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Abstract

Approximately 5.5% of all infants are born preterm (before 37 completed weeks of gestation) in
Finland. Preterm birth is the cause of several life-threatening neonatal diseases and long-term
morbidity. The most important risk factor for preterm birth is intrauterine infection and
inflammation. Approximately 70% of preterm births have a spontaneous onset. Evidence suggests
that genetic factors are involved in spontaneous preterm birth (SPTB), but knowledge about the
actual genes conferring genetic predisposition is limited. 

The major aim of this work was to identify genetic factors that predispose to SPTB. Genome-
wide linkage analysis was performed to identify genomic regions associating with SPTB in large
northern Finnish families recurrently affected by SPTB. Genes near regions with linkage signals
were subsequently analyzed in a Finnish case-control population of mothers and infants. Due to
their roles in innate immunity, the genes encoding surfactant protein A (SP-A), SP-C, SP-D and
mannose-binding lectin (MBL) were also investigated as candidates for SPTB in this population.
In addition, expression of SP-C in human and mouse gestational tissues was examined. 

Linkage signals were detected on chromosome loci 15q26.3, Xq13.1 and Xq21.1 with the
phenotype of being born preterm. In subsequent association analyses, the genes encoding the
insulin-like growth factor 1 receptor (IGF1R) located within locus 15q26.3 and the androgen
receptor (AR) located near locus Xq13.1 were identified as potential novel fetal SPTB
susceptibility genes. These genes did not associate with SPTB in the mothers. 

An association was found between the Met31Thr polymorphism of the SFTPD gene encoding
SP-D and SPTB in the infants. There was no association in the mothers. Polymorphisms of the
genes encoding SP-A or MBL did not associate with SPTB. 

The Thr138Asn polymorphism of the SFTPC gene encoding SP-C did not associate with
SPTB. However, this polymorphism associated strongly with the interval between preterm
premature rupture of membranes and SPTB in the fetuses. Expression of SP-C was detected in
human and mouse fetal membranes and placenta, and in mouse pregnant uterus. 

Currently, there is no effective method to prevent SPTB. The results of this study may help to
clarify some of the biological mechanisms underlying SPTB and finally allow the development of
specific treatment strategies for its prevention. 

Keywords: androgen receptor, genetic association studies, genetic linkage analysis,
genetic polymorphisms, innate immunity, insulin-like growth factor 1 receptor,
mannose-binding lectin, PPROM, premature birth, surfactant proteins





Karjalainen, Minna, Spontaanin ennenaikaisen syntymän alttiusgeenien
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Tiivistelmä
Suomessa syntyy noin 5,5 % lapsista ennenaikaisina eli raskauden kestettyä vähemmän kuin 37
täyttä viikkoa. Näillä lapsilla on alttius hengenvaarallisiin sairauksiin, ja osalle heistä jää pysyvä
kehitysvamma. Noin 70 % ennenaikaisista syntymistä käynnistyy spontaanisti. Tärkein ennenai-
kaisen syntymän riskitekijä on kohdunsisäinen tulehdusreaktio. Myös perinnöllisten tekijöiden
tiedetään vaikuttavan spontaanin ennenaikaisen syntymän (SEAS) käynnistymiseen, mutta alt-
tiusgeenejä tunnetaan huonosti. 

Työssä pyrittiin tunnistamaan SEAS:lle altistavia perinnöllisiä tekijöitä. Perimänlaajuista kyt-
kentäanalyysiä käyttäen etsittiin SEAS:ään liittyviä perimän kohtia tutkimalla toistuvasti ennen-
aikaisia syntymiä kokeneita isoja pohjoissuomalaisia perheitä. Kytkentäsignaalien lähellä olevia
geenejä tutkittiin tutkimusaineistossa, joka koostui suomalaisista äideistä ja lapsista. Surfaktant-
tiproteiini A:ta (SP-A), SP-C:tä, SP-D:tä ja mannoosia sitovaa lektiiniä (MBL) koodaavia geene-
jä tutkittiin ehdokasgeeneinä SEAS:lle tässä populaatiossa, koska nämä proteiinit osallistuvat
elimistön puolustukseen ja voivat siten vaikuttaa SEAS:ään liittyvään tulehdusreaktioon. Lisäk-
si tutkittiin SP-C:n ilmentymistä ihmisen ja hiiren sikiökalvoilla, istukassa ja kohdussa. 

Kytkentäsignaaleja havaittiin kromosomikohdissa 15q26.3, Xq13.1 ja Xq21.1, kun tutkitta-
vana ilmiasuna oli ennenaikaisena syntyminen. Lisätutkimukset osoittivat, että sikiön insuliinin-
kaltaisen kasvutekijän 1 reseptoria koodaava IGF1R-geeni (kohta 15q26.3) ja androgeeniresep-
torigeeni AR (lähellä kohtaa Xq13.1) ovat mahdollisia uusia SEAS:n alttiusgeenejä. Nämä geenit
eivät selittäneet SEAS:ää äideissä. 

Sikiön SP-D:tä koodaavan geenin Met31Thr-polymorfismi tunnistettiin mahdolliseksi riski-
tekijäksi, mutta tämä polymorfismi ei selittänyt SEAS:ää äideissä. SP-A:ta ja MBL:ää koodaavat
geenit eivät liittyneet SEAS:ään. 

SP-C:tä koodaavan geenin Thr138Asn-polymorfismi ei ollut yhteydessä SEAS:ään. Sikiön
Thr138Asn-polymorfismi liittyi kuitenkin vahvasti sikiökalvojen puhkeamisen ja SEAS:n väli-
seen kestoon. SP-C:n havaittiin ilmentyvän ihmisen ja hiiren sikiökalvoilla ja istukassa sekä ras-
kaana olevan hiiren kohdussa. 

Tulokset antavat uutta tietoa SEAS:n perinnöllisestä taustasta. Tämä tieto voi auttaa selvittä-
mään sen käynnistymiseen johtavia biologisia mekanismeja ja johtaa lopulta uusiin hoitokeinoi-
hin, joilla pystytään estämään spontaaneja ennenaikaisia syntymiä. 

Asiasanat: androgeenireseptori, ennenaikainen synnytys, geenipolymorfismi,
geneettinen assosiaatioanalyysi, geneettinen kytkentäanalyysi, insuliininkaltaisen
kasvutekijän 1 reseptori, mannoosia sitova lektiini, PPROM, surfaktanttiproteiinit,
synnynnäinen immuniteetti
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1 Introduction 

Preterm birth (birth before 37 completed weeks of gestation) is a global 

healthcare problem affecting approximately 13 million infants each year. In high-

income countries, 70% of mortality and 75% of morbidity in the neonatal period 

are caused by preterm birth. Preterm infants are at risk of several severe life-long 

diseases, including retinopathy of prematurity, bronchopulmonary dysplasia (BPD, 

a chronic lung disease), cerebral palsy, and cognitive disorders. The majority of 

preterm births (approximately 70%) occur after a spontaneous onset of labor, 

resulting in spontaneous preterm birth (SPTB). (Goldenberg et al. 2008, 

Iacovidou et al. 2010) 

Although many risk factors for preterm birth are known, most preterm births 

are idiopathic. The action of multiple pathways is thought to cause preterm birth. 

The most important of these is intrauterine infection and inflammation that can 

lead to induction of labor-inducing mediators (Romero et al. 2006). Growing 

evidence suggests that genetic factors are also involved in SPTB. Because signals 

secreted by both the mother and fetus seem to influence the onset of parturition, 

both maternal and fetal genes are likely to be involved in a genetic predisposition 

to SPTB. To date, several studies have investigated the significance of maternal 

and fetal polymorphisms of specific candidate genes in preterm birth (Plunkett & 

Muglia 2008). However, evidence of the causal genes and their actual function in 

the onset of preterm labor is limited.  

Currently, there is no effective and safe medication for the prevention of 

SPTB. Knowledge of the biological and genetic mechanisms leading to the onset 

of preterm labor may help to identify women at high risk of preterm delivery and 

finally allow the development of specific treatment strategies for prevention of 

SPTB. 

In this work, genome-wide linkage analysis and candidate gene analyses were 

applied to find novel susceptibility genes for SPTB. The study population 

originated from northern Finland, which is genetically relatively homogeneous 

(Jakkula et al. 2008, Salmela et al. 2008). Linkage analysis was performed using 

large northern Finnish families recurrently affected by SPTB. Candidate gene 

analyses were performed using a case-control population consisting of mothers 

with spontaneous preterm deliveries and their infants born spontaneously preterm, 

and mothers with exclusively term deliveries and their infants. For study I, 

additional subjects from the Helsinki region representing the genetically more 

diverse population of southern Finland were included. 
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2 Review of literature 

2.1 Definition, incidence and outcomes of preterm birth 

The average length of human gestation is approximately 40 weeks. According to 

the gestational age of the newborn infant, deliveries are classified into preterm, 

term, or postterm births. Term birth refers to deliveries occurring at 37–41 weeks 

of gestation (generally referred to as the normal length of gestation), while 

postterm birth occurs after 42 completed weeks of gestation. Preterm birth occurs 

at less than 37 weeks of gestation and is further subdivided into moderately 

preterm (32–36 wk), very preterm (28–31 wk), and extremely preterm (< 28 wk) 

birth. (WHO 1977)  

Worldwide, approximately 13 million infants are born preterm every year, 

with the majority of preterm births occurring in developing countries. The highest 

rates of preterm birth have been reported for Africa (11.9%) and North America 

(10.6%). In Europe, the average rate is 6.2% (Beck et al. 2010). During the last 

few years, the rates have not decreased in high-income countries (Goldenberg et 

al. 2008).  

In Finland, preterm birth accounted for 5.7% of all births in 2009 (a total of 

3,473 births, including stillbirths). Of these births, 82.9% were moderately 

preterm, 10.1% very preterm, and 7.0% extremely preterm. The rate has 

decreased slightly during the 2000s (from 6.3% in 2000 down to 5.7% in 2009). 

(THL 2010) 

Preterm delivery is a major disturbance of pregnancy, leading to the birth of a 

premature infant. Particularly extremely preterm births occur at a time when the 

fetus is still growing and maturing rapidly (Ward & Beachy 2003). Several organs, 

particularly the brain and lung, are immature in the premature infant (Jobe & 

Bancalari 2001, Rees & Inder 2005). In high-income countries, preterm birth 

causes 70% of the mortality and 75% of the morbidity in the neonatal period, and 

it also has adverse long-term consequences for the health of the child (Iacovidou 

et al. 2010). Therefore, preterm birth represents a global healthcare problem. 

During the last three decades, the survival rate of preterm infants has 

increased considerably (Saigal & Doyle 2008). This is due to technological and 

pharmacological advances, such as surfactant replacement therapy, administration 

of antenatal steroid to accelerate lung maturation, initiation of assisted ventilation 

at delivery, and new ventilation techniques, which allow the survival of many 
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infants born at extremely low gestational ages (Iacovidou et al. 2010). Infant 

survival rates vary largely between countries and among geographic regions 

within a country (Larroque et al. 2004, Tommiska et al. 2007, Vanhaesebrouck et 

al. 2004). In 2009 in Finland, survival rates (perinatal period) of all live-born 

infants born at gestational ages of 23, 24, 25, and 26 weeks were 44%, 85%, 82%, 

and 70%, respectively, 90–97% for those born at gestational ages of 27–30 weeks, 

and nearly 100% for those with gestational ages of 31–36 weeks (THL 2010). 

Thus, infants born at the lowest gestational ages still face a high risk of mortality, 

while nearly all of those born near term will survive.  

Although most premature infants survive, they are at an increased risk of both 

immediate and long-term health consequences. An inverse correlation exists 

between the morbidity risk and gestational age (Costeloe et al. 2000, Korvenranta 

et al. 2009). Moderately preterm infants born at 32–36 weeks’ gestation are at a 

substantial risk of morbidities related to prematurity, including feeding difficulties, 

temperature instability, respiratory distress, apnea, hypoglycemia, jaundice, and 

seizures (Escobar et al. 2006, Ramachandrappa & Jain 2009). Infants born 

extremely or very preterm (< 32 weeks’ gestation) are likely to suffer from 

multiple interacting morbidities that are commonly more severe than those 

affecting moderately preterm infants. The most immature infants born at < 25 

weeks’ gestation face a particularly high risk of severe morbidities. Conditions 

typically affecting extremely or very preterm infants include bronchopulmonary 

dysplasia (BPD), necrotizing enterocolitis, patent ductus arteriosus, retinopathy of 

prematurity, periventricular leucomalacia, and infections (de Kleine et al. 2007, 

Serenius et al. 2004). 

Prematurely-born infants often experience health and neurological problems 

during childhood. Among extremely and very preterm Finnish infants (gestational 

age < 32 weeks) born in 2000–2003, 44% were diagnosed with having one or 

more prematurity-related morbidity during the first 3–6 years of life (Korvenranta 

et al. 2009). Neurodevelopmental impairments, behavioral sequelae, and 

respiratory complications are common consequences of prematurity extending 

into childhood and adulthood (Saigal & Doyle 2008). Preterm infants with low 

birthweights also have lower growth attainment in weight and height, and an 

overall higher incidence of chronic conditions than term-born infants (Farooqi et 

al. 2006, Kitchen et al. 1992, Saigal et al. 2007, Wood et al. 2003). 

Neurodevelopmental impairments associated with prematurity include 

cerebral palsy, mental retardation, and visual and auditory impairments 

(Iacovidou et al. 2010). Several follow-up studies of children born at extremely 
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low gestational ages (< 28 weeks) have reported that approximately 25% of 

surviving infants had neurodevelopmental morbidity at the ages of 1–12 years 

(Farooqi et al. 2006, Mikkola et al. 2005, Wood et al. 2000). Many preterm 

infants also face cognitive and school difficulties, as well as behavioral 

difficulties, such as attention deficit hyperactivity disorder (Bhutta et al. 2002, 

Delobel-Ayoub et al. 2009, Reijneveld et al. 2006, Saigal et al. 2003). 

For preterm infants facing prematurity-related morbidities in early childhood, 

health or neurological problems may persist throughout childhood and later life 

(Saigal & Doyle 2008). Overall, preterm birth is the cause of significant 

emotional, psychosocial, physical, and economic costs.  

2.2 The common pathway leading to the onset of human 

parturition 

The factors controlling the timing of human parturition, either at term or preterm, 

are insufficiently characterized. According to our current understanding, term and 

preterm labor share a common pathway, which leads to increased contractility of 

the myometrium (the muscular middle layer of the uterus), cervical ripening, 

decidual/fetal membrane activation, and changes in hormonal levels. At term, 

physiological activation of this pathway leads to parturition, accompanied by the 

common signs of an active labor process, including regular uterine contractions, 

dilatation and effacement of the cervix, and rupture of fetal membranes (ROM). 

Preterm parturition is thought to result from pathological processes that activate 

one or more components of this pathway too early in the gestation. (Romero et al. 

1994, Romero et al. 2006) 

Human parturition occurs through a complex hormonal feedback mechanism 

involving the mother, fetus, and placenta. Prostaglandins, corticotropin-releasing 

hormone (CRH), and the steroid hormones progesterone, estrogens, and oxytocin 

are considered as the central molecules controlling the maintenance of pregnancy 

and onset of parturition (Kamel 2010, Mendelson 2009, Weiss 2000). Interactions 

of these key molecules are illustrated in Fig. 1. Parturition is divided into three 

stages: myometrial activation, myometrial stimulation, and postpartum involution 

of the uterus (Challis 2000). 

Myometrial activation is characterized by increased expression of 

contraction-associated proteins (CAPs), including connexin-43 (the major protein 

of myometrial gap junctions) and the oxytocin receptor. Myometrial stimulation 

then follows with a shift from progesterone to estrogen dominance (Fig. 1) 
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leading to several biochemical changes: increased secretion of CRH by the fetal 

hypothalamus and placenta leads to increased maternal and fetal cortisol; 

increased levels of circulating estrogens lead to increased gap junctions between 

myometrial cells and enhanced expression of CAPs; increased numbers of 

oxytocin receptors lead to increased oxytocin secretion; increased production of 

prostaglandins promotes uterine contractility and production of matrix 

metalloproteinases (MMPs), which in turn promote cervical ripening and 

decidual/fetal membrane activation. Finally, these changes lead to the common 

pathway of parturition. (Challis et al. 2000, Challis 2000, Weiss 2000) 

The final trigger activating the onset of parturition is unknown. Based on 

studies in sheep, it has been proposed that the fetus plays a role in the timing of 

parturition. In sheep, the initiation of parturition is prevented by ablation of the 

fetal hypophysis or adrenal glands, both of which are essential for cortisol 

production (Liggins et al. 1977). Therefore, maturation of the fetal hypothalamic-

pituitary-adrenal (HPA) axis leading to increased cortisol production by the fetal 

adrenal gland is suggested to serve a central role in the timing of labor in sheep. 

In humans, pregnancy is protracted when the fetus suffers from anencephaly (a 

neural tube defect causing the absence of a major portion of the brain, skull, and 

scalp) (Anderson et al. 1969). Thus, signals secreted by the fetal brain may be 

important in timing of human parturition.  

In normal parturition, the signal initiating the process of myometrial 

activation is thought to come from uterine stretch caused by the growing fetus or 

from the fetal HPA axis, or both (Challis & Smith 2001, Challis et al. 2000). 

According to the current view, when the fetus reaches maturity, the fetal 

hypothalamus and/or placenta start to secrete CRH in increasing amounts, and 

this activates the biological cascade ultimately leading to the common pathway of 

parturition (McLean & Smith 1999, Petraglia et al. 2010). Increasing amounts of 

CRH secreted by the placenta have been associated with preterm deliveries 

(Hobel et al. 1999, Leung et al. 1999), and it has thus been suggested that 

placental CRH acting as a “placental clock” may be the factor regulating the 

length of gestation (McLean & Smith 1999). 

It has also been suggested that molecules secreted from the human fetal lung, 

namely surfactant protein A (SP-A) (Condon et al. 2004, Mendelson 2009), could 

signal the initiation of labor. The potential role of SP-A and other SPs in the 

regulation of parturition initiation is discussed later in this thesis.  

Progesterone plays a role in several processes that maintain the pregnancy 

(Fig. 1), and its actions thus need to be silenced before parturition. Therefore, 
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withdrawal of functional progesterone is an essential part of the initiation of 

parturition (Mesiano et al. 2002). Progesterone concentrations do not fall before 

labor in humans as they do in sheep (Boroditsky et al. 1978, Liggins et al. 1977, 

Sfakianaki & Norwitz 2006). In humans, withdrawal of progesterone is thought to 

occur through altered expression of its receptors, the type A and B progesterone 

receptors (PR), of which type B PRs are predominantly expressed during 

pregnancy and type A PRs during labor. During labor, the sensitivity of the 

myometrium to progesterone changes with relatively higher expression of type A 

PRs compared to type B PRs, leading to functional progesterone withdrawal, 

coordinated estrogen activation, and onset of parturition (Mesiano et al. 2002).  

According to one theory, oxytocin initiation leading to stimulation of uterine 

contractions could be the mechanism that initiates parturition (Chard 1989). 

Although there is a striking increase in the concentration of the oxytocin receptor 

in the uterus at term (Zingg et al. 1995), both oxytocin and oxytocin receptor 

deficient mice experience a normal delivery (Nishimori et al. 1996, Young et al. 

1996). Thus, oxytocin is unlikely to play a major role in the onset of parturition. 

Some studies implicate that labor may be an inflammatory process. During 

both term and preterm labor, proinflammatory cytokines (e.g. IL1β) have been 

reported to accumulate in the amniotic fluid (Cox et al. 1997), and the numbers of 

neutrophils and macrophages rise in the myometrium, cervix, and fetal 

membranes (Osman et al. 2003, Thomson et al. 1999). The invading neutrophils 

and macrophages secrete cytokines and chemokines, leading to activation of 

proinflammatory transcription factors, including nuclear factor κB (NF-κB), 

which in turn increases the expression of genes driving uterine contractility, 

including connexin 43, oxytocin receptor, and cyclo-oxygenase-2 (COX-2) 

(Allport et al. 2001, Condon et al. 2006). Inflammation is more commonly 

detected in preterm than in term births (Romero et al. 2006). It has been proposed 

that uterine stretch caused by the growing fetus and hormonal signals produced by 

the fetus may activate this pathway at term (Challis et al. 2005, Condon et al. 

2004, Sooranna et al. 2004), while in preterm parturition infection is likely to lead 

to these proinflammatory reactions (Goldenberg et al. 2000, Pararas et al. 2006).  

In summary, the onset of human parturition can be seen as a continuum of 

events starting with HPA activation and increased placental expression of CRH, 

which lead to withdrawal of functional progesterone and coordinated activation of 

estrogen, resulting in increased expression of CAPs, activation of oxytocin, and 

production of prostaglandins that finally lead to the common pathway of labor 

(Challis 2000). The signal starting this process is still unclear. 
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Fig. 1. A simplified diagram of endocrine control of pregnancy and parturition 

(modified from Weiss et al. 2000). The balance between the actions of progesterone 

and estrogen serves a critical role in the maintenance of pregnancy and the onset of 

labor. Other important molecules involved in these processes are shown. Stimulatory 

and inhibitory effects are indicated by arrows and dashed lines, respectively. 

2.3 Obstetric precursors of preterm birth 

Preterm birth results from three clinical conditions (Table 1): 1) medically 

indicated (iatrogenic) preterm birth, 2) spontaneous onset of preterm labor with 

intact fetal membranes, and 3) preterm premature rupture of membranes (PPROM) 

leading to preterm labor. Approximately 30–35% of all preterm births are elective 

prelabor deliveries for maternal or fetal indications, such as preeclampsia, 

intrauterine growth restriction, or fetal distress. The remaining preterm births take 

place after the spontaneous onset of labor, either with intact fetal membranes or 

with PPROM followed by the signs of labor. The spontaneous preterm birth 

(SPTB) groups without and with PPROM account for 40–45% and 25–30% of all 

preterm births, respectively. (Goldenberg et al. 2008) 

The specific contribution of each obstetric precursor to all preterm births 

differs among ethnic groups. In white women, SPTB is most commonly preceded 

by spontaneous labor with intact membranes, while PPROM is the most common 

precursor of SPTB in black women (Ananth & Vintzileos 2006a). During recent 

years, the numbers of indicated preterm births have increased in high-income 

countries (Goldenberg et al. 2008). 
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Table 1. Obstetric precursors of preterm birth. 

Obstetric precursor Classification Proportion of all 

preterm births1 

Delivery due to maternal or fetal indications Indicated preterm birth 30–35% 

Spontaneous onset of preterm labor with intact 

fetal membranes 

Spontaneous preterm birth 40–45% 

PPROM and subsequent preterm labor  Spontaneous preterm birth 25–30% 
1 According to Goldenberg et al. 2008  

2.4 Preterm premature rupture of membranes (PPROM) 

PROM is the spontaneous rupture of fetal membranes at least one hour before the 

onset of contractions. Preterm PROM (PPROM) occurs at a gestational age of 

less than 37 weeks (Simhan & Canavan 2005). It complicates approximately 2–3% 

of all births and 25–30% of all preterm births (Goldenberg et al. 2008, Mercer 

2003). After PPROM, 50% of women go into labor within 24–48 hours, and 70–

90% within seven days, but some will deliver after weeks or even months (ACOG 

Committee 2007, Caughey et al. 2008). The time period from PPROM into labor 

is called the latency period. The duration of latency period is inversely correlated 

with gestational age (Test et al. 2011). Duration of PPROM (the interval between 

PPROM and delivery) equaling or exceeding 72 h is classified as prolonged 

PPROM (Richardson et al. 1974).  

The cause of membrane rupture is unclear in most cases of PPROM. Risk 

factors for PPROM are mainly the same as those listed below for preterm birth in 

general, including e.g. previous preterm delivery, tobacco use, vaginal bleeding, 

and most importantly infection (Berkowitz et al. 1998, Ekwo et al. 1993, Harger 

et al. 1990, Mercer et al. 2000, Minkoff et al. 1984, Silverman & Wojtowycz 

1998). Because the fetal membranes form a barrier against ascending infection, 

women with PPROM are at high risk of developing intrauterine infection 

(Caughey et al. 2008). The risk of infection is further increased in prolonged 

PPROM (Test et al. 2011). Preterm labor commonly follows PPROM. 

2.5 Risk factors for preterm birth 

A number of risk factors have been associated with preterm birth. These can be 

categorized as sociodemographic factors, maternal characteristics, family history 
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of preterm birth, genetic factors, characteristics of pregnancy, exposure to 

chemical substances, and infections. 

2.5.1 Sociodemographic factors 

Maternal ethnicity has been recognized as an important risk factor for preterm 

birth (Kistka et al. 2007). In general, blacks are affected by preterm birth more 

commonly than whites. In the United States in 2008, the rate of preterm birth was 

17.5% in black non-hispanic women and 11.1% in white non-hispanic women 

(Martin et al. 2010). Furthermore, the rate of recurrent preterm birth has been 

reported to be approximately four-fold higher among the blacks compared to 

whites (Kistka et al. 2007). Although this difference is likely to be in part 

confounded by other factors that are linked to preterm birth, such as poorer 

socioeconomic status and obstetrical care or social stress among the blacks, the 

racial disparity in the rates is evident even after adjustment for confounding 

factors (Collins et al. 2007, Lu & Chen 2004). Genetic variation has been 

suggested to be one of the factors accounting for this disparity (Muglia & Katz 

2010). 

Several maternal demographic characteristics have been reported to increase 

the risk of preterm birth. These include low socioeconomic and educational status 

(Gissler et al. 2009, Smith et al. 2007, Thompson et al. 2006), single marital 

status (Raatikainen et al. 2005, Zeitlin et al. 2002), and low (< 16 years) and high 

(≥ 40 years) maternal ages (Hediger et al. 1997, Hoffman et al. 2007). In the case 

of high maternal age, the elevated incidence of preterm birth compared to 

younger women is likely to be partially explained by the higher prevalence of 

assisted reproductive treatments, as well as by the higher incidence of 

preeclampsia and multifetal gestation in older women (Reddy et al. 2007, Zhang 

et al. 2002). 

2.5.2 Maternal characteristics and family history 

The pregnancy history of the mother may affect the outcome of a pregnancy. 

Women with previous preterm delivery are at an increased risk of giving birth 

preterm in subsequent pregnancies; the reported recurrence risks vary among the 

studies and different ethnicities (Adams et al. 2000, Basso et al. 1999, 

Bhattacharya et al. 2010, Kistka et al. 2007, Mercer et al. 1999, Winkvist et al. 

1998). In the case of repetitive SPTBs, many of the preterm births are likely to be 
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explained by infections occurring either persistently or recurrently in the mother 

(Goldenberg et al. 2006). However, mothers and daughters and sisters also share 

the risk of delivering preterm (Porter et al. 1997, Winkvist et al. 1998), and 

therefore it is likely that factors that are stable over time, such as genetics, affect 

birth timing (Muglia & Katz 2010). Genetic factors predisposing to preterm birth 

are reviewed in detail later in this thesis (see 2.7).  

A short interpregnancy interval has also been recognized as a risk factor 

(Conde-Agudelo et al. 2006). In pregnancies occurring less than 6 months from 

the previous delivery, the risk of extremely and very preterm birth is reported to 

be more than doubled (Smith et al. 2003). Although the mechanism is unknown, 

this is probably explained either by insufficient time for the uterus to return to its 

normal state or by maternal depletion after the first pregnancy (Goldenberg et al. 

2008). In addition, previous induced and spontaneous abortions may increase the 

risk of preterm birth in subsequent pregnancies (Ancel et al. 2004, Moreau et al. 

2005, Swingle et al. 2009). 

Poor nutritional status of the mother during pregnancy may affect the risk of 

preterm birth. A low prepregnancy body-mass index and low serum 

concentrations of vital nutrients, such as iron and folate, are associated with an 

increased risk of preterm birth (Han et al. 2011, Scholl & Johnson 2000, Scholl 

2005). Decreased blood volume, reduced blood flow in the uterus, or increased 

infections are potential mechanisms by which maternal thinness and associated 

low consumption of nutrients may increase the risk (Goldenberg 2003, Neggers & 

Goldenberg 2003). On the other hand, maternal obesity is associated with a higher 

incidence of fetal congenital anomalies, preeclampsia, and diabetes, all of which 

are factors commonly leading to indicated preterm births (Sirimi & Goulis 2010, 

Vasudevan et al. 2010). 

2.5.3 Pregnancy characteristics 

Multifetal gestation is a significant risk factor for preterm birth. It causes uterine 

overdistension, which induces contractions and PPROM leading to preterm labor 

(Gravett et al. 2010). The percentage of multiple gestations resulting in preterm 

birth has been reported to range from 42% to 68% in Europe (Blondel et al. 2006). 

In the United States, 59% of twin pregnancies and more than 90% of higher 

multiple gestations resulted in preterm birth in 2008 (Martin 2010). Altogether, 

multiple gestations are reported to account for 15–20% of all preterm births 
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(Goldenberg et al. 2008), and approximately 50% of these births are indicated 

(Blondel et al. 2006). 

Medical complications, such as placental abruption, placenta praevia, 

polyhydramnios (excess amniotic fluid), preeclampsia, chronic and acute 

maternal disorders, uterine anomalies, and fetal distress are associated with an 

increased risk of preterm birth (Ananth & Vintzileos 2006b, Harman 2008, 

Moutquin 2003, Zlatnik et al. 2007). Many of these factors lead to preterm 

deliveries that are indicated due to maternal complications. Because the cervix 

shortens and softens before labor, cervical shortening or insufficiency caused by 

congenital cervical weakness or surgery is thought to be the cause of some 

preterm births (Andrews et al. 2000, Copper et al. 1990, Iams et al. 1996). 

Several studies have reported that psychological and social stress experienced 

by the mother confers an increased risk of preterm delivery (Copper et al. 1996, 

Dole et al. 2003, Lobel et al. 2008). In addition, maternal depression during 

pregnancy has been recognized as a risk factor (Fransson et al. 2011, Grote et al. 

2010). The pathways leading from stress or depression to preterm delivery are 

thought to involve CRH and activation of the maternal-fetal HPA axis or 

inflammatory and immune-mediated processes (see 2.6) (Dunkel Schetter 2011). 

2.5.4 Exposure to chemical substances 

Tobacco use during pregnancy seems to affect the risk of preterm birth in a dose-

dependent manner (Andres & Day 2000, Kyrklund-Blomberg & Cnattingius 

1998). In a Swedish study, heavy tobacco use (≥ 10 cigarettes per day) increased 

the risk more than two-fold (Kyrklund-Blomberg et al. 2005). Although it is not 

clear how smoking is associated with preterm birth, nicotine and carbon 

monoxide are known to be potent vasoconstrictors that cause placental damage 

and decrease uteroplacental blood flow (Jauniaux & Burton 2007). In addition, 

smoking is associated with systemic inflammatory response (Bermudez et al. 

2002, Levitzky et al. 2008), which may be another explanation for the association 

between smoking and preterm birth.  

Abuse of narcotics, such as cocaine and heroin, and heavy alcohol 

consumption have been reported to increase the risk of preterm delivery (Borges 

et al. 1993, Chasnoff et al. 1989, Little et al. 1990). Exposure to air pollutants, 

such as carbon monoxide, nitrogen dioxide, and particulate matter, may also 

increase the risk (Leem et al. 2006, Llop et al. 2010, Ritz et al. 2000).  
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2.5.5 Infections 

Infections are recognized as potentially the most important cause of spontaneous 

preterm deliveries. These are most commonly bacterial infections ascending to 

the amniotic cavity from the vagina and cervix (Pararas et al. 2006). According to 

several studies, women with intrauterine infection are at a several-fold increased 

risk of preterm delivery, especially of those resulting in extremely and very 

preterm births (Guzick & Winn 1985, Sebire et al. 2001, Seo et al. 1992). Several 

bacteria have been identified from the amniotic fluid of women with preterm 

deliveries, including vaginal organisms, such as Ureaplasma urealytic, 

Mycoplasma hominis, and Gardenerella vaginalis, and other bacteria, such as 

Escherichia coli and Streptococcus species (Gardella et al. 2004, Gerber et al. 

2003, Perni et al. 2004). Intrauterine infection can occur in the interface between 

the maternal tissues and the fetal membranes (choriodecidual infection), within 

the fetal membranes (chorioamnionitis), within the umbilical cord, within the 

placenta, and in the most serious case in the fetus (Goldenberg et al. 2000). In 

addition to the ascending route, microorganisms may also reach the amniotic 

cavity and fetus via hematogenous distribution through the placenta, via the 

fallopian tubes from the peritoneal cavity, or by introduction during medical 

invasive procedures, such as amniocentesis (Goldenberg et al. 2008). 

Intrauterine infection is most commonly associated with extremely preterm 

births. Most of the SPTBs occurring at earliest gestational ages (< 25 weeks of 

gestation) are associated with chorioamnionitis, whereas chorioamnionitis is 

present only in approximately 10% of preterm deliveries at 35–36 weeks of 

gestation (Mueller-Heubach et al. 1990). The reason for this is unclear. It has 

been suggested that intrauterine infection leading to preterm birth may be a 

chronic process (Goldenberg et al. 2000).  

Infections of the lower genital tract, asymptomatic bacterinuria, systemic 

maternal infections, and maternal periodontitis have all been associated with 

increased risks of preterm labor (Pararas et al. 2006). For example, women with 

bacterial vaginosis (vaginal infection resulting from a change in the balance of 

naturally occurring bacteria) are reported to be at more than two-fold increased 

risk (Gravett et al. 1986, Kurki et al. 1992). 
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2.6 Biological pathways leading to preterm birth 

Preterm birth is thought to be a syndrome caused by multiple mechanisms. Both 

preterm and term birth share the common pathway leading to parturition (see 2.2), 

and preterm parturition is thought to arise due to pathological stimuli activating 

one or more components of this pathway (Romero et al. 2006, Simmons et al. 

2010). An overview of four biological pathways specifically associated with 

preterm birth and its risk factors is shown in Fig. 2. 

First, mechanical stress of the uterus may lead to the onset of preterm labor. 

This is evident in uterine overdistension associated with multiple gestations, 

polyhydramnios, and macrosomia (excessive weight of the fetus) (Gravett et al. 

2010). Additionally, uterine congenital anomalies and benign neoplasms of the 

uterine wall may play a role in the onset of preterm labor (Hua et al. 2011, 

Qidwai et al. 2006, Stout et al. 2010). The exact molecular mechanisms by which 

mechanical stress of the uterus leads to preterm birth are unknown. Uterine 

stretch induces increased expression of CAPs, including gap junction proteins and 

the oxytocin receptor (Ou et al. 1997, Terzidou et al. 2005). Uterine stretch also 

induces increased concentrations of interleukin-8 (IL-8) and collagenase activity, 

which in turn facilitates cervical ripening (Loudon et al. 2004, Maehara et al. 

1996, Maradny et al. 1996). 

Decidual hemorrhage and uteroplacental thrombosis are common in preterm 

birth and particularly associate with PPROM. It has been reported that 34% of 

women with preterm delivery and 35% of women with PPROM have vascular 

lesions of the placenta, while this figure is 12% in women with uncomplicated, 

term deliveries (Arias et al. 1993). These lesions are generally associated with 

damage to uterine spiral arteries, leading to uteroplacental ischemia. The 

molecular mechanism linking vascular lesions to preterm delivery is thought to be 

related to thrombin generation (Gravett et al. 2010). The main function of 

thrombin is to stimulate coagulation but it also has the ability to stimulate uterine 

contractions (Elovitz et al. 2000). In addition, it has been suggested that thrombin 

stimulates the production of MMPs, thereby leading to ripening of the cervix and 

PPROM (Mackenzie et al. 2004, Rosen et al. 2002, Stephenson et al. 2005).  

A third pathway leading to preterm birth involves the activation of the 

maternal or fetal HPA axis. This pathway is predominantly associated with 

moderately preterm births (gestational age 32–36 wk) and mainly activated by 

maternal stress (Simmons et al. 2010). Any physical or psychological challenge 

threatening the homeostasis of either the mother or the fetus may be defined as 
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stress and can induce neuroendocrine processes that result in preterm activation of 

the HPA axis (Wadhwa et al. 2001). These processes appear to be mediated by 

placental CRH. Increased levels of CRH induce increased secretion of maternal 

and fetal cortisol, which in turn increases the amount of CRH in circulation. This 

causes prostaglandin production, leading to uterine contractions and cervical 

ripening (Challis et al. 1995). CRH has also been suggested to enhance placental 

estrogen production (Petraglia et al. 2010), which further contributes to uterine 

contractility.  

Finally, infections leading to an inflammatory response are thought to be 

involved in approximately 30–40% of all preterm births (Haram et al. 2003). The 

mechanisms by which infection leads to preterm birth involve the activation of 

the innate immune system (Romero et al. 2006). Microbial colonization leads to 

the release of proinflammatory cytokines and stimulation of prostaglandin 

production, which drives the synthesis of bioactive substances that induce preterm 

delivery (Vrachnis et al. 2010). The fetal HPA axis is also activated, further 

driving the process of preterm parturition (Gravett et al. 2000). 
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2.7 Genetic factors and preterm birth  

Although many risk factors for preterm birth are known, most preterm births are 

idiopathic (Goldenberg et al. 2008). Thus, there are likely to be etiological factors 

that are as yet unknown. Growing evidence suggests that genetic factors play a 

role in SPTB. Because signals secreted by both the mother and fetus seem to be 

involved in the onset of parturition, maternal and fetal genes are both likely to 

play roles in a genetic predisposition to SPTB. Although the importance of 

maternal and fetal polymorphisms in specific candidate genes has been evaluated 

in numerous studies of preterm birth, the evidence of the actual genes and their 

function in specific biochemical pathways is insufficient.  

2.7.1 Evidence for genetic predisposition to preterm birth 

A history of preterm delivery is the single strongest predictor of future preterm 

delivery, as indicated by the observation that mothers with preterm deliveries are 

at high risk to deliver preterm again (Adams et al. 2000, Basso et al. 1999, 

Bhattacharya et al. 2010, Kistka et al. 2007, Winkvist et al. 1998). The risk 

increases with increasing numbers of previous preterm deliveries, with an 

approximately three-fold increased risk after a single preterm delivery, and six-

fold increased risk after two preterm deliveries (Carr-Hill & Hall 1985). 

Furthermore, a recurrent preterm birth is likely to occur at the same week of 

gestation as the first preterm delivery (Bloom et al. 2001, Esplin et al. 2008, 

Kistka et al. 2007, Melve et al. 1999). Preterm birth also tends to occur across 

generations and sibships. Women who were themselves born preterm are at a 

higher risk to deliver preterm than those born at term (Bhattacharya et al. 2010, 

Porter et al. 1997, Wilcox et al. 2008), and younger sisters of women with 

preterm deliveries are at an increased risk compared to the general population 

(Winkvist et al. 1998). However, it should be noted that most of these 

epidemiological studies do not make a distinction between spontaneous and 

medically indicated preterm births, and these two categories have been reported to 

have different recurrence risks (Ananth et al. 2006). 

As mentioned before, there are ethnicity-specific differences in preterm birth 

rates, with blacks affected more often than whites. The rate is highest when both 

parents are black and remains higher for black-white couples, independent of 

whether the mother or father is black (Palomar et al. 2007, Tan et al. 2004). As an 

example, Collins et al. (2007) estimated that African American women with a 
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lifelong residence in high-income neighborhoods of Chicago were at an 

approximately two-fold higher risk to deliver preterm compared to non-hispanic 

white women from this district (preterm birth rates of 11.6% and 5.2%, 

respectively). The effect of ethnicity in the incidence of preterm birth is clear 

even after adjustment for confounding environmental factors (Collins et al. 2007, 

Lu & Chen 2004), indicating that ethnicity-specific disparities in preterm birth 

rates may be due to genetic factors that differ among the ethnic groups.  

Familial aggregation and ethnicity-specific differences in the incidence are 

strong indicators that genetic factors may be involved in preterm birth. 

Heritability analyses have provided further proof for the significance of genetics 

in birth timing. In a classical twin study, Clausson et al. (2000) estimated a 

heritability of 36% for preterm birth (< 37 weeks’ gestation) and 31% for 

gestational age. According to another twin study by Treloar et al. (2000), 

heritability of preterm birth (defined as ‘being born more than two weeks early’) 

was estimated to be 17% in the first pregnancy and 27% in any pregnancy. Kistka 

et al. (2008) analyzed the correlation in birth timing among infants born to 

monozygotic twins and their first-degree relatives (dizygotic twins and siblings of 

twins), and found that heritability of parturition timing was 34% in women. The 

mother was considered the proband of delivery in these three studies. Thus, these 

findings suggest a significant role for maternal genes in parturition timing. 

Furthermore, in studies of full and half siblings by Lunde et al. (2007) and York 

et al. (2010), maternal genes were estimated to explain approximately 14% of 

variation in gestational age. Again, it should be noted that most of these studies 

included both spontaneous and medically indicated deliveries.  

In addition to maternal genes, there is evidence to suggest a role for fetal 

genes in parturition timing. Lunde et al. (2007) estimated that fetal genetic factors 

explain 11% of the variation in gestational age; York et al. (2010) estimated that 

this figure is 35% in European Americans. Additionally, fetal genes are known to 

be involved in the control of placental growth through paternally imprinted alleles 

(Frost & Moore 2010). Due to the important role of the placenta in the parturition 

process, genes controlling its formation may influence the risk of preterm birth. It 

has also been suggested that paternal genes acting in the fetus may affect the risk 

of preterm birth, as indicated by the observation that African-American paternity 

is a risk factor for preterm birth independent of maternal ethnicity (Palomar et al. 

2007). Moreover, some studies suggest that partner change may influence the risk 

of preterm birth in subsequent pregnancies. Li (1999) showed that partner change 

after previous preterm delivery may be protective against preterm birth in the 
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subsequent pregnancy, and Vatten & Skjaerven (2003) showed that women who 

changed partners between their first two births are at an increased risk of 

delivering preterm in the second pregnancy. However, Basso et al. (1999) 

concluded that the risk of preterm delivery was not increased after partner change, 

and thus the effect of partner change as well as the role of paternity in genetic 

predisposition to preterm birth is controversial. Several approaches have failed to 

detect a paternal genetic effect on parturition timing or risk of preterm birth 

(Kistka et al. 2008, Wilcox et al. 2008). In segregation analysis of families with 

recurrent preterm births, both maternal and paternal genes acting in the fetus were 

shown to contribute to gestational age, but with a stronger effect conferred by 

maternally-inherited alleles than those inherited from the father (Plunkett et al. 

2009). Thus, according to the current view, paternal genes acting in the fetus are 

considered to have only a modest effect on parturition timing or the risk of 

preterm birth, whereas the maternal genome and/or maternally-inherited genes 

acting in the fetus are thought to contribute more significantly to these phenotypes. 

Another piece of evidence for the role of genetic factors in preterm birth 

came from a study by Ward et al. (2005). This study demonstrated that families 

with recurrent preterm births had a significantly lower coefficient of kinship than 

control families in the Utah Mormon population, which is considered to have low 

levels of environmental risk factors for preterm birth. This suggests a higher 

degree of genetic relatedness within these families, which further suggests that the 

increased rate of preterm birth in these families may be explained by genetic 

factors. In a recent study, Mumtaz et al. (2010) showed that infants of 

consanguineous parents were at an increased risk of being born spontaneously at 

< 33 weeks’ gestation (OR = 1.6, 95% CI 1.1–2.4) but not at 33–36 weeks’ 

gestation, which indicates that genetic factors may have contributed to the earlier 

SPTBs.  

Genetic influences on preterm birth are likely to be either direct effects of 

maternal genes acting in the mother, of maternally inherited mitochondrial genes 

acting in the fetus, or of fetal genes. Because the results of several studies imply 

that paternally inherited genes have little effect on parturition timing or risk of 

preterm birth (Kistka et al. 2008, Plunkett et al. 2009, Wilcox et al. 2008), it may 

be that fetal genetic effects are those of imprinted genes in which only the 

maternal copy is expressed in the fetus. 
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2.7.2 Preterm birth as a complex phenotype and methods to study 
genetic predisposition 

A specific mode of inheritance (MOI) has not been identified for preterm birth. 

Pedigrees of multiplex families affected by recurrent preterm birth do not follow a 

simple Mendelian inheritance pattern; thus preterm birth is not a single-gene 

disorder. Instead, growing evidence suggests that preterm birth is a complex 

phenotype likely to consist of heterogenic etiological subgroups. Twin studies 

applying genetic modeling procedures have suggested that the risk of preterm 

birth is influenced by both additive genetic factors and environmental factors that 

are not shared among siblings (Clausson et al. 2000, Treloar et al. 2000). 

Segregation analysis performed in 96 multiplex preterm families indicated that a 

genetic component for preterm birth is transmitted from parents to offspring and 

this effect is likely to be complex (Plunkett et al. 2009). Furthermore, gene-gene 

and gene-environmental interactions have been suggested for preterm birth in 

association studies (Engel et al. 2005, Gomez et al. 2010, Jones et al. 2010, 

Kalish et al. 2006, Macones et al. 2004, Menon et al. 2006, Suh et al. 2008, Velez 

et al. 2007). These findings support the idea of preterm birth as a multifactorial 

phenotype, influenced by multiple interacting factors, of which none may be 

sufficient to cause the phenotype by itself (Muglia & Katz 2010). Environmental 

factors, together with maternal and fetal genetic factors, are likely to influence the 

onset of parturition, and complex interactions are likely to occur between these 

factors. Both rare (frequency < 0.01 in the population) and common variants are 

likely to be involved in a genetic predisposition to complex disorders (Bodmer & 

Bonilla 2008, Hirschhorn 2005), such as preterm birth. 

Hypothesis-based and hypothesis-free methods may be used to find genes 

that predispose to complex disorders. In the hypothesis-based candidate gene 

analysis, a given gene or a set of genes is selected for analysis due to previous 

knowledge or hypothesis of its/their involvement in the given phenotype. 

Candidate gene studies assess the statistical significance in the difference of 

polymorphism (most commonly single-nucleotide polymorphisms, SNPs) allele 

or genotype frequencies in selected genes between cases (affected individuals) 

and healthy controls (Hirschhorn 2005). If there is a statistically significant 

difference in the frequency, the polymorphism is considered to associate with the 

phenotype. Hundreds of case-control association studies of preterm birth have 

been performed; these are discussed in detail in the next section (2.7.3). As 

opposed to candidate gene studies, the hypothesis-free linkage and whole-genome 
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wide association analyses do not require previous knowledge of mechanisms 

causing the phenotype, and therefore novel genes not previously considered as 

obvious candidates may be identified. The family-based linkage analysis assesses 

the cosegregation of a phenotype and genetic markers across the genome in 

families, while genome-wide association studies are similar to candidate gene 

studies in assessing the statistical significance of the difference of polymorphism 

frequencies between cases and controls but on a whole-genome level (Hirshchorn 

& Gajdos 2011). The major limitations of genome-wide association studies are 

that they are commonly restricted to analysis of common variants and the 

requirement of large sample sizes (multiple thousands) to achieve sufficient 

statistical power (Spencer et al. 2009). To date, genome-wide case-control 

association analyses of preterm birth have not been reported. In the future, 

sequencing of the whole exome and genome (next-generation sequencing) will be 

an important method to reveal genetic variants (especially those that are rare in 

the population) associating with common disorders (Cirulli & Goldstein 2011), 

including preterm birth. To further understand the molecular mechanisms of genes, 

functional studies, including the use of animal models, are needed. Mice, rats, 

rabbits, sheep, and non-human primates have been used as models for preterm 

birth (Kemp et al. 2010, Mitchell & Taggart 2009). These models, including the 

mouse model of inflammation-induced preterm birth resulting in the birth of live-

born pups (Salminen et al. 2008) used in this work, may be used to analyze the 

roles of specific genes and their protein products and biochemical pathways in 

preterm birth in vivo.  

2.7.3 Genetic association studies of preterm birth 

To date, most studies considering the role of genetic factors in preterm birth have 

been case-control candidate gene association analyses. Because both maternal and 

fetal genotypes may contribute to the preterm birth phenotype, the cases may be 

either mothers experiencing preterm delivery or preterm-born infants, and the 

controls are mothers with term delivery or infants born at term.  

Genes playing a role in pathways believed to be important in the parturition 

process are considered as promising candidates for preterm birth. So far, genes 

participating in several pathways have been considered as candidates for preterm 

birth in hundreds of studies (Plunkett & Muglia 2008). Significant associations 

have been reported in several studies, whereas many studies have failed to find an 

association. A comprehensive summary of these studies is provided in the 
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extensive review by Plunkett & Muglia (2008) and in the Preterm Birth Genetics 

Knowledge Base available on the internet (http://ric.einstein.yu.edu/ptbgene, 

Dolan et al. 2010). Genes involved in inflammation-related pathways, such as 

those encoding the proinflammatory cytokine tumor necrosis factor α (TNF-α) 

and several ILs have been the most widely studied (Aidoo et al. 2001, Annells et 

al. 2004, Chen et al. 2003, Engel et al. 2005, Hartel et al. 2004). Associating 

genes listed by Plunkett & Muglia (2008) are shown in Table 2. In more recent 

studies, significant associations have been reported for additional genes, including 

several genes that are involved in the inflammation pathway (IL1A, IL1B, IL6R1, 

IL10RA, IL15, TLR10) (Heinzman et al. 2009, Hollegaard et al. 2008, Romero et 

al. 2010a, Velez et al. 2008, Velez et al. 2009), uterine function or contractility 

(AGT, F5, F7, KCNN3, PLAT, PTGER3) (Day et al. 2011, Hiltunen et al. 2011, 

Ryckman et al. 2010, Velez et al. 2008), and response to environmental toxins 

(CYP1A1, GSTM1, GSTT1) (Suh et al. 2008, Tsai et al. 2010).  

In meta-analyses considering all genetic variants that had been analyzed for 

association with preterm birth in at least three datasets (altogether 189 

polymorphisms in 84 genes), Dolan et al. (2010) concluded that the strongest 

evidence of association was found for polymorphisms in the genes encoding IL-1 

receptor antagonist (IL-1RN), interferon-gamma (IFN-γ), β2-adrenergic receptor 

(ADRB2), and coagulation factor II (F2; also called prothrombin), with 

significant associations for a single polymorphism in each of these genes in 

maternal DNA and for a single polymorphism in the F2 gene in fetal DNA. Of 

these, IL-1RN and IFN-γ are proinflammatory cytokines, ADRB2 modulates 

uterine contractility, and F2 participates in blood clotting and placental function.  

The case-control studies have been limited in several ways: first, the sample 

sizes in most of these studies have been small; secondly, the reported associations 

have mostly been weak; thirdly, variation within the investigated genes has 

usually been insufficiently covered; fourthly, the definition of the preterm birth 

phenotype varies among the studies; fifthly, most studies have considered only 

either the maternal or fetal contribution; and finally, most of the associations have 

not been replicated in subsequent studies and across populations. Thus, further 

studies are needed in order to identify the genetic factors causing predisposition to 

preterm birth.  

Recently, Plunkett et al. (2011) used an exceptional approach based on a 

completely novel hypothesis to identify genes involved in preterm birth. Based on 

the relatively large head size and narrow cross-sectional area of the birth canal in 

humans compared to other primates, Plunkett et al. hypothesized that the genes 
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involved in parturition show accelerated evolution in humans in order to decrease 

the length of gestation and allow delivery of a smaller fetus that transits the birth 

canal more readily. In this study, > 8,400 SNPs in 150 genes showing accelerated 

evolution in humans were screened for association with preterm birth in a Finnish 

population. Using this evolutionary genomic approach, the gene encoding the 

follicle-stimulating hormone receptor (FSHR) was identified as a novel maternal 

gene that may influence the risk of preterm birth. In addition to the Finnish 

population, evidence was found for association of polymorphisms of this gene 

with preterm birth in African American mothers. 

Table 2. Genes associating with preterm birth or PPROM either in the mothers or 

infants as listed by Plunkett & Muglia (2008) 

Pathway Associating genes 

Infection/inflammation CD14, IFNG, IL1R2, IL1RN, IL4, IL6, IL6R, IL10, 

LTA, MBL2, NOD2, TLR2, TLR4, TNF, TNFR1, 

TNFR2, TNFRSF6 

Physical remodeling of the cervix and fetal membranes MMP1, MMP9, SERPINH1, SLC23A2 

Uterine contractility ADRB2 

Placental function F5, F7, F13A1, NOS2A, NOS3, THBD, VEGF 

Response to environmental toxins PON1, PON2, OPRM1, GSTT1 

Other MTRR, SHMT1, PPARG 

2.8 Prevention of preterm birth 

Specific interventions directed towards prevention of preterm birth can be 

categorized into four groups: 1) interventions before pregnancy, such as planning 

of birth spacing, periconceptional folate supplementation, and control of indoor 

air pollution, 2) interventions during pregnancy, such as smoking cessation, and 

supplementation of specific nutrients (e.g. iron, folate, zinc, calcium), 3) 

interventions for pregnancy infections, including screening and treatment of 

infections or diseases caused by infections, such as asymptomatic bacterinuria, 

bacterial vaginosis, syphilis, malaria, or periodontal disease, and 4) interventions 

given for pregnancies with high risk of preterm birth, most importantly 

progesterone treatment and cervical cerclage (Barros et al. 2010). Efforts to 

prevent preterm birth have been mostly unsuccessful.  

The strongest evidence for effectiveness has been found for two interventions: 

smoking cessation during pregnancy and progesterone therapy for women at high 

risk of preterm birth. According to a Cochrane review published in 2009, smoking 
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cessation interventions significantly decrease the prevalence of preterm birth 

(relative risk, RR of 0.86, 95% CI 0.74–0.98) (Lumley et al. 2009). In a recent 

study, smoking reduction or cessation reduced the risk of preterm birth two-fold 

in pregnant smokers of West Virginia (Seybold et al. 2011). Due to progesterone’s 

role in several mechanisms that slow down the processes leading to the onset of 

parturition (Fig. 1), progesterone supplementation is a promising candidate for 

prevention of subsequent preterm deliveries for women at risk of recurrent 

preterm birth. According to a meta-analysis of eleven randomized trials 

comparing women who received progesterone treatment to placebo controls, the 

incidence of preterm birth among women with previous preterm deliveries was 

significantly reduced in the intervention group (RR 0.80, 95% CI 0.70–0.92) 

(Dodd et al. 2008). 

Despite the suggested interventions, no effective prevention for preterm 

delivery is currently available. Therefore, studying the biological and genetic 

mechanisms leading to preterm birth is important to be able to identify high-risk 

women and finally to allow the development of novel specific treatment strategies 

targeted for prevention. 

2.9 Innate immunity 

The function of the immune system is to defend the host from invading pathogens. 

The human immune system is divided into two components, innate and adaptive 

immunity. Innate immunity is non-specific and provides the first-line of defense 

against invading pathogens before the specific adaptive immunity starts to operate. 

Operation of the innate immune system is essential for quick recognition and 

response to a pathogenic attack. (Akira et al. 2006, Janeway & Medzhitov 2002) 

The innate immune system consists of different molecules, cells and 

mechanisms involved in non-specific immunity. It relies on a small number of 

germ-line encoded receptors that recognize conserved microbial structures called 

pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide 

(LPS), the major component of the outer membrane of Gram-negative bacteria, or 

lipoteichoic acid (LTA), the major constituent of the cell wall of Gram-positive 

bacteria. PAMPs are recognized by pattern recognition receptors (PRRs) 

including toll-like receptors (TLRs) and collectins. PRRs can be expressed on cell 

surfaces (e.g. those of macrophages), found in intracellular compartments, or 

secreted into the bloodstream or tissue fluids. (Akira et al. 2006, Janeway & 

Medzhitov 2002) 
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Recognition of PAMPs by the PRRs may lead to phagocytosis, activation of 

the complement pathway, proinflammatory signaling, or induction of apoptosis. 

Activation of phagocytic cells, such as macrophages, dendritic cells, and 

neutrophils, leads to ingestion and destruction of microbes. Activation of the 

complement system, which consists of a number of serum proteins carrying out a 

specific enzymatic cascade, leads to lysis of microbes, opsonization, and 

chemotaxis. Cytokines including ILs, TNFs, IFNs, and chemokines are important 

small soluble signaling molecules involved in inter-cellular communications 

related to these immune reactions. Some cytokines promote inflammatory 

responses and are thus proinflammatory (e.g. IL-1α, IL-1β, IL-6, IFN-γ and TNF-

α), while others suppress inflammation and are thus anti-inflammatory (e.g. IL-4, 

IL-10 and IL-13). (Akira et al. 2006, Janeway & Medzhitov 2002) 

2.10 Pulmonary surfactant and surfactant proteins (SPs) 

Human pulmonary surfactant is a complex mixture of lipids and proteins that 

lines the surface of the alveolar epithelium and is essential for proper lung 

function (Clements 1977). The main function of surfactant is to maintain low 

surface tension within the air-liquid interface of the alveoli thereby preventing the 

lung from collapsing during respiration (Hawgood & Clements 1990). The lung is 

constantly exposed to a large number of potentially pathogenic microorganisms, 

and components of surfactant are known to play an essential role in innate host 

defense against these pathogens (Sano & Kuroki 2005, Whitsett 2010).  

Surfactant components are mainly produced by alveolar type II (ATII) 

epithelial cells. Surfactant consists of approximately 90% lipids, the majority of 

which are phospholipids, and 10% proteins, specifically the surfactant proteins 

(SPs) SP-A, SP-B, SP-C, and SP-D, of which SP-A is most abundant. In the 

alveolar space, surfactant forms a lattice-like structure called tubular myelin, 

which facilitates the formation of a surfactant film at the air-liquid interface. A 

lipid monolayer lines the air-liquid interface of the alveolus. (Batenburg & 

Haagsman 1998, Hawgood & Clements 1990, King 1982)  

Of the four SPs, SP-B and SP-C are small hydrophobic proteins involved in 

surface-tension reducing functions of surfactant through interactions with 

surfactant lipids, while the large hydrophilic SP-A and SP-D are believed to 

perform most of the host defense roles of surfactant. However, SP-B and SP-C 

may also have host defense functions, and SP-A and SP-D are known to play 

roles in surfactant homeostasis (Chroneos et al. 2010, Whitsett 2010). Expression 
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of SPs is developmentally and hormonally regulated during pregnancy 

(Mendelson & Boggaram 1991). During fetal development, ATII cells of the 

developing fetal lung eventually synthesize and secrete surfactant into pulmonary 

secretions, which are irregularly released into amniotic fluid (Pryhuber et al. 1991, 

Van Golde et al. 1988). 

2.11 The collectins SP-A, SP-D, and mannose-binding lectin (MBL) 

The collectins are a family of C-type lectins characterized by the presence of 

collagen-like regions. SP-A, SP-D, and mannose-binding lectin (MBL; also 

known as mannose-binding protein or mannan-binding lectin) are members of this 

family that act as PRRs and modulators of inflammation in innate immunity 

(Haagsman et al. 2008, Ip et al. 2009). Other collectins that have been identified 

in humans include collectin liver 1, collectin placenta 1, and collectin kidney 1 

(Keshi et al. 2006, Ohtani et al. 1999, Ohtani et al. 2001).  

2.11.1 Structure of SP-A, SP-D, and MBL 

SP-A, SP-D, and MBL are composed of four domains (Fig. 3): 1) a cysteine-rich 

N-terminal region required for the cross-linking of monomeric subunits; 2) a 

triple-helical collagenous domain consisting of Gly-X-Y repeats (X and Y being 

any amino acids, but most often proline and hydroxyproline) responsible for 

multimerization and activation of the immune system; 3) an α-helical coiled-coil 

neck region acting as a nucleation point for refolding in trimerization; and 4) a 

globular C-terminal region comprising a C-type lectin or carbohydrate-

recognition domain (CRD). Conserved amino acids (aas) within the CRDs 

mediate selective calcium-dependent binding to complex carbohydrate structures 

present on the surface of pathogens. Monomeric subunits of all collectins 

assemble into trimers through the collagenous domain, stabilized by hydrophobic 

interactions and inter-chain disulfide bonds within the N-terminal region. This 

trimeric form is the basic structural subunit of all collectins. The trimers assemble 

further into higher-order multimers of diverse arrangements (Fig. 3). SP-A 

assembles from two closely related polypeptide chains (SP-A1 and SP-A2), and 

each SP-A trimer is considered to be composed of two SP-A1 chains and one SP-

A2 chain. (Ip et al. 2009, Kishore et al. 2006) 
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Fig. 3.  Structures of SP-A, SP-D, and MBL (modified from Haagsman et al. 2008). The 

domain organization is drawn to approximate scale. Conserved N-linked glycosylation 

sites at amino acids 70 and 187 of SP-D and SP-A, respectively, are shown by 

asterisks. Trimers are formed by triple-helix formation over the collagen-like domain. 

The trimers assemble further into oligomeric structures depicted at the bottom. 

Interchain disulfide bonds (-SH) stabilize the oligomerization. 

2.11.2 Functions of SP-A, SP-D, and MBL 

SP-A, SP-D, and MBL are secreted PRRs that act in the innate immune system. 

Through CRDs, they are able to identify PAMPs, which leads to direct or indirect 

antimicrobial activity and an infection-related inflammatory response. SP-A and 

SP-D were initially described as components of pulmonary surfactant. (Haagsman 

et al. 2008, Ip et al. 2009) 
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Functions of SP-A and SP-D 

SP-A and SP-D are primarily synthesized and secreted by alveolar type II and 

Clara cells (nonciliated bronchiolar cells) of the lung (Haagsman & van Golde 

1991). The CRDs of SP-A and SP-D have the ability to recognize specific lipids. 

Both proteins bind to surfactant phospholipids: SP-A preferentially to 

dipalmitoylphosphatidylcholine (DPPC), which is the major surface-active 

component of surfactant, and SP-D to phosphatidylinositol (Kuroki & Akino 1991, 

Ogasawara et al. 1992, Persson et al. 1992). SP-A and SP-D are considered to 

have important roles in surfactant homeostasis and turnover (Kishore et al. 2006). 

Some of the mechanisms used by these proteins in surfactant metabolism are 

listed in Table 3.  

SP-A and SP-D are important components of pulmonary innate immunity 

with essential roles in host defense against respiratory pathogens. In addition to 

the lung, expression of both human SP-A and SP-D has been detected in a number 

of extrapulmonary sites, such as the gastrointestinal tract (Lin et al. 2001, Madsen 

et al. 2003, Murray et al. 2002, Stahlman et al. 2002), skin (Madsen et al. 2000, 

Mo et al. 2007), and female reproductive tract (Leth-Larsen et al. 2004, MacNeill 

et al. 2004, Miyamura et al. 1994, Oberley et al. 2004b, Sati et al. 2010). SP-D is 

particularly widely distributed at mucosal surfaces throughout the body (Madsen 

et al. 2000, Stahlman et al. 2002). Expression of SP-A and SP-D at 

extrapulmonary sites indicates that these proteins may also have roles in host 

defense outside the lung (Haagsman et al. 2008, Sano & Kuroki 2005). 

Both SP-A and SP-D bind to PAMPs on surfaces of a wide range of 

microorganisms including Gram-positive and Gram-negative bacteria, viruses, 

and fungi (Kishore et al. 2006). Through CRDs, SP-A and SP-D also bind to 

certain cell-surface receptors on alveolar type II cells and alveolar macrophages, 

as well as to certain soluble receptors. These receptors include CD91/calreticulin, 

signal inhibitory regulatory protein α (SIRPα), TLR-2 and -4, CD14, and SP-

R210 (Chroneos et al. 1996, Gardai et al. 2003, Murakami et al. 2002, Ohya et al. 

2006, Sano et al. 2000, Yamada et al. 2006). SP-A and SP-D have been suggested 

to play a dual inflammatory role with either proinflammatory or anti-

inflammatory effects (Gardai et al. 2003). Thereby, these proteins may be 

involved in maintaining the non- or anti-inflammatory state of the lung and other 

tissues. Proposed mechanisms for SP-A and SP-D in host defense are listed in 

Table 3.  
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Table 3. Some of the proposed functions of SP-A and SP-D (modified from Kishore et 

al. 2006). 

Proposed function Examples of mechanisms involved 

Surfactant homeostasis and biophysical 

activities 

Inhibition of surfactant secretion from ATII cells 

Enhancement of DPPC uptake by ATII cells 

Enhancement of phospholipid adsorption to the air-liquid 

interface 

Anti-bacterial and anti-fungal properties Agglutination 

 Enhancement of phagocytosis by macrophages and 

neutrophils 

Anti-viral properties Viral inactivation and aggregation  

Direct inhibition of microbial growth Increasing bacterial membrane permeability and inducing 

leakage 

Control of pulmonary inflammation Enhancement of the production of TNF-α by alveolar 

macrophages 

 Enhancement of TNF-α, IL-1-, IL-1β, IL-6, and IFN-γ 

production by peripheral blood mononuclear cells 

 Endotoxin release and regulation of LPS-induced 

inflammation 

Resistance to allergen challenge Pattern recognition of glycoprotein allergens 

 Suppression of histamine release 

Clearance of apoptotic and necrotic cells Enhancement of phagocytosis by macrophages and 

polymorphonuclear neutrophils 

Immunity at extrapulmonary sites Protection against intrauterine infection and inflammation 

 Enhancement of phagocytosis of chlamydial pathogens from 

female reproductive tract 

 Induction of parturition in mice (by SP-A) 

 Inhibition of invasion of corneal epithelial cells by 

Pseudomonas aeruginosa in tears 

SP-A and SP-D in the reproductive tract and during pregnancy 

SP-A and SP-D have been detected in amniotic fluid in the second trimester of 

pregnancy (Leth-Larsen et al. 2004, Miyamura et al. 1994, Pryhuber et al. 1991). 

As a result of secretion by the fetal lung, there is a sharp increase in SP-A 

concentration from 32 weeks’ gestation towards term, while SP-D levels increase 

only moderately (Miyamura et al. 1994). Both SP-A and SP-D are extensively 

located in the human female reproductive tract: SP-A has been detected (either as 

mRNA or protein) in fetal membranes (Miyamura et al. 1994), placenta (Sati et al. 

2010), vagina (MacNeill et al. 2004), and endometrium/decidua (Garcia-Verdugo 
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et al. 2010); SP-D has been detected in fetal membranes (Miyamura et al. 1994), 

placenta (Madsen et al. 2000, Sati et al. 2010), cervix and uterus (Leth-Larsen et 

al. 2004, Madsen et al. 2000, Oberley et al. 2004b, Stahlman et al. 2002), as well 

as in corpus luteum, ovary, and oviduct (Leth-Larsen et al. 2004).  

The localization of SP-A and SP-D in the amniotic fluid and reproductive 

tract suggests that they are involved in local defense mechanisms at these sites, 

possibly protecting against preterm deliveries. Indeed, SP-D has been shown to 

inhibit infection of cervical epithelial cells by Chlamydia trachomatis (Oberley et 

al. 2004b), and both SP-A and SP-D enhance phagocytosis of Chlamydia species 

by a macrophage cell line (Oberley et al. 2004a). SP-A and SP-D may influence 

the onset of parturition by regulating secretion of the proinflammatory TNF-α by 

macrophages of the decidua, which influences the labor-inducing prostaglandin 

release (Norwitz et al. 1992). Thus, SP-A and SP-D may be involved in regulating 

the uterine inflammatory response leading to parturition.  

Based on a study performed in mice, SP-A has been suggested to play a role 

in parturition initiation. SP-A secreted by the mouse fetal lung into the amniotic 

fluid was shown to activate fetal amniotic fluid macrophages, causing them to 

migrate to the uterus, where their actions lead to the production of NF-κB and 

thereby to stimulation of prostaglandin synthesis and initiation of parturition 

(Condon et al. 2004). However, fetal macrophages are not detected in human 

myometrium at term (Kim et al. 2006, Leong et al. 2008), and this model 

therefore seems not to be applicable to humans. A recent study showed that SP-A 

produced by the decidua selectively inhibited prostaglandin F2α production in the 

term decidua without affecting the production of other inflammatory mediators, 

including TNF-α, IL-6 and IL8 (Snegovskikh et al. 2011). In addition, expression 

of SP-A in the decidua significantly decreased with labor. These results suggest 

that decidual SP-A plays an essential role in the regulation of prostaglandin 

production within the uterus thereby affecting the onset of labor. 

Functions of MBL 

MBL is primarily synthesized in the liver and secreted into the bloodstream. It is a 

circulating serum molecule that is upregulated during the acute phase of the 

innate immune response. MBL has been detected at several other sites in addition 

to serum, including the upper respiratory airway secretions, middle ear fluid, and 

amniotic fluid (Garred et al. 1993, Malhotra et al. 1994). The expression of 

functional MBL is largely determined by specific genetic polymorphisms 
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(described in 2.11.3), and MBL levels remain relatively constant in an individual 

as determined by these genetic factors. During active infection and the 

inflammatory process, the level of circulating MBL is increased only 2–3 fold 

(Thiel et al. 1992), but local MBL concentrations may increase significantly 

during inflammatory challenge.  

MBL binds to PAMPs present on the surfaces of a large array of micro-

organisms including Gram-positive and Gram-negative bacteria, viruses, fungi, 

and protozoa, and binding to all of these pathogens is inhibited by mannan (Ip et 

al. 2009). MBL is able to activate the lectin pathway of the complement system of 

innate immunity (Ma et al. 2004). Pathogen-binding of MBL leads to activation 

of MBL-associated serine proteases (MASPs), which leads further to an 

enzymatic cascade consisting of proteolytic cleavages of complement proteins (Ip 

et al. 2009, Turner 2003). Cleaved complement fragments function in mediating 

essential complement-dependent defense mechanisms, such as opsonization, cell 

lysis, and chemotaxis of immune cells (Sim & Tsiftsoglou 2004). In addition, 

MBL can function directly as an opsonin through agglutination of micro-

organisms (Ip et al. 2009, Turner 2003), and it also has an essential role in the 

modulation of inflammation, as demonstrated by its ability to regulate the 

proinflammatory cytokine response (Jack et al. 2001, Nadesalingam et al. 2005). 

In addition to its role in pathogen recognition and clearance, MBL binds to 

apoptotic and necrotic cells, leading to their phagocytosis, suggesting that MBL 

functions in the clearance of dying cells (Nauta et al. 2003, Ogden et al. 2001).  

MBL during pregnancy 

MBL has been detected in the amniotic fluid from 26 weeks of gestation, with a 

sharp increase in concentration from 32 weeks of gestation towards term 

(Malhotra et al. 1994). MBL concentrations increase in maternal serum during 

pregnancy (Kilpatrick 2000, Pertynska Marczewska et al. 2009, van de Geijn et al. 

2007). Van de Geijn et al. (2007) reported a 140% increase in MBL concentration 

during pregnancy as compared with baseline (measured 6 months post partum). 

This increase was detected already at 12 weeks of gestation and did not change 

significantly during the rest of the pregnancy. Correspondingly, the activity of the 

MBL-associated complement pathway has been shown to increase during 

pregnancy in the mothers (Csuka et al. 2010, van de Geijn et al. 2007).  

The significance of increased maternal MBL concentrations during pregnancy 

is unknown. However, several studies suggest an important role for MBL in 
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pregnancy. Low maternal serum MBL levels are associated with adverse 

pregnancy outcomes, including recurrent miscarriages (Christiansen et al. 1999, 

Christiansen et al. 1999, Kruse et al. 2002) and chorioamnionitis (Annells et al. 

2005), which suggest that high MBL concentrations are beneficial for pregnancy 

outcome. It has been suggested that adaptive immunity activity declines during 

pregnancy to allow the mother to tolerate the fetus as a “semi-allograft”, and that 

increased MBL levels may indicate a shift from adaptive to innate immunity 

during pregnancy (van de Geijn et al. 2007). Thereby, increased MBL levels may 

compensate for the reduced adaptive immunity. Additionally, increased MBL 

levels may be required for removal of the increasing number of apoptotic cells 

associated with pregnancy, a process that is known to be highly significant for 

proper placentation and fetal growth (Smith et al. 1997a, Smith et al. 1997b). As 

a component of innate immunity, MBL is likely to be involved in the clearance of 

microorganisms from the amniotic cavity. Indeed, MBL has been shown to inhibit 

infections by certain pathogens capable of infecting the reproductive system, such 

as Chlamydia trachomatis (Swanson et al. 1998). Thus, MBL is likely to play a 

role in protection against infections, as well as an immunological modulator 

during pregnancy.  

2.11.3 Structure and polymorphisms of the genes encoding SP-A, 
SP-D, and MBL 

The human genes encoding SP-A (SFTPA1 and SFTPA2), SP-D (SFTPD) and 

MBL (MBL2) are located in a cluster on chromosome 10 (q11.2–q23.1) (Fig. 4) 

(Hoover & Floros 1998, Sastry et al. 1989). The close proximity and structural 

similarity of these genes suggest that they have arisen by duplication from an 

ancestral gene. 

Structure and polymorphisms of the SFTPA1, SFTPA2, and SFTPD 
genes 

The human SP-A gene locus is located on 10q22–q23 and comprises two 

functional genes, SFTPA1 and SFTPA2 (approximately 4 and 3 kb, respectively), 

and a pseudogene (Fig. 4) (Hoover & Floros 1998). SFTPA1 and SFTPA2 are 

highly homologous and display linkage disequilibrium (LD) (Floros et al. 1996). 

Both of these genes have four protein-coding exons and untranslated 5´ and 3´ 

regions. Two SP-A1 chains and one SP-A2 chain associate to form SP-A trimers 
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(Voss et al. 1991). The SFTPA1 polymorphism Val50Leu (rs2236450), which was 

studied in this work, is located on the region encoding the collagenous domain of 

the SP-A1 polypeptide, while the SFTPA2 polymorphism Gln223Lys (rs1965708) 

also studied in this work is located on the region encoding the CRD of SP-A2 

(Fig. 4). 

The human gene encoding SP-D, SFTPD (approximately 11 kb), is located on 

10q22.2–q23.1. SFTPD comprises seven translated exons (Fig. 4). Exon 1 

contains a short untranslated region (3 base pairs, bp) followed by regions 

encoding a signal peptide (20 aa), the N-terminal domain and the first Gly-X-Y 

repeats of the collagenous domain of SP-D. Exons 2–5 encode the rest of the 

collagenous domain, exon 6 encodes the neck region, and exon 7 the globular 

CRD region (Crouch et al. 1993). The SFTPD polymorphism Met31Thr 

(rs721917), which was studied in this work, is located on a region encoding the 

N-terminal domain of SP-D (Fig 4). 

Fig. 4. SFTPA1, SFTPA2, and SFTPD genes in the human collectin locus and structure 

of each gene. Direction of translation is shown by arrows. Untranslated and protein-

coding exons or parts of exons are indicated by white and black boxes, respectively. 

Polymorphisms analyzed in this study are shown. The MBL2 gene (not shown) is 

located at a distance of approximately 27 Mb from SFTPA2 in 10q21.  

10q22 10q23

SFTPA2 SFTPA1 Pseudogene
MBL1P

SFTPD

35 kb 305 kb 14.6 kb

SFTPD 5’ 3’

Met31Thr (rs721917, T/C)

Val50Leu (rs1136450, C/G)

SFTPA1 5’ 3’

SFTPA2 5’ 3’

Gln223Lys (rs1965708, C/A)

Pseudogene
SFTPA3P

15.2 kb
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Genetic association studies of SFTPA1, SFTPA2, and SFTPD 
polymorphisms 

The roles of SFTPA1, SFTPA2, and SFTPD genes have been evaluated in several 

candidate gene analyses. Due to their important roles in pulmonary surfactant and 

innate host defense of the lung, these genes have been particularly widely studied 

in respiratory diseases of newborn infants. As an example, haplotypes of the 

SFTPA1 and SFTPA2 genes have been recognized as risk factors for neonatal 

respiratory distress syndome (RDS) (Floros et al. 2001, Haataja et al. 2001, Kala 

et al. 1998, Rämet et al. 2000) and severe respiratory syncytial virus (RSV) 

infection in infants (Löfgren et al. 2002, Thomas et al. 2009). Specific SNPs or 

haplotypes of SFTPA1 and/or SFTPA2 also increase susceptibility to other 

infections or infection-related diseases, such as otitis media (Pettigrew et al. 2006, 

Rämet et al. 2001) and tuberculosis (Floros et al. 2000). The Thr allele of the 

SFTPD Met31Thr polymorphism has been recognized as a susceptibility factor 

for tuberculosis in a Mexican population (Floros et al. 2000) and allergic rhinitis 

in a Chinese population (Deng et al. 2009), whereas frequency of the alternative 

Met allele was increased among Finnish infants with severe RSV (Lahti et al. 

2002).  

To date, no studies have evaluated the association between preterm birth and 

polymorphisms of the SFTPA2 and SFTPD genes. The first association study of 

SFTPA1 in preterm birth was recently published (Snegovskikh et al. 2011). In this 

study, a single synonymous SNP, rs1136451 (Pro62Pro), within SFTPA1 was 

analyzed in a mixed-race study population consisting of mothers with SPTBs 

(n = 133) and mothers with term deliveries (n = 268). The genotype distribution 

was similar in these groups, suggesting no association between SPTB and the 

maternal Pro62Pro polymorphism. 

Structure and polymorphisms of the MBL2 gene 

Two human MBL genes exist. Of these, MBL1P is a pseudogene and MBL2 

encodes a protein product. MBL2 (approximately 6 kb) is located on 10q11.2–q21 

(Sastry et al. 1989) and consists of four exons, which are interrupted by three 

introns (Taylor et al. 1989). Exon 1 encodes a signal peptide, the cysteine-rich N-

terminal domain and the first Gly-X-Y repeats of the collagenous domain, exon 2 

encodes the rest of the collagenous domain, exon 3 encodes the neck region, and 

exon 4 the globular CRD region (Garred et al. 2009). An additional exon (exon 0) 
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is located approximately 1 kb upstream of exon 1, and transcription may also be 

initiated at this exon (Naito et al. 1999a). However, exon 0 is not translated into 

protein and transcription thus results in a similar transcript whether initiated from 

exon 0 or 1. The promoter region of MBL2 contains several consensus elements 

that are involved in regulation of transcription (Fig. 5).  

Three nonsynonymous polymorphisms located in exon 1 and three 

polymorphisms on the promoter region (Fig. 5) are known to affect the structure 

of the MBL protein and/or serum MBL concentrations. Of greatest significance 

are the SNPs at codons 52, 54, and 57, which lead to amino acid substitutions 

(Fig. 5) (Lipscombe et al. 1992, Madsen et al. 1994, Sumiya et al. 1991). The 

minor, variant alleles have been named D, B, and C, respectively, while the wild-

type alleles are together designated as A. The variants are often pooled in analyses 

and designated as O. The minor alleles have a dominant effect on serum MBL 

levels, leading to an approximately 90% decrease in functional MBL levels, 

which reflects the fact that the variant proteins are likely to be unstable and have a 

shorter half-life in the circulation (Larsen et al. 2004, Matsushita et al. 1995, 

Naito et al. 1999b). This is thought to be caused by impaired oligomerization of 

the variant protein. Frequencies of these variants differ among ethnic groups 

(Garred et al. 2006). 

Three SNPs on the promoter region (the H/L, X/Y and P/Q variations at 

positions -550, -221 and +4; Fig. 5) are associated with different MBL levels by 

affecting the transcriptional activity of the MBL2 gene (Madsen et al. 1995, 

Madsen et al. 1998). The truncated promoter haplotypes HY, LY, and LX have 

been shown to correlate with high, intermediate, and low MBL levels and 

promoter activity, respectively (Madsen et al. 1995, Naito et al. 1999a). 

Furthermore, each of the three-SNP promoter haplotypes identified (HYP, LYQ, 

LYP and LXP) associates with different serum levels (Madsen et al. 1998). The 

promoter SNPs are in linkage disequilibrium (LD) with the nonsynonymous 

polymorphisms of exon 1. Seven common haplotypes defined by these SNPs 

have been identified: HYPA, HYPD, LYPA, LYPB, LYQA, LYQC and LXPA 

(Madsen et al. 1995, Madsen et al. 1998). 
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Fig. 5. Functionally significant polymorphisms within the MBL2 promoter and exon 1 

(modified from Garred et al. 2006). Locations of the promoter consensus elements (GC, 

CCAAT and TATA boxes, glucocorticoid responsive elements, GREs, and the heat 

shock element, HSE) are shown. For clarity, exon 0 located 1 kb upstream of exon 1 is 

not shown. The untranslated region of exon 1 is shown in white. The structural 

variants D, B and C are located on a region encoding the collagenous domain of the 

mature MBL, and they are thought to impair oligomerization of the protein. 

Significance of MBL2 polymorphisms 

Large inter-individual differences exist in serum MBL concentrations, depending 

on genetic variations. The polymorphisms of exon 1 and promoter can lead to up 

to 1000-fold normal variation in MBL levels. In Caucasians, for example, the 

range in concentrations is < 20–10,000 ng/ml. MBL levels are also affected by 

age and ethnicity. Approximately 30% of all Caucasians have MBL2 genotypes 

that confer low levels of MBL and approximately 5% have deficient levels of 

MBL determined by the D, B, and C variants at codons 52, 54, and 57, 

respectively. Thus, serum MBL levels are largely defined by genetic factors. 

(Dommett et al. 2006, Garred et al. 2009)  

MBL deficiency (usually defined by the presence of one of the variant alleles 

of exon 1) is recognized as a functional defect in opsonization and phagocytosis. 

Super et al. (1989) first demonstrated that low levels of MBL were associated 

with an opsonisation defect of the yeast S. cerevisieae in children with recurrent 

infections. Currently, MBL deficiency is considered to lead to increased 

susceptibility to a number of conditions linked to the immune system. The MBL-

deficiency alleles (B, C, or D) have been shown to associate with severe bacterial, 

viral, fungal and parasitic infections, and autoimmune diseases (Granell et al. 

2006, Hibberd et al. 1999, Luty et al. 1998, Tsutsumi et al. 2003). In addition to 

Exon 1

Promoter

5’ 3’

GC boxes
TATA box

CCAAT box

GREs

HSE

H/L, -550 
(rs11003125,

G/C)

X/Y, -221 
(rs7096206,

C/G)

P/Q, +4
(rs7095891,

A/G)

A/D, Cys52Arg (rs5030737, C/T)
A/B, Gly54Asp (rs1800450, G/A)

A/C, Gly57Glu (rs1800451, G/A) 
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the variants of exon 1, the promoter polymorphisms or haplotypes have also been 

shown to associate with several conditions. As an example, the LXP haplotype is 

associated with recurrent respiratory tract infection in Chinese children (Chen et 

al. 2009).  

Certain MBL2 genetic variants or haplotypes also associate with preterm birth. 

The studies of association of MBL2 polymorphisms with preterm birth are 

summarized in Table 4. Maternal high-producing MBL2 genotypes (HYA/HYA, 

HYA/LYA, LYA/LYA, HYA/LXA, LYA/LXA) have also been associated with 

shorter gestational age compared to intermediate or low-producing genotypes in a 

population consisting of women, the majority of whom had term deliveries (91%) 

(van de Geijn et al. 2008). In addition, women with the LXPA haplotype have 

been shown to be at an increased risk to deliver low-birthweight infants 

(Thevenon et al. 2009). 
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2.12 Surfactant protein C (SP-C) 

SP-C is one of the four SPs that are intimately associated with lipids in 

pulmonary surfactant. Together with SP-B, SP-C is known to be involved in the 

surface-tension reducing function of surfactant. Additionally, it is likely to have 

an immunomodulatory role. (Beers & Mulugeta 2005, Whitsett 2010) 

2.12.1 Structure and processing of SP-C 

The mature human SP-C is a small hydrophobic transmembrane protein (3.7 kDa, 

35 aa). The gene encoding SP-C (SFTPC) is translated into a 191 or 197 aa 

proprotein (proSP-C, 21 kDa) depending on alternative splicing at exon 5. ProSP-

C goes through multiple post-translational modifications and proteolytical 

cleavages, including the attachment of two palmitoyl chains, and two cleavages in 

the C- and N-terminal regions (Fig. 6). In ATII cells, proSP-C is trafficked from 

the Golgi apparatus and multivesicular bodies into lamellar bodies (specialized 

storage and secretory organelles of ATII cells) during these processes, after which 

the mature SP-C, together with SP-B and surfactant phospholipids, is secreted 

into the alveolar lumen from lamellar bodies. The C- and N-terminal regions of 

proSP-C are required for proper sorting and secretion. Amino acids 94–197 at the 

C-terminus comprise the BRICHOS domain, a conserved domain present in 

several unrelated proteins that are associated with various degenerative and 

proliferative diseases. A rigid α-helix capable of spanning the lipid bilayer is 

formed by amino acids 9–34 (most of which are highly hydrophobic) of the 

mature SP-C. This helix is associated with phospholipids at the air-liquid 

interface of the alveoli. Due to palmitoyl chains at cysteines 5 and 6, the minor 

part of the mature protein is hydrophobic as well. The palmitoyl chains are likely 

to be involved in anchoring SP-C to the lipid film. (Beers & Mulugeta 2005, 

Solarin et al. 2001, ten Brinke et al. 2002) 
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Fig. 6. Structure and processing of SP-C in the lung (modified from Beers & Mulugeta 

2005). Amino acid positions are shown below the proforms. 

2.12.2 Functions of SP-C 

SP-C is produced by ATII cells (Weaver 1998). It has important roles in surfactant 

tension reduction. SP-C enhances the adsorption and spreading of phospholipids 

at the air-liquid interface, thereby promoting formation of the surface film 

(Horowitz et al. 1992, Oosterlaken-Dijksterhuis et al. 1991, Weaver & Conkright 

2001). In in vitro models, SP-C also increases the re-uptake of surfactant 

phospholipids into ATII cells, which suggests that it may have a role in surfactant 

recycling (Horowitz et al. 1996, Rice et al. 1989). Expression of SP-C is 

detectable in human lung explants at 13 weeks of gestation (Liley et al. 1989).  
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Initially, SP-C knockout mice were reported to be viable, able to reproduce, 

and have only subtle pulmonary abnormalities (Glasser et al. 2001). However, 

later it was shown that mice deficient in SP-C develop a severe progressive 

pulmonary disorder resembling interstitial pneumonitis, which emphasizes the 

critical role of SP-C in pulmonary function (Glasser et al. 2003). More recently, 

SP-C knockout mice were shown to be susceptible to infections by the pulmonary 

pathogens Pseudomonas aeruginosa and RSV, and to suffer from extensive 

inflammation (Glasser et al. 2008, Glasser et al. 2009). In addition, bleomycin-

induced pulmonary fibrosis is more severe in SP-C deficient mice compared to 

wild-type mice (Lawson et al. 2005). Taken together, these findings suggest that, 

in addition to its role in pulmonary surfactant tension reduction, SP-C is involved 

in suppressing inflammation of the lung. SP-C is able to bind LPS and interact 

with CD-41, a PRR on the surface of macrophages (Augusto et al. 2001, Augusto 

et al. 2002, Augusto et al. 2003, Garcia-Verdugo et al. 2009). Furthermore, SP-C 

interferes with the TLR3-mediated inflammatory response in macrophages 

(Glasser et al. 2009). These interactions further suggest that SP-C has a role in 

innate host defense of the lung. 

It has previously been considered that synthesis, processing, and secretion of 

SP-C are unique to lung ATII cells. However, in recent studies, SP-C mRNA 

and/or proSP-C were detected in human lacrimal system and tear fluid (Brauer et 

al. 2007), salivary glands and saliva (Brauer et al. 2009), skin (Mo et al. 2007), 

kidney (Eikmans et al. 2005), and early (4–7 weeks of gestation) placenta (Sati et 

al. 2010). Based on these findings it has been suggested that SP-C has roles at 

extrapulmonary sites. 

2.12.3 Structure and polymorphisms of the gene encoding SP-C 

The human gene encoding SP-C (SFTPC, approximately 3.5 kb) is located on 

chromosome 8p21 (Wood et al. 1994). It contains six exons, of which the last 

(exon 6) is untranslated (Fig. 7). The mature SP-C is encoded entirely by part of 

exon 2, while the rest of the exons encode regions present in the SP-C proprotein 

(pro-SP-C), which is proteolytically cleaved to yield the mature SP-C (Fig. 6) 

(Beers & Mulugeta 2005). Two different transcripts that differ in size by 18 

nucleotides arise through alternative splicing at the beginning of exon 5 (Glasser 

et al. 1988). Two common nonsynonymous polymorphisms are located within 

SFTPC: Thr138Asn (Fig. 7) and Ser186Asn at exons 4 and 5, respectively. These 

two SNPs display strong LD (Lahti et al. 2004).  
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Significance of mutations and polymorphisms in the gene encoding SP-C 

SFTPC mutations lead to SP-C deficiency. A number of studies implicate SFTPC 

mutations as causal for acute and chronic lung disease in infants and adults. 

Separate missense, frame-shift, and splice-site mutations, as well as small 

insertions and deletions, in SFTPC are associated with sporadic and familial 

interstitial lung disease with variable pathologies (Beers & Mulugeta 2005, Nkadi 

et al. 2009). Most of the reported mutations are located in exons 3–5 at the region 

encoding the BRICHOS domain at the C-terminus of proSP-C. Lung disease 

caused by SP-C deficiency is inherited as a dominant trait with variable 

penetrance or arises due to sporadic de novo mutation (Nogee 2004, Wert et al. 

2009). 

To date, only a few studies have assessed the significance of common SFTPC 

polymorphisms in genetic association studies. In the initial study, the Asn allele of 

the Thr138Asn polymorphism and the Asn allele of the Ser186Asn polymorphism 

were found to be overrepresented in Finnish infants with neonatal RDS, with 

stronger association among male infants (Lahti et al. 2004). In the study by Lahti 

et al., the Asn allele of the Thr138Asn polymorphism was also overrepresented in 

extremely preterm infants (< 28 weeks of gestation) compared to term infants, 

with the association confined to female infants, which suggests that the SFTPC 

Thr138Asn polymorphism may affect the preterm birth phenotype. The 

Thr138Asn and Ser186Asn polymorphisms are also associated with adult-onset 

familial intersitial pneumonia and severe RSV-associated diseases in infancy 

(Puthothu et al. 2006, Setoguchi et al. 2006).  

Fig. 7. Structure of the SFTPC gene. Black and white boxes indicate translated and 

untranslated exons or parts of exons, respectively. The location of the Thr138Asn 

polymorphism analyzed in this study is shown. 
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3 Aims of the study 

The main objective of this work was to identify fetal or maternal genetic factors 

that predispose to SPTB. Both hypothesis-free and hypothesis-based approaches 

were utilized. The specific aims were: 

1. To search for novel genomic regions associating with SPTB using genome-

wide linkage analysis in carefully selected large northern Finnish families 

recurrently affected by SPTB, and subsequently to analyze genes near linkage 

signals in a case-control setting using a Finnish population consisting of 

mothers with SPTBs and their SPTB infants, and mothers with exclusively 

term deliveries and their infants. 

2. To investigate whether polymorphisms in the genes encoding the collectins 

SP-A, SP-D, and MBL associate with SPTB in a case-control setting.  

3. To investigate whether a polymorphism in the gene encoding SP-C associates 

with SPTB in a case-control setting and whether SP-C is expressed in human 

and mouse gestational tissues. 
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4 Materials and methods 

4.1 Ethical considerations 

The present studies (I-IV) were approved by the Ethics Committees of the 

participating centers. Written informed consent was obtained for use of the 

samples from the subjects participating in the study. Animal studies (IV) were 

approved by the Finnish Animal Ethics Committee. 

4.2 Study populations and DNA sample preparation 

The samples for the genetic studies were collected in Oulu (I-IV) and Helsinki (I) 

University Hospitals. The study populations included members of families with 

one or more SPTBs. SPTB was defined as spontaneous onset of labor and birth 

before 36 (studies I, II, and IV) or 37 (study III) weeks of gestation. The SPTBs 

studied included both labors initiated with intact membranes and those following 

PPROM (defined as leakage of amniotic fluid as the presenting symptom before 

the onset of contractions). Known risk factors for SPTB (multiple gestation, 

polyhydramnios, septic infection or chronic disease of the mother, heavy alcohol 

or narcotic abuse, accidents, and fetuses with congenital anomalies) were used as 

exclusion criteria. Additionally, all elective preterm births without labor 

(preeclampsia, intrauterine growth restriction, and placental abruption) were 

excluded from the study. All subjects studied were of Finnish origin. 

4.2.1 Families in linkage analysis (I, II) and haplotype segregation (I) 

Families for linkage analysis were selected from a total of approximately 120,000 

births taking place in Oulu University Hospital. Mothers with recurrent SPTBs 

were selected from 1973–2005 birth diaries (prospectively from 2003). Only 

SPTBs occurring before 36 weeks of gestation were included to avoid 

misclassification bias at borderline gestational ages.  

One hundred and twenty families with two or more singleton SPTBs were 

identified. According to a family interview, 20 of these were large families with 

multiple relatives affected by SPTB. To ensure that families were 

nonconsanguineous, a genealogical study was performed according to published 

criteria (Varilo 1999); ancestors were determined from Finnish Population 



 

 62

Registries and microfiche copies available in the provincial and national archives 

of Finland were examined. According to the genealogical survey, there was 

neither close consanguinity nor common residence of ancestors dating from the 

17th century among the families. Most of the families originated from Northern 

Ostrobothnia. Families with apparent maternal transmission of the SPTB 

phenotype were selected for linkage analysis, while families with seemingly 

paternal or mixed transmission were excluded. Finally, using these criteria, seven 

families were selected for linkage analysis.  

Whole-blood DNA samples were collected from affected (individuals born 

preterm, n = 41) and unaffected (individuals born at term, gestational age > 37 wk, 

n = 48) members of the families in linkage analysis. Linkage analysis was 

performed in two settings: 1) being born preterm as the phenotype (affected 

infant/fetus phenotype, naffected = 41), and 2) giving preterm deliveries as the 

phenotype (affected mother phenotype, naffected = 21). The pedigrees of the 

families are shown in supplemental material of the original studies I and II 

(Figure S1 in both studies). 

4.2.2 Subjects in case-control analyses (I-IV) 

The case-control study population in studies I-IV was selected retrospectively 

from the 1973–2003 birth diaries of Oulu University Hospital and prospectively 

during 2003–2005. Additional cases were recruited from Helsinki University 

Central Hospital for study I; these cases were sampled prospectively during 

20005–2008. Whole-blood DNA (n = 906) or buccal cells (n = 586) were 

obtained from the participants. 

Specifically, in all studies, mothers with a history of at least one SPTB and 

their preterm infants born in the Oulu University Hospital region were analyzed. 

Cases included mothers and infants both from families with two or more SPTBs 

(recurrent SPTB, 94 families) and from those with a single SPTB in the family 

(sporadic SPTB, 217 families). The characteristics of this basic case study 

population are summarized in Table 5. 

All individuals of the basic case study population were analyzed in study III. 

For studies I, II, and IV, a single infant from families with more than one preterm 

delivery was selected for analysis using the following low-risk criteria: 1) age of 

the mother between 20 and 35 years at the time of the birth of the preterm infant, 

2) no deliveries within the preceding 2 years or the longest time interval from the 

previous delivery, and 3) preference of a girl over a boy. In study I, additional 
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mothers (n = 104) and infants (n = 96) originating from the Helsinki University 

Central Hospital region were included. Cases from linkage analysis families were 

excluded from the case-control parts of studies I and II. Additionally, due to 

technical reasons, some of the preterm-born infants and their mothers from the 

Oulu region were not analyzed in study I. A flow chart of the study populations is 

shown in Fig. 8. 

The control population in all studies consisted of mothers with exclusively at 

least three term deliveries (gestational age > 37 wk, n = 202) without pregnancy- 

or labor-associated complications and their newborn singleton infants (n = 201; 

112 males and 89 females) who were sampled prospectively in Oulu University 

Hospital between 2004 and 2007. In study I, only 143 of the control mothers were 

subjected to analysis due to technical reasons. 

Table 5. Description of the basic case SPTB study population consisting of mothers 

with preterm deliveries and their preterm-born infants from the Oulu University 

Hospital region  

Characteristic SPTB mothers SPTB infants1 

Total n 308 406 

Sporadic SPTB in the family, n 214 217 

Recurrent with 2 SPTBs in the family, n 71 126 

Recurrent with 3–6 SPTBs in the family, n 23 63 

Gestational age, weeks  32.2 ± 2.97 (22.7–36.1)a,b 

< 32 wk/≥ 32 weeks, n  140/263b 

Birth weight, g  1,938 ± 639 (538–3,375)a 

PPROM, yes/no  143/263 

Male/Female  232/174 

Age of the mother at time of birth, years  29.1 ± 5.99 (16–46)a 

Maternal smoking during pregnancy, 

yes/no/unknown 

37/189/82 42/205/159 

1 In studies I, II and IV, a single preterm infant per family was selected for analysis from families with 

recurrent SPTB according to the low-risk criteria described in the text. In study I, additional mothers 

(n = 104) and infants (n = 96) from Helsinki University Hospital were included. a Mean ± standard 

deviation (range) b Precise gestational age of three infants unknown 
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Fig. 8. Flow chart of the case-control study populations. A single preterm infant per 

family was included in studies I, II and IV. Other discrepancies in numbers between the 

studies I-IV are due to technical reasons, such as genotyping failure. 

4.2.3 DNA extraction 

Genomic DNA was extracted from whole-blood specimens or buccal cells 

according to standard protocols. The methods are described in detail in the 

original publications. After extraction, buccal DNA was whole-genome amplified 

(WGA) using the Illustra GenomiPhi V2 DNA Amplification kit (GE Healthcare 

Sciences, Cardiff, UK). 

4.3 Linkage analysis (I, II) 

DNA samples from members of families in the linkage analysis were genotyped 

in the Broad Institute Center for Genotyping and Analysis (CGA) using the 

Affymetrix Genome-Wide Human SNP Array 5.0Kb consisting of 500,568 SNP 

markers. Autosomal markers were analyzed in study I and X chromosomal 

markers in study II. 

Before linkage analysis, the Affymetrix SNP array data was processed using 

PLINK, v. 1.02 (Purcell et al. 2007). A one megabase pair (Mb) to one 

centimorgan (cM) converted map was used, as justified before (Ulgen & Li 2005). 

Markers with MAF < 0.08, genotyping failure > 0.1, Mendelian errors, or those 

Basic SPTB case population from Oulu region:
Mothers, n = 308 
Infants, n = 406

Study I, Helsinki cases:
Mothers, n = 104

Infants, n = 96

Study I, Oulu cases:
Mothers, n = 244
Infants, n = 238

Study I, all cases:
Mothers, n = 348
Infants, n = 334

Study II, Oulu cases:
Mothers, n = 272
Infants, n = 269

Study III, all Oulu cases:
Mothers, n = 308
Infants, n = 406

Control population
from Oulu region:
Mothers, n = 202
(study I, n = 143) 
Infants, n = 201

Study IV, Oulu cases:
Mothers, n = 301
Infants, n = 307
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violating Hardy-Weinberg equilibrium (HWE) (p < 0.001) were excluded. To 

exclude high-LD SNPs, autosomal markers were LD-pruned using a r2 threshold 

of 0.35. The X chromosomal markers were not pruned, because PLINK is unable 

to perform pruning of X chromosomal markers. The data was rechecked using 

PedCheck (O'Connell & Weeks 1998) to ascertain the absence of Mendelian 

incompatibilities. After data processing, 6,377 autosomal SNPs and 4,870 X 

chromosomal SNPs remained for linkage analysis. 

Two outcome phenotypes were studied: 1) being spontaneously born preterm 

(affected fetus/infant phenotype, naffected = 41), and 2) giving spontaneous preterm 

birth(s) (affected mother phenotype, naffected = 21). SPTB was studied as a 

dichotomous trait using a dominant, low-penetrance model, assuming a disease 

allele frequency of 0.001 and penetrances of 0.001, 0.001 and 0 (for homozygotes, 

heterozygotes, and wild-type homozygotes, respectively). Parametric two-point 

linkage analysis was performed using ANALYZE, v. 1.9.3. BETA (Hiekkalinna et 

al. 2005), which uses FASTLINK 4.1P for calculation of pedigree likelihoods. 

Heterogeneity LOD (HLOD) scores were used to estimate linkage in the presence 

of heterogeneity. 

For autosomal markers (I), the specific strategy in linkage analysis was first 

to perform the analysis for the LD-pruned marker set and then to screen the 

regions with initial linkage signals (HLOD > 2) with a denser marker map (fine-

scale linkage analysis) using the unpruned marker set. The fine-scale linkage 

analysis was performed on ~5 Mb regions flanking the markers giving the initial 

signals. Analysis of X chromosomal markers (II) was performed using the 

unpruned marker set. HLOD > 3 was considered as a signal of linkage. 

4.4 Haplotype segregation analysis (I) 

Haplotype segregation analysis was performed in the six linked families 24, 70, 

126, 150, 185 and 253 for the markers (30 SNPs within the insulin-like growth 

factor 1 receptor IGF1R gene) flanking the highest linkage analysis peak in the 

Affymetrix SNP array. Pedphase v. 2.0 (Li & Jiang 2005) was used to find the 

minimum-recombinant haplotype configuration. Deceased and untyped 

individuals were included if their haplotypes could be inferred from their 

relatives´ genotype data. To search for disease-cosegregating haplotypes for the 

affected fetus phenotype, a model assuming a dominant MOI and incomplete 

penetrance was used. The analysis utilized the principle of the most likely 
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segregation pattern to search for a minimum number of disease-cosegregating 

haplotypes. 

4.5 Genotyping and polymorphism selection in case-control 
studies 

The polymorphisms analyzed in case-control studies (I-IV) are summarized in 

Table 6.  

4.5.1 Study I 

IGF1R SNP genotyping was performed using the Sequenom iPLEX Gold Assay 

on the MassArray Platform at the Institute for Molecular Medicine Finland FIMM 

Technology center. Tagging SNPs (tSNPs) encompassing the entire IGF1R gene 

(chr15: 97,004,502–97,329,396 at NCBI Build 36) were selected using the 

HapMap data (release 23a/phase II, http://www.hapmap.org) from the CEU 

(CEPH; Utah residents with ancestry from northern and western Europe) 

population. Using Haploview, v. 4.1 (Barrett et al. 2005), and pairwise tagging 

with r2 > 0.8 for SNPs with minor allele frequencies (MAFs) > 0.1, a single SNP 

with the highest MAF was selected from each haplotype block. SNP rs2229765 

(Glu1043Glu) was also included because the alternative alleles of this SNP were 

previously reported to associate with different free plasma IGF-1 levels (Bonafe 

et al. 2003). After validation of the genotyping procedure, 20 SNPs remained for 

the case-control study. The analyzed SNPs spanned the region between 

97,013,768 (IGF1R intron 1) and 97,321,323 (IGF1R exon 21 untranslated region) 

on chromosome 15. Apart from SNPs rs2229765 in exon 16 and rs2016347 in the 

untranslated region of exon 21, the SNPs were intronic. The SNPs analyzed are 

shown in Table 6. 

4.5.2 Study II 

SNP genotyping of the genes encoding the androgen receptor (AR) and the 

interleukin 2 receptor, gamma (IL2RG) was performed using the SNaPshot 

Multiplex kit (Applied Biosystems, Carlsbad, CA, USA). Tagging SNPs were 

selected for AR using the HapMap data (release 23a/phase II, 

http://www.hapmap.org) from the CEU population using pairwise tagging with 

MAF and r2 cutoffs of 0.05 and 1.0, respectively, resulting in a list of six tSNPs. 
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For the IL2RG gene, no tSNPs were obtained even with no MAF cutoff. 

Therefore, all five common SNPs (MAF > 0.05) indicated for IL2RG in the 

dbSNP database (http://www.ncbi.nlm.nih.gov/SNP) were selected for analysis. 

After validation of the genotyping procedure, one AR (rs2361634) and two IL2RG 

(rs4073970 and rs11574625) SNPs were excluded from analysis. All AR and 

IL2RG tSNPs were intronic. 

For the AR gene, two additional polymorphisms were analyzed: the exon 1 

SNP rs6152 (Glu213Glu), which was previously shown to associate with 

recurrent spontaneous abortions (Karvela et al. 2008), and the exon 1 CAG repeat 

polymorphism CAGn, which was previously shown to affect the AR-mediated 

transactivation (Palazzolo et al. 2008). The region flanking CAGn within exon 1 

of the AR gene was amplified using PCR. The sizes of the PCR products were 

determined using the ABI3130xl Genetic Analyzer (Applied Biosystems) and the 

GeneMapper software, v. 3.7 (Applied Biosystems), as described in the original 

publication (II). The polymorphisms included in the final analyses are shown in 

Table 6. 

4.5.3 Study III 

SFTPA1, SFTPA2 and SFTPD SNPs were genotyped by polymerase chain 

reaction restriction fragment length polymorphism (PCR-RFLP) analysis. MBL2 

SNPs were genotyped by template-directed dye-terminator incorporation with 

fluorescence polarization detection (Chen & Kwok 1999). 

One nonsynonymous SNP was selected from each of the SFTPA1, SFTPA2 

and SFTPD genes from the dbSNP database (http://ncbi.nih.gov/SNP). SFTPA1 

SNP rs1136450 (Val50Leu) and SFTPA2 SNP rs1965708 (Gln223Lys) were 

selected, because 1) they are known to serve as tSNPs (Löfgren et al. 2002, 

Rämet et al. 2000) and 2) they are located at regions encoding functional domains 

of the SP-A1 (collagenous domain) and SP-A2 (CRD domain) polypeptides, 

respectively. SFTPD SNP rs721917 (Met31Thr) was selected, because previous 

studies suggest that this polymorphism may affect SP-D oligomerization and 

concentration in the serum (Heidinger et al. 2005, Leth-Larsen et al. 2005, 

Sorensen et al. 2009). 

MBL2 SNPs were selected based on previous knowledge of the correlation 

between specific MBL2 SNPs (or haplotypes of these SNPs) and serum MBL 

concentrations (Frakking et al. 2006). Three of the six SNPs reported to correlate 

with MBL concentrations were included: rs11003125 (promoter position -550, 
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H/L variation), rs709620 (promoter position -221, X/Y) and rs1800450 (exon 1, 

Gly54Asp, A/B). Exon 1 variations rs5030737 (Cys52Arg, A/D) and rs1800451 

(Gly57Glu, A/C) were excluded due to their low reported MAF (< 0.05) in 

Caucasians in the dbSNP database (http://ncbi.nih.gov/SNP). SNP rs7095891 

(position +4 in the 5′ untranslated region, P/Q) was excluded due to deviation 

from HWE. 

4.5.4 Study IV 

SFTPC SNP rs4715 (Thr138Asn) was genotyped by template-directed dye-

terminator incorporation with fluorescence polarization detection (Chen & Kwok 

1999). Specific details of the genotyping protocol are provided in the original 

article (IV). 

SNP rs4715 was selected for the study, because it is one of the two common 

nonsynonymous SNPs reported for SFTPC. This SNP displays strong LD with the 

other common nonsynonymous SFTPC SNP rs1124 (Ser186Asn), the combined 

frequency of the resulting two-SNP haplotypes 138Asn-186Thr and 138Thr-

186Ser being nearly 100% (Lahti et al. 2004). Therefore, SNP rs1124 is nearly 

completely tagged by the selected SNP.  

Table 6. Polymorphisms in case-control studies (I-IV) 

Study Gene SNP rs number or polymorphism name1 

I IGF1R rs874305, rs11247361, rs4966013, rs10794486, rs907807, rs2684774, 

rs1879612, rs7165181, rs4966038, rs883149, rs8039666, rs2715416, 

rs1546714, rs12438493, rs2229765 (Glu1043Glu), rs2684799, rs2684799, 

rs2684792, rs7166565, rs2684789, rs2016347 

II AR  CAGn (encoding polyglutamine tract), rs6152 (Glu213Glu), rs5918757, 

rs5919393, rs5918762, rs12014709, rs5031002 

 IL2RG rs4612544, rs7880291, rs28743771 

III SFTPA1 rs1136450 (Val50Leu) 

 SFTPA2 rs1965708 (Gln223Lys) 

 SFTPD  rs721917 (Met31Thr) 

 MBL2  rs11003125 (H/L), rs709620 (X/Y), rs1800450 (A/B, Gly54Asp) 

IV SFTPC rs4715 (Thr138Asn) 
1 For exonic SNPs, the corresponding amino acids are shown in parentheses; For MBL2 SNPs, variant 

names are also shown 
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4.6 Surfactant protein C mRNA and protein determination (IV) 

SP-C mRNA and protein analysis methods and tissues in each analysis are 

summarized in Table 7. 

4.6.1 Collection of mouse and human samples 

Timed-pregnant C57BL/6 mice were used. Gestational age (± 12 hours) was 

defined based on the presence of a vaginal plug (day 0 of pregnancy). At 17 days 

post coitum (dpc), an intraperitoneal injection was performed with phosphate-

buffered saline (PBS) or 25 µg/mouse of Escherichia coli LPS (serotype 0111;B4, 

Sigma, St. Louis, MO, USA) dissolved in PBS. Three or 8 hours after injection, 

the dams were anesthesized and killed with cervical dislocation. Each group 

studied consisted of 5–10 dams or their pups. 2–4 pups were analyzed from each 

litter. Maternal and fetal lung, placenta, uterus (myometrium and endometrium), 

and fetal membranes (amnion and yolk sac) were collected as described by 

Salminen et al. (2008). In addition, uteri were collected from 8–9 week old 

nulliparous mice. The tissues were either frozen in liquid nitrogen or fixed with 4% 

formaldehyde in PBS.  

Human placenta, amnion, and chorion were collected from mothers who 

experienced a normal term delivery. In addition, a sample of adult lung was 

collected during a surgical procedure. The tissues were frozen in liquid nitrogen. 

The donors gave permission for the use of the samples.  

4.6.2 mRNA analyses 

To isolate total RNA from mouse and human tissues, Tri reagent (Sigma) was 

used. The extracted RNA was dried under vacuum and dissolved in RNA sample 

buffer for RNase Protection Assay (RPA) or Northern blot analysis. An RNeasy 

Micro Kit (Qiagen, Hamburg, Germany) was used to purify the RNA before the 

reverse transcriptase polymerase chain reaction (RT-PCR).  

RPA was applied to quantitatively determine SP-C and housekeeping gene 

L32 mRNA levels. For this, the mouse custom-designed multi-probe RPA system 

(BD Biosciences, San Diego, CA, USA) was used. SP-C mRNA expression levels 

were normalized to those of L32. 

RT-PCR was used to further analyze the expression of SP-C. Purified RNA 

was reverse-transcribed to complementary DNA (cDNA) using Moloney murine 
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leukemia virus reverse transcriptase (Promega, Madison, WI, USA). RT-PCR was 

performed using primers specific for mouse or human SP-C mRNA, resulting in 

fragments of 280 and 570 bp, respectively. To evaluate potential alternative 

splicing of SP-C, the reaction was performed using three additional primer pairs 

located in different mouse SP-C exons. The products were either visualized by 

agarose gel electrophoresis or used for cloning. 

Northern blot analysis was used to estimate the size of SP-C mRNA in 

different tissues. The specific amounts of total RNA in the analysis were 10 µg 

(mouse lung), 30 µg (other mouse tissues), 5 µg (human lung), and 15 µg (other 

human tissues). PCR fragments obtained from mouse (280 bp) and human (570 

bp) lung cDNA were purified and ligated to pGEM-T Easy Vector (Promega). 

After verification by sequencing, the resulting cloned PCR fragments were used 

as probes on Northern blots. 

Specific details of the RPA, RT-PCR, and Northern blot procedures are 

provided in the original article (IV). 

4.6.3 Protein analyses 

Western blots were used for the analysis of proSP-C. For this, protein 

homogenates were first prepared from mouse tissue samples. The specific 

amounts of protein in Western blot analyses were 15 µg (maternal lung), 20 µg 

(fetal lung), and 50 µg (placenta, uterus, and fetal membranes). Antihuman 

proSP-C antibody (FL-197, Santa Cruz Biotechnology, Santa Cruz, CA, USA) 

was used for primary detection of proSP-C. The analysis was repeated using 

WRAB-SP-C antibody (Seven Hills Bioreagents, Cincinnati, OH, USA). 

Immunohistochemistry was applied to visualize the distribution of proSP-C 

in tissue sections of wild-type C57BL/6 and Sftpc–/– mice (Glasser et al. 2001). 

WRAB-SP-C antibody was used as the primary antibody in immunohistological 

detection of proSP-C in the tissue samples. Immunohistochemistry was repeated 

using the FL-197 antibody.  

Detailed descriptions of the homogenization procedure, Western blot analysis, 

preparation of tissue sections, and detection in immunohistochemistry are 

provided in the original article (IV). 
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Table 7. SP-C mRNA and protein analyses. 

Method Tissues 

RPA Mouse tissues (maternal lung, fetal lung, placenta, uterus, amnion, yolk sac) 

RT-PCR Mouse and human (lung, placenta, amnion, chorion) tissues  

Northern blot Mouse and human tissues 

Western blot Mouse tissues 

Immunohistochemistry Mouse tissues 

4.7 Statistical analysis 

The specific programs used in statistical analysis of case-control data (I-IV) were 

Haploview, v. 4.1 or 4.2 (Barrett et al. 2005), PLINK, v. 1.02 or 1.07 (Purcell et al. 

2007), SPSS, v. 14.0.2 (SPSS Inc., v 14.0.2, USA), Predictive Analysis SoftWare 

(PASW) Statistics, v. 17.0.3 (IBM SPSS Inc., USA), and Arcus QuickStat 

software. Haploview was additionally used for the determination of pairwise LD 

values (D´ and r2) and prediction of haplotype frequencies (I, II, III). 

Specifically, in studies I, III and IV, the Pearson χ2 test was used to evaluate 

statistical significances in SNP allele (I, III, IV) and genotype (IV) differences. In 

studies II and III, binary logistic regression with sex as a covariate was applied 

for evaluation of SNP genotype frequency differences. SNP allele frequency 

comparisons and HWE calculations were performed using Haploview (I, III), 

PLINK (II), or SPSS (IV). Genotype frequency comparisons were performed 

using PLINK (II), PASW (III), or Arcus QuickStat (IV). All haplotype frequency 

comparisons were performed using Haploview (I, II, III). Multiple-testing 

correction for p values in allele or haplotype comparisons was obtained either by 

performing permutations with 10,000 iterations using Haploview (I, III) or by 

applying the Bonferroni correction (II).  

Analyses of AR CAG repeat distributions were performed using PASW 

Statistics (II). Differences in the distribution of AR CAG repeat allele numbers 

were analyzed using the independent-samples t test. Because males carry only a 

single copy of the X chromosome and the second X chromosome is imprinted in 

females, the males were treated as homozygotes carrying two copies of each 

allele in the CAG repeat analyses. Thus, the contributions of female and male 

alleles were equalized. The CAG repeat distributions were divided into 

approximate tertiles and differences were further analyzed using the Pearson X2 

test. 
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The nonparametric Mann-Whitney U test was used to evaluate the 

significance of differences in MBL scores (Pesonen et al. 2009) between the case-

control groups using PASW Statistics (III). For this, phased haplotypes were 

constructed using SNPHAP, v. 1.3.1 (http://www.gene.cimr.cam.ac.uk/clayton/ 

software). Additionally, the MBL2 haplotypes were classified into classes of 1–10 

(MBL scores) according to their potential to induce high MBL concentrations as 

previously described (Pesonen et al. 2009). 

The duration of PPROM among the SFTPC SNP rs4715 genotype groups was 

analyzed as a continuous variable with the nonparametric Kruskal-Wallis test or 

Mann-Whitney U test using SPSS (IV). Differences in mRNA values quantitated 

by RPA (IV) were analyzed with the Student´s t test or Mann-Whitney U test 

using Origin, v. 7.0 (OriginLab, Northampton, MA, USA) or SPSS.  

Calculations of genetic power that were performed using the online Genetic 

Power Calculator (Purcell et al. 2003) are presented in the original articles I-IV. 
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5 Results 

5.1 Linkage analysis of SPTB (I, II) 

Parametric, two-point linkage analysis of SPTB was performed for seven large 

northern Finnish families with recurrent SPTBs (pedigrees in Fig. S1 of the 

original articles I and II) using the Affymetrix Genome-Wide Human SNP Array 

5.0Kb consisting of 500,568 SNP markers. SNPs with MAF > 0.08 were included. 

Two outcome phenotypes were studied: 1) being born preterm (affected fetus 

phenotype, naffected = 41), and 2) giving preterm deliveries (affected mother 

phenotype, naffected = 21). 

5.1.1 Linkage analysis of autosomal markers (I) 

Linkage analysis of autosomal markers (I) was performed using 6,377 LD-pruned 

autosomal SNPs with an average distance of 0.43 Mb between the markers. 

Thereafter, fine-scale linkage analysis was performed for regions with initial 

linkage signals (HLOD > 2) using the unpruned marker set. Finally, an HLOD > 3 

was considered as a signal of linkage. 

HLOD scores in the initial linkage scan are shown in Fig. 9. For the affected 

fetus phenotype, initial linkage signals were obtained on six chromosomal 

positions, with a maximum HLOD (HLODmax) of 2.59 for SNP rs2715416 located 

on chromosome locus 15q26.3 (θ = 0.04, α = 1.00). In fine-scale linkage analysis, 

three markers yielded significant HLODs, with an HLODmax of 4.68 for SNP 

rs2684811 (θ = 0.00, α = 1.00) on chromosome 15q26.3. Markers yielding 

significant signals are presented in Table 8 along with HLODs for each of the 

families. These markers were all located on 15q26.3 within a single gene IGF1R. 

There were no significant linkage signals for the affected mother phenotype 

(Fig. 9). An HLODmax of 1.51 was obtained for SNP rs1167102 on chromosome 

8q24.3 (θ = 0.00, α = 1.00). The markers with the second- and third-highest 

linkage signals (rs329292 and rs11247268) were located on chromosome 15q26.3, 

at a distance of approximately 2 Mb from the marker yielding the HLODmax for 

the affected fetus phenotype. Fine-scale analysis was not performed for the 

affected mother phenotype due to low initial signals. 
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Fig. 9. HLOD scores in linkage analysis of autosomal markers in SPTB. HLODs for the 

affected fetus phenotype are shown on the left and those for the affected mother 

phenotype on the right. For the affected fetus phenotype, initial linkage signals 

(positions indicated by arrowheads) were obtained on chromosomes 2p24.3 (SNP 

rs6531074, HLOD = 2.05), 4q12 (SNP rs2037046, HLOD = 2.16), 10p12.1 (SNP SNP_A-

419261, HLOD = 2.54), 12q21.3 (SNP rs7138288, HLOD = 2.08), 13q13.3 (SNP rs4245377, 

HLOD = 2.39), and 15q26.3 (SNP rs2715416, HLOD = 2.59). The positions of markers 

with the three highest HLOD scores (8q24.3, SNP rs11167102, HLOD = 1.53; 15q26.3, 

SNPs rs11247268 and rs329292, HLODs of 1.48 and 1.51, respectively) for the affected 

mother phenotype are indicated by arrowheads. 
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Table 8. Markers with significant HLOD scores in fine-scale linkage analysis of 

autosomal markers in SPTB for the affected fetus phenotype 

Marker Locus Physical 

position1 

Overall 

HLOD 

 HLODs for each family  

 Family 

24 

Family 

70 

Family

126 

Family 

150 

Family 

185 

Family 

210 

Family 

253 

rs1521480 15q26.3 97,231,926 3.63a  0.56 1.37 0.60 0.38 0.06 0.02 0.65 

rs4966036 15q26.3 97,247,272 3.63a  0.56 1.37 0.60 0.38 0.06 0.02 0.65 

rs2684811 15q26.3 97,271,086 4.68a  0.47 1.31 0.60 0.70 0.92 0.03 0.65 
1 Position for NCBI Human Genome Build 36, a All markers: θ = 0.00, α = 1.00 

5.1.2 Linkage analysis of X chromosomal markers (II)  

Linkage analysis of X chromosomal markers (II) was performed using a high-

density SNP panel consisting of 4,870 markers with an average spacing of 0.031 

Mb. An HLOD > 3 was considered as a signal of linkage. HLOD scores are 

shown in Fig. 10. 

For the affected fetus phenotype, significant linkage signals were detected on 

two loci (Fig. 10), with an HLODmax of 3.72 for SNP rs6525299 located on 

chromosome locus Xq13.1 (θ = 0.00, α = 1.00). HLOD scores for the markers 

yielding significant signals are shown separately for each of the families in Table 

9. For the affected mother phenotype, no significant linkage signals were detected 

(Fig. 10). 
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Fig. 10. HLOD scores in linkage analysis of X chromosomal markers in SPTB. HLODs 

for the affected fetus phenotype are shown on the left and those for the affected 

mother phenotype on the right. For the affected fetus phenotype, significant linkage 

signals (positions indicated by arrowheads) were obtained on Xq13.1 (SNP rs6525299, 

HLOD = 3.72) and Xq21.1 (SNP rs11266953, HLOD = 3.05; SNP rs7056400, HLOD = 3.05). 

The chromosomal positions refer to NCBI Human Genome Build 37.2. 

Table 9. Markers with significant HLOD scores in linkage analysis of X chromosomal 

markers in SPTB for the affected fetus phenotype 

Marker Locus Physical 

position1 

Overall 

HLOD 

 HLODs for each family  

 Family 

24 

Family 

70 

Family

126 

Family 

150 

Family 

185 

Family 

210 

Family 

253 

rs6525299 Xq13.1 68,623,050 3.72a  0.42 1.38 0.00 0.69 0.80 0.42 0.00 

rs11266593 Xq21.1 80,124,948 3.05a  0.01 1.72 0.00 0.69 0.20 0.42 0.00 

rs7056400 Xq21.1 80,173,940 3.05a  0.01 1.72 0.00 0.69 0.20 0.42 0.00 
1 Position for NCBI Human Genome Build 37.2, a All markers: θ = 0.00, α = 1.00 

5.2 Haplotype segregation analysis of IGF1R polymorphisms (I) 

Haplotype segregation analysis was performed for the affected fetus phenotype 

using 30 SNPs in the Affymetrix array. These SNPs flanked the markers with 

significant signals in linkage analysis of autosomal markers (Table 8) and were 

Xq13.1

HLOD MothersInfants
0           1          2          3        4

Xq21.1

50 Mb

100 Mb

150 Mb

4           3          2           1           0
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located within the IGF1R gene. The model used assumed dominant MOI and 

allowed for the presence of phenocopies. Family 210 was not included due to 

very low linkage signals in this family (Table 8). IGF1R haplotypes for the six 

linked families are shown in Fig. 11.  

Within-family identical-by-descent (IBD) haplotype sharing between 

preterm-born individuals was observed in all six families (Fig. 11). A single 

within-family IBD-shared 30-SNP haplotype segregating with the phenotype 

(disease-cosegregating haplotype) was identified in families 70, 126, 185, and 

253. In family 24, a single disease-cosegregating haplotype was identified; 

however, this haplotype was transmitted by two different nonrelated carriers and 

was thus not shared IBD among all of the preterm-born family members. Two 

disease-cosegregating haplotypes that were shared IBD among two different but 

partly overlapping subsets of family members and transmitted by two different 

nonrelated carriers were observed in family 150.  

Haplotype segregation patterns are summarized in Table 10. Haplotype-

disease cosegregation was complete in families 126, 185, and 253. Families 24, 

126, 185, and 253 displayed complete penetrance. Altogether, 4 (70-2, 150-15, 

150-19, and 150-24) out of 38 (11%) preterm-born individuals were not deemed 

carriers of one of the disease-cosegregating haplotypes (Fig. 11). This is 

consistent with the model allowing for incomplete penetrance. Male carriers were 

observed in families 24 (spouse of 24-2), 70 (spouse of 70-1), 150 (150-3), and 

253 (253-1) (Fig. 11). 

Two partly overlapping disease-cosegregating haplotype core segments that 

were shared IBS among the families were identified. Haplotype core segment I 

CAGACGATACTC comprising the 55-kb interval between SNPs rs1879612-

rs2715416 was shared among families 24, 70, 126, and 253 and part of family 

150 (Fig. 11). Haplotype core segment II ATGTGTAATGT comprising the 79-kb 

interval between SNPs rs2684761-rs3743259 was shared IBS between family 185 

and part of family 150 (Fig. 11). In addition, a two-SNP (rs11630259-rs1357112) 

AT-haplotype was shared IBS among all six families. The transmission of 

haplotype core segment II to preterm-born individuals was maternal in 100% of 

the cases, whereas core segment I was transmitted maternally in 47% of the cases. 
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Fig. 11A. 
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Fig. 11B. 
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Fig 11C. 
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Fig 11D. 
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Fig. 11. IGF1R haplotype segregation. A) Family 24; B) Family 70; C) Families 150 and 

185; D) Families 126 and 263. Each column represents a single chromosome. Paternal 

(p) and maternal (m) origin is indicated above the haplotype. The individuals 

genotyped are indicated by the same numbers as in Figure S1 of the original article (I). 

The bracketed () haplotypes were imputed for untyped individuals. Recombinations 

are indicated by R below the haplotypes, with non-capital letter allele coding distal to 

the predicted cross-over breakpoint. Green and orange-shaded areas indicate within-

family haplotype sharing among preterm-born family members. Haplotypes carrying 

core segments I and II shared IBS among families are shown by green and orange, 

respectively. Core segments I and II are indicated by solid boxes, with the core I 

haplotype shared by families 24, 70, 126, 253 and 150 and the core II haplotype by 

families 150 and 185. The location of maximal haplotype sharing (rs11630259–

rs1357112 haplotype AT) in all disease-cosegregating chromosomes in all families is 

shown by white letters on a black background. 

Table 10. IGF1R haplotype segregation patterns in each family. 

Family Segregation pattern IGF1R haplotype core segment1 

24 Maternal-paternal, bilineal I 

70 Maternal-paternal, unilineal I 

126 Maternal, unilineal I 

150 Maternal-paternal, bilineal I, II 

185 Maternal, unilineal II 

253 Paternal, unilineal I 
1 Core segments I and II comprise the interval between SNPs rs1879612-rs2715416 and rs2684761-

rs3743259, respectively. 

5.3 Association of IGF1R polymorphisms with SPTB (I)  

The IGF1R gene was analyzed as a candidate gene for SPTB because both 

linkage and haplotype sharing analyses supported the view that this gene may 

either play a direct role or serve as a linked marker for genetic predisposition to 

SPTB. Case-control analysis was performed using 20 tSNPs encompassing the 

whole IGF1R gene. The cases originated from Oulu (preterm infants, n = 238, and 

their mothers n = 244) and Helsinki regions (infants n = 96; mothers n = 104). 

The controls originated from the Oulu region (mothers with exclusively at least 

three term deliveries, n = 143, and their singleton infants, n = 197). An LD plot of 

the IGF1R polymorphisms analyzed is shown in Fig. 12.  

Two of the 20 tSNPs, rs7165181 and rs4966038, were nominally associated 

with SPTB in the infants, with the minor alleles G and C, respectively, 

overrepresented in SPTB infants compared to controls (rs7165181, MAFs of 
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0.315 vs. 0.255, respectively, p = 0.041, odds ratio, OR = 1.34, 95% confidence 

interval, CI = 1.01–1.78; rs4966038, MAFs of 0.408 vs. 0.343, respectively, 

p = 0.037, OR = 1.34, 95% CI = 1.03–1.74). Haplotype analysis revealed that a 6-

SNP 55-kb haplotype spanning these two SNPs was overrepresented in preterm 

infants compared to controls (Table 11). The frequency of the associating 

haplotype did not differ between infants from families with recurrent and sporadic 

SPTBs. IGF1R SNPs or haplotypes did not associate with SPTB in the mothers.  

The location of the associating IGF1R SNPs and haplotype in relation to 

signals from linkage analysis are illustrated in Fig 13. 

Table 11. Case-control association analysis of IGF1R haplotypes in SPTB. 

Haplotype1 Infants  Mothers 

Haplotype frequency  

case / control 

p value Haplotype frequency  

case / control 

p value 

TAGAAC 0.367 / 0.410 0.176  0.367 / 0.390 0.500 

CGCAAG 0.179 / 0.172 0.770  0.177 / 0.196 0.482 

TGCAAG 0.110 / 0.052 0.001a  0.075 / 0.065 0.594 

CACACC 0.085 / 0.076 0.611  0.076 / 0.072 0.821 

TAGTAC 0.085 / 0.075 0.556  0.098 / 0.069 0.156 

TAGTAG 0.072 / 0.068 0.800  0.076 / 0.079 0.871 
1 Markers in the haplotype: rs1879612, rs7165181, rs4966038, rs883149, rs8039666 and rs2715416; see 

Fig. 12; haplotypes with a frequency > 0.05 shown; major alleles underlined, a OR = 2.28, 95% CI = 1.37–

3.81, permutation-corrected p = 0.021 
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Fig. 12. LD plots of the genotyped IGF1R polymorphisms. Names and relative 

positions of the polymorphisms are shown on top. Numbers in the squares are 

pairwise D´ (upper panel) and r2 (lower panel) values. The darker the square, the 

higher the LD. The largest region of LD spans the SNPs with the highest (rs2684811; 

between markers 11 and 12) and the original (rs2715416, marker 12) signals in linkage 

analysis of SPTB. 
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Fig. 13. Locations of IGF1R polymorphisms yielding significant signals in linkage and 

association analyses. The most significant linkage (black symbols) and association 

(gray symbols) signals in the infants (triangles) and mothers (rounded dots) are 

shown. IGF-1R alpha and beta subunits are encoded by exons 1–11 and 11–21, 

respectively. The black asterisk represents the initial linkage peak (rs2715416) 

obtained from the infants using the 6,377 LD-pruned SNPs. The region of linkage and 

association localizes at a 55-kb LD interval extending from intron 2 to intron 6 (gray 

line). The core I segregating haplotype is located on this same region. Chromosomal 

positions refer to NCBI Build 36 of the human genome. 
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5.4 Association of AR CAG repeat polymorphism with SPTB (II) 

Two X chromosomal genes, AR and IL2RG, were selected for analysis as 

candidate genes for SPTB due to significant linkage signals near these genes (at a 

distance of approximately 2 Mb from each gene). Analysis of SNPs within these 

genes (six AR SNPs and three IL2RG SNPs) did not reveal any significant 

differences in allele frequency distributions between SPTB mothers (n = 308) and 

mothers with term deliveries (n = 201), and SPTB infants (n = 406) and term 

infants (n = 199). Five AR SNPs (rs6152, rs5918757, rs5919393, rs5918762 and 

rs12014709) and two IL2RG SNPs (rs4612544 and rs28743771) resided in 

haplotype blocks and were thus analyzed as haplotypes. However, there were no 

significant differences in AR and IL2RG haplotype frequencies between cases and 

controls. 

The distribution of AR CAG repeats was significantly different in SPTB 

infants compared to term infants (mean ± standard deviation, 22.59 ± 3.11 vs. 

21.87 ± 2.64, respectively, p = 0.0003), with greater differences in female than in 

male infants (mean ± standard deviation, 22.54 ± 3.18 vs. 21.95 ± 2.62, and 22.66 

± 3.03 vs. 21.77 ± 2.67, for male and female SPTB and term infants, respectively; 

p values of 0.032 and 0.003, respectively). To describe the distribution of CAG 

repeat alleles further, the repeat numbers were divided into tertiles. Alleles of the 

high tertile group (24–42 repeats) were overrepresented in SPTB infants 

compared to term infants (frequencies of 0.349 vs. 0.257, respectively), whereas 

those of the low tertile group were underrepresented in SPTB infants (0.238 vs. 

0.344, respectively) (Table 12). There was no significant difference in CAG 

repeat distributions between SPTB mothers and mothers with term deliveries 

(22.06 ± 2.81 vs. 22.41 ± 3.02, respectively, p = 0.077).  

Table 12. AR CAG repeat distribution in SPTB and term infants. 

Study group Frequency of CAG repeats p OR (95% CI)1 

Low tertile 

(13–20 repeats) 

Intermediate tertile 

(21–23 repeats) 

High tertile 

(24–42 repeats)

SPTB infants, n = 252 0.238 0.413 0.349 0.0007a 1.97 (1.38–2.79) 

Term infants, n = 189 0.344 0.399 0.257 
1 ORs for the high tertile group relative to the low tertile group, a Significant at the Bonferroni-corrected 

significance level (p ≤0.005) 
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5.5 Association of SFTPD Met31Thr polymorphism with SPTB (III) 

The significance of SFTPD Met31Thr (rs721917) polymorphism in SPTB was 

evaluated in a case-control association study of SPTB mothers (n = 308) and 

mothers with term deliveries (n = 201), and SPTB infants (n = 406) and term 

infants (n = 201). The Met allele was overrepresented in SPTB infants compared 

to term infants (frequencies of 0.664 vs. 0.605, respectively, Table 13). This 

association was restricted to infants with recurrent SPTB in the family (n = 189), 

the frequency of the Met allele being 0.717 in this group (Table 13). According to 

logistic regression analysis, the Met31Thr polymorphism significantly influenced 

the SPTB phenotype in these infants under the codominant (Met/Met vs. Met/Thr 

vs. Thr/Thr, p = 0.002, OR for Met/Met relative to Thr/Thr 2.16, 95% CI = 1.13–

4.16) and recessive models (Met/Met vs. Met/Thr and Thr/Thr, p = 0.0005, OR 

for Met/Met 2.06, 95% CI = 1.37–3.10). Gender, presence/absence of PPROM, or 

degree of prematurity (gestational age < 32 wk or 32–36 wk) did not affect the 

associations, as judged by the similar allele frequencies among the subgroups. 

There was no association in the mothers.  

Table 13. SFTPD Met31Thr allele frequencies in SPTB infants and term infants 

Allele and corresponding 

amino acid 

All SPTB infants 

 

n = 406  

Infants from families 

with recurrent SPTB 

n = 189 

Infants from families 

with sporadic SPTB 

n = 217 

Term infants 

 

n = 201 

T (Met) 0.664a 0.717a 0.618 0.605a 

C (Thr) 0.336 0.283 0.382 0.395 
a Met allele was overrepresented in SPTB infants compared to controls (p = 0.04, OR = 1.29, 95% 

CI = 1.01–1.66, multiple testing-corrected p non-significant). This association was restricted to infants 

with recurrent SPTB in the family (p = 0.001, OR = 1.65, 95% CI = 1.22–2.22, multiple testing-corrected 

p = 0.008). 

5.6 Lack of association between SFTPA1, SFTPA2, and MBL2 
polymorphisms and SPTB (III) 

The SFTPA1 SNP Val50Leu (rs1136450), SFTPA2 SNP Gln223Lys (rs1965708), 

and MBL2 SNPs rs11003125 (promoter position -550, H/L variation), rs709620 

(promoter position -221, X/Y) and rs1800450 (Gly54Asp, A/B) polymorphisms 

were investigated as candidates for SPTB in a case-control association analysis. 

Allele frequencies of these polymorphisms did not differ significantly between 

preterm infants (n = 406) and term infants (n = 201), or between mothers with 
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preterm deliveries (n = 308) and those with exclusively term births (n = 201), 

which suggests that these polymorphisms are not associated with SPTB.  

MBL2 polymorphisms were additionally analyzed as haplotypes. Four three-

SNP haplotypes (HYA, LXA, LYA, and LYB corresponding to allele 

combinations GGG, CCG, CGG, and CGA for the SNPs rs11003125, rs709620, 

and rs1800450, respectively) occurring at a frequency > 0.05 were predicted. Due 

to previous knowledge of the correlation between MBL2 haplogenotypes and 

serum MBL concentrations, the resulting MBL2 haplogenotypes were ranked into 

classes of 1 to 10 (MBL scores) according to their potential to induce high serum 

MBL concentrations as described earlier (Pesonen et al. 2009). There were no 

significant differences in haplotype and haplogenotype frequencies or in MBL 

scores between preterm infants and their controls, or in mothers with preterm 

deliveries and their controls; the median MBL score was 7 in all of the groups. 

Altogether, there was no evidence suggesting an association between MBL2 and 

SPTB. 

5.7 Association of SFTPC polymorphism Thr138Asn with duration 
of PPROM (IV) 

In a case-control association study, the SFTPC SNP Thr138Asn (rs4715) was not 

associated with SPTB (Table 14). Stratification by gender or degree of 

prematurity (gestational age < 32 wk or 32–36 wk) did not reveal any significant 

differences in allele distributions among the subgroups. When the cases were 

further stratified into groups of individuals with or without PPROM, no 

significant differences were observed for Thr138Asn. However, this SNP was 

very significantly associated with the duration of PPROM when the preterm-born 

infants were stratified into two groups consisting of infants with short (< 72 h, 

n = 51) or long (≥ 72 h, n = 80) interval between PPROM and SPTB (Fig. 14), 

with the minor allele A (Thr) overrepresented in infants with a short duration of 

PPROM (MAFs of 0.565 and 0.165 for infants with short and long duration of 

PPROM, respectively). The duration of PPROM differed significantly among the 

Thr138Asn genotype groups of preterm infants, with medians of 6.5 days (4.0–

15.5, 25–75% percentiles), 2.0 (1.0–7.0), and 1.3 (0.8–3.6) for the CC (Thr/Thr), 

CA (Thr/Asn), and AA (Asn/Asn) genotypes, respectively (p < 0.0001). This 

difference was significant both in infants managed with prophylactic antibiotics 

and in those with expectant management. 
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Table 14. Case-control association analysis of SFTPC SNP rs4715 (Thr138Asn) in 

SPTB. 

Study group Allele frequency 1 

C (Thr) A (Asn) 

SPTB infants, n = 307 0.318 0.682 

Term infants, n = 199 0.324 0.676 

Mothers with preterm deliveries, n = 301 0.302 0.698 

Mothers with term deliveries, n = 202 0.280 0.720 
1 Allele frequency differences between SPTB and term infants and between mothers with preterm and 

term deliveries were nonsignificant (p > 0.05). 

 

Fig. 14. SFTPC SNP rs4715 (Thr138Asn) minor allele and genotype frequencies in 

SPTB infants with short or long duration of PPROM. 

5.8 Surfactant protein C in gestational tissues (IV) 

The expression of SP-C was characterized using tissues obtained from mouse 

(maternal and fetal lung, amnion, yolk sac, placenta, and uterus) and human (lung, 

placenta, amnion, and chorion). Protein analysis of SP-C was performed with 

mouse tissues.  

5.8.1 SP-C is expressed in mouse and human gestational tissues 

SP-C mRNA was detected in mouse maternal and fetal lung, fetal membranes, 

placenta, and uterus by RPA. Using the previously described mouse model of 
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LPS-induced preterm birth (Salminen et al. 2008), the expression levels were 

quantitatively determined and compared between control (PBS-treated) and LPS-

treated mice. In fetal lung, the amount of SP-C mRNA was significantly 

decreased at 8 hours after LPS injection (p < 0.05). No statistically significant 

changes in mRNA levels were detected in any of the gestational tissues, which 

suggests that LPS does not affect SP-C expression in these tissues. SP-C mRNA 

was not detected in the uterus of 8–9 wk old nulliparous mice. RT-PCR confirmed 

that SP-C mRNA was expressed in all gestational tissues. By northern blot, 

mRNA expression was detected only in maternal and fetal lung and uterus. The 

size of SP-C mRNA was similar in these tissues.  

To detect possible alternative splicing of SP-C mRNA in mouse gestational 

tissues, three regions of cDNA (sizes of 643 bp, 282 bp, and 319 bp, 

corresponding roughly to regions between exons 1 and 6, 3 and 5, and 3 and 6, 

respectively) were amplified and the resulting PCR fragments were compared to 

corresponding fragments obtained from lung cDNA. The sizes of PCR fragments 

were similar in gestational tissues and lung, suggesting that SP-C mRNA is 

processed similarly in these tissues. The similarity of the sequences was verified 

by sequencing. 

SP-C mRNA was detected by RT-PCR in human adult lung, placenta, and 

amnion but not in chorion (Fig. 15). By Northern blot analysis, human SP-C 

mRNA was detected in lung but not in the gestational tissues (Fig. 15). 

Fig. 15. SP-C expression in human tissues. A) By RT-PCR (30 cycles), SP-C mRNA was 

detected in adult lung, placenta, and amnion. B) By Northern blot, SP-C mRNA was 

detected in adult lung but not in the gestational tissues studied.  
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5.8.2 ProSP-C is detected in mouse gestational tissues 

Proforms of SP-C were detected in mouse maternal and fetal lung, fetal 

membranes, placenta, and uterus using Western blot analysis (Fig. 16). The 21-

kDa doublet and 16 kDa proforms were detectable in all tissues. However, these 

proforms were not entirely identical in size among the tissues analyzed. The 

protein levels did not change after LPS challenge.  

By immunohistochemistry, proSP-C was detected in mouse maternal and 

fetal lung and fetal membranes by both antibodies used. Inverted epithelial yolk 

sac cells showed specific granular staining for proSP-C. This staining was lacking 

from the Sftpc-/- tissues. Due to high background staining, detection of proSP-C 

in uterus or placenta was not possible. 

Fig. 16. Western blot analysis of SP-C proprotein in mouse tissues. The proteins were 

collected at 17 dpc from tissues of PBS-treated mice. 
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6 Discussion 

Knowledge about genetic factors involved in spontaneous preterm delivery is 

limited. The major aim of this work was to identify genetic factors predisposing 

to SPTB. Critical aspects of the present studies are highlighted in the following 

discussion.  

6.1 Methodological considerations 

6.1.1 Study populations 

All the genetic studies in this work were performed using the population of 

northern Finland. In study I, subjects from the Helsinki region representing the 

population of southern Finland were also studied. The Finnish population exhibits 

lower rates of genetic diversity and genomes of the Finns display higher LD 

compared to populations in mainland Europe (Sajantila et al. 1996, Varilo et al. 

2003). Overall, the Finnish population is substantially more homogeneous 

genetically than most populations (Jakkula et al. 2008, Salmela et al. 2008). 

Genetic studies are often complicated by the use of mixed-race populations or 

populations that are genetically heterogeneous. Use of such populations may lead 

to spurious associations caused by population admixture. By using the ethnically 

homogeneous northern Finnish population in this work, the potential confounding 

effect of such admixture could be minimized.  

The cases (mothers with spontaneous preterm deliveries and their infants 

born spontaneously preterm) in both linkage and association analyses were 

selected using a strict definition of the SPTB phenotype, with deliveries involving 

known risk factors of SPTB and all elective preterm births without labor excluded. 

Seven large northern Finnish families were used in linkage analysis. Non-

consanguinity of the families was ascertained by a genealogical survey. Because 

several studies suggest a more significant role for maternal (rather than paternal) 

genes in predisposition to SPTB (Kistka et al. 2008, Plunkett et al. 2009, Wilcox 

et al. 2008), only families with apparent maternal inheritance of the SPTB 

phenotype were included. The control population in association analyses 

consisted of mothers with exclusively at least three term deliveries and their 

infants. These controls thus represented so-called “super controls” for the SPTB 

phenotype. Such strict selection criteria for the control population have not been 
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previously described in case-control analyses of SPTB. The strict criteria used for 

selection of both the families in linkage analysis and cases and controls in 

association analyses are likely to lead to decreased genetic heterogeneity among 

the studied phenotype, thus facilitating the detection of genetic factors affecting 

this presumably extremely heterogeneous phenotype.  

Compared to previous studies of preterm birth, the strengths of the study 

populations used in this work include the strict criteria for the SPTB and control 

phenotypes, the use of the Finnish population, analysis of both familial and 

sporadic cases of SPTB, and consideration of both the fetal and maternal 

contribution. Although far from what would be required for reaching a high level 

of statistical significance, the sample sizes in these case-control studies were 

larger than in most reported association studies of preterm birth. However, 

because the Finns represent a special population whose gene pool has been 

molded by multiple founder effects (Jakkula et al. 2008, Salmela et al. 2008), the 

results of genetic analyses in this work may not be applicable to genetically more 

diverse populations. 

6.1.2 Use of linkage and association analysis to identify genes 

involved in SPTB 

SPTB is a multifactorial phenotype resulting from complex interactions between 

environmental and genetic factors. The genetic study of multifactorial traits is 

complicated by several factors, including the common occurrence of phenocopies, 

incomplete penetrance, and the potential presence of multiple interacting genes 

affecting the trait (Hirschhorn 2005). Both rare (frequency < 0.01) and common 

genetic variants are considered to influence the susceptibility to common 

multifactorial traits (Bodmer & Bonilla 2008, Hirschhorn & Gajdos 2011).  

In this work, the first genome-wide linkage analysis of SPTB was performed 

followed by subsequent association analysis of genes within or near linkage 

signals (studies I and II). In addition, conventional candidate gene association 

analyses of SPTB (studies III and IV) were performed. Linkage analysis evaluates 

the cosegregation of a phenotype and a genetic marker in families with affected 

family members in two or more generations. This method has proven to be 

particularly effective for identification of variants causing rare Mendelian 

diseases (Altshuler et al. 2008). Generally, linkage analysis is considered to be 

most effective in mapping of rare variants with large effect sizes (OR > 2) 

(Hirschhorn & Gajdos 2011). In contrast to the family-based linkage analysis, 
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association analysis evaluates the correlation between a phenotype and a specific 

genetic variant in a population sample. Compared to linkage analysis, association 

analysis is considered to be more powerful for detection of common phenotype-

affecting variants with small or modest effect sizes (OR < 2) (Bodmer & Bonilla 

2008).  

A high-density SNP array was used in the parametric two-point linkage 

analysis of SPTB. The specific strategy in studies I and II was to first use the 

family-based linkage approach, and then to analyze genes located near markers 

with significant linkage signals and considered as interesting candidates for SPTB 

in an independent case-control association analysis. The case-control parts of 

these studies focused on analysis of common polymorphisms. The combination of 

the family-based linkage analysis (considered to be best suited for detection of 

rare disease variants) and the population-based association analysis (focusing on 

the analysis of common polymorphisms) led to the identification of two novel 

potential SPTB susceptibility genes, IGF1R and AR. Many of the previous studies 

suggest that linkage analysis is not a powerful method for analysis of polygenic 

traits (Altmuller et al. 2001, Hirschhorn & Gajdos 2011). However, the present 

results suggest that for certain multifactorial traits, provided that the phenotypic 

criteria are carefully defined to eliminate noise caused by etiologic heterogeneity, 

linkage analysis may prove useful in revealing disease-affecting genes not 

previously considered as obvious candidates.  

In studies III and IV, conventional candidate gene case-control association 

analyses of SPTB were performed. To date, genome-wide association analyses of 

SPTB have not been reported. Instead, hundreds of candidate gene association 

analyses of preterm birth have been performed, with significant associations 

reported for polymorphisms in multiple genes (Plunkett & Muglia 2008). Most of 

these studies have been limited in several respects, including the use of 

genetically heterogeneous populations, small sample sizes, and most importantly 

lack of replication in subsequent studies and across populations. In the absence of 

genome-wide association studies, further candidate gene studies may still prove 

useful in elucidating the genetic background of SPTB.  

6.1.3 Selection of genes and polymorphisms for case-control 

analyses 

In studies I and II, the genes encoding IGF1R, AR, and IL2RG were chosen for 

analysis due to significant linkage signals within or near these genes. For each of 
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the genes, tSNPs (MAF > 0.1 or > 0.05) were analyzed. By using the tSNP 

method, most of the common genetic variation within the analyzed genes was 

likely to be captured. In addition, any polymorphisms with reported biological 

significance were included. 

The candidate gene selection in studies III and IV was based on the 

significant role of infection and inflammatory response in the onset of preterm 

labor. In study III, the genes encoding the collectins SP-A, SP-D, and MBL were 

selected as candidates for SPTB based on the functions of these proteins in innate 

immunity and/or previous data indicating their involvement in preterm birth 

(Annells et al. 2004, Bodamer et al. 2006, Condon et al. 2004, Haagsman et al. 

2008, Ip et al. 2009, Swierzko et al. 2009). Rather than aiming at capturing the 

complete common genetic variation within these genes, SNPs most likely to have 

biological significance were analyzed. A single nonsynonymous coding SNP was 

analyzed from the SFTPA1, SFTPA2, and SFTPD genes. Four common MBL2 

SNPs that were previously shown to correlate with serum MBL concentrations 

(Frakking et al. 2006) were selected for analysis. Unfortunately, one MBL2 SNP 

(P/Q variation at position +4 on the untranslated region of exon 1, rs7095891) 

deviated from HWE and thus could not be analyzed.  

In study IV, the gene encoding SP-C was selected as a candidate for SPTB 

due to the suggested immunomodulatory role of SP-C (Wright 2005). A single 

nonsynonymous coding SNP (rs4715, Thr138Asn) was analyzed, because a 

previous study suggested that this polymorphism associates with extremely 

preterm birth (< 28 wk) in Finnish female infants (Lahti et al. 2004). In addition, 

the other nonsynonymous coding SNP known to exist within SFTPC is nearly 

completely tagged by this SNP.  

6.2 Main findings 

6.2.1 IGF1R as a novel SPTB susceptibility gene (I) 

In linkage analysis performed for autosomal markers in seven large families with 

recurrent SPTBs, linkage signals were detected on chromosome 15q26.3 within 

the IGF1R gene when the phenotype was being born preterm (affected fetus 

phenotype). In the subsequent haplotype segregation analysis, within-family 

IGF1R haplotype sharing was detected among preterm-born individuals in the six 

linked families. Finally, association analysis of an independent case-control 
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population revealed a low-frequency IGF1R 6-SNP haplotype that was 

overrepresented in SPTB infants compared to term infants. 

Both linkage and haplotype segregation analyses suggest a role for fetal 

IGF1R in SPTB under a dominant MOI with incomplete penetrance. One major 

12-SNP IGF1R haplotype core (core I, 55 kb) that was shared IBS among 

preterm-born individuals was detected in five (24, 70, 126, 253, and part of 

family 150) of the six linked families (Fig. 11). Another, partly overlapping IBS-

shared 11-SNP haplotype core (core II, 79 kb) was detected among preterm-born 

individuals in two families (185 and part of family 150). The occurrence of core 

II may reflect either allelic heterogeneity or the absence of linkage in this subset 

of family members, which would be typical for a heterogeneous phenotype such 

as SPTB (Houwen et al. 1994). Two of the families displayed incomplete 

penetrance (70 and 150), consistent with the model used. However, male carriers 

were observed in four families. This was unexpected because one criterion for the 

selection of families was apparent maternal inheritance of the SPTB phenotype. 

Furthermore, bilineal transmission was observed in families 24 and 150. 

Therefore, the initial MOI based on unilineal maternal inheritance is likely to be 

oversimplified.  

Case-control association analysis of tSNPs encompassing the IGF1R gene 

revealed a 6-SNP haplotype that was overrepresented in SPTB infants compared 

to term infants. The associating haplotype co-localized in the same region as the 

linkage signals and core I in the haplotype segregation analysis (Fig. 13). 

Interestingly, a recent study revealed a parent-of-origin-specific methylated site 

within intron 2 of IGF1R (Sharp et al. 2010), which localizes on this same region. 

This site was predominantly methylated in the maternally derived chromosome 

and may be involved in the imprinting process. This finding suggests an 

epigenetic mechanism through which IGF1R may be involved in SPTB. In the 

linkage families, transmission of the core II IGF1R haplotype to preterm-born 

individuals was maternal in 100% of the cases, while the core I haplotype had a 

mixed transmission. This aspect remains to be examined in further studies 

involving IGF1R and SPTB.  

The case-control cohort comprised two regions: northern and southern 

Finland (Oulu and Helsinki regions, respectively), whose populations represent 

slightly distinct patterns of genetic variation; the population of the Helsinki region 

is known to be genetically more diverse (Jakkula et al. 2008, Salmela et al. 2008). 

The observation that the association of a fetal IGF1R haplotype with SPTB was 

observed across these subpopulations gives further credence to this finding. 
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However, in the current setting, it cannot be evaluated whether this association 

was due to a haplotypic effect or another linked polymorphic site that was not 

analyzed in this study. Thus further studies are needed to fully evaluate the role of 

this gene in SPTB. 

The gene encoding IGF-1R has not been considered as an obvious candidate 

for SPTB; thus the current finding of IGF1R as a potential fetal susceptibility 

gene for SPTB was unexpected. IGF-1R is a transmembrane protein that is 

involved in a variety of cellular functions, including cell cycle regulation. It is 

composed of two extracellular alpha subunits containing the ligand-binding sites 

for IGF-1 and IGF-2 and two membrane-spanning beta subunits that harbor 

intracellular tyrosine kinase activity (Abbott et al. 1992, Ester & Hokken-Koelega 

2008). IGFs are responsible for the growth and development of somatic tissues. 

Circulating IGF-binding proteins (IGFBPs) regulate IGF1R signaling. During 

pregnancy, phosphorylation and proteolysis of IGFBPs is altered to increase 

system-wide IGF bioavailability (Forbes & Westwood 2008). IGF1R mutations 

cause intrauterine growth restriction (IUGR), consistent with the important role of 

IGF-1R in fetal growth (Maki 2010). Previously, specific SNPs of the IGF1R 

gene were shown to be associated with longevity and risk of certain cancers 

(Bonafe et al. 2003, Deming et al. 2007, Dong et al. 2011).  

IGF-1R participates in interactions with several proteins involved in the labor 

process, including the estrogen receptor α (Chakraborty et al. 2010, Ueda et al. 

2006). Certain proteins regulating IGF1R signaling have been studied in the 

context of preterm delivery. Levels of IGF-1, IGF-2, and IGFBP-3 are lower in 

cord serum of preterm compared to term neonates, while IGFBP-1 and IGFBP-2 

levels are increased (Lo et al. 2002). Elevated levels of decidual IGFBP1 in 

cervical fuid in early and mid-pregnancy are associated with an increased risk of 

preterm delivery (Rahkonen et al. 2010), and decreased maternal serum IGFBP-3 

levels associate with deliveries at gestational age < 32 wk (Cooley et al. 2010). 

Furthermore, in a recent study (Romero et al. 2010b), a fetal polymorphism in the 

gene encoding IGF-2 was identified as a risk factor for preterm birth occurring 

after spontaneous onset of labor with intact fetal membranes. As suggested by 

these studies and considering the results of this work implicating IGF1R as a 

novel fetal SPTB gene, IGF1R signaling may play a role in preterm labor. 

Therefore, the role of IGF-1R in SPTB with special consideration of fetal 

involvement in the control of the preterm labor process should be investigated.  

With the phenotype of giving preterm deliveries (affected mother phenotype), 

no clear linkage or association signals were detected. This may be due to the 
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small number of affected mothers (n = 21) in linkage analysis, leading to limited 

power to detect significant linkage. Overall, the results of this work unexpectedly 

suggested no major maternal contribution in IGF1R-mediated susceptibility to 

SPTB. 

6.2.2 AR as a novel SPTB susceptibility gene (II) 

In linkage analysis performed for X chromosomal markers in seven large families 

with recurrent SPTBs, linkage signals were detected on chromosome Xq13.1 and 

Xq21.1 when the phenotype was being born preterm (affected fetus phenotype). 

Two genes, AR and IL2RG, located near these loci were considered as interesting 

candidates for the SPTB phenotype and were thus selected to be studied in the 

subsequent case-control association analysis of an independent population. 

Finally, an association between the fetal AR CAG repeat polymorphism and SPTB 

was detected. 

AR, similar to IGF1R that was identified as a novel potential fetal SPTB 

susceptibility gene in study I, has not been previously considered as an obvious 

candidate for SPTB. AR is a nuclear receptor for the androgens testosterone or 

dihydrotestosterone. As a transcription factor, AR regulates the expression of its 

response genes involved in the development of several of tissues, including 

prostate, skeletal muscle, brain and bone marrow, maintenance of male sexual 

characteristics, and female reproductive physiology (Kumar et al. 2011). In 

addition, AR has non-genomic actions through interactions with signal 

transduction proteins in the cytoplasm (Heinlein & Chang 2002, Michels & 

Hoppe 2008).  

The length of the CAG repeat located in exon 1 of the AR gene was 

associated with SPTB in the fetuses, with long repeat lengths (≥ 24) 

overrepresented in SPTB infants compared to term infants (Table 12). The CAG 

repeat encodes a polyglutamine tract present in the AR transactivation domain, 

which participates in ligand-induced transcriptional activity (Palazzolo et al. 

2008). In vitro, longer CAG repeat lengths hamper the transactivation activity of 

AR, whereas short polyglutamine tracts lead to increased AR activation resulting 

in hyperandrogenism (Chamberlain et al. 1994, Ibanez et al. 2003, Kazemi-

Esfarjani et al. 1995, Palazzolo et al. 2008). Long CAG repeats (≥ 38) are the 

cause of Kennedy´s disease, a fatal X-linked recessive neuromuscular disease (La 

Spada et al. 1991). Long or short CAG repeat lengths have been recognized as 

risk factors for several androgen-related conditions, including male infertility 
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(Kukuvitis et al. 2002), prostate cancer (Giovannucci et al. 1997), and premature 

adrenarche in children (Lappalainen et al. 2008).  

AR has important roles during embryonic and fetal development. It is 

expressed widely in reproductive tissues of both males and females (Wilson & 

McPhaul 1996). In developing first-trimester embryos, AR expression has been 

detected in a variety of tissues, including several extragenital sites, such as the 

lung, thymus, spinal cord, and heart (Sajjad et al. 2007). During mid- and late 

gestation, AR levels change significantly with gestational age in the fetal lung 

(Simard et al. 2010). As suggested by these studies, AR may play important roles 

in the early development of several tissues. Furthermore, longer AR CAG repeats 

are overrepresented in women with recurrent spontaneous abortions (Aruna et al. 

2011) and AR expression is increased in placentas of preeclamptic women (Hsu et 

al. 2009), which suggests that AR may be involved in these pregnancy-related 

conditions. Successful induction of labor by local prostaglandin treatment has 

been shown to cause a decrease in PR and AR levels in uterine cervix (Vladic-

Stjernholm et al. 2009). This suggests that, in addition to withdrawal of functional 

progesterone, withdrawal of androgen occurring at the receptor level may be 

involved in the onset of parturition. The potential role of the fetal AR CAG repeat 

in the onset of preterm delivery remains to be investigated. 

As in study I, no clear linkage or association signals were detected with the 

phenotype of giving preterm deliveries (affected mother phenotype), which 

suggests there is no maternal contribution in AR-mediated susceptibility to SPTB. 

Interestingly, IGF1R seems to be a down-stream target for AR. According to 

several studies, androgens are involved in the activation of IGF1R through non-

genomic pathways involving AR (Pandini et al. 2005, Pandini et al. 2009, 

Schayek et al. 2010b). Furthermore, as demonstrated in a cellular model of 

prostate cancer, hypermethylation of the AR promoter leads to downregulation of 

IGF1R and may thereby affect the progression of prostate cancer to the metastatic 

stage (Schayek et al. 2010a). Because IGF1R and AR were identified as potential 

fetal susceptibility genes using the same families in linkage analysis and mostly 

the same case-control population in association analysis, it may be that 

interactions between these genes influence the onset of preterm labor. Further 

studies are required to investigate this hypothesis.  
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6.2.3 Role of SFTPD Met31Thr polymorphism in SPTB (III) 

An association was found between the fetal SFTPD Met31Thr polymorphism and 

SPTB. This association was restricted to infants from families with recurrent 

SPTBs, with the Met allele overrepresented in these SPTB infants compared to 

term infants. The Met31Thr polymorphism did not associate with SPTB in the 

mothers. 

SP-D has essential roles in host defense. Although its main production site is 

the lung, its expression has been detected in various extrapulmonary sites, 

including the reproductive tract, fetal membranes, and placenta (Leth-Larsen et al. 

2004, Miyamura et al. 1994, Oberley et al. 2004b, Sati et al. 2010, Stahlman et al. 

2002), which suggests that it is involved in local host defense at these sites. SP-D 

has been detected in amniotic fluid at 14 weeks of gestation (Pryhuber et al. 

1991), and most SP-D present in the amniotic fluid is likely to originate from the 

fetal lung. Considering the important role of infection in SPTB and the present 

observation of a fetal SFTPD polymorphism associating with SPTB, it can be 

speculated that SP-D secreted by the fetal lung may be involved in activation of 

parturition especially in those SPTBs that involve infections.  

The biological significance of the Met31Thr polymorphism has been 

previously studied. This polymorphism was shown to affect serum SP-D 

concentrations and oligomerization of SP-D. The Met/Met genotype associated 

with higher serum SP-D levels compared to Thr/Thr (Heidinger et al. 2005, Leth-

Larsen et al. 2005). Whereas the Met/Met and Met/Thr genotypes associated with 

both highly multimerized and lower molecular weight forms of serum SP-D, the 

Thr/Thr genotype predominantly associated with trimeric forms (Leth-Larsen et 

al. 2005). The various oligomerized forms of SP-D isolated from amniotic fluid 

exhibit differential binding to microbial ligands. Specifically, the highly 

multimerized forms have been shown to preferentially bind mannan and LTA, 

while the lower molecular weight forms preferentially bind LPS and 

peptidoglycan (Leth-Larsen et al. 2005, Sorensen et al. 2009). Thus, the 

significance of the Met31Thr polymorphism is likely to be due to its influence on 

the oligomerization state of SP-D, which affects its binding specificity to 

microbial ligands. 

Previously, the Met allele of Met31Thr polymorphism was shown to be 

overrepresented in Finnish infants with severe RSV infection (Lahti et al. 2002), 

whereas the alternative allele, Thr, was overrepresented in patients with 

tuberculosis in a Mexican population and allergic rhinitis in a Chinese population 
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(Deng et al. 2009, Floros et al. 2000). This further suggests that the genetic 

susceptibility depends on the specific ligand causing the inflammatory challenge.  

SP-D is believed to play a dual inflammatory role with either pro- or anti-

inflammatory effects depending on the binding orientation of the protein. 

According to this theory, binding of the CRD domain to SIRPα initiates a 

signaling pathway that suppresses the production of proinflammatory mediators, 

while binding of the collagenous domains to calreticulin/CD91 as a response to 

pathogen-binding by the CRDs and the resulting presentation of collageneous 

domains in an aggregated state stimulates this process (Gardai et al. 2003). In the 

highly multimerized forms of SP-D, the collagenous domains are aggregated (Fig. 

6). Thus, it may be speculated that the detected association may be related to the 

proposed dual function of SP-D which may be partly defined by the alternative 

variants of the Met31Thr polymorphism.  

The association of the SFTPD Met31Thr polymorphism was restricted to 

recurrent cases of SPTB. The lack of association in the sporadic SPTB cases (a 

single preterm infant in the family) is consistent with the possibility that the 

recurrent cases of SPTB may have a stronger genetic predisposition to SPTB, or 

that the genetic factors predisposing to SPTB may differ between familial and 

sporadic cases of SPTB. The causes of SPTB may be more heterogeneous and to 

a lesser extent genetically determined in the sporadic cases.  

6.2.4 Lack of association between the genes encoding SP-A and 
MBL and SPTB (III) 

No association was found between the genes encoding SP-A or MBL and SPTB, 

as judged by the lack of significant differences in allele frequencies of selected 

polymorphisms between SPTB mothers and mothers with term deliveries, and 

SPTB and term infants.  

Consistent with the current finding of a lack of association between SFTPA1 

and SFTPA2 polymorphisms and SPTB, a maternal SFTPA1 polymorphism was 

not associated with SPTB in a recent study performed in a mixed-race population 

(Snegovskikh et al. 2011). Association of maternal and fetal MBL2 

polymorphisms with preterm birth has previously been reported in several studies 

(Table 4) (Annells et al. 2004, Bodamer et al. 2006, Swierzko et al. 2009). Thus, 

the current finding of no association between MBL2 polymorphisms and SPTB 

was unexpected. The potential roles of these collectin genes in the etiology of 
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SPTB require further investigation, including analysis of additional 

polymorphisms.  

6.2.5 SP-C and SPTB - expression in gestational tissues and 
association with duration of PPROM (IV) 

In study IV, the expression of SP-C in gestational tissues was characterized using 

human and mouse tissues. In addition, the role of SFTPC SNP Thr138Asn in 

SPTB was evaluated in a case-control association analysis. Finally, no association 

was found between this polymorphism and SPTB. However, Thr138Asn was very 

significantly associated with the duration of PPROM in SPTB infants.  

Similarly to other SPs, SP-C was originally described as a component of 

pulmonary surfactant. However, because growing evidence suggests an 

immunomodulatory role for SP-C and its extrapulmonary expression has been 

described (Brauer et al. 2007, Brauer et al. 2009, Eikmans et al. 2005, Mo et al. 

2007), SP-C may be involved in innate host defense at various sites. This is the 

first study describing the expression of SP-C in gestational tissues. Consistent 

with the current finding, Sati et al. (2010) recently described expression of SP-C 

in human early (4–7 weeks of gestation) placenta. 

SP-C mRNA was detected in human adult lung, placenta, and amnion, and in 

mouse maternal and fetal lung, fetal membranes, placenta, and uterus. The 

processing of SP-C mRNA was similar in mouse lung and gestational tissues. 

Interestingly, SP-C mRNA was not detected in the uteri of nulliparous mice, 

indicating a gestation-dependent control of expression that is likely to be 

hormonal. However, LPS injection that was previously shown to induce preterm 

birth in these mice (Salminen et al. 2008) induced a significant decrease in 

mRNA levels in the fetal lung, whereas no change could be detected in the 

maternal lung or gestational tissues. Consistent with the mRNA analyses, pro-SP-

C was detected by Western blot in mouse maternal and fetal lung and all of the 

gestational tissues studied. The detection of proSP-C in maternal and fetal lung 

and fetal membranes by immunohistochemistry and the lack of similar staining in 

Sftpc-/- mice tissues further demonstrated that the antibodies used indeed 

recognized proSP-C.  

It is likely that the first steps of SP-C processing are similar in the lung and 

gestational tissues, because 21- and 16-kDa proforms of SP-C (Fig. 16) were 

detected in both. However, since the currently available antibodies do not 

recognize the mature SP-C, analysis of the further processing steps was not 
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possible. It may be that processing or post-translational modification of SP-C 

differs between the gestational tissues and the lung, possibly resulting in a 

structurally and functionally different form of SP-C in the gestational tissues. In a 

recent study by Salminen et al. (2011), rat SP-A was shown to be expressed in 

mouse lung and gestational tissues under the control of human SFTPC promoter. 

This gives further proof for the expression of SFTPC in gestational tissues.  

There were no significant differences in SFTPC Thr138Asn allele frequencies 

between SPTB mothers and mothers with term deliveries, and SPTB and term 

infants. This result is not in line with a study by Lahti et al. (2004) suggesting that 

this polymorphism was associated with extremely preterm birth (gestational age 

< 28 wk) in Finnish infants, with the association confined to females. However, 

the population used by Lahti et al. (2004) was originally collected for analysis of 

phenotypes other than SPTB (neonatal RDS and BPD), and it thus included 

preterm infants with all causes of preterm birth, rather than only those 

spontaneously born preterm. Thus, as compared to the present work, both the 

cause of preterm birth as well as the gestational age (< 28 vs. < 36 wk) were 

defined disconcordantly, and the results of these studies are thus not comparable. 

The significance of the association described by Lahti et al. (2004) remains 

unclear. 

A very significant association was found between Thr138Asn and the 

duration of PPROM. While the frequency of the minor allele A corresponding to 

Asn was 0.165 in SPTB infants with prolonged duration (≥ 72 h) of PPROM, this 

frequency was 0.565 in SPTB infants with short duration (< 72 h) of PPROM. 

The difference in duration of PPROM was clearly significant among the 

Thr138Asn genotype groups, with medians of 6.5, 2.0, and 1.3 days for the 

Thr/Thr, Thr/Asn, and Asn/Asn genotypes, respectively. Ascending infection is 

considered to be the most common cause of PPROM, and the resulting 

intrauterine infection and inflammatory response leading to the activation of the 

parturition process are likely to be the major factors contributing to preterm birth 

in PPROM cases (Caughey et al. 2008, Romero et al. 2006). Since the fetal 

SFTPC Thr138Asn polymorphism associated with the duration of PPROM, 

SFTPC may be involved in the activation of preterm birth after PPROM. 

Considering the suggested immunomodulatory role of SP-C (Mulugeta & Beers 

2006), it can be speculated that fetal SFTPC could provide protection against 

infection and the inflammatory response, which would extend the activation of 

labor after PPROM. 
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Currently, there is no data indicating a biological significance for Thr138Asn. 

However, the other nonsynonymous coding SNP within SFTPC (Ser186Gln) is 

nearly completely tagged by Thr138Asn (Lahti et al. 2004), and both of these 

SNPs are located in the region encoding the BRICHOS domain of proSP-C 

containing several mutations associating with pneumonitis and interstitial lung 

disease (Beers & Mulugeta 2005). The possibility that Thr138Asn or Ser186Gln 

could influence the function of the BRICHOS domain remains to be investigated.  

Previously, polymorphisms of genes involved in extracellular matrix 

metabolism, including MMP1, MMP8, MMP9 and SERPINH1 of the fetus and the 

genes encoding the alpha 3 type IV collagen precursor and tissue inhibitor of 

metalloproteinase of the mother were shown to associate with PPROM (Ferrand 

et al. 2002, Fujimoto et al. 2002, Romero et al. 2010b, Wang et al. 2008). This is 

the first study to describe an association between the SFTPC gene and duration of 

the interval between PPROM and SPTB. However, because the numbers of 

infants were small in the subgroups of SPTB infants with short (n = 51) and 

prolonged (n = 80) PPROM, the current association requires replication using 

larger sample sizes. 

To conclude, the observations of SFTPC expression in gestational tissues and 

the association of a common SFTPC polymorphism with duration of PPROM 

suggest that SP-C may be involved in intrauterine host defense and mediate labor-

inducing innate immune responses. 

6.3 Significance of the findings 

Despite ongoing research efforts, there is currently no effective therapy for 

prevention of SPTB. Knowledge about genetic factors predisposing to SPTB may 

help to characterize the biological pathways underlying SPTB. Three genes, 

IGF1R, AR, and SFTPD, associated with SPTB. Linkage analysis in studies I and 

II represented the first genome-wide study of SPTB and led to identification of 

two novel potential SPTB susceptibility genes, IGF1R and AR. In addition, a 

SFTPC polymorphism was associated with the duration of PPROM and SFTPC 

expression was detected in human and mouse gestational tissues, which suggests 

a role for SP-C in intrauterine host defense. To verify the importance of the 

findings, the genetic associations detected should be replicated across populations 

and using larger sample sizes. 

Because SPTB is a heterogeneous phenotype, it is likely that the genetic 

factors underlying predisposition to SPTB are multiple and related to several 
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biochemical pathways. The four common biological pathways considered to be 

specifically related to preterm birth are pathologic uterine overdistension, 

infection/inflammation, decidual hemorrhage, and activation of the maternal/fetal 

HPA axis (Fig. 2) (Simmons et al. 2010). In this work, the effect of uterine 

overdistension as a mechanism leading to SPTB was excluded, as multiple 

pregnancies and polyhydramnios were among the exclusion criteria. SP-C and 

SP-D have roles in the infection/inflammation pathway; thus, the roles SFTPC 

and SFTPD in SPTB and the process of labor are likely to be explained by their 

roles in intrauterine host defense. The direct involvement of IGF1R and AR, 

which were identified as potential novel SPTB susceptibility genes using 

hypothesis-free approaches, in any of the above-mentioned pathways is not clear. 

However, as discussed above, these genes have important roles in fetal growth 

and development (Annunziata et al. 2011, Kumar et al. 2011). Based on the 

present findings, genes from pathways involving IGF1R and AR may be 

considered as promising candidates in future studies of SPTB. 

Several studies suggest that both maternal and fetal genes are involved in 

parturition timing (Lunde et al. 2007, Plunkett et al. 2009, York et al. 2010). York 

et al. (2010) recently estimated that fetal genetic factors play a more significant 

role in parturition timing than maternal genes in European Americans. This is 

consistent with the finding of an association between polymorphisms of fetal 

IGF1R, AR, and SFTPD genes and SPTB in studies I, II and III. Association of a 

fetal SFTPC polymorphism with duration of PPROM in study IV further suggests 

that fetal genes have significant roles in labor. Thus, the results of this work 

emphasize the importance of fetal genes in a genetic predisposition to SPTB and 

other SPTB-related outcomes. However, these results do not exclude the role of 

maternal effects via other susceptibility genes or the overall preferential role of 

maternal genes in different ethnicities. 

In most cases, the effect of a single gene in predisposition to complex 

disorders is likely to be merely modest. However, detecting associations of single 

genes may lead to identification of novel pathways not previously considered 

obvious for the phenotype studied. In the future, knowledge about pathways 

involved in SPTB may allow the identification of women at high risk of preterm 

delivery and eventually lead to specific tailored treatment for its prevention. 
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7 Summary and conclusions 

Knowledge about the genetic and biological mechanisms involved in SPTB is 

limited. In this work, linkage analysis was performed in large northern Finnish 

families recurrently affected by SPTB to find novel genomic regions associating 

with SPTB. Genes near linkage peaks were investigated in an independent 

northern Finnish case-control study population of mothers and infants. In addition, 

the genes encoding SP-A (SFTPA1 and SFTPA2), SP-D (SFTPD), MBL (MBL2) 

and SP-C (SFTPC) were investigated as candidates for SPTB in this case-control 

population. For study I, additional subjects originating from southern Finland 

were included. Additionally, expression of SP-C was characterized in human and 

mouse gestational tissues.  

Polymorphisms of three genes, IGF1R, AR and SFTPD, were associated with 

SPTB in the fetuses. Two of the genes, IGF1R and AR, were identified by the 

combination of linkage analysis and subsequent case-control association analysis, 

whereas SFTPD was directly selected to be analyzed as a candidate for SPTB 

based on the role of SP-D in innate host defense and the important role of 

infection and inflammation in preterm birth. Thus, potential novel SPTB 

susceptibility genes were identified by both hypothesis-free and hypothesis-driven 

approaches. None of the genes analyzed associated with SPTB in the mothers. 

Expression of SFTPC was detected in human and mouse gestational tissues, 

and the SFTPC Thr138Asn polymorphism was very significantly associated with 

the interval between PPROM and SPTB in the fetuses. Given the proposed 

immunomodulatory role of SP-C, these results suggest that SP-C could play a role 

in intrauterine host defense and in mediating labor-inducing innate immune 

responses. 

The results of this work provide new information about the genetic 

background of SPTB. This knowledge may help to characterize genetic and 

biological mechanisms leading to the onset of spontaneous preterm labor and 

finally lead to the development of specific treatment strategies for its prevention. 
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