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Abstract
Background: Enolase 1 (ENO1) is a metabolic enzyme which participates in 
pyruvate synthesis and ATP production in cells. Previously, differential expres-
sion of ENO1 was discovered in villous tissues between recurrent miscarriage and 
induced abortion. This study was designed to explore whether ENO1 influences 
the proliferation and invasion of villous trophoblasts and the related molecular 
mechanisms.
Methods: First, ENO1 expression in placental villus tissues collected from re-
current miscarriage (RM) patients and women for induced abortion as well as 
in trophoblast-derived cell lines was detected by RT-qPCR and western blot-
ting. ENO1 localization and expression in villus tissues were further confirmed 
through immunohistochemistry staining. Then, the effects of ENO1 downregula-
tion on trophoblast Bewo cell proliferation, migration, invasion, and epithelial-
mesenchymal transition (EMT) process were evaluated by CCK-8 assay, transwell 
assay, and western blotting. As for the regulatory mechanism of ENO1, the ex-
pression of COX-2, c-Myc and cyclin D1 in Bewo cells after ENO1 knockdown 
was finally evaluated by RT-qPCR and western blotting.
Results: ENO1 was mainly localized in the cytoplasm, with very small amounts 
in the nucleus of trophoblast cells. ENO1 expression in the villi tissues of RM 
patients was significantly increased, when compared with the villous tissues of 
healthy controls. Furthermore, Bewo cells, a trophoblast cell line with relatively 
higher expression of ENO1, was used to downregulate the ENO1 expression by 
ENO1-siRNA transfection. ENO1 knockdown significantly facilitated Bewo cell 
growth, EMT process, migration, and invasion. ENO1 silencing markedly el-
evated COX-2, c-Myc, and cyclin D1 expression.
Conclusion: ENO1 may participate in the development of RM via suppressing 
the growth and invasion of villous trophoblasts via reducing the expression of 
COX-2, c-Myc, and cyclin D1.
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1   |   INTRODUCTION

Recurrent miscarriage (RM) is generally defined as three 
or more consecutive clinical pregnancy failures with the 
same partner before 20 weeks of gestation, affecting 2%–
5% of pregnant women and with an increasing trend 
(Koert et al.,  2019). However, RM was also identified as 
two or more consecutive pregnancy losses detected on ul-
trasound or histopathology, by some reproductive medi-
cine societies (du Fossé et al., 2021; Practice Committee of 
the American Society for Reproductive Medicine, 2020). 
Known pathogenic causes of RM include immune factors, 
infection, endocrine dysfunction, uterine malformation, 
prothrombotic state, and embryonic or couples' chromo-
somal abnormalities (Egerup et al.,  2016). However, the 
etiology of about half of RM cases remains unknown. 
Numerous studies have discovered spiral artery remodel-
ing dysfunction and reduced trophoblast invasion in de-
cidual tissues with RM (Ali et al., 2021; Ding et al., 2019).

Placental trophoblast cell plays a crucial role in 
pregnancy maintenance and embryonic development. 
Invasion and endocrine are the two major functions of 
trophoblast cells. Trophoblasts share similar characteris-
tics with tumor cells, such as increased cell growth, migra-
tion, and invasion, as well as gene expression similarities 
(Mullen, 1998). Normal trophoblast proliferation and inva-
sion is a critical step in normal placentation. Trophoblast 
cell invasiveness requires tight spatial and temporal regu-
lation. This regulation is pronounced in the first trimes-
ter, but attenuates or even disappears in the second and 
later trimesters. The invasion of extravillous trophoblast 
(EVT) cells in the uterine epithelium is a prerequisite for 
placenta formation.

Enolase (ENO) as a metabolic enzyme implicated in 
pyruvate synthesis, maintaining the level of intracellular 
ATP and meeting the energy required for life activities. The 
c-Myc promoter binding protein 1 (MBP-1), as the splice 
variant of ENO1 (OMIM: 172430), enables DNA-binding 
transcription activator activity and positively modulates 
transcription involved in the G1/S transition of mitotic 
cell cycle (Chen et al.,  2021). ENO is widely present on 
the cytoplasm, nucleus, and the cell membrane (Caturegli 
et al., 2014). ENO1 is a member of the ENO family. ENO1 
plays a key regulatory role in multiple biological pro-
cesses, including apoptosis, myogenesis, plasmin activity, 
plasminogen activation, and tumorigenesis (Pancholi & 
Fischetti,  1998). Due to high similarity in the biological 
characteristics between tumor cells and trophoblasts, we 

hypothesize that the mechanism of ENO1 in tumors may 
also be involved in the occurrence of RM. Furthermore, 
ENO1 was reported to downregulate COX-2, whose defi-
ciency influences all stages of early pregnancy and results 
in various impairments (Zhang et al., 2016), as well as re-
press the transcriptional expression of c-Myc and cyclin 
D1, which can promote the proliferation and invasion of 
trophoblast cells (Dai et al., 2012; Sun et al., 2015). Based 
on the above literature, we hypothesized that ENO1 might 
restrain trophoblast proliferation, migration and invasion 
via downregulating the expression of COX-2, c-Myc, and 
cyclin D1.

This study was designed to observe the effect of ENO1 
on villous trophoblast proliferation and invasion and the 
related molecular mechanisms so as to explore the poten-
tial effect of ENO1 on the pathophysiological mechanism 
of RM.

2   |   MATERIALS AND METHODS

In this study, three parts were included. First, ENO1 
(GenBank reference sequence and version number: 
NC_000001.11) expression in the villous tissues of RM pa-
tients was compared with the healthy controls, and the lo-
calization of ENO1 in villous tissues was detected. Second, 
we investigated the biological function of ENO1 via RNA 
interference-mediated knockdown (loss-of-function ap-
proach) using Bewo cells, a trophoblast cell line. Third, 
the potential regulatory mechanism of ENO1 in RM was 
explored.

2.1  |  Ethical compliance

This study was approved by the Ethics Committee of 
Lianyungang Maternal and Child Health Hospital (No. 
LYG-ME2017003). All individual participants signed in-
formed consent prior to the study.

2.2  |  Participating cohorts

Eight women who experienced spontaneous abortion 
three or more times before 12 weeks of pregnancy were 
included in this study. These pregnancies were con-
firmed under ultrasound examination that no primitive 
cardiac tube pulsation was found, and the pregnancy was 
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terminated by induced abortion. Chromosomal abnor-
mal villi were ruled out by array-CGH diagnosis. Eight 
women who underwent abortion at the same hospital 
before 12 weeks of pregnancy without adverse pregnancy 
were recruited as the controls. Villi tissues were obtained 
under sterile conditions, washed thoroughly with sterile 
saline to remove decidual tissue and blood, cut into 0.5 cm 
in diameter, and stored under liquid nitrogen labeling.

2.3  |  Cell line

The trophoblast cell lines including JAR and Bewo cells 
were obtained from Chinese Academy of Sciences (Beijing, 
China), and the JEG3 and HTR-8/SVneo cells were ob-
tained from the China Typical Culture Preservation Center 
(Wuhan University, China). All cells were incubated in the 
RPMI 1640 medium with 10% fetal bovine serum (FBS), 
1% penicillin–streptomycin (Gibco, USA) at 37°C in a 5% 
CO2 incubator. Bewo cells were transfected with ENO1 
siRNA and ENO1 siRNA-NC, respectively, for 48 h.

2.4  |  In vitro experiments

At 48 h after si-ENO1 transfection, Bewo cells were col-
lected. For cell proliferation detection, transfected cells 
were seeded into 96-well plates (5000 cells/well). Then, 
10 μL CCK8 solution (Dojindo, Japan) was added into 
each well and cultured for 1 h, and the absorbance at 
490 nm was measured.

For migration and invasion evaluation, the upper 
chambers of transwell inserts (8 μM; BD Biosciences) were 
coated without or with Matrigel (BD Biosciences). Briefly, 
1 × 105 cells were seeded into the upper chamber supple-
ment with 200 μL of serum-free medium, and the lower 
chamber was filled with 600 μL of DMEM containing 10% 
FBS. After 48 h incubation, migrated or invaded cells on 
the lower surface of the membranes were fixed with 95% 
methanol, stained with 0.5% crystal violet, and counted 
with a microscope (Olympus).

2.5  |  Quantitative real-time polymerase 
chain reaction (qRT-PCR)

Total RNA was extracted from villi tissues and troph-
oblast cells using TRIzol reagent (Invitrogen). cDNA 
was synthesized using a PrimeScript First Strand cDNA 
Synthesis Kit (TaKaRa), and qPCR was performed using 
SYBR Green I mix (Takara). GAPDH served as an inter-
nal standard. The results were calculated applying the 
2−ΔΔCt method.

2.6  |  Western blot analysis

Total protein was extracted from villous tissues and Bewo 
cells using RIPA buffer. Then, proteins were separated 
by SDS-PAGE and transferred to PVDF membranes. The 
PVDF membrane was blocked with 5% skimmed dried 
milk for 1 h. Primary antibodies (Abcam) against ENO1 
(ab227978, 1:1000), E-cadherin (ab76055, 1:1000), N-
cadherin (ab76011, 1:5000), Vimentin (ab137321, 1:500), 
COX-2 (ab179800, 1:1000), c-Myc (ab32072, 1:1000), cy-
clin D1 (ab16663, 1:200), and GAPDH (ab9485, 1:2500) 
were added followed by incubation at 4°C overnight, 
and then the membranes were washed thrice with TBST 
and incubated with HRP-conjugated secondary anti-
bodies (1:500, Proteintech) for 1 h at 37°C. Detection 
was performed by enhanced chemiluminescence kit 
(Beyotime).

2.7  |  Immunohistochemistry

After dewaxing, hydrating and 3% hydrogen peroxide 
treatment, villi tissues were fixed by 10% formaldehyde 
solution and placed in sodium citrate buffer for antigen 
retrieval. Then, the tissues were incubated with rabbit-
anti-ENO1 antibodies (ab227978, 1:2000, Abcam) at 
37°C for 2 h and then with secondary antibody at 37°C 
for 30 min. After diaminobenzidine (DAB) color develop-
ment, hematoxylin redyeing, and mounting, tissues were 
visualized by the ScanScope CS2 system and ATTurbo 
scanner.

2.8  |  Statistical analysis

All experiments were repeated in triplicate. The data were 
analyzed using SPSS 18.0 software and are expressed as 
the mean ± SD. Student's t-test and one-way ANOVAs 
were conducted for statistical analysis. A p-value <0.05 
was statistically significant.

3   |   RESULTS

3.1  |  ENO1 expression in villi tissues and 
trophoblast cells

ENO1 expression in the villous tissue of RM patients and 
the control group was first detected. The mRNA and pro-
tein levels of ENO1 were significantly higher in RM pa-
tients than in controls (Figure 1a–c). Furthermore, ENO1 
expression in four human trophoblast-derived cell lines 
was also evaluated by PCR and western blotting analyses, 
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which revealed that Bewo cells had the highest mRNA 
and protein levels (Figure  1d–f). Therefore, Bewo cells 
were selected for the subsequent experiments that investi-
gated the effects of ENO1 on trophoblast proliferation and 
invasion.

3.2  |  Cellular localization of ENO1 in 
villi tissues

Then, ENO1 localization and expression in villus tissues 
were measured by immunohistochemistry. The RM group 
displayed weaker expression of ENO1, and positive signals 
were observed mainly in the cytoplasm, cell membrane 
and nucleus of trophoblast cells. The cell membranes of 
villous trophoblast cells in RM patients were dark brown, 
while those of villous trophoblast cells in the control 
group appeared light yellow (Figure 2).

3.3  |  ENO1 knockdown facilitated Bewo 
cell proliferation and invasion

Si-ENO1 was transfected into Bewo cells to knock down 
ENO1. As shown in Figure 3a, ENO1 mRNA and protein 

levels were reduced in Bewo cells transfected with si-ENO1, 
but not changed after si-NC transfection (Figure  3a–c). 
CCK-8 assay revealed that Bewo cell viability was notably 
enhanced after downregulating ENO1 (Figure  3d). The 
Transwell chambers were employed to evaluate the effects 
of ENO1 silencing on the migratory and invasive capabili-
ties of Bewo cells. After transfection with si-ENO1, the num-
ber of villous trophoblast cells that passed into the lower 
chamber was significantly elevated (Figure 3e,f), suggesting 
that ENO1 markedly promoted the migration and invasion 
of villous trophoblast cells. Additionally, the protein levels 
of EMT markers influenced by ENO1 knockdown were 
evaluated. As shown by western blot analysis, ENO1 knock-
down led to a marked reduction in E-cadherin level and a 
remarkable elevation in Vimentin and N-cadherin levels 
(Figure 3g,h). Thus, the EMT process was facilitated follow-
ing ENO1 downregulation.

3.4  |  Knockdown of ENO1 elevated the 
expression of COX-2, c-Myc, and cyclin D1

Finally, to assess whether ENO1 mediates the pathophysi-
ology of RM via COX-2, RT-qPCR, and western blot anal-
ysis were conducted. The results illustrated that ENO1 

F I G U R E  1   ENO1 expression in villous tissues and trophoblast cells. (a–c) ENO1 mRNA and protein levels in villous tissue of patients 
with RM compared with that of women for induced abortion were detected by qRT-PCR and western blot analyses; (d–f) ENO1 mRNA and 
protein levels in trophoblast-derived cell lines were tested by qRT-PCR and western blot analyses. **p < 0.01; ***p < 0.001. RM, recurrent 
miscarriage.
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silencing elevated the mRNA and protein levels of COX-2, 
c-Myc, and cyclin D1 (Figure 4a–c). Therefore, ENO1 is 
implicated in RM development through modulating the 
COX-2, cyclin D1, and c-Myc expression.

4   |   DISCUSSION

ENO1, also known as α-enolase, is one of the most im-
portant enzymes in enolase family (Principe et al., 2017). 
ENO1 has been demonstrated to play an essential regu-
latory role in biological processes including apoptosis, 
myogenesis, plasmin activity, plasminogen activation, 
and tumor development (Li et al.,  2021). The currently 
known biological functions of ENO1, such as autoim-
mune response endocrine activity, plasminogen activity, 
and oncogene enhancing cell migration and invasion, are 
highly similar to the molecular mechanisms of RM (Gou 
et al., 2021). Previously, ENO1 was reported to be highly 
expressed in the decidua of RM patients in the first tri-
mester (Ye et al.,  2019). In the EVT, the overexpression 
of ENO-1 followed by its translocation to the cell surface 
could cause the appearance of direct-acting anti-ENO-1 
autoimmune antibodies in patients with recurrent mis-
carriage, together with the decrease in hCG expression 
(Ye et al., 2019). In this study, ENO1 expression was sig-
nificantly increased in the villous tissues of the RM group, 
compared with the control group. Next step, we observed 
that trophoblast cell proliferation, migration, and inva-
sion ability were enhanced after knockdown of ENO1. 
Immunohistochemical investigations displayed that 
ENO1 is expressed in the cytoplasm, membrane, and nu-
cleus of Bewo cells, and ENO1 expression was elevated in 

the RM group versus in the control group. However, the 
molecular mechanisms behind these phenomena remain 
to be fully understood.

In this study, we found that the villous trophoblast 
cell membrane coloration in the RM group was obviously 
darker than that in the control group, indicating that 
ENO1 is highly expressed on the cell membrane of tro-
phoblast cells of RM patients. Previously, ENO1 located 
on the surface of cell membranes was discovered to play a 
significant role in the plasmin system and identified as a 
plasminogen-binding molecule (Wang et al., 2021). ENO1 
acts as a plasminogen receptor pancreatic ductal adeno-
carcinoma cells and promotes cell survival, migration, and 
transfer through synergy with integrin and urokinase plas-
minogen activator receptor (uPAR) (Principe et al., 2017). 
ENO1 on the surface of lung cancer cells facilitates extra-
cellular matrix degradation and cell invasion. Targeting 
surface ENO1 is a promising approach to inhibit tumor 
metastasis (Hsiao et al., 2013). The interaction of plasmin 
with ENO1 contributes to the pathophysiological process, 
such as cell invasion, inflammation, and tumor metastasis.

Embryo implantation depends on the dynamic bal-
ance between numerous fibrinolytic and anti-fibrinolytic-
associated protein factors synthesized and secreted by 
early placental trophoblasts (Sela et al., 2013). The balance 
can effectively dissolve the endometrial tissue, which is 
conducive to trophoblast cell invasion and placenta for-
mation (Sela et al., 2013). In this study, ENO1 expression 
is upregulated on the cell membrane of trophoblast cells 
in RM. Building on results of previous studies of ENO1, 
we suppose that ENO1 may repress trophoblast cell mi-
gration and invasion via attenuating the action of the fibri-
nolytic system, thereby resulting in the occurrence of RM. 

F I G U R E  2   ENO1 localization and expression in villous tissues of RM patients. (a and b) Immunohistochemistry analysis of ENO1 stain 
from placental villus of RM patients and women for induced abortion. The cell membranes of villous trophoblast cells in patients with RM 
were dark brown, while those in the control group appeared light yellow. RM, recurrent miscarriage.
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However, further research should be performed in order 
to strengthen this speculation.

Trophoblast cell dysfunction can cause many 
pregnancy-associated diseases including choriocar-
cinoma, premature delivery, spontaneous abortion, 
eclampsia, preeclampsia, and intrauterine growth re-
striction (Zhang et al.,  2015). Herein, we detected and 
discovered that the proliferation, migration and inva-
sion of Bewo cells were notably promoted after ENO1 
knockdown, which is consistent with the impacts 
of ENO1 on the biological behaviors of tumor cells. 
Previously, MBP-1, the splice variant of ENO1, was re-
ported to bind to the COX-2 promoter of chromosomal 
DNA to regulate promoter activity in the living cell en-
vironment (Hsu et al.,  2009). In gastric cancer, MBP1 

knockdown facilitated tumor cell growth, migration, 
and invasion through increasing COX-2 expression (Hsu 
et al.,  2009). COX-2, being a highly inducible enzyme, 
modulates angiogenesis, mitogenesis, differentiation, 
and inflammation (Mitchell & Warner,  1999; Tsujii 
et al.,  1998; Wu et al.,  2005). The deficiency of COX-2 
influences all stages of early pregnancy and results in 
various impairments (Lim et al.,  1997). COX-2 plays a 
pivotal role in human decidualization and its reduced 
expression threatens vascularization and decidualiza-
tion of the endometrial stroma, which contribute to the 
occurrence of preeclampsia (Zhang et al., 2016). In the 
present study, we discovered that COX-2 expression was 
greatly elevated following ENO1 depletion. Therefore, 
downregulated ENO1 alleviated the development of RM 

F I G U R E  3   Effects of ENO1 on trophoblast proliferation, migration and invasion. (a–c) qRT-PCR and western blot analyses of ENO1 
level in ENO1-downregulated Bewo cells. (d) CCK8 assay of Bewo cell proliferation after ENO1 depletion. (e and f) Transwell chamber 
assays were employed to evaluate Bewo cell migratory and invasive capabilities affected by ENO1 knockdown. (g and h) Western blot 
analysis of the expression of EMT markers in ENO1-downregulated Bewo cells. *p < 0.05; **p < 0.01; ***p < 0.001.
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by promoting COX-2 expression. In addition, MBP-1 
overexpression was also found to suppress the expres-
sion of c-Myc and cyclin D1, both of which can pro-
mote the growth and invasion of trophoblast cells (Hsu 
et al., 2009). For example, c-Myc abrogated the suppres-
sion of CRY2 overexpression on trophoblast cell migra-
tion and invasion, thereby alleviating the progression of 
recurrent spontaneous abortion (Wu et al., 2020). TSLP 
activates the STAT3 pathway to stimulate the expression 

of c-Myc, thereby inducing trophoblast proliferation (Pu 
et al.,  2012). Cyclin D1, as a protein implicated in cell 
cycle control, determines cell proliferation and apopto-
sis resistance (Musgrove et al.,  2011). Cyclin D1 is ex-
pressed in cytotrophoblast and EVTs in the placentas of 
normal pregnancy and will increase over the gestational 
age implying its pivotal role in regulating human pla-
cental development and functions (DeLoia et al., 1997). 
Reduction of cyclin D1 in preeclampsia placentas leads 
to the decrease in trophoblast cell proliferation and mi-
gration (Yung et al., 2008).

To be honest, there exist some limitations in our study. 
First, even though our results showed that ENO1 knock-
down substantially increased COX-2, c-Myc and cyclin D1 
expression in trophoblast Bewo cells, there lack further as-
says to validate that upregulation of COX-2, c-Myc, and cy-
clin D1 expression can improve Bewo cell proliferation and 
invasion. Second, our study only included in vitro results, 
and animal models of RM are required to be established to 
confirm the therapeutic effects and regulatory mechanism 
of ENO1 knockdown on EVT cell dysfunction in vivo.

In summary, the elevated ENO1 may result in tropho-
blast dysfunction and participate in the development of 
RM by downregulating COX-2, c-Myc, and cyclin D1 ex-
pression (Figure 5). In future, ENO1 could be a potential 
target of the diagnosis and treatment for RM after more 
and well-designed studies.
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