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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 
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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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