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Abstract During pregnancy, extravillous trophoblasts (EVTs)
invade the maternal decidua and remodel the local vasculature
to establish blood supply for the growing fetus. Compro-
mised EVT function has been linked to aberrant pregnancy
associated with maternal and fetal morbidity and mortality.
However, metabolic features of this invasive trophoblast
subtype are largely unknown. Using primary human tropho-
blasts isolated from first trimester placental tissues, we show
that cellular cholesterol homeostasis is differentially regu-
lated in EVTs compared with villous cytotrophoblasts. Utiliz-
ing RNA:-sequencing, gene set-enrichment analysis, and
functional validation, we provide evidence that EVTs display
increased levels of free and esterified cholesterol. Accordingly,
EVTs are characterized by increased expression of the HDL-
receptor, scavenger receptor class B type I, and reduced ex-
pression of the LXR and its target genes. We further reveal
that EVTs express elevated levels of hydroxy-delta-5-steroid
dehydrogenase 3 beta- and steroid delta-isomerase 1 (HSD3B1)
(a rate-limiting enzyme in progesterone synthesis) and are
capable of secreting progesterone. Increasing cholesterol ex-
port by LXR activation reduced progesterone secretion in an
ABCAIl-dependent manner. Importantly, HSD3B1 expres-
sion was decreased in EVTs of idiopathic recurrent sponta-
neous abortions, pointing toward compromised progesterone
metabolism in EVTs of early miscarriages.llf Here, we pro-
vide insights into the regulation of cholesterol and progester-
one metabolism in trophoblastic subtypes and its putative
relevance in human miscarriage.—Vondra, S., V. Kunihs, T.
Eberhart, K. Eigner, R. Bauer, P. Haslinger, S. Haider, K.
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Successful pregnancy relies on correct placental mor-
phogenesis and the formation of specialized trophoblast cell
types during the first weeks of gestation. Trophoblast pro-
genitor cells emerge from the embryonic trophectoderm
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and reside at the basement membrane of placental villi.
These progenitor cells give rise to distinct epithelial cell
types: Villous cytotrophoblasts (vCTBs) fuse to form multi-
nucleated syncytiotrophoblasts (STBs), which cover pla-
cental floating villi and are mainly responsible for transport
processes and hormone production. In anchoring villi at-
tached to the uterine epithelium, vCTBs form proliferative
cell columns. At their distal end, cell-column trophoblasts
develop a highly invasive epithelial to mesenchymal transi-
tion-associated phenotype and migrate into the receptive
maternal endometrium, termed decidua (1). Cytotropho-
blasts (CTBs) that detach from the cell columns at their
distal anchoring site and invade the maternal decidual
stroma are commonly termed extravillous trophoblasts
(EVTs) (2). This particular migratory and invasive, but no
longer proliferative, trophoblastic subtype is crucial for the
attachment of placental villi and the control of vascular re-
modeling of maternal spiral arteries to initiate and sustain
blood flow to the growing fetus (3-5). Moreover, EVTs in-
vade decidual veins and lymphatics (6), plug spiral arteries
early in pregnancy to prevent oxidative placental damage
(7), control maternal immune tolerance (8), exert defense
against pathogens (9), and secrete pregnancy-specific fac-
tors into the maternal circulation (10). Faulty EVT func-
tion jeopardizes these functions causing considerable
immediate and chronic health risks for both mother and
child. For instance, insufficient spiral artery remodeling is
a hallmark of preeclampsia (11), characterized by the de
novo development of high blood pressure, nondependent
edema, and proteinuria. Preeclampsia represents a leading
cause of fetal and maternal morbidity and mortality, which
affects 3-8% of pregnancies (12). Furthermore, compro-
mised EVT function has also been associated with the oc-
currence of spontaneous abortions (SAs) and intrauterine
growth restriction (6, 7).

Lipids are required by cells as energy sources, structural
components, and precursors of paracrine and endocrine
signaling molecules. Among the different lipid classes, cho-
lesterol possesses particular properties: It is an essential
structural component of cell membranes and a precursor
of steroid hormones and bile acids. Cells gain cholesterol
either by uptake from extracellular acceptors, such as lipo-
proteins, or by endogenous de novo synthesis from acetate.
In contrast to fatty acids, cholesterol cannot be catabolized,
and therefore the disposal of cholesterol from cells re-
quires efflux to extracellular acceptors (13).

Proper growth of the human embryo requires adequate
nutrient supply, especially the supply with lipids. Thus,
lipid metabolism in the mature placenta as well as lipid
transfer across the placenta have been the subject of exten-
sive research (14, 15). However, knowledge on the metabo-
lism of trophoblasts in the early stages of human placental
development is sparse. On the one hand, this is due to the
fact that animal models, such as the mouse, insufficiently
reflect human placental development (16): Invasion of tro-
phoblasts into the decidua is much more pronounced in
humans than in animals because human embryos require
abundant nutrients for the rapidly developing human
brain (17). On the other hand, research on formation of

the placenta is hindered due to the limited availability of
primary human placental material from early pregnancy.

By using various first trimester primary human tropho-
blast models, we have previously shown that EVTs undergo
genome amplification and cellular senescence accompanied
by accumulation of glycogen and fatty acids (18). Here, we
characterize cholesterol metabolism in primary human
EVTs and vCTBs and attribute a functional role to choles-
terol transporters in the regulation of progesterone secretion
in EVTs. Furthermore, we describe differential expression
of hydroxy-delta-5-steroid dehydrogenase 3 beta- and ste-
roid delta-isomerase 1 (HSD3B1), a key enzyme in proges-
terone synthesis, in trophoblasts of patients with idiopathic
recurrent SAs (RSAs), linking cholesterol metabolism in
EVTs to human pregnancy disorders.

MATERIALS AND METHODS

Ethical considerations

All experiments and analyses were conducted in accordance
with the Declaration of Helsinki as well as Austrian laws and
guidelines. Isolation of primary trophoblasts from first trimester
human placenta and the usage of tissue samples from subjects
with idiopathic RSAs were approved by the Ethics Committee of
the Medical University of Vienna (#084/2013 and #1910/2015).
Ethical approvals are annually renewed. Informed consent was
obtained from all subjects.

Isolation of primary human trophoblasts and separation
of vCTBs and EVTs

First trimester placentae between the 6th and 12th week of ges-
tation were derived from women undergoing elective termination
of pregnancy for nonmedical reasons. Primary trophoblastic sub-
types were isolated from three to six placentae per isolation ac-
cording to a recently published protocol (19). Briefly, placentae
were washed in ice-cold PBS and kept overnight in DMEM/Ham’s
F-12 medium supplemented with 0.05 mg/ml gentamicin, 100 U/ml
PenStrep, and 2.5 pug/ml fungizone (all from Invitrogen,
Carlsbad, CA). Villous tips were scraped with a scalpel blade and
digested in 0.125% trypsin (Invitrogen) and 12.5 mg/ml DNase I
(Sigma-Aldrich, St. Louis, MO) in HBSS-Mg/Ca-free medium
(Sigma-Aldrich) at 37°C for 30 min without agitation. Subse-
quently, cells were filtered through a 100 wm cell strainer (Fal-
con). Cell column trophoblasts and STBs were removed by a
second digestion step of the remaining tissue using 0.25% trypsin
and 12.5 mg/ml DNase I for 30 min at 37°C and processed as de-
scribed above. The digestion solutions were then layered on top
of a Percoll gradient (10-70%; Pharmacia, Uppsala, Sweden) and
centrifuged at 1,175 g at 4°C for 24 min without braking at the
end of the run. Cells between 35% and 50% of the Percoll layer
were collected. If necessary, red blood cells were lysed by incubat-
ing cells in a buffer containing 155 mM NH,CI, 10 mM KHCOs,
and 0.1 mM EDTA (pH 7.3) for 5 min. Subsequently, the cell
suspension was plated in culture medium (phenol red-free
DMEM/F-12 supplemented with 10% FBS, 0.05 mg/ml gentami-
cin, and 0.5 wg/ml fungizone) for 45 min in order to remove ad-
herent stromal cells. Nonadherent trophoblastic cells were then
collected and separated into human leukocyte antigen (HLA)G+
EVTs by magnetic-activated cell sorting using HLAG-PE antibod-
ies, which were labeled with anti-PE micro-beads (Miltenyi Biotec,
Bergisch Gladbach, Germany). The remaining HLAG-negative
trophoblastic cells represent epidermal growth factor receptor
(EGFR)+ vCTBs (19).
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For in vitro generation of STBs by spontaneous fusion of
vCTBs, vCTBs were seeded onto fibronectin-coated dishes at a
density of 3.25 x 10” cells per square centimeter. EVTs and STB
cultures were routinely analyzed by light microscopy and tested
for expression of phenotypical markers (supplemental Fig. SI).

For RNA-sequencing (RNA-seq) analysis, EGFR+ and HLAG+
trophoblasts were separated from first trimester placentae from
week 10 to week 12 of gestation by magnetic bead sorting using
EGFR-PE and HLAG-PE antibodies (supplemental Table S1). In
total, four sets of EGFR+ and HLAG+ trophoblasts isolated from
single placentae were subjected to RNA isolation and subsequent
RNA-seq analysis.

Cells were directly processed for RNA-seq, gas chromatogra-
phy, quantitative (q)RT-PCR, or immunoblotting without cultiva-
tion. For measuring progesterone secretion, EVTs were cultivated
as described below.

RNA-seq

RNA was extracted using the AllPrep DNA/RNA/miRNA Uni-
versal kit (Qiagen). Total RNA was depleted from rRNA using the
NEBNext rRNA depletion kit (NEB, Ipswich, MA). Libraries were
prepared from rRNA-depleted total RNA using the NEBNext Ul-
tra Directional RNA Library Prep kit with the NEBNext High-Fi-
delity 2X PCR Master Mix (both from NEB). The libraries were
analyzed on a NextSeq 500 sequencer (Illumina, San Diego, CA)
with an average of 10 million reads per library using paired-end
sequencing (2 x 150 bp).

RNA-seq data quality was evaluated using FastQC v0.11.4 and
the Illumina sequencing adaptor sequences were trimmed using
Cutadapt v1.8.1. The trimmed reads were mapped to the human
reference genome (NCBI v37) with TopHat v2.0.14 (20), which is
a fast splice junction mapper that aligns RNA-seq reads to mam-
malian-sized genomes using the ultra-high-throughput short read
aligner, Bowtie v2.1.0 (21). The alignment output was submitted
to Cufflinks v2.1.1 to assemble transcript isoforms and to estimate
expression abundances on transcript and gene levels (22). Tran-
script abundance was quantified in fragments per kilobase of
exon per million fragments mapped (FPKM) values.

RNA-seq data have been deposited in NCBI’s Gene Expression
Omnibus and are accessible through GEO Series accession num-
ber GSE126530 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE126530).

Bioinformatics analysis of RNA-seq data

Differentially regulated genes from RNA-seq analysis were clas-
sified as genes either upregulated =1.4-fold or downregulated
<(0.7-fold at a Pvalue of P =< 0.05. Classification of differentially
regulated genes according to gene ontology (GO) annotations
was performed using WebGestalt (version 2019) by GO slim analy-
sis (23). Gene set-enrichment analysis (GSEA) of ranked genes
was done using the same software and the hallmark gene set col-
lection as database (24). Overrepresentation enrichment analysis
of differentially regulated genes in cholesterol-related pathways
was performed using WebGestalt (version 2013) by Pathway Com-
mons analysis and transcription factor target analysis (25). The
following parameters were applied: significance level, 0.05; statis-
tics test, hypergeometric; MTC, BH; minimum, 2.

Gas chromatography

The content of free cholesterol and cholesteryl esters from puri-
fied vCTBs and EVTs was analyzed by gas chromatography (26).
Lipids were isolated from cell pellets by standard Folch extraction.
An aliquot of the pellet was used for cell protein determination by
the Bradford assay. Lipids were separated using a GC-2010 gas
chromatograph (Shimadzu, Kyoto, Japan) equipped with a pro-
grammed temperature vaporizer injector and a ZB-5HT capillary

1924 Journal of Lipid Research Volume 60, 2019

column (15 m x 0.32 mm x 0.1 wm; Phenomenex, Aschaffenburg,
Germany). Tridecanoyl glycerol and cholesteryl myristate (Sigma-
Aldrich) were used as standards for free and esterified cholesterol,
respectively. Chromatograms were analyzed using GC Solutions
2.3 (Shimadzu) and values were normalized to cell protein.

qRT-PCR and Western blot

RNA was isolated from purified vCTBs and EVTs and reverse
transcription was performed according to standard methods.
Gene expression was quantified by qPCR using specific TagMan-
probes (see supplemental Table S2 for details). Results were nor-
malized to GAPDH expression.

For Western blot analysis, cells were lysed in 0.03 mol/liter Tris-
HCI containing 1% sodium dodecyl sulfate, 5% glycerol, 2.3%
2-mercaptoethanol, and 0.02% bromophenol blue. Protein ex-
tracts were separated by SDS-PAGE, blotted onto methanol-acti-
vated polyvinylidene difluoride membranes (GE Healthcare,
Buckinghamshire, UK), and incubated overnight at 4°C with pri-
mary antibodies as listed in supplemental Table S1. Finally, blots
were incubated for 1 h at room temperature with HRP-conjugated
secondary antibodies. Signals were developed using Western-
Bright Quantum HRP substrate (Advansta) and visualized with a
ChemiDoc imaging system (Bio-Rad). Blots were semi-quantita-
tively analyzed by densitometry using Image] 1.47v (National Insti-
tutes of Health).

Immunofluorescence of placental tissue sections

First trimester placental tissues were fixed with 7.5% (w/v)
formaldehyde and embedded in paraffin (Merck, Darmstadt,
Germany). Serial sections (2 pm) were cut using a microtome
(HM355; Microm) and deparaffinized, and antigens were re-
trieved in PT Module Buffer 1 (citrate buffer, pH 6; Thermo
Fisher Scientific) by KOS MicrowaveStation (Milestone SRL, Sori-
sole, Italy). Subsequently, sections were blocked in blocking buf-
fer (1x PBS containing 5% FBS and 0.3% Triton™ X-100) and
incubated with primary antibodies listed in supplemental Table
S1 overnight at 4°C. Afterwards, slides were washed three times
and incubated for 1 h with secondary antibodies (2 pwg/ml). Nu-
clei were stained with 1 pg/ml DAPIL. Images were acquired on a
fluorescence microscope (Olympus BX50) and digitally photo-
graphed (F-View soft imaging system digital camera, Cell"P software;
Olympus, Hamburg, Germany). To make immunofluorescence
double stainings visible, corresponding colors were added to the
original black-and-white images and overlays were constructed us-
ing Adobe Photoshop software. Intensity strength was analyzed
using Image] 1.47v (National Institutes of Health).

siRNA-mediated gene silencing

Isolated EVTs were transfected with a pool of different siRNAs
targeting ABCA1 or a nontargeting control pool (I-004128-00-
0005 and D-001810-10-20 ON-TARGETplus SMARTpools; Dhar-
macon-Thermo Fisher Scientific; final siRNA concentration, 50
nM) using Lipofectamine RNAIMAX transfection reagent (Life
Technologies) according to the manufacturer’s instructions. Af-
ter 48 h, transfected EVTs were treated with LXR agonists for an-
other 24 h and either lysed and subjected to Western blot analysis
or used to measure progesterone secretion as described below.

Progesterone secretion

For comparative analyses between EVTs and STBs, cells were
seeded at the same cell density and cultivated for 72 h in phenol
red-free media. Progesterone secretion was determined during the
last 24 h of cultivation. For experiments to deplete cells from
cholesterol or to interfere with cholesterol efflux, EVTs were
cultivated for 48 h on fibronectin-coated wells (20 pg/ml; BD



Biosciences, Bedford, MA) in phenol red-free DMEM/F-12 sup-
plemented with 10% FBS, 0.05 mg/ml gentamicin, and 0.5 pg/ml
fungizone (Gibco). Cells were then cultivated in the presence or
absence of compounds of interest for 24 h. Cholesterol depletion
medium contained 10% lipoprotein-deficient serum [prepared as
described (27)] instead of FBS and was supplemented with 5 uM
lovastatin and 100 pwM mevalonate (both from Sigma-Aldrich)
(28). Treatment with TO901317 (10 uM), GW3695 (1 uM), pro-
bucol (10 uM; all from Sigma-Aldrich) or the combination treat-
ment was performed in media containing 10% FBS. Progesterone
secretion was quantified by ELISA (Enzo Life Sciences, Lausen,
Switzerland). To exclude an effect of differences in cell number
due to treatment, viable cells were counted at the end of each ex-
periment. Cell number was neither affected by cholesterol deple-
tion (ttest, P = 0.640) nor by treatment with LXR agonists,
probucol, or the combination of both (ANOVA, P = 0.971 for
TO901317; P=0.837 for GW3695) nor by siRNA-mediated silenc-
ing in combination with LXR activation (ANOVA, P= 0.958).

Samples from idiopathic RSAs

Paraffin-embedded decidua basalis tissues of RSA cases (n =
23) were received from the archive of the Clinical Institute of Pa-
thology, Medical University of Vienna. Therefore, a computer-
based search was conducted to identify women with the diagnosis
of idiopathic RSA between the years 2006 and 2016 and whose
abortive material was histologically examined at our Clinical Insti-
tute, as recently published (6). Diagnosis of idiopathic RSA was
defined as miscarriages of three or more consecutive pregnancies
before 20 weeks of gestation of unexplained origin and based on
ultrasound examination. Women were excluded if one of the fol-
lowing screening investigations revealed a possible contributing
factor for their pregnancy losses: antiphospholipid syndrome,
thrombophilia (activated protein C resistance, Leiden factor V
mutation, prothrombin gene mutation, protein C and S defi-
ciency, antithrombin III deficiency), uterine anomaly, hormonal
dysfunction (polycystic ovarian syndrome, diabetes mellitus, ab-
normal thyroid function, hyperprolactinemia, luteal insuffi-
ciency), folate deficiency, infections (chlamydia, toxoplasmosis,
and ureoplasma), or chromosomal aberrations.

Statistics

Data are depicted as mean + SD. Two-sided #tests were applied
to compare two experimental groups (Figs. 1A; 2; 5A, B). One
sample ttests were used to compare data to normalized controls
(Figs. 3A, B, D; 4A). ANOVA followed by Tukey’s multiple testing
corrections was used to compare more than two experimental
groups (Fig. 5C, D). Mann-Whitney-U-test was used to compare
quantification from immunofluorescence images (Figs. 3G, 4D,
6B). Significant Pvalues are indicated as: *P < 0.05, **P< 0.01, or
%P < (0.001.

RESULTS

Differential regulation of cholesterol homeostasis in
vCTBs and EVTs

We aimed to characterize metabolic characteristics of
human trophoblast subtypes of villous (vCTBs) and ex-
travillous (EVTs) origins. Particularly, we were interested
in putative differences in cholesterol metabolism between
noninvasive proliferative v€ITBs and invasive migratory EVTs.
Therefore, primary human trophoblasts were isolated from
healthy first trimester placental tissue derived from women
undergoing elective termination of pregnancy. Trophoblasts

were separated into EGFR+ (vCTBs) and HLAG+ (EVTs)
trophoblasts and subjected to RNA-seq analysis. Isolated
trophoblast subtypes displayed typical marker gene signa-
tures: EVTs showed reduced expression of EGFR, integrin
subunit alpha (ITGA)6, serine peptidase inhibitor Kunitz
type 1 (SPINT1), and endogenous retrovirus group FRD
member 1 (ERVFRDI1) and highly elevated expression of
HLAG, ITGA1, ITGA5, and erb-b2 receptor tyrosine kinase
2 (ERBB2) (Fig. 1A).

To get insights into the overall diversity of vCTBs and
EVTs, differentially expressed genes were first classified ac-
cording to their GO annotations. Differentially expressed
genes cover the top biological process categories: “biological
regulation,” “metabolic process,” and “response to stimu-
lus” (Fig. 1B). Strikingly, about 70% of the altered tran-
scripts were associated with metabolic processes. Additional
classifications of these genes according to their cellular
component and molecular function categories are shown
in supplemental Fig. S2.

Subsequently, GSEA was performed using the collection
of hallmark gene sets, representing a refined and nonre-
dundant selection covering a multitude of founder gene
sets (24). EVTs displayed a strong enrichment of gene sets
related to interferon response, hypoxia, and epithelial mes-
enchymal transition, consistent with the migratory pheno-
type of this cell type (supplemental Fig. S3). Highly
enriched pathways in vCTBs included gene sets related to
cell cycle progression, consistent with the proliferative phe-
notype of these cells, as well as oxidative phosphorylation.
Moreover, an enrichment of the genes sets “cholesterol ho-
meostasis” and “fatty acid metabolism” was found in these
cells (supplemental Fig. S3). Focusing on pathways relevant
to cholesterol metabolism, enrichment analysis of genes
differentially expressed in vCTBs and EVTs revealed that
differentially regulated mRNAs show a significant over-rep-
resentation in the pathways “metabolism of lipids and lipo-
proteins,” “cholesterol biosynthesis,” and “metabolism of
steroid hormones” (Fig. 1C). Moreover, we found an en-
richment of genes targeted by the transcription factors
SREBP and LXR.

EVTs display increased cholesterol levels

In order to functionally validate and confirm the results
of the GSEA, we analyzed villous EGFR+ (vCTBs) and
HLAG+ (EVTs) trophoblast subtypes in terms of choles-
terol content by gas chromatography. Interestingly, EVTs
showed an approximately 2-fold increase in cholesterol
content compared with vCTBs, being mainly a result of el-
evated free cholesterol levels (Fig. 2, supplemental Fig.
S4). In addition, there was a trend toward increased choles-
teryl esters in EVTs, which are esterified with fatty acids and
represent the storage form of cholesterol. These results
confirm the differential regulation of cholesterol metabo-
lism in vCTB and EVT subtypes.

EVTs show altered expression of genes mediating
cholesterol uptake, synthesis, and efflux

Cholesterol metabolism is predominantly regulated by
uptake from extracellular donors, by endogenous de novo
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Fig. 1. Cholesterol metabolism is differentially regulated in vCTBs and EVTs. Primary human trophoblasts were isolated from first trimes-
ter placental tissue and separated into EGFR+ vCTBs and HLAG+ EVTs. RNA was isolated and analyzed by RNA-seq. A: Confirmation of
the enrichment of specific trophoblast fractions (RNA-seq data from n = 4 independent trophoblast isolations; error bars represent SDs;
¥ P< 0.01, #*P< 0.001.) B: Genes differentially expressed between vCTBs and EVTs were analyzed according to their GO annotations
and assigned to biological processes categories. The y axis represents absolute frequencies of genes in the respective category. C: En-
richment of differentially regulated genes in pathways involved in cholesterol and steroid hormone homeostasis as well as in gene sets
targeted by the transcription factors SREBP and LXR. Pvalues were adjusted for multiple testing. ERVFRD1, endogenous retrovirus group
FRD member 1; ERBB2, erb-b2 receptor tyrosine kinase 2; SPINT1, serine peptidase inhibitor Kunitz type 1.
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and CE18 (cholesterol esterified to a fatty acid containing 16 and 18
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n = 3 independent isolations. Error bars represent SDs; *P < 0.05.

synthesis, or by cholesterol efflux. Extensive qPCR analysis
revealed EVT-associated decreased expression levels of the
LDL-receptor (LDLR) and LDLR-related protein 1 (LRP1).
The mRNA expression levels of the HDL-receptor, scaven-
ger receptor class B type I (SR-BI), tended to be elevated
in EVIs (Fig. 3A). Consistent with mRNA levels, protein
expression of LRP1 was decreased in EVIs (Fig. 3C). In
contrast, protein expression of SR-BI was increased. Fur-
thermore, the expression level of HMG-CoA reductase
(HMGCR), the rate-limiting enzyme of cholesterol bio-
synthesis, was decreased in EVTs (Fig. 3B, C). Moreover,
expression levels of SREBP2, the transcription factor regu-
lating numerous enzymes in the cholesterol biosynthesis
pathway, were found to be reduced in EVTs (Fig. 3B). Alto-
gether, this strongly suggests that cholesterol de novo syn-
thesis is not increased in EVTs. Rather, reduced expression
of SREBP2, HMGCR, and LDLR mRNA indicate a negative
feedback loop provoked by accumulation of cellular cho-
lesterol in EVTs.

Finally, the expression levels of LXRa and LXRB and
their target genes were analyzed. LXRa and -3 are closely
related nuclear receptors that respond to intracellular cho-
lesterol levels and transcriptionally increase the expression
of genes involved in cholesterol efflux, including ABCA1
(29). Expression levels of LXRa and -f as well as ABCAl
were reduced in EVTs compared with vCTBs (Fig. 3D).
Similarly, the bona fide LXR target, inducible degrader of
the LDLR (IDOL), was downregulated (30). Expression of
ABCGI1, ABCGb, or ABCGS, cholesterol export proteins that
contribute to cholesterol efflux in tissues such as liver, in-
testine, or macrophages, was not detected in vCTBs or in
EVTs according to the RNA-seq data (not shown). Reduced
expression of ABCALI in isolated EVTs was confirmed by
immunoblotting (Fig. 3E) and via immunofluorescence

staining of human first trimester placental tissue (Fig. 3F,
G). These data suggest that increased levels of SR-BI as well
as reduced expression of genes regulating cholesterol ex-
port may lead to the observed accumulation of cholesterol
in EVTs.

The LXR-ABCALI axis regulates progesterone secretion in
EVTs

We next aimed to analyze progesterone secretion from
cultivated primary human trophoblasts. We focused on
progesterone because: ¢) cholesterol is a precursor for ste-
roid hormone synthesis; i) we found an enrichment of
genes involved in the metabolism of steroid hormones
(compare Fig. 1C); and i) progesterone production in the
placenta is critical for a successful pregnancy. Of note, the
human placenta cannot further convert progesterone to
other steroid hormones because it lacks expression of
CYP17A1 (31).

First, the expression of key enzymes involved in proges-
terone synthesis from cholesterol was analyzed in vCTBs
and EVTs. We did not observe alterations in the expression
of cytochrome P450 family 11 subfamily A member 1
(CYP11Al) (encoding for the monooxygenase P450SCC),
which catalyzes the conversion of cholesterol to pregneno-
lone, the first and rate-limiting step in the synthesis of ste-
roid hormones (Fig. 4A). However, EVTs displayed a
considerable increase in the expression of HSD3B1, which
catalyzes conversion of pregnenolone to progesterone. El-
evated expression of HSD3B1 was confirmed in isolated
primary trophoblasts by immunoblotting (Fig. 4B) and by
immunofluorescence-based analysis of human first trimes-
ter placental tissue sections (Fig. 4C, D). The latter analysis
confirms that HSB3BI1 is not detectable in cytokeratin 7
(CK7)+ monolayers of vCTBs (see inset 1 in Fig. 4C). In
contrast, overlying CK7+ multinucleated STBs express high
levels of HSD3BI1 as described (32).

Given the association of high levels of cellular choles-
terol with high expression of HSD3B1 in EVTs, we tested
the hypothesis that cellular cholesterol levels are a direct
regulator of HSD3B1 expression. However, neither de-
pletion of cellular cholesterol levels nor activation of
LXR altered the expression of HSD3B1 (supplemental
Fig. S5).

Next, progesterone secretion of EVTs was analyzed in
vitro. Of note, progesterone secretion of EVTs could not
be compared with vCTBs because vCTBs cannot be sus-
tained in tissue culture (19). Therefore, progesterone
secretion of EVTs was compared with in vitro-generated
STBs, which are the main source of progesterone produc-
tion by the placenta. Indeed, EVTs secreted progester-
one in amounts comparable to STBs (Fig. 5A), indicating
that EVTs are also an abundant source of progesterone
in the placenta. When EVTs were depleted from choles-
terol, progesterone production was decreased, indicating
that cholesterol availability limits progesterone synthesis
(Fig. 5B).

Next, we tested to determine whether cholesterol efflux
mediated by the LXR-ABCA1 axis is functionally involved
in the regulation of progesterone production in EVTs.

Cholesterol metabolism in trophoblasts 1927
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Fig. 3. Expression of genes involved in cholesterol uptake, synthesis, and export is altered in EVTs. Primary human trophoblasts were iso-
lated from first term placental tissue, separated into EGFR+ vCTBs and HLAG+ EVTs, and analyzed by qRT-PCR (A, B, D). Data are derived
from n = 4 independent isolations. Error bars represent SDs. C, E: Immunoblot analysis and quantification of n = 2 independent trophoblast
isolations. F: Immunofluorescence staining of placental tissue sections (n = 5; one representative image is shown) showing ABCA1 (green)
expression. CK7 (magenta) staining was used to identify trophoblasts. DAPI (gray) was used to visualize cell nuclei. G: ABCAI staining in
trophoblast subtypes was quantified and normalized to CK7 staining (quantification of 10 images derived from five different tissue samples).
*P < 0.05, **P = 0.01, and ***P = 0.001.

Cholesterol efflux was induced by activation of LXR by (Fig. 5C). Importantly, this effect was abolished in the pres-
the synthetic agonist TO901317 or GW3695. This approach ence of probucol, an inhibitor of ABCA1 (33). Similarly,
provoked a significant reduction in progesterone secretion siRNA-mediated silencing of ABCAIl expression reverted
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the effect of LXR activation (Fig. 5D, E), altogether indicat-
ing that LXR regulates progesterone secretion in an
ABCAIl-dependent manner. Taken together our data sug-
gest that reduced activity of LXR and ABCAI in EVTs is
accompanied by cholesterol accumulation and sustained
progesterone production.

EVT-associated expression of HSD3B1 is reduced in RSAs

Finally, we aimed to clarify whether cholesterol and
progesterone metabolism in EVT5s is pathophysiologically
relevant in early miscarriage. To this end, we analyzed a

cohort of 23 cases of idiopathic RSA (6) for the expression
of ABCA1 and HSD3BI1. EVTs from RSA tissues did not
show altered ABCAI levels (supplemental Fig. S6). How-
ever, low expression levels of ABCAI in EVTs per se might
hinder the detection of differences between RSA patients
and control subjects.

In contrast, we found a significant reduction in the ex-
pression of HSD3B1 in EVTs from patients with RSA com-
pared with age-matched healthy controls (Fig. 6). It is of
note that HSD3B1 expression in STBs was unchanged in RSA
(Fig. 6). These data link, for the first time, an EVT-specific
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Fig. 5. The LXR-ABCAI axis controls progesterone secretion in EVTs
pared with STBs (STBs) in terms of progesterone secretion into the supe

. EVTs were isolated from first trimester human placenta and com-
rnatant (A). B: EVIs were cultivated either in media containing FBS

or in cholesterol depletion media (see the Materials and Methods section) for 24 h. C: EVTs were cultivated in the presence or absence of

the LXR-agonist TO901317 or GW3695, the ABCAl-inhibitor probucol,

or in combination for 24 h. D: ABCA1 was depleted from cultured

EVTs by siRNA followed by LXR-agonist treatment, and expression was analyzed by immunoblot (quantification of immunoblots of n = 2 in-

dependent trophoblast isolations are shown). E: Quantification of pr

ogesterone secretion by ELISA after siRNA knockdown and stimu-

lation with LXR agonists. Data on progesterone secretions are derived from at least n = 3 independent experiments. Error bars represent

SDs; #*P < 0.05, ¥**P < 0.01.

compromised progesterone metabolism to the occurrence
of early miscarriages.

DISCUSSION

Herein, we report the first comprehensive analysis of
cholesterol metabolism in primary vCIBs and EVTs from
first trimester human placenta. We provide evidence that
EVTs display reduced cholesterol efflux capacity accompa-
nied by enhanced levels of cholesterol. Further, we identify
cholesterol efflux via the LXR-ABCAI axis as a regulator of
progesterone production in EVTs. Finally, our data suggest
deregulation of HSD3BI in patients with idiopathic RSAs,
linking aberrant progesterone metabolism in EVTs to de-
ranged placentation.

Proper placentation is critical for pregnancy in mam-
mals. Placenta malformation is associated with early embry-
onic lethality, as revealed by a phenotyping screen in
103 lethal knockout mouse models (34). Progesterone
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production is among the placenta’s crucial functions. After
about 6-8 weeks of pregnancy, the placenta takes over pro-
gesterone production from the corpus luteum, a critical
phase in pregnancy (35). It is commonly accepted that
STBs are responsible for progesterone secretion and in-
sights into its regulation have largely been obtained by
studying trophoblasts from term placenta. However, knowl-
edge about the regulation of progesterone metabolism
in trophoblasts derived from the critical first trimester is
sparse so far: Genbacev, Schubach, and Miller (36) ob-
served progesterone production in cultivated primary
human villous explant cultures. Later on, progesterone se-
cretion was also confirmed in primary EVT cultures (37).
Progesterone has been shown to induce vasodilation,
capillary permeability, and vascular smooth muscle cell re-
laxation (38-40). In addition, progesterone might be impor-
tant for EVTs (which are derived from the placenta and are
therefore allogenic) to escape maternal immune destruc-
tion: A recent study demonstrates a progesterone-dependent
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role for neutrophils in the establishment of adaptive toler-
ance during pregnancy (41). In conclusion, local secretion
of progesterone by EVTs might be important to fine-tune
vascular remodeling or to escape immune destruction in
the maternal decidua.

Our data show that EVTs, in comparison to vCTBs, dis-
play increased cholesterol levels, increased expression of
SR-BI, which mediates cholesterol uptake of HDL, and de-
creased expression of ABCAI, a mediator of cholesterol ef-
flux. Of note, the inability to culture vCTBs (19) prohibits
a functional validation if either cholesterol uptake or cho-
lesterol efflux is the underlying cause of cholesterol accu-
mulation in EVTs compared with vCTBs, which is a
limitation of the model system used.

SR-BI is a main receptor delivering cholesterol for
hormone synthesis in steroidogenic tissues (42). Inter-
estingly, SR-BI expression correlates with HSD3BI1 ex-
pression in prostate cancer (43), making SR-BI a putative
candidate to be responsible for cholesterol accumulation
and a possible regulator of progesterone synthesis in
EVTs. In our study, we focused on the role of the LXR-
ABCALI axis in progesterone production because both
LXR and ABCAI are implied to play important roles in
reproduction: In mice, lack of functional ABCAI results
in severe placental malformation (44), and dysfunction
of LXR is implicated in female infertility (45). ABCAI
mediates cellular efflux of cholesterol and phospholip-
ids to extracellular acceptors such as apoA-I, the main
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component of HDL, which is also present in the human
endometrium (46).

LXR transcription factors are implicated in diverse cel-
lular functions, including regulation of cholesterol efflux
by ABCALI and fatty acid synthesis in the liver as well as in
extrahepatic tissues. The two LXR isoforms, LXRa and
LXRp, show distinct tissue-specific expression patterns,
but display a strong overlap in the regulation of gene ex-
pression (47). Despite the fact that knowledge about the
physiological role of LXR in the placenta is limited, its
key functions seem to be conserved: In primary human
trophoblasts from term placenta, activation of LXR
likewise regulates cholesterol export and lipogenesis
(48, 49).

In human first trimester placental tissues, ABCA1 is ex-
pressed in villous trophoblasts at relatively high levels
(50, 51). Similarly, both LXR-isoforms are present during
early placental development (52). Of note, the expres-
sion pattern of both LXR and ABCALI shifts during preg-
nancy from high expression in CTBs in the first trimester
to mesenchymal and endothelial cells in term placenta
(53). This might aggravate the translation of findings
from studies in term placenta to early events in placental
development.

Studies in term placentae suggest a role of the LXR-
ABCALI axis in human pregnancy disorders: For instance,
the expression of ABCAI is downregulated in STBs under
conditions of preeclampsia (54), consistent with the down-
regulation of LXR expression in the placenta in another
study (55). LXR expression is also downregulated in the
syncytium of patients with SAs and recurrent miscarriage
(56). In human term trophoblasts, LXR activation by its
natural agonist, 25-hydroxycholesterol, increases proges-
terone secretion (57). However, this sterol is a rather weak
activator of LXR, possesses cytotoxic properties, and is not
specific for LXR, as it interacts with other transcription fac-
tors, such as SREBPs (58, 59). In contrast, using two dis-
tinct pharmacological activators of LXR, we could clearly
show that LXR is a negative regulator of progesterone se-
cretion in primary human EVTs. Interestingly, other stud-
ies reveal that pharmacological LXR activation decreases
progesterone production in luteinized granulosa cells as
well as in the adrenal gland, pointing toward a general
mechanism in different tissues (60, 61).

3B-HSD isoenzymes are essential enzymes in the syn-
thesis of all classes of steroid hormones and are expressed
in a tissue-specific pattern. HSD3B1 encodes for the 33-
HSD isoform expressed in the placenta (62). According
to our study, HSD3BI1 expression is highly elevated in
EVTs compared with vCTBs. Importantly, HSD3B1 ex-
pression in EVTs was found to be reduced in patients
with idiopathic RSAs, while STB-associated HSD3BI ex-
pression was unaffected. Progesterone serum levels have
been proposed to serve as predictive measures for SAs. In
addition, clinical data suggest a beneficial role for pro-
gesterone supplementation to prevent recurrent miscar-
riage (63). The shift in progesterone production from
the corpus luteum to the placenta is considered a critical
window in pregnancy, particularly with respect to the
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occurrence of RSA (64). Given the multiple functions of
progesterone in decidualization, immunoregulation, and
vascularization, compromised progesterone secretion by
invasive EVTs might therefore jeopardize maintenance
of pregnancy.

Altogether, our data shed light on the regulation of cho-
lesterol and progesterone metabolism in primary human
trophoblasts and point toward a pathophysiologically rel-
evant role of progesterone metabolism in early miscar-

riage. Bl
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