESRP1 

transcript levels were found to be significantly reduced (p=0.0045) in preterm amnion 

samples, suggesting that altered ESRP1 gene expression may cause dysregulation of 

ESRP1-mediated AS, leading to PTB. These observations were made on the amnion, a 

membranous tissue with an epithelial layer (Bourne 1962), and ESRP1, an epithelial cell-

type-specific splicing regulator (Warzecha et al. 2009), may play a crucial role in the 

regulation of genes involved in the maintenance of membrane integrity, which is a critical 

component of successful pregnancy. 

Further evidence for the importance of this splicing regulator in the amnion tissue 

biology was obtained from our RNA-Seq data. We found that ESRP1 mRNA levels were 

greatly elevated in the amnion from normal term deliveries compared to other normal 

human tissues (>5-fold higher compared to the mean expression level across all 16 

HBM2.0 tissues). In addition, ESRP1 known targets were significantly overrepresented 

(p=4.3 x 10-33) among the exons differentially spliced between the amnion and other 

human tissues. As suggested by the HJAY data, many of the differentially spliced ESRP1 

target exons were found to be involved in the regulation of tissue maintenance, with one 

example being the exon in MINK1, a gene that has a role in cell adhesion and motility 

(Hu et al. 2004). These findings collectively support a role of ESRP1 in the regulation of 

amnion-specific splicing. 

Gene expression analysis of our RNA-Seq data showed that many of the genes 

abundantly or uniquely expressed in the placenta compared to other human tissues have 

been previously implicated in normal and pathological pregnancies. Those genes include, 

but are not limited to insulin-like growth factor (IGF)-related genes (IGF2, IGFBP3), 
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growth factor receptor genes (EGFR, PRLR), an immune-related gene (HLA-G), and a 

tissue remodeling gene (SERPINE2). These results confirm that the proper regulation of 

placental genes is crucial for desirable pregnancy outcomes. 

Functional interaction network analysis of the placenta-enriched, differentially 

spliced genes revealed multiple enriched pathways involved in a variety of cellular 

processes, reflecting that placental function is maintained by the coordinated interplay of 

genes with different biological activities. Of note is that in the combined analysis of all 

three placental tissues (amnion, chorion, and decidua), we observed significant 

enrichment of extracellular matrix (ECM)-related gene sets such as ECM-receptor 

interaction, integrin signaling pathway, and integrin cell surface interactions. These 

results suggest a critical involvement of ECM-related genes in normal placental biology.  

These findings are consistent with the results of our genome-wide placental DNA 

methylation profiling. Functional annotation analysis of the differentially methylated 

genes between the TL and PTL amnion tissues revealed overrepresentation of gene sets 

involved in the regulation of cell behavior and ECM-cell interactions, suggesting that 

altered function of ECM-related genes resulting from aberrant DNA methylation may 

play a role in the etiology of PTB. 

Our genome-wide methylation study also identified a few non-ECM-related genes 

that might be involved in the pathogenic process of PTB. The zinc transporter gene 

SLC30A3 is a gene identified as being hypermethylated in PTL amnion samples 

compared to TL samples. This gene has been shown to exhibit differential expression in a 

nutrient-dependent manner in animals (Helston et al. 2007; Smidt et al. 2009). Given 

these observations, it is possible that the aberrant methylation of SLC30A3 in the amnion 

results in dysregulation of its expression and improper placental responsiveness to 

maternal nutritional signals, ultimately leading to PTB. Pending further verification, this 

gene may represent an important candidate gene for PTB that can explain how 

environmental factors can contribute to the disease. 
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We also observed differential methylation in two other genes UCN and OXTR. 

Like SLC30A3, UCN was identified as overmethylated in preterm amnion tissues by our 

genome-wide analysis. While our validation experiment showed non-statistically 

significant differences in methylation between the term and preterm labor samples, its 

high mRNA expression (>2-fold) in the PTL tissues compared to the TNL and TL tissues 

suggests that its altered expression may be of some etiologic importance. We identified 

two CpG sites in OXTR exhibiting statistically significant methylation differences among 

the three groups of samples examined. Although the functional significance of the 

observed differential methylation remains undetermined, these findings, along with our 

genetic data, compel further investigation. 

Finally, the novel transcriptionally active regions identified by RNA-Seq may 

provide an invaluable resource for genes playing a potentially important role in the 

pathogenesis of PTB as well as placental function. 

Future Directions 

Genetic and functional analyses of OXT pathway genes 

One of the limitations of our genetic association study is the small sample size, 

and replication studies with larger sample sizes (and therefore greater statistical power) 

will be needed to verify our findings. Specifically, the significant association observed 

for four common variants (rs4869315, rs3849749, rs4869317, and rs13175726) in 

LNPEP warrants confirmation in an extended population of preterm cases. In addition, it 

would be important to elucidate the functional basis for the observed SNP associations. 

Since the four SNPs are in non-coding regions of the gene, they may play a regulatory 

role rather than exerting direct functional effects. The LNPEP gene has two major 

transcript variants (GenBank accession numbers NM005575 and NM175920), and one 

(rs4869317) of the four significant SNPs, for example, is located in a potential regulatory 

region of the gene (2,151 bp upstream of transcription start site), which corresponds to 



151 
 

intron 1 of the NM005575 variant and the 5’ UTR of the NM175920 variant (Nakada et 

al. 2011). This raises the possibility that the SNP could affect transcription of the LNPEP 

gene, which can be tested using a luciferase reporter assay. 

It is also possible that SNPs in strong linkage disequilibrium with rs4869317 may 

have functional effects. The haplotype block containing rs4869317 extends into a 

neighboring gene encoding endoplasmic reticulum aminopeptidase 2 (ERAP2), which 

has been associated with preeclampsia (one of the main indications for PTB) in three 

different populations (Johnson et al. 2009; Hill et al. 2011). Although different 

underlying mechanisms may be involved in spontaneous and medically-indicated PTBs, 

the function of ERAP2 in immunity and inflammation (Tanioka et al. 2005) and its 

expression in the placenta (Founds et al. 2009; Hill et al. 2011) suggest its potential 

involvement in PTB, regardless of the clinical subtype. Therefore, future studies could 

investigate whether the true effects are mediated through SNPs in linkage disequilibrium 

with rs4869317 that affect ERAP2 function. 

In our study, we only focused on examining common variants in the LNPEP gene. 

Given increasing evidence supporting the role of rare variants in complex diseases 

(Hoffmann et al. 2010), it would be worth investigating the contribution of rare sequence 

variants in this gene to the risk of PTB, employing direct sequencing or next-generation 

sequencing. 

We identified several rare missense variants of potential etiologic importance in 

the OXTR gene. Although the results of our study indicate that some of the mutations 

may have direct effects on receptor properties, further research is necessary to precisely 

determine their functional and clinical relevance. There are a few considerations that 

should be taken into account in future studies. First, based on the data from our in vitro 

experiments as well as other studies (Gimpl and Fahrenholz 2001; Hasbi et al. 2004), it 

seems that the OXTR behaves differently depending on the cell type – for example, with 

regard to response (desensitization and internalization) following agonist stimulation. It 
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would therefore be important to perform functional assays using physiologically relevant 

cell types such as uterine myometrial cells. 

Second, we examined only one pathway (the InsP pathway) to determine the 

downstream effects of the mutations. Although the InsP pathway is highly relevant to 

uterine contraction and hence, parturition, it is possible that they exert their effects 

through other signaling pathway(s). A previous study has shown that oxytocin activates 

mitogen-activated protein (MAP) kinase in human uterine myometrial cells, and that 

treatment of those cells with ritodrine, a uterine relaxant, attenuates oxytocin-induced 

MAP kinase activity (Ohmichi et al. 1995). In line with these findings, Molnar et al. 

(Molnar et al. 1999) have reported that oxytocin enhances prostaglandin production 

through activation of MAP kinase and upregulation of cyclooxygenase-2 in human 

myometrial cells. These results collectively suggest that the MAP kinase pathway is a 

biologically relevant candidate for mediating the effects of the OXTR mutations. To 

evaluate whether this pathway is a downstream component involved in mutant OXTR-

mediated PTB, the extent of tyrosine phosphorylation of MAP kinase could be measured 

after oxytocin stimulation and compared between wild-type and mutant OXTR-

expressing cells. 

Third, although our study showed a considerable decrease in specific [3H]OXT 

binding in cells expressing mutant OXTRs compared to those expressing the wild-type 

receptor, it remains elusive whether the impairment of ligand binding is due to decreased 

receptor expression or reduced affinity. One approach to measure OXTR cell surface 

expression would be to transfect cells with epitope-tagged receptor constructs and 

quantify fluorescence signals using fluorophore-conjugated antibodies and flow 

cytometry. Ligand affinity can be determined by analyzing the kinetics of radio- or 

fluorescent-labeled ligand association (binding) and dissociation. 

One possibility that has not been investigated in our study is that the rare missense 

mutations affect the response to other OXTR agonists. For example, a previous 
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mutagenesis study has shown that when two OXTR residues Y209 and F284 are mutated 

to F and Y residues, respectively, arginine vasopressin (AVP), a partial agonist of the 

OXTR with uterotonic activity, becomes a full agonist (Chan et al. 1996; Chini et al. 

1996). This finding suggests that these residues may be important for modulation of the 

receptor response to AVP (Gimpl and Fahrenholz 2001). Future research could, therefore, 

explore if the mutations identified in our genetic study (including F284L) contribute to 

PTB by influencing sensitivity to OXTR agonists other than oxytocin (such as AVP). 

Steroid hormones such as estradiol, progesterone, and its metabolites are known 

to play a role in the regulation of the oxytocin receptor (Grazzini et al. 1998; Dunlap and 

Stormshak 2004; Gellersen et al. 2009). For example, Grazzini et al. (Grazzini et al. 1998) 

have reported that 5β-dihydroprogesterone, a progesterone metabolite, inhibits OXT 

binding to the receptor and subsequent InsP production and calcium mobilization in vitro. 

Based on these results, it is probable that the mutations may affect receptor-hormone 

interaction. This could be assessed by pre-treating transfected cells with a hormone 

selected for testing and analyzing the levels of OXT binding and/or changes in OXT-

induced downstream pathway activation. 

In addition to the three variants (P108A, W203R, and F284L) examined in our in 

vitro study, there are other variants of potential etiologic significance that warrant 

functional analysis. Those variants include V281M, which was predicted to affect protein 

function by in silico analysis, and L206V, which was significantly overrepresented 

among preterm cases, compared with reference populations studied by the 1000GP and 

the ESP. One thing to note is that the L206V mutation was always detected together with 

the V172A mutation, and it would be worth investigating if they synergistically 

contribute to PTB. 
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Placental gene expression and methylation analyses in 

PTB 

In our exon array gene expression study, we found a small number of genes that 

are differentially expressed between TNL and TL tissues and between placental and other 

human tissues. These could result from the fact that the sample size is too small to be 

representative. We observed a particularly high degree of gene expression heterogeneity 

among PTL samples, possibly due to, at least in part, the small sample size (n=6), given 

that such high heterogeneity was hardly detected among TNL and TL tissues of larger 

sample sizes (n=14 for each). Alternatively, the small number of differentially expressed 

genes may reflect the physiological status of the amnion tissue examined. A better 

interpretation of our observation could be achieved by obtaining data from additional 

samples and performing combined analysis of new and existing data after adjusting for 

batch effects. 

The exon array study examined placental tissues from three different types of 

pregnancies, including TNL, TL, and PTL. Although this approach made important 

contributions to our understanding of the genes involved in physiologic labor and PTB, 

examination of tissues from deliveries associated with different PTB subtypes may 

provide useful insight into complex pathological processes underlying the disease, given 

the heterogeneous nature of its clinical presentation. 

Our RNA-Seq study, which was performed on three placental tissue components 

(the amnion, chorion, and decidua), provided a more comprehensive, detailed view of the 

human placental transcriptome compared to the exon array analysis. However, this study 

was limited in that it was performed only on five samples from normal term pregnancies. 

Therefore, large-scale RNA-Seq analysis of the placental transcriptome needs to be 

pursued using tissues from different types of deliveries (including preterm deliveries) as 

well as additional compartments of the placenta. 
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Since the data from RNA-Seq experiments are more expansive and detailed than 

those obtained using other current technologies, it is important to validate the data in an 

efficient, cost-effective, and high-throughput manner. For example, the use of a high-

throughput system is particularly necessary for identification of disease-associated 

splicing events since such events are often represented as changes in isoform expression 

ratio between normal and disease tissues, instead of all-or-none changes. To detect subtle 

changes in splicing, the Xing lab we have been collaborating with is establishing a fully 

automated RT-PCR assay system that enables high-throughput quantitation of splicing. 

This system consists of three major components, including robotic liquid handler for 

automated sample handling and PCR setup, fluorescently labeled RT-PCR, and capillary 

electrophoresis for quantitation of splicing profiles. We expect this automated assay 

system to provide the capacity to test a large number of exons in many samples within a 

short amount of time. Consequently, it would greatly help establish robust association of 

detected alternative splicing events with PTB by allowing validation not only in samples 

used for initial RNA-Seq experiments, but also in samples from many additional cases 

and controls. 

One major limitation of our transcriptome analyses is that we have not carried out 

in-depth functional characterization of the genes differentially expressed or spliced 

among different groups of samples. Since we detected a large number of such 

genes/exons, there is certainly a need for careful prioritization and selection of candidates 

for validation to maximize biological and clinical relevance of study results. Promising 

candidates for functional analysis include the splicing regulator ESRP1 and its target 

genes/exons whose roles appear to be critical in the amnion, in particular. Knocking 

down ESRP1 using siRNA in amnion-derived cells and monitoring changes in the 

properties of those cells could provide initial insight into the mechanisms explaining how 

reduction in ESRP1 expression and altered splicing of ESRP1-regulated exons might be 

related to PTB. 
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When the transcriptome profiles obtained by RNA-Seq are analyzed in 

combination with genetic polymorphism data, they could greatly help narrow down 

splicing events that are of more direct relevance to PTB. Independently from the 

placental transcriptome project, we have generated genome-wide association (GWAS) 

data on 1000 mother/infant case pairs (GA<36 weeks) and 1000 matched mother/infant 

controls (GA=40 weeks) participating in the Danish National Birth Cohort (DNBC) 

(Olsen et al. 2001; Cornelis et al. 2010). This dataset would be able to serve as useful 

resource to enable such integrated analysis. This approach will allow elucidation of the 

genetic basis of PTB-associated alternative splicing and gene expression changes and 

ultimately help prioritize candidate loci that we could perform more in depth molecular 

analysis on. 

There was one main limitation to our genome-wide methylation study. We 

included only 1 pooled sample for each of the three (TNL, TL, and PTL) pregnancy 

groups, making it impossible to draw statistically valid conclusions. Although we 

examined individual samples from the TNL and TL groups, along with the pooled 

samples, the sample size was small (n=9 for each), possibly leading to insufficient 

statistical power to detect small, yet potentially biologically significant methylation 

changes. In addition, the approach we used provides relatively low coverage of the 

human genome, and as a result, the methylation profiles obtained were limitedly 

informative. Future research could address these limitations by utilizing next-generation 

sequencing-based technologies such as Methyl-Seq (Brunner et al. 2009). Analysis of a 

large number of samples using this approach may provide an unprecedented high-

resolution picture of placental methylation patterns under normal and diseased (PTB) 

conditions. 

We did not fully elucidate the functional role of the differentially methylated 

genes identified by genome-wide profiling. SLC30A3, which was detected (and validated) 

as being hypermethylated in preterm amnion tissues compared to term samples, is an 
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attractive candidate gene. Examination of transcript levels of SLC30A3 in relation with its 

methylation status could provide useful initial insight into the mechanisms by which this 

gene may contribute to PTB. 

We were not able to validate the differential methylation of the region in the UCN 

gene where the array signal was detected. Given that the 5’ UTR of the gene upstream of 

the examined region contains putative transcription factor binding sites (Zhao et al. 1998), 

it would be worth investigating if the methylation status of the upstream region is 

different between term and preterm placental tissues and correlates with UCN gene 

expression levels. 

In addition to transcriptomic and epigenomic approaches, proteomic and 

metabolomic studies will undoubtedly contribute to our understanding of PTB as well. 

But one important thing to note is that PTB is a phenotypically and etiologically 

heterogeneous disorder arising from defects in the behavior of complex networks of 

genes, and thus, experimental findings obtained using these different approaches are 

likely to provide only limited insight when interpreted in isolation from one another. 

Given these, integrated data analysis may hold great promise for identifying and 

prioritizing candidate genes and delineating the pathological mechanisms underlying 

PTB. 
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