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The proper care for preeclamptic patients is a cornerstone of obstetrical medicine and is difficult. 
The sudden onset and swift clinical deterioration of preeclamptic patients remains impressive 
and can be a disaster for both mother and child. Doctors working in the obstetric field can 
visualize patients most severely affected by this pregnancy specific syndrome even after years. 
The maternal consequences, that can be both physical1,2 and mental3, can be lifelong and 
patients still die because of the complications from preeclampsia.  Neonatal implications arise 
from both prematurity and dysmaturity. Premature delivery is a major risk factor for perinatal 
death and morbidity4,5, while low birth weight infants are at increased risk for cardiovascular 
disease and type II diabetes later in life6. The incidence of preeclampsia is 1.5-6 %, depending on 
populations studied7-9.

Preeclampsia (PE) is defined by only two criteria; de novo hypertension in conjunction with 
proteinuria after 20 weeks of gestation10. In reality the clinical spectrum ranges from patients 
with mild hypertension and minimal proteinuria to severely ill patients with multi-organ 
failure in any trimester of pregnancy. In many cases aberrant liver function also contributes 
to the disease. This is by definition evident in Hemolysis Elevated Liver enzymes and Low 
Platelets (HELLP) syndrome. HELLP syndrome affects 10-20% of cases with severe PE but HELLP 
syndrome develops in the absence of PE in 20% of cases11. In cases with maternal mortality due 
to preeclamptic disorders of pregnancy, low platelets in combination with high blood pressure 
is almost always present in fatal cases due to cerebral hemorrhage, the most frequent cause 
of death among preeclamptic patients. Most of these patients with fatal preeclampsia were in 
good health pre-pregnancy12. 

Another pregnancy specific disorder with liver involvement is intrahepatic cholestasis of 
pregnancy (ICP) that is characterized by maternal pruritus and raised total bile acids (TBA)13. The 
incidence differs among different ethnicities13 and shows significant familial clustering14,15 thus 
implying a genetic component. It has been noted that ICP predisposes women to preeclampsia 
as PE incidence in patients with ICP is higher compared to a normal pregnant population16-18 but 
the relationship is not fully understood. 

We know that the placenta causes preeclampsia. This is exemplified by the fact that in the absence 
of a fetus but presence of a placenta (complete hydatiform molar pregnancy) development of 
severe PE has been described19. Also in pregnancies with a ‘placental overload’ e.g. in pregnancies 
with macrosomia and / or gestational diabetes and multiple pregnancies higher incidences of 
PE are reported20. A final argument is that clinical signs and symptoms rapidly improve after 
delivery of the placenta and that retention of even small amounts of placental tissue can cause 
a relapse of preeclamptic symptoms even weeks after delivery21. Probably because placentation 
in humans is uniquely organized22, preeclampsia is exclusive to humans and has been described 
in literature as early as 400 BC by Hippocrates23. Even nowadays the only true therapeutic option 
is delivery of the baby and placenta, but at an early gestational age this automatically implies 
an unfavorable fetal outcome. At early gestational ages this forces clinicians to make a choice 
between fighting maternal symptoms, applying blood pressure regulation combined with 
seizure prophylaxis and immediate premature delivery. 

Preeclampsia is considered a two-stage disease24; first and early second trimester insufficient 
remodeling of maternal spiral arteries by placental extravillous trophoblast cells followed by 
reduced perfusion of the feto-placental unit and systematic oxidative stress causes maternal 
endothelial dysfunction with multisystemic involvement in the second half of pregnancy24. 
Several clinical risk factors are acknowledged, but as primiparity and a history of PE are among 
the most strongly correlated risk factors, many women are not identified as high risk at antenatal 
booking25.

As we know that acetylsalicylate given before 16 weeks of gestation significantly reduces the 
risk of preeclampsia and IUGR in a high-risk population31,32, early identification of nulliparous 
patients at risk may be used as a preventive strategy in developing preeclampsia. 

Despite the fact that preeclampsia is a highly clinically relevant topic, no early and reliable 
first trimester biomarkers are currently available for early prediction of development of this 
obstetrical disease. There are a few potent markers differentially expressed in the maternal 
circulation weeks before the onset of clinical disease26. Increased soluble fms-like thyrosine 
kinase 1(sFLT1) that in turn results in decreased availability of vascular endothelial growth factor 
(VEGF), and increased soluble endoglin (sENG) most likely both result in decreased angiogenesis. 
Decreased levels of free placental growth factor (PlGF) also have a strong predictive value, 
but the pathophysiological role of this is incompletely understood27. However, the predictive 
performance of a screening strategy combining patient characteristics, doppler ultrasound 
parameters and these promising biomarkers is too low to justify use of this screening strategy 
in a low risk nulliparous population. Additional or other markers are needed to achieve clinical 
utility29;30. 

To investigate placenta physiology and pathophysiology we initiated the Preeclampsia And 
Non-preeclampsia Database (PANDA) project in 2006. PANDA is a biobanking effort of the 
AMC department of obstetrics where we in a period of 4 years collected placental biopsies 
in combination with umbilical cord blood samples and maternal blood samples of over 400 
women with either preeclamptic (n=177) or normotensive (n=256) pregnancies. This gave 
us the availability of a large patient and control tissue sample cohort, coupled to clinical and 
biochemical data sets to explore novel biomarkers in preeclampsia and to study placental 
(patho-) physiology. The PANDA obstetrics biobank allowed us to perform the studies described 
in this thesis.

Although a genetic basis for the development of gestational hypertensive disorders is generally 
assumed, the identification of robust maternal or fetal susceptibility genes for preeclampsia has 
not been successful as is reviewed in Chapter 2. Most studies have focused on polymorphisms 
and mutations of specific maternal susceptibility genes that were selected based on their 
involvement in cellular pathways linking to the clinical features of the disease, like hypertension 
or renal disease. As it is evident that preeclampsia is not a disease with a clear Mendelian mode 
of inheritance, studies assumed different modes of inheritance. The current consensus is that PE 
is a complex disorder meaning that it is caused by a mixture of genetic changes in both maternal 
and fetal genes combined with environmental factors33;34. 
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If a disorder has a complex genetic background it can be reasoned that multiple ordinary 
molecular events at the DNA or RNA level in a unique combination are able to produce a 
pathological state. Since preeclamptic disorders originate in the placenta, understanding of 
basic molecular (patho-) physiology of the placenta is essential in this respect. 

Placenta tissue enables the study of genes, RNA molecules and proteins relevant during 
pregnancy. Genes are build up by deoxyribonucleic acid (DNA) that is located in the nucleus 
and mitochondria of each cell (Figure 1). In general the DNA content in each organ and cell 
of an individual is identical with exception of placental mosaicism that occurs in 1-2% of 
pregnancies35. Typically, searching for mutations that cause a specific disease is done at the DNA 
level. DNA, that consists of regions coding for a protein (exons) are interspersed by ‘nonsense’ 
regions (introns). In order to function and to signal to other cells, a cell needs to make protein. 
Transcription of DNA and splicing result in an RNA molecule that contains the coding sequence 
for a protein (Figure 1). The collection of different mRNA molecules in a type of tissue is referred 
to as the ‘transcriptome’. The transcriptome of an organ, such as the placenta, can be altered 
in case of a pathological condition (in our case preeclamptic disorders of pregnancy). There 
are many genes of which different mRNA molecules can be made due to alternative splicing. If 
these alternative spliced forms alter the protein coding sequence, their translation will result in 
different proteins (Figure 1).  As alternative splicing greatly increases the biodiversity of proteins 
that can be encoded by the genome, it is regarded as a normal phenomenon although the 
regulating process is often not known36. An example of functional splicing is the occurrence of 
sFLT1 in pregnant women. sFLT1 is generated by alternative splicing of the FLT1 gene. This results 
in a secreted soluble version of the otherwise transmembrane VEGFR1. Increased amounts of 
sFLT1 are functional involved in the pathogenesis of preeclampsia37.  Once protein is made by 
the cell, it can either be used within the cell itself or be secreted for a remote effect. In case of 
placental trophoblasts, this secretion can be either into the villous structure to the fetal blood 
vessel, or out of the villous structure into the maternal circulation (Figure 1). The strength of the 
signal that induces transcription of DNA to RNA is also regulated by epigenetics. Epigenetics 
are changes to the DNA such as methylation of CpG islands and modification of histones, the 
proteins that determine the 3-dimensional structure of DNA. Both these epigenetic features are 
described to occur in placenta38. 

Using our PANDA biobank, where we collected placenta, maternal and umbilical cord blood 
we were able to study the DNA, RNA and protein in the placenta but also the effect of this on 
proteins in maternal and fetal blood.   

In conclusion: The aim of this thesis, that is divided in three parts, is to gain further understanding 
of placental molecular mechanisms in general and preeclamptic disorders in particular, and 
to discover novel biomarkers that will enable the development of preventive strategies for a 
disorder that is still claiming maternal and fetal lives today.  

 

Figure 1: (A) Profile of pregnant women with placenta, umbilical cord, and baby. (B) Topview of placenta 
cross section, depicting placental villi from fetal origin with maternal blood filling the intervillous space. (C) 
Schematic representation of trophoblast cell where protein is made that is necessary for the function of the 
cell or is excreted to either the maternal or the fetal circulation.

Part I provides a general introduction in two chapters. Chapter 1 contains the introduction and 
aims of this thesis. In Chapter 2 the molecular genetics of preeclampsia and HELLP syndrome 
are presented in the form of a general review article. It addresses the clinical spectrum and 
relevance of both syndromes, knowledge on pathophysiology and a current overview of the 
most relevant genes implicated in relation to preeclampsia.

Part II displays novel molecular insights at the genomic and transcriptomic level of preeclamptic 
disorders of pregnancy. 

STOX1 was first implicated in relation with familial preeclampsia in 200539. To investigated 
whether STOX1 was implicated in non-familial cases and whether the proposed mechanism 
of maternal imprinting occurred in placenta we investigated the occurrence of the c. 458 T>C 
p. Y153H mutation in both control and preeclamptic patients together with methylation- and 
imprinting status of the STOX1 gene in both human and mouse placenta (Chapter 3). 
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The splicing patterns of the FLT1 gene that result in different types of soluble FLT1 (sFLT1) mRNAs 
in placenta and other human tissues are investigated (Chapter 4).  

In search of novel biomarkers, we describe how we identified GBA (glucosidase beta acid),  
encoding glucocerebrosidase, as a gene that is highly expressed in preeclamptic placenta. 
GBA deficiency results in a well-known lysosomal storage disorder called Gaucher disease but 
overexpression has not previously been implicated in human disease. In-depth molecular analysis 
tries to unravel its function in placenta and its role in relation to preeclampsia (Chapter 5). 

Furthermore we describe four clinical cases of women with pregnancies complicated by both 
ICP and HELLP syndrome. The co-occurrence of these two rare pregnancy complications, that 
both have compromised liver function as a central feature, has not been described before 
(Chapter 6). 

Since a substantial amount of preeclamptic patients without full-blown HELLP syndrome show 
involvement of the liver with raised total bile acids (TBA) to some extent17 we investigated the 
role of TBA in the pathogenesis of preeclampsia in relation to expression levels of ABCG2, a 
newly described major bile acid transporter in placenta (Chapter 7). 

Part III contains the general discussion and future research implications of the work presented 
in this thesis. Also a summary in Dutch is included.
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ABSTRACT

Preeclampsia is characterized by new onset hypertension and proteinuria and is a major 
obstetrical problem for both mother and foetus. Haemolysis elevated liver enzymes and low 
platelets (HELLP) syndrome is an obstetrical emergency and most cases occur in the presence 
of preeclampsia. Preeclampsia and HELLP are complicated syndromes with a wide variety in 
severity of clinical symptoms and gestational age at onset. The pathophysiology depends not 
only on periconceptional conditions and the foetal and placental genotype, but also on the 
capability of the maternal system to deal with pregnancy. Genetically, preeclampsia is a complex 
disorder and despite numerous efforts no clear mode of inheritance has been established. A 
minor fraction of HELLP cases is caused by foetal homozygous LCHAD deficiency, but for most 
cases the genetic background has not been elucidated yet. At least 178 genes have been 
described in relation to preeclampsia or HELLP syndrome. Confined placental mosaicism (CPM) 
is documented to cause early onset preeclampsia in some cases; the overall contribution of CPM 
to the occurrence of preeclampsia has not been adequately investigated yet. This article is part 
of a Special Issue entitled: Molecular Genetics of Human Reproductive Failure.

INTRODUCTION

Preeclampsia and HELLP syndrome: clinical spectrum

Preeclampsia is a pregnancy specific heterogenic multisystem disorder characterised by 
de novo hypertension (two blood pressure measurements ≥  140/90  mm Hg, more than 4  h 
apart) and proteinuria (> 300 mg/24 h) that develops after 20 weeks of gestation in a formerly 
normotensive woman71. 

Preeclampsia complicates about 1.5 to 6% of pregnancies depending on the populations 
studied13,84,97 and is a major cause of maternal and perinatal morbidity and mortality. Various 
forms of maternal organ failure in for example liver, kidney and brain (seizures) occur as a 
result of systemic vascular damage. The only true therapeutic option is delivery, but at an early 
gestational age this forms a risk for the newborn. Premature delivery is a major risk factor for 
perinatal death and morbidity54,63. Treatment in early preeclampsia is therefore symptomatic and 
aimed at prolonging pregnancy and preventing severe maternal complications as long as foetal 
condition allows. It consists of blood pressure regulation, seizure prophylaxis and monitoring 
foetal condition. In severe, particularly early onset disease, the foetus may suffer from increasing 
nutritional insufficiency (resulting in intra uterine growth restriction (IUGR)), neonatal asphyxia, 
leading even to foetal death. Premature birth, either because of foetal distress or deteriorating 
maternal disease can have lifelong neurological consequences77. The frequency and severity 
of preeclampsia is substantially increased in women with multi-foetal gestation, diabetes 
mellitus or kidney disease. Chronic hypertension is also a risk factor for the development of the 
preeclamptic phenotype and is called superimposed preeclampsia, as de-novo hypertension is 
a criterion for the diagnosis preeclampsia.

HELLP is the acronym for haemolysis, elevated liver enzymes and low platelets. HELLP syndrome 
is considered a complication of gestational hypertensive disease and occurs in about 10–20% 
of women with severe preeclampsia. However, 10–20% of cases occur in the absence of 
preeclampsia, suggesting that the genetic background of preeclampsia and HELLP may differ 
in some patients86. It has been documented that with progression of pregnancy a substantial 
fraction of patients initially admitted to hospital with either preeclampsia, HELLP or IUGR, will go 
on to develop the full triad preeclampsia/IUGR/HELLP syndrome (Figure 1)30.
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Figure 1: Schematic representation of the events leading to the different hypertensive disorders of 
pregnancy. The IUGR/HELLP/Preeclampsia figure on the bottom is adapted from Ganzevoort et al.30.  
DM: diabetes mellitus. SLE: systemic lupus erythematodes. APLS: anti-phospholipid syndrome.

Preeclampsia and HELLP syndrome: pathophysiology

The pathogenesis of preeclampsia and HELLP syndrome is complex (Figure  1) and has been 
subject to investigation for decades. Pre-pregnancy maternal susceptibility25 combined to 
couple- and paternal susceptibility factors22 contribute to the inadequate interaction between 
the developing placenta and the maternal endometrium.

There are several key mechanisms involved that eventually lead to the clinical syndrome of 
preeclampsia; the immune response at the placental–maternal interface, superficial placentation 
with insufficient remodelling of spiral arteries, an imbalance in angiogenic factors and oxidative 
stress that triggers inflammation. The resulting insufficient placental function combined 
with release of placental factors into the maternal circulation coupled to an exaggerated 
maternal inflammatory response causes a generalized endothelial dysfunction and leukocyte-, 
complement- and clotting activation38,69,86. This results in the clinical syndrome of preeclampsia 
and HELLP syndrome (Figure 1).

Immunology

As the embryo expresses paternal antigens foreign to the mother’s immune system active 
regulation of the maternal immune response at the placental–maternal interface is essential for 
a sustainable pregnancy32,69.

The polymorphic HLA-C is expressed by invasive extravillous trophoblasts. HLA-C is the 
dominant ligand for killer immunoglobulin-like receptors (KIR) that are expressed by maternal 
uterine natural killer (uNK) cells. The KIR system contains two different haplotypes A and B 
and some KIR/HLA-C combinations are presumed to be more favourable to trophoblast-cell 
invasion. Due to these two polymorphic gene systems at the site of placentation, uterine NK-
cell function may vary from pregnancy to pregnancy34,62. This immunological interface regresses 
in the second half of pregnancy when the villous syncytium that is devoid of HLA expression 
becomes dominant11,69.

The importance of an adequate immune regulation at the placental–maternal interface is 
illustrated by the fact that abundant exposure to paternal antigens in seminal fluids prior to 
the actual pregnancy seems to prevent preeclampsia indicating some kind of ‘immunological 
memory’, most likely by maternal T-cells47,72,73. Additionally the assisted reproductive technique 
of oocyte donation with a high degree of antigenic dissimilarity infers an increased risk of 
developing pregnancy-induced hypertension64,93.

Placentation and angiogenesis

Invasive cytotrophoblasts penetrate the walls of the spiral arteries where they replace maternal 
endothelium, stimulating remodelling of the arterial wall resulting in arterial dilatation65. The 
process of extravillous cytotrophoblasts invasion into the spiral arteries is accompanied by an 
‘epithelial to endothelial’ transition involving angiogenic factors, their receptors and factors that 
regulate capillary function104. Several of these factors have been implicated in the pathogenesis 
of preeclampsia, like, PlGF and VEGF-A, (soluble) FLT1, TGF-beta and (soluble) Endoglin56,96,104.

Oxidative stress and inflammation

The restricted invasion of cytotrophoblasts with impaired arterial remodelling of the spiral 
arteries results in entering of maternal blood into the intervillous space at higher pressure and 
faster rate. This exposes the placental villi to fluctuating oxygen concentrations18,68. Oxidative 
stress arising from such hypoxic/re-oxygenation injuries results in widespread placental lipid 
and protein oxidative modifications that are pro-inflammatory. It also results in mitochondrial 
and endoplasmic reticulum stress, tissue apoptosis and necrosis. Additionally, oxidative stress 
activates NF-κB a transcription factor central to the inflammatory response and a cellular 
sensor of stress2,67. This sequence of events links oxidative stress to inflammation. The increase 
of necrotic trophoblast shedding due to oxidative stress mechanisms18 may be important in 
the pathogenesis of preeclampsia in two ways; phagocytosis of necrotic trophoblasts results 
in systemic endothelial cell activation via the secretion of interleukin 6 (IL-6)16. Secondly, the 
increased amount of microparticles derived from placental syncytiotrophoblast in plasma 
samples from preeclamptic women are able to interact with leucocytes and monocytes and can 
stimulate the production of pro-inflammatory cytokines94.
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PREECLAMPSIA AND HELLP SYNDROME: THE UNDERLYING GENETIC BASIS

Supplementary  Table  1 lists the 178 genes, miRNAs and proteins reported in relation to 
preeclampsia or HELLP syndrome identified by a PubMed search Gene [title/abstract] AND 
preeclampsia [MESH] in the period 1989 till September 2011. The PANTHER (Protein ANalysis 
THrough Evolutionary Relationships) database (www.pantherdb.org)89 was queried for the 
biological process relating to each gene. Of the 178 genes listed, 110 are annotated to multiple 
processes, 37 to only one biological process of which 22 link to a metabolic process. Of 31 
genes no accompanying biological process was available, among them 12 microRNA encoding 
genes (MIRs). Figure  2 is a graphical display of the relative contribution of the biological 
processes according to the PANTHER gene ontology database after exclusion of MIRs. The 
most predominant biological processes are metabolic process (m-pro), cell communication 
(com), immune process (imm) and response to stimuli (resp) with respectively 17, 16, 13 and 
10%. The chromosomal localisation of each gene was retrieved using the NCBI data base and 
is schematically depicted in Figure 3. It reveals some ‘high density regions’ with several genes 
implicated in preeclampsia in close vicinity to each other on chromosomes 6p, 9q, 11p and 19q. 
The genes displayed in this table are a mixture of genes investigated with respect to mutations 
or SNPs (e.g. HLA-C, FV, STOX1) and genes investigated with respect to the level of expression 
(e.g. FLT1, ENG)

Figure 2: Biological processes assigned to the genes reported in relation to PE/HELLP presented in 
supplementary table 1. Genes can be allocated to one or more biological processes according to the 
PANTHER gene ontology database. 

Mode of inheritance, linkage analysis and the relative contribution of genetic factors.

Over the years, the mode of inheritance of preeclampsia has been a matter of debate. In the 
1960’s through 1980’s an autosomal recessive mode of inheritance was suggested, with either 
the maternal genotype or the foetal genotype responsible for the maternal phenotype of severe 
preeclampsia17,21.

In the early 90’s it was reported that homozygosity for a single recessive gene in both mother 
and fetus would fit 3-6% frequency of preeclampsia in the general population58. In the 90’s a 
large Icelandic study concluded that either a recessive or a dominant model could fit4. As in 
preeclampsia familial clustering is not uncommon this offers the possibility to apply genome 
wide linkage analysis where susceptibility loci and putative candidate genes can be identified. 
This has been done in several studies for different populations (table 1). Linkage analysis is an 
example of an approach that does not assume a specific underlying aetiology but expects a 
similar genotype in similarly affected patients. Linkage analysis is the ideal genome-wide 
method for mapping rare variants with relatively large effect sizes, but needs large families to 
reach statistically significant likelihood of disease (LOD) scores. Table 1 summarises the results 
from the PubMed search Susceptibility loci AND Preeclampsia. It shows an overview of the 
reported susceptibility loci and the candidate genes that could be involved in the pathogenesis 
of preeclampsia or HELLP syndrome found with linkage analysis. The largest sample size used 
to determine susceptibility loci in preeclampsia research has been 343 women (table 1)5 and a 
study this size is only able to identify genes with relatively large effects. Larger samples sizes 
should be able to further elucidate the genetic background of preeclampsia. Evolving insights 
might identify factors upstream in pathways associated with the pathophysiology.

In 2001 a genome wide scan in 38 Dutch preeclampsia families revealed a locus on 10q22 
subject to a parent-of-origin effect53. Further investigations of the families resulted in the 
identification of a maternally inherited mutation in exon 2 of the STOX1 gene that leads to 
an amino acid substitution (Y153H). This gene lies adjacent but outside the reported critical 
region of the originally described locus on 10q22. They described that this STOX1 amino acid 
variation co-segregated with the preeclampsia phenotype in seven of the eight families95. The 
epigenetic mechanism underlying this linkage was originally described as being methylation 
induced silencing of the paternal allele resulting in monoallelic expression of the maternal 153H 
allele. We and others have shown that STOX1 is not imprinted and that both the maternal and 
the paternal allele are expressed in human placenta of both normotensive and preeclamptic 
pregnancies37,49. There is also no evidence for the preferential transmission of the Y153H 
variation from women with preeclampsia or IUGR to their offspring8. Despite dedicated efforts 
to elucidate the molecular role of STOX1 in placenta and preeclamptic placenta in particular, it 
remains elusive. 
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Figure 3: Overview of chromosomal localisations of all genes reported in association with preeclampsia. 
Green lines represent genes retrieved by PubMed search. Red lines represent search results overlapping 
with susceptibility loci reported based on the analysis of chorionic villous biopsy samples from patients 
destined to develop preeclampsia29. Blue lines depict genes overlapping with susceptibility loci described 
in Table 1. Pink lines represent genes associated with HELLP syndrome. Confined placental mosaicism of 
chromosomes 13 and 16 has been reported as having an increased risk of preeclampsia (figure modified 
from Sasaki et al.79). 

There is an association between preeclampsia/HELLP syndrome in mothers with a child with 
Beckwith-Wiedemann syndrome and a mutation on the maternal CDKN1C allele75. CDKN1C 
(alias p57KIP2) is a regulator of cell cycle control55 and paternally imprinted12. Deficiency of 
p57kip2 expression in mice induces preeclampsia-like symptoms during pregnancy44. There is 
another example of a clear Mendelian recessive mode of inheritance in case of HELLP syndrome 
without preeclampsia. In pregnancies of foetuses homozygous for the Glu474Gln Long-
chain 3-hydroxacyl-coenzyme A dehydrogenase (LCHAD) mutation, 77% of the heterozygous 
mothers develop severe pregnancy complications; acute fatty liver of pregnancy (AFLP) in 54% 
of mothers and HELLP syndrome in 23%36,99. However, LCHAD deficiency only accounts for a 
small percentage of HELLP cases and the genetic aetiology of HELLP syndrome remains to be 
unravelled24.
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Overall, there is no compelling evidence to in general regard preeclampsia as a Mendelian 
inherited disease and preeclampsia is currently mostly described as a ‘complex disorder’ meaning 
that it is believed to be associated with genetic changes combined with environmental factors4,15. 
The diversity of biological processes to which the genes in Supplementary Table 1 have been 
annotated and the fact that only 25% of genes are annotated to a single biological process 
substantiates the complex genetic background of the disease.

Different approaches have been used to determine the relative contribution of genetic factors to 
preeclampsia. Twin studies help to distinguish between environmental and genetic influences 
on individual traits and behaviours. Two large twin studies on preeclampsia have been reported 
but the data are conflicting.  In a Swedish study with 917 monozygotic and 1199 dizygotic twin 
pairs, the estimates of heritability and non-shared environmental effect for preeclampsia were 
0.54 (95% CI 0-0.71) and 0.46 (95% CI 0.29-0.67) respectively78. An Australian cohort study of in 
total 2362 female twin pairs including only the most severe preeclamptic patients found no 
concordant affected twin pairs91. 

To adjust for the possible genetic or environmental contributions induced by parents, pregnancy 
outcomes in Swedish families over a period of 11 years were analysed using their national birth 
register. Information on 244564 sib pairs with a total of 701488 pregnancies was available. 
They reported that 35% of the variance in risk of preeclampsia was attributable to maternal 
genetic effects, 20% to foetal genetic effects (with equal contribution of maternal and paternal 
genetic effects), 13% to the liability of a specific couple, which is assumed to be the same in all 
successive pregnancies in the same couple, less than 1% to shared sib environment, and 32% 
to undetermined factors19. The more severe forms of preeclampsia seem to harbour a stronger 
genetic component85. In conclusion: Most studies report that the genetic contribution to the 
development of preeclampsia is around 50% implying that gene-environment interactions play 
a role.

Both excess homocysteine and dietary deficiencies of folate and vitamins B6 and B12 have been 
implicated in the pathogenesis of preeclampsia, although results are not unequivocal6,26,45,59. The 
proposed mechanism of hyperhomocysteinemia-induced pre-eclampsia is that homocysteine 
can accumulate through either increased dietary methionine or a deficiency of B vitamins and 
folate. Excess homocysteine can then be converted to S-adenosyl homocysteine (SAH) through 
the enzyme SAH hydrolase. High levels of SAH can inhibit catechol-O-methyltransferase (COMT), 
an enzyme that metabolizes estradiols. Decreased COMT activity can deplete levels of 2-ME, 
a metabolite of COMT capable of regulating HIF-1a levels. COMT deficiency is associated with 
preeclampsia in mice43.

Although the supplementation of vitamins C and E as anti-oxidants to reduce oxidative stress 
and prevent preeclampsia seemed promising at first14, randomized trials do not support a role 
for vitamins C and E in preventing preeclampsia20. One trial even showed that vitamins C and E 
increase the risk of fetal loss or perinatal death102.

Even though smoking during pregnancy may lead to many adverse effects such as foetal growth 
restriction, placental abruption, stillbirth, and preterm labour, smoking is the only environmental 
exposure known to consistently reduce the risk of preeclampsia and gestational hypertension98. 
The protective mechanism is still under research.

Confined placental mosaicism in relation to preeclampsia 

With the exception of those involving chromosomes 13, 18 or 21 all trisomic pregnancies tend to 
undergo spontaneous abortions. So when an ongoing pregnancy with for instance a trisomy 3 is 
diagnosed prenatally it is considered to be a confined placental mosaicism (CPM). The incidence 
of CPM in chorionic villous samples is 1-2%74. Trisomy in placenta can affect cytotrophoblast 
differentiation, which is a prerequisite for proper placentation100. Trisomy mainly occurs due to 
non-disjunction events41. 

Based on the tissue of confinement of trisomy, CPM is differentiated into three types; CPM  
confined to cytotrophoblasts (type I), confined to mesenchymal core (type II) and CPM present 
in both cytotrophoblasts and mesenchymal core (type III)90. 

Type I is the most commonly occurring CPM subtype and no adverse pregnancy outcomes 
have been reported. CPM type III occurs less frequently, but is commonly associated with a 
poor pregnancy outcome74. Type III CPM usually has an early meiotic origin of the error (non-
disjunction) giving rise to a trisomic embryo; subsequent rescue of trisomy in progenitor cells of 
foetus leaves the placenta almost entirely trisomic (figure 4). 

Some studies have reported that presence of a type III placental trisomy can cause IUGR74,90 or 
preeclampsia3,9,74. Especially CPM of trisomy 13 has been reported as having an increased risk 
of preeclampsia7,9,33,50. This might relate to the fact that the FLT1 gene is localized on 13q12.3. 
sFLT1 protein levels in maternal serum of pregnancies with a trisomy 13 confined to the 
placenta, were 35% higher compared to normal pregnancies7. Additionally, in non-pregnant 
rats the administration of sFLT1 evokes preeclampsia like symptoms60. All evidence points to 
a gene-dosage effect of sFLT1 in preeclampsia. Placental trisomy 16 has also been reported in 
association with preeclampsia10,42 with a 3-4 times increased risk of preeclampsia compared to a 
control population103. The occurrence of preeclampsia in 25 prenatally diagnosed mosaic trisomy 
16 pregnancies was investigated and higher levels of trisomy were observed in all placental 
lineages of preeclamptic cases when compared to the non-preeclamptic cases. Uniparental 
disomy (UPD) did not seem to influence the risk of pre-eclampsia in this study103. 

Recently, the presence of placental trisomy by comparative genomic hybridisation was 
investigated in 43 IUGR placentas (of which 25 were associated with preeclampsia), 18 
preeclamptic placentas and 11 placentas with abnormal maternal serum findings in relation to 
trisomy 21 screening.  Of these 72 placentas analysed, 6 placentas had placental trisomy. Two out 
of six cases with placental trisomy had onset of preeclampsia before the 34th week of gestation. 
In none of the 85 control placentas placental CPM was observed74. Figure 3 depicts that only 
a few genes previously investigated in relation to preeclampsia are located on chromosomes 
13 and 16. Most genes associated with preeclampsia, listed in Supplementary table 1 located 
on chromosome 13 or 16 were indeed identified based on differential expression. Coagulation 
factor 7 (F7), located on 13q34, was identified based on investigations on preeclampsia in 
women who delivered a trisomy 1392. 
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Figure 4: CPM by meiotic non-disjunction and trisomy rescue in the fetus: A meiotic non-disjunction event 
in one of the parental gametes gives rise to a diploid gamete which subsequently fuses with a normal 
gamete resulting in a trisomic embryo. In a later stage during post-zygotic divisions the progenitor cells of 
the fetus undergo trisomy rescue and lose the extra chromosome. The fetus becomes diploid and as a result 
the trisomy is confined to the placenta.

Identification of candidate genes based on pathophysiology

Many investigators apply a hypothesis driven approach where they investigate associations 
between the disease and changes in candidate genes implied in the pathogenesis.

Immunology  

Some KIR/HLA-C combinations appear unfavourable to trophoblast-cell invasion61. 
Mothers with an AA killer immunoglobulin-like receptors (KIR) genotype and a foetus 
with a paternal HLA-C2 are at greatly increased risk of a preeclamptic pregnancy34,69.  
Additionally, genetic susceptibility of HLA-DR4 with preeclampsia has been described48.

Placentation and angiogenesis 

The vascular endothelial growth factor (VEGF) ligands and their receptors play an essential role 
in both normal and pathological functioning of the endothelium87. VEGF receptor 1 (VEGFR1) 
also known as FLT1 (Fms-like tyrosine kinase 1) is a transmembrane tyrosine kinase type receptor 
with multiple ligands (Placental growth factor (PlGF), VEGF-A and VEGF-B). Ultimately activation 
of these receptors plays a key role in angiogenesis76. Apart from the transmembrane form of 
VEGFR1, there is a soluble form lacking the transmembrane domain. This soluble truncated 

version of VEGF receptor 1 (also known as sFLT1) is markedly elevated in the circulation of 
preeclamptic women60. The current concept of the role of sFLT1 in preeclampsia is that it traps 
its ligands VEGF and PlGF, thereby lowering free circulating levels of these factors below a critical 
threshold. sFLT1 mRNA is generated by alternative splicing of the FLT1 gene. The discovery 
of additional alternative spliced FLT1 transcripts encoding novel soluble (s)FLT1 protein 
isoforms46,80,88 complicates both the predictive value and functional implications of sFLT1 in 
preeclampsia. Placenta has by far the highest FLT1 mRNA expression level compared to other 
tissues and expression is directly up-regulated by hypoxia via a hypoxia-inducible enhancer 
element in the FLT1 gene promoter31.  Over 80% of placental transcripts correspond to sFLT1_v2. 
Placental FLT1 transcript levels are increased not only in preeclampsia but also in normotensive 
pregnancy with a small for gestational age foetus. This may indicate a common pathway involved 
in the development of both conditions39. Injection of sFLT1 expressing adenovirus in rats results 
in increased blood pressure and proteinuria, but this is pregnancy independent60. A mouse 
model with placenta-specific sFLT1 expression demonstrates hypertension and proteinuria in 
pregnancy that resolve after delivery52. 

Endoglin is an auxiliary cell surface receptor for the transforming growth factor beta 1(TGF-β1) 
and TGF- β3 that are potent inhibitors of trophoblast differentiation and migration. Soluble 
endoglin, the product of proteolytic cleavage of endoglin, inhibits the action of TGF- β1 and 
TGF-β3. The expression of ENG and the production of soluble endoglin is upregulated in 
preeclamptic placenta. Elevated serum soluble endoglin levels correlate with disease severity. 
Soluble endoglin is able to produce increased vascular permeability and hypertension in rats in 
vivo. Co-administration of sEng and sFlt1 expressing adenovirus in rats results even in a more 
severe preeclamptic phenotype combined with HELLP96. The identity of the protein responsible 
for the increased cleavage of endoglin and the production of the soluble form has recently been 
attributed to MMP-1440.  Soluble endoglin is upregulated in preeclampsia in a pattern similar to 
sFLT183. 

Oxidative stress and inflammation 

In placenta, COMT metabolizes estradiols to 2-methoxy-estradiol, an estradiol metabolite that 
destabilizes hypoxia-inducible factor (HIF)-1a. HIF proteins mediate the effects of hypoxia on 
gene expression by up regulating transcription of target genes, including FLT1 with preference 
for the alternative splice product sFLT1. This role of COMT in maintaining oxygen balance 
suggests that COMT might somehow be involved in the pathogenesis of pre-eclampsia through 
an altered response to oxidative stress82. Recently it has been shown  that homozygosity for the 
variant allele of the maternal COMT gene may increase susceptibility to preeclampsia57. This is 
further supported by the fact that compared to wild type mice, comt-/- mice have increased 
blood pressures, higher levels of proteinuria, smaller offspring and smaller placenta’s43. COMT 
has also been shown to interact with methylenetetrahydrofolate reductase (MTHFR), which 
modulates the availability of S-adenosylmethionine (SAM), a COMT cofactor. Variations in both 
fetal and maternal MTHFR have been associated with preeclampsia35. In addition some mothers 
and foetus are more susceptible to oxidative stress compared to others due to impaired function 
in scavenger molecules like glutathione S-transferases (GTS) P1, M1 and T1, epoxide hydrolase 
(EPHX) and cytochrome P4501A1 (CYP1A1)105. 
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Inflammatory cytokines like TNF-alpha, IL-6 and IL-10 have been implicated to contribute to 
the pathological inflammation process seen in preeclampsia. In 2011 a systematic review of 
preeclampsia in relation to polymorphisms and circulating concentrations of these cytokines  
reported that maternal TNF-a-308G/A, IL-6 174G/C and IL-10-1082A/G polymorphisms were 
not associated with preeclampsia101. On the other hand, maternal serum concentrations of 
all three cytokines were significantly higher in preeclampsia patients versus controls. These 
findings strengthen the clinical evidence that preeclampsia is accompanied by an exaggerated 
inflammatory response, but do not support TNF-a-308G/A, IL-6-174G/C, and IL-10-1082A/G as 
candidate susceptibility loci in preeclampsia101.

In 2006 it was reported that 7 genes (AGT, (angiotensinogen), AGTR1 and AGTR2 (the angiotensin 
receptors), FV (coagulation factor v), MTHFR (methylenetetrahydrofolate reductase), NOS3 
(nitric oxide synthase 3) and TNF-a (tumour necrosis factor-alpha)) dominate 70 % of literature 
regarding the genetics of preeclampsia15. The interest in these genes can be explained by their 
involvement in different underlying aetiologies relevant to the pathogenesis of preeclampsia. 
Angiotensinogen and the angiotensin receptors are part of the renin-angiotensin system that 
regulates blood pressure23. Transgenic mice overexpressing human renin and angiotensinogen 
develop superimposed preeclampsia27. Factor V is part of the blood coagulation pathway and 
severe and early-onset preeclampsia is significantly associated with inherited thrombophilia66. 
MTHFR plays a role in homocysteine metabolism35. NOS3 (also known as endothelial NOS) is 
important in vasodilation required to accommodate the increased circulating volume during 
pregnancy without a rise in blood pressure81 and TNF-alpha is an important apoptosis inducer70. 
The GOPEC consortium analysed these 7 candidate genes reported as conferring susceptibility 
to preeclampsia in 627 UK families with preeclampsia (including 398 maternal triads and 536 
foetal triads). Using the transmission disequilibrium test, no genotype risk ratio achieved the pre 
specified criteria for statistical significance1. 

IN CONCLUSION

Since the discovery of DNA in the 1960’s numerous efforts have been made to elucidate the 
genetic background of preeclampsia; alas without comprehensive results. Currently, there is 
no established genotype-phenotype relation for preeclampsia. A pitfall in defining the mode 
of inheritance has been the spectrum of different subtypes of women who all meet the ISSHP 
criteria71 of de novo hypertension and proteinuria.  

The most likely reason is that we are dealing with a complex disorder; preeclampsia and HELLP 
are complicated syndromes with a very wide range of clinical symptoms depending not only on 
periconceptional conditions and the foetal and placental genotype, but also on the capability 
of the maternal system to deal with the reproductive challenge that pregnancy is. For HELLP 
syndrome one example of a genotype-phenotype correlation exist; heterozygotic women 
carrying a LCHAD deficient foetus have a 77% risk of AFLP or HELLP syndrome. 

At present there are very few studies that have investigated the presence of placental aneuploidy 
in preeclamptic cases and therefore it is difficult to give an appropriate risk estimate based on 
the available data. Prenatally diagnosed trisomy 13 and trisomy 16 have an increased risk of 
pre-eclampsia when compared to the other trisomies and should be provided better obstetrical 
supervision. 

Data from micro-array and SAGE analysis report genes with altered expression in preeclampsia/
HELLP placenta. Theoretically the cause for this altered expression can be within the causative 
gene, in an upstream factor influencing transcription, or in a downstream factor influencing 
mRNA stability. With the exemption of HIF-1a the data coming from the diverse molecular 
studies have not been fully integrated yet.

CURRENT CHALLENGES AND FUTURE PERSPECTIVES

The ISSHP criteria for preeclampsia are generally accepted across the world. The next step should 
be to reach international consensus on criteria for the different sub-types of preeclampsia 
varying from mild hypertension and some proteinuria at term to severe hypertension, 
proteinuria, eclampsia and additional laboratory abnormalities at an early gestational age. 
Factors like predisposing maternal factors, a positive family history of preeclampsia, early onset 
disease and the combination with either IUGR and /or HELLP syndrome should be taken into 
account to investigate causative factors in homogenous subgroups of women who all meet the 
ISSHP criteria of preeclampsia.

International collaboration is essential to reach adequate power to detect the molecular cause 
of specific sub-types. Basic research based on pathophysiological mechanisms will be essential 
to provide insights and tell us whether previous findings are cause or consequence. 

More research is needed to determine the true incidence of CPM in relation to preeclampsia. 
Given undisputed involvement of sFLT1 in the aetiology of preeclampsia, the location of the FLT1 
gene on chromosome 13 and the consistent evidence of raised levels of sFLT1 in preeclamptic 
women this is worth pursuing.

Ultimately, the firm establishment of the genetic basis of preeclampsia and HELLP syndrome 
will provide a rational basis for the development of further prognostic and therapeutic targets.
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van Dijk et al.1 recently suggested that maternally inherited mutations in the STOX1 gene within 
the 10q22 locus were responsible for matrilineal preeclampsia within the Dutch population. 
A 444-kb minimal critical region with maximal sharing of alleles between affected sisters 
located within a female-specific recombination hotspot between D10S767 and D10S599 was 
described1,2. Expression of genes within this region were analyzed in normal and androgenetic 
placentas, with the assumption that downregulation in the latter would be suggestive of 
genomic imprinting and maternal expression. Using this screen, the authors speculated that 
MAWBP and STOX1 were candidates for the maternal effect, and despite the fact that it lies 
adjacent but outside their reported critical region, suggest that nucleotide changes found 
within STOX1 were causative for the preeclampsia phenotype.
We were therefore very interested to investigate the expression and imprinting status of STOX1 
in fetal tissues and in both normal and preeclamptic placentas (Supplementary Table 1 online). 
We found that, compared with embryonic tissues of the same gestational age, STOX1 mRNA 
levels were extremely low in early placentas (8–17 weeks of gestation), term placentas (34–42 
weeks) and cytokeratin 7–positive enriched extravillous invading trophoblast cells isolated 
from both sets of placentas (Supplementary Methods and Supplementary Table 2 online). The 
earlier placental tissues were especially relevant to rule out relaxation of imprinting during this 
period of pregnancy3. We analyzed imprinting for all isoforms combined and specifically for 
isoforms A+D (AY842014 and AY842017) of STOX1 (Figure 1) and isoforms A (AK027673) and B 
(AK092826) of MAWBP using the direct approach of sequencing coding-region polymorphisms 
in mRNA. This method detected biallelic expression in all fetal tissues examined and in both 
normal and preeclamptic placentas from the Dutch population. As all human imprinted genes, 
with the exception of L3MBTL and DLXS4,5, show conserved imprinted expression of their mouse 
orthologs6, we assessed the allelic expression of Stox1, Mawbp and Ctnna3, a gene whose human 
ortholog maps within the female-specific recombination hotspot and has also been reported to 
be downregulated in androgenetic placenta7. All mouse genes were biallelic in the placenta and 
embryo (Figure 2).

We also looked for evidence of differential DNA methylation, a common feature of imprinting 
control regions. However, the putative promoters of both of these genes were unmethylated in 
all tissues analyzed, including placenta (Figure 1). Therefore, we find no evidence in mouse or 
human for an imprinted mechanism to explain the reported loss of expression in androgenetic 
placentas1.

Figure 1: (a) STOX1 isoforms A+D. (b) MAWBP. Shown are results from four representative first-trimester 
tissues analyzed by RT-PCR across intragenic polymorphisms. In both genes, exon 1 spanned CpG islands 
and was found to be unmethylated when analyzed by bisulfite sequencing.

Preeclampsia is a pregnancy-associated disease that commonly presents with maternal 
symptoms, although the disease is associated with abnormal placentation. We therefore 
screened DNA from mothers (n = 224) and placentas from pregnancies with no history of 
hypertensive complications (n = 80) as well as placentas from mothers with clinically relevant 
severe early-onset non familial preeclampsia (n = 31). In our cohort of unaffected mothers of 
European ancestry (with no history of familial preeclampsia), we found all of the missense and 
silent nucleotide changes reported by van Dijk et al.1, with the exception of N825I (Table 1). 
This included the T>C transition of the “highly mutagenic” Y153H variation, which van Dijk et 
al.1 found at a similar frequency in their controls. Although we did not specifically determine 
the parent of origin of alleles in all cases, the presence of 69 CC homozygotes confirms a high 
frequency of maternal inheritance in normal pregnancies. We also found 23 CC homozygotes 
in placentas from normotensive pregnancies. Allele frequencies were consistent in our cohorts 
of pathological and normal placentas (data not shown). In addition, we found two novel amino 
acid changes, S733I and S821I, in mothers with no history of pregnancy-induced hypertension 
or preeclampsia.
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Figure 2: Bi-allelic expression in mouse placenta and embryo of Stox1 (a), Mawbp (b) and Ctnna3 (c).

Taken together, our data do not support the hypothesis that STOX1 has a role in maternal 
transmission of the preeclampsia phenotype, either through an epigenetic mechanism or 
through matrilineal transmission of polymorphic variants. In our cohorts, the amino acid 
changes described behave as simple polymorphisms rather than mutations associated with 
a pathogenic condition. The high frequency of the CC (Y153H) genotype in uncomplicated 
pregnancies demonstrates that this allele cannot be considered a mutation predisposing to 
preeclampsia.

Table 1: Frequency of STOX1 nucleotide changes observed in DNA from mothers without any familial history 
of pregnancy-induced hypertension or preeclampsia. Nucleotide positions correspond to STOX1 isoform A 
(AY842014). Numbers in parentheses indicate number of individuals tested. Ethical approval for collection of 
tissue samples and clinical data was granted by the Research Ethics Committees of Hammersmith Hospital, 
Queen Charlotte’s and Chelsea Hospital and Acton Hospital and by the Institutional Review Board at the 
Academic Medical Center, University of Amsterdam.

Position SNP identifier Nucleotide Amino acid Genotype

Exon1 53 G>C R18P G/G (222) G/C (1) C/C (0)

117 T>C A39A T/T (110) T/C (93) C/C (21)

128 C>T A43A C/C (223) C/T (0) T/T (0)

178 C>T L60L C/C (222) C/T (1) T/T (0)

Exon 2 Rs1341667 458 T>C Y153H T/T (25) T/C (78) C/C (69)

Exon 3 Rs10509305 1824 A>C E608D A/A (132) A/C (66) C/C (9)

Rs10509306 2116 C>T N715N C/C (161) C/T (46) T/T (3)

2198 G>T S733I G/G (204) G/T (1) T/T (0)

2462 G>A S821I G/G (204) G/A (1) A/A (0)

2474 A>T N825I A/A (205) A/T (0) T/T (0)

MATERIAL AND METHODS

Collection of tissue samples

A total of 240 term placental trio samples consisting of multiple site placental samples with 
corresponding maternal and paternal blood samples were collected from consecutive 
consenting pregnancies at Queen Charlotte’s and Chelsea Hospital (local ethical approval was 
granted by the Research Ethics Committee of Hammersmith, Queen Charlotte’s and Chelsea and 
Acton Hospitals Research Ethics Committee 2001/6029). All families were of white European 
origin. The maternal age ranged from 19-50 years with a mean age of 34. All were term deliveries 
between 37 and 42 weeks, which resulted in singletons. Mean birth weight was 3430g ± 453g, 
ranging between 2368g and 4704g. There was an approximately equal representation of 
males and females. No mother had a previous pregnancy complicated by pregnancy-induced 
hypertension. Pathological placental samples and clinical data from 28 pregnancies complicated 
by pre-eclampsia and 36 matched controls were collected from Academic Medical Center, 
University of Amsterdam with informed consent following approval from the Institutional 
Review Board. Of the pathological pregnancies, 15 were complicated by HELLP syndrome. One 
case has the maternal form of pre-eclampsia, all other cases suffer from the placental form of the 
disease (Supplementary Table 1).

For imprinting analysis, a set of 45 fetal tissue sets (8-18 weeks) with corresponding maternal 
blood samples were obtained from termination of pregnancies at Queen Charlotte’s and Chelsea 
Hospital, London (Local ethical approval 2001/6028). Mice derived from reciprocal C57BL/6 x Mus 
musculus castaneus crosses were a kind gift of Dr. G Kelsey, Babraham Institute, Cambridge, UK. 
All samples were washed in sterile PBS and snap frozen in liquid nitrogen and stored at –80oC.
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Enrichment for uncultured human villous trophoblasts

Previously published protocols were used for the isolation of villous trophoblasts (Monk et al., 
2006). Briefly, this involved placental tissue digestion and negative immunoselection. Dissected 
tissues from both first trimester and term placentas were thoroughly washed in PBS, and 
digested with a cocktail of trypsin and DNase to release free cells. Unwanted erythocytes were 
removed from the resulting cell suspension by centrifugation through a 40% Percoll solution. 
The resulting trophoblasts were subjected to negative immunoselection using monoclonal anti-
HLA class 1 (clone w6/32). All trophoblast cell preparations were then subjected to cytokeratin 7 
immunocytochemistry (> 98% cytokeratin 7 positive cells - data not shown), as well as HLA class 
1 and Vimentin immunostaining to assess cell contamination (< 1.3% - data not shown).

DNA/RNA isolation and cDNA synthesis

DNA was isolated either using standard proteinase K digestion followed by phenol:chloroform 
extraction or using the MagnaPureLC DNA isolation kit II (Roche). Total RNA was isolated from 
tissues either using Trizol Reagent (Invitrogen) or RNeasy MAXI kit (Qiagen). mRNA isolation was 
performed using the MagnaPureLC mRNA isolation kit II (Roche). After digestion with RNase-
free DNase 1 (Invitrogen), firststrand cDNA was generated with MMLV reverse transcriptase 
(Promega) using random primers. Duplicate sets of samples were processed with RT omitted to 
detect genomic DNA contamination of the RNA. The presence of cDNA was confirmed using a 
GAPDH primer set (Supplementary Table 2).

Analysis of allelic expression

All polymorphisms were identified by interrogating SNP databases or genomic sequencing and 
confirmed by sequencing control sample DNAs. HphI (New England Biolabs) RPLP analysis was 
used to genotype rs1341667. Gene specific RT-PCR primers amplify across at least one intron 
where possible, to eliminate the possibility of amplification from genomic DNA (Supplementary 
Table 2). All PCR products were sequenced in both the forward and reverse orientation using an 
ABI PRISM 3100 DNA sequencer (Applied Biosystems).

Methylation analysis

DNA was modified using the sodium bisulphite conversion kit EZ DNA methylation- Gold (Zymo 
Research, Orange, CA). PCR amplification (Supplementary Table 2), cloning and sequencing 
were performed using standard protocols. Combined bisulphite restriction analysis (COBRA) 
was used to assess the methylation pattern of the amplified region in the overall PCR product 
and to ensure that there was no cloning bias prior to sequencing.

Mutation detection

Primer designed specifically to STOX1 exons 1-3 were used to amplify genomic DNA 
(Supplementary Table 2). For each PCR, 200ng genomic DNA was amplified under standard 
cycling conditions for 32 cycles in a 25 μl reaction using Taq polymerase (Bioline). PCR products 
were purified using microCLEAN (Microzone Ltd). Sequencing was performed in both forward 
and reverse orientations using the BigDye terminator 3 ready reaction kit on an automated ABI 
PRISM 3100 DNA sequencer (Applied Biosystems).
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ABSTRACT

Introduction

The recent discovery of additional alternative spliced FLT1 transcripts encoding novel soluble 
(s)FLT1 protein isoforms complicates both the predictive value and functional implications of 
sFLT1 in preeclampsia. 

Methods

We investigated FLT1 expression levels and splicing patterns in placentas of normotensive 
and preeclamptic women, and established the tissue specificity of all FLT1 transcript variants. 
mRNA levels of sFLT1 splice variants were determined by real-time polymerase chain reaction 
in 21 normal human tissues and placental biopsies from 91 normotensive and 55 preeclamptic 
women. Cellular localization of placental FLT1 expression was established by RNA in situ 
hybridization. 

Results. 

Of all tissues investigated, placenta has by far the highest FLT1 mRNA expression level, mainly 
localized in the syncytiotrophoblast layer. More than 80% of placental transcripts correspond 
to sFLT1_v2. Compared with normotensive placenta, preeclamptic placenta has >3-fold higher 
expression of all FLT1 transcript variants (P<0.001), with a slight shift in favor of sFLT1_v1. 
Although to a lesser degree, transcript levels are also increased in placenta from normotensive 
women that deliver a small for gestational age neonate. 

Conclusion

We conclude that sFLT isoform–specific assays could potentially improve the accuracy of 
current sFLT1 assays for the prediction of preeclampsia. However, placental FLT1 transcript levels 
are increased not only in preeclampsia but also in normotensive pregnancy with a small for 
gestational age fetus. This may indicate a common pathway involved in the development of 
both conditions but complicates the use of circulating sFLT1 protein levels for the prediction or 
diagnosis of preeclampsia alone. 

INTRODUCTION

Hypertension-related disorders are a major cause of pregnancy complications. Preeclampsia in 
particular, defined as new-onset hypertension in combination with proteinuria after 20 weeks 
of gestation, is a leading cause of both maternal and fetal mortality and morbidity1. Because 
preeclampsia is a complex disease involving multiple organs, it has been difficult to clearly assign 
molecular pathways involved in the etiology. Consequently, proper targets for the development 
of early biomarkers and prophylaxis are scarce.

Although the exact model how preeclampsia develops is still a matter of debate, preeclampsia 
is thought to originate from abnormal placentation followed by a release of placenta-produced 
factors into the maternal circulation. These in turn provoke dysfunction of the maternal 
endothelium, resulting in the preeclamptic clinical symptoms2,3.The vascular endothelial 
growth factor (VEGF) ligands/receptors play an essential role in both normal and pathological 
functioning of the endothelium4 and have been implicated in the development of preeclampsia. 
In particular, the soluble truncated version of VEGF receptor 1 (sFLT1) has been shown to be 
markedly elevated in preeclamptic women5–7.

sFLT1 mRNA is generated by alternative splicing of the FLT1 gene. As a result, sFLT1 protein 
contains only the ligand binding domain of the VEGF receptor 1 and a small unique 31-aa 
C-terminal tail but lacks the membrane spanning and intracellular tyrosine kinase domain of 
the full- length receptor8.The current concept of the role of sFLT1 in preeclampsia is that it traps 
VEGF and placenta growth factor, thereby lowering free circulating levels of these factors below 
a critical threshold.

In addition to the interest in the functional role of sFLT1/ VEGF in preeclampsia, and hence 
their therapeutic potential, much research has been focused on the biomarker capacity of 
sFLT1 in predicting preeclampsia. Within studies, circulating levels of sFLT1 are elevated, and 
placenta growth factor levels are reduced in preeclamptic pregnancies compared with normal 
pregnancies weeks before overt clinical symptoms arise9,10, but comparison of key studies shows 
marked differences in absolute levels measured11.

The role of sFLT1 in preeclampsia has recently become more complicated by the discovery that 
multiple sFLT1 isoforms exist. In addition to the originally described sFLT18 (hereafter called sFLT1_
v1), a second sFLT1 isoform (sFLT1_v2) has recently been characterized12,13. Similar to sFLT1_v1, the 
sFLT1_v2 protein is also a soluble truncated version of the full-length VEGF receptor 1 but with a 
28-aa unique C terminus. In addition, 2 currently less well characterized sFLT1 splice variants, sFLT1_
v3 and sFLT1_v4, with a 13-aa and 31-aa unique C terminus, respectively, have been reported14.
Although investigated in a very limited number of patients, these 3 novel sFLT1 splice variants, and 
also the transmembrane variant (tmFLT1), seem up-regulated in preeclamptic women5,12–15.

In this study, we aim to establish the placental contribution of all individual FLT1 transcript 
variants to the total increased circulating sFLT1 protein pool that is observed in preeclampsia 
to further specify their potential use as biomarkers. For that purpose, we analyzed the tissue 
specificity of FLT1 transcript variants and determined their levels of expression in a human 
mRNA tissue panel and a large series of normotensive and preeclamptic placental biopsies.
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METHODS

Patients

Preeclampsia and HELLP syndrome were defined by National Heart, Lung and Blood Institute 
Working Group criteria and those proposed by Sibai1,16. Blood pressure was manually measured 
in the sitting position at the right upper arm. Diastolic blood pressure was determined at 
Korotkoff sound V. Patients with baseline hypertension or renal disease were excluded. Small 
for gestational age (SGA) was defined as a birth weight below the 10th percentile according 
to the Dutch birth weight percentiles. Placental insufficiency was defined as raised pulsatility 
index of the umbilical artery (>95th percentile) combined with either a lowered pulsatility index 
of the middle cerebral artery (<5th percentile) or an increased impedance to flow in the uterine 
arteries (early diastolic notching). Doppler studies were performed when clinically indicated by 
the treating obstetrician. Healthy, normotensive pregnant women were included as controls. 
The clinical characteristics of included individuals are listed in supplemental Table I.

Table 1: Clinical characteristics summary of studies groups. Values are expressed as median (range) or 
numbers (%). PE indicates preeclamptic; BP blood pressure; ND not determined; BMI body mass index
*includes patients with a single high BP measurement. 

Clinical Parameter Normotensive (n=91) PE (n=55)
Highest diastolic BP (mm Hg) 75 (60–95*) 105 (90–120)

Urinary protein (g/24 h) ND 5.2 (0.3–24.0)

HELLP 0 (0%) 20 (36.4%)

Gestational age at delivery (weeks) 38+4 (26+0–42+2) 33+0 (27+0–40+0)

Neonatal weight (g) 2850 (930–4800) 1470 (600–3990)

Birth percentile <10 11 (12.1%) 19 (34.5%)

Age (y) 28 (16–40) 30 (19–43)

BMI (kg/m2) 22.0 (17.3–36.8) 24.6 (18.2–45.5)

Nulliparous 52 (57.1%) 39 (70.9%)

Tissue Preparation and Real-Time Quantitative Polymerase Chain Reaction 

The use of clinical data and placenta material for this study was approved by the institutional 
review board of the Academic Medical Center. Samples were collected from 91 normotensive 
and 55 preeclamptic pregnant women as described17 (Table 1; supplemental Table I). RNA was 
isolated and reverse transcribed, and quantitative real-time polymerase chain reaction was 
performed on a LightCycler 480 system (Roche).

In Situ Hybridizations

RNA in situ hybridization was essentially performed as described18. Probes corresponded to 
nucleotides 2968 to 3361 (Genbank NM_002019.4, tmFLT1), 2208 to 2297 (Genbank BC039007.1, 
sFLT1_v1), and 2538 to 2620 (Genbank NM_001160030.1, sFLT1_v2).

Expanded methods are available in the online version of this thesis. Please search for 
‘Jebbink’ at http://dare.uva.nl/dissertations

RESULTS

Tissue-Specific Expression of FLT1 Splice Variants 

To investigate both the absolute and relative expression levels for the different FLT1 transcripts, 
we analyzed 21 human tissues by real-time quantitative polymerase chain reaction (Figure 1A). 
Absolute levels of total FLT1 mRNA in placenta are >40-fold higher than in any of the other human 
tissues studied. Although in most tissues, the majority of transcripts encode the transmembrane 
form of FLT1, in placenta, 95% of all FLT1 transcripts represent the alternative splice variants 
encoding truncated soluble receptors. sFLT1_v2 is the most prominent transcript variant (>80% 
of all placental FLT1 transcripts) and is highly placenta specific, with some residual (>600-fold 
lower) expression in other tissues. Expression of the sFLT1_v3 and sFLT1_v4 splice variants is 
relatively low in all tissues, and sFLT1_v3 levels are below detection level in most.

To evaluate the contribution of maternal, respectively placental/fetal endothelial cells, (known 
to prominently express FLT119), to the total FLT1 pool, we analyzed FLT1 transcript levels in early 
passage primary endothelial cells (human brain microvascular endothelial cells and human 
umbilical vein endothelial cells). The absolute total FLT1 mRNA expression level in human brain 
microvascular endo- thelial cells and human umbilical vein endothelial cells is much lower 
(<8%) than in placenta and sFLT1_v1 is the most abundant splice product. The sFLT1_v2 fraction 
is only 23%, respectively 6% (compared with the >80% sFLT1_v2 mRNA in placenta). Compared 
with the other tissues studied, both placenta tissue and human brain microvascular endothelial 
cells have a relatively high fraction of FLT1 transcripts encoding soluble receptor forms (94% and 
75%, respectively).

RNA in situ hybridization with variant-specific FLT1 probes demonstrates an intense signal 
in the syncytiotrophoblast layer for all transcripts tested (Figure 1B). Compared with the 
syncytiotrophoblast signal, vascular endothelial cells were also clearly positive for sFLT1_v1 
expression, whereas tmFLT1 and sFLT1_v2 signals were weak or absent.

FLT1 Splice Variants in Normotensive and Preeclamptic Placentas 

We determined expression levels of all 5 FLT1 transcripts in 91 placentas from normotensive 
pregnancies and 55 placentas from preeclamptic pregnancies (Table 1; supplemental Table I). 
In preeclamptic placenta, FLT1 transcript levels are nearly 4-fold increased, with a statistically 
significant upregulated expression of all 5 transcript variants, including the low expressed 
variants sFLT1_v3 and sFLT1_v4 (Table 2). Strikingly, in preeclamptic placenta, the splicing 
process seems to favor splicing toward sFLT1_v1 at the expense of the other splice variants, 
especially tmFLT1. Consequently, there is a shift toward the soluble FLT encoding transcripts in 
preeclampsia at the expense of the transmembrane version (P=0.029).
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Figure 1: Tissue-specific expression of FLT1 transcript variants. A, Real-time quantitative polymerase chain 
reaction was performed on RNA isolated from 21 different human tissues, plus human brain microvascular 
endothelial cells (HBMEC) and human umbilical vein endothelial cells (HUVEC), as indicated on the left. 
Values represent the average of duplicate quantitative polymerase chain reaction experiments measuring 
copy number of all 5 FLT1 transcripts (tm, v1, v2, v3, and v4) normalized to the PSMD4 copy number. The total 
transcript level per tissue is set to 100%, and individual transcript fractions were calculated and marked 
as indicated. Total normalized FLT1 copy number (total FLT1) and the percentage of transcripts encoding 
soluble receptor forms (%sFLT1) is indicated at the right side. B, In situ hybridization was performed with 
antisense probes for the transmembrane variant (tmFLT1), sFLT1_v1, and sFLT1_v2 on parallel sections of 
a 30-week normotensive placenta. Magnification 200x. Additional in situ hybridization data are shown in 
supplemental Figure I.

FLT1 transcript levels in normotensive and preeclamptic placentas do not correlate with 
gestational age at delivery (Figure 2A; data not shown). There is a positive correlation with the 
highest measured diastolic blood pressure as shown in Figure 2B. sFLT1_v1 levels correlate most 
strongly with diastolic blood pressures. We observe no significant correlation between FLT1 
transcript levels and the amount of proteinuria (data not shown).

Table 2: Values are median normalized transcripts levels (interquartile range). Ratio is defined as transcript 
level divided by total FLT1 transcript level (interquartile range). *Group differences were tested with the 
Mann–Whitney U test.

Transcript Normotensive Preeclampsia Fold Increase
All FLT1 transcripts 8.35 (4.94–17.45) 32.28 (11.70–74.03) 3.86

tmFLT1 0.26 (0.19–0.39) 0.62 (0.34–1.13) 2.36

sFLT1_v1 1.14 (0.68–1.91) 5.51 (2.52–9.45) 4.82

sFLT1_v2 7.09 (4.00–15.45) 23.49 (8.16–61.71) 3.31

sFLT1_v3 0.001 (0.000–0.001) 0.002 (0.001–0.003) 2.57

sFLT1_v4 0.009 (0.003–0.019) 0.023 (0.009–0.043) 2.44

Transcript ratio

tmFLT1/all FLT1 3.04 (1.66–5.82) 2.52 (1.31–3.52)

sFLT1_v1/all FLT1 12.42 (9.40–16.69) 16.90 (10.42–27.35)

sFLT1_v2/all FLT1 83.59 (77.06–87.83) 81.69 (69.03–87.56)

sFLT1_v3/all FLT1 0.007 (0.006–0.011) 0.006 (0.003–0.010)

sFLT1_v4/all FLT1 0.094 (0.040–0.188) 0.088 (0.021–0.235)

No. of samples 91 55

Analysis of the association between fetal growth and FLT1 transcript levels in placentas of 
normotensive pregnancies showed that placentas from SGA (n=11) neonates FLT1 mRNA 
expression is significantly increased compared with those from newborns with a weight 
appropriate for their gestational age, defined as neonatal weight between p10 and p90 on 
the Dutch neonatal growth charts (n=74; Figure 3). This SGA-specific increase in placental FLT1 
expression is restricted to normotensive pregnancies and is not observed in preeclamptic 
pregnancies. Compared with all preeclamptic placentas, the tmFLT1 and sFLT1_v2 mRNA 
levels in normotensive SGA placentas do not differ significantly (data not shown). Only 
the normotensive SGA placental sFLT1_v1 mRNA levels are significantly lower (P=0.047) 
compared with preeclamptic placentas. Of the 11 women who delivered an SGA neonate 
after a normotensive pregnancy, only 1 had an aberrant umbilical arterial Doppler velocimetry 
combined with lowered pulsatility index of the middle cerebral artery, indicative of intrauterine 
growth restriction caused by placental insufficiency. Six showed a normal Doppler pattern, 
whereas for 4 cases, no Doppler data were available (supplemental Table I).

In preeclamptic pregnancies with a confirmed normal umbilical Doppler velocimetry, there 
is still the large increase of placental FLT1 transcripts visible compared with normotensive 
pregnancies (supplemental Table III).
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Figure 2: Correlation of FLT1 mRNA expression levels with diastolic blood pressure (BP) and gestational age. 
A, Plot of average total FLT1/PSMD4 copies from duplicate quantitative polymerase chain reaction samples 
against gestational age at delivery of 74 normotensive appropriate for their gestational age placentas. B, Plot 
of average total FLT1/PSMD4 copies from duplicate quantitative polymerase chain reaction samples against 
the highest diastolic BP. For 99 appropriate for their gestational age placental samples, the corresponding 
BP was known (63 normotensive and 36 preeclamptic). Case 95 (total FLT1=437.26; BP=100 mm Hg) is not 
shown within the plotted area. Spearman’s rho for individual FLT1 transcripts is calculated and shown in the 
table below the graph.

Figure 3: FLT1 transcript levels in small for gestational age (SGA) placentas. Expression levels of different 
FLT1 transcript variants determined by real-time quantitative polymerase chain reaction in normotensive 
or preeclamptic (PE) placentas of SGA newborns (gray- shaded boxes) and appropriate for their gestational 
age (AGA) newborns (open boxes). Group differences (indicated by horizontal line) were tested with the 
Mann–Whitney U test. ns indicates not significant.
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DISCUSSION

In our study, we report placental expression and splicing of the FLT1 gene in a large series of 
normotensive and preeclamptic pregnancies and in pregnancies complicated by SGA neonates. 
We also compare FLT1 expression levels and splicing pattern in placenta with a large series of 
other human tissues, demonstrating that compared with other human tissues, absolute levels of 
all FLT1 splice variants in placenta are extremely high. Second, there is a general increased FLT1 
transcription, or alternatively, a general increased FLT1 mRNA stability in preeclamptic placentas 
compared with normotensive placentas. In addition to the previously reported elevated sFLT1 
(sFLT1_v1) mRNA levels, levels of the transmembrane VEGF receptor encoding transcript (tmFLT1) 
and the newly described sFLT1 transcript variants sFLT1_v2, _v3, and _v4 are >2-fold increased in 
placenta of preeclamptic women compared with placenta of normotensive women. However, in 
addition, SGA placentas of normotensive women show a preeclampsia-like pattern of increased 
FLT1 transcripts.

Apart from this increased transcription/stability, the process of alternative splicing also seems 
altered in case of preeclamptic pregnancy, with an increased favor toward the formation of 
the sFLT1_v1 splice variant. The signals triggering the increase of expression and change of 
relative splicing patterns of FLT1 mRNA in pathological placentas compared with placental 
tissue from normal pregnancies are not fully established. Both transcription/stability and the 
process of alternative splicing are altered in case of preeclamptic pregnancy and placental 
hypoxia, commonly regarded as an important contributor to the development of preeclampsia, 
is a known driving force for FLT1 transcription20, as well as the preferential splicing of sFLT1_v1 
variant21,22.

There is no correlation between placental FLT1 transcript levels and gestational age in either 
normotensive or hypertensive pregnancies, indicating that the reported increase of maternal 
circulating sFLT1 protein levels as gestation advances during the last trimester7,23 are attributable 
to placental growth and the concomitant increased number of cells that produce sFLT1.

A striking observation is the combination of very high levels of FLT1 mRNA in placenta compared 
with all other tissues investigated, and the fact that >90% of these transcripts encode a soluble 
VEGF receptor protein, whereas in most other tissues, the majority of transcripts encode the 
transmembrane VEGF receptor protein. We can only speculate on why the placenta generates 
such high amounts of FLT1 mRNA and most likely produces most of its FLT1 protein as the 
truncated soluble VEGF receptor. Mouse studies indicate that trophoblast-derived tmFLT1 and 
sFLT1 have no obvious function in placental development24, and in mouse placenta, 98% of the 
FLT1 protein is the soluble VEGF receptor25. Thus, the purpose of placental FLT1 transcription 
may well be the production of truncated soluble VEGF receptor with a systemic, pregnancy-
specific function in the maternal circulation.

Our data show that sFLT1_v2 is by far the major transcript variant in the placenta. Within placenta, 
sFLT1_v2 mRNA is mainly, if not exclusively, expressed in the syncytiotrophoblast layer. Because 
only ≈15% of the placental sFLT1 mRNA pool is formed by sFLT1-v1 in combination with only 
marginally expressed sFLT1_v3 and sFLT1_v4 (<1% of the total sFLT1 transcripts), this implies that 

≈85% of the sFLT1 mRNA produced by the placenta is sFLT1_v2. This situation is highly placenta 
specific because none of the other tissues investigated express this typical splice variant pattern. 
The low-level sFLT1_v2 mRNA in other tissues may originate from incorporated endothelial cells, 
which also express sFLT1_v2 mRNA.

On the basis of our study, we cannot elucidate whether placental sFLT1 mRNA levels (with 
relatively high levels of sFLT1_v2 and relatively low levels of sFLT1_v1) are directly related to 
the amount of sFLT1 protein secreted into the maternal circulation. Antibodies raised against 
the C-terminal tail specific for the sFLT1_v2 transcript show that this protein is indeed the 
predominant sFLT1 isoform present in placenta extract and the circulation during pregnancy12.
In another study26, in which sFLT1 isoforms present in maternal plasma were size separated, 
the size of the major sFLT1 isoform corresponds to that of sFLT_v2, whereas the minor isoform 
corresponds to sFLT_v1. Together, these observations suggest that the sFLT_v1 and _v2 
mRNA levels relate to the sFLT1 proteins that are measured during pregnancy in the maternal 
circulation.

The currently available sFLT1 antibodies, mostly raised against a protein domain shared by 
all FLT1 isoforms, have had only limited diagnostic utility in predicting preeclampsia27. At the 
protein level, sFLT1 isoforms differ only in their C-terminal amino acid tail, which has had until 
now no resemblance to any known functional peptide domain. This indicates that the sFLT1 
isoforms are functionally identical. Splice form–specific antibodies might improve the clinical 
strength of sFLT level in predicting preeclampsia, and sFLT1_v2–specific antibodies could 
potentially be less troubled by sFLT proteins secreted by non-placental tissues.

Literature on the relationship between fetal growth and sFLT1 levels is conflicting, which is partly 
because of the nonsystematic use of the diagnostic terms SGA, fetal growth restriction, and 
intrauterine growth restriction. Patient groups consisting of the more severe SGA (defined by either 
abnormal Doppler, birth weight below the third percentile, or delivered at early gestational age) 
appear to have increased sFLT1 protein levels in the maternal circulation 6,23,28–30, whereas those with 
milder SGA do not show the higher than normal maternal sFLT1 levels 23,28 –32. In the current study, 
we defined SGA as a birth weight below the 10th percentile, corrected for gestational age at 
delivery, parity, and gender. Our data demonstrate increased FLT1 mRNA levels in placentas from 
normotensive SGA newborns compared with appropriate for their gestational age newborns. It 
would be logical to assume that placental dysfunction characterized by increased sFLT1 levels 
may relate to either SGA fetuses or preeclampsia. However, one would expect that this holds 
true especially for those SGA neonates with signs of placental insufficiency like aberrant Doppler 
waveforms during pregnancy. We did not find evidence for this in our patients. It could be that 
the placenta “senses” fetal nutritional problems, and high FLT1 levels are a placental signal to 
increase uterine blood flow33. This mechanism can be activated anytime during pregnancy, 
which in case of our normotensive SGA pregnancies with normal Doppler, might be relatively 
late. As a consequence, the systemic endothelial damage and preeclamptic clinical symptoms 
may not (yet) be overt in these cases. Although in our population, the placental FLT1 transcript 
levels correlate with increased maternal blood pressure, women who deliver an SGA infant have 
similar increased FLT transcript levels without sign of a systemic endothelial dysfunction.
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PERSPECTIVES

The current data demonstrate that all FLT1 transcript variants are increased in preeclamptic 
placentas compared with normotensive placentas. The complex patterns of FLT1 transcription 
and splicing in preeclamptic and SGA placentas obscure an exact relationship between 
circulating FLT1 levels and gestational hypertensive disease. Based on placenta specificity 
and levels of expression, methods that would measure specific sFLT1 isoforms in the maternal 
circulation may perform better in predictive or diagnostic assays for preeclampsia than the 
currently used FLT1 assays.
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ABSTRACT

Lysosomal glucosidase beta acid (GBA) deficiency is known through its role in Gaucher disease 
and as risk factor for Parkinsonism and Lewy-body dementia. Increased GBA expression in 
association with human disease has never been reported. We describe increased GBA expression 
and activity in placenta from pregnancies complicated by preeclampsia (de novo hypertension 
and proteinuria). GBA encoding the lysosomal enzyme glucocerebrosidase is expressed in the 
syncytiotrophoblast layer of human placenta already at 5 weeks of gestation. We also identified 
five novel GBA transcripts in placenta that do not encode active enzyme when expressed in 
HEK293 cells. 

Microarray analysis of 20 placenta tissues identified 158 genes co-regulating  with GBA 
expression and gene enrichment analysis highlights lysosomal function. In our micro-array data 
GBA expression does not correlate with FLT1 expression, currently the most powerful marker for 
preeclampsia. We do observe that expression of BMP4, involved in trophoblast differentiation, 
negatively correlates with GBA suggesting that increased GBA expression might affect proper 
placentation through decreased BMP4 signaling.

Additionally we cannot exclude that ceramide, the product of hydrolysis of glucosylceramide 
by GBA, may play a role in the pathogenesis of preeclampsia through its involvement in the 
regulation of cell differentiation, survival and apoptosis.

INTRODUCTION

Normal placenta development is a prerequisite for successful pregnancy outcome. In about 
10% of all pregnancies placentation is defective and maternal and fetal health are severely 
threatened by diseases as preeclampsia (de novo hypertension and proteinuria after 20 weeks 
of gestation), its rare variant Hemolysis Elevated Liver enzymes Low Platelets (HELLP) syndrome 
and intra uterine growth restriction. The only curative treatment for these complications is 
(often preterm) delivery1. 

Remodeling of the muscular wall of uterine arteries by invading extravillous trophoblasts 
during the first and early second trimester of pregnancy is essential to guarantee adequate 
maternal blood flow to the placenta and normal placental function that ensures a sufficient 
supply of nutrients and oxygen to the developing fetus.  Preeclampsia is strongly associated 
with insufficient remodeling of the maternal spiral arteries2,3 but the cause of the disturbed 
trophoblast cell function is largely enigmatic. Although many gene expression-based studies 
comparing normotensive to preeclamptic placenta have led to the discovery of the role of anti-
angiogenic proteins in preeclampsia4,5, our understanding of the complete molecular sequence 
from aberrant invasion of extravillous trophoblasts to severe maternal clinical disease still 
contains many gaps.  

In our present quest to identify a molecular placental preeclamptic signature we identified 
glucosidase beta acid (GBA) as a gene that is differentially over-expressed in preeclamptic 
versus normotensive placentas. The GBA gene encodes the enzyme glucocerebrosidase, 
involved in the penultimate lysosomal degradation step of glycosphingolipids and hydrolyzes 
glucosylceramide to free glucose and ceramide6. Glucosylceramide and ceramide are important 
structural components of the cell membrane. Moreover, ceramide is known to be a signaling 
molecule involved in the regulation of cell differentiation, survival and apoptosis7-9. 

GBA deficiency results in Gaucher disease (10), a lysosomal storage disorder with a characteristic 
accumulation of glucosylceramide in lysosomes of macrophages. More recently it has been 
recognized that reduced glucocerebrosidase activity is associated with an increased risk 
for Parkinsonism and Lewy-body dementia (9). Pathological conditions associated with 
overexpression of glucocerebrosidase have not been described before. It has been long 
recognized that the placenta is remarkably rich in GBA content as it was initially used as a source 
to isolate GBA for the treatment of Gaucher patients with enzyme replacement therapy before 
the recombinant protein became available10. 
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RESULTS

GBA as novel candidate transcript separating normotensive from preeclamptic placenta

To identify novel factors relevant for the molecular basis of preeclampsia, we previously 
generated SAGE libraries of a normotensive and a preeclamptic/HELLP placenta, both of 28 
weeks of gestation, identifying 404 differentially regulated SAGE tags11. From this list we selected 
26 SAGE tags that could be unequivocally annotated to a transcript with relatively high placenta-
specific expression and excluded known preeclampsia related genes (see Supplementary Figure 
1 for the decision flowchart). Expression levels of the selected transcripts were determined in 
placenta tissue collected in RNAlater of 17 normotensive and 14 preeclamptic pregnancies by 
quantitative Reverse Transcription PCR (RT-qPCR). Patient characteristics are presented in Table 
1A and Supplementary Table 1.  

Table 1: Patient characteristics of the first (1A) and the second (1B) cohort of patients used in this study. 
Values are expressed as median [range] or numbers (%). n.d.=not determined
*1 case of preexisting hypertension with superimposed preeclampsia, 1 case of pregnancy induced
hypertension
# 1 case with single high blood pressure measurement

A Normotensive pregnancies Preeclamptic pregnancies

n 17 14

Highest diastolic BP (mm Hg) 75 [60 - 85] 105 [95-120]

Urinary protein (g/24hrs) n.d. 3.18 [0.15 - 17.6]

Preeclampsia cases 0 12* 86%

HELLP cases 0 (0%) 3 (21%)

Gestational age at delivery (weeks+days) 31+0 [27+0 - 38+4] 32+3 [28+5 - 38+2]

Female neonates 9 (53%) 8 (57%)

Neonatal weight (g) 1740 [980 - 3900] 1195 [660 - 2725]

Birth percentile <p10 0 (0%) 4 (29%)

B Normotensive pregnancies Preeclamptic pregnancies

n 47 34

Highest diastolic BP (mm Hg) 75   [60 – 94#] 110 [95 - 185]

Urinary protein (g/24hrs) n.d. 3.30 [0.30 - 13.95]

Preeclampsia cases 0 34 (100%)

HELLP cases 0   (0%) 14 (41%)

Gestational age at delivery (weeks+days) 37+5   [26+2 – 42+0] 34+4 [27+0 – 41+0]

Female neonates 21   (45%) 15 (50%)

Neonatal weight (g) 2710   [710 – 4225] 1830 [600 – 3990]

Birth percentile <p10 7   (15%) 8 (24%)

The minimal transcript set that separates normotensive from preeclamptic placenta was 
determined by fitting 500 classification trees using repeated random sampling with training 
sets of 21 samples and test sets of 10 samples. Thirteen transcripts were included in at least 1 of 

the 500 signatures (Figure 1A). Average classification accuracy of the 500 classification trees was 
82% (95% CI: 60-100%), as illustrated by unsupervised hierarchical clustering of the expression 
levels of these 13 transcripts (Figure 1B). GBA, EBI3 (Epstein-Barr virus induced 3, a subunit to the 
interleukins IL—27 and IL-35)12, and TFPI (tissue factor pathway inhibitor, a protease inhibitor 
regulating the tissue factor dependent pathway of blood coagulation)13 were identified as the 
transcripts that optimally separate normotensive from preeclamptic placenta (Figure 1A). Of 
the other 3 transcripts that were included in at least 4 signatures (BCAR3, TIMP3, PLIN2) only 
the expression of TIMP3 (TIMP metallopeptidase inhibitor 3, inhibits peptidases involved in the 
degradation of the extracellular matrix)14 did not show a strong correlation with GBA, EBI3, and 
TFPI (data not shown) and was therefore also selected for further experiments. To validate results 
obtained in the first tissue cohort, expression levels of GBA, EBI3, TFPI and TIMP3 were determined 
in additional placenta samples from 47 normotensive and 34 preeclamptic pregnancies. 
Corresponding patient characteristics are presented in Table 1B and Supplementary Table 1. 
Using repeated random sampling with training sets of 55 samples and test sets of 26 samples, 
the GBA transcript was included in 429 out of the total 500 classification tree signatures (Figure 
1C). This identifies GBA as the prime transcript that without additional support from the other 3 
transcripts can best distinguish normotensive from preeclamptic placenta. Average classification 
accuracy of the 500 classification trees was 65% (95% CI: 46-81%). 

GBA mRNA expression and enzyme activity is increased in preeclamptic placenta 

GBA mRNA expression in preeclamptic placenta (n=48) as determined by quantitative real time 
RT-PCR is increased compared to normotensive placenta (n=64) (Figure 2A). 

GBA enzyme activity in placenta lysate from preeclamptic pregnancies (n=33) and normotensive 
pregnancies (n=45) was determined using 4-MU-β-glucoside as substrate15. In line with mRNA 
expression levels, GBA enzymatic activity is increased in preeclamptic placenta (p=0.017; Figure 
2B). The correlation between GBA mRNA expression and enzyme activity in preeclamptic 
placenta is higher than in normotensive placenta (Figure 2C).  
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Figure 1: Classification tree analysis identifies GBA as the gene that optimally separates normotensive 
placenta from preeclamptic placenta. 
(A) Histogram of the number of times a transcript was included in one of the 500 classification tree signatures. 
(B) Heatmap based on hierarchical clustering of 14 placenta tissues from preeclamptic pregnancies (PE) and 
17 placenta tissues from normotensive pregnancies (NT) using complete linkage and Euclidian distance 
for the 13 transcripts included in at least 1 classification tree signature. Row-wise z-scores were calculated 
by subtracting the mean expression value of a row from each of its values and then dividing the resulting 
values by the standard deviation of the row. Colour in the heatmap indicates relative gene expression, with 
red being higher and blue lower compared to the mean expression value. 
(C) Histogram of the number of times a transcript was included in one of the 500 classification tree signatures 
classifying normotensive (n=47) versus preeclamptic (n=34) placenta in a second cohort (external validation 
of model displayed in A-B). 

Figure 2: GBA RT-qPCR expression levels and GBA classical lysosomal enzyme activity in normotensive and 
preeclamptic pregnancies. 
(A) Scatter plots of mRNA expression levels comparing normotensive (n=64) versus preeclamptic (n=48) 
pregnancies.
(B) Scatter plots of GBA lysosomal enzyme activity levels comparing normotensive (n=45) versus 
preeclamptic (n=33) pregnancies. 
Data in Figure A and B are shown as median (thick line) with interquartile range (whisker limits) and analysed 
by the Mann-Whitney U test.
(C) Plot displaying normalized GBA mRNA expression plotted against GBA lysosomal enzyme activity in 
normotensive (solid grey rounds) and preeclamptic (open black rounds) placenta.
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Novel GBA transcripts in human placenta

Apart from the classical GBA transcript derived from the GBA locus encoding the 536 amino acid 
GBA protein, also transcripts from the highly homologous glucosidase beta acid pseudogene 
(GBAP1) have been reported16. Using primers closely flanking the GBA open reading frame we 
identified 5 additional highly homologous transcripts from placenta tissue (GenBank Accession 
numbers KJ690771-KJ690776) that are most probably transcribed from the GBAP1 gene and 
have open reading frames ranging from 314 to 481 amino acids (Figure 3). The primers and 
probes commonly used in micro-arrays and standard RT-qPCR strategies are aspecific and will 
recognize both the classical and the additional GBA transcripts. 

The Kozak sequence covering the translation start site of placental variants 2 and 3 is identical 
to that of GBA. The Kozak sequence of placental variants 4, 5 and 6 differs by one nucleotide 
on position -2 relative to the translational start-site. The effect of this altered Kozak sequence 
on translational efficiency is unclear. The catalytic domain of the GBA protein is formed by the 
(β/α)8TIM barrel with as catalytic residues E235 (acid/base) and E340 (nucleophile), respectively 
E274 and E379 in the newly synthesized protein including the signal peptide17. Placental variants 
2, 5 and 6 lack the catalytically essential nucleophile residue E340. Placental variants 3 and 4 
contain both catalytic residues (Figure 3).

Using fragment analysis we investigated the relative expression levels of all 6 transcripts in 
11 normotensive and 10 preeclamptic placenta samples. The contribution of the classical 
GBA transcript to the expression level ranged from 77% to 95%. The contribution of placental 
variant 5 ranged from 2 to 13%, while the overall transcription of the other variants was minor. 
There were no statistically significant differences in relative frequency/ratio of the different GBA 
transcripts between normotensive and preeclamptic pregnancies (P ≥ 0.3) (data not shown). 

Figure 3: Schematic representation of the predicted amino acid sequence of the 5 placental variants in 
relation to the GBA protein. Hatched area indicates signal peptide, black area represents catalytic domain. 
Numbers on top correspond to amino acid position of GenBank NP_000148.2. Catalytic residues E235 and 
E340 (respectively E274 and E379 in the preprotein) essential for the lysosomal enzymatic activity of the 
protein are indicated with an asterisk. 

Analysis of GBA protein and placental variants in HEK293 cells and placental tissue.

The GBA transcript and the five transcript variants present in human placenta were cloned 
into the pLVX expression vector including their endogenous Kozak sequence and expressed 
in human embryonic kidney 293 (HEK293) cells. GBA proteins were investigated using Western 
blot analysis with both a monoclonal (8E4) and polyclonal GBA antibody (126). The endogenous 

as well as the transfected 536 amino acid GBA protein are recognized by both antibodies. In 
contrast to the polyclonal antiserum that recognizes the smaller protein products from the 
constructs containing the different alternative transcripts, the monoclonal antibody did not 
cross react with proteins encoded by the alternative GBA transcript variants when expressed 
in HEK293 cells. Additionally, in placental extract the polyclonal antibody demonstrates 
predominant presence of the smaller protein variants of GBA that are not endogenously present 
in HEK293 cells (Figure 4).

The enzyme activity of GBA and the additional five different placental variants expressed in 
transfected HEK293 cells was measured. The full-length protein is the only variant that shows 
enzymatic activity, confirming the in silico predicted lack of activity of placental variants 2, 5 and 
6. Even though placental variants 3 and 4 contain the catalytic residues and are expressed, they 
display no enzymatic activity when expressed in HEK293 cells (Figure 4).
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Figure 4: Analysis of GBA proteins in placental tissue and after induced expression in HEK293 cells. 
Western Blot analysis of GBA and GBA placental variants with monoclonal GBA antibody (X 8E4, upper 
panel), polyclonal GBA antibody (X 126, middle panel) and eGFP antibody (X a-eGFP, lower panel). 
Lane 1: untransfected HEK293 cells
Lane 2: mock transfected HEK293 cells transfected with 0,9 ug pLVX and 0,1 ug pLVX-eGFP.
Lane 3-8: HEK293 cells transfected with 0,9 ug GBA (lane 3), GBA placental variant 2 (lane 4), GBA placental 
variant 3 (lane 5), GBA placental variant 4 (lane 6), GBA placental variant 5 (lane 7), GBA placental variant 6 
(lane 8) all in combination with 0,1 ug pLVX-eGFP expression construct to validate proper protein expression 
in transfected cells. 
Lane 9: 20 ug placental extract
Relative GBA classical lysosomal enzyme activity for GBA and GBA placental variant constructs in HEK293 
cells.
Bar graph (Bottom) represents GBA enzyme activity of the different placental variants of GBA in HEK293 
cells and in placental extract. Values are means of duplicate measurements of triplicate experiments. The 
bar indicates standard deviation.

Cellular localization of GBA mRNA and protein in placenta 

In situ hybridization was performed using a probe recognizing the classical GBA transcript 
(as well as the relatively lowly expressed alternative transcripts 4 and 6) on placental tissue of 
different gestational ages. GBA is expressed in the trophoblast layer of placental villi in both 
normotensive and preeclamptic placenta. GBA expression was observed in placenta as early as 
5 weeks of gestation (Figure 5). No signal was detected with the control sense probe (data not 
shown).

Figure 5: In situ hybridization on placental tissue of different gestational ages. In situ hybridization using 
transcript-specific probe for GBA on placental tissue with gestational ages 5+3 weeks (A), 30+0 weeks (B), 
37+0 weeks gestational age (C) and a PE placenta of 28 weeks (D). 

Immunofluorescence using monoclonal 8E4 and polyclonal 126 antibodies directed against 
GBA displayed staining of trophoblasts in placenta from normotensive controls (n=4) in a 
cytoplasmic punctate pattern as expected for a lysosomal localized protein. Antibody 126 in 
addition stained the apical zones of the trophoblast cell layer, and only partly co-localized with 
8E4-stained GBA, as indicated by in situ proximity localization assay. In third trimester placenta 
from patients with preeclampsia and HELLP syndrome (n=7), intensity and distribution of GBA 
staining in the trophoblast layer by both 8E4 and 126 was increased compared to that in placenta 
from control individuals. Correspondingly, staining by in situ proximity ligation assay tended to 



Chapter 5

86

GBA expression and activity in preeclamptic placenta 

87

5

be more widespread in the trophoblast cytoplasm in placenta of patients with preeclampsia and 
HELLP syndrome (Figure 6). Control staining with secondary antibodies in absence of primary 
antibodies was negative (not shown).

Figure 6: Immunofluorescence on placental tissue from normotensive and PE/HELLP placenta. Indirect 
immunofluorescence (left and middle column) and in situ proximity ligation assay (right column) using 
both monoclonal 8E4 and polyclonal 126 directed against GBA in normotensive (top panel) and PE/HELLP 
placenta (lower panel). 

Microarray analysis in both normotensive and preeclamptic placenta detects 158 genes that 
are co-expressed with GBA

From the cohort used for the RT-qPCR experiment, we selected placenta tissue from the 10 
normotensive patients with lowest GBA expression and 10 preeclamptic patients with highest 
GBA expression. After whole-genome expression profiling, we identified transcripts that are co-
expressed with GBA in placenta. Transcripts with a Spearman correlation coefficient >0.7 or <-0.7 
and a p-value <0.05 (adjusted for multiple testing using Benjamini-Hochberg false discovery 
rate) were considered to (respectively positively or negatively) co-regulate with GBA expression. 
Of the 33771 genes investigated, 158 annotated genes meet these criteria (Supplementary 
Table 3). The top 20 genes with the greatest positive or negative correlation coefficient, of which 
7 have been previously associated with preeclampsia, are displayed in Table 2. 

Table 2A positive correlation: Top 20 genes with positive Spearman’s rho correlation coefficient with 

GBA expression and p-value <0,05. Data extracted from micro-array experiment on 10 preeclamptic and 

10 normotensive placentas. P-values are adjusted for multiple testing (using Benjamini-Hochberg false 

discovery rate correction). NCBI Gene and PubMed were screened for preeclampsia (PE) relevance by 

entering the Gene symbol in NCBI gene and link to PubMed with ‘preeclampsia’ and ‘placenta’ set as filters.

Gene symbol rho Adjusted
p-value

Description Related to 
PE?

OCRL 0,87 0,002 oculocerebrorenal syndrome of Lowe No
ENG 0,87 0,002 endoglin Yes
EDEM2 0,87 0,002 ER degradation enhancer, mannosidase alpha-like 2 No
SERPINA3 0,87 0,004 serpin peptidase inhibitor, clade A (alpha-1 

antiproteinase, antitrypsin), member 3
Yes

INHBA 0,86 0,002 inhibin, beta A Yes
INHA 0,86 0,004 inhibin, alpha Yes
SLC6A10P 0,86 0,004 solute carrier family 6 (neurotransmitter transporter), 

member 10, pseudogene
No

SLC11A1 0,86 0,004 solute carrier family 11 (proton-coupled divalent 
metal ion transporter), member 1

No

HTRA1 0,86 0,002 HtrA serine peptidase 1 Yes
PROCR 0,85 0,004 protein C receptor, endothelial Yes
ZFHX2 0,85 0,002 zinc finger homeobox 2 No
SPAG4 0,85 0,004 sperm associated antigen 4 No
CDCP1 0,84 0,004 CUB domain containing protein 1 No
SLC6A8 0,83 0,005 solute carrier family 6 (neurotransmitter transporter), 

member 8
No

KDELR2 0,83 0,005 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum 
protein retention receptor 2

No

TMEM141 0,83 0,005 transmembrane protein 141 No
GLA 0,83 0,008 galactosidase, alpha No
PTPRU 0,83 0,008 protein tyrosine phosphatase, receptor type, U No
CGA 0,82 0,008 glycoprotein hormones, alpha polypeptide No
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Gene symbol rho Adjusted
p-value

Description Related to 
PE?

BMP4 -0,79 0,019 bone morphogenetic protein 4 No
ADAMTSL3 -0,79 0,019 ADAMTS-like 3 No
RCAN1 -0,79 0,019 regulator of calcineurin 1 No
ARPC5 -0,79 0,013 actin related protein 2/3 complex, subunit 5, 16kDa No
NRN1 -0,80 0,010 neuritin 1 No
IFITM2 -0,80 0,010 interferon induced transmembrane protein 2 No
GPR34 -0,81 0,029 G protein-coupled receptor 34 No
GAS6 -0,81 0,013 growth arrest-specific 6 Yes
AFF3 -0,81 0,011 AF4/FMR2 family, member 3 No
DISP1 -0,82 0,006 dispatched homolog 1 (Drosophila) No
EGFL6 -0,83 0,005 EGF-like-domain, multiple 6 No
TMEM236 -0,83 0,005 transmembrane protein 236 No
DKK3 -0,83 0,012 dickkopf WNT signaling pathway inhibitor 3 No
TSPAN7 -0,84 0,004 tetraspanin 7 No
IFITM3 -0,85 0,002 interferon induced transmembrane protein 3 No
RHOG -0,85 0,004 ras homolog family member G No
BMP6 -0,85 0,002 bone morphogenetic protein 6 No
TMEM176A -0,87 0,004 transmembrane protein 176A No
TSPAN6 -0,88 0,001 tetraspanin 6 No
TMEM139 -0,91 0,000 transmembrane protein 139 No

Enrichment analysis using KEGG pathways (through http://bioinfo.vanderbilt.edu/webgestalt/) 
shows that 8 out of the 158 genes are part of the lysosomal pathway (adjusted p-value 0.0002 as 
proposed by Benjamini & Hochberg).  

As transcription of GBA and several other genes encoding lysosomal proteins are under positive 
control of the transcription factor EB (TFEB)18, co-expression of the 21 lysosomal genes regulated 
by TFEB as identified by Sardiello et al.18 was evaluated. Of the 21 genes, 10 are significantly 
correlated with GBA expression in placenta (Table 3). None of the TFEB target genes have been 
associated with preeclampsia before. In contrast to a previous report18, TFEB itself correlates 
negatively with GBA expression (Spearman correlation coefficient -0,72; adjusted p-value 0.044) 
(Supplementary Table 3).

Table 3: Spearman’s correlation coefficient with GBA expression for lysosomal genes regulated by 
transcription factor EB (TFEB) (Sardiello et al. Science 2009). Data extracted from micro array experiment 
on 10 preeclamptic and 10 normotensive placentas. P-values are adjusted for multiple testing (Bonferroni 
correction). NCBI Gene and PubMed were screened for preeclampsia (PE) relevance.

Gene symbol rho Adjusted
p-value

Description Related 
to PE

GBA 1,00 <0.001 Glucosidase beta acid No
GLA 0,83 <0.001 Galatosidase alpha No
CTSA 0,78 <0.001 Cathepsine A No
CTSD 0,67 0.001 Cathepsine D No
TPP1 0,67 0.001 Tripeptidyl peptidase 1 No
NAGLU 0,66 0.001 N-acetylglucosaminidase alpha No
ATP6V0E1 0,66 0.002 ATPase, H+ transporting lysosomal V0 subunit e1 No
NEU1 0,66 0.002 Sialidase 1 No
ARSB -0,54 0.015 Arylsulfatase B No
MCOLN1 0,49 0.027 Mucolipin 1 No
LAMP1 0,45 0.047 Lysosomal associated membrane protein No
ARSA -0,38 0.102 Arylsulfatase A No
SCPEP1 0,36 0.116 Serine carboxy peptidase No
ATP6V1H 0,34 0.141 ATPase, H+ transporting lysosomal V1 subunit H No
HEXA 0,28 0.232 Hexosaminidase A No
CLCN7 -0,21 0.378 Chloride channel, voltage sensitive 7 No
SGSH 0,16 0.506 N-sulfoglucosamine sulfohydrolase No
PSAP 0,11 0.649 Prosaposin No
GALNS 0,10 0.663 Galactosamine N-Acetyl)-6- sulphate sulphatase No
TMEM55B -0,09 0.715 Transmembrane protein 55B No
CTSB -0,07 0.772 Cathepsine B No
GNS 0,07 0.777 Glucosamine (N-Acetyl)-6-sulphatase No
CTSF 0,01 0.965 Cathepsine F No

DISCUSSION

Compared to other tissues, GBA is relatively highly expressed in placenta and already at 5 weeks 
of gestation. GBA has not previously been described in association with placenta function in 
general or preeclampsia in particular. In the preeclamptic placental tissues total GBA mRNA 
is significantly upregulated. Although RT-qPCR analysis in a first cohort of 31 placenta tissues 
indicated that apart from GBA also EBI3, TFPI and TIMP3 might contribute to a placental 
preeclamptic signature, GBA alone is superior in discriminating preeclamptic from normotensive 
placenta as further analysis in 81 additional samples showed.  

Enzymatic activity of GBA with mRNA expression showed modest correlation in preeclamptic 
placenta. We therefore investigated whether transcripts arising from the highly homologous 
GBA-pseudogene GBAP contribute to the total GBA mRNA pool. We identified five alternative 
placental transcripts that are likely to contribute to signal in microarray or standard RT-qPCR 
experiments. In vitro expression and downstream analysis shows that all alternative transcripts 

Table 2B negative correlation: Top 20 genes with negative Spearman’s rho correlation coefficient with 

GBA expression and p-value <0,05. Data extracted from micro-array experiment on 10 preeclamptic and 

10 normotensive placentas. P-values are adjusted for multiple testing (using Benjamini-Hochberg false 

discovery rate correction). NCBI Gene and PubMed were screened for preeclampsia (PE) relevance by 

entering the Gene symbol in NCBI gene and link to PubMed with ‘preeclampsia’ and ‘placenta’ set as filters.
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lack enzymatic activity and are unable to convert glucosylceramide into glucose and ceramide. 
The alternative transcripts are not recognized by the monoclonal GBA antibody 8E4 but are 
recognized by the polyclonal antiserum 126. The physiological relevance of catalytically inert 
GBA isoforms is at present an enigma.

Comparative microarray analysis of selected normotensive and preeclamptic placenta samples 
with the most extreme levels of GBA expression shows that 158 mRNA transcripts are co-
expressed with GBA. As the microarray probes for GBA are aspecific and cannot distinguish 
the different transcripts, the microarray GBA signal reflects expression of both the major GBA 
transcript and -to a lesser extend- the alternative transcripts.  Within this group of 158 transcripts 
that co-express with GBA, one gene is associated with hypertension (KCNK3, potassium channel, 
subfamily K, member 3) and 19 genes have been reported in association with preeclampsia 
of which in particular ENG (endoglin), AGTR1 (angiotensin receptor 1), LEP (leptin) and INHA 
(inhibin alpha chain, a subunit of both inhibin A and B) have been well studied19,20. Whether their 
aberrant expression precedes, coincides or is related to GBA expression cannot be discerned 
from our current studies. Increased expression of the FLT1 gene (that is activated by hypoxia and 
plays a pivotal role in preeclampsia) does not correlate with GBA expression in our data (data 
not shown) suggesting that aberrant GBA expression relates to a pathway not linked to FLT121. 

Of interest is that BMP4 expression is negatively correlated with GBA expression in our dataset (rho 
-0.79, p=0.019). BMP4 converts human embryonic stem cells into trophoblast cells in culture22 
and its down regulation suggests a putative down regulation of trophoblast differentiation. As 
differentiation into extravillous trophoblasts is essential to the invasion of the maternal spiral 
arteries that ensure a proper blood flow from the maternal to the fetal compartment, high GBA 
through low BMP4 could affect proper placentation. 

Gene set enrichment analysis of the 158 genes that co-express with GBA highlights lysosomal 
genes. Especially the expression of GLA (galactosidase alpha) and CTSA (cathepsine A) strongly 
correlate with GBA expression, probably reflecting increased cell turnover in the preeclamptic 
placenta (as reviewed in23). 

As GBA is involved in the penultimate degradation step of glycosphingolipids, increased GBA 
levels will result in increased turnover of glucosylceramide to free glucose and ceramide6. 
As the expression of additional enzymes involved in the formation (glucosyl ceramidase, 
sphingomyelinase, ceramide synthase) and metabolization (such as glucosylceramide synthase, 
sphingomyelin synthase, ceramidase, ceramide kinase) of ceramide24 do not correlate with GBA 
expression it is tempting to speculate that the increased GBA expression in the preeclamptic 
placenta has a disruptive effect on ceramide homeostasis. It has been reported that surrounding 
tissue of the umbilical cord vessels of newborns from preeclamptic pregnancies contain increased 
levels of ceramides while the amount in the umbilical cord blood is decreased. The functional 
consequences of this have not been studied yet25,26. In mice, ceramide decreases the blastocyst 
formation rate and induces embryonic cell apoptosis27. In primary human trophoblasts ceramide 
biosynthesis and metabolism are suggested to play a differential role in the biochemical and 
morphological features of trophoblast differentiation28 and ceramide inhibits placental insulin 
signaling and amino acid transport with reduced fetal nutrient availability as a consequence29. 

Extracellular vesicles that are shed from the placenta to the maternal circulation also contain 
ceramide30 allowing the speculation that altered intracellular ceramide levels might lead to 
altered ceramide levels in placental extracellular vesicles that transfer to the maternal circulation.

It has been reported that GBA, like most lysosomal genes, shows a coordinated transcriptional 
pattern under control of the transcription factor TFEB18. The activity of transcription factors in 
general is not regulated on the transcriptional level alone and for TFEB, activity additionally 
depends on transfer to the nucleus of the cytoplasmic TFEB protein that has been phosphorylated 
by MTOR complex 131. This nuclear transfer is induced by lysosomal stress or starvation. The 
transcriptional potential of TFEB depends on the availability of heterodimeric partners TFEC, 
TFE3 or MITF32. In light of the increased placental expression of GBA in preeclampsia, the 
negative correlation of GBA expression with TFEB (rho= -0.72  p=0.044) and lack of correlation 
with TFEC, TFE3 and MITF is unexpected. Interestingly, Tfeb -/- mice show a severe placental 
vascularization defect and die on day 9.5 – 10 in embryonic development since the labyrinthine 
cells fail to express VEGF33. 

In conclusion, preeclamptic placenta has both increased GBA expression and enzymatic activity. 
Aberrant GBA expression relates to a pathway not linked to FLT1. Our in silico analysis suggest 
that BMP4 and TFEB negatively co-regulate with GBA expression. Both factors are involved in 
placentation and vascularization at the level of the maternal/fetal interface. Increased GBA 
expression in preeclamptic placenta may put forward ceramide as an important novel placental 
signaling factor during pregnancy and in the pathogenesis of preeclampsia in particular. 
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METHODS WITH TOPICAL SUBHEADINGS

Patients and tissue samples

Biosamples were collected through the Preeclampsia And Non-preeclampsia DAtabase (PANDA); 
an obstetrical biosample effort, approved by the institutional review board of the Academic 
Medical Center, University of Amsterdam. We obtained placental biopsies, venous umbilical 
cord blood and maternal blood at the time of delivery with informed consent.

Preeclampsia was defined by two systolic blood pressure measurements of ≥140 mmHg, or 
diastolic blood pressure measurements of ≥90 mmHg, at least 6 hours apart after 20 weeks’ 
gestation in a previously normotensive patient in combination with new-onset proteinuria (> 
0.3 g / 24-hour or at least >1+ on protein dipstick when urine could not be collected for 24 
hours). 

HELLP syndrome was defined by lactate dehydrogenase ≥ 600 U/L or haptoglobin < 0.2g/L, 
aspartate and/or alanine aminotransferase ≥ 70 U/L and platelet count < 100 *109/L.

For study of RNA expression levels, placenta samples were collected in RNAlater (Ambion).

Placental biopsies from a macroscopically viable (non-infarcted) central cotyledon from 
the maternal side were obtained immediately after delivery and stored in RNAlater (for RNA 
isolation and RT-qPCR analysis, microarray and enzyme activity analysis) or liquid nitrogen for in 
situ proximity ligation assay. Maternal and umbilical cord heparin plasma samples were stored 
at -80o until use. 

RT-qPCR

RT-qPCR with normalization of expression levels to PSMD4 expression was performed as 
described previously34. Primers were designed using the Roche Universal ProbeLibrary Assay 
Design Center (Supplementary Table 2). 

Determination of classical lysosomal enzyme activity of GBA

GBA enzyme activity in placenta lysates were determined using 4-MU-β-glucoside as substrate as 
described15. Briefly, activity towards 4-MU-β-glucoside as substrate (final concentration 3.7 mM) 
was measured for 20  min at 37  °C in McIlvain buffer (0.1  mM citrate and 0.2  mM phosphate 
buffer, pH 5.2) containing 0.25% w/v sodium taurocholate and 0.1% v/v Triton X-100. Assays 
were stopped by the addition of glycine/NaOH (pH 10.6). The amount of liberated 4-MU was 
determined with an LS30 fluorometer (PerkinElmer Life Sciences).

Fragment analysis

The abundance of GBA transcripts variants was determined by amplifying placental cDNA using 
primers 5’-GGCAGTGTCGTGGGCATCAG and 5’- AGCCCCACTCTCTGGGAGCC (FAM-tagged). The 
resulting fragments were separated on an ABI 3130 automated capillary DNA sequencer and 
peaks were identified and sized using GeneScan software (Applied Biosystems). Quantification of 
the fragments was subsequently performed using PeakScanner software (Applied Biosystems).

Transfection of HEK293 cells

Human embryonic kidney 293 (HEK293) cells (ATCC CRL 1573) were cultivated in DMEM with 
high glucose (Life Technologies) supplemented with 10% FBS (Life Technologies) and 100 units/
ml penicillin/streptomycin  (Life Technologies) in 5% CO2 at 37ºC. One day before transfection 
4x105 cells were seeded in a 6 well plate. Transfection was performed with 750 ng of plasmid 
DNA (GBA variant subcloned in pLVXpuro) using Fugene 6 (Roche Applied Science) according 
to the manufacturer’s instructions. Transfection efficiency was determined by co-transfection 
of 250 ng pEGFP-LVXpuro plasmid DNA.  Cells were harvested 72 hours post-transfection for 
subsequent experiments. The percentage of EGFP expressing cells was determined using a 
FACSCanto II (BD) flow cytometer.

Western Blot analysis 

Cell pellets were lysed in phosphate buffer (25 mM K2HPO4, 25mM KH2PO4, 0,1%Triton, pH6.0). 
Subsequently cell lysates were sonicated, 3 times 10 seconds on ice, centrifuged to remove the 
insoluble pellet. Protein concentration in the supernatant was determined by a BCA protein 
assay (Pierce). Equal amounts of protein samples from different treatments were separated by 
SDS-PAGE and transferred to an Immobilon-Fl PVDF-membrane (0,45µm).

For detection of GBA both a monoclonal (8E4)35 as well as a polyclonal (126)36 antibody was 
used. Primary antibody binding was visualized by a fluorescently-labeled secondary antibody 
GAMIRDye 800 Goat-anti-mouse (Odyssey, 926-3220), followed by a scan on an Odyssey imager.

In situ hybridization, immunofluorescence and in situ proximity ligation assay

RNA in situ hybridization was performed as previously described37. Probes correspond to 
nucleotides 1427 to 1486 of Homo sapiens glucosidase, beta, acid (GBA), transcript variant 1, 
mRNA (Genbank NM_000157.3). For indirect immunofluorescence normotensive placental  
4 µm cryosections were cut, dried and fixed in acetone. After preincubation with 1% (v/v) 
normal goat serum in PBS, sections were incubated with mouse IgG1 monoclonal antibody 
8E435 and rabbit IgG polyclonal antibody 12636, both raised against purified human placental 
β-glucocerebrosidase. After washing, sections were incubated with Alexa488-conjugated goat 
anti-mouse IgG and with TexasRed-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch 
Europe Ltd., Newmarket, UK). After washing, sections were mounted using VectaShield 
containing DAPI (Vector Laboratories, Burlingame, CA). 

In situ proximity ligation assay (Duolink PLA, Olink Bioscience, Uppsala, Sweden) was performed 
according to the manufacturer’s instructions. Primary antibodies were mouse 8E4 and rabbit 
126; secondary antibodies conjugated with oligonucleotides were IgG specific DuoLink anti-
rabbit PLUS and DuoLink anti-mouse MINUS; and the detection kit was DuoLink 613. Sections 
were mounted with DuoLink Mounting Medium containing Hoechst.

Epifluorescence imaging was performed using a Leica DM5000B microscope with PL FLUOTAR 
40x/1.00-0.50 and  HCX PL APO 63x/1.40-0.60 oil immersion objectives. Filter blocks applied 
were A4 for DAPI and Hoechst, L5 for Alexa488, and TxR for TexasRed and DuoLink 613. Images 
were recorded using a Leica DFC500 camera and LAS imaging software (Leica Microsystems, 
Wetzlar, Germany).
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Microarray

Total RNA was isolated using TRIzol reagent (Life Technologies, USA) using MagnaPure LC system 
with the MagnaPure LC Total nucleic acid isolation kit (Roche Diagnostics) according to the 
manufacturer’s protocol. RNA extraction by TRIzol was followed by RNA cleanup and on-column 
DNase digestion using Qiagen RNeasy MinElute Cleanup Kit (QIAGEN, Valencia, CA), according to 
the manufacturer’s protocol. Isolated RNA quality and quantity were assessed using a NanoDrop® 
ND-1000 (Thermo Scientific, USA) and a BioAnalyzer 2100 (Agilent Technologies, USA). Prior to 
hybridization, RNA samples were amplified using the Illumina Totalprep RNA Amplification kit 
(Life Technologies, USA). Subsequently, single-stranded cRNA with incorporated biotin-UTP 
nucleotides was produced by an in vitro transcription reaction. The obtained biotinylated 
cRNA samples were hybridized onto the HumanHT-12 v.4 Expression BeadChips (Illumina).  For 
hybridization, wash and stain steps and scanning of the BeadChips, Illumina’s protocol ”Whole-
Genome Gene Expression Direct Hybridization Assay” was followed. Prepared BeadChips were 
scanned using the Illumina iScan array scanner to obtain raw microarray data. 

Microarray analysis

Expression data was analyzed using GeneSpring GX 12.6 software (Agilent Technologies). Data 
were log2 transformed and quantile normalized to the median of all samples. Spearman’s rho 
rank correlation coefficients were computed for each gene versus all other genes using the R/
Bioconductor packageHmisc. False Discovery Rates (FDR) were calculated to correct for multiple 
testing. All microarray expression data have been deposited in the Gene Expression Omnibus 
database (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE54618. 

Statistical analysis

Classification: To test whether patient status (normotensive/preeclamptic pregnancy) can be 
predicted from expression levels of transcripts obtained by RT-qPCR, classification trees were 
used. Model training and evaluation were performed as described previously38. In short, models 
were validated with repeated random sampling methodology as advocated by Michiels et al39. 
Random splits of a dataset were performed to generate 500 different training sets and associated 
test sets. In each of the random splits, the number of samples for both classes was balanced 
in both training and test set. Optimal values for the complexity parameter of the classification 
tree, which determines the number of transcripts included in the model, were estimated using 
5-fold cross-validation on the training set. The accuracy of the resulting classifier was assessed 
on the corresponding test set. We report average accuracy on the test sets and its corresponding 
confidence interval. Statistical analyses were performed using Bioconductor packages and in-
house scripts in the statistical software package R. 

RT-qPCR data: Transcript level data deviated significantly from normality by the Kolmogorov-Smirnov 
test, even after log transformation. Group differences were tested using the Mann-Whitney U test. 
In the box and whiskers plots, the box represents the interquartile range and the median (thick 
line), while the whiskers indicate the maximum and minimum values that are between 1.5 and 3 
times the interquartile range. P-values < 0.05 were considered statistically significant. SPSS 16.0 
(SPSS Inc.) was used as statistical package, GraphPad Prism was used for graphical representation.
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SUMMARY

We present four women with seven ongoing pregnancies. Five pregnancies were complicated by 
intrahepatic cholestasis of pregnancy (ICP) and severe haemolysis, elevated liver enzymes and 
low platelets (HELLP) syndrome with uncommon maternal morbidity. The combination of ICP 
and HELLP syndrome has not previously been reported. Awareness is warranted to accurately 
identify this combination of pregnancy-specific diseases with severe maternal morbidity.

BACKGROUND

Haemolysis, elevated liver enzymes and low platelets (HELLP) syndrome and intrahepatic 
cholestasis of pregnancy (ICP) are pregnancy-specific disorders both resolving usually 1 week1 
and 2–3 weeks2 after pregnancy, respectively. The incidence of HELLP syndrome is 0.1–0.6%. It is 
usually considered a complication of pre-eclampsia3, but may also occur during normotensive 
pregnancy4. In about 30% of HELLP cases the syndrome develops within 48 h after delivery5. 
HELLP syndrome is associated with maternal and neonatal morbidity and mortality. The maternal 
consequences are mainly due to disseminated intravascular coagulation (DIC) occurring 
in 5–56% of cases and the maternal mortality rate is 1%6. Neonatal complications are due to 
placental abruption7, growth retardation and iatrogenic premature delivery8,9. The recurrence 
rate after experiencing HELLP syndrome in first pregnancy in a subsequent pregnancy is about 
3%10.

ICP is characterized by maternal pruritus with onset usually in the third trimester, raised 
fastened total serum bile acid levels and increased rates of adverse fetal outcomes11. Although 
quality of life is greatly diminished for women with ICP, it is not regarded as a disorder with 
substantial maternal morbidity12. Cholestatic effects of reproductive hormones and their 
metabolites in genetically susceptible women are considered to be causal11. Obligate female 
carriers of mutations in families with progressive familial intrahepatic cholestasis (PFIC) and 
benign recurrent intrahepatic cholestasis (BRIC) suffer from ICP more frequently compared to 
the general population13,14 although not during all of their pregnancies indicating that beside 
genetic factors additional factors must be involved. PFIC and BRIC are caused by homozygous or 
compound heterozygous inactivating mutations in ABCB4, ABCB11 and ATP8B1 genes encoding 
biliary transport proteins15. HELLP syndrome has no well-defined genetic background16. We 
present a case series of four women with HELLP syndrome preceded by ICP with extreme 
maternal complications.

CASE PRESENTATION

Patient 1 was a multiparous woman referred to a secondary care hospital because of abdominal 
pain, nausea and vomiting at 36+5 weeks of gestation. Her first pregnancy was uneventful.

Patient 2 was referred to a secondary care hospital by the midwife at 33+1 weeks of gestation 
because of premature contractions. Cardiotocography (CTG) indicated fetal distress and 
emergency caesarean section was performed. No reason for the fetal distress was documented. 
She complained of dyspnoea and oliguria 2 days post delivery.

Figure 1: Graphical depiction of relation between ICP/HELLP pregnancies and obstetric history of the four 
cases including genotype. Mutations in ABCB4, ABCB11 and ATP8B1 were investigated in the index patients. 
In case of a mutation, the relatives were tested for that specific mutation. Triangles represent first-trimester 
fetal loss. Circles represent women and squares represent men. Arrow points at affected pregnancies by 
HELLP preceded by ICP. Question mark represents unknown genotype. GA, gestational age at delivery; 
HELLP, haemolysis, elevated liver enzymes and low platelets; ICP, intrahepatic cholestasis of pregnancy.
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Patient 3 conceived by in vitro fertilisation (IVF) because of secondary unexplained subfertility 
and was under antenatal care at our hospital because of a previous pre-eclamptic pregnancy. 
She experienced pruritus combined with raised levels of alanine transaminase (ALT), γ-glutamyl 
transferase (GGT) and total serum bile salt levels (85 mmol/L) during her (spontaneously 
conceived) first pregnancy (figure 1).

She presented at 30+2 weeks of gestation with pre-eclampsia, nocturnal pruritus and elevated 
ALT, aspartate aminotransferase (AST) and GGT (table 1). Ultrasonic evaluation showed a decline 
in estimated fetal weight from the 90th centile at 28 weeks to the 20th centile at 34 weeks with 
an increase of the pulsatility index of the umbilical artery less than 2 SDs of the mean.

Patient 4 experienced Kawasaki’s disease at the age of 1.5 years and was treated during the first 
trimester of pregnancy with calcium carbasalate 100 mg daily followed by enoxaparin 60 mg 
twice daily because of several coronary aneurysms (maximum diameter 10 mm). She started 
experiencing pruritus of feet, hands and chest at 26+0 weeks of gestation. Total fastened serum 
bile acid levels were raised (48 mmol/L).

INVESTIGATIONS

HELLP syndrome was classified according to the Tennessee classification17. ICP was diagnosed 
based on raised total fastened serum bile acids (>10 μmol/L), pruritus11 or positive family history 
with a causative mutation. Hepatitis and Epstein-Barr virus/cytomegalovirus serology was 
negative for active infections in all patients. DNA analyses of genes encoding biliary transport 
proteins (ABCB4, ABCB11 and ATP8B1) were performed as part of routine clinical care.

Mutation analysis of family members was performed on DNA collected by buccal swab (eSwab, 
Copan Diagnostics Inc, California, USA) according to the manufacturers’ protocol. For the sibling 
from case 4, placental tissue was investigated; collection of placental tissue was performed as 
previously described18. Experimental details of DNA analysis are provided on request.

DIFFERENTIAL DIAGNOSIS

Patient 1 was diagnosed with normotensive HELLP syndrome with renal impairment (table 1). The 
differential diagnosis included acute fatty liver of pregnancy (AFLP) based on raised ammonium 
levels with decreased glucose levels and prolonged prothrombin time (PT)/activated partial 
thromboplastin time (APTT), thrombotic microangiopathy (TMA) based on thrombocytopenia 
and renal impairment and DIC based on thrombocytopenia and coagulation abnormalities.

Patient 2’s blood testing showed anaemia, thrombocytopenia, coagulation abnormalities, 
imminent respiratory insufficiency (oxygen saturation 92%, 24 respirations/min) and renal failure 
and she required intensive care. The differential diagnosis at that time was severe HELLP or TMA 
because of thrombocytopenia and renal impairment. ADAMTS-13 activity was determined and 
was decreased (table 1).

Patient 3 was started on β-methasone treatment at 30+6 weeks of gestation because a possible 
iatrogenic premature delivery was anticipated. ICP was diagnosed based on elevated total bile 
acid levels.

Patient 4 was diagnosed with ICP at 33 weeks of gestation. At 34+2 weeks she developed pre-
eclampsia with elevated serum creatinine (table 1).

TREATMENT

Patient 1 was transferred to our tertiary care centre and received 1 g of fibrinogen, 10 mg of 
vitamin K and 5 units of fresh frozen plasma. PT decreased from 28.7 s to 19.5 s, APTT from 69 
to 49 s with thrombocytes stable at 70×109/L. She delivered by caesarean section on maternal 
indication. Massive blood loss during surgery, treated with 24 packed cells, 18 units of fresh 
frozen plasma and 7 units of thrombocyte suspension, required embolisation of the uterine 
arteries. She was admitted to the intensive care unit (ICU). Day 6 postpartum she deteriorated 
again with increasing liver enzymes, amylase and lipase.

Patient 2 received 4 units of fresh frozen plasma at day 3 to treat coagulation abnormalities. 
Owing to elevated creatinine and phosphate she underwent a single renal dialysis. The patient 
was transferred to our ICU on day 4 for possible treatment with plasmapheresis.

Patient 3 was started on ursodeoxycholic acid (UDCA) at 31+3 weeks of gestation. Methyldopa 
was started at 32+4 weeks of gestation and at 34+1 weeks she showed signs of haemolysis, 
elevated liver enzymes and thrombocytopenia (table 1). That day during routine CTG evaluation 
she developed abdominal pain with abdominal guarding in combination with bright red vaginal 
blood loss and fetal tachycardia indicating a possible pla- cental abruption with fetal distress. An 
emergency caesarean section confirmed the diagnosis of placental abruption.

Patient 4 received UDCA two times 300 mg daily.



Chapter 6

104

HELLP syndrome preceded by ICP

105

6

Table 1: Pregnancy and laboratory parameters at the time of complicated pregnancy. None of the neonates 
suffered long-term sequelae. The most abnormal value recorded during hospitalisation is shown. Birth 
weight percentiles were determined using the Dutch birth weight percentiles (http://www.perinatreg.nl). 
Hepatitis and EBV/CMV serology was negative for active infections in all patients. Laboratory abnormalities 
resolved in the postpartum period and returned to normal 6 weeks postpartum.*Thrombocyte levels were 
declining, clinical situation warranted immediate delivery; †Determined in referring hospital;–, no mutation; 
ALT, alanine transaminase; APTT, activated partial thromboplastin time; AST, aspartate aminotransferase; 
BP, blood pressure; CMV, cytomegalovirus; EBV, Epstein-Barr virus; GA, gestational age; GGT, γ-glutamyl 
transferase; HELLP, haemolysis, elevated liver enzymes and low platelets; LDH, lactate dehydrogenase; NA, 
not applicable; ND, not determined; PT, prothrombin time.

Parameter Case 1 Case 2 Case 3 Case 4 Reference 
values

Pr
eg

na
nc

y 
pa

ra
m

et
er

s

M
at

er
na

l

Maternal age (years) 32 28 34 20 n.a.

Highest diastolic BP (mm Hg) 85 80 105 90 n.a.

Gravidity & parity G4P1 G1P0 G2P1 G1P0 n.a.

GA delivery (weeks+days) 36+6 33+1 34+1 34+4 n.a.

Mode of delivery Caesarean Caesarean Caesarean Vaginal n.a.

GA onset pruritus (weeks+days) 35+6 28+0 30+2 26+0 n.a.

GA HELLP criteria (weeks+days) 36+5 post partum 34+1* 34+3* n.a.

N
eo

na
ta

l Weight (grams) 2540 2100 1860 1990 n.a.

Birth percentile 20-50 50-80 16-20 20-50 n.a.

Gender Male Male Male Female n.a.

Apgar scores 1’ and 5’ 2/6 2/7 4/7 8/9 n.a.

La
bo

ra
to

ry
 p

ar
am

et
er

s

H
EL

LP

Hemoglobin (mmol/L) 4.4 3.8 4.5 8.1 7.5-9.8

LDH (U/L 37°C) 886 850 632 305 0-247

Haptoglobin (g/L) <0.2 <0.2 <0.2 <0.2 0.3 – 2.00

Thrombocytes (*10^9/L) 34 53 114* 105* 150-350

AST (U/L 37°C) 143 132 457 73 0-40

ALT (U/L 37°C) 106 101 490 52 0-34

GGT (U/L 37°C) 362 106 170 97 0-40

Li
ve

r

Bilirubin total/direct (μmol/L) 255/208 352/291 9 / <2 7/n.d. 0-17 / 0-7

Total Bile acids (μmol/L) 88§ n.d. 110 67 <10

Ammonia (μmol/L) 67 37 n.d. 43 0-40

Glucose (mmol/L) 3.0/13.9 7.2 6.7 3.5 4.1 – 5.6

PT / APTT (sec) 28.7/ 93 23.2/57 15.5/46 10.1/41 0-14.7 / 28-42

Re
na

l

Albumin (g/L) 15 23 19 26 35-50

Creatinine (μmol/L) 217 252 139 113 65-95

Urea (mmol/L) 14 25 8.8 5 2.1 -7.1

Sodium (mmol/L) 128 137 130 136 135-145

Potassium (mmol/L) 4.2 2.4 7.3 4.9 3.5-4.5

ADAMTS13 activity (%) n.d. 25 n.d. n.d. 54-160

O
th

er

Urinary protein (grams/day) n.d. 0.16 0.66 0.36 <0.3

Mutation analysis ABCB4 p. Arg652Gly -- -- p. Arg652Gly n.a.

Mutation analysis ABCB11 -- p. Arg575X -- -- n.a.

Mutation analysis ATP8B1 -- -- -- -- n.a.

OUTCOME AND FOLLOW-UP

Patient 1 was treated with a lipid-low diet under the assumption of AFLP in combination 
with pancreatitis. A liver biopsy taken 9 days postpartum showed small, mid-sized and a few 
larger vacuoles (indicative of microvesicular and some macrovesicular steatosis) as well as 
canalicular and hepatocellular bilirubinostasis (figure 2). She spontaneously recovered and was 
discharged with her son on the 18th day postdelivery. Review of her medical charts on hindsight 
showed symptoms of pruritus and jaundice at 35+5 weeks and elevated fasted total bile acids 
determined at the secondary care hospital, indicating ICP as the most likely diagnosis. This 
information was not noticed at referral. DNA-analysis showed a heterozygous ABCB4-change 
c.1954 A>G p.Arg652Gly (human gene mutation database (HGMD) accession number CM072
814). The neonate was homozygous for the A allele. An elder sibling born after an uneventful 
pregnancy at 41+4 weeks of gestation has the maternal genotype (figure 1).

Patient 2’s liver and kidney functions spontaneously improved at day 6 post delivery rendering 
TMA the less likely diagnosis. The patient was discharged at day 14 post delivery. Inquiries after 
delivery revealed on hindsight that she had had symptoms of pruritus, right-upper quadrant 
abdominal pain and edema during the third trimester of pregnancy but she did not see a 
physician. Review of the family history revealed that her mother and her mother’s sister had 
experienced pruritus and jaundice during pregnancy and while using the contraceptive pill. 
DNA analysis showed a heterozygous ABCB11-mutation (c.1723 C>T p.Arg575X), reported 
previously in association with PFIC19 (HGMD accession number CM980 248) of maternal origin. 
The diagnosis was set at (familial ) ICP, complicated by HELLP syndrome. Both children are 
unaffected (figure 1).

Patient 3 was discharged from hospital on day 5 post delivery. Six weeks after delivery, laboratory 
parameters had returned to baseline and she no longer required antihypertensive medication. 
Total serum bile salt levels had returned to normal levels (6.6μmol/L). DNA analysis of the coding 
sequences of the ABCB4, ABCB11 and ATP8B1 genes was performed but was negative for any 
known mutations.

Patient 4 deteriorated at 34+2 weeks with signs of nausea, vomiting and fatigue and was 
referred to our centre. ALT and AST and total fastened bile salt levels (68 mmol/L) had increased 
despite good adherence to UDCA therapy. Hours after admittance she developed preeclampsia 
with elevated serum creatinine.
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Figure 2: Liver biopsy from case 1 taken 9 days postdelivery (H&E staining, magnification ×400). Small, mid-
sized and a few larger intracellular fat vacuoles, without displacement of the nucleus (arrow). Canalicular 
(closed arrow head) and hepatocellular bilirubinostasis (open arrow head).

At 34+3 weeks ammonium increased with clotting abnormalities and low glucose levels, 
indicating possible liver failure (table 1). Fetal condition was normal. Thrombocytes were declining 
indicating a threatening HELLP syndrome; it was decided to induce labour with oxytocin and 
5 h later the patient delivered uneventfully. DNA analysis also revealed heterozygosity for the 
c.1954 A>G p.Arg652Gly change in ABCB4 (HGMD accession number CM072 814). The neonate
is homozygous for the G allele (figure 1). The patient’s family history was positive for gallstones 
(father and paternal aunt).

DISCUSSION

The combination of HELLP syndrome and ICP in the four cases we present resulted in severe 
maternal disease. Physicians and even obstetricians frequently regard pruritus, the main 
clinical symptom of ICP, as a natural association of pregnancy thereby possibly delaying proper 
diagnosis in up to 25% of cases20. In all four cases pruritus was the first presenting symptom, 
indicating that cholestasis was present before the onset of full-blown HELLP syndrome. 

Patient 3 conceived by IVF treatment, a known risk factor for ICP with an incidence of 2.7% 
compared with 0.7% in naturally conceived pregnancies11. However she also experienced 
preeclampsia in combination with ICP in her first naturally conceived pregnancy. The missense 

change c.1954A>G p.Arg652Gly in patients 1 and 4 was considered a possible disease-associated 
single nucleotide polymorphism (SNP) (dbSNP # rs2 230 028)13,21  with a mean allele frequency in 
European Americans of 0.079 and 0.343 in African Americans (NHLBI Exome Sequencing Project, 
accessed 24 February 2013). Other studies did not show a significant difference in frequency of 
this variation in patients with ICP22,23.

Since not all pregnancies of our index patients were complicated by ICP/HELLP, we explored 
whether the fetal/placental genotype could be an additional triggering factor. The mechanism 
of interaction between fetal and maternal genotype responsible for a maternal phenotype 
during pregnancy has been well described in literature for long-chain 3-hydroxyacyl coenzyme 
A dehydrogenase deficiency (LCHAD deficiency). Heterozygous mothers of LCHAD-deficient 
fetus are at increased risk for AFLP and HELPP syndrome24,25. We investigated whether there 
was a relation between the fetal genotype and the co-occurrence of ICP and HELLP but saw 
no evidence of this in our four cases and their five affected and two unaffected pregnancies  
(figure 1).

In order to establish if female carriers of an ABCB11 or ABCB4 mutation in families with PFIC in 
general have pregnancies complicated by ICP and/or HELLP, we contacted four known families 
with PFIC under care in our hospital. We questioned four obligate heterozygous mothers of 
both homozygous ABCB11 (n=1), compound heterozygous ABCB11 (n=2) and compound 
heterozygous ABCB4 (n=1) patients with PFIC. They had 11 pregnancies with 13 live born 
neonates of which 6 were diagnosed with PFIC. ICP occurred in one of the six pregnancies of a 
PFIC neonate and in none of the five pregnancies of unaffected neonates. Within these families 
there were no pregnancies complicated by HELLP syndrome.

In conclusion, we have discussed four patients with ICP that was complicated by HELLP syndrome 
during pregnancy, a combination not previously reported. Our case series demonstrates that 
awareness of pruritus in women with HELLP syndrome is essential because of possible severe 
complications. 
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ABSTRACT

Objective

To investigate total bile acid (TBA) levels in maternal and umbilical cord blood in normotensive 
and preeclamptic pregnancies in the context of ABCG2 placental gene expression levels, a 
recently reported placental bile acid transporter. 

Methods

TBA levels were determined in 83 paired maternal and umbilical cord blood samples of 
normotensive and preeclamptic pregnancies and in 22 paired arterial and venous umbilical cord 
blood samples from uncomplicated term pregnancies. ABCG2 gene expression was measured in 
104 human placentas by reverse transcriptase quantitative polymerase chain reaction.  

Results

Both in normotensive and in preeclamptic pregnancies, TBA levels in the maternal compartment 
are higher than in the fetal compartment. This effect is more pronounced in preeclamptic 
pregnancies (p=0.007 and p<0.001 respectively). TBA levels in maternal blood are increased in 
preeclamptic pregnancy compared to normotensive pregnancy (p=0.016). TBA levels in arterial 
and venous UCB from 22 normotensive pregnancies are not statistically different.

ABCG2 expression is reduced in pregnancies where preeclampsia is further complicated by 
Hemolysis Elevated Liver Enzymes and Low Platelets syndrome. ABCG2 expression in human 
placenta is not correlated with maternal or umbilical cord TBA levels.  

Discussion

Increased maternal TBA levels in preeclamptic pregnancies indicate a relation between bile acids 
in the maternal circulation and preeclampsia. The fact that TBA levels in the fetal compartment 
do not differ between normotensive and preeclamptic pregnancies combined with the fact that 
arterial and venous umbilical cord blood TBA levels are comparable suggests that the placenta 
functions as a bile acid barrier. 

INTRODUCTION 

The placenta serves different functions crucial for fetal growth and development. Apart from 
producing nutrients, energy, growth factors, cytokines and hormones, the placenta is essential 
for the exchange of oxygen, nutrients and waste between the maternal and fetal circulation7,29. 

Preeclampsia (PE) is characterized by new onset hypertension after 20 weeks of gestation 
combined with proteinuria and is a major risk for both mother and fetus18. Although clinical 
symptoms manifest in the second half of pregnancy, the pathophysiological mechanism is 
aberrant placentation and this occurs in the first and early second trimester of pregnancy30. 
Subsequent aberrant release of placental produced factors such as sFLT1 into the maternal 
circulation cause endothelial dysfunction25. 

Intrahepatic cholestasis of pregnancy (ICP) is a pregnancy-specific disorder that usually presents 
in the third trimester. ICP is diagnosed by increased non-fasting or fasting serum total bile acid 
(TBA) levels and maternal pruritus32. PE complicates 8-25% of pregnancies that are affected 
by ICP3,13,21, which is higher than the PE incidence in the general population (1.5-6%)6,36,38 
suggesting a putative relation between bile acids and the pathogenesis of PE. About 10-20% of 
severe preeclamptic pregnancies are further complicated by Hemolysis Elevated Liver enzymes 
and Low Platelets (HELLP) syndrome37. We recently reported a series of four women with seven 
pregnancies where in 5 pregnancies ICP preceded the occurrence of severe HELLP syndrome17  
suggesting that increased TBA levels relate to the development of HELLP syndrome. Further 
illustration of the pathophysiological relation between PE and ICP is the fact that increased 
numbers of syncytial knots have been described in placentas from pregnancies complicated by 
ICP11, a hallmark of PE14. 

Cholestatic effects of reproductive hormones and their metabolites in genetically susceptible 
women are considered causal to the increased maternal TBA levels1,10. 

Bile acids are present in the fetal compartment as early as 13 weeks of human gestation27.  
Over 90% of fetal bile acids are conjugated forms of the primary bile acids cholic acid and 
chenodeoxycholic acid16. Intestinal bacteria necessary to transform primary bile acids into 
secondary bile acids are thought to be absent in utero. The enterohepatic circulation of bile 
acids in utero as opposed to adult life is minimal22. In theory, the fetus is able to contribute to the 
maternal TBA pool as about 80% of the maternal TBA in pregnancies complicated by ICP consists 
of the primary bile acid cholic acid16.

The umbilical cord functions as a ‘pipeline’ between the placental and fetal compartment and 
contains 1 vein and 2 arteries. The umbilical vein carries oxygen- and nutrient-rich blood from 
placenta to fetus. The arteries transport deoxygenated blood and waste products from fetus to 
placenta.

Although transfer from the maternal to the fetal circulation has been documented15, it is 
generally believed that fetal primary bile acids are transferred across the placenta into the 
maternal circulation where they are eliminated by the maternal liver39. This implies increased 
levels in the umbilical artery compared to the umbilical cord vein as has been demonstrated 



Chapter 7

114

Total bile acids and placental ABCG2 expression in preeclampsia

115

7

using gas chromatography20. Several bile acid transporter proteins or proteins associated with 
cholestatic disease are expressed in human placenta28. ABCG2 and ABCB11, members of the 
ABC-transporter family, are able to transfer bile acids23. Although ABCB11 is the main bile acid 
transporter in liver, its expression in human placenta is negligible28. Human ABCG2 overexpressed 
in Chinese hamster ovary cells results in bile transport across the plasma membrane5. Fetuses 
from homozygous Abcg2 knock-out mice show markedly higher levels of bile acids in both 
maternal and in fetal serum after obstructive cholestasis5 without difference in placental abcg2 
expression. Although ABCB11 is the main bile acid transporter in liver, its expression in placenta 
is at negligible levels28, while at least in rodents Abcg2 appears to be a prominent placental bile 
transporter5. ABC-transporters in placenta are known to protect the fetus from xenobiotics and 
cellular accumulation of cytotoxic compounds4. 

In this study we investigate total bile acid levels in the maternal and fetal compartment in 
normotensive and PE pregnancies and relate these levels to the expression of ABCG2 in placenta. 
Because of conflicting reports, to firmly establish if net bile acid transport across the placenta 
does or does not occur, we additionally analysed TBA levels in paired arterial and venous 
umbilical cord blood (UCB) samples in normotensive term controls.

METHODS 

Biosamples and patient data 

Biosamples were collected through the PE And Non-PE DAtabase (PANDA); an obstetrical 
biosample effort, approved by the institutional review board of the Academic Medical Center, 
where we obtained placenta biopsies, venous umbilical cord blood and maternal blood (not 
necessarily fasting samples) at the time of delivery with informed consent. Placenta biopsies 
(59 normotensive and 45 preeclamptic were taken from macroscopically viable (non-infarcted) 
cotyledons at the maternal side within 2 hours of delivery, placed in RNAlater (Ambion), 
processed according to the manufacturer’s instructions and stored at -80oC until use. Clinical 
data are listed in Supplementary Table 1. From 83 of the in total 104 included pregnancies, 
both UCB heparin plasma samples and maternal heparin plasma samples stored at -80oC were 
available. They were used for comparison of TBA levels in maternal and umbilical cord blood and 
to test if there is correlation between TBA levels and the expression level of ABCG2. 

Additionally paired arterial and venous umbilical cord heparin plasma samples were taken 
immediately after birth from 22 anonymously collected placentas from normotensive term 
pregnancies. 

PE was defined by two systolic blood pressure measurements of ≥ 140 mmHg, or diastolic 
measurements of ≥ 90 mmHg, at least 6 hours apart after 20 weeks’ gestation in a previously 
normotensive patient in combination with new-onset proteinuria (> 0.3 g / 24-hour or at least > 
1+ on protein dipstick when urine could not be collected for 24 hours)31. Patients with baseline 
hypertension or renal disease were excluded. Hemolysis, Elevated Liver enzymes and Low 
Platelets (HELLP) syndrome was defined by lactate dehydrogenase ≥ 600 U/L or haptoglobin 
< 0.2 g/L, aspartate or alanine aminotransferase ≥ 70 U/L, and platelet count <100 *109/L35. 
Apparently healthy, normotensive pregnant women were included as controls. 

Measurement of TBA levels

TBA levels were quantified using the Diazyme total bile acids kit (Diazyme Laboratories, Poway, 
CA), according to the manufacturer’s instructions. 

In Situ Hybridization 

RNA in situ hybridization was performed as previously described2. Probe corresponded to 
nucleotides 1396 to 1920 of ABCG2 (Genbank NM_001257386.1). 

Tissue Preparation and Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-
qPCR)

RNA was isolated using the MagNA Pure LC RNA Isolation Kit High Performance (Roche), and 
reverse transcribed using AMV First Strand cDNA Synthesis Kit for reverse transcription (RT)-PCR 
(Roche). RT-qPCR) was performed in duplicate on a LightCycler 480 system (Roche) according to 
the manufacturer’s protocol with 0.4 μmol/L of each primer (Invitrogen), 100 nmol/L UPL probe 
(Roche) and 5 μl Absolute RT-qPCR mix (ThermoScientific). Primers were designed using the 
Roche Universal ProbeLibrary Assay Design Center (Supplementary table 2).

Data were analysed and quantified, using the second derivative maximum for Cp determination, 
with the LightCycler 480 software 1.5.0 (Roche). To correct for differences in cDNA input HPRT1 
was used as a reference gene for normalization. 

Statistical analysis

P-values < 0.05 were considered statistically significant. Group differences were tested using 
a Mann-Whitney U test. Correlations were analysed by Spearman’s rank correlation. Paired 
Wilcoxon matched-pairs signed rank test was used to compare values of paired arterial and 
venous UCB samples and of paired maternal blood and UCB samples. GraphPad Prism 6 
(GraphPad Software, Inc) was used as statistical package and for graphical representation. 

RESULTS

Biosampling

Patient characteristics of both groups are comparable with the exception of maternal age (Table 
1). Parameters relating to PE (highest maternal diastolic blood pressure and neonatal weight) are 
statistically different between groups. As PE is an important contributor to iatrogenic preterm 
delivery the primary caesarean section rate is also increased in this patient group (Table 1).
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Table 1: Clinical Characteristics Summary of Studied Groups. Data are represented as median (range) 
or numbers (%). P-values were calculated by Mann-Whitney U test*, Chi-square# or Fisher’s exact test§. 
Abbreviations: n.a. not applicable. n.d. not determined. n.s. not significant.

Clinical parameter Normotensive
n=59

Preeclamptic
n=45

p-value

Maternal age (y) 28 (18 - 38) 31 (18 - 41) p<0.05*

BMI (kg/m2) 22.2 (17.3 – 42.5) 25.3 (17.5 – 36.2) n.s. *

Nulliparous 30 (51%) 26 (58%) n.s. #

Highest diastolic BP (mmHg) 71 (60-94) 100 (90 - 120) p<0.001*

Urinary protein (g/24 h) n.d. 2,1 (0,3 - 32,4) n.a.

Gestational age at delivery (weeks) 0 (0%) 17 (38%) p<0.001§

Primary caesarean section 5 (8%) 21 (46%) p<0.001#

Gestational age at delivery (weeks) 34+1 (26+3 - 42+0) 34+4 (28+1 - 41+0) n.s. *

Delivery <37 weeks gestation 32 (54%) 26 (58%) n.s. #

Delivery < 34 weeks gestation 23 (39%) 21 (47%) n.s. #

Neonatal weight (g) 2375 (860 - 5300) 1810 (780 - 3990) p<0.05*

Birth percentile <10 3 (5%) 7 (16%) n.s. §

Maternal and umbilical cord blood available 52 (88%) 31 (69%) n.a.

TBA determinations in maternal blood and umbilical cord blood (UCB).

In both normotensive and preeclamptic pregnancies (ranging from 26+2 to 42+0 weeks of 
gestation) median TBA levels in maternal blood (6.7 μmol/l and 11.5 μmol/l respectively) are 
higher compared to median TBA levels in UCB (p=0.007 and p<0.001 respectively). Compared to 
normotensive pregnancies, median TBA levels in maternal blood from preeclamptic pregnancies 
are increased (p=0.016). However TBA levels in UCB between normotensive and preeclamptic 
pregnancies do not differ (5.6 μmol/liter in both normotensive UCB and PE UCB)(Figure 1A). 

TBA levels measured in both maternal blood and UCB show no correlation in relation to 
gestational age either in normotensive controls, PE patients or PE/HELLP patients  (p-values of 
Spearman’s correlation coefficient all not significant, data not shown). 

TBA levels in arterial and venous UCB from 22 normotensive pregnancies are not statistically 
different with respectively 4.25 µmol/L (0.1-11.4 µmol/L) versus 4.28 µmol/L (0.1-12.9 µmol/L) 
(Figure 1B). 

Figure 1: TBA levels in normotensive (NT) pregnancies and pregnancies complicated by preeclampsia (PE). 
(A) TBA levels in paired maternal blood (MB) and umbilical cord blood (UCB) samples (n=83). Data are shown 
as median (thick line) with interquartile range (box limits) and minimum and maximum values (whisker 
limits). (B) TBA levels in paired arterial and venous UCB samples from normotensive term pregnancies 
(n=22). Differences were tested either by Wilcoxon matched-pairs signed rank test§ or Mann-Whitney U# test.
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ABCG2 expression in human placenta

To investigate if ABCG2 (ATP-binding cassette sub-family G member 2) is involved in TBA 
distribution between the maternal and fetal pool or could play a role in protecting the fetal 
circulation from the increased maternal TBA levels in case of a preeclamptic pregnancy, we 
determined cellular localisation and expression levels in placenta and correlated them to TBA 
levels in both the maternal and fetal compartment. 

In situ hybridization on term normotensive placentas (n=2) using transcript-specific antisense 
probes for ABCG2 shows the expected localization40 within the (syncytio)trophoblast layer of the 
placenta (Figure 2). 

ABCG2 is expressed in human placenta from at least 26+2 to 42 weeks of gestation (Figure 2D). 
In placenta, ABCG2 is an abundantly expressed transcript with a median normalized expression 
of 9.1 (range: 0.6 - 32.2) especially high in contrast to placental expression of the hepatic bile 
acid transporter ABCB11 that in our series is >1000-fold lower (median normalized expression 
0.001 (with a range of zero to 0.48) (data not shown). ABCG2 mRNA expression levels are reduced 
in pregnancies complicated by HELLP syndrome either compared to PE pregnancies not 
complicated by HELLP syndrome (p=0.033) (Figure 2B) or compared to all (both normotensive 
and preeclamptic) pregnancies not complicated by HELLP syndrome (p=0.017) (Figure 2C). With 
a Spearman’s correlation coefficient of 0.21 (p=0.04)) ABCG2 expression is weakly correlated to 
gestational age (Figure 2D). 

ABCG2 gene expression in relation to maternal or umbilical cord blood TBA levels

There is no statistical significant relation with either maternal or UCB TBA levels with placental 
expression of ABCG2 (data not shown).

There is no correlation between the Δ ([TBA maternal] - [TBA UCB]) and the expression of ABCG2 
(p=0.65) in placenta (data not shown).

Figure 2: In situ hybridization on placental tissue. In situ hybridization using a transcript-specific probe for 
ABCG2 (A). Purple blue staining indicates positive hybridization signal. Comparison of RT-qPCR expression 
levels in placenta in normotensive and PE pregnancies and in relation to gestational age. (B-C) Box plots 
of normalized ABCG2 mRNA expression levels comparing preeclamptic (n=28) versus PE/HELLP (n=17) 
pregnancies (B) or non-HELLP (n=87) versus PE/HELLP (n=17) pregnancies (C). Data are shown as median 
(thick line) with interquartile range (box limits) and minimum and maximum values (whisker limits). 
Normalized expression levels of ABCG2 in placental samples of different gestational ages (D). Open rounds 
represent normotensive pregnancies (n=59), dotted rounds preeclamptic pregnancies (n=28) and closed 
rounds pregnancies complicated by both PE and HELLP syndrome (n=17). 
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DISCUSSION

Based on studies using different techniques to determine specific bile acid profiles of pregnant 
women with different pathologies performed between 1977 and 2001, the current view39 is 
that during pregnancy total bile acids in the fetal compartment exceed that of the maternal 
compartment and that fetal primary bile acids are transferred across the placenta to the maternal 
circulation where they are eliminated by the maternal liver. A recent small sample-sized study 
(n=15) confirmed this view9. In our cohort of 83 paired maternal/umbilical cord blood samples 
investigated from pregnancies with gestational ages ranging from 26 to 42 weeks of gestation 
we observe the opposite. Median TBA levels in maternal blood are increased compared to 
UCB and this increase is more substantial in case of a preeclamptic pregnancy (Figure 1A). This 
discrepancy may be due to the limited sample size of previously reported series. In contrast 
to the other studies that report that all acquired samples were fasting, our samples were not 
necessarily fasting samples since they were taken just prior to delivery. In our series, no sample 
reached the 40 µM cut-off with a concomitant risk for fetal complications as reported in ICP 
pregnancies12 and relatively a high proportion of the PE patients (that have increased TBA levels 
compared to normotensive controls) delivered by caesarean section and the majority of them 
will have been fasting. 

We observe no evidence for net bile acid transport across the placenta, as TBA levels in the 
umbilical cord arteries (that transport nutrients and oxygen-rich blood from the placenta to the 
fetus) and the umbilical cord vein (carrying waste products and deoxygenated blood from the 
fetus to the placenta) are similar (Figure 1B).  

We analysed the expression level of ABCG2 in placenta as a function of gestational age, in relation 
to PE, HELLP syndrome and with respect to maternal and umbilical cord blood TBA levels. 

In contrast to previous papers24,26,40 we observe a weak positive correlation of ABCG2 expression 
with gestational age. 

When comparing placentas from pregnancies complicated by HELLP syndrome to those not 
afflicted by this complication, the expression of ABCG2 in HELLP placenta is decreased (Figure 3) 
in line with a previous report on a 1.8-fold down regulation of ABCG2 in HELLP33. It has previously 
been shown8 that ABCG2 expression is lower in placenta from pregnancies with intra uterine 
growth restriction not complicated by PE. Of our 59 normotensive pregnancies only 3 neonates 
had a neonatal weight below the 10th percentile, thus no conclusion can be drawn from our data 
regarding this issue. 

In Abcg2 -/- mice absolute TBA levels in both the maternal and fetal compartment are increased 
compared to wild type mice5, it could be speculated that the lower ABCG2 placental expression 
in HELLP syndrome placenta would relate to higher TBA levels in UCB and lower levels in the 
maternal circulation. This shift could not be demonstrated in the 11 HELLP paired UCB/maternal 
blood samples versus the 72 non-HELLP sets. 

The decreased ABCG2 expression only in placenta of HELLP pregnancies was unexpected. 
ABCG2 promoter contains a HIF1-alpha binding site and as HIF1-alpha is known to be induced 
under hypoxic conditions19 such as PE, this theoretically would imply altered ABCG2 expression 
in (hypoxic) PE placenta. In PE higher placental levels of HIF1-alpha are present34 and this 
theoretically should result in increased expression of ABCG2.  We do not observe increased ABCG2 
expression in PE placenta. We do not observe this in the placenta tissues studied suggesting 
that in placenta HIF1-alpha is not the mediator of ABCG2 expression. 

In conclusion: Based on our data we see no relation of ABCG2 expression in human placenta with 
TBA levels in either the maternal or the fetal compartment. Based on the absence of diverging 
TBA levels between the umbilical cord artery and vein combined with the unaltered TBA levels 
in cord blood in preeclamptic pregnancies (where TBA levels in the maternal circulation are 
increased) we conclude that the human placenta forms a barrier protecting the fetal circulation 
from maternal bile acids.
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In this thesis we attempted to contribute to the knowledge of molecular pathways significant 
for the  development of one of the most serious syndromes in obstetrical care, preeclampsia. As 
can be expected when investigating a complex disorder, a single gene or factor explaining the 
disease for all patients is unlikely to be found. This is even more true for gestational diseases as 
also the interaction between mother, fetus and placenta can contribute to the disease 

Additionally, the aberrant placentation in the first and early second trimester that is considered 
causal to the development of preeclampsia occurs at a period in pregnancy when the placenta 
is rarely available for investigation in the laboratory, thus hampering investigations on the 
causal organ at the time the disease originated. During pregnancy only maternal blood is easily 
available and apart from studying placental specific proteins, there is recent evidence that also 
placental RNA can be isolated from the maternal circulation thus opening the possibility to 
study placenta development and function during ongoing pregnancy1. 

The validity of placental RNA sequencing in the maternal circulation is currently still a matter 
of debate and the technique was not available when we started the research described in 
this thesis. We studied material obtained from the delivered placenta and focused on the 
transcriptome of this organ unique to pregnancy with Serial Analysis of Gene Expression that 
at that time, in contrast to RNA micro-array, was relatively unbiased in the transcripts studied2.

The aim of this thesis was to gain further understanding of placental molecular mechanisms in 
general and preeclamptic disorders in particular, and to discover novel biomarkers. 

In Chapter 2 we reviewed the literature on the complex aetiology of preeclampsia and HELLP 
syndrome  and summarized the approaches described to define the underlying genetic 
cause. Not an easy endeavour as the pathophysiology depends not only on periconceptional 
conditions, immunology at the fetal-maternal interface and the fetal and placental genotype, 
but also on the capability of the individual maternal system to deal with pregnancy.

In Chapter 3 we investigated and disputed the role of the substitution of amino acid 153 from 
the wild type tyrosine to the mutant histidine in the STOX1 protein in the pathogenesis of 
preeclampsia. Subsequent reports also questioned the role of the amino acid substitution within 
the STOX1 protein in preeclampsia3,4. Since then, it has been demonstrated that overexpression 
of the wild type STOX1 protein in choriocarcinoma cells mimics a preeclamptic RNA expression 
profile5. This contradicts the initial report where increased methylation of the Y153H allele 
subsequently reduced expression of the STOX1 protein with the development of preeclampsia 
as a consequence6. Interestingly a mouse model mating wild type females with STOX1 transgenic 
males shows the development of hypertension and proteinuria in the female mice even before 
proper implantation has occurred7, highlighting that overexpression rather than a decrease of 
STOX1 might play a role in the pathogenesis of preeclampsia. From the animal model it seems 
that the fetal-paternal and not the maternal genotype determines the maternal phenotype in 
pregnancy for this gene, again in contrast to the initial STOX1 report8.

Soluble fms-like thyrosine kinase 1 (sFLT1) has been identified as a protein abundantly 
present before and during the clinical presence of preeclampsia. sFLT1 was first implicated in 
the pathophysiology of preeclampsia in 20039. A rat model substantiated the involvement of 
this factor where administration of sFLT1 in pregnant animals resulted in hypertension and 

proteinuria9. sFLT1 most likely affects the maternal endothelial function by sequestering VEGF10. 
Administration of anti-VEGF medication in cancer treatment in human subjects can result in 
side effects including hypertension and proteinuria11. Although the involvement of sFLT1 in the 
pathophysiology of PE is undisputed its use in diagnostic or prognostic models is still limited12. 
In 2009 it became clear that the role of sFLT1 in preeclampsia was more complicated by the 
discoveries of a second13 (sFLT1_v2), a third (sFLT1_v3) and a fourth (sFLT1_v4) isoform of sFLT14-17.

As we have shown in Chapter 4, sFLT1_v1 is not placenta specific and in the human placenta 
over 80% of sFLT1 comprises the second (sFLT1_v2) and not the first isoform. Although in 
preeclamptic pregnancies and pregnancies complicated by growth restriction sFLT1_v1 becomes 
more prevalent relative to the other transcript variants, when compared to normotensive 
pregnancies, this may be the explanation for the poor test characteristics of prognostic models 
using an antibody that recognizes all four different sFLT1 isoforms. Since in preeclamptic 
placentas the ratio between sFLT1_v1 and sFLT1_v2 is altered compared to normotensive 
placenta a diagnostic test or prognostic model using two antibodies and calculating ratios 
between these isoforms may further improve the performance of these tests and models. While 
we have published our results of these findings in 201118 and a sFLT1_v2 specific antibody has 
been described in literature19 currently no commercially available antibody specifically targeting 
sFLT1_v2 has been presented. 

Elaborating on the description of a HELLP-specific signature by Buimer et al. in 200720, we set out 
to develop a preeclampsia specific signature based on placenta specific genes not previously 
reported in relation to preeclampsia at that time. In Chapter 5 we describe how we selected 
glucosidase beta acid (GBA) from 26 genes tested in placentas from a large population of both 
preeclamptic and normal pregnancies. Overexpression of GBA in relation to human disease is 
a novel finding. Despite the fact that in 403 out of 500 runs GBA is selected and both median 
GBA mRNA and median GBA protein are increased in our preeclamptic population, usage of 
GBA alone in future diagnostic tests is unlikely given the substantial overlap of ranges in the 
normal and preeclamptic patients but remains to be established in combination with other 
prognostic markers. The lack of correlation in expression between GBA and FLT1 expression 
in our micro-array data suggests that apart from the hypoxia setting of sFLT1 expression, 
other pathways contributing to the pathogenesis of preeclampsia might be relevant. As we 
have shown, GBA expression negatively correlates with BMP4 (bone morphogenetic protein 
4) expression in human placenta.  After treatment with BMP4, human embryonic stem cells 
differentiate into trophoblast cells and demonstrate invasive properties and, over time, produce 
extensive amounts of human chorionic gonadotropin, progesterone, placental growth factor, 
and placental lactogen21. This suggests that increased GBA expression might affect proper 
placentation through decreased BMP4 signaling. 

Finally we encountered one clear example of ‘bycatch’ (described in Chapter 5) that is worth 
pursuing in relation to preeclampsia research. We explored regulation of GBA by transcription 
factor TFEB in placenta. Strikingly TFEB negatively correlates with GBA expression in our micro-
array data involving the 20 most diverging GBA1 expression samples in both preeclamptic 
placentas (n=10) and normotensive placentas (n=10). In a post-hoc analysis TFEB expression 
in preeclamptic placentas trended towards a decreased expression (p=0.06) (data not shown).  



Chapter 8

132

Summary and general discussion 

133

8

From a mouse model it is known that Tfeb -/- mice fetuses die mid pregnancy and display severe 
defects in placental vascularization. Pathway analysis linked this transcription factor to the 
VEGF pathway22 and we now introduce GBA as a putative factor relating to TFEB expression and 
placental vascularization. 

In Chapter 6 we describe how we identified four patients with the previously unreported 
combination of HELLP syndrome preceded by Intrahepatic Cholestasis of Pregnancy (ICP). 
Analogous to the mechanism where an LCHAD deficient baby and placenta cause acute 
fatty liver of pregnancy and HELLP syndrome in their heterozygous mothers23, we studied if 
heterozygous changes in the genes reported after routine clinical genetic analysis related to the 
specific genotype in placenta and the occurrence of maternal disease.  We found no evidence 
for the ‘LCHAD model of disease’ in our HELLP/ICP patients.  

As expression levels of ABCB11, the main bile acid transporter in liver, are negligible in human 
placenta we decided to investigate levels of ABCG2, a gene recently attributed bile acid transport 
capacity24. In Chapter 7 we established that ABCG2 is highly expressed in human placenta, 
over 1000 fold more compared to ABCB11. Furthermore we describe that ABCG2 expression is 
reduced in pregnancies where preeclampsia is further complicated by HELLP  syndrome. Both 
in normotensive and in preeclamptic pregnancies, total bile acid (TBA) levels in the maternal 
compartment are higher compared to the fetal compartment. This effect is more pronounced in 
preeclamptic pregnancies. ABCG2 expression in human placenta is not correlated with maternal 
or umbilical cord TBA levels suggesting that placental ABCG2 expression is not causal to the 
increased maternal TBA levels.

It is tempting to speculate that bile acids contribute to maternal endothelial dysfunction as 
they are able to cause hepatic cell damage in cholestatic liver disease25. In patients with primary 
biliary cirrhosis, which is characterized by cholestatic liver dysfunction, nephrotic syndrome has 
been reported (as reviewed in26). 

As we describe that higher levels of TBA are present in the maternal, but not umbilical cord blood 
of preeclamptic pregnancies, it is worth investigating if a dose-response relationship between 
TBA and maternal endothelial cell damage can be established in an experimental setting. From 
older literature we know that serum of preeclamptic patients is cytotoxic to cultured endothelial 
cells27,28 harvested from the umbilical vein and therefore of fetal origin. The use of maternal 
blood vessels from the omentum with biopsies taken during caesarean delivery29 would allow 
similar studies on maternal endothelial cells. If a dose-response relationship between TBA and 
endothelial damage can be established one might consider a controlled trial in patients with 
early onset preeclampsia or PE/HELLP randomizing between treatment with ursodeoxycholic 
acid (UDCA, a tertiary bile salt) or placebo. At early gestational ages, even 1 or 2 weeks 
prolongation of pregnancy could mean a clinical important difference for fetal wellbeing. From 
ICP literature it is known that UDCA can be safely used after the first trimester of pregnancy30 
and is able to change the contribution of the different bile acids and salts in de total pool 
and replaces potentially toxic primary bile salts for less toxic tertiary bile salts31. Furthermore 
UDCA treatment is known to improve placental morphology and function in ICP32,33. In ICP 
placenta increased syncytial knotting of placental villi is observed32. Syncytial knotting is also 

a morphological hallmark of the preeclamptic placenta34. If syncytial knotting with subsequent 
release of placental debris in the maternal circulation is cause and not consequence in the 
molecular sequence of events in the pathogenesis of preeclampsia treatment with UDCA seems 
a logical option to explore. 

Whether total bile acids in normal pregnancy are higher in the fetal or maternal compartment is 
a matter of debate with conflicting reports. As reviewed in35 the current concept is that in normal 
pregnancy fetal levels of TBA exceed that of the levels in the maternal compartment. The authors 
based their conclusion on a single report36 describing 56 legal abortions performed by dilation 
and curettage. From this material it seems almost impossible to properly discern the maternal 
from the fetal compartment. We found significantly lower levels in the fetal compartment in 
both normal (n=52) as well as preeclamptic pregnancies (n=31).  

Furthermore we found that TBA levels in arterial and venous UCB from 22 normotensive 
pregnancies are not statistically different A recent report in 15 normotensive, non-ICP term 
controls using a highly sensitive HPLC-Ms/Ms method on fasting samples found lower level in 
the maternal compartment37. In this latest report they substantiated our finding that TBA levels 
do not differ between the umbilical cord and umbilical vein. 

As we argued in Chapter 5, increased placental GBA expression in preeclamptic placenta 
probably reflects increased cell turnover since enrichment analysis of the 158 genes co-
expressing with GBA using KEGG pathway is consistent with lysosomal function. 

Glucocerebrosidase is the enzyme involved in the penultimate step in degradation of 
glycosylceramide to ceramide and glucose in lysosomes38. In vitro, forced GBA expression in 
MCF-7 cells results in increased ceramide levels39.  Ceramide might therefore be an additional 
candidate in search for factors  in the maternal circulation contributing to the maternal 
endothelial dysfunction40 since it has been shown that ceramide is involved in apoptosis41. 

However GBA is able to perform  a mechanism called ‘transglycosylation’  where in order to 
minimalize usage of cellular energetic resources, the by-product from one enzymatic reaction 
(in this case glucose after degredation of glycosylceramide to glucose and ceramide) is directly 
used in another enzymatic reaction without need for extra energy. In the case of GBA it is 
known that overexpression in human fibroblasts leads to an increased cholesterol glycosylation 
activity42. This was confirmed by using a cell line generated from type 2 Gaucher patients where 
cholesterol glycosylation activity was very low and they found that GBA overexpression in these 
cells restored that activity42. 

Since bile acids are molecules synthesized from cholesterol one can hypothesize that also bile 
acids and salts may act as a substrate in this phenomenon of transglycosylation. 

There is limited evidence suggesting that bile salts are transglycosylated by GBA, rendering 
them less toxic. Some 30 years ago a glycosyltransferase with a calculated molecular weight 
of about 56 kD was described responsible for the glucoside conjugation pathway of bile acids 
in human43. The subunit molecular weight of GBA is 59 kD.  No reports in literature could be 
retrieved describing the subcellular localization of bile acids in placenta, nevertheless in rat 
hepatocytes bile acid glucosyltransferase activity has been localized within purified lysosomes44. 
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We show that GBA in placental trophoblast is lysosomally localized based on GBA staining in 
a cytoplasmic punctate pattern.  So perhaps it is GBA that glycosylates bile acids in placenta 
rendering them less toxic and enhancing their excretion. 

If this mechanism of lysosomal transglycosylation of bile acids by GBA occurs in human placenta 
this would be an alternative mechanism in the processing of placental bile acids and salts  
explaining why placental ABCG2 levels do not correlate with TBA levels in either the maternal or 
fetal circulation. We feel it is worth investigating whether transglycosylation of toxic primary bile 
acids and salts by GBA occurs in human placenta. Increased GBA expression in the preeclamptic 
placenta may then reflect a compensatory mechanism of the placenta facing increased maternal 
bile acid levels in the preeclamptic state. The subsequent expected increase in ceramide levels 
may be well dealt with since ceramide homeostasis is tightly regulated45 but at some point 
the system may become overloaded with ceramide shed from the placenta having a potential 
detrimental remote effect on the maternal endothelial system with the clinical syndrome of 
preeclampsia as a result. 

In conclusion, elaborating on the work presented in the present thesis future research efforts 
should focus on the function of GBA in placenta, the presence of ceramide in the preeclamptic 
maternal circulation and the effects of ceramide and bile salts on maternal endothelial cells in 
order to clarify mechanisms of endothelial dysfunction in preeclamptic patients. A next step 
could be the conduction of a randomized clinical trial with UDCA trying to “safely” prolong a 
preeclamptic pregnancy when deemed necessary in order to substantiate the translational 
research presented in this thesis. 
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In dit proefschrift hebben we gepoogd een bijdrage te leveren aan de kennis over de 
moleculaire mechanismen die leiden tot de ontwikkeling van preeclampsie,  een van de meest 
ernstige en complexe syndromen binnen de obstetrie. Wanneer men een complexe aandoening 
onderzoekt, leert de ervaring dat het onwaarschijnlijk is dat slechts één enkel gen of één enkele 
factor gevonden wordt die verantwoordelijk is voor het ontstaan van die aandoening. Dit geldt 
in het bijzonder voor aandoeningen in de zwangerschap vanwege de interactie tussen de 
moeder, het kind en de placenta.  

Een andere moeilijkheid is dat de incomplete placentatie, de oorzaak voor het ontwikkelen 
van preeclampsie, zich voltrekt gedurende het eerste en begin tweede trimester van de 
zwangerschap. Placentamateriaal uit die placentatiefase is echter zelden beschikbaar voor 
onderzoek waardoor onderzoek in de periode dat de ziekte ontstaat vrijwel onmogelijk is.  

Maternaal bloed daarentegen is tijdens de gehele periode van zwangerschap eenvoudig 
beschikbaar. Naast de bestudering van placenta specifieke eiwitten zijn er recente aanwijzingen 
dat RNA van de placenta geïsoleerd kan worden uit maternaal bloed. In de toekomst biedt dit 
wellicht mogelijkheden om via die weg de ontwikkeling en het functioneren van de placenta 
tijdens de zwangerschap te bestuderen1. 

De validiteit van het sequencen van placentair RNA vanuit de maternale circulatie is momenteel 
nog onderwerp van discussie en de techniek was nog niet beschikbaar ten tijde van het begin 
van het onderzoek beschreven in dit proefschrift. Die methode maakt daarom geen deel uit van 
ons onderzoek. 

Wij hebben ons onderzoeksmateriaal verkregen uit de placenta direct nadat deze ‘geboren’ is  
en we hebben ons gericht op het transcriptoom van dit unieke orgaan in de zwangerschap 
gebruikmakend van de SAGE techniek (Serial Analysis of Gene Expression). Destijds was dit 
een techniek die, in tegenstelling tot RNA micro-array, relatief zonder bias in staat was de 
verschillende transcripten van een orgaan te beoordelen2. 

Het doel van dit proefschrift is om verder inzicht te krijgen in placentaire moleculaire 
mechanismen in het algemeen, in het geval van preeclamptische aandoeningen in het bijzonder 
en om nieuwe biomarkers voor preeclampsie te ontdekken. 

In Hoofdstuk 2 hebben we de literatuur op een rij gezet over de complexe etiologie van 
preeclampsie en HELLP-syndroom en een samenvatting gemaakt van de verschillende 
benaderingen die in de loop der tijd gebruikt zijn om een onderliggende genetische oorzaak 
aan te wijzen. Geen gemakkelijke opgave aangezien de pathofysiologie niet alleen afhankelijk 
is van de periconceptionele condities, de immunologie ter plaatse van de foetale- en maternale 
overgang in combinatie met het foetale en placentaire genotype maar ook van het vermogen 
van het maternale systeem om te gaan met de gevolgen van een zwangerschap. 

In Hoofdstuk 3 hebben we de rol van de vervanging van het aminozuur tyrosine (Y, wild 
type) door een histidine (H, mutant) op positie 153 van het STOX1 eiwit op het ontstaan 
van preeclampsie onderzocht en de daaraan tot dan toegekende betekenis betwist. Latere 
onderzoeken hebben de bestaande theorie over de rol van deze eiwit vervanging in het STOX1 
eiwit in relatie tot het ontstaan van preeclampsie eveneens in twijfel getrokken3,4.

Inmiddels is gebleken dat overexpressie van het wild type STOX1 eiwit in een choriocarcinoom- 
cellijn leidt tot een RNA-expressieprofiel dat erg lijkt op het RNA-expressieprofiel bij 
preeclampsie5. Dit gaat in de tegen de STOX1 publicatie waarin gerapporteerd werd dat een 
toegenomen methylering van het Y153H allel verminderde expressie van het STOX1 eiwit tot 
gevolg heeft met als resultaat het ontwikkelen van preeclampsie6. 

Een muismodel waarin wild type vrouwtjes paren met transgene mannetjes laat interessant 
genoeg hypertensie en proteïnurie bij de vrouwtjesmuizen zien al voordat implantatie goed en 
wel heeft plaatsgevonden7. Dat duidt er eerder op dat overexpressie in plaats van verminderde 
expressie van STOX1 een rol zou kunnen spelen in de pathogenese van preeclampsie. Vanuit 
het diermodel lijkt ook geconcludeerd te kunnen worden dat het foeto-paternale en niet het 
maternale genotype voor dit gen bepalend is voor het maternale fenotype in de zwangerschap. 
Dit is wederom in tegenstelling tot  de bevindingen van de initiële STOX1 publicatie8. 

Oplosbaar (‘soluble’) fms-like tyrosine kinase 1 (sFLT1) is geïdentificeerd in bloed als een eiwit 
dat overvloedig aanwezig is voor aanvang van en tijdens de klinische tekenen van preeclampsie. 
sFLT1 wordt voor het eerst genoemd in relatie tot de pathofysiologie van preeclampsie in 
20039. Betrokkenheid van deze factor is verder onderbouwd in een rat-model waarin bleek dat 
toediening van sFLT1 aan zwangere ratten leidt tot hypertensie en proteïnurie9. Waarschijnlijk 
speelt sFLT1 een rol in het functioneren van maternaal endotheel door het wegvangen van VEGF 
(‘vascular endothelial growth factor’)10. Vanuit kankeronderzoek weten we dat toediening van 
anti-VEGF-medicatie in mensen hypertensie en proteïnurie tot gevolg kan hebben11. Hoewel 
vaststaat dat sFLT1 een rol speelt in het ontstaan van preeclampsie, is klinische toepassing 
van deze factor in diagnostische of prognostische modellen tot op heden beperkt gebleken12. 
In 2009 werd bovendien duidelijk dat de precieze rol van sFLT1 complexer was dan gedacht 
doordat intussen een tweede13 (sFLT1_v2), een derde (sFLT1_v3) en een vierde (sFLT1_v4) 
isovorm van dit eiwit was ontdekt14-17. 

In Hoofdstuk 4 hebben we laten zien dat sFLT1_v1 niet placentaspecifiek is en dat in de 
menselijke placenta 80% van de FLT1 transcripten bestaat uit de tweede (sFLT1_v2) en niet 
de eerste isovorm. Wel zien we dat in zwangerschappen gecompliceerd door preeclampsie 
en intra-uteriene groeirestrictie (IUGR) sFLT1_v1 relatief toeneemt ten opzichte van de 
andere varianten. Het feit dat sFLT1_v2 voornamelijk voorkomt in de placenta terwijl sFLT1_
v1 niet placentaspecifiek is, kan een verklaring zijn voor de ongunstige testkarakteristieken 
van prognostische modellen waarin gebruik wordt gemaakt van één antilichaam dat geen 
onderscheid kan maken tussen de vier verschillende isovormen van sFLT1. 

Omdat in preeclamptische placenta’s de ratio tussen sFLT1_v1 en sFLT_v2 veranderd is ten 
opzichte van de normotensieve situatie, zal een diagnostische test of prognostisch model 
dat gebruik maakt van twee antilichamen specifiek voor deze verschillende isovormen dit 
soort testen en modellen kunnen verbeteren. Hoewel onze bevindingen reeds in 2011 zijn 
gepubliceerd18 en het bestaan van een sFLT1_v2 antilichaam is beschreven in de literatuur19, is 
er tot op heden geen antilichaam specifiek voor sFLT1_v2 commercieel verkrijgbaar. 
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Naar analogie van de HELLP-specifieke signatuur beschreven door Buimer e.a. in 200720, 
hebben we een preeclampsie-specifieke signatuur willen ontwikkelen gebaseerd op placenta- 
specifieke genen die bij aanvang van ons onderzoek nog niet eerder in verband waren gebracht 
met preeclampsie. 

In Hoofdstuk 5 beschrijven we hoe uiteindelijk glucosidase bèta acid (GBA) werd geselecteerd 
uit 26 genen getest in placenta’s uit een tweetal cohorten van zowel preeclamptische als 
normotensieve zwangerschappen. Deficiëntie van GBA leidt tot de ziekte van Gaucher. 
Overexpressie van GBA in relatie tot humane ziekte is echter een niet eerder beschreven 
bevinding. 

Ondanks het feit dat GBA geselecteerd wordt in 403 van de 500 berekende ‘rondes’ door 
de computer en ondanks het feit dat zowel GBA mRNA als GBA eiwit verhoogd zijn in onze 
preeclamptische placenta’s, is gebruik van alleen GBA in toekomstige diagnostische testen niet 
heel waarschijnlijk. Dit komt omdat er een belangrijke overlap is in de spreiding van de waarden 
in de normale en preeclamptische groep. GBA zal mogelijk wel bruikbaar zijn in combinatie met 
andere prognostische markers. 

Het gebrek aan correlatie tussen GBA- en FLT1-expressie in onze micro-array data suggereert dat 
naast de aan hypoxie gerelateerde sFLT1-expressie ook andere netwerken een bijdrage leveren 
aan de pathogenese van preeclampsie. 

Zoals we hebben laten zien, correleert GBA expressie negatief met BMP4 (bone morphogenetic 
protein 4)-expressie in de menselijke placenta. 

Na behandeling met BMP4 kunnen humane embryonale stamcellen zich differentiëren in 
de richting van trophoblastcellen en laten ze invasieve eigenschappen zien. Na enige tijd 
produceren ze dan grote hoeveelheden humaan choriongonadotrofine (hCG), progesteron, 
placenta groei factor (PlGF) en placentair lactogeen21. Dit suggereert dat een verhoogde GBA-
expressie normale placentatie negatief kan beïnvloeden doordat het BMP4 signaal omlaag gaat. 

In Hoofdstuk 5 beschrijven we tevens een duidelijk geval van ‘bijvangst’ die het waard is nader te 
onderzoeken in relatie tot preeclampsie-onderzoek. We hebben gekeken naar regulatie van GBA 
in de placenta door transcriptiefactor TFEB. Tot onze verassing correleert TFEB negatief met GBA 
expressie in onze micro-array data waarin we 20 placentamonsters met de meest uiteenlopende 
GBA-expressie in preeclamptische placenta’s (n=10) en normotensieve placenta’s (n=10) hebben 
vergeleken. In een post-hoc analyse lijkt er een trend richting verlaagde expressie van TFEB in de 
preeclamptische placenta’s (p=0.06) (data niet gepresenteerd). 

Vanuit een muismodel is bekend dat Tfeb-/- muizenfoetus dood gaan halverwege de 
zwangerschap en dat ernstige defecten in de vascularisatie van de placenta zichtbaar 
zijn. Netwerkanalyse heeft deze transcriptiefactor aan het VEGF-netwerk verbonden22. Wij 
introduceren nu GBA als een mogelijk  nieuwe factor gerelateerd aan TFEB-expressie en 
placentaire vascularisatie. 

In Hoofdstuk 6 beschrijven we hoe we vier patiënten identificeerden met allen een niet eerder 
beschreven combinatie van HELLP-syndroom voorafgegaan door Intrahepatic Cholestasis of 
Pregnancy (ICP of zwangerschapscholestase). Analoog aan het mechanisme waarbij een LCHAD 

deficiënte baby en placenta in hun heterozygote moeder Acute Fatty Liver of Pregnancy (AFLP) 
en HELLP-syndroom veroorzaken23, hebben wij onderzocht of heterozygote veranderingen in 
genen die gerapporteerd betrokken kunnen zijn bij ICP, gerelateerd waren aan het specifieke 
genotype van die  genen in de placenta en het optreden van maternale ziekte. We hebben echter 
geen bewijs voor het ‘LCHAD-achtige ziektemodel’ gevonden in onze HELLP/ICP-patiënten. 

Omdat expressie van ABCB11, de belangrijkste galzuurtransporteur in de lever, verwaarloosbaar 
is in de menselijke placenta, besloten we de expressie van ABCG2 te bestuderen. Recent is 
beschreven dat ABCG2 in staat is galzuurtransport te verzorgen24. In Hoofdstuk 7 hebben we 
vastgesteld dat ABCG2 hoog tot expressie komt in de menselijke placenta, wel een factor 1000 
meer dan ABCB11. 

Verder beschrijven we dat ABCG2-expressie verminderd is in preeclamptische zwangerschappen 
die daarnaast gecompliceerd worden door het HELLP-syndroom. Zowel in normotensieve als 
in preeclamptische zwangerschappen blijkt dat het gehalte van galzuren (Total Bile Acids of 
TBA) in het maternale compartiment hoger is dan in het foetale compartiment. Dit fenomeen 
is echter meer geprononceerd bij preeclampsie. ABCG2-expressie in menselijke placenta is niet 
gecorreleerd aan het TBA-gehalte in maternaal bloed of navelstrengbloed. Dit suggereert dat 
placentaire ABCG2-expressie niet de oorzaak is van het verhoogde maternale TBA-gehalte. 

Het is verleidelijk te speculeren dat galzuren bijdragen aan de maternale endotheeldisfunctie 
en glomerulo-endotheliose in preeclampsie omdat zij in staat zijn schade te berokkenen aan 
levercellen in het geval van cholestatische leverdisfunctie25. In patiënten met primaire biliaire 
cirrose (dit ziektebeeld wordt gekarakteriseerd door cholestatische leverdisfunctie) wordt 
inderdaad het nefrotisch syndroom beschreven (zoals besproken in26). 

Vanwege het hogere gehalte aan TBA dat we vinden in het maternale, maar niet in het 
navelstrengbloed in geval van preeclampsie, is het de moeite waard om te onderzoeken of 
er een dosis-responsrelatie is vast te stellen tussen TBA en maternale endotheelschade in een 
experimentele setting. Vanuit de oudere literatuur is bekend dat het serum van preeclamptische 
patiënten cytotoxisch werkt op endotheelcellen27,28. Deze endotheelcellen werden geoogst 
vanuit de navelstrengvene en zijn derhalve foetaal van origine. Het gebruik van maternale 
bloedvaten, verkregen tijdens een keizersnede29 vanuit een biopt van het omentum majus 
(een peritoneale dubbelplooi die de buikorganen afdekt) zou dergelijke studies op maternale 
endotheelcellen mogelijk maken. 

Indien er een dosis-responsrelatie kan worden vastgesteld tussen TBA en endotheelschade, 
zou een gecontroleerd onderzoek overwogen kunnen worden waarin patiënten met vroege 
preeclampsie of HELLP-syndroom gerandomiseerd kunnen worden tussen behandeling 
met ursodeoxycholic acid (UDCA, een tertiair galzout) of een placebo. Bij een vroege 
zwangerschapsduur kan zelfs verlenging van 1 of 2 weken een klinisch relevant verschil 
in welzijn voor de neonaat opleveren. Vanuit de ICP-literatuur is bekend dat UDCA veilig 
kan worden toegediend na het eerste trimester van de zwangerschap30. UDCA is in staat de 
samenstelling van de verschillende galzuren en galzouten in de totale poel te veranderen en 
vervangt potentieel toxische primaire galzouten door minder toxische tertiaire galzouten31.
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Bovendien is bekend dat behandeling met UDCA de morphologie en functie van de placenta 
verbetert bij patiënten met ICP32,33. In de placenta van patiënten met ICP wordt een verhoogde 
mate van ‘syncytial knotting’ gezien32. ‘Syncitial knotting’ is tevens het morfologische kenmerk 
van de preeclamptische placenta34. Indien ‘syncytial knotting’ met daaropvolgend vrijkomen 
van placentair debris een oorzaak zou zijn en niet een gevolg is in de moleculaire sequentie die 
leidt tot het ontstaan van preeclampsie, lijkt behandeling met UDCA een logische optie om te 
verkennen. 

Of TBA-gehaltes in de normale zwangerschap hoger zijn in het foetale dan wel in het maternale 
compartiment is in diverse publicaties onderwerp van discussie, met tegengestelde uitkomsten. 
Zoals samengevat in35, is de heersende opvatting in de literatuur dat in de normale zwangerschap 
het  TBA-gehalte in het foetale compartiment hoger is dan in het maternale compartiment. 
De auteurs baseren hun conclusies echter op één enkele onderzoekspublicatie36 waarin 56 
legale abortus tot 24 weken, uitgevoerd door middel van curettage, zijn beschreven. Het lijkt 
uitgesloten dat uit dit materiaal het foetale van het maternale compartiment op een juiste 
manier is te scheiden. Daarom menen wij dat de uitkomsten van dat onderzoek niet concludent 
kunnen zijn voor de stelling dat het TBA-gehalte in het foetale compartiment hoger is dan in 
het maternale compartiment. Wij beschrijven significant lagere TBA-gehaltes in het foetale 
compartiment in zowel de normotensieve (n=52) als in de preeclamptische zwangerschappen 
(n=31). Verder beschrijven we dat TBA-gehaltes in arterieel en veneus navelstrengbloed van 
22 normotensieve zwangeren niet statistisch significant verschillen. In een recente publicatie 
betreffende 15 normotensieve zwangeren zonder ICP wordt beschreven dat in nuchtere 
monsters het TBA-gehalte lager is in het maternale compartiment37. Overigens hebben zij wel 
dezelfde bevinding gedaan dat TBA-gehaltes tussen arterieel en veneus navelstrengbloed niet 
verschillen. 

In het hierna volgende stuk worden bevindingen uit de Hoofdstukken 5 en 7 verbonden. 

In Hoofdstuk 5 beargumenteren we dat de verhoogde placentaire GBA expressie bij 
preeclampsie waarschijnlijk een verhoogde cel ‘turnover’ reflecteert, aangezien ‘enrichment’ 
analyse (met behulp van ‘KEGG pathway’) van de 158 genen die correleren met GBA-expressie 
samengaat met een lysosomale functie van GBA. 

Glucocerebrosidase is het enzym dat verantwoordelijk is voor de uiteindelijke afbraakstap van 
glucosylceramide in glucose en ceramide die plaatsvindt in de lysosomen38. In vitro laten MCF-
7-cellen met geforceerde expressie van GBA verhoogde ceramidewaarden zien39. Daarom kan 
ceramide als een nieuwe kandidaat gezien worden in de zoektocht naar factoren in de maternale 
circulatie die bijdragen aan de maternale endotheeldisfunctie40 bij preeclampsie, aangezien het 
bekend is dat ceramide betrokken is bij apoptotische processen41. 

Echter GBA is tevens in staat tot een mechanisme dat bekend staat als ‘transglycosylering’ 
waarbij het bijproduct van de ene enzymatische reactie (in dit geval glucose) gebruikt wordt 
in een volgende enzymatische reactie (in dit geval glycosylering van een molecuul). Door 
dat mechanisme worden energievoorraden in de cel optimaal benut. In het geval van GBA 
is bekend dat overexpressie in humane fibroblasten leidt tot een verhoogde cholesterol-

glycosyleringsactiviteit42. Dit werd bevestigd door een cellijn te gebruiken afkomstig van type 
2-Gaucher patiënten waarin de cholesterol-glycosyleringsactiviteit zeer laag was maar dat 
overexpressie van GBA deze activiteit weer herstelde42. 

Aangezien galzuren moleculen zijn die vanuit cholesterol gesynthetiseerd worden, kan 
men hypothetiseren dat ook galzuren en galzouten als substraat kunnen dienen in dit 
transglycosyleringsfenomeen. Er is minimaal bewijs dat galzouten inderdaad worden 
getransglycosyleerd door GBA waardoor ze minder toxisch worden. Ongeveer 30 jaar geleden 
werd een glycosyltransferase met een moleculair gewicht van ongeveer 56 kD beschreven 
die verantwoordelijk was voor de glycoside-conjugatiestap van galzuren in de mens43. Het 
moleculair gewicht van GBA is 59 kD. 

Er konden geen publicaties worden gevonden die beschrijven wat de subcellulaire lokalisatie is 
van galzuren en galzouten in de placenta, in rat hepatocyten echter is galzuur glycosyltransferase 
activiteit gelokaliseerd in gepurificeerde lysosomen44. 

We hebben in Hoofdstuk 5 aangetoond dat GBA in de trophoblastcellen van de placenta 
gelokaliseerd is in lysosomen aangezien aankleuring resulteert in een cytoplasmatisch gestippeld 
patroon. Dus wellicht is GBA verantwoordelijk voor het glycosyleren van galzuren en galzouten 
in de placenta waardoor deze ze minder toxisch worden en makkelijker uitgescheiden kunnen 
worden. Indien dit mechanisme van lysosomale transglycosylering van galzuren en galzouten 
door GBA inderdaad kan worden aangetoond in de menselijke placenta, zou dit een alternatief 
mechanisme kunnen zijn in het verwerken van placentaire galzuren en galzouten. Dit zou 
dan een verklaring kunnen zijn waarom placentaire ABCG2-waarden niet correleren met TBA-
gehaltes in zowel de maternale als de foetale circulatie. Wij menen daarom dat het belangrijk is 
om te onderzoeken of transglycosylering van toxische primaire galzuren en galzouten door GBA 
plaatsvindt in de humane placenta. 

Verhoogde GBA expressie in de preeclamptische placenta zal dan mogelijk een compensatoir 
mechanisme van de placenta vertegenwoordigen omdat de hoeveelheid galzuren bij 
preeclampsie is toegenomen. 

De daaropvolgende verwachte verhoging van de ceramidehoeveelheden zal lang getolereerd 
worden aangezien de ceramidehomeostase strak gereguleerd is45, maar dit zal op een 
gegeven moment betekenen dat het systeem overspoelt raakt door ceramide dat vanuit de 
placenta wordt vrijgemaakt. Dit kan in potentie een rampzalig effect hebben op het maternale 
endotheelsysteem met het klinische syndroom preeclampsie tot gevolg. 

Voortbordurend op het werk als beschreven in dit proefschrift is het van groot belang dat 
toekomstige onderzoeksvragen zich zullen richten op de exacte functie van GBA in de placenta, 
de betekenis van het aanwezig zijn van bovenmatig veel ceramide in de maternale circulatie bij 
preeclampsie en op de effecten van ceramide en galzouten op de maternale endotheelcellen. 
Aldus kunnen wellicht de mechanismen achter de endotheeldisfunctie bij preeclampsie 
verklaard worden. Een volgende stap kan het uitvoeren van een gerandomiseerd onderzoek 
zijn waarin UDCA wordt gebruikt om een preeclamptische zwangerschap op een ‘veilige’ manier 
te verlengen wanneer dit klinisch gewenst is, teneinde het translationele werk als beschreven in 
dit proefschrift klinisch toepasbaar te maken. 
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De arts-assistenten uit het AMC en het OLVG, in het bijzonder ‘the class of 2014’ . Het is echt 
waar wat ze zeggen; geniet van je opleidingstijd, het is zo voorbij en je krijgt nooit meer de kans 
om op die manier ‘de krenten uit de pap te eten’. Dank voor de prettige samenwerking al die 
jaren. 

De verloskundigen & verpleegkundigen van het AMC en het OLVG. Zonder jullie geen 
bevallingen! Dank voor de ontzettend prettige samenwerking de afgelopen jaren.

Secretaresses & poli-assistenten van de afdeling gynaecologie en verloskunde van het 
AMC. Hartelijk dank voor alle logistieke ondersteuning, in het bijzonder Catharina die nooit te 
beroerd was om een oude papieren status ‘met pootjes’ uit het archief op te diepen en me te 
assisteren om alles op tijd bij de promotiecommissie te krijgen en Debbie voor alle hulp bij de 
administratieve toestand die een promotie met zich meebrengt. 

‘Beter een goede buur dan een verre vriend’; de familie Minderhoud en in het bijzonder 
Albertine. Zonder jullie flexibiliteit in het af en toe op halen van de kinderen op de crèche 
wanneer ik echt vaststond had ik het de afgelopen jaren niet gered. Als ik op zeldzame 
momenten twijfel aan de invulling van het moederschap weet ik me altijd na een pot thee en 
een stevig gesprek weer gesterkt voor de volgende ronde!

De ‘meisjes’: Hanneke*, Maartje, Marieke, Monique, Janneke, Caren: Ik vind het heel 
bijzonder dat ik uit een jaarclub van oorspronkelijk 18 meisjes 5 zulke goede vriendinnen heb 
overgehouden, waarvan er twee me al kennen sinds m’n elfde jaar. Alle huwelijken uitbundig 
gevierd en geen babyshower gemist; we hebben inmiddels heel wat lief en helaas ook heel wat 
leed met elkaar gedeeld, kennen elkaar door en door en weten wat we aan elkaar hebben. Ik 
koester onze dinertjes en nachtjes weg waarbij we altijd weer met de nodige zelfspot onder 
tafel rollen van de lach. Ik ben blij dat we vandaag ook weer een bijzonder goed moment met 
elkaar kunnen delen.

De ‘Zombies’ (de dames van ‘Zuilenstraat Oud-Midden): Heerlijk hoe we het jaarlijkse 
huisweekend in ere houden, de rollen weer precies zo zijn als toen en we eigenlijk nooit 
verder komen dan uren kletsen, potten vol thee zetten, voor de vorm 1 wandeling maken en 
traditioneel vleesfonduen waarbij we standaard te veel eten en drinken.   

Duizendpoot Inge, die de rollen van dokter, moeder, vrouw van medisch specialist en luisterend 
oor zo goed weet te combineren. We hebben samen de opleiding in het AMC doorlopen en ik 
ben heel trots dat jij vandaag aan mijn zijde staat als paranimf.  

Mijn schoonfamilie Hans, Brigitte en Eveline. Wat voel ik me toch altijd enorm welkom bij jullie 
en wat fijn dat jullie altijd bereid zijn in te springen indien nodig, zonder jullie had ik ‘de deadline’ 
niet gehaald! 
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Mijn broers Mark en Sjoerd en ‘schaduwparanimf’  Petra. In een poging het eerlijk te verdelen; 
Sjoerd getuige op ons huwelijk, Mark nu aan mijn zijde als paranimf bij dat andere life event. Ik 
prijs me gelukkig met deze 2 lieve en humoristische broers en ben heel trots op jullie (mag ik dat 
zeggen als jongste zus…ja dat mag!). 

Mijn Ouders. Lieve Im & Ron,  jullie hebben altijd beloofd me af te leveren met een opleiding, 
een rijbewijs en een goed gebit! Dat is nu zeker meer dan gelukt, dank voor de stabiele basis 
die jullie me hebben gegeven met jullie opvoeding, ik geloof dat ik momenteel een en ander 
kopieer…

15 jaar geleden ontmoet om nooit meer los te laten! Michiel. Til we’re 94! (nou ja, jij 94 en ik 90 
dan…). 

Onze 2 gruffeltjes Maurits & Emma: Echt geluk is….
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