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1. Introduction

Preeclampsia (PE) still remains a major cause of maternal and
fetal morbidity and mortality [1]. It is associated with maternal
hypertension and proteinuria and often complicated by fetal
growth restriction [1,2]. Furthermore, clinical complications like
maternal liver or kidney malfunctions, thrombocytopenia or
edemas are commonly detected.
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Human placental development is highly dependent on the
proliferation, migration and invasion of trophoblasts into the
maternal decidua and myometrium in early pregnancy with
consecutive transformation of spiral arteries supplying the inter-
villous space [3]. The establishment of a low pressure high-flow
system allows sufficient flow to the developing villous circulation,
which undergoes progressive arborization and vascularization until
term [3]. Impairment of maternal spiral artery remodeling and fetal
villi circulation is discussed to be a leading cause of PE [4—6]. On the
one hand, remodeling of maternal spiral arteries is hindered during
placental development of PE, leading to reduced placental perfu-
sion and an insufficient oxygen and nutrient supply of the growing
fetus [7]. On the other hand, fetal vessels show an altered
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morphology with fewer branches and a more uncoiled structure
[8,9].

The maintenance and morphology of an integral vascular sys-
tem is highly reliant on an intact endothelial cytoskeleton [10]. It is
well known that microtubule-targeting agents inhibit angiogenesis
and vascularization through the disruption of the tubulin and actin
cytoskeleton [11,12]. Microtubules (MT) are important cellular
matrix structures, essential for processes like mitosis, intracellular
transportation, cell motility and stability [13,14]. a- and B-tubulin
are the major components of MTs. Through polymerization of a-
and B-tubulin dimers linear protofilaments arise, which form the
basic structure of one MT [15]. MT dynamics are influenced by
posttranslational modifications of a- and B-tubulin. These can alter
the binding capacity of tubulin to other proteins and influence the
MT stabilization and depolymerization [13]. Such modifications are
tyrosination, detyrosination, acetylation and polyglutamylation of
a-tubulin as well as phosphorylation and polyglycylation of B-
tubulin [16]. Most of all, the reversible tyrosination/deytrosination
of a-tubulin is discussed to be of impact for the stability and
dynamicity of MTs. Especially the detyrosinated form of a-tubulin is
associated with MT stability and is important for epithelial-to-
mesenchymal transition [17].

However, little is known about the expression pattern of
detyrosinated (detyr) and, its counterpart, tyrosinated (tyr) o-
tubulin in healthy and diseased placentas. Thus, we set out to
investigate the specific expression in placental tissues and analyzed
the dysregulation in placentas complicated by PE and small of
gestational age (SGA).

2. Material and methods
2.1. Patient and tissue collection

Human placentas were obtained from healthy pregnancies
(n=21) or pregnancies complicated by PE and/or SGA (n =5, each).
After removal of the basal plate and chorionic membrane, a biopsy
was obtained about 3 cm distal from the cord of every placenta. The
clinical data of all patients are summarized in Table 1. The inclusion
criteria for PE and SGA were described earlier by Fahlbusch and
Ruebner et al. [18,19]. SGA was defined as <10th percentile of
weight for gestational age. For immunohistochemical and immu-
nofluorescence staining, tissues were fixed in formaldehyde and
embedded in paraffin (FFPE). For protein extraction biopsies were
taken following a standardized protocol and snap frozen in liquid
nitrogen within one hour after delivery, as previously described
[20].

2.2. Ethical approval

Each participant signed a written informed consent. Handling of
patients and tissues was approved by the Ethics Committee at the
University of Erlangen-Nuremberg (No. 353_15B).

2.3. Immunohistochemical and immunofluorescence staining

Immunohistochemistry was performed using the LSAB + HRP
kit (Agilent, Hamburg, Germany) according to the manufacturer's
instructions. Immunofluorescence staining was performed as
described earlier [21]. Mouse anti-Human tyr-tubulin monoclonal
antibody (1:500 for immunohistochemistry and 1:800 for immu-
nofluorescence, T9028, Sigma-Aldrich, Taufkirchen, Germany),
Rabbit anti-human detyr-tubulin polyclonal antibody (1:500 for
immunohistochemistry and 1:200 for immunofluorescence,
ab48389, Abcam, Cambridge, UK), Mouse anti-human smooth
muscle actin (SMA) monoclonal antibody (1:100, #M0851, Dako,
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Agilent, Hamburg, Germany), Mouse anti-human CD31 monoclonal
antibody (1:100, ab199012, Abcam, Cambridge, UK), Alexa Fluor
488 Donkey anti-mouse IgG (H + L) (1:1000, A-21202, Thermo
Fisher, Darmstadt, Germany) and Alexa Fluor 594 Donkey anti-
rabbit IgG (H + L) (1:1000, A-21207, Thermo Fisher, Darmstadt,
Germany) were used. Nuclei were counter-stained with hematox-
ylin or Hoechst 33342. Negative controls for immunohistochem-
istry and immunofluorescence were performed using the
respective secondary antibodies, only. Protein localization of detyr-
tubulin was further analyzed on an organ tissue microarray (TMA)
by immunohistochemistry. Stained TMA slides were digitalized
using the Pannoramic 250 Flash II Scanner and the Case Viewer 2.1
software package (both 3DHistech, Hungary).

2.4. Isolation of primary trophoblasts

Primary trophoblasts were isolated from four healthy placentas
using the Trypsin-DNase-Dispase/Percoll method, as previously
described [23].

2.5. Protein extraction

Proteins were extracted from freshly frozen biopsies using a
microdismembranator and suspended in RIPA buffer (Sigma
Aldrich, Taufkirchen, Germany) with 1 mM Na3V04, 1.5 mM NaF
and protein inhibitor cocktail (1 mM phenylmethylsulfonyl fluoride
(PMSF), 10 ug/mL of each pepstatin, leupeptin and chymostatin).
Protein lysates from primary trophoblasts were obtained through
lysis with RIPA buffer as stated above. Protein concentrations were
measured using the EZQ protein quantitation kit (Thermo Fisher,
Darmstadt, Germany).

2.6. Western blot analysis

20 or 40 pg of each lysate was resolved on a 10% acrylamide-SDS
gel and transferred to a nitrocellulose membrane using Tris—glycin
buffer. Blocking was performed with 5% nonfat milk. Mouse anti-
human tyr-tubulin monoclonal antibody (1:5000, T9028, Sigma-
Aldrich, Taufkirchen, Germany), rabbit anti-human detyr-tubulin
polyclonal antibody (1:500, ab48389, Abcam, Cambridge, UK),
donkey anti-mouse IgG-HRP antibody (1:20,000, AP192P, Merck
Millipore, Billerica, Massachusetts, USA), goat anti-rabbit IgG-HRP
antibody (1:1,000, #7074, Cell Signaling, Cambridge, UK), mouse
anti-human CD31 monoclonal antibody (1:400, ab199012, Abcam,
Cambridge, UK) and rabbit anti-human GAPDH polyclonal IgG-HRP
antibody (1:1,000, sc-25778, Santa Cruz, Heidelberg, Germany)
were used.

2.7. Statistical analysis

Western blot bands were quantified using Image] (NIH, [24]) All
data are presented as mean + standard error of the mean (SEM).
Differences were analyzed using the Mann-Whitney U-test (SPSS,
IBM Inc., Ehningen, Germany). P-values of < .05 were considered as
statistically significant.

3. Results

3.1. Detyr-tubulin occurrence in trophoblast cell lines and placental
compartments

The amount of detyr-tubulin in placental tissue and primary
trophoblasts was analyzed by Western Blot (Fig. 1 A). Strong detyr-
tubulin signals were detected in placental tissue, with no detect-
able expression in primary villous trophoblasts (Fig. 1 A). In
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Table 1
Clinical data.
Parameter/Cohort  Control (n=21) SGA (n=5) PE/SGA (n=5) PE (n=5)
Gravidity (Median, 2 (2-3) 3(2-3) 1(1-2) 1(1-2)
25-75%)
Parity (Median, 25 1 (0-1) 1(0-2) 0(0-0) 0(0-0)
—75%)
Gestational age, 37.6+1.96 372271 374+1.85 37.2+1.47
weeks
(Mean + SD)
Maternal age, years 33.1+3.93 33.8+3.71 294 +3.14 314+3.93
(Mean + SD)
Race White (n = 20), Black (None), others White (n=5), Black (None) White (n=5), Black (None) White (n=5), Black (None)
(n=1)
Ethnicity German (n = 17), Bosniak (n=1), German (n=4), Turkish (n=1) German (n =4), Polish (n=1) German (n=5)
Philippine(n = 1), Russian (n=1)
Prenatal Iron (n = 1), L-Thyroxin (n= 1), Iron (n=1) None None
medications Magnesium (n = 1), Tachyferon
(n=1)
Drugs (alcohol, None None None None
tabacco or other
drugs)
Blood pressures <  Yes (n=21) Yes (n=5) No (n=5) No (n=5)

140/90 mm Hg
Antibiotics in labor None (n = 7), Penicillin (n = 14),
Beta strep status Positive (n= 1), negative (n=10),
unknown (n =10)

Delivery mode C-section repeat (n = 5), C-section

Birth weight, grams 3190 + 589 2130579
(mean + SD)
Percentile at birth 49 (29-65) 8 (2—10)
(Median, 25
—75%)
Baby's sex Female (n = 8), Male (n=13) Female (n=2), Male (n=3)

None (n = 2), Penicillin (n = 3)
Negative (n=2), Unknown (n = 3)

C-section repeat (n = 1), C-section
primary (n = 7), Spontaneous (n=9) primary (n = 2), Spontaneous (n =2) primary (n = 1), Spontaneous

None (n = 2), Penicillin (n = 3) None (n = 1), Penicillin (n=4)
Negative (n = 2), Unknown (n=3) Negative (n=1), Unknown (n=4)
C-sectio repeat (n = 2), C-section ~ C-sectio repeat (n= 1), C-sectio
primary (n = 2), Spontaneous

(n=2) (n=2)
2241+ 278 2778 + 641
4(4-7) 29 (15-48)

Female (n=3), Male (n=2) Female (n=3), Male (n=2)

contrast, Tyr-tubulin expression was present in both placental tis-
sue and primary trophoblasts (Fig. 1 A). In order to investigate the
specific placental expression pattern of detyr-tubulin, we per-
formed immunohistochemistry (Fig. 1 B, a-f) and immunofluores-
cence (Fig. 1 B, g-i) staining of placental FFPE sections. We analyzed
the expression pattern in first trimester (Fig. 1 B a-c) and third
trimester placental tissue (Fig. 1 B d-i). A strong detyr-tubulin
expression was detected within the fetal part of the human
placenta, which was in particular localized around the fetal vascular
structures (Fig. 1 B, b and e black arrow heads). In contrast,
maternal vessels had a considerable weaker detyr-tubulin staining
pattern in both first and third trimester tissue (Fig. 1 B, ¢, f and i
asterisk). The high expression of detyr-tubulin in close proximity to
fetal vessels was confirmed by immunofluorescence staining of
third trimester placental tissue (Fig. 1 B, g and h). Human villous
and extravillous trophoblasts were negative for detyr-tubulin (Fig. 1
B), while we observed some positive staining for detyr-tubulin in
decidual stroma cells (Fig. 1 B, f and i white arrow heads).

3.2. Expression of detyr-tubulin in fetal endothelial cells

Co-immunofluorescence staining of placental FFPE sections
with anti-detyr-tubulin and anti-CD31 antibodies showed a specific
expression of detyr-tubulin in fetal endothelial cells (Fig. 2). The
anti-CD31 antibody was used as an established marker for endo-
thelial cells. A co-localization of detyr-tubulin and CD31 could
specifically be shown in fetal endothelial cells (Fig. 2 A, g and h),
while maternal endothelial cells were negative for detyr-tubulin
(Fig. 2 A, i). In order to analyze whether vascular smooth muscle
cells were positive for detyr-tubulin, we performed a co-
immunofluorescence staining with smooth muscle actin (SMA)
(Fig. 2 B). Fetal vascular smooth muscle cells showed a strong SMA

expression (Fig. 2 B, d and e), but no co-localization with detyr-
tubulin (Fig. 2 B, g and h). We further analyzed whether this
vascular pattern was specific for placental tissue by immunhis-
tochemical and immunofluorescence staining of an organ tissue
micro array (TMA) (Supplementary Fig. 1). The vessels of the fetal
placental tissue showed the strongest detyr-tubulin staining of all
endothelial cells.

3.3. Localization of detyr- and tyr-tubulin

In order to investigate, whether the high vascular expression of
detyr-tubulin is linked to a reduced presence of the tyrosinated
form, we further analyzed the co-localization of detyr- and tyr-
tubulin via co-immunofluorescence staining of placental sections
(Fig. 3). In contrast to detyr-tubulin, tyr-tubulin showed a strong
expression pattern in villous and extravillous trophoblasts as well
as in villous stroma cells (Fig. 3 d-f, arrow heads). We could detect
only a sparse co-localization of detyr- and tyr-tubulin on the basal
side of the endothelium (Fig. 3 h, = arrow head).

3.4. Reduced detyr-tubulin expression in placental pathologies

An impairment of placental angiogenesis and vascularization is
often discussed to be a leading cause of PE, which is often associ-
ated with a reduced fetal growth. Thus, we were interested in the
expression pattern and amount of detyr-tubulin in placentas
complicated by PE and/or SGA. Immunohistochemical staining of
placental sections from healthy controls, SGA and PE cases, showed
a weaker detyr-tubulin staining intensity in endothelial cells from
pathologies compared to controls (Fig. 4 A). In order to quantify this
expression, we extracted protein from 21 healthy placentas, 5 SGA,
5 SGA/PE and 5 PE cases and performed western blot analysis of
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Fig. 1. A) Protein expression of detyr-tubulin (52 kDa), tyr-tubulin (52 kDa) and the housekeeping gene GAPDH (37 kDa) was visualized by Western blot. Protein lysates (40 ug) from
six placental biopsies and four primary trophoblast isolates were used. B) The expression pattern of detyr-tubulin in human FFPE placental tissues from the first trimester (a—c) and
third trimester (d—i) was analyzed by immunohistochemistry (a—f) and immunofluorescence (g—i) staining. b, e, f and h are magnifications of the areas marked by rectangles in a,
d and g. Black and white arrow heads mark detyr-tubulin positive endothelial cells or decidual stroma cells, respectively. The asterisks mark maternal vessels. The bar equals

100 pm.

detyr-tubulin, tyr-tubulin and CD31 (Fig. 4 B, a). Western blot bands
were quantified using Image] and the mean of all control samples
(n=21) was compared to the mean intensity of each pathologic
cohort (n = 5, respectively) (Fig. 4 B, b). We detected a significantly
reduced amount of detyr-tubulin in PE/SGA and PE cases compared
to healthy controls (Fig. 4 B, b, p=.028 and .005, respectively).
Additionally, western blot bands of tyr-tubulin were quantified. No
significant differences of tyr-tubulin were detected when
comparing healthy controls with PE/SGA or PE cases (Fig. 4 B, b). In
order to investigate, whether the endothelial cells content
decreased in placentas of PE and SGA cases, we additionally
analyzed CD31 expression. A significantly reduced CD31 expression
could only be detected in PE/SGA placental tissues (Fig. 4 B, b).

4. Discussion

In summary, we detected a strong presence of detyr-tubulin in
the fetal endothelial cells of the healthy human placenta. In
contrast, placentas complicated by PE had a significantly reduced
amount of detyr-tubulin. In general, tyrosination and detyrosina-
tion of a-tubulin are important for the plasticity of microtubules.
High detyr-tubulin was associated with epithelial-to-mesenchymal

transition (EMT) during metastasis and re-adhesion of breast can-
cer cells [17]. During this process most of the detyr-tubulin
expression could be detected within the breast cancer cell micro-
tentacles [17]. Interestingly, during early placental development
EMT occurs mainly in extravillous trophoblasts, which detach from
the anchoring villi and invade into the maternal decidua [25]. Here
we showed that third trimester extravillous trophoblasts were
detyr-tubulin negative and that the placental accumulation of
detyr-tubulin was mainly within fetal endothelial cells. We assume
that this might be due to the advanced stage of placental samples
used. All placental biopsies were taken at term, with a mean
gestational age of 37.5 weeks, which indicates a reduced invasive-
ness and advanced differentiation of extravillous trophoblasts. On
the other hand, increased detyrosination of a-tubulin was associ-
ated with stable microtubules and vascular tube morphogenesis
during angiogenesis of endothelial cells [26,27]. Detyr-tubulin
seemed to be involved in vascular tube morphogenesis by
increasing vascular tube lumen [28]. Additionally, detyr-tubulin
was discussed to be essential for the recruitment and binding of
motor proteins, like Kinesin-1 [29]. Vascular endothelial growth
factor receptor -2 and -3 are able to bind to Kinesin-1, which leads
to their transportation to the surface of endothelial cells and the
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Fig. 2. A) Placental FFPE sections were incubated with anti-detyr-tubulin (a—c) and anti-CD31 (d—f) antibodies and stained using immunofluorescence. Detyr-tubulin and CD31
positive endothelial cells are marked by white arrow heads. The merge signals are shown in g-i. Nuclei were stained with Hoechst 33342. White arrow heads mark detyr-tubulin
positive (b, e and h) or negative (c, fand i) endothelial cells. Asterisk marks unspecific staining of blood cells. B) Placental FFPE sections were incubated with anti-detyr-tubulin (a—c)
and anti-smooth muscle actin (SMA) (d—f) antibodies and stained using immunofluorescence. White arrow heads mark detyr-tubulin positive endothelial cells (b, e and h). Merged
images are shown in g-i. The bars equal 100 pm.



63

Fig. 3. Placental FFPE sections were incubated with anti-detyr-tubulin (a—c) and anti-tyr-tubulin (d—f) antibodies. Tyr-tubulin positive cells are marked by white arrow heads (> for
villous trophoblasts and > for endothelial cells). Merged images are shown in g-i. Nuclei were stained with Hoechst 33342. The bars equal 100 pm.

induction of invasion and migration [30]. During placental devel-
opment the villous vascular system is established in two major
steps. First, vasculogenesis allows the formation of primary endo-
thelial cells by differentiation of pluripotent mesenchymal cells
[31]. Second, new vessels and branches arise through angiogenesis
[31]. Thus, we hypothesize that the high expression of detyr-
tubulin in placental endothelial cells might be due to an ongoing
placental angiogenesis and points out that detyr-tubulin might be
of importance for the physiologic angiogenesis of the villous tree.
This goes in line with the detected decrease of detyr-tubulin in
placentas complicated by PE. It is well known that PE is a pathologic
condition which arises from an abnormal placental development
[1]. Decreased expression of Syncytin-1, following impaired villous
trophoblast fusion, and increased apoptosis of trophoblasts are
associated with PE [23,32]. The fetal histopathology of PE is char-
acterized by an impaired villous vascular system with elongated,
poorly branched and capillarized vessels, which can clinically be
used for screening and monitoring of PE via 3D power Doppler
angiography in the first and second trimester [3,33]. While
maternal artery remodeling is discussed as the leading

etiopathologic cause of PE, changes in the feto-placental vascular
system are still common in PE placenta. The latter alterations are
commonly associated with an increased long term cardiovascular
risk for the offspring and may induce fetal growth restriction
[33,34].

Increased levels of anti-angiogenic factors, like soluble fms-
related tyrosine kinase 1(sFlt-1), soluble endoglin or soluble
vascular endothelial growth factor receptor 1 were associated with
PE and were reported to be responsible for the inhibition of
placental angiogenesis [6,35—37]. This underscores the importance
of vascularization and angiogenesis for human placental develop-
ment and pregnancy. Here, we detected only a slight decrease of
CD31 expression in PE samples. This might be due to the sampling
procedure as we removed the basal plate, and thus most of the
decidua vascular system, before protein extraction. We assume that
the reduced vascularization mainly concerns maternal vessels but
not fetal ones.

By using an organ TMA we also compared the placental
endothelial-specific expression of detyr-tubulin with its expression
pattern in other organs. We detected a strong vascular expression



64

Fig. 4. A) Detyr-tubulin expression was analyzed by immunohistochemistry on healthy controls (a, d) and placentas from pregnancies complicated by SGA (b, e) or PE (c, f). Black
arrow heads mark detyr-tubulin positive endothelial cells. The bars equal 50 pm. B) Detyr-tubulin, tyr-tubulin, CD31 and GAPDH expression in protein lysates from healthy (n = 21)
and pathologic (n = 5, SGA, PE/SGA and PE) placentas were analyzed by Western blot (a). The intensities of detyr-tubulin, tyr-tubulin and CD31 were quantified using Image] and
normalized to the according GAPDH intensity. The mean normalized intensity values of all controls (n = 21) and the pathologic cases (n = 5, respectively) + the standard error of the
mean are shown in b. The mean intensities of the healthy controls were set to 1. Significances were calculated using the Mann-Whitney-U test and p-values relative to the controls

are indicated by asterisk with * p < .05 and **p < .005.

only in placental tissue, while other organs showed high detyr-
tubulin staining in other than endothelial cells. We assume that
this might be due to the lower activity of angiogenesis in fully
developed organs [38]. For further studies it might be of interest to
block the tubulin detyrosination in fetal endothelial cells and to
analyze tube formation and angiogenesis. In summary, we report a

predominant localization of detyr-tubulin in fetal vessels of the
placenta and a significantly reduced level of detyr-tubulin in
placental biopsies of PE cases. Based on these findings, we hy-
pothesize that detyrosination of o-tubulin is of importance for
healthy placental vascularization and successful maintenance of
pregnancy. Clinically, this could further underscore the role of 3D



power Doppler angiography monitoring of villous circulation dur-
ing gestation to identify women at risk.

The value of our findings is limited by the following aspects:
First, we did not analyze the expression of angiogenesis-related
factors, which are known to be differentially expressed in sera of
women developing PE (e.g. placental growth factor PIGF or sFlt-1).
A side-by-side comparison of feto-placental detyr-tubulin reduc-
tion and sFlt-1/PIGF ratio could help to further strengthen our hy-
pothesis [39]. Second, a complete histologic evaluation of the
placenta was not performed. Consequently, we were not able to
correlate placental pathological findings associated with maternal
and fetal malperfusion and the amount of detected placental detyr-
tubulin [40]. For future studies, an in-depth investigation of detyr-
tubulin expression, placental histologic assessment and the corre-
lation with angiogenesis-related factors would be of interest.
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