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Summary   

Preeclampsia (PE) is a life-threatening complication of human pregnancy that is 

characterized by wide-spread endothelial dysfunction. Excessive placental factors released 

into the maternal circulation as a response to placental stress are believed to contribute to 

endothelial dysfunction. Our laboratory has previously reported that high temperature 

requirement factor A4 (HtrA4) is a placenta-specific serine protease that is secreted into the 

maternal circulation and significantly up-regulated in PE, especially in early-onset PE. We 

have also demonstrated that HtrA4 can disrupt the normal cellular function of human 

umbilical vein endothelial cells (HUVECs). Therefore, it was hypothesized that excessive 

circulating HtrA4 that is released by the placenta can adversely affect the maternal 

endothelium and contribute to the development of early-onset PE. 

The first aim of this thesis, Chapter 2, was to investigate the impact of HtrA4 on HUVECs 

as an endothelial cell model. It was demonstrated that HtrA4 significantly increased 

inflammatory responses of HUVECs and altered the expression of a range of genes related 

to endothelial cell biology. In particular, HtrA4 significantly increased the mRNA expression 

of anticoagulant factor thrombomodulin (THBD), and severely down-regulated the mRNA 

expression of thrombospondin (THBS)1, which is involved in many regulatory processes of 

endothelial cells. These data provided experimental evidence that HtrA4 could alter 

endothelial cell biology. 

The second aim of this thesis, Chapter 3, was to investigate the impact of HtrA4 on 

endothelial cell proliferation and repair. It was found that high levels of HtrA4 inhibited 

HUVEC cell proliferation and significantly down-regulated a number of genes that are critical 

for cell cycle progression. Furthermore, because circulating endothelial progenitor cells 

(EPCs) are critical for endothelial repair and regeneration, yet in PE, these cells are reduced 

in number and functionality, Chapter 3 also investigated the impact of HtrA4 on primary 
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human EPCs isolated from term umbilical cord blood. HtrA4 significantly inhibited the 

proliferation of EPCs and impeded their differentiation into mature endothelial cells. These 

data suggest that circulating HtrA4 may prevent endothelial repair, not only by halting 

endothelial cell proliferation, but also by inhibiting the proliferation and differentiation of 

circulating EPCs.  

The third aim of this thesis, Chapter 4, investigated the molecular mechanisms by which 

HtrA4 affects endothelial cells. It was found that HtrA4 could cleave the main receptor for 

vascular endothelial growth factor A (VEGF-A), the kinase insert domain receptor (KDR), 

thereby inhibiting VEGF-A action. HtrA4 cleaved the recombinant KDR in vitro, significantly 

reduced the amount of KDR in HUVECs, and inhibited the VEGF-A-induced phosphorylation 

of Akt kinase, which is essential for downstream signalling. HtrA4 also prevented the VEGF-

A-induced tube formation by HUVECs, and dose-dependently inhibited the VEGF-A-induced 

angiogenesis in explant culture of mouse aortic rings. The data strongly suggests that high 

levels of HtrA4 in the maternal circulation could impair the VEGF-A action to inhibit 

angiogenesis in endothelial cells.  

In summary, this thesis provided strong compelling in vitro evidence that excessive HtrA4 is 

a possible causal factor of endothelial dysfunction associated with early-onset PE, and that 

HtrA4 is a potential therapeutic target for treatment. 
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1.1. Preeclampsia (PE) 

1.1.1. Overview of the disease 

PE is a serious pregnancy complication that affects 2-8% of all pregnancies, and it is 

one of the leading causes of maternal fatality worldwide (Duley, 2009, Steegers et al., 

2010, Abalos et al., 2013). In recent years, timely diagnosis, proper management and 

availability of prenatal care in developed countries have seen a dramatic reduction of 

maternal mortality associated with PE (Ghulmiyyah and Sibai, 2012). However, the 

incidence of PE is reported to be seven times higher in developing countries where 

access to health care is limited (Osungbade and Ige, 2011). Potential acute maternal 

complications include stroke, placental abruption, disseminated intravascular 

coagulation, HELLP syndrome (hemolysis, elevated liver enzymes, low platelets), 

pulmonary oedema, respiratory distress syndrome, acute renal failure, and death 

(Ghulmiyyah and Sibai, 2012). Perinatal complications include stillbirth, intrauterine 

growth restriction (IUGR), neonatal complications and death (Backes et al., 2011).  

The aetiology of PE is not fully understood, and currently the only treatment available 

is delivery, often prematurely, which is associated with high incidence of neonatal 

death (Young et al., 2007). Therefore, identifying high-risk women is important for 

providing better management and possibly prevention of the disease (English et al., 

2015). Some common risk factors of PE include primigravid women, low 

socioeconomic class and family history of the disease (Jido and Yakasai, 2013). PE 

is less frequent in multiparous women, but the risk of PE increases with changed 

paternity, suggesting that the maternal immune response to foreign fetal antigen may 

be an important factor (Trupin et al., 1996). This is further supported by evidence of 

increased incidence of PE in women who become pregnant with donor eggs, 
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compared to women pregnant with their own eggs (Salha et al., 1999). In addition, 

several medical conditions including pre-existing hypertension, renal disease, insulin-

dependent diabetes and women with previous early-onset PE, are all considered to 

be risk factors for PE (English et al., 2015).  

1.1.2. Definition of PE 

Traditionally, PE is defined as de novo hypertension and proteinuria at or after 20 

weeks of gestation (Steegers et al., 2010). However, in 2014, the International Society 

for the Study of Hypertension in Pregnancy (ISSHP) redefined PE as blood pressure 

of 140/90mm Hg or higher after 20 weeks of gestation with one or more of the following 

symptoms: proteinuria of >300mg/day, maternal organ dysfunction including renal 

insufficiency, liver involvement, neurological or haematological complications or 

uteroplacental dysfunction including fetal growth restriction (Tranquilli et al., 2014). 

Severity of the disease is associated with increased prevalence of adverse 

maternal/fetal consequences. In 2003, von Dadelszen et al proposed sub-

classification of PE by gestational age, as it provides most predictability in maternal 

and perinatal outcomes (von Dadelszen et al., 2003). At present, PE is classified into 

the following subtypes: (i) early-onset when the disease presents before 34 weeks of 

gestation, and (ii) late-onset when PE occurs at or after 34 weeks of gestation 

(Tranquilli, 2014, Tranquilli et al., 2013). Late-onset PE is further classified into preterm 

PE when the disease occurs between 34-37 weeks of gestation, and term PE if the 

disease presents after 37 weeks (Tranquilli et al., 2013).  

Early-onset and late-onset PE have different maternal and neonatal outcomes, as well 

as distinct biochemical markers, heritability and clinical features (Raymond and 

Peterson, 2011). Early-onset PE represents far more significant maternal risks, with a 



4 
 

significantly higher mortality rate and more severe perinatal outcomes compared to 

late-onset PE (MacKay et al., 2001, Bellamy et al., 2007, Ghulmiyyah and Sibai, 2012, 

Madazli et al., 2014). The two PE subtypes have different aetiologies: early-onset PE 

is generally associated with shallow trophoblast invasion and inadequate remodelling 

of the uterine spiral arteries during early placentation (Huppertz, 2008, Chambers et 

al., 2001), whereas late-onset PE is more likely associated with maternal factors or 

predisposition to cardiovascular or metabolic diseases (Steegers et al., 2010, 

Valensise et al., 2008). 

1.1.3. Early-onset PE 

In early-onset PE, the extravillous cytotrophoblast (EVT) invasion is restricted to the 

peripheral decidual segments of the spiral arteries, which retain their smooth muscle 

and elastic lamina; these less dilated vessels cause intermittent hypoperfusion of the 

placenta, leading to oxidative stress and the eventual maternal endothelial dysfunction 

(Pijnenborg et al., 1991, Burton et al., 2009, Chambers et al., 2001). Egbor et al (2006) 

demonstrated that placentas from early-onset PE had significant reduction of terminal 

villi volume and surface area compared to their gestational matched control placentas 

(Egbor et al., 2006).  

It is well known that the placenta plays a key role in the development of early-onset 

PE. Proteinuria disappears and blood pressure returns to normal in the majority of 

preeclamptic women within one week postpartum, even in severe cases (Makkonen 

et al., 1996). An intact placenta, not the fetus, is required for PE development. Piering 

et al (1993) reported a rare case of a preeclamptic patient with extra-uterine, intra-

abdominal pregnancy, where PE persisted even after the delivery of the fetus, whilst 

the placenta is retained in the abdomen (Piering et al., 1993). The symptoms of PE 
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are abolished once the placenta is removed, and the patientôs kidney function and 

blood pressure returned to normal, with no further sign of clinical symptoms (Piering 

et al., 1993). Another example of placenta as the predominant factor in PE 

pathogenesis is molar pregnancy where no fetal tissue is present, yet the majority of 

the reported cases are also accompanied by symptoms of early-onset PE (Kanter et 

al., 2010).  

1.1.4. Late-onset PE 

Late-onset PE is less likely linked to abnormal trophoblast invasion, suggesting other 

factors may be involved in the disease development (Myatt and Roberts, 2015). Vatten 

& Skjaerven (2004) showed that term PE is associated with both small and large birth 

weight babies, and often represents mixture of maternal syndromes, ranging from mild 

PE with moderate involvement of the placenta, to hypertension and proteinuria without 

any sign of placental dysfunction (Vatten and Skjaerven, 2004). Although in some 

cases, late-onset PE can still be associated with some abnormal spiral artery 

remodelling compared to normal pregnancy (Soto et al., 2012), the placenta plays a 

much lesser role in the development of the disease, suggesting that late-onset PE is 

more likely to be a maternal disorder where metabolic demands of the growing fetus 

close to term are not met by maternal supplies (Valensise et al., 2008, Erez et al., 

2017). Pathological comparison of the placentas revealed that late-onset PE placentas 

have less lesions associated with under-perfused vasculature (Ogge et al., 2011), 

significantly less occurrence of abnormal uterine artery Doppler measurement, and 

are more likely to resemble placentas of normotensive pregnancies (Crispi et al., 2008, 

Madazli et al., 2014). Nevertheless, both PE subtypes eventually lead to wide-spread 

endothelial dysfunction as the end-point of the disease (Poston, 2006). 
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1.2. Pathogenesis of PE 

1.2.1. The placenta  

The placenta is a critical organ required during pregnancy. It connects the developing 

fetus to the mother to allow nutrient and oxygen exchange via maternal blood supply 

and to remove waste products from the fetus (Enders and Blankenship, 1999). 

Following implantation, cytotrophoblast cells derived from the trophectoderm of the 

blastocyst undergo extensive proliferation and differentiation into two distinct 

pathways (Figure 1) (Gude et al., 2004, Staud and Karahoda, 2018). The non-

migratory villous pathway involves cell fusion to form the terminally differentiated 

syncytiotrophoblast that becomes the outer layer of chorionic villi (Gude et al., 2004). 

The highly invasive EVT cells differentiate into either endovascular trophoblasts or 

interstitial trophoblasts (Figure 1). Endovascular trophoblasts invade the decidua and 

as far as the inner third of the myometrium to extensively remodel the uterine spiral 

arteries, thereby generating a low resistant and high capacity environment to 

accommodate the increasing maternal blood flow to the placenta necessary for the 

developing fetus (Ji et al., 2013, Burton and Jauniaux, 2015). Interstitial trophoblasts  

invade deep into the decidua and differentiate into multinucleated placental bed giant 

cells, which are important for communication with maternal uterine cells, fetus 

attachment and immunological responses (Figure 1) (Ji et al., 2013). 
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Figure 1. Schematic presentation of human embryogenesis, placenta formation and 

differentiation pathways of cytotrophoblast cells. A) Following fertilization by a sperm, 

the egg becomes a zygote and begins dividing. B) The cells differentiate into 

trophectoderm (blue) and inner cell mass (yellow). C) Formation of a blastocyst, where 

the inner cell mass clusters at one end, leaving a cavity at the other end. D) The 

proliferating endometrial lining makes contact with the blastocyst. E1) Proliferation and 

differentiation of CTB (cytotrophoblast) into multinucleated STB (syncytiotrophoblast) 

layer, bordered by maternal-facing MVM (microvillous membrane) and fetal-facing BM 

(basal membrane). E2) Proliferation and migration of CTB into the decidua give rise 

to two types of extravillous trophoblast cells. The iEVTs (interstitial extravillous 

trophoblasts) invade the decidua and differentiate into GC (giant cells) as the terminal 

step of the invasive pathway. The eEVTs (endovascular extravillous trophoblasts) 

invade the decidua and the myometrium to replace the endothelial cells in the spiral 

arteries, which gradually become low-resistance and high-capacity arteries to ensure 

proper oxygen and nutrient delivery to the fetus. F) Following successful placentation, 

the blastocyst eventually develops into the placenta and fetus. G) The pathways of 

trophoblast differentiation and function. (Adapted from Staud and Karahoda, 2018 & 

Gude et al, 2004). 
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During early pregnancy, cytotrophoblast cells as well as normal embryogenesis 

require a relative hypoxic condition (Genbacev et al., 1997, Burton et al., 2003), and 

the placenta is developed in a low oxygen tension environment as the uterine arteries 

are plugged by EVT cells, restricting the maternal blood flow (Schoots et al., 2018, 

Chang et al., 2018). The hypoxic environment is essential for the rapid proliferation 

and differentiation of EVT (Chang et al., 2018). As the pregnancy progresses, the 

lumens of the spiral arteries gradually lose their endothelium, smooth muscles and 

elastic lamina to become more dilated vessels, resulting in reduction of the velocity, 

pressure and pulsatility of the uteroplacental flow (Burton et al., 2009). By the start of 

second trimester, embryogenesis is completed, and EVT plugs begin to dissolve and 

the intervillous space gradually changes from a low oxygen tension to a higher oxygen 

tension environment to support the growing fetus.  

In PE, especially early-onset PE, failure of EVT invasion and insufficient remodelling 

of the maternal spiral artery result in reduction of blood flow to the placenta and 

increase the formation of reactive oxygen species (ROS), which lead to oxidative 

stress and release of pro-inflammatory factors from the placenta to induce PE (Ji et 

al., 2013, Schoots et al., 2018, Redman and Sargent, 2009, Sánchez-Aranguren et 

al., 2014). However, abnormal placentation and failed vascular remodelling alone are 

not sufficient to induce the maternal syndrome of PE. This is because reports from 

other pregnancy complications such as IUGR and preterm birth without any sign of PE 

have also shown pathological evidence of failed placental vessel remodelling, 

suggesting that other factors are involved in the manifestation of PE (Roberts and 

Cooper, 2001).  
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1.2.2. Maternal predisposing factors 

A two-stage model has been proposed to link the dysfunctional placenta to the 

maternal syndrome of PE (Figure 2) (Roberts and Hubel, 2009). Stage one of PE 

occurs in the first half of the pregnancy where either poor placentation or maternal 

predisposing factors including genetic, behavioural and environmental factors may set 

off a cascade of placental oxidative stress and inflammation that become stage two of 

PE (Figure 2) (Redman and Sargent, 2009, Steegers et al., 2010). Consequently, an 

abnormal amount of factors are released from the placenta in response to 

placental/fetal stress, inducing endothelial dysfunction and manifesting the clinical 

symptoms of PE (Figure 2) (Roberts and Hubel, 2009, Roberts and Cooper, 2001, 

Staff et al., 2013).  
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Figure 2. Two-stage model of PE (Adapted from Redman and Sargent, 2009 & 
Steegers et al, 2010). 
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Maternal risk factors for PE development include hypertension, diabetes, increased 

insulin resistance, increased testosterone, metabolic syndrome and vascular diseases 

(Roberts and Cooper, 2001, Sánchez-Aranguren et al., 2014). Most of these factors 

are also closely associated with impaired endothelial dysfunction and represent the 

common predisposing factors to other endothelial diseases (Roberts and Cooper, 

2001, Sánchez-Aranguren et al., 2014). One study demonstrated that patients who 

had PE or eclampsia before 30 weeks of gestation or with recurring PE, have 2.6 times 

higher incidences of chronic hypertension from a 10-year follow up investigation (Sibai 

et al., 1986). Other studies have reported that women with PE have almost 4-fold 

increased risk of developing cardiovascular disease later in life (Cirillo and Cohn, 

2015, Ray et al., 2005). The risk of developing ischaemic heart disease, stroke, 

venous thromboembolism, and overall mortality rate is more than doubled in women 

who had PE compared to women who had uncomplicated pregnancies (Bellamy et al., 

2007, Jonsdottir et al., 1995, Smith et al., 2001, Irgens et al., 2001). Women who had 

early-onset PE are often accompanied by more severe symptoms and have even 

higher chances of developing cardiovascular disease and death (Lykke et al., 2010). 

In addition, children exposed to PE in utero also have increased risk of high blood 

pressure and almost double the risk of stroke later in life (Davis et al., 2012). Evidence 

suggests that PE is the critical insult during pregnancy that predisposes the fetus to 

pathological responses later in life, since siblings born to mother with PE in a different 

pregnancy have normal vascular function (Jayet et al., 2010). However, it is unclear 

whether PE itself is a predisposing factor or women who develop PE share common 

underlying risk factors for cardiovascular disease later in life (Poston, 2006). 
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1.2.3. Placental factors  

In normal pregnancy, many factors are released by the placenta and are considered 

as a heightened maternal response to pregnancy, which itself is a low grade systemic 

inflammatory response (Redman et al., 1999). Woman who cannot tolerate this 

modification of placental response or with an excessive influx of placental factors, ends 

up developing PE (Roberts and Hubel, 2009). Some of the factors found to be 

significantly elevated in PE include cytokines, antiangiogenic factors, 

syncytiotrophoblast microparticles and activated leukocytes (Conrad et al., 1998, 

Maynard et al., 2005, Schipper et al., 2005, Goswami et al., 2006, Mellembakken et 

al., 2002). Many of these factors are specifically involved in PE as they are not 

associated with any other pregnancy complications (Shibata et al., 2005, Goswami et 

al., 2006). To date, there is no definitive answer to whether a single factor or multiple 

factors are responsible for PE, but at least in early-onset PE, endothelial dysfunction 

appears to be a common pathophysiological occurrence (Roberts and Hubel, 2009). 

One study showed that serum from preeclamptic women is cytotoxic to endothelial 

cells in vitro, and the clinical condition improves after 24-48 hours postpartum, when 

the cytotoxicity is dramatically reduced (Rodgers et al., 1988).  

Currently, antiangiogenic factors released by the placenta are thought to be one of the 

damaging agents that act on endothelial cells (Myatt and Roberts, 2015). Angiogenic 

factors are not only important for angiogenesis, they are also essential for vasoactivity, 

endothelial cell proliferation and control of vascular permeability (Myatt and Roberts, 

2015). Imbalance of pro- and anti-angiogenic factors secreted by the placenta have 

been shown to occur well before the onset of PE (Levine et al., 2004).  Anti-angiogenic 

factors such as soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin are 
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reported to be elevated in the sera of PE women (Maynard et al., 2003, Venkatesha 

et al., 2006, Shibata et al., 2005), whereas pro-angiogenic factor such as placental 

growth factor (PlGF) is reported to be lower in PE women with degree of suppression 

correlates to the severity of PE (Levine et al., 2004, Levine et al., 2005).  

Endoglin is a transforming growth factor (TGF)-ɓ co-receptor that is expressed in 

endothelial cells and placental syncytiotrophoblast, it is involved in TGF-ɓ mediated 

endothelial cell functions (Lebrin et al., 2004). We have previously demonstrated that 

the serum levels of soluble endoglin are significantly higher in both early-onset and 

late-onset PE compared to their gestational age-matched controls (Wang et al., 2017). 

The excessive amounts of soluble endoglin in the maternal circulation may antagonise 

TGF-ɓ action and contribute to the pathogenesis of PE (Venkatesha et al., 2006). The 

involvement of Flt-1 and PlGF in the pathogenesis of PE will be discussed in detail in 

section 1.4. 

 

1.3. Endothelial dysfunction 

1.3.1. Endothelial cells 

Endothelial cells, or collectively known as the endothelium, covers the inner cellular 

lining of the blood vessel and is considered as a major endocrine organ that regulates 

vascular permeability, inflammation, angiogenesis and many other functions that are 

listed in Figure 3 (Félétou, 2011). Endothelial cells line the entire vascular system from 

the heart to the smallest capillary, and control the nutrients and other factors from 

travelling in and out of the bloodstream (Alberts, 2002). Endothelial cells also play a 

key role in regulating vessel function and structure (Alberts, 2002). Under stress 
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conditions, endothelial cells send signals to surrounding connective tissues and 

smooth muscles to allow the blood vessel to adapt to the changing environment by 

adjusting blood flow that is required by the body (Alberts, 2002). Furthermore, 

endothelial cells can also facilitate blood vessel dilation by releasing nitric oxide gas 

to regulate smooth muscle contraction (Alberts, 2002). One of the most important 

functions of endothelial cells is angiogenesis, and will be further discussed in detail. 

 

 

 

 

 

 

 

Figure 3. Multiple functions of endothelial cells (adapted from Félétou, 2011). 
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1.3.2. Angiogenesis 

Angiogenesis is the formation of new blood vessels by endothelial cells sprouting from 

the wall of existing vessels, where the cells continuously hollow out until they 

encounter another blood vessel, which then forms a connection to allow blood flow 

(Alberts, 2002). Angiogenesis is a tightly regulated process that is initiated when 

surrounding tissues demand more oxygen flow and secrete a key protein known as 

vascular endothelial growth factor A (VEGF-A) that acts on endothelial cells. Following 

VEGF-A stimulation, endothelial cells undergo a sequential process involving first 

digestion of the basal lamina of the parental capillary, followed by migration of the cells 

towards the source of the signal to start proliferation and finally forming a new capillary 

(Alberts, 2002). Once the new capillary is formed and enough oxygen is delivered to 

the tissues, the production of VEGF-A is halted and angiogenesis is terminated 

(Alberts, 2002). Endothelial cells in culture also have the  capacity to join up adjacent 

cells to form a network of capillary-like tubes in the presence of suitable growth factors 

even in the absence of any other cell types, suggesting that neither blood flow nor 

pressure are required for the initiation of angiogenesis (Alberts, 2002). The ability of 

endothelial cells to form tubes in vitro provides a great opportunity to investigate the 

process of angiogenesis (Arnaoutova and Kleinman, 2010), and endothelial cells 

isolated from various types of arteries and veins have been widely used for the study 

of endothelial function (Cao et al., 2017, Onat et al., 2011). 

1.3.3. Endothelial dysfunction in PE 

The endothelium plays an important role in regulating vascular tone, cell growth and 

crosstalk between leukocytes, thrombocytes and the vessel wall (Konukoglu and 

Uzun, 2017). The endothelial cells can respond to physical and chemical signals to 
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produce and release vasoactive molecules that can relax or constrict the vessels to 

maintain a balance of oxygen supply and metabolic demand (Deanfield et al., 2007). 

Endothelial dysfunction or a more appropriate term, endothelial activation, occurs 

when endothelial cells express chemokines, cytokines and adhesion molecules which 

interact with leukocytes and platelets as a defence response to target inflammation of 

specific tissues under stress or attack from microorganisms (Deanfield et al., 2007). 

Endothelial dysfunction is considered as the hallmark of a wide range of 

cardiovascular diseases that are associated with pathological response of endothelial 

cells, favouring a vasoconstrictive, prothrombotic and proinflammatory state (Godo 

and Shimokawa, 2017). 

In PE, the evidence of systemic endothelial injury is supported by the appearance of 

morphological lesions, glomerular endotheliosis, and increased levels of circulating 

endothelin-1, fibronectin, von Willebrand factor and cytokines, all of which can be 

secreted by endothelial cells as markers of proinflammatory response to abnormal 

placental function (Roberts et al., 1989, Roberts and Cooper, 2001). Consequently, 

reduced production of vaso-relaxing agents and endogenous anticoagulant and 

increased production of vasoconstrictors and procoagulant by endothelial cells, can 

lead to further placental hypoperfusion and exacerbate the clinical symptoms of PE 

(Roberts et al., 1989).  

Endothelial dysfunction can precede the clinical presentation of PE, with a rise in 

markers of endothelial dysfunction in the maternal circulation well before the clinical 

symptoms appear (Attar et al., 2017). These markers include plasminogen activator 

inhibitor-1 (PAI-1), asymmetric dimethylarginine (ADMA), which regulate nitric oxide 

synthesis, and tissue plasminogen activator (tPA) with a correlation to the degree of 
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proteinuria (Roes et al., 2002, Savvidou et al., 2003, Belo et al., 2002). Furthermore, 

women who are destined to develop PE are likely to have abnormal uterine artery 

Doppler waveforms as early as in the first trimester, suggesting that the presence of 

vascular dysfunction and impaired blood flow in the placenta precede the clinical signs 

of PE (Giordano et al., 2010, Casmod et al., 2016). 

Although the clinical symptoms of PE are generally resolved following delivery, 

damages to the maternal vasculature can persist in women many years after PE. A 

study conducted on women who had PE revealed that three years post-pregnancy, 

exhibited persistent defects in vascular function with more severe impairment in 

women with recurrent PE (Chambers et al., 2001). Markers of endothelial dysfunction, 

such as vascular cell adhesion molecule (VCAM)-1 and intercellular adhesion 

molecule (ICAM)-1, are also found to be higher in PE women even 15 years after 

pregnancy (Sattar et al., 2003). Another study also reported the presence of 

microvascular endothelial dysfunction in women 15-25 years after they had PE 

(Ramsay et al., 2003). Furthermore, women with a history of PE are more sensitive to 

angiotensin II and salt (Saxena et al., 2010). All these evidence suggests that 

endothelial dysfunction as a result of PE may account for the increased risk of 

cardiovascular diseases in women long after PE, and some other factors independent 

of the placenta may be involved. 

1.3.4. Endothelial progenitor cells (EPCs) 

When the endothelium is damaged, a unique population of circulating endothelial cells 

known as endothelial progenitor cells (EPCs), are recruited to the site of the injury to 

participate in endothelial cell repair (Steinmetz et al., 2010, Hubel et al., 2011). Human 

EPCs were first identified and isolated from peripheral blood by Asahara et al in 1997, 
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and these cells were capable of differentiating into endothelial cells in vitro (Asahara 

et al., 1997). More significantly, they were demonstrated to contribute to vascular 

repair by incorporating into host vessels of ischemic animal models at the site of injury 

(Asahara et al., 1997). Since then, huge amounts of work have dedicated to study and 

redefine true EPCs, which are now referred to as a specific subpopulation named 

endothelial colony-forming cells (ECFCs) (Ingram et al., 2004). These EPCs can be 

isolated from both adult peripheral circulation and umbilical cord blood. Their identities 

are confirmed by the expression of endothelial-specific cell surface antigens, but most 

importantly, they also exhibit self-renewal capacity of high-proliferative potential with 

over 100 population doubling in culture (Ingram et al., 2004, Patel et al., 2016). Unlike 

the mature endothelial cells, which are terminally differentiated and have only limited 

proliferative capacity (Patel et al., 2016), circulating EPCs are highly proliferative and 

can migrate to the damaged endothelium, where they can differentiate into resident 

endothelial cells to regenerate the blood vessels and restore endothelial function 

(Steinmetz et al., 2010, Hubel et al., 2011).  

In the normal adult population, reductions in circulating EPCs are associated with 

increased cardiovascular risks, highlighting the importance of EPCs in the 

maintenance of endothelial function (Robb et al., 2007). EPC numbers and their 

migratory activities are reported to be inversely correlated to risk factors of coronary 

artery disease (Vasa et al., 2001). Notably, EPCs isolated from patients with type II 

diabetes have impaired proliferation, adhesion and angiogenic activities (Tepper et al., 

2002).  

In normal human pregnancy, the maternal endothelium undergoes extensive 

remodelling and repair, where circulating EPCs are suggested to play a major role in 



19 
 

maternal vascular development (Gussin et al., 2002, Sugawara et al., 2005b, 

Pijnenborg et al., 2006). One study reported that EPC numbers progressively increase 

in normal pregnancy, and the highest levels are detected in the third trimester 

(Calcaterra et al., 2014). The same study also demonstrated that circulating EPC 

numbers in the third trimester are significantly lower in pregnancies complicated by 

IUGR (Calcaterra et al., 2014). Other studies have reported that maternal as well as 

fetal/placental EPCs are significantly reduced in PE (Xia et al., 2007, Luppi et al., 2010, 

Munoz-Hernandez et al., 2014, Monga et al., 2012). EPCs isolated from umbilical cord 

blood of preeclamptic pregnancies have impaired proliferation, migration and 

vasculogenesis in culture (Xia et al., 2007). Furthermore, circulating EPCs in early-

onset PE are reported to exhibit increased senescence (Sugawara et al., 2005a). 

These studies suggest that EPCs may play an important role in normal pregnancy, but 

their numbers and functionality are greatly reduced in PE, which may further disrupt 

the repair of endothelium to restore normal vascular function and exacerbate the 

endothelial dysfunction. However, how EPCs are compromised in PE remains unclear. 

 

1.4. VEGF signalling and angiogenesis 

1.4.1. Overview of the VEGF family 

The main regulators of angiogenesis are ligands that belong to the VEGF family 

(Otrock et al., 2007). The VEGF family consists of seven secreted glycoproteins 

known as VEGF-A to VEGF-F and PlGF (Figure 4) (Otrock et al., 2007). Each VEGF 

protein binds to one of the three tyrosine kinase receptors VEGFR-1/Flt-1, VEGFR-

2/kinase insert domain receptor (KDR) or VEGFR-3/Flt-4, with the possible 
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involvement of co-receptors neuropilins (NP-1 and NP-2), to initiate various 

intracellular functions (Figure 4) (Otrock et al., 2007). The VEGF-A and PlGF are the 

two family members that are most relevant to the pathogenesis of PE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. VEGF family members and their receptors. VEGF receptors consist of an 
extracellular immunoglobulin-like domain (red oval), and an intracellular tyrosine 
kinase domain (blue square). VEGFR-3 also contains an extracellular signal sequence 
domain (brown square). (Adapted from Otrock et al, 2007). 
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1.4.2. VEGF-A 

VEGF-A is the most studied and well characterized member of the VEGF family. The 

human gene encoding VEGF-A is located on chromosome 6p21.3 and consists of 

eight exons differentially spliced into various mature isoforms (Tischer et al., 1991, 

Vincenti et al., 1996). To date, six isoforms of VEGF-A have been identified in human: 

VEGF121, VEGF145, VEGF165, VEGF183, VEGF189 and VEGF206, and each number 

assigned indicates the number of amino acids in the molecules (Robinson and 

Stringer, 2001, Otrock et al., 2007). All VEGF-A isoforms are secreted as covalently 

linked homodimers, and in human VEGF121, VEGF165, VEGF183 and VEGF189 are the 

predominant isoforms produced by various tissues (Robinson and Stringer, 2001). In 

comparison, the production of VEGF145 and VEGF206 isoforms are relatively rare and 

limited to cells of placental origin (Anthony et al., 1994). 

VEGF-A is the most potent pro-angiogenic factor known to date (Otrock et al., 2007). 

It is also one of the major regulators of endothelial cell proliferation, sprouting and tube 

formation (Ferrara et al., 2003). VEGF-A is also important for survival of endothelial 

cells and vascular homeostasis of mature vessels and tissues (Powe et al., 2011). 

VEGF-A gene deletion in mice is embryonically lethal due to abnormal blood vessel 

formation (Carmeliet et al., 1996). Inhibition of VEGF-A action in cancer patients often 

leads to development of hypertension, proteinuria and glomerular endotheliosis, which 

are similar to the symptoms of PE (Patel et al., 2008). Figure 4 shows that VEGF-A 

binds to either Flt-1 or KDR, both of which are found on the surface of endothelial cells 

(Park et al., 1994). However, KDR is the primary mediator for VEGF-A action on 

endothelial cells (Holmes et al., 2007). 
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1.4.3. KDR  

KDR is a type III transmembrane kinase receptor that has 1356 amino acids, and 

consists of an extracellular domain (containing a ligand binding site), a short 

transmembrane domain, and an intracellular part containing two tyrosine kinase 

domains separate by 70-amino-acid insert (Figure 5) (Holmes et al., 2007). The 

extracellular domain comprises of seven immunoglobulin-like domains (I-VII) including 

the VEGF-A binding site at the second and third domain (Figure 5) (Holmes et al., 

2007). Downstream intracellular signalling in endothelial cells is activated by binding 

of VEGF-A to KDR, which then undergoes autophosphorylation at the carboxyl 

terminal and kinase insert domain (Shibuya, 2006). So far, five tyrosine residues have 

been identified as the major autophosphorylation sites (Figure 5), which recruit specific 

intracellular signalling molecules to activate a cascade of downstream cellular 

functions (Figure 6) (Holmes et al., 2007).  

 

 

 

 

 

 

 

 

 

 



23 
 

 

 

 

 

Figure 5. Structure and tyrosine phosphorylation sites of human KDR (Adapted from 
Holmes et al, 2007).  

  



24 
 

Activated KDR mediates various physiological and pathological functions in 

endothelial cells, including proliferation, migration, survival and vascular permeability 

(Figure 6) (Holmes et al., 2007). Phosphorylation of a specific tyrosine residue 

generates a consensus sequence that recruits and binds to the Src homology 2 

domain of specific signalling molecules, which are then phosphorylated and activated 

to facilitate specific endothelial cell functions (Figure 6). One of the downstream 

targets in endothelial cells is the activation of phosphoinositide 3-kinase (PI3K) and 

subsequent phosphorylation of protein kinase B (PKB/Akt) (Gerber et al., 1998). Akt 

then directly inhibits the apoptotic activity of Bcl-2 associated death promoter (BAD) 

and caspase 9 to promote cell survival (Figure 6) (Holmes et al., 2007). Another 

important role of KDR activation is to induce cell proliferation via the phosphorylation 

of Y1175 in the C-terminal tail of KDR, which then facilitates a cascade of downstream 

protein activation that includes extracellular regulated kinase 1 and 2 (Erk 1/2) and 

MAPK/Erk kinase (MEK) (Figure 6) (Takahashi et al., 2001, Holmes et al., 2007). 

KDR plays a critical role in vascular development during embryogenesis and KDR-null 

mice die in utero at embryonic day 8.5-9 due to the absence of structured blood 

vessels and wide-spread necrosis (Shalaby et al., 1995). In adults, KDR expression is 

mostly abundant on vascular endothelial cells, although it is also expressed on 

neuronal cells, megakaryocytes and haematopoietic stem cells (Holmes et al., 2007). 

Upregulation of KDR has been reported in tumour vasculature and shown to promote 

VEGF-A action in tumour angiogenesis (Plate et al., 1993). KDR inhibitors developed 

for cancer therapy have been shown to prevent VEGF-A-induced endothelial 

proliferation and abolish VEGF-A-induced angiogenesis in vivo (Wedge et al., 2005). 

This evidence suggests that the interaction between VEGF-A and KDR is essential for 

normal endothelial cell function. 
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Figure 6. Schematic illustration of KDR signalling. Binding of VEGF-A to KDR induces 
dimerization and autophosphorylation of specific intracellular tyrosine residues that 
lead to survival, increased permeability, migration and proliferation of endothelial cells. 
(Adapted from Holmes et al, 2007).  

  

KDR 
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1.4.4. Flt-1 and its soluble isoform 

Although Flt-1 has a very high affinity for VEGF-A, it has a relatively weak tyrosine 

kinase activity, therefore, the downstream signalling pathway of Flt-1 is unclear 

(Shibuya, 2006). Flt-1 null mice die during embryonic day 8.5-9 due to overgrowth of 

endothelial cells and severe blood vessel disarray (Fong et al., 1995). Transgenic mice 

expressing Flt-1 that lacks the tyrosine kinase domain but with an intact ligand binding 

domain, appear healthy and have normal blood vessel development, suggesting that 

the extracellular domain of Flt-1 alone is sufficient to negatively regulate VEGF-A 

action on endothelial cells, most likely as a decoy receptor by sequestering VEGF-A 

and thereby preventing activation of KDR (Hiratsuka et al., 1998).  

The Flt-1 gene also generates four soluble splice variants that contain only the 

extracellular domain and in particular sFlt-1 e15a isoform is reported to be highly 

abundant in the placenta and a major contributor of PE (Palmer et al., 2015, Shibuya 

et al., 1990). Serum levels of sFlt-1 are abnormally elevated in preeclamptic 

pregnancies weeks before the first clinical symptom appears (Maynard et al., 2003, 

Levine et al., 2004). Moreover, intravenous delivery of sFlt-1 in normal pregnant mice 

can induce hypertension, proteinuria and renal failure similar to PE and directly inhibits 

VEGF-A action, suggesting that excessive amounts of sFlt-1 may contribute to the 

abnormal inhibition of VEGF-A action in PE development (Patel et al., 2008, Maynard 

et al., 2003). Figure 7 shows the schematic presentation of VEGF-A interaction with 

its two receptors. VEGF-A has a much higher affinity for Flt-1 and sFlt-1 than KDR, 

which has stronger tyrosine kinase activity (Loges et al., 2009). In PE, excessive 

amounts of sFlt-1 in the maternal circulation would reduce the availability of free 

VEGF-A to interact with its main receptor KDR on endothelial cells; sFlt-1 therefore 
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acts as an efficient antagonist of VEGF-A-induced angiogenesis (Figure 7) (Otrock et 

al., 2007). 

 

 

Figure 7. Schematic illustration of VEGF-A interaction with its two receptors. VEGF-A 

has high affinity for Flt-1 and its soluble isoform. Therefore, excessive amounts of sFlt-

1 will reduce the availability of free VEGF-A to bind to KDR, which has stronger 

tyrosine kinase activity for downstream signalling (Adapted from Loges et al, 2009).  
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1.4.5. PlGF 

PlGF is a VEGF homolog that shares 53% identity and is highly expressed by the 

human placenta (Maglione et al., 1991). PlGF homodimers bind to the Flt-1 receptor 

with a high affinity (Powe et al., 2011). PlGF has a very weak mitogenic activity with 

no effect on endothelial cells in vitro alone, but it potentiates the action of VEGF-A in 

combination; this suggests that PlGF may act by displacing VEGF-A from the Flt-1 

receptor, and therefore allowing VEGF-A to bind to the more active KDR receptor 

(Figure 8A) (Park et al., 1994). PlGF is highly expressed during pregnancy, in 

particular by trophoblast cells, and is released into the maternal circulation (Khaliq et 

al., 1996). The levels of circulating PlGF are found to be lowest in women who have 

early-onset PE, and women who have PE with IUGR have even lower levels of PlGF, 

possibly as a consequence of abnormal and dysfunctional placenta (Taylor et al., 

2003). The current consensus is that circulating sFlt-1 binds to both PlGF and VEGF-

A as a decoy receptor, thereby competitively reducing the amount of circulating VEGF-

A and PlGF that can bind to their respective cell surface receptors (Cindrova-Davies 

et al., 2011). In PE where PlGF level is low and sFlt-1 level is high, there is not enough 

PlGF to compete with VEGF-A for the binding of sFlt-1, therefore, VEGF-A can freely 

bind to excessively available sFlt-1 in the maternal circulation, thus preventing the 

activation of KDR (Figure 8B) (Taylor et al., 2003). This imbalance of antiangiogenic 

and angiogenic factors released from the preeclamptic placenta is a likely contributing 

factor of endothelial dysfunction in PE. 
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Figure 8. PlGF involvement of proangiogenic signalling and PE. A) Displacement of 

VEGF-A from Flt-1 and sFlt-1 by PlGF leads to the binding of VEGF-A to KDR to 

initiate endothelial cell signalling. B) In PE, low levels of PlGF and excessive amounts 

of sFlt-1 eliminate the bioavailability of VEGF-A to bind to and activate KDR (Adapted 

from Loges et al, 2009). 
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1.5. High temperature requirement factor A (HtrA) family 

proteases 

1.5.1. Overview of the HtrA family proteases 

Proteins are the main machinery required by all living cells whether they are single cell 

prokaryotes or mammals including human, and they are tightly controlled to ensure 

normal cell function (Cheregi et al., 2016). Therefore, all cells have the mechanism to 

produce proteases to remove unfolded, misfolded or damaged proteins as a result of 

improper folding or environmental stress (Zurawa-Janicka et al., 2017). In mammals, 

a family of highly conserved serine proteases known as high temperature requirement 

factor A (HtrA), plays important role in the quality control of cellular proteins (Zurawa-

Janicka et al., 2017). The bacterial homolog of HtrA (DegP) was first identified and 

characterized from Escherichia coli, it consists of heat shock-induced protease activity 

and potential chaperone activity (Chang, 2016). The mammalian HtrA family proteases 

serve as ATP-independent protein quality control factors that are associated with cell 

growth, unfolded stress response, programmed cell death and aging (Clausen et al., 

2002). So far, four mammalian HtrA proteases (HtrA1-HtrA4) have been identified, and 

their dysregulation has been implicated in various pathological processes, such as 

cancer, neurogenerative disorders, arthritic diseases and pregnancy disorders 

(Zurawa-Janicka et al., 2010, Welsh et al., 2001b, Narkiewicz et al., 2008, Narkiewicz 

et al., 2009, Lorenzi et al., 2009, Li et al., 2011, Teoh et al., 2015, Singh et al., 2015).  

All four HtrAs are structurally similar and contain one or more highly conserved C-

terminal postsynaptic density protein 95-Discs large-Zona occludens (PDZ) domain, 

which binds to target proteins to regulate protein-protein interaction, and a trypsin-like 

serine protease domain with catalytic activity (Figure 9) (Singh et al., 2014). HtrA1, 



31 
 

HtrA3 and HtrA4 share a similar N-terminal domain structure consisting of a putative 

signal peptide, an insulin growth factor (IGF) binding domain and a kazal protease 

inhibitor domain (Figure 9) (Clausen et al., 2002). In contrast, HtrA2 has a completely 

unique N-terminal consisting of a transient peptide and a transmembrane domain, 

suggesting that HtrA2 may have different functions compared to the other three HtrAs 

(Figure 9) (Nie et al., 2003a). Both HtrA1 and HtrA3 have been previously implicated 

in the development of PE (Ajayi et al., 2008, Teoh et al., 2015, Li et al., 2011). 

 

 

 

 

 

 

 

 

Figure 9. Structure of mammalian HtrA family proteases. SP, signal peptide; IGFB, 
insulin growth factor binding domain; Kazal, Kazak-type S protease inhibitor domain; 
Trypsin, trypsin-like serine protease domain; PDZ, postsynaptic density protein 95-
Discs larger-Zona occludens domain; TP, transient peptide; TM, transmembrane 
domain (Adapted from Singh et al, 2015). 
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1.5.2. HtrA1 and its biological functions 

HtrA1 is a secretory protein that is ubiquitously expressed in human tissues with high 

levels in the placenta (De Luca et al., 2003, Nie et al., 2006a). The human HtrA1 gene 

was initially identified as a down-regulated gene in SV-40 transformed fibroblasts 

(Zumbrunn and Trueb, 1996), and the protein has been implicated as a tumour 

suppressor and promoter of cell death (Zurawa-Janicka et al., 2010). HtrA1 mRNA 

expression is greatly down-regulated or completely absent in various cancers such as 

ovarian cancer, metastatic melanomas, breast carcinoma, prostate cancer and many 

other tumour cell lines (Chien et al., 2004, Baldi et al., 2002, Sotiriou et al., 2006, 

Welsh et al., 2001a). In addition, overexpression of HtrA1 in metastatic melanoma cell 

line inhibited cell proliferation in vitro and prevented tumour growth in vivo (Baldi et al., 

2002).  

Many growth factors and matrix proteins have been identified as the extracellular 

substrates of HtrA1 and dysregulation of these factors by aberrant HtrA1 activity has 

been linked to many other human diseases (Tiaden and Richards, 2013). HtrA1 

expression is up-regulated in various musculoskeletal diseases, which coincides with 

the increased fragmentations of several extracellular matrix (ECM) proteins that are 

known to be targets of HtrA1, including fibronectin, type II collagen and decorin 

(Tiaden and Richards, 2013). Increased expression of HtrA1 is also implicated in age-

related macular degeneration (AMD), which is also closely associated with increased 

degradation of various ECM proteins (Lin et al., 2018). On the other hand, decreased 

expression of HtrA1 is linked to dysregulation of TGF-ɓ signalling in cerebral small 

vessel disease, which can lead to early-onset stroke and dementia (Beaufort et al., 

2014). Latent TGF-ɓ binding protein 1 (LTBP-1), an ECM protein that is processed by 
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HtrA1 and required by TGF-ɓ signalling, has been shown to attenuate TGF-ɓ 

signalling in the disease due to lack of HtrA1 activity (Beaufort et al., 2014).  

In normal human pregnancy, serum HtrA1 level is increased progressively with 

increasing gestation (Teoh et al., 2015). In the first trimester placenta, HtrA1 is 

immuno-localized in both layer of villous trophoblast, the syncytiotrophoblast and 

cytotrophoblast (Lorenzi et al., 2009). In the third trimester, the HtrA1 staining is more 

intensified and mainly observed in the syncytiotrophoblast and the maternal decidua 

cells, suggesting that HtrA1 may be involved in the normal development of the 

placenta (De Luca et al., 2004). HtrA1 knockout mice are viable and fertile, however, 

both the placenta and the pups are reduced in size, and the placenta displays impaired 

artery remodelling (Hasan et al., 2015). The exact role of HtrA1 in placental 

development is unclear, but it is speculated to be involved in the regulation of 

trophoblast-decidual interaction and trophoblast invasion, which are crucial for normal 

placentation (Chen et al., 2014). One study demonstrated that a trophoblast-like cell 

line, HTR-8/SVneo cells, exhibited reduced migration and invasion in the presence of 

HtrA1, suggesting that aberrant levels of HtrA1 might directly disrupt placental 

development by attenuating trophoblast cell migration and invasion (Ajayi et al., 2008). 

Recently, several studies reported that dysregulation of HtrA1 is associated with PE, 

in particular early-onset PE. Placental mRNA expression as well as serum levels of 

HtrA1 have been shown to be significantly elevated in PE cases, making HtrA1 a 

potential diagnostic marker of PE at the time of disease presentation (Teoh et al., 

2015, Ajayi et al., 2008, Inagaki et al., 2012, Zong et al., 2013).  
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1.5.3. HtrA2 and its biological functions 

HtrA2 is the most studied member of this family, and it is structurally different to the 

other three HtrAs (Wagh and Bose, 2018). While HtrA1, 3 and 4 are all secreted 

proteins, the precursor of HtrA2 resides in the mitochondrial intermembrane space 

(Vande Walle et al., 2008). HtrA2 serves as protein quality control factor to maintain 

mitochondrial homeostasis under normal physiological conditions (Zurawa-Janicka et 

al., 2010). Loss of HtrA2 in mice leads to accumulation of unfolded proteins in the 

mitochondria, defective mitochondrial respiration and increased concentrations of 

ROS which leads to neuronal cell death (Moisoi et al., 2009). Furthermore, mice with 

a mutation in HtrA2 gene that results in loss of HtrA2 proteolytic activity, exhibit muscle 

wasting and neurodegeneration very similar to symptoms exhibited in patients 

suffering from Parkinsonôs syndrome (Jones et al., 2003). However, in stressful 

conditions, HtrA2 may switch from a protector to a proapoptotic factor to facilitate cell 

death (Zurawa-Janicka et al., 2010). Following apoptotic stimulus, HtrA2 is released 

from the mitochondria, binds and degrades the inhibitor of apoptosis proteins (IAPs), 

thereby freeing active caspases to induce apoptosis in the damaged or infected cells 

(Suzuki et al., 2001, Verhagen et al., 2002). Therefore, HtrA2 protein plays a crucial 

role as a mediator of cell survival as well as cell death, however, unlike the other 

members of the HtrA family, there is no evidence of HtrA2 involvement in placental 

development or pregnancy complications. 

1.5.4. HtrA3 and its biological functions 

HtrA3 is structurally similar to HtrA1, and it was first identified as a pregnancy-related 

serine protease that is up-regulated in the mouse uterus with a role in the development 

of the embryo and the placenta (Nie et al., 2003b). In the human, HtrA3 is widely 
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expressed in the body and the highest levels are detected in the heart, ovary, uterus 

and placenta (Nie et al., 2003a). So far, two isoforms of HtrA3 produced by alternative 

splicing have been identified, the long form consists of 453 amino acids, whereas the 

short form lacks the PDZ domain and consists of 357 amino acids (Nie et al., 2003a). 

Both HtrA3 isoforms are expressed comparably in human and are both proteolytically 

active (Singh et al., 2012, Nie et al., 2003a). A recent study demonstrated that both 

HtrA3 isoforms can interact with cytoskeleton proteins such as actin, ɓ-tubulin, 

vimentin and TCP1 chaperonin, which are required for actin and tubulin folding (Wenta 

et al., 2018). Although both HtrA3 isoforms can cleave cytoskeleton proteins while also 

functioning as chaperone proteins in vitro, the short form of HtrA3 has more efficient 

proteolytic activities, whereas the long form is the most efficient HtrA family protein in 

facilitating tubulin polymerization (Wenta et al., 2018). Thus, it is likely that the two 

HtrA3 isoforms may have different roles and both can function either as proteases or 

chaperone proteins (Wenta et al., 2018). Similar to HtrA1, dysregulation of HtrA3 has 

been implicated in various cancers and HtrA3 is proposed as a tumour suppressor 

(Glaza et al., 2015). Down-regulation of HtrA3 has been reported in various cancer 

cell lines and tumours including ovarian, endometrial and lung cancers (Bowden et al., 

2010, Zhao et al., 2014, Bowden et al., 2006, Narkiewicz et al., 2009, Beleford et al., 

2010a, Zhao et al., 2016). HtrA3 is further shown to promote lung cancer cell death 

induced by chemotherapeutic drugs etoposide and cisplatin, and suppression of HtrA3 

renders the cancer cells resistant to anti-tumour drugs (Beleford et al., 2010b). Another 

study demonstrated that HtrA3 can inhibit lung cancer cell invasion and HtrA3 level is 

negatively correlated to the increased risk of postoperative recurrence of non-small-

cell lung cancer (Zhao et al., 2016). 
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During human pregnancy, HtrA3 is expressed in the placenta in high amounts during 

the first trimester, especially in the syncytiotrophoblast (Nie et al., 2006b, Li et al., 

2011). HtrA3 levels in the maternal circulation reflect placental production, with the 

highest levels also detected in the first trimester. Placental and serum levels of HtrA3 

then drastically reduce from the second trimester onwards, and this is likely to be 

regulated by changes in oxygen tension from a low to a high oxygen environment (Li 

et al., 2011). Abundance of placental HtrA3 expression in early pregnancy suggests 

that HtrA3 may be important for the development of the placenta and the embryo, and 

in vitro studies show that HtrA3 negatively regulates trophoblast invasion during early 

placental development (Singh et al., 2010, Singh et al., 2011).  

HtrA3 knockout mice are phenotypically normal and fertile, however, the placenta 

displays disorganization of labyrinthine fetal capillaries, which results in fetal growth 

restriction. The data suggests that maternal HtrA3 is important for vascular 

organization of the developing placenta and fetal growth (Li et al., 2017). Furthermore, 

mice born to HtrA3-deficient mothers, irrespective of their own genotype, are 

significantly heavier with more white fat in their adulthood, indicating that maternal 

HtrA3 may have a long-term impact on the offspring well beyond in utero growth (Li et 

al., 2017). Dysregulation of HtrA3 in the first trimester may therefore be associated 

with abnormal placental development. Studies found that pregnant  women who were 

destined to develop PE had significantly higher levels of serum HtrA3 at 13-14 weeks 

of gestation, which is well before the manifestation of any clinical symptoms (Li et al., 

2011, Dynon et al., 2012). Interestingly, serum HtrA3 levels at 11-13 weeks of 

gestation are significantly lower in women who had IUGR pregnancies (Li et al., 2017), 

suggesting that optimal concentration of placental HtrA3 is necessary for the optimal 
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development of a functional placenta. Therefore, this also makes HtrA3 a potential 

biomarker for early diagnosis of PE and IUGR. 

 

1.6. HtrA4 and its role in early-onset PE development 

1.6.1. HtrA4 expression and its biological functions 

HtrA4 is the newest and least studied member of the mammalian HtrA family. The 

HtrA4 gene is located on chromosome 8p11.22 with 8 exons, and it is first identified 

as a serine protease associated with pregnancy (Clausen et al., 2002). HtrA4 is 

structurally similar to HtrA1 and HtrA3, however, HtrA4 is highly unique because its 

expression is almost exclusive to the human placenta (Singh et al., 2015), whereas 

the other HtrAs are widely expressed in most tissues (Nie et al., 2003a). Analysis of 

tissue-profiling microarray data showed that HtrA4 mRNA expression is highly 

placenta specific (Figure 10). One study has immunolocalized HtrA4 to the EVT cells 

at the maternal-fetal interface (Wang et al., 2012). Little is known about the exact 

function of HtrA4 in the placenta, but it is believed to be involved in the regulation of 

trophoblast invasion in placental development (Wang et al., 2012, Chen et al., 2014). 

A study by Wang et al (2014) over-expressed the wild-type and a protease-inactive 

mutant HtrA4 in trophoblast-like JAR cells and investigated invasion. It was found that 

JAR cells overexpressing the wild-type HtrA4 had increased invasion, whereas JAR 

cells overexpressing the mutant HtrA4 had unchanged invasion (Wang et al., 2012). 

The same study also examined the impact of HtrA4 on another trophoblast-like cell 

line, the BeWo cells, by knocking down the endogenous HtrA4 expression using 

shRNA, it was found that the invasion of BeWo cells was suppressed when HtrA4 was 
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knocked down (Wang et al., 2012). Wang et al (2014) then showed that HtrA4 could 

cleave the extracellular matrix protein fibronectin in vitro, suggesting that HtrA4 may 

facilitate cell invasion by disrupting the interaction between fibronectin and its integrin 

receptors which would otherwise impede trophoblast invasion (Damsky et al., 1994, 

Wang et al., 2012). However, whether HtrA4 has a similar regulatory role in trophoblast 

cells in vivo remains to be investigated. 

 

 

  

 

 

Figure 10. Microarray analysis of HtrA4 mRNA in 31 human tissues. The data set was 
derived from the National Centre for Biotechnology Information Gene Expression 
Omnibus database (GDS3113) (Singh et al., 2015).  
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A recent study by Liu et al (2015) reported that HtrA4 null mice have normal embryonic 

and placental development, with no obvious difference in placental structure or 

morphology compared to wild-type mice (Liu et al., 2015). In addition, cross breeding 

of HtrA4 knock-out mice produced similar pup numbers, indicating that fertility is also 

unaffected (Liu et al., 2015). The authors suggest that the lack of abnormality in HtrA4 

null mice is likely because either HtrA4 does not play a significant role in murine 

placentation or up-regulation of other HtrA family proteins has compensated the lack 

of HtrA4 expression (Liu et al., 2015). However, their data clearly shows that HtrA4 is 

not well expressed in mice, including the placenta. This important fact was further 

confirmed by our laboratory (unpublished). We therefore believe that the lack of a 

phenotype in HtrA4 null mice is because HtrA4 is not well expressed in mice in the 

first place. 

In contrast, HtrA4 is highly expressed in the human placenta, and it is not well 

expressed in any other tissues that were examined thus far (Figure 10) (Singh et al., 

2015). HtrA4 expression therefore seems to be human placenta-specific, and HtrA4 

may have a specific role in human placental development, human pregnancy and 

human pregnancy complications. 

1.6.2. HtrA4 and its potential involvement in PE 

Placental HtrA4 is secreted into the maternal circulation. In a normal human 

pregnancy, the HtrA4 levels in maternal serum increase significantly from 11-13 weeks 

to 24-25 weeks of gestation, they then remain stable throughout the remainder of the 

pregnancy (Singh et al., 2015). A number of studies have linked abnormal regulation 

of HtrA4 particularly to the early-onset PE (Inagaki et al., 2012, Liu et al., 2018, Singh 

et al., 2015). Gene expression analyses have consistently shown that placental HtrA4 
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expression is significantly up-regulated in severe PE compared to their gestational-

matched controls (Singh et al., 2015, Inagaki et al., 2012, Lapaire et al., 2012, 

Kaartokallio et al., 2015, Brew et al., 2016, Liu et al., 2018, Nishizawa et al., 2011). 

Furthermore, HtrA4 levels in the maternal circulation are significantly elevated in the 

third trimester in early-onset PE at the time of disease presentation compared to their 

gestational-matched controls (Singh et al., 2015, Inagaki et al., 2012). Moreover, the 

levels of circulating HtrA4 are shown to positively correlate with PE severity (Inagaki 

et al., 2012).  

Contrary to the norm, study by Wang et al in 2012 showed that the intensity of HtrA4 

immunostaining was lower in PE placentas (Wang et al., 2012). In this particular study, 

only two placentas from late-onset PE were examined. These seemingly conflicting 

reports suggest that HtrA4 expression pattern can be different between early-onset 

and late-onset PE, and elevation of HtrA4 is very likely a distinct characteristic of early-

onset PE. This was supported by a study by Inagaki et al (2012) where the expression 

of all four HtrA family members was compared between placentas from women with 

severe PE (with an average gestational age of 33.9 weeks) and those from 

normotensive pregnant women (with an average gestational age of 36.6 weeks), 

expression of both HtrA1 and HtrA4 was significantly up-regulated in the PE placentas 

(Inagaki et al., 2012). Placental HtrA4 protein levels were also confirmed to be highly 

elevated in PE compared to controls (Inagaki et al., 2012). Immunohistochemistry 

localised HtrA4 protein mainly to the cytoplasm of cytotrophoblasts and 

syncytiotrophoblasts in placental villi, and more intense signals were observed in PE 

placentas (Inagaki et al., 2012). The same study also confirmed that HtrA4 level in PE 

serum was significantly elevated. The study has further demonstrated that the serum 

HtrA4 level inversely correlate to placental and fetal weight, it was thus suggested that 
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aberrant levels of HtrA4 may have an adverse impact on fetal and placental 

development during pregnancy (Inagaki et al., 2012).  

Our laboratory has validated the findings of Inagaki et al (2012) and demonstrated that 

HtrA4 mRNA expression is clearly up-regulated in the placenta of early-onset but not 

late-onset PE (Figure 11A) (Singh et al., 2015). Furthermore, the maternal serum 

levels of HtrA4 were confirmed to be elevated in early-onset but not late-onset PE 

(Figure 11B). Taken together, these findings strongly suggest that excessive placental 

expression of HtrA4 and elevation of serum HtrA4 may be uniquely associated with 

early-onset PE (Singh et al., 2015).  

 

 

 

 

Figure 11. The expression pattern of HtrA4 mRNA in placenta and serum HtrA4 level 
in maternal circulation. A). HtrA4 mRNA expression is up-regulated in early-onset PE 
placentas. B). Serum HtrA4 levels are elevated in early-onset PE pregnancies.  Mean 
± SEM, ** P<0.01. (Data obtained from Singh et al, 2015). 
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1.6.3. HtrA4 and its impact on endothelial cells 

Since HtrA4 is a secreted protease and can be detected in the maternal circulation, 

HtrA4 may likely act on maternal endothelial cells. Elevated levels of HtrA4 may 

therefore adversely affect the endothelial cells to contribute to the systemic endothelial 

dysfunction that is observed in most early-onset PE. A study by our laboratory (Singh 

et al in 2015) demonstrated that HtrA4 could disrupt the normal function of human 

umbilical vein endothelial cells (HUVECs) as an endothelial cell model. The study has 

shown that HtrA4 dose-dependently alter endothelial cell integrity and increased cell 

permeability in vitro (Singh et al., 2015). Vascular endothelial (VE)-cadherin, which 

plays an important role in cell to cell adhesion and the organization of intercellular 

junction, is greatly reduced in HtrA4-treated HUVECs (Singh et al., 2015). HtrA4 

treatment has also altered HUVEC morphology, resulting in a disorderly pattern of F-

actin staining and increased number of intercellular gaps (Singh et al., 2015). These 

findings are consistent with the characteristics of primary HUVECs isolated from PE 

women, such as disorganisation of endothelial cadherin proteins, reduction in 

expression of endothelial cell junctional proteins and increases in cell permeability 

(Wang et al., 2002). HtrA4 also dose-dependently disrupts the formation of tube-like 

structure by HUVEC in vitro, suggesting a potential role of HtrA4 in disrupting the 

angiogenic activity of these cells (Singh et al., 2015). All the evidence thus presents 

HtrA4 as a potential contributing factor to the pathogenesis of early-onset PE. 

However, how extensively the circulating HtrA4 impacts on maternal endothelial cells 

and the associated molecular mechanisms remain to be investigated.  
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Research Questions 

The specific aims of my PhD study were to investigate: 

i. The impact of HtrA4 action on endothelial cells, including the EPCs. 

ii. The molecular mechanisms of HtrA4 action on endothelial cells. 

 

Hypotheses: 

High levels of circulating HtrA4 that is detected in the early-onset PE circulation, have 

a detrimental effect on maternal endothelial cells and contribute to the pathogenesis 

of early-onset PE.  
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Aims: 

(1) To determine the adverse impact of circulating HtrA4 on endothelial gene 

expression related to vessel biology, using HUVECs as an endothelial cell model.   

(2) To determine whether high levels of HtrA4 can affect maternal endothelial repair 

by 

i. Inhibiting HUVEC proliferation. 

ii. Inhibiting primary EPC proliferation and differentiation into mature 

endothelial cells. 

(3) To determine the mechanism of HtrA4 action on endothelial cells by 

demonstrating that HtrA4 can 

i. Directly cleave recombinant KDR in vitro.  

ii. Reduce total amount of KDR in HUVECs thereby disrupting the 

VEGF-A action 

iii. Inhibit VEGF-A-induced angiogenesis in HUVECs and explant 

culture of mouse aortic rings 
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Chapter 2  

High levels of HtrA4 observed in preeclamptic 

circulation drastically alter endothelial gene 

expression and induce inflammation in human 

umbilical vein endothelial cells 
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Chapter 3 

HtrA4 may play a major role in inhibiting 

endothelial repair in pregnancy complication 

preeclampsia 
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