
UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-3478-6 (Paperback)
ISBN 978-952-62-3479-3 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1696

A
C

TA
H

eli T
iensuu

OULU 2022

D 1696

Heli Tiensuu

GENETIC AND OTHER 
BIOLOGICAL FACTORS 
BEHIND SPONTANEOUS 
PRETERM BIRTH
GENETICS, TRANSCRIPTOMICS AND PROTEOMICS 
OF HUMAN SPONTANEOUS PRETERM DELIVERY

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU, 
FACULTY OF MEDICINE;
MEDICAL RESEARCH CENTER OULU;
OULU UNIVERSITY HOSPITAL





ACTA UNIVERS ITAT I S  OULUENS I S
D  M e d i c a  1 6 9 6

HELI TIENSUU

GENETIC AND OTHER BIOLOGICAL 
FACTORS BEHIND SPONTANEOUS 
PRETERM BIRTH
Genetics, transcriptomics and proteomics of human 
spontaneous preterm delivery

Academic dissertation to be presented with the assent of
the Doctoral Programme Committee of Health and
Biosciences of the University of Oulu for public defence in
Auditorium F101 of the Faculty of Biochemistry and
Molecular Medicine (Aapistie 7), on 25 November 2022,
at 12 noon

UNIVERSITY OF OULU, OULU 2022



Copyright © 2022
Acta Univ. Oul. D 1696, 2022

Supervised by
Professor Mika Rämet
Docent Antti Haapalainen
Docent Minna Karjalainen

Reviewed by
Professor Jaana Rysä
Professor Udo Markert

ISBN 978-952-62-3478-6 (Paperback)
ISBN 978-952-62-3479-3 (PDF)

ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)

Cover Design
Raimo Ahonen

PUNAMUSTA
TAMPERE 2022

Opponent
Professor Vineta Fellman



Tiensuu, Heli, Genetic and other biological factors behind spontaneous preterm
birth. Genetics, transcriptomics and proteomics of human spontaneous preterm
delivery
University of Oulu Graduate School; University of Oulu, Faculty of Medicine; Medical
Research Center Oulu; Oulu University Hospital
Acta Univ. Oul. D 1696, 2022
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Abstract

Spontaneous preterm birth (SPTB) is the leading cause of neonatal death and morbidity
worldwide. Certain risk factors predispose infants to SPTB, but over half of SPTBs occur in
pregnancies where there is no identifiable risk factor. Previous studies have suggested that SPTB
has a genetic background and that both maternal and fetal genomes contribute to its likelihood.
Other biological factors are also associated with SPTB, but knowledge about these factors is
limited. One of the key tissues involved in parturition is the placenta.

The aim of this study was to determine the biological factors behind predisposition to SPTB
using hypothesis-free methods. A genome-wide association study (GWAS) was used to
investigate fetal genetic variants that predispose infants to SPTB. The results suggest that a variant
of slit guidance ligand 2 (SLIT2) is associated with SPTB. Additionally, the study showed that
SLIT2 and its receptor roundabout guidance receptor 1 (ROBO1) are expressed in placenta, and
their mRNA levels are higher in SPTB placentas compared to term controls. A knockdown
experiment showed that Slit–Robo signaling affects genes involved in inflammation in placental
cells.

In a comparative proteomics screen of SPTB, spontaneous term, and elective preterm
placentas, proteins for which particular levels are associated with SPTB were identified. Rare and
potentially damaging variants of the genes coding for the identified proteins were sought from
whole exome sequencing (WES) data. This yielded a candidate, alpha-1 antitrypsin (AAT), which
is encoded by SERPINA1. Experiments revealed that SERPINA1 affects actin cytoskeleton,
Slit–Robo signaling, and extracellular matrix organization in the placenta.

Some heat shock proteins (HSPs) are associated with pregnancy complications. Thus, genetic
and genomic datasets were used to identify SPTB-predisposing HSPs from the mother, infant, and
placenta. In addition, the association of nuclear hormone receptors (NRs) with SPTB was studied,
as HSPs regulate the activity of NRs. Multiple associations of HSPs and NRs with SPTB were
found.

Currently, there is no effective method for predicting or preventing SPTB. New factors that
affect the risk of SPTB susceptibility were identified. The results provide a starting point for
further studies to develop ways to predict SPTB and prolong gestational age.

Keywords: genetic association study, heat shock protein, infant, nuclear hormone
receptor, placenta, preterm birth, proteomics, transcriptomics





Tiensuu, Heli, Geneettiset ja muut biologiset tekijät spontaanin ennenaikaisen
synnytyksen taustalla. Spontaanin ennenaikaisen synnytyksen genetiikka,
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Tiivistelmä

Spontaani ennenaikainen synnytys on vastasyntyneiden yleisin kuolinsyy ja sairauksille altista-
va tekijä. Ennenaikaisuudelle altistavia tekijöitä tunnetaan, mutta silti yli puolet tapauksista ovat
sellaisia, joiden syy jää tunnistamatta. Sekä äidin että lapsen perintötekijät vaikuttavat ennenai-
kaisen syntymän riskiin. Ennenaikaisuuteen on liitetty myös muita biologisia tekijöitä, mutta tie-
toa ei ole riittävästi. Yksi synnytyksen käynnistymiseen vaikuttavista kudoksista on istukka.

Tavoitteenamme oli löytää hypoteesivapaita menetelmiä käyttämällä biologisia tekijöitä, jot-
ka liittyvät ennenaikaiseen synnytykseen. Genominlaajuisen assosiaatiokartoituksen avulla tar-
kastelimme lapsen perimän geenivariantteja, jotka altistavat ennenaikaisuudelle. Osoitimme, että
SLIT2-geenin variantti voi altistaa ennenaikaisuudelle ja että SLIT2-proteiini ja sen reseptori
ROBO1 tuottuvat istukassa. Molempien mRNA-tasot olivat koholla ennenaikaisesti syntynei-
den istukoissa verrattuna täysiaikaisiin. Näiden geenien hiljentäminen vaikutti pääasiassa tuleh-
dukseen liittyviin geeneihin.

Kun vertasimme spontaanien ennenaikaisesti syntyneiden istukoissa olevia proteiineja täysai-
kaisesti ja keisarinleikkauksella syntyneiden istukoissa oleviin proteiineihin, havaitsimme, että
proteiinien määrät poikkesivat toisistaan. Etsimme harvinaisia ja mahdollisesti vahingollisia
variantteja sellaisista geeneistä, jotka koodaavat löytämiämme proteiineja. Havaitsimme, että
alpha-1 antitrypsiini (AAT) -proteiini ja sitä koodaava SERPINA1-geeni voivat liittyä ennenai-
kaisuuteen. Osoitimme, että AAT säätelee solujen ulkopuolisia rakenteita istukassa. 

Lämpösokkiproteiinien uskotaan liittyvän raskauskomplikaatioihin, ja siksi tarkastelimme
useita aineistoja tunnistaaksemme ennenaikaisuuteen liittyviä lämpösokkiproteiineja. Tarkaste-
limme myös hormonireseptoreja, joiden aktiivisuutta lämpösokkiproteiinit säätelevät. Löysim-
me useita lämpösokkiproteiineja ja hormonireseptoreja, jotka voivat liittyä ennenaikaisuuden
riskiin.

Tällä hetkellä ei ole tehokasta tapaa ennustaa tai estää ennenaikaista synnytystä. Löysimme
tekijöitä, jotka voivat liittyä ennenaikaiseen synnytykseen johtaviin reaktioreitteihin. Tulokset
voivat johtaa lisätutkimuksiin. Lisätutkimuksen avulla voitaisiin kehittää menetelmiä, joilla pys-
tyttäisiin ennustamaan ennenaikaista synnytystä ja pidentämään raskauden kestoa.

Asiasanat: ennenaikainen synnytys, genominlaajuinen assosiaatiokartoitus,
hormonireseptori, istukka, lämpösokkiproteiini, proteomiikka, transkriptomiikka
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1 Introduction  

Preterm birth (i.e., birth before 37 completed weeks of gestation) is a major 

problem worldwide, as, on average, 11.1% of pregnancies end prematurely, with 

70% of these occurring after the spontaneous onset of labor. Infants born preterm 

face an increased risk of short-term consequences such as breathing problems and 

are more susceptible to severe life-long disabilities such as cerebral palsy, poor 

growth, and visual and hearing impairment. Premature birth is the leading 

underlying global cause of deaths in children (Blencowe et al., 2012, 2013; 

Goldenberg et al., 2008; L. Liu et al., 2015).   

Certain risk factors, such as the mother’s high blood pressure, being pregnant 

with more than one baby, and smoking, predispose infants to be born prematurely. 

However, more than half of spontaneous preterm births (SPTBs) occur in 

pregnancies where there is no identifiable risk factor. In addition, the aggregation 

of preterm births in certain families points to a significant genetic background. Both 

maternal and fetal genomes are estimated to contribute to the timing of birth. 

Despite the research that has been done in this field, only a few genes associated 

with the predisposition to SPTB have been discovered (Blencowe et al., 2012, 2013; 

Lunde et al., 2007; Sheikh et al., 2016; G. Zhang et al., 2017). 

No effective method exists to predict or prevent preterm birth. In SPTB, it is 

commonly thought that several pathological processes affect one or more of the 

labor-initiating pathways. The mechanisms leading to the onset of delivery likely 

consist of a complex interplay between the fetus, placenta, and mother (Romero et 

al., 2014). The placenta is the primary organ allowing the entry of oxygen and 

nutrients into the fetus and facilitating the removal of catabolism products. It has 

been proposed that placental tissues have potential regulatory roles in the onset of 

labor (Sheikh et al., 2016; Smith, 2007). SPTB may be associated with placental 

dysfunction; thus, placental pathology may provide important diagnostic 

information to ascertain the cause of preterm birth (S. Zhang et al., 2015). 

The aim of the research was to determine the genetic risk factors and other 

biological factors underlying preterm birth. These factors influence the length of 

pregnancy and the onset of preterm labor and delivery. As placental tissues play a 

potentially regulatory role in the onset of preterm labor, the present project focused 

on the contribution of this organ to premature birth arising from genetic variations 

and changes in biological pathways that may influence the duration of pregnancy.  

In this study, hypothesis-free omics methods were used. These methods 

enabled the identification of new candidate genes and proteins associated with 
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preterm birth. These could be factors that are part of pathways and biological 

mechanisms leading to the initiation of preterm birth.  
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2 Review of the literature 

2.1 Onset of human parturition 

Parturition can be divided into three clinical events: increased uterine contractility, 

cervical dilatation, and rupture of the chorioamniotic membranes (Romero et al., 

2014). Despite numerous studies on reproduction, the exact mechanisms by which 

labor is initiated in humans remain somewhat unknown (Kamel, 2010). This is 

because human parturition is a distinctly human event and differs from what 

happens in animals, which makes it difficult to study in commonly used animal 

models (Kamel, 2010; Smith, 2007). However, several biological events leading to 

human parturition have been identified. The results of individual studies show that 

birth is a result of complex events that are tightly regulated by a variety of 

mechanisms and mediators of endocrine, nervous, and immune systems leading to 

changes in neuronal, hormonal, inflammatory, and immune pathways that all 

participate in the initiation of labor (Kamel, 2010; Vannuccini et al., 2016). These 

involve regulated synthesis and release of parturition mediators by utero-placental 

units (Vannuccini et al., 2016).  

2.1.1 Regulation and initiating factors  

The mechanisms involved in human pregnancy maintenance and parturition are 

highly complex and involve mother, fetus, and placenta (Vannuccini et al., 2016). 

The initiation of the labor process leads to coordinated uterine contractility and 

cervical dilation (Vannuccini et al., 2016). These mechanisms involve a shift from 

the dominance of progesterone to estrogen, corticotropin-releasing hormone (CRH) 

action, increased sensitivity to oxytocin, gap junction formation, and increased 

prostaglandin activity (Vannuccini et al., 2016; Vrachnis et al., 2012). Human 

parturition is a highly hormonal event, as the factors involved in this process 

include changes in hormonal levels or activities of estrogen and progesterone, 

increased production of prostaglandins and oxytocin, and high levels of CRH and 

cortisol. It is likely that the interaction between all these factors and others leads to 

the initiation of labor (Kamel, 2010).  
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Endocrine factors 

CRH and progesterone are key hormones during pregnancy. CRH is expressed in 

the placenta by multinucleate syncytiotrophoblast cell layer (specialized cells of 

the placenta), and expression changes dramatically during gestation (Sandman & 

Glynn, 2009; Smith et al., 2012). Progesterone is an essential hormone in 

pregnancy maintenance that keeps the uterus in a quiescent state during gestation. 

Normally, progesterone is produced mainly by ovaries and adrenal glands, whereas 

the increase in progesterone levels during pregnancy is likely due to active 

progesterone synthesis in placenta (Wu & DeMayo, 2017).   

Progesterone is synthesized within the placental trophoplastic cells, and it plays  

major roles in mechanisms that are important to the development of the fetus 

(Barrera et al., 2007; Smith et al., 2012). Although some animal research shows 

that a decrease in maternal serum progesterone levels initiates the parturition 

process, this is not the case in humans (Zakar & Mesiano, 2011). Instead, it has 

been proposed that functional progesterone withdrawal is a potential mechanism in 

human labor (Brown et al., 2004; Mesiano et al., 2010). The actions of progesterone 

are mediated by progesterone receptor (PR) which is a member of the nuclear 

hormone receptor (NR) superfamily (Smith et al., 2012). It has been reported that 

progesterone receptor levels are higher before labor than after labor, whereas 

estrogen receptor levels remained unchanged within the same period (Keelan et al., 

1997). Thus, progesterone withdrawal could be implemented via receptor isoform 

level change from PR-B to PR-A dominant, and not via progesterone level changes, 

in human parturition (Smith 2007). When PR-B dominant, progesterone promotes 

myometrial quiescence through PR-B-mediated anti-inflammatory actions. At 

parturition, the rise in PR-A expression promotes labor by inhibiting the anti-

inflammatory actions of PR-B and stimulating proinflammatory gene expression in 

response to progesterone (Tan et al., 2012). 

Estrogen is another important hormone during pregnancy. The placenta is the 

primary source of estrogen and concentration of estrogen increases with 

progressing gestational age (Kota et al., 2013). Estrogens promote a series of 

myometrial changes that allow coordinated uterine contractions (Kota et al., 2013). 

Inflammatory factors 

In addition to endocrine factors, a normal, healthy pregnancy is highly 

characterized by a series of inflammatory factors and pathways. Pregnancy is a 
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balance of pro- and anti-inflammatory factors that is required, for example, for 

remodeling of intrauterine tissue and feto-placental growth. Implantation and 

parturition are proinflammatory, whereas gestation is a state of immune tolerance 

mostly seen as anti-inflammatory (Prairie et al., 2021). Parturition is initiated by 

cytokine signals, which drive quiescent uterine tissues to an active state and 

promote contractions, cervical ripening, and membrane rupture (Couceiro et al., 

2021) 

Pregnancy and labor involve various cytokines and chemokines that are tightly 

regulated. Some previous studies have suggested that interleukin-6 (IL-6) might be 

one of the factors in specific mechanisms of different gestational tissues, eventually 

leading to labor onset through the induction of uterine contraction, the wakening of 

fetal membranes, and the stimulation of cervical ripening (Ding et al., 2021). In 

addition to IL-6, other members of IL-6-like family of cytokines have had identified 

functions in fertility and pregnancy (Markert et al., 2011). Besides IL-6, this family 

of cytokines includes IL-11, IL-27, IL-31, oncostatin M (OSM), leukemia 

inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), cardiotrophin 1 (CT-1), 

and cardiotrophin-like cytokine factor 1 (CLCF1), which are known to activate 

various intracellular signaling pathways (Jones & Jenkins, 2018). These four-

helical proteins are thought to have both pro- and anti-inflammatory activities 

(Rose-John, 2018). 

Parturition involves the transformation of the quiescent outer layer of the uterus, 

the myometrium, into a highly excitable and contractile state (C. Chen et al., 2021). 

This is a process driven by changes in myometrial gene expression (C. Chen et al., 

2021). Many transcriptomic studies on gestational tissues in labor have been 

conducted to provide molecular insights into the mechanism of normal parturition 

(Ding et al., 2021). These studies show that genes involved in immunological and 

inflammatory regulation are expressed in specific gestational tissues in labor. 

Genes and proteins possibly involved in parturition participate in signal 

transduction, regulation of signaling receptor activity, inflammatory response, 

cytokine-cytokine receptor interaction, IL-17 signaling pathway, and tumor 

necrosis factor (TNF) signaling pathway, among others (C. Chen et al., 2021). 

Different types of inflammatory factors are important during different phases of 

normal pregnancy. During implantation, the uterus releases proinflammatory 

cytokines and chemokines, including IL-15, IL-6, C-X-C motif chemokine ligand 

8 (CXCL8), CXCL10, and CXCL1. Cytokines and chemokines activate and recruit 

large populations of decidual immune cells to the endometrium. During the late 

stages of pregnancy, reproductive tissues can secrete chemotactic factors (e.g., 
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CXCL8, CXCL10, CCL2, and CCL3) and are responsible for the selective 

recruitment of circulating maternal leukocytes to these tissues. These leukocytes, 

along with reproductive tissue cells, secrete proinflammatory mediators, including 

cytokines (IL-1, IL-6, CXCL8, and TNF), matrix metalloproteinases (MMPs), and 

prostaglandins, which induce cervical effacement/dilatation and the rupturing of 

membranes, and stimulate the myometrial contractions leading to labor and infant 

delivery (Couceiro et al., 2021; X. Zhang & Wei, 2021). 

Other factors 

The expression of a group of proteins termed contraction-associated proteins 

(CAPs) is an important event in labor. These proteins act within the uterus, which 

remains in a relaxed state for most of pregnancy and initiate the contractions that 

force the fetus through a softening cervix at term (Smith, 2007). For example, 

oxytocin receptors, connexin-43, and prostaglandin F2 alpha receptors are 

contraction-associated proteins (Cook et al., 2000) that are involved in 

prostaglandin synthesis and action, steroid receptors, oxytocin receptors, and gap 

junctions (Mitsuya et al., 2014). 

Besides these different proteins, other types of biological factors also regulate 

pregnancy and parturition. MicroRNAs (miRNAs) are small single-stranded non-

coding RNA molecules that have functions in RNA silencing and post-

transcriptional regulation of gene expression (Ying et al., 2008). miRNAs are also 

thought to play a role in pregnancy (Lycoudi et al., 2015). For example, some 

processes that affect placenta development have been shown to be miRNA-

regulated (Morales Prieto & Markert, 2011). The expression of some miRNAs 

changes throughout pregnancy and differs among placentas of patients with 

preterm labor compared to normal-term pregnancies (Morales-Prieto et al., 2013). 

This implies that expression of miRNAs change during pregnancy and they could 

also play a role in determination of the duration of pregnancy. 

2.1.2 Common pathways of parturition  

Human pregnancy and parturition involve a complex interplay of various autocrine 

and paracrine factors and signaling molecules mentioned above within intrauterine 

tissues. Besides fetomaternal endocrine and immune factors initiation signaling of 

the parturition is also linked to fetal growth and development, the glucocorticoid 

signaling pathway, peroxisome proliferator–activated receptor γ, and interferon 
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regulating factor 3 (Menon et al., 2020) . The stimuli that lead to contractility and 

labor may be local, maternal, mechanical, fetal, or originate from the placenta 

(Challis et al., 2000; Smith, 2007). Some studies have suggested that in humans, 

the timing of birth is associated with the development of the placenta i.e., the 

“placental clock,” which is activated in the early stage of pregnancy (Sheikh et al., 

2016; Smith, 2007). In particular, the expression of the gene for CRH by the 

placenta has been proposed to be one of the most important factors for determining 

the length of gestation and the timing of parturition and delivery (McLean et al., 

1995). Amnion (the innermost fetal membrane), chorion (the outermost fetal 

membrane), decidua (the maternal part of the placenta), and endometrium (the inner 

epithelial layer of the uterus) all contain CRH mRNA and protein (Keelan et al., 

1997). In women who deliver preterm (gestation < 37 weeks), the increase of CRH 

level is rapid, whereas in women who deliver term (gestation > 37 weeks), the rise 

is lower. This has been interpreted as a placental clock that might be involved in 

determining the length of gestation (Fig. 1) (McLean et al., 1995; Smith, 2007). 

CRH levels in maternal plasma increase during pregnancy.  The increase is 

steep in the last half of the third trimester and peaks at the time of delivery (Keelan 

et al., 1997). Glucocorticoids stimulate the expression of CRH in trophoblast cells. 

CRH itself stimulates the pituitary to produce corticotropin, which in turn causes 

the adrenal cortex to release cortisol. Placental CRH production is inhibited by 

estrogen, progesterone, and nitric oxide. It is stimulated by oxytocin, 

prostaglandins, and corticotropin-substances (Keelan et al., 1997). CRH is secreted 

into maternal blood, where it binds to its receptors in the pituitary, the myometrium, 

and the adrenal glands. It also enters the fetal circulation, where it binds to its 

receptors in the pituitary, the adrenal glands, and the lungs. Therefore, CRH 

possibly acts at multiple sites in mother and fetus to initiate the changes associated 

with parturition (Smith, 2007). 

Pathways in both the mother and the fetus increase placental CRH production. 

Increased placental CRH production induces fetal cortisol concentrations, amniotic 

fluid proteins, phospholipids, and myometrial receptor expression that precipitate 

labor and delivery. CRH stimulates cortisol and corticotropin production, which 

promotes the production of a substrate for placental estrogen synthesis. Estrogen is 

a part of inducing contraction. CRH also stimulates fetal adrenal zone cells, causing 

placental estrogen synthesis. In the myometrium, signals maintained by at least five 

isoforms of CRH receptors keep myometrial cells in a relaxed state (Keelan et al., 

1997). At the beginning of labor, CRH receptors change to a form that is less 

efficient in activating relaxation pathways and contractile pathways (Smith, 2007). 
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Fig. 1. Maternal and fetal endocrine systems involved in increased placental production 

of CRH. This enhances corticotropin and cortisol production in both the mother and the 

fetus. Fetal cortisol boosts lung maturation and phospholipid production. Biological 

processes finally activate inflammatory pathways in the amnion, leading to both 

cervical softening and myometrial activation. This in turn leads to progesterone 

withdrawal and increased production of cyclooxygenase (COX-2,) which induces 

prostaglandin synthesis and promotes uterine contractility.  Adapted from Smith 2007. 

Created with Diagrams.net. 

Fetal hypothalamic–pituitary–adrenal axis i.e., HPA axis is at the center of 

mechanisms controlling fetal readiness for birth (Kota et al., 2013). Fetal CRH 

levels rise with advancing gestation, increasing corticotropin production and thus 

the synthesis of cortisol by the fetal adrenal gland. Endogenous glucocorticoids 

influence fetal development and regulate glucose and fat metabolism, the 

cardiovascular system, and immune functions (Capece et al., 2014). The maturation 

of fetal lungs is associated with increased production of surfactant protein A and 

phospholipids, both of which have proinflammatory actions and may stimulate 

myometrial contractility through increased production of prostaglandins by fetal 

membranes and the myometrium. The surfactant proteins induced by inflammatory 

cytokines also enter the amniotic fluid and take part in macrophage activation. 
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These surfactant components induced by inflammatory cytokines are secreted to 

amniotic fluid. According to one hypothesis, the amniotic fluid surfactant proteins 

stimulate the inflammation that is observed in the adjacent fetal membranes, cervix, 

and underlying myometrium at the time of labor. This inflammatory process is 

claimed to be one of the elements leading to the onset of labor (Smith, 2007). 

The amnion is in contact with the amniotic fluid. Cortisol and CRH levels 

increase in the amniotic fluid during pregnancy. Cortisol and CHR stimulate the 

production of cyclooxygenase-2, which increases the production prostaglandin E2 

(PGE2) and other mediators of inflammation, such as the cytokines in the amnion. 

Cytokine IL-6 secretion precedes and possibly induces CRH (Prairie et al., 2021). 

Prostaglandin production increases with the onset of labor, and it continues to 

increase with cervical dilatation. For example, PGE2 synthetization is increased at 

term labor (Teixeira et al., 1994). The chorion underlies the amnion. It produces 

prostaglandin dehydrogenase (PGDH), which is an inactivator of prostaglandins. 

Late in pregnancy, chorionic PGDH activity falls, exposing the underlying decidua, 

cervix, and myometrium to the proinflammatory actions of prostaglandin. 

Prostaglandins have immunomodulatory properties, as they can influence cytokine 

production by gestational tissues (Keelan et al., 1997). Prostaglandins have been 

believed to play a central role in the initiation of parturition, as prostaglandins 

mediate the release of the metalloproteases that weaken the placental membranes, 

thereby facilitating membrane rupture (Keelan et al., 1997; Smith, 2007). 

CRH also stimulates the secretion of membrane MMP-9. Parturition requires 

the softening of the cervix, which is induced by transition of inflammatory 

molecules into the cervix and the release of metalloproteases. This leads to the 

breaking down of collagen, thus changing the structure of the cervix. During this 

process, the junction between fetal membranes and the decidua breaks down, and 

an adhesive protein called fetal fibronectin enters vaginal fluids. Therefore, the 

presence of fetal fibronectin in cervical fluids is a clinically useful predictor of 

imminent delivery (Smith, 2007). 

Progesterone plays a role in the development of the endometrium by allowing 

implantation and the maintenance of myometrial relaxation. Starting from 6–9 

weeks of gestation, the placenta is the primary source of progesterone until delivery 

(Prairie et al., 2021). In many mammals, a drop in circulating progesterone levels 

prior to parturition. In human pregnancy, however, this level does not fall at the 

onset of labor. Mechanisms that could account for a functional withdrawal of 

progesterone in humans could be provided by several forms of the progesterone 

receptor. Progesterone receptor B mediates many of the actions of progesterone.  
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Other shorter transcripts, such as progesterone receptors A and C, mainly act as 

dominant repressors of the progesterone receptor function. During the onset of 

labor, the proportions of progesterone receptors A, B, and C change in a way that 

resembles progesterone withdrawal. Increases in inflammatory factors are early 

events in the progression to active labor. Inflammatory factors cause changes in 

progesterone receptors, which instigate alterations in estrogen receptors and the 

expression of connexin 43 and the oxytocin receptor (Smith, 2007). The presence 

of connexins, (e.g., gap junction proteins) in the uterus, is needed for uterine 

contractions and the induction of labor (Keelan et al., 1997). Gap junction 

formation is inhibited by progesterone, which is thought to be the one mechanism 

by which progesterone maintains myometrial quiescence during pregnancy (Keelan 

et al., 1997). 

2.1.3 Complications 

Pregnant women can experience complications that can jeopardize their health, 

health of the baby, or both (Condous, 2004). Many chronic conditions or illnesses 

of mothers, such as diabetes, cancer, high blood pressure, infections, kidney 

problems, epilepsy, and anemia, can cause pregnancy complications. The most 

common complications of pregnancy include high blood pressure, gestational 

diabetes, infections, preeclampsia, miscarriage, and preterm labor. Some 

complications, such as breech position and placenta previa, occur during delivery, 

whereas others, such as miscarriages, ectopic pregnancies, pregnancies of unknown 

location, adnexal masses, and hydatidiform moles, occur early in pregnancy 

(Condous, 2004). Pregnancy complications can be roughly divided into maternal 

(lupus flare, diabetes, pre-eclampsia, urinary track infection) and fetal (miscarriage, 

intrauterine fetal demise, preterm birth, intrauterine growth restriction, congenital 

heart block, infections) risks (Condous, 2004). Additionally, pregnancy 

complications are a major problem worldwide, leading to thousands of maternal 

and infant deaths each year and affecting both short- and long-term health problems 

for both mother and child (Neiger, 2017). Unfortunately, not all complications are 

preventable; however, early detection and prenatal care are essential and can reduce 

any further risks that these conditions may cause. The prevention and treatment 

pregnancy complications are necessary because women who have suffered from 

pregnancy complications are known to be at increased risk of developing similar 

complications in future pregnancies (Neiger, 2017). Thus, research focusing on 

both the prevention and prediction of these complications is needed. 
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2.2 Preterm birth 

2.2.1 Definition, incidence, and outcomes  

Human pregnancy lasts approximately 40 weeks. Preterm birth takes place between 

20 0/7 weeks of gestation and 36 6/7 weeks of gestation (American College of 

Obstetricians and Gynecologists’ Committee on Practice Bulletins 2016). The 

World Health Organization (WHO) defines preterm birth as birth that takes place 

before 37 completed weeks of gestation (Vogel et al., 2018).  The 37-week cut-off 

is incidental, as some adverse health outcomes for babies born at 37 and 38 weeks 

are significantly higher than for those born at 39 and 40 weeks (Vogel et al., 2018). 

Preterm birth can be subdivided as follows: extremely preterm (less than 28 weeks), 

which constitutes about 5% of preterm births; severe or very preterm (28–31 weeks) 

constituting about 15% of preterm births; moderate preterm (32–33 weeks) 

constituting about 20%; and late preterm or near term (34–36 weeks), which 

consists of the majority of preterm births (60 to 70%) (Sheikh et al., 2016).  

Preterm birth rate has been noted to be about 5–19% of all pregnancies and 

affects over 15 million pregnancies worldwide each year (Blencowe et al., 2013; 

Papageorghiou et al., 2014; G. Zhang et al., 2017). In Finland, the preterm birth 

rate was about 5.1% in 2020 (THL 2020) (Kiuru et al., 2020). Preterm birth can be 

divided into: (1) spontaneous labor with intact membranes, (2) preterm premature 

rupture of the membranes (PPROM) followed by labor and delivery, and (3) labor 

induction or caesarean delivery for maternal or fetal indications (Goldenberg et al., 

2008). Preterm birth is highly prevalent in multiple pregnancies as the risk is many 

times higher in multiple pregnancies than in singleton pregnancies (Fuchs & Senat, 

2016). The difference observed in incidence is probably due to, at least in some 

respects, the varying pathophysiology of SPTB among multiple pregnancies (Fuchs 

& Senat, 2016). This thesis will mainly focus on singleton pregnancies. 

30–35% of preterm births are medically indicated due to maternal or fetal 

indications (Fig. 2) (Bhattacharjee & Maitra, 2021). Medically indicated preterm 

birth can be further classified into pre-eclampsia, obstetrical complications, 

placental abruption, fetal distress, and intrauterine growth restriction.  65 –70% of 

preterm births are spontaneous. Spontaneous preterm births (SPTB) can be further 

subdivided into idiopathic and preterm premature rupture of membrane (PPROM) 

followed by delivery. About one-third of these SPTB cases and 2–3% of all 

pregnancies are PPROM cases. Premature rupture of membranes (PROM) is 

defined as a rupture of the membranes (amniotic sac) before labor begins. PROM  
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is a common precedent in term deliveries, as well. Preterm premature rupture of 

membranes (PPROM) occurs before 37 weeks of gestation. More than 50% of 

women with PPROM give birth within one week of membrane rupture, with  major 

complication of PPROM being preterm birth. In idiopathic PTB, uterine 

contractions and cervical dilation are followed by the rupturing of the fetal 

membrane before the expulsion of the infant out of the womb (Bhattacharjee & 

Maitra, 2021; Delorme et al., 2021). 

 

Fig. 2. Schematic representation of the categories of preterm birth. 67% of spontaneous 

preterm births are idiopathic. The initiating mechanisms behind spontaneous preterm 

delivery are unclear. IUGR, Intrauterine growth retardation. Adapted from Bhattacharjee 

et al. (2021).  

The mortality and morbidity rates of infants who are born preterm are considerably 

higher compared to those who are born at term (EXPRESS Group et al., 2009; 

Vogel et al., 2018). In fact, preterm birth is the leading cause of neonatal death and 

the second leading cause of childhood death below the age of 5 years (Romero et 

al., 2014). Babies born preterm have less time to develop in the womb; thus, they 

are at an increased risk of health complications attributed to immaturity of multiple 

organs and systems. In addition, preterm infants are at risk for neurodevelopmental 

disorders, such as cerebral palsy, intellectual disabilities, and vision/hearing 
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impairments (Romero et al., 2014). Preterm birth can also have an impact on health, 

welfare, and development in adult life (Vogel et al., 2018).  

2.2.2 Risk factors for preterm birth  

Around 70% of preterm births happen spontaneously with no maternal or fetal 

complications, such as preeclampsia or intrauterine growth restriction (Romero et 

al., 2014). Previous research has shown that SPTB is a multifactorial trait and that 

many environmental and genetic risk factors are associated with SPTB (Fig. 3) 

(Bhattacharjee & Maitra, 2021). Many behavioral (smoking, drinking, and illicit 

drug use), sociodemographic (race, age, marital status, and educational level), 

nutritional, medical (hypertension, diabetes, and thyroid problem), obstetric (pre-

eclampsia, antepartum haemorrhage, etc), environmental (pollutants and 

xenobiotics), biological (inflammatory factors) and genetic factors have been 

shown to increase the risk of SPTB (Sheikh et al., 2016).  

Fig. 3. Risk factor categories associated with preterm birth. Adapted from Sheikh et al., 

2016.  
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Factors increasing the risk of SPTB can be divided into external and internal factors. 

Internal (genetic, biological, medical, and obstetric) factors can be further divided 

into maternal and fetal factors. External factors shown to increase the risk of 

preterm birth include environmental factors like exposure to heat and chemicals, 

such as nitrate, bisphenol S, ethyl paraben, air pollution, and ozone (Aung et al., 

2019; Bekkar et al., 2020; Ferguson et al., 2019; Sherris et al., 2021). These external 

factors can affect SPTB individually or through interactions with various internal 

factors (al Khalaf et al., 2021; Aung et al., 2019; Ferguson et al., 2019). 

The internal risk factors of the fetus are fetal genetic variation and different 

placental dysfunctions (Vogel et al., 2018). Intrinsic factors of the mother such as 

maternal genetic variations, immune response, obstetric factors (such as prior 

preterm delivery, cervical-vaginal infection or inflammation, uteroplacental 

ischaemia or hemorrhage, uterine overdistension, midtrimester cervical length < 25 

mm, decidual hemorrhage, uterine curettage, cervical factors, multiple gestations, 

and adverse outcome of previous term pregnancy) increase the risk of SPTB (H. 

An et al., 2021; di Renzo et al., 2021; Goldenberg et al., 2008). Moreover, some 

diseases or disorders of the mother, such as kidney dysfunction, renovascular 

disease, and history of surgery for endometriosis, have been associated with an 

increased risk of SPTB (al Khalaf et al., 2021; di Renzo et al., 2021; Farella et al., 

2020; Goldenberg et al., 2008; Harel et al., 2020; Visser et al., 2020). However, an 

obstetric history of SPTB is considered the strongest risk factor of SPTB, as it 

recurs in 35–50% of pregnancies, and the risk of event recurrence is proportional 

to the number of prior spontaneous preterm deliveries (di Renzo et al., 2021). Other 

important risk factors for preterm birth are intrauterine infection and inflammation 

(Romero et al., 2006; Vogel et al., 2018). 

The complete etiology of SPTB remains imperfectly understood because of the 

multiple risk factors, complex pathogenesis, and several pathologic processes that 

are associated with it. Moreover, even though there are many known risk factors, 

the majority of SPTB occurs in women without any identifiable risk factors (Son 

& Miller, 2017; Vogel et al., 2018). Women with low-risk pregnancies are reported 

to have preterm birth rates ranging from 3.6% in Germany to 14.7% in Egypt 

(Blencowe et al., 2013; Kiserud et al., 2017). To some extend living conditions and 

differences in health care explain the variation between ethnicities but twin and 

family studies also suggest that genetics also play a role in variation (G. Zhang et 

al., 2017). 
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2.2.3 Genetic susceptibility  

Strong evidence indicates that there is a genetic contribution to spontaneous 

preterm birth, as women who were born prematurely themselves are at increased 

risk of having spontaneous preterm births (Bhattacharya et al., 2010; Biggio Jr, 

2020). Moreover, mothers who have given birth preterm are at higher risk of giving 

birth preterm again, as the SPTB risk is increased three-fold after a single preterm 

delivery and six-fold after two preterm deliveries (Carr-Hill RA & Hall MH, 1985). 

The incidence of preterm birth varies among human populations, which may be due 

to differences in genomes. Both fetal and maternal genotypes can affect the 

duration of gestation and the risk of SPTB (Plunkett et al., 2009). The genomes of 

mother and infant may have separate or interacting contributions (G. Zhang et al., 

2017). Twin studies have demonstrated that approximately 17%–36% of the 

variation in gestational duration or preterm birth is attributable to genetic factors 

(Bhattacharjee & Maitra, 2021; G. Zhang et al., 2018). Gestational duration and 

preterm birth are multifactorial phenotypes that are likely to be influenced by 

numerous genetic variants of a small effect size. 

Genetic association studies have suggested associations between several 

genomic loci and gestational duration or the risk of SPTB and PPROM 

(Goldenberg et al., 2008; G. Zhang et al., 2018). The first genetic studies to identify 

these associations with SPTB were based on the candidate gene approach. Genes 

suspected to be associated with SPTB were broadly grouped into six categories [1]: 

innate immunity and inflammation [2], tissue remodeling and biogenesis [3], 

endocrine system [4], vascular, and angiogenesis [5], metabolism, and [6] 

miscellaneous. Gene variants in multiple genes have been reported to predispose 

women to SPTB. Sheikh et al. systematically reviewed studies on genetic variants 

(single-nucleotide polymorphisms, SNPs) associated with the risk of SPTB (Sheikh 

et al., 2016). Overall, their evaluation of 92 studies identified 119 candidate genes 

with SNPs that had potential associations with SPTB. The genes associated with 

SPTB have functions in endocrine, tissue remodeling, vascular, metabolic, and 

immune and inflammatory systems (Sheikh et al., 2016). For example, 

polymorphisms in maternal genes regulating cytokine expression, such as TLR-4, 

IL-1α, IL-1β, IL-6 and IL-10 gene have been seen to be related to SPTB (Pandey et 

al., 2017). TNF (encoding tumor necrosis factor) is probably the most frequently 

studied gene associated with SPTB (Couceiro et al., 2021). More than 100 

candidate genes have been found to be associated with SPTB in candidate gene-

based studies, but most of the findings suffer from a lack of replication 
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(Bhattacharjee & Maitra, 2021). Unfortunately, the results of the candidate gene 

studies were inconsistent and inconclusive. The reason for this is probably the 

heterogeneity of underlying genetic causes of SPTB, population-specific risk 

factors, and limited sample size (i.e., statistical power).  

Because candidate gene studies have mostly failed to find valid associations 

for SPTB, hypothesis-free genome-wide approaches have been utilized to study the 

genetics of gestational duration (G. Zhang et al., 2018). During the past 15 years, 

the most common approach taken by genome researchers has been genome-wide 

association studies (GWASs), which can be used to screen associations between 

millions of genetic variants and diseases or traits without any a priori hypothesis of 

the underlying candidate genes (Loos, 2020). The largest GWAS (sample size = 

44,000) to detect maternal genetic factors associated with spontaneous preterm 

birth identified and replicated the associations of six loci (EBF1, EEFSEC, AGTR2, 

WNT4, ADCY5, and RAP2C) with gestational duration and/or preterm birth (G. 

Zhang et al., 2017, 2018). In addition, the study demonstrated a functional role for 

an SNP at the WNT4 (wingless-type MMTV integration site family member 4) 

locus (G. Zhang et al., 2017). The functional roles of the associated loci in uterine 

development, maternal nutrition, and vascular control support their mechanistic 

involvement in birth timing control (G. Zhang et al., 2017, 2018). The study 

concluded from the functional studies that the implicated variant in WNT4 results 

in a longer gestational period, thus protecting women from preterm delivery. The 

largest GWAS (> 80,000 infants) to detect fetal genetic factors associated with 

gestational duration indicated that SNPs at the locus harboring genes encoding the 

proinflammatory cytokines IL-1α and IL-1β associated with gestational duration (X. 

Liu et al., 2019). Other published GWASs regarding gestational duration or preterm 

birth have been substantially smaller in size and have failed to detect robust 

associations (Bacelis et al., 2016; X. Liu et al., 2019; Rappoport et al., 2018; G. 

Zhang et al., 2015).  

Besides GWAS, whole-exome sequencing (WES) analyses have been used to 

study genetic susceptibility for SPTB. One of these studies showed that the 

complement and coagulation cascade was one of the most enriched pathways 

affecting SPTB (McElroy et al., 2013). This study also demonstrated that the 

missense variant of the Complement Receptor Type 1 (CR1) gene was most 

significantly associated with (McElroy et al., 2013). Another WES study revealed 

that Heat Shock 70 kDa Protein 1-Like (HSPA1L) could be a genetic risk factor for 

spontaneous preterm birth and that the glucocorticoid receptor signaling pathway 

was the most significant pathway associated with SPTB (Huusko et al., 2018). 
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Despite all the advances, further studies are needed to uncover the genetic 

influence on pregnancy duration; however, it is certain that there is a genetic effect 

behind gestational age (Couceiro et al., 2021). Although recent genome-based 

studies of both mother and fetus have identified several genetic loci associated with 

SPTB, the results suffer from a lack of consistency across multiple studies and 

populations. Many of these associations could not be replicated, and the results 

were found to be inconsistent across different studies conducted even in the same 

population. In most cases, the association did not reach genome-wide significance. 

Moreover, results of functional validation of most of these findings are unavailable 

(Bhattacharjee & Maitra, 2021). 

2.2.4 Pathways 

Like normal term pregnancy also the pathophysiology and pathways related to 

SPTB represent diverse and complex processes (Harrison et al., 2016). It is not 

known whether preterm labor represents the early idiopathic activation of the 

normal labor process or whether it is a result of pathological insults (Fig. 4) 

(Goldenberg et al., 2008). Preterm birth involves the same clinical events as term 

birth: increased uterine contractility, cervical dilatation, and rupture of the 

chorioamniotic membranes (Romero et al., 2014). In many cases of SPTB, 

infection plays a role in the pathogenesis; however, the mechanisms initiating labor 

too early are still not known. 

The underlying molecular mechanisms of SPTB are far from understood, 

although it is likely that it involves an imbalance between anti-inflammatory and 

pro-inflammatory pathways that trigger normal labor (Couceiro et al., 2021; Huang 

et al., 2021). It has been reported that altered production of pro-inflammatory 

cytokines mainly IL-1β, TNF-α, and interferon (IFN)-lambda at the maternal-fetal 

interface, could result in SPTB (Pandey et al., 2017). It is known that inflammation 

induces SPTB and that intra-amniotic inflammations are observed in 30–50% of 

women with SPTB (Couceiro et al., 2021). Normal labor involves inflammatory 

pathways; thus, perturbations in these could lead to SPTB. In fact, the disruption 

of the inflammatory processes has been linked to an increased SPTB risk (Couceiro 

et al., 2021). However, often no cause inflammatory or other is identified. 

The possible mechanisms involved in premature labor activation have been 

partially explained, and it is known that SPTB is a syndrome caused by multiple 

pathologic processes that involve at least chemokines, receptors, and imbalanced 

inflammatory paths (di Renzo et al., 2021). Still, the progress of studying preterm 
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birth has not been successful. One of the greatest challenges in this regard is that 

preterm birth is a complex condition resulting from multiple etiologic pathways, as 

SPTB probably results from a spectrum of pathological processes that are initiated 

by specific molecular pathways converging into a common pathway (Frey & 

Klebanoff, 2016). Another reason why the molecular pathway behind SPTB is not 

known is that these molecular mechanisms are influenced by factors like genetic, 

epigenetic, biological, behavioral, social, clinical, and environmental risk factors 

(Harrison et al., 2016). Due to these challenges, case definitions for the concept of 

“pathways to preterm birth” do not exist (Harrison et al., 2016). 

 

Fig. 4. Pathway leading to SPTB. It is not known whether preterm and term labor share 

the same pathway as currently, it is not known what initiates spontaneous preterm or 

spontaneous term labor. (Modified from Goldenberg et al., 2008).  

2.2.5 Biomarkers 

Several biological fluids, such as amniotic fluid, urine, cervical mucus, vaginal 

secretions, serum, plasma, and saliva, have been used to find useful biomarkers for 

the prediction of SPTB (Goldenberg et al., 2008). In particular, analytes such as 

cytokines and chemokines related to inflammation have previously been associated 

with preterm birth. Unfortunately, not nearly all biomarkers detected have been 

shown to be clinically useful (Goldenberg et al., 2008). 

The most studied biomarker and biochemical preterm birth predictor is fetal 

fibronectin (fFN), which is a glycoprotein that is produced by amniocytes and 



35 

cytotrophoblasts that binds chorionic membranes to maternal decidua, and it is a 

marker of choriodecidual disruption when it is found in cervicovaginal fluid 

(Goldenberg et al., 2008; Oskovi Kaplan & Ozgu-Erdinc, 2018). IL-6 and IL-8 

levels in cervicovaginal fluid were associated with SPTB, but relatively low 

sensitivity has been a limitation (Oskovi Kaplan & Ozgu-Erdinc, 2018). Other 

biomarkers in cervical fluid are placental alpha macroglobulin-1 (PAMG-1) and 

insulin-like growth factor binding protein-1 (IGFBP-1) (Oskovi Kaplan & Ozgu-

Erdinc, 2018). Out of the biomarkers found in cervical fluid fFN, IGFBP-1 and 1 

PAMG-1 are biomarkers used in prediction of preterm birth. 

Besides cervical fluid, amniotic fluid has been used in the search for 

biomarkers for SPTB. In amniotic fluid, for example, increased vascular 

endothelial growth factor (VEGF), placental growth factor (PGF), and decreased 

soluble VEGF receptor-1 (sFlt-1), indicating angiogenesis and the tendency for 

inflammation, have been proposed to be predictive for SPTB when analysed at 16–

19 weeks of gestation (Lee et al., 2016). Due to possible infection or inflammation, 

elevated levels of IL-1β and IL-8 in amniotic fluid have also been suggested as a 

potential predictor (Nadeau-Vallée et al., 2016; Xiaohui Jia, 2014). Elevated 

concentrations of IL-6 in amniotic fluid, cervicovaginal fluid, and maternal plasma 

have been associated with SPTB in both symptomatic and asymptomatic women 

(Prairie et al., 2021). In addition to these, neutrophil elastase and Annexin-A2 levels 

in amniotic fluid have been investigated for their ability to predict SPTB 

(Hatakeyama et al., 2016; Oskovi Kaplan & Ozgu-Erdinc, 2018; Xiaohui Jia, 2014).  

Maternal serum has been studied for biomarkers for SPTB. For example, 

maternal serum calponin 1 was found to be elevated in mothers who delivered 

preterm and was suggested as a biomarker for a short-term prediction of SPTB 

(Cetin et al., 2018). In addition, maternal serum level of progesterone-induced 

blocking factor (PIBF) was found in significantly lower quantities within 5 days 

prior to SPTB (Isık et al., 2015). Second trimester cell-free RNA profile of maternal 

blood revealed a molecular signature that could serve to identify individuals at risk 

for premature birth (Camunas-Soler et al., 2022). Changes were especially seen in 

collagen and extracellular matrix pathways. MicroRNA profiles have also been 

assessed in maternal blood, and it was reported that a correlation with SPTB was 

not detected (Elovitz et al., 2015). In addition, proteomic imbalance 

(downregulation and upregulation) in antioxidant enzymes, chaperons, 

cytoskeleton proteins, cell adhesion molecules, and proteins involved in 

angiogenesis, proteolysis, transcription, inflammation, binding, and transportation 

of various ligands in maternal blood has been observed (Gunko et al., 2016). These 
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changes were already seen during the second trimester. Serum complement 

activation with decreased level of complement C3 of women who delivered 

prematurely in can be detected even during the first trimester. These give hope that 

SPTB could be predicted in the early stages of pregnancy before the actual onset 

of labor  (D’Silva et al., 2018).  

Placental protein cargo of extracellular vesicles (EVs) circulating in maternal 

blood during pregnancy have been studied related to premature birth.  It was noted 

that first trimester preterm cargo had more inflammatory markers than with term 

pregnancies. Additionally, coagulation and complement activation-related proteins 

were downregulated in SPTB. It is possible that determination of circulating 

placental vesicles and their protein content might be used as a biomarker of the 

functional status of the placenta in maternal blood samples in the future (Menon et 

al., 2020). In addition to proteins, other biological factors and metabolites found in 

maternal serum can be associated with pathogenesis of SPTB. For example, some 

maternal plasma lipids and other factors associated with lipid metabolism have 

been seen to be involved in SPTB (Aung et al., 2021; Y. Chen et al., 2022). 

However, no method to predict SPTB in the early stages of pregnancy has been 

developed, partly because of the lack of accurate biomarkers. The identification of 

a single biomarker to predict spontaneous preterm delivery poses a significant 

challenge due to the diversity of clinical presentations and because the pathogenesis 

of SPTB is complex and multifactorial (Sen, 2017; Son & Miller, 2017). 

2.2.6 Prediction and prevention 

Ways to diagnose, prevent, and treat SPTB have been limited mainly because the 

etiology, risk factors, and pathogenesis of SPTB are not fully understood. The 

prevention of preterm birth is considered vital because of its potential to reduce 

infant and childhood morbidity and mortality (Frey & Klebanoff, 2016). Prediction 

of preterm delivery occurrence can be based on the presence of risk factors, the 

symptoms at presentation, and predictive methods.  

The strongest predictor of spontaneous preterm birth is a history of 

spontaneous preterm birth (Biggio Jr, 2020). Besides this history, many clinically 

available strategies to screen for spontaneous preterm delivery, such as sonographic 

transvaginal cervical length (CL) measurement and commercial bedside biomarker 

tests in cervical/vaginal fluid, fFN, phIGFBP-1 (Actim Partus®), and PAMG-1 

(Partosure®) have emerged (Dehaene et al., 2021; Son & Miller, 2017). fFN is the 

most used biomarker to predict SPTB. The sensitivity and specificity of fFN test in 
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“no risk factors singletons” are 0.48 and 0.96, respectively, while in “risk factors 

singletons,” they are 0.34 and 0.91, respectively (dos Santos et al., 2018). Some 

prediction methods, such as fFN measurement in conjunction with cervical length 

assessment (Son & Miller, 2017), have also been combined to increase accuracy. 

Shortened cervical length is an indicator of preterm birth, and this measurement is 

also used for SPTB prediction (O’Hara et al., 2013).  Unfortunately, the 

effectiveness of many of these available strategies relies on their ability to 

accurately predict pregnancies at increased risk for SPTB in the first place (Son & 

Miller, 2017). Better prediction methods are needed, as most women with 

symptoms of preterm labor will not deliver preterm (Dehaene et al., 2021). Once 

SPTB is diagnosed, various antenatal interventions aimed at improving neonatal 

and long-term outcomes, such as antenatal corticosteroids (ACS) for fetal 

maturation, magnesium sulfate for neuroprotection, and referral to a tertiary center, 

with or without tocolytics, can be used (Dehaene et al., 2021). 

In addition to predictive methods, preventative methods for SPTB are needed. 

One of the most used preventative methods is progesterone administration, which 

lowers prostaglandin synthesis, inhibits cervical stromal degradation, modulates 

the inflammatory response, reduces gap junction formation, and decreases 

myometrial activation (di Renzo et al., 2021). A consistent positive effect of 

progesterone administration has mainly been found in women with short cervixes 

(Sykes & Bennett, 2018). Moreover, treatments that are clinically available mostly 

involve attempts to arrest contractions. This is done by using drugs called tocolytics 

(β2 agonists, calcium channel blockers, non-steroidal anti-inflammatory drugs i.e., 

NSAIDs, and magnesium sulfate), which are used to delay delivery for a short time 

(Prairie et al., 2021). Tocolytics are used to delay childbirth by only from a few 

hours to less than a week to allow sufficient time to administer corticosteroids in 

view of reducing the severity of respiratory distress syndrome (Prairie et al., 2021). 

Tocolytics have not shown improvement in neonatal morbidity and reduction of 

SPTB, and they also can exert both maternal and fetal side effects like ductal 

closure, intraventricular hemorrhage, and renal compromise (Prairie et al., 2021). 

Altogether, therapy has not been very successful in prolonging pregnancy or 

improving neonatal outcomes. In addition, many treatment options have significant 

side effects. 
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2.3 Human placenta 

The placenta is a highly specialized, complex, and heterogeneous organ that 

supports the normal growth and development of the fetus. The placenta has two 

sides: the side attached to uterus i.e., maternal side and fetal side (Fig. 5.). 

Throughout pregnancy, the placenta fulfils tasks ranging from physiological 

adaption of the mother to immunological acceptance and nourishment of the 

developing embryo (Knöfler et al., 2019). Abnormalities in placental structural 

components and functions are associated with various pregnancy complications. 

 

Fig. 5. Basic structure of the placenta showing maternal and fetal sides. The fetal side 

consists of the trophoblast and chorionic villi and the maternal side consists of the 

decidua basalis.  

The placenta is among the organs with the highest evolutionary diversity among 

animal species (Schmidt et al., 2015). The human placenta is a unique organ due to 

the presence of numerous human-specific molecular features (Bhattacharjee & 

Maitra, 2021). Humans have a hemochorial placenta, which means that there is a 

limited cellular barrier for the maternal-fetal delivery of nutrients, extensive 

intrauterine trophoblast cell invasion, and uterine arterial remodeling (Soares et al., 

2018). In other words, the placental cell (trophoblast) layer is in direct contact with 

the maternal blood and is not separated by endothelium and/or epithelium (Schmidt 



39 

et al., 2015). The maternal side of the placenta is called the basal plate and the fetal 

side is called the chorionic side (Fig. 5).  There is great variation in placental types 

across mammals, meaning that animal models have not been useful in fully 

understanding human placental development (Turco & Moffett, 2019). However, 

many studies on the human placenta have shed light on how this organ develops 

and functions.  

2.3.1 Development 

The placenta is the first organ to form during mammalian development (Goldstein 

et al., 2020). Placental development is tightly regulated to ensure the efficient 

exchange of nutrients, gas, and waste products between the maternal and fetal 

circulatory systems. Implantation starts around 7 days after conception, when the 

embryo attaches itself to the uterine epithelium and trophectoderm fuses with it to 

form a primary syncytium (H. Li et al., 2020; Turco & Moffett, 2019). Cell 

adhesion molecules, including proteins like integrins and E-cadherins, play a role 

in embryo attachment and adhesion (Campbell et al., 1995). They mediate adhesion 

to the underlying basement membrane or adjacent epithelial cells (Singh & Aplin, 

2009). The pre-implantated embryo is called a blastocyst (Fig. 6) (H. Li et al., 2020). 

The development of the human placenta starts from the formation of the 

trophectoderm, which constitutes the outer layer of the blastocyst, and the inner 

cell mass. The latter gives rise to the embryo proper (H. Li et al., 2020).  

Implantation is the end result of complex molecular interactions and processes 

between uterus and blastocyst, including multiple hormones, adhesion molecules,  

growth factors, and cytokines  (Norwitz, 2006; Norwitz et al., 2001). For example 

cyclooxygenase-2 (COX-2), epidermal growth factor (EGF), and leukemia 

inhibiting factor (LIF) (member of the IL-6 cytokine family) are among the factors 

and pathways involved in implantation (Norwitz et al., 2001). After implantation, 

blastocysts invade through the surface epithelium into the underlying endometrium, 

which is transformed during pregnancy into a tissue known as decidua (Turco & 

Moffett, 2019). 
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Fig. 6. A: Preimplantation-stage of a blastocyst and the processes necessary for uterine 

receptivity and blastocyst apposition and adhesion. Cyclooxygenase-2 (COX-2), 

epidermal growth factor (EGF), and leukemia inhibiting factor (LIF) (member of the IL-6 

cytokine family) are among the factors and pathways involved in implantation. Adapted 

from E R Norwitz et al 2001. B. Flow diagram showing the lineage differentiation 

pathway of trophectoderm derived trophoblast populations. Adapted from Gamage et 

al., 2018. 
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Cells forming the trophectoderm (Fig. 6) of the embryo are directed to differentiate 

into the trophoblast lineages comprising the placenta (Soares et al., 2018). The 

complex processes of trophoblast differentiation and formation are tightly regulated 

by genetic and epigenetic factors, highly interactive autocrine and paracrine 

elements, signaling pathways, and transcription factors (Staud & Karahoda, 2018). 

Trophoblast stem cells first differentiate into cytotrophoblasts and undergo rapid 

proliferation to expand and establish a cytotrophoblast column. Cytotrophoblasts 

proliferate and differentiate along two divergent pathways, described as villous and 

extravillous. Inner mononucleated villous cytotrophoblast cells proliferate actively 

and fuse to form the multinucleated syncytiotrophoblasts, which form the outer 

epithelial layer of the chorionic villi (Sharma et al., 2016). This is the villous stage 

of development. The villous trees are formed by further proliferation and branching, 

and the lacunae become the intervillous space (Turco et al., 2018; Turco & Moffett, 

2019).  Syncytiotrophoblasts form a polarized layer expressing efflux and influx 

transporters on both membranes, mother-facing microvillous membrane and fetus-

facing basal membrane (Staud & Karahoda, 2018). Moreover, various enzymes are 

active within the syncytiotrophoblasts, capable of metabolising various molecules 

(Staud & Karahoda, 2018). Thus, it can efficiently mediate the materno-fetal 

disposition of endo- and exogenous compounds (Staud & Karahoda, 2018). 

Cells at the proximal end of a cytotrophoblast column form a cytotrophoblast 

shell from which cells can further differentiate into extravillous trophoblasts (Zhao 

et al., 2021). In the extravillous pathway, the cytotrophoblast cells acquire an 

invasive phenotype and differentiate into interstitial extravillous trophoblasts or 

endovascular extravillous trophoblasts (Sharma et al., 2016). The interstitial 

extravillous trophoblasts migrate into the inner third of the myometrium, invade 

and anchor the placenta to the decidua and secrete fibrinoid material., whereas the 

endovascular extravillous trophoblasts remodel the maternal vasculature (Sato, 

2020; Sharma et al., 2016). The endovascular extravillous trophoblasts migrate 

along the lumen of the spiral arterioles and replace the smooth muscle and elastic 

lamina of the vessel wall. This event is called “spiral artery remodeling” (Zhao et 

al., 2021), and it facilitates blood flow to the placenta via dilated, compliant vessels. 

The differentiation and invasive activity of trophoblast cells are tightly controlled 

spatially and temporally to enable proper placentation (Sharma et al., 2016). The 

placenta grows throughout pregnancy, and placental functional changes occur that 

accommodate the increasing metabolic demands of the developing fetus throughout 

gestation (Gude et al., 2004).  
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Besides the development of trophoblasts, one of the most important steps in 

placental development and growth of the placenta is vascular formation during 

embryogenesis. The vascular formation process is called vasculogenesis, which is 

started by the formation of the endothelial progenitor cells called angioblasts in the 

extraembryonic mesoderm allantois (D.-B. Chen & Zheng, 2014). Angiogenesis in 

the placenta proceeds similarly as in any other organ; it also requires proliferation, 

migration, and differentiation of endothelial cells within the pre-existing 

trophoplastic microvessels. Additionally, angiogenesis occurs in both the maternal 

and fetal placental tissues. The placental angiogenesis is tightly regulated, and the 

arising vasculature expands during the duration of the pregnancy. Endothelial cells 

of the blood vessels are in close contact with the trophoblast cells, and trophoblast-

derived factors have a significant role in the regulation of placental vascular 

formation and morphogenesis. In fact, the placenta is one of the richest sources of 

angiogenic factors; fetal and maternal compartments of the placentas produce 

numerous well-known angiogenic factors, such as VEGF, FGF2, PlGF, 

transforming growth factor-β1 (TGF-β1), leptin, angiopoietins, and Slit-Robo 

signaling cues  (D.-B. Chen & Zheng, 2014). 

2.3.2 Structure 

As mentioned earlier there are many different types of trophoblasts cells with 

different features and functions (Sato, 2020; Turco et al., 2018; Turco & Moffett, 

2019). These are listed in Table 1. 

Besides trophoblast cells, the placenta contains a range of cells present within 

the stromal core of the villi, including fibroblasts, immune, and vascular cells 

(Turco & Moffett, 2019). All these cell types are thought to be generated from the 

extra-embryonic mesenchyme (Turco & Moffett, 2019). There are at least two 

fibroblast populations in the placenta (Turco & Moffett, 2019). Fibroblasts connect 

to form a network of canals that feed into the extra-embryonic coelom. These canals 

contain the immune cell type of the placenta, Hofbauer cells (Turco & Moffett, 

2019), which are placental macrophages of fetal origin and are typically found in 

the endothelium and in proximity to trophoblasts (Zhao et al., 2021). They are 

likely to play a role in protecting the fetus from infections, influencing trophoplasts 

and placental vasculogenesis and angiogenesis by secreting a range of pro-

angiogenic factors and in transferring nutrients to the extra-embryonic coelom 

(Seval et al., 2007; Turco & Moffett, 2019; Zhao et al., 2021). 
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Besides trophoblast cells, the placenta contains a range of cells present within the 

stromal core of the villi, including fibroblasts, immune, and vascular cells (Turco 

& Moffett, 2019). All these cell types are thought to be generated from the extra-

embryonic mesenchyme (Turco & Moffett, 2019). There are at least two fibroblast 

populations in the placenta (Turco & Moffett, 2019). Fibroblasts connect to form a 

network of canals that feed into the extra-embryonic coelom. These canals contain 

the immune cell type of the placenta, Hofbauer cells (Turco & Moffett, 2019), 

which are placental macrophages of fetal origin and are typically found in the 

endothelium and in proximity to trophoblasts (Zhao et al., 2021). They are likely 

to play a role in protecting the fetus from infections, influencing trophoplasts and 

placental vasculogenesis and angiogenesis by secreting a range of pro-angiogenic 

factors and in transferring nutrients to the extra-embryonic coelom (Seval et al., 

2007; Turco & Moffett, 2019; Zhao et al., 2021). 

Maternal natural killers (NK) are the most abundant leukocytes during 

pregnancy, and they play a pivotal role in inflammatory events (X. Zhang & Wei, 

2021). During pregnancy, the endometrium transitions from an inflammatory to an 

anti-inflammatory state. This process involves the infiltration of immune cells, 

including NK cells, which are termed decidual natural killed (dNK) cells. dNK cells 

have immunosuppressive and proangiogenic properties and release various 

cytokines and chemokines that participate in trophoblast invasion, tissue 

remodeling, embryonic development, and placentation. During placental formation, 

dNK plays a role in regulating extravillous trophoblast (EVT) invasion. In addition, 

dNK cells infiltrate the walls of spiral arteries and mediate the disruption of 

vascular smooth muscle cells, leading to dilation (X. Zhang & Wei, 2021). They 

can also be involved in immune defence if utero is infected by pathogens. Some 

studies have indicated that NK cells could be involved in the regulation of labor. 

When the fetus is at term, dNK cells are activated to break immune tolerance and 

induce parturition. Previous studies have suggested that premature activation of this 

proinflammatory pathway can lead to a breakdown of tolerance of the maternal–

fetal interface and, subsequently, can result in preterm birth (X. Zhang & Wei, 

2021). Besides NK cells, other immune cells also play a role in the progression of 

pregnancy. For example, regulatory T cells (Tregs) promote implantation and 

immune tolerance beyond implantation (Sharma, 2014), and macrophages help the 

uterine vasculature adapt to fetal demands for gas and nutrients, thereby supporting 

fetal growth (Shmeleva & Colucci, 2021). 
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In between different types of cells, the placenta also contains extracellularly 

deposited material: fibrinoid deposits (Huppertz et al., 1996; Kaufmann et al., 

1996). This deposit material is found in every normal and pathological placenta at 

all stages of pregnancy. There are two main types of fibrinoid deposits that can be 

found in the placenta: fibrin-type and matrix-type fibrinoids. Fibrin-type fibrinoids 

are mostly composed of fibronectin and other molecules derived from blood 

clotting or degenerative processes. It is a product of maternal blood-clotting that is 

used to adapt the intervillous space to optimized flow conditions and to control 

growth of the villous trees by encasing new villous branches, which causes 

intervillous stasis or turbulence of maternal blood. It also acts as a substitute barrier 

that replaces degenerative syncytiotrophoblasts at the maternofetal exchange 

surfaces. Matrix-type fibrinoids are produced by invasive extravillous trophoblast 

cells and resemble basement membranes, as they contain laminins, collagen IV, 

heparan sulfate, oncofetal fibronectins, vitronectin, and glycosylated molecules. 

They embed secreting cells. This type of fibrinoid regulates trophoblast invasion 

through specific interactions with cell surface integrins. It anchors the placenta to 

the uterine wall and plays an important role in materno-fetal immune interactions. 

There are three subtypes of matrix-type fibrinoids that differ both histologically 

and in composition (Table 2) (Huppertz et al., 1996; Kaufmann et al., 1996). 

Table 2. Definition, origin, and composition of fibrinoid deposits. (Modified from 

Kaufman et al. 1996) 

Fibrinoid deposit/Subtype Definition  Origin Composition 

Fibrin-type fibrinoid Fibrillar Blood clotting or 

degenerative processes 

Fibronectins, 

fibrin (β peptide) 

Matrix-type fibrinoid    

     Subtype 1 Densely granular, 

basal lamina-like 

Invasive extravillous 

trophoblast 

Collagen type IV,  

laminin 

     Subtype 2 Amorphous 

ground substance 

Invasive extravillous 

trophoblast 

Heparan sulfate,  

vitronectin 

     Subtype 3 Fibrillar networks 

in amorphous 

ground substance 

Invasive extravillous 

trophoblast 

Fibronectins, 

heparan sulfate,  

vitronectin, 

blood group antigen i 
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2.3.3 Function 

The placenta is an important organ that facilitates the primary nutrient and gas 

exchange between fetus and mother (S. Zhang et al., 2015). The placenta is also an 

important endocrine organ that produces hormones, peptides, and growth factors 

that regulate both maternal and fetal physiology and metabolism during pregnancy 

(Armistead et al., 2020; Bauer et al., 1998). In addition, the placenta plays a role in 

waste product excretion, xenobiotic metabolism, fetal protection against the 

maternal immune system, and the synthesis of neurotransmitters (Staud & 

Karahoda, 2018). 

The placenta synthesizes both protein (human chorionic gonadotropin and 

somatomammotropin, growth hormone, adipokines) and steroid (progesterone, 

estrogen) hormones (Staud & Karahoda, 2018). Furthermore, placenta-secreted 

hormones affect both maternal and fetal metabolism. The hormones released into 

the maternal blood stream effectively modulate the maternal physiology to promote 

the maintenance of pregnancy, mobilization of nutrients, and parturition. Placental 

hormones are also released into the fetal circulation, regulating fetal development, 

growth, and timing of delivery (Napso et al., 2018). 

Placental villi situated alongside maternal blood is the transport unit of the 

placenta that delivers nutrients and oxygen to the developing fetus, thus clearing its 

waste products (Knöfler et al., 2019). The placenta has two separate circulatory 

systems for blood: maternal–placental (uteroplacental) blood circulation, and the 

fetal–placental (fetoplacental) blood circulation. The exchange of oxygen and 

nutrients takes place as the maternal blood flows around terminal branches of the 

chorionic villi in the intervillous space (D.-B. Chen & Zheng, 2014; Gude et al., 

2004). As nutrients are generally hydrophilic in nature, their mother-to-fetus 

transport is vectorial, mediated by transport proteins expressed on both apical and 

basal sides of the syncytiotrophoblast (Staud & Karahoda, 2018). Placental nutrient 

transporters are typically of the solute carrier (SLC) family and include (inter alia) 

glucose, amino acid, nucleoside, and fatty acid transporters (Staud & Karahoda, 

2018). To ensure adequate levels of nutrients for the developing fetus, their 

placental transport is strictly regulated by various mechanisms such as hormones 

(e.g., glucocorticoids, insulin, leptin) or growth factors like different cytokines 

(TNF, IL6) (Staud & Karahoda, 2018). Some placental proteomic studies 

concerning term labor have been conducted (Haapalainen et al., 2018; Heywood et 

al., 2017; Mine et al., 2007; Mushahary et al., 2013; Wang et al., 2013). These 
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placental proteomic studies have shown that the proteome varies between the sides 

of the placenta (Heywood et al., 2017). The chorionic plate, (i.e., the fetal side), 

expresses proteins in pathways involved in actin arrangement, contraction, 

implantation, and negative regulation of peptidases, while proteins in the basal 

plate, (i.e., the maternal side), play a role in antigen presentation, energy 

metabolism, and protein folding (Heywood et al., 2017). 

The placenta has varying roles across the different trimesters of pregnancy, as 

proteomes of placental from different trimesters have been demonstrated to differ 

(Gharesi-Fard et al., 2015; Khorami Sarvestani et al., 2021). Levels of protein 

disulfide isomerase, tropomyosin 4 isoform 2, enolase 1, heat shock protein A5, 

actin γ1 propeptide, heat shock protein gp96, alpha-1 antitrypsin, EF-hand domain 

family member D1, tubulin α1, glutathione S-transferase, and vitamin D-binding 

protein have been shown to vary between placentas from the first and third trimester 

(Gharesi-Fard et al., 2015).  

The placenta secretes extracellular vesicles (EVs) into maternal bloodstream. 

These EVs contain a wide array of proteins and microribonucleic acids that may 

mediate signaling to the maternal endothelium, organ systems, and immune cells 

(Burton & Jauniaux, 2015).  Additionally, protein content of placental EVs 

circulating in maternal blood during pregnancy change between the trimesters 

(Menon et al., 2020). There are changes in acute phase response proteins, ephrin 

receptor signaling, nitric oxide, macrophage-reactive oxygen species, integrin 

signaling, and Liver X Receptor/Retinoid X Receptor (LXR/RXR) pathways 

between different trimesters during normal pregnancy (Menon et al., 2020).  

Changes in the proteome indicate changes in the function of the placenta between 

trimesters. 

All in all, the placenta is the physical and functional connection between the 

mother and the developing fetus (Gude et al., 2004). Placenta functions and 

interactions must be carefully orchestrated to allow changes to the maternal 

circulation in order to cope with the increasing metabolic demands of the fetus as 

it develops. 

2.3.4 Abnormalities and dysfunctions 

Placental structure and function affect the health of the mother, for example, in the 

development of insulin resistance, gestational diabetes, gestational hypertension, 

and pre-eclampsia (Guttmacher et al., 2014). Placental dysfunction affects the fetus, 

causing prematurity, restricted fetal growth, and the presence of 
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neurodevelopmental abnormalities (Guttmacher et al., 2014). Placental disorders 

can have multiple causes, including fetal aberrations and maternal factors, placental 

defects, inappropriate adaption, and remodeling of the uterine vascular bed 

(Knöfler et al., 2019). In fact, deranged placental vasculature is the most common 

placental pathology that has been identified in numerous pregnancy complications 

(D.-B. Chen & Zheng, 2014). The pathogenesis of many placental disorders 

develops during the first trimester (weeks 1 to 12) of pregnancy, which makes it 

more difficult to understand how inadequate placentation contributes to pregnancy 

disorders  (Knöfler et al., 2019). 

Normal implantation and placentation are critical for successful pregnancy 

(Norwitz, 2006). Many pregnancy-related complications that present later in 

gestation, such as pre-eclampsia and preterm labor, possibly have their origins early 

in pregnancy with abnormalities in implantation and placental development 

(Norwitz, 2006). Implantation is characterized by the invasion of the maternal 

tissues of the uterus by fetal trophoblasts, and the degree to which trophoblasts 

invade these tissues appears to be a major determinant of pregnancy outcome 

(Norwitz, 2006). Excessive invasion can lead to abnormally firm attachment of the 

placenta to the myometrium (placenta accreta), which increases morbidity of both 

mother and fetus. On the other hand, inadequate invasion, specifically restricted 

endovascular invasion, has been implicated in the pathophysiology of such 

conditions as pre-eclampsia (gestational proteinuric hypertension), preterm 

premature rupture of membranes, preterm birth, and intrauterine growth restriction 

(Norwitz, 2006). In addition, impaired trophoblast differentiation is associated with 

pregnancy disorders such as fetal growth restriction and preeclampsia (Gamage et 

al., 2018). 

The exact contribution of the placenta to SPTB is unknown. Even though it is 

proposed that there is a 'placental clock', which determines the length of gestation 

and the timing of parturition and delivery (McLean et al., 1995) it is not completely 

known how placenta affects initiation of labor happening preterm. In addition, 

although it is known that SPTB most likely has a significant genetic background 

(Strauss 3rd et al., 2018) it is not well identified how this genetic variation could 

affect prematurity via changes in placenta.  
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3 Aims of the study 

The aim of this study was to identify the biological factors associated with 

spontaneous preterm birth. This study will focus on the attribution of placenta to 

premature birth arising from genetic variations and biological pathways that have 

a role in gestational age. The specific aims were as follows:  

1. To discover genetic risk factors of fetal genome underlying preterm birth using 

genome-wide association study (GWAS). 

2. To identify placental proteins that associate with spontaneous preterm birth. 

3. To identify genetic and transcriptomic evidence of heat shock proteins and 

nuclear hormone receptors that may affect risk for preterm birth. 
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4 Materials and methods 

4.1 Ethical considerations 

All experiments were performed in accordance with relevant guidelines and 

regulations. Written informed consent was obtained from all the individuals or their 

guardians who participated in this study. Study methods for the Northern Finnish 

WES, GWAS, and placental proteomics and transcriptomics data were approved by 

the ethics committee of Oulu University Hospital (79/2003, and 73/2013). The 

other studies were approved by the ethical boards of the participating institutes. 

4.2 Study populations 

4.2.1 Study populations in genetic analyses (studies I, II and III) 

Populations used in the genetic analyses are listed in Table 3. Samples for study I 

discovery GWAS population were collected in Oulu and Tampere University 

Hospitals. A detailed description can be found in the original study I. The 

recruitment of study participants was done prospectively during 2004–2014 and 

retrospectively during 1973–2003. The study population included 247 cases and 

429 term-control infants. SPTB infants were born spontaneously before 36 

completed weeks and 1 day of gestation.  The term controls had gestation ages 

ranging from 38 to 41 weeks (38 wk + 0 d to 41 wk + 6 d) of gestation. Cases with 

known risk factors predisposing to SPTB were excluded. Conditions involved 

multiple gestation, preeclampsia, intrauterine growth restriction, placental 

abruption, polyhydramnios, fetuses with anomalies, clinical chorioamnionitis or 

acute septic infection in the mother, diseases in the mother that could influence 

timing of delivery, alcohol/narcotic use, and accidents. The term control samples 

were from families with at least two term deliveries without any SPTBs in the 

family, and the exclusion criteria for term controls were as follows: multiple 

gestation, intrauterine growth restriction, placental abruption, polyhydramnios, 

fetuses with anomalies, and requirements for special care of the newborn. 
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Table 3. Summary of the genetic datasets used in the studies. The Genome-wide 

association study (GWAS) included three datasets [23andMe; Nordic metadata with 

Finnish (Nordic Finnish), Danish (Nordic DNBC) and the Norwegian Mother, Father and 

Child Cohort Study (MoBa) subsets; and Northern Finnish dataset]. Whole exome 

sequencing (WES) data were from two available datasets; the Northern Finnish and 

Danish siblings population sets. 

Genome/ Method Dataset n  Study where used 

Infant Genome    

GWAS Northern Finnish 

Replication population1 

666 

9 890 

I, III 

I 

 Nordic meta 1 960 III 

 Nordic Finnish 783 III 

 Norwegian Mother, Father and Child 

Cohort (MoBa) 

1 018 III 

WES Northern Finnish 23 II, III 

    

Maternal Genome    

GWAS 23andMe2 43 568 III 

 Nordic Meta 4 632 III 

 Nordic DNBC 1 940 III 

 Norwegian Mother, Father and Child 

Cohort (MoBa) 

1 834 III 

 Northern Finnish 520 III 

WES Northern Finnish 17 II, III 

 Danish siblings 192 II, III 

1 Rappaport et al. (2018) 
2 Zhang et al. (2017) 

The replication population of a European origin used in study I included 260 very 

preterm infant cases (GA = 25–30) defined as SPTB in 2005–2008 and 9,630 

controls. The replication population has been described previously by Rappoport et 

al. (2018) (Rappoport et al., 2018). Summary statistics were downloaded through 

ImmPort (http://www.immport.org/: SDY1205, DOI: 10.21430/M37N6PJEQT). 

9630 controls were adults recruited originally for the Health and Retirement Study 

(HRS) previously described by Sonnega et al. (2014) (Sonnega et al., 2014). 

The proteomic findings in study II were compared with three available whole 

exome-sequencing WES datasets. The exact descriptions of these datasets can be 

found from the article of Huusko et al. (2018) (Huusko et al., 2018) and the 

selection criteria for these WES analyses have been previously described in detail 

(Haataja et al., 2011; Karjalainen et al., 2012). Two of the datasets were of Finnish 
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origin and one featured data covering Danish individuals of European ancestry. The 

first dataset consisted of 17 mothers (13 mothers and four mothers of the affected 

index mothers, i.e., grandmothers) with a history of recurrent preterm births from 

seven Northern Finnish families, and the second dataset consisted of 23 children of 

these mothers. Families who had apparently inherited SPTB were selected for this 

study. These children were born spontaneously before 36 weeks of gestation (the 

36th week was excluded), with delivery occurring with intact membranes or 

following PPROM. Unrelated families of northern Finnish origin were selected 

from Oulu University Hospital from 1973–2003, and from 2003–2005 and cases 

with known risk factors predisposing to SPTB were excluded. The dataset featuring 

Danish women of European ancestry included 192 women from 95 sister pairs and 

two triplets with preterm deliveries that occurred before 37 completed weeks of 

gestation. In 83% of the sample of sisters, both sisters had experienced spontaneous 

PTB. 

In the third study, the multiple available data sets were used to mine evidence 

of HSP and NR gene involvement in susceptibility to SPTB. The Norhern Finnish 

infant GWAS and WES data from Northern Finnish mothers and infants and Danish 

siblings used in studies I and II that were described above were among these 

datasets. In addition, multiple other previously published available GWAS, whole-

exome sequencing (WES), and placental transcriptomic data were used. The largest 

GWAS dataset reviewed was from the research program of 23andMe’s research 

participants and comprised 43,568 mothers of more than 97% European ancestry. 

37,803 of these mothers, 37,803 had delivered at term (37 to 42 weeks), 3331 

before term (< 37 weeks), and 2434 after term (> 42 weeks). The data have been 

described previously by Zhang et al. (2017). The second large GWAS dataset used 

meta-analysis (Nordic meta) data from 4632 mothers and their 1960 infants from 

three independent Nordic (Nordic Finnish, Nordic Danish, i.e., dNBC, and 

Norwegian Mother, Father, and Child Cohort, i.e., MoBa) preterm birth 

case/control data sets of European ancestry described previously (Zhang et al. 

2015). Cases that had a gestation age of 37–38 weeks and samples from post-term 

(GA > 42 weeks) birth were excluded in this study. The third maternal GWAS 

dataset included 520 mothers with SPTB (GA < 36 weeks) or term (GA = 38–41 

weeks) deliveries from Northern Finland. Preterm cases included in the second and 

third datasets (i.e., in the Nordic or Northern Finnish population sets) were 

spontaneous. Cases including obstetrical induction of labor, placental abnormalities, 

preeclampsia, congenital malformations, multiple births, and conditions known to 

predispose to preterm birth were excluded 
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4.2.2 Study populations in molecular biology studies (studies I, II 

and III) 

Placental tissue samples of Finnish origin used in studies I, II, and III were collected 

at Oulu University Hospital from 2010–2020. This sample collection has been 

described previously by Karjalainen et al. (2015) (Karjalainen et al., 2015). 

Samples were collected underneath the placental surface from the maternal side, 

(i.e., from the basal plate of the placenta), and from the fetal side of the placenta, 

(i.e., from the chorionic plate) (Fig. 5). The gestational age of the preterm placentas 

ranged from 25 weeks (wk) to 36 wk + 0 d. The duration of the pregnancy was 

identified via ultrasound examination. Placental samples from term deliveries had 

a GA that ranged from 38 weeks to 42 weeks (38 wk + 0 d to 41 wk + 6 d). Placenta 

samples were from deliveries resulting from spontaneous vaginal deliveries that 

occurred either preterm (SPTB) or term (STB) and from elective caesarean 

deliveries without signs or symptoms of labor preterm (EPTB). 

The same conditions or characteristics as in the GWAS were used as exclusion 

criteria for term controls. Almost the same exclusion criteria were used for SPTB 

samples as used in the GWAS. The exception was that the SPTB cases included in 

placental studies contained few cases of chorioamnionitis or oligohydramnion. 

Labors with intact membranes or with premature rupture of membranes (PPROM) 

were considered SPTB cases. Labors with pregnancy- or labor-associated 

complications, such as intrauterine growth restriction, pre-eclampsia, and placental 

abruption, were excluded. SPTB cases with known risk factors were also excluded. 

These risk factors were multiple gestation, polyhydramnios, acute septic infection 

of the mother and/or evidence of systemic inflammatory response syndrome, 

diseases of the mother that may affect timing of the onset of delivery, alcohol, or 

narcotic use of the mother, severe accidents, and fetuses with congenital anomalies.  

The control group was comprised of elective preterm (EPTB) sample cases 

included deliveries with various pregnancy complications like IUGR or pre-

eclampsia resulting in elective preterm delivery without labor. The gestational age 

of the EPTB cases was the same as for SPTB cases and varied from 25 weeks to 36 

weeks. 
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4.3 Omics approaches 

4.3.1 Genome-wide association study (GWAS) (I and III) 

The aim of the GWAS study was to investigate fetal genetic variants that may 

predispose infants to SPTB.  DNA samples from the study participants were 

obtained from umbilical cord blood, umbilical cord tissue, or saliva. An UltraClean 

Blood DNA Isolation Kit; MO BIO Laboratories, Inc., Carlsbad, CA, USA, or 

Puregene Blood Core Kit; Qiagen, Hilden, Germany were used for DNA extraction 

from blood. Gentra Puregene Tissue Kit, Qiagen was used to extract genomic DNA 

from umbilical cord and OraGene DNA (Qiagen, Hilden, Germany) collection kits 

(DNA Genotek, Ontario, Canada) were used to collect saliva, and DNA was 

extracted with the prepIT-L2P kit (DNA Genotek Ottawa, Ontario, Canada,). 

Genome-wide SNP genotyping was done using the Infinium HumanCoreExome 

BeadChip (Illumina, San Diego, CA, USA) by the Technology Centre, Institute for 

Molecular Medicine Finland (FIMM), University of Helsinki. A detailed 

description of the GWAS can be found in Publication I. 

The SNP data were processed with PLINK, v. 1.9. SNPs that had MAF < 0.01, 

genotyping rate < 0.9, or deviation from Hardy–Weinberg equilibrium (p < 0.0001) 

were excluded. Population outliers and close relatives were excluded. SHAPEIT2 

was used for the prephasing of genotypes, and imputation was performed using 

IMPUTE2. The 1000 Genomes Phase 3 variant set (October 2014) was used as the 

reference panel. SNPs with impute info scores < 0.8 or MAF < 0.05 in cases or 

controls were excluded. After these steps, 6,778,521 SNPs remained for analysis. 

Associations between SPTB or gestational age and SNPs were assessed with the 

frequentist test under the additive model with SNPtest, v. 2.5.2. The signals that 

emerged in this analysis were further studied using different biochemical methods. 

We used multiple available sources of preterm birth GWAS data, including 

both maternal and fetal genomes, to investigate the potential role of heat shock 

proteins (HSP) in SPTB susceptibility. A detailed description of the data mining 

can be found in study III. In the five GWAS datasets, associations between SPTB 

and 100-kb windows surrounding each of 97 HSP and 49 NR genes were sought. 

All GWAS loci with p < 1 × 10−4 were extracted to construct a large preliminary 

gene set of potential importance in SPTB. 
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4.3.2 Whole exome sequencing (WES) (I, II and III) 

Two population sets with WES data were explored in studies I and II (Table 3). The 

first set included Northern Finnish families: mothers with preterm deliveries 

(n = 13) and their children born preterm (n = 23) (Haataja et al., 2011; Karjalainen 

et al., 2012). The other dataset was from Denmark. This dataset included 192 

women from 95 families: 93 affected sister pairs (both had given birth preterm) and 

two sister triads with preterm deliveries (Huusko et al., 2018).  

Whole exome sequencing was performed as previously described (Huusko et 

al., 2018). In short, the Finnish samples were prepared using the Illumina Nextera 

Rapid Capture Exome kit (San Diego, CA, USA). Sequencing was done at the 

Center for Pediatric Genomic Medicine, Children’s Mercy Hospital (CMH; Kansas 

City, MO, USA) using an Illumina HiSeq 2500 instrument. The data were produced 

with Illumina RTA 1.18.64.0 and bcl2fastq-1.8.4 and aligned against the reference 

human genome (GRCh37.p5). Variant calls were made with the Genome Analysis 

Toolkit (GATK v4.2.0.0)72, and duplicate reads were identified and flagged with 

the Picard MarkDuplicates tool72. The Danish samples were sequenced using the 

Complete Genomics platform (BGI, Shenzhen, China). Reads were aligned against 

the National Center for Biotechnology Information (NCBI) to build 37 human 

reference genomes. 

Variant annotation data from the Center for Pediatric Genomic Medicine’s 

CMH Variant Warehouse database (http://warehouse.cmh.edu) was used for the 

Finnish samples. Only variants that fit one of the following categorized 

pathogenicity criteria were noticed: 1, previously reported to be disease-causing; 2, 

expected to be pathogenic; and 3, unknown significance but potentially disease-

causing. For Danish exomes, only rare (MAF < 1%) and likely damaging variants 

that were shared by the affected sisters in each family were included. 

4.3.3 Placental proteomics (II) 

Placental proteomics was conducted to explore the differences protein expression 

levels between human placentas collected after either spontaneous preterm birth 

(SPTB), preterm elective caesarean section without signs or symptoms of labor 

(EPTB), or term birth (STB). Six samples per phenotype were analyzed. Of the 

EPTB deliveries, the gestational age (GA) varied from 25-30 weeks. In the SPTB 

group, the placentas were from pregnancies with GAs of 25-35 weeks and in the 
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STB group 39-41 weeks. Biopsies from both the maternal side (basal plate) and the 

fetal side (chorionic) of the placenta were collected and analyzed. The proteomics 

was conducted by Proteomics and Mass Spectrometry Core Facilities, Biocenter 

Oulu. The data were obtained using two-dimensional minimal-difference gel 

electrophoresis and mass spectrometry as described previously (Ackerman et al., 

2016; Haapalainen et al., 2018). The protein spots in the gel were considered 

significant if a ± 1.5-fold cut-off ratio was reached, and the p-value was ≤0.05 

according to the Student’s t-test. Theoretical spot positions in the 2D gel according 

to known protein sequences were calculated with the Compute pI/Mw tool. In mass 

spectrometry, to identify proteins, additional 2D gels with larger amounts of 

unlabelled protein (400–800 μg) combined with Cyanine dye (Cy) 2-labelled 

internal standard were run. 

4.3.4 Placental transcriptomics (III) 

In study III, the samples collected at Oulu University Hospital were sourced from 

the maternal side of the placenta, (i.e., basal plate) immediately underneath the 

placental surface. The samples were obtained from spontaneous vaginal deliveries 

that occurred either preterm (SPTB; gestation age < 36 weeks, n = 6), at term (STB; 

gestation age > 38 weeks, n = 6), or from elective caesarean deliveries without signs 

or symptoms of labor at term (ETB; gestation age > 38 weeks, n = 6). RNA from 

the placentas was isolated using a Qiagen Rneasy Micro kit (Qiagen, Hilden, 

Germany), and the quality of the RNA was verified using an Agilent RNA 6000 

Nano kit (Agilent, Santa Clara, CA, USA). and the Agilent 2100 Bioanalyzer 

instrument. The sequencing was done using the HiSeq2500 instrument. The 

sequencing data were analyzed by the Bioinformatics Unit Core Service at the 

Turku Center for Biotechnology, Finland. Data were normalized to remove 

variations among the samples. The thresholds used in filtering the differentially 

expressed genes were p-values of < 0.05. 

To investigate which HSP expression levels change during preterm birth, 

previously published and publicly available RNA sequencing data (GEO dataset 

ID: GSE73714) (Ackerman et al., 2016) were used in study III. The samples were 

from paired villous trophoblast and decidua basalis specimens. RNA sequencing 

and data generation have been described previously (Ackerman et al., 2016). Five 

of the samples were SPTB samples (GA = 30–33 weeks), and the other five were 

from term deliveries by caesarean section, absence of labor, i.e., (GA = 38–39 

weeks).  The results of this discovery data set were replicated using a dataset that 
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included placental villous samples collected from eight SPTB (GA 29–36 weeks) 

or nine term (GA 38–42 weeks) cases. RNA expression levels (counts per million, 

CPM) between SPTB and term cases were compared. The data description, 

generation, and analysis have previously been explained in detail  (Brockway et al., 

2019). 

4.4 Expression analysis  

4.4.1 Quantitative analysis by qPCR (I and II) 

To determine mRNA levels of SLIT2, ROBO1, (study I), and SERPINA1 (study II) 

in the placenta, qPCR was conducted. qPCR was conducted using TaqMan method. 

Samples from the basal plate of the placenta were analyzed and the samples from 

SPTB and STB were compared. Frozen placental samples were disrupted using 

TissueLyser LT (Qiagen, Hilden, Germany) and the stainless-steel bead method. 

RNA was isolated with the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions. The quality and quantity of the RNA was determined 

using NanoDrop by measuring absorbance values at 230, 260, and 280 nm. A total 

of 250 ng of RNA from each sample was converted into cDNA using the 

Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, Risch-Rotkreuz, 

Switzerland) according to the manufacturer’s instructions. SLIT2, ROBO1, and 

SERPINA1 were relatively quantified by intron spanning assays with Light-

Cycler96 (Roche Diagnostics, Risch-Rotkreuz, Switzerland) and cytochrome c-1 

(CYC1) as a reference gene. The primers and probes are listed in Table 4. The 

probes were obtained from the Universal Probe library (UPL) Set (Roche 

Diagnostics).  qPCR measurements were performed in triplicates. The levels of 

SLIT2, ROBO1, and SERPINA1 were normalized against the CYC1 level, and 

relative quantifications were then assessed with the ΔΔ cycle threshold method. 

Statistical analysis was performed by nonparametric Mann–Whitney U-test with 

SPSS Statistics 26.0 (IBM Corporation). 
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Table 4. Primers and probes used in quantitative analysis mRNA expression of SLIT2, 

ROBO1, and SERPINA1 by qRT-PCR. 

Gene UPL 

 probe1 

Forward Primer Reverse primer 

SLIT2 #79 5´-CTTCCAGAGACCATCACAGAAA-

3′ 

5´-CGTCTAAGCTTTTTATATGGTGAGAA-

3′ 

ROBO1 #31 5´-CGCAGAGAAACCTACACAGATG-

3′ 

5´-GGATTGGGCAGTAGGTGACT-3′ 

SERPINA1 #86 5´-GTGGTTTCTGAGCCAGCAG-3` 5′-CCCTGTCCTCGTCCGTATT-3′ 

    

CYC12 #47 5´-ATAAAGCGGCACAAGTGGTCA-

3′ 

5′-GATGGCTCTTGGGCTTGAGG-3′ 

1Probes were obtained from the Universal Probe library (UPL) Set (Roche Diagnostics).   
2 CYC1 was used as a reference gene. 

4.4.2 Western blotting (II) 

The result from proteomic analysis where alpha-antitrypsin was detected to be 

downregulated in SPTB placentas was verified with quantitative western blot 

methodology (Haapalainen et al., 2018). Six SPTB placental samples and six STB 

placentas were compared. Tubulin α-1B was used as a reference protein.  Mouse 

monoclonal anti-human AAT antibody (MA5-15521, 1:2000 dilution, Invitrogen) 

and rabbit monoclonal anti-human tubulin α-1B antibody (NB110-57609, 1:5000, 

Novusbio) were used for the detection of alpha-antitrypsin and reference protein. 

Results were analyzed using SPSS Statistics 20.0 (IBM Corporation) and 

nonparametric Mann–Whitney U test was used to evaluate the level of statistical 

difference. The methodology was described previously in detail (Haapalainen et al., 

2018). 

4.5 Imaging 

4.5.1 Immunohistochemical staining (I and II) 

Human placental samples were from Oulu University Hospital. Placental samples 

were analyzed by immunohistochemical staining to visualize the localization of 

SLIT2, ROBO1, and AAT. To determine if there are differences in protein 

localization between the term and preterm placentas, samples from SPTB and STB 

cases were stained. These samples were from the maternal side of the placenta 
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(basal plate). In total, 18 (12 SPTB + 6 STB) placental samples were stained with 

SLIT2 and ROBO1 antibodies (study I) and 12 (6 SPTB + 6 STB) with AAT 

antibody (study II). The placental samples were embedded in paraffin, cut into 4-

μm slices, deparaffinized, and rehydrated. Antigen retrieval was done in Tris-EDTA 

buffer, and endogenous peroxidase activity was blocked in blocking solution 

(Agilent, Santa Clara, CA, USA). Samples were incubated with rabbit anti-human 

SLIT2 antibody (PA5-3113, 1:5000 dilution, ThermoFisher Scientific, Waltham, 

MA, USA) or rabbit anti-human ROBO1 antibody (PA5-34931, 1:1000,  

ThermoFisher Scientific) or with rabbit anti-human AAT antibody (PA5-16661, 

1:1000 dilution, Invitrogen). Bound antibodies were detected with the Envision kit 

(Agilent, Santa Clara, CA, USA). Nonimmune rabbit IgG was used as a negative 

control. 

4.5.2 Immunoelectron microscopy (II) 

Immunoelectron microscopy (IEM) was used to study the localization of AAT in 

placental structures and to recognize structures called fibrinoid deposits.  

Fibronectin was used to localize fibrinoid deposits. IEM was performed at the 

Biocenter Oulu Electron Microscopy Core Facility.  Fresh human STB placenta 

sample was fixed in 4% paraformaldehyde in 0.1 M phosphate buffer with 2.5% 

sucrose, pH 7.4, for six hours. After fixation, the samples were immersed in 2.3 M 

sucrose, frozen in liquid nitrogen, and thin cryosections were cut with Leica EM 

UC7 cryoultramicrotome (Leica Microsystems, Vienna, Austria). For 

immunolabeling, sections on Butvar – coated nickel grids were first incubated in 

0.1% glycin-PBS for 10 min followed by incubation in a blocking serum containing 

1% BSA in PBS for 5 min. 1% BSA in PBS was used in washing steps and dilutions 

of antibodies and gold conjugates.  Sections were exposed to the primary antibodies 

to AAT (PA5-16661, 1:100 dilution, Invitrogen) for 45 min. Rabbit anti-Mouse IgG 

(Jackson Immunoresearch Laboratories Inc. Baltimore, PA, USA) was used as a 

bridging antibody for the Fibronectin antibody for 30 min. Bound antibodies were 

labeled by incubation with protein A conjugated 10 nm gold (Cell Microscopy Core, 

University Medical Center, Utrecht, The Netherlands) for 30 min. The controls 

were prepared by replacing the primary antibody with PBS. The grids were stained 

with neutral uranyl acetate (UA) and coated with 2% methyl cellulose containing 

0.4% UA. For imaging, thin sections were examined with a Tecnai G2 Spirit 120 

kV transmission electron microscope (FEI, Eindhoven, The Netherlands), and 
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images were captured by a Quemesa CCD camera (Olympus Soft Imaging 

Solutions GMBH, Münster, Germany). 

4.5.3 Fluorescence colocalization analysis (II) 

Colocalization of AAT with different fibrinoid deposit components in human 

placental tissue was analyzed using florescence colocalization analysis. These 

samples were obtained from spontaneous term placenta. Complexes of AAT–

fibronectin, AAT–vitronectin, and AAT–collagen IV were detected. The antibodies 

used were rabbit anti-human AAT antibody (PA5-16661, 1:250 dilution, 

ThermoFisher Scientific, Waltham, MA, USA), mouse anti-human fibronectin 

antibody (ab6328, 1:250 dilution, Abcam, Cambridge, UK), mouse anti-human 

vitronectin antibody (MAB88917, 1:250 dilution, Merck, Darmstadt, Germany), 

and mouse anti-human collagen IV antibody (MA5-13437, 1:250 dilution, 

ThermoFisher Scientific). Samples where the primary antibody was left out were 

used as negative controls. Secondary antibodies used were goat anti-rabbit IgG 

Alexa Fluor 488 conjugate (S4412, 1:500 dilution, Cell Signaling Technology, 

Danvers, MA, USA) and goat anti-mouse IgG Alexa Fluor 594 conjugate (S8890, 

1:500 dilution, Cell Signaling Technology).  The primary antibodies were incubated 

for 1 h at room temperature. Samples were viewed using a Leica SP8 FALCON 

laser scanning confocal microscope, and images were taken using Leica 

Application Suite X (LAS X) software. 

4.6 Gene knockdown by transfection with small interfering RNAs 

(siRNAs) (I and II) 

SLIT2 and ROBO1 were silenced in study I and SERPINA1 in study II. The cell line 

used was human placental trophoblast cells HTR-8/SVneo (CRL-3271™; ATCC, 

Manassas, Virginia, USA) cultured in RPMI-1640 culture media (Thermo Fisher 

Scientific, Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; 

Sigma-Aldrich, St. Louis, MO, USA) and 1× penicillin/streptomycin (Sigma-

Aldrich). Standard culturing conditions (37°C, 5% CO2, humidified atmosphere) 

were used, and subculturing was performed with 0.05% trypsin/0.02% EDTA. The 

siRNAs used to target SLIT2, ROBO1, and SERPINA1 are listed in Table 5. Cells 

(70,000–100 000 cells/well) and were transfected two times. The first time was a 

reverse transfection, (i.e., the transfection complex pipetted in the culture plate 

before the cells were seeded), and the second involved forward transfection (i.e., 
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the cells were attached during transfection). The transfection reagent used was 

Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA). Cells treated with 

MISSION siRNA Universal Negative Control 1 (Sigma-Aldrich) were used as a 

negative control for siRNA transfection. It was transfected in the same manner as 

siRNAs targeting SLIT2, ROBO1, and SERPINA1. The siRNA concentration used 

in the first transfection was 30 nM in SLIT2 and ROBO1 silencing and 10 nM in 

SERPINA1 silencing. The second transfection was done 24 h after the first 

transfection. siRNA concentrations used in the second transfection were 40 nM in 

SLIT2 and ROBO1 silencing and 10 nM in SERPINA1 silencing. The cells were 

incubated with siRNAs for 48 h after the second transfection and then harvested 

with 1× Trypsin-EDTA (Sigma-Aldrich, Saint Louis, MO,USA). 

Table 5. siRNA pairs used in SLIT2, ROBO1 and SERPINA1 silencing. 

Gene Sense strand Antisense strand 

SLIT2 s GUCAUAUCAAGAACUGUGAdTdT, a UCACAGUUCUUGAUAUGACdTdT 

ROBO1 s CAUACCUAUGGCUACAUUUdTdT a AAAUGUAGCCAUAGGUAUGdTdT 

SERPINA1 s GUCCAUUACUGGAACCUAU a AUAGGUUCCAGUAAUGGAC 

After harvesting, the cells were disrupted with a 25 G needle and 1 ml syringe. An 

RNeasy Micro Kit, Qiagen (Hilden, Düsseldorf, Germany), was used for RNA 

isolation. The quality of RNA was examined with an Agilent 2100 Bioanalyzer 

system at the Biocenter Oulu Sequencing Center, Finland, and the success of the 

silencing was verified using q-PCR according to the standard q-PCR procedure 

described earlier in the section 4.4.1. The RNA samples were analyzed in Finnish 

Functional Genomics Centre (FFGC; Turku, Finland). The transcriptomes of SLIT2 

(n = 3)-, ROBO1 (n = 3)-, and SERPINA1 (n = 3)-silenced cells and negative-

control cells (n = 3) were detected with the Illumina HiSeq high‐throughput 

sequencing system. Transcriptomes of the cell where either SLIT2, ROBO1, or 

SERPINA1 were silenced were compared to cells treated with siRNA negative 

control. The sequencing data were analyzed by the Bioinformatics Unit Core 

Service at the Turku Centre for Biotechnology, Finland. 
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5 Results 

5.1 The role of Slit-Robo signaling in SPTB (I) 

The aim of the study was to use a genome-wide association study (GWAS) to find 

fetal genetic variants that may predispose to preterm birth. A variant of slit guidance 

ligand 2 (SLIT2) had the strongest suggestive association (p < 10−5) with SPTB. 

This led to further characterization of SLIT2 and its receptor ROBO1 expression in 

the placenta and in trophoblast derived cells. Moreover, to study the function of 

these genes in the placenta the expression of these genes was silenced in the 

placental cell line. 

5.1.1 Genome-wide association study of spontaneous preterm birth 

To discover fetal genetic factors associated with SPTB, polymorphisms 

encompassing the entire genome were analyzed using GWAS. After quality control, 

the study population included 247 SPTB infants and 419 term control infants. 

Although no genome-wide significant signals (p < 5  10−8) were detected, several 

suggestive associations (p < 10−5) were found (Fig. 7). The most promising 

association signals were found within the gene encoding SLIT2 (Fig 7, rs116461311, 

OR = 3.43, p = 1.6 × 10−6). Suggestive signals were also found within the gene 

encoding succinyl-CoA:glutarate-CoA transferase (SUGCT), an intergenic region 

in chromosome 6 (nearest loci LOC105377949 and LOC107986634), and within 

the genes encoding anaplastic lymphoma receptor tyrosine kinase (ALK) and DLC1 

Rho GTPase activating protein (DLC1). Very preterm and moderate-to-late preterm 

SPTB infants were also analyzed separately. In the very preterm SPTB infant (GA 

< 32 weeks) group, the minor allele of SLIT2, SNP rs116461311, was 

overrepresented (OR 4.06, p = 1.55 × 10−7) compared to the term controls. In the 

group containing moderate-to-late preterm infants (GA = 32–36 weeks), two 

regions had suggestive signals. These signals constituted an intergenic region on 

chromosome 3 (nearest loci LOC105377173 and ROBO1) and within ADAMTS14, 

which encodes ADAM metallopeptidase with thrombospondin type 1 motif 14, and 

these were also detected in primary analysis. ROBO1 encodes for ROBO1 protein, 

which is a receptor of SLIT2. To investigate whether these associations can be 

replicated in an independent study population, the association signals were 

examined from a European replication population (n = 9890) (Rappoport et al., 
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2018). In this population set, rs12503652, and rs79034379, which are correlated 

with the lead GWAS SNP of the SLIT2 region (rs116461311), were associated with 

SPTB. 

Fig. 7. Manhattan plot of GWAS of SPTB. Each dot represents −log10(p) value of a single 

SNP in association analysis. The dashed line denotes the level of suggestive 

significance (−log10(p) > 5). SLIT2 was among the best associating loci. SNPs flanking 

SLIT2 are highlighted. 

In order to discover biological pathways leading to SPTB, a pathway analysis of 

the GWAS data was conducted. The top pathway (KEGG PATHWAY Database) 

associated with SPTB was axon guidance (p = 8.6 × 10−10).  The axon guidance 

pathway included both SLIT2 and gene encoding its receptor, ROBO1. These 

results of infant GWAS led us to a more detailed research paper of the roles of 

Slit/Robo signaling in SPTB. 

5.1.2 SLIT2 and ROBO1 mRNA levels are elevated in SPTB placentas 

and the SLIT2 level is associated with fetal growth 

The expression levels of SLIT2 and ROBO1 were analyzed using qRT-PCR. The 

samples were taken from the basal plates (i.e., maternal side) of placentas from 

SPTB (n = 23), STB (n = 23), and elective preterm birth (EPTB; n = 34). The 

expression level of SPTB placentas was compared to STB and EPTB placentas to 

determine whether level is associated with both gestational age and spontaneity. 

Both SLIT2 and ROBO1 mRNA levels were significantly higher in SPTB placentas 

in both comparisons. When SLIT2 level was compared between SPTB and STB 
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placentas, fold change [FC] was 1.68 and p-value was 0.004 and when ROBO1 

level was compared FC was 1.39 and p-value was 0.013 (Table 6). When the SLIT2 

level was compared between SPTB and EPTB placentas, the FC was 1.60 and the 

p-value was 0.005, and when the ROBO1 level was compared, the FC was 1.28 and 

the p-value was 0.031. In addition, our transcriptomics data, which included 6 

SPTB and 6 STB placental samples collected at Oulu University Hospital, affirmed 

that SLIT2 and ROBO1 are both upregulated in basal plates SPTB placentas 

compared to STB placentas (SLIT2 p = 0.0006, FC = 2.60; ROBO1 p = 0.06, FC 

1.56) 

Table 6. Comparison of RNA sequencing and qPCR of the ROBO1 and SLIT2 genes. 

Gene Description qPCR 

p - value 

 

Fold-change1 

Transcriptomics 

p  - value 

 

Fold change1 

SLIT2 Slit Guidance 

 Ligand 2 

0.004 1.679 0.0006 2.60 

ROBO1 Roundabout 

Guidance Receptor 

1 

0.013 1.387 0.06 1.56 

1Expression ratio between compared sample groups (SPTB vs STB) 

In order to determine whether SLIT2 and ROBO1 expression is associated with fetal 

growth, placental mRNA levels (qPCR results) and birth weight-for-GA Z-scores 

(weight Z-score) were compared. The weight Z-score includes age and gender 

standardization of the infants. Comparison showed that SLIT2 mRNA levels 

correlated significantly with Z-scores (p = 0.023) in term and preterm fetuses 

delivered after the spontaneous onset of labor (SPTB and STB samples together, n 

= 46). The results suggest that SLIT2 mRNA expression is associated with 

variations in fetal growth. 

5.1.3 Localization of SLIT2 and ROBO1 in placenta 

The localization of SLIT2 and ROBO1 was studied by immunohistochemical 

staining with anti‐human SLIT2 and ROBO1 antibodies (Fig. 8). Both SLIT2 and 

ROBO1 were localized in the trophoblast cells of the placenta. Trophoblast 

subtypes cytotrophoblasts, syncytiotrophoblasts, and decidual trophoblasts were all 

strongly stained. Trophoblasts were previously identified by using trophoblast 

marker cytokeratin-7 staining. In addition, strong ROBO1 and faint SLIT2 staining 



 

66 

was observed in capillary endothelial cells. These results indicate that SLIT2 and 

ROBO1 are expressed in the placenta at the interface between mother and fetus. 

 

Fig. 8. Placental localization of SLIT2 and ROBO1. Placental samples were 

immunostained with anti‐human SLIT2 and ROBO1 antibodies.  Nuclei of the cells are 

stained blue and SLIT2 and ROBO1 are stained brown.  Immunostaining is indicated by 

filled large arrows in cytotrophoblasts, small arrows in syncytiotrophoblasts and filled 

arrowheads in decidual trophoblasts. The original magnification is 20× in all figures. 

Scale bar, 100 μm. 

5.1.4 SLIT2 and ROBO1 silencing in HTR-8 cell line and mRNA 

transcriptomics 

The function of SLIT2 and ROBO1 in placenta was investigated using small 

interfering RNAs (siRNAs) to silence SLIT2 and ROBO1 separately in a human 

trophoblast HTR‐8/SVneo commercial cell line. The transcriptomes were detected 
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with the sequencing system, and the transcriptomes were compared to the 

transcriptome of cells treated with siRNA Universal Negative Control 1. 

After conducting qPCR the silencing percentages were found to be 60% and 

85% for SLIT2 and ROBO1, respectively. According to sequencing data, 

corresponding percentages were 75% and 74% for SLIT2 and ROBO1, respectively. 

When the transcriptomes of cells that had SLIT2 or ROBO1 silenced were 

compared to transcriptome of cells treated with siRNA Universal Negative Control 

#1 14 upregulated and 12 downregulated genes were found when using threshold 

of ≤0.01 for FDR-adjusted p value of and ≥2.0 for fold change after SLIT2 

knockdown. Only a few genes were affected by SLIT2 knockdown. Notably, the 

transfection reagent alone affected SLIT2 expression in a similar fashion compared 

to RNAi silencing, likely explaining these results. There were 216 upregulated and 

610 downregulated genes after ROBO1 knockdown.  

ROBO1 silencing affected the expression of genes such as TGFA, CXCL6, IL7R, 

IL1R1, IL1A, IL1B, CD22, CSF3, and CD14 associated with immunity and 

inflammation. Pathway analyses identified the top pathways after ROBO1 

knockdown as inflammation-related pathways, such as cytokine-cytokine receptor 

interaction (KEGG.ID 4060). 22 genes associated with this pathway were affected 

(p =1,48  10-6). SLIT2 (FC = 2.0, p = 0.005) was also among the genes affected 

by ROBO1 knockdown. The ROBO1 expression level was not affected by the 

transfection reagent. Besides immune response–modifying genes, ROBO1 

knockdown also affected genes encoding membrane receptors and other membrane 

proteins. One of the interesting gene families highly affected by ROBO1 

knockdown is pregnancy-specific glycoproteins (PSG). PSGs are a gene family that 

regulates maternal–fetal interactions. There are ten protein-coding human PSG 

genes, six of which were upregulated after ROBO1 knockdown. These data suggest 

a role for ROBO1 in the modulation of PSG gene expression. In addition, ROBO1 

appears to have immunomodulatory functions in trophoblast-derived cells. 

5.2 Human placental Alpha-1-Antitrypsin and exonic variants of 

SERPINA1 in SPTB (II) 

Previously, protein expression level changes have been associated with various 

pregnancy complications (K. P. Law et al., 2015; Romero et al., 2014). The aim of 

this study was to discover proteins whose expression levels in the placenta are 

associated with SPTB.  Proteomes of three phenotypes (SPTB, STB, and EPT) 

were compared to identify proteins that associate with both gestational age and 
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spontaneous delivery (i.e., SPTB). The results of the proteomics were compared to 

results of the WES data, where rare, likely damaging variants that lead to SPTB 

were identified. Comparison led to the discovery of SERPINA1, which encodes 

alpha-antitrypsin (AAT) protein.  To verify our results and to explore the location 

and function of AAT/SERPINA1 in the placenta, experiments on placental samples 

and placenta-associated commercial cells were performed. 

5.2.1 Protein expression changes associated with SPTB 

To discover proteins whose expression level in placenta associate with SPTB, the 

placental proteomes from three different types of deliveries (SPTB, STB, and EPT) 

were compared to identify proteins that were associated with both gestational age 

(SPTB vs. STB) and spontaneous delivery (SPTB vs. EPTB), i.e., SPTB.  Both 

sides of the placenta were compared separately. In sum, the levels of 24 proteins 

were either up- or downregulated in comparison of SPTB vs. STB placentas, i.e., 

associating with gestational age in either on one or both sides of the placenta 10 of 

these proteins—alpha-1 antitrypsin (AAT), serum amyloid P-component (APCS), 

clusterin (CLU), elongation factor 2 (EEF2), gelsolin (GSN), 78-kDa glucose 

regulated protein (HSPA5), serotransferrin (TF). transgelin-2 (TAGLN2), and 

vimentin (VIM)—were upregulated or downregulated in both sides of the placenta. 

The levels of 27 proteins were either up- or downregulated in SPTB vs. EPTB 

placenta, i.e., associating with spontaneity in either on one or both sides of the 

placenta (Fig. 9). Eight proteins, annexin A4 (ANXA4), brain acid soluble protein 

1 (BASP1), chorionic somatomammotropin hormone 1/2 (CSH1/2), EF-hand 

domain-containing protein D1 (EFHD1), ERO1-like protein α (ERO1L), ezrin 

(EZR), coagulation factor XIII A chain (F13A1), and peroxiredoxin-6 (PRDX6), 

were upregulated or downregulated in both the basal and chorionic plates.  

Six proteins [AAT, serum albumin (ALB), annexin A5 (ANXA5), HSPA5, 

keratin type I cytoskeletal 19 (KRT19) and VIM] were associated with both 

gestational age and spontaneity (Fig. 9). The research of these candidates was 

continued. 

 



 

69 

Fig. 9.  Proteins associated (± 1.5 fold-change, p-value ≤0.05) with gestational age 

(SPTB vs STB) and spontaneity (SPTB vs EPTB). Proteins associated with both are in 

bold. 

5.2.2 Comparison of proteomics results and WES data identifies 

AAT/SERPINA1 associated with SPTB 

To obtain more evidence of the role of the selected candidates in labor, WES data 

were used. For this, rare (minor allele frequency [MAF] < 1%) and common (MAF 

< 10%) potentially damaging variants (Categories 1–3) were searched from genes 

coding the six proteins found to be associated with SPTB in the results of the 

proteomics analysis. Data that included fetal and maternal exomes from the 

Northern Finnish population dataset and maternal exomes from the Danish 

population set were used. The most often found exonic variants were in the 

SERPINA1 gene coding alpha-1 antitrypsin. There were three variants of 

SERPINA1 in four different families. Thus, this study focused on the role of 

AAT/SERPINA1 in SPTB. 

Variants of SERPINA1 identified from the WES data of preterm birth cases 

cause amino acid changes Arg247Cys (R247C), Glu366Lys (E366K, Z variant), 

and Glu387Lys (E387K, F variant) in AAT. The region where these variants are 

located in protein is known as the reactive center loop (Kim et al., 2001), which is 

the part of the AAT protein that binds to the substrate.  
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5.2.3 Protein and mRNA levels of AAT/SERPINA1 are downregulated 

in SPTB placentas 

The proteomic results of alpha-1 antitrypsin were validated with the semi-

quantitative Western blot. The expression was compared between SPTB (n = 6) and 

STB placentas (STB n = 6). The expression was investigated in both sides of the 

placenta: in the basal (maternal side of the placenta) and chorionic plates (fetal side 

of the placenta). The results were in line with the proteomic results. The amount of 

AAT was lower in both sides of the placenta compared to STB samples: 1.6-fold (p 

= 0.002) in basal plate and 2.4-fold (p = 0.01) in chorionic plates.  

Next, the reason for the low expression of AAT in SPTB placentas was 

examined. qPCR was used to study whether a decreased level of AAT is due to a 

low mRNA expression of AAT coding gene SERPINA1. SERPINA1 mRNA 

expression level was compared between 18 SPTB samples and 20 STB samples. 

The result was in line with proteomics and Western blot results, as SERPINA1 

mRNA expression was lower in SPTB compared to STB placentas (p = 0.001, fold 

change [FC] = −1.91) Both Western blot and qPCR indicated that low levels of both 

AAT/SERPINA1 protein and mRNA associate with SPTB. 

5.2.4 AAT localization in placental tissue 

Immunohistochemical staining was used to visualize the localization of AAT in 

placental tissue (Fig. 10). Tissue samples were stained with anti-human AAT 

antibody. Strong staining was seen in the cytotrophoblasts and syncytiotrophoblasts 

in the basal plate. AAT-stained granules were seen in the cytosol of these cells. 

Staining was strongest in the extracellular space in the decidua. Trophoblasts were 

previously identified by using trophoblast marker cytokeratin-7 staining. 

Immunoelectron microscopy (immuno-EM) was used to localize AAT in the 

placenta in greater detail. AAT-stained granules were seen in the cytosol of the 

trophoblasts. The staining seen in extracellular space in immunohistochemical 

staining seemed to be in fibrillar networks and in placental structures, called 

decidual fibrinoid deposits in particular. This suggests that AAT may play a role in 

regulating the amount and composition of fibrinoid deposits in the placenta
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Fig. 10. Placental localization of AAT. Placental samples were immunostained with anti-

human AAT antibody. Samples were from the basal plate (maternal side) and from the 

decidua of the placenta. Nuclei of the cells are stained blue, and AAT is stained brown. 

Immunostaining is indicated by filled large arrows in cytotrophoblasts, small arrows in 

syncytiotrophoblasts and filled arrowheads in decidual trophoblasts. Original 

magnification × 20. Scale bar: 100 μm 

There are two main types of fibrinoid deposits, fibrin type and matrix type, that 

differ in structure, composition, and function (Huppertz et al., 1996; Kaufmann et 

al., 1996).  Fibrin-type fibrinoids are the result of blood clotting. Decidual fibrinoid 

deposit, i.e., matrix-type fibrinoid secreted by decidual trophoblasts, can be further 

divided into three subtypes (subtypes 1,2 and 3) (Huppertz et al., 1996). Immuno-

EM suggested that AAT may be associated with matrix-type fibrinoids. Thus, the 

fibrinoid structures in which AAT would be localized were characterized by 

fluorescence colocalization analysis. Based on this analysis, AAT seemed to 

colocalize mostly with collagen IV, which suggests that AAT is located in matrix-

type fibrinoid subtype 1 deposits. This subtype is densely granular, basal lamina-

like, and is composed of laminin besides collagen IV. Colocalization of the AAT 

and subtype 2 marker, vitronectin, and with subtype 3 marker fibronectin were also 

conducted. Only a modest overlay with these markers was observed. This leads us 

to believe that AAT colocalizes predominantly with subtype 1 matrix-type fibrinoid 

deposits in placenta. 
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5.2.5 SERPINA1 silencing in HTR-8 cell line and mRNA 

transcriptomics 

In order to determine the function of the alpha-1 antitrypsin/SERPINA1 in placenta, 

small interfering RNAs (siRNAs) were used to silence SERPINA1 mRNA 

expression in HTR‐8/SVneo human trophoblast cell line. The silencing percentage 

was 94% according to qPCR and 87% according to the sequencing data. The 

transcriptome of the cells where SERPINA1 was silenced was compared to the 

transcriptomes of the cells treated with siRNA Universal Negative Control #1. 

Knockdown of SERPINA1 affected the transcription of 1065 genes when the 

threshold used was a false discovery rate (FDR)–adjusted p value of ≤0.05 and an 

FC of ≥1.5. Out of the 1065 genes affected, 442 genes were upregulated and 623 

were downregulated.  

A pathway analysis of the affected genes showed that the top pathway affected 

by SERPINA1 silencing was the regulation of actin cytoskeleton (p = 1.3  10-4), 

as 26 genes from this pathway were affected (Table 7). Gene ontology (GO) 

biological processes and a GO cellular component (GO-CC) showed that genes 

affected by SERPINA1 silencing are associated with the positive regulation of cell 

migration (27 genes), extracellular matrix organization (27 genes), proteinaceous 

extracellular matrix (32 genes), and extracellular exosomes (186 genes). Notably, 

one of the affected genes was fibronectin 1 (FN1). Fibronectin is localized in 

fibrinoid deposits and is involved in cell adhesion and migration processes, 

including embryogenesis. Fetal fibronectin (fFN) is one of the molecules used as a 

predictor of preterm birth. 

Many genes affected by SERPINA1 silencing were also associated with Slit-

Robo signaling. SLIT2 (p = 0.0009, FC = 2.08) and SLIT3 (p = 0.0006, FC = 2.28) 

were among the most upregulated genes after SERPINA1 silencing.  In study I, the 

results showed that the Slit-Robo signaling pathway plays a role in SPTB. For 

example, the most strongly regulated gene by SERPINA1 knockdown was actin 

gamma 2, smooth muscle (ACTG2), which has a role in Slit–Robo signaling in 

development. A paralog of ACTG2, actin alpha cardiac muscle 1 (ACTC1), is also 

involved in this pathway, and it was also affected by the silencing of SERPINA1. 

Moreover, our q-PCR results of the placental samples showed that SERPINA1 and 

SLIT2 expression levels correlate significantly (p = 0.006) in the placenta. The 

qPCR results also showed that SLIT2 was upregulated (p = 0.004) and that 
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SERPINA1 downregulated in SPTB placentas. These data show that SERPINA1 

may regulate SLIT2 and, thus, Slit–Robo signaling as a whole. 

Table 7. Top KEGG pathways and GO enrichment analysis results of genes affected by 

SERPINA1 silencing in HTR8/SVneo cells. 

Analysis/Term Gene count p - value Benjamini1 

KEGG    

   Regulation of theactin cytoskeleton 26 1.3E-4 1.3E-2 

   Amoebiasis 17 1.4E-4 1.3E-2 

   Pathways in cancer 39 2.4E-4 1.3E-2 

   Focal adhesion 25 2.4E-4 1.3E-2 

   FoxO signaling pathway 19 2.6E-4 1.3E-2 

GO-BP2    

   Positive regulation of cell migration 27 1.8E-6 6.1E-3 

   Extracellular matrix organization 27 5.8E-6 1.0E-2 

   Positive regulation of gene expression 30 5.7E-5 6.6E-2 

   Response to wounding 12 2.7E-4 2.3E-1 

   Positive regulation of endothelial cell proliferation 12 6.1E-4 3.7E-1 

GO-CC3    

   Proteinaceous extracellular matrix 32 1.9E-5 9.9E-3 

   Extracellular exosome 186 1.1E-4 2.1E-2 

   Cell periphery 10 1.2E-4 2.1E-2 

   Basement membrane 14 1.7E-4 2.2E-2 

   Cell surface 48 2.9E-4 3.0E-2 

1Benjamini-Hochberg correction  
2GO Biological process  
3GO-Cellular component 

In conclusion, SERPINA1 knockdown demonstrated that SERPINA1 affects the 

expression of genes associated with extracellular matrix and exosomes, Slit–Robo 

signaling, and regulation of the actin cytoskeleton in a cell culture model. 

5.3 Heat shock proteins and nuclear hormone receptors in SPTB 

(III) 

Heat shock proteins have been linked to various pregnancy complications. In study 

III, all 97 known genes encoding HSP family members and 49 genes encoding 

nuclear hormone receptors (NRs) were sought for their association with SPTB 

susceptibility. NRs were included because they are targets of heat shock proteins; 

they have also been previously associated with SPTB (Huusko et al., 2018). 
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Datasets included GWAS, WES, and placental transcriptomics data. First, the 

GWAS datasets were examined for associations between common gene variants 

and SPTB. Maternal and fetal exomes were then explored for potentially damaging, 

rare variants in HSP and NR genes. Third, changes in transcription of HSP and NR 

genes in placentas associated with SPTB were sought. Several datasets suggest that 

SEC63, HSPA1L, SACS, RORA, and AR play roles in the susceptibility to SPTB 

(Fig. 11).   

Fig. 11. HSPs and NRs associated with SPTB. Several datasets suggest that SEC63, 

HSPA1L, SACS, RORA, and AR associate with SPTB. These genes are in bold. 

5.3.1 Top HSP and NR genes associating with SPTB in GWAS 

datasets 

In order to discover HSP genes associated with SPTB, three genome-wide 

association study (GWAS) datasets were datamined. Associations between SPTB 

and 100-kb windows surrounding each of the HSP and NR genes were searched. 
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For comparing HSP and NR variants with WES data and transcriptomics, all 

GWAS loci with p < 1 × 10−4 were extracted to construct as large a preliminary gene 

set determining the potential importance in SPTB as possible. 

Three maternal genome datasets (23andMe, Northern Finnish and Nordic meta 

including Nordic DNBC, MoBa, and Fin datasets) were searched for associations 

between HSP genes and SPTB. From the 23andMe dataset, five HSP genes 

(DNAJB8, DNAJB14, DNAJC6, DNAJA3, and SEC63) were found that had at least 

suggestive associations with SPTB. A genome-wide significant signal (p < 1 × 10−8) 

was detected upstream of the DNAJB8 gene, and this association was replicated in 

the Nordic dataset (p < 1 × 10−4).  A suggestive association in the DNAJB14 gene 

was replicated in the maternal Nordic Danish data (p < 1 × 10−4). In addition to 

DNAJB14, six other HSP genes (DNAJA1, DNAJC1, DNAJC2, DNAJC11, 

DNAJC17, and MKKS) were suggestively associated with SPTB at the alpha level 

of p < 1 × 10−4 in the maternal Nordic meta datasets. All in all, most of the maternal 

HSP SNP associations in the Nordic data parallel those in the 23andMe data. In 

addition to maternal datasets, datasets in which the infant was treated as affected 

were also studied (Nordic meta, Northern Finnish). In the Northern Finnish dataset, 

one variant in HSPA12B showed a suggestive association. Variants in HSP90AA1, 

DNAJC5B, DNAJC12, and CCT3 had p-values of  < 1 × 10−4 in the Nordic meta 

dataset. Results from the GWAS datasets have been collected in Table 8. 

Table 8. Results of the different GWAS datasets.  HSP and NR genes that had 

associations with p < 1  10-4 in the different GWAS datasets are shown. 

Genome/Dataset 

 

HSPs (p <1 x 10-4) NRs (p <10-4) 

Maternal genome   

     23andMe DNAJB8, DNAJB14, DNAJC6, DNAJA3, SEC63 NR2F2, PPARG, RORA, THRA 

     Nordic Meta DNAJB8, DNAJC1, DNAJC11 NR2F6 

     Nordic DNBC DNAJB14, DNAJC2  

     Nordic Fin MKKS ESR1 

     Nordic MoBa DNAJA1, DNAJC17,  RORA 

Infant genome   

     Nordic MoBa DNAJC5B  

     Nordic Fin HSP90AA1  

     Nordic meta DNAJC12, CCT3  

     Northern Fin HSPA12B  



 

76 

The GWAS datasets were also searched for associations between SPTB and 49 NR 

genes. Two NR genes (NR2F2 and THRA) exhibited suggestive (p < 1 × 10−5), and 

two NR genes (PPARG and RORA) were detected at the alpha level of p < 1 × 10−4 

in the maternal 23andMe dataset. In addition, RORA, ESR1, and NR2F6 had p 

values < 1 × 10−4 in the Nordic dataset. No associations were seen in the other 

datasets. 

5.3.2 Top HSPs and NRs in whole exome sequencing (WES) data 

Two whole-exome sequencing (WES) datasets (Northern Finnish and Danish 

siblings) were screened for suggesting associations with HSP and NR family 

members with SPTB. For this rare [minor allele frequency (MAF) < 1%] and 

common (MAF 1–10%), potentially damaging variants in the HSP and NR genes 

were investigated in maternal and fetal exomes. The top findings of each dataset 

are presented in Table 9. 

Table 9. WES results of the different datasets. HSP and NR genes that have possibly 

damaging variants in the exome datasets are shown. 

Genome/Dataset Inclusion criteria HSPs  NRs  

Maternal genome    

     Northern Fin MAF <10% and ACMG 

cat 1–3 

CCT7, DNAJC13, GAK, HSPA1L, 

HSPA4L, HSPA5, HSPH1, SACS, 

SEC63 

AR, NR1D2, 

NR1H4, 

NR3C1, PGR 

     Danish sibling pairs MAF < 1% CCT6B, CLPB, DNAJB14, DNAJB1, 

DNAJB12, DNAJC5, DNAJC5B 

DNAJC6, DNAJC10, HSPA1L, 

HSPA5, HSPA13, HSPB8, HSPH1, 

HYOU1, SACS, ODF1, TRAP1  

AR, ESRRB, 

HNF4A, 

NR0B1, 

NR0B2, 

Infant genome    

     Northern Fin MAF <10% and ACMG 

cat 1–3 

CCT7, CLPB, GAK, DNAJB13, 

DNAJC13, DNAJC18, HSP90AA1, 

HSPA1L, HSPA4L, HSPA12A, 

HSPD1, HSPH1 

SACS, SEC63 

 

The Northern Finnish dataset included both maternal and infant data. From these 

datasets, 15 HSP genes and 10 NR genes had potentially damaging heterozygous 

variants in multiple individuals or single individuals with multiple, potentially 
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damaging variants in a single gene. From the dataset containing data from affected 

Danish maternal sibling pairs, 18 HSP and 12 NR genes with rare, possibly 

damaging variants were found. The results of the two datasets were compared. The 

HSP and NR genes that had rare, potentially damaging variants in both datasets 

were CCT7, HSPA1L, HSPA5, HYOU1, SACS, SEC63, AR, and NR1H4. Thus, the 

WES datasets suggested that HSP and NR genes play a role in SPTB susceptibility. 

5.3.3 Top HSP and NR findings in placental transcriptomics 

Previous studies have implied that changes in HSP expression might have a role in 

pregnancy complications (Molvarec et al., 2006, 2010). Thus, the expression levels 

of a total of 146 (97 HSPs and 49 NRs) genes encoding different members 

belonging to the HSP and NR families were investigated for their association with 

SPTB susceptibility. Two transcriptomic datasets were datamined for HSP 

expression level changes.  

The first dataset included placental mRNA samples. Placentas were collected 

at Oulu University Hospital in 2012–2014. The mRNA expression levels of the 

HSP genes were compared between transcriptomes of SPTB (n = 6), STB (n = 6), 

and ETB (n = 6) placentas to discover mRNA expression levels associated with 

both gestational age and spontaneity. All in all, 15 HSP and 7 NR genes were 

significantly up- or downregulated (p < 0.05) in either or both comparisons (SPTB 

vs STB and/or SPTB vs EPTB). HSPA1, DNAJC30, HSPD1, and NR6A1 were 

upregulated or downregulated in both of the comparisons (Table 10). This suggests 

that the expression levels of these genes are associated with SPTB. 

Table 10. Significant (p < 0.05) differences in HSP and NR mRNA expression among 

comparisons of SPTB vs STB and SPTB vs ETB in placental transcriptomics data. 

Gene SPTB vs. STB  SPTB vs. STB 

 Fold change p – value1  Fold change p -value1 

HSPA1A 1.946 0.012  2.268 0.004 

DNAJC30 -1.204 0.042  -1.209 0.042 

HSPD1 1.271 0.002  1.349 0.00027 

NR6A1 2.380 0.006  2.270 0.009 

1Nominal association 

The other transcriptomic dataset that was analyzed included maternal placental 

tissue samples (decidua basalis) and fetal placental tissue samples (villous tissue) 

(Ackerman et al., 2016; Brockway et al., 2019). The placental samples were from 
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spontaneous preterm births (SPTB, n = 5) and elective term births (ETB, n = 5). 

The results from the comparison of transcriptomes (SPTB vs. ETB) showed that 

DNAJB7 (FC = 1.750, p = 0.0473) was upregulated in SPTB vs. ETB in the decidua, 

whereas HSPA7 (FC = 1.513, p = 0.048) was downregulated in SPTB compared to 

ETB in villous tissue out of the HSP genes.  

 Androgen Receptor (AR) and Estrogen Related Receptor Alpha (ESRRA) were 

the only NR genes that had changed mRNA expression in decidua basalis. Both 

were upregulated.  In the villous tissue, Nuclear Receptor Subfamily 6 Group A 

Member 1 (NR6A1) and RAR Related Orphan Receptor A (RORA) were 

downregulated (Table 11). 

Table 11. Differentially expressed genes between SPTB and ETB on the different sides 

of the placenta 

Tissue/Gene Fold change p -value 

Desidua basalis   

     DNAJB7 1.750 0.0473 

     AR 1.820 0.0158 

     ESRRA 1.497 0.0282 

Villous tissue   

     HSPA7 -1.513 0.0480 

     NR6A1 -1.288 0.0112 

     RORA -1.437 0.0342 

5.4 Summary of the results of the different omics studies 

We used several hypothesis-free methods to recognize factors associated with 

SPTB (Fig. 12). SLIT2 is associated with SPTB according to GWAS of infant 

genome, and transcriptomics data showed that SLIT2 mRNA levels are upregulated 

in SPTB placentas. A proteomics study where the proteome of SPTB placentas was 

compared to the proteomes of EPTB and STB placentas revealed that AAT is 

downregulated in SPTB placentas. WES data revealed rare damaging variants in 

the AAT coding SERPINA1 gene in families with recurrent spontaneous preterm 

deliveries. Several family members of HSP and NR protein families associated with 

SPTB, according to our omics data sets. 
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Fig. 12. Omics studies reveal biological factors that associate with SPTB. Infant GWAS 

and transcriptomics data supported the role of SLIT2 in SPTB. Proteomic study of 

placental tissue and WES data demonstrated that AAT/SERPINA1 plays a role in SPTB. 

All studied datasets showed that HSPs are factors associated with SPTB. HSPA5 found 

in proteomics study will be discussed thoroughly in separate study. 
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6 Discussion 

Ways to diagnose, prevent, and treat SPTB have been limited mainly because the 

etiology, risk factors, and pathogenesis of SPTB have been incompletely 

understood. It is important to study genetic and other biological factors associated 

with SPTB to gain better knowledge about the biological events regulating the 

duration of pregnancy and events leading to labor before term. In this work, the aim 

was to identify biological factors associated with preterm birth using several 

hypothesis-free methods and gain knowledge of their possible role in SPTB. 

6.1 SLIT2 as a novel SPTB susceptibility gene (I) 

It is known that both maternal and fetal genetic factors contribute to SPTB (Lunde 

et al., 2007; York et al., 2009, 2013; H. Zhang et al., 2015). However, fetal factors 

contributing to SPTB have not been widely studied. The aim of our study was to 

identify these fetal genetic factors. In our study, association signals with suggestive 

level (p <10−5) were detected in a case–control GWAS. Genome-wide significance 

(p <10−8) was not reached, probably due to a relatively small sample size. The 

strongest signals were within the SLIT2 gene. This association was replicated in an 

independent European population with SPTB fetuses. SLIT2 is a ligand of the 

ROBO1 receptor. Suggestive association signals were also seen in a region 

downstream of ROBO1.  

SLIT2 is a member of the slit family of secreted glycoproteins. Slits are ligands 

for the Robo family of immunoglobulin receptors and play roles in axon guidance, 

immune response, neuronal migration, and other cell migration processes, 

including leukocyte and mesoderm migration. Slits and Robos have also been 

associated with pathological processes like fibrosis (Chang et al., 2015). It has been 

shown that the Slit/Robo pair plays a role in angiogenesis in vascular formation 

during embryogenesis and during fetal development. Healthy term human placental 

villi have been reported to express SLIT2 and ROBO1 in capillary endothelium 

and in syncytiotrophoblasts. These expression patterns show that SLIT2 and 

ROBO1 could play an autocrine and/or paracrine role in angiogenesis and 

trophoblast function (W.-X. Liao et al., 2012). Because of the many vital roles of 

these proteins in the development of many organs, both Slit2 and Robo1 null mice 

are embryonically lethal (Grieshammer et al., 2004; Plump et al., 2002; Xian et al., 

2001). 
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SLIT2 and ROBO1 form part of the Slit-Robo signaling pathway, which has 

many possible roles for example in brain and blood vessel development. Mostly, it 

has been linked previously to pathways like axon guidance and angiogenesis. In 

fact, axon guidance regulated by SLIT2-ROBO1 signaling was detected to be the 

most significant pathway in the KEGG pathway analysis of the GWAS data.  

Moreover, it has been partially proven that genes that have a role in brain 

development have a function in placental development (Portmann-Lanz, Baumann, 

et al., 2010; Portmann-Lanz, Schoeberlein, et al., 2010; Sitras et al., 2012). As Slit-

Robo signaling contributes to axon guidance, it also has well-known functions in 

the development of the nervous system (Hu, 1999). Slit-Robo signaling is also 

involved in many other cellular processes, including regulation of cell migration, 

cell death, and inflammation. Thus, this pathway is essential to the development of 

other tissues besides the brain, such as the lung, liver, kidney, breast, and tissues of 

the reproductive system. As the Slit-Robo signaling pathway is essential to various 

tissues and their development, it is no surprise that defects in this pathway have 

been previously linked to multiple pregnancy complications, including 

preeclampsia impaired placentation and threatened miscarriage in early pregnancy 

and ectopic tubal pregnancy (Fang et al., 2017; P. Li et al., 2015, 2017; W.-X. Liao 

et al., 2012). 

6.1.1 SLIT2 and ROBO1 expression in SPTB placentas 

We propose that placental tissue has a potential regulatory role in the onset of labor. 

The main cell type of the placenta is trophoblasts, which can be subdivided into 

extravillous (i.e., decidual) trophoblasts and villous trophoblasts. Trophoblasts 

participate in the biogenesis of the placenta and maintenance of pregnancy (Gupta 

et al., 2016; Sharma et al., 2016). It has also been proposed that trophoblasts 

participate in labor induction (Knöfler et al., 2019). Reduced trophoblast invasion 

has been associated with early pregnancy failures (P. Li et al., 2017). Previous 

studies suggest that Slit-Robo signaling may play autocrine and/or paracrine roles 

in trophoblast functions, such as differentiation and invasion, by influencing the 

migration of trophoblastic cells (P. Li et al., 2017; W. Liao et al., 2010). Via the 

effect on trophoblastic cell functions, Slit-Robo signaling may be involved in the 

pathogenesis of different types of pregnancy complications. 

We detected that SLIT2 and ROBO1 were localized in decidual trophoblasts 

and villous trophoblasts. ROBO1 and SLIT2 were also observed to localize in 
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capillary endothelial cells. SLIT2 and ROBO1 localization seemed to be similar in 

the placentas from healthy term and preterm deliveries. The results are in line with 

previous studies and indicate that SLIT2 and ROBO1 are important for the 

regulation of placental functions (W.-X. Liao et al., 2012).  

The mRNA and protein levels of SLIT and ROBO family members have been 

seen to be elevated in preeclamptic placentas (P. Li et al., 2017). The expression of 

SLIT2 and ROBO1 was studied in placental tissue from SPTB placentas. qPCR was 

used to compare the mRNA expression of these genes in spontaneous preterm, 

elective preterm, and spontaneous term placentas. The mRNA levels of SLIT2 and 

ROBO1 were upregulated in SPTB placentas compared to elective preterm and 

spontaneous term placentas. SLIT2 mRNA levels were also detected to correlate 

with the birth weight of fetuses born after spontaneous labor. The birth weight-for-

GA Z-scores (weight Z-score) were higher in infants who had higher SLIT2 mRNA 

expression. SLIT2 variants have previously been associated with the weight of 

internal organs and bones in animal studies (B. An et al., 2018; Niu et al., 2021). 

The effect on weight could explain how SLIT2 is connected to prematurity, as fetal 

growth and intrauterine distention negatively correlate with the duration of 

pregnancy (Bacelis et al., 2018). In parallel with rapid fetal growth, placental 

vasculature grows exponentially to meet the progressively increasing demands of 

fetal growth and placental development, especially during the third trimester of 

pregnancy (Borowicz et al., 2007; Leach et al., 2002; Reynolds & Redmer, 2001). 

As Slit-Robo signaling plays a role in angiogenesis in vascular formation in 

placenta, it is also possible that by affecting angiogenesis, SLIT2 could have an 

impact on fetal growth. This potential mechanism affecting SPTB remains to be 

studied further. 

6.1.2 The function of Slit-Robo signaling in placenta 

SLIT2 and ROBO1 expressions were associated with SPTB. The functions of SLIT2 

and ROBO1 were further studied in placental cells. The expressions of SLIT2 and 

ROBO1 were silenced separately in immortalized extravillous invading 

trophoblasts using small interfering RNAs. Based on the KEGG pathway analysis, 

the genes that were affected by silencing were related to infection, inflammation, 

and immune response. This is in line with previous studies that have shown that 

members of the SLIT and ROBO families act as regulators of the inflammatory 

response (Lim et al., 2014; Lim & Lappas, 2015). These studies have shown that 

they could have both pro‐inflammatory (Geutskens et al., 2010; Lim et al., 2014; 
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Tanno et al., 2007) and anti‐inflammatory (Lim & Lappas, 2015; Zhao et al., 2014) 

functions. The affected genes in our silencing of ROBO1 were mostly 

proinflammatory cytokines and chemokines, such as IL1A, IL1B, CXCL8, CCL2, 

and CXCL6. Proinflammatory cytokines stimulate uterine contractions in the 

myometrium and thus contribute significantly to labor and delivery (Hertelendym 

et al., 1993; Molnár et al., 1993; Young et al., 2002) It is also known that many 

proinflammatory cytokines and chemokines are associated with preterm labor 

(Cappelletti et al., 2016; Nadeau-Vallée et al., 2016; Velez et al., 2008). IL1 

expression and polymorphism have been associated with SPTB, in particular  

(Bacelis et al., 2016; Genç et al., 2002; Nadeau-Vallée et al., 2016; Varner & Esplin, 

2005).  

As silencing of ROBO1 downregulated the expression of many cytokines and 

chemokines, it is plausible that upregulation of ROBO1 in SPTB placentas would 

also affect the expression of these genes. It is possible that Slit-Robo signaling 

activates inflammatory mediators throughout the fetal–maternal trophoblast 

interface, and that would likely influence the tissues actively involved in labor and 

delivery. Thus, SLIT2-ROBO1 signaling in the trophoblasts possibly contributes to 

the regulation of proinflammatory mediators and thus to SPTB.  

One of the most interesting immune responses associated to gene families 

affected by ROBO1 signaling was the PSG family. PSGs are essential in the 

maintenance of normal pregnancy (Martinez et al., 2013). This family encompasses 

ten placental trophoblast–synthetized glycoproteins that belong to the 

immunoglobulin superfamily (Martinez et al., 2013). Six PSGs were affected by 

ROBO1 silencing. Low levels of PSGs have been associated with numerous 

pregnancy complications, such as abortion, preeclampsia, intrauterine growth 

retardation, fetal distress, and preterm delivery (Arnold et al., 1999; Martinez et al., 

2013; Pihl & Christiansen, 2010; Silver et al., 1993; Tamsen, Axelsson, et al., 1983; 

Tamsen, Johansson, et al., 1983). SLIT2-ROBO1 signaling could be an important 

regulator of the expression of PSGs. Functional studies show that SLIT2 and 

ROBO1 have many functions that may play a role in SPTB. These possible 

functions are listed in Fig. 13. 
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Fig. 13. Possible pathways leading to SPTB associated with SLIT2 based on our results. 

6.2 Placental proteomic changes associated with SPTB (II) 

The aim of this study was to identify protein expression level changes that are 

potentially associated with the onset of SPTB. The proteomes of human placentas 

from SPTB, STB, and EPTB were compared to discover proteins that associate 

with both gestational age (spontaneous preterm vs. spontaneous term comparison) 

and spontaneity (spontaneous preterm vs. elective preterm comparison). Six 

proteins (AAT, ALB, ANXA5, HSPA5, KRT19, and VIM) that are associated with 

both were found. To obtain further evidence for the importance of these proteins 

for normal gestation, WES data from families with more than one SPTB case were 

used. Three likely damaging variants were found from gene SERPINA1, which 

encodes AAT. This led us to study the role of AAT/ SERPINA1 in SPTB. 

6.2.1 SERPINA1 gene and Alpha1-antitrypsin (AAT) protein in 

placenta 

AAT is a circulating single-chain glycoprotein belonging to the serpin superfamily. 

It is a protease inhibitor that inhibits various proteinases, such as trypsin, neutrophil 

elastase proteinase 3, kallikrein 7, matriptase, and caspase-3 (Seixas & Marques, 

2021). AAT is produced mainly in hepatocytes and released into circulation 
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(Fregonese et al., 2008). In addition, small amounts of AAT are produced by 

macrophages, monocytes, and neutrophils  (Bari et al., 2019). AAT is present in all 

body tissues, and it has been demonstrated that AAT is an anti-inflammatory, 

immunomodulatory, anti-infective, and tissue-repair associated molecule. AAT 

protects tissues from enzymes of inflammatory cells, and the AAT concentration 

can rise up to fourfold upon acute inflammation. AAT deficiency (AATD) is one of 

the most common genetic diseases that associates with the premature onset of 

chronic obstructive pulmonary disease and liver cirrhosis (de Serres & Blanco, 

2014; Strnad et al., 2020). 

AAT is encoded by the SERPINA1 gene, which is one of the 36 serine protease 

inhibitor (SERPIN)–coding genes of the human genome. SERPINA1 locus is highly 

polymorphic (DeMeo & Silverman, 2004). Over 500 rare SERPINA1 variants have 

been found, including many pathogenic and other likely deleterious mutations 

(Seixas & Marques, 2021). Three potentially damaging SERPINA1 variants in 

Finnish and Danish SPTB cases were identified. Two of these variants, namely 

rs28929474 (the Z variant) that changes glutamate into lysine, and rs28929470 (the 

F variant), which changes arginine into cysteine, are known to affect the function 

of AAT. The Z variant affects the stability of AAT, and the F variant reduces the 

binding affinity of AAT to proteases. Additionally, the Z variant causes 

polymerization of AAT with consequent accumulation of polymers to cells 

producing AAT, which causes a decrease in the amount of circulating AAT (Bari et 

al., 2019). Moreover, the Z variant is the most common allele that causes AATD 

and thereby liver and lung disease in Northern Europe (Fregonese et al., 2008). A 

third variant that was detected from the studied families, rs121912712, has not yet 

been reported to be associated with disease. Interestingly, all three variants are 

located in a loop known as the reactive center loop (RCL), which is a region of the 

AAT protein that binds to the target protein. Because these variants affect a site that 

is vital for the function of the protein, these variants could compromise the role of 

AAT in various processes in multiple tissues. 

The Z variant of AAT can form AAT polymers and even granules that escape 

the intracellular pathways of protein degradation (Seixas & Marques, 2021). AAT 

granules were also identified in our images. Interestingly, granules were seen in 

both healthy term placentas and SPTB placentas inside cyto- and 

syncytiotrophoblasts. These granules could be one way to transfer AAT into the 

tissues. The type of these granules could not be determined or detect whether they 

are moving from outside of the cell to inside or vice versa. However, it is likely that 
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AAT is moving outwards into the intervillous space consisting of maternal blood 

because when SERPINA1 was silenced, the affected genes included those that are 

associated with extracellular exosomes. 

AAT levels have been observed to increase in the maternal blood and in the 

fetal side of the placenta during pregnancy (Baron et al., 2012; Gharesi-Fard et al., 

2015). SERPINs have been associated with different types of pregnancy 

complications. For example, SERPINA3 is a potential preeclampsia marker, and 

higher maternal serum levels of SERPINB7 are associated with SPTB (Chelbi et 

al., 2007; Parry et al., 2014). qPCR and proteomic analysis showed that the mRNA 

and protein expression of SERPINA1/AAT are downregulated in SPTB placentas 

compared to term placentas. The results indicate that AAT is regulated at the mRNA 

level. Previously, low SERPINA1/AAT levels have been associated with pregnancy 

complications. For example, in spontaneous abortions, AAT levels have been 

analyzed to be low (Madar et al., 2013), and AAT was one of the candidate proteins 

that was downregulated in the first trimester serum samples of the mothers that 

gave birth preterm (D’Silva et al., 2020). Low levels of SERPINA1/AAT can affect 

many cellular functions, as SERPINs have been seen to regulate various vital 

pathways such as blood coagulation, fibrinolysis, and inflammation (R. H. P. Law 

et al., 2006). SERPINA1 family members are also able to prevent collagen 

breakdown, which triggers hypoxia (Serrano-Pérez et al., 2018). Our colocalization 

analysis showed that AAT and collagen IV colocalize in placental tissue, and this 

suggests that AAT could also affect collagen structures in the placenta. Moreover, 

it has been suggested that AAT regulates trophoblast invasion and the 

transformation of spiral arteries, preventing excessive invasion of trophoblast villi 

into the uterine (Starodubtseva et al., 2020). 

We observed that AAT was localized in villous and marginally in decidual 

trophoblasts. In addition, to placental trophoblast cells, AAT was seen outside 

decidual trophoblast, i.e., extracellular space in the decidua. These areas were 

studied further. Immunoelectron microscopy showed that these areas could be 

structures called decidual fibrinoid deposits. Antibodies were used to identify 

fibronectin, which is one of the protein constituents of this fibrinoid deposit. 

Elevated levels of fetal fibronectin (fFN) measured from cervicovaginal fluid are 

used as a predictor of preterm delivery (Son & Miller, 2017; Ville & Rozenberg, 

2018). AAT and fibronectin were seen to localize in similar structures, i.e., fibrinoid 

deposits in immune-EM microscopy. Previous studies have shown that there are 

two main subtypes of fibrinoids: fibrin-type and matrix-type fibrinoids. These types 

differ in structure, composition, and function. Immuno-EM analysis revealed that 
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AAT may be associated with matrix-type fibrinoids. Matrix-type fibrinoids 

originate from extravillous trophoblasts and can be divided into three subtypes (1, 

2 and 3). Fluorescence colocalization analysis was used to recognize the subtype in 

which AAT is localized. AAT colocalizes predominantly with collagen IV and thus 

subtype 1 matrix-type fibrinoid deposits which is densely granular and basal 

lamina-like (Huppertz et al., 1996; Kaufmann et al., 1996). 

6.2.2 The role of AAT in SPTB 

It is well known that AAT is a protease inhibitor and that it protects tissues from 

enzymes of inflammatory cells in, for example, the lungs (Stockley, 2015). 

However, the functions of SERPINA1/AAT in placental tissues remain poorly 

studied.  

The promoter of SERPINA1 is responsive to IL-6, and IL-1 and AAT was 

previously shown to induce anti-inflammatory cytokines (Carlson et al., 1988; 

Madar et al., 2013; Rotondo et al., 2020; Tilg et al., 1993). However, our silencing 

experiment indicated that cytokines are not extensively affected by SERPINA1 

silencing. On the other hand, many of the top genes affected by silencing are 

associated with Slit-Robo signaling. Study I showed that Slit–Robo signaling has a 

potential role in SPTB by affecting inflammatory factors. When ROBO1 was 

silenced in the same HTR-8 cell line, the downregulated genes included 

proinflammatory cytokines and chemokines such as IL1A, IL1B, CXCL8, CCL2, 

and CXCL6. Thus, it is possible that SERPINA1 regulates genes that are related to 

infection, inflammation, and immune response through regulation of the Slit–Robo 

signaling pathway. In a previous study (Yoshida et al., 2022), where SERPINA1 

was silenced in another human placenta cell line (BeWo, choriocarcinoma cell line), 

differentially expressed genes included those associated with inflammation. 

Therefore, it is likely that AAT/SERPINA1 has potentially different roles in 

different cells and even between different placental cell types.  

We conducted a pathway analysis of genes that were affected by SERPINA1 

knockdown. KEGG pathway analysis showed that the top pathway was regulation 

of actin cytoskeleton. Actin is the most abundant protein in most eukaryotic cells 

and participates in protein-protein interactions, cell motility, and the maintenance 

of cell shape and polarity and regulation of transcription (Dominguez & Holmes, 

2011). Moreover, placental syncytiotrophoblast microvilli are supported by an 

underlying cytoskeleton consisting mainly of actin (Vanderpuye et al., 1986). By 
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affecting the acting cytoskeleton, AAT may influence placental functions, including 

villus organization. 

A GO search identified the top terms associated with SERPINA1 as positive 

regulation of cell migration and extracellular matrix organization. This is in line 

with several cancer studies that show that external AAT and/or overexpressed 

SERPINA1 gene significantly improves cancer cell migration (Ercetin et al., 2019). 

Changes in extracellular matrix pathway have been associated with SPTB 

previously (Camunas-Soler et al., 2022). Moreover, genes encoding proteins that 

are secreted into the extracellular space were affected. Many of these proteins are 

present in different types of fibrinoid deposits in the placenta. Collagen alpha-1 (IV) 

chain (COL4A1), laminin subunit alpha 2 (LAMA2), laminin subunit alpha-4 

(LAMA4), and fibronectin 1 (FN1) were among the affected genes, and they are 

all present in fibrinoid deposits. This is in line with imaging results that showed 

that AAT is present in fibrinoid deposits and colocalizes with their components. It 

is possible that AAT plays a role in fibrinoid organization. The amount of fibrinoid 

increases steadily throughout pregnancy. Fibrinoid has an immunosuppressive 

function that is mediated via binding to various types of antigens (Craven et al., 

2002; Kaufmann et al., 1996; Mayhew & Barker, 2001). This possibly lowers the 

immunological load between the mother and her fetus. Lower levels of AAT seen 

in proteomics could result in lower levels of fibrinoid deposits and may decrease 

the resistance to protease-catalyzed degradation of fibrinoid deposits. This may 

then lead to compromised immune tolerance, which promotes labor. 

The best-known function of AAT is its modulation of acute inflammatory 

processes via protease inhibitory mechanisms (Ercetin et al., 2019). In general, the 

biological role of AAT seems to be the maintenance of homeostasis and the 

improvement of tissue repair and regeneration (Ercetin et al., 2019). Our results 

show that this could also be the role of AAT in the placenta and, in particular, in 

fibrinoid deposits, where the presence of AAT could be part of a mechanism for 

maintaining the stability and defense functions of the fibrinoid. If this role is 

endangered by lower levels of AAT expression or the incorrect function of proteins, 

there could be defects in placental functions. Low alpha-1 antitrypsin levels could 

result in low anti-protease activity combined with proinflammatory activation and 

lead to proteolytic degradation of the fibrinoid deposit structure and premature 

activation of labor. Our studies show that SERPINA1/AAT may have many 
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functions that play a role in SPTB (Fig. 14). Our hypothesis that AAT affects 

multiple pathways leading toward SPTB remains to be proven. 

Fig. 14. Possible pathways leading to SPTB associated with AAT/SERPINA1 based on 

our results. 

6.3 Heat shock protein and nuclear hormone receptor genes are 

associated with SPTB (III) 

Heat shock proteins (HSPs) are a family of molecular chaperones that have a 

variety of roles in cell survival and development. They are classified by their 

molecular mass (small heat shock proteins HSP10, HSP40, HSP60, HSP70, HSP90, 

and HSP110) (Jee et al., 2021). HSPs are among the first proteins synthesized 

during the development of the mammalian embryo (Jee et al., 2021).  One of the 

most essential functions of HSPs is to promote proper embryonic and postnatal 

development of multiple organ systems (Miller & Fort, 2018). Previous studies 

have shown that HSPs are important in both normal pregnancies and pregnancies 

with complications (Dvorakova et al., 2017; Fekete et al., 2006; Molvarec et al., 

2006). Thus, all HSPs that might affect SPTB risk were sought. Because HSPs 

regulate the activity of nuclear hormone receptors that have multiple functions 

during pregnancy, their association with SPTB susceptibility was also studied. The 

signals regulating the initiation of labor and duration of pregnancy come from 
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mothers, infants, or placentas, and thus data originating from all of these were 

studied. Multiple datasets were screened for associations between SPTB and HSP 

and NR family members. All these datasets showed HSP and NR gene associations 

with SPTB. The importance of SEC63, SACS, RORA, AR, and PGR in SPTB were 

supported by multiple datasets.  

The genes associated with SPTB varied among the datasets. This could be due 

to multiple pathological processes and pathways attributing to SPTB. These 

pathways possibly include varying sets of HSPs. Both maternal and fetal genetic 

factors contribute to SPTB susceptibility and thus multiple maternal and fetal 

GWAS and WES datasets were analyzed to identify HSP, and NR genes associated 

with SPTB. DNAJB8, DNAJB14, SEC63, and RORA were associated with SPTB in 

multiple genetic datasets. In addition, our proteomics data showed that HSPA5 

protein expression is upregulated in SPTB placentas. This indicates that there could 

also be HSP expression changes at the proteomic level associated with SPTB.  

HSP expression levels have been associated with various pregnancy 

complications. These expression changes can involve changes in the distribution of 

or relative concentration of various HSPs. For example, changes in the ratio of 

circulating HSP60 to HSP70 have been shown to be associated with miscarriage 

(Inano et al., 1994; Makri et al., 2019). As mentioned above, HSPs affect the 

development of multiple organ systems. Human placenta is one of these organs 

whose development and function involves well-defined temporal and spatial 

patterns of HSP expression (Christians et al., 2003; Shah M, 1998). Thus, it is 

possible that incorrect changes in HSP expression affect placental pathology and 

cause pregnancy complications. Consequently, the mRNA expression of HSP and 

NR genes associated with SPTB were searched from transcriptomics data. Some 

differences were found from each dataset. These datasets showed that HSPA1A, 

DNAJC30, HSPD1, DNAJB7, and HSPA7 of the HSPs and NR6A1, AR, ESRRA, 

and RORA of the NRs were associated with SPTB. HSPA1A levels have also 

previously been associated with pregnancy complications, as circulating HSPA1A 

levels have been shown to be elevated in patients who have a high risk for preterm 

delivery (Molvarec et al., 2010). It has been proposed that extracellular HSPA1A 

level is suppressed to maintain immunological tolerance of the mother to the fetus. 

HSPA1A can promote immune responses that could be harmful to immunological 

tolerance and thus to pregnancy as a whole (Molvarec et al., 2006, 2010). 

Consequently, the upregulation of HSPA1A could increase the risk of preterm labor. 

On the other hand, some HSPs are present in the circulation of healthy nonpregnant 

and pregnant individuals and some HSP levels increase along with advancing 



 

92 

gestational age (Molvarec et al., 2010). This would suggest that they could have a 

role in labor initiation.  

HSPs are known to be produced by cells in response to exposure to stressful 

conditions. HSPs are associated with modulating ER stress, which is a critical 

determinant for reproductive success (Jee et al., 2021). The role of HSPs is crucial 

as they are responsible for maintaining protein homeostasis in uterine endometrial 

cells in adverse physiological, pathological, and environmental conditions (Jee et 

al., 2021). Thus, it is possible that an upregulation in HSP expression levels is a 

consequence of harmful conditions such as preterm labor and a sign of the body’s 

attempt to maintain homeostasis. This is supported by the fact that HSPs are 

involved in the activation of the innate and adaptive proinflammatory immune 

response (Zininga et al., 2018). It is well established that infection and 

inflammation represent significant risk factors in preterm birth (Goldenberg et al., 

2008). It is possible that the changes in HSP expression associated with preterm 

birth are due to the activation of inflammation-related pathways. 

HSPs are essential to the maturation and inactivation of NRs. In addition to 

HSPs, the nuclear hormone receptors associated with SPTB were searched. The 

WES data showed that there were rare, potentially damaging variants located 

within the exons of PGR and AR genes from families with recurrent SPTB. In 

addition, the GWAS dataset showed that RORA is associated with SPTB, and the 

transcriptomics dataset revealed that NR6A1, AR, ESRRA, and RORA are also 

associated with SPTB. Progesterone is essential to the maintenance of pregnancy. 

In contrast to some animals where parturition is initiated by withdrawal of 

progesterone, the progesterone level in humans remains high until the end of 

pregnancy. Thus, it has been proposed that PGRs are potential regulators of timing 

of birth (Wu & DeMayo, 2017). This would happen through a functional 

progesterone withdrawal that occurs through changes in progesterone receptor 

isoform expression. Progesterone and PGRs may have a role in anti-inflammatory 

responses, and impaired function of PGRs may lead to initiation of labor (Shah et 

al., 2019). Androgen receptor (AR) and its ligand have been proposed to be vital in 

myometrial contractions and cervical dilatation during labor (Makieva et al., 2014). 

AR functions during pregnancy have been associated with pregnancy 

complications such as spontaneous abortions and SPTB (Aruna et al., 2011; 

Karjalainen et al., 2012; Karvela et al., 2008). In addition, AR expression levels 

have been observed to be elevated in preeclamptic placentas (Hsu et al., 2009). All 
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in all, nuclear hormone receptors appear to be central to the processes of pregnancy 

and labor. 

When all 97 HPS and 49 NR genes were investigated for their potential role in 

SPTB susceptibility using pathway analysis, the enriched pathways were identified 

to be the “protein processing in endoplasmic reticulum” and “estrogen signaling” 

pathways. Estrogen signaling is one of the main hormonal pathways that maintains 

pregnancy. It has also been found that estrogen regulates the expression of 

protective HSPs (Locke & Salerno, 2020). On the other hand, estrogen receptor 

activity is regulated by HSPs, as in the absence of estrogenic ligands, the estrogen 

receptor (ER) is assembled into an Hsp90-based chaperone protein complex, which 

keeps the receptor in an inactive state (Dhamad et al., 2016). Estrogen receptor 

activity is strongly linked with HSPs, as it is associated with 21 HSPs and three 

HSP cochaperones (Dhamad et al., 2016). Furthermore, estrogen is required for 

both the myometrial hyperplastic phase of gestation and the contractile response 

that leads to parturition at term (Condon et al., 2020). As HSPs are strongly 

associated with estrogen signaling, changes in their expression could affect this 

signaling pathway and possibly cause pregnancy complications. 

The vital role of two HSPs of the Hsp40 family, SACS, and cochaperone SEC63 

in preterm birth was supported by multiple different datasets. Previous studies have 

proposed that uterine expression of the SEC63 gene is upregulated at implantation 

sites in association with decidualization during the early stages of pregnancy (Su et 

al., 2009). Thus, the damaging variants seen in WES data and transcriptional 

changes seen in transcriptomics data might affect implantation and decidualization 

predisposing to SPTB. SACS is important for organizing proteins into bundles 

called intermediate filaments (Murtinheira et al., 2022; Srinivasan et al., 1994) 

otherwise, its functions are not known, and its role in pregnancy remains to be 

studied. 

Endometrial and uterine cells have an abundance of HSPs, such as HSP27, 

HSP60, HSP70, and HSP90. HSPs are also among the first proteins expressed by 

embryos. This implies that they have many involvements during the pregnancy 

process (Jee et al., 2021). HSPs are also vital in many stages of pregnancy, such as 

decidualization, implantation, and placentation. The dysregulation of these 

processes is associated with implantation failure, pregnancy loss, and other feto-

maternal complications (Jee et al., 2021). Consequently, it is likely that they can 

also affect pregnancy complications.  In fact, all the GWAS, WES, and 

transcriptome datasets indicated that various HSPs and NRs are associated with 

SPTB susceptibility. These could play multiple roles in SPTB. Defects in HSP 
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signaling possibly disturb maternal–fetal tolerance and promote susceptibility to 

early labor. On the other hand, recent advances have also suggested a possible 

therapeutic role of HSP proteins in improving pregnancy outcomes (Jee et al., 2021). 

However, further functional studies are required to resolve the exact roles of 

different genetic variants and expression changes of HSPs and NRs in pregnancy 

and SPTB. 

6.4 Significance of the results 

Despite numerous studies on the subject, there is currently no effective way to 

predict or prevent SPTB. Knowledge about biological factors associated with 

SPTB could facilitate the discovery of pathways and biological processes that lead 

to preterm labor activation. Many maternal, fetal, and environmental risk factors 

that predispose to SPTB are known but more than half of SPTBs occur in 

pregnancies where there is no identifiable risk factor. In this study known risk 

factors (multiple pregnancies, alcohol and drug use and diseases of the mother etc.) 

(Karjalainen et al., 2015) were excluded, and the study focused on the search for 

genetic and other biological factors predisposing infants to SPTB. The aim of this 

study was to discover these unknown factors using various hypothesis-free methods. 

Our study shows that SLIT2, ROBO1, AAT/SERPINA1 and various members of the 

HSP and NR families are associated with SPTB. The results also demonstrate that 

the placenta may play a significant role in spontaneous preterm labor. 

In GWAS, where fetal genetic variants that may predispose infants to SPTB 

were investigated, a variant of slit guidance ligand 2 (SLIT2) had the most 

suggestive association. In addition, association signals for both SPTB and duration 

of pregnancy were detected in the vicinity of ROBO1, which encodes a receptor of 

SLIT2. Previous studies have shown that SLIT2–ROBO1 signaling is associated 

with various pregnancy complications. This receptor–ligand pair could also be a 

component of the signaling network that promotes SPTB. Additional functional 

studies indicated that SLIT2 and ROBO1 could influence SPTB susceptibility by 

affecting inflammatory pathways, PSG genes, and fetal growth. SLIT2 and ROBO1 

were upregulated in SPTB placentas. The upregulation of SLIT2 and ROBO1 could 

be predictors of SPTB. 

The other aim of the present study was to identify placental proteins that may 

be associated with SPTB. A proteomic study in which proteomes of SPTB, elective 

preterm, and term placentas were compared yielded six candidate proteins. After 
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the identification of protein candidates, the whole exome sequences from families 

with more than one SPTB were investigated. AAT is downregulated in SPTB 

placentas, and WES data revealed rare damaging variants in the AAT-encoding 

gene (SERPINA1) in families with recurrent spontaneous preterm deliveries. AAT 

is a protease inhibitor, and our study demonstrated that it may play a role in the 

actin cytoskeleton pathway, Slit–Robo signaling, and extracellular matrix 

organization in placenta. This strengthened our interpretation of the role of SLIT2 

in SPTB. Loss of protease inhibition by AAT could render placental structures that 

are critical for maintaining pregnancy susceptible to proteases and, subsequently, 

inflammatory activation. Thus, AAT supplementation could delay the onset of 

SPTB. This possibility should be studied further.  

Some HSPs and NRs have been associated with SPTB (Dvorakova et al., 2017).  

HSPs are molecular chaperones that regulate the activity of NRs. HSPs and NRs 

are large protein families; thus, we sought to identify all HSPs and NRs that may 

affect risk for SPTB. Multiple genetic and genomic datasets were used to identify 

SPTB-predisposing HSP and NR factors from the mother, infant, and placenta. 

Various HSPs and NRs were found to be associated with SPTB in all the datasets. 

Our findings suggest that the suppression of specific HSPs promotes the 

maintenance of pregnancy, whereas the activation of specific HSP- and NR-

mediated signaling may disturb maternal–fetal tolerance and promote labor. The 

specific role of HSPs and NRs in SPTB remains to be proven. 

All in all, the effect of any single genetic or other biological factor is likely to 

be modest. However, detecting associations of single factors may lead to the 

identification of novel pathways not previously considered to be obviously related 

to SPTB. For example, the study demonstrated that pathways associated with 

extracellular matrix organization of the placenta may play a role in SPTB. In the 

future, knowledge about pathways and biological processes leading to SPTB may 

allow us to identify women at risk of SPTB and lead to the discovery of ways to 

prolong gestational age. 

6.4.1 Limitations of the study 

There were some clear limitations of our study. Many known risk factors (being 

pregnant with multiples, alcohol abuse etc.) (Karjalainen et al., 2015) are known to 

predispose infants to SPTB. In this study, many of the best-known risk factors were 

excluded but study populations probably include cases that involve known risk 

factors for SPTB, and this might have affected the results. 
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In the GWAS, associations that would reach the stringent level of genome-wide 

significance (p < 510−8) were not detected. This is probably due to the relatively 

small sample size. Signals below the threshold of suggestive association (p < 10−5) 

were detected. The association signals within the SLIT2 gene with SPTB were 

replicated in an independent European population. There is a need to validate our 

findings in larger datasets to detect signals that may have gone undetected using 

the available sample size. 

Preterm birth can be divided into early preterm, moderate preterm and late 

preterm births. It has been suggested that these subgroups could have different 

pathways and pathological processes leading to labor starting too early in 

pregnancy. Placental samples were from early preterm, moderate preterm and late 

preterm births and they were analyzed as a one group. Thus, in the present work, 

whether the factors observed were associated with early preterm or late preterm 

birth was not determined. The sample sizes were too small to differentiate between 

subgroups, and this decreased the likelihood of detecting gestational age-specific 

associations. 

In a study where possible associations of HSPs and NRs with SPTB were 

reviewed, three independent transcriptomics datasets utilizing tissue samples from 

human placenta were used. There are likely differences between the datasets in how 

placental samples were collected. It is possible that not all the samples were 

collected according to the standard proposed by the International Federation of 

Placenta Associations (Lash et al., 2009). This complicates comparisons between 

the datasets. Many HSP and NR genes that are associated with SPTB were 

recognized using multiple genetic and transcriptomic datasets, but their actual role 

in SPTB remains to be studied.  

By using multiple hypothesis-free methods, factors associated with SPTB were 

identified. Furthermore, some possible roles that these factors may have in SPTB 

were recognized. However, the identified pathways possibly leading to SPTB must 

be studied further.  

6.4.2 Prospects for future studies 

The study of human labor and pregnancy is challenging due to the species-

specificity of pregnancy. Gene knockdown in the relevant cell line allowed us to 

study the gene function of SLIT2, ROBO1, and SERPINA1 in vitro and identify 

specific pathways possibly leading to preterm birth. However, mechanistic studies 
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are needed to determine how the factors found in our study compromise the 

maintenance of homeostasis to support normal pregnancy or promote the initiation 

of events leading to SPTB. Also, more studies on the possible role of HSPs and 

NRS in SPTB are necessary. 

AAT supplementation is used in the treatment of emphysema (a lung condition 

that causes shortness of breath), which is symptomatic of AAT deficiency. AAT was 

seen to be downregulated in SPTB placentas. Thus, it has been speculated that AAT 

supplementation could delay the onset and progression of premature labor. This 

possibility remains to be studied using relevant animal models. Furthermore, it is 

necessary to study whether the low levels of AAT seen in the proteomic study could 

be used in the prediction of SPTB, for example from maternal blood samples. 
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7 Conclusions 

Previous research has shown that SPTB is a multifactorial trait and that knowledge 

of the genetic and molecular mechanisms that play a role in SPTB is limited. In this 

work, hypothesis-free omics approaches were used to identify factors associated 

with prematurity. The study showed that SLIT2, ROBO1, AAT/SERPINA1 and 

various members of HSP and NR families are associated with SPTB.  

The GWAS detected fetal association signals for SPTB and duration of 

pregnancy in the vicinity of SLIT2 and ROBO1, which is a gene that encodes the 

receptor of SLIT2. Further functional studies confirmed that Slit–Robo is important 

to the regulation of the pathways associated with infection, inflammation, and 

immune response. Based on our results, we propose that activation of SLIT2 and 

ROBO1 expression and Slit–Robo signaling contributes to inflammatory and 

immune activation in the placenta, which in turn could lead to early labor. 

We also showed that AAT is one of the proteins that has altered expression in 

SPTB placentas compared to placentas from term births. Exome sequencing 

revealed rare damaging variants in the AAT-coding SERPINA1 gene in families 

with recurrent SPTBs. Based on our results, we propose that AAT/SERPINA1 

influences the amount and composition of fibrinoid deposits, that extracellular 

matrix organization regulates actin cytoskeleton and exosome trafficking, and that 

it may control some functions through regulation of the Slit–Robo signaling 

pathway. Thus, low AAT levels could result in proinflammatory activation and lead 

to proteolytic degradation of the fibrinoid deposit structure and premature 

activation of labor. AAT supplementation could delay the onset of SPTB. 

Finally, all genes encoding members of the HSP and NR families were 

investigated for their potential role in SPTB susceptibility. There were multiple 

associations of these genes with SPTB. We propose that suppression of specific 

HSPs and NRs promotes maintenance of pregnancy, whereas the activation of some 

of these genes mediates signaling that may disturb maternal–fetal tolerance and 

promote labor. 

The results of this study provide new information on the genetic and other 

biological factors behind SPTB. Our research demonstrates that multiple factors 

could play a role in SPTB via multiple pathways and processes in the placenta. The 

placenta appears to play a significant role in premature birth. The results may help 

us develop ways to predict SPTB and prolong gestational age. 
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