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Abstract: Preeclampsia (PE) remains a leading cause of maternal and perinatal mortality and morbidity
worldwide. Its pathogenesis has not been fully elucidated and no causal therapy is currently available.
It is of clinical relevance to decipher novel molecular biomarkers. RITA (RBP-J (recombination
signal binding protein J)-interacting and tubulin-associated protein) has been identified as a negative
modulator of the Notch pathway and as a microtubule-associated protein important for cell migration
and invasion. In the present work, we have systematically studied RITA’s expression in primary
placental tissues from patients with early- and late-onset PE as well as in various trophoblastic cell lines.
RITA is expressed in primary placental tissues throughout gestation, especially in proliferative villous
cytotrophoblasts, in the terminally differentiated syncytiotrophoblast, and in migrating extravillous
trophoblasts. RITA’s messenger RNA (mRNA) level is decreased in primary tissue samples from
early-onset PE patients. The deficiency of RITA impairs the motility and invasion capacity of
trophoblastic cell lines, and compromises the fusion ability of trophoblast-derived choriocarcinoma
cells. These data suggest that RITA may play important roles in the development of the placenta and
possibly in the pathogenesis of PE.
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1. Introduction

Preeclampsia (PE) is a pregnancy-specific multi-system hypertensive disorder with a global
prevalence of up to 8%, characterized by the de novo onset of concurrent hypertension and proteinuria
after 20 weeks of gestation. It is a consequence of diverse pathophysiological processes linked
to maternal endothelial dysfunction and systemic inflammation [1–3]. PE is subdivided into the
early-onset/severe (<34 weeks of gestation) and the late-onset (≥34 weeks of gestation) forms [4].
Early-onset PE mainly originates from the placenta, and is thus also referred to as placental PE. It is
tightly associated with defective trophoblast invasion and spiral artery remodeling, while late-onset PE
is rather associated with preexisting maternal risk factors like obesity, diabetes, hypertension, or renal
disease [5,6]. These classifications have prognostic importance, since placental/early-onset PE entails a
greater risk of maternal and fetal complications [7]. Prevention and treatment options are very limited.
Therefore, it is still one of the leading causes of maternal and perinatal mortality and morbidity [2].

RITA, the RBP-J (recombination signal binding protein J)-interacting and tubulin-associated
protein, induces the nuclear export of RBP-J [8], an important transcription factor of the Notch pathway
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mediated by its residue Thr-143 [9]. RITA has thus been considered as a negative modulator of
the Notch pathway [8], which is critically involved in trophoblast differentiation [10]. Additionally,
RITA is a microtubule-associated protein (MAP) interfering with tubulin [8,11,12]. We have revealed
that, through coating microtubules (MTs), RITA modulates MT stability and dynamics impacting
mitotic progression [11,13], and cell migration and invasion [14]. RITA exerts its function in cell
motility possibly by influencing several critical cellular events including focal adhesion (FA) dynamics,
actin cytoskeleton elasticity, and regulation of MT stability. RITA’s depletion impairs these functions,
resulting in reduced FA turnover, migration, and invasion [14]. In support of this notion, enhanced
levels of RITA are correlated with unfavorable clinical outcome in anal carcinoma treated with
concomitant chemoradiotherapy [15]. However, both overexpression and downregulation of RITA
have been shown in various primary tumor entities [15,16], suggesting that its deregulation could
influence malignant progression.

In the present work, we have investigated RITA’s function in the placenta and its possible
contribution to the pathogenesis of PE. Our data suggest that RITA plays important roles in cell
differentiation affecting the invasion and fusion capability of trophoblastic cells.

2. Materials and Methods

2.1. Tissue Collection

This study was approved by the Ethics Committees at the University Hospital (reference number:
375/11), Goethe University Frankfurt. Written informed approval was obtained from all patients.
PE was diagnosed as specified [17]. Tissue samples were taken from each placenta within 30 min
post-delivery, fixed in formalin for immunohistochemistry staining (IHC) or frozen immediately in
liquid nitrogen for mRNA and protein extraction stored at –80 ◦C. The six first trimester placenta
sections, formalin-fixed and paraffin-embedded, were obtained from the Hospital of Obstetrics and
Gynecology of Fudan University, China, as approved by the Ethics Committee at the Hospital of
Obstetrics and Gynecology of Fudan University, China (reference number 2018-62). Written consent
was obtained from healthy donors undergoing elective surgical termination of pregnancy. Donor age
was 20–33 years and gestational age was 6–9 weeks.

2.2. RNA Extraction and Real-Time PCR

For the extraction of total RNAs, RNAeasy kits with column DNase digestion were used
according to the instructions (QIAGEN, Hilden, Germany). Reverse transcription was carried out
with High-Capacity cDNA Reverse Transcription Kit as instructed (Applied Biosystems, Darmstadt,
Germany). The probes were obtained from Applied Biosystems (Applied Biosystems, Darmstadt,
Germany). A StepOnePlus Real-time PCR System (Applied Biosystems, Darmstadt, Germany) was
used to perform Real-time PCR and the data were analyzed with StepOne Software v2.3 (Applied
Biosystems, Darmstadt, Germany). For analyzing primary placental tissue the mean value of expression
levels of succinate dehydrogenase complex, subunit A (SDHA), TATA box-binding protein (TBP),
and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide
(YWHAZ) served as endogenous controls, as these housekeeping genes are known to be stably expressed
in placental tissue [18,19]. For cell culture experiments glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as endogenous control. All results were shown as relative quantification (RQ) [20].

2.3. Immunohistochemistry of Placental Tissue

A standard staining procedure with DAKO EnVisionTMFLEX peroxidase blocking reagent (K8000,
DAKO, Hamburg, Germany) was used to stain formalin-fixed, paraffin-embedded placental tissue
sections from PE patients and matched healthy controls as stated [15]. A rabbit polyclonal RITA
antibody was made and purified by BioGenes (Berlin, Germany) as described [15]. All slides were
counterstained with hematoxylin and analyzed using an AxioObserver.Z1 microscope (Zeiss, Göttingen,
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Germany). RITA expression was evaluated by two independent investigators (J.M.W., A.F.) without
knowledge of the diagnosis. The average of the percentage of positive cells was determined. Ten
fields per sample were counted, and 200 villous cytotrophoblasts (CTBs), 50 extravillous trophoblasts
(EVTs), and 125 decidual cells (DCs) were evaluated per sample. In the case of the syncytiotrophoblast
(STB), the positive area per visual field was estimated. Negative controls included samples stained
with control immunoglobulin G (IgG) lacking primary antibody as well as RITA antibody neutralized
with its corresponding peptide. The slides were further evaluated by the semi-quantitative H-score
method, which takes the staining intensity into account. The H-score is determined by adding the
results of multiplication of the percentages of positive stained cells with their staining intensity (scored
as 0 for no signal, 1 = weak, 2 = moderate and 3 = strong): ((1 × (% cells 1)) + (2 × (% cells 2) )+ (3 ×
(% cells 3))). The highest possible value is 300 [21,22].

2.4. Cell Culture, Transfection, and Treatment

Jar, JEG-3, MDA-MB-231 (ATCC, Wesel, Germany), and BeWo (Sigma-Aldrich, Taufkirchen,
Germany) cells were cultured as instructed. The HTR-8/SVneo cell line (referred to as HTR) was kindly
provided by Prof. Graham [23] and SGHPL-4 cell line by Professor Whitley [24]. All cell lines were
cultured as specified. Small Interfering RNA (siRNA) against the coding region of RITA (GGA AGA
AGA ACA AAU ACA G, named siRITA) and siRNA against the 3’-untranslated region (AGG GAA
CCC CAG GUA UUA AUU, named siUTR) were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Control siRNA was ordered by Qiagen (Hilden, Germany). siRNAs (20 to 30 nM) were transiently
transfected with OligofectamineTM (Thermo Fisher Scientific, Dreieich, Germany) as detailed [25].
GFP-RITA cloning was previously reported [8] and DNA transfection was carried out as described [25].
Trophoblast fusion was induced by treating cells with 25µM forskolin (FSK, Sigma-Aldrich, Taufkirchen,
Germany) for indicated time points. An equal amount of dimethyl sulfoxide (DMSO, Sigma-Aldrich,
Taufkirchen, Germany) was used as vehicle control.

2.5. Isolation and Purification of Primary Villous Cytotrophoblasts from Human Term Placental Tissue

Villous cytotrophoblast cell isolation and purification was carried out according to Petroff et al. [26]
and as specified [20,27]. In brief, approximately 50 g of villous placental tissue free of calcification or
hematoma were finely minced within 30 min after delivery, rinsed with 0.9% NaCl, and digested with
0.25% trypsin (Thermo Fisher Scientific, Dreieich, Germany) and 300 U/mL DNase I (Sigma-Aldrich,
Taufkirchen, Germany) for 20 min, shaking at 37 ◦C. After digestion, the supernatant was transferred
into tubes containing 1.5 mL fetal bovine serum (Merck Millipore, Darmstadt, Germany) and centrifuged
(1000× g, 15 min). The digestion, transfer, and centrifugation steps were repeated two more times.
The pellet was resuspended in DMEM (Thermo Fisher Scientific, Dreieich, Germany) and filtered with
a 100-µm cell strainer (Corning, New York, NY, USA). The cells were centrifuged (1000× g, 10 min),
resuspended in Ca/Mg-free Hank’s balanced salt solution, and stratified on two Percoll gradients
(5 to 70%; Sigma-Aldrich, Taufkirchen, Germany). The gradients were centrifuged without brake
(1200× g, 20 min). The fraction between 35% and 50% of the gradients was used. The fractions were
pooled and diluted in pre-warmed medium for centrifugation (1000× g, 5 min). The cell pellet was
resuspended in medium and the cells were cultured [20,27].

2.6. Cell Viability and Invasion Assay

Cell proliferation assays were conducted by using Cell Titer-Blue® Cell Viability Assay (Promega,
Mannheim, Germany) as stated [28]. For invasion assay, 24-well transwell matrigel chambers were
seeded with cells as described in the manual (Corning, New York, NY, USA) and as previously
defined [29,30].
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2.7. Cell Motility and Time-Lapse Microscopy

Low confluent cells were seeded into 24-well plates and imaged in an environmental chamber.
Images were acquired every 5 min for at least 13 hours. All time-lapse images were performed with an
AxioObserver.Z1 microscope (Zeiss, Göttingen, Germany) equipped with an AxioCam MRc camera
(Zeiss, Göttingen, Germany). Analyses were performed with ImageJ 1.49i software (National Institutes
of Health, Bethesda, MD, USA), the manual tracking plugin, and the Chemotaxis and Migration
Tool (Ibidi GmbH, Gräfelfing, Germany). All tracks were plotted in GraphPad Prism 7 (GraphPad
software Inc., San Diego, CA, USA) and 30 random cells were analyzed per experiment, which was
repeated independently three times. The patterns of motility were analyzed; and migration velocity
and directionality were calculated as detailed [31].

2.8. Western Blot Analysis

Western blot analysis was performed as reported [32]. Cells were harvested with RIPA buffer
(50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% Na-desoxycholate, 0.1% SDS, 1 mM NaF, phosphatase,
and protease inhibitor cocktail tablets (Roche, Mannheim, Germany)). The following antibodies were
utilized: mouse monoclonal antibody against β-actin (A5441), rabbit polyclonal antibody against
human chorionic gonadotropin (β-hCG, SAB4500168) from Sigma-Aldrich (Taufkirchen, Germany),
and mouse monoclonal antibody against GAPDH (GTX627408) from GeneTex (Eching, Germany).
The RITA antibody was commercially designed and produced (rabbit monoclonal IgG, Epitomics,
Burlingame, USA) as stated [11]. The ImageJ 1.48v software (National Institutes of Health, Bethesda,
Maryland, USA) was used for densitometry measurements of Western blot analysis.

2.9. Immunofluorescence Staining and Measurement

Indirect immunofluorescence was performed as reported [25]. Following primary antibodies
were used: rabbit polyclonal antibodies against pan-cadherin (ab16505; Abcam, Cambridge, UK)
and against β-hCG (SAB4500168; Sigma-Aldrich, Taufkirchen, Germany), and mouse monoclonal
antibody against acetylated α-tubulin (6-11B1, T7451; Sigma-Aldrich, Taufkirchen, Germany).
Cy3-conjugated secondary antibodies were obtained from Jackson Immunoresearch (Cambridgeshire,
UK). DAPI (4’,6-diamidino-2-phenylindole-dihydrochloride; Roche, Mannheim, Germany) was
used to stain the DNA content. All slides were examined with an AxioObserver.Z1 microscope
(Zeiss, Göttingen, Germany) equipped with an AxioCam MRm camera (Zeiss, Göttingen, Germany).
The immunofluorescence stained slides were further imaged with an confocal laser scanning microscopy
(CLSM) as described [30].

2.10. Fusion Assay and β-hCG ELISA

Fluorescence microscopy images of pan-cadherin (visualization of cell boundary) and DAPI
(DNA) were merged for the quantification of cell fusion as described [27]. Percentages of fused
cells were counted and calculated as follows: nuclei inside cell boundaries/total number of nuclei.
To quantify the amounts of β-hCG, conditioned medium was harvested and centrifuged (11,270× g,
5 min, 4 ◦C) to remove cellular debris. Measurement of secreted β-hCG was performed with β-hCG
enzyme-linked immunosorbent assay (ELISA) according to producer information (EIA-1911, DRG
Diagnostics, Marburg, Germany).

2.11. Statistical Analysis

Outliers were calculated with Grubbs test (GraphPath QuickCalcs, San Diego, CA). Student’s
t-test (two-tailed and paired or homoscedastic) was applied to evaluate the significant difference
between two conditions with real-time PCR, IHC quantification, cell viability, invasion assay, ELISA,
and fusion assay. The statistical evaluation of time-lapse microscopy was performed with an unpaired
Mann–Whitney U test (two-tailed). Differences were defined as statistically significant when p < 0.05.
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3. Results

3.1. RITA is Specifically Expressed in Placental Tissue and its mRNA Level Decreases at Late Gestational Stages

In order to gain insights into possible roles of RITA in placental development, we obtained first
trimester placental tissues derived from healthy donors with gestational ages between 6–9 weeks
(n = 6). Furthermore, we have collected placental tissues from gestational age, body mass index (BMI)
and maternal age-matched donors after birth (clinical information is summarized in Table 1). In parallel
to early-onset and late-onset PE, the healthy groups were named early-onset controls (gestational
age 24–33 weeks, n = 20) or late-onset controls (weeks 34–40 of pregnancy, n = 21), respectively.
Protein expression of RITA was analyzed in placental tissues of first trimester, early-onset controls and
late-onset controls using immunohistochemistry (IHC). Placental sections were stained with a specific
RITA antibody [15] and counterstained with hematoxylin. No staining signal was observed in placental
tissue stained with RITA antibody neutralized with its corresponding peptide, evidencing that the
RITA signal is specific. The positive staining of RITA was predominantly found in the cytoplasm of
trophoblastic cells, especially in the proliferative villous cytotrophoblasts (CTB) and the terminally
differentiated, non-proliferative, and multinucleated syncytiotrophoblast (STB) throughout gestation
(Figure 1A). First trimester sections showed almost 100% positive staining of CTBs and the STB.
Unfortunately, there were no extravillous trophoblasts (EVTs) or decidual cells (DCs) detectable in
the first trimester placental sections, whereas RITA-positive EVTs and DCs were observable in the
placental sections of early- and late-onset controls. Interestingly, there is a significant difference in the
percentage of positive CTBs, the positive stained area per field of the STB (Figure 1B), and the H-score
of CTBs (Figure 1C) between first trimester sections and early- or late-onset controls, respectively.
By contrast, there was no obvious difference in the percentages of positive CTBs or EVTs in the positive
stained area per visual field of the STB or in the H-scores between early-onset and late-onset controls.
Moreover, DCs, localized in the maternal decidua interacting with EVTs [33], showed a significant
reduction in the staining intensity of RITA in placental tissues derived from early-onset relative to
late-onset controls. Next, we analyzed the mRNA level of placental tissue samples from early- and
late-onset controls using real-time PCR (RT-PCR). The relative amount of the gene RITA was reduced
by over 50% in late-onset (34–40 weeks, n = 17) compared to early-onset control placentas (26–33 weeks,
n = 13) (Figure 1D).

3.2. The mRNA Level of RITA is Decreased in Early-Onset Preeclamptic Placentas

We then compared the expression levels of placental RITA between early- and late-onset PE, and
matched healthy control samples of both groups by paying special attention to gestational age, BMI,
and maternal age (Table 1). There was no significant difference in gestational age, BMI, and maternal
age between early-onset or late-onset PE patients and their controls, respectively.

Table 1. Clinical information of preeclampsia (PE) patients and matched controls. Mean value ±
standard derivation is shown.

n
Gestational

Age
(Weeks)

Body
Mass
Index
(BMI)

Age Birth
Weight (g)

Systolic
Blood

Pressure
(mmHg)

Diastolic
Blood

Pressure
(mmHg)

Proteinuria
(mg/24 h)

Control 21 28.8 ± 2.5 24.8 ± 3.7 29.6 ± 5.5 1295 ± 768 122 ± 11 73 ± 9 n.d.
Early-Onset PE 15 29.5 ± 2.7 25.8 ± 6.0 31.5 ± 5.4 1060 ± 328 165 ± 28 101 ± 17 1966 ± 1356

p-Value 0.428 0.582 0.318 0.223 0.00003 0.00001

Control 22 37.9 ± 1.8 24.2 ± 5.9 31.1 ± 3.4 3050 ± 650 124 ± 20 77 ± 17 n.d.
Late-Onset PE 16 37.6 ± 1.5 25.1 ± 7.2 31.7 ± 3.6 2253 ± 565 159 ± 24 102 ± 17 3363 ± 6820

p-Value 0.664 0.678 0.621 0.017 0.0001 0.0002
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Figure 1. RBP-J (recombination signal binding protein J)-interacting and tubulin-associated protein 
(RITA) is expressed in trophoblastic cells of placental tissue and its gene expression decreases at late 
stages of gestation. (A) Paraffin-embedded tissue sections were immunohistochemically stained with 
a specific RITA antibody (brown) and counterstained with hematoxylin (blue). RITA antibody 
neutralized with its corresponding peptide (peptide control) was used as negative control. Scale of 
images: 50 μm, scale of small images: 20 μm. CTBs, cytotrophoblasts; STB, syncytiotrophoblast; EVTs, 
extravillous trophoblasts; DCs, decidual cells. (B) Quantification of RITA positive cells in first 
trimester placental sections (6–9 weeks, n = 6), early-onset control (24–33 weeks; n = 20), and late-onset 
control samples (34–40 weeks; n = 21). The results are presented as box and whisker plots with 
minimum and maximum variations. Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. (C) Semi-
quantitative analysis of the RITA staining using the H-score method. The results are presented as box 
and whisker plots with minimum and maximum variations. Student’s t-test referring to first trimester 
samples, ** p < 0.01, *** p < 0.001. (D) The relative amount of the gene RITA was analyzed from 
placental tissues from late-onset (n = 17, 34–40 weeks) compared to early-onset controls (n = 13, 26–33 
weeks). The results are presented as relative quantification (RQ) with minimum and maximum range 
and statistically compared between both groups. Student’s t-test, ** p < 0.01. The mean value of the 
expression levels of succinate dehydrogenase complex, subunit A (SDHA), TATA box-binding 
protein (TBP), and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 
polypeptide (YWHAZ) was used as endogenous control. Clinical information is listed in Table 1. 
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Figure 1. RBP-J (recombination signal binding protein J)-interacting and tubulin-associated protein
(RITA) is expressed in trophoblastic cells of placental tissue and its gene expression decreases at
late stages of gestation. (A) Paraffin-embedded tissue sections were immunohistochemically stained
with a specific RITA antibody (brown) and counterstained with hematoxylin (blue). RITA antibody
neutralized with its corresponding peptide (peptide control) was used as negative control. Scale of
images: 50 µm, scale of small images: 20 µm. CTBs, cytotrophoblasts; STB, syncytiotrophoblast; EVTs,
extravillous trophoblasts; DCs, decidual cells. (B) Quantification of RITA positive cells in first trimester
placental sections (6–9 weeks, n = 6), early-onset control (24–33 weeks; n = 20), and late-onset control
samples (34–40 weeks; n = 21). The results are presented as box and whisker plots with minimum and
maximum variations. Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. (C) Semi-quantitative analysis
of the RITA staining using the H-score method. The results are presented as box and whisker plots with
minimum and maximum variations. Student’s t-test referring to first trimester samples, ** p < 0.01,
*** p < 0.001. (D) The relative amount of the gene RITA was analyzed from placental tissues from
late-onset (n = 17, 34–40 weeks) compared to early-onset controls (n = 13, 26–33 weeks). The results
are presented as relative quantification (RQ) with minimum and maximum range and statistically
compared between both groups. Student’s t-test, ** p < 0.01. The mean value of the expression levels of
succinate dehydrogenase complex, subunit A (SDHA), TATA box-binding protein (TBP), and tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ) was
used as endogenous control. Clinical information is listed in Table 1.

The staining intensity of RITA’s protein expression was estimated. Compared to their respective
healthy counterparts, there was no apparent difference in the percentage of positive CTBs, EVTs,
and DCs, or in the positive stained area per visual field in the STB in the early-onset PE (Figure 2A)
or the late-onset PE group (Figure 2B). There was also no difference in the intensity by using the
H-score method (Figure 2C). By contrast, the relative amount of the gene RITA was decreased to 72% in
early-onset preeclamptic placentas (early-onset PE, n = 14), in comparison to matched control placentas
(con, n = 13), with a significance of 0.057 (Figure 2D). Excluding patients with a BMI greater than
25, the gene level of placental RITA was significantly reduced to 56% between early-onset PE (n = 8)
and controls (n = 6) (Figure 2E), indicating a potential involvement of overweight/obesity in the gene
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expression of RITA. The RITA gene level of late-onset PE placentas (late-onset PE, n = 14) was hardly
changed compared to controls (con, n = 17) (Figure 2F).

PE is associated with constant hypoxia of the placenta causing defective trophoblast invasion and
inadequate remodeling of the maternal spiral arteries [1,3,5,34]. To address if the gene expression of
RITA is affected by low oxygen, primary cytotrophoblasts were isolated from term placentas, which
were grown under normal (21.4% O2) and hypoxic conditions (1% O2). RNA was isolated after 48 h
and the gene level of RITA was measured. Remarkably, it was significantly reduced to 24% under low
oxygen supply (Figure 2G), which specifically mimics the situation of early-onset PE. This was further
corroborated with the immortalized normal first trimester trophoblast cell lines HTR-8/SVneo (referred
to hereafter as HTR) [23] and SGHPL-4 [24]. Both showed a reduction in RITA’s mRNA level upon
hypoxia (Figure 2H–J).
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0.057. (E) The relative amount of RITA is significantly reduced in placentas derived from patients with 
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RITA-positive cells between early-onset PE (25–33 weeks, n = 15) and matched controls (24–33 weeks,
n = 16) (A), and between late-onset PE (34–40 weeks, n = 14) and matched controls (34–40 weeks,
n = 19) (B). The results are presented as box and whisker plots with minimum and maximum variations.
(C) Quantification of RITA in CTBs and STB using the H-score method. The results are presented
as box and whisker plots with minimum and maximum variations. Clinical information is listed in
Table 1. (D–I) Gene analysis. (D) The relative amount of the gene RITA was determined in early-onset
PE (25–33 weeks, n = 14) compared to matched control samples (26–33 weeks, n = 13). Student’s t-test,
p = 0.057. (E) The relative amount of RITA is significantly reduced in placentas derived from patients
with a body mass index (BMI) below 25 (n = 8) relative to controls (n = 6). Student’s t-test, * p < 0.05.
(F) The relative amount of placental RITA in late-onset PE (34–40 weeks, n = 15) compared to the
matched controls (34–40 weeks, n = 18). The results are presented as relative quantification (RQ) with
minimum and maximum range and statistically analyzed between both groups. Clinical information
is listed in Table 1. The mean value of the expression levels of three housekeeping genes succinate
dehydrogenase complex, subunit A (SDHA), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta polypeptide (YWHAZ), and TATA box-binding protein (TBP) was used as
endogenous controls. (G) Isolated primary cytotrophoblasts were grown under normoxia (21.4% O2)
and hypoxia (1% O2) for 48 h prior to RNA extraction. The gene level of RITA was evaluated (n = 2,
each in duplicates). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as housekeeping
gene control. Student’s t-test, ** p < 0.01. (H–I) Gene analysis of RITA depending on the O2 level
(normoxia, 21.4% O2 versus hypoxia, 1% O2). HTR (H) and SGHPL-4 (I) cells were harvested after 48 h.
The gene level of RITA was measured (n = 4, each in triplicates). GAPDH was used as housekeeping
gene control. Student’s t-test, * p < 0.05, *** p < 0.001.

3.3. Expression and Localization of RITA in Trophoblastic Cell Lines

For a deeper understanding of RITA’s function in placental cells, we examined the mRNA and
protein level of RITA in four well-characterized trophoblastic cell lines: BeWo, JEG-3, and Jar, derived
from choriocarcinoma, and the first trimester trophoblast cell line HTR. Compared to the other cell lines,
the most invasive HTR cell line expresses the highest level of RITA in gene and protein (Figure 3A,B),
indicating the possible involvement of RITA in early stages of placental development. The observed
double bands of RITA are probably linked to posttranslational modifications of the protein [11].
To examine subcellular localization, cells were transfected with GFP-RITA constructs and stained for
the microtubule marker acetylated α-tubulin and DNA followed by confocal microscopy (Figure 3C).
GFP-RITA was found to colocalize with cytoplasmic MTs in interphase cells as well as the mitotic
spindle as reported for different cancer cell lines and mouse embryonic fibroblasts [8,11,13].
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Figure 3. Expression and localization of RITA in various trophoblastic cell lines. (A) The relative amount
of the gene RITA in diverse trophoblastic cell lines. The results are presented as relative quantification
(RQ) with minimum and maximum range, by setting the RITA value of BeWo cells as 1. (B) Western blot
analysis with cellular extracts from HTR, BeWo, Jar, and JEG-3 using an antibody against RITA. β-actin
served as loading control. (C) HTR and BeWo cells were transfected with GFP-RITA and stained for the
microtubule marker acetylated α-tubulin and DNA (4’,6-diamidino-2-phenylindole-dihydrochloride
(DAPI)). Representatives of the subcellular localization of RITA are shown. First and second row scale:
10 µm, third and fourth row scale: 5 µm.

3.4. Gene Silencing of RITA Decreases Motility and Invasion Capability of Trophoblast Cells Derived from First
Trimester Placentas

Trophoblastic cell migration and their invasion into the maternal decidua will ensure the success
of spiral artery remodeling and pregnancy, and failures are often associated with pregnancy-associated
disorders [2,3]. RITA’s high expression in EVTs (Figure 1) and HTR cells (Figure 3A,B) suggests its
potential function in migration and invasion in early stages of placental development. To address this
suggestion, single cell tracking in real-time was performed (Figure 4A). Single HTR cells, treated with
control siRNA or two different siRNAs targeting RITA’s coding region (siRITA) or its untranslated
region (siUTR) (Figure 4F), were tracked by time-lapse microscopy in order to evaluate their migratory
parameters (Figure 4B–E). Whereas the directionality was unaltered (Figure 4E), a significant decrease
in the accumulated distance and velocity was observed in RITA knocked down HTR cells compared to
control cells (Figure 4C,D). The cell viability was hardly changed (Figure S1A to C). Similar results
were also achieved with SGHPL-4 cells (Figure S1D to F).
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Figure 4. RITA is required for cell motility and invasion of trophoblastic cells. (A) Working schedule
for time-lapse microscopy. HTR cells were treated with control small interfering RNA (siRNA) (sicon),
siRNA against the coding region of RITA (siRITA), or its untranslated region (siUTR) for time-lapse
microscopy to analyze their random motility. (B) Representative trajectories of individual cells (n = 30)
are shown. (C–E) Results of the accumulated distance (C), velocity (D), and directionality (E) are
presented as box and whisker plots with minimum and maximum variations. Mann–Whitney U test,
*** p < 0.001. (F) Control Western blot analysis was performed. GAPDH was used as loading control.
(G) Working schedule for invasion assay. After seeding siRNA-treated cells (sicon or siRITA) into
transwell systems, they were starved for 16 h. Then they were released into fresh medium for 24 h
and fixated. (H) Invasion assay of HTR cells. The total number of invaded sicon cells was assigned as
100%. The results from three individual experiments are presented as mean ± standard error of the
mean (SEM). Student’s t-test, *** p < 0.001. (I) Representative images of invaded HTR cells are shown.



Cells 2019, 8, 1484 11 of 18

Scale: 20 µm. (J) Control Western blot analysis was performed. GAPDH served as loading control.
(K) Invasion assay of SGHPL-4 cells. The total number of invaded sicon cells was assigned as 100%.
The results from four independent experiments are presented as mean ± SEM. Student’s t-test, * p < 0.05.
(L) Representative images of invaded SGHPL-4 cells are shown. Scale: 20 µm. (M) Gene analysis served
as transfection efficiency control. GAPDH was used as housekeeping gene control. The gene expression
of RITA is presented as relative quantification (RQ) with minimum and maximum range. Student’s
t-test, *** p < 0.001. (N) Gene analysis of HTR cells treated with sicon or siRITA. Gene expression of
RITA or matrix metalloproteinase 2 (MMP2) in HTR cells is presented as relative quantification (RQ)
with minimum and maximum range. Student’s t-test, * p < 0.05. (O) Gene expression of RITA or
MMP2 in MDA-MB-231 cells is presented as relative quantification (RQ) with minimum and maximum
range. Student’s t-test, * p < 0.05. (P) Gene analysis of SGHPL-4 cells treated with sicon or siUTR. Gene
expression of RITA or MMP2 is presented as relative quantification (RQ) with minimum and maximum
range. Student’s t-test, ** p < 0.01.

Since RITA is a negative Notch regulator [9] and PE is associated with defects in trophoblast
differentiation critically regulated by the Notch pathway [10], we were interested if the Notch target
genes hairy and enhancer of split 1 (HES1) and hairy/enhancer-of-split related with YRPW motif
protein 1 (HEY1) changed their expression upon depletion of RITA in trophoblastic cell lines. However,
the expression of both Notch target genes, which are known to be downregulated in PE [35,36], were
not influenced by RITA depletion in HTR and SGHPL-4 cells (Figure S1G and H). MDA-MB-231 cells,
metastatic breast cancer cells, also showed no alteration in these genes upon the depletion of RITA
(Figure S1G and H).

To underline the observations of the reduced motility upon RITA depletion, matrigel-coated
transwell invasion assays were performed (Figure 4G), which allow a more direct measurement of the
invasive capabilities of trophoblasts [37]. Knockdown of RITA with siRNA reduced the number of
HTR cells passing the matrigel by about 17% (Figure 4H–J) compared to corresponding control cells.
Consistently, SGHPL-4 cells depleted of RITA showed a decrease in invasion up to 20% (Figure 4K–M).
These data provide strong evidence that RITA might be involved in the modulation of cell motility
of trophoblastic cells. Since invasion of trophoblasts, like cancer cells, is closely dependent on the
expression of matrix metalloproteinases (MMPs), which can degrade the extracellular matrix (ECM) [38],
we assumed an alteration in the mRNA level of MMP2 in cells treated with siRNA against RITA
(siRITA). Indeed, the mRNA expression of MMP2 was reduced in HTR cells (Figure 4N). Further
support was obtained from breast cancer cell line MDA-MB-231 (Figure 4O) and trophoblastic SGHPL-4
cells treated with the second siRNA against RITA (siUTR) (Figure 4P). Taken together, our data suggest
that depletion of RITA has a negative impact on cell motility and invasion of trophoblastic cells.

3.5. Knockdown of RITA Reduces the mRNA Level of Different Fusion-Related Molecules

As RITA localizes to CTBs and the STB in the primary placental tissue (Figure 1), we assumed
its role during the fusion process. To address this issue, we used the well-established fusogenic
choriocarcinoma cell line BeWo, which was stimulated to fuse with forskolin (FSK) up to 60 h
(Figure 5A). To find out if RITA impacts the protein and gene expression of fusion-related molecules,
cellular lysates as well as total mRNAs were isolated from cells treated with siRITA and FSK. Western
blot analysis showed that the intracellular level of chorionic gonadotropin subunit beta 3 (β-hCG),
which is up-regulated upon cell fusion and induced by FSK [36], was reduced upon RITA depletion
with siRNA. Interestingly, the level of β-hCG was lowered throughout the time course (Figure 5B),
with the strongest reduction at 60 h upon stimulation (Figure 5B, second panel, lane 7 and 14). Next, we
investigated the gene levels of multiple fusion-related genes including the fusion-specific transcription
factor glial cells missing transcription factor 1 (GCM1), which has been shown to increase cell fusion
of human CTBs [39], and the fusion markers syncytin-1 (encoded by the gene ERVW-1), syncytin-2
(ERVFRD-1), and β-hCG (CBG3) (Figure 5D–G). The analyzed fusion-related genes showed a significant
reduction at 48 h and 60 h in BeWo cells depleted of RITA, which were then stimulated with FSK.
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Intriguingly, reduced mRNA levels of GCM1, syncytin-1 (ERVW-1), syncytin-2 (ERVFRD-1), and β-hCG
(CBG3) were even observed in the non-fusogenic choriocarcinoma cell line JEG-3 after knockdown of
RITA (Figure S2). This indicates that the expression of these genes is generally affected by RITA in
trophoblastic cells. To underscore these findings, supernatants were collected for the measurement
of secreted β-hCG. Compared to control cells, secreted β-hCG was significantly decreased by 25% in
supernatants from cells depleted of RITA and treated with FSK for 60 h (Figure 5H).
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In addition, BeWo cells depleted of RITA showed a reduction in the signal intensity of β-hCG 
by immunofluorescence staining (Figure 6A, lower panel) compared to control cells (Figure 6A, 
upper panel). Furthermore, the cells were stained for pan-cadherin, labelling a family of integral 
membrane proteins, and DNA at indicated time points for microscopic evaluation. The staining 

Figure 5. Depletion of RITA leads to a reduction of fusion related genes in BeWo cells. (A) Working
schedule for fusion assay. BeWo cells were transfected with control siRNA (sicon) or siRNA targeting
RITA (siRITA) and then stimulated with forskolin (FSK) to induce cell fusion or vehicle control dimethyl
sulfoxide (DMSO) up to 60 h. (B) Western blot analysis of treated cells with antibodies against RITA
and chorionic gonadotropin subunit beta 3 (β-hCG). GAPDH was used as loading control. The ratios
of β-hCG/GAPDH are shown. (C–G) Gene analysis. The mRNA levels of RITA (C) and fusion-related
glial cells missing transcription factor 1 (GCM1) (D), syncytin-1 (ERVW-1) (E), syncytin-2 (ERVFRD-1)
(F) and β-hCG (CBG3) (G) are shown. The results are presented as relative quantification (RQ) with
minimum and maximum range. Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. (H) Level of secreted
β-hCG. The supernatants of BeWo cells treated with FSK for 60 h were collected for the measurement of
secreted β-hCG. The data from three independent experiments are presented as mean ± SEM. Student’s
t-test, ** p < 0.01.
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In addition, BeWo cells depleted of RITA showed a reduction in the signal intensity of β-hCG by
immunofluorescence staining (Figure 6A, lower panel) compared to control cells (Figure 6A, upper
panel). Furthermore, the cells were stained for pan-cadherin, labelling a family of integral membrane
proteins, and DNA at indicated time points for microscopic evaluation. The staining revealed a
significant reduction in the number of fused cells after RITA depletion (Figure 6B–D). Upon stimulation
with FSK for 60 h, knockdown of RITA resulted in 24 ± 16 % cell fusion, compared to 39 ± 14% in cells
treated with control siRNA. The data indicate that suppression of RITA attenuates the fusion process
of trophoblastic BeWo cells.
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Figure 6. Suppression of RITA impairs the fusion rate of BeWo cells. BeWo cells were treated with
control siRNA (sicon) or siRNA targeting RITA (siRITA) for 24 h and additionally with forskolin (FSK)
or DMSO for indicated time periods. (A) Treated BeWo cells were fixated and stained for the fusion
marker β-hCG (red) and DNA (DAPI, blue). Examples are shown. Scale: 25 µm. (B) The treated
BeWo cells were stained for pan-cadherin (red) and DNA (DAPI, blue). Representative images are
shown. Scale: 25 µm. (C) For microscopic evaluation and quantification of fused cells, the pan-cadherin
(red) and DNA (DAPI, blue) staining were used. The results are displayed in percentages at indicated
time periods. The results are shown as mean ± standard deviation (SD). Student’s t-test, ** p < 0.01,
*** p < 0.001. (D) Western blot analysis using antibodies against RITA and GAPDH. GAPDH served as
loading control.
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4. Discussion

In the current study we show that RITA is expressed in CTBs, the STB, EVTs and DCs of primary
placental tissue. Moreover, the gene level of placental RITA decreases at late gestational stages and it is
reduced in early-onset PE. The deficiency of RITA is further associated with impaired motility and
invasion capacity of distinct trophoblastic cell lines, and attenuated fusion ability of trophoblast-derived
choriocarcinoma cells.

In primary placental tissue, the protein level of RITA is high in first trimester-derived placental
sections (6–9 weeks of pregnancy), decreases in the early-onset controls (24–33 weeks), and remains
relatively constant in late-onset controls (34– 40 weeks). This is further supported by its elevated
level in HTR cells, derived from the first trimester placenta. The mRNA level of RITA is high at
early-onset controls and decreases at term controls, whereas the protein level is barely changed between
both groups. We cannot exclude alterations in RITA’s subcellular localization and posttranslational
modifications as shown in cancer cells [11], which may affect its function during gestation. In addition,
the mRNA level does not usually predict the protein amount, and significant correlations were only
found in one-third of 1066 analyzed gene products [40]. Further investigations are required with
specific antibodies against RITA’s post modifications. Nevertheless, these observations indicate its
potential involvement in the early development of the placenta.

Invasion of EVTs into the maternal decidua is indispensable for placental embedment and fetal
development [19], and aberrant invasion capability of EVTs leads to shallow placentation in PE [3,5].
Intriguingly, in our present work we reveal that the suppression of RITA using siRNA compromises
the migration and invasion ability of various trophoblastic cell lines. RITA is a MT-interacting and
MT-coating protein [8,11–13], whose depletion causes a significant reduction in MT stability as well
as in MT dynamics of mitotic cells [11]. It is well established that MT dynamics is important for cell
motility by interfering with multiple cellular activities such as focal adhesion (FA) disassembly [41,42].
Indeed, we have shown that reduced expression of RITA leads to decreased cell motility, ascribed
to impaired FA turnover and slowed cytoskeletal dynamics in breast cancer cell lines MCF7 and
MDA-MB-231, cervical cancer cell line HeLa, and mouse embryonic fibroblasts [14]. In accordance
with these data, we show a significantly impaired motility and invasion capacity of trophoblastic cells
upon depletion of RITA. Considering that tumor development and placental formation have many
common features [19], reduced invasion of trophoblastic cells should result from similar mechanisms
as observed in cancer cell lines [14]. In support of our results, depletion of stathmin, an important
regulator of MT dynamics, inhibited migration and invasion of BeWo, JEG-3, HTR, and first trimester
primary trophoblasts [43]. Furthermore, we show that downregulation of RITA is associated with
reduced MMP2 in trophoblastic HTR and SGHPL-4 cells, and breast cancer cell line MDA-MB-231.
MMPs including MMP2 are key enzymes for the invasion process of trophoblastic cells [44–46] and are
reduced in PE [47–49]. These data clearly suggest that RITA plays a role in migration and invasion
of trophoblastic cells, which could be of importance in the pathogenesis of PE. In fact, compared to
matched control samples, we observed a decline in RITA’s mRNA expression in primary samples of
early-onset PE. Persistent oxygen insufficiency along with placental oxidative stress are hallmarks of PE
and associated with defective trophoblast invasion and inadequate transformation of maternal spiral
arteries [1,3,5,34]. We show here that hypoxia significantly affects the transcriptional regulation of RITA,
leading to a strong decline of its gene expression in diverse cell lines and isolated primary trophoblasts.
In sum, these data implicate that reduced expression of RITA might contribute to defective migration
and invasion at early stages of gestation associated with the pathogenesis of PE.

Furthermore, RITA’s depletion compromises the fusion ability of the human fusogenic
choriocarcinoma cell line BeWo. RITA is a modulator of the stability and dynamics of MTs, an important
part of the cytoskeleton interacting actively with the actin cytoskeleton and FA dynamics [8,11–13].
Interestingly, there are dramatic alterations in the actin cytoskeleton and the morphology of FAs during
BeWo cell fusion after FSK stimulation [50], which have also been observed during differentiation
of murine trophoblast giant cells influencing cell motility [51]. An alteration in cytoskeletal proteins
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may thus affect cell fusion. This is supported by various studies reporting the involvement of the
actin cytoskeleton, the tubulin network and/or tubulin-associated proteins in cell fusion [43,50,52,53].
The detyrosination of α-tubulin and relatively low levels of tubulin tyrosine ligase (TTL) [53], which
catalyzes the re-addition of a tyrosine residue to tubulin [54], are critical for the fusion of isolated
cytotrophoblasts and BeWo cells [53]. This was ascribed to the fact that the detyrosinated α-tubulin
facilitated the aggregation of syncytin-2 and connexin 43 at the plasma membrane, which initiated the
fusion process [53]. Moreover, knocking down of the MT-remodeling protein stathmin reduced cell
fusion of BeWo cells and isolated primary trophoblasts [43]. Interfering with MT dynamics by using the
drug colchicine inhibited β-hCG secretion and STB formation [52]. By influencing the cytoskeleton and
FA dynamics [11,14], RITA may interfere with the cell fusion process of trophoblastic cells. We assume
that RITA is not directly involved in the cyclic adenosine monophosphate (cAMP) signaling pathway,
which is induced upon fusion or forskolin stimulation, respectively [55]. Nevertheless, the depletion
of RITA is linked to a reduction of the fusion-associated genes GCM1, syncytin-1 (ERVW-1), and
syncytin-2 (ERVFRD-1) as well as β-hCG (CBG3) and a decrease in cellular and secreted β-hCG in
BeWo cells. Since PE is associated with impaired differentiation and fusion of CTBs [27,56], these data
strengthen the concept of RITA’s involvement in the development of PE.

5. Conclusions

Placental development and tumor progression have much in common. As in tumor cells, RITA
is associated with MTs and the suppression of RITA compromises the migration and invasion of
trophoblastic cells, and reduces the fusion ability of human fusogenic choriocarcinoma cells. Given that
these processes are known to be deregulated in PE, RITA may be involved in placental development
and possibly in the pathogenesis of PE. Further work is required to decipher RITA’s impact on the
molecular mechanisms within the development of PE.
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Figure S1: Cell viability and Notch target genes are hardly changed upon RITA depletion, Figure S2: Depletion of
RITA leads to a reduction of fusion related genes in JEG-3 cells.

Author Contributions: Conceptualization, N.-N.K.; Data curation, A.F., L.J., and C.S.; Formal analysis, J.M.W.,
A.F., and N.-N.K.; Funding acquisition, J.Y. and N.-N.K.; Investigation, J.M.W., A.F., S.R., A.R., and N.-N.K.;
Methodology, J.M.W., A.F., and N.-N.K.; Resources, F.L., Q.C., J.Y., and N.-N.K.; Supervision, N.-N.K.; Validation,
J.M.W., A.F., and N.-N.K.; Visualization, J.M.W. and N.-N.K.; Writing—original draft, N.-N.K.; Writing —review
and editing, J.M.W., L.J., J.Y., and N.-N.K.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
project number 406036362 to JY and project number 390921723 to NNK.

Acknowledgments: We cordially thank our patients for making this study possible and our clinical team for their
great effort in collecting placental tissues. We are grateful to Guy Whitley, St George’s hospital medical school,
University of London, for the SGHPL-4 cell line, and to Charles H. Graham, Queen’s University at Kingston, for
kindly providing us the cell line HTR-8/SVneo.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study design;
in collection, analyses, or interpretation of data; in manuscript writing, or in the decision to publish the results.

References

1. Roberts, J.M.; Hubel, C.A. The two stage model of preeclampsia: Variations on the theme. Placenta 2009, 30
(Suppl. A), S32–S37. [CrossRef]

2. Steegers, E.A.; von Dadelszen, P.; Duvekot, J.J.; Pijnenborg, R. Pre-eclampsia. Lancet 2010, 376, 631–644.
[CrossRef]

3. Sanchez-Aranguren, L.C.; Prada, C.E.; Riano-Medina, C.E.; Lopez, M. Endothelial dysfunction and
preeclampsia: Role of oxidative stress. Front. Physiol. 2014, 5, 372. [CrossRef] [PubMed]

4. Myatt, L.; Roberts, J.M. Preeclampsia: Syndrome or Disease? Curr. Hypertens. Rep. 2015, 17, 83. [CrossRef]
[PubMed]

http://www.mdpi.com/2073-4409/8/12/1484/s1
http://dx.doi.org/10.1016/j.placenta.2008.11.009
http://dx.doi.org/10.1016/S0140-6736(10)60279-6
http://dx.doi.org/10.3389/fphys.2014.00372
http://www.ncbi.nlm.nih.gov/pubmed/25346691
http://dx.doi.org/10.1007/s11906-015-0595-4
http://www.ncbi.nlm.nih.gov/pubmed/26362531


Cells 2019, 8, 1484 16 of 18

5. Robillard, P.Y.; Dekker, G.; Chaouat, G.; Scioscia, M.; Iacobelli, S.; Hulsey, T.C. Historical evolution of ideas
on eclampsia/preeclampsia: A proposed optimistic view of preeclampsia. J. Reprod. Immunol. 2017, 123,
72–77. [CrossRef]

6. Ness, R.B.; Roberts, J.M. Heterogeneous causes constituting the single syndrome of preeclampsia:
A hypothesis and its implications. Am. J. Obstet. Gynecol. 1996, 175, 1365–1370. [CrossRef]

7. Phipps, E.; Prasanna, D.; Brima, W.; Jim, B. Preeclampsia: Updates in Pathogenesis, Definitions, and
Guidelines. Clin. J. Am. Soc. Nephrol. CJASN 2016, 11, 1102–1113. [CrossRef]

8. Wacker, S.A.; Alvarado, C.; von Wichert, G.; Knippschild, U.; Wiedenmann, J.; Clauss, K.; Nienhaus, G.U.;
Hameister, H.; Baumann, B.; Borggrefe, T.; et al. RITA, a novel modulator of Notch signalling, acts via nuclear
export of RBP-J. EMBO J. 2011, 30, 43–56. [CrossRef]

9. Tabaja, N.; Yuan, Z.; Oswald, F.; Kovall, R.A. Structure-function analysis of RBP-J-interacting and
tubulin-associated (RITA) reveals regions critical for repression of Notch target genes. J. Biol. Chem.
2017, 292, 10549–10563. [CrossRef]

10. Haider, S.; Pollheimer, J.; Knofler, M. Notch signalling in placental development and gestational diseases.
Placenta 2017, 56, 65–72. [CrossRef]

11. Steinhauser, K.; Kloble, P.; Kreis, N.N.; Ritter, A.; Friemel, A.; Roth, S.; Reichel, J.M.; Michaelis, J.; Rieger, M.A.;
Louwen, F.; et al. Deficiency of RITA results in multiple mitotic defects by affecting microtubule dynamics.
Oncogene 2017, 36, 2146–2159. [CrossRef] [PubMed]

12. Vicente, J.J.; Wordeman, L. The quantification and regulation of microtubule dynamics in the mitotic spindle.
Curr. Opin. Cell Biol. 2019, 60, 36–43. [CrossRef] [PubMed]

13. Kreis, N.N.; Steinhauser, K.; Ritter, A.; Kloble, P.; Hoock, S.C.; Roth, S.; Louwen, F.; Oswald, F.; Yuan, J.
Potential involvement of RITA in the activation of Aurora A at spindle poles during mitosis. Oncogene 2019,
38, 4199. [CrossRef] [PubMed]

14. Hoock, S.C.; Ritter, A.; Steinhauser, K.; Roth, S.; Behrends, C.; Oswald, F.; Solbach, C.; Louwen, F.; Kreis, N.N.;
Yuan, J. RITA modulates cell migration and invasion by affecting focal adhesion dynamics. Mol. Oncol. 2019,
13, 2121–2141. [CrossRef] [PubMed]

15. Rodel, F.; Steinhauser, K.; Kreis, N.N.; Friemel, A.; Martin, D.; Wieland, U.; Rave-Frank, M.; Balermpas, P.;
Fokas, E.; Louwen, F.; et al. Prognostic impact of RITA expression in patients with anal squamous cell
carcinoma treated with chemoradiotherapy. Radiother. Oncol. 2018, 126, 214–221. [CrossRef] [PubMed]

16. Wang, H.; Chen, G.; Wang, H.; Liu, C. RITA inhibits growth of human hepatocellular carcinoma through
induction of apoptosis. Oncol. Res. 2013, 20, 437–445. [CrossRef]

17. Milne, F.; Redman, C.; Walker, J.; Baker, P.; Bradley, J.; Cooper, C.; de Swiet, M.; Fletcher, G.; Jokinen, M.;
Murphy, D.; et al. The pre-eclampsia community guideline (PRECOG): How to screen for and detect onset of
pre-eclampsia in the community. BMJ 2005, 330, 576–580. [CrossRef]

18. Meller, M.; Vadachkoria, S.; Luthy, D.A.; Williams, M.A. Evaluation of housekeeping genes in placental
comparative expression studies. Placenta 2005, 26, 601–607. [CrossRef]

19. Louwen, F.; Muschol-Steinmetz, C.; Reinhard, J.; Reitter, A.; Yuan, J. A lesson for cancer research: Placental
microarray gene analysis in preeclampsia. Oncotarget 2012, 3, 759–773. [CrossRef]

20. Muschol-Steinmetz, C.; Friemel, A.; Kreis, N.N.; Reinhard, J.; Yuan, J.; Louwen, F. Function of survivin in
trophoblastic cells of the placenta. PLoS ONE 2013, 8, e73337. [CrossRef]

21. Detre, S.; Saclani Jotti, G.; Dowsett, M. A “quickscore” method for immunohistochemical semiquantitation:
Validation for oestrogen receptor in breast carcinomas. J. Clin. Pathol. 1995, 48, 876–878. [CrossRef] [PubMed]

22. McClelland, R.A.; Finlay, P.; Walker, K.J.; Nicholson, D.; Robertson, J.F.; Blamey, R.W.; Nicholson, R.I.
Automated quantitation of immunocytochemically localized estrogen receptors in human breast cancer.
Cancer Res. 1990, 50, 3545–3550. [PubMed]

23. Graham, C.H.; Hawley, T.S.; Hawley, R.G.; MacDougall, J.R.; Kerbel, R.S.; Khoo, N.; Lala, P.K. Establishment
and characterization of first trimester human trophoblast cells with extended lifespan. Exp. Cell Res. 1993,
206, 204–211. [CrossRef] [PubMed]

24. Dash, P.R.; Cartwright, J.E.; Whitley, G.S. Nitric oxide inhibits polyamine-induced apoptosis in the human
extravillous trophoblast cell line SGHPL-4. Hum. Reprod. 2003, 18, 959–968. [CrossRef] [PubMed]

25. Kreis, N.N.; Friemel, A.; Zimmer, B.; Roth, S.; Rieger, M.A.; Rolle, U.; Louwen, F.; Yuan, J. Mitotic
p21Cip1/CDKN1A is regulated by cyclin-dependent kinase 1 phosphorylation. Oncotarget 2016, 7,
50215–50228. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jri.2017.09.006
http://dx.doi.org/10.1016/S0002-9378(96)70056-X
http://dx.doi.org/10.2215/CJN.12081115
http://dx.doi.org/10.1038/emboj.2010.289
http://dx.doi.org/10.1074/jbc.M117.791707
http://dx.doi.org/10.1016/j.placenta.2017.01.117
http://dx.doi.org/10.1038/onc.2016.372
http://www.ncbi.nlm.nih.gov/pubmed/27721410
http://dx.doi.org/10.1016/j.ceb.2019.03.017
http://www.ncbi.nlm.nih.gov/pubmed/31108428
http://dx.doi.org/10.1038/s41388-019-0716-7
http://www.ncbi.nlm.nih.gov/pubmed/30705408
http://dx.doi.org/10.1002/1878-0261.12551
http://www.ncbi.nlm.nih.gov/pubmed/31353815
http://dx.doi.org/10.1016/j.radonc.2017.10.028
http://www.ncbi.nlm.nih.gov/pubmed/29122359
http://dx.doi.org/10.3727/096504013X13685487925059
http://dx.doi.org/10.1136/bmj.330.7491.576
http://dx.doi.org/10.1016/j.placenta.2004.09.009
http://dx.doi.org/10.18632/oncotarget.595
http://dx.doi.org/10.1371/journal.pone.0073337
http://dx.doi.org/10.1136/jcp.48.9.876
http://www.ncbi.nlm.nih.gov/pubmed/7490328
http://www.ncbi.nlm.nih.gov/pubmed/2187598
http://dx.doi.org/10.1006/excr.1993.1139
http://www.ncbi.nlm.nih.gov/pubmed/7684692
http://dx.doi.org/10.1093/humrep/deg211
http://www.ncbi.nlm.nih.gov/pubmed/12721169
http://dx.doi.org/10.18632/oncotarget.10330
http://www.ncbi.nlm.nih.gov/pubmed/27384476


Cells 2019, 8, 1484 17 of 18

26. Petroff, M.G.; Phillips, T.A.; Ka, H.; Pace, J.L.; Hunt, J.S. Isolation and culture of term human trophoblast
cells. Methods Mol. Med. 2006, 121, 203–217.

27. Jasmer, B.; Muschol-Steinmetz, C.; Kreis, N.N.; Friemel, A.; Kielland-Kaisen, U.; Bruggmann, D.; Jennewein, L.;
Allert, R.; Solbach, C.; Yuan, J.; et al. Involvement of the oncogene B-cell lymphoma 6 in the fusion and
differentiation process of trophoblastic cells of the placenta. Oncotarget 2017, 8, 108643–108654. [CrossRef]

28. Kreis, N.N.; Louwen, F.; Zimmer, B.; Yuan, J. Loss of p21Cip1/CDKN1A renders cancer cells susceptible to
Polo-like kinase 1 inhibition. Oncotarget 2015, 6, 6611–6626. [CrossRef]

29. Ritter, A.; Sanhaji, M.; Friemel, A.; Roth, S.; Rolle, U.; Louwen, F.; Yuan, J. Functional analysis of
phosphorylation of the mitotic centromere-associated kinesin by Aurora B kinase in human tumor cells.
Cell Cycle 2015, 14, 3755–3767. [CrossRef]

30. Kreis, N.N.; Friemel, A.; Ritter, A.; Roth, S.; Rolle, U.; Louwen, F.; Yuan, J. Function of p21
(Cip1/Waf1/CDKN1A) in Migration and Invasion of Cancer and Trophoblastic Cells. Cancers 2019, 11, 989.
[CrossRef]

31. Ritter, A.; Friemel, A.; Kreis, N.N.; Louwen, F.; Yuan, J. Impact of Polo-like kinase 1 inhibitors on human
adipose tissue-derived mesenchymal stem cells. Oncotarget 2016, 7, 84271–84285. [CrossRef] [PubMed]

32. Kreis, N.N.; Sommer, K.; Sanhaji, M.; Kramer, A.; Matthess, Y.; Kaufmann, M.; Strebhardt, K.;
Yuan, J. Long-term downregulation of Polo-like kinase 1 increases the cyclin-dependent kinase inhibitor
p21(WAF1/CIP1). Cell Cycle 2009, 8, 460–472. [CrossRef] [PubMed]

33. Knofler, M.; Haider, S.; Saleh, L.; Pollheimer, J.; Gamage, T.; James, J. Human placenta and trophoblast
development: Key molecular mechanisms and model systems. Cell. Mol. Life Sci. 2019, 76, 3479–3496.
[CrossRef] [PubMed]

34. Verlohren, S.; Geusens, N.; Morton, J.; Verhaegen, I.; Hering, L.; Herse, F.; Dudenhausen, J.W.; Muller, D.N.;
Luft, F.C.; Cartwright, J.E.; et al. Inhibition of trophoblast-induced spiral artery remodeling reduces placental
perfusion in rat pregnancy. Hypertension 2010, 56, 304–310. [CrossRef] [PubMed]

35. Loset, M.; Mundal, S.B.; Johnson, M.P.; Fenstad, M.H.; Freed, K.A.; Lian, I.A.; Eide, I.P.; Bjorge, L.; Blangero, J.;
Moses, E.K.; et al. A transcriptional profile of the decidua in preeclampsia. Am. J. Obs. Gynecol. 2011, 204,
84.e1–84.e27. [CrossRef] [PubMed]

36. Fragkiadaki, P.; Soulitzis, N.; Sifakis, S.; Koutroulakis, D.; Gourvas, V.; Vrachnis, N.; Spandidos, D.A.
Downregulation of notch signaling pathway in late preterm and term placentas from pregnancies complicated
by preeclampsia. PLoS ONE 2015, 10, e0126163. [CrossRef]

37. James, J.; Tun, W.; Clark, A. Quantifying trophoblast migration: In vitro approaches to address in vivo
situations. Cell Adhes. Migr. 2016, 10, 77–87. [CrossRef]

38. Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix metalloproteinases: Regulators of the tumor microenvironment.
Cell 2010, 141, 52–67. [CrossRef]

39. Baczyk, D.; Drewlo, S.; Proctor, L.; Dunk, C.; Lye, S.; Kingdom, J. Glial cell missing-1 transcription factor is
required for the differentiation of the human trophoblast. Cell Death Differ. 2009, 16, 719–727. [CrossRef]

40. Gry, M.; Rimini, R.; Stromberg, S.; Asplund, A.; Ponten, F.; Uhlen, M.; Nilsson, P. Correlations between RNA
and protein expression profiles in 23 human cell lines. BMC Genom. 2009, 10, 365. [CrossRef]

41. Efimov, A.; Schiefermeier, N.; Grigoriev, I.; Ohi, R.; Brown, M.C.; Turner, C.E.; Small, J.V.; Kaverina, I.
Paxillin-dependent stimulation of microtubule catastrophes at focal adhesion sites. J. Cell Sci. 2008, 121,
196–204. [CrossRef]

42. Kaverina, I.; Krylyshkina, O.; Small, J.V. Microtubule targeting of substrate contacts promotes their relaxation
and dissociation. J. Cell Biol. 1999, 146, 1033–1044. [CrossRef] [PubMed]

43. Yoshie, M.; Kashima, H.; Bessho, T.; Takeichi, M.; Isaka, K.; Tamura, K. Expression of stathmin, a microtubule
regulatory protein, is associated with the migration and differentiation of cultured early trophoblasts.
Hum. Reprod. 2008, 23, 2766–2774. [CrossRef] [PubMed]

44. Librach, C.L.; Werb, Z.; Fitzgerald, M.L.; Chiu, K.; Corwin, N.M.; Esteves, R.A.; Grobelny, D.; Galardy, R.;
Damsky, C.H.; Fisher, S.J. 92-kD type IV collagenase mediates invasion of human cytotrophoblasts. J. Cell Biol.
1991, 113, 437–449. [CrossRef] [PubMed]

45. Staun-Ram, E.; Goldman, S.; Gabarin, D.; Shalev, E. Expression and importance of matrix metalloproteinase
2 and 9 (MMP-2 and -9) in human trophoblast invasion. Reprod. Biol. Endocrinol. 2004, 2, 59. [CrossRef]

46. Zhu, J.Y.; Pang, Z.J.; Yu, Y.H. Regulation of trophoblast invasion: The role of matrix metalloproteinases.
Rev. Obs. Gynecol. 2012, 5, e137–e143.

http://dx.doi.org/10.18632/oncotarget.20586
http://dx.doi.org/10.18632/oncotarget.2844
http://dx.doi.org/10.1080/15384101.2015.1068481
http://dx.doi.org/10.3390/cancers11070989
http://dx.doi.org/10.18632/oncotarget.12482
http://www.ncbi.nlm.nih.gov/pubmed/27713178
http://dx.doi.org/10.4161/cc.8.3.7651
http://www.ncbi.nlm.nih.gov/pubmed/19177004
http://dx.doi.org/10.1007/s00018-019-03104-6
http://www.ncbi.nlm.nih.gov/pubmed/31049600
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.153163
http://www.ncbi.nlm.nih.gov/pubmed/20606107
http://dx.doi.org/10.1016/j.ajog.2010.08.043
http://www.ncbi.nlm.nih.gov/pubmed/20934677
http://dx.doi.org/10.1371/journal.pone.0126163
http://dx.doi.org/10.1080/19336918.2015.1083667
http://dx.doi.org/10.1016/j.cell.2010.03.015
http://dx.doi.org/10.1038/cdd.2009.1
http://dx.doi.org/10.1186/1471-2164-10-365
http://dx.doi.org/10.1242/jcs.012666
http://dx.doi.org/10.1083/jcb.146.5.1033
http://www.ncbi.nlm.nih.gov/pubmed/10477757
http://dx.doi.org/10.1093/humrep/den317
http://www.ncbi.nlm.nih.gov/pubmed/18718898
http://dx.doi.org/10.1083/jcb.113.2.437
http://www.ncbi.nlm.nih.gov/pubmed/1849141
http://dx.doi.org/10.1186/1477-7827-2-59


Cells 2019, 8, 1484 18 of 18

47. Espino, Y.S.S.; Flores-Pliego, A.; Espejel-Nunez, A.; Medina-Bastidas, D.; Vadillo-Ortega, F.; Zaga-Clavellina, V.;
Estrada-Gutierrez, G. New Insights into the Role of Matrix Metalloproteinases in Preeclampsia. Int. J. Mol. Sci.
2017, 18, 1448. [CrossRef]

48. Zhu, J.; Zhong, M.; Pang, Z.; Yu, Y. Dysregulated expression of matrix metalloproteinases and their inhibitors
may participate in the pathogenesis of pre-eclampsia and fetal growth restriction. Early Hum. Dev. 2014, 90,
657–664. [CrossRef] [PubMed]

49. Plaks, V.; Rinkenberger, J.; Dai, J.; Flannery, M.; Sund, M.; Kanasaki, K.; Ni, W.; Kalluri, R.; Werb, Z. Matrix
metalloproteinase-9 deficiency phenocopies features of preeclampsia and intrauterine growth restriction.
Proc. Natl. Acad. Sci. USA 2013, 110, 11109–11114. [CrossRef]

50. Ishikawa, A.; Omata, W.; Ackerman, W.E.t.; Takeshita, T.; Vandre, D.D.; Robinson, J.M. Cell fusion mediates
dramatic alterations in the actin cytoskeleton, focal adhesions, and E-cadherin in trophoblastic cells.
Cytoskeleton 2014, 71, 241–256. [CrossRef]

51. Parast, M.M.; Aeder, S.; Sutherland, A.E. Trophoblast giant-cell differentiation involves changes in
cytoskeleton and cell motility. Dev. Biol. 2001, 230, 43–60. [CrossRef] [PubMed]

52. Douglas, G.C.; King, B.F. Colchicine inhibits human trophoblast differentiation in vitro. Placenta 1993, 14,
187–201. [CrossRef]

53. Wang, R.; Yu, R.; Zhu, C.; Lin, H.Y.; Lu, X.; Wang, H. Tubulin detyrosination promotes human trophoblast
syncytium formation. J. Mol. Cell Biol. 2019. [CrossRef] [PubMed]

54. Ersfeld, K.; Wehland, J.; Plessmann, U.; Dodemont, H.; Gerke, V.; Weber, K. Characterization of the
tubulin-tyrosine ligase. J. Cell Biol. 1993, 120, 725–732. [CrossRef]

55. Orendi, K.; Gauster, M.; Moser, G.; Meiri, H.; Huppertz, B. The choriocarcinoma cell line BeWo: Syncytial
fusion and expression of syncytium-specific proteins. Reproduction 2010, 140, 759–766. [CrossRef]

56. Kudo, Y.; Boyd, C.A.; Sargent, I.L.; Redman, C.W. Hypoxia alters expression and function of syncytin and its
receptor during trophoblast cell fusion of human placental BeWo cells: Implications for impaired trophoblast
syncytialisation in pre-eclampsia. Biochim. Biophys. Acta 2003, 1638, 63–71. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms18071448
http://dx.doi.org/10.1016/j.earlhumdev.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25194834
http://dx.doi.org/10.1073/pnas.1309561110
http://dx.doi.org/10.1002/cm.21165
http://dx.doi.org/10.1006/dbio.2000.0102
http://www.ncbi.nlm.nih.gov/pubmed/11161561
http://dx.doi.org/10.1016/S0143-4004(05)80260-7
http://dx.doi.org/10.1093/jmcb/mjz084
http://www.ncbi.nlm.nih.gov/pubmed/31408157
http://dx.doi.org/10.1083/jcb.120.3.725
http://dx.doi.org/10.1530/REP-10-0221
http://dx.doi.org/10.1016/S0925-4439(03)00043-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Tissue Collection 
	RNA Extraction and Real-Time PCR 
	Immunohistochemistry of Placental Tissue 
	Cell Culture, Transfection, and Treatment 
	Isolation and Purification of Primary Villous Cytotrophoblasts from Human Term Placental Tissue 
	Cell Viability and Invasion Assay 
	Cell Motility and Time-Lapse Microscopy 
	Western Blot Analysis 
	Immunofluorescence Staining and Measurement 
	Fusion Assay and -hCG ELISA 
	Statistical Analysis 

	Results 
	RITA is Specifically Expressed in Placental Tissue and its mRNA Level Decreases at Late Gestational Stages 
	The mRNA Level of RITA is Decreased in Early-Onset Preeclamptic Placentas 
	Expression and Localization of RITA in Trophoblastic Cell Lines 
	Gene Silencing of RITA Decreases Motility and Invasion Capability of Trophoblast Cells Derived from First Trimester Placentas 
	Knockdown of RITA Reduces the mRNA Level of Different Fusion-Related Molecules 

	Discussion 
	Conclusions 
	References

