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ARTICLE INFO ABSTRACT

Keywords: Objectives: Cell senescence is irreversible cell cycle arrest. The human placenta is a unique organ that grows and
Cytotrophoblast matures during pregnancy until 40 weeks of gestation. However, the role of senescence in placental villi, par-
Syncytiotrophoblast ticularly in the two types of trophoblast, has not yet been elucidated in detail. Therefore, we herein investigated
Sfi:::scence the expression of cell senescence-related markers in trophoblast.

Methods: Seventy normal placental tissues were used. The expression of senescence-associated beta-galactosi-
dase (SA-P-gal), cell senescence-related markers (p16, p21, and promyelocytic leukemia; PML), and a growth
marker (MCM2) was immunohistochemically examined. The expression of these markers in BeWo cells before
and after cell fusion using forskolin was also investigated.

Results: The expression of MCM2 is detected in cytotrophoblast (CT). The expression of SA-3-gal in CT is strong
in the first and second trimesters, but weaker in the third trimester. Syncytiotrophoblast (ST) are negative in the
first and second trimesters, but become positive in the third trimester. The immunohistochemical expression of
p16, p21, and PML is stronger in CT than in ST throughout pregnancy. Furthermore, the expression of these
markers in ST significantly increases as pregnancy advances. The expression of SA-f-gal, PML, and p21 in BeWo
cells is stronger after than before cell fusion.

Conclusions: The proliferation and senescence of CT occurred in early to mid-pregnancy in association with
syncytial fusion, while senescence was observed in ST in late pregnancy. This coordinated trophoblastic se-
nescence may be essential for maintaining placental function.

Senescence-associated beta-galactosidase

1. Introduction

The uterus is maintained in a static condition from implantation
until the beginning of parturition at 40 weeks of gestation. The me-
chanisms underlying parturition in humans have not yet been eluci-
dated in detail because of its complexity. Many factors are presumed to
be responsible for parturition, including functional progesterone with-
drawal [1], the increased production of and sensitivity to oxytocin and
prostaglandin [2], fetal corticotrophin-releasing hormone [3], and in-
flammatory cytokines [4]. Of these, functional progesterone with-
drawal and inflammatory cytokine theories have recently been ex-
amined in detail because the mechanisms responsible for the onset of
preterm labor are considered to be similar to those of term labor, and
treatments with progesterone and antibiotics have demonstrated ef-
fectiveness against threatened premature labor. However, the human
“clock” mechanism that induces labor 280 days after conception cur-
rently remains unclear.
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Inflammatory cytokines play important roles in the induction of
parturition. One of the critical triggers for spontaneous preterm birth is
bacterial infection [5]. Bacterial vaginosis and cervicitis induce leuko-
cyte migration and phagocytosis. Consequently, an increase in cyto-
kines leads to cervical ripening, membrane rupture, and parturition. In
labor, the levels of inflammatory cytokines, such as IL-6 and IL-8, are
increased in the cervix and uterine muscle, which activate matrix me-
tallopeptidase 9 (MMP-9) and induce cervical ripening [6]. Never-
theless, labor in term is not generally accompanied by infection [7]. In
recent years, cell senescence and a senescence-associated secretory
phenotype (SASP) have been the focus of research to establish why
sterile inflammation occurs [8,9]. Senescent cells secrete several in-
flammatory factors [9]. Therefore, the inflammatory cytokines secreted
from senescent cells may be involved in the onset of labor.

The placental villus consists of two trophoblastic cell types: cyto-
trophoblast (CT) and syncytiotrophoblast (ST) form the inner and outer
layers of the villus, respectively [10]. In the first trimester, villi have
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two layers of these cell types. As gestational weeks proceed, inner CT
are absorbed by outer ST. This phenomenon is referred to as syncytial
fusion [11], and may be mediated by cellar senescence because this
fusion is considered to indicate the terminal stage of CT [12]. Fur-
thermore, in ST, the onset of labor may correlate with clinical aging
because placental maturity has been reported in terms of the mor-
phology and function of villi [13]. However, the molecular basis of cell
senescence in trophoblastic cells has not yet been elucidated in detail.
Therefore, we herein investigated the expression of cell senescence-
related proteins and senescence-associated-f3-galactosidase (SA-f3-gal)
positivity in first, second, and third trimester placentas. We also ex-
amined the role of cell senescence during the process of cell fusion
using BeWo cells as a CT model.

2. Materials & methods
2.1. Sample preparation

Trophoblastic tissue samples ranging between 5 and 40 weeks of
gestation obtained by induced abortion or elective cesarean section at
Shinshu University Hospital were used in the present study. In SA-B-gal
staining, the fresh villus samples used consisted of five cases each of
early (5-10 weeks of gestation), mid- (14-20 weeks), and late (37-40
weeks) pregnancy. In immunohistochemical staining, the formalin-
fixed, paraffin-embedded villus tissues of 10 cases each of early, mid-,
and late pregnancy were used. The present study was approved by the
Ethics Committee of the institution, and written informed consent was
provided by each patient.

2.2. Cell culture

Human chorionic carcinoma BeWo cells (ATCC, Manassas, VA) were
cultured in Ham's F12K (Life Technologies, Carlsbad, CA) supplemented
with 10% FBS (Life Technologies) at 37 °C and 5% CO,. A total of
0.8 x 10° of BeWo cells were seeded on 60-mm dishes for Western
blotting, 0.05 x 10° of BeWo cells were seeded on chamber slides
(SANSYO, Iwaki, Japan) for SA-3-gal staining, and these cells were then
cultured overnight. After the medium was changed, 20 uM of forskolin
(WAKO, Tokyo, Japan) was added. BeWo cells were collected 0, 24, 48,
and 72h after the addition of forskolin for Western blotting and the
culture supernatant was collected for the measurement of hCG con-
centrations. Cells on the chamber slides were used for SA-B-gal staining
24 and 48 h after the addition of forskolin.

2.3. SA-B-gal staining

2.3.1. Tissue preparation

Surgically extirpated villus and placental tissues were washed using
PBS to remove blood. After fixation by 10% formalin for five minutes,
samples were washed using PBS. After washing, each tissue was fixed
overnight in Holt's gum sucrose solution [14] consisting of 300 mL of
deionized water, 5g of powdered acacia, 150 g of sucrose, 100 mL of
0.5 M phosphate buffer pH 7.2, and 0.1 g of thymol. Tissues were then
embedded in OCT compound and frozen in liquid nitrogen. Five-mi-
crometer-thick tissue sections were obtained using a cryostat.

2.3.2. Staining procedure

Specific staining was performed using a Senescence -Galactosidase
Staining Kit (Cell Signaling Technology, Danvers, MA). Placental tissue
sections and BeWo cells in chamber slides were washed twice by PBS,
and fixative solution was added at room temperature for 15 min, fol-
lowed by washing twice with PBS. After the addition of -Galactosidase
Staining solution, samples were incubated at 37 °C overnight under dry
conditions without CO,. After the incubation, samples were washed
twice with PBS. Tissues sections were stained by hematoxylin, dehy-
drated, and mounted. BeWo cells were mounted with DAPI using
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Vectashield (Vector Laboratories, Burlingame, CA), and staining was
observed under an inverted microscope (Olympus, Tokyo, Japan).
Senescent cells were stained blue by SA-f3-gal staining. The results of
staining were semi-quantitatively scored by the ratio of the stained area
as follows: 0: negative (0% stained), 1: weak (0-30%), 2: medium
(30-50%), and strong (> 50%) (Supplementary Fig. S1).

2.4. Immunohistochemistry (IHC)

IHC was performed as previously described [15]. Briefly, indirect
immunostaining was performed for p16, p21, and PML (promyelocytic
leukemia) as senescence markers and MCM?7 (minichromosome main-
tenance protein 7) as a proliferation marker. Tissue sections were de-
paraffinized with xylene and rehydrated in a graded alcohol series.
Antigen retrieval was achieved by a microwave pretreatment in 0.01 M
citrate buffer pH 6 for 30 min. Tissue sections were incubated with
specific primary antibodies for p16 (rabbit monoclonal, EPR1473,
1:100 dilution, Abcam, Cambridge, UK), p21 (mouse monoclonal an-
tibody, EA10, 1:100 dilution, Abcam), PML (rabbit polyclonal, 1:250
dilution, Abcam), and MCM7 (mouse monoclonal, DCS-141, 1:50 di-
lution, Santa Cruz Biotechnology, Dallas, TX) at 4 °C overnight. In the
negative control, sections were treated in the same manner, except for
being incubated with buffered solution without the primary antibodies.
After washing with PBS, tissue sections were incubated with the sec-
ondary anti-mouse or rabbit antibody (Histofine Simple Stain MAX PO,
Nichirei Biosciences, Tokyo, Japan) at room temperature for 30 min.
The immunocomplex was then visualized by diaminobenzidine. Coun-
terstaining was performed using hematoxylin. Immunostaining for E-
cadherin (mouse monoclonal antibody, HECD-1, 1:100 dilution,
Abcam) and hCG (mouse monoclonal antibody, 5H4-E2, 1:100 dilution,
Abcam) in sequential sections was used to identify CT and ST, respec-
tively. The results of staining were semi-quantitatively evaluated by a
positivity index (PI, %), which was defined as the number of positively
stained nuclei among 100 nuclei of CT or ST in consecutive fields. The
evaluation was performed at 3 fields per case and repeated by 2 in-
vestigators (S.H. and T.M.).

2.5. Immunofluorescent staining

To further confirm the expression of p16 and p21 in CT or ST, dual
staining using immunofluorescence was performed for p16 and hCG,
and p21 (mouse monoclonal antibody, CP74, 5 ug/mL, Abcam) and E-
cadherin (rabbit polyclonal antibody, 1:30 dilution, Abcam), respec-
tively. An Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody
and Alexa Fluor 594-conjugated goat anti-mouse IgG antibody (Thermo
Fisher Scientific, Waltham, MA) were used as secondary antibodies
according to the manufacturer's instructions. Counter nuclear staining
by 4’,6-diamidino-2-phenylindole (DAPI) was performed using VECT-
ASHIELD Mounting Medium with DAPI (VECTOR Laboratories,
Burlingame, CA). Photographs for each fluorescence were taken by a
confocal laser microscope (Zeiss LSM 880 with Airyscan, Carl Zeiss,
Oberkochen, Germany) and merged.

2.6. Western blotting

Proteins extracted from cultured BeWo cells were subjected to a
Western blot analysis, as described previously [16]. In brief, protein-
transferred membranes were incubated with the primary antibodies for
p16 (1:1000 dilution), p21 (1:100 dilution), PML (1:1000 dilution), E-
cadherin (mouse monoclonal antibody, HECD-1, 1:1000 dilution,
Abcam), and f-actin (mouse monoclonal, AC-74, 1:5000, Sigma-Al-
drich, St. Louis, MO) at 4 °C overnight. These membranes were then
incubated with peroxidase-conjugated secondary antibodies at room
temperature for 30 min. Bound antibodies were visualized using the
ECL Western blot detection reagent (Amersham, Piscataway, NJ). Pro-
teins extracted from the HPV-positive, pl6-overexpressing cervical
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Fig. 1. Results of SA-B-gal staining of placental villi. (a): Photomicrograph of staining in the first, second, and third trimesters. Green color indicates SA-f3-gal
staining. (b): A graphic demonstration of the staining score using a box plot with the median and 25-75 percentile in each trimester.

carcinoma CaSki cell line were used as the positive control for p16. HCG
in the culture supernatant was measured by a chemiluminescent en-
zyme immunoassay in SRL, Inc. (Tokyo, Japan).

2.7. Statistical analysis

Statistical analyses were conducted with Scheffé’s test.

3. Results
3.1. SA--gal staining

Positive staining for SA-3-gal is observed in CT and ST throughout
pregnancy (Fig. 1). In CT, the expression of SA-f3-gal is the strongest in
the second trimester and decreases in the third trimester; however, this
difference is not significant. In ST, the expression of SA-3-gal is weak in
the first trimester, becomes stronger with the progression of pregnancy,
and peaks in the third trimester, with its expression being significantly
stronger in the third trimester than in the first and second trimesters.

3.2. Immunostaining for p16, p21, and PML

The immunohistochemical expression of the senescence-related
proteins, p16, p21, and PML, is observed in CT and ST (Figs. 2 and 3
and Supplementary Figs. S2 and S3). In CT, the PI for p16 in the first,
second, and third trimesters are 71, 78, and 73%, respectively. PI in the
first and second trimesters significantly differ (P = 0.043). The PI for
p21 in the respective three trimesters are 93, 93, and 90%, and those for
PML are 67, 73, and 67%. In ST, the PI for p16 in the first, second, and
third trimesters are 14, 14, and 32%, respectively. The PI is sig-
nificantly higher in the third trimester than in the first (P = 0.011) and
second (P = 0.013) trimesters. The PI for p21 in the three trimesters are
24, 24, and 74%, respectively, with that in the third trimester being
significantly higher than those in the first (P = 0.001) and second
(P = 0.001) trimesters. The PI for PML are 6, 7, and 10%, respectively.
The expression of pl6, p21, and PML is stronger in CT than in ST
throughout pregnancy. The expression of these markers in ST increases
in a stepwise manner as pregnancy advances. Cell columns containing
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extravillous trophoblast (EVT) are present in the first trimester. EVT in
cell columns also express pl6 (Supplementary Fig. S4).

3.3. Expression of MCM7

Since the expression of senescence markers in CT increases as early
as in the first trimester, we investigate proliferative activity. The ex-
pression of MCM7, a proliferation marker, is observed in CT, but is
negligible in ST, indicating a similar staining pattern with senescence-
related markers. The PI of MCM7 in CT decreases in the third trimester
(85, 82, and 45%) with a significant difference (P = 0.001, P = 0.002,
Figs. 2b, 3a and 3b), suggesting that CT grow more vigorously in the
first and second trimesters.

3.4. Fusion of BeWo cells and senescence

The present results indicate different senescence patterns between
CT and ST, and CT are known to be fused into ST. To elucidate the
mechanisms underlying cell type-dependent senescence, we focus on
the effects of the syncytial fusion of CT on cell senescence. To achieve
this, human choriocarcinoma BeWo cells, which reportedly replicate
the fusion of CT in vitro, are used. The expression of SA-3-gal in BeWo
cells is enhanced with the addition of forskolin, which induces cell
fusion through the up-regulation of cyclic-adenosine monophosphate
(cAMP) (Fig. 4a). The fusion of BeWo cells by forskolin is confirmed by
increasing hCG concentrations in the culture supernatant (Fig. 4b). The
expression of senescence-related proteins in groups treated with and
without forskolin is investigated using Western blots. The present re-
sults indicate that the expression of hCG and p21 is stronger in for-
skolin-treated cells 24, 48, and 72h after its addition. On the other
hand, the expression of PML is slightly weaker in forskolin-treated cells
(Fig. 4b). The complete loss of p16 expression is observed in BeWo cells.
These results indicate that BeWo cells are senescent in association with
cell fusion, and accurately reflect senescence in vivo.

3.5. Graphic summary of the senescence and proliferation of trophoblast

CT proliferate in the first and second trimesters, and simultaneously
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Fig. 2. Results of immunostaining of the placenta for p16, p21, PML (a), and MCM7 (b). Senescence-related-proteins (p16, p21, and PML) are more strongly
expressed in cytotrophoblast (CT) than in syncytiotrophoblast (ST) throughout pregnancy. MCM?7 is expressed in CT, but not in ST. Its expression in CT is weak in the
third trimester.
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index of cytotrophoblast (CT) is high in all trimesters, but significantly increases in syncytiotrophoblast (ST) as pregnancy advances.
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Fig. 4. (a) Results of SA-f-gal staining in BeWo
cells. SA-B-gal-positive cell numbers increase in the
forskolin-treated group. (b) Senescence-related
protein (p21 and PML) expression in BeWo cells.
The concentration of hCG and Western blotting of
BeWo cells treated with or without forskolin. The
expression of hCG and p21 is stronger in cells treated
with forskolin. The expression of PML is slightly
weak in the forskolin-treated group.
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Fig. 5. Graphic summary of results obtained. CT and ST have different senescence/proliferation patterns.

begin to fuse into ST (Fig. 5). Thus, the cell fusion process is considered
to indicate the initiation of senescence. ST do not proliferate
throughout pregnancy and begin senescence in the third trimester. This
cell type-specific proliferation and senescence are considered to be es-
sential for the maintenance of placental function.

4. Discussion

The present study demonstrated that the senescence of trophoblastic
cells had two peaks during pregnancy: the first peak in CT in the first
and second trimesters, and the second peak in ST in the third trimester.
We also demonstrated that the forskolin-induced fusion of BeWo cells,
an in vitro model of CT, induced senescence, which mirrored senescence
during the syncytial fusion of CT into ST in vivo. Cell type-specific se-
nescence appears to be important for the maintenance of placental
function.

Cellular senescence is characterized by irreversible growth arrest
and altered function [17]. Senescent cells are characterized by their
inability to undergo DNA synthesis [17]. Several biomarkers are cur-
rently used to detect senescence. Of these, the method to detect SA-p-
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gal using the artificial substrate X-gal developed by Dimri is a con-
venient, single cell-based assay that identifies senescent cells even in
heterogeneous cell populations and aging tissues [18].

P16 is an inhibitor of a cyclin-dependent kinase that directly binds
to CDK4 and CDK6, thereby blocking the phosphorylation of the re-
tinoblastoma tumor suppressor (RB) and subsequent progression of the
G1 to S phase of the cell cycle [19]. This blockade by the chronic ex-
pression of p16 eventually leads to irreversible cell-cycle arrest, termed
“cellular senescence” [19]. p21 is another important CDK inhibitor
[19]. DNA damage or other stressors activate the tumor suppressor p53,
leading to the transient expression of the cyclin-dependent kinase in-
hibitor (CKI) p21. This triggers momentary G1 cell cycle arrest or leads
to a chronic state of senescence or apoptosis.

PML, a key modulator of tumor suppressive pathways, including the
p53 and pRb pathways [20], is an essential component of nuclear
structures known as PML oncogenic domains (PODs) or nuclear bodies
(NBs) [20,21]. PML is known to regulate apoptosis, growth suppression,
and senescence. PML has been shown to co-localize with more than 30
different proteins, and direct interactions have been reported for p53,
pRb, DAXX, and CBP [20,22]. Importantly, the overexpression of PML
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in primary fibroblasts is sufficient to cause senescence in a similar
manner to RasV12 [23]. PML expression has also been associated with
the activation of the pl6/pRb pathway, suggesting that PML co-
ordinately modulates the p53 and pRb master regulator pathways of
senescence [24]. In the present study, the pregnancy-related expression
of these senescence markers correlated with each other.

Senescence was initially observed in CT, particularly in the first and
second trimesters, in the present study. The mRNA expression data of
CT and ST in the first trimester reported by Okae et al. also indicated
that p16 mRNA expression was detected in CT, but was almost com-
pletely lost in ST [25]. It is important to note that cell proliferation,
detected by MCM7, was also activated in CT. These results suggest that
CT actively proliferated in the early stages of pregnancy, and then
promptly proceeded to senescence when the syncytial fusion of CT
occurred. Syncytial fusion is regarded as a functional back up of ST by
CT [10], as a reservoir of ST. Therefore, CT falls into senescence in this
status as the longevity of CT ends, suggesting a change in the role of CT
from proliferation to senescence.

In BeWo cells, forskolin-induced cell fusion resulted in the expres-
sion of SA-f3-gal and p21. A similar finding was reported in human fetal
lung IMR-90 cells; cell fusion caused by the measles virus resulted in the
stronger expression of senescence markers, including SA-p-gal and p21,
in fused multi-nucleated cells than in mononuclear cells [12]. Lu et al.
reported that p21 cooperates with the transcription factor GCM1 to
induce Syncytin-2 expression in CT, thereby causing cell fusion [26],
suggesting that p21 plays an important role in the cell fusion of CT.
However, mononuclear CT already expressed elevated levels of senes-
cence markers in early pregnancy, the reason for which currently re-
mains unclear. Huang et al. reported that the mouse embryonic en-
doderm just after implantation was positive for SA-B-gal and p21, but
was not in an irreversible senescent status, indicating that the expres-
sion of SA-B-gal and p21 was positive in actively proliferating cells
[27]. Thus, the elevated expression of SA-B-gal and p21 implies the
proliferative activity of CT, which form ST in later pregnancy. It was not
possible to investigate the expression of pl6 in association with cell
fusion using BeWo cells because of the loss of p16 expression, which is
frequently observed in many cancer cells [28]. Collectively, these re-
sults indicate that this two-sided function, proliferation-associated se-
nescence is a hallmark of CT. In the first half of pregnancy, CT vigor-
ously proliferate. Several growth factors for CT have been reported to
date [29]. However, once these growth factors are depleted, cells ap-
pear to promptly become senescent. Kent et al. showed that the PI3K
pathway was involved in trophoblast cell differentiation [30]. MTOR
(mechanistic target of rapamycin kinase) is a well-known key molecule
of the Phosphoinositide 3-kinase (PI3K)-mTOR pathway contributing to
cell proliferation as well as a critical factor involved in the induction of
cellular senescence. Previous studies demonstrated that rapamycin, an
mTOR inhibitor, prevented cellular senescence [31,32]. There is cur-
rently no information on the factors influencing the fate of CT.

Another important result of the present study is the senescence of ST
in the third trimester. This result was plausible because the main
component of the placental villi in the third trimester is ST [33], and ST
often exhibit morphological changes such as cell flattening with py-
knotic nuclei, suggesting the aging of cells [34]. Although SA-p-gal
activity is a sensitive biochemical marker, only a limited number of
studies have examined this activity in the human placenta. Chuprin
et al. reported the strong expression of SA-B-gal in multinuclear ST in
the third trimester placenta after the onset of labor, whereas that in CT
was negative [12]. However, they did not examine the third trimester
placenta before the onset of delivery or senescence in the first and
second trimesters. Biron-Shental et al. showed that the percentages of
SA-B-gal in the third trimester placentas of normal and diabetic preg-
nancies were 0.8 and 7.1%, respectively [35]. However, they did not
distinguish ST from CT. In the present study, we demonstrated that the
expression of SA-B-gal in ST was negligible in the first and second tri-
mesters, but increased in the third trimester. Chuprin et al. was the first
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to report the elevated expression of the senescence markers p21 and
p16 in ST in the third trimester [12]. Zhang et al. showed the expression
of p21 and p53 in the mouse trophoblastic layer in late pregnancy [36].
These findings are consistent with the present results. The present re-
sults also revealed the elevated expression of another senescence
marker, PML, in third trimester ST. Collectively, these results showed
increased senescence in ST in the third trimester, suggesting the in-
volvement of replicative senescence [37]. Telomere length is reportedly
linked to replicative senescence [37]. Gielen et al. found that telomere
length linearly decreased by 25% between 28 and 42 weeks of preg-
nancy [38]. Therefore, further studies are needed to measure telomere
lengths in CT and ST during pregnancy.

Previous studies reported a relationship between the onset of labor
and inflammatory cytokines. More recently, the relationship between
inflammatory cytokines and senescent cells has been attracting in-
creasing attention; cytokines, such as IL-6 and IL-8, are reportedly se-
creted from senescent cells and form a non-bacterial inflammatory
milieu, termed SASP [39]. Velarde et al. found that fetal membrane
cells exhibited a senescent nature and also that SASP-related cytokine
levels increased in amniotic fluid after the onset of labor, indicating
that the senescence of the fetal membrane is involved in the onset of
labor [40]. Menon et al. reported that senescence was induced in fetal
membrane cells by telomere fragments, and this resulted in the onset of
labor [41]. However, the present study demonstrated that ST become
senescent in the third trimester, which potentially induced the onset of
labor.

In conclusion, the present results indicated that the expression
patterns of SA-B-gal and senescence-associated proteins differed be-
tween CT and ST. Furthermore, using an in vitro model of BeWo cells,
we demonstrated that the process of syncytial fusion was associated
with increased senescence, reflecting the phenomenon in vivo. To the
best of our knowledge, this is the first study to show two peaks of se-
nescence in CT and ST. This cell type-specific, coordinated appearance
of senescence is pivotal to the maintenance of placental function and,
potentially, the induction of labor.
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